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Abstract:  Ionic liquids (ILs) can be recycled as extractants for their low vapor pressure and 

volatility. More and more applications are applied to the separation of industrial organic matter. 

The industrial production of ILs has gradually been realized, which also widens the way for the 

application of ILs. In this work, the liquid-liquid extraction of cyclohexane-acetone azeotropic 

mixture with different ILs {1-butyl-3-methylimidazolium bis(trifluormethylsulfonyl), 

1-butyl-3-methylimidazolium trifluoromethansulfonate and 1-butyl-3-methylimidazolium 

dicyanamide} is studied. The extraction mechanism is discussed based on the molecular scale. The 

relationship between hydrogen bond donor and acceptor between ILs and acetone is analyzed by 

COSMO-SAC. The interaction between molecules is optimized and calculated by Materials 

Studio 7.0. The extraction ability of ILs is analyzed by radial distribution function, and the 

experimental results are verified. The liquid-liquid equilibrium test is carried out at 298.15K. 

Distribution and selectivity are indices used to judge the extraction efficiency of ILs. The NRTL 

model and UNIQUAC model are adopted to correlate the liquid-liquid equilibrium data. The 

results show that all of the two models can well correlate the experimental. 

Keywords: Liquid-liquid equilibrium; Molecular scale; Radial distribution function; Ionic liquids; 

Binary interaction parameters; Thermodynamic models 
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1. Introduction 

Acetone is an important chemical raw material which is used in the manufacture of bisphenol 

A, acetone cyanohydrin, hexanediol, etc [1-2]. Cyclohexane can be used as solvent of rubber, 

paint and varnish, diluent of adhesives and oil extractant [3]. The binary mixtures of acetone and 

cyclohexane can be used as mixed solvents [4-6], synthetic raw materials, or entrainers for 

supercritical fluid dissolution [7], and play an important role in chemical production and scientific 

research. In order to reduce the cost, it is hoped that the mixture of acetone and cyclohexane can 

be separated and recycled, but they form azeotropic system and can not be separated by 

conventional distillation. At present, for the separation of azeotropic systems, the main methods 

are adsorption, azeotropic distillation [8, 9], extractive distillation [10, 11], reactive distillation, 

salt-adding distillation, membrane separation, pressure-swing distillation [12, 13]. In addition, 

liquid-liquid extraction [14-16] is a widely used azeotrope separation method. Ionic liquids (ILs) 

are of great interest and potential in the liquid-liquid extraction due to their excellent properties, 

such as low vapor pressure, non-flammability and chemical/thermal stability, which make them to 

a favorable solvent compared to traditional organic solvents [17-21]. ILs also can simplify the 

solvent recovery process and achieve separation from other substances through flash evaporation 

[22-24].  

For the separation of different compounds, several potential mechanisms have been proposed 

to explain the separation process. For example, Cassandra et al. [25] reported the free energy of 

solubility calculated by conductor shielding model (COSMO-RS) is tallies well with the 

experimental results. Li et al. [26] used a DFT method to visually analyze the interaction 

properties. Wang et al. [27] believed that molecular dynamics is an effective tool to study LLE in 

mixtures containing polar and non-polar components. 

The extraction ability of ILs can be judged by calculating the interaction energy. The absolute 

value of interaction energy is positively correlated with the extraction ability of ILs. [28, 29] Then 

the extraction efficiency of acetone in the selected ILs is analyzed by using the radial distribution 

function (RDF). The calculated RDF diagram shows that the higher the peak value is positively 

correlated with the extraction effect of ILs. [30-32] The mechanism of the separation process 
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reveals the form and intensity of the interaction between ILs and acetone, which can guide the 

selection of subsequent extractants. Therefore, in this work, the mechanism of extraction is 

analyzed on the molecular scale. To explain the extraction theory between ILs and acetone, the 

relationship between donor and receptor of hydrogenation bond is verified by COSMO-SAC 

model. In addition, the possible interactions between molecules are confirmed by the bond length, 

interaction energy and electron density between the selected ILs and acetone. Then, the extraction 

efficiency of acetone from selected ILs are analyzed by using RDF. At the same time, to separate 

acetone-cyclohexane azeotropic mixture with ILs as extractant, the ternary LLE data are measured 

at 298.15 K for systems of {cyclohexane + acetone + 1-butyl-3-methylimidazolium 

bis(trifluormethylsulfonyl), [BMIM][OTF], cyclohexane + acetone + 

1-butyl-3-methylimidazolium trifluoromethansulfonate, [BMIM][NTf2], cyclohexane + acetone + 

1-butyl-3-methylimidazolium dicyanamide, [BMIM][N(CN)2]}. Then, β and S are obtained on the 

basis of the experimental data. Finally, the thermodynamic model NRTL and UNIQUAC are used 

to correlate the phase equilibrium data and the corresponding binary interaction parameters are 

obtained.   

2. Molecular scale analysis 

Abraham et al. [33] and Mali et al. [34] analyzed the effect of hydrogen bond on the 

extraction process of ILs and extracts. Therefore, after understanding the extraction mechanism, it 

is helpful to screen a series of ILs, which could be used to separate acetone from cyclohexane. 

2.1. COSMO-SAC model and σ-profiles analysis 

Klamt et al. [35] proposed the COSMO approach which allows for the calculation of a 

relatively simple, specific expression for the selecting energy of a molecule in a dielectric medium. 

In addition, Sandler et al. [36] propose a conductor-like shielding model with fragment activity 

coefficient (COSMO-SAC) to calculate the properties of various substances including ILs. This 

model is similar to COSMO-RS model and can be used to calculate the thermodynamic properties 

of the system. Because of the superiority of COSMO model, many quantum chemical calculation 

software (Guassian, TURBOMOLE, GAMESS and Material Studio) have COSMO calculation 

methods. At the same time, COSMO-SAC model has been extensively applied in the calculation 

of thermodynamic data of ILs systems [37-40].  
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Firstly, we get the molecular structure from the database (Scifinder, ChemSpider, and NIST 

database) and lead the molecular structure in the Materials Studio 7.0. Secondly, based on DMOL3 

module and DFT theory, the initial molecules structure are optimized. Among them, 

GGA/VWN-BP functional function is used. The actual space truncation value is set to 5.5 Å and 

the basic setting is DNP 4.4. Finally, each molecule forms COSMO files on the basis of geometric 

optimization. Meanwhile, the COSMO data of the selected ILs and acetone are imported into 

origin to obtain the ˰ -profile. The σ-profile of cyclohexane, acetone and ILs are shown in Figure 

1. In Figure 1, the σ-profile is separated into three areas by two perpendicular lines (σ= ± 0.0082 

e/Å-2). The middle part of −0.0082 e/Å-2 <σ < + 0.0082 e/Å-2 is the nonhydrogen bond region. The 

left side of σ < −0.0082 e/Å-2 is the hydrogen bond donor region. The right side of σ > + 0.0082 

e/Å-2 is the hydrogen bond acceptor region. 

Surface charge distribution of a molecule can be reflected by the σ-profile. According to the 

distribution region of the molecule in the σ-profile, the ability of acceptance or supply of hydrogen 

bond can be judged. By analyzing the supply or acceptance of hydrogen bonds by ILs, 

cyclohexane and acetone, it can be concluded that the extracted substances who are easier to form 

hydrogen bonds with ILs. In Fig. 1, [BMIM]NTF2, [BMIM]OTF and [BMIM]N(CN)2 exist in the 

range of [-0.015, 0.011] e/Å-2, [-0.011, 0.008] e/Å-2 and [-0.015, 0.010] e/Å-2,  which illustrates 

intense polarity at the regional of hydrogen donor. Cyclohexane are distributed from the scope of 

[-0.015, 0.006] e/Å-2 which illustrate intense polarity at the regional of hydrogen donor. Acetone is 

distributed within the scope of [-0.007, 0.015] e/Å-2 which illustrates intense polarity at the 

regional of hydrogen acceptor. Therefore, ILs are more likely to form hydrogen bonds with 

acetone.  
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Fig. 1. σ-Profiles for cyclohexane, acetone and different anions. 

2.2. Quantum chemical calculations 

The interaction between molecules is discussed based on the optimization of geometric 

configuration. Above, the donor-acceptor relationship of hydrogen bond can be gained by 

analyzing σ-profile. The analysis shows that acetone may form hydrogen bonds with selected ILs, 

so, the bond length, interaction energies and electron density analysis between selected ILs and 

acetone are analyzed to check above hypothesis. The calculation is divided into two steps. 

Firstly, the correct molecular structure is introduced into the Material Studio 7.0. and 

optimized in the Dmol 3 module. The parameter settings are the same as above. It is important to 

note that all structures must be the minimal energy in the global. All the molecules used in this 

paper must be optimized separately, and next the combined structures will be optimized again.  

After structural optimization, it can be seen from Fig. 2-4. that the atomic distance between 

oxygen atoms of acetone and hydrogen atom on a cation in ILs is less than the total of its van der 

Waals's radii. The distances between atoms are 2.047, 2.020 and 2.084. 
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Fig. 2. Hydrogen bonding length for [BMIM][NTF2] with acetone. 

 

Fig. 3. Hydrogen bonding length for [BMIM][OTF] with acetone. 

 

Fig. 4. Hydrogen bonding length for [BMIM][N(CN)2] with acetone. 

Secondly, the interaction energy is calculated in detail. After geometric optimization of 
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monomer or complex ligand, the energy calculation is carried out by this method. In order to make 

the results more accurate, the base set superposition error (BSSE) is corrected by the balanced 

correction method [41]. The calculation formula is as follows: 

ႤE = EAB – EA – EB + EBEES                                   (1) 

EBEES = EA – E(A,AB) + EB – E(B,AB),                                  (2) 

where EAB is the intermolecular interaction energy of A and B, EA and EB are the energy of 

molecule A(ILs) and B(acetone). E(B,AB) represents the energies of A in the A, B. The explanation 

of E(B,AB), is as mentioned above. The results of calculation are presented in Table 1. The calculated 

energies for acetone + [BMIM]NTF2/[BMIM]OTF/[BMIM]N(CN) 2 are -73.581476kJ·mol-1, 

-56.847552kJ·mol-1and -32.535705kJ·mol-1. This result indicates that there is a strong interaction 

between acetone and selected ILs. The order of interaction energy is [BMIM]NTF2 > 

[BMIM]OTF > [BMIM]N(CN) 2. 

The charge density between the selected ILs and acetone can be utilized for defining the 

formation of hydrogen bonds. Furthermore, the sum of electron density for ILs and acetone are 

shown in Fig. 5-7. The C-H⋯O interaction between the cation of [BMIM]NTF2/[BMIM]OTF 

/[BMIM]N(CN) 2 and acetone are apparent when the isovalue is 0.14, 0.15 and 0.14. 

 

Fig. 5. Total density maps of different isovalues for [BMIM][NTF 2] with acetone. 
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Fig. 6. Total density maps of different isovalues for [BMIM][OTF] with acetone. 

 

Fig. 7. Total density maps of different isovalues for [BMIM][N(CN) 2] with acetone. 

On the side, deformed electron density for selected ILs and acetone are shown in Fig. 8-10. 

Figure 8-10 shows a cross section of the deformation density, which illustrates that the C-H⋯O 

bonding interaction is easy to be determined. The bonding effect between the O atoms and H 

atoms in selected ILs in acetone is shown, which the region of receiving electrons around O atom 

is red, and the area of losing electrons surrounding H atom is blue. 
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Fig. 8. Deformation charge density maps for [BMIM][NTF2] with acetone. 

 

 

 

Fig. 9. Deformation charge density maps for [BMIM][OTF] with acetone. 

 

Fig. 10. Deformation charge density maps for [BMIM][N(CN)2] with acetone. 

2.3. Simulation methods 

Firstly, the molecular structures of selected ILs and acetone are downloaded from Chemical 

Book. Then, the partial charges of all molecules are obtained by the charge derivation method of 

restraining electrostatic potential [42, 43]. Generalized Amber Force Field functional modality is 

applied to shape the force field parameters of the compounds by ANTECHAMBER module [44, 

45]. 

In order to understand the structure of acetone in ILs, molecular dynamics simulation of 

ILs-acetone mixture is applied. At constant temperature (298.15 K) and 1 atm pressure, 
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GROMACS2018.432 software is used by Langevin thermostat and Nose-Hoover Langevin 

barostat [46, 47]. In order to deal with the long-range electrostatic interactions, the nonbonded LJ 

interactions are cut off at 12Å by applying long range tail corrections. All the initial simulation 

boxes are built using Packmol35 software. The dimension of the simulation box is about 

3.0×3.0×3.0 nm3 and it is made up of 100 acetone and 300 ILs. Solution-solvent interaction is 

described by OPLS atomic force field. At 293.15K and 1 bar, the energy of the system is 

minimized by preliminary simulation of 50000. Then, the system is gradually heated to 298.15K 

and lasts for 3ns in NVT ensemble. After reaching the expected temperature, the subsequent 

equilibrium is applied in NPT ensemble, lasting for 30ns. The following result is analyzed 

according to the trajectories obtained within the last 30ns NPT production operation. To obtain 

insight into the relationship between the acetone and different ILs, center-of-mass radial 

distribution functions (RDF) of the different ILs is derived from the MD trajectories, as shown in 

Fig. 11. The center of mass RDF has been computed using Visual Molecular Dynamics (VMD). In 

Fig. 11, the RDF of the acetone with different ILs shows peak height in the sequence of 

[BMIM]NTF 2 > [BMIM]OTF > [BMIM]N(CN) 2, which shows the strength of the interaction. 

This shows the extraction effect is [BMIM]NTF2 > [BMIM]OTF > [BMIM]N(CN) 2.   

 

Fig. 11. Radial distribution functions of ILs and acetone. 

 

 

3. Experiment 

After the above mechanism analysis, the result shows the extraction effect is [BMIM]NTF2 > 

[BMIM]OTF > [BMIM]N(CN) 2. Then, the LLE experiment is carried out to verify the analysis 
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results. 

3.1. Chemicals 

Cyclohexane with 99.5% mass fraction and ethanol with 99.8% mass fraction are purchased 

from Tianjin Kermel Chemical Reagent Co., Ltd., and acetone with 99.5% mass fraction is 

purchased from Yantai Far East Fine Chemical Co., Ltd. The purity of all the reagents used in the 

experiment is determined by gas chromatography (GC-2014C). All chemicals are directly used 

without further purification. All chemical structures, CAS numbers and other details are shown in 

Table 2. 

3.2. Apparatus and procedure 

The LLE for three ternary systems of {cyclohexane + acetone + [BMIM][OTF], cyclohexane 

+ acetone + [BMIM][NTF2], cyclohexane + acetone + [BMIM][N(CN)2]} are measured at 298.15 

K and 101.325 kPa. Relevant measuring procedure and equipment can be searched for in our 

previous work [48, 49]. The cyclohexane, acetone and the ILs are mixed into a mixture according 

to different mass ratios, and the mixture is placed in a self-designed equilibrium cell. The mixture 

is stirred vigorously for three hours with a stir bar of approximately 1000 r/min. The mixture is 

placed for about 15 hours and completely separated. In the process of mixing and standing, a 

cryostat (accurate to 0.05 K) is used to keep the temperature at 298.15 K. After a period of 

stationary time, the mixture is stratified.  

The gas chromatography (GC) packed column with Porapak Q column and thermal 

conductivity detector (TCD) was prepared. The carrier gas was helium with purity over 99.99%. 

In this experiment, ethanol is used as internal standard. The contents of acetone, cyclohexane and 

ethanol in the samples are determined by GC. Each sample should be analyzed at least three times. 

For ILs, the quality difference method is used to analyze the composition. The components of ILs 

were analyzed by mass difference method, due to ILs could not be detected by GC. Then samples 

were placed in a vacuum drying chamber with a temperature of 408.15 K for 48 hours. 

4. Results and discussion 

4.1. Experimental results 

The LLE data of cyclohexane (1) + acetone (2) + ILs (3) system at 298.15 K were 

determined. The results were shown in Table 3. Fig. 12-14 shows the contact tie-line of ternary 
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systems. When equilibrium is reached, the two liquid layers are called conjugated phases, and the 

line connecting the coordinates of the conjugated liquid phase is called the conjugated line. The 

extraction operation can only be carried out in the two-phase region, i.e. within the solubility 

curve. The three-phase diagram in this manuscript has a large immiscible region. From the 

three-phase diagram, the liquid-liquid extraction range of each system was wide and the selected 

ILs were suitable for the extraction of cyclohexane + acetone mixture.  

 

 

Fig 12. Experimental and calculated LLE data in mole fraction for the system of cyclohexane (1) 

+ acetone (2) + [BMIM][NTf2] (3) at 298.15 K. (■), experimental value; (●), calculated value by 

NRTL model; (▲), calculated value by UNIQUAC model. 

 

Fig 13. Experimental and calculated LLE data in mole fraction for the system of cyclohexane (1) 

+ acetone (2) + [BMIM][OTF] (3) at 298.15 K. (■), experimental value; (●), calculated value by 

NRTL model; (▲), calculated value by UNIQUAC model. 
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Fig. 14. Experimental and calculated LLE data in mole fraction for the system of cyclohexane (1) 

+ acetone (2) + [BMIM][N(CN)2] (3) at 298.15 K. (■), experimental value; (●), calculated value 

by NRTL model; (▲), calculated value by UNIQUAC model. 

 

In the process of liquid-liquid extraction, distribution coefficient (β) and separation factor (S) 

are important parameters for evaluating solvent separation performance. β and S show in Fig.15 

and Fig. 16. Formula β [50] and S [51] is defined as follows. 
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Where χ represents the mole fraction and subscript 1 represents cyclohexane subscript 2 

represents acetone. The superscript cyclohexane-rich indicates the cyclohexane enrichment phase 

and the IL-rich indicates the ILs enrichment phase. 

The calculated β and S values for the ternary system (cyclohexane-acetone-ILs) were shown 

in Table 3. The calculated value of β is greater than 1, which indicates that all ILs can extract 

acetone from cyclohexane effectively. 
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Fig. 15. Distribution coefficient (β) for ternary systems of cyclohexane + acetone + ILs, xII
2 is the 

mole fraction of acetone in ILs-rich phase. (□), cyclohexane + acetone + [BMIM][NTF2] at 

298.15 K; (■), cyclohexane + acetone + [BMIM][OTF] at 298.15 K; (▲), cyclohexane + acetone 

+ [BMIM][N(CN)2] at 298.15 K. 

 

Fig. 16. Separation factor (S) for ternary systems of cyclohexane + acetone + ILs, xII
2is the mole 

fraction of acetone in ILs-rich phase. (□), cyclohexane + acetone + [BMIM][NTF2] at 298.15 K; 

(■), cyclohexane + acetone + [BMIM][OTF] at 298.15 K; (▲), cyclohexane + acetone + 

[BMIM][N(CN) 2] at 298.15 K. 

 

4.2. LLE correlation 

The experimental data shown in Table 3 are correlated with NRTL and UNIQUAC models. 

Using the non-linear least squares method (programmed in MATLAB), the binary interaction 

parameters of NRTL and UNIQUAC models are determined by data regression in Table 3. The r 

and q values of UNIQUAC model are obtained by consulting literatures and the values are shown 

in Table 5. The molecular interaction is studied in a system of {cyclohexane + acetone + 
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[BMIM][NTF 2], cyclohexane + acetone + [BMIM][OTF] and cyclohexane + acetone + 

[BMIM][N(CN) 2]}. The liquid–liquid phase equilibrium [52] is expressed as follows : 

                                            (5) 

where χi
Ӏ is the mole fraction of component i in the organic rich layer, χi

II is the mole fraction 

of component i in the IL rich layer, λi
I , and λi

II are the activity coefficients of component i in the 

different layer. 

The binary interaction parameters (∆gij) and non-randomness factor (α) are used for the 

NRTL model, and the binary interaction parameters (∆uij) are used for UNIQUAC model. The 

binary interaction parameters of the NRTL and UNIQUAC are regressed by minimizing the value 

of the objective function (OF). The root mean square deviation (rmsd) determines the calculated 

value. The equations of the OF [53] and rmsd [54] are as follows: 

                              (6) 

                         (7) 

Where M represents the number of tie-lines, subscripts exp and calc represent the 

experimental data of each component and calculated values, and subscripts i, j, and k represent the 

component, phase, and tie-line. In Fig. 12-14, the connection line data between the two models 

and the experiments in three ternary systems are represented in three-phase diagrams. The rmsd of 

NRTL and UNIQUAC are given in Table 4. 

5. Conclusions 

In this paper, the extraction process of acetone from cyclohexane is studied by using quantum 

chemical calculation, RDF and phase equilibrium verification. For determining the interaction 

between molecules and separation ability, multi-scale simulation of extraction process is carried 

out. The donor-acceptor relationship of hydrogen bond is analyzed by σ-Profiles. At the same time, 

the C-H⋯O hydrogen bond between the selected ILs and acetone is certificated on the strength of 

the Dmol3 module calculations. The interaction energy between different ILs and acetone are 

calculated. The larger the absolute value of the interaction energy is, the stronger the interaction is, 
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and the better the extraction effect of ILs on acetone is. The order of interaction energy is 

[BMIM]NTF 2 > [BMIM]OTF > [BMIM]N(CN) 2. According to the calculated RDF graph, the 

higher the peak is, the better the extraction effect of ILs is. The extraction effect is [BMIM]NTF2 > 

[BMIM]OTF > [BMIM]N(CN) 2. Meanwhile, the experimental LLE data is determined by 

measuring the cyclohexane + acetone + ILs ternary system at 298.15 K and 1 bar, systems of 

cyclohexane + acetone + [BMIM][NTF2], [BMIM][OTF], and [BMIM][N(CN) 2] show great 

separation effect. The experimental results are shown in Table 3. ˟  and S are important 

parameters for evaluating solvent separation performance. According to the experimental results, 

the extraction capacity is [BMIM]NTF2 > [BMIM]OTF > [BMIM]N(CN) 2. These results are in 

good agreement with the experimental result. Therefore, these three studies have investigated that 

ILs are suitable solvents for acetone purification. Finally, NRTL and UNIQUAC models are used 

to verify the accuracy of the experiment. 
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Table 1. Interaction energies between ILs and acetone. 

System E（hartreea） EBSSE △E 

   (kJ·mol-1) 

acetone -189.167163   

[BMIM]NTF 2 -2251.239308   

[BMIM]OTF -1375.750388   

[BMIM]N(CN) 2 -654.334722   

[BMIM]NTF 2 + acetone -2443.900088 -0.001361 -73.581476 

[BMIM]OTF + acetone -1578.066862 -0.001472 -56.847552 

[BMIM]N(CN) 2 + acetone -856.766519 -0.000785 -32.535705 

a1 hartree = 27.211 eV = 627.509 kcal·mol −1 = 2625.753 kJ·mol −1. 
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Table 2. Sources, CAS number, molar mass, purification, water contents by mass, ww, and analysis method of the chemicals used in this work. 

aAnalysis by supplied 

 

Chemical Source CAS number Structure Molecular 

formula 

Molar 

mass/(g·

mol-1) 

Mass purity 

stated by 

supplier 

ww 

/10-6 

Analysis 

method 

cyclohexane 

 

Tianjin Kermel Chemical Reagent 

Co., Ltd. 

110-82-7 

 

C6H6 32.04 0.995a  GC 

acetone 

 

Tianjin Kermel Chemical Reagent 

Co., Ltd. 

67-64-1 

 

CH3COCH3 58.08 0.995a  GC 

[BMIM][NTF 2] Lanzhou Institute of Chemical 

Physics, Chinese Academy of 

Sciences. 

174899-83-3 

 

[C8H15N2]C2F6NO4S2 419.37 0.980a <500a  

[BMIM][OTF] Lanzhou Institute of Chemical 

Physics, Chinese Academy of 

Sciences. 

174899-66-2 

 

[C8H15N2]CF3O3S 288.29 0.980a <500a  

[BMIM][N(CN) 2] Lanzhou Institute of Chemical 

Physics, Chinese Academy of 

Sciences. 

174501-64-5 

 

[C8H15N2]C2N3 284.18 0.980a <500a  
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Table 3. Experimental LLE data on mole fraction x, distribution coefficient β and separation 

factor S for ternary systems of cyclohexane (1) + acetone (2) + ILs (3) at T = 298.15 K and P= 

101.325 kPa a. 

 Lower phase 
β

 S 

x1
 x2 x1

 x2 

cyclohexane (1) + acetone (2) + [BMIM][NTf2] (3) 298.15 K 

0.9729 0.0271 0.1261 0.4242 15.6531 120.7687 

0.9480 0.0518 0.1266 0.5098 9.8417 73.6961 

0.8939 0.1060 0.1273 0.6153 5.8047 40.7607 

0.7863 0.2131 0.1714 0.6940 3.2567 14.9401 

0.7643 0.2347 0.1954 0.6980 2.9740 11.6327 

0.7129 0.2856 0.2144 0.6988 2.4468 8.1358 

cyclohexane (1) + acetone (2) + [BMIM][OTF] (3) 298.15 K 

0.9824 0.0176 0.0835 0.2216 12.5909 148.1354 

0.9620 0.0380 0.0767 0.3654 9.6158 120.6048 

0.9334 0.0666 0.0776 0.4304 6.4625 77.7328 

0.8782 0.1218 0.0798 0.5396 4.4302 48.7546 

0.8370 0.1629 0.0920 0.6250 3.8367 34.9057 

0.7691 0.2307 0.0918 0.6759 2.9298 24.5457 

0.6987 0.3003 0.0999 0.7095 2.3626 16.5243 

cyclohexane (1) + acetone (2) + [BMIM][N(CN)2] (3) 298.15 K 

0.9873 0.0127 0.0331 0.1359 10.7008 319.1809 

0.9464 0.0535 0.0441 0.3157 5.9009 126.6359 

0.8739 0.1259 0.0471 0.4699 3.7323 69.2501 

0.8445 0.1552 0.0505 0.5568 3.5876 59.9951 

0.7561 0.2436 0.0649 0.6190 2.5411 29.6038 

0.6720 0.3275 0.0681 0.6764 2.0653 20.3805 

0.6596 0.3398 0.0755 0.6834 2.0112 17.5705 

a Standard uncertainties u are u (xi) = 0.0119, u(T) = 0.05 K, u(p) = 1.5 kPa, u (mi) = 0.0006g 

u (m) = 
���

√�
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Table 4. Binary interaction parameters ∆gij  , ∆gji and nonrandomness factor α for NRTL 

model, binary interaction parameters ∆uij and ∆uji for UNIQUAC model and 

root-mean-square deviations, obtained from the experimental LLE data of studied ternary 

systems by NRTL and UNIQUAC models at T = 298.15 K and P = 101.325 kPa a. 

i-j 
(kJ·mol-1) (kJ·mol-1) 

rmsd  
NRTL parameters 

cyclohexane (1) + acetone (2) + [BMIM][NTF2] (3) 298.15 K 

1-2 0.7477 1.1098 0.0023 0.20 

1-3 12.5892 1.2939  

2-3 0.5699 -2.8837   

cyclohexane (1) + acetone (2) + [BMIM][OTF] (3) 298.15 K 

1-2 0.6162 0.9051 0.0029 0.20 

1-3 
9.2775 

 
1.1348   

2-3 4.7574 -3.5896   

cyclohexane (1) + acetone (2) + [BMIM][N(CN)2] (3) 298.15 K 

1-2 0.4392 1.5175 0.0073 0.20 

1-3 9.3129 1.8350   

2-3 4.2120 -2.3468   

i-j 
(kJ·mol-1) (kJ·mol-1) 

rmsd  
UNIQUAC parameters 

cyclohexane (1) + acetone (2) + [BMIM][NTf2] (3) 298.15 K 

1-2 0.1489 1.7491 0.0124  

1-3 1.7937 0.4763  

2-3 -2.0992 1.1814  

       cyclohexane (1) + acetone (2) + [BMIM][OTF] (3) 298.15 K  

1-2 1.0005 0.4829 0.0196  

1-3 0.3684 1.6628  

2-3 -2.4199 1.8183  

       cyclohexane (1) + acetone (2) + [BMIM][N(CN)2] (3) 298.15 K  

1-2 2.6727 -0.2270 0.0180  

1-3 0.0852 3.1098  

2-3 -0.2886 1.1962  
a Standard uncertainties u were u(T) = 0.05 K 

  

∆ ijg ∆ jig α

∆ iju ∆ jiu
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Table 5. Volume (r i) and surface area (qi, qi 
') of UNIQUAC equation 

Component r i
 qi

 qi
 ' 

cyclohexanea  4.0464 3.2400 3.2400 

acetoneb  2.5730 2.3360 2.3360 

[BMIM][NTf 2]
c 11.9640 9.7530 9.7530 

[BMIM][OTF] d  12.4600 7.5180 7.5180 

[BMIM][N(CN) 2]
e 22.6300 14.8600 14.8600 

aFrom reference [55] 
bFrom reference [56] 
cFrom reference [57] 
dFrom reference [58] 
eFrom reference [59] 

 

 



1.The extraction process was studied by using quantum chemical calculation and RDF. 

2. LLE data of cyclohexane + acetone + IL systems were measured. 

3. The NRTL and UNIQUAC models were applied to correlate the studied system. 
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