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Abstract 

Biorefineries use a variety of separation methods in order to produce high value co-products from different feed 
streams. The ionic liquids (IL) represent new classes of non-volatile selective solvents with large solubility, low 
solution viscosities, low toxicity. In this work, a computational study on extractive distillation using ionic liquids 
aiming to improve the properties of separation and lower energy consumption compared to conventional extraction 
agents, showing significant potential for this application, was developed. The ternary vapor liquid equilibrium data 
were taken from literature and the process was modeled and simulated using Aspen Plus TM process simulation 
environment. Computed results showed that 1-Butyl-3-methylimidazolium methyl sulfate ([emim][mSO4]) consumes 
lesser energy per kilogram of anhydrous ethanol, obtaining an ethanol purity of 0.995 (in mass) and an ethanol 
percentage recovery of 99.9 wt%. 
 
© 2012 Published by Elsevier Ltd. Selection under responsibility of the Congress Scientific Committee 
(Petr Kluson) 
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1. Introduction 

Currently, worldwide, due to technological advances in the production of ethanol, there is great 
potential to reduce energy consumption and to avoid separating agent loss in sugar and alcohol industries, 
as well as to the increased production of hyperazeotropic ethanol (ethanol above azeotropic point with 

 

* Corresponding author. Tel.: +55 19 3521 3971; fax: +55 193521 3910. 
E-mail address: jaiver1986@feq.unicamp.br. 

Available online at www.sciencedirect.com

Open access under CC BY-NC-ND license.

Open access under CC BY-NC-ND license.

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 

https://core.ac.uk/display/81181274?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://creativecommons.org/licenses/by-nc-nd/3.0/


1017  J. J. Figuero et al.  /  Procedia Engineering   42  ( 2012 )  1016 – 1026 

water). In this context, one of the research aims is to establish an upgrade and efficient method of ethanol 
dehydration in order to introduce innovations related to solvents used in conventional processes such as  
ethylene glycol [1]. Thus, extractive distillation with different extractive agents needs to be studied for the 
separation of azeotropic ethanol-water mixture with minimum boiling point ( 351.25 K) and ethanol mass 
composition of 0.956 ethanol at 101.325 kPa. 

In order to increase the economic efficiency of ethanol fuel compared to the production of other fuels, 
several optimization strategies have been proposed involving the purification of ethanol, especially related 
to concentration and dehydration [2], steps that involve a large amount of energy [3]. 

Bearing this in mind, in this work, it is proposed an alternative and efficient technology for the 
production of anhydrous ethanol, comprising an intensified process through the use of different mass 
separating agents, more specifically ionic liquids, in the extractive distillation process. Ionic liquids (IL) 
are generally defined as organic salts, liquid below 373K and represent a new class of solvents, non-
volatile and soluble. They have the advantages of high separation ability, easy operation and zero 
contamination of the distilled products, and are relatively new, with attractive features for applications in 
industrial processes, among them, employment as an agent of mass separation azeotropic mixtures or 
mixtures with close boiling points [4, 5]. Different IL’s can replace toxic and hazardous components such 
as ethylene glycol, diethyl ether, pentane or benzene. 

Several authors have studied phase equilibrium of mixtures ethanol/water/IL, showing that it is 
thermodynamically possible to obtain anhydrous ethanol using IL [6-15]. The authors and their respective 
IL’s studies are reported in Table 1.  

The literature present computational studies about azeotropic separation process for ethanol/water 
mixtures using [emim][ BF4] and [emim][ DEP] with ethanol mass purity upper 0.995 [5, 11]. 

In this work, based on the fact that the dehydration of ethanol using IL is thermodynamically possible, 
the simulated process allows to confirm the possibility of applying the extractive distillation using IL, in 
order to get the separation of an azeotropic mixture and to check the features of ionic liquids as separating 
agents, comparing the efficiency of the process and evaluating different IL’s in relation to other solvents. 

The objective of this study was to model the ionic liquids and to simulate a system of two distillation 
columns (purification of ethanol and recovery of IL), using IL`s as solvents to perform the separation of 
ethanol from the azeotropic mixture formed with water. Eight (08) IL’s from Table 1 were analyzed in 
this study: [bmim][Cl], [emim][Cl], [bmim][mSO4], [emim][BF4], [bmim][OAc], [bmim][BF4], 
[bmim][N(CN)2] and [hmim][Cl]. These IL’s were selected with the criteria of availability of 
physicochemical properties and equilibrium data published in the open literature [8, 9, 14]. 
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Table 1. Application of ionic liquids as mass separating agents in the dehydration of ethanol. The respective experimental data for 
vapor liquid equilibrium are reported in the literature 

Ionic liquids 
Abbreviation Reference 

Cation Anion 

1-Butyl-3-Methylimidazolium 
Tetrafluoroborate 

[bmim][BF4] [11] 
1-Ethyl-3-Methylimidazolium [emim][BF4] 
1-Butyl-3-Methylimidazolium Chloride [bmim][Cl] [6] 
1-Methyl-3-Methylimidazolium Dimethyl phosphate [mmim][DMP] 

[15] 
1-Ethyl–3-Methylimidazolium Diethyl phosphate [emim][DEP] 

1–Butyl-3-Methylimidazolium 
Bromide [bmim][Br] 
Chloride [bmim][Cl] 
Hexafluoride phosphate [bmim][PF6] 

1-Ethyl-3-Ethylimidazolium Diethyl phosphate [eeim][DEP] [10] 

1-Ethyl-3-Methylimidazolium 
Diethyl phosphate [emim][DMP] [12] 
Ethyl sulfate [emim][ES] [13] 

1-Hexyl-3-Methylimidazolium Chloride [hmim][Cl] [7] 
1-Butyl-3-Methylimidazolium 

Tetrafluoroborate 
[bmim][BF4] 

[9] 

1-Ethyl-3-Methylimidazolium [emim][BF4] 
1-Butyl-3-Methylimidazolium 

Dicyanamide 
[bmim][N(CN)2] 

1-Ethyl-3-Methylimidazolium [emim][N(CN)2] 
1-Butyl-3-Methylimidazolium 

Acetate 
[bmim][OAc] 

1-Ethyl-3-Methylimidazolium [emim][OAc] 
1-Butyl-3-Methylimidazolium 

Chloride 
[bmim][Cl] 

1-Ethyl-3-Methylimidazolium [emim][Cl] 
1-Hexyl-3-Methylimidazolium [hmim][Cl] [14] 
1-Butyl-3-Methylimidazolium Methyl sulfate [bmim][mSO4] [8] 
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2. Methodology 

The flowsheet of the extractive distillation process for modeling and simulation is presented in Figure 
1. This flowsheet consists of a mixer (B1), two distillation columns (B2 and B3), a splitter (B4) and a heat 
exchanger (B5). 

2.1. Description of Equipment Used in the Extractive Distillation Process 

-Mixer (B1) mixes IL recycle with IL makeover. 
-Ethanol purification column (B2) raising the ethanol concentration above azeotropic point. The 

products were water (at the bottom of the column) and ethanol (at the top of the column). 
-IL Recovery column (B3) retrieves the IL used. The IL leaves at the bottom and the water leaves at 

the top. 
-Splitter (B4) purges the system, preventing the IL accumulation. 
-Heat exchanger (B5) cools the IL recycle and prevents a drop in the thermal efficiency in column B2. 

2.2. Thermodynamics Modeling 

The IL’s were modeled as pseudocomponent in the Aspen PlusTM process simulation environment 
based on the molecular structure, using properties such as, molar mass, density of the liquid (ρ), heat 
capacity (Cp), normal boiling temperature (Tb), critical properties, and vapor pressure (Pv). The 
physicochemical properties mentioned above were found in the literature and others were estimated, 
according to methods presented in Table 2. The Tb, critical properties and Pv were estimated by the 
modified Lydersen-Joback-Reid method [16]. 

The modeling of the vapor liquid equilibrium of the ternary system ethanol/water/IL was based on an 
asymmetric approach, in which the vapor phase was considered ideal and the liquid phase was considered 
not ideal; the activity coefficient was calculated with NRTL (Non Random Two Liquids) model. Studies 
presented in Table 1 show equilibrium data of the ternary system and thermodynamic parameters such as 
binary interaction parameters and non-random factor parameter. 

 

Fig. 1. Flowsheet of the extractive distillation process using Aspen PlusTM. B1: mixer, B2: Ethanol Purification column, B3: IL 
Recovery Column, B4: Splitter and B5: Heat exchanger. 
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Table 2. Properties of selected ionic liquids 

Ionic Liquid 
Molecular 

formula 
Molar mass Cp* [J/mol K] ρ* [kg/m3] Tb [K] 

[bmim][Cl] C8H15ClN2 174.67 327.4 [17] 1080.0 [18] 547.5 

[bmim][ mSO4] C9H18N2O4S 250.32 375.0 [19] 1196.3 [20] 501.7 

[bmim][ OAc] C10H18N2O2 198.26 383.2 [21] 1053.0 [22] 725.3 

[bmim][ BF4] C8H15BF4N2 226.02 368.5 [23] 1194.8 [24] 438.9 

[bmim][N(CN)2] C10H15N5 205.26 364.6 [25] 1099,4 [25] 650.3 

[emim][ Cl] C6H11ClN2 146.62 Estimated by Kesler – Lee method [26] 1186.0 [27] 484.6 

[emim][ BF4] C6H11BF4N2 197.97 306.8 [23] 1222.3 [28] 722.6 

[hmim][Cl] C10H19ClN2 202.72 Estimated by Kesler – Lee method [26] 1040.4 [29] 593.2 

* At T = 298 K and P = 101.3 kPa 

2.3. Process simulation 

The process was simulated with a processing capacity of 500 m3/day at 101.3 kPa. The operation and 
design conditions were called input variables (InVar) and these were: Stream 1 temperature [K] and 
Stream 2 temperature [K], reflux ratio in columns B2 and B3, molar distillate rate [kmol/h] in columns B2 
and B3, number of stages in columns B2 and B3, feed stage of column B2 and B3, feed stage of the IL in 
column B2, ethanol mass fraction in the feed stream and the mass ratio IL:Feed.  

The output variables (OutVar) analyzed were chosen as representing the economic viability of the 
process. These were: heat duty (GJ/s) of column B2 and of column B3, the sum of heat duty of columns 
B2 and B3, the ethanol mass purity in the stream 4 and the water mass purity in the stream 6 and the 
recovery mass percent of ethanol and water. 

Column model used was the RadFrac column available in the Aspen PlusTM. This model uses rigorous 
calculation, defined by the MESH equations (mass balances, equilibrium relationships, sum of 
compositions and enthalpy equations). The numerical solution was carried out simultaneously solving the 
MESH equations for the ternary system at each stage, using as numerical method the Broyden quasi-
Newton method. 

Initial conditions for input variables were based on the published work of extractive distillation 
processes using the separation mass agents as hyperbranched polymers [4], bioglycerol [30], 
[emim][DEP] [5], ethylene glycol and tetraethylene glycol [31]. Hence, simulations were computed with 
modifications on the initial conditions to achieve ethanol purity values higher than 0.995 (considering as 
stopping criterion). 

3. Results and Discussion 

In this study, the input variables were analyzed in order to satisfy the stopping criterion, confirming 
that in the studied process it was possible to obtain anhydrous ethanol. Values are reported in Table 3. 



1021  J. J. Figuero et al.  /  Procedia Engineering   42  ( 2012 )  1016 – 1026 

Table 3. Input variables used in each simulation with the respective IL studied 

InVar 
[bmim] 

[Cl] 

[emim] 

[Cl] 

[bmim] 

[mSO4] 

[emim] 

[BF4] 

[bmim] 

[OAc] 

[bmim] 

[BF4] 

[bmim] 

[N(CN)2] 

[hmim] 

[Cl] 

Stream 1 temperature 350 295 350 350 350 350 350 350 

Stream 2 temperature 350 295 295 295 350 330 350 350 

 Reflux ratio in the column B2  2.0 1.8 2.0 2.0 2.0 2.0 2.0 2.0 

 Reflux ratio in the column B3 1.8 2.0 2.0 2.0 2.0 2.0 2.0 2.0 

Molar distillate rate in the 
column B2 332 330 330 340 340 338 340 340 

Molar distillate rate in the 
column B3 70 60 70 70 70 65 70 70 

Number of stages in column B2  27 33 33 33 33 30 33 33 

Number of stages in column B3 10 12 12 18 18 15 18 15 

Feed stage of column B2 19 26 20 28 26 29 26 28 

Feed stage of column B3 10 6 11 10 6 12 2 11 

Feed stage of the IL in column 
B2  2 6 6 19 6 4 2 11 

Ethanol mass fraction in the feed 
stream  0.9000 0.8900 0.9300 0.9300 0.9300 0.9300 0.9300 0.9300 

Mass ratio IL:Feed  2.500 0.970 0.500 0.500 0.500 0.095 0.350 0.100 

 
As can be seen in Table 3, the used values of InVar were almost the same for all studied IL’s. 

However, for the variables Molar distillate rate in the column B2, Feed stage of column B2, Feed stage of 
column B3, Feed stage of the IL in column B2  and Mass ratio IL:Feed  it was not possible to use similar 
values for all IL’s because the values of ethanol purities were lower than 0.995 (wt). Furthermore, with 
the simulations trials, it was possible to obtain anhydrous ethanol (ethanol purity higher than 0.995), using 
the different IL’s. Figure 2 presents the required amounts of IL for ethanol dehydration. 

 

Fig. 2. Ethanol mass purity in the stream 4 and their respective Mass rate ratio IL: Feed obtained from simulations using different 
IL’s 
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All IL’s reached the anhydrous ethanol with purity higher than 0.995, using a mass ratio IL:Feed in the 
range of 0.095 to 2.5, which can be considered as acceptable values and  presents a great potential in this 
type of separation process. However, in IL [bmim][Cl] and [Emim][Cl] case studies it is required a mass 
ratio IL:Feed of 2.5 and 0.97, respectively, constituting the highest amounts in the process. 

In addition, studying the IL [bmim][N(CN)2] it was possible to achieve an ethanol purity of 0.997 and 
using a mass ratio IL:Feed equal to 0.35, considered relatively low. 
 

 

Fig. 3. Mass recovery percentage of the ethanol and water obtained from simulation 

Figure 3 shows that with the most of IL’s it is possible to get to recover the ethanol with high 
efficiency (about 100%) which it is important in this type of process assaying high product purities and 
efficient recoveries. On the other hand, based on the low IL’s volatilities, using [bmim][mSO4], 
[bmim][OAc], [bmim][BF4], [bmim][N(CN)2], [emim][BF4], [hmim][Cl] it is possible to reach high 
water purification (>90 wt%). 

Nevertheless, analyzing the [bmim][mSO4] and considering a mass ratio IL:Feed equals 0.5 (Figure 2) 
it was pointed out that ethanol recovery only gets 96.6 wt% (Figure 3). 

The reboiler duties of columns B2 and B3 and the sum of heat using different IL’s is shown in Figure 
4. The IL’s [emim][BF4] and [bmim][BF4] had the highest heat duty sum of columns B2 and B3 with 
149.56 and 134.39 GJ/s, respectively. The lowest heat duty sum of columns B2 and B3 was 46.70 GJ/s 
got through simulations using the IL [hmim][Cl]. 
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Fig. 4. Energy requirements on dehydration ethanol process 

Figure 4 presents that heat duty in the reboiler of column B3 was always smaller than heat duty in the 
reboiler of column B2 , the difference ranged from 6.62 % to 53.41 % for [bmim][mSO4] and 
[hmim][Cl], respectively. This difference can be explained by the fact that the ethanol dehydration 
process occurs in this column. 

Table 4 shows the comparison of the energy requirements using the different separating agents, 
comparing the values reported in the literature [1, 4, 30, 32-34] and the values found in this study. Hence, 
it is clear that the IL's have higher values than the others separating agents. It is possible to appreciate that 
[emim][BF4] IL uses the most energy per kilogram of anhydrous ethanol obtained, and this value is about 
nine times higher than the required when glycerol is used. 

The [hmim][Cl] was the IL that uses the least amount of energy, requiring 46.70 GJ/s for a kilogram of 
dehydrated ethanol (0.9300 to 0.9962 in mass) when compared with gasoline as conventional mass 
separation agent (Table 4). 

The results of the simulations are not as attractive from the energetic point of view. Nevertheless, IL's 
bring great advantages related to the distillated products purity and high recovery percentages of ethanol, 
about 95 wt% as shown in Figures 2 and 3. 
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Table 4. Energy required to the ethanol dehydration process 

Mass separating agent kJ / kg of anhydrous ethanol Reference 

Ethylene glycol 1760 [1] 

Polyglycerol 2094 [4] 

Glycerol 1057 [30] 

Gasoline 3180 [32] 

Ethylene glycol + potassium acetate 3580 [33] 

Ethylene glycol + calcium chloride 1425 [34] 

[bmim][Cl] 4359 

In this work 

[emim][Cl] 3278 

[bmim][mSO4] 4118 

[emim][BF4] 9606 

[bmim][Oac] 3086 

[bmim][BF4] 8689 

[bmim][N(CN)2] 4334 

[hmim][Cl] 3008 

4. Conclusion 

The extractive distillation process of ethanol + water mixture, using IL’s was presented as a 
computational approach. The Aspen PlusTM process simulation environment was shown to be an 
appropriate tool for the study of the extractive distillation process, even in the condition where IL’s are 
not found in the database of the simulator. This also shows the importance of data obtained from 
literature, as well as the choice of thermodynamic model for further modeling. Therefore, the process 
simulation showed the possibility of breaking the azeotrope in this mixture. IL's studied in this work use 
the mass ratio IL:Feed minimum of 0.095 for [bmim][BF4] and maximum of 2.5 for the [bmim] [Cl]. The 
minimum energy per kilogram of ethanol purified was 3008 kJ/kg anhydrous ethanol to [hmim][Cl]. On 
the other hand, the maximum energy per kilogram of ethanol purified was 9606 kJ/kg of anhydrous 
ethanol using [emim][BF4]. The use of IL’s as solvents in the ethanol dehydration process allows the 
production of high purity ethanol with recovery percentages above 96 wt%. The stream of water coming 
out of the process was also evaluated, finding that the water recovery is upper than 50 wt%, and free IL’s.  

Acknowledgments 

This research was supported by CNPq and BIOEN - FAPESP. 

References 

[1] Meirelles A, Weiss S, Herfurth H. Ethanol dehydration by extractive distillation. J Chem Technol Biotechnol 1992;53:181-
188. 

[2] Siqueira PF, Karp SG, Carvalho JC, Sturm W, Rodríguez-León JA, Tholozan J-L, et al. Production of bio-ethanol from 
soybean molasses by Saccharomyces cerevisiae at laboratory, pilot and industrial scales. Biores Technol 2008;99:8156-8163. 



1025  J. J. Figuero et al.  /  Procedia Engineering   42  ( 2012 )  1016 – 1026 

[3] Huang H-J, Ramaswamy S, Tschirner UW, Ramarao BV. A review of separation technologies in current and future 
biorefineries. Sep Purif Technol 2008;62:1-21. 

[4] Seiler M, Jork C, Kavarnou A, Arlt W, Hirsch R. Separation of azeotropic mixtures using hyperbranched polymers or ionic 
liquids. AIChE J 2004;50:2439-2454. 

[5] Alvarez VH, Maciel Filho R, Aznar M, Mattedi S. An evaluation and industrial application of ionic liquid as separation agent 
for separation of diluted ethanol-water mixtures. Fenómenos de Transferencia 2009;4:8-12. 

[6] Calvar N, González B, Gómez E, Domínguez Á. Vapor−Liquid Equilibria for the Ternary System Ethanol + Water + 1-
Butyl-3-methylimidazolium Chloride and the Corresponding Binary Systems at 101.3 kPa. J Chem Eng Data 2006;51:2178-2181. 

[7] Calvar N, González B, Gómez E, Domínguez A. Study of the behaviour of the azeotropic mixture ethanol–water with 
imidazolium-based ionic liquids. Fluid Phase Equil 2007;259:51-56. 

[8] Calvar N, González Ba, Gómez E, Domínguez An. Vapor−Liquid Equilibria for the Ternary System Ethanol + Water + 1-
Butyl-3-methylimidazolium Methylsulfate and the Corresponding Binary Systems at 101.3 kPa. J Chem Eng Data 2009;54:1004-
1008. 

[9] Ge Y, Zhang L, Yuan X, Geng W, Ji J. Selection of ionic liquids as entrainers for separation of (water+ethanol). J Chem 
Thermodyn 2008;40:1248-1252. 

[10] Jiang X-C, Wang J-F, Li C-X, Wang L-M, Wang Z-H. Vapour pressure measurement for binary and ternary systems 
containing water methanol ethanol and an ionic liquid 1-ethyl-3-ethylimidazolium diethylphosphate. J Chem Thermodyn 
2007;39:841-846. 

[11] Jork C, Seiler M, Beste Y-A, Arlt W. Influence of Ionic Liquids on the Phase Behavior of Aqueous Azeotropic Systems. J 
Chem Eng Data 2004;49:852-857. 

[12] Wang J-F, Li C-X, Wang Z-H, Li Z-J, Jiang Y-B. Vapor pressure measurement for water, methanol, ethanol, and their 
binary mixtures in the presence of an ionic liquid 1-ethyl-3-methylimidazolium dimethylphosphate. Fluid Phase Equili 
2007;255:186-192. 

[13] Wang JF, Li CX, Wang ZH. Measurement and Prediction of Vapor Pressure of Binary and Ternary Systems Containing 1-
Ethyl-3-methylimidazolium Ethyl Sulfate. J Chem Eng Data 2007;52:1307-1312. 

[14] Zhang L, Ge Y, Ji D, Ji J. Experimental Measurement and Modeling of Vapor−Liquid Equilibrium for Ternary Systems 
Containing Ionic Liquids: A Case Study for the System Water + Ethanol + 1-Hexyl-3-methylimidazolium Chloride. J Chem Eng 
Data 2009;54:2322-2329. 

[15] Zhao J, Dong C-C, Li C-X, Meng H, Wang Z-H. Isobaric vapor–liquid equilibria for ethanol–water system containing 
different ionic liquids at atmospheric pressure. Fluid Phase Equil 2006;242:147-153. 

[16] Alvarez VH, Valderrama J. A modified Lydersen-Joback-Reid method to estime the critical properties of biomolecules. 
Alimentaria 2004;254:55-66. 

[17] Holbrey John D, Reichert WM, Reddy Ramana G, Rogers Robin D. Heat Capacities of Ionic Liquids and Their 
Applications as Thermal Fluids.  Ionic Liquids as Green Solvents: American Chemical Society; 2003. p. 121-133. 

[18] Huddleston JG, Visser AE, Reichert WM, Willauer HD, Broker GA, Rogers RD. Characterization and comparison of 
hydrophilic and hydrophobic room temperature ionic liquids incorporating the imidazolium cation. Green Chem 2001;3:156-164. 

[19] Yu Y-H, Soriano AN, Li M-H. Heat capacities and electrical conductivities of 1-n-butyl-3-methylimidazolium-based ionic 
liquids. Thermochim  Acta 2009;482:42-48. 

[20] Soriano AN, Doma Jr BT, Li M-H. Measurements of the density and refractive index for 1-n-butyl-3-methylimidazolium-
based ionic liquids. J Chem Thermodyn 2009;41:301-7. 

[21] Strechan AA, Paulechka YU, Blokhin AV, Kabo GJ. Low-temperature heat capacity of hydrophilic ionic liquids 
[BMIM][CF3COO] and [BMIM][CH3COO] and a correlation scheme for estimation of heat capacity of ionic liquids. J Chem 
Thermodyn 2008;40:632-639. 

[22] Shiflett MB, Kasprzak DJ, Junk CP, Yokozeki A. Phase behavior of {carbon dioxide + [bmim][Ac]} mixtures. J Chem 
Thermodyn 2008;40:25-31. 

[23] Sanmamed YA, Navia P, González-Salgado D, Troncoso J, Romaní L. Pressure and Temperature Dependence of Isobaric 
Heat Capacity for [Emim][BF4], [Bmim][BF4], [Hmim][BF4], and [Omim][BF4]†. J Chem Eng Data 2009;55:600-604. 



1026    J. J. Figuero et al.  /  Procedia Engineering   42  ( 2012 )  1016 – 1026 

[24] Stoppa A, Zech O, Kunz W, Buchner R. The Conductivity of Imidazolium-Based Ionic Liquids from (−35 to 195) °C. A. 
Variation of Cation’s Alkyl Chain†. J Chem Eng Data 2009;55:1768-1773. 

[25] Fredlake CP, Crosthwaite JM, Hert DG, Aki SNVK, Brennecke JF. Thermophysical Properties of Imidazolium-Based Ionic 
Liquids. J Chem Eng Data 2004;49:954-964. 

[26] Kesler MG, Lee BI. Improve prediction of enthalpy of fractions. Hydrocarbon Proces 1976;55:153-158. 
[27] Bolkan SA, Yoke JT. Room temperature fused salts based on copper(I) chloride-1-methyl-3-ethylimidazolium chloride 

mixtures. 1. Physical properties. J Chem Eng Data 1986;31:194-197. 
[28] Seddon Kenneth R, Stark A, Torres M-J. Viscosity and Density of 1-Alkyl-3-methylimidazolium Ionic Liquids.  Clean 

Solvents: American Chemical Society; 2002. p. 34-49. 
[29] Gomez E, Calvar N, Dominguez I, Dominguez A. Physical properties of the ternary mixture ethanol+water+1-hexyl-3-

methylimidazolium chloride at 298.15K. Phys Chemi Liq 2006;44:409-417. 
[30] Dias MOS, Junqueira TL, Maciel Filho R, Maciel MRW, Eduardo Vaz Rossell C. Anhydrous bioethanol production using 

bioglycerol – simulation of extractive distillation processes. In: Jacek J, Jan T, editors. Computer Aided Chemical Engineering: 
Elsevier; 2009. p. 519-24. 

[31] Ravagnani MASS, Reis MHM, Filho RM, Wolf-Maciel MR. Anhydrous ethanol production by extractive distillation: A 
solvent case study. Proc Safe EnvironProtect2010;88:67-73. 

[32] Chianese A, Zinnamosca F. Ethanol dehydration by azeotropic distillation with a mixed-solvent entrainer. Chem Eng J 
1990;43:59-65. 

[33] Fu J. Simulation of Salt-Containing Extractive Distillation for the System of Ethanol/Water/Ethanediol/KAc. 1. Calculation 
of the Vapor−Liquid Equilibrium for the Salt-Containing System. Ind Eng Chem Res 2004;43:1274-1278. 

[34] Gil ID, Uyazán AM, Aguilar JL, Rodríguez G, Caicedo LA. Separation of ethanol and water by extractive distillation with 
salt and solvent as entrainer: process simulation. Brazil J Chem Eng2008;25:207-215. 

 


