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Abstract

:

Renewable, green, and safe natural biopolymer-derived materials are highly desired for the purification of pollutants, but significantly improving their performance without the introduction of additional harmful chemicals remains a huge challenge. Based on the concept of “structure optimization design”, environment-friendly composite beads (named SA/PASP/RE) with excellent adsorption performance and recyclability were rationally constructed through a green ionic crosslinking route, using the completely green biopolymer sodium alginate (SA), sodium salt of polyaspartic acid (PASP), and the natural nanoclay rectorite (RE) as starting materials. The nano-layered RE was embedded in the polymer matrix to prevent the polymer chain from becoming over-entangled so that more adsorption sites inside the polymer network were exposed, which effectively improved the mass transfer efficiency of the adsorbent and the removal rate of contaminants. The composite beads embedded with 0.6% RE showed high adsorption capacities of 211.78, 197.13, and 195.69 mg/g for Pb(II) and 643.00, 577.80, and 567.10 mg/g for methylene blue (MB) in Yellow River water, Yangtze River water, and tap water, respectively. And the beads embedded with 43% RE could efficiently adsorb Pb(II) and MB with high capacities of 187.78 mg/g and 586.46 mg/g, respectively. This study provides a new route to design and develop a green, cost-effective, and efficient adsorbent for the decontamination of wastewater.
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1. Introduction


With the rapid development of battery, electroplating, metal metallurgy, textile, papermaking, plastic, coating, and other industries, it is inevitable that a large amount of wastewater containing heavy metals and dyes will be generated and discharged, causing serious pollution to rivers, groundwater, soil, and other environments, which has become one of the environmental safety issues of global concern [1,2]. Water pollution is becoming more and more serious, and it will pose a major threat to the safety of human beings and other living beings on Earth [3,4]. It has been proven to be the culprit of many serious human diseases, such as cancer, gene mutations, malformations, superbugs, and so on. Therefore, decontaminating wastewater is required by developing more materials or technologies to minimize its harm to human health.



In order to meet the needs of purifying increasingly diverse pollutants, such as dyes or heavy metals, various chemical and physical methods have been developed and adopted, such as chemical precipitation [5], catalytic degradation [6,7], filtration [8], electrochemistry [9], and adsorption [10,11]. These methods have played an important role in the removal of pollutants with their respective advantages, but people have not stopped exploring “all-around soldiers” that can be used for the efficient removal of multiple pollutants. Many commonly recognized weaknesses in existing methods limit their use as “all-around soldiers” for the efficient removal of multiple pollutants. For example, the chemical precipitation method is powerless to remove low concentrations of pollutants and a large number of chemical reagents have to be used, which may cause the risk of secondary pollution. The catalytic degradation method is applicable to organic pollutants but not to pollutants that cannot be degraded, such as heavy metal ions. The costs of electrochemical and ultrafiltration methods are relatively higher. By contrast, the adsorption process is simple and low cost. It is not only applicable for organic pollutants but also for the efficient removal of non-degradable pollutants such as heavy metal ions [12,13], even at very high or low concentrations [14,15]. More importantly, all pollutants can be completely removed from wastewater by a one-step adsorption process without secondary pollution, so the adsorption method stands out among many methods.



The advantages and application potential of the adsorption method in pollutant removal have stimulated the rapid development of adsorbents. So far, various adsorption materials with different functions have been developed, such as polymer composites [16,17], porous silicate [18], graphene oxide [19], sisal fiber felt [20], aerogels [21], clay@carbon composite [22], etc. Many synthetic materials show very high adsorption capacities due to their unique pore structure and rich functional groups. However, as “green and sustainable development” has become the theme of future development, the environmental friendliness of the materials themselves has been paid more and more attention. However, at present, most adsorption materials are developed with the adsorption capacity as the goal, and the environmental friendliness of the materials themselves has not been fully considered; thus, new attention has been placed on the development of new adsorption materials that are both high performance and environmentally friendly [23]. Through the analysis of the existing literature, it can be concluded that, among many types of materials, the adsorption materials prepared from naturally available raw materials (such as natural polymers and clay minerals) are the most promising because they are expected to obtain relatively better performance with the premise of ensuring environmental friendliness. However, in the actual process, how to modify or optimize the design of natural materials to obtain high-performance, green adsorption materials is still a huge challenge.



Natural biopolymers have attracted more and more attention for the preparation of environmentally friendly adsorbents due to their advantages of renewability, environmental friendliness, ease of modification, functional regulation, and high biodegradability [24,25]. Sodium alginate (SA) is a renewable, biodegradable, non-toxic, and biocompatible natural polysaccharide extracted from brown algae [26]. The abundant hydroxyl and carboxyl groups on the macromolecular chains of SA enable it to be crosslinked by various crosslinkers, blended with other components, or modified by a grafting process to form new materials capable of capturing metal ions or organic molecules by complexing or electrostatic interaction [27,28]. Therefore, SA has been recognized as the first choice for economical, efficient, and environmentally friendly composite adsorbent materials. Polyaspartic acid is an amino acid polymer composed of L-aspartic acid as a monomer. With multiple amide bonds formed by the condensation of amino and carboxyl groups on the main chain and multiple carboxyl groups on the side chain, PASP is a unique and environmentally friendly water-soluble polymer material with good biocompatibility and biodegradability [29]. In industry, it is often used as a green water reducing agent [30], drug delivery carrier [31], green corrosion inhibitor [32], water retaining agent [33], adsorbent [34], etc. Because the PASP molecular chain contains a large number of functional groups that can be complexed with metal ions, PASP is a potential raw material for the preparation of metal ion adsorbents. With the industrialization of L-aspartic acid production by biotechnology in recent years, it is possible to use PASP to produce high-performance, environmentally friendly adsorption materials.



The research on natural polymer adsorbents has rapidly developed in recent years due to their excellent environmental friendliness, but pure organic adsorbents are still faced with the problem of low removal rates, and it is difficult to completely remove pollutants from water due to poor mass-transfer efficiency [35]. The combination of natural polymers with other nanomaterials is an effective method to improve their adsorption and removal ability [36]. Natural clay minerals are a class of porous silicate less than 2 microns in size that are composed of safe elements with the highest abundance on Earth, such as silicon, oxygen, aluminum, magnesium, iron, and potassium. They have unique nanostructural units and surface properties, such as a permanent structural charge, controllable interlayer domain, special pore structure, and active surface groups [37,38]. Clay minerals are widely distributed around the world with abundant reserves and natural origins, so they have the advantages of excellent performance, low price, and environmental friendliness, and they show broad application prospects in environmental treatments such as wastewater, waste gas, and soil remediation [39,40]. Rectorite (RE) is an interlayered clay mineral arranged with the montmorillonite layer and the mica layer in a 1:1 arrangement. With large layer spacing and strong ion exchange ability, RE shows excellent adsorption performance for dyes or metal ions [41,42]. At the same time, RE has good environmental friendliness, with its use causing no secondary harm, and is an ideal raw material for the preparation of environmentally friendly adsorption materials; thus, it has attracted more and more attention in recent years.



To this end, in view of the defects of synthetic adsorbents, such as environmental unfriendliness, and the low adsorption capacities and poor adsorption and removal abilities of traditional natural adsorbents, this study adopts the dual design of molecular structure and nanocomposite structure, using natural sodium alginate (SA), polymeric aspartic acid (PASP), and natural rectorite (RE) as raw materials. The SA/PASP/RE composite adsorption beads with low cost, environmental protection, easy separation, and high performance, composed of all-natural components, were prepared by a simple green crosslinking method and were used for the adsorption and removal of dyes and heavy metal pollutants in water. The structure of the adsorbent was characterized systematically, the adsorption properties of the adsorbent were evaluated, and the adsorption mechanism was discussed.




2. Experimental


2.1. Materials and Reagents


SA [molecular formula: (C6H7O6Na)n; CAS number: 9005-38-3; MDL: MFCD0081310] and calcium chloride (CaCl2) (A.R. grade) were purchased from Inno Chem Reagent Co., Ltd., Beijing, China. SA was of analytical reagent grade and had a sodium content of 7.31 wt.%, molecular weight (MW) of 65,340 Da, and distribution index PD value of 3.047. Sodium salt of polyaspartic acid (PASP) (40% aqueous solution) was purchased from Shandong Yousuo Chemical Technology Co., Ltd., Heze, China. Rectorite (RE) was kindly provided by Hubei Mingliu Rectorite Co. Ltd. (Zhongxiang, China). Methylene blue (MB) and Pb(NO3)2 were purchased from Adamas-beta Co., Ltd. (Shanghai, China). The solvent used for preparing the beads was deionized water. The Yangtze River water sample was sourced from Jingzhou, China. The Yellow River water sample was sourced from Ordos City, China. The seawater was sourced from the Bohai Sea (Tianjin, China).




2.2. Preparation of SA/PASP/RE Composite Beads


SA powder (1.0 g) was completely dissolved in 50 mL of deionized water under continuous mechanical stirring to obtain a homogeneous aqueous solution of SA. Then, PASP and RE (0.025 g, 0.05 g, 0.075 g, and 0.1 g, respectively) were added to the aqueous solution of SA. The resulting mixture was dropped into the aqueous solution of CaCl2 with a syringe to form Ca2+-crosslinked beads. The beads were filtered out with a stainless steel sieve, immersed in 70% ethanol for dehydration, and then dried to obtain the composite adsorption beads composed of natural components. The obtained adsorption beads were labeled as SA/PASPx/REy [x is PASP content (x%), and y is the content of RE (y%)]. By examining the adsorption capacity of the beads for MB and Pb(II) under different conditions, the optimal content of RE in the beads was found to be 0.6%, and the optimal sample was labeled as SA/PAM/RE0.6. The apparent morphology of the composite beads is depicted in Figure S1 (Supplementary Material), and the preparation process of the beads and the Ca2+-crosslinked network structure are depicted in Scheme 1.




2.3. Adsorption Experiments


The adsorption performance of the composite beads was evaluated through batch adsorption experiments. The beads were mixed with 20 mL of aqueous solution containing MB or Pb(II), and then the mixture was placed in a constant temperature shaker (THZ-98A, Yiheng, Shanghai, China) and fully shaken at 120 rpm for 10 h at 30 °C. In the optimization experiment of the preparation conditions, the initial concentrations of MB and Pb(II) solutions were 400 mg/L and 300 mg/L, respectively. After adsorption, the concentration of dye or Pb(II) in the solution was measured with a UV–Vis spectrophotometer (UV1900i, Shimadzu) and atomic absorption spectrometer (Analytic Jena, Jena, Germany), respectively. The saturated adsorption capacity (qe) of the beads for cationic dye and Pb(II) was calculated using Equation (1).



For adsorption kinetic testing, 0.01 g of adsorption beads was thoroughly mixed with 20 mL of MB solution (concentration: 200 mg/L) or Pb(II) solution (concentration: 400 mg/L) at 30 °C. The adsorption capacity of the adsorbent was measured at different contact times (5, 15, 30, 60, 120, 180, 240, 360, 480, and 600 min, respectively), and the dependence curve of adsorption capacity against time was plotted. When conducting adsorption kinetic tests, the adsorption capacity (qt) of Pb(II) and cationic dye at time interval t was calculated using Equation (2). For adsorption isotherm testing, 0.01 g of adsorbent beads was fully exposed to 20 mL of MB or Pb(II) solution with different initial concentrations (100, 200, 300, 400, 500, 600, and 700 mg/L, respectively) at 30 °C, and the adsorption capacity was tested under different initial concentration conditions. The dependence curve of adsorption capacity against concentration was plotted. The removal efficiency for MB or Pb(II) from aqueous solution by the adsorption beads was examined under different doses of adsorption beads, and the removal efficiency was calculated using Equation (3).


qe = [(C0 − Ce) × V]/m



(1)






qt = [(C0 − Ct) × V]/m



(2)






Removal efficiency (%) = [(C0 − Ce)/C0] × 100%



(3)







In these equations, C0 is the original concentration of MB or Pb(II) solution (unit: mg/L). Ce is the concentration of MB or Pb(II) solution at the saturation adsorption state (mg/L). V is the volume of solution (L). m is the mass of adsorbent used (g).




2.4. Adsorption of MB and Pb(II) in Different Natural Waters


Aqueous solutions of MB or Pb(II) were prepared using tap water, Yellow River water, and Yangtze River water as the solvents, and the adsorption effects of the adsorption beads toward MB and Pb(II) in different natural water samples were evaluated. In the adsorption experiment of Pb(II), due to the pH value of natural water being about 6, some Pb(II) would precipitate out in the form of Pb(OH)2. Therefore, the pH value of the Pb(II) solution should be controlled at around 4 to ensure the accuracy of the evaluation results. The initial concentration of the MB solution was 400 mg/L, which was prepared by directly dissolving dye in natural water samples for the adsorption experiments (adsorption conditions: adsorbent dosage, 0.5 g/L; solution volume, 20 mL; adsorption temperature, 30 °C). The adsorption performance of the beads for MB and Pb(II) in natural water was evaluated according to the procedure described above.




2.5. Desorption and Recycling Experiment


The MB dye adsorbed on the adsorption beads was desorbed, and the beads were reused to study their recycling and regeneration performance. Firstly, the adsorption beads (0.01 g) were mixed with 20 mL of MB solution (concentration: 400 mg/L) in a plastic centrifuge tube, which was then placed in a constant temperature shaker and continuously shaken for 10 h at 120 rpm and 30 °C. After washing the weakly adsorbed MB on the surface of the beads with distilled water, the beads were immersed in 20 mL of mixed solution of hydrochloric acid/ethanol (0.5 mol/L HCl + 80% ethanol), and the mixture was shaken for 12 h in a constant temperature shaker to ensure the complete desorption of MB. The concentration of MB in the solution was determined using UV–Visible spectroscopy. The desorption amount of the MB dye was calculated. The desorption rate (%) was calculated using Equation (4). Finally, the regenerated beads were used again for the absorption of MB.


  Desorption   rate   ( % ) = ( Desorption   amount / Adsorption   amount ) × 100 %  



(4)








2.6. Characterization


The samples were characterized using the instruments and methods described in the Supplementary Material.





3. Results and Discussion


3.1. Structure and Morphology of Beads


The surface morphology, microstructure, and surface element distribution of the composite beads were studied by SEM (Figure 1), TEM (Figure 2), and EDS (Figure S2) analyses, respectively. With the increase in RE content, the surface roughness of the beads increased. Compared with the SA/PASP beads, the SA/PASP/RE43 composite beads exhibited a porous structure, and large amounts of loose network pores could be clearly found in the SEM image of the cross-section. The active hydroxyl group on RE may have formed a strong intermolecular hydrogen bonding interaction with the SA and PASP chains, and Ca2+ was crosslinked with the carboxyl and amino groups in the polymer chain through metal complexation, which increased the crosslinking density on the outer surface of the beads and formed an extremely smooth surface morphology. By contrast, a lower crosslinking density was more conducive to the formation of a loose and porous structure in the beads.



From the TEM image of SA/PASP/RE0.6 (Figure 2), no obvious aggregation of RE particles was observed, indicating that RE was uniformly dispersed in the polymer matrix at a low addition amount. In the TEM image and EDS diagram of SA/PASP/RE43 (Figure 2 and Figure S1 in Supplementary Material), a small amount of inorganic particles was observed, indicating that some RE particles existed in the polymer network in the form of physical filling when the addition amount of RE was high. The EDS and element distribution analysis results showed that Si, Al, O, and Mg elements were evenly distributed on the surface of the SA/PASP/RE0.6 and SA/PASP/RE43 beads, which confirmed the better compatibility of RE with the polymer matrix, and the organic-inorganic compound structure was formed [43].



Figure 3(a1–a4) shows the XRD patterns of RE, SA/PASP/RE43, SA/PASP/RE0.6, and SA/PASP samples. The characteristic diffraction peaks with 2θ values of 3.8°, 7.9°, and 19.8° appeared in the XRD pattern of RE, corresponding to the (001), (002) and (111) crystal planes of rectorite, respectively [44]. When a small amount of RE was introduced to form the SA/PASP/RE0.6 composite beads, the characteristic diffraction peak of RE was not observed in the XRD pattern due to the low content of RE and easy peeling during the composite process. However, when more RE was introduced, the characteristic diffraction peaks of RE appeared in the XRD pattern of SA/PASP/RE43, indicating that an excess amount of RE was present in the polymer matrix by physical filling and combined with the network through hydrogen bonding interaction.



The types and states of chemical groups on the surface of the composite adsorption beads were studied by FT-IR spectroscopy. From the FT-IR spectrum of SA, characteristic absorption peaks at 3440 cm−1 (-OH stretching vibration), 1613 cm−1 (asymmetric stretching vibration of -COO), and 1417 cm−1 (symmetric stretching vibration of -COO) could be observed (Figure 3(b1)) [45,46]. In the FT-IR spectrum of PASP (Figure 3(b2)), characteristic absorption peaks could be observed at 3436 cm−1 (stretching vibration peak of N-H bond on amide group), 1598 cm−1 (antisymmetric stretching vibration peak of carboxylate group), and 1400 cm−1 (symmetric stretching vibration peak of carboxylate group). The absorption peak of SA/PASP at 3428 cm−1 was the overlapping peaks of OH and -NH2 of SA and PASP [47,48]. From the FT-IR spectrum of RE (Figure 3(b6)), peaks could be observed at 3641 cm−1 (SiO-H and AlO-H stretching vibration peaks), 1020 cm−1 (in-plane Si-O-Si stretching vibration peaks), 3405 cm−1 (H-O-H stretching vibration of water molecules), and 1635 cm−1 (H-O-H stretching vibration peaks). The wide absorption peak was observed at the position of the flexural vibration peak of the bond [49,50]. After calcium ions were crosslinked, the -COO- on the molecular chains of SA and PASA complexed with calcium ions, which linked different molecular chains together to form an interconnected network structure. The absorption peak of SA/PASP at 1415 cm−1 was the superposition peak of the absorption peak of SA at 1417 cm−1 and the absorption peak of PASP at 1400 cm−1 (Figure 3(b3)). After RE was introduced to form the SA/PASP/RE0.6 and SA/PASP/RE43 composite adsorption beads, the O-H stretching vibration peak of SA/PASP shifted from 3441 cm−1 to 3421 cm−1 (Figure 3(b4–b5)). This indicated that the surface silanol group (Si-OH) of RE formed hydrogen bonds with the hydroxyl or carboxyl groups on the SA and PASP chains.



The N2 adsorption–desorption isotherms and pore size distributions of the SA/PASP and SA/PASP/RE composite adsorption beads are shown in Figure 3c,d. According to IUPAC classification, all samples showed typical IV isotherms with H3 loops (Figure 3c), indicating the presence of mesoporous structures in the samples [51]. The introduction of a small amount of RE narrowed the pore size distribution of the composite beads (Figure 3d). The maximum pore size distribution peak appeared at 27.64 nm, showing more obvious mesoporous characteristics. By optimizing the RE content, we found that the pore size of the adsorption beads increased from 36.74 nm (SA/PASP) to 60.15 nm (SA/PASP/RE43). The introduction of a small amount of RE greatly increased the amount of pores, which was more conducive to the adsorption of dyes.




3.2. Adsorption Properties


3.2.1. Effect of RE Content on Adsorption Capacity


The all-natural composite adsorption beads with different RE contents (0 g, 0.025 g, 0.05 g, 0.075 g, 3 g) were prepared by combining natural RE clay with SA/PAS. In order to obtain the best amount of RE, the adsorption performance of the composite adsorption beads with different RE contents was tested (Figure 4). The results showed that the introduction of an appropriate amount of RE could significantly improve the adsorption capacity for MB and Pb(II) of the adsorption beads, and the adsorption performance was the best when the RE content was 0.6%. The main reason was that the introduction of a moderate amount of RE could improve the network structure, reducing the entanglement of the internal polymer chains, and then release more functional groups that could be complexed with the adsorbent. The ion exchange of RE and the adsorption of functional groups on the polymer achieved synergistic adsorption so as to increase the adsorption capacity. In addition, the introduction of a moderate amount of RE could improve the pore structure of the adsorption beads, narrow the pore size distribution, and increase the mesoporous degree, which was conducive to improving the diffusion of adsorbates into the adsorption beads, and thereby improving the adsorption capability of the adsorbent. As the SA/PASP/RE0.6 adsorption beads had the best adsorption capacity, they were selected as the best adsorbent for conducting the subsequent adsorption experiments.




3.2.2. Influence of External pH on Adsorption


As shown in Figure 5a,b, the adsorption capacity for MB and Pb(II) on the SA/PASP, SA/PASP/RE0.6, and SA/PASP/RE43 beads reached the best values at pH ≥ 4, respectively. By contrast, the adsorption performance of SA/PASP/RE0.6 was the best under each pH condition, indicating that the introduction of a small amount of RE was beneficial to improving the adsorption performance of the composite beads under various pH conditions, which was related to the more negative Zeta potential of SA/PASP/RE0.6 than of SA/PASP (Figure 5c) [52]. The composite beads showed very high adsorption capacity for MB in the pH range of 4–10 and had very good pH resistance. As the beads were ionic adsorbents, large amounts of carboxyl (-COO-) and hydroxyl (-OH) groups were present in their network structure. These groups were sensitive to the change in external pH. When pH < 4, the -COO- group on the beads could protonate to transform into the -COOH group, which reduced the charge density on the adsorbent surface and weakened the complexation ability of functional groups toward MB and Pb(II), resulting in a decrease in the adsorption capacity at pH < 4 [53]. When pH ≥ 4, the part of the -COOH group on the surface of the adsorbent was deprotonated and transformed into the -COO- group, with stronger electrostatic attraction and complexation ability toward MB and Pb(II). At this time, the adsorption capacity was also significantly increased with the increase in pH. When pH > 5.2, Pb(II) ions would precipitate in the form of Pb(OH)2 and interfere with the final adsorption results, so pH 5 was selected as the best pH value for evaluating the adsorption of Pb(II) ions on the beads.




3.2.3. Adsorption Isotherms and Kinetics


Figure 6a,b displays the adsorption behaviors of the SA/PASP/RE0.6 and SA/PASP/RE43 composite beads toward MB and Pb(II) at different original concentrations (MB solution: 100–800 mg/L; Pb(II) solution: 50–700 mg/L). The adsorption capacity of the composite beads for MB or Pb(II) increased rapidly at first, and then tended to be flat. The adsorption behavior of MB or Pb(II) on the beads was studied using Freundlich and Langmuir models [54,55]. The fitting results with the Langmuir model showed that the plots of Ce/qe versus Ce for the adsorption of both MB and Pb(II) were straight lines with good linear relationship coefficients (Figures S4a and S5a in Supplementary Materials). In comparison, the R2 values obtained by fitting with the Freundlich model were significantly lower than those obtained by fitting with the Langmuir model (Table S1 in Supplementary Material). This indicated that the Langmuir model could express the adsorption behavior of MB or Pb(II) on the beads better than the Freundlich model, and that the adsorption process of dye or Pb(II) on the beads was characterized by single-layer adsorption. In addition, in order to make the simulation more accurate, we used a three-parameter Sips model with higher fitting accuracy and greater flexibility to fit the adsorption behavior of MB and Pb(II) on the beads. As shown in Figure S6, the fitting correlation coefficients (R2) of the composite beads for MB and Pb(II) were greater than 0.99 (Table S2 in Supplementary Material), the heterogeneity factor βα was close to 1, and the isotherm was close to the Langmuir adsorption isotherm model, which further verified that the adsorption behavior of the composite beads toward MB and Pb(II) was in line with the Langmuir adsorption isothermal model, indicating that it was a monolayer adsorption process. By comparing the adsorption capacity of the SA/PASP/RE0.6 and SA/PASP/RE43 beads with that of others, it was found that inexpensive SA/PASP/RE43 with a high content of cheap RE still had a satisfactory adsorption capacity for MB and Pb(II) ions (Table 1). The adsorption capacity for MB and Pb(II) on the beads was higher than that of most other adsorbents. The results demonstrated that the incorporation of a high dosage of clay into the natural polymer network was a universal method to fabricate a low cost, high-performance, and environmentally friendly adsorption material with great application prospects.



Figure 6c,d shows the adsorption kinetic curves of the SA/PASP/RE0.6 and SA/PASP/RE43 beads for MB and Pb(II). In the initial stage (within 100 min), the adsorption process was relatively fast. With extension of the adsorption time, the adsorption sites were continuously occupied and the adsorption rate slowed down significantly, until adsorption saturation was reached. The experimental data were fitted with the pseudo-second-order kinetic model and the pseudo-first-order kinetic model to explore the kinetic adsorption behavior of the composite beads toward MB and Pb(II) ions.



The fitting results with the two kinetic models are shown in Table S3 (Supplementary Material). The fitting results with the pseudo-second-order kinetic model had higher R2 values than those fitted with the pseudo-first-order kinetic model, and the plots of t/qt versus t were straight lines (Figures S7 and S8 in Supplementary Material). This confirmed that the adsorption of MB and Pb(II) on the SA/PASP/RE0.6 and SA/PASP/RE43 beads was more consistent with the pseudo-second-order kinetic model and revealed that the adsorption of MB and Pb(II) by SA/PASP/RE0.6 and SA/PASP/RE43 was mainly controlled by chemisorption. When the RE content was 43%, the adsorption of MB and Pb(II) by the SA/PASP/RE43 beads conformed to the pseudo-first-order and pseudo-second-order kinetic models (the R2 values obtained by fitting were very close), indicating that both physical adsorption and chemical adsorption played important roles in the adsorption process. Since RE can adsorb dyes and heavy metals through ion exchange and electrostatic interaction [63], the physically filled RE in the SA/PASP/RE43 beads could adsorb MB and Pb(II) through ion exchange or electrostatic interaction during the adsorption process. The adsorption of dye molecules and heavy metal ions by the carboxyl groups in SA/PASP/RE43 was mainly driven by complexation action (a chemical adsorption process). With continuation of the adsorption process, more and more MB or Pb(II) diffused into the interior network of the beads so that the adsorption capacity gradually increased. At this time, RE in the network structure could generate ion exchange and electrostatic interaction with MB or Pb(II), resulting in a physical adsorption process. Therefore, SA/PASP/RE43 showed a better adsorption capacity even when the content of RE in the beads reached 43%.




3.2.4. Adsorption of MB and Pb(II) in Natural Water


As the composition of natural water is more complex than that of pure water, the adsorption performance of the composite beads for MB and Pb(II) in natural water (tap water, Yellow River, and Yangtze River) was studied, and the results are shown in Figure 7a,b. The adsorption capacity of the SA/PASP/RE0.6 beads for MB and Pb(II) in Yellow River water was high (adsorption capacity: 643 mg/g for MB, and 211.78 mg/g for Pb(II)), which was close to the adsorption capacity in deionized water. The adsorption capacities of the beads were 567.10 mg/g and 577.80 mg/g for MB and 195.69 mg/g and 197.13 mg/g for Pb(II) in tap water and Yangtze River water, respectively. Similarly, the adsorption capacities of the SA/PASP/RE43 beads for MB and Pb(II) in Yellow River water were 509.5 mg/g and 152.8 mg/g, respectively. The adsorption capacities for MB and Pb(II) in tap water were 487.59 mg/g and 91.95 mg/g, respectively. The adsorption capacities for MB and Pb(II) in Yangtze River water were 512.81 mg/g and 98.56 mg/g, respectively. The main reason for the decrease in MB and Pb(II) adsorption in tap water and Yangtze River water was competition with Mg2+, Ca2+, and other metal ions on the adsorption sites. The SA/PASP/RE0.6 and SA/PASP/RE43 composite beads with different RE contents showed an excellent adsorption effect for MB and Pb(II) in natural water samples, showing their great application potential in water treatment [64,65].




3.2.5. Reusability


It is important to explore the reusability of composite beads for evaluating their application potential. As shown in Figure 7c, the adsorption rate and desorption rate of the SA/PASP/RE0.6 beads decreased slightly with the increase in the number of cycles. Compared with the first cycle, the recovery rate of the regenerated adsorbent decreased slightly by 7%. After 5 cycles of desorption and regeneration, the adsorption rate of MB on the SA/PASP/RE0.6 composite beads could still reach 85.6%, which further indicated that the SA/PASP/RE0.6 composite beads had good stability and could be recycled and reused for multiple cycles [66].





3.3. Adsorption Mechanism


The interaction of the SA/PASP/RE0.6 and SA/PASP/RE43 adsorption beads with cationic dye and Pb(II) was studied by FT-IR and XPS analyses (Figure 8). The absorption bands of the functional groups of the SA/PASP/RE0.6 and SA/PASP/RE43 beads decreased or shifted after adsorption of MB due to the interaction between the surface groups of the composite beads and MB molecules [67]. The FT-IR spectra of MB-adsorbed beads (SA/PASP/RE0.6-MB and SA/PASP/RE43-MB) showed that the characteristic absorption peaks of MB appeared at 1601 cm−1 (stretching vibration of aromatic C=C and C=N), 1410 cm−1 (C-N stretching), 1334 cm−1 (overlap of asymmetric stretching within C=N and -C-N rings), and 1083 cm−1 (C-H bending vibration). The results showed that MB was adsorbed on the composite beads [68,69]. After adsorption of MB dye, the characteristic peaks of SA/PASP/RE0.6 and SA/PASP/RE43 at 1623 and 1415 cm−1 weakened and shifted to 1604 and 1393 cm−1, indicating that a strong interaction was present between the carboxylic groups and the dye molecules. After the adsorption of Pb(II) (Figure 8a), the -COO- group in the adsorption beads would combine with Pb(II) to form the Pb…-COO- complex, while the negatively charged -COO- group attracted Pb(II) through electrostatic interaction, and the two actions promoted the adsorption of Pb(II) on the beads.



The N atoms in the SA/PASP/RE0.6 composite beads existed in two chemical states (Figure 8b): the free amino groups (–NH2) (BE = 400.12 eV) and the amino =N– structure (BE = 399.29 eV) [70,71]. After adsorption of MB, a slight shift in the N 1s signal peak of the –NH2 group toward higher binding energies was observed (Figure 8b), indicating that the N atom in the dye acted as an electron donor during the adsorption process. After adsorption of MB, the N 1s peak of =N- shifted slightly from 400.12 eV to 400.29 eV. The N 1s peak of NH2 disappeared. This showed that the -NH2 group strongly bound to MB through N-H…N=, NH…O=C, or NH…O-C=O bonding, resulting in complete coverage of the adsorption site by dye molecules. After adsorption of Pb(II), a new peak appeared at 413.5 eV due to the binding of Pb(II) with NH-, and the signal peak of -NH2 also shifted to 399.67 eV, indicating that Pb(II) formed a complex with the N-containing group on the PASP chain (Figure S9).



The XPS spectra showed four different peak areas of Pb(II) (Figure 8f). Two main peaks were observed at 143.24 and 138.37 eV, which were attributed to Pb 4f5/2 and Pb 4f7/2, with a relative area ratio of approximately 4:3 (Figure 8f). Although a weak satellite peak of Pb(II) was found at 136.33 eV, the proportion of sub-peaks with low BE values accounted for a large proportion of the Pb 4f peak. The deconvoluted Pb 4f spectrum showed that two component peaks with BE values of 143.24 and 138.37 eV and 136.33 and 141.03 eV could be assigned to Pb4+ and Pb2+, respectively [72,73]. The C 1s signal peak of the SA/PASP/RE0.6 beads could be divided into three peaks at 288.26 eV, 286.45 eV, and 284.79 eV, which corresponded to the signal peaks of C=O/O-C=O, C-O/O-C-O and C-C/C-H bonds in the beads, respectively [74,75]. After adsorption of MB, the signal peaks at 288.26 eV and 286.45 eV shifted to the low binding energy region (Figure 8c), indicating that the functional groups (i.e., carboxyl, hydroxyl groups) on the beads generated an interaction with the dye molecules.



The continuous transport of MB or Pb(II) from the outer layer to the inner layer enabled the beads to continuously adsorb MB or Pb(II) until saturation adsorption was reached. The O 1s signal peaks of the composite beads could be divided into three peaks at 530.81 eV (C=O groups of PASP), 531.27 eV (carboxylic group of SA and PASP), and 532.30 eV (alcohol hydroxyl group of SA). As shown in Figure 8e, after adsorption of MB and Pb(II), the O 1s peak of the beads shifted to the low binding energy region, indicating that an interaction was present between the oxygen-containing functional groups on the beads and dye or Pb(II) [76].





4. Conclusions


The eco-friendly and recyclable composite beads with a network structure and superior adsorption capability were prepared from all-natural sources of SA, PASP, and nanoclay rectorite (RE) in the absence of any hazardous chemicals. The network structure was rich in a large number of functional groups, and so showed good adsorption properties for MB and Pb(II). A small amount of clay in the SA/PASP/RE0.6 adsorbent contributed to the increase in adsorption capacity (MB adsorption capacity: 680.83 mg/g, Pb(II) adsorption capacity: 347.50 mg/g). The addition of 43% clay kept better adsorption capacities of 586.46 mg/g for MB and 187.78 mg/g for Pb(II). Pleasingly, the beads showed excellent capture ability for MB and Pb(II) in actual natural water samples. The adsorption of MB and Pb(II) by the beads was mainly due to the synergistic effect of electrostatic attraction, chemical complexation, pore size adsorption, and ion exchange. Finally, the environmentally friendly super adsorbent beads with high clay content, low swelling rate, and strong adsorption capacity could be prepared by a green and simple process and can be widely used as a cost-effective, efficient, and safe adsorbent for the adsorption and removal of dyes and heavy metals in wastewater.
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Scheme 1. The scheme illustrating the natural raw materials and network structure. 
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Figure 1. SEM images of the outer surface of (a) SA/PASP, (b) SA/PASP/RE0.6, and (c) SA/PASP/RE43; cross-sections of composite beads: (d) SA/PASP, (e) SA/PASP/RE0.6, and (f) SA/PASP/RE43. 
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Figure 2. TEM images of the cross-sections of (a) SA/PASP/RE0.6 and (b) SA/PASP/RE43 beads. 
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Figure 3. XRD patterns of (a): (a1) RE, (a2) SA/PASP/RE43, (a3) SA/PASP/RE0.6, (a4) SA/PASP; FT-IR spectra of (b): (b1) SA, (b2) PASP, (b3) SA/PASP, (b4) SA/PASP/RE0.6, (b5) SA/PASP/RE43, and (b6) RE; (c) N2 adsorption–desorption isotherms; and (d) pore size distribution curves of SA/PASP, SA/PASP/RE43, and SA/PASP/RE0.6. 
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Figure 4. The effect of RE content on the adsorption capacity of the beads toward (a) MB and (b) Pb(II). 
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Figure 5. The effect of pH on the adsorption of SA/PASP, SA/PASP/RE0.6, and SA/PASP/RE43 adsorbents toward (a) MB and (b) Pb(II); and (c) the dependence of the Zeta potential of SA/PASP, SA/PASP/RE0.6, and SA/PASP/RE43 on external pH value. 
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Figure 6. The adsorption isotherm curves of SA/PASP/RE0.6 and SA/PASP/RE43 for the adsorption of (a) MB and (b) Pb(II) at different equilibrium concentrations; and the effect of contact time on the adsorption of SA/PASP/RE0.6 and SA/PASP/RE43 for (c) MB and (d) Pb(II). 
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Figure 7. Adsorption capacity of SA/PASP/RE0.6 and SA/PASP/RE43 for (a) MB and (b) Pb(II); (c) Curves of removal rate versus recycle time for expressing reusability. 
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