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Abstract

:

The molecular structure of the liquid–vapor interfaces of aqueous solutions of alkali metal halides and methyl isobutyl carbinol (MIBC, (CH3)2CHCH2COCH3) is determined by using molecular dynamics simulations with polarizable force fields for the first time. The salts are chlorides, and iodides, some of which are found in raw and partially desalinated seawater increasingly used in flotation operations in regions affected by severe and prolonged drought. The density profiles at the interfaces show that all ions prefer the interface; however, with MIBC, non-polarizable ions, generally small ones, are increasingly pushed into the liquid bulk. A few ions of comparatively less ionic NaCl than KCl and CsCl, persist at the interface, consistent with spectroscopy observations. On the other hand, strongly polarizable ions such as I− always share the interface with MIBC. In the presence of chlorides, the frother chains at the interface stretch slightly more toward vapor than in freshwater; however, in the presence of iodides, the chains stretch so much that they become orthogonal to the interface, giving rise to a well-packed monolayer, which is the most effective configuration. The dominant water configurations at the interface are double donor and single donor, with hydrogen atoms pointing toward the liquid, consistent with studies with sum-frequency generation experiments and extensive ab initio simulations. This picture changes radically in the presence of MIBC and salts. Depending on the halide and MIBC concentration, the different molecular configurations at the interface lead to very different surface tensions. The structure and properties of these new salt-rich interfaces and their impact on the location and arrangement of frother molecules should serve the flotation practitioner, especially in the search for the best frother and dosing in poor-quality water.
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1. Introduction


The use of methyl isobutyl carbinol, a frother better known as MIBC, is key in many processes based on froth flotation. Application in mining and other fields employing freshwater is well known, and the great challenge today is limited to determining the optimal dose [1,2]. However, more and more regions are facing water scarcity due to climate change. The sustainability of the industry depends on water availability and, of course, on efficient management. The solution has come from the sea. Some plants operate with raw seawater, where the typical salt concentration is ca. 0.6 M NaCl, and others with partial or total desalinated water. When water with electrolytes is used, choosing a frother is not easy because the effect of the ions modifies the structure of the water at the liquid–air interface, interferes with the action of the frother, and affects the surface properties of the solution, for example, surface tension. The challenge is even greater in potassium and lithium mining, for example, where hypersaline brines, with salt concentrations of 6 M and higher, are common. Understanding all these effects is crucial to evaluate the property of using MIBC or another foaming agent and determining the optimal dose it should be supplied.



The ionic structure of the air–water interface has been extensively studied over the years, which has resulted in a fairly agreed molecular picture. The air–solution interface for various salts has also received significant attention in the last two decades for its role in environmental chemistry and atmospheric science. The most widely used tool is molecular simulation with increasingly optimized force fields. However, the molecular picture of the air-brine interface in the presence of a surfactant has not fully emerged. One system studied, perhaps the most extensive, is the liquid–vapor interface of aqueous NaCl solutions in the presence of MIBC with a wide concentration range by using molecular simulation with non-polarizable force fields [3,4,5]. Results lead to a molecular picture in which both Na+ and Cl− ions are not part of the interface, which makes it impossible to predict the surface tension. However, experimental studies with spectroscopic selective interface techniques [6,7,8,9,10,11,12,13,14,15,16] show that halogens, especially the largest and, therefore, deformable ones, in the presence of a small cation, inhabit the interface of the solutions they form. Molecular simulations with polarizable force fields, available most recently, have also shown the existence of chloride ions and other halides near the liquid–air interface of different saltwater systems [6,9]. For sodium iodides, Nguyen et al. reach the same conclusion with non-polarizable force fields, although they do not report surface tension [17]. In addition, a recent study evaluated the effect of including polarization in simulations of aqueous NaCl solutions [18]. With polarization, the ion distribution obtained coincides with other simulations in the literature and with the experimental results already mentioned, and also the prediction of surface tension improves significantly. In this previous study, the molecular structure of liquid–air interfaces of aqueous solutions of MIBC-NaCl was also determined, finding that the orientation of MIBC molecules at the water liquid–vapor interface changes as the concentration of MIBC increases, from parallel to the interface to perpendicular, with their oxygens, permanently submerged in the liquid phase and forming a well-packed monolayer. Chlorides dominate the liquid–vapor interface even at relatively high MIBC concentrations. Still, they are the less polarizable of all the halogens; thus, their effect stiffens the interface by increasing the surface tension. On the other hand, when the MIBC concentration is high enough, the MIBC manages to displace some Na+ and Cl− ions to the bulk liquid and settle at the interface. This MIBC concentration in 1M NaCl solutions at 300 K is ca. 1.2 mM, referred to by Castro et al. [19] as a surface tension switch point, is very close to the experimental value [5,20,21] and effectively marks the change in surface tension behavior. Below this point, the tension is controlled by the ions at the interface and is higher than that of freshwater; above this point, the tension is controlled by MIBC and is lower than freshwater, a behavior first reported by Ozdemir et al. [22] and later by Castro et al. [19] and Alvarado et al. [18].



Here, the objective is to determine the molecular picture at the liquid–vapor interface of solutions of a series of chlorides, NaCl, KCl, and CsCl, and a series of iodides, KI and CsI, in the presence of MIBC in a wide range of concentrations. In particular, interesting to know the effect of these salts, typical in raw or partially desalinated seawater, on the distribution and orientation of the MIBC chains at the different interfaces. Molecular dynamics simulation is used with force fields that support polarization. The structure of water at the liquid–vapor interface is also studied, particularly the different configurations adopted by the water molecules. Finally, the impact of the molecular picture generated by each salt on the surface tension is determined.




2. Methodology


2.1. Force Fields


MIBC molecules were modeled using the AMBER99sb force field [23,24], suitable for describing organic molecules. These molecules did not need a polarizable model due to their low dipole moment, concentrated at the hydroxyl group and sufficient to show a preference for the gas–liquid interface. The Na+, K+, Cs+, Cl− and I− ions were modeled using the Drude-2013 force field [25] that considers the ions as two sites, one with the mass of the ion and part of its electrical charge and another massless, known as a Drude particle, with the other part of the electric charge of the ion. These sites are attached by a harmonic spring with an equilibrium distance between them equal to zero. Water molecules were simulated with the SWM4-NDP polarizable model with five sites per molecule [26], three representing hydrogen and oxygen atoms, a fourth representing unpaired electrons, and the fifth remaining bound to the oxygen atom. Lorentz–Berthelot mixing rules were used to model cross-species interaction.




2.2. System


The system used is a box of dimensions     L   x   =   L   y   = 3   nm and     L   z   = 10   nm as in Alvarado et al. [18]. The size of the box is large enough for the results to be reproducible and small enough for the computational cost to be affordable. The ions and molecules were added to a smaller volume of dimensions     L   x   =   L   y   = 3   nm and     L   z   = 4   nm centered on the z-axis of the larger box. First, the ions were randomly added at a distance greater than 3 Å from each other and away from the     L   x   ×   L   y     boundaries of the small box. The ion concentration was 1 M for all salts. MIBC molecules were then arranged in the vicinity of the     L   x   ×   L   y     boundaries of the small box at a distance greater than 3 Å between MIBC molecules and ions. The number of MIBC molecules was 1, 10, 20, 30 and 40, spanning a concentration range of 0.046 to 1.85 mM. Finally, water sufficiently equilibrated in a separate simulation at 300 K was added to the small box. Only the molecules with a minimum distance of 2 Å from resident water molecules, alkaline ions and MIBC molecules were accepted until reaching the required concentration. Figure 1 shows the simulation box for a typical water–ion–MIBC system very early on the way to equilibrium.




2.3. Simulations


The GROMACS version 2016-dev-20170105-c53d212-dirty was used for the simulations, which implemented the Lagrangian dynamics for polarizable systems [27]. Equations of motion were integrated with the velocity Verlet algorithm with a step of 1 fs [28]. A cutoff radius of 1.2 nm was used for van der Waals and Coulomb forces. Long-range electrostatic interactions were calculated using the Ewald particle mesh method [29]. Drude particles were used to introduce polarizability effects in the simulation. The temperature was controlled with the Nosé–Hoover thermostat with a relaxation time of 100 fs for atoms and 5 fs for Drude particles. The reference temperature was 300 K for atoms and 1 K for Drude particles. A repulsive hard wall was introduced to prevent Drude particles moving to distances larger than 0.02 nm from the atom positions. The temperature was controlled with the Nosé–Hoover thermostat with a relaxation time of 0.1 ps for atoms and molecules and 5 fs for Drude particles. In addition, periodic boundary conditions were applied in the three cartesian directions. The simulations were carried out in three steps. In the first step, starting from the initial configuration, the potential energy is minimized using the steepest descent algorithm, where the atoms are moved to new positions such that the force between them is less than 1000 kJ·mol−1·nm−1. Then, an NVT equilibration step of 1 ns was performed at 300 K, where water molecules were moved while the positions of the remaining atoms and molecules were kept fixed. Finally, an NVT simulation run of 10 ns is made to obtain simulation results. The data were collected every 1 ps. These data determined averaged density profiles along the two liquid–vapor interfaces. The parameters used are the same as in Alvarado et al. [18]. The position of each interface, z = 0, was defined as the point where the density of water equals its mean value along the liquid–vapor interface.




2.4. Surface Tension


The GROMACS version The Irving and Kirkwood method is used to determine the surface tension [30] from the local components of the pressure tensor, that is,


  γ = 1 / 2   ∫  −   L   z   / 2   +   L   z   / 2        p   N       z   k     −   p   T       z   k       d z    



(1)




where     p   N       z   k       y     p   T       z   k       correspond, respectively, to the normal and tangential components of the pressure tensor along the normal to the surface. The method is based on the calculation of the traction, which is the limit of the prototraction per unit area when the area tends to zero. Adding the kinetic contribution to traction gives the stress tensor on the surface, that is,     T   N N   = −   p   N   N N −   p   T   (   U   N N   − N N )   with     U   N N     the unitary matrix. For the determination of surface tension, we use the method as implemented in GROMACS.





3. Results and Discussion


3.1. MIBC Density Profiles


First, the density profile of the MIBC in the vicinity of the liquid–vapor interface is determined. Figure 2 shows the results for the case without salt. The position of the center groups –CH2– of MIBC is considered for determining the density profiles. MIBC molecules prefer the interface with the oxygen atoms remaining on average in the liquid phase and the carbon atoms in the vapor phase. As the concentration of MIBC in the system increases, its density at the interface increases, and its density profile shifts more toward the water vapor phase, as shown by a previous study [18]. In other words, since the constituent O atoms, in the polar end of the chain, remain anchored in the water, the MIBC chain is stretched so that C atoms at the opposite end of oxygen settle in the vapor phase. For this to happen, the only possibility is that the MIBC molecules adopt orthogonal configurations to the interface and thus become more effective as frothers.



MIBC profiles were then determined in the presence of the various chloride and iodide salts considered in this study. To compare the profiles, we prefer to plot the position of the maximum value (peak) of the MIBC concentration for each MIBC concentration (number of molecules) and each salt that has been considered. The results in Figure 3 show that the presence of salt, whatever it may be, not only shifts the MIBC concentration profile further toward the vapor phase but that the MIBC concentration peak always occurs in the gas phase. This trend is even more pronounced as the MIBC concentration in the system increases. Figure 3 also shows that the effect of each salt, chloride or iodide, is not very different from one another on the same halide series. Although it can be said that the effect of iodides is more effective in displacing the MIBC molecules to the water vapor phase. This means that an increase in the concentration of MIBC in the presence of chlorides leads to a greater stretching of the frother chains than in freshwater (Figure 3a). However, the greatest stretching, and effectiveness as a frother, is obtained in the presence of iodides (Figure 3b). In the latter case, the arrangement of the strings tends toward a well-packed monolayer of MIBC.




3.2. Ions Density Profiles


Density profiles of the ions of the chloride and iodide salts at 1 M in the z-direction perpendicular to the liquid–vapor interface at different MIBC concentrations are shown, respectively, in Figure 4 and Figure 5.



To analyze the density profiles of chloride salt ions in Figure 4, the differences in the Pauling electronegativities of the salt atoms are helpful. Subtracting the electronegativity of the cation from that of the chlorine gives 2.1 for NaCl, 2.2 for KCl, and 3.0 for CsCl. As the size of the cation increases, the ionic character of the salt increases, even though all these chloride salts are ionic. In the absence of MIBC, the ions from the chloride salts tend to accumulate near the liquid–vapor interface, although always in the liquid phase, giving rise to peaks in the density profiles, as shown in Figure 4. However, the location of the peak density of each ion depends on the ionic character of the salt. The more ionic the salts, the greater their tendency to dissolve and remain within the liquid phase, far from the liquid–vapor interface. For NaCl, the Na+ and Cl− density peaks reach approximately 1.5 nm−3, although the Cl− density in all simulations is consistently somewhat higher than that of Na+ (Figure 4), which is in agreement with the literature [6,7,9,18], while the density of these ions in the bulk liquid solution is ca. 0.5 nm−3. The Na+ peak occurs at ca. 0.25 nm from the interface, while the Cl− peak occurs much closer to the interface at ca. 0.125 nm. On the other hand, for CsCl, the most ionic chloride salt, the Cs+ and Cl− peaks reach ca. 0.8 nm−3 while the density in bulk is ca. 0.6 nm−3. The Cs+ peak occurs relatively far from the interface at ca. 0.5 nm, while the Cl− peak also moves away at ca. 0.3 nm. The KCl salt with an intermediate ionic character between NaCl and CsCl is expected to exhibit intermediate densities and density peak positions for the K+ and Cl− ions. Indeed, Figure 3 shows that the peak densities are ca. 1 nm−3 for the Na+ and Cl− peaks and 0.7 nm−3 for the solution bulk. Moreover, the positions of the K+ and Cl− density peaks are, respectively, 0.4 nm and 0.2 nm from the liquid–vapor interface. In the presence of MIBC, the ions of the salts are displaced toward the bulk of the liquid as Figure 4 also shows. This effect is more pronounced as MIBC concentration increases. At the maximum MIBC concentration considered here, it is notable that ions of the more ionic chlorides, such as KCl and CsCl, are fully displaced from the interface into the bulk liquid, while few ions of the somewhat less ionic NaCl continue to show a preference for the liquid–vapor interface at a significantly lower concentration than in the absence of MIBC although closer to the interface to ca. 0.2 nm. As expected, MIBC molecules with surfactant properties, albeit weak, settle at the liquid–vapor interface where they are distributed as in Figure 3.



The differences in the Pauling electronegativities of the iodide salts are 1.6 for the NaI, 1.7 for KI and 1.8 for CsI. These are all salts with a covalent character, a condition that increases as the size of the cation decreases. The strongly covalent character of NaI could not be captured by the force fields used here and therefore the study was limited to the KI and CsI salts. Similar to the chloride salt ions, in the absence of MIBC, the iodide salt ions prefer the liquid–vapor interface, always in the liquid phase, forming respective density peaks, as shown in Figure 4. Unlike chlorides, the cation density of iodides is considerably less than that of I−. For KI, the peak density of K+ reaches ca. 1.5 nm−3 at ca. 0.4 nm from the interface while the peak density of I− exceeds 2 nm−3 at ca. 0.15 nm. For Cs+ the peak reaches ca. 1.2 nm−3 at 0.5 nm while for I− the peak reaches 1.7 nm−3 at 0.2 nm. The more covalent character of the salt, the greater the density achieved by the peaks of its ions in the vicinity of the liquid–vapor interface and the greater the proximity of the peaks to this interface. A substantive difference with the more ionic chloride salts is that in the presence of MIBC, the ions of the more covalent salts continue to show their preference for the interface, which is reflected in clear peaks in Figure 4, although of lower density. This effect is more pronounced for KI, the most covalent salt considered here.



In previous work, we indicated that in a solution of NaCl in water without MIBC, the density peak of the Cl− is slightly stronger and closer to the interface than that of Na+. These results suggest that the propensity of halide ions to concentrate at the liquid–vapor interface correlates with the polarization of the salt and the sizes of the ions [18]. This idea is indirectly supported by spectroscopic experiments [8,9]. The results in Figure 4 for other chloride salts, more ionic than NaCl, less polarizable, and with larger cations, such as KCl and CsCl, confirm this. The density peaks are less intense and further from the interface, and in the presence of MIBC they are displaced toward the bulk solution. On the other hand, the iodide salts show in Figure 5 that, being more covalent, they dispute the interface to the MIBC, particularly the I− ions, which are among the most polarizable, when they are present in combination with small cations such as K+, which are very polarizing. A large cation such as I− is easily deformed by the electric field generated by a small cation such as K+ with a relatively high electric charge density. The result is the polarization of the I− ions that allows them to remain at the interface, resisting displacement into the bulk fluid by the MIBC molecules.




3.3. Water Molecules Orientation


Various experimental and theoretical studies show that the molecular picture of water at the air–water interface includes hydrogen bonds of the double-donor (DD) type, with two OH groups involved per water molecule; single donor (SD), with one OH group involved per water molecule; and non-donor (ND), with no OH involved [31,32,33]. The dominant configurations are the DD and SD, with orientations mainly with the water dipole pointing toward the air and the hydrogens pointing toward the water. There is no agreement on the existence of ND configurations [33]. Studies with sum-frequency generation experiments and extensive ab initio simulations provide no evidence for a significant occurrence of ND configurations [33]. The results of our simulations of the liquid-water vapor interface are by this art and, therefore, can be very useful to assess the impact of salts and MIBC on the structure of the water at the interface and, thus, on the liquid solution surface properties.



Here, the orientation of water molecules is given by   c o s ⁡ ( ϕ )  , where   ϕ   is the angle between the vector opposite to the water dipole and the normal to the liquid–vapor interface, as defined in Figure 6. Values of −1 indicate the water dipole points away from the interface to the vapor phase, i.e., water hydrogens point toward the liquid water bulk, and the opposite when the value is 1. Values between −1 and +1 indicate partial orientation of the water molecules. Figure 7 and Figure 8 summarize the average of     cos  ⁡    ϕ       as a function of the distance from the water liquid–vapor interface and the concentration of MIBC for freshwater, solutions of 0.1 M chloride salts, and solutions of 0.1 M iodine salts at 300 K. The average of     cos  ⁡    ϕ       is over the population of water molecules along the z-axis.



The results for freshwater and with MIBC in Figure 7a show that in the bulk liquid   c o s ⁡ ( ϕ )   = 0 as expected by the random distribution of water molecules; however, in the vicinity of the liquid–vapor interface, the   c o s ⁡ ( ϕ )   takes increasing negative values, reaching a minimum at ca. 0.2 nm in the liquid phase. At increasing distances toward the vapor phase,     cos  ⁡    ϕ       remains negative, although its absolute value decreases to zero at ca 0.2 nm in the vapor phase. Between 0.5 nm in the liquid phase and 0.2 nm in the vapor phase, water is preferentially structured in DD and SD configurations. This water forms a sufficiently thick layer with a thickness of approximately 0.75 nm, equivalent to about two layers of water. At distances greater than 2 nm within the vapor phase   c o s ⁡ ( ϕ )   > 0, and as expected, water assumes configurations with hydrogens pointing on average toward the vapor phase. When MIBC is added, the DD and SD configurations extend as far as the vapor phase, and at the highest MIBC concentration these configurations extend as far as 0.5 nm into the vapor phase. At a low concentration of MIBC there is practically no alteration of the water structure. On the contrary, at a high concentration of MIBC, the molecules are packed adopting a configuration orthogonal to the interface; the carboxyl groups that reside in the liquid in higher concentration induce the DD and SD ordering in the vapor phase close to the interface.



When there is salt in the water, such as chlorides and iodides, the ions tend to concentrate in the liquid neighboring the liquid–vapor interface, with the most polarizing and most polarizable closer to the interface and the polarizable closer than the polarizing ones (Figure 4 and Figure 5). For example, when the salt is NaCl, from Figure 4, the Na+ ions are located at ca. 0.25 nm from the interface and Cl− ions at 0.125 nm. The   c o s ⁡ ( ϕ )   in Figure 7b shows an inflection between these two distances, revealing that the water molecules that solvate or exist in the neighborhood of Na+ ions do so in configurations with   c o s ⁡ ( ϕ )   > 0, with a maximum at ca. 0.4 nm (absolute distance). Those that solvate or exist near Cl− ions do so in DD and SD configurations, with   c o s ⁡ ( ϕ )   < 0, with a minimum at ca. 0.1 nm. In the presence of MIBC and with increasing concentration, the behavior of   c o s ⁡ ( ϕ )   tends to that of water without salt because the MIBC expels the Na and Cl ions from the vicinity of the interface. In the presence of other chlorides, such as KCl and CsCl, the behavior of   c o s ⁡ ( ϕ )   is repeated, Figure 8a,b, respectively, only that the maxima and minima are more pronounced as the size of the cation increases. The latter is because the density of coordination water molecules decreases with the size of the cation. Therefore, inducing the DD or SD orientation is more effective than when the cation is small and thus more hydrated.



In the presence of iodides and MIBC, the trend is similar to that of chlorides with a notable difference: the structure of the coordination water of the cation with orientation   c o s ⁡ ( ϕ )   > 0 and that of the anion with   c o s ⁡ ( ϕ )   < 0 is maintained at high MIBC concentrations, see Figure 8c,d. The implication is that strongly polarizable ions, such as iodides, remain close to the liquid–vapor interface and can coexist with surfactant molecules favoring their function. This is a big difference with chlorides, for example, in the surface tension of their solutions.




3.4. Surface Tension


Salts profoundly affect the structure of water at the liquid–vapor interface, in some cases limiting the surfactant capacity of molecules such as MIBC. One direct impact is on the surface tension of soluble salt solutions such as those considered here. Figure 9 shows surface tension versus MIBC concentration, expressed as the number of MIBC molecules, in the presence of 1 M alkali metal chloride and iodine salts at 300 K. Chlorides dominate the liquid–vapor interface even at relatively high MIBC concentrations, as shown in Figure 9. Still, they are not polarizable; thus, their effect is to stiffen the interface by increasing the surface tension. The result is very marked when the salt is NaCl 1 M. On the other hand, when the MIBC concentration is high enough, about 25 MIBC molecules, ca. 1.2 mM, very close to the experimental value [5,18,19,20] the MIBC manages to displace some Na and Cl ions to the bulk liquid and settle at the interface, in this case, the surface tension begins to be controlled by the MIBC. This behavior is less marked in KCl in the presence of MIBC, but it does exist. Some researchers even show experimentally that the behavior of KCl solutions is similar to that of NaCl [22]. A previous study [19] showed that this MIBC crossover concentration has apparently universal characteristics because it is the same for NaCl solutions in the concentration range of 0.1 to 3 M (see also [34]). Additionally, now, here we find that it is practically the same for solutions of chlorides other than NaCl, such as KCl and CsCl, Figure 9a. Unlike chlorides, iodide salts never interfere with the surfactant characteristic of MIBC, and thus the surface tension is not affected, as shown in Figure 9b.





4. Conclusions


Quite different molecular pictures characterize the liquid–vapor interfaces of solutions of alkali metal chlorides and iodides and MIBC in water. The halides are common in water of a secondary quality used today to deal with the scarcity of freshwater. According to the results, they could interfere with the function of the MIBC or determine the optimal dose of MIBC. Depending on the halide and MIBC concentration, the different interfacial profiles produce characteristic surface tensions. Highly ionic halides do not inhabit the interface; therefore, the surface tension is that of water with MIBC. The covalent halides coexist with the MIBC molecules at the interface where they organize as surfactants, but they clearly are not and thus do not change the surface tension relative to that of water with MIBC. A clear case is NaCl, which at a low MIBC controls the surface tension. The concentration at which the MIBC displaces NaCl ions to take control of surface tension is reproducible and measurable in the laboratory. Density profiles obtained by molecular dynamics with polarizable force fields show that small polarizing cations and non-polarizable anions generally move from the interface toward the liquid mass. Therefore, they do not interfere with the structure of the water, do not affect the function of the MIBC, and, consequently, do not change the surface tension concerning that of freshwater with MIBC. The same applies to non-polarizing ions that permanently inhabit the liquid bulk more preferentially. However, a halide with small ions such as NaCl falls short of this description. The difference in electronegativities between Na and Cl causes some of these ions, particularly Cl−, to remain at the interface, competing for space with MIBC molecules at low concentrations. At high concentrations, MIBC displaces Cl− ions toward the bulk of the solution to dominate the interface. The consequences on surface tension are well known. NaCl raises the tension of solutions distinctly above the tension of freshwater at low MIBC up to a critical concentration, which is when the MIBC takes control of the interface, a concentration that has been verified experimentally. The iodides here are all highly covalent with strongly polarizable I− ions. Even at high concentrations of MIBC they remain at the interface, although without interfering with the MIBC. Therefore, the tension of these solutions remains that of freshwater with MIBC. This work concludes that the behavior of NaCl is unique; the other halides present very different molecular profiles at the interface but do not affect the surface tension. We trust that the results of this study will contribute to the challenge of sustainably replacing fresh water with partially desalinated water and to the growing interest in lithium concentration from brines, which involve foam flotation and new chemistry and conditions.
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Figure 1. Simulation box for a typical water–ion–MIBC system at an early stage toward equilibrium. Larger molecules correspond to MIBC, blue and green spheres to cations and anions. Water is depicted with red lines. 
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Figure 2. MIBC number density profile in the z-direction perpendicular to the liquid-gas interface in salt-free systems at different MIBC concentrations (NMIBC). Negative values of z correspond to the region occupied by the liquid phase. 
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Figure 3. Location of the maximum MIBC concentration peak for increasing MIBC molecules from 1 to 40. Two cases: without salt and in the presence of salts, chlorides (a) and iodides (b). 
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Figure 4. Density Density profiles of chloride salt ions across the water liquid–vapor interface in all studied systems at different MIBC concentrations, (a,d) for NaCl, (b,e) for KCl, and (c,f) for CsCl. Number of MIBC molecules in the legends. Salt concentration is 1 M and temperature is 300 K. Negative values of z correspond to the region occupied by the liquid phase. 
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Figure 5. Density profiles of iodine salt ions across the water liquid–vapor interface in all studied systems at different MIBC concentrations, (a,c) for KI, and (b,d) for CsI. Number of MIBC molecules in the legends. Salt concentration is 1 M and temperature is 300 K. Negative values of z correspond to the region occupied by the liquid phase. 
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Figure 6. Definition of water orientation respect to the liquid–vapor interface. 
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Figure 7. Average water orientation represented by     cos  ⁡    ϕ       as a function of the distance from the liquid–vapor interface (plane z) and the concentration of MIBC (number of molecules in the legends) for freshwater (a) and solutions of chloride salts (b). Salt concentration is 1 M and temperature is 300 K. Negative values of z correspond to the region occupied by the liquid phase. 
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Figure 8. Average water orientation represented by     cos  ⁡    ϕ       as a function of the distance from the liquid–vapor interface (plane z) and the concentration of MIBC (number of molecules in the legends) for chlorides, KCl (a) and CsCl (b), and iodides solutions, KI (c) and CsI (d). Salt concentration is 1 M and temperature is 300 K. Negative values of z correspond to the region occupied by the liquid phase. 
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Figure 9. Surface tension versus concentration of MIBC in aqueous salt solutions, (a) chlorides, (b) iodides. Temperature is 300 K. The large open circle in (a) marks the crossover from interfaces controlled by chloride ions to interfaces controlled by MIBC. 
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