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Abstract


Following the successful utilization of various 1-alkyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ionic liquids (ILs) as effective solvents in the extraction of ethanol, 1-propanol, and 2-propanol from water, we conducted experiments to determine the liquid–liquid equilibria data for the ternary mixture comprising water, ethanol, and 1-decyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([dmim][Tf2N]) at temperatures of 283.2 K, 303.2 K, and 323.2 K under atmospheric pressure. The thermodynamic parameters for both ternary mixtures were calculated using the non-random two-liquid (NRTL) and universal quasichemical (UNIQUAC) models, yielding favorable results across all investigated conditions (rmsd < 0.65%). Subsequently, we explored the efficiency of [dmim][Tf2N] in separating azeotropic mixtures by analyzing the distribution coefficient and selectivity (K2 and S greater than 1 in all cases, with maximum values of 3.551 and 10.878, respectively). Comparative assessments were made against the performance of various 1-alkyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ILs and alcohols. The findings underscore the promising capabilities of [dmim][Tf2N] in achieving effective separation, providing valuable insights for potential applications in liquid–liquid extraction processes.
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1. Introduction


In the present day, it is widely recognized that environmental conservation plays a pivotal role in our society. Consequently, the chemical industry is earnestly striving to implement a comprehensive set of measures aimed at minimizing its environmental footprint while simultaneously adhering to stringent environmental regulations [1]. These efforts encompass various initiatives, such as chemical product recovery, curtailing chemical waste disposal, and rigorously monitoring and managing emissions.



Bioethanol is emerging as a viable alternative for various fuel applications, either as a standalone fuel or as an additive to gasoline [2]. The term bioethanol is widely accepted by the scientific community and refers to the origin of ethanol, which in this case is produced via fermentation. Moreover, fermentation broth is typically a highly diluted solution relative to the target product, making separation processes more costly. In particular, conventional methods such as distillation require significant energy consumption. This highlights the importance of exploring innovative separation alternatives that enable a more economically efficient recovery of bioethanol. Bioethanol adoption promises cleaner combustion, because of its higher octane rating than petrol, leading to reduced CO2 emissions and a potentially significant contribution to diminishing dependence on fossil fuels [3,4]. The production of bioethanol involves the fermentation of carbohydrates sourced from a diverse range of raw materials. The primary cost associated with bioethanol production lies in the purification process from fermentation broths. Approximately 6% of the energetic value of the compound is consumed during this purification, with a substantial portion utilized in separating the alcohol from the fermentation broth, predominantly composed of water [5,6]. This energy-intensive method presents ample room for improvement, prompting extensive research into alternative processes for recovering nearly anhydrous ethanol in recent years [7,8].



Traditionally, the separation of bioethanol or ethanol and water faces limitations due to the existence of the azeotropic point, necessitating a series of distillation columns [9]. To overcome this challenge, investigations have focused on the removal of the azeotrope using different ionic liquids (ILs) as entrainers for extractive distillation [10,11,12]. Liquid–liquid extraction stands out as another alternative for breaking the ethanol–water azeotrope, offering lower energy requirements compared to traditional methods [13,14].



To achieve the complete separation of this type of mixture in the simplest and most cost-effective way, it is essential to understand and predict the behavior of the phases involved in the process while obtaining accurate thermodynamic parameter values for the ternary system. Consequently, studying phase equilibrium in extraction processes is essential [15,16]. Furthermore, to achieve environmentally benign separation, it is crucial to select a non-toxic entrainer that does not contain flammable volatile organic compounds (VOCs). This is exactly where ionic liquids (ILs) emerge as a promising alternative to conventional organic solvents, which have been traditionally used as entrainers [17,18,19,20].



Ionic liquids (ILs) are a class of salts often referred to as “designer solvents” because their properties can be finely tuned by varying the choice of inorganic or organic anions and organic cations used in their composition [21,22]. ILs can be tailored to meet specific requirements and are distinguished by several unique properties. These include non-volatility, high viscosity, and density, a low melting point (which may contribute to their potential non-toxicity), tunable miscibility and polarity, exceptional thermal and chemical stability (often exceeding 623.2 K), non-flammability, high ionic conductivity, and a wide electrochemical potential window [23,24].



Consequently, extensive research has been conducted to explore new applications of ILs in the chemical industry [25,26], particularly in extraction processes. These innovative compounds merge the outstanding separation efficiency of solid salts with the practical handling advantages of liquid solvents. They have demonstrated remarkable azeotropic breaking capabilities, and their nearly complete recovery and recyclability can be achieved through flash distillation due to the differences between boiling points. In summary, the utilization of ILs as solvents in extraction processes yields both environmental and technological advantages [27,28,29].



Several research groups have investigated the effectiveness of various ionic liquids (ILs) in separating different azeotropic mixtures, often achieving promising results [30,31,32,33,34,35]; however, the selectivity or distribution coefficient results being close to unity raise questions about the economic feasibility of implementing these processes. To advance these investigations and achieve optimal total separation, it becomes imperative to identify the most efficient approach. In our research endeavors, we have delved into the study of various imidazolium ILs, namely1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([hmim][Tf2N]), 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([bmim][Tf2N]), and 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([emim][Tf2N]). Our investigations focus on the extraction of several alcohols from water (1-ethanol, propanol, and 2-propanol), revealing that a more cost-efficient separation is achieved with a longer alkyl chain in the imidazolium cation [36,37,38,39]. Similar trends were observed in a study by Liu et al., where the separation of 2-propanol from water using [hmim][Tf2N], 1-octyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([omim][Tf2N]), and [dmim][Tf2N] demonstrated improved cost efficiency with longer alkyl chains [40]. Taking all the aforementioned premises into account we find it pertinent to investigate the azeotropic breaking capacity of [dmim][Tf2N] IL in the separation of ethanol + water, as it would be the most suitable option for implementing the process at an industrial scale.



This study explores the separation of ethanol from water utilizing [dmim][Tf2N] across a temperature range of between 283.2 and 323.2 K through liquid–liquid extraction. This method capitalizes on the high solubility of ethanol on [dmim][Tf2N] and the partial miscibility of the IL with water. The experimental phase involves measuring liquid–liquid equilibria (LLE) and determining the binodal curve and tie lines for each ternary mixture. Correlating the LLE data using the non-random two-liquid (NRTL) [41] and universal quasichemical (UNIQUAC) [42] activity coefficients models allows for the calculation of thermodynamic parameters for each ternary system.



Furthermore, this study evaluates the entraining capability of [dmim][Tf2N] through distribution coefficient and selectivity values. Comparative analyses are conducted between the experimental LLE results of the ternary system and literature data for the same ternary mixture(water + ethanol + [dmim][Tf2N]) at other temperatures [43]. Additionally, the capacity of [dmim][Tf2N] to break the azeotrope is compared with other imidazolium ILs previously studied for ethanol–water separation ([hmim][Tf2N], [bmim][Tf2N], and [emim][Tf2N]) [44,45]. Finally, the ability of [dmim][Tf2N] to break azeotropic mixtures of water with different alcohols (ethanol, 1-propanol, and 2-propanol) is examined through the literature and results achieved. This comprehensive study, coupled with previous research, contributes to a deeper understanding of the impact of IL polarity, solubility, and distinct imidazolium cations on the separation of azeotropic mixtures.




2. Materials and Methods


2.1. Materials


The ionic liquid (IL) that was used as the entrainer, [dmim][Tf2N], was supplied by Iolitec (Heilbronn, Germany) (w > 0.9800, density of 1.27 g/cm3 at 30 °C, and a viscosity of 113 cP at 25 °C). Ethanol (w > 0.9980) and bidistilled water were obtained from Fluka (Buchs, Switzerland). All reagents were used without further purification. A detailed description of the chemical samples is provided in Table 1. To conserve the reagents in the best way, water and alcohols were degassed, and the IL was dried over molecular sieves (Union Carbide, type 4 Å, 1/16 in. pellets (Seadrift, TX, USA).



To verify that the ionic liquid, [dmim][Tf2N], does not contain volatile compounds and remains stable at the working temperatures, it was heated to the highest operating temperature (323.2 K) and weighed before and after to ensure no changes occurred.




2.2. Methods


The procedure for conducting liquid–liquid equilibrium (LLE) measurements and details about the equipment used have been comprehensively documented in a prior publication [46]. Here, we provide a brief overview.



Initially, a preliminary study is essential to determine the sample composition required to ensure that it falls within the two-phase region. This study also helps to establish the necessary time for achieving equilibrium (stirring and rest period). Taking into account this study different samples with known compositions are prepared in test tubes considering the overall immiscibility gap. These test tubes are then placed in a thermostatic bath, specifically the Unitronic Orbital from Selecta (Barcelona, Spain), which incorporates an Amarell thermometer with a calibration certificate supplied by VWR (Llinars del Vallés, Spain). The thermometer’s uncertainty is ±0.1 K in temperature measurements. The system includes a stirring mechanism.



To ensure that the equilibrium is achieved, the prepared samples are stirred for a duration of 10 h, with a stirring rate of 50 rotations per minute. Subsequently, the samples are allowed to rest completely for 12 h while maintaining a constant temperature.




2.3. Analysis


Equilibrium Analysis: Once the equilibrium state is achieved, samples are taken from each phase. These samples are subjected to gravimetric analysis and gas chromatography for a detailed composition analysis. This procedure ensures accurate LLE measurements and allows for a thorough understanding of the phase equilibria in the studied system. The equipment used, with its precise temperature control and stirring capabilities, plays a critical role in achieving reliable results.



To analyze the relative composition of the liquid phase and volatile compounds, a custom device developed by our research group for microdistillation [47] was employed. The analytical procedure, as previously described in a prior publication [44], is outlined below: 1. Methanol is added to the samples to enhance their homogeneity. 2. A Series Chromatograph is used, equipped with a Thermal Conductivity Detector (TCD), an HP3395 integrator, and a 2 m-long column with a 1/8-inch diameter, which is packed with Porapack Q-S 80/100 (all supplied by Agilent (Santa Clara, CA, USA). The chromatograph operates under the following temperature conditions: Detector: 493 K; Injector: 473 K, Column: 463 K; 3. Each measurement is conducted twice to ensure accuracy, with an uncertainty in the mole fraction of less than 0.02; 4. The total quantity of ionic liquid (IL) and volatile compounds in each sample is measured by calculating the weight difference between the initial mass of the sample and the mass recorded after heating it to ensure the complete evaporation of the volatile components.



This method allows for a precise analysis of the composition of both the volatile compounds and liquid phase, ensuring reliable results with low uncertainty. The microdistillation device and gas chromatograph play crucial roles in achieving these measurements accurately.





3. Results


3.1. Experimental Data


The equilibria data under atmospheric pressure for the mixture of water (1) + ethanol (2) + [dmim][Tf2N] (3) at different temperatures (283.2 K, 303.2 K, and 323.2 K) have been carefully determined. The resulting molar fraction data are presented in Table 2 and visualized in Figure 1, Figure 2 and Figure 3.



From these figures, it is evident that the equilibrium data of the ternary system exhibit a Type I behavior. This classification indicates that each ternary system consists of two miscible binary subsystems, ethanol + [dmim][Tf2N] and water + ethanol, alongside one partially miscible binary subsystem, namely, water + [dmim][Tf2N] [48].



The implications of this phase behavior are significant. It suggests that the separation of ethanol from water using this technique with [dmim][Tf2N] as a solvent holds great promise. The binodal curve is extensive, and upon closer examination, tie lines reveal that ethanol exhibits a higher affinity for [dmim][Tf2N] compared to water, resulting in a suitable slope of the distribution lines for the extraction process. Simultaneously, the solubility of water in [dmim][Tf2N] is relatively low. These findings underscore the azeotrope-breaking capacity of [dmim][Tf2N].
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Figure 1. Liquid–liquid equilibria of water (1) + ethanol (2) + [dmim][Tf2N] (3) system at (a) T = 283.2 K. Experimental data: (•) aqueous phase, (○) [dmim][Tf2N] rich phase, (—) experimental tie lines, (˗ ˗ ˗) calculated tie line using UNIQUAC model. Binodal curve calculated using: (· · ·) NRTL model, (˗ ˗ ˗) UNIQUAC model. 
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Figure 2. Liquid–liquid equilibria of water (1) + ethanol (2) + [dmim][Tf2N] (3) system at (a) T = 303.2 K. Experimental data: (•) aqueous phase, (○) [dmim][Tf2N] rich phase, (—) experimental tie lines, (˗ ˗ ˗) calculated tie line using UNIQUAC model. Binodal curve calculated using: (· · ·) NRTL model, (˗ ˗ ˗) UNIQUAC model. 






Figure 2. Liquid–liquid equilibria of water (1) + ethanol (2) + [dmim][Tf2N] (3) system at (a) T = 303.2 K. Experimental data: (•) aqueous phase, (○) [dmim][Tf2N] rich phase, (—) experimental tie lines, (˗ ˗ ˗) calculated tie line using UNIQUAC model. Binodal curve calculated using: (· · ·) NRTL model, (˗ ˗ ˗) UNIQUAC model.



[image: Processes 13 00580 g002]







[image: Processes 13 00580 g003] 





Figure 3. Liquid–liquid equilibria of water (1) + ethanol (2) + [dmim][Tf2N] (3) system at (a) T = 323.2 K. Experimental data: (•) aqueous phase, (○) [dmim][Tf2N] rich phase, (—) experimental tie lines, (˗ ˗ ˗) calculated tie line using UNIQUAC model. Binodal curve calculated using: (· · ·) NRTL model, (˗ ˗ ˗) UNIQUAC model. 
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In summary, the LLE data and phase diagrams highlight the potential of using [dmim][Tf2N] as an effective entrainer in the separation of ethanol from water, showcasing its favorable thermodynamic properties in this process.



The investigation of liquid–liquid equilibrium (LLE) was conducted across various operating temperatures, recognizing the pivotal role that temperature plays in the optimization process. Figure 4 presents the LLE data for each ternary system, plotted at different temperatures. As observed in Figure 4, the lowest temperature yielded one of the most extensive binodal curves, while higher temperatures resulted in tie lines with steeper slopes. Considering only these two factors, it becomes challenging to determine the optimal operating temperature. Therefore, it is imperative to complement these observations with an in-depth analysis of selectivity and distribution coefficients.



Also, in Figure 4, the experimental binodal curve results from the literature at 298.2 K [43] are presented for comparison with the results obtained in this study. Gao et al. conducted the LLE measurements at 298.2 K [43], indicating that the binodal curve should fall between the experimental binodal curves at 283.2 K and 303.2 K studied in our work. While this alignment holds true at the top and bottom of the binodal curve, it deviates in the middle section. Contrary to expectations, the experimental data from the literature, instead of matching the amplitude of the binodal curve at 283.2 K, display a lower amplitude and significantly deviate from the binary. Furthermore, similar to our previous findings in the comparison of experimental data for the ternary mixtures water + 2-propanol + [hmim][Tf2N] [38] or [dmim][Tf2N] [49], it appears that equilibrium was not reached in the LLE data. Consequently, the amount of water in the [dmim][Tf2N]-rich phase is higher than it should be. This discrepancy likely contributes to the observed smaller binodal curves than anticipated at the working temperatures. The results obtained for the binary mixture water + [dmim][Tf2N] [50] coincide with the results obtained in previous works and with the literature [49,51].
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Figure 4. Influence of the temperature on liquid–liquid equilibrium of the water (1) + ethanol (2) + [dmim][Tf2N] (3) system. Experimental data: (•), at 283.2 K; (▲), at 303.2 K; (■), at 323.2 K. Comparison with literature data: (◦), at 283.2 K [50]. 
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3.2. Data Correlation


The Chemcad regression tool [52] was employed to correlate the liquid–liquid equilibria (LLE) data at each temperature, utilizing NRTL [41] and UNIQUAC [42] models. These models are the most commonly used in separation processes. In the case of liquid–liquid extraction with ionic liquids, the e-NRTL model is also frequently employed. However, in this study, its application was attempted without success. This process involved introducing molecular weight, vapor pressure, and UNIQUAC structural parameters into the Chemcad computer program database. Specifically, the values for Antoine equation parameters for the IL were established to yield a vapor pressure of zero, considering the unique characteristics of ionic liquids (ILs). For UNIQUAC parameters, such as volume (r) and area (q), the literature-recommended values for the three components [53,54] were incorporated, as outlined in Table 3.



The αij parameter of the NRTL equation was set to 0.3 in all cases, as the literature recommendations typically range between 0.2 and 0.3 [48]. However, employing a value of 0.3 resulted in more accurate correlations. The objective function (OF) used to calculate the binary interaction parameters for both activity coefficient models is presented in Equation (1).


  O F =   ∑  k = 1   M      ∑  j = 1   2      ∑  i = 1   3          x   i j k   −     x  ^    i j k       2          



(1)




where x indicates the experimental mole fraction,     x  ^    is the calculate mole fraction, M is the number of tie lines and the subscripts i, j, and k denote component, phase, and tie line, respectively.



The agreement between the experimental and calculated data was obtained through the root-mean-square deviation (rmsd) shown in Equation (2).


  r m s d = 100 ·       ∑  k = 1   M      ∑  j = 1   2      ∑  i = 1   3             x   i j k   −     x  ^    i j k       2     6 M                 1   2       



(2)







In Table 4, the binary interaction parameters obtained for both models, NRTL and UNIQUAC, at different temperatures, together with their rmsd value, are presented. Furthermore, in Figure 1, Figure 2 and Figure 3, the calculated binodal curves with both models were compared. Both activity models, NRTL and UNIQUAC, accurately replicate the equilibrium data behavior, obtaining the worst agreement using the UNIQUAC model at the lower temperature studied, 283.2 K, probably due to the shape of the binodal curve at its base.





4. Discussion


The ability of an entrainer to separate an azeotropic mixture is evaluated based on two key parameters: the distribution coefficient, K2, and the selectivity, S. The distribution coefficient indicates how much solvent is necessary for the process, as well as their suitability. This parameter shows how differently the solubility of ethanol in the IL-rich phase is with respect to its solubility in the water-rich phase. Their definition is shown in the Equation (3).


    K   2   =      x   2 ,   I L   r i c h   p h a s e       x   2 ,   a q u e o u s   r i c h   p h a s e       



(3)







The selectivity indicates how much steps were necessary to extraction, and represents the ability of the ionic liquid as an entrainer to separate the ethanol from water:


  S =            x   2    /    x   1         I L   p h a s e             x   2    /    x   1         a q u e o u s   p h a s e       



(4)







The results derived from the investigation of ternary mixtures in this study consistently revealed distribution coefficients and selectivities exceeding unity, as summarized in Table 2 and illustrated in Figure 5. These findings strongly support the notion that the solubility of ethanol in [dmim][Tf2N] surpasses that in water, establishing the suitability of this ionic liquid for the effective separation of alcohol from water under the specified conditions. Notably, the graphical representation in Figure 5 highlights that, when the objective is ethanol purification, an escalation in temperature correlates with an enhanced solubility of the alcohol in the ionic liquid.



Moreover, in the studied ternary system, an increase in temperature significantly enhances both the distribution coefficient and selectivity. This temperature-induced enhancement signifies a cost-effective separation process requiring fewer extraction steps.



Taking into account the distribution coefficient and selectivity, the tie lines, and, finally, the binodal curve for the ternary system studied, the use of ionic liquid as an entrainer for the separation and break of the azeotropic mixture (water + ethanol) is suitable. With the [dmim][Tf2N], it is possible to achieve the total purification of ethanol from a water mixture. In addition, the use of a higher temperature, 323.2 K, could be considered after an economic study. An increase in the hydrophobicity of the IL with water is observed, along with a decrease in its interfacial tension. This could explain the minimal influence of temperature on the LLE data. A similar effect has been reported in previous studies on aqueous mixtures of other alcohols extracted with [dmim][Tf2N] [55].



The capability of [dmim][Tf2N] to separate azeotropic mixtures of alcohols (1-propanol, 2-propanol, and ethanol) from water is illustrated in Figure 6 through a comparison of the distribution coefficient and selectivity. As depicted in the figure, the selectivity values for the ternary system with 1-propanol are significantly higher than those for the other alcohols, with its distribution coefficient also being slightly greater. Next in line is 2-propanol, and the alcohol exhibiting the least favorable outcome is ethanol. The hydroxyl group in alcohols imparts polarity to the molecule and the ability to form hydrogen bonds. The carbonaceous portion is nonpolar and hydrophobic. As the length of the alcohol chain increases, its solubility in water decreases while increasing in less polar solvents [56]. Therefore, ethanol, having the shortest carbon chain, is the most polar and exhibits the highest affinity for water, resulting in the least effective separation from the ethanol–water mixture.



Both 1-propanol and 2-propanol have the same number of carbons and an alcohol functional group; however, due to the molecular configuration, 1-propanol [57] is more nonpolar than 2-propanol [58]. Consequently, 1-propanol has a lower affinity for water, and this difference may explain why 1-propanol shows superior results in the separation process using [dmim][Tf2N].



Additionally, Figure 7 depicts the results for the distribution coefficient and selectivity of the water + ethanol mixture using various imidazolio family ILs, namely, [dmim][Tf2N], [hmim][Tf2N], [bmim][Tf2N], and [emim][Tf2N], examined in this study and by our research group in previous works [44,45]. As evident in Figure 7, analogous to the characteristics of the binodal curve, [dmim][Tf2N] emerges as the IL providing superior results for both parameters for the ethanol + water mixture. It is followed by [hmim][Tf2N], [bmim][Tf2N], and, notably, [emim][Tf2N] stands out as the least recommended IL for the studied extraction process.



These trends affirm that increasing the alkyl length in 1-alkyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ILs enhances the miscibility of the less polar molecule of the azeotropic mixture, ethanol, in the IL used as the entrainer. This conclusion aligns with the findings of [59], who demonstrated that the rise in alkyl length in the family of ILs leads to lower incorporation of water under ambient conditions.




5. Conclusions


Understanding an entrainer’s effectiveness in separating an azeotropic mixture is crucial for accurately predicting the behavior of the ternary system. Reliable thermodynamic parameter values for the applied models are essential to ensure precise process simulation and optimal design.



With the objective to study the behavior of the [dmim][Tf2N] as an entrainer solvent to separate ethanol from water, the equilibrium data were measured for the ternary mixture, water (1) + ethanol (2) + [dmim][Tf2N] (3), at 283.2, 303.2, and 323.2 K and atmospheric pressure.



The large immiscibility region and the slope of the tie lines confirm that the solvent is suitable for the extraction process.



On the other hand, the influence of temperature on the equilibrium isotherms is minimal, making it advisable to carry out the extraction process at ambient temperature. This would result in a low energy requirement, making the process more environmentally and economically sustainable.



The experimental data were correlated with good results using activity models, NRTL, and UNIQUAC. This calculation will enable process simulation and economic analysis to determine the optimal final conditions for the extraction process.



Additionally, the distribution coefficient and selectivity were used to evaluate the effectiveness of [dmim][Tf2N] as an entrainer in azeotropic mixtures involving water and alcohols. Therefore, it would be valuable in future work, thanks to the modeling efforts made in this study, to focus on simulating the process to determine the solvent quantity and the number of stages. This would help optimize the process from an economic perspective, including the solvent recovery stage.



Based on all the results obtained, it can be concluded that [dmim][Tf2N] is an effective option for separating the water + ethanol mixture through liquid–liquid extraction, offering low cost, minimal environmental impact, and simplified purification steps.



Finally, the behavior of [dmim][Tf2N] was compared with other ILs of this family, [hmim][Tf2N], [bmim][Tf2N], and [emim][Tf2N]. It was concluded that, as the alkyl length in this IL family increases, the higher the solubility of the ethanol in the IL becomes, benefiting the purification of ethanol from water streams.
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Abbreviations


The following abbreviations are used in this manuscript:



	ILs
	ionic liquids



	[dmim][Tf2N]
	1-decyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide



	[emim][Tf2N]
	1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide



	[bmim][Tf2N]
	1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide



	[hmim][Tf2N]
	1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide



	[omim][Tf2N]
	1-octyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide



	NRTL
	non-random two-liquid model



	UNIQUAC
	universal quasichemical model



	LLE
	liquid–liquid equilibrium



	LVE
	Liquid–vapor equilibrium



	VOCs
	flammable volatile organic compounds



	K2
	distribution coefficient



	S
	selectivity
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Figure 5. Influence of temperature on (a) distribution coefficient (the difference in solubility of ethanol in the two phases) and (b) selectivity (the capability of the IL to extract ethanol from the water) for the water (1) + ethanol (2) + [dmim][Tf2N] (3) system: (•), at 283.2 K; (▲), at 303.2 K; (■), at 323.2 K. (with lines). 
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Figure 6. (a) Distribution coefficient (the difference in solubility of alcohol in the two phases) and (b) selectivity (the capability of the IL to extract alcohol from the water) for water (1) + alcohol (2) system at 323.2 K in different alcohols for [dmim][Tf2N] ionic liquid: (•), ethanol; (▲), 1-propanol [50]; (■), 2-propanol [50]. 
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Figure 7. (a) Distribution coefficient (the difference in solubility of ethanol in the two phases) and (b) selectivity (the capability of the IL to extract ethanol from the water) for water (1) + ethanol (2) system at 323.2 K in different ionic liquid: (▲), [emim][Tf2N] [45]; (•), [bmim][Tf2N] [44]; (♦), [hmim][Tf2N] [45]; (■), [dmim][Tf2N]. 
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Table 1. Description of the chemicals forming the azeotropic mixture, the entrainer, and the solvent used to carry out the experimental section.
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Chemical Name

	
Molar Mass

	
Source

	
Purity




	
(g/mol)

	
(Mass Fraction)






	
Water

	
18.02

	
Fluka

	
0.9950




	
Ethanol

	
46.07

	
Fluka

	
0.9980




	
Methanol

	
32.04

	
Across Organics

	
0.9997




	
[dmim][Tf2N]

	
503.53

	
Iolitec

	
>0.9800











 





Table 2. Distribution coefficient, selectivity, and ELL data at 101.30 kPa of the ternary mixture a at different temperatures.
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T (K)

	
[dmim][Tf2N]

	
Water

	
K2

	
S




	
Rich Phase

	
Rich Phase




	
x1

	
x2

	
x1

	
x2






	
283.2

	
0.195

	
0.000

	
1.000

	
0.000

	
-

	
-




	

	
0.179

	
0.117

	
0.936

	
0.064

	
1.821

	
9.519




	

	
0.215

	
0.243

	
0.875

	
0.125

	
1.942

	
7.894




	

	
0.246

	
0.362

	
0.803

	
0.197

	
1.840

	
6.011




	

	
0.281

	
0.416

	
0.741

	
0.258

	
1.615

	
4.262




	

	
0.315

	
0.452

	
0.695

	
0.301

	
1.500

	
3.308




	

	
0.393

	
0.474

	
0.605

	
0.380

	
1.248

	
1.924




	
303.2

	
0.241

	
0.000

	
1.000

	
0.000

	
-

	
-




	

	
0.237

	
0.153

	
0.944

	
0.056

	
2.725

	
10.846




	

	
0.257

	
0.249

	
0.903

	
0.096

	
2.580

	
9.081




	

	
0.290

	
0.346

	
0.846

	
0.153

	
2.261

	
6.590




	

	
0.327

	
0.391

	
0.810

	
0.189

	
2.070

	
5.130




	

	
0.378

	
0.426

	
0.758

	
0.239

	
1.780

	
3.572




	

	
0.430

	
0.433

	
0.705

	
0.288

	
1.503

	
2.464




	
323.2

	
0.291

	
0.000

	
1.000

	
0.000

	
-

	
-




	

	
0.310

	
0.178

	
0.950

	
0.050

	
3.551

	
10.878




	

	
0.345

	
0.308

	
0.892

	
0.107

	
2.869

	
7.411




	

	
0.411

	
0.379

	
0.829

	
0.170

	
2.232

	
4.501




	

	
0.470

	
0.395

	
0.778

	
0.218

	
1.810

	
2.999




	

	
0.569

	
0.365

	
0.706

	
0.276

	
1.322

	
1.640








a Water (1), ethanol (2). Standard uncertainties u are u(T) = 0.1 K, u(x) = 0.002.













 





Table 3. UNIQUAC structural parameters of pure components.
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Component

	
UNIQUAC Parameters




	
r

	
q






	
water

	
0.9200 a

	
1.3997 a




	
Ethanol

	
2.5755 a

	
2.5880 a




	
[dmim][Tf2N]

	
16.9766 b

	
13.7052 b








a Taken from the literature [53]; b Taken from the literature [54].













 





Table 4. NRTL and UNIQUAC binary interaction parameters for water (1) + ethanol (2) + [dmim][Tf2N] (3).
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T (K)

	
i–j

	
NRTL Parameters

	
rmsd (%)

	
UNIQUAC Parameters

	
rmsd (%)




	
α

	
Aij (J.mol−1)

	
Aji (J.mol−1)

	
Aij (J.mol−1)

	
Aji (J.mol−1)






	
283

	
1–2

	
0.3

	
134.31

	
−892.22

	

	
−1627.58

	
396.63

	




	
1–3

	
0.3

	
11,900.64

	
3186.91

	
0.56

	
961.16

	
5223.45

	
0.25




	
2–3

	
0.3

	
8322.68

	
−7066.68

	

	
−1548.61

	
1455.08

	




	
303

	
1–2

	
0.3

	
2480.38

	
−618.15

	

	
−2531.52

	
421.27

	




	
1–3

	
0.3

	
12,425.64

	
2546.94

	
0.63

	
179.17

	
6128.64

	
0.26




	
2–3

	
0.3

	
8316.60

	
−6542.99

	

	
3482.78

	
−3650.69

	




	
323

	
1–2

	
0.3

	
3103.66

	
−970.09

	

	
504.35

	
−1006.10

	




	
1–3

	
0.3

	
11,698.46

	
1702.14

	
0.61

	
939.76

	
5214.58

	
0.29




	
2–3

	
0.3

	
12,312.93

	
−8285.97

	

	
2169.72

	
−2060.89
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