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With increasing aquatic heavy metal pollution and eutrophication, using algae to prepare novel adsorbent materials for remediating heavy metal pollution has recently attracted research attention worldwide. However, microalgae biochar exhibits poor adsorption capacity in certain conditions, and little is known regarding microalgae biochar modification using chitosan. Chitosan has been previously used to directly modify microalgae biochar; however, in this study, chitosan is used to modify algae powder used to prepare biochar. Therefore, in this study, chitosan was used as a microalgae biochar modifier to enhance its applicability and adsorption capacity. Accordingly, two new types of microalgae biochars, chitosan-biochar (CTS-BC) and biochar-chitosan (BC-CTS), were developed as an adsorbent material using Clostridium and adding chitosan as a modifier at different stages of its preparation. These developed microalgae biochars were characterized using Brunauer–Emmett–Teller surface area,X-ray photoelectron spectroscopy, Fourier transform infrared spectroscopy, and scanning electron microscopy. The adsorption processes of these biochars can be well described by a pseudo-second-order kinetic model. Pb2+ was dominantly adsorbed by microalgal biochar through chemisorption. Following chitosan modification, several mino, cyano, and aromatic ring groups were attached onto the surface of the microalgal biochar. The Pb2+ adsorption capacity of the chitosan-modified biochar was better than that of the unmodified biochar. The maximum Pb2+ adsorption capacity of CTS-BC under acidic conditions (pH = 5) was 9.41 mg g−1, whereas that of BC-CTS under alkaline conditions (pH = 9) was 9.94 mg g−1, both were higher than that of unmodified microalgae biochar under similar conditions. CTS-BC and BC-CTS possessed excellent stability and reusability for Pb(II) adsorption, the adsorption efficiency still remained above 50% even after three cycles. This study demonstrated that adsorbent materials having a stronger heavy-metal adsorption capacity can be prepared by adding chitosan during different stages of the microalgae biochar preparation process.
Keywords: microalgae biochar, modification, adsorption, chitosan, Pb2+
INTRODUCTION
With the rapid development of industrial activities,a large amount of wastewater containing heavy metals is discharged to the environment, which has resulted in a number of serious problems. Heavy metals discharged to the environment include Cr,Zn,Cd,Ni,Ti,Cu,Hg, and others (Salomons et al., 2012). These heavy metals cannot be removed completely during water treatment, leading to the presence of persistent,bio-accumulative, and toxic residues in aquatic ecosystems, thus increasing their detrimental effects on ecosystems and public health (Sun et al., 2019).
Among them, Pb poisoning can cause abdominal colic, hepatitis, peripheral neuritis, and toxic encephalitis (Hu et al., 2012). The presence of Pb(II) in aquatic ecosystems has become an important environmental concern worldwide (Ayoub et al., 2013). Several methods have been applied for the remediation of polluted wastewater, including adsorption, electrokinetic remediation, ultrafiltration,membranes, chemical precipitation, and reverse osmosis (Inyang et al., 2016). However, many of these methods have high operating costs and create disposal problems due to the generation of toxic sludge and are not suitable for large scale implementation (Bordoloi et al., 2017). Therefore, among these technologies, adsorption is the most widely used method because of its design and operation flexibility, efficiency, and feasibility in practice (Purkayastha et al., 2014). Consequently, it is very desirable to prepare a low-cost,high-efficiency,ecofriendly adsorbent for environmental applications, especially for the application of low-cost,natural-based materials as adsorbents.
Biochar (BC) is a pyrolytic carbon-based solid derived from the biomass pyrolysis process. The environmental stability,well-developed porosity, and biocompatibility of BC endow it with wide application potential in many fields (Morales et al., 2015). Therefore, BC has been demonstrated to be a low-cost and highly efficient adsorbent with great potential in the elimination of pollutants from aqueous solutions. Recently, researchers developed engineered microalgae biochar adsorbents. Microalgal cells have good adsorption capacity and are easy to obtain. Therefore, microalgae biochar has economic and adsorption potential (Zheng et al., 2017). As a new type of adsorption material, microalgae biochar is a porous, stable, and carbon-rich solid material, it is produced from microalgae through the pyrolysis process under oxygen-limited conditions (Alhashimi and Aktas., 2017; Chang et al., 2015; Heilmann et al., 2010). Nevertheless, raw microalgae biochar usually has a limited capacity to adsorb contaminants from aqueous solutions due to its low surface area (Johansson et al., 2016; Awad et al., 2017). Furthermore, microalgae biochar often needs a large amount of addition in use, which increases the overall cost (Bird et al., 2011; Liu et al., 2021; Wu et al., 2020). Therefore, it is essential for biochar to be modified to enhance its metal adsorption ability.
Accordingly, modification methods include chemical modification, physical modification, loading with mineral oxides, and magnetic modification (Rajapaksha et al., 2016). Similarly, as a low-cost natural-based material, chitosan (CTS) may be an effective candidate for microalgae biochar adsorbent modifier. Its considerable amount of free amine and hydroxyl groups endow CTS with excellent heavy-metal-ion adsorbent abilities and make it a promising modification reagent for the adsorbent material matrix. For example, with the application of raw CTS as a dispersing and soldering reagent, the affinities of biochar adsorbents to Cd(II) and Pb(II) ions can be improved significantly (Zhou et al., 2013; Sun et al., 2014). These chitosan modification methods improve the physical structure of the adsorbent, as well as increasing the electrons, functional groups, and adsorption sites (Mohanty et al., 2006).
However, little is known on the application of chitosan-modified microalgae biochar for the adsorption of heavy metals with only a few published studies on the topic (Nethaji et al., 2013). In this study, microalgal biochar was prepared from closterium. To obtain microalgae biochar with a stronger adsorption capacity, we prepared the chitosan-modified microalgae biochar via closterium powder application before and after pyrolysis. The Pb2+ adsorption capacities of the microalgae biochar and of two kinds of chitosan-modified microalgae biochar were compared. Scanning electron microscopy (SEM), Fourier transform infrared (FTIR) spectroscopy, and Brunauer–Emmett–Teller (BET) surface area were used to analyze the mechanism of Pb2+ adsorption by microalgae biochar in different conditions.
MATERIALS AND METHODS
Algae Species
Closterium sp. (fachb-61) was purchased from the Freshwater Algae Culture Collection at the Institute of Hydrobiology in Wuhan, China.
Primary Instruments
Ultraviolet visible spectrophotometer (UV2700, Unocal, Shanghai); High-speed centrifuge (t-ws, Xiangyi Centrifuge, Changsha); Graphite furnace atomic absorption spectropho tometer (ice-3500, Thermo Fisher Company, United States); Surface Area Porosity Analyzer (LRH-100-GB, Taihong, Shaoguan); Scanning electron microscopy (Zeiss Sigma500, Germany), Infrared spectrometer (Spotlight 400 of PerkinElmer, United States); Tube Furnace (MXGX/200-R, Weixing, Shanghai). Zeta potential analyzer (Malvern Zetasizer Nano ZS90, United Kingdom). X-ray photoelectron spectroscopy (XPS) (ESCALAB 250,Thermo-VG Scientific, United States).
Main Chemical Reagents
Chitosan (Yuanye Shanghai); AceticAcid (Jingke Wuhan); Lead standard solution (Zhongchang Wuhan).
Biochar Preparation
Preparation of the unmodified biochar
Clostridium was grown in MA culture medium (Table 1) culture medium at 25°C with a light intensity of 2500lx–3000lx and a light/dark photoperiod of 12 h:12 h to exponential phase. The Clostridium powder was washed, dried,smashed, and sieved through a 200-mesh screen before use. Then, the algae powder was pyrolyzed in a furnace at 500°C in a N2 atmosphere for 2 h. The obtained biochar was named BC.
TABLE 1 | Formulation of MA.
[image: Table 1]Preparation of the Chitosan-Modified Microalgae Biochar
First, 1 g of CTS was dissolved in 100 ml of 2% acetic acid and magnetically stirred for 60 min; then, it stood overnight to fully dissolve. Subsequently,a certain amount of algae powder was immersed into the chitosan solution and magnetically stirred for 2 h. The chitosan-algae powder was washed, dried,smashed, and sieved through a 200-mesh screen before use. Afterward, the chitosan-algae powder was pyrolyzed in a furnace at 500°C in a N2 atmosphere for 2 h. The biochar obtained in this manner was named CTS-BC. We also mixed BC with chitosan solutions directly and magnetically stirred them for 2 h. After centrifugation and drying to a constant weight, the chitosan-modified microalgae biochar (BC-CTS) was obtained.
Effect of Initial Heavy Metal Ion Concentration on Pb2+ Adsorption
BC,CTS-BC, and BC-CTS were placed in water solutions with different Pb2+ concentrations (5.0, 10.0, 15.0, 20.0, and 25.0 mg L−1) with a solid-to-liquid ratio of 0.1:50 (g:mL) at pH = 7. Samples were taken every 10 min, and high-speed centrifugation (rotating speed of 8,000 rpm for 2 min) was used to obtain the supernatant. The samples were filtered through a filter membrane (Whatman, 0.22 µm). This process was repeated three times and the average value was used as the Pb2+ concentration in the supernatant.
The calculation equation for the heavy-metal adsorption rate is as follows:
[image: image]
N: Adsorption rate (%)
C1: Heavy metal ion concentration in the water prior to adsorption (mg L−1).
C2: Heavy metal ion concentration in the water after adsorption (mg L−1).
The equilibrium adsorption capacity equation is as follows:
[image: image]
M: Adsorbent amount (g).
V: Volume of the solution to be measured (L).
Effect of Adsorbent Dosage on Pb2+ Adsorption
To examine the effect of adsorbent dosage on adsorption efficiency of Pb(II), The dosage of CTS-BC and BC-CTS were 0.05, 0.1, 0.15, 0.2 and 0.3 g, the initial concentration of Pb2+ solution was 20.0 mg L−1, contact times 60min,pH = 3(CTS-BC), pH = 9(BC-CT). The remaining experimenting reaction conditions were similar as defined previously in Effect of Initial Heavymetal Ion Concentration on Pb2+Adsorption.
Effect of Temperature on Pb2+ Adsorption
The influence of the reaction temperature on the Pb2+ adsorption of CTS-BC and BC-CTS was evaluated at 25, 35, 45, and 65°C.The CTS-BC and BC-CTS dosage were both 0.1 g, and the solid-liquid ratio was 0.1:50 (g:mL). The remaining experimental reaction conditions were similar as those defined in Effect of Initial Heavymetal Ion Concentration on Pb2+Adsorption.
Effect of Initial pH of the Heavy Metal Ion Solutions on Pb2+ Adsorption
The impact of pH on Pb2+ adsorption was investigated by adjusting the initial Pb2+ solutions (20 mg L−1). The solutions were adjusted to the desired pH values by adding negligible amounts of NaOH or HCl solution (g:mL). The pH was adjusted to 3, 5, 7, 9, and 11. The remaining experimental reaction conditions were similar as those defined in Effect of Initial Heavymetal Ion Concentration on Pb2+Adsorption.
Desorption and Regeneration of Chitosan-Biochar and Biochar-Chitosan
The adsorption experimental reaction conditions were similar as those defined in Effect of Initial Heavymetal Ion Concentration on Pb2+Adsorption. The adsorbed Pb2+ on CTS-BC and BC-CTS was desorbed by EDTA-NA2 for 5 h in an oscillator at 200 rpm. For the regeneration analysis, the adsorption and desorption were conducted for three cycles.
Characterization of the Three Biochar Materials
All of the microalgae biochar were characterized with Fourier transform infrared (FTIR) spectroscopy,,Brunauer-Emmett-Teller Testing (BET) testing, scanning electron microscopy (SEM), and X-ray photoelectron spectroscopy (XPS) analysis methods. This was done to understand the surface characteristics and morphology and to analyze the relationship between the structural characteristics and adsorption performance of the adsorbents.
RESULTS AND DISCUSSION
Adsorption Performance and Kinetic Modeling
Adsorption Performance
The Pb2+ amount adsorbed onto the tested adsorbents [qe = amount adsorbed per g of adsorbent at equilibrium (mg·g−1)] were plotted against initial Pb2+ concentrations [C1 (mg L−1)], as shown in Figure 1. As the initial Pb2+ concentration increases, the equilibrium Pb2+ adsorption capacity of the three developed biochar materials also increases, which can be attributed to the existence of abundant active sites on the adsorbent surface. The adsorption capacity can continuous growth before saturation.
[image: Figure 1]FIGURE 1 | Effect of initial concentration on Pb2+ adsorption.
The Pb2+ amount adsorbed onto the tested adsorbents [qe = amount adsorbed per g of adsorbent at equilibrium (mg·g-1)] were plotted against reaction temperature, as shown in Figure 2. The adsorption capacity of microalgae biochar to Pb2+ changed little at low temperature (25–45°C). The adsorption capacity of microalgae biochar to Pb2+ increased at 65°C, suggesting that the efficiency of microalgae biochar increases with increasing temperature.
[image: Figure 2]FIGURE 2 | Effect of reaction temperature on Pb2+ adsorption.
The Pb2+ amount adsorbed onto the tested adsorbents [qe = amount adsorbed per g of adsorbent at equilibrium (mg·g-1)] were plotted against adsorbent dosage, as shown in Figure 3. CTS-BC and BC-CTS showed similar regularity. As the adsorbent dosage increases, the adsorption rate increases, and the adsorption capacity decreases.
[image: Figure 3]FIGURE 3 | Effect of dosage on Pb2+ adsorption.
The results of three cycles of adsorption tests are presented in Figure 4. As shown in Figure 4, although the adsorption efficiency of Pb(II) on the regenerated CTS-BC and BC-CTS slowly decreased with increasing cycle number, the adsorption efficiency still remained above 50% even after three cycles; this implied that CTS-BC and BC-CTS possessed excellent stability and reusability for Pb(II) adsorption. https://fanyi.baidu.com/?aldtype=16047 - ##https://fanyi.baidu.com/?aldtype=16047 - zh/en/javascript:void (0).
[image: Figure 4]FIGURE 4 | Cyclic adsorption-desorption results.
Adsorption Kinetics
The effect of contact time on Pb2+ adsorption is shown in Figure 5. All adsorbents exhibited fast Pb2+ adsorption during the initial 10 min, which was due to the sorption occurring at the surface, rather than in the micropores.
[image: Figure 5]FIGURE 5 | Effect of reaction time on Pb2+ adsorption. (A): BC,(B): CTS-BC,(C): BC-CTS.
To elucidate on the adsorption mechanism, the adsorption capacity and rate tendencies were investigated using the pseudo-first-order and pseudo-second-order kinetic models. These microalgae biochar Pb2+ adsorption experiments were conducted under the condition of Pb2+ solutions (20.0 mg L−1).
The linear form of two models can be presented as follows:
[image: image]
[image: image]
where qt is the Pb2+ sorption amount (mg g−1) at time t,qe is the Pb2+ sorption.
Capacity at equilibrium (mg g−1), and k1 and k2 are the pseudo-first-order and pseudo-second-order rate constants, respectively.
The obtained analytical regression coefficients (R2) and adsorption capacities are presented in Table 2 and Figure 6. Pb2+ adsorptions onto BC,CTS-BC, and BC-CTS were best fitted by the pseudo-second-order model with R2 > 0.99, and the calculated qe values were nearly consistent with the experimental data. Therefore, the pseudo-second-order kinetic model fits for the adsorption process for all samples were considerably better than the pseudo-first-order model fits, suggesting that chemisorption is the governing factor that determines the Pb2+ adsorption.
TABLE 2 | Parameters for kinetics simulated by different equations.
[image: Table 2][image: Figure 6]FIGURE 6 | Kinetic model of the adsorption on Pb2+(A): Pseudo first-order kinetic model of BC; (B) pseudo second-order kinetic model of BC; (C): Pseudo first-order kinetic model of CTS-BC; (D) pseudo second-order kinetic model of CTS-BC; (E): Pseudo first-order kinetic model of BC-CTS; (F) pseudo second-order kinetic model of BC-CTS.
Effect and Comparison of Different Initial pH on the Adsorption of Pb2+ by Biochar, Chitosan-Biochar, and Biochar-Chitosan
The solution pH affected the surface charge of the adsorbent and the contaminant species because pH affects the metal-binding sites on the surface of the biochar adsorbents. However, the H+ or OH− ions present in the solution compete with Pb2+ for the adsorption sites on the biochar surface (Amin et al., 2018). The effects of the initial solution pH on the Pb2+ adsorption by BC,CTS-BC, and BC-CTS are illustrated in Figure 7.
[image: Figure 7]FIGURE 7 | Equilibrium adsorption capacity of the BC,CTS-BC, and BC-CTS under different pH conditions.
As shown in Figure 7, the Pb2+ adsorption capacities of the BC and BC-CTS adsorbents sharply decreased when the initial solution pH decreased from 7.00 to 3.00. This may be because under acidic conditions,H+ ions in the aqueous solution combined with OH− ions on the BC or BC-CTS surface and occupied the binding sites. A decrease in the solution pH was conducive to the surface protonation of adsorbent and resulted in the competition between H+ and Pb2+.However, the increasing pH gradually led to the change of positively charged adsorbent surface to negative because of the deprotonation effect. This resulted in increased electrostatic inductive interactions between the negatively charged surface and positive ions (Li et al., 2016). However,CTS-BC exhibited good adsorption performance under the same conditions, which may be due to the presence of numerous hydroxyl groups on the surface, which protect the adsorption sites. Therefore, the Pb2+ adsorption capacity of CTS-BC under acidic conditions was evidently better than that of BC.In addition, the Pb2+ adsorption capacity of BC-CTS under alkaline conditions was better than that of BC and CTS-BC. These results showed that CTS-BC was more suitable for acidic conditions, whereas BC-CTS was more suitable for alkaline environments. This may be because CTS-BC and BC-CTS are prepared through different methods, by adding chitosan during different stages of the biochar preparation process.
As shown in Figure 8, CTS-BC has a number of negatron under acidic conditions. therefore, the main mechanism was an electrostatic interaction at these pH values, electrostatic interactions may occur as a separate mechanism, which is the reason why CTS-BC has the stronger adsorption capacity under acidic conditions.
[image: Figure 8]FIGURE 8 | Effect of solution pH on Zeta.
At low pH (3–5), the surface of BC-CTS was positively charged, This result suggests that electrostatic repulsion was present between BC-CTS and Pb2+.That is why BC-CTS has weak adsorption capacity under acid condition. The positive charge of BC-CTS and the negative charge of Pb2+ at pH values between 6 and 11 allowed for electrostatic interactions that resulted in a higher Pb2+ adsorption capacity.
Biochar, Chitosan-Biochar, and Biochar-Chitosan Characterization
Specific Surface Area and Pore Size Analysis
Surface area and pore size are important properties of absorbing materials. The standard BET analysis results showed that the pore sizes of CTS-BC and BC-CTS are 23.550 and 12.773 nm (Table 3), both larger than that of BC. Although CTS-BC and BC-CTS had lower specific surface areas than BC, it had considerably higher Pb2+ adsorption, as revealed by the adsorption tests. These results suggest that microalgal biochar surface should have numerous functional groups functioning as active binding sites for Pb2+ adsorption. Therefore, we inferred that the microalgae biochar structure could be changed by adding chitosan at different stages of the preparation process.
TABLE 3 | Specific surface area and pore size analysis data of the three adsorbent materials.
[image: Table 3]Fourier Transform Infrared Spectroscopy
The functional groups responsible for Pb2+ adsorption on the microalgal biochar surface were determined through FTIR spectroscopy in the wavelength range of 4,000–500 cm−1. As shown in Figure 9, BC,CTS-BC, and BC-CTS had conspicuous absorption bands at 3,443.95 cm−1, and the typical peaks at 3,443.95 cm−1 can be attributed to O–H stretching vibrations. BC also had absorption peaks at 1,617.70 and 1,089.65 cm−1, which can be attributed to aryl conjugated C=C and C–O stretching vibrations, respectively.Compared with BC, in the CTS-BC spectrum, new strong peaks were observed at 1,449.66 and 867.37 cm−1. The adsorption observed at approximately 1,449.66 cm−1 can be attributed to N–N axial deformation in amino groups primarily due to chitosan Travlou et al. (2013), and the characteristic peak at 867.37 cm−1 can be ascribed to N–H bending vibration. With the further modification of BC with chitosan, the BC-CTS absorption peaks appeared at 1,560.72,1408.17, and 1,083.31 cm−1, which may be attributed to the N–H inner bending vibration,C–O stretching vibration, and C–N stretching vibration, respectively (Huang et al., 2017). Compared with BC, there are more C–N and N–H vibrations on the CTS-BC and BC-CTS surfaces, respectively.These results confirm the efficient fabrication of CTS-BC and BC-CTS.
[image: Figure 9]FIGURE 9 | Infrared spectra of the BC,CTS-BC, and BC-CTS before Pb2+ adsorption https://fanyi.baidu.com/?aldtype=16047–zh/en/javascript:void (0).
As shown in Figure 10A, two typical BC peaks observed at 1,449.66 and 867.37 cm−1 disappeared following Pb2+ adsorption, which indicated that during the Pb2+ adsorption by CTS-BC, the Pb2+ in the solution reacted with the N–N and N–H.Moreover, one shift of FTIR spectra was observed in CTS-BC before and after Pb2+ adsorption. The peak at 3,443.95 cm−1 was weakened, which indicate that the OH− ions on the CTS-BC surface may have combined with H+ ions in the solution. This is why CTS-BC can maintain its adsorption capacity, particularly under acidic conditions. As shown in Figure 10B, the BC-CTS peaks at 1,560.72,1408.17, and 1,083.31 cm−1 were weakened and shifted after Pb2+ adsorption, which indicated that amino,C–O, and cyano groups were the primary groups that affected the Pb2+ adsorption by BC-CTS. These results also confirm the efficient fabrication of CTS-BC and BC-CTS, indicating the feasibility of modifying microalgae biochar with chitosan.
[image: Figure 10]FIGURE 10 | Infrared spectra of the CTS-BC and BC-CTS after adsorption of Pb2+ under different conditions (A) CTS-BC and (B) BC-CTS.
Scanning Electron Microscope Characterization
The surface microstructure significantly affects the adsorption performance of an adsorbent (Amonette and Joseph., 2009; Elnour et al., 2019). Electron microscopy helps to observe the morphological changes of materials before and after the modification and adsorption. The BC,CTS-BC, and BC-CTS SEM images before and after Pb2+ adsorption are shown in Figure 11. The BC surface is relatively flat and smooth with the presence of small voids, as shown in Figure 11A. The CTS-BC SEM image before adsorption showed large voids and a rolling surface, whereas that after adsorption showed a smooth surface and a few bright spots (Figures 11B,D), which indicated that the Pb2+ on the surface of the post-sorption biochar filled the voids. Although there are numerous particles and micro holes on the surface after Pb2+ adsorption at pH = 7,CTS-BC still had a rolling surface (Figures 11B,D,E), which indicated that the CTS-BC surface will change under acidic conditions. Moreover, this is the reason for CTS-BC exhibiting more adsorption capacity under acidic conditions, as discussed in Effect and Comparison of Different Initial pH on the Adsorption of Pb2+by Biochar, Chitosan-Biochar, and Biochar-Chitosan. The BC-CTS SEM image before adsorption exhibited sharp edges and corners, indicating that the chitosan was covered on the biochar surface (Figure 11C). Following Pb2+ adsorption, the BC-CTS surface was smooth and split (Figures 11F,G), which may be caused by van der Waals forces during Pb2+ adsorption.
[image: Figure 11]FIGURE 11 | SEM images of the three adsorbent materials.(A) BC without adsorption of Pb2+; (B) CTS-BC without adsorption of Pb2+; (C) BC-CTS without adsorption of Pb2+; (D) adsorption of Pb2+ by the CTS-BC at pH = 3; (E) adsorption of Pb2+ by the CTS-BC at a pH = 7; (F) adsorption of Pb2+ by the BC-CTS at pH = 7; and (G) adsorption of Pb2+ by the BC-CTS at pH = 9.
X-Ray Photoelectron Spectroscopy Characterization
Next, the CTS-BC and BC-CTS samples after Pb2+ adsorption were also characterized through XPS analysis, as shown in Figures 12, 13. Following Pb2+ adsorption, the CTS-BC and BC-CTS samples exhibited Pb3d XPS spectra, which indicated the presence of Pb2+ ions after adsorption. Based on the elemental analysis results presented in Table 4, the Pb content of CTS-BC at pH = 3 is 2.26%, which is higher than that of CTS-BC (0.06%) at pH = 9, thereby establishing that CTS-BC has good adsorption capacity under acidic conditions. Similarly, the Pb content of BC-CTS at pH = 11 is 0.09%, which is higher than that of BC-CTS at pH = 5, thereby establishing the good adsorption capacity of BC-CTS under alkaline conditions.
[image: Figure 12]FIGURE 12 | XPS spectrum of CTS-BC. (A):XPS wide scan of the CTS-BC, (B) Pb4f of CTS-BC, (C) O1s of CTS-BC, (D) N1s of CTS-BC.
[image: Figure 13]FIGURE 13 | XPS spectrum of BC-CTS. (A):XPS wide scan of the BC-CTS, (B)Pb4f of BC-CTS, (C)O1s of BC-CTS, (D)N1s of BC-CTS.
TABLE 4 | Data of XPS.
[image: Table 4]CONCLUSION
To improve the Pb2+ adsorption capacity of existing microalgae biochar, two novel chitosan-treated microalgae biochar (CTS-BC and BC-CTS) were developed, and their Pb2+ adsorption was tested.
The results presented herein revealed that CTS-BC and BC-CTS were effective adsorbents for Pb2+、Zn2+ removal from aqueous solutions. The adsorption kinetics of the biochar were best described by the pseudo-second-order model. This apparently implies that chemisorption was the dominant Pb2+ adsorption process of microalgae biochar, which involves valence force through the sharing or exchange of electrons between adsorbate and adsorbent species. The adsorption capacity was affected by temperature and dosage. As the temperature and dosage increases, the equilibrium Pb2+ adsorption capacity of the three developed biochar materials also increases.
The Pb2+ adsorption capacity of BC was weakened under acidic and alkaline conditions. CTS-BC exhibited excellent Pb2+ adsorption capacity under acidic conditions. The improvement of the CTS-BC adsorption capacity can be ascribed to the successful increase in the -OH,N–N, and N–H on the biochar surface. The maximum Pb2+ adsorption capacity at pH = 5 was 9.41 mg g−1. However,BC-CTS exhibited excellent Pb2+ adsorption capacity under alkaline conditions. The improvement of the BC-CTS adsorption capacity can be attributed to the significant increase in the –OH,C–O,C–N, and N–H on the biochar surface. The maximum Pb2+ adsorption capacity at pH = 9 was 9.94 mg g−1; however, it exhibited poor Pb2+ adsorption capacity under acidic conditions.
Therefore,CTS-BC is more suitable for acidic conditions (3 < pH < 7), whereas BC-CTS is more suitable for alkaline conditions (7 < pH < 11). Furthermore CTS-BC and BC-CTS possessed excellent stability and reusability for Pb(II) adsorption, the adsorption efficiency still remained above 50% even after three cycles.
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