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Introduction: The drilling industry is one of the main sectors of the oil industry, and oil drilling is one of the most specialized industrial activities. Large-scale production of sugarcane bagasse in Khuzestan Province creates an environmental opportunity to utilize this agricultural byproduct in different sections as a valuable byproduct. This study aimed to investigate the ability of the raw form of bagasse and its transformed structure in heavy metal fixation in drilling mud and to investigate the efficiency of crude bagasse, processed bagasse, and biochar adsorbents in removing heavy metals from the drilling mud residues of Ahvaz oil field.Methods: Sampling of drilling mud waste from Mishan Geological Formation (MGF) and Aghajari Geological Formation (AGF) was done on a vibrating sieve. The treatments examined in this research include the contact time in six levels (30, 60, 90, 120, 150, and 180 min), amount of the adsorbent in three levels (0.1, 0.5, and 1 g), adsorbent type in three levels (crude bagasse, processed bagasse, and biochar), and the formation type in two levels (Aghajari and Mishan). After chemical digestion, the samples were placed in contact with crude bagasse, processed bagasse, and biochar according to the designed conditions. Then, the removal percentages of Ba, Ni, V, Cd, Fe, and Pb were calculated. Means were compared using Duncan’s test at the 1% level.Results and Discussion : The results showed that the biochar adsorbent is the most efficient compared to other adsorbents. The maximum removal percentages of heavy metals Ba, Ni, V, Cd, Fe, and Pb by crude bagasse are 72.53%, 68.89%, 79.49%, 76.88%, 49.42%, and 85%, respectively. In addition, the results showed that the maximum removal percentages of heavy metals Ba, Ni, V, Cd, Fe, and Pb by crude bagasse are 81/72%, 83/89%, 86/67%, 83/44%, 64/41%, and 90.72%, respectively. The maximum efficiency of biochar for adsorbing heavy metals Ba, Ni, V, Cd, Fe, and Pb is 90.70%, 91.84%, 88.89%, 88.75%, 78.59%, and 97.75%, respectively. The maximum amount of heavy metals adsorbed by all adsorbents was 1 gr/L, and the adsorption efficiency increased by increasing the amount of the adsorbent from 0.2 to 1 gr/L. In examining the effect of contact time, the maximum removal percentage of heavy metals barium and cadmium was obtained in 120 min, nickel and lead in 90 min, and vanadium and iron in 60 min. After the above contact times, there was no increase in the maximum percentage of metal removal.Keywords: bagasse, biochar, drilling mud, heavy metals, soil treatment
1 INTRODUCTION
The drilling industry is one of the main sectors of the oil industry, and oil drilling is one of the most specialized industrial activities. In the drilling sector, there are various operational stages such as exploration of hydrocarbon reservoirs (Ma et al., 2022), oil extraction through oil wells (Yang et al., 2023), drilling of development wells, and oil transfer for petrochemical and refinery activities (Pereira et al., 2022). During the drilling and operation of oil and gas wells, significant amounts of dangerous and toxic wastes are produced, which can have harmful effects on the natural ecosystem of the region (Ismail et al., 2017). An important part of the produced waste is drilling mud, which is made up of different materials and chemical compounds and has destructive environmental effects. Drill cuttings waste, particularly from oil and gas exploration, represents a significant environmental challenge due to its hazardous components. This waste primarily consists of the solid materials that are removed from the borehole during drilling operations and contains various contaminants, including heavy metals and petroleum hydrocarbons. Drill cuttings can be categorized into two main types based on the drilling fluids used: water-based drill cuttings (WBDCs), which are generally less hazardous and are often easier to treat and manage (Sharafaddin and Onutu, 2021), and oil-based drill cuttings (OBDCs), which are more problematic due to their high content of petroleum pollutants and can exhibit mutagenic, carcinogenic, and teratogenic properties. OBDCs often contain heavy metals and other hazardous materials, necessitating careful handling and disposal to mitigate the environmental impacts (Xing et al., 2018). The disposal of drill cuttings is regulated to prevent soil, water, and air pollution. If not managed properly, these wastes can lead to significant ecological damage and may pose risks to human health. The increasing volume of drill cuttings generated, particularly with the expansion of shale gas development, has intensified the need for effective waste management strategies (Kazamias and Zorpas, 2021).
Drilling mud is inevitably discharged into the environment around the rig during and after the drilling operation and causes environmental pollution (Khanpour et al., 2014). Drilling mud has some unusual compounds such as heavy metals, which can harm the environment (Kove et al., 2021). In some oil fields, such as Ahvaz oil field, due to special geological conditions, it is necessary to use drilling mud with complex compositions for drilling operations. In this oil field, after the work is completed, the drilling waste is dumped into the ponds around the well, which are called pits. During the drilling of a well with an average depth of 3,000 m, approximately 1,000–1,500 tons of waste containing heavy metals is produced, which is left in a pit with an area of 1–1.5 ha. Heavy metals are a group of elements which when found in concentrations higher than the limits of environmental standards can be pollutants (Sarkar, 2002). After entering the food chain and bioaccumulation in living organisms, heavy metals cause disorders, diseases, and adverse effects in these organisms (Bhat et al., 2019). Heavy metals are particularly important among environmental pollutants due to their non-degradability and physiological effects on living organisms (Sardar et al., 2013). Considering the adverse effects of heavy metals on humans and the environment, heavy metal pollution has gained the attention of many governmental and regulatory organizations that seek to prevent the destruction of the environment (Benhaddya et al., 2016). Therefore, it is necessary to provide a suitable and environmentally friendly method to remove heavy metals. Fixation of heavy metals in drill cuttings is crucial for reducing their mobility and toxicity. Several methods have been developed for this purpose, such as stabilization/solidification, which involves mixing drill cuttings with binding agents (such as cement or fly ash) to immobilize heavy metals (Abdullah et al., 2022). The process reduces the leachability of contaminants, making the waste safer for disposal or potential reuse. Thermal treatment as high-temperature processes, such as thermal distillation, can effectively remove hydrocarbons and reduce heavy metal concentrations (Leonard et al., 2010). The cuttings are heated to volatilize contaminants, which can then be condensed and recovered. This method can achieve high recovery rates for oil and significantly reduce hazardous waste. Chemical treatments use chemical agents to precipitate heavy metals into less soluble forms (Opete et al., 2010). This method often involves the addition of specific reagents that react with the metals to form stable compounds, thus reducing their bioavailability and leachability. One of the appropriate methods, the adsorption method uses organic matters that have relatively high adsorption properties. The adsorption method is applied to transfer some components of the fluid phase to the surface of an adsorbent. Considering that the adsorbent is the most important component of the adsorption process, so far, different types of adsorbents have been used according to their capacity, compatibility, cost, and reproducibility (Mohammadi et al., 2010). Using agricultural residues as an adsorbent of heavy metals can prevent these negative environmental effects (Zhang et al., 2015).
The use of unconventional resources, such as industrial residues and waste materials, has shown promising potential for heavy metal fixation and immobilization in contaminated soils and water bodies. These materials can serve as cost-effective and environmentally friendly alternatives to traditional remediation methods, reducing the overall environmental footprint of the process (Karman et al., 2015; Kokkinos et al., 2022). Several types of industrial residues have been explored for heavy metal fixation, including fly ash, which is derived from coal combustion. Fly ash contains aluminosilicate materials that can effectively immobilize heavy metals through ion exchange and adsorption processes. Slag is a byproduct from metallurgical industries, and slags can be used to precipitate heavy metals and facilitate their removal from wastewater. Red mud is a waste material from alumina refineries and has a high capacity for arsenic removal from contaminated water. Zeolites are natural or synthetic aluminosilicate minerals with large surface area and can adsorb and immobilize heavy metals in soil and water (Kokkinos et al., 2022; Priya et al., 2023). These materials can be used in various remediation techniques, such as in situ immobilization, permeable reactive barriers, and wastewater treatment. Studies have reported removal efficiencies of up to 95% for heavy metals such as arsenic, lead, and cadmium.
The use of industrial residues for heavy metal fixation offers several advantages in terms of reducing the environmental footprint, such as waste recycling and resource conservation, and utilization of waste materials for remediation purposes reduces the need for landfill disposal and conserves natural resources that would otherwise be used for primary raw materials (Schlögl et al., 2023). Recycling industrial residues is generally more cost-effective than using primary raw materials for remediation as it eliminates the costs associated with extraction, processing, and transportation. In some cases, the addition of industrial residues to contaminated soils can enhance their physical and chemical properties, making them suitable for construction applications such as backfill or road subgrade (Zhang et al., 2017). By immobilizing heavy metals in situ or through wastewater treatment, the risk of contaminant migration and exposure to living organisms is significantly reduced, minimizing the overall environmental impacts (Ahmed et al., 2022).
Khuzestan Province in Iran is a significant area for sugarcane cultivation, contributing to both sugar production and the generation of by-products such as bagasse. Approximately 88,300 ha of sugarcane has been cultivated in Iran, with Khuzestan being the primary region for cultivation of this crop (Khosravirad et al., 2019). The province covers approximately 120,000 ha dedicated to sugarcane farming. The total sugarcane production in Iran is approximately 7.4 million tons annually. This production fluctuates but has shown an overall increase over the years, with a notable yield of 6.59 million tons reported in 2014 (Mohammadi et al., 2020). Bagasse is the fibrous residue left after the extraction of juice from sugarcane. In Khuzestan, it is considered a major agricultural waste product with significant potential for energy generation and other applications. The availability of bagasse in large quantities, free or low cost, and their non-toxicity toward the environment are some of the advantages of agricultural residues. Among the various agricultural residues, sugarcane bagasse is found in large quantities. Sugarcane bagasse is a waste from sugarcane cultivation and is currently left unused in the environment in Ahvaz. Therefore, the present study used three different sugarcane bagasse treatments (crude, processed, and biochar) to remove heavy metals from drilling mud.
2 MATERIALS AND METHODS
2.1 Study area
The study area is the Ahwaz oil field in Khuzestan Province, Iran. The Ahvaz oil field is 63 km long and 6 km wide. In this area, the Mishan Geological Formation (hereafter MGF) and Aghajari Geological Formation (hereafter AGF) were considered for drilling mud sampling. The location of the study area is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Geographical location of the Ahvaz oil field.
2.2 Methodology
2.2.1 Sampling
To prepare the average sample for each geological formation, the collected samples were thoroughly mixed together, following the methodology proposed by Adewole et al. (2010). This mixing process aimed to obtain a representative sample for each geological formation to be used in subsequent analyses.
This study describes the investigation of the removal percentage of six metals (barium, nickel, vanadium, cadmium, iron, and lead) in drilling mud samples from the Ahvaz oil field. The study aimed to assess the impacts of various factors including contact time, amount of the adsorbent, type of the adsorbent, and geological formation type on the removal efficiency of the target metals.
Six homogeneous samples of drilling mud were collected from the Ahvaz oil field. The samples were weighed to be approximately 1 kg each, except for the samples from the MGF and AGF, which were weighed at 3 kg each. The samples were transported to the laboratory in plastic containers with lids to ensure their integrity during transportation. A total of 324 samples were prepared for the investigation. These samples were prepared to analyze the removal percentage of the six target metals in each drilling mud sample. The factors investigated included contact time, amount of the adsorbent, type of the adsorbent, and geological formation type. For each investigated factor, different levels were considered to assess their influence on metal removal. Contact time was varied at intervals of 30, 60, 90, 120, 150, and 180 min. The amount of the adsorbent was varied at three levels: 0.1, 0.5, and 1 g/L. The type of the adsorbent was also varied, considering three types: crude, processed, and biochar bagasse. Lastly, the geological formation type was examined, with samples obtained from both the Aghajari and Mishan formations.
2.2.2 Sample digestion
The DTPA1 method was used for extraction. The samples were passed through a 2-mm sieve and placed in an oven at 110°C for 24 h. Then, 2 g of dry samples was added into a 50-mL flask, and 10 mL of acid (a mixture of 100 mL of nitric acid and 300 mL of hydrochloric acid) was slowly added to the samples in a ratio of 1:3. Then, the samples were placed on the heater for 1 h at 90°C and then for 1 h at 120°C. Before boiling the solution, samples were carefully removed and made up to 1,000 mL using distilled water (Yang et al., 2012). In order to prepare the control sample (before contact with the adsorbent), six samples of the drilling mud extracts (three samples for each formation) were centrifuged and passed through a filter paper. Then, the initial concentration of heavy metals was determined by using the Phoenix-986 atomic absorption device (Ghalib and Ramal, 2021).
2.2.3 Adsorbent preparation
Sugarcane bagasse was prepared from the Amir Kabir agriculture and industry company in Khuzestan Province and transported to the laboratory. In order to remove pollutants and increase the absorption capacity, the bagasse sample was washed with nitric acid and exposed to open air for 5 days. In order to prepare processed bagasse, crude bagasse was exposed to 0.01 M NaOH solution for 6 h and then removed from the solution. Then, it was exposed to a temperature of 105°C, and after drying, it was exposed to 0.01 M NaOH three times (Lima et al., 2018). Following that, it was exposed to 0.01 M HCL solution for 6 h three more times, and finally, processed bagasse was obtained. In order to prepare the biochar adsorbent, crude bagasse was placed in an oven at 800°C for 2 h, and crude bagasse was converted into semi-active carbon. Finally, it was immersed in 0.01 M hydrochloric acid to obtain biochar (Lima et al., 2018).
2.2.4 Secondary concentration of heavy metals
Ten-milliliter samples (digested drilling mud) were placed in contact with 0.1, 0.5, and 1 g of crude, processed, and biochar bagasse. To mix the sample with the adsorbent, a shaker was used with a stirring speed of 100 rpm. In addition, the temperature of the shaker was set at 25°C. After 30, 60, 90, 120, 150, and 180 min, the samples were centrifuged and passed through a filter paper. Then, the secondary concentration of Ba, Ni, V, Cd, Fe, and Pb metals was determined using the Phoenix-986 atomic absorption device.
2.2.5 Calculation of the percentage removal of heavy metals
Equation 1 was used to calculate the percentage removal of heavy metals using adsorbents (Stylianou et al., 2007).
[image: image]
where R = metal removal percentage, C0 = initial metal concentration (mg/L), and Cf = secondary metal concentration (mg/L).
2.2.6 Statistical analysis
The variance for data was first analyzed using the Kolmogorov–Smirnov test in SAS Ver. 9.4. The normality of the data was tested. Considering that the obtained data are in the form of percentages, the arcsine method was used for the variables whose data were not normal. Then, the data analysis was carried out in four different levels (Table 1) in the form of a completely random design and based on the GLM2 procedure, and to compare the averages, Duncan’s test was used with a probability level of 1%.
TABLE 1 | Desired treatment levels.
[image: Table 1]3 RESULTS AND DISCUSSION
The characteristics of the control drilling mud are reported in Table 2. The average pH of the drilling mud of the two formations has a significant difference (p < 0/05), and it is higher in AGF than MGF. The reason can be attributed to the change in the formation lithotype and the composition of the drilling mud. The average EC of drilling mud of the two formations has a significant difference (p < 0/05), and this value is lower for AGF than for MGF. In addition, the average chloride content of drilling mud of the two formations has a significant difference (p < 0.05). This amount for MGF is more than that for AGF. Because AGF and MGF drilling muds were water-based type, the TPH parameter was not checked because this parameter can only be measured in oil-based drilling muds. In this study, the pH, electrical conductivity (EC), and chloride content of two different types of formations, MGF and AGF, were measured. The minimum and maximum values obtained for each parameter are presented in Table 1. The pH levels of the MGF ranged from 8.1 to 8.4, while for the AGF, it ranged from 8.5 to 9.1. The electrical conductivity of the MGF varied between 169.1 and 195 ds/m, whereas for the AGF, it ranged from 61.1 to 78.4 ds/m. The chloride content of the MGF was found to be in the range of 3,000–4,000 mL/kg, while for the AGF, it varied between 1,250 and 1,750 mL/kg. These results indicate that both MGF and AGF have slightly acidic pH values, with the AGF tending to be slightly more acidic than MGF. The electrical conductivity of the AGF was found to be lower than that of the MGF, suggesting a lower concentration of dissolved salts in the AGF. Additionally, the chloride content of AGF was lower than that of MGF, indicating a lower concentration of chloride ions in AGF. The observed variations in pH, electrical conductivity, and chloride content between MGF and AGF could be attributed to differences in their composition and manufacturing processes. Further investigation is required to determine the specific factors contributing to these variations.
TABLE 2 | Characteristics of drilling mud for control samples.
[image: Table 2]The characteristics of different adsorbent treatments are also given in Table 3. The percentage of carbon (C), nitrogen (N), and electrical conductivity (EC) of biochar is higher than that of crude and processed bagasse because it is decomposed by heat (Olabemiwo et al., 2017). The results of the study are presented in Table 1, which provides the data for the adsorbent properties, including electrical conductivity (EC), pH, carbon content (C), and nitrogen content (N). The three types of bagasse analyzed in this study were crude bagasse, processed bagasse, and biochar. The crude bagasse exhibited an electrical conductivity of 2.3 ds/m, a pH of 7.2, a carbon content of 42.1%, and a nitrogen content of 11.9%. In comparison, the processed bagasse had a slightly higher electrical conductivity of 2.6 ds/m, a pH of 9.5, a carbon content of 62.3%, and a nitrogen content of 20.6%. The biochar had the highest electrical conductivity of 2.8 ds/m, a pH of 10.2, a carbon content of 69.7%, and a nitrogen content of 22.3%.
TABLE 3 | Characteristics of different adsorbent treatments.
[image: Table 3]The differences between the three types of bagasse can be observed in the electrical conductivity values. The processed bagasse had a slightly higher electrical conductivity compared to the crude bagasse, and the biochar had the highest electrical conductivity among all three types. This indicates that the processing and biochar production methods had an effect on the electrical conductivity of the bagasse.
The pH values also varied among the different types of bagasse. The crude bagasse had a pH of 7.2, which can be considered slightly acidic. The processed bagasse had a pH of 9.5, indicating a more alkaline nature. The biochar had the highest pH of 10.2, suggesting a highly alkaline character. These pH differences reflect the changes in the chemical composition and structure of the bagasse during processing and biochar production.
The carbon content and nitrogen content in the bagasse also showed variations. The crude bagasse had a carbon content of 42.1% and a nitrogen content of 11.9%. The processed bagasse exhibited a significantly higher carbon content of 62.3% and a nitrogen content of 20.6%. The biochar had the highest carbon and nitrogen contents among the three types, with values of 69.7% and 22.3%, respectively. These differences indicate that the processing and biochar production methods resulted in an increase in the carbon and nitrogen contents of the bagasse. Overall, the results demonstrate that the processing and biochar production methods had an impact on the electrical conductivity, pH, carbon content, and nitrogen content of the bagasse. The processed bagasse and biochar exhibited higher electrical conductivity, pH, carbon content, and nitrogen content than the crude bagasse. These findings suggest that the processing and biochar production methods can potentially enhance the adsorption properties of bagasse, making it a more effective adsorbent material. It is important to note that these results are based on the specific samples analyzed in this study and may not be representative of all bagasse samples. Further research is needed to validate these findings and investigate the potential applications of processed bagasse and biochar as adsorbents in different environmental and industrial contexts.
The results for ANOVA are reported in Table 4. The results presented in this table show that all main effects and interaction effects are significant (except B*D, C*D, and A*C*D for cadmium; A*C*D for iron; and B*D, A*C*D, and B*C*D for lead). The results of the study are presented in Table 4, which shows the source of changes for each element (Ba, Ni, V, Cd, Fe, and Pb) under different factors (geological formation type, adsorbent type, amount of the adsorbent, and time) and their interactions. Geological formation type (A) had a significant effect on the concentration of all elements, except Ni. The concentrations of Ba, V, Cd, Fe, and Pb were significantly influenced by the type of the geological formation. The highest concentration of Ba was observed in geological formation type A (7.018), followed by B (82.63). Similar trends were observed for V, Cd, Fe, and Pb, with higher concentrations in formation type A than in B. However, the concentration of Ni was not significantly affected by geological formation type. Adsorbent type (B) also showed a significant effect on the concentration of all elements, except Ni. The concentrations of Ba, V, Cd, Fe, and Pb were significantly influenced by the type of the adsorbent used. The highest concentration of Ba was observed with adsorbent type B (82.63), followed by A (7.018). Similar trends were observed for V, Cd, Fe, and Pb, with higher concentrations in adsorbent type B than in A. Again, the concentration of Ni was not significantly affected by the adsorbent type. The amount of adsorbent (C) had a significant effect on the concentration of all elements, except Ni and Cd. The concentrations of Ba, V, Fe, and Pb were significantly influenced by the amount of the adsorbent used. Higher concentrations of Ba, V, Fe, and Pb were observed with larger amounts of the adsorbent. However, the concentration of Cd did not show a significant response to the amount of the adsorbent. Time (D) also showed a significant effect on the concentration of all elements, except Ni and Cd. The concentrations of Ba, V, Fe, and Pb were significantly influenced by the duration of exposure. Longer exposure times resulted in higher concentrations of Ba, V, Fe, and Pb. However, the concentration of Cd did not show a significant response to time. The interactions between factors were also investigated. Among these interactions, only A*B*C and B*C*D showed significant effects on the concentrations of certain elements. A*B*C had a significant effect on the concentrations of Ba, V, and Fe, while B*C*D had a significant effect on the concentrations of Ba, V, and Pb. The coefficients of variation (CV %) for each element were also calculated. The CV % values represent the variability of the measurements within each factor. The CV % values ranged from 5.05% to 7.28%, indicating moderate variability in the measurements. Overall, the results of this study demonstrate that the source of changes in the concentrations of Ba, Ni, V, Cd, Fe, and Pb is primarily influenced by the geological formation type, adsorbent type, amount of the adsorbent, and time. The interactions between these factors also play a role in determining the concentrations of certain elements. These findings contribute to our understanding of the factors influencing the distribution and behavior of these elements in geological formations, which has implications for environmental and geological studies.
TABLE 4 | Results for ANOVA.
[image: Table 4]The results of Duncan’s test for comparing the means of the main effects are given in Figures 2–7. The results of Figure 2 (Ba metal) show that the highest amount of adsorption for the type of formation, the type of the adsorbent, the amount of the adsorbent, and the time are, respectively, related to the MGF and biochar, the amount of adsorbent is 1 gr, and the time is 120–180 min. Likewise, for Ni, the highest amount of adsorption is related to AGF and biochar, the amount of the adsorbent is 1 gr, and time is 90–180 min. Keeping the previous order for V, the highest amount of adsorption is related to AGF and biochar, the amount of the adsorbent is 1 gr, and time is 60–180 min. In addition, respectively, for Va, the highest amount of adsorption is related to MGF and for biochar, the amount of the adsorbent is 1 gr, and time is 120–180 min. In the same way, for Fe, the highest amount of adsorption is related to MGF, and for biochar, the amount of the adsorbent is 1 gr, and time is 60–180 min. Finally, for Pb, the highest amount of adsorption is related to MGF, and for biochar, the amount of the adsorbent is 1 gr, and time is 90–180 min.
[image: Figure 2]FIGURE 2 | Results of Duncan’s test for main effects—Ba.
[image: Figure 3]FIGURE 3 | Results of Duncan’s test for main effects—Ni.
[image: Figure 4]FIGURE 4 | Results of Duncan’s test for main effects—V.
[image: Figure 5]FIGURE 5 | Results of Duncan’s test for main effects—Cd.
[image: Figure 6]FIGURE 6 | Results of Duncan’s test for main effects—Fe.
[image: Figure 7]FIGURE 7 | Results of Duncan’s test for main effects—Pb.
It should be noted that due to the limitation of the number of pages in the article, the results of Duncan’s test are presented only for two-level interaction effects in Tables 5–10.
TABLE 5 | Results of Duncan’s test for A*B—Ba.
[image: Table 5]The results reported in Table 5 show that the highest amount of absorption for Ba, Ni, Cd, Fe, and Pb is the interaction effect of MGF–biochar. For V, the maximum amount of absorption is the interaction effect of AGF–biochar. The results indicate that the concentrations of heavy metals varied across the different treatment groups and forms. For Ba, the highest concentration was observed in the biochar form in the AGF treatment group (81.53 mg/kg). In the MGF treatment group, the highest concentration was found in the processed form (76.19 mg/kg). The lowest concentration of Ba was observed in the biochar form in the MGF treatment group (62.02 mg/kg). Similarly, for Ni, the highest concentration was found in the biochar form in the AGF treatment group (84.94 mg/kg). In the MGF treatment group, the highest concentration was observed in the processed form (79.15 mg/kg). The lowest concentration of Ni was found in the processed form in the MGF treatment group (64.87 mg/kg). For V, the highest concentration was observed in the processed form in the AGF treatment group (84.83 mg/kg). In the MGF treatment group, the highest concentration was found in the crude form (77.19 mg/kg). The lowest concentration of V was observed in the biochar form in the MGF treatment group (76.04 mg/kg). In the case of Cd, the highest concentration was found in the biochar form in the AGF treatment group (82.55 mg/kg). In the MGF treatment group, the highest concentration was observed in the crude form (75.36 mg/kg). The lowest concentration of Cd was found in the processed form in the MGF treatment group (69.17 mg/kg). For Fe, the highest concentration was observed in the biochar form in the AGF treatment group (76.5 mg/kg). In the MGF treatment group, the highest concentration was found in the processed form (68.66 mg/kg). The lowest concentration of Fe was observed in the processed form in the MGF treatment group (62.88 mg/kg). Lastly, for Pb, the highest concentration was found in the crude form in the AGF treatment group (91.62 mg/kg). In the MGF treatment group, the highest concentration was observed in the processed form (86.14 mg/kg). The lowest concentration of Pb was found in the biochar form in the MGF treatment group (70.35 mg/kg). Overall, the results indicate that the concentrations of heavy metals varied depending on the treatment group and form. Further statistical analysis is required to determine if these differences are statistically significant.
The results in Table 6 indicate that the highest amount of absorption for Ba, Cd, Fe, and Pb is the interaction effect of the MGF–1 gr adsorbent. For the Ni and V, the highest adsorption value is the interaction of the AGF–1 gr adsorbent.
TABLE 6 | Results of Duncan’s test for A*C—Ni.
[image: Table 6]The results related to the interaction effect of the formation type and time in the adsorption of heavy metals are given in Table 7. The maximum amount of adsorption for Ba, Ni, V, Cd, Fe, and Pb is presented in six parentheses, respectively: (MGF–time 120, 150, and 180), (AGF–time 90, 120, 150, and 180), (AGF–time 60, 90, 120, 150, and 180), (MGF–time 120, 150, and 180), (MGF–time 60, 90, 120, 150, and 180), and (MGF–time 90, 120, 150, and 180).
TABLE 7 | Results of Duncan’s test for A*D—V.
[image: Table 7]In Table 8, the interaction effect of the adsorbent type and the amount of the adsorbent can be seen. These results show that the highest amount of adsorption for the metals is related to the interaction effect of biochar–1 gr of the adsorbent.
TABLE 8 | Results of Duncan’s test for B*C—Cd.
[image: Table 8]The results related to the interaction effect of bagasse type and time in the adsorption of heavy metals are given in Table 9. The maximum amount of adsorption for all metals is presented in six parentheses: (biochar–time 120,150, and 180), (biochar–time 90, 120, 150, and 180), (biochar–time 60, 90, 120, 150, and 180), (biochar–time 120, 150, and 180), (biochar–time 60, 90, 120, 150, and 180), and (biochar–time 90, 120, 150, and 180).
TABLE 9 | Results of Duncan’s test for B*D—Fe.
[image: Table 9]The results related to the interaction effect for the amount of adsorbent (gr) and time in the adsorption of heavy metals are given in Table 10. The maximum amount of adsorption for all metals is presented in six parentheses: (1 gr of adsorbent–time 120, 150, and 180), (1 gr of adsorbent–time 90, 120, 150, and 180), (1 gr of adsorbent–time 60, 90, 120, 150, and 180), (1 gr of adsorbent–time 120, 150, and 180), (1 gr of adsorbent–time 60, 90, 120, 150, and 180), and (1 gr of adsorbent–time 90, 120, 150, and 180).
TABLE 10 | Results of Duncan’s test for C*D—Pb.
[image: Table 10]First, the effectiveness of different adsorbents in removing heavy metals was evaluated. It was found that all adsorbents were effective to some extent, but biochar demonstrated the highest efficiency compared to other adsorbents. This observation is consistent with those of previous studies conducted by Isa et al. (2020) and Homagai et al. (2010), which highlighted the high efficiency of crude bagasse in removing heavy metals. Additionally, Liang et al. (2021) and Lee and Shin (2021) also reported on the high efficiency of biochar in heavy metal removal. These findings support the notion that biochar has superior adsorption capacity due to the processing and pyrolysis of bagasse, resulting in increased metal absorption. The adsorption rate of heavy metals was found to increase with the increasing initial concentration of heavy metals in the wastewater. This trend was observed for both types of biochar investigated. Baltrėnaitė-Gedienė and Šilinskaitė (2016) also reported similar results, demonstrating that increasing the concentration of biochar in wastewater enhances the absorption and removal efficiency of heavy metals, including cadmium, zinc, lead, and copper. The present study supports these findings by showing that the amount of heavy metals absorbed on both processed bagasse and biochar followed the reports of previous literature, with iron and lead exhibiting the highest amounts absorbed on the adsorbents, consistent with their higher initial concentrations. The formation type and amount of adsorbent were also found to significantly influence the removal percentage of lead. Specifically, the highest removal percentage was obtained in the treatments of AGF and MGF in the biochar adsorbent, with an adsorbent amount of 1 g. Increasing the amount of the adsorbent from 0.2 g/L to 1 g/L resulted in an increase in the absorption efficiency. This finding aligns with that of the study conducted by Baltrėnaitė-Gedienė and Šilinskaitė (2016), who also reported that increasing the concentration of biochar in wastewater leads to a higher absorption and removal efficiency of heavy metals. The effect of contact time on heavy metal removal was investigated, and it was observed that the maximum removal percentage of different heavy metals varied with time. The maximum removal percentages of barium and cadmium were obtained at 120 min, for nickel and lead at 90 min, and for vanadium and iron at 60 min. After these contact times, no further increase in the maximum percentage of metal removal was observed, indicating that equilibrium had been reached. This suggests that in the initial stages, there are more available sites for absorption, making it easier for the adsorbent to connect with the absorption sites. However, after the equilibrium time, the unoccupied surfaces on the adsorbent become limited, thereby reducing the overall adsorption capacity. In conclusion, the findings of this study demonstrate that the parameters of adsorbent type, amount of adsorbent, formation type, and contact time all play a significant role in the removal percentage of heavy metals. Biochar was found to be the most effective adsorbent compared to crude and processed bagasse, exhibiting higher adsorption capacities for various heavy metals. The results also support those of previous literature on the efficiency of crude bagasse in heavy metal removal and the enhanced capacity of biochar in adsorbing heavy metals. Understanding these parameters and their influence on heavy metal removal is crucial for the development of effective and sustainable wastewater treatment strategies.
The maximum efficiency of adsorption of heavy metals Ba, Ni, V, Ca, Fe, and Pb by crude bagasse is 53.72%, 68.89%, 79.49%, 76.88%, 49.42%, and 85%, respectively. In addition, the results showed that the maximum efficiency of removing heavy metals Ba, Ni, V, Ca, Fe, and Pb using processed bagasse is 81.72%, 83.89%, 86.67%, 83.44%, 64.41%, and 90.72%, respectively. Baltrėnaitė-Gedienė and Šilinskaitė (2016) reported that as the initial concentration of heavy metals in the wastewater increased, the adsorption rate of all heavy metals (cadmium, zinc, lead, and copper) increased by both types of biochar investigated. In this study, the amount of heavy metals absorbed on processed bagasse and biochar was similar to those found in the previous literature, and iron and lead, which had the highest concentration in the initial solution, had the highest amount absorbed on the adsorbents. According to Lajmiri Orak et al. (2021), the application of conocarpus waste (CW) biochar to drill cuttings improved soil properties such as pH, CEC, SOC, and EC. The use of CW biochar, especially at a 10% application rate, reduced the mobility and bioavailability of copper and zinc in the DC samples. The Tessier sequential extraction method showed that the exchangeable fraction of Cu and Zn decreased by 2.34% and 4.13%, respectively, in the 10% biochar treatment compared to the control. The 10% biochar treatment also had a greater effect on reducing the exchangeable and carbonate fractions of Cu and Zn, while increasing the organic matter and residual fractions.
The comparison of the mean interaction effect on the removal percentage of lead showed that the highest removal percentage was obtained in the treatments of AGF and MGF in the biochar adsorbent and the amount of the adsorbent was 1 gr, and by increasing the amount of the adsorbent from 0.2 to 1 g/L, the absorption efficiency increased. Baltrėnaitė-Gedienė and Šilinskaitė (2016) also obtained a similar result and showed that increasing the concentration of biochar in wastewater increases the absorption and removal efficiency of all heavy metals (cadmium, zinc, lead, and copper). Orak et al. (2022) found that the addition of conocarpus biochar, especially at 10% concentration, significantly reduced the bioavailability and mobility of Cd, Cu, and Zn in the drilling waste samples. The biochar treatment reduced the carbonate and exchangeable fractions of the heavy metals, while increasing their distribution in more stable forms, as indicated by the reduced mobility factor and increased partition index. The biosorption kinetics followed a pseudo-second-order model, indicating fast adsorption kinetics. In examining the effect of contact time, the maximum removal percentage of barium and cadmium was obtained in 120 min, for nickel and lead in 90 min, and for vanadium and iron in 60 min. After the above contact times, there was no increase in the maximum percentage of metal removal, so these contact times were considered the equilibrium time. In the early times, there were more sites available for absorption. Therefore, it is easier to connect the absorbing component to the absorption sites. After the equilibrium time, the unoccupied surfaces on the adsorbent surface can hardly be used.
4 CONCLUSION
Agricultural residues, such as sugarcane bagasse, have also been explored for heavy metal fixation and immobilization. Among the different adsorbents, biochar derived from bagasse demonstrated the highest efficiency in removing heavy metals. The efficiency of heavy metal removal varied depending on factors such as the formation type, adsorbent type, amount of adsorbent, and contact time. Overall, these findings contribute to the development of effective and sustainable waste management strategies in the drilling industry. The obtained observations from the performed study highlight the potential ability of sugarcane bagasse as an ecofriendly and sustainable agricultural byproduct for remediation of soil-polluted ecosystems. In the industrial scale, linking the agricultural sector and industrial pollution concerns such as drilling activity in regions like Khuzestan Province can be seen as a creative way in forming a circular economy and improving environmental health at the regional scale.
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