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Abstract

:

In this paper, the adsorption process of methylene blue has been investigated on microcline particles as a function of particle size and temperature. The characterization of microcline in the particle size ranges of 1−71 μm and 71−315 μm gained by sieving was proved using X-ray diffraction (XRD) and scanning electron microscopy combined with energy-dispersive detector (SEM-EDS) in powder form, over laser diffraction measurements in aqueous suspension. The optimum dosage of adsorbent was 13.5 g/L in dye adsorption and the adsorption isotherms on both microcline size fractions were determined at this adsorbent concentration. The maximum adsorption capacities were in the range of 1.5–3.1 mg g−1 on microcline particles with supplementing evaluation of isotherms using the Langmuir model. Considering the problems of linearization of equations, the non-linear least-squares estimation can be strongly recommended for modeling adsorption-equilibrium. The adsorption isotherm determined at elevated temperature of 60−65 °C represents a breakpoint at around 20 mg L−1 of equilibrated dye concentration due to performing of a potential process of dye self-association. According to our experiments, the increase in temperature has an adverse effect on adsorption.
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1. Introduction


Many of the articles dealing with the adsorption of methylene blue (MB) dye on various surfaces and with the spectra of adsorbed molecules, analyze in detail the conformational effects of the ions on each other and of the molecules/ions on the surfaces [1,2,3]. These conformational effects depending on the concentration (pH, temperature, etc.) are present on the surfaces and in the solution too. So, the full spectra of the MB+ (dimer or higher aggregates) may also contain peaks and shoulders, which are fingerprints of these effects and not of the solvent effect only [4].



Cenens and Schoonheydt [2] differentiate four MB species on the clays: the monomer (MB+), the protonated monomer (MBH2+), the dimer ((MB+)2), and the trimer ((MB+)3) according to the different band positions. They drew attention to the hardness of measuring the absorption of dye aggregates and recording spectra when the dye concentration is high. These circumstances decreased the concentration of the monomeric species. The authors investigated four different surfaces at various pHs, with different counterions on the surfaces and various concentrations of the suspension and dye solution. They proposed the adsorptive power of the sites of the surfaces which affected the forces of the formation of aggregates. They also queried the use of methylene blue for determination of specific surface area because of the self-association of dye ions [2].



Bergmann and O’Konski [5] reported the metachromatic effects in methylene blue and the related shifts of the absorption peaks in the spectra when the dye concentration has changed. These shifts may be connected to the structure like a sandwich or other parallel or anti-parallel contact of the dye ions (MB+ is the monomer). First of all, they studied the binding of MB to montmorillonite and the probable structure of these cation exchange products and made some effort to determine the monomer-dimer equilibrium of the dye species. This study gives some evidence for the conversion (or decomposition) of the dye to other methylated thionines, which also could complicate the spectral measurements. However, they used for concentration determination the difference between the MB-Na-montmorillonite suspension spectra and MB supernatant spectra, there probably be some differences in the equilibrium when the MB remains only in the cuvette. According to the kinetic study of the adsorption 2 h enough for the equilibrium to state [5].



Spencer and Sutter [6] studied the monomer-dimer equilibrium of MB at five temperatures by utilizing the temperature-jump technique and proposed a possible reaction mechanism as diffusion-controlled interaction of the monomers.



Besides the mechanism above we should have to concern with the face-to-face interactions of the heteroaromatic dye ions in aqueous solutions, which are assigned further absorption tendencies in the measured spectra [7,8,9,10,11]. In most cases, it is very difficult to determine all the associations (multiple equilibria) at various concentrations. Mukerjee and Ghosh [8] evolved a useful method to study the self-association of methylene blue and other complicated association equilibria in the concentration range of 10−6–10−4 M. They have investigated the partition equilibrium of the dye and have maintained its total concentration in the organic phase, but there is no evidence for the salt loaded in the aqueous phase to not affect the association equilibria of the dye molecules in the aqueous phase [7].



Allingham et al. [12] suggests that the type of the MB species in the suspension may also control the adsorption sequence. In this way, the aggregates may be the first which will be adsorbed on the surface depending on the type of the surface.



Bujdák and Komadel [13] used the MB species as indicators of the layer charge density of smectites. By means of visible absorption spectroscopy, they have measured and correlated the contents of MB agglomerates with the layer charge reduction when the formation of the monomers was favored. They also found a connection between the lower negative charge density and distance of the sorbed MB cations [13].



Clays and clay minerals as adsorbent materials are potential candidates for the removal of various pollutants from water [14,15]. Awala and El Jamal [16] studied the adsorption surface of feldspar and the adsorption of dyes on these surfaces. They have found that the adsorption capacity of feldspar was smaller than of clays, however, they supplied detailed information about these adsorption processes on feldspar under several measuring conditions [16].



Murakami [17] focused on the kinetic studies of the dimerization equilibrium under various experimental conditions and the structures of several dyes, which participate in the self-association process. In this work the effect of dye structure, presence of salt, solvent, and a neutral organic substance was examined. In his summary he underlined the influence of the enthalpy–entropy compensation relation on the regulation of the rates of the forward and backward reaction [17]. For methylene blue dimerization, the work of Spencer and Sutter is also cited [6]. The authors assumed that there were dipole–dipole and/or ion–dipole interactions in the diffusion-controlled step.



Besides the aforementioned preconditions of the authors, we also make some further assumptions. If the higher aggregates or micelles of the dye molecules/ions are the same sizes than the particle sizes of the adsorbent in suspension, a possible action of ’adsorbent’ adsorption can be considered in the process. Under such circumstances, there will be a special concentration of the dye, where the adsorption may have more interpretations. However, the preparation of the suspension with uniformity of the particles is probably impossible due to the natural origin against the synthesized activated carbon particles; we could approach an ideal composition of the samples to make optimal measuring conditions, which are useful for defining an interval of the adsorption capacity of the surfaces and estimation of the specific surface area [18]



Various adsorbents such as activated carbon [19], some clays [20,21], and carbon nanotubes [22,23] were successfully used to remove dyes from aqueous solution. The most widely used adsorbents for the adsorption process in industrial wastewater treatment systems is activated carbon due to its large specific area. Owing to the high cost of activated carbon, the use of this adsorbent is limited. Therefore, research has continued for inexpensive alternative adsorbents with reasonable adsorption efficiencies [20].



Accordingly, we gave above several theoretical and experimental information about the self-association processes of methylene blue species based on the literature. In our study we investigate the specific adsorption capacities of the methylene blue species on microcline surfaces containing smaller particles than 71 μm and particles with sizes from 71 μm up to 315 μm, in two particle size ranges, so we had to measure the equilibrium methylene blue concentration in bulk after the dye molecules adsorbed on the feldspar surfaces. On the other hand, the methylene blue adsorption isotherms were determined at room and elevated temperatures, supplemented with structural and elemental analysis of the native and the treated microcline particles.




2. Materials and Methods


2.1. Characterization of Materials


The raw feldspar (microcline) was sampled from the Mórágy Granite Formation [24]. The microcline megacrysts are from monzogranite rocks and their K-feldspar component varies between 89.4 and 94.5 Or% (orthoclase) while the albite component changes from 4 to 11% [24]. The natural microcline was chopped and ground in a mortar to smaller particles. Then the particles were sieved, and were fractionalized into two particle ranges, which are the following: d < 71 µm and 71 < d < 315 µm. All the samples were dried at 105 °C for 24 h to remove moisture or any contaminants before adsorption experiments.



The methylene blue (purity >99%, CAS number: 61-73-4, MW: 319.86 g mol−1) was produced by VWR (Hungary), fabricated by REACTIFS RAL SA (France) used without further purification. The test solutions were prepared by diluting 400 mg L−1 of stock solution to the desired concentrations.




2.2. X-ray Diffraction


The XRD patterns were collected using Cu-Ka radiation (40 kV, 15 mA) with a Rigaku MiniFlex 600 (Rigaku, Tokyo, Japan). Scans were made at room temperature from 10 to 55 with a step of 0.02/s. Quantitative crystal phase analysis was performed by an internal standard method.




2.3. Determination of Particle Size Distributions in Aqueous Suspension


Determination of particle size distributions of microcline particles in aqueous suspensions was performed by using laser diffraction (Mastersizer 3000, Malvern, UK). The particle size distributions were in the following ranges according to sifting: d < 71 μm and 71 < d < 315 μm. Using laser diffraction these microcline fractions’ particle size distributions were determined in aqueous suspensions.




2.4. Methylene Blue Adsorption by Batch Technique


The adsorbed amount of methylene blue was determined as a function of concentration by the batch technique. A known mass of adsorbent (0.135 g) was immersed in solutions (V = 20 mL) of different concentrations for adsorption isotherm determination. The initial concentrations of methylene blue in solutions were in the range of 10−200 mg L−1. Samples were agitated on a shaker at 400 rpm and constant temperature (22.5 ± 2 °C). Samples were taken in 24 h and then centrifuged at 8000 rpm (RCF = 6153) for 15 min. The supernatants were used for the analysis of the residual methylene blue. The amount of methylene blue adsorbed at equilibrium, q (mg g−1), was obtained as follows (Equation (1)):


  q =   (  c 0  −  c e  ) ⋅ V  m  ,  



(1)




where,    c 0    and    c e    are the initial and equilibrium liquid phase concentrations (mg L−1), V is the volume of the solution (L) and m is the weight of the dry mineral used (g). All experiments were triplicated and mean values were used for analyses.



The methylene blue adsorption study was also performed for smaller particle size than 71 μm at 60 ± 2 °C elevated temperature using silicone oil bath, in the range of 10–105 mg L−1 methylene blue concentration.



According to Awala and El Jamal [16], investigation of pH effect on methylene blue adsorption on feldspar, the optimal pH range is from 4 to 8. The sorption studies were performed without pH adjustment [14]. At higher pH values in suspension, the adsorption efficiency is slightly increased, but these pH values are rarely present in the environment, with the exception of the specific contaminated area [16,25]. The pHPZC (point of zero charge) value for feldspar was 7.5 [25].




2.5. Effect of Adsorbent Dose on Adsorption


Different dosage of adsorbents (0.05; 0.1; 0.2; 0.3; 0.4; 0.5; 0.6; 0.7; 0.8; 0.9 and 1.0 g) were used in 10 mL volume of solution at constant concentration of methylene blue to study the adsorption efficiency and determine the optimal adsorbate/adsorbent dose for adsorption isotherm. Solutions with 10 mg L−1 initial methylene blue concentration were used under batch condition. The suspensions were ultrasonically treated for 10 min. The methylene blue content of the supernatant was measured by spectrophotometry. The efficiency of the removal was calculated (Equation (2)):


  % r e m o v a l =   (  c 0  −  c e  ) ⋅ 100    c 0     



(2)








2.6. Analysis of Methylene Blue


Methylene blue concentration in the supernatant was determined by UV-visible spectrophotometry (Genesys 10S UV-VIS, United States) at λ = 664 nm using calibration in 1.0–8.0 mg L−1 of methylene blue concentration range.




2.7. Scanning Electron Microscopy and Elemental Analysis


The surface morphology and elemental composition of the adsorbents were examined using a field-emission scanning electron microscope (FE-SEM) Jeol JSM-IT500HR (Jeol, Tokyo, Japan) equipped with an energy dispersive X-ray analyzer (Jeol, Tokyo, Japan), and set at an accelerating voltage of 7.0 kV and 200–250× magnification.





3. Results


3.1. X-ray Diffraction of Microcline Particles


The microcline reference material data was from the RRUFF database (RRUFF ID: R040154). The XRD patterns of our samples are identical, major diffraction peaks appear at 6.458 Å (20%) and 3.236 Å (100%) as seen in Figure 1.




3.2. The Particle Size Distribution of Microcline Particles in Aqueous Suspensions


The size of microcline particles and their possible aggregates have been determined by laser diffraction in aqueous suspension before and after using ultrasonic treatment in 10 min. The time of treatment was chosen as the adsorption systems were ultrasonically treated in 10 min. In Figure 2A and b the particle size distribution curves measured for smaller particles than 71 μm (d < 71 μm) and those particles in ranged from 71 to 315 μm (71 < d < 315 μm) can be seen in the particle size range of 0.1 and 500 μm.



The particle size distribution curve of smaller particles than 71 μm shows that from 0.594 μm of size, the volume percent of particles increased up to 7.35% (the arithmetic mean particle size is 51.87 μm, see Table 1), then it continuously decreased till 163 μm. The volume percent maximum is reached at 58.9 μm. We can note that the size of most primer and aggregated particles are in the range of 27.4–111 μm for this fraction in aqueous suspension. In Figure 2B the measured size distribution curve of particles ranged from 71 μm to 315 μm shows that from 58.9 μm of size, the volume percent of cells increased up to 14.99% (the arithmetic mean particle size is 155.7 μm, see Table 1), then it decreased till 352 μm. The volume percent maximum is reached at 144 μm.




3.3. Optimum Adsorbate/Adsorbent Dose in Methylene Blue Adsorption on Microcline Particles


The effect of microcline adsorbent dosage for methylene blue adsorption onto microcline particles is shown in Figure 3A,B. The microcline amount was taken between 0.05–1.0 g in 10 mL solutions and the initial dye concentration was constant as 10 mg L−1. The microcline particle sizes were smaller than 71 μm, and from 71 μm up to 315 μm. Using these two size fractions of microcline particles as adsorbents, reaching methylene blue adsorption equilibrium, the calculated specific adsorbed amounts are presented in the function of mass microcline particles in Figure 3A. The results show that when the adsorbent dosage increased from 0.05 g to 0.4 g, the specific adsorbed amounts exponentially decreased from 1.75 mg g−1 to 0.25 mg g−1 according to the Kroeker’s rule, then the values were slightly varied. In Figure 3B the adsorption efficiency in percentage can be seen in the function of microcline mass. As the adsorbent dosage increased from 0.05 g to 0.25 g, the removal of dye is also increased from about 50% to about 95%, and then reaches a plateau.




3.4. Methylene Blue Adsorption Isotherms on Microcline Particles at Room and Elevated Temperatures


The theoretical and experimentally determined methylene blue adsorption isotherms in aqueous suspensions containing microcline particles smaller than 71 μm (d < 71 μm) and in the size range from 71 μm up to 315 μm (71< d <315 μm) are presented in Figure 4A at room temperature. For particles smaller than 71 μm, the maximum experimental adsorption capacity for dye is 2.9–3.1 mg g−1, while for particles in the range from 71 μm up to 315 μm is 1.5−1.6 mg g−1. In Figure 4B the adsorption results can be seen at an elevated temperature of 60–65 °C using the microcline fraction containing smaller particles than 71 μm. The specific adsorbed amounts of dye and the adsorption in percentages are presented against the dye equilibrium concentration. With increasing equilibrium concentration up to 22 mg L−1, the specific adsorbed amount continuously increased up to 3.96 mg g−1, then it decreased to a value of 0.49 mg g−1 at 98 mg L−1 equilibrium concentration.




3.5. Structural and Elemental Analysis of Native and Methylene Blue Treated Microcline Particles by SEM-EDS


Scanning electron microscopy (SEM) has been a primary way to characterize the morphology of surface and fundamental physical properties of the adsorbent surface. It is useful to determine the porosity, particle shape, and appropriate size distribution of the adsorbent. The morphology of microcline adsorbent was examined using SEM (Figure 5A,B). The SEM image of microcline shows that the microcline structure consists of a K, Na, Si, Al, O, and C elements, which favor the adsorption methylene blue (Figure 5C). The chemical compositions of these cleaned mineral samples are determined by electron microprobe Király [24] which yields the chemical formula of K0.82Na0.18Al0.98Si3.015O8 which has been calculated following the method of Deer et al. [27].



There is a good possibility for the dye to be trapped and adsorbed into these pores and inter-spatial voids. In Figure 6 the elemental composition can be seen after adsorption of dye on microcline particles. Secondary mineral products were identified as calcite (Figure 6). Calcite occurs as a fine coating on microcline surfaces shows some disc-shaped crystals (Figure 6A) ranging from 0.5 to 2 μm in size. Calcite particles stick loosely onto the surface of feldspar and are easily taken off, suggesting both that there is no structural inheritance from feldspar to calcite and that calcite is most likely formed from a dissolution–precipitation process, i.e., feldspar → aqueous components → calcite.



Source of the secondary CaCO3 coating should be some non-pure microcline particle, caused by sampling error (see Figure 7).





4. Discussion


Two microcline fractions gained by sieving were used as possible natural adsorbents in the cationic dye adsorption process. In the microcline fraction containing particles smaller than 71 μm the most primer and aggregated particles have a size in the range of 25–125 μm, while in the fraction containing particles in the range of 71–315 μm they have size from around 98 up to 240 μm in aqueous suspension. We have to emphasize that the 10 min of ultrasonically treatment of aqueous suspensions containing microcline particles with various sizes does not have any effect on the measured particle size distribution.



On the issue of the fraction containing smaller particles than 71 μm the adsorption efficiency is slightly higher in comparison to that of particles in the range of 71–315 μm due to the higher adsorption surface. Awala and El Jamal [16] reported that at 1.15 g adsorbent dosage the maximum adsorption efficiency was 90%, but in 30 mL suspension, it means 38.3 g/L adsorbent concentration. In our study, the maximum adsorption efficiency (95%) is determined at around 20 g/L of adsorbent concentration. The difference can be explained that most of the particles have a diameter of about 100–150 μm in both of our fractions and show more homodispersivity based on laser diffraction measurement. Moreover, we used pure microcline feldspar containing other cations and chemical composition, which have a role in forming a double electrostatic layer around particles. An experimental parameter of shaking speed in our case was higher (400 rpm) than in Awala and El Jamal’s [16] study (250 rpm), which also influences the particle size formation and adsorption process in suspension. According to Awala and El Jamal [16], a raw feldspar material was used as adsorbent with particle size distribution of 2–280 μm. For further experiments an optimum adsorbent concentration of 13.5 g L−1 was chosen on the basis of extrapolation in Figure 3A. Yazdani et al. [25] also observed that the dye increased by increasing the amount of feldspar added, and approximately most of the dye removal was achieved within the amount 2.5 g L−1, but after this point the change of adsorption amount was not considerable.



In accordance with adsorption-equilibrium experiments, the microcline particles smaller than 71 μm can adsorb around the double amount of dye than the particles having sizes in the range of 71–315 μm due to the higher specific surface area and the available surface active sites. The 10 min of ultrasonic treatment of aqueous suspensions containing microcline particles with various sizes does not have any effect on the measured particle size distributions and thus significantly on the adsorption (Figure 2A,B). On the surfaces of both microcline mass, in the equilibrated dye concentration range of 10–200 mg L−1 at the temperature of 22.5 °C, the monolayer is saturated at around 80 mg L−1 equilibrated concentration.



An increase in dye initial concentration causes an increase in the adsorption capacity of dyes in single and binary systems [26]. It indicates that the initial dye concentration plays an important role in dye adsorption capacity [27,28]. However, the percentage removal was higher at a lower concentration, as it has been found by other authors [29,30]. In addition, the initial rate of dye adsorption is greater for higher initial dye concentration because the opposition to the dye uptake reduced as the mass transfer driving force enhanced [29,31]. The initial dye concentration in solution provides an important driving force in overcoming mass transfer resistance between the aqueous and solid phases [31]. In the lower concentrations, all the methylene blue molecules present in the adsorption system are attracted by the unoccupied binding sites, providing higher percentage removal. Increasing the concentration, the occupation of available sites increases, until saturation of particle occurs. In the equilibrium condition, both forward and reverse rates must be the same and the concentration remains constant [31].



The analysis of equilibrium is important for developing a model that can be used for the design of sorption systems and evaluate the equilibrium [32,33]. Two classical adsorption models, Langmuir and Freundlich isotherms, are most frequently employed. With our sorption experimental results, the Langmuir isotherm equation could be applied for analyzing the adsorption equilibrium, as the shape of determined isotherms suggests that. Almeida et al. [31] also found that application of the Freundlich model to the experimental data gave a poor fit, so it is inappropriate for the methylene blue/aluminosilicate waste system [31]. According to Yazdani et al. [25], the adsorption of Basic Red 18 and Basic Blue 41 onto feldspar followed with Langmuir and extended Langmuir isotherms in single and binary systems [28].



The Langmuir isotherm is valid for monolayer adsorption onto a surface with a finite number of identical sites [32,33,34]. It is given as an equation:


   q  e q   =    Q 0  b  C  e q     1 + b  C  e q     ,  



(3)




Ce and qeq are equilibrium concentrations (mg L−1) in the solution and in the adsorbent at equilibrium (mg g−1), respectively. Q0 and b are Langmuir constants related to the capacity and energy of adsorption, respectively.



Harrison and Katti [35] have recommended a direct non-linear least-squares estimation for the determination of the Langmuir constants due to the hazards of linearization of the Langmuir model. The non-linearly estimated adsorption isotherms of methylene blue obtained using microcline particles in two particle size ranges are shown in Figure 4A with the experimental data. The values of Q0 and b calculated from non-linear least-squares estimation using Origin6.0 are also given in Table 1. The Langmuir constant b is an indicator of the stability of the combination between the adsorbate and adsorbent surface, and a constant related to the free energy or net enthalpy of adsorption. Using non-linear fitting the estimated values of the Langmuir constants are Q0 = 3.00 mg g−1 and b = 0.32 L mg−1 for the particle size smaller than 71 μm, while they are Q0 = 1.66 mg g−1 and b = 0.30 L mg−1 for the particle size range from 71 μm up to 315 μm.



The theoretical maximum adsorption capacity, Q0, calculated from non-linear least-squares estimation shows a good match with their experimental ones determined for both microcline mass with various particle size distribution. The estimated values of b are less than a unit, and about the same (0.30−0.32 L mg−1) for both particle mass. It can be found in the literature that the adsorption equilibrium of cationic dyes—such as methylene blue—follows the Langmuir isotherm [16,18,25,31,34,36]. Similar results were reported for the adsorption isotherms of various pollutants onto different adsorbent types [21,37]. At significantly elevated temperature of 60–65 °C using the microcline fraction containing smaller particles than 71 μm, the methylene blue adsorption closely linearly increased up to the 3.96 mg g−1 specific adsorbed amount at 22 mg L−1 equilibrated concentration, then it linearly decreased up to 98 mg L−1 equilibrated concentration, where the adsorbed amount is 0.49 mg g−1. So, a breakpoint can be stated on the isotherm at 60–65 °C. At the same temperature, the dye adsorption efficiency continuously decreased from 97% to 6%. Presumably, above 22 mg L−1 equilibrated concentration and at significantly elevated temperature of 60–65 °C a potential process of dye self-association can be preferentially performed against dye adsorption process. At 60–65 °C the adsorption efficiency decreased from 97% to 6.3% in 10–100 mg L−1 of equilibrium concentration range, while at room temperature it also decreased from 97% to 21% in 10–200 mg L−1 of equilibrium concentration range. At room temperature, at 108 mg L−1 of equilibrium concentration, the efficiency is 27.4%, it can be concluded, that the increasing temperature has an adverse effect on adsorption.



Awala and El Jamal [16] revealed that methyl red and fluoresceine did not show any adsorption at any pH, however, methylene blue showed low adsorption on feldspar. According to Langmuir isotherm, the maximum adsorption capacity was estimated as 0.37 mg g−1 at room temperature and 0.66 mg g−1 at 40 °C. The value of Langmuir constant b was 0.16–0.21 L mg−1 (Table 2.). The positive enthalpy indicated that the adsorption was endothermic. The negative values of Gibbs energy revealed that the adsorption was spontaneous [16]. The adsorption of Basic red 18 and Basic Blue 41 onto feldspar was also followed with Langmuir and extended Langmuir isotherms in single and binary systems, respectively. Their thermodynamic data showed that dye adsorption was spontaneous, endothermic, and physisorption reaction. For maximum adsorption capacity in a single system, the values of 10.75 and 11.11 mg g−1 were determined with 0.69 and 0.87 L mg−1 of Langmuir constant b [25]. An aluminosilicate waste from coal mining containing kaolinite, minor components, and organic compounds was investigated as an adsorbent for methylene blue dye by Almeida et al. [31]. The isothermal data from batch experiments were fitted to Langmuir and Freundlich equations, with a better fit shown by Langmuir isotherm equation. The thermodynamic parameters were also calculated by them, showing the adsorption to be an endothermic yet spontaneous process, with the activation energy of +37.8 kJ mol−1 [31]. The equilibrium data of toluidine blue and cetyl trimethylammonium bromide in single solute system on clay and sandstone fitted well to the Langmuir and Freundlich adsorption isotherms. Competitive adsorption was observed between dye and surfactant cations. Competition of Na+ ions with dye and surfactant cations was also investigated to provide information about their adsorption behavior in saline water [36]. Among a huge number of recent papers, in Table 3, several methylene blue adsorption capacities are summarized onto various kinds of natural and modified minerals [38,39,40,41,42,43].



As written above, the authors used the linearization of adsorption isotherm equations for estimation of Langmuir constants. Considering the problems of linearization of equations, the non-linear least-squares estimation can be strongly recommended for modeling adsorption-equilibrium [35]. Langmuir model exhibits a good fit to the adsorption data of cationic dye using non-linear least-squares estimation.




5. Conclusions


An overview is given on methylene blue adsorption behavior at microcline/water interfaces at room and significantly elevated temperature using microcline fractions containing particles having various sizes, which can be useful in the prediction of cationic dye contaminant environmental behavior and planning environmental treatment for contamination [44,45]. The methylene blue limiting adsorption is also an accepted method for prediction of specific surface area supplemented with gas adsorption/desorption experiments [18]. One concludes that the feldspar as an eco-friendly and low-cost adsorbent might be a suitable alternative to remove dyes from colored aqueous solutions containing cationic dyes. A breakpoint can be stated on the dye adsorption isotherm at 60–65 °C, which needs further investigations in the direction of dye self-association and determination of critical micellar concentration at this elevated temperature.
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Figure 1. X-ray diffraction (XRD) patterns of microcline particles smaller than 71 μm (orange). XRD patterns of microcline particles in the size range from 71 μm up to 315 μm (blue). XRD patterns of reference microcline mineral, RRUFF ID: R040154 (red). 
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Figure 2. (A) The measured particle size distribution curve by laser diffraction in an aqueous suspension containing smaller than 71 μm of microcline particles (d < 71 μm). (B) The measured particle size distribution curve by laser diffraction in an aqueous suspension containing microcline particles in the range from 71 μm up to 315 μm (71 μm < d < 3 15 μm). 
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Figure 3. Effect of adsorbent dosage on methylene blue adsorption. (A) The dye adsorption capacity on microcline particles and (B) dye adsorption in percent are presented in the function of microcline mass-containing particles smaller than 71 μm (d < 71 μm) and particles in the range from 71 μm up to 315 μm (71 μm < d <315 μm) in aqueous suspensions. (10 mg L−1 dye concentration, at room temperature, in 10 mL of suspension). 
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Figure 4. (A) The non-linearly fitted by using Langmuir equation and experimental adsorption isotherms of methylene blue on microcline containing particles smaller than 71 μm (d < 71 μm) and in the range from 71 μm up to 315 μm (71 μm < d <315 μm) in aqueous suspensions in the initial dye concentration range of 10–200 mg L−1 at room temperature. (B) The adsorption isotherm of dye and the adsorption in percent determined in the initial dye concentration range of 10–105 mg L−1 at the temperature of 60–65 °C is presented against dye equilibrium concentration. 






Figure 4. (A) The non-linearly fitted by using Langmuir equation and experimental adsorption isotherms of methylene blue on microcline containing particles smaller than 71 μm (d < 71 μm) and in the range from 71 μm up to 315 μm (71 μm < d <315 μm) in aqueous suspensions in the initial dye concentration range of 10–200 mg L−1 at room temperature. (B) The adsorption isotherm of dye and the adsorption in percent determined in the initial dye concentration range of 10–105 mg L−1 at the temperature of 60–65 °C is presented against dye equilibrium concentration.



[image: Minerals 09 00555 g004]







[image: Minerals 09 00555 g005 550] 





Figure 5. (A) Microcline particles smaller than 71 μm, (B) Microcline particles in the range from 71 μm up to 315 μm, (C) Chemical composition of microcline particles determined by EDS. 
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Figure 6. (A) Disk-shaped calcite crystals on the microcline surface, (B) Chemical composition of “A” surface area determined by EDS, (C) Element mapping of the “A” surface area. 
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Figure 7. Calcite crystals on the microcline surface. 
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Table 1. Statistical parameters of the studied microcline particles (The mathematical “method of moments” was calculated following Friedman and Johnson’s [26] functions).
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Methods:

	
Statistics

	
d < 71 μm

	
71 < d < 315 μm






	
Method of Moments Arithmetic (µm)

	
Mean    (     x ¯   a   )   

	
51.870

	
155.7




	
Sorting    (   σ a   )   

	
35.540

	
49.220




	
Skewness (Ska)

	
0.559

	
0.769




	
Kurtosis (Ka)

	
2.694

	
3.468




	
Method of Moments Geometric (µm)

	
Mean    (     x ¯   g   )   

	
34.950

	
148.100




	
Sorting    (   σ g   )   

	
3.003

	
1.366




	
Skewness (Skg)

	
−1.360

	
0.013




	
Kurtosis (Kg)

	
4.537

	
2.581
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Table 2. The Langmuir isotherm constants of methylene blue on microcline mass containing particles smaller than 71 μm (d < 71 μm) and in the range from 71 μm up to 315 μm (71 μm < d < 315 μm) in aqueous suspensions in the initial dye concentration range of 10−200 mg L−1. The temperature was 22.5 °C, the microcline mass concentration was 13.5 g L−1.
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	Microcline Particle Size Fraction
	Q0, mg g−1
	b, L mg−1
	R2





	d < 71 µm
	3.00
	0.32
	0.97



	71< d <315 µm
	1.66
	0.30
	0.95
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Table 3. Several methylene blue adsorption capacities onto various kinds of natural and modified minerals [38,39,40,41,42,43].
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	Adsorbents
	Q0, mg g−1





	activated clay minerals
	500



	purified palygorskite
	219.69



	polyamide–vermiculite nanocomposite
	76.42



	Algerian palygorskite
	57.47



	Algerian kaoline
	52.76



	maghemite
	36
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