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Abstract

:

In recent decades, several abatement techniques have been proposed for organic dyes and metal cations. In this scenario, adsorption is the most known and studied. Clinoptilolite was considered, since it is a zeolite with a relatively low cost (200–600 $ tons−1) compared to the most well-known adsorbent used in wastewater treatment. In this work, Clinoptilolite was used for the adsorption of Methylene Blue (MB) at three different concentrations, namely, 100, 200, and 250 ppm. Furthermore, the adsorption capacity of the natural zeolite was compared with that of Activated Charcoal (250 ppm of MB). The two adsorbents were characterized by complementary techniques, such as N2 physisorption at −196 °C, X-ray diffraction, and field emission scanning electron microscopy. During the adsorption tests, Clinoptilolite exhibited the best adsorption capacities at 100 ppm: the abatement reached 98% (t = 15 min). Both Clinoptilolite and Activated Charcoal, at 250 ppm, exhibited the same adsorption capacities, namely, 96%. Finally, at 250 ppm MB, the adsorption capacity of Clinoptilolite was analyzed with the copresence of Zn2+ and Cd2+ (10 ppm), and the adsorption capacities were compared with those of Activated Charcoal. The results showed that both adsorbents achieved 100% MB abatement (t = 40 min). However, cation adsorption reached a plateau after 120 min (Zn2+ = 86% and 57%; Cd2+ = 53% and 50%, for Activated Charcoal and Clinoptilolite, respectively) due to the preferential adsorption of MB molecules. Furthermore, kinetic studies were performed to fully investigate the adsorption mechanism. It was evidenced that the pseudo-second-order kinetic model is effective in describing the adsorption mechanism of both adsorbents, highlighting the chemical interaction between the adsorbent and adsorbate.
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1. Introduction


During recent decades, several abatement techniques have been proposed for metals and organic compounds in wastewater treatment [1,2,3,4,5,6]. Łach et al. [6] proposed an innovative method to modify synthetic zeolites with calcium to increase their cation exchange capability for potential adsorption processes.



To facilitate the abatement of dyes, Adhikari et al. [1] proposed hydrogels based on synthetic self-assembling tripeptides. McMullan et al. [2] and Pearce et al. [3] proposed microbes and bacteria, respectively, since they can decolorize and metabolize dyes. Dosa et al. [4], Piumetti et al. [7] and Freyria et al. [8] demonstrated the effect of natural and modified zeolites, titania and titania-doped materials on the abatement of Acid Orange 7.



Dyes are commonly used in the textile, paper, and cosmetics industries [1,2,3,9,10], and they are difficult to abate since they are stable in light, heat, and oxidant environments [11,12]. Among the organic dyes, Methylene Blue (C16H18N3SCl) is widely studied [13,14,15,16]. Specifically, Methylene Blue (herein labeled “MB”) at higher concentrations can generate several health issues in humans [17] and exhibits a toxic effect on aquatic life [18]. The works of EL-Mekkawi et al. [19], Mulushewa et al. [20], Dosa et al. [14] and Galletti et al. [21] evidenced that naturally derived adsorbents, such as kaolin, grape-wood wastes or Clinoptilolite, exhibited interesting effects on MB. On the other hand, the adsorbent material derived from laboratory synthesis, such as activated carbon or mesoporous silica, exhibited good results toward the same pollutant, as reported by Mousavi et al. [22] and Nicola et al. [23], respectively.



In terms of metal adsorption, Hussain et al. [5] demonstrated that Activated Charcoal, zeolite, clay minerals, and nanostructured materials can be widely used for this application. Interesting outcomes can also be seen in the study of Galletti et al. [21], which demonstrated that the natural zeolite Clinoptilolite can be used for the abatement of metal cations. Some of the heavy metal cation groups are micronutrients for the biological functions of organisms [24,25]. However, when the amount of such metals is higher than the minimum values, several problems can occur in the biological functions [5,24,25,26,27,28]. Among the heavy metal pollutants, Zn2+ and Cd2+ are of particular interest, and their limits are fixed for different kinds of wastewater discharges [29,30,31]. Over the years, several techniques have been developed for the abatement of metal cations in wastewater, such as the ion exchange method by O’Connel et al. [32] or chemical precipitation by Hunsom et al. [33]. There are other interesting techniques that, for the sake of brevity, have not been mentioned [34,35]. In this scenario, the adsorption toward the metal cation can be considered a good choice since good results were presented in the study of Bobade and Eshtiaghi [36].



Since zeolites are used for the abatement of organic dyes and metal cations, in this study, Clinoptilolite, a natural zeolite, was considered. The reason for such interest is not only due to its potential applications but also due to its cost, which is cheaper (100–600 $ tons−1) compared to synthetic zeolites [37]. Clinoptilolite belongs to the HEU family-type zeolite [38], and it is a zeolite that occurs naturally. Thus, its chemical composition changes depending on the geographical area of the extraction [39,40,41]. As a whole, the large variety of metal cations inside its three-dimensional tectosilicate can help during the abatement or degradation processes toward specific contaminants, as observed in other research works [14,21,42,43,44,45,46,47,48].



In this work, Clinoptilolite (named “Clin” from now on) was studied for Methylene Blue, Zn2+, and Cd2+ abatement tests. Activated Charcoal, labeled “AC”, was investigated for comparison purposes. MB was considered a probe molecule for organic pollutants, while zinc and cadmium cations were considered for heavy metal contamination.



Moreover, a kinetic study was conducted to better understand the mechanisms that may influence the adsorption process, and a model suitable for the examined systems was proposed that better describes the adsorbate–adsorbent interactions. The aim is to predict the rate at which contaminants are removed from aqueous solutions to design and optimize appropriate adsorption-based water treatment operations [49,50,51,52,53,54,55].




2. Materials and Methods


2.1. Adsorbent Materials


The adsorbent materials studied in this work were the natural zeolite Clin (Zeolado, Greece) and AC (Norit ROW 0.8 Supra, Merk, Steinheim, Germany). The Clinoptilolite used is characterized by a sedimentary origin (≥90%) and appears as a light gray–green solid powder with a specific weight of approximately 2200–2440 kg m−3. The AC comprises black granules with an average dimension of particles (≤0.5%) less than 0.60 mm. The water content, evaluated by the Karl Fisher Titration method, was lower than 0.5%.




2.2. Structural and Textural Characterizations


The crystalline structures of Clin and AC were investigated using powder X-ray diffraction analysis (XRD). The patterns were collected with an X’Pert Philips PW3040 (Malvern Panalytical Ltd., Malvern, UK) diffractometer using Cu Kα radiation (2θ range = 5°–50°; step = 0.05° 2θ; time per step = 0.2 s). Then, the collected diffraction peaks were indexed according to the Powder Data File database (PDF-2 1999, International Centre of Diffraction Data).



N2 physisorption at −196 °C was performed to evaluate the Specific Surface Area (SSA, m2 g−1) and the Total Pore Volume (VTP, cm3 g−1) of the adsorbent materials in a Micromeritics Tristar II 3020 (v1.03, Micromeritics Instrument Corp., Norcross, GA, USA). The SSA was evaluated using the Brunauer–Emmett–Teller (BET) method, and the VTP was evaluated using the Barrett–Joyner–Halenda (BJH) method during the desorption phase. Before the analysis, the samples were pretreated under N2 flow at 200 °C for 4 h to eliminate impurities on their surface (i.e., water).



The morphology of the samples and the elemental composition (EDX analysis) were studied through field emission scanning electron microscopy analysis (FESEM, Zeiss MERLIN, Gemini-II column, Oberkochen, Germany). X-ray fluorescence analysis was performed with a RIGAKU ZSX100E apparatus (Tokyo, Japan) equipped with an Rh X-ray tube and TAP, PET, LiF1, Ge, RX61, and RX45 analysis crystals. Samples were prepared by pressing powder into thin discs with a diameter of 20 mm and a thickness of 2 mm. The samples were analyzed at least 20 different points.




2.3. Abatement Tests


2.3.1. Methylene Blue Abatement with Clinoptilolite


MB (Merck, Steinheim, Germany) was chosen as a probe molecule for the organic pollutant. The concentration of MB for the abatement tests was 100, 200, and 250 ppm. The choice of these MB concentrations was taken after a literature study. Several works present tests at lower (10–110 ppm [56,57]) or higher (200–1000 ppm [58,59]) concentrations of MB. If the tests were performed with lower MB concentrations, the adsorption proceeds too fast, and it is difficult to properly discriminate the kinetics of the adsorption. On the other hand, with a higher amount, namely, higher than 250 ppm, saturation of the active sites of the adsorbent materials could occur. For this reason, 100, 200, and 250 ppm concentrations were chosen. The MB solution was put into a beaker and placed on a magnetic stirrer. The adsorbent material, Clin, (5 g L−1) was placed inside the MB solution. The abatement test started when Clin was added to the solution (time 0), and then a small amount of solution was collected over time, centrifuged, and subsequently analyzed with a UV–VIS spectroscope (HACH LANGE GmbH, Ames, Iowa, USA) using 664 nm as the absorbance reference peak of MB.




2.3.2. Methylene Blue Abatement with Activated Charcoal


The MB abatement tests with AC were performed with a 250 ppm dye concentration. The AC concentration was 10 g L−1. The tests were performed with the same procedure described in MB abatement with Clin (Section 2.3.1). For this case study, the adsorption capacity toward AC was compared with Clin at the same concentration.




2.3.3. Abatement Tests with Methylene Blue and Metal Cations


Finally, abatement tests were performed with the presence of MB, Cd2+, and Zn2+ at 250 ppm, 10 ppm, and 10 ppm, respectively. The Clin and AC concentrations were 10 g L−1. The collected suspension was analyzed via a UV–Vis spectrometer (MB) and ICP (iCAP Q ICP–MS, ThermoFisher Scientific, Waltham, MA, USA) for metal concentrations. The tests were performed with the same procedure described in MB abatement with Clin (Section 2.3.1).






3. Results


3.1. Structural and Textural Properties


Table 1 reports the results as derived from the N2 physisorption at −196 °C. The AC exhibited higher textural properties (SSA = 891 m2 g−1, VTP = 0.56 cm3 g−1) than Clin (SSA = 32 m2 g−1, VTP = 0.12 cm3 g−1). The results of the SSA and VTP of Clin are in agreement with other literature results [4,21].



The crystallinity of Clin and AC was investigated using the X-ray diffraction technique. The results are reported in Figure 1. Clin exhibits high crystallinity, and the most intense peaks are at 2θ = 9.92°, 11.09°, and 22.43°, according to the reference pattern in the database (00-039-1383) and other previous studies [4,14,21]. The peak at 2θ = 22.43° is the most intense peak of the natural zeolite and is denoted by the (1 3 1)-type plane [61]. Davarpanah et al. [47] demonstrated that Clin has a different percentage of minerals, reported in Table S1, comprising an amorphous phase, kaolinite, and illite, and the rest are Clinoptilolite minerals.



On the other hand, AC exhibits a low crystallinity pattern, as observed in the literature [62,63]. The two peaks at 22.56° and 43.57° are the (0 0 2) and (1 0 1)-type planes of the typical charcoal pattern [62]. The AC diffractogram was compared with reference pattern 00-006-0675.



The morphology of the samples was investigated with FESEM micrography, and the results are reported in Figure 2. Clin exhibits the typical flake-like structure confirmed by FESEM analysis (Figure 2A,B) [4,14,21,39,40,64]. On the other hand, AC presents a multiwallet mesopore structure [62,63], as reported in Figure 2C,D.



Figure 3 shows two different magnifications of Clin TEM images. It is possible to demonstrate the flake-like structure of Clin. Moreover, in Figure 3A, it was possible to evaluate the average dimension of a particular Clin particle, which is approximately 200 × 74 nm, using ImageJ software [65].



The chemical composition of Clin was investigated by EDX and XRF analysis; the results are reported in Table 2.



The Si-to-Al ratio was approximately 5 from EDX analysis and 7 from the XRF results. As demonstrated from the results reported in Table 2, the values obtained from the two above-mentioned techniques are quite similar to each other and the differences are not significant.




3.2. Abatement Tests


3.2.1. Methylene Blue Abatement with Clinoptilolite and Activated Charcoal


As evidenced by the literature, MB adsorption proceeds through four steps [66]: (a) migration of MB from the bulk solution to the surface of the adsorbent; (b) MB diffusion in the boundary layer to the surface of the adsorbent; (c) MB adsorption on the active sites of the material; and (d) intraparticle diffusion of MB into material pores. In addition, MB adsorption can be influenced by the pH of the solution. This parameter influences the surface charge of Clin, the degree of ionization, and the electrical charge of MB [67]. In this work, the pH was not adjusted to perform the test in a more realistic situation.



In an aqueous solution, when the pH value is high, the H+ concentration is very low, and a strong interaction originates from the Clin surface and MB cation molecule. The interaction between Clin and MB at high pH values is possible only due to the ion-exchange properties of Clin. Since Clin is a zeolite, its surface has negative charges, which are compensated by the presence of metal cations on the surface. The presence of several different metals on the Clin surface was demonstrated by EDX and XRF measurements (see Table 2 Section 3.1). In solution, MB is a cationic molecule. On the other hand, Clin in solution can easily exchange its metal cation on the surface, and as a consequence, the Clin surface exhibits negative charges, which are considered active sites during the adsorption process. If Clin can easily exchange its metal cations on the surface, it is possible to create a new strong interaction, Clin-MB [21,68,69,70], because the cationic MB is strongly attracted by the negative active sites on the Clin surface. As a consequence, the interaction of Clin-MB increases the adsorption capacity of the material [67].



The results of the MB abatement tests with Clin are reported in Figure 4. All the absorbance spectra, in Figure 4, were normalized. To further investigate the behavior of Clin toward MB, Figure S1 shows the adsorption isotherm constructed from different concentrations of organic dye, the form of which can be related to an L-type.



For the sake of completeness, the amount of MB adsorbed over time on Clin is shown in Figure S2. The pH of the MB solution was measured at the beginning and at the end of the tests, and the pH measurements are reported in Table 3.



As expected, when the MB concentration is 100 ppm (Figure 4A), the abatement proceeds more efficiently compared to higher concentrations, namely, 200 and 250 ppm (Figure 4B,C). As a whole, Clin was able to capture 100, 99, and 93% of MB with 100, 200, and 250 ppm case studies, respectively (adsorption time = 210 min). The behavior and abatement kinetics for these three case studies will be examined in Section 3.3.



Zeolites are materials that easily adsorb water molecules in comparison to dyes in an aqueous solution. Thus, the active sites of Clin start to become inaccessible to MB molecules when the amount of dye increases. However, thanks to the Clin structure as well as its unique chemical composition, which is able to create negative charges on the Clin surface after ion exchange, this natural zeolite has good abatement capacities for removing cationic dyes such as MB [67,71].



As mentioned before, the abatement process is influenced by the pH of the solution [67]. The lower the MB concentration was, the higher the starting pH value (Table 3).



In fact, the best abatement condition is represented for the 100 ppm case study due to the effect of the initial pH value (Figure 4A). When the MB amount increases, the pH decreases since the OH- species in solution are attracted to cationic MB, and the pH decreases to 8.01 and 6.18 at 200 and 250 ppm, time zero min, respectively. As a consequence, if the amount of MB increases, the active sites are saturated immediately since their number does not change during the process. For this reason, at higher concentrations, namely, 200 and 250 ppm, the kinetics proceed slowly, and MB abatement is not performed as in the 100 ppm case study.



Figure 5 reports the comparison between Clin and AC in terms of MB abatement with the highest concentration (250 ppm) to better discriminate their adsorption capacities. Additionally, for this case study, the absorbance spectra were normalized. Instead, Figure S3 shows the amount of MB adsorbed over time comparing the two adsorbents.



The reason for the comparison between Clin and AC is to perform an analysis of possible alternatives to AC, which is a material commonly used for wastewater treatment. As previously shown, Clin has an average price of approximately 200–600 $ tons−1 [37]. On the other hand, the AC has a price that changes depending on the procedure and the matrix used [72,73,74,75]. For detailed costs of AC materials, the information is reported in Table S2. Overall, the costs of AC are approximately 1.08–2.89 $ kg−1. Thus, it is evident that Clin is cheaper than AC, and the aim is to investigate the adsorption of such contaminants with a valid and low-cost alternative.



As a whole, the MB abatement with Clin (Figure 5A) proceeds faster compared to AC (Figure 5B). The reason for such behavior could be explained by the abundant presence of cations in the Clin framework. As exposed above, the presence of metal cations on the Clin surface as well as the good ion-exchange properties of this natural zeolite can create a strong MB–Clin interaction [21,68,69,70]. The MB can be easily attracted on the Clin surface, and the abatement proceeds faster compared with the AC case study. As reported by Figueiredo and Pereira [76] the active sites in AC can be carboxyl, lactone, lactol, phenol, carbonyl, anhydride, ether, quinone, pyrone, chromene, pyridine, quaternary, pyridine, oxidized N, and pyrrole groups. Despite a variety of active sites, it is evident from the results reported in Figure 5 that the interaction of the cationic MB in solution with the active sites of Clin is stronger than the possibility of having an interaction with such a variety of active sites on AC. The reason could be the partial hydration of such chemical groups in water, which does not allow a strong interaction with cationic MB.



It is interesting to observe that at the end of the abatement tests, namely, 210 min adsorption time, both materials reached approximately 94% MB abatement (Figure 5C). Although AC does not have metal cations on the surface, its higher surface area is able to store a high quantity of MB for longer adsorption times. Steps (c) and (d) of the MB adsorptions are more optimized on AC compared to Clin. First, a high surface area implies the presence of more active sites (step 3 of MB adsorption: the higher the number of active sites is, the higher the amount of MB adsorbed). Furthermore, the AC pores are larger compared to Clin, which is a zeolite with micropores, and the AC does not have intradiffusional problems like Clin.



As is evident from the comparison with the literature (see Table S3 in the Supporting Information), the results achieved are comparable to those obtained in a previous work by Dosa et al. [14] for the case study of 250 ppm of MB, but seem much more promising compared to other studies in which, on the one hand, 100% abatement of the organic dye was not achieved [15] and, on the other hand, the time required to achieve appreciable abatement is extremely long, as described in the study by Sun et al. [12]. These limits were exceeded in the present work, e.g., 100% abatement of the dye pollutant was achieved after approximately 30 min at a concentration of 100 ppm.




3.2.2. Methylene Blue, Zn2+ and Cd2+ Abatement with Clinoptilolite and Activated Charcoal


Finally, the effect of the copresence of MB, Zn2+, and Cd2+ for the Clin and AC case study was analyzed. The results are reported in Figure 6.



As a whole, both Clin and AC exhibit promising abatement capacities toward the MB molecule since the MB abatement is above 90% after 30 min (Figure 6A).



For Zn2+ and Cd2+, the abatement does not reach 100% for both adsorbent materials (Figure 6B and Figure 6C, respectively). The reason for such behavior could be explained by the preferential adsorption of MB on the Clin surface. It was observed that Clin does not prefer the adsorption of Zn2+ instead of Cd2+, which is in agreement with a previous study. The adsorption of divalent cations with high hydration energy is nonselective [77]. The adsorption of both metal cations reached a plateau after 120 min (Zn2+ = 86% and 57%; Cd2+ = 53% and 50% for AC and Clin, respectively) due to the saturation of the active sites by MB.



For AC, Zn2+ is preferentially adsorbed instead of Cd2+. This behavior could be explained by the smaller ionic radius of the Zn cation (0.60–0.90 Å) [78,79]. In fact, it is easier for the Zn cation to diffuse into the mesopores and start the saturation of AC active sites. Moreover, since its ionic radius is smaller than that of Cd cation, more Zn cations can be attracted on the active sites: the smaller the ionic radius, the higher the number of Zn cations on AC active sites. On the other hand, Cd cation has a large ionic radius. Thus, when it diffuses into the AC active sites, these are already partially saturated with Zn and, for this reason, the adsorption of the Cd cation has reached a plateau. Further investigation of the kinetics of these tests will be investigated in Section 3.3.





3.3. Abatement Kinetics


To investigate the abatement behavior of Clin and Activated Charcoal (AC) toward Methylene Blue (MB), heavy metals (mainly Zn and Cd), and their combination, different abatement kinetics models are implemented to fit the experimental data, including pseudo-first-order (PFO) (Equation (1)), pseudo-second-order (PSO) (Equation (2)), Elovich (Equation (3)), intraparticle diffusion (Equation (4)), the Bangham model (Equation (5)) and, finally, Avrami kinetic models (Equation (6)) [49,50,51,80,81].
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The abovementioned models are most commonly used to describe the sorption of dyes as well as other pollutants (heavy metals) on solid sorbents [50].



The kinetics of abatement and the respective parameters were determined by plotting the adsorptive uptake of the dye (or the heavy metals) from the aqueous solution at different time intervals.



For the sake of simplicity, the linearized form was implemented for PFO (Equation (7)), PSO (Equation (8)), Elovich (Equation (9)), and Avrami (Equation (10)) to fit the experimental data as reported in the following equations:
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Starting from the linearization, it is possible to estimate model parameters from the slope and the intercept.



In each model,    q t    and    q e    represent the amounts of dye (or heavy metals) adsorbed per gram of adsorbent (both expressed in      mg   g    − 1    ) at time t (  min  ) and at equilibrium, respectively, and calculated from Equation (11) as follows:


  q =   (  C 0  − C )   · V  m   



(11)




where    C 0    and   C     represent the concentration of dye in the bulk liquid at the initial time and time t (both expressed in      mg   L    − 1    ), respectively,   V     is the volume of the bulk solution ( L ) and  m  is the mass of adsorbent ( g ).



The other parameters are    k 1    (    min   − 1    ),    k 2    (     g   mg    − 1     min   − 1   )  , and    k i    (     mg   g    − 1     min   − 0.5   )  , which correspond to the rate constants of the PFO, PSO, and intraparticle diffusion models, respectively. Finally,  α  (     mg   g    − 1     min   − 1   )  ,  β     (     g   mg    − 1    )   ,  C     (     mg   g    − 1    )   ,    k B    (     mg   g    − 1     min   − 1    ),  ϑ  (-), and    k A    (    min   − n   )  ,  n  (-) are specific parameters for each model.



To investigate the effect of the initial concentration of MB on abatement kinetics, different tests were performed by varying the dye concentration from 100 ppm to 250 ppm, and the experimental data were fitted with the aforementioned kinetics models. Finally, the best-fit model was determined based on the determination coefficient value (R2).



For the sake of brevity, only plots with the best fits are reported in Figure 7, whereas the further parameters of the other kinetic models and their respective R2 coefficients are illustrated in Table 4.



The pseudo-first-order equation of Lagergren can be an indication of intraparticle diffusion and/or surface reaction-controlled kinetics [81]. Since k1 varies with the initial concentration, PFO is representative of surface reaction-controlled kinetics. However, this model proved to be not suitable to fit experimental data, since the determination coefficient R2 showed a value much lower than unity for each concentration tested.



Furthermore, the experimental and calculated values of equilibrium abatement capacities (qe) differ from each other for both adsorbents employed, as shown in Table 4 [49,50,80]. This result was consistent with the literature [52,81], where the abatement of MB does not follow a PFO.



The pseudo-second-order model assumes that the rate-limiting step may be chemical sorption or chemisorption involving valence forces through the sharing or exchange of electrons between the sorbent (Clin and AC) and sorbate (MB) [50].



According to the fitting, the value of R2 using the pseudo-second-order kinetic model for Clin and AC showed the highest agreement with the experimental data (R2 values close to the unity). Moreover, the experimental and calculated amounts of qe agree with each other, even if sometimes the latter can be lower than the former, as demonstrated in the literature [49,81]. Therefore, the results obtained show the applicability of this kinetic model of the abatement process for each concentration investigated, indicating that the rate of MB abatement process on Clin (or AC) is controlled by chemisorption, as confirmed in the literature [49,80].



It is interesting to highlight that the higher the concentration of MB, the lower the value of    k 2   , resulting in a slower kinetic abatement, as illustrated in Figure 4D.



Moreover, comparing the value of    k 2    obtained for Clin and AC at 250 ppm MB, the adsorption was faster for the former than for the latter adsorbent, validating the fact that the abundant presence of cations in the Clin framework is favorable to MB adsorption, as previously explained and illustrated in Figure 5C.



The Elovich kinetic model is employed to describe the chemisorption of gases onto heterogeneous surfaces and solid systems, and it is also applied to the study of the removal of pollutants from aqueous solutions [49,52].



The value of α (corresponding to the initial abatement rate), both for Clin and CA for each concentration tested, was observed to be greater than the value of β (that is, a desorption constant related to the extent of surface coverage and activation energy for chemisorption), indicating an abatement rate higher than desorption, as confirmed in the literature [49].



However, according to the value of R2, this model is not suitable to describe the kinetics of abatement of MB using Clin as an adsorbent. In contrast, it is interesting to highlight that the Elovich model is more appropriate to describe the behavior of AC as an adsorbent [81], since it was observed in good accordance with the experimental data, with an R2 equal to 0.9613, close to that obtained from PSO (0.9786). This means that, in this case, the chemical phenomenon is very important.



The intraparticle diffusion (IPD) model is an empirical relationship usually used to describe the rate-determining steps of an abatement process [49,51].



In each test performed, since the parameter ‘C’ (which gives an idea of the thickness of the boundary layer [49]) has a value different from zero, the curve does not pass from the origin; therefore, the intraparticle diffusion is not the only control step, and the abatement process is controlled by different steps.



As reported in Table 4, the higher the concentration of MB, the higher the value of ki. This means that the dye is favored to diffuse inside the adsorbent.



Moreover, a similar trend is observed for coefficient C, but with a different magnitude. In this case, a higher value of C indicates a greater effect of the boundary layer on the abatement of MB on Clin [49].



On the other hand, using AC as an adsorbent, it was observed that the data were aligned on a straight line, which could be attributed to macropore diffusion [50]. Moreover, ki presents a higher value than those obtained for Clin, and the ‘C’ parameter has a low value. Therefore, MB diffuses easily inside AC due to reduced pore diffusion resistance, as demonstrated from the results obtained from the N2 physisorption; thus, the effect of the boundary layer is much lower than that of Clin.



As seen from the value of R2, this model is not suitable for fitting the experimental data on Clin, but it seems much more appropriate to describe the abatement on AC.



Bangham’s model belongs to the internal diffusion model and assumes intraparticle diffusion as the only rate-controlling step. Mainly, this model is used to evaluate the dominance of pore diffusion in the abatement process [82]. In this study, it is not representative of the experimental data obtained on Clin as an adsorbent, since the R2 is much lower than unity. In contrast, the abatement behavior on AC seems to have good accordance with this model, even if PSO is confirmed to be the best-fitting model.



Sometimes, during the abatement process, it is possible to have an abatement rate coefficient depending on time. In this case, a kinetic system with a time-dependent rate coefficient is said to exhibit “fractal-like kinetics”. In this regard, another kinetic model may be implemented to describe the kinetic behavior, called the Avrami rate equation [53,54,81,83]. The n parameter is related to the possible changes in the abatement mechanism that takes place during the abatement process and is a fractional number. Instead of following only an integer-kinetic order, the mechanism abatement could follow multiple kinetic orders that are changed during the contact of the adsorbate with the adsorbent [53].



In this case, the linearization is more complex than the previous models investigated, and for each test performed, it was found to be in poor accordance with the experimental data, with an R2 coefficient much lower than that obtained for PSO.



Finally, a similar study was conducted to investigate the kinetic behavior of a system with the simultaneous presence of MB and heavy metals, mainly Zn2+ and Cd2+. As previously, only the best-fitting plot is illustrated (Figure 8), adding further parameters about other models in the summary table (Table 5) reported below.



For the system constituted by the copresence of dye and metals, the abatement kinetics were investigated by applying the analogous model mentioned above. Even in this case, the PSO kinetic model exhibited the best fit over the entire time range for both adsorbents tested, resulting in an R2 coefficient close to unity and values of    q  e , f i t     and    q  e , e x p     similar to each other, confirming chemisorption control over the entire abatement process. All the other models investigated are nonrepresentative of the experimental data collected since R2 showed a value far from unity. As can be observed from the value of    k 2    reported in Table 5, the adsorption rate of MB on Clin was faster with the copresence of dye and metal cations (   k 2    = 0.0609      g   mg    − 1     min   − 1    ) compared to the system in which there was only MB (   k 2    = 0.0031      g   mg    − 1     min   − 1    ). From the results obtained, it seems that the presence of metal cations helps the adsorption of MB on Clin, resulting in faster kinetics.





4. Conclusions


In this work, Clinoptilolite, a natural zeolite, was studied for adsorption tests of a probe molecule of organic dyes, Methylene Blue, and for the abatement of metal cations, Zn2+ and Cd2+. The Activated Charcoal was studied for comparison purposes.



The adsorption tests were performed at different Methylene Blue concentrations with Clinoptilolite, namely 100, 200, and 250 ppm. The best abatement condition was the 100-ppm case study (98%, t = 15 min).



Then, the natural zeolite was compared to Activated Charcoal at 250 ppm of Methylene Blue. It was demonstrated that both materials were very effective in the adsorption of the organic dye since the abatement was approximately 96% at 210 min.



Finally, Clinoptilolite and Activated Charcoal were studied with the copresence of Methylene Blue and specific amounts of Zn2+ and Cd2+ (10 ppm for each cation). Interestingly, both adsorbents achieved 100% MB abatement (t = 40 min). However, cation adsorption reached a plateau after 120 min (Zn2+ = 86% and 57%; Cd2+ = 53% and 50% for Activated Charcoal and Clinoptilolite, respectively) due to the preferential adsorption of MB molecules.



From a kinetic point of view, it can be concluded that each case examined follows a pseudo-second-order model, highlighting that a chemisorption process effectively describes the adsorption behavior of MB and heavy metals both on Clinoptilolite and Activated Charcoal.
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Figure 1. X-ray diffractograms in the range 5° < 2θ < 50° over Clin and AC. 
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Figure 2. FESEM images of Clin (A,B) and AC (C,D) at different magnifications. 
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Figure 3. TEM images of Clin at two different magnifications, (A) 20 nm and (B) 10 nm. 
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Figure 4. Clin (5 g L−1) abatement tests were performed with 100 ppm (A), 200 ppm (B), and 250 ppm (C) MB concentrations. MB abatement as a function of time (D) at three concentrations, 100, 200, and 250 ppm. 
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Figure 5. Clin (5 g L−1) abatement tests (A) and AC (5 g L−1) (B) were performed with 250 ppm MB. MB abatement as a function of time (C) at 250 ppm MB. 
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Figure 6. Clin and AC abatement tests (10 g L−1) with 250 ppm MB, 10 ppm Zn2+, and 10 ppm Cd2+. Abatement of MB (A), Zn2+ (B), and Cd2+ (C) as a function of time. 
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Figure 7. Experimental data of MB abatement tests fitted with a PSO kinetic model with different concentrations of MB on Clin (A) and by using 250 ppm MB on Clin and AC (B). 






Figure 7. Experimental data of MB abatement tests fitted with a PSO kinetic model with different concentrations of MB on Clin (A) and by using 250 ppm MB on Clin and AC (B).



[image: Materials 15 08191 g007]







[image: Materials 15 08191 g008 550] 





Figure 8. Experimental data of a system with 250 ppm MB, 10 ppm Zn2+, and 10 ppm Cd2+ fitted with a PSO kinetic model by using Clin (A) and AC (B) as adsorbents. 
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Table 1. Specific Surface Area (SSA), Total Pores Volume (VTP), and Total Pores Diameter (DTP) of the Clin and AC samples.






Table 1. Specific Surface Area (SSA), Total Pores Volume (VTP), and Total Pores Diameter (DTP) of the Clin and AC samples.





	
Adsorbent Material

	
SSA (m2 g−1) a

	
VTP (cm3 g−1) b

	
Dp






	
Clin

	
32

	
0.12

	
A channel 3.0 × 7.6 Å c




	
B channel 3.3 × 4.6 Å c




	
C channel 2.6 × 4.7 Å c




	
AC

	
891

	
0.56

	
3.3 nm d








a Evaluated by the BET method; b evaluated by the BJH method during the desorption phase; c average channel dimensions from [38,47]; d average pore diameter from [60].
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Table 2. EDX and XRF results are reported as atomic %.
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Adsorbent Material

	
EDX

	
XRF




	
Si

	
Al

	
K

	
Ca

	
Fe

	
Si

	
Al

	
K

	
Ca

	
Fe






	
Clin

	
72.5

	
14.9

	
7.3

	
3.7

	
1.6

	
79.1

	
11.1

	
3.9

	
3.8

	
2.1
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Table 3. pH values at the beginning (t = 0 min) and the end (t = 210 min) of MB abatement tests.
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Adsorbent Material

	
MB Concentration (ppm)

	
pH|time=0 min

	
pH|time=210 min






	
Clin

	
100

	
8.36

	
7.11




	
200

	
8.01

	
5.65




	
250

	
6.18

	
6.09
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Table 4. Kinetic parameters of MB abatement using Clin and AC as adsorbents.






Table 4. Kinetic parameters of MB abatement using Clin and AC as adsorbents.





	

	

	

	
MB Concentration (ppm)




	

	

	

	
Clin

	
AC




	
Model

	
Equation

	
Parameters

	
100

	
200

	
250

	
250






	
Pseudo-First-Order

	
(7)

	
    R 2    

	
0.2496

	
0.7594

	
0.9159

	
0.9188




	
    k 1    

	
0.0116

	
0.0133

	
0.0111

	
0.0134




	
    q  e , f i t     

	
0.7371

	
6.3630

	
19.8459

	
51.4803




	
    q  e , e x p     

	
19.5897

	
41.4197

	
56.2159

	
53.5020




	
Pseudo-Second-Order

	
(8)

	
    R 2    

	
1

	
1

	
0.9985

	
0.9786




	
    k 2    

	
0.4460

	
0.0127

	
0.0033

	
0.0005




	
    q  e , f i t     

	
19.4932

	
41.4938

	
55.5556

	
56.8182




	
    q  e , e x p     

	
19.5897

	
41.4197

	
56.2159

	
53.5020




	
Intraparticle Diffusion

	
(4)

	
    R 2    

	
0.3017

	
0.4887

	
0.6499

	
0.9707




	
    k i    

	
0.5235

	
1.1673

	
1.9014

	
3.1658




	
  C  

	
13.7420

	
25.6400

	
28.5310

	
3.9967




	
Elovich

	
(9)

	
    R 2    

	
0.4478

	
0.7116

	
0.8158

	
0.9613




	
  α  

	
1693.8155

	
360.2312

	
175.6284

	
6.4746




	
  β  

	
0.5850

	
0.2275

	
0.1559

	
0.1067




	
Bangham

	
(5)

	
    R 2    

	
0.3179

	
0.3889

	
0.4279

	
0.9158




	
  ϑ  

	
0.2147

	
0.2704

	
0.3063

	
0.5562




	
    k B    

	
7.4536

	
11.2211

	
12.1399

	
2.8460




	
Avrami

	
(10)

	
    R 2    

	
0.3992

	
0.7133

	
0.7088

	
0.6826




	
  n  

	
0.2150

	
0.2959

	
0.2404

	
0.4954




	
    k A    

	
1.7049

	
0.8992

	
0.7728

	
0.1353
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Table 5. Kinetic parameters of the system with 250 ppm MB, 10 ppm Zn2+, and 10 ppm Cd2+, using Clin and AC as adsorbents.
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     C  M B            = 250   ppm ;    C  Z n            = 10   ppm ;    C  C d   = 10   ppm    




	

	

	

	
Clin

	
AC




	
Model

	
Equation

	
Parameters

	
MB

	
Zn

	
Cd

	
MB

	
Zn

	
Cd






	
Pseudo-First-Order

	
(7)

	
    R 2    

	
0.5591

	
0.2499

	
0.0434

	
0.7044

	
0.6648

	
0.1891




	
    k 1    

	
0.0286

	
0.0167

	
0.0067

	
0.0650

	
0.0183

	
0.0086




	
    q  e , f i t     

	
2.0530

	
0.3422

	
0.0576

	
7.7145

	
1.7296

	
0.3836




	
    q  e , e x p     

	
22.2054

	
1.9820

	
0.643

	
24.4256

	
2.968

	
0.6300




	
Pseudo-Second-Order

	
(8)

	
    R 2    

	
0.9999

	
0.9990

	
0.9995

	
0.9979

	
0.9902

	
0.9631




	
    k 2    

	
0.0609

	
0.3228

	
1.8599

	
0.0108

	
0.0253

	
0.0699




	
    q  e , f i t     

	
22.2717

	
1.9716

	
0.6370

	
25.3807

	
3.1279

	
0.6797




	
    q  e , e x p     

	
22.2054

	
1.9820

	
0.6430

	
24.4256

	
2.968

	
0.6300




	
Intraparticle Diffusion

	
(4)

	
    R 2    

	
0.3409

	
0.4493

	
0.3961

	
0.6889

	
0.9267

	
0.9844




	
    k i    

	
0.6897

	
0.0938

	
0.0289

	
1.7666

	
0.2322

	
0.0537




	
  C  

	
15.1210

	
1.0874

	
0.3732

	
9.2597

	
0.5441

	
0.0353




	
Elovich

	
(9)

	
    R 2    

	
0.4426

	
0.6557

	
0.6077

	
0.8979

	
0.9920

	
0.9616




	
  α  

	
1645.0404

	
3.6169

	
1.4994

	
10.1944

	
0.5882

	
0.0832




	
  β  

	
0.5040

	
3.4758

	
11.0011

	
0.2013

	
1.6420

	
7.6746




	
Bangham

	
(5)

	
    R 2    

	
0.3064

	
0.7467

	
0.2486

	
0.7299

	
0.9356

	
0.0402




	
  ϑ  

	
0.2317

	
0.1050

	
−0.0474

	
0.5263

	
0.2646

	
0.0721




	
    k B    

	
2.0936

	
1.2354

	
0.7519

	
2.9032

	
0.8139

	
0.3194




	
Avrami

	
(10)

	
    R 2    

	
0.4655

	
0.3438

	
0.2837

	
0.5768

	
0.5305

	
0.3941




	
  n  

	
0.2664

	
0.2064

	
0.1804

	
0.5516

	
0.3342

	
0.2883




	
    k A    

	
1.4421

	
1.2376

	
1.4599

	
0.4703

	
0.4316

	
0.3639

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 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 (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
gt (min gimg)

Yt (min gimg)

00

E)
Time (min)

100

5 20
Time (min)

50 30

30





media/file4.png
™ R
“r,:
y

f

O

100 pm

300 nn
P






nav.xhtml


  materials-15-08191


  
    		
      materials-15-08191
    


  




  





media/file16.png
A 250
Sample
Clin
Solution N
2001w 250 ppm MB ‘f
e 10 ppm Zn?* J
— 2+
- A 10 ppm Cd /
£ 150 - /
o A
/,f
£ V
E A
:c_ 100 }/
e f’//
— 1 r T r T r 1
0O 20 40 60 80 100 120 140 160 180 200
Time (min)
B 250
Sample
AC p
Solution A
2004 & 250 ppm MB g/
e 10 ppm Zn?* <
S A 10 ppm Cd** e
£ 150 - A7
— e
c e
E A A~
& 100 - s
e j/’f
A
N
504 2~
[a
120

80
Time (min)

60

100 140





media/file2.png
Intensity (a.u.)

*Clinoptilolite: reference nr. 00-039-1383
¢ Carbon: reference nr. 00-006-0675

5 10 15 20 25 30 35 40 45 50

20 (°)





media/file5.jpg





media/file3.jpg





media/file1.jpg
*Clinoptilolite: reference nr. 00-039-1383

+Carbon: reference nr. 00-006-0675

Intensity (a.u.)

5 10 15 20 25 30 35 40 45 50
20 (°)





media/file7.jpg
Absorbance

Absorbance

450 500 550 600 650 700
Wavelenght (nm)

e
>

L4

Absorbance
=

o
i

0.0
450 500 550 600 650 700
Wavelenght (nm)

°
S

o
o

DIOD

80

3

£ 60 Sample:

£ Cin

8 40 MB concentrations:
® —4—100 ppm

- —=—200 ppm

20 —e—250 ppm

0.0
450 500 550 600 650 700
Wavelenght (nm)

o
0 30 60 90 120150180210
Time (min)





media/file10.png
Absorbance
o o o
B o o

=
N

0.0 4= —_———
450 500 550 600 650 700
Wavelenght (nm)

Absorbance

1.0

O
oo

S
o)

O
~

o
N

Wavelenght (nm)

C1 00

80+

40

Abatement (%)

20

0 30 60 90 120150180210

60

Samples:
—a— Clin
—a— AC
MB concentration:
250 ppm

Time (min)





media/file12.png
B1 00 C1 00
=X 80- S 80-
e i
; ;
2 60- e 60-
2 2
40 - Samples: g 40 - Samples: g 40 - Samples:
—ill— Clin o] —— Clin S —— Clin
—=—AC N —=—AC . —=—AC
Solution: N Solution: AN Solution:
ZgOupl:nr: MB ﬁ 20 250 ppm MB 8 250 ppm MB
10 ppm Zn%* 10 ppm Zn?* 10 ppm Zn?*
10 ppm c_;ol2+ 0 _ _ 10 ppm qd2+ | _ 10 ppm (_:d2+
90 120 0) 30 90 120 30 60 90 120
Time (min) Time (min) Time (min)






media/file9.jpg
[ s

3

8 concantaton:
2500m

g

e

H Samplo:
H i
g &Ll —a—AC
2

2,

o 00
$50 500 530 60 650 700 450 300 50 000 630 700 0 30 8 %0 12073018010
Wavelenght (nm) Wavelenght (nm) Time (min)





media/file0.png





media/file14.png
A12

10 -

t/qt (min g/mqg)
o Qo

F=y
|

Sample

1 Clin u

MB concentration '
= 100 ppm
® 200 ppm _,
A 250ppm W

.,
gy

| ! | !
100 200 300
Time (min)

400

Samples
1 = Clin
64 o AC
| MB concentration
250 ppm

o
1
(N

t/gt (min g/mg)
n

")
N .
LY "

— 1 T T T T T T 1 7
0 50 100 150 200 250 300

Time (min)






media/file8.png
A1.D [—om B1.{J |
— 3 min
0.8 - —— 5 min 100 ppm 0.8 -
m e | ] m!n m
2 [T S |
C 0.6 —s0mn s 0.6-
e B N
+ 1 —— 90 min 0 .
'6. — 105 min E
o 04- —— 120 min o 0.4-
o) ~——— 135 min 0
< |—&= <
0.2 4 — 180 min 0.2
— 185 min
{ — 210 min
450 500 550 600 650 700 450 500 550 600 ©50 700
Wavelenght (nm) Wavelenght (nm)
C1 0 D1OD
— 80
_—
s
® g 60 Sample:
= s Clin
8 D 40- MB concentrations:
i
£ o —A&— 100 ppm
< & ' —=— 200 ppm
20 - —e— 250 ppm

ol i :
450 500 550 600 650 700 0 30 60 90 120150180210
Wavelenght (nm) Time (min)





media/file11.jpg
U4

MB abatement (%)

3

an cmu
a0 Lo
H H
g0 260
s &
s | B s | B
e | g0 A e
S| 5 20 S| G 20 by
topman| N toppmazn| O 10 ppm 20|
wpmer| g opmes| o Topmes]
% 60 % 120 0 30 60 9 120 0 30 6 50 120
Time (min) Time (min) Time (min)





media/file6.png





media/file15.jpg
A0

g 3

tqt (min g/mg)
H

2 40 60 8 100 120 140 160 180 200

Time (min)
0
B e
b
Saton A
201 %25 o e
o t0pmzmt P
5 | + tommos
2 R
H .
100 N
g

Tame (min)





