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Abstract

:

Studies on changes of unfrozen water content in calcium bentonite from Slovakia, with various concentrations of copper ions, were carried out using the method of differential scanning calorimetry (DSC). In this study, the influence of molar concentration of copper(II) chloride solution (1 M, 0.5 M, 0.25 M, 0.1 M), used to saturate clay, was analyzed, as well as the impact of copper ions contained in bentonite and how the copper concentration affects to changes of unfrozen water content versus temperature. The results suggest that new mineral phases originate in bentonite saturated with highly concentrated solutions due to the reaction with copper(II) chloride solutions. These minerals, identified based on XRD and SEM-EDS (X-ray Diffraction and Scanning Electron Microscopy with Energy Dispersive Spectroscopy) studies, are from the atacamite group. ANOVA (Analysis of Variance) has shown a statistically significant relationship between the unfrozen water content and the molar concentration of the solution used to saturate bentonite and between the unfrozen water content and the content of copper ions in the bentonite. The analysis of multiple regression has shown that the change of unfrozen water content in copper bentonites is related to the temperature change, specific surface, and the concentration of copper ions in the clay. An empirical equation was developed to estimate the content of unfrozen water at a given negative temperature in Cu-bentonites, in which the specific surface and copper ions concentration in the bentonite are the main parameters.
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1. Introduction


When considering clay-water interaction, smectites are the most important minerals due to their expansive nature [1]. Bentonite is a swelling clay, the main mineral being from the smectite group—montmorillonite (2:1 type clay mineral). Montmorillonite has a variable space between the layers, which is occupied by exchangeable cations and water, thanks to which their specific surface area (S) is high. Exchangeable cations in clays are different to the ions added through reagents. The physicochemical properties of montmorillonites are closely related to the type of the main exchangeable cation [2]. Montmorillonite can adsorb water that does not freeze in a wide range of subzero temperatures. This is called unfrozen water. The properties of unfrozen water are similar to the liquids, ions, and dissolved substances moving freely in the water [3]. Research results [4] show that in STx-1b bentonite (from the Clay Mineral Society), the content of unfrozen water-determined NMR (Nuclear Magnetic Resonance) method at a temperature of −20 °C is on average 20–25%, depending on the main exchangeable cation. For comparison, in kaolin clay under the same conditions, the amount of unfrozen water usually does not exceed 3% [4].



The presence of substances dissolved in the porous water in clays determines the content of unfrozen water and its mobility, and the results of studies refer primarily to the main exchangeable ions (Ca2+, Mg2+, Na+, K+) [4,5]. Kruse and Darrow [4] analyzed the unfrozen water in cation-treated, montmorillonite clay (STx-1b) using the P-NMR method. The results indicated that the cation treatments have an effect on the unfrozen water content in the clay (STx-1b). The highest unfrozen water content was observed when treated with Na+ cations, most likely due to the largest specific surface area of this clay. The same clay demonstrated a significant reduction in unfrozen water content after the K+ treatment. In the case of the exchange of STx-1b with Ca2+ and Mg2+ ions, the changes in the unfrozen water content were not so significant, most likely because the source form of STx-1b is the calcium form, and calcium and magnesium cations show similar effect in the frozen clay-water system. Research by Nartowska et al. [6] show that in the case of bentonite with a copper concentration of 5428 and 7677 mg/kg of dry clay, the content of the unfrozen water (unCu) by the use of the 1H-NMR method is lower than in the same clay unsaturated with copper ions in the temperature range between −32 °C and about −3 °C. The differences in the unfrozen water content (un) increase as the temperature drops: un0 = 28–30% and unCu = 18–20% (T = −10 °C); un0 = 25–26% and unCu = 11–14% (T = −15 °C); un0 = 24% and unCu = 9–10% (T = −20 °C); un0 = 21–22%; and unCu = 7% (T = −25 °C); un0 = 20% and unCu = 5–6% (T = −30 °C). Changes in the content of the unfrozen water in clay contaminated with copper ions in the presence of copper chlorides are not mentioned in the literature. Xiao et al. [7,8] reported that the freezing point of saline soils determined by the NMR method is closely related to the type of salt (sodium chloride, calcium chloride, sodium carbonate, sodium sulphate) and the size of the pores. The supercooling phenomenon delays the ice formation in the freezing process, thus leading to variation in the unfrozen water content in soil. The latest research by Xiao et al. [9] indicate that the unfrozen water content decreases as ice crystals form at the first stage of the phase transition, and further decreases as ice and hydrated salt precipitate at the second stage of the phase transition. A proper prediction of changes in unfrozen water content may be the basis for modelling processes to minimize the pollution in frozen clays [10]. Bentonites are widely used worldwide as an insulating material, e.g., in landfills of hazardous waste, where they can be exposed to the action of leachate containing copper chlorides or ions [11]. Based on their experiments, Podlech et al. [12] observed that the alteration of the smectite is mainly attributed to the nature of the bentonite, pore water chemistry, and temperature. These factors may cause mineralogical changes and affect the long-term performance of the bentonite barrier system. In addition, the interaction of corrosion products of copper-coated steel containers, in which nuclear fuels are gathered, with bentonite, may be a major problem [13]. Carlsson [14] showed that the soft samples, which consisted of water-saturated MX-80 bentonite mixed with 0.0001 M CuCl2 solution, did not contain copper ions. The author of paper [13] found that the concentration is most likely too small for the physicochemical transformations of bentonite to occur. The information collected from the literature [15,16] shows that in an aerobic water-soil environment the copper chlorides can form [CuCl3]− and [CuCl4]2− complexes and also poorly soluble basic copper chlorides, such as atacamite. Additionally, King et al. [17] and Izosimova et al. [18] reported a significant influence of anions and cations concentration on the chemism of porous waters. The research team [18] confirmed that the smaller the amount of Cu2+ ions adsorbed on the sodium bentonite was, the higher was the initial concentration of copper chloride.



Scientific works regarding the impact of solutions with copper chlorides concentration on bentonites modifications are rare in the literature. The authors have not found a paper that determines the influence of copper ions concentration on the content of unfrozen water in clays. The previous authors’ study [6], carried out using the 1H NMR (Proton Nuclear Magnetic Resonance) method, suggested only that the content of unfrozen water in bentonites polluted with copper ions could be presented as a function of the metal concentration. The authors emphasized that, due to a possible occurrence of cations hydration in the 1H NMR method, the research should be continued by means of another research technique, including the DSC. In addition, the studies should be carried out in a wider range of copper ions concentration and in the same clay [6]. It is also necessary to consider [19] that in an actual water-clay system one can expect, within a certain small concentrations range, a reversal of the expected relationship and an increase in the content of unfrozen water with a decreasing concentration of the solution.



In this paper the authors evaluated the influence of the concentration of copper chlorides on changes in bentonite properties, including the chemical and mineral composition. In addition, the influence of molar concentration of copper(II) chloride solution, as well as the impact of concentration of copper ions in clays at the exchange sites on changes of unfrozen water content versus temperature, were studied. Monoionic Cu-forms of bentonite from Slovakia with various concentrations were prepared for studies. The content of unfrozen water was determined by means of the calorimetric method, using a DSC Q200 (TA Instruments, New Castle, DE, USA) instrument, at a temperature of −23 °C. An empirical equation has been proposed to estimate the unfrozen water in clays polluted with copper ions, which uses the specific surface and copper ions concentration as parameters.




2. Materials and Methods


2.1. Materials


Bentonite from Slovakia (BSvk), which was subjected to ion exchange, was used for studies on changes of unfrozen water content in clays with various potentially toxic concentrations of copper ions. Table 1 presents the basic characteristics of clay samples, before the ion exchange (‘0’) and after ion exchange to copper ions (‘Cu’), as a result of saturating the clay with copper(II) chloride solutions of various molar concentrations (0.1–1 M). The physicochemical properties of smectites depend on the location of cation substitutions in their 2:1 layer. The presence of various exchangeable cations makes it difficult to identify a specific smectite, and in order to prevent it, smectites are subjected to an ion exchange process to obtain their homoionic forms [20]. Only a sufficiently high concentration of copper(II) chloride can ensure that the basic exchangeable cations, such as Na, Ca, K, and Mg, are replaced with Cu ions to such an extent that copper becomes the main exchange cation. The molar concentration given by most authors, which ensures the efficiency of the ion exchange between the basic exchangeable cations, is 1 M [4,5,19]. The molar concentration of potentially toxic metals for which the ion exchange will be effective is not clearly defined in the literature and should be determined experimentally [6,18].




2.2. Methods


2.2.1. Determination of the Chemical Properties


The practical chemistry of samples was carried out by flooding the samples three times, in an air-dry state, with a mass of approximately 50 g, with 10 L solutions of copper(II) chloride of various molar concentrations (0.1 M, 0.25 M, 0.5 M, 1 M). Clays were flooded with an appropriate solution in 48 h intervals, after previous decantation. Soils were consecutively packed in membranes permeable to chlorine and placed in 20 L containers with permanent circulation of distilled water. The excess of chlorine was rinsed until the reaction characteristic of chloride ion (with AgNO3) disappeared. Monoionic samples of bentonites were transferred to glass beakers and dried in the air to the soft-plastic state, then they were closed in jars and stored at room temperature for further studies. Details of the practical chemistry are available in the previous paper by the authors [6].



The metal contents in clays were determined by the ICP-OES method, with the use of an Optima 800 instrument (PerkinElmer company, Waltham, MA, USA). Prior to determinations the samples were appropriately prepared. Clays with a dry mass of 2 g were wet-mineralized with aqua regia in accordance with the PN-ISO 11466.



Additionally, a semi-quantitative analysis of the chemical composition of clays was carried out based on an area scan using an energy dispersive X-ray spectrometer (X-Max EDS system, Oxford Instruments, Oxford, UK). The order of magnitude of the energy of the X-ray quanta is suitable for the observation of atomic structures (the elemental composition) of substances from which they are emitted. Differences in the electronic structure of the atoms make each of the elements excited in the sample send X-ray spectral series, differing from other energies of the individual lines. In contrast, the intensity of the line is proportional to the concentration of the given element in the sample [21]. The surfaces of the air-dried samples were covered with a thin layer of carbon to prevent electrisation in a JEOL JEC-530 coater (JEOL company, Tokyo, Japan). Experiments were conducted with a JSM-7100F field emission scanning electron microscope (JEOL company, Tokyo, Japan), with 15 kV voltage applied. Photographs at a magnification of ×2000 were analyzed. The SEM-EDXS (Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy) results indicated the main elements of clay, including the presence of chlorine in some samples, which was not detected by the method with AgNO3. This is possible because copper ions can form complexes with chlorides, leading to the formation of new mineral phases [22].



To confirm the non-existence of free chlorides in clays, the concentration of these ions was determined in water extracts using the Mohr method, consisting of titration with silver nitrate at the presence of chromate as an indicator (PN-ISO 9297:1994). Prior to determinations the samples were appropriately prepared: 2 g of clays were shaken for 24 h on a rotary shaker in 20 mL of distilled water (with conductivity of 0.06 μS·cm−1). After shaking, the samples were filtered through a Whatman filtration paper until a clear solution was achieved.



For the assessment of clay activity in relation to water it is helpful to know the specific surface S (m2/g) [23]. The specific surface area (S) was determined by the method using the water vapor sorption (WTC) in compliance with Equation (1) according to Stępkowska [23]. The sorption moisture w50 was determined at a relative water vapor pressure p/p0 = 0.50 in the desiccator over a saturated solution of magnesium nitrate (V). Sorption lasts 10 days and the mass of clay is determined by drying at 220 °C.


  S = 6 ×    w  50   × 5.85   .  



(1)








2.2.2. Determination of the Granulometric and Mineral Composition


Particle size distribution studies were performed by the ‘wet’ laser diffraction method with the use of a HELOS/BF SUCELL device manufactured by Sympatec GmbH (Clausthal Zellerfeld, Germany). Use of the laser diffraction method as a standard test procedure for the determination of particle size distribution can provide reliable results, provided that consistent sample preparation is used [24]. No dispersant was used for the tests, as the type of dispersant may affect the results of the analysis, especially in clays, where the influence of substances dissolved in the pore solution is considered [25]. Before determining the particle size, the clay pastes, at a plastic consistency (after saturation in distilled water 48 h earlier) with a mass of approximately of 3 g, were dissolved in 50 mL of distilled water.



Determination of the mineral composition of the tested clays was carried out by X-ray powder method in the Bragg–Brentano geometry. X-ray images of all clays were recorded with a Bruker D8 advance X-ray diffractometer (Bruker, Berlin, Germany), a Johansson-type monochromator (Bruker, Berlin, Germany) to determine CuKα1 radiation (l = 1.5406 Å), and a LynxEye position-sensitive detector (Bruker, Berlin, Germany). The measurements were carried out at 2θ from 4.51° to 70° with 0.02° steps. The applied voltage was 3.540 kV with a 530-mA current. The values of interplanar distances obtained from X-ray images were used to identify the mineral phases included in the clays, based on the data contained in the International Center for Diffraction Data PDF-4+ database (ICCD, Newtown Square, PA, USA). X-ray diffractograms of the clays were subjected to semi-quantitative mineralogical analysis using Diffrac Eva V6 software (Bruker, Berlin, Germany). Semi-quantitative mineralogical analysis is based on the relationship between the intensity of the reflections coming from a given phase and the weight content of this phase. The integral intensity (the area under the peak) was used to measure the total intensity of the reflex. Mathematical curve fitting was used.




2.2.3. Determination of the Unfrozen Water Content


The calorimetric technique with the use of a calibrated DSC Q200 device manufactured by TA was chosen for the examination of the changes in the unfrozen water content at a given negative temperature. The DSC method seems to be more suitable than the 1H-NMR method for the study of clay contaminated with copper ions, since it is very likely that the water molecules participating in the process of cation hydration are no longer partially “visible” for magnetic resonance [6,26].



Samples of clay paste weighing an average of 4–10 mg were placed in aluminum calorimetric hermetic pans with a diameter of 6 mm. The pans with the samples were weighed before and after the tests with an accuracy of 10−6 g. The research program consisted of freezing (at a rate of −2.5 °C/min to a temperature of −90 °C) and heating (at a rate of 5 °C/min to a temperature of 20 °C). The authors maintained the same experimental conditions as in the previous studies on model clays [27] and clays contaminated with copper ions [28] in order to validate the results of the studies. After the tests, the calorimetric lids were pierced and dried at 110 °C for 24 h in order to determine the water content (Table 1).



Analysis of the phase composition was conducted based on the thawing curves due to the phenomenon of supercooling, which becomes particularly significant in small samples [29,30]. Thermograms were obtained with the use of Universal Analysis 2000 software (TA Instruments, New Castle, USA). Calculations of the unfrozen water were carried out in accordance with the proven methodology, as demonstrated in the study by Kozłowski and Nartowska [27]. In order to extract the actual endothermic effects associated with melting, stochastic deconvolution was used, in accordance with Kozłowski’s assumptions [31]. The unfrozen water content, depending on the temperature wu(T), was calculated from Equation (2):


   w  u      T i    = w −   ∑   j = i  n    100 × q    T j    × 1   L    T j    ×  m s    ,  



(2)




where, wu(Ti) is the unfrozen water content at temperature Ti as a percentage of the dry mass, w is the water content expressed as a percentage of the dry mass, q(Tj) · 1 = ∆hj, ∆hj—change in the entalphy within 1 K, ms is the mass of the dry soil in the sample (g), and L(Tj) is the latent heat of fusion of the ice at temperature Tj calculated according to the empirical equation given by Horiguchi (1985) [32] Equation (3):


  L  T  = 7.3 × T + 334 ,  



(3)




where L(T) is the latent heat of fusion (J/g) of the ice at temperature T and T is temperature (°C).






3. Results and Discussion


3.1. Properties of Bentonite (BSvk) after Chemical Modification


Table 2 presents properties of the BSvk bentonite, before (‘0’) and after the ion exchange (‘Cu’), as a result of the clay saturation with the copper(II) chloride of various molar concentrations (1 M, 0.5 M, 0.25 M, 0.1 M), and then rinsing clays from free chloride ions.



The ICP-OES chemical analysis confirmed the effectiveness of ion exchange and the introduction of copper ions to the smectite structure. The results show that the process effectiveness was related to the initial molar concentration of copper(II) chloride solution. Izosimova et al. [18] made similar observations. When examining sodium bentonites, the authors observed that the amount of copper adsorbed on the bentonite significantly increased with the increasing molar concentration of copper chloride (0.025 to 0.125 mmol/L). The relationship was less significant, but still visible in the Al-bentonites. A supplementary SEM EDXS chemical analysis (Figure 1) has shown that copper is the main exchangeable cation in smectite. After saturation of clays with 0.1 M, 0.25 M, and 0.5 M solutions, small amounts of chlorine ions were found in the EDXS method, which were not discovered by the Mohr method. It may indicate the presence of new mineral phases, which originated due to a reaction with chlorine ions. Such a phenomenon was described by Standberg and Johansson [33] who found that, depending on the chloride concentration in the aqueous layer, copper ions can form chlorinated complexes of copper (CuCl2−), which in the presence of dissolved oxygen give rise to the formation of basic copper chlorides (atacamite, clinoatacamite) (4).


  3   CuCl  2 −  +  3 4   O 2  +  3 2     H   2   O  →  Cu 2     OH   3  Cl +   Cu   2 +   + 5   Cl  −  .  



(4)







The performed X-ray diffraction patterns (Figure 2) revealed the existence of new mineral phases. They were identified as minerals from the atacamite (atacamite/clinoatacamite) group. The content of minerals from the atacamite group increased with a higher concentration of copper ions in the smectite. The increase in the crystalline phase of copper chlorides with the increase in copper ions was also confirmed by Han et al. [34], who examined the surface properties of the CuCl2/activated carbon (AC) catalyst for the synthesis of dimethyl carbonate at different copper contents. Figure 3 shows minerals, which crystallized after 30 days on leachate from the ion exchange of bentonites.



The modification of Ca-bentonite with Cu cations leads to a decrease in the interplanar spacing (d001) of montmorillonite from 14.88 Å for the Ca-form to 12.31–12.48 Å for ‘Cu’ forms depending on the concentration of Cu cations. Results show that the higher the concentration of copper ions, the smaller the interplanar distance.




3.2. Influence of Chemical Modification of Bentonite on the Unfrozen Water Content


Figure 4 shows, for selected samples of BSvk bentonite, before ‘0’ and after the ion exchange into copper ions ‘Cu’ with various concentrations, how the content of unfrozen water changes versus temperature.



It has been observed (Figure 4), that the content of unfrozen water undergoes change versus the concentration of copper ions in the soil. These observations were statistically significant (p < 0.05). To evaluate the statistical significance of the molar concentration of the CuCl2 solution, a single factor the ANOVA (Analysis of Variance) was carried out, which is based on 180 observations (Table 3).



3.2.1. The Effect of the Molar Concentration of the Solution


Table 3 presents a significant relationship (p < 0.01) between the average content of unfrozen water and the molar concentration, used to saturate the clay. An average content of unfrozen water in a given clay, irrespective of temperature, grew with the increasing molar concentration (0.1 M < 0.25 M < 0.5 M < 1.0 M) and with the increasing specific surface of the clay (Figure 5). The increase in the specific surface with the increasing molar concentration has been explained below. The increase in the content of unfrozen water with the growing specific surface was discussed in many articles [3,6].



The lowest metal concentration and the largest specific surface in the studied clays polluted with copper ions was obtained after the ion exchange for the most concentrated solution (1 M of copper(II) chloride). At first glance it seems inconsistent with expectations. However, such behavior is theoretically confirmed. The interaction of van der Waals forces with forces of ionic-electrostatic attraction, which occur at contacts of clayey particles during the procedure of ion exchange, is considered to be the cause. According to Van Olphen [35], an increase in the counter-ions concentration (≥1 M) results in the compression of a double layer around the flat surfaces of the particles, causing an increase in the forces of particles attraction. The surface density of charge then increases and the function of specific cations adsorption decreases [36]. In addition, the electrokinetic potential of the boundary surface of the particle in contact with 1 M solution is low (close to 0), due to which particles aggregate in larger clusters and form deposits of high porosity. At low concentrations of counter-ions, e.g., 0.1 M, a thick double layer originates, resulting in increased repulsion forces. The density of the surface charge is smaller, and the function of cations adsorption increases [35]. Therefore, in the clay subjected to the ion exchange with 0.1 M copper (II), a chloride solution with smaller specific surfaces and higher concentrations of copper ions are observed than after saturation with 1 M solution. It should be emphasized that the ratio of attraction and repulsion forces in the water environment is different for the various electrolyte concentrations and, so far, it has not been precisely determined. It is known that van der Waals forces decrease with increasing distances between particles, but this relationship is not linear and may be approximated to a parabola. So, it is possible to assume that distances between particles grow with a decreasing molar concentration of the solution as follows 1 M > 0.5 M > 0.25 M > 0.1 M. Thus, the density of surface charge gradually decreases, and the specific surface of clays follows (S1 M = 460 m2/g; S0.5 M = 203 m2/g; S0.25 M = 189 m2/g; S0.1 M = 183 m2/g). The curve of cations adsorption goes up; however, the rise is not linear most likely due to ionic-electrostatic interactions between montmorillonite particles, which have a clear minimum [37,38].




3.2.2. The Effect of the Concentration of Copper Ions in the Clay


Figure 6 presents the relationship between average contents of unfrozen water versus copper concentration in the clay.



Looking for causes of observed variabilities, a multiple regression analysis was performed (Table 4), which has shown that a change of unfrozen water content in the studied soils has a significant relationship with the temperature change, specific surface, and copper ions concentration. As the temperature is the most important factor affecting changes in the unfrozen water content, further quantitative relationships of this water fraction with the copper concentration will be analyzed at defined temperatures (Table 4).



Because the change of the unfrozen water content in the studied soils seems to be related to the temperature, copper ion concentration in the clay, and the specific surface of clay (Table 4), the authors have proposed an equation to estimate the unfrozen water in clays with high concentrations of copper ions (Equation (5)). It may be used for engineering purposes to predict the unfrozen water in soils contaminated with copper ions of a high concentration due to a good match of model parameters (R = 0.943). Table 5 presents the estimated parameters of model (5). In previous papers the authors reported a possible influence of the copper ions concentration on the content of unfrozen water [28] and a significant relationship between the specific surface, porosity, and the concentration of copper ions [6]. An increase in the unfrozen water content with the growing specific surface seems to be obvious [3,27,39].


   w  u      T i    =  a  1   +  a  2   · S +  a  3   ·   C u   +  a 4  · ln θ ,  



(5)




where    w  u      T i      is the unfrozen water content at temperature Ti as a percentage of the dry mass. S is the specific surface area [m2/g]. Cu is copper concentration in the clay [g/kg dry of soil], and  θ  is the temperature depression [K].



The proposed Equation (5) seems to describe better changes in the unfrozen water content in soils polluted with copper ions than the popular Anderson and Tice model, based on the specific surface [3]. It is proven by the lack of possibility to match the statistically significant parameters of the model. If the content of unfrozen water depends primarily on the specific surface and the copper ions concentration, one can presume that an appropriate type of water, depending on the exchangeable cation of bentonite, undergoes a phase transition. A strong relationship with the specific surface suggests that to a large extent the water adsorbed on the flat surfaces of crystallites undergoes a phase transition at T ≤ −4 °C.



Table 6 summarizes the results of the unfrozen water content determinations at individual negative temperatures as a function of the molar concentration of the solution and the concentration of copper ions in the clay.



We observed that the unfrozen water content determined by the use of the DSC in BSvk 0 in the entire range of the tested temperatures is consistent with the previous results obtained with the 1H-NMR method and the differences do not exceed 2% [6]. In the case of the same bentonite saturated with copper ions ‘Cu’ (1 M), the results of the unfrozen water content obtained by both methods differ. The differences in the content of the unfrozen water content are greater the lower the temperature is. In the temperature range from T = −8 to −2 °C, the differences are 2–5%, in T = −10 to −23 °C about 8–14%. The research seems to confirm the possible limitations of the 1H-NMR method in determining the content of the unfrozen water in bentonites saturated with copper ions, due to the possible phenomenon of the cation hydration [6]. The results (Table 6) also show that at each negative temperature, the content of the unfrozen water increases with the increasing molar concentration of CuCl2 used for the ion exchange in the clays. However, it should be kept in mind that chloride ions were only contained in bentonites saturated with 0.1–0.5 M solutions. In addition, this chlorine was not free but bound in the form of minerals from the atacamite group. Bing et al. [40] observed higher contents of the unfrozen water in saline soils and an increase in the unfrozen water content with an increase in the salt content. The latter is confirmed by our research. On the other hand, in our research, the content of the unfrozen water at any negative temperature is always higher in clays not subjected to ion exchange with copper. These results are difficult to compare due to the fact that we conducted the research in a more complex system, where copper chloride ions were bound in the form of a mineral.






4. Conclusions


	
The higher the amount of copper cations in bentonite after the ion exchange of Ca-bentonite with the use of copper(II) chloride solution, the lower the solvent concentration;



	
In bentonite saturated with 0.1 M, 0.25 M, and 0.5 M solutions, new mineral phases originate due to the reaction with copper(II) chloride, which were identified based on the XRD and SEM-EDS studies as minerals from the atacamite group;



	
ANOVA (Analysis of Variance) showed a statistically significant relationship between the molar concentration of copper(II) chloride, used to saturate the clay, as well as the copper ions concentration in the clay, determined with the use of the ICP-OES method, and the unfrozen water content at temperatures below 0 °C;



	
The average content of the unfrozen water in copper bentonites increased with the increasing molar concentration of copper(II) chloride used to saturate the solid, following the sequence: 0.1 M < 0.25 M < 0.5 M < 1 M. These changes may be related to the increase of the specific surface of the clays in the same direction;



	
MLR (multiple linear regression) showed that a change of the unfrozen water content in the studied clays shows a significant association with the temperature change, the specific surface, and the copper content in the clay;



	
The content of the unfrozen water in ‘Cu’ bentonites, at temperatures ≤−4 °C, may be estimated with the use of an empirical equation containing the specific surface and the copper concentration in the clay (p = 0.001, R = 0.94).
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Figure 1. Morphology and SEM-EDX data of the BSvk bentonite samples saturated with copper(II) chloride solutions of different molar concentrations: (a) 0.1 M, (b) 0.25 M, (c) 0.5 M. 
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Figure 2. Powder XRD patterns of the bentonite BSvk samples after saturation with copper(II) chloride solutions of different molar concentrations: 0.1 M, 0.25 M, and 0.5 M. 
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Figure 3. Macro photography of a mineral that crystallizes on the leachate from the bentonite ion exchange process, identified as an atacamite group mineral. (a) atacamite group mineral that crystallizes on the leachate (b) atacamite group mineral. 
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Figure 4. Curves of unfrozen water content versus temperature for selected samples of BSvk bentonite, before the ion exchange ‘0’, and after saturation with copper ions ‘Cu’ of various concentrations. 
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Figure 5. Average contents of unfrozen water in BSvk ‘Cu’ bentonites versus the molar concentration of the solution (0.1–1 M CuCl2) used for Cu ion exchange. 
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Figure 6. Average contents of unfrozen water in BSvk ‘Cu’ bentonites versus the concentration of copper ions in the soil, irrespective of temperature. 
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Table 1. Descriptive characteristics and the water contents of the samples.
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Symbol

	
Description

	
Characteristics of the Samples




	
Water Content

w. (%)

	
Mass of Water

mw. (g)

	
Mass of Dry Soil

ms. (g)






	
BSvk

	
Natural calcium bentonite from Stará Kremnička—Jelšový Potok, Slovakia

	
125.0

	
4.05

	
3.24




	
90.94

	
5.22

	
5.74




	
54.46

	
1.77

	
3.25




	
48.70

	
1.87

	
3.84




	
70.06

	
3.44

	
4.91




	
BSvk 1 M ‘Cu’

	
Homoionic form of the bentonite from Slovakia saturated with copper ions of various concentrations

	
62.14

	
2.15

	
3.46




	
58.64

	
2.85

	
4.86




	
60.66

	
2.93

	
4.83




	
59.20

	
3.57

	
6.03




	
73.55

	
5.59

	
7.6




	
BSvk

0.5 M ‘Cu’

	
55.07

	
2.01

	
3.65




	
55.79

	
2.12

	
3.8




	
77.43

	
2.23

	
2.88




	
69.52

	
3.33

	
4.79




	
49.80

	
3.71

	
7.45




	
BSvk

0.25 M ‘Cu’

	
64.11

	
2.43

	
3.79




	
56.41

	
2.2

	
3.9




	
56.06

	
2.22

	
3.97




	
79.15

	
3.72

	
4.7




	
58.88

	
3.68

	
6.25




	
BSvk

0.1 M ‘Cu’

	
79.49

	
1.86

	
2.34




	
78.64

	
3.83

	
4.87




	
81.73

	
1.7

	
2.08




	
66.56

	
2.01

	
3.02




	
71.50

	
1.33

	
1.86








After saturation with copper(II) chloride at the given molar concentration of 1 M, 0.5 M, 0.25 M, and 0.1 M, respectively. The soils were purified of free chloride ions.
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Table 2. Properties of the soils investigated in this study.
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Property

	
Before Ion Exchange

	
After Ion Echange for Cu2+




	
BSvk

‘0’

	
BSvk

1 M ‘Cu’

	
BSvk

0.5 M ‘Cu’

	
BSvk

0.25 M ‘Cu’

	
BSvk

0.1 M ‘Cu’






	
Content of elements in the dry clay matrix—(mg/kg dry weight) a

	
Ca

	
11,945 ± 140

	
1598 ± 28

	
675.9 ± 22.8

	
328.1 ± 5.8

	
383.5 ± 4.9




	
K

	
959 ± 9

	
522 ± 18

	
290.2 ± 5.0

	
280.7 ± 7.3

	
301.2 ± 6.1




	
Mg

	
5348 ± 60

	
2819 ± 11

	
1091.2 ± 19.6

	
1088.7 ± 24.5

	
1003.1 ± 11.2




	
Na

	
1151 ± 9

	
412.6 ± 4.8

	
167.8 ± 1.1

	
194.8 ± 1.9

	
132.9 ± 2.2




	
Fe

	
3582 ± 46

	
4443 ± 32

	
4559 ± 65

	
4457 ± 75

	
4154 ± 70




	
Cd

	
0.270 ± 0.002

	
0.630 ± 0.003

	
0.072 ± 0.001

	
0.114 ± 0.002

	
0.137 ± 0.003




	
Cr

	
10.09 ± 0.11

	
22.88 ± 0.17

	
58.09 ± 0.85

	
35.73 ± 0.57

	
13.97 ± 0.11




	
Ni

	
7.22 ± 0.21

	
22.02 ± 0.09

	
6.44 ± 0.40

	
2.41 ± 0.65

	
3.47 ± 0.13




	
Pb

	
17.02 ± 0.01

	
17.93 ± 0.18

	
13.31 ± 0.84

	
14.53 ± 0.67

	
22.90 ± 0.29




	
Zn

	
64.54 ± 0.69

	
95.61 ± 0.72

	
80.75 ± 2.03

	
78.72 ± 0.86

	
71.36 ± 2.13




	
Co

	
1.26 ± 0.01

	
0.11 ± 0.06

	
0.08 ± 0.01

	
0.13 ± 0.02

	
0.12 ± 0.01




	
Cu

	
6.28 ± 0.06

	
7677 ± 70

	
28,773 ± 162

	
27,571 ± 90

	
23,284 ± 121




	
Specific surface area S (m2/g) b

	
671

	
460

	
203

	
189

	
183




	
Estimated mineralogical composition c

	
≈92% smectite (5% quartz, 3% biotite)

	
≈86% smectite (5% quartz, 3% biotite,

6% atacamite/

clinoatacamite)

	
≈87% smectite (5% quartz, 3% biotite,

5% atacamite/

clinoatacamite)

	
≈89% smectite (5% quartz, 3% biotite,

3% atacamite/

clinoatacamite)




	
d001 for smectite (Å) c

	
14.88

	
12.48

	
12.31

	
12.34

	
12.38




	
Granulometric

composition (%) d

	
0.002 < d < 0.063 mm

	
80.2

	
79.5

	
84

	
81.5

	
82




	
d ≤ 0.002 mm

	
19.8

	
20.5

	
16

	
18.5

	
18








a ICP-OES method; b Water Sorption Test (WST) by Stępkowska (1973); c XRD method; d Laser diffraction method; 0.1 M, 0.25 M, 0.5 M, and 1 M molar concentration of CuCl2 used for ion exchange in BSvk bentonite; The content of free chlorine ions (Mohr’s method PN-ISO 9297:1994)—below the level of the detection limit in each clay.













[image: Table] 





Table 3. Univariate tests of significance of molar concentration of the solution (CuCl2) for the unfrozen water content.
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	The Unfrozen Water Content
	Sum of

Squares
	Degrees

of Freedom
	Mean Square
	F-Test

Value
	p-Value
	Statistical

Significance





	Intercept
	130,664.4
	1
	130,664.4
	3148.061
	0.000000
	



	Solution Molar concentration
	1171.6
	3
	390.5
	9.409
	0.000008
	***



	Error
	7305.1
	176
	41.5
	
	
	







Significant at *** 0.001 probability level.
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Table 4. Multiple regression analysis between the temperature, the specific surface area, and the unfrozen water of the soil in selected temperatures in the temperature range (−23 °C to −2 °C).
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The Unstandardized Beta (B)

	
Std. Error B

	
The Standardized Beta (ß)

	
Std.

Error ß

	
t Test

Value

	
p-Value

	
Significance






	
N = 180 Dependent variable: unfrozen water at the temperatures

−23 °C. −20 °C. −14 °C. −12 °C. −10 °C. −8 °C. −6 °C. −4 °C and −2 °C




	
R = 0.86 R2 = 0.73 adj. R2 = 0.72 Std. error of estimate: 3.63




	
Intercept

	

	

	
0.273300

	
4.398521

	
0.06213

	
0.950526

	




	
Temperature

	
0.767115

	
0.039492

	
0.789640

	
0.040652

	
19.42437

	
0.000000

	
***




	
Copper concentration in clay

	
0.984689

	
0.133673

	
0.802535

	
0.108946

	
7.36638

	
0.000000

	
***




	
Specific surface area of clay

	
1.169654

	
0.133673

	
0.068947

	
0.007880

	
8.75009

	
0.000000

	
***




	
N = 160 Dependent variable: unfrozen water at the temperatures

−23 °C. −20 °C. −14 °C. −12 °C. −10 °C. −8 °C. −6 °C. −4 °C




	
R = 0.90 R2 = 0.81 adj. R2 = 0.80 Std. error of estimate: 2.27




	
Intercept

	

	

	
−0.333810

	
2.944228

	
−0.11338

	
0.909878

	




	
Temperature

	
0.759655

	
0.035221

	
0.623249

	
0.028896

	
21.56848

	
0.000000

	
***




	
Copper concentration in clay

	
1.286717

	
0.123575

	
0.779045

	
0.074818

	
10.41248

	
0.000000

	
***




	
Specific surface area of clay

	
1.580003

	
0.127649

	
0.069188

	
0.005590

	
12.37774

	
0.000000

	
***








Significant at the *** 0.001 probability level.
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Table 5. Parameter estimates and overall characteristics of the model given by Equation (5).
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Parameter

	
Estimate

	
SE

	
t

	
p

	
Statistical

Significance

	
Confidence Limits




	
Lower

	
Upper






	
a1

	
10.87651

	
2.259894

	
4.8128

	
0.000003

	
***

	
6.41257

	
15.34045




	
a2

	
0.06361

	
0.003936

	
16.1619

	
0.000000

	
***

	
0.05583

	
0.07138




	
a3

	
0.72401

	
0.054414

	
13.3056

	
0.000000

	
***

	
0.61653

	
0.83149




	
a4

	
−7.53268

	
0.244522

	
−30.8057

	
0.000000

	
***

	
−8.01568

	
−7.04968








*** Significant at the 0.001 probability level; For Equation (5) R = 0.943. df = 156 and standard errors of the estimate (SEEs) at −23, −20, −14, −12, −10, −8, −6, and −4 °C are 1.39, 1.51, 1.46, 1.49, 1.52, 1.58, 2.06, and 1.63, respectively.
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Table 6. The average values of the unfrozen water content at a given temperature [°C] determined by the DSC method in BSvk ‘Cu’ bentonites with various concentrations.
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The Molar Concentration of CuCl2 Used for the Ion Exchange Process in Clay

	
Copper Concentration in Clay [mg/kg Dry of Clay]

	
The Average of the Unfrozen Water Content [%] at a Given Temperature [°C]




	
−23

	
−20

	
−14

	
−12

	
−10






	
0

	
6.28 ± 0.06

	
24.23 ± 0.85

	
24.53 ± 0.85

	
27.03 ± 0.53

	
28.43 ± 2.06

	
29.14 ± 0.35




	
1 M

	
7677 ± 70

	
22.74 ± 1.65

	
22.98 ± 1.96

	
24.78 ± 2.05

	
25.91 ± 2.14

	
27.59 ± 2.08




	
0.5 M

	
28,773 ± 162

	
22.47 ± 1.44

	
22.61 ± 1.65

	
24.16 ± 1.60

	
25.21 ± 1.33

	
26.21 ± 1.94




	
0.25 M

	
27,571 ± 90

	
20.27 ± 1.18

	
20.27 ± 1.18

	
22.21 ± 0.67

	
22.99 ± 0.61

	
24.92 ± 0.47




	
0.1 M

	
23,284 ± 121

	
17.51 ± 1.38

	
18.94 ± 1.50

	
20.03 ± 1.77

	
21.47 ± 1.41

	
23.61 ± 1.12




	

	

	
−8

	
−6

	
−4

	
−2

	




	
0

	
6.28 ± 0.06

	
32.38 ± 1.24

	
35.12 ± 2.19

	
39.29 ± 0.98

	
44.61 ± 5.44

	




	
1 M

	
7677 ± 70

	
30.43 ± 2.03

	
32.42 ± 2.21

	
37.31 ± 1.32

	
41.40 ± 4.07

	




	
0.5 M

	
28,773 ± 162

	
28.15 ± 1.51

	
31.86 ± 1.44

	
33.24 ± 1.13

	
41.79 ± 8.82

	




	
0.25 M

	
27,571 ± 90

	
27.68 ± 1.50

	
30.68 ± 2.01

	
33.95 ± 1.41

	
41.05 ± 6.61

	




	
0.1 M

	
23,284 ± 121

	
23.61 ± 1.12

	
24.65 ± 2.34

	
28.91 ± 0.73

	
32.26 ± 5.24

	








± Standard Deviation.
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