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The removal of toxic and harmful dyes like methylene blue (MB) from textile wastewater is necessary to reduce environmental pollution. Therefore, this study is aimed at removing MB from an aqueous solution using magnetite-doped biochar of parthenium hysterophorus. Biochar was prepared through pyrolysis techniques at 500 [image: image] for 2 h whereas the magnetite and composite material were developed using coprecipitation methods. Herein, NaNO3 and FeSO4. 7H2O were utilized as precursor materials and NaOH as a precipitating agent for preparation of magnetite. Furthermore, pH point of zero charge (pHpzc), Scanning Electron microscope (SEM), Fourier Transform Infrared Spectroscopy (FTIR), and X-ray Diffraction (XRD) are characterization techniques used to evaluate the nature of the composite material. On the other hand, a full factorial design involving four factors at two levels (24) such as pH (3 and 9), contact time (10 and 40 min), initial dye concentration (100 and 150 mg/L) and adsorbent dosage of 0.01 and 0.04 g/100 mL was used to design and optimize the batch adsorption of MB from an aqueous solution. As a result, a maximum removal efficiency of 99.99% was attained at optimum operating conditions of pH 9, contact time 40 min, initial MB concentration 100 mg/L and adsorbent dosage of 0.04 g/100 mL. Langmuir, Freundlich and Temkin isotherm models were used to investigate the adsorption isotherm in which Freundlich isotherm with a maximum R2 of 0.98 was found to describe the adsorption process inferring multilayer and heterogeneous surface interaction. Additionally, the thermodynamics study depicts that the nature of the adsorption is spontaneous, endothermic and feasible. On the other hand, the chemosorption nature is revealed by the pseudo second kinetics model with a maximum R2 of 0.99. Finally, the remarkable reusability ranging from 99.98% to 97.6% for five consecutive cycles proved that the magnetic biochar derived from parthenium hysterophorus can be used as an effective adsorbent for the decolourization of MB saturated effluent at an industrial scale.
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1 INTRODUCTION
Water pollution is the contamination of natural water bodies by chemical, physical, radioactive or pathogenic microbial substances. It can result in large scale illness and deaths, with approximately 50 million deaths per year worldwide, mostly in Africa and Asia (Gautam, 2019). Furthermore, water pollution can impair the beneficial use of a water body, depending on its type, location, and the uses it supports. Anthropogenic sources of pollution, arising from human activities, are the main cause of water pollution (Schweitzer and Noblet, 2018). Normally, water pollution can arise from many sources, including mining, manufacturing, farming, power production, and urban and suburban sprawl (Babuji et al., 2023). These activities introduce toxic chemicals and pollutants into water bodies, impacting both surface and groundwater systems (Tang et al., 2022). Wastewater is generated globally from various sources including domestic, industrial, and agricultural sectors. Domestic wastewater consists of water from household activities, while industrial wastewater comes from sectors such as food, chemical, and power industries. Agricultural wastewater is generated from farming activities (Jones et al., 2023). These wastewaters contain organic and inorganic pollutants that can have detrimental effects on the environment (Zahoor and Mushtaq, 2023). Particularly, industrial wastewaters are the undesired aqueous discards generated through various industrial activities (Meena et al., 2022). They generally contain high concentrations of toxic or non-biodegradable pollutants such as Chemical Oxygen Demand (COD), Biochemical Oxygen Demand (BOD), Total Solids (TS), Total Dissolved a Solids (TDS), Total Suspended Solids (TSS), inorganic ions, and other pollutants (Kishor et al., 2021). Industrial wastewater is high in organic matters, nutrients, and microorganisms, which exceed the allowable limits (Ajiboye et al., 2021). Additionally, it contains toxic pollutants such as dyes, heavy metals, surfactants, personal care products, pesticides, and pharmaceuticals, which drastically change water quality. The pollutants present in industrial wastewaters vary depending on the industry (Ahmed et al., 2021; Ajiboye et al., 2021; Pereira et al., 2022). For example, textile wastewater effluent contains hazardous substances such as dyes, pigments, solids and heavy metals (Khan et al., 2023).
Textile wastewater is characterized by intense color, high pH, high temperature, and high levels of chemical oxygen demand (COD) and total suspended solids (TSS) (Khan et al., 2023). It also contains various pollutants such as dyes, dissolved solids, suspended solids, toxic metals, pesticides, surfactants, volatile organic compounds, and heavy metals (Azanaw et al., 2022). These pollutants can have detrimental effects on the environment and living organisms, including reducing seed germination and biomass production of plants (Dhruv Patel and Bhatt, 2022). Toxic dyes such as methylene blue (MB) in particular have detrimental effects on the human health and the environmental ecology. MB is a cationic dye commonly used in industries for dyeing fabrics, papers, and leathers. It is environmentally persistent, toxic, carcinogenic, and mutagenic, posing a threat to human health and the environment (Oladoye et al., 2022). MB is released into groundwater and surface water through wastewater, leading to contamination. Moreover, MB has also been studied for its potential risks and adverse effects on human health. It can cause symptoms such as hemolysis, methemoglobinemia, nausea, chest pain, and hypertension (Bužga et al., 2022). However, MB has also been utilized for its beneficial properties. It has been used as an antimalarial agent, an antioxidant, and an antifungal agent in the treatment of malaria, Alzheimer’s disease, and candidiasis, respectively (Posso et al., 2022). Overall, MB has both negative environmental and human health impacts, but it also has potential applications in various fields. Therefore, it is essential to treat MB saturated wastewater before its discharge into water bodies to prevent contamination and harm to aquatic life (Santoso et al., 2020).
Various removal strategies have been explored, with adsorption technology being the most promising (Rajendran et al., 2022). Adsorption studies have been conducted for the removal of methylene blue dye using various adsorbents. Al-Qaim et al. investigated the use of fig leaf-activated carbon (FLAC-3) for the adsorption of methylene blue dye, achieving an adsorption capacity of 24.75 mg/g and following the Langmuir isotherm model (Al-Asadi et al., 2023). Another study by Nabi and Bari focused on the adsorption of methylene blue on activated carbon derived from bituminous coal, with the Langmuir isotherm being considered the most appropriate model (Alouiz et al., 2023). Mustapha et al. evaluated the adsorptive capacity of elephant grass for the removal of methylene blue dye, finding that the adsorption data best fit the Langmuir isotherm model (Mustapha et al., 2023). These studies demonstrate the effectiveness of different adsorbents in removing methylene blue dye through adsorption processes.
Biochar and biochar composites have shown potential for methylene blue adsorption from wastewater. Biochar from Fructus Aurantii Immaturus residues has high adsorption capacity due to its abundant functional groups and high porosity (Mustapha et al., 2023). Biochar composites made from wheat straw and biomass fly ash show enhanced MB adsorption capacity and high performance over various pH ranges (Li et al., 2023). Cigler and Hessien synthesized hematite-biochar composites using microwave-assisted pyrolysis, iron oxide-hydrochar composites, and mineral-biochar composites, demonstrating improved adsorption capacities for MB due to oxygen-containing functional groups and higher cation exchange capacity (Astuti et al., 2023). Pristine biochar has limitations in terms of its surface area, porosity, and surface functional groups, which can affect its physicochemical and functional properties (Chhimwal et al., 2022). Additionally, the synthesis of biochar for extended applications may compromise specific reaction conditions, and the separations and recyclability of biochar in smaller grinded powder form can be challenging (Mishra et al., 2023). Furthermore, the increasing types and quantities of potentially toxic elements in the environment have exceeded the scavenging capacity of pristine biochar (Batool et al., 2022; Mishra et al., 2023). However, modifications of biochar, such as through impregnation with various chemical entities, can enhance its sorption potential and make it more effective in removing potentially toxic elements (Ahuja et al., 2022). Overall, the limitations of pristine biochar can be addressed through modification techniques to enhance its properties and broaden its applications (Lebrun et al., 2018).
Engineered biochar (EBC) offers several advantages over pristine biochar (PBC). EBCs have improved physicochemical properties, such as increased specific surface area and pore characteristics, which enhance their adsorption capacity for pollutants (Kazemi Shariat Panahi et al., 2020). The modification of biochar through impregnation with metals or metal oxides, such as zinc (Zn) and iron (Fe) oxides, significantly enhances its adsorption performance for contaminants like selenite (Se (IV)) (Islam et al., 2021). EBCs also show reduced content of toxic substances, such as polycyclic aromatic hydrocarbons (PAHs), compared to PBCs(Anae et al., 2021). Additionally, EBCs have been found to be efficient in removing various pollutants, including antibiotics, dyes, metals, and nutrients, from contaminated water (Murtaza et al., 2022). These advantages make EBCs a promising material for wastewater treatment, soil amendment, and environmental remediation.
Parthenium hysterophorus is an invasive weed species that poses a significant threat to cereal crops and livestock (Malik et al., 2023). Its growth and fecundity are influenced by soil pH, with acidic soil promoting accelerated growth and flowering (Ghazali et al., 2023). Hence, the detrimental impact of parthenium hysterophorus on the environmental ecology necessitates effective management strategies. One way of effectively managing parthenium hysterophorus is through utilizing it for adsorbent preparation (Ejaz et al., 2022). Parthenium hysterophorus based activated carbon has been studied for adsorption of pollutants in various industries, including tannery wastewater and textile wastewater (Bedada et al., 2020; Fito et al., 2020). Biochar derived from parthenium hysterophorus has been shown to improve soil health, crop performance and agronomic performance (Muche et al., 2022). On the other hand, magnetic biochar is a promising adsorbent for the treatment of organic and inorganic pollutants in water (Wen et al., 2021). It has high adsorption capacity and adsorption rate, making it effective for the removal of toxic contaminants from wastewater. Normally, magnetite doping can improve the catalytic capability of the biochar and enhance its adsorption and degradation of pollutants (Feng et al., 2021). Therefore, this study intends to remove MB from an aqueous solution using magnetite - biochar composites derived from parthenium hysterophorus. So far, the application of magnetic biochar composite for MB remediation is lacking which highlights the existence of the research gap.
2 MATERIALS AND METHODS
2.1 Adsorbent preparation
Biochar was prepared from parthenium hysterophorus biomass following the procedures described in (Sutar and Jadhav, 2024). Precisely, the precursor material was collected from Addis Ababa, Ethiopia. The collected parthenium hysterophorus sample was thoroughly washed and rinsed with tap and distilled water respectively. Then, the sample was allowed to dry in sunlight for 5 days and then placed in the oven at 105 [image: image] overnight. Thereafter, the moisture freed sample was size reduced and pyrolyzed at a temperature of 500 [image: image] for 2 h following the procedures described in Fito et al. as shown in Figure 1, where A is a raw parthenium hysterophorus stem, B is dried powdered sample and C is parthenium hysterophorus biochar (Fito et al., 2023b).
[image: Figure 1]FIGURE 1 | Essential parthenium hysterophorus biochar preparation stages; a raw parthenium hysterophorus stem (A), dried powdered sample (B) and parthenium hysterophorus biochar (C).
Additionally, magnetite was synthesized using the co-precipitation method using NaNO3 and FeSO4.7H20. This method offers a simple and facile approach for the synthesis of Fe3O4 particles with superparamagnetic characteristics and aggregated morphology in high purity. Likewise, coprecipitation method was used for the preparation of magnetite biochar composite derived from parthenium hysterophorus utilizing NaOH as a precipitating agent. The synthesis process involves loading iron oxide particles onto the surface of the biochar through a simple coprecipitation method following the procedures described elsewhere (Frolova, 2019). Figure 2A, B are magnetite and magnate biochar composite derived from parthenium hysterophorus respectively.
[image: Figure 2]FIGURE 2 | Magnetite (A) and Magnetite biochar composite derived from parthenium hysterophorus (B).
2.2 Adsorbent characterization
The mass addition method was used to determine the pH point of zero charge (pHpzc) for composite adsorbent. This method involves adding salt to composite adsorbent containing samples and measuring their pH after 48 h following a procedure described elsewhere in (Abewaa et al., 2023a; Fito et al., 2023a). Scanning Electron microscope (SEM), Fourier Transform Infrared Spectroscopy (FTIR), and X-ray Diffraction (XRD) characterization procedures are commonly used for the analysis of adsorbent materials. SEM was used to study the morphology and surface structure of adsorbent material (Muttil et al., 2023; Sahu et al., 2023; Veeresh et al., 2023). FTIR was used to identify the functional groups present in the composite adsorbent. XRD analysis was used to determine the crystalline and amorphous nature of the composite adsorbent prepared from magnetite and parthenium hysterophorus biochar. These characterization techniques provide valuable information about the structure, surface properties, and composition of the magnetic biochar, which is important for understanding its adsorption properties and potential applications.
2.3 Batch adsorption experiment
The experimental design employed for the adsorption of MB onto magnetic biochar consisted of four independent variables, each with two levels. The optimization of MB adsorption was achieved through the utilization of a full factorial design. The operating parameters encompassed pH values of 3 and 9, contact times of 20 and 40 min, initial MB concentrations of 100 and 150 mg/L, and adsorbent dosages of 10 and 40 mg per 100 mL, as outlined in Table 1. The batch adsorption process for MB from an aqueous solution was conducted in accordance with previously described procedures. The concentration of methylene blue within the water was determined via UV-Vis spectrophotometry, specifically at a maximum wavelength of 6,658 nm. A comprehensive calibration curve was established to facilitate this analysis, which is applicable across a broad range of methylene blue concentrations. Finally, the removal efficiency (RE, %) and adsorption capacity (QE, mg/g) are expressed by Eqs 1 and 2 respectively. Here, Co (mg/L) and Cf (mg/L) denote the initial and final concentrations of the dye, m represents the mass of the adsorbent in grams, and V signifies the volume of the solution (Obayomi et al., 2023; Wang et al., 2023; Guan et al., 2024).
[image: image]
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TABLE 1 | Full factorial experimental design for MB adsorption.
[image: Table 1]2.4 Adsorption isotherm
An adsorption isotherm describes the equilibrium of adsorption of a substance on a solid surface at a constant temperature. It represents the relationship between the amount of adsorbate adsorbed on an adsorbent and the concentration of adsorbate in solution when equilibrium is reached (Mozaffari Majd et al., 2022). Moreover, adsorption isotherms are mathematical equations that quantify the affinity of the adsorbate for the adsorbent (Saleh, 2022). They can accurately describe various adsorption scenarios, including those that consider lateral inter-adsorbate interactions, molecular size, surface heterogeneity, and mobile adsorption (Mozaffari Majd et al., 2022). Additionally, they are used to model experimental equilibrium data and optimize the adsorbent mass in the adsorption process (Dehghani et al., 2021). Adsorption isotherms are essential in understanding the adsorption mechanism and catalytic processes (Russo et al., 2021). Different adsorption models, such as the Freundlich, Langmuir and Temkin isotherms, can be used to fit the experimental data and determine the adsorption capacity and intensity of the adsorbent. In this study, the study of adsorption isotherm was carried out at constant pH (9), contact time (40 min) and adsorbent dosage (0.04 g/100 mL) while varying initial dye concentration from 100–150 (100, 110, 120,130, 140 and 150 mg/L). Freundlich, Langmuir and Temkin isotherm models used in this research are shown in Table 2.
TABLE 2 | Isotherm models for the adsorption of MB onto magnetic biochar.
[image: Table 2]2.5 Adsorption kinetics
Adsorption kinetics is the study of the rate at which adsorption occurs. Various mathematical models have been developed to describe this process, including exponential models (Revellame et al., 2020). The kinetics of adsorption can be influenced by factors such as the type of adsorbent and the nature of the adsorbate (Benjelloun et al., 2021). The pseudo first order, pseudo second order and intraparticle diffusion are commonly used to analyze adsorption kinetics, and they can be applied to both local and non-local kinetic equations (Xu et al., 2022). The adsorption process can be divided into two stages: a rapid stage leading to a first phase pseudo-equilibrium, followed by a slower stage leading to a second phase pseudo-equilibrium (Amah and Agunwamba, 2022). Understanding adsorption kinetics is important for various applications, including environmental remediation and the design of adsorption units. In this study, the kinetics investigation of adsorption of MB onto magnetic biochar was carried at a constant adsorbent dosage of 0.04 g/100mL, initial dye concentration of 100 mg/L and pH value of 9 while varying the contact time from 10–40 min (10,15, 20, 25, 30,35 and 40 min). Pseudo first order, pseudo second order and intraparticle diffusion models are presented in Table 3.
TABLE 3 | Kinetics models for the removal of MB onto magnetite biochar composite.
[image: Table 3]2.6 Adsorption thermodynamics
Adsorption thermodynamics involves the study of the thermodynamic properties of adsorption processes, such as equilibrium constants, Gibbs free energy change ([image: image] G, kJ/mol) enthalpy change ([image: image] H, kJ/mol), and entropy change ([image: image] S, kJ/mol. K). These properties are important for understanding and predicting the mechanism of the adsorption process. Adsorption is a widely used technique in various industries, including water treatment, petroleum refining, gas separation, and air purification. Overall, the study of adsorption thermodynamics in conjunction with adsorption kinetics is essential for a comprehensive understanding of adsorption process. In this research, the investigation of adsorption thermodynamics was done at varying temperatures of 25–45 [image: image]. However, constant values of pH (9), contact time (40 min), initial MB concentration (100 mg/L) and adsorbent dosage of 0.04 g/100 mL were used during thermodynamic investigation. The essential thermodynamic parameters are determined from Eqs 3–6 (Hummadi et al., 2022; Panda et al., 2021; salah omer et al., 2022).
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Where KC is the thermodynamic constant, R is the universal gas constant (8.314 J/mol. K), and T is the absolute temperature in K. From the plot between ln kc and 1/T, the value of ΔH and ΔS was calculated from the slope and intercept obtained.
2.7 Adsorbent regeneration
Composite adsorbents are effective in removing organic dyes and heavy metal ions from water due to their large surface areas (Futalan et al., 2022). However, pollutants accumulate, leading to a decline in adsorption performance and hazardous solid waste (Jagadeesh and Sundaram, 2023). Recycling waste adsorbents through chemical methods is economically and environmentally effective (Baskar et al., 2022). This study investigates the regenerability and reusability potential of composite adsorbents using a chemical regeneration method using NaOH, which is widely used due to its simplicity and effectiveness. Precisely, pollutant loaded adsorbent was added in to the solution containing 0.1 M NaOH and shaken at 250 rpm for 2 h in order to desorb the pollutant attached to the surface of the composite material. Thereafter, the pollutant desorbed adsorbent material was dried in the oven at 105 [image: image] for 24 h in order to remove the moisture. Finally, MB desorbed magnetic biochar was repeatedly used for five cycles for the adsorption of MB from an aqueous solution following the procedures described in batch adsorption experiments.
3 RESULTS AND DISCUSSION
3.1 Adsorbent characteristics
The pHpzc of the magnetic biochar derived from parthenium hysterophorus was depicted in Figure 3 and determined to be 6.7. The pHpzc values aid in understanding adsorbent material surface charge, stability, electrolyte interaction, suspension rheology, and ion exchange capacity, and characterize magnetic biochars’ adsorption properties at zero charge. Accordingly, the surface of the adsorbent material is positively charged below pH of 6.7 and negative charges dominate the surface of the adsorbent materials above pH of 6.7. This indicated that cationic dyes like MB are sufficiently adsorbed above pH of 6.7 and the reduction in adsorption capacity is expected below pH of 6.7 due to the repulsion between cationic MB dyes and positively charged magnetic surface. A similar finding is reported for magnetite impregnated biochar of parthenium hysterophorus (Fito et al., 2023b).
[image: Figure 3]FIGURE 3 | pHpzc for magnetic biochar derived from parthenium hysterophorus.
The functional groups of the composite adsorbent composed of magnetite and parthenium hysterophorus biochar were assessed using FTIR analysis. The number of the functional groups of the adsorbent is presented in Figure 4. This adsorbent showed the presence of many functional groups which indicates the promising adsorbent to interact with many pollutants in the wastewater. The band at 3,275 cm−1 is attributed to O–H stretch vibration, 2,920 cm−1 corresponds to C-H stretch vibration for alkanes, 2,114 cm–1, 1,604 cm−1 corresponds to C=O stretch vibration of carboxylate, 1,317 cm−1 is attributed to C-H bending vibrations (C-H deformation), 1,010 cm−1 corresponds to C-O stretches. The peak at 769 cm-1, is attributed to C-H bending vibration. The peak at 520 cm-1 corresponds to Fe-O indicating successful impregnation of magnetite onto parthenium hysterophorus-derived biochar (Moges et al., 2022; Abewaa et al., 2023b; Fito et al., 2023b; Fito et al., 2023c; Fito and Ebrahim, 2023).
[image: Figure 4]FIGURE 4 | FTIR peaks for magnetite biochar composite derived from parthenium hysterophorus.
The X-ray diffraction technique was employed to investigate the crystalline structure of the composite consisting of magnetite and biochar. The findings of the XRD analysis are illustrated in Figure 5. The materials exhibited crystalline properties at specific angles (2θ) of 30.16, 35.53, 43.14, 57.11 and 63.12 corresponding to the peaks (220), (311), (400), (422), and (511), respectively. The predominant peak pattern observed in the composite materials can be attributed primarily to the presence of magnetite in the adsorbent. Given its amorphous nature, the XRD pattern is not expected to reveal the emergence of peaks related to parthenium hysterophorus-derived biochar. These outcomes align closely with the findings reported by Fito et al. (2023), where magnetic biochar material exhibited peaks at angles of 30.15, 35.51, 43.16, 53.32, and 57.08 (Fito et al., 2023b).
[image: Figure 5]FIGURE 5 | XRD analysis for magnetic biochar derived from parthenium hysterophorus.
The examination of the surface morphology of the biochar-magnetite composite obtained from a sample of parthenium hysterophorus was conducted using Scanning Electron microscope (SEM). The SEM analysis produced an image, as presented in Figure 6. Within this study, the surface of the composite material was magnified by a factor of 300, enabling the observation of distinct pore sizes and their distributions. It was observed that the composite adsorbent possessed highly irregular surfaces characterized by a significant level of heterogeneity, as well as the presence of cavities, holes, ruptures, voids, fractures, fissures, nooks, and crannies. These attributes play a critical role in enhancing the sorption capacity of the surface. Additionally, the high temperatures experienced during the carbonization and calcination processes result in the release of volatile matter from the microstructure of the particles. This phenomenon leads to the creation of voids on the surfaces of the adsorbent, ultimately transforming into pores. Generally, the heterogeneous surfaces of the adsorbent provide an advantageous setting for the adsorption of various pollutants from water and wastewater (Albatrni et al., 2022).
[image: Figure 6]FIGURE 6 | SEM morphology analysis of adsorbent material.
3.2 Batch adsorption performance
The full factorial design comprising four parameters at two levels was utilized in this research giving a total experimental runs of 32 in duplicate. The maximum removal efficiency attained in this study was reduced the initial dye concentration from 100 to 0.001 giving a maximum removal efficiency of 99.99%. This maximum removal efficiency was recorded at optimum treatment conditions of pH 9, contact time of 40 min, initial dye concentration of 100 mg/L and adsorbent dosage of 0.04 g/100 mL. On the other hand, the minimum removal efficiency recorded was determined to be 49.34%. The huge gap between the maximum and minimum removal efficacies indicates the significance of the effects of the operating parameters (Waghmare et al., 2023). Table 4 presents the adsorption capability of magnetic biochar derived from parthenium hysterophorus applied in the decontamination of MB from an aqueous solution. The maximum removal efficiency (99.99%) of MB attained utilizing magnetite doped biochar of parthenium hysterophorus is higher than the maximum removal efficiency (94%) attained using activated carbon derived from the same material (Fito et al., 2020). Magnetite doping enhances the adsorption capacity of Rumex abyssinicus derived biochar compared to plain biochar due to several factors. Firstly, the deposition of iron minerals on the carbon surface creates additional sorption sites, increasing the sorption ability of the biochar. Secondly, the presence of magnetite in the biochar composite leads to the activation of effective aggregates, resulting in improved adsorption performance for MB molecules (Xie et al., 2021; Guo et al., 2023).
TABLE 4 | Batch adsorption performance of MB removal onto magnetic biochar.
[image: Table 4]The maximum adsorption capacity recorded in this study is compared with various magnetic biochars applied for the removal of MB from wastewater and aqueous solution. As a result, the recent study is found to be superior compared to many previous researches, providing a promising solution for the detoxification of MB saturated effluents. Table 5 presents a comprehensive comparative analysis of various biomass based magnetic biochars applied for the removal of MB.
TABLE 5 | Comparative study of diffirent magnetic biochars applied for the removal of MB.
[image: Table 5]3.3 Effect of operating parameters on MB removal efficiency
3.3.1 Effect of adsorbent dosage
The effect of adsorbent dosage on the adsorption performances of MB onto magnetic biochar was conducted by varying the adsorbent dosage from 0.01–0.04 g/100 mL while keeping all the other parameters at optimum values as shown in Figure 7. Fundamentally, the effect of adsorbent dosage is paramount since it determines the adsorption capacity of the adsorbent. In this study, the MB concentration (100 mg/L), contact time (40 min) and pH of 9 were used constantly to investigate the influence of adsorbent dosage variation on MB dye adsorption performance. As a result, it was observed that increasing the adsorbent dosage increased the removal efficiency. Precisely, as adsorbent dosage increased from 0.01–0.04 g/100 mL, the removal efficiency increased from 85.6% to 99.98%. Conversely, the adsorption capacity decreased from 856 mg/g to 249.95 mg/g as an adsorbent dosage increased from 0.01 to 0.04 g/100 mL (Figure 8) attributed to the inverse relationship between adsorption capacity and adsorbent dosage for fixed initial dye concentration and volume of the solution. The increase of adsorption performance (percentage removal efficiency) with increasing adsorbent dosage is attributed to the presence of sufficient active sites as the adsorbent gets increased in dosage. Moreover, a higher dosage of adsorbent provides more surface area for adsorption, allowing for more dye molecules to be adsorbed. The increase in adsorbent dosage leads to a higher concentration of adsorbent particles in the solution, increasing the chances of contact between the dye molecules and the adsorbent surface, resulting in higher removal efficiency (Dimbo et al., 2024). Similar trend was observed in khat stem based activated carbon applied for the removal of MB from textile wastewater (Takele et al., 2023).
[image: Figure 7]FIGURE 7 | Effect of adsorbent dosage on MB removal efficiency at the MB concentration (100 mg/L), contact time (40 min) and pH of 9
[image: Figure 8]FIGURE 8 | Effect of adsorbent dosage on MB adsorption capacity at the MB concentration (100 mg/L), contact time (40 min) and pH of 9
3.3.2 Effect of initial MB dye concentration
MB removal efficiency and adsorption capacity are significantly influenced by initial MB concentration. Normally, the relationship between available active sites and the concentration of the dye molecules is crucial in increasing or decreasing the decolorization of the target pollutant. During the effect of the initial MB concentration investigation, the concentration of MB was varied from 100–150 mg/L while all other factors such as pH, contact time and adsorbent dosage were fixed at their optimum values of 9, 40 min and 0.04 g/100 mL respectively. As can be observed from Figure 9, as the initial MB concentration increases from 100–150 mg/L, the removal efficiency decreases from 99.7% to 92.6%. However, Figure 10 shows the increasing trend of adsorption capacity from 249.25 to 347.25 mg/g with increasing initial MB concentration. Moreover, the maximum removal efficiency of MB was achieved at a minimum initial concentration of dye (100 mg/L). Afterwards, the removal percentage gradually decreased as the initial dye concentration was raised. This might be because the adsorption sites were fixed and reached saturation. Hence, with an increase in initial dye concentration, no further adsorption could be achieved so that percentage removal experiences a decrease. A similar trend has been also investigated by (El-sayed et al., 2014) who worked on the assessment of activated carbon prepared from corncob by chemical activation with phosphoric acid. In general, higher initial concentrations of MB result in a higher number of dye molecules in the solution, leading to a higher competition for active sites on the adsorbent material. As a result, the available active sites become saturated more quickly, reducing the overall removal efficiency (Dinh et al., 2021; Nowicki et al., 2022; Mahmoudi et al., 2023). Additionally, the increased concentration of MB can lead to a higher mass transfer resistance, making it more difficult for the adsorbent to effectively remove the dye molecules from the solution (Bharathi and Ramesh, 2013).
[image: Figure 9]FIGURE 9 | Effect of initial MB concentration on the removal efficiency of MB from aqueous solution at pH (9), contact time (40 min) and adsorbent dosage (0.04 g/100 mL).
[image: Figure 10]FIGURE 10 | Effect of initial MB concentration on the adsorption capacity of MB from aqueous solution at pH (9), contact time (40 min) and adsorbent dosage (0.04 g/100 mL).
3.3.3 Effect of contact time
The duration for which the pollutant and adsorbent come into contact with each other holds significant importance in the treatment of wastewater using adsorption techniques. This is primarily due to the fact that the contact time affects the rate at which the dye is absorbed and provides insight into the step that controls the rate of adsorption of the targeted pollutant. Furthermore, in adsorption processes, the contact time determines the mechanism involved in the migration of the dye from the bulk of the solution to the surface of the adsorbent, as well as the diffusion of the dye through the boundary layer and into the interior pores of the adsorbent. In this particular study, the impact of the contact time on the adsorption performance of MB from an aqueous solution was examined by varying the contact time from 10 to 40 min, while maintaining all other operating parameters (pH, adsorbent dosage, and initial MB concentration) constant. Figure 11 illustrates the effects of contact time on the efficiency of MB removal at a fixed pH of 9, an adsorbent dosage of 0.04 g/100 mL, and an initial dye concentration of 100 mg/L. Consequently, an increase in MB removal efficiency from 79.6% to 99.6% was observed as the contact time increased from 10 to 40 min. This rise in the efficiency of removing the targeted pollutant with longer contact time can be attributed to the availability of sufficient time for the interaction between the adsorbate and the adsorbent. Additionally, in the adsorption process, a longer contact time allows for more opportunities for the methylene blue molecules to come into contact with the adsorbent material, increasing the chances of adsorption and removal (Hakim and Supartono, 2021; Al-abbasi et al., 2022; Mohammadi and Jafari, 2023; Ni et al., 2023).
[image: Figure 11]FIGURE 11 | Effect of contact time on MB removal efficiency from aqueous solution at pH of 9, an adsorbent dosage of 0.04 g/100 mL, and an initial dye concentration of 100 mg/L.
3.3.4 Effect of PH
A range of pH values ranging from 3 to 9 was utilized to examine the impact of pH on the efficacy of MB removal from a solution. Conversely, fixed values of contact time (40 min), adsorbent dosage (0.04 g/100 mL), and initial MB concentration (100 mg/L) were employed to investigate the influence of pH on the efficiency of MB removal. The findings of the investigation into the effect of pH on MB removal efficiency are illustrated in Figure 12. The figure reveals that the percentage of removal increases as the pH value rises. This phenomenon can be attributed to the fact that the surface of the adsorbent material is typically negatively charged above the pHpzc, resulting in a lower percentage of MB removal in the lower pH range. Additionally, the acidic environment causes an increase in the concentration of hydrogen ions, which subsequently neutralizes the negatively charged carbon surface, thereby reducing the adsorption of the positively charged dye cation due to a decrease in the attractive force between the adsorbent and adsorbate. The pH of a solution can affect the point of zero charge (pHpzc) of a magnetite-doped biochar composite, which in turn influences its adsorption capacity for methylene blue. The pHpzc is the pH at which the surface of the biochar has a neutral charge, meaning the adsorption of H+ and OH− ions is equal. However, it is known that the pHpzc of biochars can influence the adsorption process under certain pH conditions. When the pH of the solution is above pHpzc, negative charges dominate the surface of the composite materials enhancing the attraction of positively charged MB dye and the magnetite doped biochar of parthenium hysterophorus. However, at pH of the solution less than pHpzc, there is repulsion between the positive charges on the adsorbent material and the positively charged MB dye, thereby decreasing the adsorption capacity. Hence, the maximum removal efficiency obtained pH 9 supports the pHpzc concept as the pHpzc of magnetite biochar composite is determined to be 6.7.
[image: Figure 12]FIGURE 12 | pH effect on adsorption performance of MB from aqueous solution at contact time (40 min), adsorbent dosage (0.04 g/100 mL), and initial MB concentration (100 mg/L).
In line with this, the surface negative charges of adsorbent material increase with an increase in pH, enhancing its adsorption ability towards positively charged MB (Info, 2021). As depicted in the graph, a pH value of 9 can be considered the optimal pH. It was observed that a maximum removal efficiency of 99.92% was achieved at a pH of 9.
3.4 Interaction effects of operating parameters on the MB removal efficiency
In addition to individual effects on the adsorption performance of MB from onto magnetic biochar, it is crucial to consider the interaction effects among the operating parameters. In this regard, the batch adsorption performance data (Table 4) was fed to the design expert software version 11 and the interaction among different operating parameters was statistically analyzed. Accordingly, the batch adsorption performance data accurately fit to interactive regression model with adjusted and projected R2 values of 0.9995 and 0.9983 respectively. Additionally, all the interaction between the operating factors is found significant (as their p-value is determined to be less than 0.05), which highlights the significant effect on the MB removal efficiency. Herein, the interaction of pH and initial MB concentration is found to have a negative effect on the removal efficiency of MB. Individually, the pH is determined to have an encouraging effect on the MB removal efficiency. Conversely, the individual effect of initial MB concentration art fixed values of contact time, adsorbent dosage and pH was determined to have a negative effect on the adsorption performance of MB dye. The interaction effect of pH and adsorbent dosage as well as pH and contact time is determined to positively affect the removal efficiency of the MB dye. On the other hand, the MB removal efficiency is negatively affected by the interaction of initial MB concentration and adsorbent dosage as well as adsorbent dosage and contact time. However, the interaction of initial MB concentration and contact time is found to have a positive impact on the MB removal efficiency. Table 6 presents the interactive model describing the adsorption pattern of MB adsorption onto magnetite biochar composite derived from parthenium hysterophorus. The relative impact of significant factors as their interaction on MB removal efficiency is presented in Eq. 6, whereas Eq. 7 presents the model equation for the removal of MB onto magnetic biochar.
[image: image]
TABLE 6 | ANOVA for interactive regression model.
[image: Table 6]Removal efficiency = 74.52 + 0.3056 A-8.14 B + 10.52 C +4.74 D-0.2956 AB+0.8669 AC+0.6181 AD -1.87 BC +0.8819 BD-1.39 CD (9).
3.5 Adsorption isotherm
The Langmuir, Freundlich, and Temkin isotherms were visually depicted in Figures 13, 14, 15, respectively. The determination coefficients (R2) for the Langmuir, Freundlich, and Temkin isotherms were found to be 0.94, 0.98, and 0.97, respectively. Additionally, residual sum of squares (RSS) used for error analysis of data fit to each isotherm models is provided. The Freundlich isotherm provided the best fit for the data, indicating a multilayer and heterogeneous adsorption process. Consequently, the surface of the adsorbent was determined to be heterogeneous, and the adsorption of MB occurred on the active sites of the multilayer surface. Moreover, the Langmuir isotherm exhibited a Qmax value of 327.87 mg/g and a KL value of 0.0003 g/L, showcasing the effectiveness of the adsorption process. On the other hand, the Langmuir isothermal feasibility (RL) and the Freundlich isotherm constant related to intensity (1/n) were determined to be 0.99 and 0.095, respectively, indicating a favorable adsorption process. The recorded value of 1/n in this study was 0.397, which is low, suggesting higher heterogeneity. In a favorable Freundlich isotherm (i.e., n > 1), active sites with the highest binding energies are utilized first for less heterogeneous surfaces, followed by weaker sites for more heterogeneous surfaces. The present study yielded a higher Freundlich adsorption capacity (KF) of 254.68 (mg/g)/(mg/L) n. Furthermore, a higher KF value indicates a lower free energy requirement for the adsorption process. The Temkin isotherm constants KT and BT were determined to be 16.693 L/g and 90.27 J/mol, respectively. Overall, the isotherm study showed that the adsorption of MB onto magnetic biochar is favourable with multilayer and heterogeneous surface interactions.
[image: Figure 13]FIGURE 13 | Langmuir isotherm plot for adsorption of MB onto magnetic biochar at pH (9), contact time 40 min and adsorbent dosage of 0.04 g/100 mL.
[image: Figure 14]FIGURE 14 | Freundlich isotherm model plot for the adsorption of MB onto magnetite biochar composite at pH (9), contact time (40 min) and adsorbent dosage of 0.04 g/100 mL.
[image: Figure 15]FIGURE 15 | Temkin isotherm model for the removal of MB from aqueous solution using magnetic biochar pH (9), contact time (40 min) and adsorbent dosage of 0.04 g/100 mL.
3.6 Adsorption kinetics
The kinetics of dye adsorption was investigated using the optimum conditions determined from the batch experiments. Table 7 presents the calculated adsorption capacities (Qe, cal), experimental adsorption capacities (Qe, exp), and values of parameters such as K1, K2 and KP for all three kinetic models. The pseudo second order reaction adsorption kinetics exhibited a coefficient of determination (R2) of 0.99, while the pseudo first order reaction kinetics showed a lower value of R2 (0.91). Therefore, given the higher coefficient of determination and the negligible difference between the equilibrium and calculated adsorption capacities (Qe, exp) and (Qe, calc), it can be concluded that the pseudo second order model provides a better description of the cationic dye adsorption kinetics. Moreover, the rate–limiting adsorption mechanism was found to be chemisorption, which occurs due to the formation of chemical bonds between the adsorbate molecules and specific surface locations (active sites) on the magnetic biochar. Additionally, an intraparticle diffusion model was developed to examine the adsorbate’s ability to penetrate the interior surface of the adsorbent. The intraparticle diffusion rate constant (KP) and the C (mg/g) values were determined to be 1.25 mg/(g.min0.5) and 64.27 mg/g respectively. These findings indicate that the adsorption rate is influenced by both the adsorbate and the adsorbent and that intraparticle diffusion does not solely control the adsorption process.
TABLE 7 | Kinetics parameters for the adsorption of MB onto magnetite biochar composite derived from parthenium hysterophorus.
[image: Table 7]3.7 Adsorption thermodynamics
The adsorption thermodynamics of MB adsorption onto magnetic biochar derived from parthenium hysterophorus was investigated employing the Van’t Hof equation and the result of the analyses is presented in Figure 16. The thermodynamic parameters provide insights into the spontaneity, endothermicity, and feasibility of the adsorption process for methylene blue onto the magnetite-doped biochar composite. The values of ΔG indicate the feasibility of the process, with negative values indicating a spontaneous adsorption process. The values of ΔH indicate the endothermic nature of the process, with positive values indicating that heat is absorbed during adsorption. The values of ΔS indicate the increase in disorder during the adsorption process, with positive values indicating an increase in randomness. From the thermodynamics study, it can be observed that the value of ΔG was determined to have negative values throughout the study. Moreover, the values for both ΔH and ΔS were determined to be positive. Overall, the combination of negative ΔG, positive ΔH, and positive ΔS suggests that the adsorption process is spontaneous, endothermic, and feasible for the removal of MB onto the magnetite-doped biochar of parthenium hysterophorus.
[image: Figure 16]FIGURE 16 | Adsorption thermodynamics for the removal of MB from aqueous solution pH (9), contact time (40 min) and adsorbent dosage of 0.04 g/100 mL and initial MB concentration of 100 mg/L.
3.8 Reusability of the adsorbent
The assessment of reusability over multiple cycles provides insight into the practical applicability and sustainability of magnetite biochar derived from Parthenium hysterophorus as an adsorbent for industrial-scale decolorization of methylene blue wastewater effluent. The ability of the magnetite biochar to maintain its adsorption capacity and efficiency over multiple cycles demonstrates its potential for practical use in wastewater treatment. The reusability of the magnetite biochar is attributed to its stability and the presence of magnetic nanoparticles, which allow for easy separation and regeneration of the adsorbent. The biochar-magnetite composite derived from parthenium hysterophorus was tested for MB removal for five times, evaluating the adsorption efficiency during adsorption-desorption cycles. In the initial stage, the adsorption efficiency was recorded as 99.8%, but decreased to 97.6% by the fifth cycle as shown in Figure 17. This decline indicates a slight reduction in adsorption performances as the number of cycles increased. The loss of active sites associated with incomplete desorption likely contributed to this decrease in performance. The reusability performance of magnetic biochar derived from parthenium hysterophorus is further presented in adsorption capacity as shown in Figure 18. As can be observed from Figure 18, the adsorption capacity for five consecutive cycles of reusability ranged from 249.5 to 244 mg/g. Additionally, the insignificant decrease in removal capacity after each cycle, demonstrates the adsorbent’s ability to be regenerated and reused. These findings confirm that the biochar-magnetite composite is highly reusable and stable, making it a promising candidate for practical applications in MB removal.
[image: Figure 17]FIGURE 17 | Reusability of regenerated magnetic biochar for the adsorption of MB (%) from aqueous solution.
[image: Figure 18]FIGURE 18 | Reusability of regenerated magnetic biochar for the adsorption of MB (mg/g) from aqueous solution.
4 CONCLUSION
In this study, a magnetic composite adsorbent derived from biochar of parthenium hysterophorus and magnetite was prepared through pyrolysis and coprecipitation techniques. The adsorbent has characteristics like heterogeneous and porous morphology, crystalline structure, and numerous functional groups, making it effective in removing pollutants from water and wastewater. On the other hand, the maximum and minimum removal efficiencies recorded in this study were determined to be 99.99% and 49.34% respectively. The effects of operating parameters such as pH, contact time, initial MB concentration and adsorbent dosage were thoroughly investigated. Accordingly, the removal efficiency of MB was discovered to increase with increasing pH, contact time and adsorbent dosage. However, initial MB concentration and removal efficiency were found to have a negative relationship. The isotherm and kinetics studies were investigated and the Freundlich isotherm model (R2 = 0.98) and pseudo second order (R2 = 0.99) gave the best fitting with experimental data suggesting multilayer interaction and chemisorption nature respectively. Finally, the magnetite biochar composite is highly regenerated and reusable which highlights its effectiveness in removing MB saturated effluent at an industrial scale.
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