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Abstract

:

The extensive use of synthetic materials in modern society presents a great challenge to environmental and water quality. As such, numerous studies were dedicated to the removal of emerging contaminants from water using novel materials as sorbents or catalysts. With large reserves and low material costs, Earth material has also attracted great attention for contaminant removal. Halloysite is a 1:1 layered clay mineral with moderate cation exchange capacity that can be used for the removal of cationic contaminants. On the other hand, as it may bear positive charges on the aluminum hydroxyl sheets, it could be used to remove anionic contaminants. In this study, the removal of a cationic dye, methylene blue (MB), and an anionic dye, alizarin red S (ARS), from the water was evaluated from single and mixed solutions. The results suggested that from single solutions, MB removal was via cation exchange while ARS removal could have originated from anion exchange. From mixed solutions, their removal was mutually increased, which may be due to a synergistic effect in the presence of a type of charged dyes serving as counterions to enhance the sorption of dyes of opposite charges. This finding suggests that halloysite may serve as a sorbent for the removal of organic contaminants of different charges at the same time, which is a new perspective that needs further evaluation and expansion.
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1. Introduction


Due to the extensive use of dyes in modern industries, studies on the treatment of dye-polluted wastewater are gaining urgent attention [1]. In general, dye removal could be classified as sorptive or degradative removal. For sorptive removal, the advantages are fast removal efficacy and low material and processing costs if Earth materials are used. However, the disadvantages are the need to dispose of or regenerate the sorbents once saturated with the contaminants. In contrast, for degradative removal, the advantages are the degradation of toxic parent contaminants into less toxic or non-toxic intermediates or final products. However, the disadvantages are a slow degradation rate and/or high material cost for catalysts to be used to enhance complete degradation. Biodegradation would be effective for certain types of contaminants under aerobic and anaerobic conditions. However, for mixed contaminants, choosing optimal degradation conditions to remove all contaminants may not be an easy task.



For sorptive dye removal, sorbents commonly evaluated include chars from biowaste, naturally occurring Earth materials, and synthetic materials of high efficiency with high material costs. For example, sepiolite was evaluated for the removal of basic red 46, a cationic dye, and direct blue 85, an anionic dye, with capacities of 110 and 332 mg/g [2]. Still, most of the studies were focused on the removal of single dyes using different types of sorbents. Common interactions between the sorbents and the dyes include electrostatic, complexation, and hydrophobic interactions depending on the types of sorbents and dyes. Water-soluble dyes are often in a cationic or anionic with counterions to balance the charges. As such, sorbents of opposite charges to the dyes are often utilized. Limited studies were conducted recently on the removal of dyes of opposite charges from single or binary systems. Sorption of direct blue 15, an anionic dye, on halloysite resulted in a capacity of 98 mg/g, or about 100 mmol/kg [3]. However, the mechanisms for the removal of dyes of opposite charges from binary solutions were rarely addressed.



Alizarin red S (ARS) is an anionic dye with Na+ as the balancing counterion ion. It is a typical dihydroxyanthraquinone used as a traditional dye originally derived from the roots of plants of the Madder genus [4]. ARS staining has been used for decades to evaluate calcium-rich deposits by cells in culture [5]. However, it also reacts with magnesium and other alkaline earth elements, as well as complexing with other divalent transition metals [4]. It is a salt of anthraquinone that belongs to the cluster of relatively stable pollutants, and due to its complicated aromatic rings, it is not biologically or physiochemical degradable [6]. Sorbents for ARS removal from water were mostly organic materials, such as synthetic carbon nanotubes [7]. Sorption of ARS on raw cuttlebone nano-powder (CBNP), a biomass waste, reached a capacity of 71 mg/g and was attributed to the formation of the ARS-Ca complex [8]. Inorganic materials used include layered double hydroxide (LDH), which bears net positive charges on the surfaces [9].



Methylene blue (MB), on the other hand, is a cationic dye with Cl− as the balancing counterion ion. It is an inhibitor of nitric oxide synthase and guanylate cyclase commonly used in medicine and clinical diagnosis [10]. It was studied for its potential use to determine the cation exchange capacity (CEC) of montmorillonite (MMT) [11]. Numerous studies were conducted for the removal of MB from water using different types of sorbents. For clay minerals, extensive tests were evaluated such as kaolinite [12], halloysite [13], montmorillonite [14], palygorskite, and sepiolite [15].



Halloysite nanoclays (HNCs) are 1:1 layered clay minerals made of one SiO4 tetrahedral sheet and one Al(OH)6 octahedral sheet, with the former making the outer surface of the nanotube with negative charges and the latter making the inner surface of the nanotube with positive charges [16]. This type of structure was often used for surface modification of cationic surfactant to the outer surface or anionic surfactant to the inner surface [17]. Additionally, due to the partially positively charged Al(OH)6 octahedral sheets, sorption of an anionic dye methyl orange (MO) on the HNC resulted in a capacity of 25 mg/g or 76 mmol/kg [18].



Although extensive studies were conducted to evaluate dye removal from a single solution, the removal of mixed dye from a binary solution using HNCs as a sorbent was limited. Sorption of MO and rhodamine 6G (R6G), a cationic dye, on HNCs resulted in capacities of 20 and 40 mg/g, respectively [19]. A study on anionic dye MO and cationic dye MB removal using HNCs resulted in a preferred sorption of MB over MO, with the MB removal of 12.5 mg/g in comparison to 2.1 mg/g for MO removal [20]. The MB removal from the binary MB + MO solution was higher than its removal from the single MB solution of equal concentration [20]. In a different study, MO and MB removal from single solutions by halloysite resulted in capacities of 104 and 185 mg/g [21]. The MB removal was attributed to cation exchange, but the CEC value of the HNC was not provided in these studies. Sorption of an anionic dye, acid red (AR), and a cationic dye, brilliant green (BG), by HNCs resulted in capacities of 12.5 and 13.9 mg/g, respectively [22]. Again, no CEC value was provided. Still, in these studies, the discussion on mechanisms of anionic and cation dye removal from the binary solution was less addressed or incomplete.



In this study, we chose HNC as the sorbent due to its dual charges on opposite sides [16]. In addition, we chose alizarin red S (ARS), an anionic dye with Na+, as the balancing counterion ion, and methylene blue (MB), a cationic dye with Cl−, as the balancing counterion ion, in order to study the interactions between HNCs and color dyes of different charges in single and mixed solution systems. Our goals were to assess whether the different surface charges of the HNC will play a significant role in the removal of color dyes of different charges and to determine whether a synergistic effect could be found for the uptake of mixed dyes of opposite charges in comparison to single dyes or mixed dyes of the same charge. The utilization of clay minerals for the removal of contaminants from the solution could be expanded and maximized.




2. Materials and Methods


2.1. Materials


The MB used had an IUPAC name: [7-(Dimethylamino)phenothiazin-3-ylidene]-dimethylazanium chloride with a CAS # of 61-73-4. It was purchased from Sigma Aldrich (St. Louis, MO, USA). It is a heterocyclic aromatic chemical compound, has a chemical formula of C16H18N3SCl, and has a molecular weight of 319.85 g/mol. It has a pKa value of 3.8 [23,24] and a solubility of 43.6 g/L [25]. Other studies showed that it is in MB+ form in pH 0–14 with no pKa values. Due to protonation on different atoms, it may have different resonance forms. It could also form different aggregations under different initial concentrations [26]. ARS, also called Mordant Red 3, Alizarin Carmine, has an IUPAC name of sodium 3,4-dihydroxy-9,10-dioxo-9,10-dihydroanthracene-2-sulfonate with a CAS# of 130-22-3. It has a formula of C14H7NaO7S, with Na+ as the counterion, and a molecular weight of 342.25 g/mol. It was purchased from Fisher Sci. (Waltham, MA, USA). Its solubility in water was listed as soluble on most websites. It has pKa values of 5.49 and 10.85 [14]. Their molecular structures and pH-speciation relation are illustrated in Figure 1.



The HNC was purchased from Sigma-Aldrich. It is in a tubular form due to the misfit between the octahedral and tetrahedral sheets. Its specific surface area (SSA) value analyzed by a BET method is 65 m2/g [27], while its CEC value is 120 meq/kg [28]. A CEC of 115 meq/kg was also reported [27]. The zeta potential (ζ) of the HNC were all negative in an aqueous solution over a pH range of 1.5 to 12, indicating overall negative charges on the external surfaces [29]. As the halloysite bears positive charges on the inner surface that is made of an Al(OH)6 sheet, anion exchange is often noticed with a capacity of 10.5 mmol/kg [18].




2.2. Dye Sorption Study


For the sorption study, the solids and liquids used were 0.2 g and 10 mL, respectively. The water used to make the solutions was ultrapure water type I water (18 MΩ·cm). For the isotherm study, the initial concentrations varied from 0.0 to 2.5 mM. For all other studies, the initial concentration was fixed at 2.0 mM. For the ionic strength study, the solution ionic strength was adjusted to 0.001, 0.01, 0.1, and 1.0 NaCl. For the temperature study, mixing was maintained at 23, 33, 43, and 53 °C. For the pH study, the 5.0 mM stock solution was properly diluted with DI water, whose pH was made at 3, 5, 7, 9, and 11. Then, the solution pH was periodically monitored and adjusted until the final values were close to 3–11, with an interval close to 1. The mixtures were shaken for 24 h at 150 rpm, except for the kinetic study, for which the mixing time varied between 1/4 and 24 h. After shaking, the mixtures were centrifuged for 10 min at 3500 rpm. Then, the supernatants were filtered with 0.22 micrometer syringe filters made of cellulose acetate (Corning, NY, USA) before being analyzed by a UV-Vis method for equilibrium dye concentrations.




2.3. Instrumental Analyses


The equilibrium dye concentrations were determined using a UV-Vis spectrophotometer (Model Go Direct® SpectroVis® Plus, made by Vernier Science Education, Beaverton, OR, USA). The wavelength for the isosbestic point of ARS was 460 nm [30]. However, in this study, wavelengths of 420 and 530 nm were used and the calibrations were made with 0.00 to 0.10 mM ARS solutions under pH 3, 5, 7, 9, and 11. The equilibrium ARS concentrations were determined using the calibration curves corresponding to the pH at equilibrium. For MB, wavelengths of 680, 605, and 585 nm corresponded to the absorbance maximum of an MB monomer, dimer, trimer, and tetramer [31]. The dimer constant KD of MB is 2380 M−1 [32], under which the monomer and dimer concentration at the initial MB concentration of 2.5 mM would be 0.63 and 0.94 mM. However, at the equilibrium, the MB concentrations were less than 1.0 mM. Thus, 680 and 605 nm were used to determine the equilibrium MB concentrations in the solution. Additionally, as the counterion of MB is Cl−, the equilibrium Cl− concentration was also analyzed to determine whether dimeric sorption with Cl− as the bridging anion was possible.



The solid samples after dye sorption were dried naturally and then subject to instrumental analyses, such as X-ray diffraction (XRD), to determine whether the sorption sites were external or in the interlayer. Fourier-transform infrared (FTIR) was used to determine the bonding and interactions of the functional groups with the mineral surfaces, and a molecular dynamic simulation was used to decipher and confirm the speculations from other analyses and to determine the configurations of sorbed dye molecules on the mineral surfaces.



The equilibrium Cl− concentration was analyzed using ion chromatography (IC) with a PRP-100 anion exchange column. The X-ray diffraction (XRD) patterns were recorded using a Shimadzu 6100 X-ray Diffractometer with a Ni-filtered CuKα radiation at 30 kV and 40 mA. Samples were scanned from 5 to 55° (2θ) at a scanning speed of 2°/min. The FTIR analyses were performed using a Shimadzu 8100 spectrometer equipped with a quartz ATR. Samples were scanned from 400 to 4000 cm−1 at a resolution of 2 cm−1.



The molecular simulation was performed using Materials Studio 6.0 software with the ‘FORCITE” module. The supercells were built based on 4a × 4b. The number of dye molecules used for the simulation was calculated from the SSA of 65 m2/g [27] and the amount of dye sorbed from the isotherm study. For the dye sorption from the single solution, the number of MB and ARS molecules used was 8 and 3 per 4a × 4b. For dye sorption from the binary solution, the number of MB and ARS molecules used was 8 and 6 per 4a × 4b. The simulation was performed at 298 K and a constructed model was optimized geometrically.





3. Results


3.1. Sorption Isotherm from Single and Mixed Solutions


Sorption of ARS and MB from single and mixed solutions on the HNC was fitted to several isotherm models, and the fitted parameters are listed in Table 1. For MB sorption from the single solution, the Langmuir isotherm model fitted the experimental data well (Figure 2a). The Langmuir isotherm is expressed as:


CS = (KLSmCL)/(1 + KLCL)



(1)




where the solute concentration in the solution (mmol/L) and amount of solute sorbed (mmol/kg) on the solid at equilibrium are represented by CL and CS, respectively. The parameters Sm (mmol/kg) and KL (L/mmol) are the Langmuir parameters, with the former reflecting the sorption capacity on the solid and the latter showing the affinity of the solute for the solid surfaces. It can be re-arranged into a linear form:


      C   L       C   S     =   1     K   L     S   m     +     C   L       S   m      



(2)




so that the Sm and KL can be determined through linear regression. The fitted parameters are Sm = 118 mmol/kg and KL = 845 L/mmol for MB sorption on the HNC from a single solution, respectively. The Sm value for MB sorption is about the same as the CEC value of 120 meq/kg for the HNC [28]. Similarly, the Sm value of basic red dye sorption on sepiolite matched with its CEC of 0.27 meq/g) [1]. In comparison, the Sm value was 130 mmol/kg and KL was 550 L/mmol for Safranin O (SO), also a cationic dye, with sorption on the same HNC [33]. Moreover, an Sm value of 149 mmol/kg and KL of 3350 L/mmol were found for toluidine blue (TB), also a cationic dye, with sorption on the same HNC [34]. Thus, MB sorption on the HNC could be attributed to cation exchange. For ARS sorption on the HNC from a single solution, the fitted Langmuir parameters were Sm = 45 mmol/kg and KL = 6.4 L/mmol, with an r2 value of 0.88. In comparison, MO sorption on the HNC had a capacity of 76 mmol/kg, while the anion exchange capacity (AEC) of the mineral was 10.5 mmol/kg [18].



In addition to the Langmuir sorption model, the Freundlich isotherm was also used to fit the experimental data. It is expressed as:


CS = KFCL1/n



(3)




where KF is the Freundlich isotherm constant and 1/n is the intensity of the adsorption. The sorption is favorable when 1/n is greater than zero (0 < 1/n < 1) but unfavorable when 1/n is greater than 1 [35]. For MB sorption from a single solution, the fitted parameters are r2 = 0.83, KF = 39 L/kg, and 1/n = 0.29, respectively. For ARS sorption on the HNC from a single solution, the Freundlich isotherm fit the experimental data and was slightly better than the Langmuir data, with an r2 value of 0.92, KF = 39 L/kg, and 1/n = 0.29, respectively. ARS and brilliant blue FCF removal by Abelmoschus esculentus stem powder followed the Langmuir sorption isotherm [36]. ARS sorption on synthetic LDH resulted in a removal capacity of 29 mg/g [9]. Sorption of MO on the HNC reached a capacity of 13.56 mg/g or 38 mmol/kg, but no interactions or mechanisms were discussed, although the HNC in that study had a ζ potential of 2.75 [37].



For MB sorption from a mixed solution, both the Langmuir and Freundlich isotherms fit the data relatively well, with r2 = 0.94 and Sm and KL values of 175 mmol/kg and 6.4 L/mmol, and KF and 1/n values of 352 L/kg and 0.61 with r2 = 0.94. However, for ARS sorption from binary solution, the Sm and KL values are 192 mmol/kg and 1.2 L/mmol with r2 = 0.79 and KF = 94 L/kg, and 1/n = 0.51 with r2 = 0.94. The extremely high Sm value for ARS sorption from a binary solution may indicate the synergistic effects of the present cationic dye MB on ARS sorption.



In comparison, sorption of brilliant green, a cationic dye, and acid red, an anionic dye, from single solutions on the HNC resulted in capacities of 13.9 and 12.5 mg/g, which is about 29 and 31 mmol/kg [22]. Additionally, sorption of malachite green (MG), a cationic dye, and acid blue 25 (AB25), an anionic dye on synthesized ball clay, a manganese dioxide nanocomposite (BC-MNC), resulted in capacities of 58 and 1250 mg/g, respectively [38].




3.2. Sorption Kinetics from Single and Mixed Solutions


Sorption kinetics of MB and ARS on the HNC from single and mixed solutions are illustrated in Figure 3. From a single solution at an initial concentration of 2.0 mM, the sorption of ARS and MB on the HNC was fast, reaching equilibrium in about an hour or less (Figure 3a). In contrast, ARS and MB sorption from mixed solutions was slightly slower. Still, the equilibrium could be achieved in 4 h (Figure 3b). Several kinetic models were used to fit the experimental data, and the pseudo-second-order kinetics fit the experimental best based on the comparison of r2 values. The r2 values are 0.992 and 0.999, 0.89 and 0.93, and 0.74 and 0.57 when pseudo-second-order, Elovich, and first-order kinetic models were used to fit the experimental data of ARS and MB sorption from the single solution. Thus, only the fitting by the pseudo-second-order kinetics was presented in this study. It has the form of:


qt = (kqe2t)/(1 + kqet)



(4)







It can be re-arranged into a linear form:


t/qt = 1/(kqe2) + t/qe



(5)







In the above equations, the rate constant and initial rate of dye sorption on the HNC are represented by k (kg/mmol/h) and kqe2 (mmol/kg/h), and the amounts of dye sorbed at time t and equilibrium are represented by qt and qe (mmol/kg), respectively. The fitted values are listed in Table 1. For single dye sorption, the qe values are 33.3 and 99.6 mmol/kg for ARS and MB, in comparison to 73 and 94 mmol/kg from mixed dye solutions. Additionally, the initial rates kqe2 and the rate constants k are higher for sorption from a single solution in comparison to a binary solution. ARS sorption on synthetic LDH followed pseudo-second-order kinetics, with a k value of 0.008 L/mg/min [9]. Sorption of phosphate on the HNC resulted in a capacity of 42 mmol/kg, and equilibrium was reached in hours [39]. However, the AEC value of the HNC was not provided.




3.3. The Effects of an Equilibrium Solution pH, Ionic Strength, and Temperature


Overall, the equilibrium solution pH had minimal influence on the sorption of MB and ARS from single and binary solutions (Figure 4a,b). The results suggested that organic cations have a higher affinity for the sorbent via electrostatic interactions in comparison to inorganic cations. A slight increase in MB sorption on untreated and treated rice was found as the solution pH increased [40]. In comparison, MB sorption on kaolinite showed a minimum of around pH 4 [41]. However, the solution pH was the initial or equilibrium pH was not mentioned. For MB sorption on a different NHC, sorption increased from 64 to 66 mg/g as the solution pH increased from 4 to 10 [13].



For ARS sorption from a single solution, as solution pH increased, ARS sorption decreased from about 36 to 16 mmol/kg (Figure 4a), indicating increased repulsion between the anion and more negatively charged mineral surfaces. Higher pH values promoted an increase in the solubility of alizarin (AZ) in an aqueous solution, resulting in a negative influence on AZ sorption on halloysite, which decreased from 9.82 mg/g at pH = 9 to 4.81 mg/g at pH = 13 [42]. Relative ARS removal by a biosorbent of mustard husk decreased from 100% at pH 2 to 45–50% at pH 9–10 at initial concentrations of 25, 50, and 100 mg/L [43]. Similarly, ARS removal decreased slightly, while brilliant blue FCF removal increased slightly by Abelmoschus esculentus stem powder as the solution pH increased [36].



Sorption of MB from a single dye solution is invariable (about 100 mmol/kg) under different ionic strength conditions, indicating that the organic cation has a higher affinity in comparison to inorganic cations (Figure 4c). In contrast, the sorption of ARS from a single solution changed from 30 to 43 mmol/kg as the solution ionic strength increased from 0.001 to 1 M of NaCl, indicating that higher ionic strength may help ARS sorption on the HNC, possibly due to increased dimer concentration under high ionic strength conditions.



Similar results were observed for MB and ARS sorption from mixed solutions (Figure 4d). As ionic strength increased from 0.001 to 1 M NaCl, the MB and ARS sorption increased from 95 to 99 and from 66 to 89 mmol/kg. The MB sorption values from the binary solution are similar to those from the single solution. However, for ARS sorption, the amount sorbed doubled from the mixed solution in comparison to that from the single solution, again suggesting a synergistic effect of co-present cationic dye MB on anionic dye ARS sorption.



Under a different temperature, MB and ARS sorption on the HNC showed some differences from single or binary solutions (Figure 4e,f). The thermodynamic parameters of solute sorption on a solid surface are related to the solute distribution coefficient Kd by:


lnKd = −ΔH/(RT) + ΔS/R



(6)




where the ΔH and ΔS represent the changes in enthalpy and entropy after solute sorption, R and T are gas constants, and temperature is K. The ΔH and ΔS can be used to calculate the change in free energy ΔG after solute sorption by:


ΔG = ΔG − TΔG



(7)







The calculated thermodynamic parameters of MB and ARS sorption using Equations (6) and (7) are listed in Table 2. Sorption is endothermic as the ΔH values are all positive. The ΔG values are small and negative, suggesting spontaneous dye sorption on the HNC and suggesting that the interactions between the dye molecule and the mineral surface are relatively weak, such as electrostatic interactions. Moreover, the ΔG values are slightly more negative for MB sorption in comparison to ARS sorption, which agrees with the overall negative charges of the HNC under the tested pH condition, as the isoelectric point of the HNC is about 2.5 [18], above which the overall surface charge is negative, although most studies showed negative zeta potential in pH 1.5–12 [29].




3.4. XRD Analyses


The XRD patterns of the crystalline MB and the HNC after MB sorption from a single solution of different initial concentrations is illustrated in Figure 5a. After an extensive internet search, the XRD pattern of crystalline MB was not found. Still, the XRD patterns of the HNC after MB sorption showed no MB crystal peaks, suggesting that there is no precipitation of MB on the HNC surfaces. Additionally, the d-spacing of the HNC did not change after sorption of different amounts of MB, suggesting that the site for MB sorption was limited to the external surfaces.



An XRD pattern of ARS was presented in a study to investigate the composite of hybrid pigments made from ARS on a mixed oxide host, but no detailed indexing was mentioned [44]. An XRD of ARS was mentioned but no diffraction patterns were present in another study [45]. For crystalline ARS in this study, the peaks at 26.38, 31.72, and 45.44° were attributed to the reflections of crystallographic faces (−304), (222), and (−434) [46]. For the HNC, its XRD peak locations remained the same before and after ARS sorption from different initial concentrations (Figure 5b), suggesting that ARS sorption was also on the external surfaces of the inner tube of the HNC.



The XRD patterns of the HNC after MB and ARS sorption from a mixed solution of equal concentrations also showed no changes in d-spacing (Figure 5c), indicating that the sorption sites for both dyes of opposite charges were also on the external surfaces. As the SSA of halloysite would not change much before and after dye sorption, the elevated dye sorption from a mixed solution may indicate multi-layer sorption, which was confirmed from molecular dynamic simulations (see later).




3.5. FTIR Analyses


The interactions of the HNC with AO showed characteristic peaks at 3612, 1706, and 1083 cm−1, an indication of the formation of polar bonding between the Al/Si of HNT and the amino group (–NH2) of AO [47]. Alternatively, the interaction of the HNC with AO was dominated by cation exchange, and the intense band at 1502 cm−1 was attributed to an aliphatic σCN stretch vibration shifting to 1508 cm−1 after AO sorption on the HNC, suggesting the ammonium group interacted with the negatively charged SiO4 sheet [48].



For ARS, the characteristic bands were assigned as follows: 3448 cm−1 for ν (OH) from hydrogen bonding; 1634 cm−1 for ν (10-C=O); 1589 cm−1 for ν (9-C=O); 1546 cm−1 and 1499 cm−1 for ν (Ar C=C); 1191 cm−1 for ν (C–O); 1069 cm−1 for νas(SO3); 1037 cm−1 for νs(SO3); and 1127 cm−1 for carbonyl C–C–C [49]. Alternatively, bands at 3499 cm−1 were assigned to –OH stretching; 3084 cm−1 to –CH aromatic stretching; and 1068 cm−1 to C–O stretching [50]. The band of C=O at 1666 cm−1 shifted to 1642 cm−1 due to inter-molecular and intra-molecular H-bonding interactions [51]. In another study, the bands at 1671 cm−1 and 1578 cm−1 were assigned to an aromatic C=C bond; the bands at 3512 cm−1 and 1825 cm−1 for the OH stretching and multiple bonded CO group; and the bands at 2859 cm−1 for the C-H stretch [52]. Additionally, the C=O stretching at 10- and 9-positions occurred at 1669 and 1636 cm−1 [53]. In this study, band assignments were used from [54]. The FTIR of the ARS matched with these band assignments relatively well (Table 3, Figure 6). After ARS sorption from a single solution, most of the bands remained at the same location, and they were barely visible due to the low ARS sorption (up to 45 mmol/kg, or 14 mg/g).



In a previous study, the presence of OH groups at 3100–3500 cm−1 indicated that the MB used was in a hydrated form [55]. In this study, for the pure MB, the band was absent, indicating that the solid MB is not hydrated. Additionally, some of the vibration bands were assigned based on the studies of [55,56,57]. Most importantly, the C-N, C=N, and C=S+ bands were visible for the MB solid (Table 4).



For the FTIR of the HNC sorbed with MB from a single solution of different initial concentrations, the typical MB bands were all visible (Figure 6) even though the intensities were extremely low, as the MB sorption was only up to 118 mmol/kg, or about 34 mg/g.




3.6. Molecular Dynamic Simulations


The results of the simulation for ARS sorption on the HNC at the sorption capacity are illustrated in Figure 7. At an ARS sorption capacity of 45.3 mmol/kg, SSA is not a limiting factor for ARS sorption on the HNC. As such, a patchy ARS monolayer formed on the Al(OH)6 octahedral sheet of the HNC. The interaction may come from electrostatic interactions between the positively charged Al(OH)6 octahedral sheet [16] and ARS anions. On the contrary, at an MB sorption capacity of 118 mmol/kg, patchy MB bilayers formed on the surface of the SiO4 tetrahedral sheet (Figure 7). Under this condition, the SSA became the limiting factor. Additionally, at the MB sorption capacity, the amount of MB sorbed is about the same as the CEC of the HNCm and the MB is in cationic form, with Cl− as the counterion. The Cl− analyses showed that the equilibrium Cl− concentrations are less than the initial Cl− concentrations. At the MB sorption capacity, the Cl− sorbed is about 30 mmol/kg, about a quarter of the MB sorbed. This amount of Cl− sorption accounted for the formation of a patchy MB bilayer on HNC surfaces. The simulation showed the bridging effect of counterion Cl− for MB sorption (Figure 7).



For MB and ARS sorption from a mixed solution, the simulation showed that most of the ARS sorption was on the Al(OH)6 octahedral sheet, while most of the MB sorbed was on the SiO4 tetrahedral sheet (Figure 8). However, some ARS sorbed on top of the MB monolayer. Similarly, some MB sorbed on top of the ARS monolayer on the Al(OH)6 octahedral sheet. They looked like a patchy bilayer sorption but with different dye molecules of different electric charges. In this case, the function of counterion to bridge the dye molecules is no longer needed. It is the opposite surface charge of the present dye that contributed to elevated ARS and MB sorption.




3.7. Discussion


The presence of ARS may be involved in salt type and chelate type; both would involve interactions between the O on the ARS with divalent cations, predominately Ca2+ [4]. In addition, three species of the oxidized form of ARS would be present depending on solution pH and electrochemical reduction, which may lead to the dissociation of four phenolic hydroxyl groups with increasing pH values, resulting in a total of seven different species with negative charges located in different O [30]. The formation of Ca-ARS was noticed and used for the Ca stain [58]. Additionally, the formation of ARS with Ca could involve two ARS molecules [4]. However, the amount of present Ca2+ in the HNC is minimal, ranging from non-detectable to 0.40% for a dozen halloysite samples [59]. The HNC in this study is very pure [17]. Thus, none of the above-mentioned interactions may play a major role. Within the tested initial MB concentrations, monomers of MB prevail, and may form mixtures only with dye dimers [26]. The equilibrium between monomer and dimer is governed by:


KD = [D]/[M]2



(8)




where KD is the dimerization constant and [M] and [D] are the monomer and dimer concentrations of the dye, respectively. For MB, the KD values are about 2000 M−1 in the earlier studies and 6000 M−1 in most studies, and may be up to 20,770 M−1 at 282 K [60]. At the highest initial concentration of 2.5 mM, the monomer and dimer concentrations would be 0.68 and 0.91, 0.42 and 1.04, and 0.23 and 1.13 mM under these KD values. Thus, dimeric MB sorption contributed significantly to MB on HNC surfaces from a single solution, as can be seen in Figure 7c.



Alizarin is also capable of forming dimers with ligand complexation with a free reactive ligand, and Ca2+ could bridge the dimer [61]. Again, due to the high purity of the HNC [17] in this study, it is unlikely that Ca2+ would be present on HNC surfaces and be responsible for ARS uptake. Thus, for ARS sorption from a single solution, it may be due to the electrostatic interactions between the negatively charged ARS molecules and positively charged Al(OH)6 sheets, which resulted in an ARS sorption capacity of 45 mmol/kg, in comparison to 118 mmol/kg for MB sorption. A recent study showed the ACE value was only 10.5 meq/kg [18], while its CEC value was 120 meq/kg [28], which explained the lower ARS sorption in comparison to the MB sorption. Additionally, the MO sorption on the HNC was attributed to physical sorption, such as electrostatic attraction between the MO monomer or dye aggregation in the HNTs lumen and Al-OH2+ on the inner surface of the HNC [18]. Due to the opposite charges of ARS and MB, one molecule after being sorbed on the HNC surface may serve as a bridging ion to promote sorption of other dye molecules of opposite charges. In this case, the sorbed MB cations may interact with ARS via electrostatic interactions to promote more ARS sorption. Meanwhile, the hydrophobic portion of the MB may interact with the hydrophobic portion of ARS via hydrophobic interactions. The combination of these interactions resulted in a drastic increase in ARS sorption capacity to 192 mmol/kg. Meanwhile, the MB sorption increased from 118 in a single solution to 175 mmol/kg in a mixed solution (Table 1). As such, it is possible that in the presence of the HNC, enhancement of sorption of molecules of opposite charges could be achieved. However, as this study only tested a cationic dye MB and an anionic dye ARS to show this type of enhancement, more tests on organic molecules of opposite charges are needed before this speculation could be realized as a perspective for the HNC.





4. Conclusions


In this study, due to its opposite charges on inner and outer surfaces, the HNC was used as a sorbent to remove dye molecules of opposite charges. Cationic dye MB removal from a single solution matched with its CEC value of 120 meq/kg, suggesting that cation exchange played a dominant role. In contrast, the anionic dye ARS removal from a single solution was 45 mmol/kg, perhaps due to its lower AEC value. When both dyes were present in a binary solution, a significant increase in MB and ARS sorption capacities from 118 to 175 mmol/kg and from 45 to 192 mmol/kg was noticed. The drastic increase in sorption capacities for both dyes in the mixed solution strongly suggested synergistic interactions between the dye molecules of opposite charges. The synergistic effect may be due to salt bridging of sorbed ionic dyes to attract another type of dye of opposite charge and hydrophobic interactions. In addition, as the HNC has both positive and negative charges on opposite sides of the layered structure, this is definitely an advantage of using the HNC for the removal of mixed contaminants of opposite charges from the solution. As such, further exploration of the potential use of the HNC is also needed in future studies.
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Figure 1. Molecular structures of ARS (a) and MB (b) and their pH-speciation diagrams (c,d). 






Figure 1. Molecular structures of ARS (a) and MB (b) and their pH-speciation diagrams (c,d).



[image: Crystals 13 00664 g001]







[image: Crystals 13 00664 g002 550] 





Figure 2. Sorption isotherms of MB (diamond) and ARS (circle) on the HNC from single (a) and binary (b) solutions. 
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Figure 3. Kinetics of MB (diamond) and ARS (circle) sorption on the HNC from single (a) and binary (b) solutions. The lines are pseudo-second-order and fit the observed data. 
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Figure 4. The influence of an equilibrium solution pH (a,b), ionic strength (c,d), and temperature (e,f) on ARS (circle) and MB (diamond) sorption from a single solution (a,c,e) and mixed solutions (b,d,f) on halloysite. 
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Figure 5. XRD patterns of the HNC after MB (a) and ARS (b) sorption from a single solution of different initial concentrations and a mixed solution of different initial concentrations (c). Both dyes have the same initial concentration, as indicated by the concentration values above each line. 






Figure 5. XRD patterns of the HNC after MB (a) and ARS (b) sorption from a single solution of different initial concentrations and a mixed solution of different initial concentrations (c). Both dyes have the same initial concentration, as indicated by the concentration values above each line.



[image: Crystals 13 00664 g005]







[image: Crystals 13 00664 g006 550] 





Figure 6. FTIR spectra of the HNC after MB (a) and ARS (b) sorption from a single solution of different initial concentrations and a mixed solution of different initial concentrations (c) and their enlargement at 1100 to 1700 cm−1 (d–f). Both dyes have the same initial concentration as indicated by the numbers. 
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Figure 7. A molecular dynamic simulation showing ARS sorption on an ab plane of the HNC in the presence of counterion Na+ projected along the a (a) and c (b) directions. For ARS, red: O; yellow: S; grey: C; white: H; purple: Na+ (Left). MB sorption on the ab plane of the HNC in the presence of counterion Cl− projected along the a (c) and c (d) directions. For MB, blue: N; yellow: S; grey: C; white: H; green: Cl− (Right). 
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Figure 8. A molecular dynamic simulation showing ARS and MB sorption from a mixed solution on the ab plane projected along the a direction (a) and c direction on the SiO4 tetrahedral sheet (b) and the Al(OH)6 octahedral sheet (c). See Figure 7 for a detailed color notation of the different atoms. 
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Table 1. Sorption parameters of ARS and MB on the HNC for the isotherm and kinetic studies.
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	Sorption Parameters
	ARS from a Single Solution
	MB from a Single Solution
	ARS from a Binary Solution
	MB from a Binary Solution





	Sm (mmol/kg)
	45.3
	118
	192
	175



	KL (L/mmol)
	6.4
	845
	1.2
	6.4



	r2 for Langmuir isotherm fitting
	0.88
	0.9997
	0.79
	0.94



	KF (L/kg)
	39
	147
	95
	352



	1/n
	0.29
	0.087
	0.51
	0.61



	r2 for Freundlich isotherm fitting
	0.92
	0.83
	0.94
	0.94



	qe (mmol/kg)
	33.3
	99.6
	73.1
	94.1



	kqe2 (mmol/kg-h)
	222
	19,000
	256
	2000



	k (kg/mmol-h)
	0.2
	1.9
	0.05
	0.23



	r2 for pseudo-second-order fitting
	0.999
	0.9995
	0.998
	0.9999
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Table 2. Thermodynamic parameters of ARS and MB sorption on the HNC.
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Dyes

	
∆G (kJ/mol)

	
∆H

	
∆S




	

	
296 K

	
306 K

	
316 K

	
326 K

	
(kJ/mol)

	
(kJ/mol/K)






	
MB from a single solution

	
−8.8

	
−9.4

	
−9.9

	
−10.4

	
6.9

	
0.05




	
ARS from a single solution

	
−7.9

	
−8.2

	
−8.5

	
−8.9

	
1.6

	
0.03




	
MB from a mixed solution

	
−10.4

	
−10.9

	
−11.3

	
−11.8

	
3.0

	
0.05




	
ARS from a mixed solution

	
−7.7

	
−8.0

	
−8.3

	
−8.7

	
2.1

	
0.03
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Table 3. Band assignment for ARS crystal and ARS after being sorbed on the HNC.
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	Wavenumber, cm−1
	Band Assignments [54]
	ARS Crystals, cm−1
	Sorbed ARS from a Single Solution, cm−1
	Sorbed ARS from the Mixed Solution, cm−1





	1156 m
	ν AS (SO3)
	
	
	



	1205 s
	ν (C=O)/δ (CCC)
	1193
	
	



	1236 s
	hydrous SO3
	
	
	



	1260 vs
	ν (C=O)
	1257
	1263
	-



	1289 vs
	ν (1-C-O)
	
	
	



	1330 m
	ν (2-C-O)
	1329
	
	



	1356 m
	ν (CC)
	
	1352
	1352



	1418 m
	ν (C-C)/δ (COH)
	
	
	



	1442 m
	ν (CC) arom.
	1441
	1466
	-



	1590 m
	ν (CC) arom.
	1587
	1587
	-



	1635 m
	ν (9-C=O)
	1634
	
	



	1666 m
	ν (10-C=O)
	1666
	1666
	-



	3479 m, br
	ν (OH)
	
	
	







vw—very weak, w—weak, m—medium, s—strong, vs—very strong, sh—shoulder, ν—stretching, δ—in-plane bending, γ—out-of-plane bending.
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Table 4. Band assignment for MB crystal and MB after sorption on the HNC.






Table 4. Band assignment for MB crystal and MB after sorption on the HNC.












	Wavenumber, cm−1
	Band Assignments [55]
	MB Crystals, cm−1
	Sorbed MB from a Single Solution, cm−1
	Sorbed MB from the Mixed Solution, cm−1





	1142 w
	C-N vibrations of the heterocycle
	1138
	1337
	1339



	1184 w
	Vibrations of the heterocycle skeleton a
	1170
	
	



	1251 w
	C-N a
	1250
	
	



	1340 m
	ν (C-N)
	1333
	1337
	



	1356 w
	ν (C=S+)
	1354
	1352
	1352



	1390 m
	ν (C-H2 or C-H3) b
	1389
	1392
	



	1487 w
	Vibrations of the heterocycle skeleton
	1478
	1489
	



	1600 s
	ν (C=C) or C=N
	1593
	1599
	1601







w—weak, m—medium, s—strong, ν—stretching. a [56], b [57].
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