[image: image1]Synthesis and characterization of clay-biochars produced with facile low-temperature one-step in the presence of air for adsorbing methylene blue from aqueous solution

		ORIGINAL RESEARCH
published: 28 February 2023
doi: 10.3389/fenvs.2023.1137284


[image: image2]
Synthesis and characterization of clay-biochars produced with facile low-temperature one-step in the presence of air for adsorbing methylene blue from aqueous solution
Rui Liu1*, Yuncong C. Li2, Zhimeng Zhao1, Dandan Liu1, Jun Ren1 and Yang Luo1
1School of Geography and Resources, Guizhou Education University, Guiyang, China
2Department of Soil, Water, and Ecosystem Sciences, Tropical Research and Education Center, IFAS, University of Florida, Homestead, FL, United States
Edited by:
Walter Den, Texas A&M University San Antonio, United States
Reviewed by:
Shray Saxena, Bucknell University, United States
Sudipta Rakshit, Tennessee State University, United States
Mengshan Lee, National Kaohsiung University of Science and Technology, Taiwan
* Correspondence: Rui Liu, martinaluu@sina.com
Specialty section: This article was submitted to Water and Wastewater Management, a section of the journal Frontiers in Environmental Science
Received: 04 January 2023
Accepted: 17 February 2023
Published: 28 February 2023
Citation: Liu R, Li YC, Zhao Z, Liu D, Ren J and Luo Y (2023) Synthesis and characterization of clay-biochars produced with facile low-temperature one-step in the presence of air for adsorbing methylene blue from aqueous solution. Front. Environ. Sci. 11:1137284. doi: 10.3389/fenvs.2023.1137284

A facile and low-energy approach for biochar-supported clay preparation was developed at a low temperature (250°C) in the presence of air. A new type of engineered biochar by implanting clay particles on carbon surfaces had been successfully exploited as a low-priced adsorbent for environmental application. Two biomass feedstocks (tea and coffee wastes) were pretreated with kaolinite or montmorillonite suspension and then clay-biochars were synthesized using the facile one-step method. The adsorption performance, influencing factors, and mechanism of clay-biochars for methylene blue (MB) were investigated with adsorption experiments. The characterization results confirmed that clay exited on the biochar’s surface and the adsorption results revealed that biochar-supported clay had excellent methylene blue adsorption capacities (>20 mg/g) at unadjusted solution pH and room temperature (25°C ± 1°C). Batch adsorption experiments showed that initial solution pH, ionic strength, and competing compounds affected methylene blue adsorptions. The biochar-supported clay also had a potential of recycle and reusability for methylene blue removal. The methylene blue adsorption was predominately controlled by cation exchange (with both biochar and clay) and electrostatic interaction (with biochar only) mechanisms. This study provides a simple and environmental-friendly technology for creating high-efficiency clay-biochar adsorbent for removing cationic contaminants.
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1 INTRODUCTION
Wastewater pollution from dye industries is an important environmental and social issue, and traditional treatment methods have low efficiency in removing colored pollutants which are resistant to biological processes (Yu, 2011; Zhao et al., 2021). Compared with these conventional methods, the adsorption method is one of the best options due to its simple treatment process, more economic, and high efficiency for removing dyes from aqueous solution (Han et al., 2016; Ngulube et al., 2017). Therefore, study on low price and high capacity adsorbents for dyes is much more attractive.
Kaolinite (KLN) and montmorillonite (MMT) are common clays which usually exhibit excellent adsorption ability due to high cation exchange capacity (CEC), thus, both clays can effectively remove many kinds of cationic pollutants (Kaya, 2004; Zhuang and Yu, 2022). However, KLN an MMT are unsuitable to be applied in water treatment facilities directly because they are difficult for application, dispersion, and recovery due to very fine particles (Yao et al., 2014).
Biochar, an emerging carbon material stemmed from different low-priced biomass residuals, has been recommended as an environmental-friendly adsorbent to adsorb pollutants and as a matrix to fix the tiny particles since it has an excellent porous structure, surface area, and plenty of adsorption sites. In order to boost the adsorption performance of pristine biochar, much attention has been given to developing engineering technologies to produce carbon-based adsorbents with promoted functions for pollutants removal, such as surface modification (Xue et al., 2012; Sizmur et al., 2017; Liu et al., 2021). Currently, most biochars are created by conventional technologies, for example, slow pyrolysis, hydrothermal carbonization (Mohan et al., 2014; Gong et al., 2022). One of the drawbacks of these technologies is high temperature process, which consumes a large quantity of electricity, and a production rate is relatively low. It is also impossible to produce on a large scale. Another disadvantage is to provide the oxygen-limited condition, which means that a closed reactor always needs to be used. Very few studies regarding low temperature (150°C–300°C) synthesis methods have been reported to date, particularly in the presence of air. Low-temperature and the presence of air make the biochar production process much more attractive and have better yields (Simsir et al., 2007).
Methylene blue (MB), a typical cationic dye, is a common pollutant in wastewater from paper and textile factories. The presence of MB can lead to detrimental impacts on aquatic life and even on human beings (Iriarte-Velasco et al., 2011; Yan et al., 2011). A clay-biochar (MMT modification) prepared by conventional technology has an excellent MB adsorption performance and a maximum adsorption capacity of more than 11 mg/g (Yao et al., 2014). Meanwhile, previous studies have reported that biochars synthesized through a facile one-step technology at low temperatures in the presence of air with 85% H3PO4 enhances the adsorption capacities of MB and other cations (Zhao et al., 2018; Ge et al., 2020). Combining these cases and the advantages of clays and biochars mentioned above, we hypothesize that clay-biochar materials with enhanced value and functions for MB removal may also be produced at low temperatures in the presence of air. This innovative technology should lead to simple, environmental-friendly, and high-yield biochar production.
This work aimed to develop a simple and environmental-friendly technology for preparing clay-biochar materials to adsorb MB from an aqueous solution. In this work, the low-priced clay-biochar adsorbents were created from beverage byproducts (i.e., tea and coffee wastes) pretreated with clay (KLN and MMT) suspension through a facile one-step technology at low temperature (250°C) in the presence of air and their adsorption capacity of MB were evaluated. The properties of these biochars were characterized. Also, the influencing factors [initial solution pH, ionic strength (IS), competing compounds] and the mechanisms of MB adsorption were examined.
2 MATERIALS AND METHODS
KLN and MMT were purchased from Tianjin Chemical Works Co. Ltd (Tianjin, China). Tea waste (TW) and coffee waste (CW) were obtained from residues of green tea and coffee from Lipton Co. Ltd (Hangzhou, China) and Illy Coffee Co. Ltd (Trieste, Italy), respectively. All other reagents used in this work including MB, NaOH, 65%HNO3, NaCl, humic acid (HA), NH4Cl, MgCl2, and CaCl2 were obtained from Shanghai Chemical Works Co. Ltd (Shanghai, China).
2.1 Biochar production
Before pyrolysis, two biomass feedstocks (TW and CW) were first modified with KLN and MMT, respectively. The procedure of clay-treated biomass feedstocks was based on Yao et al.s literature (Yao et al., 2014). Then, the biomass feedstocks with clay treatment were carbonized in an oven in the presence of air for 2 h at 250°C. TW and CW were also carbonized directly to prepare biochars and served as pristine biochars in the same pyrolysis method. All biochar samples were sieved through 0.5–0.25 mm, washed with DI water until the pH was neutral, oven dried (80°C), and sealed in a vaccum desicator for further examine. The resulting biochar-supported clay and pristine biochar samples were labeled as KLN-TWBC (kaolinite modified tea waste biochar), MMT-TWBC (montmorillonite modified tea waste biochar), KLN-CWBC (kaolinite modified coffee waste biochar), MMT-CWBC (montmorillonite modified coffee waste biochar), TWBC (tea waste biochar) and CWBC (coffee waste biochar).
2.2 Characterizations
For all six biochar samples, the physicochemical properties including surface area, organic and major inorganic elements, and production rate, were determined in this work. The N2 surface areas of these biochars were measured using ASAP2460 surface area analyzer (Micromeritics, United States) and were calculated using BET method. Organic elements (such as C, H, and N) analyses were obtained using an Elemental Analyzer (Perkin Elemer 2400, United States). The main inorganic elements of the six biochars were measured by acid digestion of the samples followed by inductively-coupled plasma atomic emission spectroscopy (ICP-OES, Horiba Ultima Expert, France) analysis. Oxygen level was tested by a mass balance presuming the weight of all analyzed elements equals 1. The different weights between feedstocks and biochars were measured to obtain the production rates. In addition, the morphology and composition of elements of KLN-TWBC and MMT-TWBC’s surface were analyzed using a scanning electron microscope equipped with an energy dispersive X-ray spectroscopy (SEM, Tescan Mira LMS, Czech; EDX, Xford 30, Britain).
2.3 Adsorption experiments
2.3.1 Methylene blue adsorption ability
The MB adsorptions ability of KLN-TWBC, MMT-TWBC, KLN-CWBC, and MMT-CWBC were evaluated using 100 mL digestion vessels with a 1: 500 biochar/solution ratio (0.05 g biochar in 25 mL solution) at room temperature (25°C ± 0.5°C). The MB concentration in solution was 20 and 500 mg/L, respectively. After shaking at 120 rpm for 48 h (sufficient to reach adsorption equilibrium), the mixtures were filtered through 0.22 um pore size nylon membrane filters (cellulose nylon membrane), and the adsorbed MB concentrations was measured by a UV-722 spectrometer (Kejie, China) at λmax of 662 nm. TWBC and CWBC served as a control in the experiment where the operation procedure was the same as that of biochars with KLN and MMT modification.
2.3.2 Influence factors of methylene blue adsorption ability
The effect of initial solution pH on MB adsorption was researched over a range of 2–11 (i.e., 2.0, 4.0, 6.8, 9.0, and 11.0). Varying initial pH with MB concentration of 20 mg/L was adjusted by adding 0.01 mol/L NaOH/HNO3 to 20 mg/L MB solutions into vessels. Also, the effect of IS was tested by adding NaCl into 20 mg/L MB solutions, and the concentration of NaCl ranged from 0.001 to 0.1 mol/L. In addition, the effects of competing compounds were investigated through an adsorption test for common coexisting cations (i.e., Na+, Mg2+, Ca2+and NH4+) or organic matter (HA). Based on their common concentrations in wastewater (Liu et al., 2018), 157 mg/L Na+(NaCl, 6.84 mmol/L), 101 mg/L Mg2+ (MgCl2, 4.21 mmol/L), 144 mg/L Ca2+ (CaCl2, 3.60 mmol/L), 67 mg/L NH4+ (NH4Cl, 3.74 mmol/L), 2.0 mg/L HA, or the mixture of NaCl, NH4Cl and HA was used in this work. Other procedures of the experiment were the same as the one described above.
2.3.3 Adsorption kinetics and isotherm
20 mg/L MB solution was prepared, and time intervals of 0.5, 1, 4, 8, 16, 24, 48, and 72 h were selected for the kinetics study. The isotherm study was conducted with various MB solution concentrations varying from 10 to 500 mg/L for 48 h. The initial solution pH was about 6.80 ± 0.10 which was an unadjusted pH with an initial concentration of 20 mg/L MB, and the pH value was used in all solutions in the adsorption experiments.
2.3.3.1 Adsorption kinetics model
In addition to the commonly used pseudo-first-order and pseudo-second-order models, the Elovich model and intraparticle diffusion model were examined. On the basis of mononuclear and binuclear adsorption, the kinetics of the solid-liquid system is described by first- and second- order. The models of Elovich and intraparticle diffusion describe the contribution of desorption and a diffusion process for adsorbate on the adsorbent, respectively.
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Where Qt and Qe represent the amount of MB at time t and equilibrium, respectively (mg/g), and k1 and k2 represent the first-order, second-order apparent adsorption rate constants [h-1 and g (mg h)−1], respectively. ki represents the intraparticle diffusion constant [mg/(g h1/2)]. Also, ɑ represents the initial adsorption rate [mg/(g h)], and ß represents the desorption constant (g/mg). In addition, Ci represents the intercept of the intraparticle diffusion, and i represents the diffusion phase.
2.3.3.2 Adsorption isotherm model
Langmuir, Freundlich, Langmuir-Freundlich, and Redlich-Peterson, four common models, were used to fit the isotherm experimental data to explore how the adsorbate is distributed from the liquid to the solid phases under an equilibrium condition.
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Where Q represents the maximum capacity (mg/g); Ce represents the equilibrium solution concentration of MB (mg/L); K, Kf, Klf and Kr represent the Langmuir bonding term related to interaction energies (L/mg), the Freundlich affinity coefficient (mg(1−n) Ln), Langmuir-Freundlich affinity parameter (Ln/mgn), and the Redlich-Peterson isotherm constants (L/g), respectively; n represents the Freundlich linearity constant, and ɑ represents the Redlich-Peterson isotherm constant (Ln/mgn). Monolayer adsorption onto a homogeneous surface is described by the Langmuir model. In contrast, the other three models, as empirical or semiempirical models, usually describe heterogeneous adsorption processes.
2.4 Regeneration of biochar-supported clay
Regeneration studies were conducted using KLN-TWBC and MMT-TWBC with MB saturation, which were obtained from isotherm experiments after discarding MB solution. The regeneration experiment was assessed via four successive adsorption-desorption tests, and 0.5 mol/L KCl was used as the desorption agent. The specific steps can be referred to in the previous literature (Liu R. et al., 2019). Considering the adsorption of MB on clay is chiefly through cation exchange, using KCl solution to desorb MB would reveal not only the potential of cycle performance but also investigate the effect of KLN and MMT on the adsorption of MB onto the two composite adsorbents (Yao et al., 2014).
2.5 Statistical analysis
All adsorption experiments were carried out in triplicate, and the average data were used. Differences between the means were statistically analyzed with one-way ANOVA followed by Tukey’s HSD test at a significance level of p < 0.05. Error bars were used to represent standard deviations. Origin 8.5 software was used to conduct all statistical analyses and perform kinetics and isotherm figures. Excel 2020 software was used to perform other figures.
3 RESULTS AND DISCUSSION
3.1 Properties of biochars
3.1.1 Production rate, elemental analysis, and surface area
Previous studies have suggested that the production rates of biochars synthesized through conventional technologies are between 25% and 45%, and the yield is generally controlled by temperature and raw materials (Mohan et al., 2014; Yang J. H. et al., 2021). In this work, the yields of six biochars ranged from 55.30% to 57.81% (Table 1), which is higher than that of biochars prepared using conventional technologies. There was no noticeable difference in yields among biochars with and without clay treatment, indicating that production rates of biochars can be increased through this facile one-step technology. Elemental analysis of carbon (C), hydrogen (H), and nitrogen (N) showed that all six biochar samples produced were rich with carbon varying from 52.51% to 63.31% (Table 1), which indicated that the facile one-step technology had created a carbon-based adsorbent (Yao et al., 2013a; Meng et al., 2022). The C contents of the TWBC-based biochars were higher than that of CWBC-based biochars, and clay-TWBCs and clay-CWBCs were similar to their feedstocks instead of clay types, indicating that C contents of biochars were not alerted by clay treatment and the feedstock category was the key factor. It is consistent with the previous studies, as Basta et al. (2009 and 2011) reported that some chemical components (i.e., lignin and cellulose levels) of the feedstocks, may govern the yield and quality of bicohars. In addition to C, H and N are also major elements of biochars, some of which exist in the form of surface functional groups (Mohan et al., 2014; Liu M. et al., 2019; Chen et al., 2019; Gong et al., 2022). Compositions of H and N in six biochar samples ranged from 3.74% to 4.38% and 0.21%–0.46%, respectively. Compared with conventional bichars (Supplementary Table S1), there was a significant increase in the O contents of the samples in this work, which is probably due to the participation of much more oxygen during synthesis in the presence of air (Mohan et al., 2014; Yan et al., 2018; Ge et al., 2020). Also, we have seen that the O contents of biochars from the same feedstock category were comparable with each other, however, that of KLN-biochars was slightly higher, which may be attributed to the high O content of KLN (Murray, 1991). The O contents of two feedstocks followed the order of TWBC > CWBC, which reflected that O level in biochar mainly depends on the feedstock category, while clay treatment only mildly alters it.
TABLE 1 | Surface area, production rate and elemental analysis of TWBC, KLN-TWBC and MMT-TWBC.
[image: Table 1]In Table 1, the main inorganic element analysis indicated that KLN and MMT modification significantly increased the biochar’s Al content, a major element of both clays. Additionally, the Fe contents of clay-TWBCs and clay-CWBCs were higher than that of TWBC and CWBC, which can be attributed to changing amounts of Fe in both clays. The two reasons could be explained as (1) Fe is a substitute in MMT, since Fe (III) can exchanged with Al (III) (Wang et al., 1996); and (2) KLN can hold Fe into its octahedral sheet (Yao et al., 2014). The dramatically increased Al and Fe contents of clay-biochars revealed that both clays were successfully implanted into the biochars. Other elements levels were relatively low and similar to each other.
Six biochars exhibited large surface areas following the order of TWBC > KLN-TWBC > MMT-TWBC > CWBC > KLN-CWBC > MMT-CWBC. The reduced surface area of raw material treated with clays especially with MMT, probably should be attributed to MMT quickly covering/clogging the pores on the biochars due to its smaller size than that of KLN.
3.1.2 Surface morphology
To further confirm that the clay particles were successfully implanted on the surface of TWBC, KLN-TWBC and MMT-TWBC were analyzed by SEM-EDX. The image (Figures 1A, B, D, E) showed that there were many tiny particles distributed onto the surface of TWBC, and the EDX spectrum of these particles showed high peaks for typical elemental compositions of clay minerals (aluminum, iron, calcium, magnesium, silicon, and sodium) (Figures 1G, H). After zooming in at ×8,000 magnification, TWBC covered with KLN and MMT can be seen. However, the coverage on the biochar’s surface varied with KLN and MMT. KLN existed on the surface of TWBC as particles, while MMT can be seen as a thin film (Figures 1C, F), which also contributes to the reason that MMT-TWBC had a lower surface area but relatively higher MB adsorption ability than that of KLN-TWBC.
[image: Figure 1]FIGURE 1 | SEM image (A–F) and EDX spectrum (G, H) of the two biochar samples: (A) KLN-TWBC, 1,000×: (B) KLN-TWBC, 2000×; (C) KLN-TWBC, 8,000×, (D) MMT-TWBC, 1,000×: (E) MMT-TWBC, 2000×; (F) MMT-TWBC, 100,00×. The EDS spectra (G, H) were obtained at the same location as shown in the SEM image (C, F). KLN-TWBC, kaolinite modified tea waste biochar, and MMT-TWBC, montmorillonite modified tea waste biochar.
3.2 Methylene blue adsorption ability and influence factors
3.2.1 Adsorption ability
The MB adsorption ability was investigated for each of all six biochars and the results showed that TWBC and CWBC had more than 50% MB removal rate, revealing that TW and CW might be good raw materials for the production of biochar-based adsorbents prepared through the facile one-step technology (Figure 2). After modification with KLN and MMT, MB removal rates varied with different feedstocks. The presence of clays increased MB adsorption of TWBC by 7.73% for KLN and 13.7% for MMT. Conversely, it slightly decreased the adsorption of MB onto clay-CWBCs, suggesting that it is unsuitable to apply clay-CWBC materials to remove MB. Further studies are required to seek the reason for lower MB adsorption performance and to optimize its ability. To further test the MB adsorption ability of KLN-TWBC and MMT-TWBC, a higher MB concentration was used in the adsorption experiment. The result demonstrated that both clay-TWBCs had higher MB removal rates than TWBC, and the adsorption ability was MMT-TWBC > KLN-TWBC > TWBC, which could be attributed to the presence of both clays. Meanwhile, the result is consistent with previous studies that clays (i.e., KLN and MMT) generally has excellent ion exchange ability for many kinds of cationic pollutants, such as MB (Ma et al., 2004; Gurses et al., 2006; Klika et al., 2011). Because of best MB adsorption ability, both clay-TWBCs were selected for additional investigation, including influence factors for MB adsorption and identification of adsorption mechanisms.
[image: Figure 2]FIGURE 2 | Removal rates of (A) low initial concentration (20 mg/L) MB by TWBC, KLN-TWBC, MMT-TWBC, CWBC, KLN-CWBC, MMT-CWBC, and (B) high initial concentration (500 mg/L) MB by TWBC, KLN-TWBC, MMT-TWBC (Contact time 48 h, temperature 25°C ± 0.5°C, adsorbent dose 2 g/L, MB solution 25 mL, and pH 6.80 ± 0.10). TWBC, tea waste biochar; CWBC, coffee waste biochar; KLN-TWBC, kaolinite modified tea waste biochar; MMT-TWBC, montmorillonite modified tea waste biochar; KLN-CWBC, kaolinite modified coffee waste biochar, and MMT-CWBC, montmorillonite modified coffee waste biochar.
3.2.2 Effect of initial pH
The relationship between the initial pH and MB adsorption ability of KLN-TWBC and MMT-TWBC is shown in Figure 3. With ranging pH from 2.0 to 6.8, the adsorption of MB onto MMT-TWBC was higher than that onto KLN-TWBC, and a similar change trend occurred in both clay-biochars. The MB adsorption was lowest when pH equaled 2.0. When pH was enhanced from 2.0 to 6.8, the adsorption of MB was promoted from 6.20 to 9.14 mg/L for KLN-TWBC and from 6.72 to 9.74 mg/L for MMT-TWBC. Further increasing pH from 6.8 to 11.0; however, there was no distinct effect of changing pH on the adsorption of MB onto both clay-biochars. The varying MB adsorption ability of KLN-TWBC and MMT-TWBC, depending on the initial pH, can be ascribed to the presence of H+ in the solution (Liu et al., 2018; Zhao et al., 2018). At the conditions of lower initial pH, both clay-biochars had low adsorption ability, which can be attributed to the protonation of H+ from the solution decreasing the active adsorption sites. As the pH value is over 6.80, more adsorption sites on the biochar’s surface can be served for MB adsorption because of the deprotonation reactions with reduced H+. Consequently, both clay-biochars exhibited a steady and excellent adsorption ability for MB, especially at neutral and alkali pH conditions.
[image: Figure 3]FIGURE 3 | Effect of pH on MB adsorption for KLN-TWBC and MMT-TWBC (Initial MB concentration of 20 mg/L, contact time 48 h, temperature 25°C ± 0.5°C, adsorbent dose 2 g/L, and MB solution 25 mL). KLN-TWBC, kaolinite modified tea waste biochar; MMT-TWBC, montmorillonite modified tea waste biochar. Error bars represent the standard deviations of triplicate samples.
3.2.3 Effect of ionic strength and competing compounds
In addition to pH, other ions can possibly interfere with the adsorption ability of MB. To assess the resilience to counter ions of KLN-TWBC and MMT-TWBC, the effects of IS and competing compounds were examined. As show in Figure 4A, the MB adsorption ability of both clay-biochars was best without any interference, and the lowest adsorption capacities of MB can be founded at the conditions of IS ranging from 0.001 to 0.01 mol/L conversely, indicating that low IS had an adverse effect on MB adsorption for both clay-biochars. There was not noticeable impact on MB adsorption as IS is over 0.01 mol/L, and the adsorption performance was comparable with that at the condition without any interference, which may be attributed presumably to dimerization and hydrophobic effect of cationic dye at the IS over 0.01 mol/L (Qiu et al., 2009; Liu et al., 2018). Similar negative effects on MB adsorption also occurred in the experiment with competing compounds, though the HA did not exhibited obvious effect (Figure 4B). MB adsorption ability dramatically declined in the presence of competing compounds, particularly divalent ions (i.e., Ca2+ and Mg2+). The results from the test with competing compounds indicated the key role of the cation exchange in governing the adsorption of MB onto both clay-biochars. Cation exchange is non-specific, and adsorption sits can be taken up by other competing compounds (i.e., positive ions), thus the reduction of MB adsorption can be explained by high CEC onto both clay-biochars due to the implanted KLN and MMT, as well as oxygenic functional groups on the surface of biochar. While the coexisting cations have adverse effects, the experimental results demonstrated that clay-TWBCs created in this work is still effective for MB adsorption, especially under low cation concentration conditions.
[image: Figure 4]FIGURE 4 | Effect of (A) ionic strength (IS) and (B) competing compounds on MB adsorption for KLN-TWBC and MMT-TWBC (Initial MB concentration of 20 mg/L, contact time 48 h, temperature 25°C ± 0.5°C, adsorbent dose 2 g/L, MB solution 25 mL, and pH 6.80 ± 0.10). KLN-TWBC, kaolinite modified tea waste biochar, and MMT-TWBC, montmorillonite modified tea waste biochar. Error bars represent the standard deviations of triplicate samples.
3.3 Adsorption kinetics and isotherm
To better recognize the processes controlling the adsorption of MB onto KLN-TWBC and MMT-TWBC, studies including both kinetics and isotherm were conducted and adsorption models were applied. The data and models for MB adsorption by both clay-TWBCs are shown in Figures 5, 6.
[image: Figure 5]FIGURE 5 | Adsorption kinetics data and modeling for MB adsorption by the two biochar samples: (A) KLN-TWBC and (B) MMT-TWBC full adsorption; (C) KLN-TWBC and (D) MMT-TWBC pre-equilibrium adsorption versus square root of time (Initial MB concentration of 20 mg/L, temperature 25°C ± 0.5°C, adsorbent dose 2 g/L, MB solution 25 mL, and pH 6.80 ± 0.10). KLN-TWBC, kaolinite modified tea waste biochar, and MMT-TWBC, montmorillonite modified tea waste biochar. Symbols are experimental data, and lines are model results.
[image: Figure 6]FIGURE 6 | Adsorption isotherm data and modeling for MB adsorption by KLN-TWBC (Contact time 48 h, temperature 25°C ± 0.5°C, adsorbent dose 2 g/L, MB solution 25 mL, and pH 6.80 ± 0.10). KLN-TWBC, kaolinite modified tea waste biochar. Symbols are experimental data, and lines are model results.
3.3.1 Adsorption kinetics
Both clay-biochars exhibited similar trends in MB adsorption over the contact time. Briefly, the experiment data for the adsorption of MB onto KLN-TWBC and MMT-TWBC showed a rapid initial adsorption phase followed by a slow phase, with equilibrium reached after 24 h (Figures 5A, B). The rapid adsorption phase is mainly governed by physisorption, and chemisorption is the important force controlling the slow adsorption phase until reaching equilibrium. In Table 2, the best-fit parameters are shown, and the Elovich model fits the experimental data best with R2 of 0.9572 for KLN-TWBC and 0.9765 for MMT-TWBC. Elovich model assumes that the chemisorptions participated in the process of pollutants adsorption onto the heterogeneous surfaces. Hence, the adsorption of MB onto both clay-bichars in this work could be governed by chemisorption via ion exchange or complexation. Furthermore, several previous studies regarding kinetic behavior have revealed that intraparticle diffusion is crucial to the adsorption process (Pignatello and Xing., 1995; Weerasooriya et al., 2007; Su et al., 2021; Zhou and Zhang, 2022). In this work, the adsorption of MB onto both clay-biochars also indicated diffusion limitation (Figures 5C, D). The pre-equilibrium (i.e., before 24) MB adsorption indicated a high linear dependency, more than 0.99 (R2 = 0.9936 and 0.9940), on the square root of time (Figures 5C, D). Meanwhile, the straight line had a huge intercept of 1.599 and 2.24 mg/g, respectively, meaning that the surface adsorption made a contribution to the rate-limiting phase since the intercept reveals the film diffusion (Kalavathy et al., 2005; Yao et al., 2013b; Liu R. et al., 2019). The result suggests that both film and intraparticle diffusion mechanisms may play a key role in governing the rate-limiting of MB adsorption for both clay-biochars.
TABLE 2 | Best-fit models parameter of MB adsorption kinetics and isotherms.
[image: Table 2]3.3.2 Adsorption isotherms
Previous studies have shown the maximum adsorption capacity of ∼15 mg/g for KLN and ∼55 mg/g for MMT (Ghosh and Bhattacharyya, 2002; Gurses et al., 2006). As listed in Table 2, the isotherm results revealed that the presence of KLN and MMT dramatically boosted the MB adsorption performance of both clay-biochars with a maximum MB adsorption capacity of more than 20 mg/g. The value was approximately one-fold that of TWBC (Figure 2B), and even higher than that of KLN itself and MMT-biochar synthesized using the conventional technology as well (Yao et al., 2014). Compared with other carbon adsorbents, such as activated carbons or engineering biochars prepared using conventional technologies, the MB adsorption ability of the clay-TWBC materials was lower (Carrier et al., 2012; Zhang et al., 2012; Liu S. et al., 2019; Huang et al., 2020; Yang L. et al., 2021). Thus, the clay treatment could be effectively used to promote MB adsorption ability of biochar prepared through the facile one-step technology. However, additional studies are still required to optimize the synthesis to improve its adsorption capacity.
The fitting models of both KLN-TWBC and MMT-TWBC were nearly identical and nearly all models reproduced good data (R2 > 0.95), except for the Langmuir model (Figure 6). Table 2 lists a range of parameters of the isotherms models. For KLN-TWBC, Langmuir-Freundlich and Redlich-Peterson models presented better fitting performance than the other two (R2 of 0.9998 and 0.9993, respectively), while the slightly better fitting performance for MMT-TWBC was only Langmuir-Freundlich, with R2 of 0.9593. Both Langmuir-Fredundlich and Redlich-Peterson models are usually used to described heterogeneous adsorption process. Also, Redlich-Peterson isotherm is a combined model including both Langmuir and Freundlich models, and has one more parameter than the Langmuir and Freundlich isotherms, resulting in better fitting. The good fit of the Redlich-Peterson isotherm can offer insight about the adsorption process. The “n” value in Redlich-Peterson was between 0 and 1. The closer the “n” value is to 1, the better Langmuir model can describe the adsorption process. As the “n” value is nearly 0, this reveals that data fitted with Freundlich model conversely. Therefore, findings shown that the interaction MB and clay-TWBCs could be impacted by both the Langmuir and Freundlich processes, and the adsorption of MB should be multilayer onto a heterogeneous surface, which is consistence with the characterization (Figure 1).
3.4 Regeneration and adsorption mechanisms
According to the previous result that KLN and MMT had successfully been implanted on the surface of TWBC through the facile one-step technology, the dominated mechanism responsible for the adsorption of MB onto both clay-bicoahrs could be explained by cation exchange. A generation experiment was conducted to further confirm the hypothesis, and to test the cyclic performance of KLN-TWBC and MMT-TWBC as adsorbents by carrying out multiple cycle adsorption experiments (Table 3). In the beginning, the MB adsorption capacity of KLN-TWBC and MMT-TWBC were 24.12 and 27.89 mg/g, respectively. After four recycles, MB adsorption confirmed that both clay-biochars were able to adsorb MB repeatedly with a relatively stable adsorption performance of approximately 20.08 and 23.80 mg/g, occupying more than 80% of the initial capacity, which indicated both clay-biochars had a potential of reusability for MB adsorption. In addition, based on the MB adsorption results from the high MB concentration discussed above, we found that TWBC from KLN-TWBC and MMT-TWBC accounted for 55.75% and 48.21% of MB adsorption. In comparison, KLN and MMT explained for the remaining 44.25% and 51.79% (Figure 2B). This result, combing with the regeneration study, revealed that biochar itself (TWBC) and clays (KLN and MMT) can play a key role in governing MB adsorption with cation exchange and other mechanisms. Two reasons could explain the mechanisms responsible for cation exchange: 1) Both clays have the high CEC. The adsorption of MB onto KLN can be attributed to exchange reaction between MB and Al (III) and/or silanol group located on the surface of KLN, whereas the reaction occurs between MB and Al (III), Fe (III) and/or Ca (II) located in the interlayer of MMT (Ghosh and Bhattacharyya, 2002; Wang et al., 2008). 2) The high CEC was from TWBC due to relatively more O content of TWBC, since some of them are probably as oxygenic functional groups and usually exist on biochars’ surface (Xue et al., 2012; Liu S. et al., 2019; Liu et al., 2020). In addition to cation exchange, biochar itself also can adsorb a small quantity of MB by the electrostatic attraction between the positive MB and the negatively charged biochars’ surface, which might commonly be non-reversible.
TABLE 3 | Regeneration and cycle performance of KLN-TWBC and MMT-TWBC adsorbent.
[image: Table 3]4 CONCLUSION
A simple and environmental-friendly technology (with facile low-temperature in the presence of air) was developed to create engineered biochars from tea waste pretreated with clay, which made it possible to produce biochar-supported clay on a large scale. KLN- and MMT-biochar exhibited excellent MB adsorption capacity. However, a slight decline in MB adsorption ability occurred when the initial pH and IS are low, or competing compounds existed in MB solution. In addition, due to stability and cycle performance, both clay-biochars also can be regenerated and reused for removing MB. Findings indicate that the engineered biochars should be potentially served as a high-efficiency adsorbent to remove MB and even other cationic contaminants.
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