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Abstract

:

This paper deals with adsorption regularities and mechanisms of nonradioactive Cs(I) and Sr(II) analogs on bentonites of different chemical and mineral composition from solutions of Cs and Sr nitrates with pH 3, 7, and 10 units at constant ionic strength. The bentonites were taken from the deposits Taganskoe (T), Dash-Salakhlinskoe (DS), Zyryanskoe (Z), and 10th Khutor (10H). The pH of bentonite aqueous suspensions, T and DS, exceeded 9 units. A less alkaline reaction was observed in bentonite suspensions Z and T with pH 8.94 and 7.70, respectively. Bentonites T and DS contained significant amounts of nonsilicate iron compounds, 1.0 and 0.5%, respectively. The recovery rate of the studied clays from aqueous solutions of Cs(I) and Sr(II) ions in concentrations from 0.25 to 5 mmol/L varied from 50% to 90% and decreased in the following order: “Ta-ganskoe” > “Dash-Salakhlinskoe” > “Zyryanskoe” > “10th Khutor” in the studied pH range. The main mechanism of Cs(I) and Sr(II) sorption in the studied pH range was cation fixation in the form of outer-sphere complexes on planar surfaces resulting from ion exchange. Increasing pH (pH > 6) enhanced pH-dependent positions, which allowed Cs(I) and especially Sr(II) ions to fix on them more firmly as inner-sphere complexes. At pH 9–10, Sr(II) could precipitate in the form of carbonates. The sorption of Cs(I) + and Sr(II) was accompanied by competitive interactions with proton at pH < 6 and Na+, Ca2+, Mg2+, and K+ cations at higher pH values. This competition was more apparent at concentrations of Cs(I)and Sr(II) in initial solutions < 0.5 mmol/L. The ability of bentonite T to sorb Cs(I) and Sr(II) in large amounts compared to the other bentonites was determined by high CEC values and charge of smectite T.
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1. Introduction


Bentonite clays are considered one of the most promising materials to make safety barriers for radioactive waste disposal [1,2,3,4,5,6,7,8]. The ability of bentonites to absorb radionuclides depends on their mineral composition, crystal-chemical features of smectite (i.e., montmorillonite—the main component of bentonites), surface area, and clay pore space structure [9,10,11]. The regularities of radionuclide sorption on bentonites are also affected by the chemical composition and properties of solutions in contact with bentonite [12,13,14,15]. In the sites of intended radioactive waste storage, the pH value of ground or formation waters varies greatly, from highly acidic with pH 2 to strongly alkaline with pH > 10 [4,16,17,18]. Moreover, the waters differ in composition and salt content. In the interface of solutions with high ionic strength, the sorption of radionuclides can decrease sharply due to competitive interactions among metals and changes in the sorbent surface area. Therefore, to predict the sorption of radionuclides on bentonites, it is necessary to know sorption mechanisms under different environmental conditions.



The main mechanism of Cs(I) sorption on smectites is ion exchange. It does not depend on pH and occurs on planar surfaces and in smectite interlayers in the form of outer-sphere complexes [19,20,21]. The sorption of Cs(I) can involve one to three types of sorption centers characterized by different absorption selectivity [13,22,23,24,25,26,27,28,29,30,31]. Some montmorillonites can adsorb Cs(I), forming an inner-sphere surface complex [32].



Cation exchange on homogeneous sorption centers is believed to be the main mechanism of Sr sorption on bentonites [20,27,33,34]. However, formation reactions of surface inner-sphere complexes can significantly contribute to Sr sorption at high ionic strengths and pH > 8 [35].



Apart from smectites, bentonites may contain other minerals, such as micas/illites, iron oxides, and hydroxides. This can affect the regularities of Cs(I) and Sr(II) sorption on bentonites, depending on their amount and structural features.



The aim of this work was to establish sorption regularities and mechanisms of nonradioactive analogs of Cs(I) and Sr(II) on bentonites of various compositions from aqueous solutions of cesium and strontium nitrates with pH 3, 7, and 10 units.




2. Materials and Methods


2.1. Materials


The objects of study were the bentonites from large industrial deposits in Russia, Republic of Kazakhstan, and the Republic of Azerbaijan. These bentonites can be regarded as alternative materials to develop engineered barriers for geological disposal of radioactive waste at the Yenisei site [5]: 10-Khutor (sample 10H, Republic of Khakassia), Taganskoe (sample T, Republic of Kazakhstan), Zyryanskoe (sample Z, Kurgan region, Russia), and Dash-Salakhlinskoe (sample DS, Republic of Azerbaijan). The selected deposits differ in genesis [36,37]: from sedimentary (Z), volcano-sedimentary (10H), to hydrothermal (T, DS).



Bentonite samples were provided by “Company Bentonite” LLC in powder form. Clay powder was prepared in laboratory conditions. At the first stage, lump clay was crushed on a jaw crusher to a class of 0–50 mm. At the second stage, the clay was passed through a 10-mm mesh to a class of 0–10 mm. At the third stage, the clay was dried at a temperature of 100–105 °C in an oven to a moisture content of 8%. At the fourth stage, the dried clay passed the grinding stage by grinding in a knife mill to a class of 0–0.1 mm. The residue on the sieve of 0.1 mm that did not pass through the mesh was partially abraded in a mortar to form the required particle size distribution (75% less than 0.1 mm).



All the samples have a similar content of smectite [38] (Table 1), which allows us to compare the results properly.




2.2. Methods


2.2.1. Physicochemical Properties of Bentonites


To measure pH, a 0.45 g sample of clay was poured with 45 mL distilled water and shaken on an LS 210 rotator (LOIP, Saint Petersburg, Russia) for 10 min at 250 rpm. pH was measured in a bentonite suspension. The pH value of the suspension was measured using a SevenGo pro potentiometer (Mettler Toledo Inc., New York, NY, USA) with an Inlab@Expert Pro combined glass electrode.



The aqueous extract was prepared by adding 45 mL distilled water to 0.45 g of clay. The resulting suspensions were stirred on an LS 210 rotator (LOIP, Saint Petersburg, Russia) for 5 h at a speed of 150 rpm. Then, the tubes were centrifuged for 5 min at 10,000 rpm in a centrifuge (Eppendorf Centrifuge 5804× g, Eppendorf, Hamburg, Germany).



The concentrations of Na, Ca, Mg, and K in the extract were determined by optical emission spectroscopy on an Agilent 5110 inductively coupled plasma optical emission spectrometer (ICP-OES) (Agilent Technologies, Inc., Santa Clara, CA, USA).



The cation exchange capacity (CEC) was measured by adsorption of a copper(II) triethylenetetramine complex [Cu(Trien)]2+ [39,40,41].



The content of nonsilicate iron (FeCDB) in the bentonites was determined by the method of Mehr and Jackson [42]. Fe concentration was measured using ICP-OES on an Agilent 5110 inductively coupled plasma optical emission spectrometer (Agilent Technologies, Inc., Santa Clara, CA, USA).



Determination of the points of zero charge (pHPZC) and zero salt effect (pHPZSE) was performed in a suspension: 30 mL of distilled water was added to 0.025 g of clay. The suspension was stirred with a magnetic stirrer for 30 min in a titration cell and swept with carbon-dioxide-free air. pHPZC and pHPZSE were determined by potentiometric titration on a Metter Toledo DL58 auto-titrator (Mettler-Toledo AG, Schwerzenbach, Switzerland) using a DG111 combined electrode. Titration was carried out from the starting point to pH 3 by adding 0.02 N HCl, and to pH 10 by adding 0.02 N NaOH. The volume increment during titration was 0.1 mL. Each subsequent aliquot of the titrant was added after 2 min. Titration was carried out in carbon-dioxide-free air at 0.001, 0.01, and 0.1 M NaCl. pHPZC and pHPZSE were determined at the intersection of the titration curves corresponding to zero and negative surface charges, respectively.



The calculation of layer charge from the structural formulas of smectites was carried out per half formula unit with a constant number of anions—O10(OH)2 and 2 octahedral cations, based on the average data of the chemical composition of 10 points from microprobe analysis. The impurities identified by X-ray diffraction and IR spectroscopy were taken into account. The Fe2+/Fe3+ ratio in octahedral smectite sheets was obtained from Mössbauer spectroscopy data. To calculate the structural formulas, fractions < 1 µm were taken by centrifugation of the aqueous suspensions. No chemicals were used to disperse the suspension, only ultrasonic treatment for 1 min.




2.2.2. Scheme of Sorption Experiments


A total of 45 mL of CsNO3 or Sr(NO3)2 solutions with concentrations of 0.025, 0.125, 0.25, 0.5, 1.0, 2.5, and 5.0 mmol/L were added to the samples of bentonites (0.45 g) placed in centrifuge tubes. Solutions of cesium and strontium nitrates with pH 3, 7, and 10 were used for the experiments. A total of 1 mL of 1 M NaCl, which was used as a background electrolyte, was added to each test tube. The pH of the resulting suspensions was adjusted to 3 ± 0.3, 7 ± 0.3, or 10 ± 0.3 by adding 0.02 N HCl and 0.02 N NaOH solutions.



The resulting suspensions were stirred on an LS 210 rotator (LOIP, Saint Petersburg, Russia) for 5 h at a speed of 150 rpm. Then, the tubes were centrifuged for 5 min at 7000 rpm in a centrifuge (Eppendorf Centrifuge 5804× g, Eppendorf, Hamburg, Germany).



The supernatant was filtered using a membrane filter with a pore size of 0.45 μm. The values of pH and specific electrical conductivity (SEC), as well as the concentration of Cs, Sr, Ca, Mg, K, Na, Fe, Mn, and Al were determined in the supernatant. The pH was determined by SevenGo pro (Mettler Toledo Inc., New York, NY, USA) with an Inlab@Expert Pro combined glass electrode. The SEC of the solutions was measured with the conductometric method on an ANION-7020 conductometer-salt meter (Infraspak-Analyt Ltd., Barcelona, Spain). The metal ion concentration was determined by ICP-OES method.




2.2.3. Sequential Extraction


The sequential extraction experiments to assess the fractionation of Cs(I) and Sr(II) in various samples were carried out according to the Tessier procedure [43]. A total of 45 mL an extractant was added to 0.45 g of sample after sorption. The resulting suspensions were stirred on an LS 210 rotator (LOIP, Saint Petersburg, Russia) for 1 h at a speed of 150 rpm. Then, the tubes were centrifuged for 10 min at 10,000 rpm in a centrifuge (Eppendorf Centrifuge 5804× g, Hamburg, Germany), and the supernatant was collected and used for measurements.



All the experiments were carried out in duplicate.






3. Results


3.1. Chemical Properties of Bentonites


Bentonites 10H and DS had a pH higher than 9 units (Table 2). This can be due to the presence of sodium bicarbonate in the samples, which was indirectly confirmed by high concentrations of Na+ in the aqueous extracts from these bentonites (Table 2).



The pH values in bentonites Z and T were 8.94 and 7.70, respectively. These values could result from calcium carbonate equilibria.



The aqueous extracts contained significant amounts of Na+: the highest concentrations were found in the extracts from clays DS and 10H (Table 2). These clays also had higher concentrations of other cations compared to the other clays. The lowest concentrations of cations were found in the aqueous extract from clay T. It contained no Ca2+, and the concentrations of Mg2+ and K+ did not exceed 1 mmol/L (Table 2). The bentonites T and DS had the highest CEC: approximately 100 mmol(+)/100 g and 90 mmol(+)/100 g, respectively (Table 2).




3.2. pHPZC and pHPZSE


The potentiometric titration curves, which were obtained using electrolytes of different concentrations, intersected at a point that corresponds to the equality of positive and negative charges on the surface of bentonites 10H and T. pHPZC of these bentonites was 8.5 and 7.7 units, respectively (Table 2). The titration curves of betonites Z and DS intersected at points corresponding to the negative surface charge; pHPZSE for these clays was about 6.5 and 6.7 units, respectively (Table 2).




3.3. Sorption Experiments


In all experiments, the SEC of equilibrium solutions of cesium and strontium nitrates almost did not change and varied from 2 to 3.5 mS/cm. This indicates that ionic strength was constant at all the studied concentrations during the sorption experiment.



The pH of equilibrium solutions differed from that of the initial solutions in different clays and at different pH ranges (Figure 1). This can be explained by different buffer properties of the clays.



The equilibrium pH values turned out to be lower than those for the other clays studied in the experiments on the sorption of cesium ions from the solutions of cesium nitrate with pH 3 and 7 and from a strontium nitrate solution with pH 7 on bentonite T. Adsorption of metal ions from CsNO3 and Sr(NO3)2 solutions with pH 10 occurred at the same pH values for all the studied clays (Figure 1).



The recovery rate of cesium ions from the solutions for all clays proved the highest in the experiments with pH 7 solutions. pH 3 solutions showed the least cesium recovery (Figure 2A).



The recovery rate of Sr(II) from Sr(NO3)2 solutions by bentonite T did not depend on pH and was higher than that of the other bentonites (Figure 2).



In general, the recovery rate of Cs(I) and Sr(II) from the solutions by the studied clays decreased in the following series of bentonites: T > DS > Z > 10H (Figure 2).



The Cs(I) adsorption isotherms are close to linear, while the Sr(II) adsorption isotherms deviate from a straight line (Figure 3).



In terms of mass unit, bentonite T sorbed more Cs(I) at almost all concentrations and pH compared to the other clays. The ability of clays to adsorb Cs(I) from aqueous nitrate solutions with pH 3 and 7 decreases in the series T > DS ≈ Z > 10H (Figure 3A,B). Bentonite 10H adsorbed slightly more cesium compared to bentonite Z from cesium nitrate solutions with pH 10 (Figure 3C).



Under all studied concentrations and pH ranges, Sr(II) was more adsorbed on bentonite T, while adsorption decreased in the series of bentonites: T > DS > Z > 10H (Figure 3).



Thus, in terms of mass unit, bentonite T showed the best ability to adsorb Cs(I) and Sr(II) from the aqueous solutions among the studied bentonites.



In the experiments with a pH 7 solution of cesium nitrate for all clays, the adsorption of cesium ions appeared somewhat higher compared to the experiments with cesium nitrate solutions with pH 3 and 10 (Figure 3).



The adsorption of Sr(II) on the bentonite from the Taganskoe deposit showed little pH dependence. All other bentonites extracted strontium in slightly larger amounts from strontium nitrate solutions with pH 7 and 10 compared to the pH 3 solution (Figure 2 and Figure 3).





4. Discussion


4.1. Adsorption Regularities of Cs(I) and Sr(II)


The recovery rate of Cs(I) from the solutions for all clays appeared the highest in the experiments with pH 7 solutions (Figure 2B). pH 3 solutions showed the least extraction of cesium (Figure 2A). It can be assumed that proton competes with Cs(I) for sorption positions in the equilibrium solutions at pH < 6, and the lower the pH and initial concentration of the solution, the more apparent this competition. A slight decrease in the recovery rate of Cs(I) from pH 10 solutions compared to the neutral solutions of cesium nitrate can be explained by competitive reactions with the Na+ ion. This ion appeared in the solution after adjusting pH to 10 units with sodium hydroxide solution (Figure 2B,C). Competition for sorption positions between protons and ions of Sr(II) can occur at low strontium concentrations (Figure 2A).




4.2. Heterogeneity of Sorption Centers


The dependences of lgKd on lgCeq allow us to conclude that all the studied clays adsorb cesium on more or less uniform sorption centers within concentrations used in the experiments with solutions at pH 3 and 7 (Figure 4A,B), while heterogeneity of the centers increases at higher pH (Figure 4B, Table S1).



Aluminol and silanol groups, whose pKa exceeds 6.5 units, become highly deprotonated within equilibrium pH from 9 to 10 (pH of the initial solutions is 10) [9,44,45]. This leads to new sorption centers on the frayed edge sites (FES) of crystallites. Deprotonation of aluminol and silanol functional groups can result in sorption centers with different energy characteristics and change in lgKd with increasing equilibrium concentration of CsNO3 solutions.



At least two types of sorption sites absorb Sr(II) in all clays within the studied pH range (Figure 4; Table S1).



Unlike the acidic solutions, the experiments with the initial solutions at pH 10 reveal the tendency to increase lgKd for all bentonites at low equilibrium concentrations of Cs(I) and Sr(II). This may indicate that new sorption centers resulting from deprotonation can fix Cs(I) and Sr(II) in the form of inner-sphere complexes. This is a stronger bond than electrostatic interaction of these cations with planar surfaces in the form of exchange cations [46]. Since the newly formed sorption centers are more selective, they first become filled with metal ions and significantly contribute to the total adsorption at low concentrations of the initial solutions of cesium and strontium nitrates (Figure 4A,B). The same results of the concentration-dependent Kd were obtained for Fe-montmorillonite [13]. The experiments on the sorption of Cs(I) from an aqueous solution in 0.1 M NaCl at pH 4.7 within concentrations from 2.44 × 10−10 M to 5 × 10−2 M revealed two types of sorption centers: with high affinity and low capacity (on FES), and with low affinity for cesium but with high capacity (on planar surfaces). FES were shown to become filled at low cesium concentrations. Using the X-ray photoelectron spectroscopy (XPS) method, Nakano et al. measured the binding energy of Cs+ ions with Na-bentonite containing 99% montmorillonite and found that montmorillonite contains at least two types of different adsorption sites for Cs+ cations [47]. EXAFS method revealed that Wyoming montmorillonite treated with a cesium chloride solution contains outer- and inner-sphere surface Cs complexes. The former occupy places in the interlayer spaces, the latter occur in the extended marginal areas of the interlayer spaces [48].



The equilibrium experiments with bentonites of western India, carried out in the concentration of 10−9–10−2 mol/L at pH 5.6 ± 0.2 in 0.1 and 0.01 M NaCl, revealed two types of sorption centers for Cs+ and only one type for Sr2+ [30,33]. In addition, Putilina et al. [49] showed that formation of surface Sr(II) complexes on the side surfaces of (010) 2:1 clay minerals makes a significant contribution to the total sorption at pH > 8.



Nonsilicate iron compounds can also result in the pH-dependent surface charge and corresponding sorption sites in bentonite T and, possibly, DS and Z. The pHPZC and pHPZSE for bentonites of different compositions can vary in pH from 5.6 to 6.4 [50,51,52]. The pHPZC of nonsilicate iron compounds tends to exceed 8 [53,54]. Our experiment revealed higher pH of the equilibrium solutions than pHPZC of iron hydroxides for all bentonites in the experiments with the initial solutions at pH 10 (Table 1, Figure 1). This means that >50% of the surface hydroxyls will carry a negative charge and may sorb cations.



The bentonite of the Taganskoye deposit contains about 1% nonsilicate iron (Table 1). Therefore, the iron hydroxides of this clay can be important carriers of the pH-dependent charge. In the bentonite from the 10th Khutor deposit, which contains only 0.07% nonsilicate iron (Table 1), the pH-dependent charge is mainly associated with the edge sites of clay mineral crystallites.




4.3. Adsorption Mechanisms of Cs(I) and Sr(II)


As shown by numerous studies, the main sorption mechanism of Cs(I) and Sr(II) on montmorillonite is ion exchange [20,24,33,55], which occurs regardless of pH.



To confirm our assumptions, we compared the equivalent amounts of sorbed Cs(I) and Sr(II) cations and Na+, K+, Ca2+, and Mg2+ ions that passed into the equilibrium solution. The calculations were performed for one of the replications in two variations of the experiment—with the initial solutions at pH 3 and 10. The concentrations of Al, Fe, and Mn in the equilibrium solutions varied from 0 to 0.07 mmol/L and were not taken into account to determine the exchange equivalence. Since a certain amount of cations passed into the water extract from clays, and sodium chloride was used to maintain the ionic strength, the concentration of Na was subtracted from the resulting equilibrium concentrations. Based on the calculations in the literature [27], we neglected the concentrations of SrCl+ and SrOH−, as our experiments provided the ionic strength of 0.01 M in the equilibrium solutions.



The calculations performed are approximate, since the solubility of salts in the solutions of cesium and strontium nitrates with the addition of sodium chloride will differ from the solubility of these salts in distilled water.



The calculations showed that, in the experiments with pH 3 solutions of cesium nitrates within used concentrations for all clays, the number of equivalents that passed into the equilibrium solution of cations exceeded the equivalent amounts of absorbed Cs(I) (Figure 5A). This means that ion exchange as an absorption mechanism takes place, and exchange reactions are not the only source of cations in the equilibrium solution. Among the cations that passed into solution from DS and T, Na+ is predominant, while Ca2+ and Mg2+ are predominant from bentonites 10H and Z. This can be explained as follows: not only exchange reactions, but also the additional dissolution of salts, primarily carbonates, may result in Na+, Ca2+, K+, and Mg2+ in the equilibrium solution under acidic conditions. Additionally, as mentioned above, ions compete for sorption sites with a proton under acidic conditions, as in the case of the bentonite from the Taganskoe deposit.



The experiments on the sorption of Sr(II) ions showed similar results (Figure 6A). However, unlike Cs(I) ions, bentonites 10H and Z at the highest concentrations absorb Sr(II) in amounts equivalent to the number of exchange cations passed into the solution. At the same concentrations of Sr(II), bentonites T and DS absorb a few more equivalents of strontium than those released into the solution of cations. It can be assumed that strontium on these bentonites is partially fixed on the pH-dependent positions.



The experiments with the initial solutions of cesium and strontium nitrates at pH 10 showed different results (Figure 5B and Figure 6B). In most cases, at low and medium concentrations of Cs(I) in the equilibrium solution, the concentration of Na+ ions decreases. In the experiments on the sorption of Sr(II) ions, Ca2+ for bentonite DS decreases too. This may result from the absorption by clays, and, in this case, these cations compete for sorption sites with Cs(I) and Sr(II) ions. In addition, under conditions of equilibrium at pH 9–10, Ca2+ can precipitate in the form of compounds with a particle size of >0.45 μm, which leads to the decreased concentration of these ions in the equilibrium solution.



The range of high concentrations of the initial solutions is characterized by larger amounts of sorbed Cs(I) and Sr(II) than cations released into the solution (Figure 5B and Figure 6B). This may be because a certain amount of Cs(I) and Sr(II) ions fixed on pH-dependent sorption centers deprotonated at pH from 9 to 10.



Thus, we can conclude that the sorption of Cs(I) and Sr(II) on bentonite clays occurs as a result of several mechanisms. The main sorption mechanism within used pH values is the fixation of cations in the form of outer-sphere complexes on planar surfaces caused by ion exchange. This conclusion is supported by the results of the Tessier extraction. From 60% to 80% of the Cs(I) and Sr(II) adsorbed by bentonites are fixed loosely and extracted from the clays with water and 1 M NH4Cl at pH 3 and 80–100% at pH 3 (Figure S1).



The increase in pH (pH > 6) enhances pH-dependent positions on which Cs(I) and especially Sr(II) ions can fix more tightly as inner-sphere complexes. However, it is also possible that, at pH from 9 to 10, Sr(II) may precipitate in the form of carbonates or its sorption may decrease due to increased SrHCO3− in the solution [49].



The sorption of Cs(I) and Sr(II) is accompanied by competitive interactions with a proton at pH <6 and with Na+, Ca2+, Mg2+, and K+ cations at higher pH.




4.4. Sorption Capacity Factors of the Studied Clays


In all variations of the experiment, the bentonite of the Taganskoe deposit extracted more cesium and strontium per unit weight of the sample from the aqueous solutions compared to the other bentonites. All the studied bentonites contained almost equal amounts of smectite, about 74% [5,38]. Consequently, other things being equal, the properties of smectite will determine the ability of bentonite to sorb cesium and strontium. The main properties that determine the sorption capacity of smectites include cation exchange capacity, the total charge of the layer, charge localization in the layer [56,57,58], as well as the total number of sorption sites.



Bentonite T has the highest CEC and a high charge of the smectite layer (Table 1); therefore, more Cs(I) and Sr(II) per mass unit can be adsorbed on this particular bentonite. Bentonite 10H has the lowest charge of smectite layers; hence, it had the least adsorption of Cs(I) and Sr(II) compared to the other bentonites.



As mentioned above, bentonites T and DS contain nonsilicate iron, which, in the form of either individual minerals or films on the smectite surface, can be a source of pH-dependent charge and a carrier of sorption sites for Cs(I) and Sr(II). The literature provides different points of view in regard to cesium absorption by iron hydroxyls. For instance, Chiang et al. found a correlation between the maximum sorption of Cs and the iron content in the soils of tropics and subtropics in the Tamm extract [59]. The experiments devoted to the cesium sorption on magnetite showed that the mineral sorbs cesium within ionic strengths from 0.04 to 0.14 m/L in slightly acidic and alkaline media. The authors assume that Cs sorption on magnetite is possible due to ion exchange [60]. Furthermore, Semenkova et al. revealed that the removal of nonsilicate iron from Kutch clay increased Cs sorption [30]. Fe oxides (hydroxides) are able to absorb 90Sr from neutral and alkaline solutions by forming complexes in the diffuse layer [61,62] within ionic strengths from 0.04 to 0.14 m/L [60]. However, iron hydroxides adsorb more strontium under alkaline conditions (pH 13) than under neutral conditions (pH 6.5–7.2) [62]. Under our experiments, the adsorption of Cs(I) and Sr(II) on iron hydroxides is most likely at pH of the equilibrium solution > 9, i.e., in the experiments with the initial solution at pH 10. Perhaps these conditions allow pH-dependent positions on iron hydroxides to increase the heterogeneity of sorption sites shown in Figure 4C.



The carried-out comparison of the sorption abilities of bentonites is based on the calculations of the adsorbed amount of metals per unit weight of the sample. However, the total number of sorption sites also depends on the surface area. Therefore, further research is required to determine the external and internal surface area and compare the sorption abilities of bentonites per unit surface area.





5. Conclusions


This research revealed the sorption mechanisms of Cs(I) and Sr(II) cations on the bentonites with a similar content of smectite (73–74%). The studied bentonites can be regarded as a source material to make engineered safety barriers for geological burial of radioactive waste in the crystalline massif at the site “Yeniseisky” (Krasnoyarsk region).



The pH of the aqueous suspensions of the bentonites (clay:water ratio 1:100) from the 10th Khutor and Dash-Salakhlinskoye deposits exceeded 9 units. A less alkaline reaction was observed in the suspensions of the bentonites from the Zyryanskoe and Taganskoe deposits, with pH 8.94 and 7.70, respectively. The bentonites from the Taganskoye and Dash-Salakhlinskoye deposits contained significant amounts of nonsilicate iron compounds, 1.0 and 0.5%, respectively, which greatly contribute to a pH-dependent charge on the mineral surface.



The ability of clays to sorb Cs(I) and Sr(II) ions from the aqueous solutions of nitrates with pH 3 and 7 per unit mass decreases in the following series: T > DS ≈ Z > 10H. Bentonite Z absorbs more cesium compared to bentonite 10H from the solutions of cesium nitrate with pH 10. Strontium ions within the studied concentrations and pH are most sorbed on the bentonite of the Taganskoe deposit, while sorption decreases as follows: T > DS > Z > 10H. Overall, the recovery rate of Cs(I) and Sr(II) from the solutions by the studied clays decreases in the following order of bentonites: T > DS > Z > 10H.



The main mechanism of Cs+ and Sr2+ sorption within the studied pH rage is the fixation of cations in the form of outer-sphere complexes on planar surfaces as a result of ion exchange. The increase in pH (pH > 6) enhances pH-dependent positions on which Cs+ and especially Sr2+ ions can fix more firmly in the form of inner-sphere complexes. Sr2+ can precipitate as carbonates at pH from 9 to 10. The process of Cs+ and Sr2+ sorption is accompanied by competitive interactions with a proton at pH <6 and with Na+, Ca2+, Mg+, and K+ cations at higher pH. This competition is most pronounced at concentrations of Cs(I) and Sr(II) in the initial solutions <0.5 mol/L. The ability of bentonite T to sorb Cs(I) and Sr(II) in large amounts compared to the other bentonites is due to high CEC values and charge of smectite T.
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Figure 1. pH dependence on the concentration of Cs(I) or Sr(II) in the equilibrium solution under the experiments at pH of the initial solution 3 (A), 7 (B), and 10 (C) with bentonites 10H, T, Z, and DS. Empty and filled icons are replications of the experiment. 
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Figure 2. The recovery rate of Cs(I) and Sr(II) from solutions with pH 3 (A), 7 (B), and 10 (C) by bentonites 10H, T, Z, and DS. Empty and filled icons are replications of the experiment. 






Figure 2. The recovery rate of Cs(I) and Sr(II) from solutions with pH 3 (A), 7 (B), and 10 (C) by bentonites 10H, T, Z, and DS. Empty and filled icons are replications of the experiment.



[image: Minerals 12 00862 g002]







[image: Minerals 12 00862 g003 550] 





Figure 3. Adsorption isotherms of Cs(I) and Sr(II) on bentonites 10H, T, Z, and DS in experiments with the initial solution at pH 3 (A), 7 (B), and 10 (C). Empty and filled icons are replications of the experiment. 
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Figure 4. Dependence of lgKd on lgCeq in the experiments with bentonites 10H, T, Z, and DS at pH of the initial solution 3 (A), 7 (B), and 10 (C). Empty and filled icons are replications of the experiment. 
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Figure 5. The number of cations released (+) and absorbed from the solution (−) depends on the initial concentration of the CsNO3 solution at pH 3 (A) and 10 (B). 
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Figure 6. The number of cations released (+) and absorbed from the solution (−) depends on the initial concentration of the Sr(NO3)2 solution at pH 3 (A) and 10 (B). 
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Table 1. Mineral composition of bentonite clay samples, wt.% [38].
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	Deposit
	Sample
	Sm
	Il
	Chl
	Kaol
	Qz
	Cr
	Fsp
	Cal
	Py





	Taganskoe
	T
	73
	1
	-
	-
	22.5
	
	-
	2.3
	1.2



	Dash-Salakhlinskoe
	DS
	73.9
	-
	-
	-
	3.7
	5
	13.8
	3.6
	-



	Zyryanskoe
	Z
	74.4
	0.9
	-
	2.6
	19.4
	-
	0.6
	2.1
	-



	10th Khutor
	10H
	73.0
	-
	1.2
	-
	14.2
	-
	8.6
	3
	-







Note: Sm—smectite, Il—illite, Chl—chlorite, Kaol—kaolinite, Qz—quartz, Cr—cristobalite, Fsp—feldspars (potassium feldspars and plagioclase), Cal—calcite, Py—pyrite.
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Table 2. Physicochemical properties of the bentonites (average of 2 replications).
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Bentonite

	
pH

	
Cations in Aqueous Extract, mmol/L

	
CEC, mmol(+)/100 g

	
FeCDB

%

	
pH

PZC

	
pH PZSE

	
Layer Charge of Smectite




	
Ca2+

	
Na+

	
Mg2+

	
K+






	
10H

	
9.25

	
4.12

	
24.04

	
2.26

	
3.76

	
80.5

	
0.07

	
8.5

	
-

	
−0.27




	
T

	
7.70

	
0.16

	
13.37

	
0.40

	
0.76

	
100.7

	
1.00

	
7.7

	
-

	
−0.36




	
Z

	
8.94

	
2.80

	
14.29

	
1.52

	
1.38

	
78.3

	
0.18

	
-

	
6.5

	
−0.37




	
DS

	
9.01

	
4.86

	
39.37

	
3.43

	
3.14

	
94.1

	
0.49

	
-

	
6.7

	
−0.34
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