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Abatement of mercury emissions in air and waters has become a global challenge due to the toxicity of mercury species for life, yet actual remediation techniques are limited. In particular, adsorption of mercury ions onto solids is widely used but most adsorption techniques are not specific, and in turn, removal efficiency is lower. Adsorbents developed so far include activated carbon, clay, bentonite, cellulose and chitosan. Chitosan derivatives have recently attracted research attention for water purification because their molecular frames contain a large amount of À NH 2 and À OH groups that can chelate with metal ions specifically. This manuscript reviews recent advances in chitosan-based adsorbents designed to remove mercury ions from wastewater. Focus is placed on their design, synthesis, characterization, adsorption properties, adsorption mechanisms and applications.

Introduction

Mercury is a metallic element displaying persistent, bioaccumulative and bio-expanding toxic effects. [START_REF] Rahman | [END_REF] It is known as a mutagen, teratogen and carcinogen that may cause embryo death, cytochemistry and histopathological effects. [2] Indeed, pollution by mercury has already led to major alteration of human health and the environment. [3] The toxicity of mercury depends to a large extent on its chemical state. [4] For instance, Hg(II) is the most toxic form of mercury because Hg(II) can bind to the cysteine amino acid of proteins and, in turn, may induce protein inactivation and degeneration. [5] Moreover, the toxicity of mercury is enhanced by bioaccumulation in organisms and by bio-transmission through the food chain, a classical phenomenon being the concentration of mercury in fish species located at high trophic levels, e. g., swordfish, king mackerel and albacore tuna. [6] The major sources of mercury emissions include natural sources and human activities, such as volcanic eruptions, combustion of fossil fuels, coal, mining and mineral processing. [7,8] As a consequence, there is a need for efficient methods to abate mercury pollution.

Common methods for removing mercury ions from wastewater include chemical precipitation, coagulation, ion ex-change, membrane filtration and adsorption. [9][10][11][12][13] Nonetheless, those methods are often limited by high cost, long response time, tedious operation and post-processing, and inability to meet emission standards. [14] Adsorption is widely used for removing mercury ions from industrial wastewaters, yet there are actually few adsorbents that are selective to mercury, [15][16][17] which is a major issue because mercury ions usually coexist with other abundant ions in wastewater. [18,19] The main adsorbents for mercury ions removal include activated carbon, clay, polymeric materials, cellulose, starch and chitosan. [20][21][22][23][24][25] As a versatile, low cost and green product, [26,27] chitosan has drawn great attention, and it has been extensively studied and applied in the chemical industry, agriculture, cosmetics, pharmacy, and biomedical engineering. [28][29][30][31] In addition, chitosan derivatives have also been used for the treatment of wastewater, especially for coagulation-flocculation, metal extraction and recovery and dye removal. [32,33] Chitosan is an amino-polysaccharide containing a large number of amino (À NH 2 ) and hydroxyl (À OH) groups, which confer chitosan a high adsorption capacity and selectivity to mercury ions. [34] Chitosan displays high metal-binding affinity in either concentrated or diluted effluents. Moreover, chitosan is non-toxic, biocompatible and can be used in various forms such as beads, membranes, fibers and sponges. [35,36] Also, as a semi-flexible, hydrophilic and reactive biopolymer, chitosan can be easily modified chemically. [37] Elucidation of adsorption mechanisms is critically important to understanding adsorption processes. [38] In general, adsorption mechanisms could be tackled by studying ratecontrolling steps, kinetics, thermodynamics and isotherms in conjunction with spectroscopic analysis. [39][40][41][42] For chitosan, paired electrons of O and N from carboxyl and amino groups provide empty atomic orbitals and conditions for complexation between chitosan and heavy metal ions. [43] Modified chitosan generally has multiple functional groups such as amino groups, hydroxyl groups, carboxyl groups and thiols. [44] Upon hydrogen bonding these groups form cage-like chelates, which may complex metal ions. [45] The adsorption process starts by diffusion of metal ions to adsorbents followed by surface reactions. Chitosan/metal ions complexes are then formed on the surface of the adsorbent following electrostatic attraction and chemical chelation. [46,47] The high adsorption performance of chitosan is explained by the occurrence of multi-functional groups at the chitosan surface. [48] Chitosan derivatives have recently gained research interest for the treatment of wastewater contaminated by metals and metalloids. [20,49] Comparison of chitosan-based adsorbents and other solid adsorbents shows that chitosan-based adsorbents have usually higher adsorption capacities (Table 1). Here we review the properties, adsorption mechanisms and applications of chitosan for the removal of mercury ions.

Physicochemical Properties of Chitosan

Chitosan, poly [(1, 4)-β-2amino-2-deoxy-D-glucose] (Figure 1), is a biodegradable polymer obtained by deacetylation of chitin, one of the most abundant and renewable materials on earth. [57] Chitin and chitosan differ by their degree of deacetylation and solubility in dilute acidic media. In chitin, acetylated units are dominant. When deacetylation of chitin is higher than 40-50 %, chitin becomes soluble in acidic solutions such as dilute acetic acid. [58] Specifically, dissolution is induced at the C 2 position of D-glucosamine units by protonation of amino groups, yet the solubility is also influenced by the distribution of acetyl groups on the chain. [59] Although the main polymeric chain of chitosan is composed of transmission electron microscopy, BET: Brunauer-Emmett-Teller, EDX: energy-dispersive X-ray, XRD: X-ray diffraction, FTIR: Fourier-transform infrared, XPS: X-ray photoelectron spectroscopy, TGA: thermogravimetric analysis, DFT: Density Functional Theory, NMR: Nuclear Magnetic Resonance, DTG: derivative thermogravimetry, PFO: Pseudo-first order kinetics, PSO: Pseudo-second order kinetics.

hydrophilic functional groups, chitosan is globally hydrophobic. [60] As a consequence, chitosan is usually insoluble both in water at neutral pH and in organic solvents such as dimethylsulfoxide, dimethylformamide, methylpyrrolidone, organic alcohols and pyridine.

The chitosan molecular chain contains many free amino (À NH 2 ), hydroxyl (À OH), n-acetyl (À NHÀ COÀ CH 3 ) and other reactive functional groups. [61] These groups are arranged in a regular manner on the molecular chains of the chitosan matrix, thus forming cage molecules which can chelate compounds by hydrogen binding. As a consequence, chitosan forms stable complexes with almost all transition metal ions. [62] Nonetheless, raw chitosan displays some limitations for the remediation of wastewaters contaminated by heavy metals, such as poor selectivity, low adsorption capacity, short pH range, and rather low number of functional groups. Therefore, chitosan has often been chemically modified for application of heavy metal removal.

Mechanism of Chitosan Adsorption

Adsorption of metal ions on chitosan and chitosan composites occurs by either single or mixed interactions. Metal ions are fixed to amino groups by chelation or coordination. [63] Protonated amino groups and metal cations form complexes under electrostatic attraction in acidic media, then through ion exchange with the protonated amino groups, and the metal cation is steadily adsorbed on the adsorbent. [64] Noteworthy, various interactions can take place simultaneously. The excellent adsorption of heavy metals by chitosan is usually attributed to the large number of hydroxyl groups and amino groups in the molecular chain, the high chemical reactivity of functional groups, the flexible structure of polymer chain, and the strong hydrophilicity. [65][66][67] 

Modification of Chitosan

Raw chitosan commonly displays low stability in acidic media and weak mechanical strength, which are thus not suitable for industrial applications. Moreover, raw chitosan does not have the ability to selectively adsorb a targeted metal ion in complex wastewater. Therefore, the chemical and mechanical properties of chitosan should be improved by chemical or physical modification.

The adsorption efficiency can be tuned by the surface area, porosity and particle size of the adsorbent. [68] For instance, chitosan flakes and powders are commonly not good for adsorption because of their small surface area and absence of porosity. [69] Alternatively, transformation of chitosan into gels and beads notably improves the adsorption efficiency. This is understandable in view of the expansion of the polymer network, which allows diffusion of metal ions towards internal adsorption sites. [35,70,71] The most common method to prepare chitosan beads and gels is solvent evaporation. Solvent evaporation may also be used to produce chitosan films and fibers. [72] A porous sponge has also be prepared by freezedrying, during which the chitosan solution or gel is frozen then lyophilized. [21,44] Chemical modification of chitosan, such as crosslinking and grafting, does not alter the core skeleton of chitosan, but generates new properties allowing higher adsorption capacity and efficiency. [73,74] Many chitosan derivatives have been synthesized by grafting new functional groups on the chitosan backbone to adsorb metal ions. [75] The added functional groups increase the density of adsorption sites, change the pH range of metal ions adsorption and improve the adsorption selectivity. [76] Chemical modification mainly aims at improving the adsorption of metal ions and to change the solubility of chitosan in water or acidic media. [77,78] The substitution reaction involves À NH 2 groups at the C 2 position or À OH groups at the C 3 and C 6 positions in acetylated and deacetylated units. Grafts are formed by binding molecules covalently to the chitosan backbone. [79] Noteworthy, pH is a major factor influencing water treatment by chitosan derivatives. [80] For instance, amino groups are easily ionized at low pH and thus attract anionic pollutants by electrostatic interaction. However, lowering the pH below 5 makes the chitosan gelatinous, which severely limits practical applications. [10] As a result, crosslinking has been used to strengthen the stability of chitosan in acidic media, and also to improve the adsorption performance in terms of capacity and selectivity. [81] During the crosslinking reaction, an intermediate is formed first with chitosan and the crosslinking agent, and then the new network is stabilized under specific conditions, thus increasing mechanical and chemical stability under acidic conditions. [82] A crosslinking agent is usually a substance containing various functional groups. The agent can be shaped into various forms such as rings, straight chains and branched chains. [83] Common cross-linkers include glutaraldehyde, epichlorohydrin, tripolyphosphate, carboxylic acids and isocyanates. [17,84,85] In particular, epichlorohydrin has the advantage that it does not eliminate the cationic amine function of chitosan, which is the major adsorption site for metal ions. In general, higher cross-linking decreases the number of free amino groups, the number of reaction sites and therefore the adsorption capacity. [86] Nonetheless, the adsorption capacity may be enhanced by using different types of functional groups in the crosslinking agent. Overall, the stability and mechanical properties of chitosan are improved after crosslinking.

Preparation and Characterization of Chitosan-based Composite Adsorbents

Chitosan-cellulose Biocomposite Sponge

A chitosan/cellulose biocomposite sponge is prepared by mixing solutions of chitosan and polyvinyl alcohol, then a cellulose suspension is added. After 3 hours of stirring, glutaraldehyde is added dropwise under stirring to yield a yellow sol, which is then frozen and lyophilized. [21] The C and N composition on the surfaces of chitosan and the chitosan/cellulose biocomposite sponge can be analyzed by X-ray photoelectron spectroscopy (XPS, Figures 2a and2b). The N 1s spectrum of the biocomposite displays two peaks, and the N 1s (399.36)/N 1s (401.71) ratio is weaker than that of chitosan, [87] indicating that some amino groups were involved in a Schiff base reaction with glutaraldehyde. Compared to chitosan, the broad peaks of C1s of the biocomposite at 284.78 eV, 286.36 eV, 287.9 eV and 288.87 eV correspond to sp1 (CÀ C), bonded carbon (CÀ O), imine bond (C=N), and amide bond, respectively. These results confirm the successful Schiff base reaction.

Analysis by nuclear magnetic resonance (NMR) shows that the biocomposite is globally similar to the unmodified biopolymer (Figure 2c). For instance, 13 C shifts of C 1 at 105.8 ppm, C 2 at 57.7 ppm, C 3, 5 at 76.2 ppm, C 4 at 83.3 ppm, C 6 at 62.0 ppm and CH 3 at 24.2 ppm indicate that the biocomposite has a similar structure as the chitosan precursor. [88] Nonetheless, the biocomposite shows new peaks, which can be attributed to conjugated ethylene bonds at 100.1 ppm and 129.5 ppm, and imine bonds at 179 ppm.

The Fourier transform infrared (FTIR) spectra of cellulose, chitosan, and chitosan/cellulose biocomposite sponge are shown in Figure 2d. The absorption peaks at 3405 cm À 1 , 2899 cm À 1 , 1431 cm À 1 , and 1059 cm À 1 are attributed to À OH, CÀ H, À CH 2 , CÀ OÀ C stretching of cellulose, respectively. For chitosan, the peaks at 3350-3450 cm À 1 correspond to À OH and À NH stretched vibrations, respectively. The vibration peaks of 1653 cm À 1 and 1558 cm À 1 are due to amide I and amide II. [89] The peak at 3344 cm À 1 of the chitosan/ cellulose biocomposite sponge is ascribed to À OH and À NH 2 stretching. In addition, the absorption peak at 1638 cm À 1 is attributed to the C=O stretching of amide I. [90] The C=N band is formed by the cross-linking of chitosan and glutaraldehyde and also appears in this region, which further proves the effective Schiff base reaction.

The thermal stability of chitosan and chitosan/cellulose biocomposite sponge was analyzed by thermogravimetry (Figure 2e). The slight mass loss at about 100 °C is due to the evaporation of adsorbed water. Compared with chitosan and cellulose, the biocomposite shows thermal events at 183 °C, 314 °C and 389 °C, which could be explained by the decomposition of junctions between cellulose and chitosan. [91] This observation also indicates that glutaraldehyde participates in the cross-linking reaction, and that the thermal stability is enhanced.

Mechanical properties of the material are essential for practical applications. As seen from Figure 2f (red curve), the of the chitosan/cellulose sponge (CCS) is weaker than that of chitosan (CTS), indicating that some amino groups reacted with glutaraldehyde. b) C 1s of spectra from XPS analysis; compared to chitosan the broad peaks of C1s of chitosan/cellulose sponge at 287.9 eV correspond to imine bonds C=N. c) 13 C solid-state NMR spectra of chitosan/cellulose sponge and chitosan are very similar, new peaks at 100.1 ppm and 129.5 ppm can be attributed to conjugated ethylene bonds, and imine bonds at 179 ppm. d) Fourier transform infrared spectroscopy show that the peak at 1638 cm À 1 is due to C=O stretching of amide I; the C=N bond band formed by crosslinking chitosan and glutaraldehyde also appear in this region, thus proving the Schiff base reaction. e) Derivative thermogravimetric (DTG) curves: the mass loss differences of chitosan, cellulose (CE), and chitosan/ cellulose sponge indicate that the crosslinking was successful. f) Compressive stress-strain curves show that under 80 % strain the cross-linking of chitosan improved the mechanical strength of the material and the compressive strength. PVA: polyvinyl alcohol. [21] Copyright © 2019 Elsevier B.V. chitosan/cellulose biocomposite sponge has good mechanical properties, but the compression modulus is reduced due to the weakening of hydrogen bonding within polymers, as a consequence of glutaraldehyde cross-linking. [92] The mechanical strength of the strain-hardened zone is further enhanced because of the coating of the chitosan in the porous structure, which in turn increases the compressive strength.

Polyethyleneimine-functionalized Chitosan-lignin Composite Sponge

For the preparation of polyethyleneimine functionalized chitosan-lignin composite sponge, the protocol for preparing chitosan/cellulose biocomposite sponge can be adopted. [21] Polyethyleneimine is added after the chitosan and polyvinyl alcohol are mixed, then the mixture is mechanically stirred. [44] Figures 3a and3b show the digital and microscopic photos of the composite sponge, highlighting that the sponge has an uneven and dense porous structure. The scanning electron microscope (SEM) image further proves that the composite sponge has an interconnected porous structure. The experimental data in Figure 3c shows a nanosheet thickness of about 75 nm, which is intertwined to form thin wall. [93] Figure 4a compares the infrared spectra (FT-IR) of the synthesized sponge with chitosan and lignin precursors. Here the sponge shows strong NÀ H stretching peaks at 1392 cm À 1 and 1560 cm À 1 . [94] These two peaks are attributed to primary amines and secondary amines, respectively. In addition, the sponge has a characteristic peak caused by C=N stretching at about 1647 cm À 1 , which indicates that glutaraldehyde is an efficient cross-linker of chitosan and polyethyleneimine. In the X-ray photoelectron spectroscopy (XPS) spectrum (Figure 4b), the signal intensity of N in the sponge is significantly higher than that of the other two precursors, which suggests the successful introduction of polyethyleneimine. [95] Figure 4c shows the differential thermogravimetric (DTG) analysis of the synthesized sponge and two precursors. At 364 °C, lignin displays an endothermic peak due to the cleavage of hydrogen-oxygen bonds, which are abundant in lignin. The heat loss of chitosan at 301 °C is related to the rupture of the main chain, and to the release of some small molecular fragments. [96] The thermal decomposition temperature of the composite sponge at 420 °C is higher than that of the two precursors, which demonstrates the successful formation of the composite. The endothermic peak at 257 °C is attributed to the thermal decomposition of polyvinyl alcohol in the composite sponge. [97] Figure 4d shows the compressive stress-strain curve of the composite sponge. Results show that the original sponge has a full elasticity and can recover nearly 100 % deformation after stress release. [98] The stress-strain curve of the sponge does not change significantly after different cycles, which implies that the sponge is rather stable.

Hyperbranched Polyethylenimine-functionalized Carboxymethyl Chitosan Composite

Hyperbranched polyethylenimine-functionalized carboxymethyl chitosan composite (HPFC) can be synthesized in onestep. First, a certain proportion of carboxymethyl chitosan, polyethylenimine, and polyvinyl alcohol are dissolved in ultrapure water, and then glutaraldehyde solution of a certain quality is added. After 30 minutes, the mixture is stirred at room temperature for 6 h until the Schiff base reaction is complete, yielding a pink flocculent precipitate. After filtration, the solid is washed with deionized water several times, and then lyophilized.

Figures 5a and5b show the adsorption-desorption curve and pore size distribution of the carboxymethyl chitosan and HPFC composite, using N 2 adsorption isotherms. The results The micrograph shows that the composite sponge has interconnected porous structures. c) Normal distribution of nanowalls thickness, showing a nanosheet thickness of about 75 nm, which is intertwined to form a thin wall. [44] Copyright © 2020 Royal Society of Chemistry. Compressive stress-strain curves of the PEIÀ CSÀ L sponge after different cycles, showing that the sponge keeps a stable three-dimensional network structure. [44] Copyright © 2020 Royal Society of Chemistry.

clearly show that the two samples exhibited typical type-IV Stype curve. The pore diameter distribution curves were drawn using Barrett-Joyner-Halenda (BJH) analysis, and the average pore size of HPFC was 11.9 nm, indicating the presence of mesopores. [99] The total pore volume of HPFC was found to be 8.1 × 10 À 2 cm 3 /g, which is 62 times that of CCTS. Compared with carboxymethyl chitosan, HPFC has a higher specific surface area of 22.3 m2/g and total pore volume of 8.1 × 10 À 2 cm 3 /g (Table S1). This higher pore volume and specific surface area confer HPFC a porous structure, which is beneficial for the removal of Hg(II) ions.

X-ray photoelectron spectroscopy (XPS) in Figure 5c shows that the N signal of the HPFC composite is stronger than that of the carboxymethyl chitosan precursor, indicating that polyethylenimine was effectively introduced. [100] Fourier transform infrared spectroscopy (FT-IR) shows the differences between carboxymethyl chitosan and HPFC (Figure 5d). The stretching vibration of OÀ H shows strong peaks at ~3556 cm À 1 ; the peaks at 3478 cm À 1 , 3416 cm À 1 and 3233 cm À 1 are due to NÀ H for primary and secondary amines; [101] and the peak at 1617 cm À 1 also illustrates the presence of NÀ H. The peak at 1640 cm À 1 is attributed to the C=N bond, [102,103] which indicates the successful grafting of polyethylenimine onto carboxymethyl chitosan by glutaraldehyde during the Schiff base reaction.

The thermal properties of carboxymethyl chitosan and composites were generally evaluated using thermogravimetric analysis (TGA) and derivative thermogravimetric analysis (DTG). Figures 5e and5f show two major degradation stages. The weight loss around 100 °C is considered as water evaporation. The major thermal loss of the composite is caused by the backbone decomposition at 388.3 °C, which is much higher than that of carboxymethyl chitosan. [104] 3.4. Amido-functionalized Carboxymethyl Chitosan/Montmorillonite Composites HPFC/Montmorillonite-S adsorbent was prepared by adding mercaptopropyl modified montmorillonite. [20] First, the modified montmorillonite is sonicated in deionized water, and then carboxymethyl chitosan, polyethyleneimine, and polyvinyl alcohol are added sequentially, followed by stirring. The subsequent steps are equivalent to the previous system. The obtained samples were named HPFC/x % Montmorillonite-S, where x % represents the percentage of montmorillonite-S in the HPFC. [56] X-Ray diffraction (XRD) patterns of sulfhydryl-modified montmorillonite and various composite materials are shown in Figure S1a. The characteristic diffraction peaks are located at 66.06°, 19.81°, 20.75°, 26.61°, and 61.72°. The diffraction peak intensity of the HPFC/Montmorillonite-S composites decreases after addition of Montmorillonite-S. [105] Nonetheless, when the matrix content of Montmorillonite-S is lower than 15 %, no clear diffraction peak is observed for Montmorillonite-S, because Montmorillonite-S nanosheets are uniformly dispersed. When the content of Montmorillonite-S is higher than 15 %, the intensity of these typical diffraction peaks increases with Montmorillonite-S content, but the position does not change significantly. These findings imply that a large number of Montmorillonite-S particles occur as aggregates in the polymer matrix, and that the organic polymer does not change the crystal structure of Montmorillonite-S. [106][107][108] In addition, Fourier transform infrared spectroscopy (FT-IR) and X-ray photoelectron spectroscopy (XPS) analyses of the Montmorillonite-S and HPFC/Montmorillonite-S composites are shown in Supporting Information (Figures S1b-g). c) XPS spectra and d) FT-IR spectra, showing that the crosslinking reaction of carboxymethyl chitosan (CCTS), polyethylenimine (PEI), and glutaraldehyde (GLA) was successful. e) TGA and f) DTG, supporting that the crosslinking between PEI and CCTS enhances the thermal stability. [20] Copyright © 2019 Elsevier B.V.

Adsorption Properties and Mechanism of Chitosan-based Composite for Hg(II) Ions

Adsorption Properties

Zhang et al. [44] synthesized a polyethyleneimine functionalized chitosan-lignin composite sponge to test the adsorption of Hg (II) ions in aqueous solution. In order to avoid the precipitation of Hg(II) ions, adsorption studies were performed from pH 1.5 to 5.5 to assess the effect of pH on removal of Hg(II) ions.

Figure 6 shows the relationship between pH and the adsorption capacity. The adsorption capacity increases with pH, reaching a maximum adsorption capacity of 663.5 mg/g at 5.5. This is explained by the lower protonation of amino groups at high pH, which favors Hg(II) ions binding. The adsorption of Hg(II) ions is mainly driven by chelation with the active sites.

The adsorption kinetics of Hg(II) ions by the polyethyleneimine functionalized chitosan-lignin composite sponge is shown in Figures 7a and7b. Results show that the adsorbent completes 83.5 % of the total adsorption in 1 minute, and reaches equilibrium in 6 hours at 663.5 mg/g. The good adsorption performance is attributed to the porous structure containing nanoscale interconnected walls, and to the large number of active sites for Hg(II) ions adsorption. Three kinetic models were used to describe the entire adsorption process, and correlation coefficients are shown in Table S2. The highest correlation with R 2 of 0.99 was obtained for the pseudo-second-order model, indicating that the adsorption of Hg(II) ions by the composite sponge is the nature of chemical adsorption.

The adsorption capacity of the composite sponge for Hg (II) ions increases with initial Hg concentration until reaching saturation (Figures 7c and7d). This is explained by the increasing number of Hg(II) ions in the solution, which in turn favors collisions with sponge active sites. According to the correlation coefficient value (Table S3), the Langmuir model with R 2 of 0.99 describes better the adsorption process than the Freundlich model. Here, the theoretical maximum adsorption value is close to the experimental value, indicating that the reaction involves single layer adsorption. The thermodynamic properties of the polyethyleneimine functionalized chitosan-lignin composite sponge complex were tested at 293, 303 and 313 K (Figure 7e, Table S4). The Gibbs freeenergy (ΔG, kJ mol À 1 ) increases with increasing temperature, showing that the adsorption of Hg(II) ions is spontaneous whatever the temperature.

The properties of the composite sponge were compared with those of other lignin-based adsorbents in terms of adsorption capacity, response time and adsorption efficiency (Table 2). Results show that the composite sponge removes 83.5 % of the total adsorption capacity within 1 minute, which is much faster than most others. Adsorption experiments -C 0 664.1 mg/L, sample dose 25 mg/25 mL, pH range 1.5-5.5; temperature 30 °C, adsorption time 6 h. [44] Copyright © 2020 Royal Society of Chemistry. [44] Copyright © 2020 Royal Society of Chemistry.

Zeng et al. [20] prepared hyperbranched polyethylenimine functionalized carboxymethyl chitosan composite (HPFC) to adsorb Hg(II) ions in aqueous solutions. Figure 8a shows that 80 % of initial Hg(II) ions are adsorbed by the HPFC composite in 5 min. After 12 hours, nearly 100 % of Hg(II) ions are removed, with a final Hg aqueous concentration of 0.02 mg/L, which is lower than the national industrial wastewater discharge standard of 0.05 mg/L. Such super efficiency is attributed to numerous pores and adsorption sites on the developed composite adsorbent.

In order to understand the adsorption process, three kinetic models were fitted to the experimental data (Figure 8b andc). Results show that the correlation of the pseudo second-order model with R 2 of 0.99 is better than that of the pseudo firstorder model, and the fitted Q f value is very close to the experimental value (Table S5). This means that interactions between materials and Hg(II) ions proceed by chemical binding. For instance, according to the theory of hard and soft acids and bases, heavy metal ions such as Hg 2 + , Hg 2 2 + , Pd 2 + , Ag + and Au + are soft Lewis acids, which can easily interact with soft Lewis bases such as amine/imine, carboxyl and sulfhydryl groups through coordination bonds. Nonetheless, the particle diffusion model also describes well the adsorption process. In summary, the adsorption process of Hg(II) ions by HPFC is complicated, involving intra-particle diffusion and chemical adsorption.

Furthermore, Zeng et al. [20] also tested the removal performance of HPFC using a real water sample from a gas field in China. The main components (mg/L) of the real water sample include Hg (8.44), Na (9426), Mg (685), Ca (1624), Cl À (14574), NO 3 À (155), SO 4 2À (68), HCO 3 À (201). 20 mg of dried HPFC was immersed into 20 mL of water and stirred at room temperature for 24 h. After filtration, the concentration of the solution was measured by atomic fluorescence spectrophotometer (AFS). Results show that HPFC decreases the Hg(II) ions concentration to 0.15 mg/L with a removal efficiency of 98.2 %. Thus, HPFC has good potential in practical applications.

The effects of the adsorbent on the adsorption capacity of Hg(II) ions at different temperatures were studied (Figures 9a and9b). The results are shown in the Supporting Information. Figure 9c shows the adsorption capacity versus initial Hg(II) concentration. The curves show an increase followed by a plateau. Langmuir, Freundlich and Langmuir-Freundlich models were used to fit the adsorption data. Results show that Langmuir-Freundlich adsorption model fits better than the other two models (Table S7). As a consequence, the adsorption of Hg(II) ions proceeds both by single-layer and multi-layer coordinated adsorption.

Table 2.

Comparison of equilibrium adsorption time, adsorption capacity, ultimate equilibrium adsorption capacity, and equilibrium percentage of ultimate adsorption capacity of a polyethyleneimine functionalized chitosan-lignin composite (PEIÀ CSÀ L) sponge with various lignin-based adsorbents for heavy metal ions. [44] Copyright © 2020 Royal Society of Chemistry.

Adsorbent

Heavy metal ions t (min) q t (mg/g) q m (mg/g) E (%) 5. [20] Copyright © 2019 Elsevier B.V.

The adsorption selectivity of HPFC was tested by single adsorption and mixed adsorption experiments. As shown in Figure 10a, the adsorption capacity of Hg(II) ions by HPFC in the single-component solution can reach 797.47 mg/g, far higher than that of other heavy metal ions. The adsorption capacity of different heavy metal ions follows the order Hg(II) > Pb(II) > Cu(II) > Cd(II), which indicates that HPFC has adsorption selectivity for Hg(II) ions. [114][115][116] This was further confirmed by mixed ions adsorption. As shown in Figure 10b, HPFC shows a good adsorption capacity for Hg(II) ions even in the mixed component solution, with the adsorption capacity of 318.95 mg/g. The adsorption capacities of Pb(II), Cu(II) and Cd(II) ions were 59.45, 49.37 and 38.42 mg/g, respectively.

The HPFC adsorbent has superior adsorption capacity, which can be illustrated by comparison with other reported chitosan-based adsorbents (Table 3). As a result, although the separation performance of HPFC is not as good as that of magnetic materials, the removal efficiency of Hg(II) ions is obviously better than any other known chitosan-based adsorbents. Noteworthy, the simulated Hg(II) ions wastewater treated by HPFC reaches the national industrial wastewater discharge standard, a performance which has been rarely attained so far.

The amido-functionalized carboxymethyl chitosan/ montmorillonite composite prepared by Zeng et al. [56] was also used to adsorb Hg(II) ions in aqueous solutions. Figure S2a shows the trend of removal efficiency and residual concentration with the initial pH value. Here, the adsorption efficiency is higher than 90 % at a pH 1.5. The removal rate first increases and then remains stable with pH. The electrostatic theory shows that at low pH the adsorbent surface bears more positive charges, which prevents the occupation of active sites by metal ions, and, in turn, the amount of adsorption decreases sharply. Increasing the pH of the solution reduces electrostatic repulsive forces due to the release of positive charges, which improves the adsorption efficiency of metal ions. In addition, the adsorption capacity is stable under strong acids. It was found that the chelation between N, O, S groups and Hg(II) ions does not involve electrostatic interactions, but instead of [20] Copyright © 2019 Elsevier B.V. [20] Copyright © 2019 Elsevier B.V. Formaldehyde cross-linked modified chitosan 5.0 30 60 85.33 98 [118] Glutaraldehyde cross-linked chitosan Glutaraldehyde cross-linked magnetic chitosan Poly(vinyl alcohol)-modified glutaraldehyde crosslinking chitosan 5.5 30 1440 723.87 769.23 [120] Poly(maleicacid)-grafted crosslinked chitosan 6 30 45 601 1044 [121] HPFC 5.5 30 360 1584 1594 [20] chemisorption. Moreover, after treatment, the final concentration of Hg(II) ions in water at pH 5.5, of 0.031 mg/L, is lower than the industrial emission standard, of 0.05 mg/L. The adsorption capacity of Hg(II) ions at different contact times is shown in Figure S2b. HPFC/28 % Montmorillonite-S shows a fast adsorption process. In 5 minutes, the adsorption efficiency is higher than 80 %, and then a slower removal occurs until the maximum adsorption reaches 999.97 mg/g. The kinetic mechanism and the thermodynamic adsorption experiment were explored in the Supporting Information.

Adsorption Mechanism

The mechanism of selective adsorption of different heavy metal ions in aqueous solution on HPFC materials prepared by Zeng et al. [20] was explained by the density functional theory (DFT). [122,123] The monomer structure of hyde-double carboxymethyl chitosan was optimized using the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). [124,125] Results show that HOMO and LUMO are mainly situated in nitrogen groups (À NH 2 , À C=N) and oxygen groups (À COOÀ ), which are thus the preferred sites for heavy metal ions adsorption. The optimized structure of the complex of polyethyleneimineglutaraldehyde-double carboxymethyl chitosan monomer and metal ions is shown in Figure 11. Table 4 also shows the binding energies (E ad ) of various complexes. Results show that the larger the absolute value of the binding energy, the stronger interaction force between the adsorbent and metal ions. For Hg(II) ions, the maximum adsorption value of E ad confirms the synergistic effect of N groups (À NH 2 , À C=N) and O group (À COOÀ ) for strong chelation.

The mechanism of the interaction between Hg(II) ions and the adsorbent prepared by Zeng et al. [51] was studied by XPS and EDS-Mapping. Results show that O, N and S groups of HPFC/28 % Montmorillonite-S were involved in the adsorption process of Hg(II) ions. Hg(II) ions exist in the form of Hg 2 + , HgOH + , and Hg(OH) 2 in the aqueous solution according to the pH value. Free Hg 2 + mainly exists below pH 4, HgOH + and Hg(OH) 2 coexist at pH value 4 ~6, and Hg(OH) 2 predominates above pH 6. The involved complexation reaction can be described by:

� CÀ NH þ Hg 2þ þ 2NO 3 À ! � CÀ NÀ Hg 2þ , NO 3 À þ HNO 3 (1) 
� CÀ NH þ HgOH þ þ NO 3 À ! � CÀ NÀ HgOH þ HNO 3 (2) � CÀ NH þ HgðOHÞ 2 !� CÀ NÀ HgOH þ H 2 O (3) 
The mechanism can be explained as follows: at low pH, Hg(II) ions occurs as Hg 2 + , which adsorbs onto active groups to form positively charged complexes. These charged complexes form an electrostatic barrier that prevents adsorption. At higher pH, hydroxylated mercury HgOH + and Hg(OH) 2 interacts with reactive groups to form neutral complexes such as NÀ HgOH. As the adsorption process proceeds, more and more hydroxylated mercury forms chelate and aggregates on indicating that amino (À NH 2 , À C=N) and oxygen groups (À COOÀ ) are the main functional groups for the adsorption of heavy metal ions, and the more negative the adsorption energy value is, the stronger is the interaction between the metal-adsorbent complex. The H, C, N, and O are depicted by white, grey, blue, and red, respectively. [20] Copyrights © 2019 Elsevier B.V.

Table 4.

Optimized adsorption energies calculated by the density functional theory (DFT) for the interaction of heavy metal ions with polyethyleneimine-glutaraldehyde-double carboxymethyl chitosan monomer. [20] Copyrights © 2019 Elsevier B.V. the active sites. Aggregates gradually grow up due to the interference of hydrogen bonds and foreign particles, producing a heterogeneous solid matter. Overall, the presumed mechanism of Hg(II) ions removal involves not only chelation at the adsorption-solution interface, but also precipitation on the adsorbent surface.

Conclusion

How to rationally recycle and utilize Hg(II) ions, and to reduce their harm to the environment and human body is a matter worthy of profound understanding and substantial endeavors. In this review, we have articulated the research progress of chitosan-based and chitosan derivatives-based adsorbents employed for the removal of Hg(II) ions. The use of chitosan and chitosan derivatives for removing Hg(II) ions from contaminated solutions presents many attractive features such as acid and alkali resistance, strong adsorption capacity, rapid kinetic, high selectivity, easy recycling and renewable, etc. Nevertheless, many challenges need to be tackled before the actual application of chitosan-based adsorbents. Environmentally friendly modifying agent and green preparation methods are highly recommended for processing such adsorbents. Although many current modifications could increase the adsorption performance of the adsorbents, organic or inorganic reagents used in the preparation may cause secondary pollution to the environment. Also, the coadsorption performance in a real case should be considered as an important future research direction. In practice, a large number of organic pollutants and heavy metal ions coexist in wastewater, which poses a greater challenge to the design of corresponding adsorbents. If being able to remove heavy metal ions and organic pollutants simultaneously, it will lead to a wider application of such adsorbents. One-time treatment to reach the emission standards can reduce subsequent treatment costs and reduce secondary pollution, which is a key to environmental remediation. Considering the complexity of heavy metal pollution, an eco-friendly adsorbent with a capacity of completely removing pollutants is urgently desired.
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  for the maximum adsorption capacity. Time point represents the steep-sloped portion of the instantaneous adsorption stage. SEM: scanning electron microscopy, TEM:

Figure 1 .

 1 Figure 1. Schematic representation of completely deacetylated chitosan. Chitosan is a biological macromolecule obtained by deacetylation of chitin. Chitosan contains a large number of amino and hydroxyl groups.

Figure 2 .

 2 Figure 2. a) High-resolution N 1s spectra; the N 1s (399.36)/N 1s (401.71)of the chitosan/cellulose sponge (CCS) is weaker than that of chitosan (CTS), indicating that some amino groups reacted with glutaraldehyde. b) C 1s of spectra from XPS analysis; compared to chitosan the broad peaks of C1s of chitosan/cellulose sponge at 287.9 eV correspond to imine bonds C=N. c)13 C solid-state NMR spectra of chitosan/cellulose sponge and chitosan are very similar, new peaks at 100.1 ppm and 129.5 ppm can be attributed to conjugated ethylene bonds, and imine bonds at 179 ppm. d) Fourier transform infrared spectroscopy show that the peak at 1638 cm À 1 is due to C=O stretching of amide I; the C=N bond band formed by crosslinking chitosan and glutaraldehyde also appear in this region, thus proving the Schiff base reaction. e) Derivative thermogravimetric (DTG) curves: the mass loss differences of chitosan, cellulose (CE), and chitosan/ cellulose sponge indicate that the crosslinking was successful. f) Compressive stress-strain curves show that under 80 % strain the cross-linking of chitosan improved the mechanical strength of the material and the compressive strength. PVA: polyvinyl alcohol.[21] Copyright © 2019 Elsevier B.V.

Figure 3 .

 3 Figure 3. a) Digital photo and b) Scanning electron microscope (SEM) images of the polyethyleneimine chitosan-lignin sponge (PEIÀ CSÀ L). The micrograph shows that the composite sponge has interconnected porous structures. c) Normal distribution of nanowalls thickness, showing ananosheet thickness of about 75 nm, which is intertwined to form a thin wall.[44] Copyright © 2020 Royal Society of Chemistry.

Figure 4 .

 4 Figure 4. a) Fourier transform infrared spectra (FT-IR), and b) X-ray photoelectron spectra (XPS) of the polyethyleneimine functionalized chitosan-lignin (PEIÀ CSÀ L) sponge, confirming that glutaraldehyde has well cross-linked chitosan and polyethyleneimine. c) Derivative thermogravimetry (DTG) curves of lignin, chitosan (CS) and the PEIÀ CSÀ L sponge, further demonstrating the successful preparation of the composite sponge. d)Compressive stress-strain curves of the PEIÀ CSÀ L sponge after different cycles, showing that the sponge keeps a stable three-dimensional network structure.[44] Copyright © 2020 Royal Society of Chemistry.

Figure 5 .

 5 Figure 5. (a) Adsorption-desorption curves, and (b) Pore diameter distributions indicate the presence of mesopores; and the increase of the total pore volume reveals the porous structure of the synthesized hyperbranched polyethylenimine functionalized carboxymethyl chitosan composite (HPFC).c) XPS spectra and d) FT-IR spectra, showing that the crosslinking reaction of carboxymethyl chitosan (CCTS), polyethylenimine (PEI), and glutaraldehyde (GLA) was successful. e) TGA and f) DTG, supporting that the crosslinking between PEI and CCTS enhances the thermal stability.[20] Copyright © 2019 Elsevier B.V.

Figure 6 .

 6 Figure 6. Effect of pH on the adsorption capacity of the polyethyleneimine functionalized chitosan-lignin composite sponge (PEIÀ CSÀ L) for Hg(II) ions, showing that the adsorption capacity of Hg(II) increases with pH.Adsorption experiments -C 0 664.1 mg/L, sample dose 25 mg/25 mL, pH range 1.5-5.5; temperature 30 °C, adsorption time 6 h.[44] Copyright © 2020 Royal Society of Chemistry.

Figure 7 .

 7 Figure 7. a) Pseudo-first order, pseudo-second order, and b) intra-particle diffusion models, showing that adsorption reaches 83.5 % of the initial adsorption amount in 1 min, and reaches equilibrium in 6 hours at 663.5 mg/g. c) Langmuir and d) Freundlich model, demonstrating that the Langmuir model better describes the adsorption process, and that the adsorption proceeds by a single layer. e) Effect of temperature on the adsorption and f) lnK c versus 1/T for Hg(II) ions by the polyethyleneimine functionalized chitosan-lignin composite sponge, indicating the adsorption process is spontaneous and feasible. (C 0 1-1000 mg/L, sample dosage 25 mg/ 25 mL, temperature 20, 30, 40 °C, pH 5.5, contact time 1-360 min).[44] Copyright © 2020 Royal Society of Chemistry.

Figure 8 .

 8 Figure 8. a) Effect of contact time on Hg(II) adsorption by the hyperbranched polyethylenimine-functionalized carboxymethyl chitosan composite (HPFC), showing that nearly 100 % of Hg(II) ions were removed after 720 min. b) Pseudo-first order, pseudo-second order and c) Intra-particle diffusion model, suggesting that the adsorption of Hg(II) ions on HPFC is well described by the pseudo-second order model. C 0 798.1 mg/L, sample dosage 20 mg/20 mL, temperature 30 °C, pH 5.5.[20] Copyright © 2019 Elsevier B.V.

Figure 9 .

 9 Figure 9. a) Effect of temperature on the adsorption, and b) lnK c versus 1/T, showing increasing Hg(II) ions adsorption capacity with temperature. c) Adsorption isotherms for Hg(II) ions on the hyperbranched polyethylenimine-functionalized carboxymethyl chitosan composite (HPFC), suggesting that the adsorption behavior is better described by the SIPS model (Langmuir-Freundlich adsorption model) compared to the Langmuir and Freundlich models. Sample dosage 20 mg/20 mL, C 0 10 ~798.1 mg/L, temperature 20, 30, 40 °C, pH 5.5, adsorption time 360 min, 720 min.[20] Copyright © 2019 Elsevier B.V.

Figure 10 .

 10 Figure 10. Selective adsorption by hyperbranched polyethylenimine-functionalized carboxymethyl chitosan composite. Sample dosage 20 mg/20 mL, temperature 30 °C, pH 5.5, adsorption time 360 min. a): Single component solution; b): Mixed component solution.[20] Copyright © 2019 Elsevier B.V.

Figure 11 .

 11 Figure 11. Optimized structure of polyethylenimine-glutaraldehyde-double carboxymethyl chitosan monomer with a) Cu, b)Cd, c) Pb and d) Hg, indicating that amino (À NH 2 , À C=N) and oxygen groups (À COOÀ ) are the main functional groups for the adsorption of heavy metal ions, and the more negative the adsorption energy value is, the stronger is the interaction between the metal-adsorbent complex. The H, C, N, and O are depicted by white, grey, blue, and red, respectively.[20] Copyrights © 2019 Elsevier B.V.

  2 groups. A series of chitosan derivatives have been obtained by crosslinking with glutaraldehyde among others or by grafting new functional groups on the chitosan backbone with the aim of adsorbing Hg (II) ions. The new functional groups allow to change the pH range for Hg(II) ions adsorption, to change the adsorption sites in order to increase adsorption capacity and efficiency, and to enhance sorption selectivity. D. Zhang, G. Crini, E. Lichtfouse, B. Rhimi, C. Wang*

  

Table 1 .

 1 The differences between some chitosan-based adsorbents and other reported solid adsorbents for Hg(II) ions adsorption.
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Table 3 .

 3 Comparison of Hg(II) ions adsorption on hyperbranched polyethylenimine functionalized carboxymethyl chitosan composite (HPFC) and other adsorbents.[20] Copyright © 2019 Elsevier B.V.
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