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Abstract

:

The recovery and immobilization of metals from wastewater often occurs in an acidic environment that destroys the structure of adsorbents such as zeolites, which are porous crystalline aluminosilicates. The influence of hydrochloric acid solutions on the structure and properties of two natural mixtures of heulandite (HEU) and chabazite (CHA)—tuff from the Georgian Dzegvi-Tedzami deposit (HEU/CHA ≈ 8) and rock from the Kazakhstani deposit Chankanay (HEU/CHA≈1)—was studied by the X-ray energy dispersion spectra and diffraction patterns, as well as by adsorption of water, benzene, and nitrogen methods. It was found that acid-mediated dealumination, decationization, dissolution, and changes in systems of micro- and mesopores depend on the nature and chemical composition of the initial zeolites. It is concluded that, under the influence of acid, (i) zeolite micropores become accessible to relatively large molecules and ions, and the surface area of the adsorbent increases; (ii) the volume of mesopores decreases, and pores with a diameter of less than 4 nm become predominant; (iii) in terms of the degree of dealumination and dissolution rate, Kazakhstani zeolite is more acid-resistant than Georgian heulandite; and (iv) Kazakhstani zeolite retains a high ion-exchange capacity in an acidic environment, while Georgian heulandite, treated with dilute hydrochloric acid solutions, uptakes relatively high amounts of valuable silver, copper, and zinc.
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1. Introduction


The use of zeolites for the recovery or immobilization of heavy metals [1,2], such as cadmium [3,4,5,6,7,8,9,10], chromium [3,4,5,8,11,12,13,14], nickel [3,5,8,15], copper [3,5,6,7,8,9,11,15], zinc [3,5,6,7,8,9,15], lead [5,6,7,8,9,15,16,17,18,19], manganese [4,20,21], cobalt [9,11], iron, and others [14,22,23,24,25], from wastewater is an important tool for protecting the environment, and a possible way to recover valuable metals from waste streams.



Zeolites are porous crystalline aluminosilicates, MnSixAlnO2(n+x).mH2O (M+ = Na+, K+, … ½Ca2+, ½Mg2+,…), built from alternating SiO4 and AlO4– tetrahedrons forming open framework uniform structures with cages and channels, which have entrance windows with usual sizes up to 1 nm. Currently, 248 zeolite framework types describing natural and synthetic zeolites are known, in accordance with the data of the International Zeolite Association (IZA) [26]. The use of natural and synthetic zeolites is based on a combination of molecular sieve, sorption, ion-exchange, and catalytic properties, among which an important role is played by the ability of zeolites to maintain ion-exchange reactions between external ions and metal ions, compensating for the negative charge of the aluminosilicate crystal framework.



Extraction of metals from wastewater often occurs in an acidic environment, causing dealumination of zeolites [27], resulting in a decrease in their ion exchange capacity, and therefore it is advisable to use acid-resistant zeolites.



In general, synthetic zeolites are more suitable for sequestering heavy metals in wastewater treatment [1,2,3,5,7,8,9,11,12,16,19,22,25], followed by modified zeolites [1,2,13,15,20,21,24], whereas natural ones, albeit very interesting and appealing from an environmental and economic perspective, exhibit the least sorption for a good number of heavy metals [1,2,3,4,6,14,17,18,20,23,24]. It is noted [2] that the high uniformity of the distribution in pore size, hydrophobicity/hydrophilicity, and the existence of a sole compensation cation in synthetic zeolites warrants their superior capacity for cation exchange in comparison to natural zeolites.



However, the modification of natural zeolites through various chemical treatments can improve their properties [27]. Thus, monocationic natural zeolites obtained by ion exchange modification have a sufficiently high ion exchange capacity [1,2,20,21,24]. It has been shown that treatment with bases and/or acids leads to the washing out of impurities that block pores, resulting in an increase in the cation exchange capacity [28].



The effect of acid treatment on the properties and structure of natural zeolites has been studied by different authors. Rožić et al. studied the dealumination and decationization of Croatian clinoptilolite tuff as a result of its treatment with 0.1 N HCl solution [29]. Akimkhan investigated the eventual changes in the Si/Al ratio in natural clinoptilolite due to its relatively long (24 h) treatment with HCl solutions (3 and 12 M) [30]. Wang and coworkers studied the influence of a HNO3 solution treatment on the structure and properties of natural zeolite clinoptilolite [31]. Silva and coauthors studied the effect of a 24 h acid treatment (nitric, sulfuric, and hydrochloric—1.25 M, 1.43, and 0.97 M, respectively) on the properties of Australian zeolite clinoptilolite [32]. They concluded that the treatment with HCl led to the most pronounced changes in the pore size and surface area of the zeolite. However, most of the published studies used clinoptilolite, and a prolonged treatment time and/or higher concentrations of acids. Although natural chabazite also showed a high sorption capacity with respect to heavy metals [33,34], to the best of our knowledge, there are no studies on the effect of an acid treatment on the properties and structure of natural chabazite, as well as comparing both zeolites with respect to the effect of the acid treatment.



The aim of this study was to examine acid-mediated changes in the chemical composition, structure, and properties of heulandite-bearing tuff from the Rkoni plot of the Tedzami-Dzegvi deposit (Eastern Georgia) and zeolitic rock from the Chankanay deposit (Kazakhstan, Almaty region), both chosen for the fabrication of new zeolite filter materials for removing heavy metals and water disinfection. Our goal was not only to determine the acid resistance of the studied zeolites, but also to establish the acid treatment conditions that improve the performance properties, in particular, the ion exchange capacity. It is well known that Ag+-, Cu+-, and Zn+-loaded zeolites (by ion exchange) possess bactericidal properties [35,36,37,38].




2. Materials and Methods


Heulandite-chabazite-containing tuff from the Rkoni plot of the Tedzami-Dzegvi deposit (Eastern Georgia) and zeolitic rock of the Chankanay deposit (Kazakhstan, Almaty region), containing heulandite and chabazite, were ground using a standard crusher, fractionated to the particle size of 1–1.4 mm or 14–16 mesh, washed with distilled water to remove clay impurities, and dried at a temperature of 95–100 °C. The main characteristics of rocks, according to the results of their study [39], are given in Table 1.



According to these data, the Georgian sample can be identified as a sodium heulandite (Si/Al = 3.6) with a small admixture of chabazite, while the Kazakhstani sample is a mixture of heulandite and chabazite with a large admixture of quartz.



Acid treatment of samples with 0.5, 1.0, and 2.0 N HCl solutions was carried out by mixing 10 g of original zeolitic tuff with 100 mL of the solution in a shaking water bath (OLS26 Aqua Pro, Grant Instruments, US, linear mode) at 75 °C. This temperature was chosen as optimal due to the reproducibility of the results (control of temperature constancy throughout the acid treatment), as well as for comparison with the results of published works [29,40]. To achieve the maximum effect, acid treatment was carried out in three stages: the first stage lasted 1 h, the second stage lasted 2 h, and the third stage lasted 3 h. Each stage was followed by washing with distilled water until no Cl– ions were detected in the washing water, by using a AgNO3 solution. Acid treatment with dilute solutions (0.032, 0.16, and 0.32 N) was carried out at room temperature and for 2 h.



Ion exchange reactions were carried out in 1 N solutions of silver nitrate, copper, and zinc chlorides at a solid:liquid ratio of 1:10 at room temperature, with stirring for 6 h; the prepared samples were dried at 100–110 °C. Silver(I) nitrate AgNO3, zinc(II) chloride ZnCl2, and copper(II) chloride dihydrate CuCl2.2H2O (p.a., obtained from Merck KGaA—Darmstadt, Germany) were used without any additional purification.



Chemical composition of samples was calculated from the X-ray energy dispersive spectra (XR-EDS) obtained from a high-performance scanning electron microscope JSM-6490LV (JEOL, Japan), equipped with an INCA Energy 350 XRED analyzer (Oxford Instruments). Powder X-ray diffraction (XRD) patterns were obtained from a diffractometer D8 Endeavor (Bruker, Germany) using the Cu-Kα line (λ = 0.154056 nm); the powder XRD patterns were recorded by scanning at a rate of 1°/min in the 2Θ range of 5° to 100°, with a 0.02° step. Sorption of water and benzene vapors was measured in static conditions at room temperature and constant pressure. Nitrogen adsorption/desorption isotherms were measured at 77 K using the ASAP 2020 Plus analyzer (Micromeritics, Norcross, GA, USA) on samples vacuum degassed at 350 °C, and data analysis was carried out using the Brunauer–Emmett–Teller (BET) and Barrett-Joyner-Halenda (BJH) models.




3. Results and Discussion


3.1. Chemical Composition of the Acid-Treated Samples


The chemical composition of the acid-treated samples indicates their dealumination and decationization. After the first stage of acid treatment (1 h), the degree of dealumination reached 87–92% of the final value obtained, as a result of the second stage of treatment (2 h); after the third stage (3 h), the chemical composition of the resulting product did not change. All results below refer to samples obtained from the three-stage process.



3.1.1. Dealumination


The results for the chemical composition of the studied materials (XR-EDS analysis) are given in Table 2, in terms of averaged empirical formulas of dehydrated zeolites, the Si/Al molar ratio, and degree of dealumination (DD), which is defined as the ratio of the aluminum content of the treated sample to the aluminum content of the original sample.



An increase in the Si/Al molar ratio from 3.6 to 9.5, and a decrease in the aluminum content to 44% of the original, indicates deep acid-mediated dealumination in the Georgian heulandite, while in the Kazakhstani zeolite, aluminum is not so significantly leached. A significant increase in the Si/Al ratio was observed by Akimkhan [30] for clinoptilolite treated with HCl solutions, but at higher a temperature (96–98 °C) and longer treatment time. Based on their data from FTIR analysis, Silva and coauthors [32] also concluded that clinoptilolite treated with a HCl solution leads to an increase in the Si/Al ratio.




3.1.2. Decationization


The acid treatment also results in strong decationization of the aluminum-rich Georgian and Kazakhstani samples, as shown in Figure 1, by a decrease in the total charge of the compensating ions Na+, K+, Ca2+, and Mg2+, as well as the share of each of these cations in compensating the negative charge of the zeolite framework as they are leached and replaced in the framework by H+.



In Georgian heulandite, the total charge monotonically decreases from ≈1 to ≈0.68 with increasing acid concentration. The contribution of Na+ ions to compensate for the negative charge on aluminum atoms decreases, so that sodium is leached to the greatest extent (the sodium content decreased ≈9 times). The contribution of Mg2+ ions decreases more slowly (≈2 times), the contribution of Ca2+ ions changes insignificantly (−7%), and the contribution of K+ ions increases nonmonotonically.



The degree of decationization of the Kazakhstani zeolite is also very high (from ≈1 to ≈0.62), but this process proceeds qualitatively differently. So, although the contribution of sodium decreases, and the contribution of potassium increases, these changes are small (−20% and +30%, respectively), while the contribution of divalent cations, especially Ca2+, decreases to the greatest extent (≈2 and ≈1.8 times for Ca2+ and Mg2+, respectively).



Thus, in Georgian heulandite, the decationization mainly proceeds due to sodium ions, while calcium and, in particular, potassium are practically not involved in this process. This conclusion is consistent with the results of the study of decationization and dealumination of clinoptilolite tuff [29], where it was also found that natural clinoptilolite samples treated with HCl solutions exchanged mainly Na+ ions, followed by Mg2+ and Ca2+ ions, whereas K+ ions from the clinoptilolite practically did not participate in an exchange process. However, our results do not correspond to the data of reference [40], which show that the removal of monovalent cations, such as Na+ and K+ ions, is insignificant for the temperatures of 25–100 °C, and changed little with acid concentration. This conclusion is more consistent with the decationization process in the Kazakhstani mixture of heulandite and chabazite, but the results are difficult to compare, since clinoptilolite with a high Si/Al ratio and a different cationic composition (Si/Al = 6.22, (Na+K) > Ca) was used in reference [40].





3.2. Structure of the Acid-Treated Samples


Structural changes of the studied materials are fixed by powder XRD patterns. The powder XRD pattern of Georgian heulandite shows no changes after treatment with a dilute HCl solution (0.5 N), but treatment with concentrated solutions leads to a change in the intensity of some peaks (see Figure 2 and Figure 3). Thus, the intensity of the low angle peak at 2Θ = 9.85° (Miller indices hkl 020; d-spacing 8.98 Å) decreases with increasing acid concentration. The peak intensities at ≈22° (hkl 131, 400, 330; ≈4 Å) first increase (at 1.0 N), and then decrease (2.0 N), while the intensity of the weak peak at ≈28° (hkl −422 and/or −441; ≈3.15 Å) initially decreases, and then sharply increases with increasing the acid concentration to 2N.



In addition, some peaks decrease and disappear from the X-ray diffraction patterns with increasing acid concentration; this applies to peaks at 2Θ = 13° (hkl −201; 6.8 Å), 15° (hkl 220; ≈6 Å), and ≈33° (hkl −261 and/or 061; ≈2.8 Å), as schematically shown in Figure 3.



No line broadening is observed, so that the acid treatment does not cause amorphization of the sample. The overall intensity of the XRD pattern decreases slightly with increasing acid concentration, not correlating with the much greater weight loss resulting from the treatment, as shown in Table 3. Although the chemical compositions of the zeolites do not change in the third step of the acid treatment, there is still a slight weight loss, which indicates the gradual dissolution of the samples by the acid.



In a recent work [41], the amorphization of clinoptilolite recorded using XRD patterns was noted only after treatment of the zeolite with solutions with a high concentration of hydrochloric acid (5 and 10 N).



The same conclusions could be expected at high concentration of hydrochloric acid, based on a comparison of powder XRD patterns of the original and acid-treated samples of Kazakhstani zeolite (see Figure 4); since this zeolite is a mixture of heulandite and chabazite, the patterns are a superposition, and their detailed interpretation is quite difficult.




3.3. Sorption Properties of the Acid-Treated Samples


Sorption properties carry information about micro- and mesoporous systems. The adsorption of small water molecules, with a kinetic molecular diameter of 0.266 nm, is a measure of the pore volume of high-aluminum zeolites due to their hydrophilicity. The adsorption capacity for water vapor at a relative pressure p/po = 0.4 reflects the micropore volume, and the adsorption capacity at saturated water vapor pressure (p/po = 1.0) reflects the total volume of micro-, meso-, and macropores [42].



The kinetic diameter of the benzene molecule is 0.585 nm, which significantly exceeds the sizes of micropores and channels in the studied zeolites. This non-polar molecule can be adsorbed only on the zeolite surface due to the presence of meso- and macropores; benzene adsorption capacity is a relative measure of surface area and its hydrophobicity.



The kinetic diameter of a nitrogen molecule N2 (0.364 nm) is comparable to the size of the entrance windows in the chabazite crystal structure (eight-membered ring 0.38 × 0.38 nm [26]). In heulandite, a 10-membered ring (0.75 × 0.31 nm) and one of the 8-membered rings (0.47 × 0.28 nm) cannot accommodate a nitrogen molecule, which can pass only into one 8-membered ring (0.46 × 0.36 nm), which is due to the considerable flexibility of the framework [26].



3.3.1. Water and Benzene Sorption


The adsorption capacity of the studied zeolites, for water vapor at relative pressures of 0.4 and 1.0, as well as for benzene at a relative pressure of 1.0, is shown in Figure 5.



According to the results obtained, for untreated Georgian heulandite, the volume of micropores accessible for water molecules is about 60% of the total pore volume; adsorption in the micropores practically does not change as a result of acid treatment, and the total adsorption in all the pores slightly increases. For untreated Kazakhstani zeolite, the volume of the micropores is only 10% of the total pore volume; adsorption in the micropores, as well as adsorption in all the pores, increases significantly after acid treatment; the volume of the micropores is increased ≈18 times and exceeds 60% of the total pore volume, as a result of treatment with a 1.0 N hydrochloric acid solution.



As a result of the study of high-silica zeolites [43,44,45], it was found that the strongest interaction of water molecules occurs with acidic protons bound to framework aluminum atoms H(Al), and the amount of adsorbed water is proportional to the content of framework aluminum. The zeolites studied by us, including acid-treated ones, have much lower values of the Si/Al ratio (3–9.5) than the samples studied in the indicated works (for example, Si/Al—35 [43] or Si/Al > 42 [44]), therefore, the effects described in [43,44,45] are not observed. Previously, Sano et al. [44] described the formation of mesopores in an acid-treated dealuminated synthetic zeolite, and this process apparently causes the observed increase in the total pore volume, which is especially characteristic of the Kazakhstani zeolite, but also occurs in Georgian heulandite.



Benzene adsorption changes insignificantly, but the results obtained indicate an increase in the hydrophobicity of the surfaces of both zeolites after acid treatment. More detailed information about the surface and mesopores was obtained by analyzing nitrogen adsorption-desorption isotherms.




3.3.2. Nitrogen Sorption


The porosity parameters of natural Georgian heulandite and its acid-treated forms (calculated on the basis of nitrogen adsorption-desorption isotherms—Figure S1) are shown in Table 4.



Both the volume of micropores accessible to nitrogen molecules at p/p0 = 0.4 and the surface area (calculated using the BET model) increase sharply for samples treated with acid, and continue to increase with increasing acid concentration, while the total pore volume, according to the number of molecules adsorbed at saturated vapor pressure, varies nonmonotonically with changes in acid concentration. The total pore volume increases monotonically with increasing acid concentration, while the diameter of nanosized pores, calculated using the BJH model, decreases abruptly. However, little depends on the acid concentration, indicating that acid treatment affects not only the heulandite micropore system, but also the mesopores existing in the sample.



The pore size distribution curve volume vs. pore diameter V(D) and differential dV/dD curve calculated by the BJH model for Georgian heulandite and its acid-treated forms are shown in Figure 6.



As the pore size distribution curve V(D) shows, the volume of mesopores decreases as a result of acid treatment; according to the differential curve dV/dD, the maximum at ≈12 nm disappears, but a sharp maximum appears at ≈4 nm. Taking into account the, albeit small, increase in the total pore volume with increasing acid concentration, it can be concluded that after acid treatment, small in size, up to 4 nm, pores become predominant in the mesopore system of Georgian heulandite.



Akimkhan [30] observed no increase in the total pore volume when clinoptilolite was treated at room temperature with a 3 M HCl solution for 24 h; the increase was about two times when the acid was 12 M, and over three times when the acid treatment was at 96–98 °C. Silva and coworkers [32] found that HCl treatment decreased the zeolite pore diameter about 2.5 times, and increased the surface area approximately 16 times.



In a recent work by Çakicioğlu-Özkan and Becer [41], it was noted that in the studied original clinoptilolite, the volume of micropores accessible to nitrogen was only 0.005 cm3/g, which the authors attributed to the blocking of most of the pores by cations, considered as impurities. With an increase in the concentration of HCl in the solution, the volume of micropores increased by more than 12 times, up to 0.064 cm3/g for a 3 N HCl solution, but with further increase in the acid concentration, it decreased. The outer surface area of the HCl-treated samples gradually increased with increasing the Si/Al ratio from 3 m2/g, and reached a maximum of 33 m2/g after soaking in a 10 N solution [41].



The values of micropore volume and surface area obtained by us for original and acid-treated heulandites are much higher than reported in [41], but the general tendencies of their change with increasing acid concentration are the same. The authors of [41] also processed data in the region of low relative pressures (p/p0 < 0.1) using the Dubinin-Astakhov equation (W = W0exp{–[RTln(p0/p)/E]n}, where W0 is total weight adsorbed, E is the characteristic energy, R—gas constant, T—temperature) and obtained fractal values of the heterogeneity parameter n for acid-treated samples, while the experimental data obtained by us are ideally described by the simple BET equation (W = W0[1 – (p/p0)]), at least up to pressures p/p0 = 0.08. The pore size distributions were not calculated in [41].



The porosity parameters of natural Kazakhstani zeolite and its acid-treated forms (calculated on the basis of nitrogen adsorption-desorption isotherms—Figure S2), are shown in Table 5. As in Georgian heulandite, the quantity of nitrogen molecules adsorbed in micropores and the BET surface area increase sharply for samples treated with acid, and continue to increase with increasing acid concentration. Total pore volume, on the contrary, first increases and then decreases with increasing acid concentration; the diameters of nanosized pores calculated by the BJH model decrease monotonically.



The differences in the systems of mesopores of Georgian and Kazakhstani zeolites should be noted: according to the pore size distribution V(D) and dV/dD curves calculated by the BJH model, using adsorption isotherms measured on original and acid-treated Kazakhstani zeolite and shown in Figure 7, the dV/dD curve for native zeolite from the Chankanay deposit has two maxima, at ≈6 and 60 nm.



The pore size distribution V(D) curves show that the volume of mesopores increases after treatment with a diluted (0.5 N) HCl solution, but decreases after treatment with concentrated solutions. The maximum of the differential curve dV/dD at ≈6 nm shifts to ≈4 nm, and the maximum at ≈60 nm disappears.





3.4. Effect of Dilute Solutions on the Porosity and Ion-Exchange Properties of Georgian Heulandite


The chemical composition of the ion-exchanged samples determines their cation exchange capacity. The cation exchange capacity (CEC) of the original and acid-treated samples was calculated from XR-EDS data, as the number of ionogenic groups of the ion exchanger entirely converted to the H+ form, and expressed in milliequivalents per gram; the results are shown in Table 6, and the dependence of the obtained CEC values on the molar ratio Si/Al is shown in Figure 8.



The ion-exchange capacity of Kazakhstani zeolite remains at a high level of ≈3.4 mEq/g after treatment with a 0.5 N hydrochloric acid solution, which provides the access of large metal ions to the cages and channels of the zeolite, as well as a sufficiently large surface area (up to 20 m2/g). For heulandite-bearing tuff, the ion-exchange capacity decreases significantly, which is associated with a higher degree of dealumination of this sample. In this regard, acid treatment was carried out under milder conditions (room temperature, 2 h), using more dilute solutions in the concentration range of 0.032–0.32 N.



The samples thus treated were subjected to ion exchange in solutions of silver nitrate and chlorides of copper and zinc. X-ray diffraction patterns of ion-exchanged samples confirm the preservation of the zeolite structure. The characteristics of the micro- and mesoporous systems of the acid-treated heulandites, and the chemical compositions of the exchanged samples, are shown in Table 7.



Compared to the untreated sample, which retains only 0.62, 0.54, and 0.22 mmol/g of silver, copper, and zinc, respectively, the largest amount of metals is immobilized by heulandites treated with dilute solutions of hydrochloric acid (0.032–0.16 N); with an increase in acid concentration, the specific amount of embedded metals in the samples decreases (for example, to only 0.24 mmol/g for silver in zeolite treated with a 2N HCl solution), due to dealumination occurring as a result of the acid treatment. Table 7 presents the data on zeolites, which is interesting from an application point of view.



The incorporation of silver ions Ag+ into the microporous structure of heulandite occurs rather easily; the introduction of bivalent copper ions—Cu2+ and zinc ions—Zn2+, despite their smaller diameter, is difficult.



This phenomenon is likely associated with different geometry and energy characteristics of the hydration of ions entering the micropores of the zeolite. The diameter of the hydrated studied ions, in any case, exceeds the size of the entrance window, and ions cannot pass into the micropores. The dehydration energy depends on the number of water molecules in the complex, and it should be taken into account that the hydrated silver(I) ion (Ag(H2O)4+) includes four water molecules arranged in a linearly distorted tetrahedron, whereas the hydrated copper(II) and zinc(II) ions (M(H2O)62+) include six water molecules located at the vertices of the regular octahedron [46].



The content of immobilized metals is ≈60, ≈75, and ≈40% of the maximum values calculated from the ion exchange isotherms obtained on Turkish clinoptilolite [47] for silver, copper, and zinc, respectively. In [48], it is shown that acid-treated clinoptilolite adsorbs more zinc ions than untreated clinoptilolite, but the ion-exchange capacity of these samples, with respect to other metals, has not been studied.



Acid-treated Georgian heulandite exhibits a higher uptake of copper and zinc than sedimentary clinoptilolite from the Serbian field Zlatokop (0.41 and 0.225 mmol/g of Cu and Zn, respectively [49]); silver uptake is higher than that of natural clinoptilolite (0.84 mmol/g [50]), which is used for the combined disinfection and heavy metal purification of water streams. The achieved uptake of silver, copper, and zinc by acid-treated Georgian heulandite is much higher than that described for the clinoptilolite-bearing tuff of the Iranian Semnan deposit (0.24, 0.28, and 0.24 mmol/g of Ag, Cu, and Zn, respectively [51]), which improves the prospect to remove and concentrate these valuable metals from wastewater.





4. Conclusions


Taking into account the results of studying the effect of acid treatment on the structure and properties of two natural mixtures of heulandite and chabazite, the following conclusions can be drawn:




	
Treatment of the Georgian heulandite-bearing tuff of the Rkoni plot of the Dzegvi-Tedzami deposit with hydrochloric acid solutions leads to significant dealumination and decationization with sodium washout, while the Kazakhstani zeolitic rock of the Chankanay deposit, containing heulandite and chabazite in equal amounts, is much more acid-resistant, but it also undergoes significant decationization with calcium and magnesium washout;



	
Solutions of hydrochloric acid gradually dissolve the zeolite microporous crystal structure without its amorphization; the dissolution rate of Kazakhstani zeolite is much lower, especially in dilute solutions, than that of Georgian heulandite;



	
Heulandite micropores are, in any case, accessible to small water molecules; in Kazakhstani zeolite, they become accessible only after acid treatment. The acid treatment also leads to a slight increase in surface hydrophobicity for both samples;



	
Low-temperature nitrogen adsorption-desorption isotherms show an acid-mediated sharp increase of adsorption in the micropores and of the BET surface area, as well as a decrease in the specific volume and average diameter of the mesopores;



	
Treatment of Kazakhstani zeolite with a dilute solution of hydrochloric acid (up to 0.5 N) provides the access of large metal ions to the micropores of the zeolite, while maintaining a high ion-exchange capacity; Georgian heulandite treated with more dilute solutions (0.032–0.16 N) retains its ion-exchange capacity and exhibits a high ability to uptake valuable silver, copper, and zinc ions (up to 122, 60, and 28 mg/g, respectively), making increased acidity of the zeolite processing solution impractical.
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Figure 1. Cationic charge per Al atom of native (0) and acid-treated Georgian (Geo) and Kazakhstani (Kaz) zeolites. 
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Figure 2. Powder XRD patterns of original (bottom left, H—peaks of heulandite, C—peaks of chabazite) and acid treated Georgian heulandite. 






Figure 2. Powder XRD patterns of original (bottom left, H—peaks of heulandite, C—peaks of chabazite) and acid treated Georgian heulandite.



[image: Minerals 13 00364 g002]







[image: Minerals 13 00364 g003 550] 





Figure 3. Schematic representation of powder XRD patterns of acid treated Georgian heulandite (numbers in parenthesis are Miller indices hkl of the most varying peaks). 
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Figure 4. Powder XRD patterns of original (bottom left, H—peaks of heulandite, C—peaks of chabazite, Q—peak of quartz) and acid treated Kazakhstani zeolite. 
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Figure 5. Water vapor (H2O) and benzene (C6H6) adsorption capacity on original (0) and acid-treated samples of: (a) Georgian heulandite; (b) Kazakhstani zeolite. 
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Figure 6. Pore size distribution curves calculated by the BJH model for Georgian heulandite and its acid-treated forms: (a) volume V vs. pore diameter D; (b) differential curve dV/dD. 
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Figure 7. Pore size distribution curves calculated by the BJH model for Kazakhstani zeolite and its acid-treated forms: (a) volume V vs. pore diameter D; (b) differential curve dV/dD. 
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Figure 8. Dependence of the CEC on the Si/Al molar ratio, calculated for Kazakhstani zeolite (a) and Georgian heulandite (b). 
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Table 1. Features of the studied Georgian (Rkoni) and Kazakhstani (Chankanay) zeolite-containing rocks.
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	Sample from
	Rkoni
	Chankanay





	Zeolite phase content (%)
	90
	70



	Empirical formula
	(Na0.25K0.06Ca0.19Mg0.15) [AlSi3.6O9.2].3H2O
	(Na0.115K0.079Ca0.228Mg0.175) [AlSi2.96O7.92] 3H2O



	HEU/CHA 1
	8
	1



	Framework impurity
	Ti0.005
	Ti0.009



	Impurities per Al atom
	Fe0.2, Ca0.14
	(SiO2)≈1, Fe0.33, Ca0.17







1 HEU—content of heulandite (M8(H2O)24[Al8Si28O72]), CHA—content of chabazite (M12(H2O)40[Al12Si24O72]).
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Table 2. Chemical composition of unit cell, Si/Al molar ratio, and degree of dealumination (DD) in original and acid-treated Georgian (Rkoni) and Kazakhstani (Chankanay) zeolites.
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[HCl] (N) 1

	
Rkoni

	
Chankanay




	
Empirical Formula

	
Si/Al

	
DD

	
Empirical Formula

	
Si/Al

	
DD






	
0

	
(Na1.95K0.47Ca1.49Mg1.17)[Al7.83Si28.2O72]

	
3.6

	
1.00

	
(Na1.05K0.72Ca2.07Mg1.6)[Al9.1Si26.9O72]

	
2.96

	
1.00




	
0.5

	
(Na0.62K0.67Ca0.71Mg0.47)[Al4.58Si31.4O72]

	
6.85

	
0.58

	
(Na0.98K0.82Ca1.07Mg1.25)[Al8.96Si27.0O72]

	
3.02

	
0.98




	
1.0

	
(Na0.47K0.4Ca0.65Mg0.46)[Al4.26Si31.7O72]

	
7.45

	
0.54

	
(Na0.92K0.84Ca1.05Mg1.12)[Al8.53Si27.5O72]

	
3.22

	
0.94




	
2.0

	
(Na0.096K0.5Ca0.61Mg0.26)[Al3.43Si32.6O72]

	
9.5

	
0.44

	
(Na0.72K0.90Ca0.84Mg0.76)[Al7.88Si28.1O72]

	
3.57

	
0.87








1 [HCl]—concentration of the hydrochloric acid solution.
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Table 3. Weight loss (%) from the acid treatment steps (1-2-3) of Georgian and Kazakhstani zeolites.
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	Zeolite Origin
	From 0.5 N
	From 1.0 N
	From 2.0 N





	Georgian
	9.75–7.05–4.5
	12.8–7.8–6.1
	15.4–7.95–5.25



	Kazakhstani
	6.3–3.5–1.4
	7.4–5.1–2.5
	9.2–5.4–3.5
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Table 4. Porosity parameters of Georgian heulandite and its acid-treated forms.
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	Concentration of HCl Solution (N)
	0
	0.5
	1.0
	2.0





	Total volume of pores (cm3/g) *
	0.0895
	0.109
	0.1129
	0.1256



	Volume of micropores (cm3/g)
	0.00647
	0.0782
	0.0856
	0.0889



	BET surface area (m2/g)
	12.8
	126.7
	154.7
	175.0



	BJH desorption average pore diameter (nm)
	17.2
	13.1
	11.6
	11.1







* The total volume of pores with a diameter less than 200 nm.
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Table 5. Porosity parameters of Kazakhstani zeolite and its acid-treated forms.
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	Concentration of HCl Solution (N)
	0
	0.5
	1.0
	2.0





	Total volume of pores (cm3/g) *
	0.0732
	0.0881
	0.0735
	0.0686



	Volume of micropores (cm3/g)
	0.00152
	0.0098
	0.0189
	0.0209



	BET surface area (m2/g)
	2.75
	20.0
	38.0
	44.9



	BJH desorption average pore diameter (nm)
	24.3
	15.4
	12.2
	13.8







* The total volume of pores with a diameter less than 200 nm.
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Table 6. Cation exchange capacity (CEC, mEq/g) of the original and acid-treated samples.
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	Concentration of HCl Solution (N)
	0
	0.5
	1.0
	2.0





	Georgian heulandite
	3.03
	1.90
	1.78
	1.46



	Kazakhstani zeolite
	3.43
	3.38
	3.25
	3.05
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Table 7. Porosity parameters of acid-treated Georgian heulandite and chemical compositions of silver-, copper-, and zinc-exchanged forms.
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Concentration of HCl Solution (N)

	
0.032

	
0.16

	
0.32






	
Total volume of pores (cm3/g)

	
0.090

	
0.094

	
0.104




	
Volume of micropores (cm3/g)

	
0.010

	
0.025

	
0.049




	
BET surface area (m2/g)

	
19.6

	
49.8

	
87.5




	
BJH desorption pore diameter (nm)

	
17.0

	
16.2

	
15.4




	
Empirical formula of Ag-exchanged samples

	
Ag0.46(Na,K,Ca,Mg)0.54 [AlSi3.75O9.5]

	
Ag0.5(Na,K,Ca,Mg)0.5 [AlSi4.6O11.2]

	
Ag0.42(Na,K,Ca,Mg)0.57 [AlSi5.5O13]




	
Silver content (mg/g, mmol/g)

	
122

	
117

	
90




	
1.1

	
1.1

	
0.82




	
Empirical formula of Cu-exchanged samples

	
Cu0.36(Na,K,Ca,Mg)0.27 [AlSi3.9O9.8]

	
Cu0.4(Na,K,Ca,Mg)0.18 [AlSi4.8O11.6]

	
Cu0.35(Na,K,Ca,Mg)0.27 [AlSi5.6O13.2]




	
Copper content (mg/g, mmol/g)

	
60

	
58.5

	
46




	
0.95

	
0.92

	
0.72




	
Empirical formula of Zn-exchanged samples

	
Zn0.16(Na,K,Ca,Mg)0.67 [AlSi3.8O9.6]

	
Zn0.18(Na,K,Ca,Mg)0.62 [AlSi4.7O11.4]

	
Zn0.15(Na,K,Ca,Mg)0.67 [AlSi5.6O13.2]




	
Zinc content (mg/g, mmol/g)

	
28

	
27

	
20




	
0.43

	
0.42

	
0.31
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