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Abstract

:

The environment is at the heart of global worldwide discussion. This study describes the synthesis of ecofriendly polymers by a crosslinking reaction between β-cyclodextrin as the monomer and polyethylene glycol diglycidyl ether (PEDGE) as well as ethylene diglycidyl ether (EDGE) as the crosslinking agents. The studied polymers were characterized by several techniques, such as SEM, FTIR, TGA-TDA and XRD. Their adsorption properties for methylene blue under various conditions of pH, contact time and initial concentration of dye were assessed in order to find the optimal conditions. The results indicate that the polymers are good nominates for methylene blue adsorption with adsorption capacities up to 15 mg/g. The adsorption mechanism was demonstrated to follow the Langmuir model. Finally, the regeneration of the polymers was investigated using Soxhlet extraction with ethanol. The absorption capacities of the adsorbent were stable after three cycles.
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1. Introduction


Many manufacturing industries, such as printing, leather, textile finishing, pharmaceutical companies and plastic, are customary users of dyestuffs. It has been clearly demonstrated that almost 10 to 15% of the dyes are released with the effluent, leading to water contamination [1]. Due to their complex aromatic molecular structure, dyes are chemically stable to biodegradation, heat, light and oxidizing agents, resulting in environmental persistence and bioaccumulation [2]. By a cascading effect, they contribute to environmental pollution in trace quantities and have an impact on ecosystems [3] and human health [4].



Meanwhile, different methods are already used to remove dyes from wastewaters, such as chemical coagulation [5], fungal decolorization [6], adsorption [7], membrane filtration [8] and degradation [9]. However, water treatment technologies require a longer treatment time and high operating costs. Much attention has been focused on the design and synthesis of new adsorbents to remove organic dyes from water. Adsorption seems to be the most discerning process due to several advantages, including a low cost, high efficiency, recyclable ability, production of non-toxic by-products, easy process and the recovering of the whole dye. To be a good adsorbent, the intended target must possess efficient adsorption abilities with respect to the dye but also a low water solubility and good processing performance.



Literature reports the use of numerous adsorbents of organic or mineral origin with significant examples, such as silica nanoparticles [10,11], activated carbon [12], zeolite [13], chitosan [14], nanocomposites [15] and cellulose [16]. The scientific community is increasingly concerned about the environment and the nature of the compounds used to prevent its contamination. Various derivatives of biomass were investigated and β-cyclodextrins (β-CD) seems to be promising, ecofriendly materials due to their low cost, chemical stability, high reactivity and safety.



β-CD consists of seven glucopyranose units linked by α-1,4-glucosidic bonds that can encapsulate guest molecules to form host–guest inclusion complexes [17]. Due to their ability to form inclusion complexes, CDs and their derivatives are widely used as drug carriers [18,19,20], in food formulations [21,22] and in soil remediation [23]. However, β-CD can be used for the removal of organic dyes from water but its solubility in water limits its use in the native form. By organizing them in a network, water-insoluble polymers using a crosslinking agent, such as epichlorohydrin [24,25,26,27], dicarboxylic acid [28] or isocyanate [29,30], can be achieved to obtain an adsorbent. Depending of the experimental conditions during the polymerization reaction, water-soluble and water-insoluble polymers are generally obtained [31,32]. Various applications of these polymers were reported, in particular for dye [33,34,35,36], organic pollutants [37] and heavy metal ions removal [38].



Unfortunately, epichlorohydrin and isocyanates have a major drawback, in that they are known to be toxic and carcinogenic to humans and animals [39] and produce unsafe byproducts in the β-CD crosslinking process. Another point to consider is the chemical nature of the linker because β-CD does not have the same affinity for dyes. Jiang [40] suggested that β-CD polymers containing carboxylic acid groups efficiently remove methylene blue from water. Up to now, many papers have described the preparation of β-CD adsorbents with various linkers to remove dyes from water, but other non-toxic crosslinking agents should be tested.



For example, polyethylene glycol (PEG) is widely used in drug delivery [41,42], electronics [43], fluorescent detection [44] and tissue engineering [45] due to its harmlessness. Moreover, PEG can be easily functionalized with azides, thiols, carboxylic acids, hydroxyl and epoxides, making them attractive for organic synthesis. Jafari et al. [46] have reported the development of polymers based on PEG and chitosan to accelerate the full-thickness wound healing process. This study was confirmed by Bratskaya [47] with the synthesis of chitosan gels based on diglycidyl ethers of ethylene glycol and PEG. These linkers seem to be compatible with native sugars and sugar derivatives.



Few studies deal with the use of PEG as a crosslinker for the synthesis of β-CD polymers. These papers report that the conditions as well as the molecular weight (Mw) of the PEG affect the solubility of the obtained polymers, leading to soluble [48] or insoluble polymers [49,50,51,52]. For example, Kono et al. [52] described that bisphenol (BPA) was efficiently removed from an aqueous solution using β-CD polymers obtained with polyethylene glycol diglycidyl ether (PEDGE) as the crosslinking linker. This study has been corroborated by Lee [53]. By adding polyethylenimine in the polymer network, β-CD polymers based on PEDGE can readily remove BPA and copper from wastewater. Recently, the Dossi team has reported the synthesis of crosslinked β-CD polymers based on PEDGE and their nitrated derivatives for binder formulation with selected energetics [54,55,56].



To validate this linker, methylene blue (MB) was selected as the target dye. MB is a cationic phenothiazine derivative part of the xanthine family, commonly used as a dye in the textile industry or for medication and often employed as a model to evaluate the adsorption capacities of CD and CD derivatives, such as polymers or nanoparticles [10,57,58,59]. Nevertheless, accumulation of MB affects the environment and threatens the life of microorganisms due to their deep color and low degradation rate [60]. With regards to humans, MB has adverse health effects, such as skin sensitization, eyes burn, etc. [61].



Herein, we report the synthesis of insoluble β-CD polymers using polyethylene glycol diglycidyl ether (PEDGE) and ethylene glycol diglycidyl ether (EDGE) crosslinkers in a one pot process. Polymers were characterized using FTIR spectroscopy, Thermogravimetric Analysis (TGA), Differential Thermal Analysis (DTA), X-ray Diffraction (XRD), Brunauer–Emmett–Teller (BET) analysis and Scanning Electron Microscopy (SEM). Batch adsorption experiments were realized with different parameters, such as adsorbent mass, initial MB concentration and pH. An isotherm model was evaluated to determine the efficiency of the adsorption process. Moreover, the reusability of the adsorbent was also investigated.




2. Materials and Methods


2.1. Materials


β-cyclodextrin (β-CD) was purchased from Wacker-Chemie (Lyon, France). Polyethylene glycol diglycidyl ether (PEDGE, Mw: 500 and Mw: 640) and ethylene glycol diglycidyl ether (EDGE, Mw: 200) were obtained from Sigma Aldrich. Sodium hydroxide, methylene blue (dye content > 82%) and all the solvents were purchased from Sigma Aldrich and used as received.




2.2. Preparation of β-CD Polymers


Polymers were prepared based on the method described by Komiayama [62]. Briefly, 5 g of β-CD (4.4 mmol) were dissolved in 5 mL of water in a beaker. Then, 5 mL of aqueous sodium hydroxide solution (50 wt%) was added to the resulting solution. The mixture was forcibly stirred on a water bath at 50 °C. The etherification reaction was processed via a nucleophilic substitution of alkoxy anionic β-CD on epoxy moieties of PEDGE or EDGE (Scheme 1). A total of 44 mmol of linker (10 eq.) was added dropwise overnight to get the polymers (EGCD, PEGCD1, PEGCD2). Afterwards, the polymers were washed successively with water, acetone, methanol and ethanol to remove the unreacted compounds. Polymers were dialyzed with water overnight twice and the solution inside the dialysis tube was evaporated to obtain a white powder for EGCD and PEGCD1 and a viscous gel for PEGCD2. The powders and gel were dried in vacuum at 90 °C. Table 1 shows the experimental conditions.




2.3. Structural Analysis


2.3.1. FTIR Spectroscopy


ATR-FTIR spectra were recorded using an IR-Affinity-1 spectrophotometer (Shimadzu) equipped with a MIRacleTM ATR (diamond crystal) accessory over the range of 4000–500 cm−1 during 16 scans.




2.3.2. TGA/DTA Analysis


TGA/DTA experiments were realized with a Netzsch STA 409 apparatus. A sample mass of polymer was loaded in an alumina crucible and heated from room temperature to 900 °C for β-CD and 1000 °C for the linker and polymers (heating rate: 5 °C min−1) in air flow (75 mL·min−1).




2.3.3. Brunauer–Emmett–Teller Analysis


The specific surface area of the synthetized polymers was measured using the Brunauer–Emmett–Teller (BET) method (N2 adsorption) using a Tristar II apparatus.




2.3.4. Scanning Electron Microscopy Analysis


SEM characterization was obtained with a TESCAN Vega 3 scanning electron microscope (SEM) equipped with a gaseous secondary electron detector (GSED). Images were recorded with an acceleration voltage of 5kV under high vacuum.




2.3.5. X-ray Diffraction Analysis


The crystallinity of the solids was determined at room temperature by the X-ray Diffraction (XRD) technique with a Brucker D8 Advance diffractometer equipped with a copper anode (l = 1.5406 Å) and a Lynx Eyes Detector. The scattering intensities were measured over an angular range of 10° < 2θ < 80° for all samples with a step size of Δ (2θ) = 0.02° and a count time of 2 s per step. The diffraction patterns were indexed by comparison with the “Joint Committee on Powder Diffraction Standards” (JCPDS) files.





2.4. Adsorption Experiments


The residual concentration of MB was determined by UV/Vis (Perkin-Elmer lambda 2S spectrophotometer). As the absorbance of MB between 500 and 750 nm was maximal at 665 nm (λmax), this wavelength was used to monitor adsorption.



2.4.1. Preliminary Assessment of Polymers


A stock solution of MB was prepared at 100 mg/L. For prior analysis, 50 mg of polymers were mixed with 20 mL of MB (50 mg/L) in a Syncore glass tube and shook at 260 rpm in a Syncore apparatus (BUCHI) at pH 6. After 24 h, the residual amount of MB in the solution was determined by comparison with calibration curves obtained by dilution of the stock solution.




2.4.2. Experimental Validation of Polymers Towards MB


In order to study the effect of pH and initial concentration of MB, 30 mg of polymers were introduced in a Syncore glass tube with 50 mL of MB solution. The same treatment was carried out on these samples. For the pH study, 0.1 N NaOH and 0.1 N HCl were used to adjust the pH of the desired solution. The effect of the adsorbent amount was studied using 50 to 400 mg of the polymer. For each assay, the adsorption experiments were performed in triplicate to ensure the reproducibility. The amount of MB adsorbed, qt (mg/g), was determined using the following Equation (1):


   q t  =    (   C 0  −  C r   )   w  ∗ V  



(1)




where C0 and Cr (mg/L) are the initial and residual MB concentrations, respectively; V (L) is the volume of the solution; and w (g) is the mass of the polymer.






3. Results


3.1. Preparation of β-CD Polymers


Polymers based on PEDGE 500 (PEGCD1), PEDGE 640 (PEGCD2) and EDGE (EGCD) were synthesized according to the adaptation to the described procedure of Komyama [62]. First, alkoxides were obtained by reacting 50% of the weight of the NaOH with the hydroxyl groups of the β-CD, followed by a reaction with the epoxide ring of the diglycidyl ether molecule. Partial substitution of the hydroxyl group proceeded in a good yield by heating the reaction mixture at 50 °C. There was no evidence of polymer formation at room temperature [50]. After dialysis, PEGCD1, PEGCD2 and EGCD were obtained in the insoluble form. These results were consistent with those of Kono [52], indicating that at a higher concentration of PEDGE and EDGE, the formation of water insoluble polymers is prominent. In addition, the low yield of insoluble polymers (Table 1) was consistent with the results described by Luppi [55]. At a high sodium hydroxide concentration, the crosslinker was degraded and the formation of alkoxide was limited in the viscous reaction mixture. The degradation of the crosslinker leads to the formation of a tetra-hydroxyl by-product.



As a consequence, the use of PEDGE as a safe crosslinking agent leads to the synthesis of soft materials with a high crosslinking degree compared to the epichlorohydrin agent [62]. Additionally, PEDGE can be used without chemical modification [48,50] under mild aqueous conditions and without the inclusion complexation of PEG inside the cavity of CD [63].




3.2. Structural Characterization


3.2.1. FTIR Spectroscopy


FTIR-ATR spectroscopy allows the recognition of the skeleton of the polymeric network. EDGE, PEGCD1 and PEGCD2 polymers were characterized by FTIR-ATR spectroscopy and were compared to those of β-CD and native EDGE and PEDGE linkers (Figure 1). The FTIR spectrum of β-CD exhibits an OH stretching vibration at 3280 cm−1, aliphatic CH2 stretching vibration at 2910 cm−1, C–C stretching vibration at 1114 cm−1 and C–O stretching vibration at 1020 cm−1. A small peak was observed at 1680 cm−1, corresponding to the entrapped water inside the β-CD. Compared with β-CD, the linker FTIR spectrum exhibited significant characteristic peaks at 2968 cm−1 (stretching symmetric of CH2 and CH), 2862 cm−1 (asymmetric stretching vibration of CH2 and CH), 1456 cm−1 (scissoring of CH2) and 1373 cm−1 (bending of CH). These peaks were completed with the strong absorption at 1083 cm−1, corresponding to the C–O and C–C stretching bands. The bands at 906 and 837 cm−1 were attributed to the stretching vibration of the epoxide in the linker. On the contrary, characteristic bands of β-CD and the linker were increased and broadened in the spectra of the three polymers, indicating successful crosslinking at 2935, 2850, 1454, 1348 and 1070 cm−1. The peak at around 3300 cm−1 assigned to the vibration of the OH group of the β-CD was decreased in the polymer spectra, confirming the reaction between the alkoxide group and epoxide linker.




3.2.2. TGA/TDA Analysis


Thermal stability is an important factor in polymer research. TGA/TDA analysis allows to set the presence of structural units through their degradation pattern. More specifically, TGA and DTA were performed to characterize the thermal stability of β-CD and crosslinkers inside the polymers. Figure 2 shows the TGA and DTA curves of β-CD, PEDGE, EGCD, PEGCD1 and PEGCD2.



Figure 2b shows that PEDGE thermal decomposition started at about 125 °C and was completely combusted at about 500 °C. According to the literature [64], β-CD thermal decomposition is initiated by the formation of the residue char between 250 and 350 °C, afterwards following with a slow thermal degradation of the char (280–800 °C). In our case, the same behavior was observed for β-CD. The initial weight loss observed for EGCD, PEGCD1 and PEGCD2 represents the loss of residual water, which was more important for PEGCD2 (15%) than for EGCD (8.6%) and PEGCD1 (2.8%). Then two weight loss steps can be distinguished, associated with three exothermic peaks. The first step between 200 and 400 °C—91% for EDGE, 85% for PEGCD1 and 77.5% for PEGCD2—accounted for most of the weight and was associated with the formation of the residue of the β-CD/EGCD or PEGCD polymers. The last step represents the slow charring of the polymer residue along with the degradation of the char. As mentioned by Mane [65], the results confirmed that the aliphatic and flexible crosslinkers containing polymers are less stable toward thermal action.




3.2.3. Brunauer–Emmett–Teller Analysis


Specific surface area was investigated by nitrogen physisorption measurements. Based on the BET results, both EGCD and PEGCD1 have a low BET specific surface area, namely 3.31 m2.g−1 and 4.37 m2.g−1, respectively. It should be noticed that the BET analysis of PEGCD2 was not recorded due to its gel form. According to Anne [66], β-CD presented a micropore structure with a surface area of 2.45 m2.g−1. PEGCD1 exhibited a higher surface compared to EGCD. This fact can be attributed to the effect of the crosslinkers used [65]. Therefore, this short difference is probably due to the more pronounced hydrophobic character of the PEGDE compared to the EDGE linker. However, as described by Vilar [67], the conditions for N2 adsorption in the BET method can disturb the surface properties of the adsorbent and skew the results of a specific surface area. Thereby, monolayer MB adsorption following the Langmuir model, as described in Section 3.3.3, provides an alternative method to calculate the BET surface.



Estimated specific surface area (AS) was calculated using Equation (2):


   A S  =     10   − 3    Q m   N A   A m   M   



(2)




where NA is Avogadro’s number (6.022 × 1023 mol−1); Am the effective molecular area for MB (Am = 1.3.10−8 m2); and M is the molecular weight of MB (319.89 g.mol−1).



The maximum adsorbed amount of MB (Qm) was 10.68 mg.g−1 for EGCD and 6.37 mg.g−1 for PEGCD1. Therefore, the estimated specific surface area was 26.14 m2.g−1 and 15.60 m2.g−1 for EGCD and PEGCD1, respectively.




3.2.4. Scanning Electron Microscopy Analysis


Scanning Electron Microscopy analysis (Figure 3) was performed to determine and compare the surface features. It has been demonstrated that β-CD exhibit a crystalline structure in its native form. Obviously, introducing linkers inside the network reduce the crystallinity of β-CD. The PEGCD1 and EGCD polymers showed a relatively coarse surface and irregular structure with some crystalline area compared to PEGCD2, which presents a smoother structure. As shown in Figure 3, the polymers were characterized with diameters of nanoscale size.




3.2.5. XRD Analysis


The powder XRD crystallinity analysis could provide identification and characterization of the crystal structure of materials. The XRD patterns of β-CD reported in Figure 4 show the main diffraction angles in the range of 2θ = 5–35°, which have the characteristic angles at 9.2°, 12.8°, 17.6° and 22.8°, as described by Salgin [68]. These peaks are proof of the presence of a highly crystalline structure. In contrast, the XRD patterns of the β-CD polymers change drastically after the polymerization reaction, indicating that the introduction of β-CD as a monomer of the crosslinking reaction disrupt the fine structure crystallinity of the β-CD. According to the broad diffraction peak in the XRD spectra at 20.3° for EDGE, 20.2° for PEGCD1 and 19.4° for PEGCD2, no separated crystal aggregates were observed inside the polymer structure, leading to a homogeneous distribution of β-CD.





3.3. Adsorption Experiments of Polymers Towards Methylene Blue


3.3.1. Prior Analysis


The absorption ability of the polymers was investigated with MB as a model molecule. The UV–vis spectra of MB exhibited a main absorption at 665 nm for the MB dimer and 612 nm for the MB monomer, as shown in Figure 5. Briefly, 50 mg of each polymer were added to 20 mL of MB (50 mg/L) overnight under stirring. The absorbance of the supernatant was measured after centrifugation. A decrease in the absorbance of the supernatant was observed for all the tested polymers (Figure 5), demonstrating that MB was effectively adsorbed by the polymers. However, the studied polymers did not demonstrate the same efficiency with regard to MB. The polymer based on PEDGE 500 (PEGCD1) was more efficient compared to EGCD and PEGCD2. This could be due to a better accessibility of the CD cavities and a rapid dissemination of MB through the polymer network.



According to these results, we decided to investigate the adsorption ability of these three polymers towards MB. As a first step, to achieve the most efficient adsorption, the optimal conditions, such as the pH, adsorbent mass and initial concentration of MB, should be determined.




3.3.2. Effect of pH


The modification of β-CD with ethylene glycol and polyethylene glycol leads to a low value of specific surface area. It was reasonable to deduce that high adsorption performance could not be obtained. Therefore, the nature of the absorbent and target molecule may participate in the adsorption ability. The study of the pH remains essential, especially when the adsorbent and target molecule are subject to protonation or deprotonation as a function of pH. It is well known that pH is the most important parameter in the adsorption process due to its effect on the dye molecule and on the surface of the adsorbent [69]. In our study, pH values can affect not only MB but also the linker and β-CD.



Since most of the studied parameters might be depending on the contact time, it has been established that MB adsorption was practically instantaneous [70], depending on the substrate. The time was fixed to 24 h to improve the stability of the β-CD/MB complex and confirm the equilibrium.



The protonation of the OH group of the adsorbent forms a cation that pushes away the protonated MB. In these experiments, the sorption capacity of the polymers was evaluated by measuring the remaining amounts of MB in the supernatant. A fixed amount of MB (50 mg/L) was stirred in the presence of 30 mg of each polymer at room temperature during 24 h. The effect of pH on MB adsorption was investigated between pH 2 and 12, and the results are illustrated in Figure 6.



We can observe that the MB adsorption was less effective at pH 2 for EGCD, PEGCD1 and PEGCD2. Indeed, at a low pH, the dimethylamino groups in the MB and hydroxyl groups of β-CD and the linker were probably positively charged, which reduced the formation of inclusion complexes due to the weak interaction of MB with the hydrophobic cavity. Between pH 2 and 4, the adsorption ability enhanced with increasing pH. In this case, the hydrophilic and hydrophobic groups in each MB molecule simultaneously exist, allowing the inclusion of MB. From pH 4, PEGCD1 adsorbs twice as much as EGCD and PEGCD2. No change was observed between pH 6 and 8. Then MB removal increased gradually until pH 12. At pH 12, the yield of MB removal was higher for all the studied polymers and pretty closed to the same value. All the MB molecules with ammonium salt are neutralized at a higher pH, thus reinforcing interactions between MB and CD and the dissemination of MB through the polymer network.




3.3.3. Effect of Adsorbent Mass


In order to estimate the required amount of solid polymer required to obtain a maximal adsorption, experiments were conducted by using 50 mL of MB (50 mg/L) with various polymer amounts (50 to 400 mg). The polymers were kept in contact with MB for 24 h at pH 6. The results displayed in Figure 7 demonstrate a loss of adsorption efficiency when increasing the mass of the polymers between 50 and 400 mg. The amount of adsorption sited should increase with the adsorbent mass and consequently exhaust the MB solution having a fixed concentration. In our case, the amount of MB decreases until 200 mg of polymer and tends to remain constant. Concerning the percentage of MB adsorbed, we can observe a slight increase for PEGCD1 and PEGCD2 from an initial amount of polymer of 50 mg to a ten times higher amount (400 mg). Concerning EGCD, whatever the amount, the polymer is able to be adsorbed around 15% of the initial MB present in the solution. It is therefore more useful to work with small masses of adsorbents from an economical point of view.




3.3.4. Effect of Initial Dye Concentration


Batch experiments were performed at different MB concentrations (5–100 mg/L). The polymers were mixed with MB during 24 h at pH 6. The amount of MB adsorbed depending on the initial concentration is present in Figure 8.



According to Figure 8, the amount of MB adsorbed by the polymer increases from 8 to 51 mg/g with the increase of the initial MB concentration from 5 to 100 mg/L. This increasing of the concentration gradient acts as the driving force. The polymer obtained from PEDGE 500 (PEGCD1) was more efficient compared to those obtained from PEDGE 640 (PEGCD2) and EDGE (EGCD).



With different initial concentrations of MB, it has been observed that the yield of adsorbed MB decreases with the increase in the concentration of the MB solution. When the concentration of MB is low, the equilibrium is rapidly reached because they are many sites available for adsorption. At high MB concentrations, more active sites were occupied and the percentage of additional MB adsorbed was lower, if compared to the initial concentration.



According to these results, adsorption isotherms were investigated to fit the best model. In this way, batch experiments were conducted with various concentrations of MB (10–100 mg/L). Other parameters were kept constant (adsorbent mass = 30 mg, time = 24 h, Syncore vial speed = 260 rpm and pH = 6).



The modeling of the adsorption equilibrium consists of representing the equilibrium relationship between the quantity of MB in the liquid phase and that adsorbed on the material by application of the Langmuir model and the Freundlich model [71,72]. The Langmuir isotherm is generally used when the adsorption is a monolayer with a specific homogeneous binding site while, for Freundlich isotherm, it rather meets a multi-layer adsorption process with a heterogeneous surface. The MB adsorption was fitted to both Langmuir and Freundlich models. Since values of the correlation coefficient for the Freundlich isotherms were not significant compared to Langmuir model, the Freundlich isotherms are not described in this study.



The Langmuir model (Equation (3)) is the following one:


     C e     Q e    =    C e     Q m    +  1   Q m   K L     



(3)







For the Langmuir equation, Ce (mg/L) is the concentration of MB at equilibrium; Qe (mg/g) is the uptake capacities at equilibrium; Qm (mg/g) is the maximum adsorption capacity; and KL (L/mg) is the Langmuir equilibrium constant. Figure 9 depicts the linear fit of the isotherm data for PEGCD2.



All the parameters for the Langmuir model for EGCD, PEGCD1 and PEGCD2 are listed in Table 2.



The linear regression line of Ce/Qe versus Ce allows to calculate the Langmuir constants KL and Qm. The separation factor RL was calculated through the following equation (Equation (4)).


   R L  =  1  1 +  K L   C 0     



(4)




where KL is the Langmuir constant (L/mg); and C0 is the initial concentration (mg/L).



The correlation coefficients (R2) indicate the best fit between the experimental and calculated adsorption data according to the Langmuir isotherm. MB adsorption data fitted the Langmuir model with correlation coefficients between 0.92 and 0.99.



The value of RL gives an indication if the type of isotherm is favorable (0 < RL < 1), unfavorable (1< RL), linear (RL = 1) or irreversible (RL = 0) [73]. EGCD, PEGCD1 and PEGCD2 have RL values much smaller than 1.0, indicating a strong affinity between MB and the polymers. The maximum amount of MB (Qmax) adsorbed by PEGCD and EGCD was compared to other CD polymers recently reported in the literature (Table 3).



The adsorption capacity of our polymers for MB are less efficient compared to those reported, excepted for the CD grafted thiacalix(4)arene polymer. The slightly weaker performance in observed adsorption capacity could result from the chemical nature of the linker. A postulated mechanism for MB adsorption was proposed by Jiang [40] involving three contributions. Among these contributions, only the nonpolar hydrophobic cavity of CD could be involved in our study. The hydroxyl group -OH on the macromolecular chain cannot be ionized when water molecules enter in the polymer network. As a consequence, an MB dye with positive charge cannot be adsorbed by electrostatic attraction.




3.3.5. Reutilization Studies


The ability to reprocess the adsorbent is an essential criterion for industrial applications, from an economical and green point of view. Therefore, we evaluated the reversibility of the adsorption/desorption process. The trapping of MB by the β-CD polymers could be explained by the formation of the inclusion complexes as well as by its incorporation in the polymer network through additional interactions that supplement the inclusion phenomena [78]. In these cases, solvents are good candidates for the desorption of the entrapped compounds. Desorption studies were conducted to validate the recyclability of polymers using PEGCD1 as a model. After adsorption of MB (50 mL at 5 mg/L) during 4 h at pH 6, PEGCD1 was desorbed by ethanol using Soxhlet extraction. Then the polymer was dried before reuse. The adsorption capacities remained constant during three adsorption/desorption cycles (Figure 10)



These results suggested that CD polymers based on PEDGE exhibited efficient recyclability and could be considered as a promising adsorbent for dye removal.






4. Conclusions


This study reports the first use of PEDGE and EDGE CD polymers for the adsorption of MB, a common dye. The synthesis of β-CD polymers with both types of crosslinkers was successfully achieved and confirmed by TGA/DTA, XRD, SEM analyses and FTIR spectroscopy. These polymers have several advantages compared to other adsorbents: their synthesis is environmentally friendly; they possess adsorption capacities; and they can be easily regenerated. The adsorption kinetic followed the pseudo-first-order model and the adsorption equilibrium data fitted well with the Langmuir model.



To demonstrate the efficiency of these linkers, other experiments will be conducted with anionic and neutral dyes.
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Scheme 1. Synthesis of the β-CD/PEDGE or EDGE polymers. 
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Figure 1. FTIR spectra of (a) β-CD, (b) EDGE or PEDGE, (c) PEGCD1, (d) EGCD and (e) PEGCD2. 
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Figure 2. Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) curves for (a) β-CD, (b) PEDGE, (c) EGCD, (d) PEGCD1 and (e) PEGCD2. 
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Figure 3. SEM images of different magnifications of 1000X for (a) EGCD, (b) PEGCD1, (c) PEGCD2 and 5000X for (d) EGCD, (e) PEGCD1 and (f) PEGCD2. 
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Figure 4. X-ray diffraction (XRD) spectra of β-CD, EGCD, PEGCD1 and PEGCD2. 
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Figure 5. UV–vis spectra of the supernatant solution after sorption on the polymer compared to the initial solution of methylene blue (MB). 
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Figure 6. Effect of initial pH solution on the adsorption capacity of MB by EGCD, PEGCD1 and PEGCD2. 
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Figure 7. (Top) Effect of the adsorbent mass on the adsorption capacities of MB; and (Bottom) effect of the adsorbent mass on the percentage of MB adsorption. 
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Figure 8. (Top) Effect of the initial concentration of MB on the adsorption capacity (mg/g) of MB by EGCD, PEGCD1 and PEGCD2; and (Bottom) effect of the initial concentration of MB on the percentage of MB adsorption. 
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Figure 9. Plots of adsorption of MB onto the PEGCD2 polymer following the Langmuir model. 
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Figure 10. Removal efficiency of PEGCD1 for MB during three consecutive adsorption/desorption cycles. 
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Table 1. Experimental conditions for polymer synthesis.
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	Polymer
	Crosslinker
	Initial Amount of β-CD (g)
	Initial Amount of Crosslinker (g)
	Weight of Polymer (g)
	Yield (%)





	PEGCD1
	PEDGE 500
	5
	22.02
	5.10
	18.8



	PEGCD2
	PEDGE 640
	5
	28.19
	2.11
	6.0



	EGCD
	EDGE
	5
	8.90
	5.09
	36.6







Yield (%) = Wpolymers/Wβ-CD + Wlinker.
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Table 2. Adsorption isotherm parameters for MB adsorption.
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	EGCD
	PEGCD1
	PEGCD2





	KL (L/mg)
	2.77
	8.82
	1.87



	Qmax (mg/g)
	10.68
	6.37
	15



	RL
	0.003–0.014
	0.002–0.010
	0.005–0.020



	R2
	0.93
	0.96
	0.99
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Table 3. Maximum adsorption capacities of MB for various β-CD-based polymers based on the Langmuir results.
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	Adsorbents
	Qmax (mg/g)
	References





	β-CD polymers containing carboxylic group
	17.7
	[40]



	β-CD polymers crosslinked by citric acid
	105.0
	[74]



	β-CD hydrogels
	23.6
	[75]



	Hydrogels from poly-CD and polyadamantane
	20.2
	[76]



	CD grafted thiacalix(4)arene polymers
	5.4
	[77]



	Polymers of CD based on PEDGE (our study)
	15.0
	











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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