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Abstract


The presence of antibiotics in water environments increases the resistance of bacterial and can also cause irreversible damage to ecosystems and the human body. In this study, disposable bamboo chopsticks were used as raw material to prepare bamboo biochar (BB) via oxygen-limited pyrolysis to remove norfloxacin (NOR) from aqueous solutions. The properties of the BB were explained through the characterization of its SBET, morphology, structure, and functional groups. The effects of the dosage, pH, ionic strength, and water type on the removal of NOR using BB were investigated. The maximum theoretical adsorption capacities (Qmax) of NOR removed by BB at 25, 35, and 45 °C obtained using the Langmuir model were 76.17, 77.22, and 105.19 mg/g, respectively. To facilitate a comparison with other types of biochar, this study also prepared biochar of rice straw, wheat straw, soybean straw, corn straw, rape straw, peanut shell, Eichhornia crassipes, and other biomass raw materials under the same preparation conditions as the BB. The results demonstrated that the removal rate of NOR using BB was the highest under the same adsorption conditions, reaching 99.71%. Biochar from waste disposable bamboo chopsticks can be used for the treatment of new types of pollutants in water bodies, such as antibiotics and other organic contaminants, which will help to achieve sustainable solid waste management.
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1. Introduction


Antibiotics, as broad-spectrum antibacterial agents, have long served in the human, livestock, and poultry medical industries. As a result, many antibiotics have been detected in productive waters and aquatic environments [1,2]. Norfloxacin (NOR) is a third-generation fluoroquinolone drug. Because of its good pharmacokinetics performance, wide antibacterial spectrum, strong antibacterial performance, and slight side effects, it can be used in combination with other antibiotics without cross-infection and has been widely used in the fields of medicine and aquaculture, among others [3]. NOR has a strong polarity and high water solubility. When at a low pH, NOR exists mainly in a cationic form, while at a neutral pH, NOR exists in a zwitterionic form. After NOR enters the human body, only about 40% of it is adsorbed, while about 60% remains unchanged and is excreted directly through the body into the environment [4]. Currently, NOR concentrations have been measured in water bodies ranging from ng−1 to μg−1. The continued input of NOR into the environment may be harmful to aquatic life, humans, and wildlife. Even if concentrations are less than 0.5 mg/L, NOR temporarily reduces the stability of planktonic ecosystems and affects interactions among species [5]. The presence of low concentrations of NOR in ecosystems presents a major threat to indigenous microorganisms [6]. Therefore, it is imperative to develop environmentally friendly, efficient, and cost-effective treatment methods to remove residual NOR from water bodies. At present, the common physical and chemical treatment methods for NOR and other antibiotics include membrane filtration [7,8], advanced oxidation [9,10], and adsorption [11,12]. Compared to the other two methods, the adsorption method has the advantages of being economically feasible, easily carried out, and environmentally friendly [13,14]. The adsorbent used is a major factor that affects the process of adsorption. Currently, some of the more advanced materials, including graphite oxides, covalent organic frameworks, and metal–organic frameworks, have played a significant role in adsorbing antibiotics [15,16,17]. However, the high cost of the aforementioned materials, added to the fact that the media required to synthesize them are often poisonous and combustible, poses latent hazards to the ecosystem, thus restricting their use [18].



Over the past few years, biomass-derived biochar has become an economical and sustainable carbon-enriched material that can be used to remove residual antibiotics from the environment. Biochar is generally prepared from wood, agricultural/forest waste, fruit by-products, and other carbon-rich biomass materials under mild pyrolysis conditions [19]. Compared to other biomass-derived biochars, bamboo biochar has the characteristic of high porosity, and its raw materials are extensively planted in the Asia-Pacific region, so it has a great potential for application in these regions [20,21].



Disposable bamboo chopsticks are composed of bamboo, one of the fastest-growing plants on the Earth and a highly productive renewable resource. Because disposable bamboo chopsticks are very economical and hygienic, they are widely used in the catering industry. With the development of China’s take-out industry in recent years, the use of disposable tableware has increased dramatically, resulting in a large amount of solid waste. This has hindered achieving the goal of the “reduction of pollution and carbon emissions” and the construction of “waste-free cities”, so the recycling of disposable bamboo chopsticks is a problem that needs an urgent solution. Previous studies have reported that bamboo-based biochar (BB) was applied to Mn, methylene blue dye (MB), and sulfamethoxazole adsorption [22,23,24].



In this work, bamboo biochar (BB) was prepared from disposable bamboo chopsticks to adsorb NOR in aqueous solutions. The influence of the thermolysis temperature, dosage, and solution pH on the adsorption of NOR using bamboo biochar was investigated. Subsequently, the adsorption isotherms and kinetics of NOR on biochar were investigated to explore the adsorption mechanism. At the same time, experiments with different ionic strengths and types of water were intended to investigate the adsorption property of the disposable bamboo chopstick biochar for NOR. The NOR adsorption performance of the waste disposable bamboo chopstick biochar was compared with that of other types of biomass-derived biochar under the same preparation conditions. The aims of this study are as follows: firstly, to establish a universal method for fabricating adsorbents from waste disposable bamboo chopsticks, specifically for controlling antibiotic pollution, and secondly, to elucidate the mechanism of NOR removal using biochar through a combination of adsorption experiments and characterization techniques. This research also contributes to the recycling of waste resources, offering a practical approach toward the overarching objective of “reducing pollution and carbon emissions”.




2. Materials and Methods


2.1. Chemical Reagents


A stock solution of 200 mg/L norfloxacin (NOR) (C16H18FN3O3, 99.5%) was created by dissolving 0.2 g NOR in 1 L of ultrapure water. The various concentrations of norfloxacin solutions used in the experiments were diluted from the stock solutions, and 0.1 mol/L NaOH or 0.1 mol/L HCl solutions were utilized to adjust the pH value of all solutions. Ultrapure water was utilized to prepare the solutions for all experiments. All reagents used throughout this work were analytically pure and purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China.




2.2. Preparation of BB


The waste disposable bamboo chopsticks (WDBCs) in this study were gathered in the canteen of Anhui Polytechnic University. The collected WDBCs were firstly washed in warm water with detergent for cleaning, and the surface was cleaned of oil and then sprinkled with the tap water. Secondly, the WDBCs were washed numerous times with ultrapure water and dried in an oven at 80 °C for 24 h. Following that, a grinder was employed to pulverize the dried WDBCs into powder, which was then sifted using a 60-mesh screen to prepare the biochar precursor. Then, 10 g of the dry WDBCs was placed in a muffle furnace for pyrolysis under the following pyrolysis conditions: 300, 500, 600, 700, and 800 °C for 2 h (heating rate of 5 °C/min). To salvage energy during the pyrolysis process, the crucible cup was sealed with aluminum foil instead of nitrogen atmosphere to isolate the oxygen. At the end of the pyrolysis, the biochar was naturally cooled to room temperature and then removed from the muffle furnace. The biochar exhibited a grayish-white top layer and a black bottom layer; it was ground in a 100-mesh sieve and kept in the sealed reagent bottle before being utilized in further experiments.




2.3. Adsorption Experiments


The adsorption experiments were conducted in 50 mL polyethylene centrifugal tubes. A predetermined amount of BB was weighted and scattered in a 20 mL NOR solution. The solutions were stirred at 150 rpm/min at 25 °C in a water bath oscillator, SHA-CA (Jingda Instrument Co., Ltd., Changzhou, China). In the effect-of-pyrolysis temperature experiments, a NOR concentration of 10 mg/L, pH of 6.0, and BB of 0.75 g/L were used. In the dosage influence experiments, a dose range of 0.1–2.0 g/L, a NOR concentration of 20 mg/L, and a pH of 6.0 were selected. In the initial pH effect experiments, the pH of solutions ranged from 2.0 to 10, the concentration of NOR was 20 mg/L, and a BB dosage of 2.0 g/L was chosen.



To evaluate the influence of ionic strength on NOR adsorption, the experimental conditions were the following: a concentration of NOR at 20 mg/L, a dose of BB at 2.0 g/L, pH of 6.0, and the reaction volume of the solution was 20 mL. The concentration range of NaCl and CaCl2 solutions was from 0 to 1.0 mol/L. The ultrapure water, tap water, and river water were used only for the application tests. Among the three solutions, the sample of river water was drawn from the river located near Anhui Polytechnic University. Then, 0.45 μm syringe filters were utilized to remove the suspended matter in the river water samples. Other operating conditions were the same as in the ionic strength impact experiments.



Kinetic and isotherm experiments were utilized to investigate the adsorption behavior of BB. In the kinetic experiments, a BB dosage of 2.0 g, NOR concentration of 20 mg/L, pH of 6.0, and solution volume of 1000 mL were used. Samples were sampled at 10, 30, 60, 90, 120, 150, 180, 210, and 240 min. In the isotherm experiments, the NOR concentrations ranged from 10 to 300 mg/L, with a solution volume of 20 mL, dosage of 2.0 g/L, reaction time of 240 min, and pH of 6.0. The kinetic experimental data were fitted by the pseudo-first-order and pseudo-second-order models, both of which are contained in Equations (1) and (2), and the Langmuir and Freundlich models were applied to analyze the equilibrium data. The models are expressed as follows in Equations (3) and (4) [25]:
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In Equations (1) and (2), qe (mg/g) is the adsorption capacity at the moment of equilibrium, and qt (mg/g) is the adsorption capacity at time t (min). k1 (min−1) and k2 (g/mg·min) are constants of the pseudo-first-order and the pseudo-second-order models, respectively. In Equations (3) and (4), Ce (mg/L) is the equilibrium concentration of the solution. Ka and KF are constants for the Langmuir and the Freundlich models, respectively. Qmax is the maximum theoretical adsorption capacity (mg/g) obtained from Langmuir model fitting (mg/g). n (Freundlich index) is the index of intensity change and adsorption deviation during adsorption.



For NOR analysis, samples were separated by a 0.45 μm syringe filter, and the concentration of NOR was measured by the UV-VIS spectrophotometer (Shimadzu Co., Ltd., Tokyo, Japan) at a wavelength 300 nm. All experiments were conducted in triplicate and the experimental data were compiled as the average of the three experiments. Except for the adsorption kinetic experiments, all the additional experiments reacted for 300 min.




2.4. Characterization of BB


The specific surface area and particle size of BB were determined by the Brunauer–Emmett–Teller method (BET, NOVA 2000e, Quantachrome Instruments, Boynton Beach, FL, USA) via N2 adsorption–desorption isotherm at 77 K. The morphological characteristics of BB were observed by SEM (S-4800, Hitachi Ltd., Tokyo, Japan). The samples were spread in ethanol on a sample stage and subsequently coated with a layer of gold using sputtering. The functional groups of BB were determined by a Fourier-transform infrared spectroscopy spectrometer (FTIR, IRPrestige-21, Shimadzu Co., Ltd., Tokyo, Japan), with a measured range from 400 to 4000 cm−1. The crystal structure of BB was analyzed by X-ray diffraction (XRD, D8, Bruker Co., Karlsruhe, Germany). The pH of BB was determined by a pH meter (PHS25, LEICI, Shanghai, China), and the zero-point charge of biochar (pHpzc) was obtained by pH drift experiments.





3. Results and Discussion


3.1. Effect of Pyrolysis Temperature on the NOR Adsorption by BB


The effects of the pyrolysis temperature on the NOR adsorption by the BB are displayed in Figure 1. The NOR adsorption efficiency of the BB increased with an increasing pyrolysis temperature. The results indicated that the BB prepared at 700 and 800 °C showed a better adsorption effect on NOR. When the dosage was 0.75 g/L, the NOR adsorption rate of BB-700 reached 99.71%. In contrast, BB-300, BB-500, and BB-600 removed only 28.11%, 46.14%, and 48.01% of the NOR, respectively. This may be explained by the lower pyrolysis temperature; the graphitization of biomass is low, limiting the ability of BB to adsorb the NOR by π–π interactions [2]. Moreover, because of the low temperature, incomplete decomposition of the organic matter leads to incomplete pore structure formation, resulting in a negligible specific surface area and providing fewer adsorption sites [26,27].



To verify the influence of the pyrolysis temperature on the NOR adsorption performance of BB, the SBET of raw biomass and BB prepared at different temperatures were measured, and the results are shown in Table 1. Based on the analysis of the SBET consequences, the specific surface areas of the BB at 700 and 800 °C were 576.76 and 574.70 m2/g, respectively, which were 208.82 and 208.07 times the specific surface area of the raw biomass, respectively. In addition, the surface areas of the BB at 700 and 800 °C were bigger than the BB at other pyrolysis temperatures, which may be the reason for the better adsorption performance of BB at 700 and 800 °C. Compared to the untreated raw biomass, BB-700 and BB-800 have a smaller average pore diameter. On the contrary, the pore volumes of BB-700 and BB-800 are larger than those of the raw biomass and other BBs, indicating that the increased porosities were dominated by micropores [2]. Mesopores are conducive to the migration of antibiotics from the solution and pore filling, while micropores enable more adsorption pores for antibiotics, thus improving the adsorption performance of biochar [4], which means that BB-700 and BB-800 can be used as potential antibiotic adsorbents. After comprehensive consideration of its removal efficiency and economic benefits, BB-700 was chosen for subsequent experiments.




3.2. Effect of Dosage and pH on the Performance of BB-700 for NOR Adsorption


The NOR removal rates by BB-700 under different dosages are shown in Figure 2. As depicted in Figure 2, the removal of NOR by BB-700 gradually increased with the increase in the dosage. When the dosage was raised from 0.1 to 2.0 g/L, the removal of NOR by BB-700 improved from 43.29% to 82.98%. When the dose was lower than 1.0 g/L, the adsorption points of BB-700 were too few to adsorb more NOR. The removal of NOR by BB-700 increased when the dose exceeded 1.0 g/L, possibly because, when the dosage increased, the adsorption sites increased, and there were enough sites to accommodate more NOR. Considering both the removal efficiency and economic cost, the dosage of BB-700 was 2.0 g/L in the subsequent experiments.



The influence of pHs in the range of 2–10 on the adsorption of NOR by BB-700 was investigated. As seen in Figure 3, the removal of NOR by BB-700 increased from 75.93% to 83.87% as the pH increased from 2 to 6, whereas the removal of NOR decreased significantly as the pH increased from 7 to 10. Differences in the pH of the adsorbent solution may cause protonation of the functional groups of biochar as well as changes in its surface charge [28]. Acidic conditions tend to promote the formation of hydrogen bonds, indicating that electrostatic attraction is not the main mechanism for NOR adsorption on biochar.



NOR is reported to have two types of pKa (6.22 and 8.51); therefore, under different pH conditions, NOR can exist in different ionic forms: cationic (pH < 6.22), zwitterionic (6.22 < pH < 8.51), and anionic (pH > 8.51) [29]. With a pH in the range of 2–6, the surface of BB-700 was charged positively, and the concentration of cationic NOR decreased with an increasing pH, thus reducing the electrostatic repulsion between BB-700 and the NOR and improving the efficiency of the removal of NOR. As the pH of the solution continued to increase, the removal of NOR by BB-700 decreased. As shown in Figure 4, the pHpzc of BB-700 was 8.48, indicating that, when the pH < 8.48, BB-700 had a positive surface charge, and when the pH > 8.48, it was negative. Therefore, the reduced adsorption performance of BB-700 on NOR at pH < 6 and pH > 8 may be owing to the electrostatic repulsion between BB-700 and ionic NOR.




3.3. Adsorption Isotherm and Kinetics Studies


Adsorption isothermal modeling can be applied to analyze the reaction that occurs between BB-700 and NOR as well as the properties of the adsorbed layer [30]. The adsorption isotherm experiment was performed at 25, 35, and 45 °C for different concentrations of NOR. The Langmuir and Freundlich model fit curves are shown in Figure 5, and the fitting parameters are displayed in Table 2. It can be seen from Figure 5 that, under the three operating temperatures, the adsorption capacity of BB-700 for NOR increased rapidly when the concentration of NOR was low. However, as the NOR concentration increased, the adsorption capacity increased slowly, which was attributed to the fact that a finite number of active pores on the BB-700 surface were occupied by NOR at higher initial concentrations.



The Langmuir isothermal model explains monolayer adsorption on a homogeneous surface, while the Freundlich isothermal model explains multilayer adsorption on a non-homogeneous surface [31]. Our results indicated that the adsorption process of BB-700 for NOR was more consistent with the Langmuir model at 25 °C, with a good fit (R2 of 0.9679), and the Qmax of BB-700 for NOR was 76.1681 mg/g, obtained by the model fitting. However, at 35 and 45 °C, the adsorption of NOR by BB-700 was more consistent with the Freundlich model, and the R2 values were higher than those from the Langmuir model. Hence, the adsorption of NOR by BB-700 was a monomolecular process at 25 °C, while, at 35 and 45 °C, the adsorption of NOR by BB-700 was a multilayered non-homogeneous physical adsorption process [32]. In addition, as seen in Table 2, the n (1.7882, 1.8896, and 1.7039) was >1 at the three temperatures; this indicated that the adsorption of NOR by BB-700 was favorable at the three temperatures [30]. The maximum theoretical adsorption capacities of BB-700 for NOR at 25, 35, and 45 °C were obtained from the Langmuir isothermal model fitting as 76.1681, 77.2239, and 105.1881 mg/g, respectively.



Adsorption kinetics elucidates the connection between the diffusion process and the contact time of NOR at the solid–liquid interface. This helps to explore the reaction pathways and adsorption mechanisms of the BB [3]. The experimental data of the adsorption kinetics and two model fitting curves are displayed in Figure 6. During the first 60 min, the adsorption rate was faster and the increase in the adsorption capacity was larger because of the abundance on the surface of BB-700 of free active sites that are capable of effectively adsorbing NOR. As the adsorption reaction continued, the adsorption speed decreased while the adsorption capacity increased slowly until the adsorption equilibrium was reached. The above results may be due to the following reasons: in the initial stage, NOR molecules quickly occupied the empty adsorption site on the surface of BB-700, but over time, the limited adsorption site was occupied by NOR, the adsorption rate slowed down, the adsorption capacity reached the maximum, and the adsorption equilibrium was reached. The kinetic parameters fitted by two kinetics models are displayed in Table 3. By comparing the nonlinear correlation coefficient, it can be observed that the results fitted by the pseudo-second-order model were better than those fitted by the pseudo-first-order under the three concentrations, indicating that the rate of adsorption of NOR by BB-700 is likely to be decided by chemical reaction, or by electron sharing or translocation, among the functional groups of BB-700 and NOR [33]. It can be seen from Table 3, at 20, 50, and 100 mg/L, that the adsorption rate constants of BB-700 were 0.0419, 0.0246, and 0.0155, respectively. As the initial concentration increased, the adsorption rate constant decreased, so that, at the higher initial concentration, much more time was required to achieve the adsorption equilibrium [3].




3.4. Effects of the Ionic Strength and Used in Different Types of Water


The ionic composition of actual wastewater is complicated and variable. The presence of electrolytes will affect the interaction of the biochar and pollutants, necessitating further study of the effects of ion types on NOR adsorption. Since Ca2+ and Na+ ions are widely present in different water sources, they were selected for this study. The effects of Ca2+ and Na+ on the NOR adsorption by BB-700 are displayed in Figure 7a,b. As the ionic strength increased, the adsorption capability decreased. The NOR removal rate of BB-700 in Ca2+ (from 50.74% to 59.81%) was less than that in Na+ (from 67.43% to 82.04%) at the same ionic concentration. The Ca2+ and Na+ exhibited an inhibitory effect on the adsorption performance of BB-700 on NOR, which could be explained by the fact that Ca2+ and Na+ took up the sites on the BB-700 surface. In addition, high concentrations of Ca2+ and Na+ may have an impact on the electrostatic interactions between BB-700 and NOR ions. The impact of Ca2+ on NOR adsorption was more pronounced than that of Na+. This can be ascribed to the higher charge strength of Ca2+, making it more prone to form chelates with surface functional groups on the biochar. In addition, Ca2+ could limit the hydrophobic interaction between BB-700 and NOR [30].



The influence of different water types on NOR adsorption by BB-700 is illustrated in Figure 8. Of the three water bodies, tap water was the most affected. This may be because the residual chlorine contained in tap water negatively affects the adsorption effect, followed by river water and pure water, findings that differed from the result of Nguyen et al. [34]. This may be explained by the fact that certain impurities in river water can promote the adsorption of NOR by biochar, which can provide directions for future research. The above results demonstrated that BB-700 can be used to adsorb antibiotics in different water bodies, which provides technical assistance for the practical application of BB-700.




3.5. Characterization of BB-700


To further explore the adsorption mechanism of BB-700 on NOR, SEM was implemented to characterize the morphology of BB-700. Different-magnification images are shown in Figure 9, and all images show that the surface of BB-700 contains a great number of varied micropores, which may form more active sites that are conducive to NOR adsorption by biochar [6,34].



Biochar contains surface oxygen-containing functional groups (including carboxyl and hydroxyl groups) that greatly enhance its adsorption of NOR. These groups of biochar are known to greatly impact its adsorption properties on NOR through hydrogen bonding and π–π interactions [35]. The surface functional groups of BB-700 before and after the adsorption of NOR, determined by FTIR, are displayed in Figure 10. The band at 3445 cm−1 is caused by the overlap of N-H and O-H groups [36]. The bands near 1613 cm−1 indicate the stretching vibrations of C=O and C=C groups [37], and the C-C bond vibrations peak at 667 cm−1, while peaks at 2351 cm−1 are probably the adsorption peak of CO2. As indicated in Figure 10, after adsorption, the peaks at 3445, 2613, and 667 cm−1 were obviously changed, which suggests that the surface of BB-700 may have adsorbed NOR. Indeed, the existence of the relative abundance of organic functional groups may promote NOR adsorption on biochar surfaces [38].



Figure 11 shows the XRD spectra of BB-700 before and after NOR adsorption. There are two wide peaks of BB-700 between 20–30° and 40–50°, which correspond to the crystalline surface of the amorphous carbon, indicating that BB-700 was transformed from an organo–crystalline compound to a microcrystalline carbon with a finer-grained graphitization structure after carbonization [39,40]. The XRD spectra of BB-700 after the adsorption of NOR are very similar to those of BB-700 before adsorption, except that the intensity decreased. In addition, the XRD spectra of BB-700 after the adsorption of NOR are smoother than before adsorption.




3.6. Comparison of the NOR Adsorption Properties of Other Biomass


To further demonstrate the adsorption performance of BB-700 on NOR, seven other biomass materials were collected to prepare biochars under the same conditions as BB-700. Biochars were derived from different biomass materials: rice straw, wheat straw, soybean straw, corn stalk, rape straw, peanut shell, and Eichhornia crassipes. A comparison of the NOR removal effect of the other adsorption materials is displayed in Table 4.



It can be seen from Table 4 that, under the same adsorption conditions, BB-700 had the best NOR removal efficiency among the biochars prepared from eight different biomass raw materials in the laboratory, with a removal rate of 99.72%, followed by rice straw biochar, with a removal rate of 93.83%. Of all the raw biomass materials, the removal effect of Eichhornia crassipes biochar was the worst. From the above results, it can be seen that agroforestry wastes can be feedback for biochar to adsorb antibiotics, which provides technical support for the resource utilization of agroforestry wastes.




3.7. Assumptions and Limitations


Utilizing BB-700 to remediate antibiotic pollution in actual water bodies requires further investigation. Firstly, the long-term environmental risks associated with BB-700 cannot be ignored and necessitate evaluation post-application. Secondly, the impact of dissolved organic matter in water bodies on antibiotic adsorption warrants additional study. When removing antibiotics from tap water and river water, we assume that the organic matter in the water does not affect the adsorption of antibiotics. In fact, on the one hand, organic matter itself will adsorb antibiotics, while on the other hand, organic matter will result in the breeding of microorganisms and the growth of aquatic animals and plants, which will reduce the antibiotic content. Thirdly, in terms of analytical methods, we only used Langmuir and Freundlich models, as well as pseudo-first-order and pseudo-second-order equations, etc., to analyze the adsorption process of biochar more comprehensively, and the van Hoff equation [41] can be considered to further study the thermodynamic properties, and the index (k2, qe) can be compared to describe the adsorption kinetics, of the prepared biochar [42]. These are important directions for further research.





4. Conclusions


In this research, biochar was generated from disposable bamboo chopsticks to remove NOR. BB-700 emerged as an excellent adsorbent for the removal of antibiotics from water due to its expansive specific surface area, well-developed pore structure, and notable adsorption capacity. The isotherm and kinetic data suggest that the adsorption of NOR on BB-700 follows a monolayer chemisorption process. The primary adsorption mechanisms involve pore filling, hydrogen bonding, and π–π conjugation. Moreover, BB-700 exhibited robust removal capabilities even in the presence of high concentrations of Na+ and Ca2+ ions. The straightforward preparation method and the high removal efficiency of bamboo-based biochar highlight its potential as a cost-effective adsorbent for environmental remediation.
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Figure 1. Effect of pyrolysis temperature on the ability of BB to remove NOR. 
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Figure 2. Effect of dosage on the adsorption performance of BB-700. 
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Figure 3. Effect of pH on the adsorption performance of BB-700. 
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Figure 4. pHpzc of BB-700. 
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Figure 5. The experimental data and the fitted curves of the isotherm (Langmuir and Freundlich) models. 
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Figure 6. The experimental data and the fitted curves of kinetic models. 
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Figure 7. NOR adsorption by BB-700 under the effects of different ionic strengths: (a) Ca2+; (b) Na+. 
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Figure 8. NOR adsorption by BB-700 in different water types. 
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Figure 9. Different magnifications of SEM images of BB-700 (a–d represents sizes 1, 2, 5, 10 μm, respectively). 
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Figure 10. FTIR spectra of BB-700 before and after NOR adsorption. 
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Figure 11. XRD spectra of BB-700 before and after NOR adsorption. 
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Table 1. Parameters of the SBET of raw biomass and BBs.
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	Samples
	Specific Surface Area (m2/g)
	Pore Volume

(cm3/g)
	Pore Diameter

(nm)





	Raw biomass
	2.76
	0.012
	4.695



	BB-300
	18.97
	0.003
	3.703



	BB-500
	52.83
	0.003
	6.159



	BB-600
	278.01
	0.029
	3.326



	BB-700
	576.76
	0.042
	3.748



	BB-800
	574.70
	0.099
	3.735










 





Table 2. Isothermal model parameters for the adsorption of NOR by BB-700.
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Models

	
Parameters

	
Temperatures (°C)




	
25

	
35

	
45






	
Langmuir

	
Ka

	
0.0093

	
0.0108

	
0.0074




	
Qmax (mg/g)

	
76.1681

	
77.2239

	
105.1881




	
R2

	
0.9679

	
0.9585

	
0.9480




	
Freundlich

	
KF

	
2.7369

	
3.3342

	
8.4439




	
n

	
1.7822

	
1.8896

	
1.7039




	
R2

	
0.9355

	
0.9931

	
0.9799











 





Table 3. Kinetic model parameters for the adsorption of NOR by BB-700.
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Models

	
Parameters

	
Concentrations (mg/L)




	
20

	
50

	
100






	
Pseudo-first-order

	
k1

	
0.1673

	
0.1769

	
0.1719




	
qe(mg/g)

	
8.4439

	
14.6351

	
23.8837




	
R2

	
0.5351

	
0.4114

	
0.5344




	
Pseudo-second-order

	
k2

	
0.0419

	
0.0246

	
0.0155




	
qe (mg/g)

	
8.7616

	
15.2113

	
24.7588




	
R2

	
0.8487

	
0.7858

	
0.8729











 





Table 4. Comparison of the NOR removal effect with other adsorption materials.
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Biochar

	
Removal Rate (%)

	
Adsorption Capacity

~(mg/g)

	
Preparation Conditions

	
Adsorption

Conditions






	
BB-700

	
99.71

	
13.29

	
700 °C, 2 h,

5 °C/min

	
15 mg biochar, 10 mg/L NOR, 20 mL solutions, 180 min,

150 rpm/min




	
Peanut shell

	
88.07

	
11.74




	
Rape straw

	
89.91

	
11.99




	
Wheat straw

	
80.63

	
10.75




	
Corn stalk

	
86.05

	
11.47




	
Rice straw

	
93.82

	
12.51




	
Soybean straw

	
85.67

	
11.42




	
Eichhornia crassipes

	
74.13

	
9.88
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