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Abstract

:

Owing to the toxicity and widespread use of copper, the pollution caused by copper ions has become a long-standing environmental and industrial challenge. In this study, a new adsorbent was developed to dispose of and remove copper ions from water. The modified chitosan–carboxymethyl starch (MCTS-CMS) polymer was characterised, and FTIR and SEM-EDS confirmed the successful graft modification of the receptor. The adsorption behaviour was investigated through various parameters, and the results showed that the optimal parameters were pH > 4.0, an adsorption time of 30 min, a reaction temperature of 293 K, and an initial concentration of 100–120 mg/L. The experimental data exhibited a good fit with pseudo-second-order models, and the Langmuir isotherm revealed that the polymer was found to be highly suitable for adsorption, with a maximum adsorption capacity of 321.16 mg/g. Thermodynamic analysis revealed that the adsorption process was exothermic and spontaneous. XRD and XPS confirmed the generation of posnjakite after the adsorption and the predominant roles of nitrogen- and sulphur-containing groups in the adsorption. Further analysis confirmed the existence of chemisorption and physical adsorption, with chemisorption mainly facilitating the Cu(II) absorption of the polymer. MCTS-CMS showed an excellent removal efficiency of 98% in acidic solutions. On the basis of these findings, the MCTS-CMS polymer demonstrates excellent performance and high selectivity in the removal of copper ions from industrial wastewater or polluted water bodies. This work recommends expanding the polymer’s practical applications to contribute to water purification efforts.
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1. Introduction


Over the past few decades, fast-growing industrialisation has caused severe aquatic environmental issues related to heavy metals. Copper is the third most used metal in the world and widely applied in various industries [1,2,3]. However, its use is often accompanied by water pollution. It is reported that high Cu(II) concentrations above the maximum contamination level goal (1.3 mg/L) have been measured in water resources in various regions around the world, such as the United Kingdom, the Netherlands, and China [4,5]. Although copper is an essential element for the proper functioning of human physiological processes, excessive intake of copper ions can overwhelm cells, leading to death [6,7,8]. Different from organic pollutants, copper ions do not break down into less harmful species over time [9]. The amount of Cu(II) pollution in the global water environment has been increasing, and it has been recognised as a major heavy metal contaminant causing significant health risks [10]. Considering water pollution and health problems, minimising and removing Cu from water and wastewater are of paramount importance. Thus, the treatment of wastewater containing copper has attracted much attention in recent years.



Various methods are available for the removal of metal ions, including chemical precipitation, filtration, and adsorption [11,12,13,14,15,16,17]. Among them, adsorption is one of the most popular because of its wider application to sources of raw materials, higher efficiency, higher selectivity, higher recycling rate, and lower secondary pollution levels [18,19]. In this process, the adsorbent is the decisive factor in removing heavy metal ions, and natural polymers are widely used adsorbents because of their characteristics, such as abundant raw materials, high adsorption capacities, and variable product types and functional groups [20,21]. Chitosan has become popular because of its sources and characteristics. Crabs and prawns produce chitin, which is then used to produce chitosan, a linear polyamine obtained through the partial deacetylation of chitin with alkaline solutions, in their shells [22]. Its molecular structure has primary amino and hydroxy groups, which make chitosan an effective chelating agent for transition metals [23]. Chitosan and its derivatives have been widely applied in the adsorption of heavy metal ions because of the hydrogen bonding from intermolecular and intramolecular sources [23,24]. Detailed studies on chitosan-based adsorbent materials for copper ion adsorption have been listed by Mallik [25]. Popuri et al. synthesised a chitosan composite incorporating multi-walled carbon nanotubes and evaluated its adsorption performance in comparison to that of pure chitosan. The results revealed a substantial increase in the adsorption capacity, with the composite achieving 454.55 mg/g compared to 178.6 mg/g for pure chitosan [26]. Comparative analyses demonstrated that the adsorption capacities of chitosan composites surpass that of pure chitosan [26,27]. Among the adsorbents from chitosan-based composites, Fan et al. found the chitosan composite had the highest adsorption capacity, 678.0 mg/g [27]. However, most reported adsorption capacities are concentrated in the range below 200 mg/g [25]. Surface modification appears to be another effective method for enhancing the adsorption capacity and other properties of chitosan, making it suitable for industrial-scale applications. Through graft modification, various functional groups, such as carboxyl, amino, or sulphur groups, can be grafted onto chitosan molecules to improve the adsorption capacity of the adsorbent [28,29]. Li et al. explored the adsorption properties of copper grafted onto porous poly (L-lactic acid)/chitosan nanofibers, achieving an adsorption capacity of 111.66 ± 3.22 mg·g−1 through coordination interactions [30]. Therefore, increasing the adsorption capacity remains the primary concern.



Because of its inherent instability, chitosan easily dissolves in acidic media. Additionally, its adsorption of metal ions is easily affected by the physicochemical properties of the solution and the intermolecular hydrogen bonds within chitosan, which greatly limit its practical applications [31,32]. Therefore, chitosan is often modified through cross-linking reactions to form a stable network structure, making it more suitable for application [33]. Commonly used small-molecule cross-linking agents for chitosan include epichlorohydrin and glutaraldehyde [25]. In this study, the rarely used carboxymethyl starch was chosen as a cross-linking agent, in which condensation reactions between molecules lead to cross-linking. Xanthate, commonly used as a collector in flotation processes, possesses thiol groups that selectively bind to metal ions [34]. Therefore, carbon disulphide was introduced to modify the synthesised compound, enhancing its copper ion adsorption capacity. On this basis, we first prepared the composite and then modified it to further enhance its selectivity. Then, FTIR and SEM-EDS analyses were carried out to characterise the surface and functional groups of the modified polymer. The effects of the pH, contact time, temperature, and initial concentration were also examined. The adsorption mechanism was discussed based on adsorption kinetics, adsorption isotherms, adsorption thermodynamics, XRD, and X-ray photoelectron spectroscopy (XPS). This study supports the application of this adsorbent in the removal of copper ions and provides a reference direction for polymer modification.




2. Materials and Methods


2.1. Materials


A chitosan sample, with a molar mass of approximately 1 million and a deacetylation degree of 95%, was procured from Macklin Biochemical Co., Ltd., Shanghai, China. Carboxymethyl starch, with substitution degrees of 0.2–0.3, and 4-(4,6-dimethoxy triazin-2-yl)-4-methyl morpholine hydrochloride (DMT-MM) were acquired from Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China. The structures of the chitosan and carboxymethyl starch are shown in Figure 1. The carbon disulphide, copper sulphate pentahydrate, hydrochloric acid, sodium hydroxide, anhydrous ethanol, and other reagents used in the experiments were analytical grade.




2.2. MCTS-CMS Polymer Preparation


The chitosan–carboxymethyl starch (CTS-CMS) polymer was first prepared by blending and cross-linking and then alkalised with sodium hydroxide for 1 h. After several hours of reaction with a certain amount of CS2, the products were separated from the solution using absolute ethyl alcohol through solvent precipitation. Then, 70% ethanol was used for washing after filtration and soaking in absolute alcohol for 12 h. After vacuum drying, the preparation was completed, and the product was a brown–yellow powder. The preparation reaction of the MCTS-CMS polymer is demonstrated in Figure 2, and the details are listed in the Supplementary Materials. The MCTS-CMS polymer was formed through the xanthate acidification reaction between the CTS-CMS polymer and CS2 in an alkaline environment. Sulphur was introduced to the polymer after the modification to form new groups, such as the C=S group or the thiol group. The new polymer structure is shown in Figure 3.




2.3. Characterisation of the MCTS-CMS Polymer


FTIR was used to examine the modification performance of the CTS-CMS polymer. FTIR spectra were carefully recorded using an FTIR IR Affinity-1 instrument from SHIMADZU Corporation, Japan, within the 450–4000 cm−1 range.



Morphological investigation was performed using a JSM-6480 LV, JEOL. The powder samples were tested before and after the adsorption. The relative contents of characteristic elements in the samples were determined using an energy-dispersive spectrometer.




2.4. Adsorption Experiments


Copper sulphate (CuSO4) was used to prepare a standard solution as a source of bivalent copper ions. A sodium hydroxide solution and a diluted hydrochloric acid solution were employed to adjust the pH. The adsorbent amount used in each experiment was 0.05 g. The concentration of the copper in the standard solution was determined using an ultraviolet spectrophotometer from SHIMADZU, Kyoto, Japan. The absorbance was determined, and the complex was stabilised for 30 min under the conditions of the determination. The adsorbent’s adsorption capacity (Q (mg/g)) was calculated as follows:


  Q =        C   0   −   C   e     × V   W    ,  



(1)







In this formula, C0 (mg/L) and Ce (mg/L) represent the initial and final concentrations of the copper ions, respectively; V denotes the volume of the solution in litres; and W signifies the weight of the adsorbent in grams.



Adsorption experiments of the Cu(II) in aqueous solutions were conducted by varying the initial adsorbent concentration, solution pH, and temperature at different intervals. The copper adsorption capacity of the MCTS-CMS polymer was determined by measuring the difference between the copper ion concentrations before and after the adsorption. The analysis of the results is presented in Section 3.2, Section 3.3, Section 3.4 and Section 3.5. The reported values were averaged from three repetitions of each adsorption experiment.




2.5. XRD and XPS Measurements


XRD was employed to identify any newly formed compounds resulting from the adsorption. XPS analysis was performed to detect the surface characteristics of the MCTS-CMS polymer before and after Cu(II) adsorption, and the spectral data were recorded using an Al Kα X-ray source at 150 W. The XPS peaks were fitted and analysed using Thermo Avantage 5.96, with all the spectra calibrated to C 1s at 284.8 eV.





3. Results


3.1. Characteristics of the MCTS-CMS Polymer


3.1.1. FTIR Analysis


Figure 4 shows the FTIR spectra of the chitosan, CTS-CMS polymer, and MCTS-CMS polymer.



The peaks at 3200–3500 cm−1 represent the stretching vibration caused by the overlap of O-H and N-H bonds [35]. The stretching vibration caused by the N-H bond of the CTS-CMS polymer was observed at 3257 cm−1, which shifted to a lower wavenumber compared with the 3351 cm−1 peak of the chitosan. And the peak at 3426 cm−1 typically corresponds to the stretching vibration of O-H groups involved in hydrogen bonding. These variations may be because of the enhanced intramolecular hydrogen bonding [36]. Both the chitosan and CTS-CMS polymers exhibit high-intensity vibration peaks at 2927 cm−1 and 2925 cm−1, respectively, which correspond to the stretching vibration of the C-H in -CH2 [36]. For the CTS-CMS polymer, the secondary amide C=O exhibits a strong stretching vibration peak between 1680 and 1630 cm−1, while the peak at 1662 cm−1 in the spectrum of the CTS-CMS polymer is likely a deformation vibration peak of the primary amide [37]. In the second amide band, primary amides have an N-H peak located between 1640 and 1600 cm−1, while secondary amides exhibit a strong and distinctive characteristic peak between 1500 and 1530 cm−1. Therefore, the presence of the peak at 1512 cm−1 suggests the existence of secondary amide groups [38]. For the MCTS-CMS polymer, new peaks appeared at 1452, 1321, and 884 cm−1, corresponding to the characteristic stretching vibrations of the C-N bond (with a partial double bond characteristic) and the C=S bond from the CS2-NR2 group. These results provide evidence for successful modification with CS2 [39].




3.1.2. SEM-EDS Analysis


The surface morphologies of the MCTS-CMS polymer before and after copper ion adsorption were visualised using SEM. Figure 5 shows the SEM micrographs of the MCTS-CMS polymer at various magnifications. The CTS-CMS polymer has a rough and puffy surface, and the MCTS-CMS polymer surface has needle-shaped protuberances and roughness (Figure 5a,b). This finding suggests that the adsorption capacity of the modified polymer may increase; however, further verification through testing or experiments is required. This structure also provides additional adsorption sites on the surface of and inside the adsorbent [40]. The SEM micrograph of the MCTS-CMS polymer after the adsorption of copper ions distinctly differed from Figure 5c. The previous needle-shaped protuberances were completely covered by particles, and the polymer became spherical after the adsorption. According to the EDX spectrum of the MCTS-CMS polymer after the adsorption, carbon, oxygen, sulphur, and copper elements are present in the polymer. This result confirms the existence of copper ions adsorbed by MCTS-CMS and that the polymer has an adsorption effect on copper ions.





3.2. Adsorption Experiments


3.2.1. Effect of the pH on Cu(II) Adsorption


The relationship between the adsorption capacity of the MCTS-CMS polymer and the pH (3.0–8.0) is shown in Figure 6. Adsorption experiments were carried out under acidic conditions from pH 3.5 to 8.0. The adsorption time, reaction temperature, and initial concentration were 5 min, 323 K, and 120 mg/L, respectively. According to the results, the Cu(II) adsorption capacity of the MCTS-CMS remarkably increased with increasing pH from 3.0 to 4.0. When the pH increased from 4.0 to 8.0, virtually no change was observed in the polymer’s adsorption capacity. At low pH values, a large number of hydrated hydrogen ions are present in the solution, which may lead to a highly protonated adsorbent surface. This protonation could cause the electrostatic repulsion of the positively charged copper ions. However, as the pH increases, this protonation effect diminishes. This finding indicates that MCTS-CMS is suitable for treating copper-containing wastewater with a pH greater than 4.0.




3.2.2. Effect of the Adsorption Time


The effect of the contact time on the Cu(II) adsorption capacity of the MCTS-CMS polymer was studied, as shown in Figure 7. The solution pH, reaction temperature, and initial concentration were 5.0, 323 K, and 120 mg/L, respectively. The Cu(II) ion adsorption capacity of the MCTS-CMS polymer increased with increasing adsorption time. Particularly, a rapid increase in the adsorption capacity was observed during the first 5 min. After 30 min, the adsorption equilibrium was reached. The maximum value remained constant, even when the adsorption time was extended beyond 30 min. Therefore, an adsorption time of 30 min was identified as sufficient to reach the adsorption equilibrium.




3.2.3. Effect of the Reaction Temperature


Figure 8 illustrates the effect of the reaction temperature (293–323 K) on the modified polymer’s Cu(II) adsorption capacity. The solution pH, adsorption time, and initial concentration were 5.0, 30 min, and 120 mg/L, respectively. The Cu(II) adsorption capacity of the MCTS-CMS polymer decreased from 316.65 mg/g to 286.39 mg/g as the temperature increased. These results showed that the adsorption process between Cu(II) and MCTS-CMS was exothermic. On the one hand, according to Le Chatelier’s principle, the system reduced the adsorption to balance the added energy when the temperature increased. On the other hand, as the temperature raised, the kinetic energy of both the adsorbate and adsorbent molecules increased, weakening their interactions and leading to an increase in the desorption rate of the adsorbate, thereby reducing the effective adsorption [41]. In summary, the adsorption capacity decreased as the temperature increased. The optimal temperature chosen was 293 K, at which the MCTS-CMS polymer exhibited a relatively high adsorption capacity and was easily implementable in industrial applications. Future research can further optimise the polymer structure to enhance its adaptability at higher temperatures, thereby expanding its practical application range.




3.2.4. Effect of the Initial Concentration


Adsorption tests are highly dependent on the initial concentration. Figure 9 shows how Cu(II) ions affect the MCTS-CMS polymer’s adsorption capacity and removal efficiency. The pH value of the solution, adsorption time, and reaction temperature were 5.0, 30 min, and 293 K, respectively. The adsorption capacity of the polymer increased with increasing initial concentration. When the initial concentration reached 160 mg/L, the adsorption capacity gradually flattened, and the maximum Qe was approximately 317.29 mg/g. Meanwhile, the removal efficiency of Cu(II) ions exhibited an initial increase followed by a subsequent decrease. The maximum removal efficiency reached approximately 98% when the initial concentration ranged from 100 mg/L to 120 mg/L. As the initial concentration continued to increase, the removal efficiency decreased rapidly, which may be because of the adsorbent reaching its maximum adsorption capacity.





3.3. Adsorption Kinetics


The following three classical and widely used models were utilised to explicate the kinetic adsorption process: pseudo first order, pseudo second order, and intraparticle diffusion.



The pseudo-first-order model can be expressed as follows:


    log  ⁡      Q   e   −   Q   t       = l o g   Q   e   −      k   1     2.303    t ,  



(2)




where k1 (1/min) is the rate constant of the pseudo-first-order adsorption, t (min) denotes the reaction time, Qe (mg/g) represents the equilibrium amount of copper ions adsorbed per gram of the MCTS-CMS polymer, and Qt (mg/g) denotes the quantity of copper ions adsorbed per gram of the MCTS-CMS polymer at any given time (t).



The pseudo-second-order kinetic model can be expressed as follows:


     t     Q   t      =    1     k   2     Q   e   2      +    1     Q   e      t ,  



(3)




where k2 (g/mg min) represents the rate constant, t (min) denotes the reaction time, Qe (mg/g) represents the equilibrium amount of copper ions adsorbed per gram of the MCTS-CMS polymer, and Qt (mg/g) denotes the quantity of copper ions adsorbed per gram of the MCTS-CMS polymer at any given time (t).



The intraparticle diffusion model can be formulated as follows:


    Q   t   = k   t     1  /  2     + C ,  



(4)




where k (min−1/2 mg/L) is the rate value of the intraparticle diffusion adsorption, t (min) denotes the adsorption time, Qt (mg/g) represents the quantity of copper ions adsorbed per gram of the MCTS-CMS polymer at any given time (t), and C is the kinetic constant of the intraparticle diffusion, as determined by the boundary layer thickness: the higher the boundary layer thickness, the higher the C value.



Different kinetic models were investigated to study the kinetics of the Cu(II) removal. The fitting results are shown in Figure 10, and the kinetic constant (K) and linear correlation coefficient (R2) are presented in Table 1. R2 is often used to measure the predictive effect, and its numerical range is from 0 to 1: the higher its value, the better the prediction. According to the comparison among the three different models, the pseudo-second-order model fitted the data better than the others. As shown in Table 1, the pseudo-second-order model had the maximal correlation coefficients under the same test conditions, and its calculated and experimental Qe values were in agreement. This finding confirms that the pseudo-second-order kinetic model is appropriate for describing the Cu(II) adsorption by the MCTS-CMS polymer. Furthermore, the best fit confirms the dependency of the adsorption mechanism on the amounts of the adsorbate and adsorbent [42]. The interaction rate is proportional to the quadratic power of the reactant concentration. Hence, the chemisorption is explained by the high R2 value and the similar prediction of Qe.




3.4. Adsorption Isotherms


Langmuir, Freundlich, and Temkin models were applied to demonstrate the relationship between the experimental data. The following is the Langmuir isotherm’s equation [43]:


    Q   e   =      Q   m a x   b   C   e     1 + b   C   e       



(5)







In this formula, Ce (mg/L) denotes the concentration at equilibrium, b denotes the constant of the adsorption equilibrium, and Qe and Qmax (mg/g) represent the adsorption capacity at equilibrium and the maximum theoretical adsorption capacity, respectively.



The Freundlich isotherm is an empirical model that describes the equilibrium on heterogeneous surfaces and does not assume a monolayer capacity [44]. It can be expressed as follows:


  l n   Q   e   = l n   K   f   +    1   n    l n   C   e   ,  



(6)




where Ce (mg/L) is the concentration at equilibrium, K (mg/g) (L/mg) represents the Freundlich constant, and Qe (mg/g) represents the adsorption capacity at equilibrium. In the   l n   Q   e     −   l n   C   e     plots, the intercept is denoted as lnKf, and the slope is represented by n−1, where the slope signifies a corresponding increase in the adsorption amount with an increase in the solution concentration, and the intercept denotes the initial adsorption amount.



The Temkin isotherm model can be mathematically formulated as follows [45]:


    Q   e   = B l n   C   e   + B l n A ,  



(7)




where A and B have fixed values, Ce (mg/L) denotes the concentration at equilibrium, and Qe (mg/g) represents the adsorption capacity at equilibrium.



The isothermal studies were used to analyse the adsorption mechanism between the adsorbent and the adsorbate. Herein, the adsorption performances of the MCTS-CMS polymer at four different temperatures were characterised using the Langmuir (Equation (5)), Freundlich (Equation (6)), and Temkin (Equation (7)) isotherm models. The fitting curves and isotherm parameters are presented in Figure 11 and Table 2. The comparison of the fits of the three models showed that the Langmuir model explained the adsorption better than the other models in accordance with its higher correlation factor (R2) at different temperatures. This result indicates that the adsorption is a homogenous process in which Cu(II) is adsorbed in the form of a monolayer on the MCTS-CMS polymer, occurring at a fixed number of adsorption sites. Furthermore, the adsorption of the adsorbate on the surface is independent of the presence of other molecules, and there is no interaction between the molecules. This finding aligns with the results presented in Section 3.2.4. The maximum adsorption capacity of 321.16 mg/g, as determined by fitting the Langmuir isotherm model, is close to the experimental value of 317.29 mg/g from the adsorption experiment. Furthermore, the maximum adsorption capacity of the CTS-CMS polymer was 162 mg/g, and that of MCTS-CMS was significantly increased [35]. This result indicates that the modification effectively enhances the polymer’s ability to adsorb copper ions.



RL, from Langmuir isotherms, can be used to identify favourable adsorption. The equation is as follows:


    R   L   =    1   1 +   K   L     C   0      ,  



(8)







In this formula, KL (L/mg) denotes the adsorption equilibrium value, and Ce (mg/L) denotes the initial concentration of the adsorption process. RL = 0 indicates non-reversible adsorption, and RL = 1 indicates that the adsorption is reversible. If the material is favourable for adsorption, the RL value will range between 0 and 1. Conversely, if the material is unsuitable for adsorption, the RL value will exceed 1. The RL value of the MCTS-CMS polymer was between 0 and 1, indicating that it can easily adsorb Cu(II).




3.5. Adsorption Thermodynamics


The influences of the adsorbent, adsorbate, solvent, and other conditions on the adsorption process can be further analysed. The standard Gibbs free energy can be calculated as follows:


  Δ   G   0   = − R T l n   K   c   ,  



(9)







In this formula, the R value is 8.314 J/mol K, T (K) represents the Kelvin temperature of the reaction, and KC (L/mol) represents the equilibrium constant of the Langmuir isotherm. Additionally, the relationship among the enthalpy change (    Δ H   0    ), entropy change (    Δ S   0    ), and Gibbs free energy change (Δ    G   0    ) can be expressed as follows:


  Δ   G   0   =   Δ H   0   −   Δ S   0   T .  



(10)







Figure 12 shows the results of the linear fitting of the thermodynamic equation. The thermodynamic parameters     Δ H   0     and     Δ S   0     can be obtained from the parameters of the equation, and the data are summarised in Table 3.



The negative values of Δ    G   0     from Table 3 indicate that the MCTS-CMS polymer is adsorbing Cu(II) in a spontaneous manner. The thermodynamic parameters     Δ H   0     and     Δ S   0     were calculated at −15.208 kJ·mol−1 and 27.73 kJ·mol−1 K−1, respectively. These values prove that the reaction is an exothermic reaction with an entropically increasing process and an increase in the chaos of the system during the adsorption. Generally, the variation in the physical adsorption’s free energy is less than that in the chemical adsorption’s heat. The physical adsorption’s free energy value generally ranges from several hundreds to several thousands, with a maximum value of 40 kJ·mol−1. Meanwhile, the average experimental value for     Δ H   0     was −6.66 kJ·mol−1. The adsorption heat of the chemisorption is higher than that of the physical adsorption, with values ranging from 84 kJ·mol−1 to 417 kJ·mol−1. Hence, physical adsorption is present in the Cu(II) adsorption of the MCTS-CMS polymer.




3.6. Adsorption Mechanism of Cu(II)


3.6.1. XRD Analysis


The crystal state of the copper adsorbed on the surface of the MCTS-CMS polymer was investigated. According to the peak data from the No. 83-1410 PDF, the adsorbed material is posnjakite (Cu4(SO4) (OH)6 (H2O)), as shown in Figure 13. The specific XRD data of the MCTS-CMS polymer after Cu(II) adsorption are listed in Table 4. The interplanar spacing and average crystal diameter were 73.76 and 0.32 nm, respectively.




3.6.2. XPS Analysis


The modified polymer was subjected to XPS analysis before and after adsorbing Cu(II) to further study the adsorption process. The elements of the functional groups playing the main role in the adsorption were determined by analysing the changes in the binding energies of the elements after the adsorption.



The comparison of the XPS spectra of the MCTS-CMS polymer before and after Cu(II) adsorption is shown in Table 5. The binding energies of N 1s and S 2p changed, and those of the spectra of C 1s and O 1s showed no distinct change. This finding suggests that the functional groups containing nitrogen and sulphur play a crucial role in the adsorption.



As shown in Figure 14a,b, the N 1s spectra of the MCTS-CMS polymer before and after adsorbing Cu(II) can be divided into three peaks. Before the adsorption, the binding energies of the amino group (-NH2), proto-amino group (-NH2/NH3+), and amide group (NHC=O) were 399.1, 400.2, and 400.9 eV, respectively. These values are consistent with previous research [46,47]. After Cu(II) adsorption, the binding energies of -NH2 and -NH3+ changed to 399.7 and 401.8 eV, respectively. Meanwhile, the binding energy of the amide group remained at 400.2 eV. This finding indicates that the amide group is not involved in bonding or in reactions, and the -NH2 and -NH2/NH3+ groups have adsorbed copper ions.



As shown in Figure 14c,d, the peaks with binding energies at 161.9 and 163.1 eV were attributed to the thiol group without adsorption, and those with binding energies at 167.5 and 168.7 eV were ascribed to the C=S group [48,49]. The binding energies of the original peaks changed after the reaction with copper ions. The binding energies of the thiol group changed to 162.5 and 163.7 eV and those of the C=S group to 168.42 and 169.6 eV. Therefore, the thiol group and C=S group are involved in the adsorption of copper ions.



By observing the narrow-scan spectra of Cu and noting that there is only a weak satellite peak at around 945.0 eV, it can be inferred that copper ions mainly exist in the form of Cu(I). During fitting, the G-L values of Cu(I) and Cu(II) ions should differ, with the former being around 20% and the latter generally exceeding 70%. Additionally, the FWHM of Cu(I) is 1.62 eV, while that of Cu(II) is broader, at 3.15 eV. The Cu 2p spectra are shown in Figure 15. Each spectrum consists of two Gaussian–Lorentzian bands separated by 19.75 eV and comprises two sets of peaks and a satellite peak. The peaks with binding energies at 932.4 and 952.2 eV were attributed to Cu(I), and those with binding energies at 933.9 and 953.7 eV were attributed to Cu(II) [50]. The satellite peak at 944.4 eV exhibited a relatively low intensity. It was also identified as the Cu(I) satellite peak and indicates the existence of Cu(I) [46]. The Auger spectrum of the copper cannot be analysed using the conventional Gaussian–Lorentzian peak-fitting method; instead, the nonlinear least square (NLS) method should be employed for peak deconvolution and identification of chemical states to enable the accurate determination of the proportions of copper in different valence states. According to the Auger peak of the copper, the peak area ratios of monovalent copper (Cu(I)) and bivalent copper (Cu(II)) ions are 81.21% and 18.79%, respectively. The copper ions, primarily existing in a monovalent form, are mainly adsorbed through chemical adsorption because physical adsorption does not alter the valence state. Therefore, the high area ratio of Cu(I) illustrates that chemisorption and physical adsorption exist, but chemisorption predominates in the Cu(II) adsorption of the MCTS-CMS polymer.






4. Conclusions


In this work, an MCTS-CMS polymer was successfully synthesised and demonstrated high efficiency in removing Cu(II) from aqueous solutions. The optimal adsorption conditions were pH > 4.0, an adsorption time of 30 min, a reaction temperature of 293 K, and an initial Cu(II) concentration of 100–120 mg/L. The kinetic data fitted the pseudo-second-order model, and the Langmuir isotherm revealed a maximum adsorption capacity of 321.16 mg/g at 293 K. Thermodynamic analysis confirmed that the process was exothermic and spontaneous.



XRD results revealed the presence of posnjakite after the adsorption. XPS analysis showed that nitrogen- and sulphur-containing groups, particularly sulphur, played a key role in the adsorption process. Chemisorption and physical adsorption were both observed, with chemisorption being the dominant mechanism. In conclusion, the distinctive advantages of the MCTS-CMS polymer render it as an efficacious adsorbent to eliminate excessive Cu(II) from aqueous media. However, this study does not explore the material’s performance in selective adsorption or during repeated use, which indicates a lack of research in these areas. Future studies will concentrate on enhancing the polymer’s structure to optimise its performance under higher-temperature conditions.
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Figure 1. Structures of chitosan and carboxymethyl starch. 
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Figure 2. Synthesis and modification routes of the MCTS-CMS polymer. 
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Figure 3. Polymer structures before and after the modification. 
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Figure 4. FTIR spectra of chitosan, chitosan-carboxymethyl starch polymer (CTS-CMS), and modified chitosan-carboxymethyl starch polymer (MCTS-CMS). 
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Figure 5. SEM micrographs of CTS-CMS polymer (a,b) before and after the modification; MCTS-CMS polymer (c) after Cu(II) adsorption and the corresponding EDX plots of the MCTS-CMS polymer. 
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Figure 6. Effect of the pH on the Cu(II) adsorption capacity of the MCTS-CMS polymer. 
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Figure 7. Effect of the adsorption time on the Cu(II) adsorption capacity of the MCTS-CMS polymer. 
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Figure 8. Effect of the pH on the Cu(II) adsorption capacity of the MCTS-CMS polymer. 
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Figure 9. Effect of the initial concentration on the Cu(II) adsorption capacity and removal of the MCTS-CMS polymer. 
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Figure 10. Adsorption kinetic curves of Cu(II) ions adsorbed on the MCTS-CMS polymer. 
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Figure 11. MCTS-CMS polymer adsorbs Cu(II) nonlinearly at various temperatures: (a) Langmuir; (b) Freundlich; (c) Temkin. 
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Figure 12. Linear fitting of the thermodynamic equation. 
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Figure 13. XRD pattern of the MCTS-CMS polymer with adsorbed Cu(II). 
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Figure 14. N and S spectra of the MCTS-CMS polymer before and after Cu(II) adsorption. 
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Figure 15. Cu spectra of the MCTS-CMS polymer after Cu(II) adsorption. 
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Table 1. Comparison of different kinetic models with parameters.
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Kinetic Model

	
Parameter




	
k

	
Qe

	
C

	
Correlation Coefficient (R2)






	
Pseudo first order

	
0.423

	
280.183

	
-

	
0.99744




	
Pseudo second order

	
0.005

	
287.671

	
-

	
0.99989




	
Intraparticle diffusion

	
25.580

	
-

	
126.994

	
0.51400











 





Table 2. Isotherm constants for the adsorption of Cu(II) on the MCTS-CMS polymer at various temperatures.
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T (K)

	
Langmuir Parameter

	
Freundlich Parameter

	
Temkin Parameter




	
Qmax

	
b

	
R2

	
Kf

	
n

	
R2

	
A

	
B

	
R2






	
293.15

	
321.16

	
1.71

	
0.996

	
276.56

	
0.03

	
0.820

	
3.20×1011

	
10.37

	
0.831




	
303.15

	
312.24

	
2.06

	
0.999

	
274.74

	
0.03

	
0.866

	
4.16×1013

	
8.72

	
0.874




	
313.15

	
296.89

	
3.45

	
0.993

	
274.05

	
0.02

	
0.897

	
3.20×1022

	
5.28

	
0.902




	
323.15

	
287.50

	
5.66

	
0.990

	
274.19

	
0.01

	
0.796

	
2.38×1039

	
3.02

	
0.800











 





Table 3. Thermodynamic constants of the adsorption process.
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T (K)

	
KC

	
ΔG0 (kJ·mol−1)

	
ΔH0 (kJ·mol−1)

	
ΔS0 (J·mol−1·K−1)






	
293.15

	
17.91

	
−7.03

	
−15.208

	
27.73




	
303.15

	
15.04

	
−6.833




	
313.15

	
12.66

	
−6.610




	
323.15

	
9.98

	
−6.180











 





Table 4. Specific XRD data of the MCTS-CMS polymer after Cu(II) adsorption.
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Angle

	
Full Width at Half Maximum

	
Average Interplanar Spacing (nm)

	
Average Crystal Size (nm)






	
12.743

	
0.211

	
73.76

	
0.27




	
25.662

	
0.364




	
33.172

	
0.156




	
37.101

	
0.202




	
44.823

	
0.281




	
59.771

	
0.216




	
59.975

	
0.538











 





Table 5. The XPS total spectra of the MCTS-CMS polymer before and after adsorbing Cu(II).
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Species

	
Before Adsorption

	
After Adsorption




	
B.E.

	
At.%

	
B.E.

	
At.%






	
C 1s

	
284.8

	
60.71

	
284.8

	
64.26




	
N 1s

	
398.8

	
1.87

	
399.8

	
2.27




	
O 1s

	
530.8

	
35.01

	
530.8

	
26.32




	
S 2p

	
166.8

	
2.41

	
162.8

	
5.65




	
Cu 2p

	
-

	
-

	
930.8

	
1.50
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