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Abstract

:

This research was conducted with the use of the DSC method; it involved the examination of the unfrozen water content in two model (source) calcium bentonites (≥75% smectite), after one to three freeze-thaw cycles in the natural state, as well as after the ion exchange for a potentially toxic element (Cu2+). The freeze-thaw cycles do not affect the unfrozen water content at a given negative temperature in a statistically significant manner. However, a statistically significant influence of temperature, the initial mass of the water, and the clay type on the change of the unfrozen water content was found. Moreover, the empirical models of predicting the unfrozen water in the bentonite after the exchange for Cu2+ ion were created, for which the parameter was the mass of the water and the mass of the dry soil, at the temperature of −2 °C.
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1. Introduction


In the case of the clay-water system, part of the water remains in a liquid state below 0 °C. The fraction of the above-mentioned water is called the unfrozen water, while its amount below the freezing point gradually decreases as the temperature drops. Below a certain negative temperature (in the case of bentonites T ≈ −40 °C), the unfrozen water content no longer depends on the temperature and becomes a constant function. This part of the unfrozen water is called the non-freezing water [1]. The presence of some clay minerals, due to their large specific surface area available for water, is of fundamental importance in the occurrence of phase phenomena below 0 °C. The amount of the unfrozen water contained in frozen coarse-grained soils is negligible and that in the frozen bentonites is the largest [1]. The unfrozen water constitutes one of the most important factors, apart from the type of clay mineral that builds the soil skeleton, impacting the manner of the frosty transformations of the fine-grained soil structure as a result of the water migration to its surface [2]. Although the mechanism of the ice lens formation is known [3], learning about the factors impacting its progress creates difficulties in the studied cohesive soils. The frosty modifications of the structure results in changes in the fine-grained soil properties [4,5,6]. An additional factor impacting the transformation of the clay structure, and thus a change in their properties, is the influence of chemical substances [7], including ions [8,9]. Therefore, identification of the changes in the unfrozen water in the contaminated clays becomes a complex problem, which is relatively rarely discussed in global literature and has not been well understood. The authors put an emphasis on the issue that this knowledge is especially important in the case of bentonites, which are used as geological barriers in dangerous waste landfills and may be impacted by the potentially toxic metal ions [10]. Thus, knowledge of this water fraction may contribute to the undertaking of appropriate actions aimed at preventing the clay contamination, predicting its effects and possibly selecting a method for their neutralisation by modelling coupled with the thermal-hydraulic-mechanical chemical processes in the frozen clays [11]. E.g., artificial freezing constitutes one of the methods for the immobilisation of the soil pollution [12,13]. While treating cohesive soils contaminated with the metal ions as a construction substrate, learning about their behaviour under freeze-thaw conditions is very significant in the scope of broadly understood environmental engineering or construction, in order to prevent construction disasters [14,15].



The results of the research conducted so far demonstrated that the unfrozen water content depends on the temperature [16,17], soil type [17,18], specific surface area of the fine-grained soil [1], and granulometric composition [6,19,20]. The impact of these parameters on the curve shape of the unfrozen water as a function of the temperature seems to be well confirmed in the literature. The authors of many studies emphasised that these were probably not the only factors impacting the unfrozen water content, and that research in this scope should be continued. Other listed predisposed factors include the moisture content and the mass of the water contained in the fine-grained soil [16,21,22,23], as well as the freeze-thaw cycles (F-T) [11,16,24]. In general, the multiple freeze-thaw process should affect the redistribution of the water content after the freezing cycles, due to the induction of the increasingly higher ice pressure. Despite the research of many authors, the obtained results were not comparable with each other, and they related more to the observed relations than to the confirmed dependencies. While conducting research on the source clays in the conditions of the freeze-thaw cycles, Kozłowski and Nartowska [24] did not demonstrate a statistically significant relation between the water content in the clay and the number of freeze-thaw cycles in the clays characterised by a high degree of plasticity. However, the authors observed that the clays with the lowest and highest initial water contents had higher levels of unfrozen water content. The relation between the unfrozen water content and the soil moisture was described by Wei et al. [16] in the permafrost areas on the Qinghai-Tibet Plateau. According to the researchers, a soil moisture that decreased after the freeze-thaw cycle led to the formation of underground ice near the permafrost. Ren et al. [17] noted that in the permafrost areas, the temperature and the changes in the moisture content constituted an essential factor that modified the elastic modulus of the fine-grained soils. In the samples subjected to the wetting, the elastic moduli were low, while the impact of the F-T cycles was negligible. Ren and Vanapalli [11] confirmed the lack of a significant impact of the F-T cycles on the unfrozen water content in the fine-grained soils characterised by a low and medium plasticity, as well as the plastic consistency. Based on the cited literature, it can be assumed that the impact of the F-T cycles may be associated with the initial water content, and in the cohesive soils with contents higher than the hygroscopic moisture content, it was usually insignificant. Certain correlations of the moisture and initial water content with the unfrozen water content in a system subjected to freezing-thawing, regardless of the cycles, have been found in cohesive soils characterised by a low water content. Teng et al. [21] believe that the unfrozen water content curves as a function of temperature, determined with the use of the NMR method, differ significantly for different initial water contents in the silica sand, silt, and red clay. Lower initial water contents led to the fact that the unfrozen water content increased more slowly during the soil defrosting. Timofeev et al. [22] found a linear correlation in the clay soils with a moisture content of up to 10% between the total soil moisture and the unfrozen water content, which faded away as the temperature decreased, due to the generation of the increasing quantity of ice in the sample. The authors believe that this was caused by the changes in the porosity during the formation of the ice lenses, thus it directly impacted the change in the soil moisture.



The impact of the freeze-thaw cycles on the unfrozen water content as a function of the temperature is still not a well understood process. This is confirmed by other researchers [11]. The research is conducted with the use of various experimental conditions for different types of soil, and the unfrozen water content is determined by various research techniques. The unfrozen water content determined using the NMR method may differ from the unfrozen water content determined using the DSC method, particularly in the case of the clays contaminated with metal ions [19]. It seems that no study has been published that would determine the impact of the freeze-thaw cycles on the unfrozen water content in the bentonites, contaminated with the ions of potentially toxic metals, including copper ions. The supplementation of this knowledge is significant, e.g., for the optimisation of the contaminated clay purification processes. Currently it is only known that the purification efficiency of the sandy soils contaminated with copper ions increases along with a decrease in the freezing rate [12]. Moreover, this issue is relevant in the context of engineering projects, in connection with the results of the experimental studies published by Foose and Thomson [14], which indicated that the hydraulic conductivity of soil-bentonite mixtures may increase by several orders of magnitude, as a result of cyclic freezing-thawing in the presence of divalent cations. Furthermore, there are no unambiguously confirmed dependencies of the impact of the initial moisture content on the unfrozen water content in the literature. The authors did not find any study in which the dependencies would be evaluated in clays contaminated with copper ions.



This article presents research concerning the impact of the freeze-thaw cycles and the initial mass of water contained in the clay on the change of the unfrozen water content in the bentonites contaminated with copper ions, at temperatures to −26 °C. The research was conducted on the source smectite clays (≥75% smectite), which were subjected to the ion exchange. The DSC technique was used in order to evaluate the changes of liquid fraction in the groundwater system. With the use of statistical analysis, the correlations were observed and the empirical dependencies between the initial mass of water, the mass of the dry soil, and the fraction of unfrozen water at specific negative temperatures were presented.




2. Materials and Methods


2.1. Materials


Two source calcium bentonites from Texas (Stx-1b) and Slovakia (BSvk), as well as their copper forms ‘Cu’, were used to study the changes of the unfrozen water content as a result of cyclic freezing-thawing. Twenty samples of clay paste with various moisture contents were prepared, and each of them was subjected to three freeze-thaw cycles. The detailed characteristics are demonstrated in Table 1.




2.2. Methods


2.2.1. Chemical Preparatory Procedures of the Samples


The copper forms of the bentonites were obtained by the implementation of a three-time saturation of the fractions <0.063 µm with 1M copper (II) chloride solution at intervals of 48 h. After this time, the solution was subjected to a decantation process, while the remaining clay was placed in chlorine-permeable membranes. The rinsing of the samples from the excess chlorine was implemented in a container with a forced circulation of distilled water. During the 40-day process, the water was replaced many times, until the fading away of the reaction to the chloride ion (with AgNO3). Subsequently, the clay pastes were moved to glass cylinders and air dried in order to remove excess water. A detailed methodology can be found in the study of Nartowska et al. [19].



The content of the elements in the dry matter of the clay matrix was determined by the ICP-OES technique (inductively coupled plasma optical emission spectroscopy) with the use of the Perkin Elmer Optima 800 device. Before the determination, the clay samples with a mass of 2 g were dried for 24 h at 110 °C, and subsequently subjected to mineralisation using the wet method with aqua regia, in accordance with PN-ISO 11466. The content of the elements in the clay is demonstrated in Table 2.



Semi-quantitative chemical analysis of the elements for the ‘Cu’ samples were conducted based on the area scan using an energy dispersive X-ray spectrometer (EDS). The experiments were conducted with a Quanta 250 FEG scanning electron microscope (FEI Company, Hillsboro, OR, USA) at 20 kV voltage applied. The surfaces of the air-dried samples were covered with a 40 nm layer of gold to prevent electrisation and photographed at magnifications ×2000. The SEM-EDXS results can be used as a guideline for major element composition determinations (Figure 1). Figure 1 showed that the samples were contented of Si, O, Al, Cu, Fe, Mg, and Ca. The determination suggested a mainly Cu-type smectite.




2.2.2. Determination of the Mineral Composition and Physicochemical Properties


Table 2 contains a summary of the clay properties, e.g., the mineral composition, the granulometric composition, and the specific surface area. Each of these parameters may have a significant impact on the changes of the unfrozen water content at a given negative temperature, as well as may constitute a predictor for the estimation of this water fraction for engineering purposes [1,19,24].



The mineral composition was determined using the XRD method. The phases were identified using a semi-quantitative method in the Diffrac.Eva V6 software (Bruker, Berlin, Germany) and the powder diffraction file (PDF+4) database. The research involved the use of Bruker D8 advance powder diffractometer (Bruker, Berlin, Germany) in Debye-Sherrer geometry, Cu–Kα1 radiation (λ = 1.5406 Å) from a Johansson-type monochromator (Bruker, Berlin, Germany) and a LynxEye position-sensitive detector (Bruker, Berlin, Germany). The measurements were carried out at 2θ from 4.51° to 70°. The applied voltage was 3.540 kV with a 530 mA current. The XRD patterns of the untreated samples and the Cu-saturated fractions are presented in Figure 2. The reflections of the powder can be ascribed to the presence of a smectite mineral phase, opal-CT, biotite, and quartz depending on the type of bentonite.



The granulometric composition was determined by the laser diffraction method with the use of a HELOS/BF SUCELL device manufactured by Sympatec GmbH (Clausthal-Zellerfeld, Germany), in order to examine the particle size in the clay suspension. Prior to commencement of the determinations, the air-dry samples with a mass of approximately 3 g were dissolved in 50 mL of distilled water, then 2 mL of the dispersant (NaP2O3·6H2O + Na2CO3) were added and mixed for 5 min.



The specific surface area was determined by the method using the water vapour sorption (WTC) in compliance with Equation (1) according to Stępkowska [27]. The sorption moisture w50 was determined at the relative water vapour pressure p/p0 = 0.50 in the desiccator over a saturated solution of magnesium nitrate (V); (sorption lasts 10 days).


  S = 6 ∗    w  50   ∗ 5.85    



(1)




where w50 is the sorption moisture at a vapour pressure p:p0 = 0.5 determined by drying at 220 °C; S (m2/g).




2.2.3. The DSC Method and Calculating the Unfrozen Water Content


The calorimetric technique with the use of the 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. Previous research of the authors [19] demonstrated that in the case of the 1HNMR technique, it was very likely that the water molecules participating in the process of the cation hydration were no longer partially “visible” for the magnetic resonance, thus preventing the correct evaluation of the changes in the unfrozen water content. The first indications of the possible existence of this phenomenon (the so-called chemical shift), in the concentrated solvents, originated from Sare et al. [28]. Subsequently, it was confirmed in the clays [29]. According to the researchers, the intensity of this phenomenon grows along with the increase in the clay moisture. The authors believed that in such a case, the soil was dominated by the water-water interactions, which were responsible for the creation of the loosely bound water on the clay surface. In the scope of the calorimetric method, the water hydrating cations will be classified as non-freezing water [19].



Samples of the clay paste weighing 5–13 mg were placed in an aluminium calorimetric vessel with a diameter of 6 mm. In order to facilitate the heat transfer, the samples were given a uniform form of a flat layer covering the bottom of the vessel. The above-mentioned sample preparation allowed for the free volume changes, due to the multiple F-T. After airtight closing, the vessel with the sample was weighed with an accuracy of 10−6 g and stored in special containers. Directly prior to the examination, the vessel with the sample was weighed again in order to check the airtightness of the closure. Subsequently, the vessel with the sample was placed in the appropriate well of the calorimeter. The calorimeter chamber was closed, and the previously prepared research program was commenced. It consisted of three freeze-thaw cycles for each sample. The number of cycles was chosen in order to minimise the time-consuming calculations, while at the same time capturing the most significant changes. The latest literature reports [11,17] indicated that three F-T cycles were sufficient to evaluate whether there was an influence of the F-T process on the changes in the unfrozen water content. Freezing was implemented at a rate of −2.5 °C/min to a temperature of −90 °C. After 5 min of temperature stabilisation at a level of −90 °C, the heating was conducted at a rate of 5 °C/min to the temperature of 20 °C/min. After 30 min of stabilisation, this cycle was repeated two times. The scanning speed in the cooling mode was adapted to the performance of the RSC90 compressor cooling system for the temperature −90 °C. The heating rate was chosen optimally in order to shorten the duration of a single experiment, while maintaining the appropriate sensitivity and resolution of the equipment. The F-T rates, which were adopted by way of compromise, allowed to maintain a linear change of the block temperature over the entire range of the examined temperatures. The adoption of the freezing temperature at the level of −90 °C allowed to capture the phase changes at the temperatures close to −40 °C. If, for example, heating was commenced at −50 °C, then the time for establishing a stable baseline could be too short. Moreover, the authors wanted to maintain the same experimental conditions as in the previous studies on model clays [24], in order to validate the results of the studies on clays contaminated with copper ions. After the experiments, the samples were removed from the calorimeter and weighed again with an accuracy of 0.01 mg, in order to check the airtightness of the closure. Subsequently, the calorimetric vessel was pierced and dried at 110 °C for 24 h, in order to determine the moisture content. A summary of the moisture contents and weights of the samples is presented in Table 1.



The analysis of the phase composition was conducted based on the data obtained in the heating mode, due to the phenomenon of supercooling, which in small samples assumes big values [30]. Interpretation correctness of the results from the freezing curves is confirmed by Teng et al. [21]. Single heating thermograms were obtained with the use of Universal Analysis 2000 software. Subsequently, the calculations of the unfrozen water were carried out in accordance with the proven methodology, as demonstrated in the study by Kozłowski and Nartowska [24]. In order to extract the actual endothermic effects associated with melting, the stochastic deconvolution was used, in accordance with the Kozłowski’s assumptions [31,32]. The unfrozen water content, depending on the temperature wu(T), was calculated from the 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(Ti)·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) Equation (3):


  L  T  = 7.3 · T + 334  



(3)




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






3. Results and Analysis


Figure 3 demonstrates the changes of the unfrozen water content in the individual melting cycles 1–3 for the selected samples of the Stx-1b and BSvk bentonites, before and after the ion exchange with the Cu2+ ions (marked as ‘Cu’).



The mean unfrozen water contents, obtained from the examination of the five samples at specific negative temperatures for a given F-T cycle and a given clay, while considering the standard deviation, are presented below (Table 3).



Based on Figure 3 and Table 3, it can be observed that the unfrozen water content in the clays contaminated with copper ions was lower than in the clays before the exchange. The same tendency was observed by the authors during the examination of the bentonite contaminated with copper ions using the 1H NMR method [19]. This may be the effect of a decrease in the specific surface area that occurred in the clays as a result of the introduction of copper ions into their structure (Table 2). The specific surface area constituted one of the significant parameters impacting the unfrozen water content [1]. At first glance, the F-T cycles did not seem to influence the change of the unfrozen water content in the clays contaminated with Cu ions (Table 3).



The obtained results were subjected to statistical analysis with the use of the Statistica 13 software. The unfrozen water content was analysed at selected temperatures: −2 °C, −4 °C, −6 °C, −8 °C, −10 °C, −12 °C, −14 °C, −20 °C, and −26 °C in three thawing cycles. In total, 270 determinations of the unfrozen water content were obtained for the ‘Cu’ bentonites and the same number for the natural ones. It was assumed that the temperature amounting to −26 °C refers to the state, in which only the non-freezing water was present in all ‘Cu’ bentonite samples, immediately prior to the commencement of the melting process in the heating mode. This resulted from the observation of the thawing peaks. The remaining temperatures were selected in order to ensure that the difference in the unfrozen water content between the individual temperatures was as small as possible (on average approximately 2–3%). This enabled a very accurate analysis of the course of the curve representing the changes in the unfrozen water content, as a function of the temperature in the statistical software.



3.1. The Effect of the Freeze-Thaw Cycles


Figure 4 demonstrates the mean unfrozen water contents in the bentonites contaminated with copper ions at a given negative temperature, depending on the freeze-thaw cycle, regardless of the clay type. The analysis of Figure 4 confirms our assumptions regarding the insufficiently significant impact of the F-T cycles on the unfrozen water content. In order to increase the reliability of the results, the ANOVA (Analysis of Variance) was conducted, which demonstrated that in the case of the clays contaminated with copper ions, the F-T cycles did not affect the unfrozen water content in a statistically significant manner (Table 4). Although there were no studies on this type of clay in the literature, the impact of the F-T process was examined. The results of the authors [24] on the model clays confirmed the lack of the F-T impact on the unfrozen water content. While examining the clays with a low and medium plasticity, Ren et al. [17] and Ren and Vanapalli [11] obtained similar conclusions.



A significant impact on the unfrozen water content was exhibited by the temperature and clay type (Table 4) and (Figure 5). These results were consistent with those previously obtained by the authors for the model clays [24], and they were confirmed by other researchers [16,17,18].



Despite the lack of significance of the impact of the F-T cycles on the unfrozen water content, some dependencies were observed in each type of clay (Figure 5). At lower temperatures (−12 °C to −26 °C), the unfrozen water content slightly increased along with the increase of cycles 1–3. At these temperatures, a large part of the water is water adsorbed on the flat surface of the clay minerals. Perhaps, the subsequent F-T cycles had an impact on this slight increase due to the induction of the increasingly higher ice pressure in the sample. In the case of temperatures close to 0 °C (at −2 °C), the tendency was reversed, and the unfrozen water content decreased along with the increase of cycles 1–3. Perhaps, this resulted from the redistribution of the pores during the F-T cycles, which dominated at this temperature over the specific surface area [23].




3.2. The Effect of the Initial Mass of Water


The authors observed that in each type of copper bentonite characterised by a similar moisture content, the unfrozen water content at a given negative temperature depended on the initial mass of the water in the clay sample (Figure 6). In order to confirm these observations in a statistically significant manner, a multidimensional regression analysis was conducted (Table 5), which demonstrated that in each type of ‘Cu’ clay at individual negative temperatures, the dependence of the unfrozen water content on the mass of water contained in the clay (p = 0.001) and on the moisture content (p = 0.05) was statistically significant. The authors [24] did not observe any significant correlation between these parameters in the model clays. Nevertheless, literature reports indicated that the dependencies between the moisture content, the volumetric water content in a cohesive soil sample and the unfrozen water content were possible in the cohesive soils with a hygroscopic moisture content [22], and in the cohesive soils with a low plasticity (PI = 9–14%) [18]. The clays studied by us did not meet these criteria. In the publication of Timofeev et al. [22], the authors indicated the transformations of the structure due to the interaction of water with the mineral skeleton, as one of the main reasons for possible dependencies between the unfrozen water content and moisture content. Thus, it seemed that the interactions in the clays contaminated with copper ions would be different to those in the non-contaminated clays [19,33]. Moreover, they would be different for each type of natural clay [18]. There are no studies in the literature on the bentonites contaminated with copper ions, which prevents the comparison of results.



Results of the regression analysis (Table 5) demonstrated that the unfrozen water content in each type of clay, and at a given negative temperature, increased in a statistically significant manner (p = 0.05) along with the increase in clay moisture. The above-mentioned dependency was hard to capture in the case of observing single graphs (Figure 4). Apparently, the dependencies were too small or occurred only at selected temperatures. E.g., Zhang et al. [18] observed a decrease in the volumetric unfrozen water content along with a decrease in the initial volumetric water content at relatively low temperatures in the cohesive soils characterised by low plasticity. Thus, their research suggested that the relation should not be sought only with the moisture content, understood as the gravitational ratio of the mass of water to the mass of the skeleton, with the initial mass of the water contained in the cohesive soil. Our research demonstrated a significant relation (p = 0.001) between the unfrozen water content and the initial mass of water expressed in grams in the bentonites contaminated with copper ions. It was surprising that the unfrozen water content was higher the smaller the mass of water contained in these clays. These changes were especially visible in each examined clay in the samples with a similar moisture content (Figure 6). The most probable reason for the observed variability was the distribution of the water in the micro, macro, and mesopores during the freezing of the sample. In the case of the clays with a greater mass of water, some of the pores swelled, and formed macro and mesopores, in which large ice crystals were formed. In the case of the clays with a lower initial mass of water, the water was trapped in the smaller pores [23]. As a result, it thawed at higher temperature and the unfrozen water content in these clays was higher.



Since a lower initial mass of water resulted in a higher unfrozen water content, it can be expected that in the clays contaminated with copper ions, higher metal concentrations would occur along with a higher unfrozen water content. It was known that solvents migrated with water during freezing [34,35]. This research confirmed this thesis. Higher mean unfrozen water contents were observed in the bentonite with a higher copper concentration, and these changes were statistically significant (p = 0.05). The team of Bing et al. [34] observed similarly higher levels of unfrozen water content in the cohesive soils characterised by higher salt concentrations. Nevertheless, we would like to emphasise that this dependence should be confirmed over a wide range of metal concentrations, which indicates the purposefulness of the continuance of the research on the impact of a Cu ion concentration in contaminated clays on the unfrozen water content. Proving this correlation would confirm the usefulness of the calorimetric techniques in the scope of the study of the bentonites contaminated with copper ions, as opposed to the 1H NMR methods, in which the part of the water involved in the cation hydration process may be subject to the chemical shift phenomenon and may not be visible for magnetic resonance spectroscopes [28]. The above-mentioned observations were made by the authors in previous studies [19].





4. Discussion


In the case of the bentonites contaminated with copper ions, it was possible to estimate in a statistically significant manner (p = 0.00; R = 0.96) the unfrozen water content at a given negative temperature, via the linear equation (Equation (4)) using the mass of the water contained in the clay, determined by the gravimetric method and the temperature. Table 6 contains a summary of the model estimation parameters.


   w  u      T i    =  a  1   +  a  2   ·  m w  +  a  3   · ln θ  



(4)




where    w  u      T i      is the unfrozen water content at temperature Ti as a percentage of the dry mass,    m w    is the mass of the water in the sample (g), and  θ  is the temperature depression (K).



In the case of Equation (1), the greatest estimation errors (SEEs) of the unfrozen water content occurred at the lowest (−26 °C, −20 °C) and the highest (−2 °C, −4 °C) temperatures. Nevertheless, even at these temperatures, the differences between the unfrozen water content determined in a laboratory and the unfrozen water content estimated by Equation (1) did not exceed 3–4%, and on average these differences amounted to 1–2%. In the authors’ opinion, this model may be useful for quick estimations of the unfrozen water in the clays contaminated with Cu ions for engineering purposes, since the determination of the mass of the water in the clay needs somewhere from several to 24 h and does not require any specialised devices. A more precise adaption of the model was possible for selected negative temperatures. According to the literature, the specific surface area [1,24] and the granulometric composition [20,36] may have had an impact on the unfrozen water content. In turn, in the case of the clays saturated with copper ions, the specific surface area seemed to describe the physical correlations that occurred at the micro-structural level (an increase in porosity and decrease in permeability) in the best possible manner [9,33]. Similarly significant was that in Equation (4) for the temperature of −26 °C, the SEEs were statistically insignificant, while the previous studies by the authors [24] demonstrated that the strongest correlations with the specific surface area occurred at the lowest temperatures. Therefore, in order to provide a better adaptation of the 2-parameter model (Equation (4)), the authors proposed the 3-parameter equation with the mass of water, specific surface area, and temperature (Equation (5)).


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



(5)




where a1 = 38.52467, a2 = −0.62903, a3 = 0.02411, a4 = −8.25766; degrees of freedom = 266; R = 0.963,    m w    is the mass of water in the sample (g), S is the specific surface area (m2/g), and  θ  is the temperature depression (K).



Equation (5) generated significantly smaller estimation errors compared to Equation (4), for the unfrozen water content determined at the lowest examined temperatures of −26 °C (SEEs(Equation (1)) = 2.316 (NS); SEEs(Equation (2)) = 1.585), −20 °C (SEEs(Equation (1)) = 1.781; SEEs(Equation (2)) = 1.416) and the temperature of −4 °C (SEEs(Equation (1)) = 1.900; SEEs(Equation (2)) = 1.361). Apparently, in the case of these temperatures, the impact of the specific surface area on the unfrozen water content was as significant as the mass of the water. In an earlier publication, the authors confirmed the strong impact of the specific surface area on the unfrozen water content at temperatures of −5 °C and −40 °C [24] in the model clays.



It is difficult to evaluate the change in the unfrozen water content at temperatures close to 0 °C, since the thawing process at these temperatures is the most dynamic. Analysis of the correlation coefficients of the unfrozen water with clay properties at the highest analysed temperature (−2 °C) indicated that the only statistically significant correlation coefficient with the unfrozen water was the mass of the soil skeleton. Since there was some physical dependence behind each correlation, the authors proposed Equation (6). It allowed statistically significant estimations of the unfrozen water content at the temperature of −2 °C in the clays contaminated with copper ions to be achieved. The standard error of estimation of the unfrozen water at the temperature of −2 °C, using Equation (6), amounted to 2.56 and it was lower compared to other models, by at least 0.2.


   w  u      T i    =  a  1   +  a  2   ·  m s  +  a  3   · ln θ  



(6)




where a1 = 49.22748, a2 = −0.47515, and a3 = −8.25766; degrees of freedom = 270; R = 0.957, ms is the mass of the dry soil (g), and  θ  is the temperature depression (K).



Equation (6) suggested that at the temperature of −2 °C, the unfrozen water content was the greater of, the lower the mass of the dry soil. It was possible that the lower mass of the skeleton in the bentonites was associated with a volumetrically smaller number of pores, in which the water was trapped. Therefore, in the case of less porous cohesive soils, the water thawed faster and more unfrozen water remained at the temperature of −2 °C. A higher unfrozen water content at this temperature may be associated with a higher density of the electric charge surface on the external surface of the bentonite with a lower skeleton mass [37]. Moreover, the weakly bound water was responsible for the change in the unfrozen water content at this temperature, the amount of which depended on the parameters directly associated with the soil skeleton, i.e., the granulometric composition (clay fraction content) [24] and the chemical composition [38].



The unfrozen water content predicted by the models 4–6 was very close to the values obtained with the use of the laboratory method. The smallest differences at any given temperature amount to ±0.1%. The greatest differences depended on the temperature, in which the unfrozen water was determined, however usually they did not exceed 4% (Table 7).




5. Conclusions


	
The effect of the cyclic freezing on the unfrozen water content in bentonites (≥75% smectite) contaminated with copper ions, frozen in a closed system, was determined to be statistically insignificant.



	
The most important factors impacting the unfrozen water content in the examined bentonites included: the temperature, the initial mass of the water contained in the clay, and the clay type.



	
In the case of the clays with a similar moisture content at a given negative temperature, the unfrozen water content was higher and the lower the initial mass of the water in the clay sample. Research should be continued in order to optimise the drainage processes on the clays contaminated with copper ions.



	
It was observed that in the case of the clays with higher contents of copper ions, there was a higher unfrozen water content at a given negative temperature. Research should be continued on a wider range of metal concentrations, in order to establish this correlation and use it as a basis for the creation of a tool for evaluating the migration of copper ions in the contaminated clays.



	
The unfrozen water content determined via the DSC method in the bentonites contaminated with copper ions can be expressed as a simple linear function with R~0.96, depending on the initial mass of the water contained in the clay determined with the use of the gravimetric method.



	
Only significant correlations for the unfrozen water and the mass of the dry soil were obtained at the temperature of −2 °C. As a result, an empirical model was proposed that was determined to be better suited to the experimental data than the model with the mass of the water.
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Figure 1. Morphology and SEM-EDX data of the bentonite samples after ‘Cu’ treatments: (a) Stx-1b from Texas, (b) BSvk from Slovakia. 
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Figure 2. Powder XRD patterns of the bentonite samples before ‘0’ and after ‘Cu’ treatments (a) Stx-1b from Texas, (b) BSvk from Slovakia. 
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Figure 3. The unfrozen water content vs. temperature obtained in the thawing 1–3 cycles for the BSvk (Jelšový potok, Slovakia) and Stx-1b (Texas) bentonites before and after replacement with the ‘Cu’ ions for samples with different total water contents. 
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Figure 4. Graph of the mean unfrozen water contents at a given negative temperature, depending on the F-T cycle, regardless of the type of copper bentonite ‘Cu’ (Stx-1b; BSvk). 
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Figure 5. Mean unfrozen water contents at a given negative temperature for the individual F-T cycles, depending on the type of copper bentonite. 
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Figure 6. The curve of the unfrozen water content as a function of the temperature, depending on the type of copper bentonite ‘Cu’ (a) Stx-1b; (b) BSvk and the initial mass of water in the samples of the clays characterised by a similar moisture content; cycle 1. 
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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)






	
Stx-1b

	
Natural calcium bentonite from Texas, USA (the Clay Minerals Society Source Clay)

	
76.99

	
3.58

	
4.65




	
63.74

	
2.90

	
4.55




	
64.86

	
4.06

	
6.26




	
81.72

	
5.9

	
7.22




	
85.21

	
4.61

	
5.41




	
Stx-1b ‘Cu’

	
Homoionic form of bentonite from Texas saturated with copper ions

	
72.76

	
1.95

	
2.68




	
85.83

	
4.18

	
4.87




	
88.02

	
2.94

	
3.34




	
69.31

	
5.94

	
8.57




	
79.02

	
4.37

	
5.53




	
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 ‘Cu’

	
Homoionic form of the bentonite from Slovakia saturated with copper ions

	
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
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Table 2. Properties of the clays investigated in this study.
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Property

	
Stx-1b

	
BSvk




	
‘0’

	
‘Cu’

	
‘0’

	
‘Cu’






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

	
Ca

	
11,802 ± 129

	
1491 ± 14.1

	
11,945 ± 140

	
1598 ± 28




	
K

	
661 ± 10.7

	
198.5 ± 5

	
959 ± 9.3

	
522 ± 18.4




	
Mg

	
5609 ± 68

	
2702 ± 48

	
5348 ± 60.5

	
2819 ± 10.7




	
Na

	
1970 ± 39

	
363 ± 6.8

	
1151 ± 9

	
412.57 ± 4.8




	
Fe

	
2493 ± 36

	
3764 ± 48

	
3582 ± 46

	
4443 ± 32




	
Cd

	
0.25 ± 0.002

	
0.5 ± 0.1

	
0.27 ± 0.002

	
0.63 ± 0.003




	
Cr

	
13.95 ± 0.34

	
17.5 ± 0.3

	
10.09 ± 0.11

	
22.88 ± 0.17




	
Ni

	
7.57 ± 0.14

	
16.2 ± 0.08

	
7.22 ± 0.21

	
22.02 ± 0.09




	
Pb

	
2.59 ± 0.04

	
6.07 ± 0.1

	
17.02 ± 0.01

	
17.93 ± 0.18




	
Zn

	
73.68 ± 0.27

	
92.96 ± 2.9

	
64.54 ± 0.69

	
95.61 ± 0.72




	
Co

	
0.27 ± 0.03

	
0.1 ± 0.005

	
1.26 ± 0.01

	
0.11 ± 0.06




	
Cu

	
8.97 ± 0.13

	
5427 ± 43

	
6.28 ± 0.06

	
7677 ± 70




	
Mineral composition b

	
Estimated quantity

	
≈ 75% smectite (20% opal CT; 5% quartz)

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




	
According to the literaturefor ‘0’ clays

	
≈67% smectite ((30% opal CT, 3% )quartz + feldspar + kaolinite + talc(?)) c

	
≈85% smectite (5% opal C/CT, 5% feldspar, 3% biotite, 2% quartz) d




	
Clay/Silt fraction (%) e

	
12/88

	
14/84

	
11/89

	
13/87




	
Specific surface area S (m2/g) f

	
568

	
414

	
671

	
460








Note: a ICP-OES method; b XRD method; c According to [25] for “as shipped” clays; d According to [26],e Laser diffraction method; f Water Sorption Test (WST) by Stępkowska [27]; Mean ± standard deviation is provided in each case.
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Table 3. The mean unfrozen water content at a given negative temperature in the 1–3 melting cycle, depending on the clay type.
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Clay

	
Cycle

	
Mean Unfrozen Water Content (% by Weight) by Temperature (°C)




	
−2

	
sd

	
−4

	
sd

	
−6

	
sd

	
−8

	
sd

	
−10

	
sd






	
Stx-1b

	
1

	
43.19

	
3.95

	
38.56

	
1.51

	
34.54

	
1.31

	
32.81

	
1.31

	
29.98

	
0.46




	
2

	
42.81

	
3.50

	
37.97

	
1.29

	
34.65

	
1.17

	
32.48

	
1.01

	
29.97

	
0.90




	
3

	
42.11

	
2.95

	
38.18

	
1.27

	
34.33

	
0.87

	
32.35

	
0.98

	
30.00

	
0.59




	
Stx-1b ‘Cu’

	
1

	
42.09

	
1.85

	
33.68

	
1.57

	
31.73

	
1.65

	
28.87

	
1.13

	
27.13

	
1.71




	
2

	
41.60

	
1.50

	
33.86

	
1.63

	
31.97

	
1.11

	
29.06

	
1.17

	
27.15

	
1.63




	
3

	
41.24

	
1.65

	
33.82

	
1.97

	
31.91

	
1.36

	
29.19

	
1.20

	
27.46

	
1.88




	
BSvk

	
1

	
46.88

	
5.07

	
39.02

	
1.05

	
35.44

	
2.03

	
33.02

	
1.26

	
30.47

	
1.85




	
2

	
45.71

	
4.85

	
38.71

	
1.33

	
34.93

	
2.28

	
33.10

	
1.18

	
30.4

	
2.20




	
3

	
46.03

	
4.87

	
38.33

	
0.89

	
35.22

	
1.97

	
32.95

	
1.72

	
30.41

	
2.21




	
BSvk ‘Cu’

	
1

	
41.4

	
4.07

	
37.31

	
1.38

	
32.42

	
2.21

	
30.43

	
2.03

	
27.59

	
2.08




	
2

	
40.67

	
3.59

	
36.86

	
1.45

	
32.48

	
2.09

	
30.50

	
1.88

	
27.51

	
1.87




	
3

	
40.02

	
3.47

	
36.88

	
1.38

	
32.35

	
1.94

	
30.62

	
2.14

	
27.52

	
1.89




	
Clay

	
Cycle

	
Mean Unfrozen Water Content (% by Weight) by Temperature (°C)




	
−12

	
sd

	
−14

	
sd

	
−20

	
sd

	
−26

	
sd

	
−35

	
sd




	
Stx-1b

	
1

	
28.82

	
0.99

	
27.43

	
0.51

	
24.90

	
0.89

	
23.44

	
1.06

	
22.21

	
1.24




	
2

	
28.59

	
0.88

	
27.17

	
0.67

	
24.73

	
0.93

	
23.41

	
0.94

	
22.46

	
1.37




	
3

	
28.56

	
0.88

	
27.44

	
0.41

	
24.79

	
0.79

	
23.35

	
0.79

	
22.52

	
1.11




	
Stx-1b ‘Cu’

	
1

	
25.46

	
1.78

	
23.76

	
2.18

	
20.46

	
1.74

	
18.36

	
1.76

	
18.36

	
1.76




	
2

	
25.72

	
1.42

	
23.93

	
1.88

	
20.73

	
1.51

	
18.60

	
1.88

	
18.60

	
1.88




	
3

	
25.86

	
1.87

	
24.48

	
2.17

	
20.79

	
1.63

	
18.64

	
2.05

	
18.64

	
2.05




	
BSvk

	
1

	
28.78

	
1.94

	
28.13

	
1.56

	
25.58

	
1.58

	
24.84

	
1.23

	
24.54

	
1.30




	
2

	
29.08

	
2.00

	
27.84

	
1.79

	
25.76

	
1.39

	
25.14

	
1.29

	
24.75

	
1.12




	
3

	
29.04

	
1.86

	
27.98

	
1.91

	
25.85

	
1.59

	
24.98

	
1.24

	
24.74

	
1.29




	
BSvk ‘Cu’

	
1

	
25.91

	
2.14

	
24.78

	
2.05

	
22.98

	
1.96

	
22.43

	
1.66

	
22.43

	
1.66




	
2

	
26.14

	
2.08

	
24.69

	
1.90

	
23.25

	
1.97

	
22.71

	
1.68

	
22.71

	
1.68




	
3

	
26.33

	
2.07

	
25.07

	
1.90

	
23.47

	
2.19

	
22.88

	
1.63

	
22.88

	
1.63








Note: sd—standard deviation; N = 5 for each clay; cycle and temperature.
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Table 4. Univariate tests of the significance of the temperature and its interaction with the clay, copper concentration, and cycle 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
	223,262.2
	1
	223,262.2
	58,366.21
	0.0000
	***



	Temperature (T)
	10,565.9
	8
	1320.7
	345.27
	0.0000
	***



	Type of clay (S)
	131.8
	1
	131.8
	34.45
	0.0000
	***



	Cycle (C)
	0.4
	2
	0.2
	0.06
	0.9441
	NS



	T × S
	157.6
	8
	19.7
	5.15
	0.000007
	***



	T × C
	10.7
	16
	0.7
	0.17
	0.999878
	NS



	S × C
	0.6
	2
	0.3
	0.08
	0.927128
	NS



	T × S × C
	1.0
	16
	0.1
	0.02
	1.000000
	NS



	Error
	826.2
	216
	3.8
	
	
	







Note: Significant at the *** 0.001 probability level; NS: not significant at the 0.05 probability level; Type of clay (Stx-1b. BSvk); Cycle (1; 2; 3 freeze-thaw cycles); Temperature (−26 °C, −20 °C, −14 °C, −12 °C, −10 °C, −8 °C, −6 °C, −4 °C, and −2 °C).
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Table 5. Multiple regression analysis between the type of clay, the mass of water of the clay, the water content as a percentage of the dry mass, and the unfrozen water of the clay at selected temperatures in the temperature range (−26 °C to −2 °C).
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The Unstandardized Beta (β)

	
Std. Error β

	
The Standardized Beta (β)

	
Std. Error β

	
t Test Value

	
p-Value

	
Significance




	
N = 270

	
Dependent Variable: Unfrozen Water at the Temperatures

−26 °C, −20 °C, −14 °C, −12 °C, −10 °C, −8 °C, −6 °C, −4 °C, and −2 °C




	

	
R = 0.89

	
R2 = 0.79

	
adj. R2 = 0.78

	
Std. Error of Estimate: 3.06

	






	
Intercept

	

	

	
−186.026

	
62.53284

	
−2.97485

	
0.003202

	
**




	
Mass of water

	
−0.133708

	
0.029177

	
−0.683

	
0.14896

	
−4.58271

	
0.000007

	
***




	
The water content

	
0.106366

	
0.046153

	
0.068

	
0.02945

	
2.30463

	
0.021960

	
*




	
Type of clay

	
0.165678

	
0.045589

	
2.181

	
0.60006

	
3.63419

	
0.000335

	
**




	
Temperature

	
0.869839

	
0.028360

	
0.784

	
0.02556

	
30.67115

	
0.000000

	
***








Note: Significant at the *** 0.001, ** 0.01, * 0.05 probability level.
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Table 6. Parameter estimates and overall characteristics of the model given by Equation (4).






Table 6. Parameter estimates and overall characteristics of the model given by Equation (4).





	
Parameter

	
Estimate

	
SE

	
t

	
p

	
Statistical Significance

	
Confidence Limits




	
Lower

	
Upper






	
a1

	
49.340

	
0.475

	
103.825

	
0.000

	
***

	
48.405

	
50.276




	
a2

	
−0.705

	
0.088

	
−7.964

	
0.000

	
***

	
−0.880

	
−0.531




	
a3

	
−8.258

	
0.151

	
−54.697

	
0.000

	
***

	
−8.554

	
−7.960








Note: *** Significant at the 0.001 probability level; NS: not significant at the 0.05 probability level; For Equation (1): R = 0.960; df = 270 and standard errors of the estimate (SEEs) at −26, −20, −14, −12, −10, −8, −6, −4, and −2 °C are 2.316 (NS); 1.781, 1.625, 1.574, 1.570, 1.279, 1.639, 1.900, and 2.698 (NS), respectively.













[image: Table] 





Table 7. Maximum difference between the unfrozen water content determined by the DSC method at a given negative temperature and the unfrozen water content predicted by the empirical models 4–6, expressed in % by weight.






Table 7. Maximum difference between the unfrozen water content determined by the DSC method at a given negative temperature and the unfrozen water content predicted by the empirical models 4–6, expressed in % by weight.





	Temperature (°C)
	−2
	−4
	−6
	−8
	−10
	−12
	−14
	−20
	−26





	Equation (4)
	5.7
	2.8
	3.6
	2.4
	2.1
	3.1
	3.3
	3.1
	4.7



	Equation (5)
	6.3
	2.3
	3.6
	2.2
	3.8
	3.7
	3.8
	2.6
	4.0



	Equation (6)
	5.2
	3.2
	3.6
	2.6
	2.2
	3.1
	3.3
	3.5
	4.5







Note: Equation (4) wu = 49.34046 + (−0.70547 × mw) + (−8.25766 × ln|T|); Equation (5) wu = 38.52467 + (−0.62903 × mw) + 0.02411 × S + (−8.25766 × ln|T|); Equation (6) wu = 49.22748 + (−0.47515) × ms + 8.25766 × ln|T|; N = 30.
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