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2.1 A zeo tro p es
In the petrochemical and chemical industries, the separation of components 

with close boiling points or azeotropic mixtures is often concerned. These mixtures 
cannot be separated efficiently by using a-simple distillation. A well-known example 
of an azeotrope is 95.63% ethanol and 4.37% water (by weight). Separation of the 
ethanol-water azeotrope is a problematic process in bioethanol production due to its 
high energy cost of separation.

2.1.1 Definition of Azeotropes
An azeotrope is a mixture of two or more pure components in such a 

ratio that its composition cannot be changed by original distillation. This is because 
when an azeotrope is boiled, the resulting vapor has the same ratio of constituents as 
the original mixtures of liquids. As the composition is unchanged by boiling, 
azeotropes are also called constant boiling mixtures. The word azeotrope is derived 
from the Greek word meaning, “boiling without changing.’’ (Haider, 2009).

2.1.2 Conditions for the Occurrence of Azeotropic Behavior
The reliable knowledge of the occurrence of azeotropic points in 

binary and higher systems is of special importance for the design of distillation 
processes. The number of theoretical stages of a distillation column required for the 
separation depends on the separation factor (a12), e.g. the ratio of the Ki-factors (Ki) 
of the components i (i = 1, 2 ).

For a binary system, the following relation is valid for homogenous 
systems at the azeotropic point using the simplified equation (2 .1):

_  K 1 _  Y i / X i  _  Y iP i  
K2 y2 /x 2 y2 P2s (2.1)
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Where X is molar fraction in the liquid phase, y is molar fraction in the 
vapor phase, y is the activity coefficient, and PjS is the pure component vapor 
pressure. In distillation processes, only the difference between the separation factor 
and unity can be performed for the separation. If the separation factor is close to 
unity, a large number of theoretical stages are required for the separation. • If the 
binary system to be separated shows an azeotropic point (น12 = 1), the separation is 
impossible by simple distillation, even with an infinitely large number _of stages. 
Following. Equation (2.1) azeotropic behavior will always occur in homogeneous 
binary systems when the vapor pressure ratio P1s/P2s"is equal to the ratio of the 
activity coefficients 72/71 (Lide, D.R. 2005.).

There are two types of azeotropic systems: minimum-boiling, and 
maximum-boiling azeotropes. Figure 2.1 illustrates the same characteristic behavior 
in term of x-y plot at constant temperature. The minimum-boiling behavior is 
encountered considerably more often than the maximum-boiling type in systems 
normally of interest to engineers (Balzhiser et al., 1972).

Figure 2.1 Liquid-vapor equilibrium for azeotropic mixtures (Balzhiser et al., 
1972).
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2.1.3.1 Minimum Boiling or Positive Azeotrope
The system exhibits a minimum in its boiling point at 

precisely the same composition that produces a maximum in the vapor pressure 
curve. Such a system is classified as a minimum-boiling azeotrope or positive 
azeotropes (shown in Figure 2.2) and will be shown to exhibit positive deviations 
from ideal solution behavior (Balzhiser et al, 1972).

A famous example of minimum-boiling or positive azeotrope 
is 95.63% ethanol and 4.37% water (by weight). Ethanol boils at 78.4 °c, water boils 
at 100 °c, but the azeotrope boils at 78.2 °c, which is lower than either of its 
constituents. Indeed 78.2 ๐c  is the minimum temperature at which any ethanol/water 
solution can boil at atmospheric pressure) Haider, (2009).

Figure 2.2 Binary system exhibiting a minimum boiling temperature azeotrope or 
positive azeotrope (a maximum in the vapor pressure curve) (Balzhiser et al., 1972).

2.1.3.2 Maximum Boiling Azeotropes or Negative Azeotrope
The behavior of the maximum-boiling azeotrope or nagative 

azeotropes illustrated in Figure 2.3 shows the vapor pressure of solution at constant 
temperature passing through a minimum at precisely the same composition that the 
T-x (or boiling-point) curve exhibits a maximum. This type of system is referred to



6

as a maximum-boiling azeotrope. Such a system always produces negative deviations 
from ideal solution behavior (Balzhiser et al, 1972).

An example of maximum-boiling or negative azeotrope 
is Hydrochloric acid at a concentration of 20.2% Hydrochloric acid and 79.8% water 
(by weight). Hydrogen chloride boils at -84 ๐c  and water at 100°c, but the 
azeotrope boils at 110 ๐c , which is higher than either of its constituents. Indeed, 110 
°c ไร the maximum temperature at which anyhydrochloric acid solution can boil 
(Haider, 2009).

Figure 2.3 Binary system exhibiting a maximum boiling temperature azeotrope or 
negative azeotrope (a minimum in the vapor pressure curve) (Balzhiser et al, 1972).

2.1.4 Homogeneous and Heterogeneous Azeotropes
An azeotrope can be either a homogeneous or heterogeneous 

azeotrope. Approximately 90% of the azeotropic mixtures are homogeneous (Lide,
2 0 0 1 ) which contains a single liquid phase (completely miscible mixtures). 
Meanwhile, the multiple liquid-phase behavior (partially miscible mixtures) is called 
heterogeneous azeotrope (Perry et al, 2008). The common examples of 
homogeneous and heterogeneous azeotrope are shown in Table 2.1 (Lide, 2001, 
Pereiro et a l, 2012).
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T a b le  2.1 Azeotropic data for binary mixtures (Lide, 2001, Pereiro et a l, 2012)

C o m p o n en t 1 C o m p o n e n t 2 T az/K yi,az P az/k P a T y p e

(Water + alcohols)
Water Ethanol 351.3 0.103 101.33 OX
Water 2-Propanol 353.7 0.326 101.33 OX
Water 1 -Propanol 360.8 0.568 101.33 o x
Water 1 -Butanol 365.5 0.754 101.33 EX
(Water + tetrahydrofuran)
Water Tetrahydrofuran 336.7 0.183 101.33 OX
(Alcohols + esters)
Methanol Methyl acetate 328.2 0.348 107.19 OX
Ethanol Ethyl acetate 344.9 0.459 101.33 OX
(Alcohols + ketones)
Methanol Acetone 328.3 0.24 101.33 o x
Ethanol 2-Butanone 347.2 0.508 101.33 o x
(Alcohols + aliphatics hydrocarbons)
Methanol Heptane 332 0.728 101.33 o x
Ethanol Hexane 331.7 0.341 101.33 o x
Ethanol Heptane 345.2 0 .6 6 8 101.33 EX
(Alcohols + halogenated)
Methanol Chloroform 328.2 0.352 107.99 OX
Ethanol Chloroform 332.5 0.159 101.33 o x
(Aromatic + aliphatic hydrocarbons)
Benzene Hexane 341.5 0.05 101.33 o x
Benzene Cyclohexane 353.2 0.546 109.18 o x

O: homogeneous azeotrope in a completely miscible system. 
E: heterogeneous azeotrope.
X: pressure maximum (minimum-boiling azeotrope).
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2.1.5 Separation of Azeotropic Mixtures
Azeotropes can be separated using several methods such as extractive 

distillation, azeotropic distillation, pressure swing distillation, liquid-liquid 
extraction, adsorption, and membranes, the most common separation process in the 
azeotropic system is extractive distillation by adding a new heavy chemical 
compound , namely entrainer which interacts with the components by enhancing 
their relative volatilities (Pereiro et al, 2012).

2.2  Io n ic  L iq u id

2.2 J  Definition of Ionic Liquids
Ionic liquids are liquids that consist exclusively of ions. This 

definition includes liquids that are traditionally known as molten salts with a melting 
point below 100°c. They are typically organic salts or eutectic mixtures of an 
organic salt and an inorganic salt (Freemantle, 2009). Several synonyms and 
abbreviations have been used in the scientific literature for organic salts with low 
melting points namely, ionic liquid (ILs), room-temperature ionic liquid (RTIL), 
ambient-temperature ionic liquid, non-aqueous ionic liquid (NAIL), molten organic 
salt, fused organic salt, low molting salt, neoteric solvent, and designer solvent 
(Freemantle, 2009).

2.2.2 Structure of Ionic Liquid
Most common ionic liquids are formed through the combination of 

the cation (e.g., imidazolium, pyridinium, pyrrolidinium, quaternary ammonium, 
tetra alkylphosphonium, etc.), the anion (e.g., hexafluorophosphate [PFô]", 
tetrafluoroborate [BF4]T trifluoromethanesulfonate [OTf]”, halide [CF, Br“, F], 
nitrate [NO3] , acetate [OAc]T etc.), and the substituents. The substituents on the 
cations (the “R” groups) are mainly alkyl chains, but can contain any of a variety of 
other functional groups as well (e.g., fluoroalkyl, alkenyl, methoxy, etc.) (Brennecke 
and Maginn, 2001). Some combinations of ionic liquids have even been found that 
differ so much in their physicochemical nature (Werner et al.. 2010). Some well-
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known classes of ionic liquid systems are showed in Figure 2.4 (Brennecke and 
Maginn, 2001).

The guidelines on the effect of anion option on the miscibility of ILs 
and water were highlighted by Seddon et al. (2000). They mentioned that 
imidazolium salts with halide, acetate [OAc]“, nitrate [CF3SC>3]~ and trifluoroacetate 
[CF3C0 2 ]~ anions are totally miscible with water, whereas the [PFô]- and [BTI]~ 
imidazolium salts are immiscible, ancL[BF4]” and [CF3SC>3]~ imidazolium salts can 
be totally miscible or immiscible depending on the substituents on the cation 
(Brennecke, J.F. and Maginn, E.J. 2001).

N
l

p y r i d i n i u m

/V <  x ~ rr{  Ax r, ' n
! R f

quaternary ammonium pyrrolidinium

tetra alkylphosphonium

Figure 2.4 Some well-known classes of ionic liquid systems. The anion (X”) can be 
any of a variety of species: imidazolium, pyridinium, quaternary ammonium, tetra 
alkylphosphonium, and pyrrolidinium salts, including nitrate [NCb]-, acetate [OAc]~, 
trifluoroacetate [CF3CC>2]~, tetrafluoroborate [BF4]“, triflate [OTfp, 
hexafluorophosphate [PFôF, and bis(trifluoromethylsulfonyl)imide [BT1] 
(Brennecke and Maginn, 2001).

2.2.3 Attraction of Ionic Liquid
In the last two decades, ionic liquids have recently attracted the 

attention of chemists around the world for various reasons following (Freemantle,
2009):

• Ionic liquids have wider liquid ranges than molecular organic 
solvents.
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• Unlike traditional volatile organic compounds (VOCs), ionic liquids 
have negligible vapor pressures, and do not evaporate under normal 
conditions. Therefore, they do not loss to atmosphere and do not 
pollute the product at the top of the column.

• Ionic liquids are generally non-flammable and many remain 
thermally stable at temperature higher than conventional volatile 
organic compounds.

• Ionic liquids have wide electrochemical windows.
• Ionic liquids can be used as reaction media and/or catalysts for a 

wide variety of chemical reactions.
• Ionic liquids could contribute significantly to the development of 

green chemistry and green technology by, for example:
๐ Replacing toxic, flammable volatile organic solvents;
o Reducing or preventing chemical waste and pollution;
๐ Improving the safety of chemical processes and products.

• Ionic liquids have a wide range of solubilities and miscibilities 
because they have dual functionality (bulky cations and anions). For 
example, some ionic liquids are hydrophilic while others are 
hydrophobic.

• Ionic liquids can be used for separations and extractions of 
chemicals from aqueous and molecular organic solvents.

• The physical, chemical and biological properties of ionic liquids can 
be “tuned” or “tailored” by:

๐ Switching anions or cations or alkyl chain length;
๐ Designing specific functionalities into the cations and/or 

anions;
๐ Mixing two or more simple ionic liquids.

A wide range of applications of ionic liquids are shown in Figure
2.5. ILs can be mainly applied for seven applications, namely solvents, separation, 
heat strorage, electroelastic materials, analytics, lubricant & additives, liquid crystal,
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and electrolytes. ILs is a suitable solvent for synthesis, catalysis and purification, and 
is also used in electrochemical devices and processes, such as rechargeable lithium 
batteries and electrochemical capacitors, etc. In areas of separations, ILs is 
commonly used as entrainer in extractive distillation and extraction (Shukla and 
Saha, 2013).

Electrolytes
Fuel cells 
Sensor 
Batteries

Solvents
Bio-catalysis
Organic reaction & catalysis 
Nano-particle synthesis 
PolymerizationSensor Polymerization

Batteries A .

\  Î /
1 iouid crvstal̂  —  IONIC LIQUIDS —
Displays

Seperation
Gas separation 
Extractive distillation 
Extraction 
membranes

Heat storage
Thermal fluids

Lubricant ร additives
Lubricants 
Fuel additives

i ^
Analytics
GC-head space solvent 
Protein crystallization

Electroelastic materials
Artificial muscles 
Robotics

Figure 2.5 Applications of Ionic Liquids (Shukla and Saha, 2013).

2.2.4 Ionic Liquid as Entrainers
Recently, as concern about the environmental issues and the new 

principles of green chemistry, ionic liquids (ILs) have become a popular “ green” 
'media for engineers (Pereiro et a l, 2012). As “green solvents”, ILs have become 
increasingly attractive options for the replacement organic solvents in extractive 
distillation due to their many unique structures and properties, such as non-volatility, 
no flammability, thermal stability, high dissolving ability, and good performance in 
altering the relative volatility of the mixtures (Li et al, 2009, Pereiro et al., 2012). 
Furthermore, ILs can be tuned or tailored for use in specific applications by 
accurately selecting or designing the chemical nature of the cation, the anion and the 
cation alkly length (Jork et a l, 2005, Pereiro et al., 2012, Roughton et al., 2012). 
Since the entrainer properties can be fine-tuned, the extractive distillation processes 
with ionic liquids as entrainers can reduce the energy consumption and
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environmental impact when compared to conventional organic solvent (Seiler et al, 
2004, Pereiro et a l, 2012, Roughton et al, 2012).

The large number of publications of different azeotropes has been 
studied with ILs using different anions and cations as entrainer. Most of the studies 
(75%) were using l-alkyl-3-methylimidazolium cations (Pereiro et a l, 2012). The 
variety of anions is generally much greater, with emphasizing on [Cl] , [PFô] , 
'[BF4]_, [OTff, [NTf2]~ and [Etscur as displayed in Figure 6 (Pereiro et a l, 2012).
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Figure 2.6 Mapping of azeotropes in the matrix of ILs anions and cations used as 
separating agents or entrainer. The colors refer to the number of different studied 
azeotropes from literature per ion combination; the length of the bars gives the count 
per ion (Pereiro et al., 2012).
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2.3. Group Contribution Methods

2.3.1 Solubility Parameter
2.3.1.1 Definition o f Solubility Parameter

Hildebrand and Scott (Barton, 1991) originally defined the 
Hildebrand solubility parameter-^,) as the square root of the cohesive energy density 
(C ji), which is the ratio of the enthalpy of vaporization (Ahvap) to the molar volume 
(V j) as shown in Equation (2.2).

r _  1 /2  _  /A h v a p  — R T y6l=c" “p S ri (2.2)

The Hildebrand solubility parameter- is used to indicate 
whether compounds will be miscible. Compounds with similar solubility parameter 
values are more likely to form a miscible solution. Solubility parameter is one of the 
key parameters for selecting an entraîner, therefore the solubility parameters can be 
suitably used as complementary prescreening tool for selecting possible candidates 
(Roughton et a l, 2012).

It should be noted that the phase splitting of liquid mixtures 
plays an important role in simulation and process design, for example, in extractive 
distillation; the formation of two liquid phases due to the addition of the solvent is 
undesirable. Immiscibility in the distillation column leads to lower efficiency, control 

. challenges, and creates foaming, which can drastically lower the capacity and lead to 
premature flooding, liquid carryover, and solvent losses (Gutiérrez et al., 2012).

2.3.1.2 Solubility Parameter for Ionic Liquids
Roughton et al. (2012) proposed group contribution 

solubility parameter model for ILs (0IL) as shown in Equation (2.3) which was used 
to predict the solubility parameter for 24 different ionic liquids at 298.15 K. The 
developed model provided a good fit of experimental data with a value of 0.34 % 
AARD (percent average absolute relative deviation) between experimental and 
predicted solubility parameters values with the maximum relative deviation of 0.305.
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^IL — ^Alkyl chain ^Cation ^Anion

IjA lkyl chain n jC j 4" X c a tio n ^ jC j 4" JjA nion ^ k ^ k  4" t) ( 2 .3 )

Where, subscript i, j, and k represent alkyl chain groups, 
cation groups, and anion groups respectively. ท| describes the number of groups of 

■  type i, Ci is the contribution of group i to the overall solubility parameter value 
(shown on Table 2.2), and b is a constant (intercept = 4.547).

T a b le  2 .2  Group contribution values for ionic liquid Hildebrand solubility parameter 
model (Roughton et a l .,  2012)

Ion ic  liq u id  grou p C o n tr ib u tio n  (M P a 1/2)
Cation groups Imidazolium [Im]+ 1.427

Pyridinium [Py]+ 1.355
Pyrrolidonium [Pyr]+ 1.765
Phosphonium [P]+ -13.633

- Sulfonium [ร]"," -16.101
Anion groups Trifluoroacetate [CF3CO2]’ 1.720

Thiocyanate [SCN]' 1.342
Trifluormethanesulfonate [OTf]" -0.629
2-(2-Methoxyethoxy)ethylsulfate 1.603
[Me(Et0)2S04]"
Octyl sulfate [OcS04]" -0.367
Tosylate [TOS]' -0.065
Bis(trifluoromethylsulfonyl)imide 
[BTI ]•

-2.485

Dimethylphosphate [DMP]' 2.918
Diethylphosphate [(Et)2P0 4]‘ 2 . 1 2 0
Tetrafluoroborate [BF4]" 8.403
Hexafluorophosphate [PFôj" 6.319
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T a b le  2 .2  Group contribution values for ionic liquid Hildebrand solubility parameter 
model (Roughton et a l, 2012) (Continued).

Io n ic  liq u id  g rou p C o n tr ib u tio n  (M P a 172)
Chloride [Cl]-. -4.000

Alkyl chain groups c h 3 9.094
c h 2 -0.322
c h 2o 0.496

Intercept b 4.547

2.3.2 Liquid Density of Ionic Liquids
Valderrama and Robles (2007) predicted critical temperature (Tc), 

critical pressure (Pc), critical volume (Vc), normal boiling temperature (Tb), and 
acentric factor (to) of ionic liquids using an extended group contribution method 
based on the well-known concepts of Lydersen (Lydersen, 1995) and of Joback and 
Reid (Joback and Reid, 1987). The accuracy of the method was determined by 
calculating the liquid densities of the ionic liquids. The liquid densities of the ionic 
liquids (pl) have been estimated as shown in Equation (2.4). The generalized 
correlation was based on the equation of Spencer and Danner (Spencer and Danner, 
1972) and only the normal boiling temperature, the molecular weight, and the critical 
properties were needed in the calculation:

Pl = MRc
RTc

0 .3 4 4 5  PCV(L0135 
RT̂

1ท

21 + (1 -  TR)7 
1 + (1 -  TbR)7

(2.4)

In these equations, R is the ideal gas constant, Tr is the reduced 
temperature (Tr = T/Tc), and TbR is the reduced temperature at the normal boiling 
point (TbR = Tb/Tc). The normal boiling temperature and the critical temperature were 
taken from the equations of Joback-Reid (Equations 2.5 and 2.6), whereas the critical
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pressure and critical volume were considered from the equations of Lydersen 
(Equations 2.7 and 2.8). The authors modified the parameters involved in different 
equations for the critical properties. The equation for the normal boiling point was 
kept as in the original method. The modified Lydersen-Joback-Reid equestions 
were summarized in the following four equations:

Tb = 198.2 + ^  ท ATbM
T -  TbAM + BMSnATM-(E n A T M)2

(Cm + Tj nAPivi)2

Vc = Em + ^  nAVM

(Tb -4 3 )(T c - 4 3 ) rPcl (T c -4 3 ) , _ [Pel + log [Pc
W==(Tc - T b)(0.7Tc - 4 3 )  g (Tc -  Tb) 0g kJ

Where Tb and Te are given in Kelvin, pc is given in bars, and v c is 
given in cm3/mol. nj is the number of times that a group appears in - the 
molecule, Tb is the normal boiling temperature (K), M is the molecular mass (g/mol), 
and Am = 0.5703, BM= 1.0121, CM = 0.2573, and EM = 6.75. The group 
contributions are given in Table 2.3, where ATm is the modified contribution to the 
critical temperature, APm is the modified contribution to the critical pressure, and 
AVm is the modified contribution to the critical volume.

T a b le  2 .3  Groups considered for the modified Lydersen-Joback-Reid method 
(Valderrama and Robles, 2007)

(2.5)

( 2.6)

(2.7)

( 2.8)

groups ATbM ATm APm AVm
Without Rings

-CH3 23.58 0.0275 0.3031 66.81
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T a b le  2 .3  G r o u p s  c o n s i d e r e d  f o r  t h e  m o d i f i e d  L y d e r s e n - J o b a c k - R e i d  m e t h o d  

( V a l d e r r a m a  a n d  R o b l e s ,  2 0 0 7 )  ( C o n t i n u e d )

g r o u p s A T bM A T m A P m A V m

-CH2- 2 2 .8 8 0.0159 0.2165 57.11
>CH- 21.74 0 .0 0 0 2 0.114 45.7
>c< 18.18 -0.0206 0.0539 21.78
=CH2 24.96 0.017 0.2493 60.37
=CH- 18.25 0.0182 0.1866 49.92
=c< 24.14 -0.0003 0.0832 34.9
=c= 26.15 -0.0029 0.0934- 33.85
sCH 0.0078 0.1429 43.97
=c- 0.0078 0.1429 43.97
-OH (alcohol) 92.88 0.0723 0.1343 30.4
- 0 - 22.42 0.0051 0.13 15.61
>CO 94.97 0.0247 0.2341 69.76
-CHO 72.24 0.0294 0.3128 77.46
-COOH 169.06 0.0853 0.4537 8 8 .6
-COO- 81.1 0.0377 0.4139 84.76
HCOO- 0.036 0.4752 97.77
= 0  (others) -10.50 0.0273 0.2042 44.03
-NH2 73.23 0.0364 0.1692 49.1
>NH 50.17 0.0119 0.0322 78.96
>N- 11.74 -0.0028 0.0304 26.7
-N= 74.6 0.0172 0.1541 45.54
-CN 125.66 0.0506 0.3697 89.32
-N02 152.54 0.0448 0.4529 123.62
-F -0.03 0.0228 0.2912 31.47
-Cl 38.13 0.0188 0.3738 62.08
-Br 6 6 .8 6 0.0124 0.5799 76.6
-1 93.84 0.0148 0.9174 100.79

With Rings
-CH2- 27.15 0.0116 0.1982 51.64
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T a b le  2 .3  G r o u p s  c o n s i d e r e d  f o r  t h e  m o d i f i e d  L y d e r s e n - J o b a c k - R e i d  m e t h o d  

( V a l d e r r a m a  a n d  R o b l e s ,  2 0 0 7 )  ( C o n t i n u e d )

g r o u p s ATbM A T m A P m A V m

> C H - 2 1 .7 8
W ith  R in g s  

0 .0 0 8 1 0 .1 7 7 3 3 0 .5 6

= C H - 2 6 .7 3 0 .0 1 1 4 0 .1 6 9 3 4 2 .5 5

>c< 2 1 .3 2 - 0 .0 1 8 0 0 .0 1 3 9 1 7 .62

=c< 3 1 .0 1 0 .0 0 5 1 0 .0 9 5 5 3 1 .2 8

- 0 - 3 1 .2 2 0 .0 1 3 8 0 .1 3 7 1 17.41

- O H  (p h e n o l) 7 6 .3 4 0 .0 2 9 1 0 .0 4 9 3 - 1 7 .4 4

> C O 9 4 .9 7 0 .0 3 4 3 0 .2 7 5 1 5 9 .3 2

> N H 5 2 .8 2 0 .0 2 4 4 0 .0 7 2 4 2 7 .6 1

> N - 0 .0 0 6 3 0 .0 5 3 8 2 5 .1 7

- N = 5 7 .5 5 - 0 .0 0 1 1 0 .0 5 5 9 4 2 .1 5

- B - 2 4 .5 6
N e w  G ro u p s  

0 .0 3 5 2 0 .0 3 4 8 2 2 .4 5

- p 3 4 .8 6 - 0 .0 0 8 4 0 .1 7 7 6 6 7 .01
- S 0 2 1 4 7 .2 4 - 0 .0 5 6 3 - 0 .0 6 0 6 1 1 2 .1 9

2 .3 .3  H e a t  C a p a c i t y  E s t i m a t i o n  o f  I o n ic  L i q u i d s

G a r d a s  a n d  C o u t in h o  ( 2 0 0 8 )  p r e d i c t e d  t h e  l i q u i d  h e a t  c a p a c i t y  (C p L) 

o f  i m i d a z o l i u m - ,_  p y d d i n i u m - ,  a n d  p y r r o l i d i n i u m - b a s e d  c a t i o n s  c o n t a i n i n g  

h e x a f l u o r o p h o s p h a t e  [ P F 6] ‘, t e t r a f l u o r o b o r a t e  [ B F 4 ] ’, b i s ( t r i f l u o r o m e t h a n e s u l f o n y l )  

a m id e  [ T f 2N ] ' ,  b r o m i d e  [ B r ] ' ,  e th y l  s u l f a t e  [ E t S C d ] ’, o r  t r i f l u o r o m e t h a n e  s u l f o n a t e  

[ O T f ] '  a s  a n i o n s ,  c o v e r i n g  a  w i d e  r a n g e  o f  t e m p e r a t u r e s  ( 1 9 6 . 3 6 - 6 6 3 . 1 0  K )  a n d  

l iq u i d  h e a t  c a p a c i t y  ( 2 6 4 .8 - 8 2 5 .0  J  m o l ' 1 K '1) b y  u s i n g  t h e  s e c o n d - o r d e r  g r o u p  

a d d i t i v i t y  m e t h o d  a s  s h o w n  in  e q u a t io n  2 . 1 0 .

A  +  B
2ๅ

CpL =  F ( 2 . 1 0 )
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k

i = l
k

B  =  g  n , b ,

k
D =  ^  n jd i

i = l

W h e r e  R  i s  t h e  g a s  c o n s t a n t  ( R  =  8 .3 1 4 4 7 2  J  m o l ' 1 K ' 1)  a n d  T  i s  t h e  

a b s o l u t e  t e m p e r a t u r e  ( i n  K e l v i n ) ,  n j i s  t h e  n u m b e r  o f  g r o u p s  o f  t y p e  i ,  k  i s  t h e  t o t a l  

n u m b e r  o f  d i f f e r e n t  t y p e s  o f  g r o u p s ,  a n d  t h e  p a r a m e t e r s  aj, b j, a n d  dj ( e s t i m a t e d  f o r  

I L s )  a r e  g i v e n  in  T a b l e  2 .4 .

T a b le  2 .4  G r o u p  C o n t r i b u t i o n s  f o r  p a r a m e t e r s  A ,  B ,  a n d  D  ( G a r d a s  a n d  C o u t i n h o ,  

2 0 0 8 )

Species a; bi ( K ) d i ( K 2)

C a tio n s
1 ,3 -d im e th y l im id a z o liu m  (+ ) 1 1 .93 8 .7 9 4 - 1 .5 8 4
1 -m e th y lp y r id in iu m  (+ ) 5 4 .0 6 3 - 1 3 .3 9 0 1.28
1 ,1 -d im e th y lp y r ro l id in iu m  (+ ) 4 2 .4 4 6 - 9 .4 1 9 1
A n io n s
[P F 6 ] 4 .6 7 4 - 0 .3 7 9 1.11
[B F 4 ] 3 .0 1 7 - 1 .0 6 1 0 .9 6 8
[T f2 N ]~ 14.161 5 .3 1 6 0 .3 5 7
[B r] - 2 8 .6 3 8 - 2 0 .7 0 4 3 .9 2 8
[ E t S 0 4 T 2 2 .3 3 5 - 6 .1 6 4 1 .5 22
[C F 3 S 0 3 ]~ 2 9 .5 5 1 - 1  1 .2 80 2 .4 5 3
G ro u p s
c h 2 - 1 .1 3 3 2 .4 4 3 - 0 .2 5 9
c h 3 6 .2 1 8 - 9 .3 1 8 1 .3 28
d im e th y l  a m m o n iu m 2 8 .9 8 - 1 0 .6 6 9 1 .555
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2 .4  C o m p u te r  A id ed  M o le c u la r  D esign  (C A M D ) M eth o d

C o m p u t e r  a i d e d  m o l e c u l a r  d e s i g n  ( C A M D )  p r o b l e m s  w a s  d e f i n e d  b y  G a n i

( 2 0 0 4 ) a s

“G iven a set o f  building  blocks a n d  a sp ecified  se t o f  target properties; 
D eterm ine the m olecule or m olecular structure that m atches these prop erties

T h e  g r o u p  c o n t r i b u t i o n  b a s e d  p r o p e r t y  p r e d i c t i o n  m e t h o d s  h a v e  b e e n  

e m p l o y e d  i n  m o s t  o f  t h e  C A M D  p r o b l e m s  t o  e v a l u a t e  t h e  g e n e r a t e d  c o m p o u n d  

r e g a r d i n g  t h e  s p e c i f i e d  s e t  o f  t a r g e t  p r o p e r t i e s  ( G a n i  et a l ,  1 9 9 1 ,  H a r p e r  et a l ,
1 9 9 9 ) .  I n  p r i n c i p l e ,  C A M D - b a s e d  t e c h n i q u e s  c a n  b e  e m p l o y e d  f o r  a  v e r y  l a r g e  r a n g e  

o f  p r o b l e m s  a s  d i v e r s e  a s  s o l v e n t  d e s i g n / s e l e c t i o n ,  C F C  s u b s t i t u t e s ,  a l t e r n a t i v e  

p r o c e s s  f l u id s ,  p o l y m e r  d e s i g n ,  a n d  d r u g  d e s i g n  ( H a r p e r  et a l ,  1 9 9 9 ) .

T h e  m a i n  s t e p s  o f  a n y  C A M D  m e t h o d  a r e  t o  g e n e r a t e  c h e m i c a l l y  f e a s i b l e  

m o l e c u l a r  s t r u c t u r e s ,  t o  e s t i m a t e  t h e  t a r g e t  p r o p e r t i e s  o f  t h e  g e n e r a t e d  s t r u c t u r e s  a n d  

t o  s c r e e n / s e l e c t  t h o s e  t h a t  s a t i s f y  t h e  s p e c i f i e d  p r o p e r t y  c o n s t r a i n t s .  T y p i c a l  p u r e  

c o m p o n e n t  ( m a c r o s c o p i c )  t a r g e t  p r o p e r t i e s  a r e  b o i l i n g  p o i n t s ,  m e l t i n g  p o i n t s ,  h e a t  o f  

v a p o r i z a t i o n ,  p a r t i t i o n  c o e f f i c i e n t s ,  v i s c o s i t y ,  s u r f a c e  t e n s i o n ,  t h e r m a l  c o n d u c t i v i t y ,  

s o l u b i l i t y  p a r a m e t e r  a n d  m a n y  m o r e .  I n  c a s e  o f  m i x t u r e  p r o p e r t i e s ,  s o l u b i l i t i e s  o f  

s o l i d s ,  l i q u i d s  a n d  g a s e s  in  s o l v e n t s  i s  a  v e r y  c o m m o n  t a r g e t  p r o p e r t y ,  m i x t u r e  

v i s c o s i t i e s  a n d  d i f f u s i v i t y  a r e  a l s o  q u i t e  c o m m o n  f o r  C A M D  p r o b l e m s  d e a l i n g  w i t h  

s o l v e n t s  ( G a n i ,  2 0 0 4 ) .

F i g u r e  2 .7  i l l u s t r a t e s  a  t y p i c a l  g r o u p  c o n t r i b u t i o n  b a s e d  C A M D  m e th o d ,  

w h e r e  t h e  p r e - d e s i g n  p h a s e  d e f i n e s  t h e  b a s i c  n e e d s ,  t h e  d e s i g n  p h a s e  d e t e r m i n e s  t h e  

f e a s i b l e  c a n d i d a t e s  ( g e n e r a t e s  m o l e c u l e s  a n d  t e s t s  f o r  d e s i r e d  p r o p e r t i e s )  a n d  t h e  

p o s t - d e s i g n  p h a s e  p e r f o r m s  h i g h e r  l e v e l  a n a l y s i s  o f  t h e  m o l e c u l a r  s t r u c t u r e  a n d  t h e  

f i n a l  s e l e c t i o n  o f  t h e  p r o d u c t  ( H a r p e r  et a l ,  1 9 9 9 ,  G a n i ,  2 0 0 4 ) .
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■ 4--------------------------------------- P re -de s ign ----------------------------------------------------- D esign  (Start)

F ig u re  2 .7  B a s i c  s t e p s  o f  C A M D  ( H a r p e r  et a l ,  1999, G a n i ,  2 0 0 4 ) .

2 .4 .1  C A M D  M e t h o d  in  t h e  D e s i g n  o f  I o n i c  L i q u i d

C A M D  h a s  b e e n  u s e d  in  th e  d e s i g n  o f  i o n i c  l i q u i d  ( M c L e e s e  et a l ,  
2 0 1 0 ,  R o u g h t o n  et a l ,  2 0 1 2 ) .  I n  F i g u r e  2 .8 ,  T h e  f o r w a r d  p r o b l e m  w a s  c o n c e r n e d  

w i t h  t h e  d e v e l o p m e n t  o f  p r e d i c t i v e  p h y s i c o c h e m i c a l  o r  t h e r m o p h y s i c a l  p r o p e r t y  

m o d e l s  b a s e d  o n  c h e m i c a l  s t r u c t u r e ,  w h ic h  c o u l d  t h e n  b e  u s e d  i n  t h e  r e v e r s e  p r o b l e m  

t o  o p t i m i z e  c h e m i c a l  m o l e c u l a r  s t r u c t u r e  f o r  a  g i v e n  s e t  o f  t h e  t a r g e t  p r o p e r t i e s  

( R o u g h t o n  et a l ,  2 0 1 2 ) .

Correlate

Physicochemical/Thermophysicai
Properties

Optimize

MolecularDescriptors
r~ ComputeMolecularStructureL

Compute

Figure 2.8 C o m p u te r-a id ed  m o lecu la r d esig n  ap p ro ach  u tiliz in g  o p tim iz a tio n  o f
m o le c u la r  s tru c tu re  (M cL eese  et a l ,  2010 , R o u g h to n  et a l ,  2 0 1 2 ).
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2.5  P r e d ic t iv e  T h erm o d y n a m ic  M o d e ls

T h e  p r e d i c t i v e  t h e r m o d y n a m i c  m o d e l s  a r e  v e r y  c r u c i a l  in  s e p a r a t i o n  

p r o c e s s e s .  F o r  e x t r a c t i v e  d i s t i l l a t i o n ,  t h e  p r e d i c t i v e  t h e r m o d y n a m i c  m o d e l s  a r e  u s e d  

a s  s c r e e n i n g  t o o l s  to  d e s i g n  t h e  o p t i m a l  i o n i c  l i q u i d ,  a n d  i t  c l e a r l y  s h o w s  a  r e d u c t i o n  

in  e x p e r i m e n t a l  w o r k  ( L e i  et a l ,  2 0 1 2 ) .  T h e  m o s t  i m p o r t a n t  o f  a l l  t h e  o b v i o u s  

p r o p e r t i e s  i s  t h e  a c t i v i t y  c o e f f i c i e n t ,  w h i c h  c a n  b e  u s e d  t o  c a l c u l a t e  j e l a t i v e  v o l a t i l i t y  

o r  s e l e c t i v i t y ,  a n d  t h u s  e v a l u a t e  t h e  p o s s i b l e  i o n i c  l i q u i d s .  F o r  t h i s  p u r p o s e ,  a  p r i o r i  

p r e d i c t i o n  m e t h o d  l ik e  t h e  C O S M O - R S  ( c o n d H c t o r - l i k e  s c r e e n i n g  m o d e l  f o r  r e a l  

s o l v e n t s )  a n d  t h e  c l a s s i c a l  t h e r m o d y n a m i c  m o d e l s ,  n a m e l y  N R T L  ( N o n - R a n d o m  

T w o - L i q u i d )  a n d  U N I F A C  ( U N I v e r s a l  q u a s i c h e m i c a l  F u n c t i o n a l - g r o u p  A c t i v i t y  

C o e f f i c i e n t s )  m o d e l s  c a n  b e  u s e d  f o r  p r e d i c t i n g  v a p o r - l i q u i d  e q u i l i b r i u m  ( V L E )  f o r  

t h e  s y s t e m s  c o n t a i n i n g  i o n i c  l iq u i d  ( L e i  et a l ,  2 0 0 8 ) .

2 .5 .1  C O S M O - R S  M o d e l
T h e  C O S M O - R S  m o d e l  i s  a  n o v e l  a n d  e f f i c i e n t  m e t h o d  f o r  t h e  p r i o r i  

p r e d i c t i o n  o f  t h e r m o p h y s i c a l  d a t a .  I t  i s  b a s e d  o n  q u a n t u m  c h e m i s t r y  a n d  u s e s  o n ly  

a t o m - s p e c i f i c  p a r a m e t e r s ,  w h ic h  c a n  b e  u s e d  to  p r e d i c t  t h e  t h e r m o d y n a m i c  p r o p e r t i e s  

o f  s o l v e n t - i o n i c  l i q u i d  s y s t e m s .  T h e  C O S M O - R S  m o d e l  is  u s e d  t o  t h e  b e s t  a d v a n t a g e  

o n ly  b y  i t s  d e v e l o p e r s ,  t h e i r  c o l l e a g u e s ,  a n d  s u b s c r i b e r s .  A l t h o u g h  i t  r e q u i r e s  o n ly  

m o l e c u l a r  s t r u c t u r e  a n d  is  i n d e p e n d e n t  o f  e x p e r i m e n t a l  d a t a ,  s o m e  r e s e a r c h e r s  

r e p o r t e d  t h e  m e a n  r e l a t i v e  d e v i a t i o n s  b e t w e e n  e x p e r i m e n t a l  d a t a  a n d  p r e d i c t e d  

r e s u l t s  u p  t o  7 9 .4 %  f o r  V L E  a n d  m o r e  th a n  1 0 0 %  f o r  y “  ° f  a l k a n e s ,  a l k e n e s ,  

c y c l o a l k e n e s ,  a n d  a l c o h o l s  w h e n  t h e y  u s e d  th e  C O S M O - R S  m o d e l  to  p r e d i c t  t h e  

a c t i v i t y  c o e f f i c i e n t s  a t  i n f in i t e  d i l u t i o n  Y ,00 o f  s o l u t e s  in  m e t h y l i m i d a z o l i u m - b a s e d  

IL s .  T h u s ,  i t  s e e m s  t h a t  s i g n i f i c a n t  d e v i a t i o n s  o c c u r  w h e n  u s i n g  t h e  C O S M O - R S  

m o d e l .  M o r e o v e r ,  u n l i k e  t h e  U N I F A C  m o d e l ,  t h e  C O S M O - R S  m o d e l  c a n n o t  b e  

e x i s t e d  in  s u c h  f a m o u s  s i m u l a t i o n  p r o g r a m s  a s  A S P E N  P L U S ,  P R O I1  a n d  

C h e m C A D  ( L e i  et a l ,  2 0 0 9 ) .
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2 .5 .2  U N I F A C  M o d e l s

T h e  U N I F A C  m o d e l  i s  b a s e d  o n  t h e  f u n c t i o n a l  g r o u p  c o n c e p t  w a s  

p r o p o s e d  b y  F r e d e n s l u n d  e t  a l  ( F r e d e n s l u n d  et al., 1 9 7 5 ) .  I t  c a n  b e  a p p l i e d  a t  i n f i n i t e  

d i l u t i o n  a n d  f i n i t e  c o n c e n t r a t i o n s .  T h i s  m o d e l  h a s  a  c o m b i n a t o r i a l  c o n t r i b u t i o n  t o  t h e  

a c t i v i t y  c o e f f i c i e n t  (Inyf e s s e n t i a l l y  d u e  t o  d i f f e r e n c e s  in  s i z e  a n d  s h a p e  o f  t h e  

m o l e c u l e s )  a n d  a  r e s i d u a l  c o n t r i b u t i o n  (lnyf\ e s s e n t i a l l y  d u e  t o  e n e r g e t i c )  a s  s h o w n  

b y  E q u a t i o n  2 .1 1 .

In Y i =  I n y p  +  I n y P ( 2 .1 1 }

-  C o m b i n a t o r i a l  P a r t .

T h e  c o m b i n a t o r i a l  p a r t  l n y p  c a n  b e  c a l c u l a t e d  u s i n g  t h e  f o l l o w i n g

e q u a t io n ;

lnyf = 1 -  V, + InV, -  5q, (1 - 1  + In ( เ ท (2.12)
Qi ท

Fi “  Ej qjx,; v ,~ 2 | rlxi (2.13)

W h e r e  Vi ( v o l u m e / m o l e  f r a c t i o n  r a t i o )  a n d  Fj ( s u r f a c e  a r e a / m o l e  

f r a c t i o n  r a t i o )  c a n  b e  c a l c u l a t e d  f r o m  t h e  r e l a t i v e  v a n  d e r  W a a l s  v o l u m e s  ( q )  a n d  v a n  

- d e r  W a a l s  v o l u m e s  m o l e c u l a r  s u r f a c e  a r e a s  (q j)  o f  t h e  m o l e c u l e s  a s  t h e  s u m  o f  t h e  

-  g r o u p  v o l u m e  a n d  g r o u p  a r e a  p a r a m e t e r s ,  Rk a n d  Qk!

ท =  ^  v ® R k ; q i  =  ^  v ® Q k ( 2 . 14 )

k k

W h e r e ,  vp"1 i s  t h e  n u m b e r  o f  f u n c t i o n a l  g r o u p s  o f  t y p e  k  i n  m o l e c u l e  i. 

T h e  g r o u p  p a r a m e t e r s  Rk a n d  Qk a r e  n o r m a l l y  o b t a i n e d  f r o m  v a n  d e r  W a a l s  g r o u p  

v o l u m e s  (Vk) a n d  s u r f a c e  a r e a s  (Ak) g i v e n  b y  B o n d i  ( B o n d i ,  1 9 6 4 ) :
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k 1 5 . 1 7 '  X K  2 . 5  x ï ( ü
( 2 . 1 5 )

R e s i d u a l  P a r t .

Iny? = ^  v®[mrk - l n r f ] ( 2 . 1 6 )

rk a n d  rk(l) a r e  t h e  g r o u p  r e s i d u a l  a c t i v i t y  c o e f f i c i e n t  o f  g r o u p  k  in  a  

r e f e r e n c e  s o l u t i o n  c o n t a i n i n g  o n l y  m o l e c u l e s  o f  t y p e  i.

W h e r e ,  0 m  i s  t h e  s u r f a c e  a r e a  f r a c t i o n s  a n d  x m i s  t h e  f r a c t i o n  o f  g r o u p  

m  in  t h e  m i x t u r e .  T h e  g r o u p  i n t e r a c t i o n  p a r a m e t e r  \pnm is  d e f i n e d  b y

T h e  g r o u p  i n t e r a c t i o n  p a r a m e t e r  ( a nm) c h a r a c t e r i z e s  t h e  i n t e r a c t i o n  

b e t w e e n  g r o u p s  ท a n d  m . F o r  e a c h  g r o u p - g r o u p  i n t e r a c t i o n ,  t h e r e  a r e  t w o  p a r a m e t e r s :  

a nm ^  a mn. E q u a t i o n s  ( 9 )  a n d  ( 1 0 )  a l s o  h o ld  f o r l n r k ‘\  e x c e p t  t h a t  t h e  g r o u p  

c o m p o s i t i o n  v a r i a b l e ,  0k, i s  n o w  t h e  g r o u p  f r a c t i o n  o f  g r o u p  k  in  p u r e  f l u i d  i. In  p u r e  

f l u i d ,  ln T k  =  lnrk‘\  w h i c h  m e a n s  t h a t ,  a s  Xj —» 1, y P —>1. Y p  m u s t  b e  c l o s e  to  u n i t y  

b e c a u s e  a s  Xj —>1, Y p - U  a n d  Yi —>1. T h e r e f o r e ,  t h e  g r o u p  p a r a m e t e r s  (Rk, Qk, a nm, 

a n d  amn) s h o u l d  b e  g i v e n  b e f o r e h a n d  to  s o lv e  t h e  a b o v e  e q u a t i o n s  ( L e i  et a l ,  2 0 0 9 ) .

L e i  et al. ( 2 0 1 2 )  a t t e m p t e d  t o  e x t e n d  t h e  g r o u p  p a r a m e t e r s  o f  t h e  

U N I F A C  m o d e l  f o r  I L s .  T h e y  a d d e d  t h e  n e w  I L s  g r o u p s  f o r  3 3  m a in  g r o u p s  a n d  5 3  

s u b g r o u p s  i n t o  t h e  c u r r e n t  U N I F A C  p a r a m e t e r  m a t r i x .  In  t h i s  w o r k ,  t h e  I L s  w a s

( 2 . 1 8 )

( 2 . 1 7 )

( 2 . 1 9 )
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d i v i d e d  i n t o  s e v e r a l  g r o u p s ,  b u t  t h e  d e s i g n  o f  c a t i o n  a n d  a n i o n  w a s  k e p t  a s  a  w h o le  

s i n c e  t h e  i o n i c  p a i r  h a s  a  s t r o n g  e l e c t r o s t a t i c  i n t e r a c t i o n .  T h e n ,  t h e y  d i s c u s s e d  t h e  

p r e d i c t i n g  v a p o r - l i q u i d  e q u i l i b r i u m  o f  t h e  s y s t e m s  w i t h  i o n i c  l i q u i d s  a t  f i n i t e  

c o n c e n t r a t i o n ,  a n d  s c r e e n e d  t h e  s u i t a b l e  i o n i c  l i q u i d s  in  s e p a r a t i o n  p r o c e s s e s  u s in g  

t h e  U N I F A C  m o d e l .  T h e  a u t h o r s  f o u n d  t h a t ,  f o r  n o n p o l a r  ( h e x a n e / b e n z e n e ,  

h e p t a n e / b e n z e n e ,  a n d  c y c l o - h e x a n e / b e n z e n e )  s y s t e m s ,  t h e  c a l c u l a t e d  r e s u l t s  m a y  b e  

n o t  s o  s a t i s f a c t o r y  b e c a u s e  in  t h i s  c a s e  a  m a j o r i t y  o f  I L s  h a v e  b e t t e r  s e l e c t i v i t y  a n d  

c a p a c i t y  f o r  t h e  s e p a r a t i o n  o f  n o n p o l a r  s y s t e m  t h a n  t h e  c o n v e n t i o n a l  N M P  ( N -  

m e t h y l - p y r r o l i d o n e )  a n d  s u l f o l a n e .  A m o n g  t h e  I L s  s tu d i e d ,  t h e  [ C P M I M ] [ N ( C N ) 2] 

w a s  t h e  m o s t  p o t e n t i a l  IL  w i t h  t h e  h i g h e s t  s e l e c t i v i t y  a n d  e n o u g h  c a p a c i t y  

c o m p a r a b l e  to  s u l f o l a n e .  A n d  f o r  p o l a r  ( e t h a n o l / w a t e r )  s y s t e m ,  a  m a j o r i t y  o f  I L s  

h a v e  b e t t e r  s e l e c t i v i t y  a n d  c a p a c i t y  f o r  t h e  s e p a r a t i o n  o f  p o l a r  s y s t e m  t h a n  th e  

c o n v e n t i o n a l  E G  ( E t h y l e n e  G l y c o l ) .  A m o n g  o t h e r s ,  t h e  [ E M I M ] [ S C N ]  w a s  t h e  m o s t  

p o t e n t i a l  I L  w i t h  t h e  h i g h e s t  s e l e c t i v i t y  a n d  e n o u g h  c a p a c i t y  c o m p a r a b l e  t o  E G .  T h e  

a u t h o r s  c o n c l u d e d  t h a t  t h e  p r e d i c t e d  r e s u l t s  b y  t h e  U N I F A C  m o d e l  w e r e  

q u a n t i t a t i v e l y  b a s e d  o n  e x p e r i m e n t a l  d a t a ,  a n d  w e r e  m o r e  a c c u r a t e  t h a n  t h e  a  p r io r i  

C O S M O - R S  m o d e l .  T h i s  s t a t e m e n t  a l s o  c o n f i r m e d  b y  X u e  et al. ( 2 0 1 2 ) .

R o u g h t o n  et al. ( 2 0 1 2 )  d e v e l o p e d  t h e  U N I F A C  m o d e l  f o r  i o n i c  l i q u i d s  

( U N I F A C - I L )  f o r  p r e d i c t i n g  t h e  V L E  o f  t e r n a r y  s y s t e m s  c o n t a i n i n g  i o n i c  l i q u i d s  a n d  

s c r e e n i n g  t h e  c a n d i d a t e s  b a s e d  o n  m i n i m u m  c o n c e n t r a t i o n  n e e d e d  to  b r e a k  th e  

a z e o t r o p e .  T h e  a u t h o r s  e s t i m a t e d  t h e  U N I F A C - I L  g r o u p  i n t e r a c t i o n  p a r a m e t e r s  f o r  

s e v e r a l  c o m m o n  a z e o t r o p e s  s u c h  a s  a c e t o n e - m e t h a n o l ,  1 - p r o p a n o l - w a t e r ,  2 -  

p r o p a n o l - w a t e r ,  e t h y l  a c e t a t e - e t h a n o l ,  a n d  e t h a n o l - w a t e r . .  I n  o v e r a l l ,  t h e  r e s u l t s  

s h o w e d  a  g o o d  p r e d i c t i o n  o f  t h e  e x p e r i m e n t a l l y  o b s e r v e d  V L E .  T h e  a u t h o r s  a l s o  

c l a i m e d  t h a t  t h e  U N I F A C - I L  p r e d i c t i o n s  f o r  t h e  d e s i g n e d  i o n i c  l i q u i d s  w o u l d  b e  

r e a s o n a b l y  a c c u r a t e .

2 .5 .3  N R T L  M o d e l

T h e  N o n - R a n d o m  T w o - L i q u i d  m o d e l  ( N R T L  m o d e l )  i s  a n  a c t i v i t y  

c o e f f i c i e n t  m o d e l  t h a t  c o r r e l a t e s  t h e  a c t i v i t y  c o e f f i c i e n t s  ( y j )  o f  a  c o m p o u n d  i w i th  

i ts  m o l e  f r a c t i o n s  Xj in  t h e  l i q u i d  p h a s e .  I t  i s  f r e q u e n t l y  a p p l i e d  in  t h e  f i e l d  o f  

c h e m i c a l  e n g i n e e r i n g  to  c a l c u l a t e  p h a s e  e q u i l i b r i u m .  T h e  N R T L  is  a p p l i c a b l e  to
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p a r t i a l l y  m i s c i b l e  a s  w e l l  a s  c o m p l e t e l y  m i s c i b l e  s y s t e m s .  F o r  g e n e r a l  e q u a t i o n s ,  t h e  

a c t i v i t y  c o e f f i c i e n t s  a r e  c a l c u l a t e d  a s  f o l l o w s  ( R e n o n  a n d  P r a u s n i t z ,  1 9 6 8 ) :

_  £ " = 1 T jjX jG jj y "  XjGjj /  Z m = i T m ,X in G m j \
nY i =  ร ุ่ £ = 1 XfcGk, A = 1 E g ^ X k G k j P  £ £ = 1 x k G kj J ( 2 . 2 0 )

W h e r e ,

Gji =  e x p ( - a j iTj i )  (2.21)

Tii =  a i j + - f  (2 .2 2 )

W h e r e  R  i s  t h e  g a s  c o n s t a n t  a n d  T  i s  t h e  a b s o l u t e  t e m p e r a t u r e ,  a j j  a n d  

b jj a r e  a n  e n e r g y  p a r a m e t e r  c h a r a c t e r i s t i c  o f  t h e  i - j  i n t e r a c t i o n .  T h e  p a r a m e t e r  

cXjj =  CXjj i s  r e l a t e d  to  t h e  n o n - r a n d o m n e s s  in  t h e  m i x t u r e  ( 0Cjj =  0  c o r r e s p o n d s  to  

c o m p l e t e  r a n d o m n e s s  o r  a n  i d e a l  s o lu t io n ) .  T h e  v a l u e  o f  a j j  c a n  o f t e n  b e  s e t  a s  0 .2 0 ,  

0 .3  o r  0 .4 7 ,  w i t h  a  t y p i c a l  c h o i c e  o f  (Xjj= 0 .3 .  T h e  b i n a r y  i n t e r a c t i o n  p a r a m e t e r s  A g jj 

a r e  e s t i m a t e d  f r o m  e x p e r i m e n t a l  d a ta .

2.6 Extractive Distillation with Ionic Liquids

E x t r a c t i v e  d i s t i l l a t i o n  w i th  i o n i c  l i q u i d s  a s  t h e  s e p a r a t i n g  a g e n t  ( e n t r a î n e r )  is  

a  n o v e l  p r o c e s s  f o r  p r o d u c i n g  h i g h - p u r i t y  p r o d u c t s  c o n t a i n i n g  a z e o t r o p i c  m i x t u r e s .  

T h i s  p r o c e s s  i n t e g r a t e s  t h e  a d v a n t a g e s  o f  l iq u i d  s o l v e n t  ( e a s y  o p e r a t i o n )  a n d  s o l i d  

s a l t  ( h i g h  s e p a r a t i o n  a b i l i t y ) ,  a n d  n o  e n t r a i n m e n t  p r o b l e m  o f  t h e  s o l v e n t  i n t o  t h e  t o p  

p r o d u c t  o f  t h e  c o l u m n  a s  c o m p a r e d  t o  e x t r a c t i v e  d i s t i l l a t i o n  w i t h  t h e  m i x t u r e  o f  

l i q u i d  s o l v e n t  a n d  s o l i d  s a l t  ( L e i  et al. , 2 0 0 3 ) .  U n f o r t u n a t e l y ,  t h e  e x t r a c t i v e  

d i s t i l l a t i o n  w i t h  io n ic  l i q u i d s  r e v e a l s  s o m e  d i s a d v a n t a g e s ,  f o r  i n s t a n c e ,  t h e  p r i c e s  o f  

i o n i c  l i q u i d s  a r e  p r o b a b l y  e x p e n s i v e  a n d  io n ic  l i q u i d s  c o n t a i n  h a l o g e n  a n i o n s  w h i c h  

c a n  f o r m  h y d r o g e n  f l u o r i d e  ( c o r r o s i v e  a n d  t o x i c  s u b s t a n c e )  d u r i n g  t h e  h y d r o l y s i s  

( H u a n g  et a l . , 2 0 0 8 ) .  N e v e r t h e l e s s ,  a  w i d e  r a n g e  o f  I L  a p p l i c a t i o n s  r e g u l a r l y  p r o v i d e
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e i t h e r  b e t t e r  y i e l d s  o r  l o w e r  t o x i c i t i e s  t h a n  c o n v e n t i o n a l  v o l a t i l e  o r g a n i c  s o l v e n t s  

( P e r e i r o  et a l ,  2 0 1 2 ) .

T h e  p r o c e s s  d i a g r a m  o f  e x t r a c t i v e  d i s t i l l a t i o n  w i t h  i o n i c  l i q u i d s  i s  s h o w n  in  

F i g u r e  2 .9 .  T h e  r e g e n e r a t i o n  c o l u m n  c a n  b e  e v a p o r a t i o n ,  f i l m  e v a p o r a t i o n ,  s t r i p p i n g  

w i t h  h o t  g a s ,  a n d  p r e c i p i t a t i o n .  H o w e v e r ,  t h e  b e s t  o p t i o n  f o r  t h e  r e g e n e r a t i o n  c o l u m n  

w i l l  p r o b a b l y  b e  a  f l a s h  c o l u m n ,  w h i c h  r e q u i r e s  l o w  e n e r g y  c o n s u m p t i o n ,  a n d  t h e n  

r e m o v e  t h e  l a s t  i m p u r i t y  p r o d u c t s  b y  u s in g _ a  s t r ip  c o l u m n  ( M e i n d e r s m a  et a l ,  2 0 1 2 ) .

Ion ic
L iq u id

P ro d u c t  II

R e g e n e r a t i o n  

o f  t h e  I L

Ionic
L iqu id

B o tto m s

• “S im p le ” evap oration

• Film  evap oration

• Stripp ing  w ith hot g as

• Precip itation

• O thers ...

F i g u r e  2 .9  T h e  p r o c e s s  d i a g r a m  o f  e x t r a c t i v e  d i s t i l l a t i o n  w i t h  i o n i c  l i q u i d s  ( E D C =  

e x t r a c t i v e  d i s t i l l a t i o n  c o l u m n )  ( M e i n d e r s m a  et a l ,  2 0 1 2 ) .

2 .6 .1  A q u e o u s  S y s t e m s

2 .6 .1 .1 (W ater  +  Ethanol) System
T h e  u s e s  o f  I L s  a s  e n t r a i n e r s  h a v e  b e e n  s t u d i e d  e x t e n s i v e l y  

f o r  t h e  e t h a n o l  +  w a t e r  s y s t e m .  A s  s h o w n  i n  T a b le  2 .5 .  I T s  i n d i c a t e s  a  s a l t i n g  o u t  

e f f e c t ,  w h i c h  e n h a n c e s  t h e  r e l a t i v e  v o l a t i l i t y  o f  t h e  e t h a n o l  a n d  m a y  e v e n  e l i m i n a t e  

t h e  a z e o t r o p i c  p h e n o m e n a  a t  a  s p e c i f i c  I L  c o n t e n t  ( P e r e i r o  et a l ,  2 0 1 2 ) .
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Table 2.5 I o n ic  l i q u i d s  u s e d  a s  a z e o t r o p e  b r e a k e r s  o n  l i t e r a t u r e  f o r  t h e  s e p a r a t i n g  o f  

w a t e r  +  e t h a n o l ,  e t h a n o l / w a t e r  r e l a t i v e  v o l a t i l i t y  f r o m  V L E  d a t a  ( a VLE) a t  a z e o t r o p i c  

c o m p o s i t i o n  ( P e r e i r o  et a l ,  2 0 1 2 )

Azeotrope Ionic liquids aVLEa Remarks Reference
1 .2 7  V L E  d a t a  a t  O r c h i l l é s  et

1 0 0  k P a  al. ( 2 0 0 9 )

W a t e r  +  e t h a n o l  [ E M I M ] [ O T f ]

[ E M p y ] [ E t S 0 4]

[ B M I M ] [ C 1 ]

[ B M I M ] [ O T f ]

[ O M I M ] [ O T f ]

[ H M I M ] [ C 1 ]

[ B M I M ] [ M e S 0 4]

[ E M I M ] [ E t S 0 4]

[ E M I M ] [ B F 4]

[ E M I M ] [ N ( C N ) 2]

[ B M I M ] [ N ( C N ) 2]

[ E M I M ] [ O A c ]

[ B M I M ] [ O A c |

[ H M I M ] [ C 1 ]

[ B M I M ] [ C 1 ]

2 . 4 0 b V L E  d a t a  a t C a l v a r  et al.
1 0 1 .3  k P a ( 2 0 1 0 )

1 .3 8 V L E  d a t a  a t  3 0 , G e n g  et al.
4 0  1 0 0  k P a ( 2 0 0 9 )

1 .7 1 c V L E  d a t a  a t  3 1 4 .2 M o k h t a r a n i

a n d  3 3 1 .7  K a n d

0 . 9 5 d G m e h l i n g

( 2 0 1 0 )

1 .31 V L E  d a t a  a t Z h a n g  et al.
1 0 0  k P a ( 2 0 0 9 )

2 . 3 8 b V L E  d a t a  a t ( C a l v a r  et
1 0 1 .3  k P a al., 2 0 0 9 )

2 . 0 2 b V L E  d a t a  a t ( C a l v a r  et
1 0 1 .3  k P a al., 2 0 0 8 )

1 .3 7 V L E  d a t a  a t G e  et al.
1 0 0  k P a ( 2 0 0 8 )

1 .3 6

1 .5 3

1 .6 3

1 .4 6

0 .3 9 V L E  d a t a  a t C a l v a r  et al.
1 0 1 .3  k P a ( 2 0 0 7 )

1 .8 7 b V L E  d a t a  a t C a l v a r  e t

1 0 1 .3  k P a a l . ,  2 0 0 6
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Table 2.5 I o n ic  l i q u i d s  u s e d  a s  a z e o t r o p e  b r e a k e r s  o n  l i t e r a t u r e  f o r  t h e  s e p a r a t i n g  o f  

w a t e r  +  e t h a n o l ,  e t h a n o l / w a t e r  r e l a t i v e  v o l a t i l i t y  f r o m  V L E  d a t a  ( a VLE)  a t  a z e o t r o p i c  

c o m p o s i t i o n  ( P e r e i r o  et a l ,  2 0 1 2 )  ( C o n t i n u e d )

Azeotrope Ionic liquids aVLfcl Remarks Reference
[ M M I M ] [ D M P ] 1.17e V L E  d a t a  a t Z h a o  et al.

1 0 1 .3  k P a ( 2 0 0 6 )

[ E M I M ]  i ( E t ) 2P 0 4] 1 .4 1 e

[ B M I M ] [ B r ] 1 .0 6 e _

[ B M I M ] [ C 1 ] 1 .2 5 e

[ B M I M ] [ P F 6] 1 .1 9 e'

[ E M I M ] [ B F 4] 1 .4 4 V L E  d a t a  a t J o r k  et al.
' 3 6 3 .1 5  K ( 2 0 0 4 )

[ B M I M ] [ B F 4] 1 .3 4

[ B M I M ] [ C 1 ] 1 .5 5

a  E t h a n o l  m o l a r  f r a c t i o n  ~  0 .9 5  a n d  I L  m o l a r  f r a c t i o n  - 0 . 1 0 .  

b  E t h a n o l  m o l a r  f r a c t i o n  ~  0 .5 5  a n d  IL  m o l a r  f r a c t i o n  =  0 .1 0 .  

c  E t h a n o l  m o l a r  f r a c t i o n  =  0 .9 0  a n d  I L  m o l a r  f r a c t i o n  =  0 .5 0 .  

d  E t h a n o l  m o l a r  f r a c t i o n  =  0 .9 5  a n d  I L  m o l a r  f r a c t i o n  =  0 .8 0 .  

e  E t h a n o l  m o l a r  f r a c t i o n  ะะ 0 .9 5  a n d  I L  m o l a r  f r a c t i o n  =  0 .0 5 .

G e  et al. ( 2 0 0 8 )  m e a s u r e d  t h e  t e r n a r y  s y s t e m s  o f  ( w a t e r  +  

e t h a n o l  +  a n  I L )  u s i n g  a n  e b u l l i o m e t e r  a t  1 0 0  k P a  a n d  o b t a i n e d  t h e  a c t i v i t y  

c o e f f i c i e n t s  a n d  r e l a t i v e  v o l a t i l i t i e s  f r o m  e x p e r i m e n t a l  d a t a  w i t h o u t  t h e  

t h e r m o d y n a m i c  m o d e l  o f  t h e  l i q u i d  p h a s e .  T h e  a u t h o r s  p o i n t e d  o u t  t h a t  t h e  s u i t a b l e  

e n t r a i n e r  f o r  t h e  s e p a r a t i o n  o f  t h e  e t h a n o l  +  w a t e r  m i x t u r e s  w a s  [ E M I M ] [ O A c ]  a s  

c o m p a r e d  to  a m o n g  th e  e i g h t  I L s  s tu d i e d  ( [ B M I M ] [ B F 4], [ E M I M ] [ B F 4], 

[ B M I M ] [ N ( C N ) 2] ,  [ E M I M ] [ N ( C N ) 2] ,  [ B M I M ] [ C 1 ] ,  [ E M I M ] [ C 1 ] ,  [ B M I M ] [ O A c ] , 

a n d  [ E M I M ] [ O A c ] ) ,  d u e  to  i ts  b e t t e r  e n h a n c e m e n t  o f  th e  r e l a t i v e  v o l a t i l i t y ,  a s  w e l l  a s
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i t s  r e l a t i v e l y  l o w  v i s c o s i t y  a n d  m e l t i n g  p o i n t .  T h e  a u t h o r s  a l s o  c o n c l u d e d  t h a t  t h e  

a n i o n  c o n t r i b u t e s  a  s t r o n g e r  r o l e  in  i n t e r a c t i o n  o n  t h e  a c t i v i t y  c o e f f i c i e n t s  t h a n  t h e  

c a t i o n .  T h e  a n a l y s i s  o f  t h e  a c t i v i t y  c o e f f i c i e n t s  o f  s e v e r a l  I L s  w i t h  w a t e r  a n d  w i t h  

e t h a n o l  s h o w e d  t h a t  t h e  i n t e r a c t i o n  o f  t h e  a n i o n s  w i t h  w a t e r  a n d  w i t h  e t h a n o l  f o l l o w  

t h e  s a m e  o r d e r :  [ O A c ] '  «  [ C l ] '  >  [ N ( C N ) 2] '  >  [ B F 4] ’, c a n c e l i n g  o u t  m o s t  o f  t h e  e f f e c t ,  

e x p l a i n i n g  n o  d r a m a t i c  i n c r e a s e  in  t h e  r e l a t i v e  v o l a t i l i t y .

V e r m a  a n d  B a n e r j e e  ( 2 0 1 0 )  s t u d i e d  t h e  u s e  o f  I L s  a s  e n t r a î n e r  

f o r  t h e  a q u e o u s  a z e o t r o p i c  s y s t e m s :  w a t e r  +  e t h a n o l ,  w a t e r  +  2 - p r o p a n o l ,  a n d  w a t e r  +  

t e t r a h y d r o f u r a n  ( T H F ) .  T h e y  a p p l i e d  t h e  “ C O n d u c t o r - l i k e  S c r e e n i n g  M o d e l  f o r  R e a l  

S o l v e n t s ”  ( C O S M O - R S )  a s  a  t o o l  t o  p r e d i c t  t h e  t e r n a r y  v a p o r  +  l i q u i d  e q u i l i b r i a  f o r  

t h e  a z e o t r o p i c  m i x t u r e  w i t h  a  c o m b i n a t i o n  o f  1 0  c a t i o n s  ( i m i d a z o l i u m ,  p y r i d i n i u m ,  

q u i n o l i u m )  a n d  2 4  a n i o n s .  T h e  r e l a t i v e  v o l a t i l i t y  w a s  u s e d  t o  s c r e e n  t h e  p o t e n t i a l  

i o n i c  l i q u i d s  f o r  e a c h  s y s t e m .  T h e y  c o n c l u d e d  t h a t  t h e  i m i d a z o l i u m  b a s e d  c a t i o n  

w e r e  t h e  b e s t  e n t r a î n e r  f o r  t h e  s e p a r a t i o n  o f  t h e  t h r e e  s y s t e m s  a t  t h e i r  a z e o t r o p i c  

p o in t .  I L s  w i t h  [ M M I M ]  c a t i o n  in  c o m b i n a t i o n  w i t h  a c e t a t e  [ O A c ] ,  c h l o r i d e  [ C l ] ,  a n d  

b r o m i d e  [ B r ]  a n i o n  g a v e  t h e  h i g h e s t  r e l a t i v e  v o l a t i l i t y .  T h e  e n t r a i n e r  p r o p e r t i e s  o f  

I L s  w e r e  a l s o  f o u n d  t o  b e  p r o p o r t i o n a l  t o  t h e  w e i g h t  f r a c t i o n  o f  I L s .

O r c h i l l é s  et al. ( 2 0 1 1 )  m e a s u r e d  t h e  v a p o r - l i q u i d  e q u i l i b r i u m  

( V L E )  d a t a  f o r  t h e  t e r n a r y  s y s t e m  o f  e t h a n o l  ( 1 ) ,  w a t e r  ( 2 )  a n d  l - E t h y l - 3 -  

m e t h y l i m i d a z o l i u m  d i c y a n a m i d e  ( [ E M I M ] [ N ( C N ) 2] )  ( 3 )  a t  1 0 0  k P a  u s i n g  a  

r e c i r c u l a t i n g  s t i l l .  T h e  a u t h o r s  m e n t i o n e d  t h a t  t h e  [ E M I M ] [ N ( C N ) 2] IL  w a s  o n e  o f  

t h e  b e s t  e n t r a i n e r s  f o r  t h e  e x t r a c t i v e  d i s t i l l a t i o n  o f  t h e  e t h a n o l  +  w a t e r  m i x t u r e s ,  d u e  

to  t h e  b r e a k i n g  o f  a z e o t r o p e  a t  4 0 0  le P a  f o r  i o n i c  l i q u i d  m o l e  f r a c t i o n s  a s  l o w  a s

0 .0 1 9 .  A l t h o u g h ,  t h e  e f f e c t  p r o d u c e d  b y  t h e  [ E M I M ] [ N ( C N ) 2] o n  t h e  V L E  o f  t h e  

e t h a n o l  +  w a t e r  s y s t e m  w a s  s l i g h t l y  s m a l l e r  t h a n  t h a t  p r o d u c e d  b y  [ E M I M ] [ C 1 ] ,  

[ E M I M ] [ O A c ] ,  o r  [ B M I M ] [ O A c ] ,  a n d  i t s  p r i c e  w a s  n o t i c e a b l y  h i g h e r .  I n  s p i t e  o f  

t h a t ,  [ E M I M ] [  N ( C N ) 2] h a s  th e  a d v a n t a g e  o f  i t s  s m a l l e r  v i s c o s i t y  a n d  m e l t i n g  p o in t ,  

a s  w e l l  a s  i t s  l a r g e r  d e c o m p o s i t i o n  t e m p e r a t u r e .  T h e  M o c k 's  e l e c t r o l y t e  n o n r a n d o m  

t w o - l i q u i d  ( N R T L )  m o d e l  w a s  u s e d  t o  c o r r e l a t e  t h e  e x p e r i m e n t a l  d a t a  s h o w i n g  g o o d  

a g r e e m e n t .

R o u g h t o n  et al. ( 2 0 1 2 )  p u r p o s e d  t h e  m e t h o d o l o g y  a n d  t o o l  s e t  

f o r  t h e  s i m u l t a n e o u s  d e s i g n  o f  i o n i c  l i q u i d  e n t r a i n e r s  a n d  a z e o t r o p i c  s e p a r a t i o n



31

p r o c e s s e s  a p p l i e d  f o r  a c e t o n e - m e t h a n o l  a n d  e t h a n o l - w a t e r  a z e o t r o p i c  s y s t e m .  T h e  

o v e r a l l  m e t h o d o l o g y  f o r  s i m u l t a n e o u s  d e s i g n  o f  i o n i c  l i q u i d  e n t r a i n e r s  a n d  I L - b a s e d  

s e p a r a t i o n  p r o c e s s e s  i s  s h o w n  in  F i g u r e  2 .1 0 .  T h e  d e t a i l s  f o r  e a c h  s t e p  a r e  f o l lo w s :

-  S e l e c t i o n  o f  a z e o t r o p i c  s y s t e m s .

-  T h e  s o l u b i l i t y  p a r a m e t e r  w a s  s e t  a s  a  k e y  t a r g e t  p r o p e r t y  t o  s c r e e n  

t h e  d e s i g n e d  c a n d i d a t e s  t h r o u g h  C A M D .

-  T h e  U N I F A C - I L  w a s  u s e d  t o  p r e d i c t  t h e  V L E  o f  t e r n a r y  s y s t e m s  

c o n t a i n i n g  i o n i c  l i q u i d s ,  w h i c h  i s  u s e d  t o  c o n f i r m  t h e  b r e a k i n g  o f  

a z e o t r o p e .

-  T h e  d e s i g n e d  c a n d i d a t e s  w e r e  s c r e e n e d  a g a i n  b a s e d  o n  t h e  

m i n i m u m  c o n c e n t r a t i o n  o f  i o n i c  l i q u i d  n e e d e d  to  b r e a k  t h e  s p e c i f i c  

a z e o t r o p e .

-  T h e  U N I F A C - I L  m o d e l  w a s  t h e n  u s e d  t o  g e n e r a t e  d r i v i n g  f o r c e  

d i a g r a m s  f o r  n e a r - o p t i m a l  d e s i g n  o f  t h e  e x t r a c t i v e  - d i s t i l l a t i o n  

c o l u m n .

-  T h e  e n t i r e  s e p a r a t i o n  p r o c e s s  c o n s i s t i n g  o f  t h e  d i s t i l l a t i o n  u n i t  a n d  

i o n i c  l i q u i d  r e c o v e r y  s t a g e  w a s  s i m u l a t e d  u s i n g  C h e m C A D  t o  

d e t e r m i n e  e n e r g y  r e q u i r e m e n t s .

No, select next bext candidate

Adjust
process
design

F i g u r e  2 .1 0  O v e r a l l  m e t h o d o l o g y  f o r  s i m u l t a n e o u s  d e s i g n  o f  i o n i c  l i q u i d  e n t r a i n e r s  

a n d  I L - b a s e d  s e p a r a t i o n  p r o c e s s e s  p r o p o s e d  b y  R o u g h t o n  et al. ( 2 0 1 2 ) .
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T h e  a u t h o r s  f o u n d  t h a t  t h e  f i n a l  d e s i g n  c a n d i d a t e s  f o r  t h e  

a c e t o n e - m e t h a n o l  w a s  l - O c t y l - 4 - m e t h y l p y r i d i n i u m  t r i f l u o r o m e t h a n e  s u l f o n a t e ,  

[ O M p y ] [ O T f ]  w h i c h  p r o v i d e d  t h e  l o w e s t  e n e r g y  c o n s u m p t i o n s  a n d  r e d u c e d  t h e  

e n e r g y  c o n s u m p t i o n  b y  2 4 . 9 %  c o m p a r e d  t o  t h e  e x p e r i m e n t a l l y  s e l e c t e d  I L s  1 - E th y l -  

3 - m e t h y l  t r i f l u o r o m e t h a n e  s u l f o n a t e ,  [ E M I M ] [ O T f ] ,  W h e r e a s  f o r  e t h a n o l - w a t e r  

s y s t e m ,  1 3 - D i m e t h y l i m i d a z o l i u m  d i m e t h y l p h o s p h a t e ,  [ M M I M ] [ D M P ]  w a s  t h e  f i n a l  

d e s i g n  c a n d i d a t e s  w h ic h  c o n s u m e d  t h e  l o w e s t  e n e r g y  r e q u i r e m e n t s  a n d  r e d u c e d  h e a t  

d u t y  b y  2 6 . 5 %  w h e n  c o m p a r e d  to  t h e  e x p e r i m e n t a l l y  s e l e c t e d  I L s  [ E M I M ] [ O T f ] .  I n  

c a s e  o f  e t h a n o l - w a t e r  s e p a r a t i o n ,  [ M M I M ] ] [ D M P ]  w a s  c o m p a r e d  i n  t e r m  o f  t h e  

e n e r g y  s a v i n g  t o  t h e  p r e v i o u s l y  p u b l i s h e d  s i m u l a t i o n  r e s u l t s  ( S e i l e r  et a l ,  2 0 0 4 )  

u s i n g  a  c o n v e n t i o n a l  e n t r a i n e r ,  1 ,2 - e t h a n e d i o l ,  a n d  a n  e x p e r i m e n t a l l y  s e l e c t e d  i o n i c  

l i q u i d ,  1- E t h y l - 3 - m e t h y l i m i d a z o l i u m  t e t r a f l u o r o b o r a t e  o r  [ E M I M ]  [ B F 4] ( S e i l e r  et 
a l ,  2 0 0 4 ) .  [ M M I M ] ] [ D M P ]  s h o w e d  a n  e n e r g y  s a v i n g s  o f  2 8 .8 %  a s  c o m p a r e d  t o  t h e  

c o n v e n t i o n a l  e n t r a i n e r  ( 1 ,2 - e t h a n e d i o l )  a n d  a n  e n e r g y  s a v i n g s  o f  5 .8 %  a s  c o m p a r e d  

t o  t h e  e x p e r i m e n t a l l y  s e l e c t e d  i o n i c  l i q u i d  [ E M I M X B F 4] ( S e i l e r  et a l ,  2 0 0 4 ) .

I n  c o n c l u s i o n ,  b y  c o m p a r i n g  i o n i c  l i q u i d s  c o n t a i n i n g  t h e  

i m i d a z o l i u m - b a s e d  c a t i o n ,  [ E M I M ] +, i n  t e r m  o f  t h e i r  r e l a t i v e  v o l a t i l i t y  o f  t h e  s y s t e m  

a t  XEthanoi =  0 .9 5 ,  t h e  i n t e r a c t i o n  o f  t h e  a n i o n s  w i t h  w a t e r  a n d  w i t h  e t h a n o l  f o l l o w s  t h e  

s a m e  o r d e r :  [ O A c ] '  «  [ C l ] '  >  [ N ( C N ) 2] '  >  [ B F 4] '  ( G e  et a l ,  2 0 0 8 ,  P e r e i r o  et a l ,
2 0 1 2 ) .  A t  l o w  e t h a n o l  c o n c e n t r a t i o n s ,  t h e  i m i d a z o l i u m - b a s e d  c a t i o n  s h o w e d  a  h i g h e r  

e n h a n c e m e n t  o f  t h e  r e l a t i v e  v o l a t i l i t y  t h a n  t h a t  o f  t h e  [ E M p y ] + c a t i o n  ( P e r e i r o  et a l ,
2 0 1 2 ) .  In  t e r m  o f  th e  e f f e c t  o f  t h e  a lk y l  c h a i n  l e n g t h  o f  b o t h  t h e  a n i o n  a n d  th e  c a t i o n ,  

t h e  i n c r e a s e  in  t h e  c a t i o n ’ s  c h a i n  l e n g t h - l e a d s  to  a  l e s s  e f f e c t i v e  e n t r a i n e r  s in c e  t h e  

r e l a t i v e  v o l a t i l i t y  d e c r e a s e s  a t  a l l  c o n c e n t r a t i o n s .  T h i s  i n d i c a t e s  t h a t  s m a l l  c a t i o n s  

p o s s e s s  s t r o n g e r  I L  +  w a t e r  i n t e r a c t i o n s  t h a n  t h e  l a r g e r  o n e s ,  f o r c i n g  t h e  e t h a n o l  i n t o  

t h e  v a p o r  p h a s e ,  t h u s  i n c r e a s i n g  r e l a t i v e  v o l a t i l i t y  ( P e r e i r o  et a l ,  2 0 1 2 ) .  T h e  

s e l e c t i o n  o f  I L s  a s  e n t r a i n e r  f o r  t h e  e t h a n o l / w a t e r  s y s t e m  t h r o u g h  s e v e r a l  m e t h o d s  

s h o w e d  t h a t  t h e  i m i d a z o l i u m  b a s e d  c a t i o n s  w e r e  t h e  b e s t  e n t r a i n e r  f o r  t h e  s e p a r a t i o n  

o f  t h e  e t h a n o l  +  w a t e r  s y s t e m .  A c c o r d i n g  to  e n e r g y  s a v i n g s ,  t h e  [ M M I M ] [ D M P ]  

( R o u g h t o n  et a l ,  2 0 1 2 )  w a s  f a v o r a b l e  a s  a  n e w  a l t e r n a t i v e  e n t r a i n e r  f o r  t h e  e t h a n o l  +  

w a t e r  s y s t e m  in  e x t r a c t i v e  d i s t i l l a t i o n .
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2.6 .1 .2  (W ater + other A lcohols) System s
T h e r e  a r e  s e v e r a l  a z e o t r o p i c  m i x t u r e s  o f  o t h e r  a l c o h o l s  +  

w a t e r  h o m o g e n e o u s  b i n a r y  s y s t e m  s tu d i e d  i n  t h e  l i t e r a t u r e  i n c l u d i n g ,  1 - p r o p a n o l ,  2 - 

p r o p a n o l ,  a n d  2 - m e t h y l - 2 - p r o p a n o l  a s  s h o w n  in  T a b l e  2 . 6  ( P e r e i r o  et a i ,  2 0 1 2 ) .

T a b le  2 .6  L i s t s  t h e  I L s  u s e d  a s  a z e o t r o p e  b r e a k e r s  f o r  t h e  ( w a t e r  +  o t h e r  a l c o h o l s )  

l o n g e r  t h a n  e t h a n o l  b i n a r y  s y s t e m s  ( P e r e i r o  et a i ,  2 0 1 2 )

A zeo tro p e Io n ic  liq u id s a VLE R em a rk s R eferen ce
W a t e r  +  1 - p r o p a n o l [ E M I M ] [ O T f ] 1 .3 6 a V L E  d a t a  a t ( O r c h i l l é s

1 0 0  k P a et a i ,

2 0 0 8 )

[ E M I M ] [ B F 4] 1 .5 2 b V L E  d a t a  a t Z h a n g  et
1 0 0  k P a a i  ( 2 0 0 7 )

[ B M I M ] [ B F 4] 1 .3 7 b

W a t e r  +  2 - p r o p a n o l [ E M I M ] [ E t S 0 4] 1 .4  I e V L E  d a t a  a t K i m  et a i
3 3 3 .1 5  K : ( 2 0 1 0 )

h e a d s p a c e  g a s

c h r o m a t o g r a p h y

[ B M I M ] [ B F 4] 1 .5  I e

- [ H M I M ] [ N T f 2] 1 .4 1 d V L E  d a t a  a t W e s t e r h o l

3 3 2  K : t  et a i
h e a d s p a c e  g a s ( 2 0 0 9 )

c h r o m a t o g r a p h y

[ B M p y r ] [ N T f 2] 1 . 5 1d
[ B M I M ] [ B F 4] 1 .3 2 c V L E  d a t a  a t L i  et a i

1 0 1 .3  k P a ( 2 0 0 9 )

[ E M I M ] [ B F 4] 1 .9 5 e V L E  d a t a  a t L i  et a i
1 0 1 .3  k P a ( 2 0 0 7 )



Table 2.6 Lists the ILs used as azeotrope breakers for the (water + other alcohols)
longer than ethanol binary systems (Pereiro et a l ,  2012) (Continued)

A zeo tro p e Io n ic  liq u id s R em a rk s R eferen ce
W a t e r  +  2 - p r o p a n o l [ B M I M ] [ B F 4] 1 .3 2 c V L E  d a t a  a t Z h a n g  et al.

1 0 0  k P a ( 2 0 0 7 )

[ E M I M ] [ B F 4] 2 . 1 9 C
V L E  d a t a  a t  

1 0 0  k P a
Z h a n g  et al. 
( 2 0 0 7 )

[ B M I M ] [ O A c ] 2 . 1 2 a V L E  d a t a  a t Z h a n g  et al.
- 1 0 0  k P a ( 2 0 0 7 )

- [ E M I M ] [ O A c ] 2 . 1 8 a

[ B M I M ] [ C 1 ] 2 . 2 0 a V L E  d a t a  a t

1 0 1 .3  k P a

[ E M I M ] [ N ( C N ) 2] 1 .7 4 a V L E  d a t a  a t

1 0 1 .3  k P a

[ E M I M ] [ B F 4] 1 .5 8 a V L E  d a t a  a t

1 0 0  k P a

[ B M I M ] [ N ( C N ) 2] 1 .5 0 a V L E  d a t a  a t

1 0 0  k P a

[ E M I M ] [ N T f 2] n .a .  ' V L E  d a t a  a t D ô k e r  a n d

1 0 0  k P a G m e h l i n g

( 2 0 0 5 )

[ B M I M ] [ N T f 2] n .a .

W a t e r  +  2 - m e t h y l - 2 - [ E M I M ] [ O A c ] 3 . 2 8 a V L E  d a t a  a t Z h a n g  et al.
p r o p a n o l

[ B M I M ] [ O A c ] 2 . 5 8 a

1 0 0  k P a ( 2 0 0 9 )

[ H M I M ] [ O A c ] 2 . 4 3 a

[ E M I M ] [ C 1 ] 3 . 5 8 a

[ B M I M ] [ C 1 ] 2 . 2 9 a

[ H M I M ] [ C 1 ] 2 . 0 5 a



a  2 - P r o p a n o l  m o l a r  f r a c t i o n  -  0 .9 5  a n d  IL  m o l a r  f r a c t i o n  ~  0 .2 5 .  

b  1 - P r o p a n o l  m o l a r  f r a c t i o n  ~  0 .4 3  a n d  IL  m o l a r  f r a c t i o n  ~  0 .2 4 .  

c  2 - P r o p a n o l  m o l a r  f r a c t i o n  -  0 .6 7  a n d  I L  m o l a r  f r a c t i o n  ~  0 .2 0 .  

d  W a t e r / 2 - p r o p a n o l  r e l a t i v e  v o l a t i l i t y ;  2 - p r o p a n o l  m o l a r  f r a c t i o n  ~  0 .3 8  a n d  IL  

m o l a r  f r a c t i o n  - 0 . 9 5 .

T h e  s tu d y  o f  w a t e r  +  1 - p r o p a n o l  a z e o t r o p i c  s y s t e m  w a s  o n ly  

c a r r i e d  o u t  w i t h  t w o  d i s t i n c t  a n i o n s  ( [ B F 4] ’ a n d  [ O T f ] ') .  T h e  m i n i m u m  m o l a r  f r a c t i o n  

o f  I L  n e e d e d  t o  b r e a k  t h e  w a t e r  +  1 - p r o p a n o l  a z e o t r o p e  a t  Xi-Propanol 0 .4 3  i s  s m a l l e r  

f o r  [ E M I M ] [ B F 4] ,  0 .3 0  ( Z h a n g  et a l ,  2 0 0 7 ) ,  t h a n  f o r  [ E M I M ] [ O T f ] ,  0 .3 4  ( O r c h i l l é s  

et a l ,  2 0 0 8 ) .  [ O T f ] ‘ a n i o n  I L s  h a s  s m a l l  r e l a t iv e  v o l a t i l i t y  ( s e e  T a b l e  6 )  c o m p a r e d  to  

t h e  [ B F 4] d e m o n s t r a t i n g  i t s  i n f e r i o r  e n t r a i n e r  c a p a c i t y .  Z h a n g  e t  a l .  ( Z h a n g  et a l ,
2 0 0 7 )  s t u d i e d  t h e  e f f e c t  o f  i n c r e a s i n g  t h e  a lk y l  c h a i n  l e n g t h  o f  t h e  c a t i o n  ( [ E M I M ] + 

a n d  [ B M I M ] +) in  t h e  a z e o t r o p e  w a t e r  +  1- p r o p a n o l .  T h e y  f o u n d  t h a t  a t  t h e  s a m e  

w e i g h t  f r a c t i o n  o f  I L s  W IL= 0 .7 ,  t h e  a z e o t r o p e  w a s  b r o k e n  o n l y  i n  t h e  c a s e  o f  t h e  I L s  

w i t h  [ E M I M ] + c a t i o n .  T h e r e f o r e ,  f o r  w a t e r  +  1- p r o p a n o l  s y s t e m ,  s m a l l e r  a l k y l  c h a i n  

l e n g t h  o f  t h e  c a t i o n  w a s  m o r e  a d e q u a t e  f o r  a z e o t r o p e  b r e a k i n g  ( P e r e i r o  et a l ,  2 0 1 2 ) .

Z h a n g  et al. ( 2 0 0 7 )  p r o p o s e d  a  p r o c e d u r e  f o r  e x p e r i m e n t a l  

e v a l u a t i o n  o f  i o n i c  l i q u i d s  ( I L s )  a s  e n t r a i n e r s ,  a n d  m e a s u r e d  t h e  v a p o r - l i q u i d  

e q u i l i b r i a  ( V L E )  f o r  t e r n a r y  s y s t e m s  o f  w a t e r  +  2 - p r o p a n o l  +  I L  a t  1 0 0  k P a  ( x 2-pr0panoi 

=  0 .9 5 ,  I L - f r e e  b a s i s )  a n d  c o r r e l a t e d  t h e  e x p e r i m e n t a l  V L E  d a t a  u s i n g  t h e  N R T L  

m o d e l . ’ S e v e n  I L s  w e r e  i n v e s t i g a t e d ,  n a m e l y  [ E M I M ] [ B F 4] ,  [ B M I M ] [ B F 4] , 

[ E M I M ] [ N ( C N ) 2] ,  [ B M I M ] [ N ( C N ) 2] ,  [ E M I M ] [ O A c ] ,  [ B M I M ] [ O A c ] ,  a n d

[ B M I M ] [ C 1 ] .  T h e y  m e n t i o n e d  t h a t  t h e  e f f e c t  o n  t h e  r e l a t i v e  v o l a t i l i t y  o f  2 - p r o p a n o l  

to  w a t e r  w a s  m a i n l y  d e p e n d e n t  o n  t h e  a n i o n  in  t h e  o r d e r :  [C l]"  >  [ O A c ] ’ >  [ N ( C N ) 2 ] ’ 

>  [ B F 4]". T h i s  o r d e r  w a s  in  a g r e e m e n t  w i t h  t h a t  f o u n d  f o r  w a t e r  +  e t h a n o l  a z e o t r o p e .  

A m o n g  t h e  s e v e n  I L s  s tu d i e d ,  t h e  I L s  w i t h  [ O A c ]  o r  [ C l]  a s  t h e  a n i o n ,  a n d  

[ E M I M ] + a s  t h e  c a t i o n ,  h a v e  t h e  m o s t  s i g n i f i c a n t  a b i l i t y  t o  e n h a n c e  t h e  r e l a t iv e  

v o l a t i l i t y  o f  t h e  m i x t u r e  o f  w a t e r  a n d  2 - p r o p a n o l .

K i m  et a l  ( 2 0 1 0 )  m e a s u r e d  t h e  i s o t h e r m a l  v a p o r - l i q u i d  

e q u i l i b r i u m  ( V L E )  d a t a  a t  T = 3 3 3 .1 5  K  f o r  t h e  2 - p r o p a n o l  +  w a t e r  +  I L s  

( [ E M I M ] [ E tS C > 4] a n d  [ B M I M ] [ B F 4] )  s y s t e m  w i t h  d i f f e r e n t  c o n c e n t r a t i o n s  u s i n g  th e
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h e a d s p a c e  g a s  c h r o m a t o g r a p h y  ( H S G C )  t e c h n i q u e .  T h e  e x p e r i m e n t a l  V L E  d a t a  ( I L s -  

f r e e  b a s e )  w e r e  c o r r e l a t e d  w i t h  t h e  W i l s o n ,  N R T L ,  a n d  U N I Q U A C  m o d e l s .  O f  a l l  

c o n c e n t r a t i o n s  u s e d  i n  t h e i r  s tu d y ,  t h e  a u t h o r s  w e r e  n o t  a b l e  t o  b r e a k  t h e  a z e o t r o p e ,  

r a t h e r  d e v i a t i n g  i t  t o  h i g h e r  c o n c e n t r a t i o n s  o f  a l c o h o l ,  f r o m  XAicohoi =  0 .6 8  to  0 .8 8  a n d

0 .8 4  u s i n g  a  m o l e  f r a c t i o n  o f  0 .2  o f  [ E M I M ] [ E t S 0 4 ] a n d  [ B M I M ] [ B F 4] ,  D i r e c t  

c o m p a r i s o n  o f  t h e  r e l a t i v e  v o l a t i l i t y  ( T a b l e  6 )  f o r  [ B M I M ] [ B F 4] a n d  [ E M I M ] [ E t S 0 4 ] 

s h o w e d  t h a t  t h e  [E tS C T i]-  a n i o n  w a s  n o t  a  g o o d  o p t i o n  a s  a n  a z e o t r o p e  b r e a k e r  f o r  

t h i s  s y s t e m  ( P e r e i r o  et a l ,  2 0 1 2 ) .

O n l y  Z h a n g  e t  a l .  ( 2 0 0 9 )  s t u d i e d  o n  t h e  e f f e c t  o f  I L s  o n  th e  

p h a s e  b e h a v i o r  o f  w a t e r  +  2 - m e t h y l - 2 - p r o p a n o l  ( t e r t - b u t y l  a l c o h o l ,  T B A ) .  T h e y  a l s o  

m e a s u r e d  t h e  V L E  d a t a  o f  w a t e r  ( 1 )  +  T B A  ( 2 )  +  I L  ( 3 )  s y s t e m  a t  1 0 0  k P a  a n d  

c o r r e l a t e d  d a t a  u s i n g  t h e  N R T L  m o d e l s .  T h e  s i x  d i s t i n c t  I L s  b a s e d  o n  t h e  a n i o n s  

[ C l ] -  a n d  [ O A c ] ~  a n d  t h e  c a t i o n s  [ E M I M ] +, [ B M I M ] +, [ H M I M ] +, n a m e l y  

[ E M I M ] [ O A c ] ,  [ B M I M ] [ O A c ] ,  [ H M I M ] [ O A c ] ,  [ E M I M ] [ C 1 ] ,  [ B M I M ] [ C I ] ,  a n d  

[ H M I M ] [ C 1 ]  w e r e  i n v e s t i g a t e d .  T h e y  f o u n d  t h a t  t h e  [ E M I M ] [ C 1 ]  I L s  h a d  t h e  l a r g e s t  

e f f e c t  o n  e n h a n c e m e n t  o f  t h e  r e l a t i v e  v o la t i l i t y .  I n  a d d i t i o n ,  [ E M I M ] [ O A c ] ,  h a d  a l s o  

s i g n i f i c a n t  e n h a n c i n g  e f f e c t .  C o n s i d e r i n g  t h e  r e l a t i v e l y  l o w  v i s c o s i t y  a n d  m e l t i n g  

p o i n t  o f  [ E M I M ] [ O A c ] ,  t h i s  I L  m i g h t  b e  a  f a v o r a b l e  c a n d i d a t e  a s  e n t r a î n e r  f o r  t h e  

s e p a r a t i o n  o f  w a t e r  a n d  T B A  b y  e x t r a c t i v e  d i s t i l l a t i o n .  T h i s  r e s u l t  w a s  s i m i l a r  t o  th e  

s y s t e m  o f  w a t e r  +  2 - p r o p a n o l  ( Z h a n g  et a l ,  2 0 0 7 )  a n d  w a t e r  +  e t h a n o l  ( G e  et a l ,
2 0 0 8 ) .

2 .6 .2 .3  W ater  +  Tetrahydrafuran System
G e n e r a l l y ,  t h e  t e t r a h y d r o f u r a n  p r o d u c t i o n  r e q u i r e s  9 9 .9 %  p u r i t y  f o r  

c o m m e r c i a l  u s e ;  h o w e v e r ,  t h e  T H F  +  w a t e r  m i x t u r e  s h o w s  a  m i n i m u m  b o i l i n g  

a z e o t r o p e  a t  xthf =  0 .8 1 7 .  T h e  V L E  b e h a v i o r  o f  t h e  ( T H F  +  w a t e r  +  I L )  t e r n a r y  

s y s t e m s  h a s  b e e n  s tu d i e d  to  e v a l u a t e  th e  f e a s i b i l i t y  o f  e x t r a c t i v e  d i s t i l l a t i o n  

t e c h n i q u e s  a s  s h o w n  i n  T a b l e  2 .7 .
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T a b le  2 .7  L i s t s  t h e  i o n i c  l i q u i d s  u s e d  a s  a z e o t r o p e  b r e a k e r s  f o r  t h e  ( T H F  +  w a t e r )  

s y s t e m  i n  t h e  l i t e r a t u r e  f o r  e x t r a c t i v e  d i s t i l l a t i o n  ( P e r e i r o  et a l ,  2 0 1 2 )

A zeo tro p e Io n ic  L iq u id s R em a rk s R eferen ce
W a t e r  +  T H F [ E M I M ] [ B F 4] 4 .4 V L E  d a t a  a t J o r k  et al.

3 3 7 .1 5  K : ( 2 0 0 4 )

[ B M I M ] [ B F 4] 3 .2 4 h e a d s p a c e  g a s

[ O M I M ] [ B F 4] 2 .5 c h r o m a t o g r a p h y

[ B M I M ] [ C 1 ] 3 7 .2 6

[ E M I M ] [ C 1 ] 3 1 .1 4 V L E  d a t a  a t J o r k  et al.
3 3 7 .1 5  K : ( 2 0 0 5 )

[ E M I M ] [ E t S 0 4] 1 3 .5 9 h e a d s p a c e  g a s

[ E M I M ] [ T o S 0 3] 1 1 .4 1 c h r o m a t o g r a p h y

[ E M I M ] [ 0 c S 0 4] 1 2 .8 7

[ E M I M ] [ O T f ] 3 .9 2

[ E M I M ] [ B F 4] 4 .3 5

[ E M I M ] [ P F 6] 2 .2 1

[ E M I M ] [ N T f 2] 1 .5

[ B M I M ] [ O A c ] 3 6 .8 6

[ B M I M ] [ C 1 ] 3 1 .3 5

[ B M I M ] [ H S 0 4] 8 .5

[ B M I M ] [ S a l i c y l a t e ] 8 .3 3 -
[ B M I M ] [ S C N ] 8 .6 8 .
[ B M I M ] [ N ( C N ) 2] 8 .3 3

[ B M I M ] [ M e S 0 4] 8 .6 2

[ B M I M ] [ M e ( E t 0 ) 2S 0 4] 9 .3 2

[ B M I M ] [ 0 c S 0 4] 2 2 .0 3

[ B M I M ] [ B F 4] 3 .5 2

[ B M I M ] [ B O B ] 1 5 .6 7

[ B M I M ] [ N T f 2] 1 .2 6

a  a z e o t r o p i c  c o m p o s i t i o n  a n d  IL  m o l a r  f r a c t i o n  ~  0 .3 0
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J o r k  et al. ( 2 0 0 4 )  s t u d i e d  t h e  i n f l u e n c e  o f  t h e  I L s  s t r u c t u r e  o n  t h e  

r e l a t i v e  v o l a t i l i t y  o f  T H F  +  w a t e r  a z e o t r o p i c  m i x t u r e  in  e x t r a c t i v e  d i s t i l l a t i o n ,  a n d  

a l s o  m e a s u r e d  t h e  V L E  f o r  T H F  +  w a t e r  +  i m i d a z o l i u m - b a s e d  I L s ,  n a m e l y  

[ E M I M ] [ B F 4] ,  [ B M I M ] [ B F 4] ,  [ O M I M ] [ B F 4] a n d  [ B M I M ] [ C 1 ] ,  T h e y  c o n c l u d e d  t h a t  

t h e  I L  [ E M I M ] [ B F 4] w a s  a  s u i t a b l e  e n t r a i n e r  f o r  l o n g - t e r m  a p p l i c a t i o n  i n  t h e r m a l  

s e p a r a t i o n  p r o c e s s e s .  I n  s p i t e  o f  i t s  t r a n s i t i o n  f r o m  s l i g h t l y  y e l l o w  to  b l a c k ,  t h e  

t e r n a r y  T H F  +  w a t e r  +  [ E M I M ] [ B F 4] V L E  p h a s e  d i a g r a m  w a s  n o t  f o u n d  t o  c h a n g e  a t  

a l l .  T h i s  w a s  n o t  p r o o f  o f  t h e  c h e m i c a l  s t a b i l i t y  o f  t h e  I L  i n v e s t i g a t e d  in  l o n g - t e r m  

a p p l i c a t i o n  w i t h i n  a q u e o u s  m e d i a .  T h e r e f o r e  t h e  a u t h o r s  s u g g e s t e d  t h a t  c h e m i c a l  

r e a c t i o n s  a p p e a r i n g  in  t h i s  m i x t u r e  m i g h t  h a v e  v e r y  m i n o r  i m p a c t s  o n  t h e  o b s e r v e d  

t h e r m o d y n a m i c  b e h a v i o r .  T h e  a u t h o r s  a l s o  m e n t i o n e d  t h a t  I L s  w i t h  s h o r t e n i n g  t h e  

l e n g t h  o f  t h e  a l k y l  c h a i n  o f  t h e  c a t i o n  i n c r e a s e s  t h e  i m p a c t  o f  t h e  I L s  o n  t h e  V L E  

s l i g h t l y .

J o r k ,  e t .  a l .  ( 2 0 0 5 )  u s e d  t h e  C O S M O - R S  a s  a  t o o l  t o  p r e d i c t  t h e  

a c t i v i t y  c o e f f i c i e n t s  a t  i n f i n i t e  d i l u t i o n  o f  b o t h  a n  a z e o t r o p i c  a q u e o u s  

( t e t r a h y d r o f u r a n  +  w a t e r )  a n d  a  c l o s e - b o i l i n g  a r o m a t i c  t e s t  s y s t e m  

( m e t h y l c y c l o h e x a n e  +  t o l u e n e )  c o n t a i n i n g  i o n i c  l i q u i d s  (8  d i f f e r e n t  c a t i o n s  a n d  2 4  

d i f f e r e n t  a n i o n s ) ,  a n d  t h e n  s c r e e n e d  io n ic  l i q u i d s  a s  e n t r a i n e r s  in  e x t r a c t i v e  

d i s t i l l a t i o n .  T h e  a u t h o r s  p o i n t e d  o u t  t h a t  a  h i g h e r  d e g r e e  o f  b r a n c h i n g  o r  l o n g e r  a lk y l  

s u b s t i t u e n t s  o n  t h e  c a t i o n ,  a s  w e l l  a s  a  l o w  n u c l e o p h i l i c i t y  o f  t h e  a n i o n  d e c r e a s e s  

b o th  s e l e c t i v i t y  a n d  c a p a c i t y  a t  i n f i n i t e  d i l u t i o n  in  t h e  t e t r a h y d r o f u r a n  +  w a t e r  

s y s t e m .  T h e  s m a l l ,  u n b r a n c h e d ,  a n d  p o l a r  i o n s  w i t h o u t  s t e r i c a l  s h i e l d i n g  e f f e c t s  

a r o u n d  t h e i r  c h a r g e  c e n t e r s  s u c h  a s  [ O A c ] ‘, [C l]" , [ D M P ] " ,  a n d  [ M A c A ] "  s e e m  t o  b e  

e f f i c i e n t  i o n i c  l i q u i d  e n t r a i n e r s  f o r  t e t r a h y d r o f u r a n  +  w a t e r  s y s t e m .  T h e  a n i o n s  

c o n t a i n i n g  f l u o r i n e  p r o m o t e  a  m o r e  u n i f o r m  d i s t r i b u t i o n  o f  t h e  e l e c t r o n s  ( e .g . ,  [ O T f ] '  

a n d  [ B M A ] " ) ,  a n d  r e d u c e  t h e  p o l a r i t y .  T h u s ,  t h e  e n t r a i n e r  s u i t a b i l i t y  o f  t h e  

p r e s e l e c t e d  i o n i c  l i q u i d s  in  a q u e o u s  s y s t e m s  w a s  d e c r e a s e d .  T h e  a u t h o r s  a l s o  

m e n t i o n e d  t h a t  t h e  a n i o n s  c o n t a i n i n g  c y c l i c  o r  a r o m a t i c  g r o u p s  w e r e  n o t  b e i n g  

c a p a b l e  o f  a c t i n g  a s  e n t r a i n e r s  f o r  t h e  t e t r a h y d r o f u r a n  +  w a t e r  s y s t e m .

I n  o v e r a l l ,  t h e  r e l a t i v e  v o l a t i l i t y  o f  t h e  l o w - b o i l i n g  c o m p o u n d  ( T H F )  

i n c r e a s e s  a s  t h e  a l k y l  g r o u p  w a s  s h o r t e n e d :  o c ty l  >  b u ty l  >  e t h y l .  T h e  e f f e c t  o f  a n i o n s
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o n  t h e  r e l a t i v e  v o l a t i l i t y  o f  t h e  ( T H F  +  w a t e r )  s y s t e m  a t  t h e  a z e o t r o p i c  p o i n t  ( xthf =
0 .8 1 7 )  s h o w e d  t h a t  [ B M I M ] [ O A c ] ,  [ B M I M ] [ C 1 ] ,  a n d  [ E M I M ] [ O A c ]  e x h i b i t e d  t h e  

h i g h e s t  e n t r a i n e r  e f f i c i e n c i e s  ( P e r e i r o  et a l ,  2 0 1 2 ) .  T h e  r e l a t i v e  v o l a t i l i t i e s  o f  t h e  

T H F  +  w a t e r  +  [ B M I M ] [ O A c ] ,  [ B M I M ] [ C 1 ] ,  a n d  [ E M I M ] [ C 1 ]  a s  c o m p a r e d  t o  t h o s e  

o f  T H F  +  w a t e r  +  [ B M I M ] [ B F 4] ,  [ E M I M ] [ B F 4] ,  a n d  [ O M I M ] [ B F 4] o b v i o u s l y  

e x p l a i n e d  t h a t  t h e  e x c h a n g e  o f  t h e  a n i o n  r e s u l t s  i n  a  m u c h  l a r g e r  c h a n g e  i n  th e  

r e l a t i v e  v o l a t i l i t y  o f  t h e  l o w - b o i l i n g  c o m p o n e n t  t h a n  t h e  m o d i f i c a t i o n  o f  t h e  c a t i o n ’s 

a l k y l  c h a i n  l e n g t h .  [ B M I M ] [ O A c ]  w a s  s h o w n  t o  b e  t h e  m o s t  s u i t a b l e  f o r  t h e  T H F  +  

w a t e r  s e p a r a t i o n .  W i t h  r e s p e c t  t o  t h e  s e l e c t i v e  i n t e r a c t i o n s  a n d  t h e  i n c r e a s i n g  r e l a t i v e  

v o l a t i l i t y  o f  t h e  T H F ,  t h e  i m i d a z o l i u m  s a l t s  c o m p o s i n g  t h e  a c e t a t e  ( [ O A c ] ' )  a n d  

c h l o r i d e  ( [ C l ] ' )  a n i o n s  w e r e  t h e  b e s t  a m Q n g  a l l  t h e  a n i o n s  s t u d i e d  ( P e r e i r o  et a l ,  
2 0 1 2 ) .

2 . 6 .2  N o n - A q u e o u s  S y s t e m s

2.6.2.1 A lcoholic  System s
O r c h i l l é s  et al. ( 2 0 0 7 )  s t u d i e d  t h e  s e p a r a t i o n  o f  e t h y l  a c e t a t e  

a n d  e t h a n o l  b y  e x t r a c t i v e  d i s t i l l a t i o n  u s in g  [ E M I M ] [ O T f ]  a s  e n t r a i n e r .  T h e y  f o u n d  

t h a t  [ E M I M ] [ O T f ]  b r e a k i n g  t h e  a z e o t r o p e  a t  a  s p e c i f i c  I L  m o l e  f r a c t i o n  o f  0 .2 0 ,  a n d  

s h o w e d  a  s i g n i f i c a n t  s a l t i n g - o u t  e f f e c t .  I t  a l s o  s h o w e d  a n  e n h a n c e m e n t  o f  t h e  r e l a t i v e  

v o l a t i l i t y  o f  t h e  e t h y l  a c e t a t e  n e a r  t h e  a z e o t r o p i c  p o i n t ;  h o w e v e r ,  t h i s  e f f e c t  w a s  

u n n o t i c e a b l e  a t  l o w  e t h y l  a c e t a t e  c o n c e n t r a t i o n s .

L i  et a l  ( 2 0 0 9 )  s tu d i e d  t h e  u s e  o f  I L s  a s  s e p a r a t i n g  a g e n t  f o r  

t h e  s e p a r a t i o n  o f  e t h y l  a c e t a t e  a n d  e t h a n o l .  T h e y  i n v e s t i g a t e d  t h r e e  I L s ,  n a m e ly  

[ B M I M ] [ B F 4] ,  [ O M I M ] [ B F 4], a n d  [ E M I M ] [ B F 4] b y  m e a s u r i n g ,  t h e  v a p o r - l i q u i d  

e q u i l i b r i u m  ( V L E )  d a t a  o f  t h e  e t h y l  a c e t a t e  ( 1 )  +  e t h a n o l  ( 2 )  c o n t a i n i n g  I L s  a t  1 0 1 .3 2  

k P a .  T h e y  f o u n d  t h a t  a l l  I L s  s tu d i e d  s h o w e d  a  s i g n i f i c a n t  e n h a n c e m e n t  o f  s a l t i n g - o u t  

e f f e c t .  T h e  a u t h o r s  a r g u e  t h a t  E M I M ] [ O T f ]  s h o u l d  b e  s e l e c t e d  a s  e n t r a i n e r  w h e n  

c o m p a r e d  w i t h  t h e  t e t r a f l u o r o b o r a t e b a s e d  IL s .

I n  c o n c l u s i o n ,  t h e  s e p a r a t i o n  o f  e t h y l  a c e t a t e  a n d  e t h a n o l  b y  

e x t r a c t i v e  d i s t i l l a t i o n  u s i n g  I L s  a s  e n t r a i n e r  h a s  b e e n  w i d e l y  s t u d i e d .  A s  i l l u s t r a t e d  in  

F i g u r e  2 . 1 1 ,  t h e  i n f l u e n c e  o f  I L s  o n  t h e  r e l a t i v e  v o l a t i l i t y  o f  e t h y l  a c e t a t e  to  e t h a n o l  

o f  t h e  f o u r  I L s  a t  XIL =  0 .3 0  w a s  in  t h e  f o l l o w i n g  o r d e r :  [ O M I M ] [ B F 4] >
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[ E M I M ] [ B F 4 ] >  [ E M I M ] [ O T f ]  >  [ B M I M ] [ B F 4] a n d  w a s  m o s t l y  d u e  t o  t h e  d i f f e r e n c e  

i n  p o l a r i t y  o f  t h e  I L s  a n d  t h e  d e m i x i n g  e f f e c t  ( L i  et a l., 2 0 0 9 ) .  T h e s e  r e s u l t s  c l e a r l y  

s h o w e d  t h a t  t h e  t e t r a f l u o r o b o r a t e s - b a s e d  a n io n  ( [ B F 4] ' )  s h o u l d  b e  u s e d  a s  n e w  

a l t e r n a t i v e  e n t r a i n e r s  f o r  t h e  s e p a r a t i o n  o f  e t h y l a c e t a t e  +  e t h a n o l  b y  e x t r a c t i v e  

d i s t i l l a t i o n  ( P e r e i r o  e t  a l ,  2 0 1 2 ) .

F i g u r e  2 .1 1  A c e t a t e / a l c o h o l  r e l a t i v e  v o la t i l i t y  v e r s u s  I L  ( O r c h i l l é s  et a l ,  2 0 0 7 ,  

V e r c h e r  et a l ,  2 0 0 7 ,  L i  et a l ,  2 0 0 9 )  u s e d  f o r  ( e t h a n o l +  e t h y l  a c e t a t e )  s y s t e m  a t  

a z e o t r o p i c  c o m p o s i t i o n  (xEthyl acetate ~  0 .5 4 )  a n d  X|L ~  0 .3 0  ( P e r e i r o  et a l ,  2 0 1 2 ) .

2.6.2.2 O lefin  +  P araffin ic  H ydrocarbons System s
L e i  et al. ( 2 0 0 6 )  s tu d i e d  t h e  s e p a r a t i o n  o f  o l e f i n s  ( 1 - h e x e n e )  

a n d  p a r a f f i n s  ( n - h e x a n e )  w i t h  i o n i c  l i q u i d s  in  e x t r a c t i v e  d i s t i l l a t i o n .  T h e  a u t h o r s  

e m p l o y e d  t h e  C O S M O - R S  a s  a  t o o l  f o r  s c r e e n i n g  I L s  a n d  v e r i f i e d  t h e  c a l c u l a t e d  

r e s u l t s  a t  i n f i n i t e  d i l u t i o n  b y  e x p e r i m e n t i n g .  T h e  a u t h o r s  f o u n d  t h a t  t h e  a n i o n  p l a y e d  

a n  i m p o r t a n t  r o l e  in  i m p r o v i n g  t h e  s e p a r a t i o n  a b i l i t y ,  a n d  t h e  s u i t a b l e  i o n i c  l i q u i d s  

s h o u l d  h a v e  s m a l l  m o l e c u l a r  v o l u m e  ( t h e  s h o r t e r  t h e  a l k y l  c h a i n  l e n g t h ) ,  u n b r a n c h e d  

g r o u p  a n d  s t e r i c a l  s h i e l d i n g  e f f e c t  a r o u n d  a n i o n  c h a r g e  c e n t e r  (  [P F ô ]  , 

[ B O B ] T [ B ( C N ) 4] “ , [ B T A ] - , [ C F 3S 0 3r ,  [ B M B ] “ , e t c . ) .  A l t h o u g h  N - m e t h y l - 2 -  

p y r r o l i d o n e  ( N M P )  s o l v e n t  s c r e e n e d  b y  C A M D  e x h i b i t e d  t h e  h i g h e s t  s e l e c t i v i t y  

a m o n g  a l l  t h e  e n t r a i n e r s  a t  3 1 3 .1 5  a n d  3 3 3 .1 5  K ,  N M P  is  n o t  t h e r m a l l y  a n d  

c h e m i c a l l y  s t a b l e  w h i c h  is  e a s y  to  b e  d e c o m p o s e d .  T h e r e f o r e ,  t h e  a u t h o r s  c o n c l u d e d
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t h a t  [ E M I M ] [ B T A ]  a n d  [ C g C h in J f B T A ]  w e r e  t h e  b e s t  e n t r a i n e r s  a t  3 1 3 .1 5 K  a n d

3 3 3 .1 5  K ,  r e s p e c t i v e l y .  T h e  e x t r a c t i v e  d i s t i l l a t i o n  p r o c e s s  i s  o f t e n  o p e r a t e d  u n d e r  

n o r m a l  p r e s s u r e  a n d  t h e  t e m p e r a t u r e  c l o s e  t o  3 3 3 . 1 5 K  a n d  t h u s  [ C g C h in ] [ B T A ]  w a s  

t h e  b e s t  a m o n g  a l l  t h e  e n t r a i n e r s  i n v e s t i g a t e d  f r o m  t h e  v i e w p o i n t  o f  s e l e c t iv i ty .

G u t i é r r e z  et al. ( 2 0 1 2 )  a p p l i e d  t h e  C O S M O - R S - B a s e d  i o n i c  

l i q u i d  s e l e c t i o n  f o r  m e t h y l c y c l o h e x a n e / t o l u e n e ,  1- h e x e n e / n - h e x a n e ,  a n d  

e t h a n o l / w a t e r  s e p a r a t i o n  in  a n  e x t r a c t i v e  d i s t i l l a t i o n .  T h e  a u t h o r s  u s e d  C O S M O  

t h e r m  a c t i v i t y  c o e f f i c i e n t s  a t  i n f in i t e  d i l u t i o n  t o  d e s i g n  s u i t a b l e  I L s .  T h e y  f o u n d  t h a t  

t h e  l o n g e r  t h e  a l k y l  c h a i n ,  t h e  l o w e r  t h e  s e l e c t i v i t i e s  a n d  a c t i v i t y  c o e f f i c i e n t s  ( h i g h e r -  

s o l u b i l i t y ) ,  a n d  t h e  h i g h e r  t h e  d e g r e e  o f  b r a n c h i n g ,  t h e  l o w e r  t h e  s e l e c t i v i t y ;  

m e a n w h i l e ,  t h e  s o l u b i l i t y  i n c r e a s e s  b e c a u s e  o f  t h e  d e c r e a s e  o f  t h e  a c t i v i t y  

c o e f f i c i e n t s .  T h e  a u t h o r s  t h e n  c o n c l u d e d  t h a t  t h e  i n f l u e n c e  o f  t h e  a n i o n  o n  t h e  

a c t i v i t y  c o e f f i c i e n t s  a n d  s e l e c t i v i t i e s  f o l l o w e d  t h e  s a m e  t r e n d  w i t h  

'a r o m a t i c s / n o n a r o m a t i c s  ( t o l u e n e / m e t h y l c y c l o h e x a n e ) .  T h e r e f o r e ,  t h e  I L s  s e l e c t e d  f o r  

t h e  s e p a r a t i o n  o f  a r o m a t i c s / n o n a r o m a t i c s  w a s  a l s o  c o n s i d e r e d  s u i t a b l e  f o r  t h e  

s e p a r a t i o n  o f  o l e f i n / p a r a f f m  ( 1 - h e x e n e / n - h e x a n e ) .  B y  t h e  e x p e r i m e n t a l  v e r i f i c a t i o n ,  

a s  i l l u s t r a t e d  i n  F i g u r e  2 .1 2 ,  n o n e  o f  t h e  s t u d i e d  I L s  w a s  a b l e  t o  s i g n i f i c a n t l y  i n c r e a s e  

t h e  r e l a t i v e  v o l a t i l i t y  a t  f i n i t e  d i l u t io n  ( r e a l  s o lu t io n )  a s  c o m p a r e d  to  t h e  c o n v e n t i o n a l  

s o l v e n t  N M P .  I t  w a s  f o u n d  t h a t  o n l y  t h e  I L  [ C 6 - M I M ] [ T C B ]  r e a c h e d  a  s l i g h t l y  

h i g h e r  r e l a t i v e  v o l a t i l i t y .  H o w e v e r ,  t h e  i n c r e a s e  w a s  n o t  b i g  e n o u g h  t o  c o n s i d e r  t h i s  

s o l v e n t  a s  a  s u i t a b l e  r e p l a c e m e n t .  M o r e o v e r ,  t h e  I L s  h a v e  s o l u b i l i t y  c o n s t r a i n t s  t h a t  

" f o r c e  t h e  u s e  o f  l a r g e  a  s o l v e n t - t o - f e e d  ( S /F )  r a t i o s  t o  a v o i d  t h e  f o r m a t i o n  o f  t w o  

~ l i q u i d  p h a s e s .
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1 . h o v o n o  4- n - h o v a n o

S / F  m a s s  =  2 0  ± 0 . 7  ( 3 0 3 . 1 5  K )

F i g u r e  2 .1 2  R e l a t i v e  v o l a t i l i t i e s  f o r  t h e  s y s t e m  1 - h e x e n e  ( 8 0  w t  % ) / n - h e x a n e  ( 2 0  w t  

% )  u s in g  I L s  a t  3 0 3 .1 5  K  ( G u t i e r r e z  et a i ,  2 0 1 2 ) .

2.6.2.3 A rom atic  +  A liphatic  H ydrocarbons System s
M o k h t a r a n i  a n d  G m e h l i n g  ( 2 0 1 0 )  s tu d i e d  t h e  u s e  o f  i o n i c  

l i q u i d  a s  e n t r a i n e r  f o r  h e x a n e  +  b e n z e n e  a n d  b e n z e n e  +  c y c l o h e x a n e  s e p a r a t i o n  u s i n g  

e x t r a c t i v e  d i s t i l l a t i o n .  T h e  a u t h o r s  m e a s u r e d  t h e  V L E  d a t a  f o r  t h e  t e r n a r y  s y s t e m s  

h e x a n e  +  b e n z e n e  a n d  b e n z e n e  +  c y c l o h e x a n e  w i t h  a n  i o n i c  l i q u i d  a s  e n t r a i n e r  f o r  

f o u r  i o n i c  l i q u i d s ,  n a m e l y  [ H M I M ] [ B T I ] ,  [ O M I M ] [ B T I ] ,  [ O M I M ] [ O T F ] ,  a n d  

[ B M I M ] [ O T F ] .  T h e  r e s u l t s  s h o w e d  t h a t  t h e  [ H M I M ] [ B T I ]  a n d  [ O M I M ] [ B T I ]  a s  

e n t r a i n e r  e n h a n c e d  t h e  s e p a r a t i o n  f a c t o r  f o r  h e x a n e  +  b e n z e n e  a n d  b e n z e n e  +  

c y c l o h e x a n e  s y s t e m s .  T h e  a u t h o r s  c o n c l u d e d  t h a t  t h i s  t w o  I L s  m a y  r e p l a c e  t h e  

c o n v e n t i o n a l  s o l v e n t s  a s  e n t r a i n e r  f o r  e x t r a c t i v e  d i s t i l l a t i o n  p r o c e s s e s .

G o n f a  et al. ( 2 0 1 2 )  s tu d i e d  o n  t h e  s c r e e n i n g  o f  p o t e n t i a l  i o n i c  

l i q u i d  e n t r a i n e r s  f o r  b e n z e n e  a n d  c y c l o h e x a n e  s e p a r a t i o n  u s i n g  C O S M O - R S  m o d e l .  

T h e y  p r e d i c t e d  t h e  a c t i v i t y  c o e f f i c i e n t s  a t  i n f in i t e  d i l u t i o n  f o r  2 6 4 0  i o n i c  l i q u i d s  ( 4 4  

a n i o n s  a n d  6 0  c a t i o n s )  a n d  c o m p a r e d  t h e m  w i th  e x p e r i m e n t a l  r e s u l t s  t o  c h e c k  t h e  

r e l i a b i l i t y  o f  t h e  p r e d i c t i o n .  T h e y  f o u n d  t h a t  s t r u c tu r a l  v a r i a t i o n s  o f  t h e  i o n i c  l i q u i d  

e n t r a i n e r  c a u s e d  c o n v e r s e  c h a n g e s  in  s e l e c t i v i t y  a n d  c a p a c i t y ,  a n d  I L s  w i t h  a  s h o r t e r  

a n d  u n b r a n c h e d  a l k y l  s u b s t i t u e n t  o f  t h e  c a t i o n  a n d  w i t h  a n i o n s  w i t h  s t e r i c a l  s h i e l d i n g
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( e .g . ,  [ P F 6] \  [ B O B ] ' ,  [ B ( C N ) 4] ' ,  [ B T A ] ',  [CF3SO 3]', [ B M B ] ')  w e r e  f a v o r a b l e  f o r  

h i g h e r  s e l e c t i v i t y .  T h e  i m i d a z o l i u m  a n d  t h e  t h i a z o l i u m  h a d  h i g h e r  s e l e c t i v i t y  b u t  

l o w e r  s o l v e n t  c a p a c i t y ,  w h e r e a s  t h e  p h o s p h o n i u m  a n d  t h e  g u a n i d i n i u m  c a t i o n s  h a d  

h i g h e r  c a p a c i t i e s .
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