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Abstract

:

The present study focuses on clinoptilolite (CLI)-rich natural zeolitic tuffs and their photocatalytic activity in the degradation of cationic organic dyes. CLI from different regions was tested in the photocatalytic degradation of methylene blue (MB) as a model cationic dye. The photocatalytic tests were performed at room temperature and atmospheric pressure under visible light irradiation. For all the CLI samples, the highest activity was observed at pH = 6. Total MB degradation varied between 70 and 91% (C0 = 10 mg dm–3, 0.2 g dm–3 of photocatalyst, during 300 min). It is suggested that the presence of Fe species in the studied tuffs is responsible for the photocatalytic activity. The activity increases linearly with the Fe content in the tuffs. The MB photodegradation follows the Langmuir–Hinshelwood kinetic model. The recyclability tests showed good stability and efficiency of the photocatalyst. The degradation rate decreased from 91 to 69% during three reaction cycles, indicating a promising potential of natural zeolites in the treatment of textile industry wastewater.
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1. Introduction


With the increasing demand for some industrial products and the need for a higher standard of living, synthetic organic dyes have become indispensable in industries such as textiles, paper, printing, rubber, leather, cosmetics, and food. Organic dyes have complex structures and chemical stability; thus, their degradation is usually complicated. In addition, most dyes are toxic and carcinogenic, and their presence in water even at low concentrations causes severe environmental damage, including human health consequences [1,2,3]. Therefore, the removal of organic dyes from wastewater has become an important task for environmental protection. In addition to traditional water treatment technologies (such as adsorption, coagulation, flocculation, etc.), the development of new methods and materials that are more effective, environmentally friendly, and economical is a necessity.



Advanced oxidation processes (AOPs) are considered particularly effective for the removal of organic dyes from water media under mild reaction conditions. The high efficiency is attributed to the generation of highly reactive species, such as hydroxyl radicals, under radiation. These species interact with the dye molecules and cause their degradation and even mineralization [4,5].



Among AOPs, heterogeneous photocatalysis is one of the most promising methods. It is based on the irradiation of a semiconductor material/solid catalyst by visible or ultraviolet light. In this context, transition metals and their metal oxides (e.g., TiO2, ZnO, NiO, CuO, SnO2, Fe2O3) have been frequently used as heterogeneous catalysts [6,7,8,9]. However, the use of these solids has many restrictions associated with environmental and practical aspects, such as high agglomeration tendency, separation problems, or metal leaching during the catalytic reaction. Deposition of photocatalytic particles on a suitable support has been regarded as effective for overcoming these difficulties. Different kinds of solids, such as activated carbon, carbon nanostructures, mesoporous silica, clays, and zeolites, have been investigated for this purpose [10,11,12,13,14]. Zeolites have also been considered as carriers of photocatalytic particles. Usually, synthetic zeolites, such as ZSM–5, Zeolite A, or zeolite Y [15,16,17], have been studied. The use of natural zeolites (especially the most abundant one—clinoptilolite) has recently attracted considerable attention [12,18]. Zeolites are crystalline open-framework aluminosilicates. They are built from tetrahedral [SiO4]4− and [AlO4]5− units, which are interconnected via corners in all three dimensions. Since the aluminosilicate lattice is negatively charged, the metal cations present in channels (or cages) provide electroneutrality. The metal cations (usually alkaline and earth alkaline) interact with the aluminosilicate lattice via electrostatic bonds. They are movable and can be readily replaced with other cations from water media. The ion exchange ability of zeolites enables them to be modified for different purposes [19]. Unique structural features of zeolites make them useful for adsorption in a variety of applications, including environmental protection, agriculture, and veterinary and human medicine [20,21,22].



Different metal oxide (MO) particles supported on the natural zeolite clinoptilolite (CLI) exhibit photocatalytic properties in the degradation of organic dyes [18,23,24]. It has been found that the photocatalytic efficiency of MO-CLI is even higher than that of pure MO. This was explained by a synergistic effect between the MO particles and the CLI lattice. The lattice prevents MO aggregation and also contributes to electron-hole recombination. The selected literature data are summarized in Table 1.



Surprisingly, it can be seen from Table 1 that pure CLI shows photocatalytic activity in the degradation of rhodamine B [28]. The authors explained this phenomenon by the presence of Ti and/or Fe species, which are usually found in small amounts, as impurities in zeolitic tuffs. Moreover, due to the unique structural properties of CLI, it could also be used for the catalytic degradation of organic dyes by Fenton-like oxidation reaction or for adsorption, as observed in other materials [29,30,31].



In previous studies of the photocatalytic activity of a SnO2-containing clinoptilolite [24], we found that the natural clinoptilolite from the Serbian deposit Slanci also exhibits photocatalytic activity in the degradation of methylene blue (MB). Taking all this into account, we now studied the photocatalytic performance of several zeolitic tuffs rich in CLI from deposits from different regions—Serbia, Turkey, Iran, Romania, and Slovakia. MB was selected as a model cationic dye. MB is a heterocyclic aromatic compound consisting of a chromophoric (N–S conjugated system on the central aromatic heterocycle) and auxochrome groups (N-containing groups with lone pair electrons on the benzene ring) [32,33]. It is one of the most commonly used organic dyes not only in dyeing processes but also for medical purposes. Therefore, a considerable amount of wastewater rich in MB is generated, which causes undesirable effects to human health, including respiratory distress, mental confusion, nausea, methemoglobinemia and/or skin irritation. Additionally, exceeded concentrations of MB in the water ecosystem lead not only to aesthetic undesirability, but also to blocking of light penetration, reduction of photosynthesis, and inhibition of plant growth. The photocatalytic performance was examined in the MB degradation at atmospheric pressure, room temperature, and under visible-light lamp irradiation. Degradation kinetics and recyclability of photocatalysts were also evaluated.




2. Results and Discussion


2.1. Characterization


PXRD analysis showed the presence of different mineral phases in the studied samples. Clinoptilolite was found to be the major mineral phase in all samples. A typical PXRD diffraction pattern is shown in Figure 1, for which the cation exchange capacity (CEC) is listed in Table 2. Clinoptilolite displays peaks at 2θ = 9.8; 11.7; 12.8; 17.2; 19.1; 22.4; 26.0; 29.9 and 32.3° [34], which are marked on the diffractogram (Figure 1). Quantitative analysis confirmed the high content of CLI, which is in the range 75–85 wt.%, depending on the type of deposit. The analysis also revealed the presence of: (a) albite and quartz in SCLI (14.6 and 4.4 wt.%, respectively); (b) anorthite and quartz in TCLI (13.1 and 4.9 wt.%, respectively); (c) quartz, anorthite, and calcite in ICLI (8.2, 11.8, and 4.6 wt.%, respectively); (d) biotite and calcite in RCLI (6.7 and 8.4 wt.%, respectively); and (e) anorthite and quartz in SKCLI (9.3 and 8.1 wt.%, respectively).



Thermal behavior of the samples is similar. A typical thermogram is shown in Figure 2. Total weight loss occurs up to 800 °C and varies from about 8.0 (ICLI) to 14.6 wt.% (RCLI), depending on the deposit. The weight loss is accompanied by several DTG maxima, indicating that the water loss is not continuous; this is due to the presence of water molecules at different crystallographic sites inside the CLI lattice.



The surface morphology of the samples was studied using SEM analysis. As can be seen from Figure 3, the samples mainly contain plate crystals belonging to CLI.



Textural properties obtained from the nitrogen adsorption/desorption isotherms are given in Table 3. The results are in agreement with the reports of other research and suggest that differences in porosity are due to different deposits [35,36]. It is evident that the specific surface area (SBET) varies from 23.0 to 45.1 m2 g–1 and Vmic from 0.0978 to 0.1357 cm3 g–1. Moreover, there is no significant change in SBET after the conversion of SCLI to NaSCLI and NH4SCLI in contrast to the conversion to HSCLI (SBET increases from 23.0 to 33.0 m2 g−1). The increasing values can be explained by a partial dealumination during the conversion of SCLI to HSCLI. Dealumination of the aluminosilicate lattice leads to the opening of the pores [35,36,37] and can increase the specific surface area.



The nitrogen adsorption/desorption isotherms are given in Figure 4. Based on the IUPAC classification, the samples exhibit the adsorption isotherm of type IV that is typical for zeolites with both micropores (derived from structural features of the lattice) and mesopores formed by zeolite modification. In addition, the presence of a hysteresis loop of type H3 (in the range p/p0 = 0.5–1) is characteristic of tuffs rich in clinoptilolite, and it can be attributed to multilayer adsorption and capillary condensation either in mesopores of impurities (such as feldspar, quartz, etc.) or in the space between zeolite crystallites [38].




2.2. Photocatalytic Tests


Photodegradation of aqueous solutions of MB (C0 = 10 mg dm–3) was performed under irradiation with visible light (Figure 5). Since pH is one of the most important factors of photodegradation, photocatalytic tests were performed at different pH values (3, 6, and 9).



The blank tests demonstrated that the degradation extent of MB in the absence of photocatalyst is almost negligible. The presence of the zeolitic samples leads to a high degradation rate (Figure 5).



Before irradiation, suspensions were shaken in the dark for 30 min to reach the adsorption/desorption equilibrium. As shown in Figure 5, adsorption of MB onto zeolitic tuffs varies most probably due to differences in the specific surface area. The higher specific surface area provides more adsorption active sites and accordingly a higher extent of MB adsorption. Additionally, for all tested samples, MB adsorption increased with pH. This can be explained by the fact that for a cationic dye, such as MB, competition for adsorption sites occurs between hydrogen ions and MB cations. In an acidic medium (pH = 3), MB adsorption is lowest. With increasing pH, MB adsorption increases due to strong electrostatic attractions between MB and CLI surfaces.



MB degradation under visible light irradiation is also affected by pH. Figure 5 shows that MB degradation notably increases by increasing pH from 3 to 6. A slowdown in photocatalytic activity is evident at pH = 9. Thus, the best photocatalytic activity for all tested zeolitic tuffs was found to be at pH = 6. At pH = 6, the MB degradation rate varies from about 36% (ICLI) to 47% (TCLI), whereas the MB total degradation is from 70% (SCLI) to 91% (TCLI).



The total degradation of MB through the photocatalytic process applied in this study can be attributed to a joint effect of initial adsorption and degradation under irradiation with visible light. The adsorption values suggest that an important feature of the zeolite-based photocatalyst is MB adsorption during the dark phase. The adsorption most probably occurs via the ion-exchange mechanism since at pH = 6 MB is present in cationic form. The ion exchange takes place at the surface of CLI due to the steric effect caused by the large diameter of MB+ (1.43 × 0.61 × 0.4 nm). The MB diameter exceeds the dimensions of the openings at the entrance to the clinoptilolite lattice (0.65 × 0.70 nm), and MB replaces only the surface cations [39,40]. The interactions between MB and the aluminosilicate lattice are strong since MB+ cannot be replaced by other cations (results are not shown). Namely, regeneration of spent zeolites usually includes treatment with NaCl solution. The treatment in this case was not successful, and the regeneration of the spent adsorbents was done by calcination.



To get an insight into the photocatalytic performance of the samples, the iron content was determined in all studied samples. It varies from 0.75 wt.% (ICLI), 0.91 wt.% (SKCLI), 0.98 wt.% (RCLI), 1.03 wt.% (SCLI), to 1.06 wt.% (TCLI). It can be concluded that the photocatalytic activity increases with an increase in the iron content (Figure 6a), and this suggests that the iron species could be responsible for the photocatalytic degradation of MB. The relationship is nearly linear (R2 = 0.9).



To examine the effect of the specific surface area and the type of cations on photocatalytic activity, three different forms of SCLI (NaSCLI, NH4SCLI, and HSCLI) were tested in the MB photodegradation. HSCLI has the highest specific surface area; however, the conversion of SCLI to HSCLI led to Fe leaching (the Fe content decreased from 1.03 to 0.47 wt.%), which caused a decrease in photocatalytic activity under visible light (Figure 6b). The total degradation rate decreased from 70% (SCLI) to 45% (Figure 5). The conversion of SCLI to NaSCLI and NH4SCLI led to a decrease in the Fe content (0.84 and 0.94 wt.%, respectively), and total MB degradation did not change significantly (66% at pH = 6). It can be noted that the presented results correlate well with very recently published results for photocatalytic degradation of rhodamine B [28]. Degradation was ascribed to the presence of Fe impurities in the zeolite tuff. It was also reported that the surface content of Fe should be larger than 0.3 at.% for photocatalytic activity. The Fe–oxygen species as active sites have been considered photocatalyst nanodots [28]. Moreover, Alvarez-Aguiñaga et al. found that natural clinoptilolite is an effective photocatalyst for the degradation of caffeine—organic aromatic molecules [41]. Small quantities of Fe (1.2 wt.%) were suggested to be responsible for an almost complete decomposition (99%) of caffeine after 4 h under UV irradiation. Moreover, iron-rich minerals have also been reported to exhibit photocatalytic activity in the degradation of textile dyes [42,43,44].



In order to analyze the MB degradation mechanism, UV-Vis spectra obtained at the end of photocatalytic reaction were analyzed by the deconvolution method given by Marban et al. [45]. The method enabled evaluation of intermediates of the MB photodegradation.



Figure 7 shows the representative spectrum obtained by deconvolution. The peaks associated with MB are noticeable in the visible region at 664 nm and can be ascribed to the MB monomer (i.e., a conjugate system formed connection of two dimethylamine substituted aromatic rings via N and S) with a small shoulder at 612 nm, which is due to the MB dimer [46,47]. Two additional peaks observed in the ultraviolet region (located at 245 and 292 nm) correspond to substituted benzene rings [46,47]. According to the literature data, the main mechanism pathway includes demethylation of MB, which proceeds through formation of intermediate species Azure B (648–654 nm), Azure A (620–634 nm), Azure C (608–612 nm), and Thionine (603 nm) [45,48]. The Gaussian peaks at ~668 nm (red), ~648 nm (azure), and ~623 nm (light blue) are present in all spectra and can be ascribed to MB, Azure B, and Azure A, respectively. The difficulty of ascribing the degradation products based on UV-vis spectra is increased since Azure A and B contain the same peaks. The solution was solved by taking into account that the ratio between peaks at absorbance of the peak at ∼650 nm to the absorbance of the peak at 609–614 nm is 1.15 for azure B, and 0.34, for azure A [45]. Hence, an estimation of the content of the two products could be made. The fact that similar degradation products were registered for all tested samples supports the suggestion that the iron species present in all zeolite samples are responsible for MB degradation. Similar results were reported for commercial TiO2 [45,48] and natural manganese oxides [49,50].



Taking these results into account, it can be concluded that MB degradation could be attributed to photooxidation and demethylation of the parent MB molecule, which is possibly followed by further fragmentation and opening of the aromatic ring. We note here that for a more explicit elucidation, an in-depth analysis using mass analyses of degradation products should be made.



2.2.1. Kinetic Study of the MB Photocatalytic Process


The data obtained from the photodegradation of MB in the presence of zeolites were evaluated by the Langmuir–Hinshelwood (LH) model, the most commonly used kinetic model for the description of the kinetics of heterogeneous photocatalytic processes that involves both adsorption and photocatalytic phases. The LH model follows the pseudo first-order kinetics, which is expressed as:


ln(C0/C) = kapp × t



(1)




where C0 and C are the initial MB concentration and MB concentration at time t (mg dm–3), respectively, whereas kppp is the apparent rate constant of pseudo-first-order photodegradation reaction (min–1).



The value of kapp can be calculated from the slopes of the plots ln(C0/Ct) vs t. The results are listed in Table 4. These data indicate that: (a) kapp significantly increased by increasing pH from 3 to 6 for all tested samples, and (b) there are no noticeable changes with further increases of pH up to 9, confirming that at pH = 6, the photodegradation reaction of MB proceeds at the highest rate. At pH = 6, the values of kapp ranged from 0.0035 to 0.0064 min–1 showing that the MB photocatalytic degradation proceeded twice as fast in the presence of TCLI in comparison to SCLI. This fact could be attributed to a synergistic effect of the high Fe content in TCLI and its high specific surface area. In addition, by comparing the values of kapp for SCLI and its modified forms, MB degradation proceeded the slowest in the presence of HSCLI. The obtained value is similar to that very recently reported by Sydorchukv et al. for the degradation of rhodamine B in the presence of the H-form of natural clinoptilolite [28], as well as for the decomposition of caffeine (0.0073 min–1) reported by Alvarez-Aguiñaga et al. [41].




2.2.2. Recyclability of the Zeolite-Based Photocatalyst


Recyclability is one of the most important features of a catalyst. Accordingly, the recyclability tests of TCLI (three consecutive reaction cycles) were performed in this work.



It can be seen that TCLI loses photocatalytic efficiency to some extent through subsequent tests (Figure 8). However, PXRD and SEM analyses confirmed stability of the reused TCLI: (a) crystallinity of the spent The TCLI only slightly changed, and (b) morphology properties were preserved (Figure 9).



The MB adsorption rate in the initial dark phase decreased slightly, indicating that some of the active sites were blocked. However, TCLI is still photocatalytically active. The total degradation of MB decreased from 91 to 69% after three reaction cycles.






3. Materials and Methods


3.1. Materials


The examined zeolitic tuffs were from the following regions and deposits: (a) Serbia—Slanci (SCLI), (b) Turkey—Gördes (TCLI), (c) Iran—Semnam (ICLI), (d) Romania—Baia Mare (RCLI), and (e) Slovakia—Nižný Hrabovec (SKCLI).



Prior to all experiments, samples were sieved to obtain the particle population having the size in the range 63 and 125 μm mesh. Then, the samples were washed with deionized water, dried at 105 °C overnight, and tested without any additional treatments.



In order to gain insight into the influence of metal cations present in the CLI lattice on photocatalytic activity, SCLI was converted into Na–, NH4– and H– forms by the following procedures: (1) ion exchange using 2 M NaCl at 70 °C and 1 M NH4CH3COOH at 25 °C to obtain NaSCLI and NH4SCLI, respectively and (2) step-wise dealumination of the SCLI with HCl using the procedure reported by Garcia-Basabe et al. [35] to obtain HSCLI.



All used chemicals were of analytical grade, and Milli-Q deionized water was utilized for the preparation of all aqueous solutions.



Methylene blue was chosen as a typical cationic dye widely used in the textile industry. Basic characteristics of MB are listed in Table 5.




3.2. Characterization


The mineral composition of the zeolitic tuffs was determined by powder X-ray diffraction analysis (PXRD) using an APD2000 Ital Structure diffractometer (CuKα radiation, λ = 0.15418 nm, generated at 38 kV and 28 mA). Scans were performed in the 2θ range 5–50° with a step of 0.02° and integrating time 1 s per step. Semi-quantitative PXRD analysis was conducted using the Rietveld refinement and the Topas-Academic v.4 software package (Bruker AXS, Karlsruhe, Germany) [51].



Cation exchange capacity (CEC) of the zeolitic tuffs was determined using a standard procedure based on the ion-exchange reaction with 1 M NH4CH3COOH solution at room temperature for 24 h [52]. Concentration of exchangeable cations (Na+, K+, Ca2+, and Mg2+) was measured in filtrates, and CEC value was expressed in mmol of M+ per 100 g of the sample.



Surface morphology was observed by scanning electron microscopy (SEM). SEM images were collected on a Carl Zeiss Supra™ 3VP field-emission gun scanning electron microscope (FEG-SEM, Carl Zeiss AG, Oberkochen, Germany), operating at 1 kV.



Thermal behavior was examined by simultaneous thermogravimetric (TGA) and differential thermal analysis (DTA). The measurements were performed using an SDT Q-600 instrument (TA Instruments, New Castle, DE, USA). A sample (about 10 mg) was heated in opened alumina cups (90 μL) from room temperature to 800 °C at a heating rate of 10 °C min–1 under synthetic air (100 mL min–1). The collected data were evaluated with TA-Universal Analysis software.



Textural properties of samples were analyzed by the adsorption/desorption of nitrogen at –196 °C using an automatic sorption analyzer (ASAP 2020, Micromeritics Instrument, Norcross, GA, USA). All samples were degassed overnight at 200 °C under high vacuum before the analysis. The specific surface area (SBET) was calculated using the Brunauer, Emmett, Teller (BET) method up to relative pressures p/p0 = 0.15. The total pore volume (Vtot) was assessed at p/p0 = 0.99. Pore size distribution was analyzed according to the Barrett, Joyner, and Halenda method (BJH) from the adsorption isotherms.



Iron content in the samples was determined in solutions after microwave digestion of the samples. The digestion was performed using a close microwave oven system (CEM Corporation Mars 6, Matthews, NC, USA), and the digestion procedure was chosen in agreement with manufacturer recommendations [53]. Briefly, about 0.5 g of sample was placed into the digestion vessel, and then a mixture of concentrated acids containing 5 cm3 of HNO3, 4 cm3 HCl and 2 cm3 of HF was added carefully. The vessels were capped, put into the microwave digestion system, digested by increasing the temperature to 210 °C for 30 min, and left for 15 min at a pressure of 800 psi (900 W) to complete digestion. The obtained digested samples were diluted with ultrapure water to a final volume of 50 cm3, and the concentration of iron was measured by atomic absorption spectroscopy (Varian SpectrAA, 55B). Measurement accuracy was ±2%. All measurements were done in accordance with manual recommendations.




3.3. Photocatalytic Tests


Photodegradation tests were carried out using a batch reactor system equipped with a 50 cm3 Pyrex glass cell and by a circulating water jacket to keep the temperature constant at 25 °C during the reaction. A blank solution contained MB without the photocatalyst. All tests were done at atmospheric pressure and in triplicate. An average value was represented.



In a typical photocatalytic reaction, suspension containing water solution of MB (C0 = 10 mg dm–3) and photocatalyst in the concentration of 0.2 g dm–3 at different pH (pH = 3, 6, or 9) was continuously stirred by a magnetic stirrer for 30 min to achieve an adsorption/desorption equilibrium. The initial pH was adjusted by the addition of either 0.1 M HCl or 0.1 M NaOH solutions. Then, the suspension was irradiated for 300 min under an Osram Ultra Vitalux lamp (300 W) serving as a visible light source, positioned 10 cm above the photocatalytic reactor.



The concentration of MB was measured colorimetrically at λ = 664 nm using UV/VIS spectroscopy (Lambda 365 spectrophotometer, Perkin Elmer). The concentration changes of MB followed Lambert–Beer’s law, and the degradation extent was calculated from the absorbance change of the MB solution by the following equation:


MB degradation (%) = [(A0 – At)/A0] × 100



(2)




where A0 and At represents the initial absorbance and the absorbance of MB at time t, respectively. The deconvolution of the spectra was done with PeakFit v4.06 software using Gaussian peak function (Systat Software, San Jose, CA, USA). A linear baseline was applied to the spectra from the lowest point in the UV range to the lowest point in the >750 nm part.



Recyclability of the Photocatalyst


TCLI photocatalyst was chosen for the recyclability test as the catalyst with the highest photocatalytic activity. Recyclability was tested in three consecutive reaction cycles. After separation from the suspension, the photocatalyst was regenerated after each cycle by washing with deionized water followed by drying at room temperature and calcination at 500 °C in air for 1 h. The regenerated photocatalyst was analyzed by PXRD and SEM prior to reuse.






4. Conclusions


The present results show that zeolitic tuffs, rich in clinoptilolite phase, can be applied in the photodegradation of cationic organic dyes, such as methylene blue, under environmentally friendly conditions: visible light, atmospheric pressure, and room temperature. Photodegradation efficiency depends on the origin of the zeolite. In this study, the best performance was found for the zeolitic tuff from Turkey—Gördes deposit. This can be attributed to the highest content of Fe (1.06 wt.%) and the highest specific surface area (45.1 m2 g–1), as well as the highest share of mesopores that allow diffusion of MB.



The total degradation rate for the studied tuffs varied from 70 to 91% (for C0 = 10 mg MB dm–3, 0.2 g CLI dm–3, for 300 min). The best activity was found at pH = 6. The photodegradation follows the Langmuir–Hinshelwood kinetic model.



Conversion of SCLI to NaSCLI and NH4SCLI did not significantly affect the total degradation rate of MB, whereas conversion to HSCLI decreased the activity—most probably due to Fe leaching during the conversion procedure.



Recyclability tests demonstrated good recyclability and stability of the CLI after three repeated photodegradation reactions. Total MB degradation was 69% after three cycles.



Considering all presented results, the zeolitic tuffs from different regions can be considered as a prospective candidate for photocatalytic treatment of textile wastewater.
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Figure 1. PXRD pattern of the zeolitic tuff (SCLI) (* clinoptilolite, o albite and ∆ quartz). The CEC values vary from 125.4 (TCLI) to 236.3 (RCLI) mmol M+/100 g. The chemical nature of the exchangeable cations differs, showing the effect of the type of deposits on the CLI chemical composition. It is also evident that conversion of SCLI to NaSCLI, NH4SCLI and HSCLI resulted in the enrichment of SCLI with Na+, NH4+, and H+, and in a significant decrease of the exchangeable cations in the CLI lattice. 
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Figure 2. SCLI thermogram (solid line—TG curve and dashed line—DTG curve). 
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Figure 3. SEM images of SCLI (a,b) and TCLI (c,d). 
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Figure 4. Adsorption/desorption isotherms of nitrogen at −196 °C on the used samples. 
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Figure 5. MB photodegradation in the presence of zeolites: (a) SCLI, (b) TCLI, (c) ICLI, (d) RCLI, (e) SKCLI, (f) NaSCLI, (g) NH4SCLI and (h) HSCLI. Adsorption and photodegradation phases are represented by bar graphs (gray—adsorption, green—photodegradation). Reaction conditions: C0 = 10 mg dm–3 and photocatalyst dosage 10 mg. 






Figure 5. MB photodegradation in the presence of zeolites: (a) SCLI, (b) TCLI, (c) ICLI, (d) RCLI, (e) SKCLI, (f) NaSCLI, (g) NH4SCLI and (h) HSCLI. Adsorption and photodegradation phases are represented by bar graphs (gray—adsorption, green—photodegradation). Reaction conditions: C0 = 10 mg dm–3 and photocatalyst dosage 10 mg.



[image: Catalysts 12 00224 g005]







[image: Catalysts 12 00224 g006 550] 





Figure 6. The influence of iron content on the photocatalytic part of (a) zeolitic tuffs and (b) SCLI and its modified forms at pH = 6. 
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Figure 7. Representative UV-Vis spectrum of SCLI obtained by Gaussian deconvolution at the end of the photocatalytic reaction at pH = 6. 
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Figure 8. Recyclability of the photocatalyst in the MB photodegradation. Reaction conditions: C0 = 10 mg dm–3, photocatalyst dosage = 0.2 g dm–3, pH = 6, and t = 300 min. 
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Figure 9. (a) PXRD patterns of fresh and spent photocatalyst and (b) SEM image of photocatalyst at the end of photocatalytic process. 
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Table 1. Use of clinoptilolite in the photocatalytic degradation of different organic dyes.
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	Catalyst
	Dye
	Irradiation Source
	Experimental Conditions
	Degradation Efficiency
	Reusability
	Ref.





	TiO2-CLI
	Reactive Black 5
	8 W UV lamp
	0.4 g dm–3, 10 ppm, pH = 6, 500 min
	86%
	/
	[23]



	TiO2-CLI
	Acid orange 7
	30 W UV-C Hg lamp
	80 g dm–3, 10 ppm, 90 min
	85%
	67% after 4 cycles
	[25]



	ZnO-CLI
	Bromothymol blue
	35 W Hg lamp
	0.1 g dm–3, 4 ppm, pH = 7.8, 300 min
	80%
	48% after 3 cycles
	[26]



	CuO-CLI
	Methylene blue
	75 W Hg lamp
	0.2 g dm–3, 7 ppm, pH = 5.9, 180 min
	61%
	28% after 4 cycles
	[27]



	CuO-CLI
	Bromophenol blue
	
	
	32%
	17% after 4 cycles
	



	SnO2-CLI
	Methylene blue
	Visible light lamp, 8 mW cm–2
	0.2 g dm–3, 10 ppm, pH = 6, 180 min
	45%
	30% after 3 cycles
	[24]



	CLI
	Rhodamine B
	100 W LED Cool daylight lamp
	0.75 g dm–3, 4.8 ppm, 600 min
	70%
	60% after 3 cycles
	[28]
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Table 2. Cation exchange capacity (CEC) of the samples.
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Sample

	
Na+

	
K+

	
Ca2+

	
Mg2+

	
∑




	
Concentration (mmol M+/100 g)






	
SCLI

	
18.6

	
11.2

	
118.9

	
34.2

	
182.9




	
TCLI

	
4.3

	
25.5

	
79.8

	
15.8

	
125.4




	
SKCLI

	
3.6

	
45.1

	
86.9

	
5.3

	
140.9




	
RCLI

	
5.2

	
50.6

	
173.7

	
6.8

	
236.3




	
ICLI

	
59.8

	
21.8

	
44.6

	
3.5

	
129.7




	
NaSCLI

	
188.3

	
5.7

	
18.9

	
2.9

	
215.8




	
NH4SCLI

	
0.6

	
1.5

	
10.9

	
16.0

	
29.0




	
HSCLI

	
3.2

	
7.3

	
2.8

	
1.5

	
14.8
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Table 3. Textural properties of the samples.
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	Sample
	SBET1, m2 g−1
	S2Lang,

m2 g−1
	Smic3, m2 g−1
	Sext4, m2 g−1
	Vmic5, cm3 g−1
	Vt6, m3 g−1
	D7, nm





	SCLI
	23.0
	36.8
	0.7259
	22.2656
	0.1335
	0.1361
	19.4



	TCLI
	45.1
	72.3
	4.3185
	40.7610
	0.1217
	0.1253
	8.3



	SKCLI
	25.1
	40.4
	1.5393
	23.5839
	0.1357
	0.1379
	17.8



	RCLI
	35.1
	56.2
	3.0254
	32.0343
	0.0978
	0.1004
	8.5



	ICLI
	25.8
	41.7
	1.3850
	24.4316
	0.1303
	0.1323
	17.8



	HSCLI
	33.0
	50.6
	8.6373
	24.3537
	0.1315
	0.1361
	19.4



	NH4SCLI
	24.8
	40.0
	0.3504
	24.4839
	0.1088
	0.1116
	15.9



	NaSCLI
	23.5
	37.5
	1.6290
	21.9144
	0.1004
	0.1030
	16.1







1 specific surface area based on the BET theory determined in the p/p0 range corresponding to the increasing trend of the Rouquerol plot; 2 Langmuir surface area; 3 micropore surface area based on the t-plot analysis; 4 external surface area SBET —Smic; 5 micropore volume based on the t-plot analysis; 6 total pore volume based on the BJH adsorption analysis; 7 average pore size based on the BJH desorption analysis.
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Table 4. Apparent rate constants (kapp) calculated by Langmuir-Hinshelwood model.
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Sample

	
pH = 3

	
pH = 6

	
pH = 9






	
SCLI




	
kapp, min–1

	
0.0011

	
0.0035

	
0.0036




	
R2

	
0.9813

	
0.9996

	
0.9980




	
TCLI




	
kapp, min–1

	
0.0024

	
0.0064

	
0.0066




	
R2

	
0.9944

	
0.9986

	
0.9904




	
ICLI




	
kapp, min–1

	
0.0017

	
0.0037

	
0.0038




	
R2

	
0.9978

	
0.9979

	
0.9994




	
RCLI




	
kapp, min–1

	
0.0027

	
0.0052

	
0.0054




	
R2

	
0.9951

	
0.9883

	
0.9866




	
SKCLI




	
kapp, min–1

	
0.0014

	
0.0040

	
0.0044




	
R2

	
0.9987

	
0.9937

	
0.9977




	
NaSCLI




	
kapp, min–1

	
0.0009

	
0.0029

	
0.0034




	
R2

	
0.9967

	
0.9988

	
0.9969




	
NH4SCLI




	
kapp, min–1

	
0.0007

	
0.0028

	
0.0024




	
R2

	
0.9863

	
0.9996

	
0.9999




	
HSCLI




	
kapp, min–1

	
0.0004

	
0.0017

	
0.0024




	
R2

	
0.9914

	
0.9994

	
0.9995
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Table 5. Characteristics of model dye methylene blue (MB).
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Property






	
IUPAC name

	
[7-(dimethylamino)phenothiazin-3-ylidene]-dimethylazanium;chloride




	
Chemical structure

	
 [image: Catalysts 12 00224 i001]




	
Molecular formula

	
C16H18ClN3S




	
Molecular weight, g mol–1

	
319.9




	
Type of dye

	
Cationic




	
Solubility in water

	
Soluble




	
Absorption spectrum of MB,

(maximum absorption wavelength, nm)

	
664
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