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A multi-scale simulation method is proposed to enable screening of ionic liquids (ILs) as
entrainers in extractive distillation. The 1,3-butadiene production process with acetonitrile (ACN)
was chosen as a research case to validate the feasibility of the methodology. Ab initio calculations
were first carried out to further understand the influence of ionic liquids on the selectivity of ACN
and the solubility of C4 fractions in [CnMIM][PF6](n = 2–8), [C2MIM][X] (X = BF4

-, Cl-, PF6
-,

Br-), by investigating the microstructure and intermolecular interaction in the mixture of C4

fractions and several selected ionic liquids. It was found that the selectivity of the ionic liquid is
determined by both its polarity and hydrogen-bonding ability. Based on the analysis, a suitable
ionic liquid was chosen. With the ab initio calculation, a priori prediction of thermophysical data
of the IL-containing system was performed with COSMO-RS. The calculation revealed that the
selectivity of the extractive solvent was increased by an average of 3.64% after adding
[C2MIM][PF6]. With above calculations, an improved ACN extraction distillation process using
ILs as an entrainer was proposed, and a configuration for the new process was constructed. Based
on the established thermodynamic models which have considered the properties from the
molecular structure of ILs, process simulation was performed to obtain the process parameters
which are important for the new process design. The simulation results indicated that the
temperatures at the bottom of the extractive distillation column with the ionic liquid as an
additive are lowered by an average of 3.1 ◦C, which is significant for inhibition of polymerization.
We show that the ACN consumption using this process can be lowered by 24%, and the energy
consumption can likewise be lowered by 6.62%.

1. Introduction

1,3-Butadiene (1,3-BD), which is an important petrochemical
base material and mainly used to produce synthetic rubber,1–3

is principally produced by extractive distillation. Acetonitrile
(ACN) is one of the three most widely used selective solvents to
extract 1,3-BD from C4 hydrocarbon mixtures.4–7 However, the
relatively large amount of recycled ACN and high solvent/feed
mass ratio (up to 8) in the current commercial ACN process
leads to greater consumption of energy, and also a rather
high temperature at the bottom of the extractive distillation
column,8which is the major cause of polymerization. Addi-
tionally, the basic solvent ACN is easily hydrolyzed to acetic
acid and ammonia,9–11 which causes relatively high levels of
corrosion. It has been reported that adding a third component
(such as organic compounds and salts) to the traditional ACN
solvent can decrease the distillation temperature and reduce
the dosage of ACN.8,12 Compared with organic compounds,
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salts are more effective as additives in increasing the relative
volatility of C4 at infinite dilution, according to Zhigang Lei
et al.8 However, conventional salt-added extractive distillation
has several inherent shortcomings, such as difficulty in recycling
of the salt and likelihood of the pipeline becoming jammed.13

Fortunately, room-temperature ionic liquids (RTILs), which
are fused salts composed of large asymmetric organic cations
and inorganic or organic anions, have the advantages of both
liquid solvents and solid salts.14 Among the numerous RTILs,
ILs based on imidazolium cations have been proven to be
highly attractive and versatile15 on account of their favorable
characteristics, e.g., moisture- and air-stability, easy recycling
and being a good solvent for a wider variety of organic and
inorganic chemical compounds.16–18 In addition, imidazolium
ILs are “designable” because structural modifications in both
the cation (especially the 1- and 3-positions of the imidazolium
ring) and anion permit the tuning of properties, e.g., miscibility
with water and organic solvents, melting point and viscosity.19

Consequently, imidazolium ILs hold much potential for appli-
cations in the field of separation.17,20,21

However, the tremendous number of possible imidazolium ILs
pose a challenge, namely to identify a suitable ionic liquid for
a given separation process. Conquering this challenge through
experiment is possible but so time-consuming as to be hardly
feasible. Compared with experimental methods, computer
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Fig. 1 Schematic diagram of the methodology described in this paper. a From http://commons.wikimedia.org/wiki/File:UNIFAC_Parameter_
Matrix_Consortium_2008.png.

simulations are time-saving and eco-friendly, and have been
employed to screen and design a desired ionic liquid with
excellent performance.22

In this study, the multi-scale simulation methodology illus-
trated in Fig. 1 is proposed for identifying a suitable IL for
a separation process. Quantum-chemical (QC) simulations are
first carried out to investigate the relationship between the
structure and the properties of ILs, and to determine what the
key factors are that will improve the absorbency and selectivity
of the ionic liquids. Then, a priori prediction is employed
to obtain thermodynamic data of the IL-containing system
including activity coefficients, equilibrium vapor pressures and
Henry constants with a QC continuum solvation model (CSM),
COSMO-RS23 (Conductor-like Screening Model for Realistic
Solvents). To predict the thermodynamic data of the novel
system over a wide range of concentration and temperature,
the group interaction parameters in UNIFAC model are fitted
to data from COSMO-RS. Then with these parameters, process
simulation was completed with a commercial simulator, Aspen
Plus, which is widely used in the chemical engineering field.24–27

2. Computational methodology

2.1 Ab initio calculations

All the calculations were performed with GAUSSIAN03.28 Ab
initio DFT using the well-established Becke three-parameter
hybrid functional29 with the correlation functional of Lee, Yang
and Parr30 (B3LYP) was used, combined with 6-31G* basis set,
of which the abilities to calculate the structure and energy of
ILs ion pair have been widely demonstrated. Each optimized
structure was checked to be a true minimum and not a saddle
point by calculation.

2.2 Thermodynamic calculation

All the thermodynamic properties of the IL-containing system,
including equilibrium vapor pressures and activity coefficients
of the solute molecules, were predicted by COSMOtherm,31–33 a
useful prediction method for thermodynamic equilibria of fluids
and liquid mixtures. All the input files of COSMOtherm were
produced by using the COSMO model from TURBOMOLE
5.1034,35 at the RI-DFT/BP86/TZVP level.

2.3 Process simulation

With the thermodynamic properties obtained from the calcu-
lations above, Aspen Plus software was used to simulate the
proposed ACN interactions with ionic liquid. The UNIFAC
model was chosen as a global thermodynamic model, and the
IDEAL model was employed in the ordinary distillation section.
The rigorous multistage separation (RADFRAC) model was
adopted to calculate the distillation columns in the process.

3. Results and discussion

3.1 Ab initio calculations

Since the main interest of this work lies in the interaction energy,
detailed geometry optimization procedures for the ILs, ACN
and C4 fractions are not presented, and only the most stable
structures are shown in the interaction energy analysis.

3.1.1 The mechanism of separation of C4 fractions using
acetonitrile and water. With the aim of component separation,
polarity is one of the most important properties of the selective
solvent. A semi-empirical theory of solution thermodynamics,
revealing which factors are related to the separation ability of a
solvent, was established by Prausnitz et al.36 The theory can be
illustrated by eqn (1):

RT lnS23 = [dp2
1 (V 2 - V 3)] + [V 2(dn

1 - d2)2 - V 3(dn
1 - d3)2] +

[2V 3x13 - 2V 2x12]
(1)

where subscripts 1–3 represent entrainers, the light component
and the heavy component to be separated; superscripts n and
p refer to nonpolar and polar; V is the molar volume; d is
Hansen’s solubility parameter and x is the indication energy
per unit volume. In eqn (1), the first term representing the effect
of the polarity was considered as the main contributor to the
selectivity of a component by Prausnitz.

Since molecular sizes of C4 fractions are very close to each
other, as shown in Fig. 2, it is difficult to separate them unless
extractive distillation is used. In the traditional ACN process –
one of the three most widely used extractive distillation processes
to produce 1,3-BD – the extractive solvent consists of two
components: ACN and water. Their polarities obtained from
ab initio calculations are listed in Table 1. It can be seen that
the dipole of water (2.09 Debye) is rather less than that of ACN
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Table 1 Dipoles, molar volumes, molecular radii and interaction
energies with 1,3-butadiene of all entrainers (calculated at the B3LYP
6-31G* level)

Name
Dipole
(Debye) V (cm3 mol-1) r (Å)

DUa

(kJ mol-1)

Water 2.090 15.06 2.50 12.96
Acetonitrile 3.810 37.95 3.22 8.340
[C2MIM][BF4] 11.97 108.7 4.36 28.50
[C2MIM][Cl] 12.45 124.0 4.53 25.87
[C2MIM][Br] 12.61 112.0 4.40 38.84
[C2MIM][PF6] 14.10 112.5 4.40 29.63
[C3MIM][PF6] 13.62 141.4 4.71 25.49
[C4MIM][PF6] 13.31 146.8 4.76 25.18
[C5MIM][PF6] 13.25 149.9 4.80 25.02
[C6MIM][PF6] 13.23 153.8 4.83 25.12
[C7MIM][PF6] 13.95 201.0 5.24 29.56
[C8MIM][PF6] 13.96 251.2 5.60 32.18
[C2(OH)MIM][PF6] 13.34 146.0 4.76 24.24
[C2(OMe)MIM][PF6] 12.80 153.3 4.83 24.99
[C2(NH2)MIM][PF6] 13.21 148.5 4.78 26.77
1-Ethoxy-2-propanol 2.344 86.17 4.07 14.71
Glycol 0.002 32.29 3.07 12.78

a DU (kJ mol-1) = U entrainer + 1,3-butadiene - U entrainer - U1,3-butadiene.

Fig. 2 Molar volume of C4 fractions.

(3.81 Debye), implying a lower polarity for water. So, based on
eqn (1), the presence of water should weaken the selectivity of
ACN. However, in practice, water is a major additive to enhance
the selectivity of the extractive solvent in the traditional ACN
processes.37 This inconsistency implies that some other term that
plays a key role in determining the selectivity of a solvent should
be included in eqn (1).

In this study, energy analysis, which is often used to investigate
physical properties of components such as selectivity and
melting point,38–44 was carried out to investigate the extraction
mechanism of the solvent. Fig. 3 shows the most stable config-
urations of water and ACN with 1,3-BD. Interaction energies
between the components and 1,3-BD were calculated and are
listed in Table 1. As shown, water has a stronger interaction
with 1,3-BD than ACN, although the latter has a larger polarity.
In the configuration 3a, the distances N ◊ ◊ ◊ H1 (2.97 Å) and
N ◊ ◊ ◊ H2 (3.00 Å) are larger than the sum of van der Waals radii
of the relevant atoms (2.75 Å), as shown in Table 2, indicating
that no hydrogen bonding occurs between the two molecules. In

Table 2 Van der Waals radii rw (nm) of the elements involved55

H C O P Br F N Cl

rw 1.20 1.70 1.52 1.80 1.95a 1.47 1.55 1.75

a Van der Waals radius as given by Pauling.

Fig. 3 The most stable configurations for 1,3-butadiene and (a)
acetonitrile, and (b) water (calculated at the B3LYP 6-31G* level).
Hydrogen bonds are indicated with dotted lines, and the distances are
in Å.

the configuration 3b, however, the distances O ◊ ◊ ◊ H1 (2.62 Å)
and O ◊ ◊ ◊ H2 (2.60 Å) are much less than the sum of the van der
Waals radii (2.72 Å). In addition, the angles ∠O ◊ ◊ ◊ H1–C and
O ◊ ◊ ◊ H2–C are 152◦ and 150◦, respectively. This data indicate
that two strong hydrogen bonds (HBs) are involved in the
configuration b. Consequently, it could be inferred that hydrogen
bonding is the key factor determining the strong interaction
between water and 1,3-BD, and that a term for hydrogen bonding
(HB) should be added to eqn (1). To express the strength of HB,
two parameters, q and D, were used in this work. q refers to the
angle of HB, while D represents the difference between the length
of HB and the sum of the van der Waals radii of the relevant
atom. Consequently, eqn (1) was modified to eqn (2):

RT lnS23 = P + D + I + H (2)

where P = dp2
1 (V 2 - V 3), D = V 2(dn

1 - d2)2 - V 3(dn
1 - d3)2, I =

2V 3x13 - 2V 2x12, and H = H(D,q), representing the polar effect,
the dispersion effect, the inductive effect and the HB effect,
respectively.

According to eqn (2), a suitable additive should possess three
characteristics: strong hydrogen-bonding ability, large polarity
and small molecular size. It was reported that hydrogen bonds
are present in the bulk of room-temperature ionic liquids,
which must be strongly polar in order to be liquid salts.
In addition, hydrogen-bonded networks have been proven to
occur in imidazolium ILs by both experimental measurements
and computer modeling.45–47 Therefore, we hypothesized that
imidazolium should have good performance in enhancing the
selectivity of ACN for C4 fractions. This point will be proven in
the following section.

3.1.2 Influence of ILs on the interaction energy between ACN
and C4 fractions. In this section, the effect of imidazolium
ionic liquids on the selectivity of ACN was investigated using
the energy analysis method. Fig. 4a shows interaction energies
between ACN and typical C4 fractions, viz., 1,3-BD, cis-butene,
trans-butene, isobutene and n-butane. As shown in the figure,
the interaction energy between ACN and 1,3-BD is largest,

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 1263–1273 | 1265
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Fig. 4 Interaction energy between ACN and C4 fraction (a) without
and (b) with [C2MIM][PF6].

implying that 1,3-BD is the heaviest component among the C4

fractions in the extractive distillation. The figure also shows
small differences between the interaction energies, e.g., the value
between 1,3-BD and isobutene is only 0.3 kJ mol-1, which means
separating the two components is difficult without any additive.
As a comparison, Fig. 4b presents the interaction energies in
the presence of [C2MIM][PF6], which is a typical imidazolium
ionic liquid. An interesting phenomenon should be noted in
Fig. 4b, namely, that three distinct groups in term of interaction
energy emerge after adding the ionic liquid. Specifically, 1,3-
BD belongs to the first group, with an interaction energy above
58 kJ mol-1; alkenes belong to the second group, with interaction
energies between 54 and 58 kJ mol-1; and n-butane, as an
alkane, belongs to the last group, with an interaction energy
below 54 kJ mol-1. Consequently, it could be concluded the
imidazolium IL improves drastically the selectivity of ACN. In
addition, comparison of Fig. 4a and 4b also reveals that in the
presence of ionic liquid the average interaction energy increases
from 6.1 kJ mol-1 to 56.7 kJ mol-1, indicating the solubility of
the C4 fractions in the solvent mixture will increase significantly.

To further investigate the effect of ILs on selectivity of the
extractive solvent, the relative volatilities of 1-butene and cis-
butene to 1,3-BD, a1-butene/1,3-BD and acis-butene/1,3-BD, were measured
at 303 K, as shown in Fig. 5a and b. It was found that the relative

Fig. 5 Influence of [C2MIM][PF6] on the volatility of (a) 1-butene and
(b) cis-butene relative to 1,3-butadiene.

volatilities clearly increase in the presence of [C2MIM][PF6],
indicating the selectivity of the extractive solvent has been
improved. These experimental findings also demonstrate that
the above theoretical conclusion based on energy analysis is
reasonable and reliable.

Why should an IL improve the performance of ACN? The
reason lies in the unique properties of ILs – strong hydrogen-
bonding ability and high polarity. Fig. 6 reveals that two
moderate HBs occur between [C2MIM][PF6] and 1,3-BD with
D values of -0.26 Å and -0.24 Å, respectively. In addition, the
dipole of [C2MIM][PF6] is about four times as large as that of
ACN, as shown in Table 1.

3.1.3 Selection of a suitable IL using ab initio calculations.
As demonstrated in the previous section, the selectivity and
dissolving capacity of the extractive solvent can be improved
by addition of imidazolium ILs. However, the structure of
an imidazolium IL has a significant influence on its polarity,
hydrogen bonding ability and molecular size, which are key
properties for its separation application.

Screening of anions. In view of the availability and stability,
four types of anions were investigated including Br-, Cl-,
BF4

- and PF6
-. Fig. 7 shows the change of the interaction

energy between ILs containing the cation [C2MIM]+ and
1,3-BD. The bromide salt has the largest interaction energy
(38.84 kJ mol-1), while the hexafluorophosphate takes second

1266 | Green Chem., 2010, 12, 1263–1273 This journal is © The Royal Society of Chemistry 2010
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Fig. 6 Stable configurations for 1,3-butadiene and (a) [C2MIM][BF4],
(b) [C2MIM][Br], (c) [C2MIM][Cl], and (d) [C2MIM][PF6] (calculated
at the B3LYP 6-31G* level). Hydrogen bonds are indicated with dotted
lines, and the distances are in Å.

place (29.63 kJ mol-1). However, our experimental work shows
that ILs with anion Br- are strongly corrosive materials, which
would damage the equipment. In contrast, the hexafluorophos-
phates are rather less corrosive. Thus, it was concluded that
imidazolium ILs containing PF6

- would be more best for our
ACN process.

Fig. 7 Interaction energy between 1,3-butadiene and [C2MIM][X] (X =
BF4

-, PF6
-, Cl-, Br-).

To explain this conclusion, the most stable configurations of
the ILs and butadiene were calculated at the B3LYP 6-31G*
level. As shown in Fig. 6, two HBs are formed between ILs and
butadiene in each configuration, and the ILs can be arranged
in order of hydrogen-bonding ability as [C2MIM][BF4] >

[C2MIM][Br] > [C2MIM][PF6] > [C2MIM][Cl]. Although
[C2MIM][BF4] has the strongest hydrogen-bonding ability,
with D -0.36 Å and -0.34 Å, its dipole (11.97 Debye) is
significantly smaller than that of [C2MIM]Br (12.61 Debye)
and [C2MIM][PF6] (14.10 Debye), and therefore has smaller
interaction energy than these latter two ILs.

In addition, Fig. 6 also indicates that 1,3-BD strongly orga-
nizes around anions through a hydrogen-bonding interaction,
implying that the hydrogen-bonding ability of the ionic liquid
mainly depends on the structure of the anion, and is dependent
only slightly on the cation. To understand its mechanism,
the electron density of [C2MIM][PF6] as an example was
investigated. As shown in Fig. 8, the most charge-negative
sites in [C2MIM][PF6] include the F atoms on the anion and
the N atoms on the imidazole ring. The regions around these
sites can be considered for potential interactions with 1,3-
BD. However, the regions on two N atoms are unfavorable for
HB formation due to the shielding effect resulting from the alkyl
side chains. Therefore, a reasonable conjecture was made that
the performance of ILs with the same anions should rest in their
polarity and molecular size, which will be further verified in the
next section.

Fig. 8 Electron density of [C2MIM][PF6] (isoval = 0.45, mapped with
total density).

Screening of cations. Fig. 9 shows the effect of the length of
alkyl side chain in the imidazolium cation on the interaction
energy between ILs and 1,3-BD. As shown in Fig. 9, the
interaction energy first decreases and then begins to increase as
n becomes larger than 6. As was explained in Section 3.1.2, the
interaction energy between solutes and solvents could reflect the
relative volatility of the former and the selectivity of the later. To
strengthen this conclusion, relative volatilities of cis-butene and

Fig. 9 Interaction energy between 1,3-butadiene and [CnMIM][PF6]
(n = 2–8).

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 1263–1273 | 1267
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1,3-butadiene in [CnMIM][PF6] (n = 2, 4, 6, 8) were measured
at 303 K, as shown in Fig. 10, indicating that the length of
alkyl side chain has the same influence on both the interaction
energy and the relative volatility. With regard to the influence
of the length of the alkyl side chain, this lies in the structural
characteristics of the ILs. It can be seen from Table 1 that the
dipoles of the ILs have almost the same trend as the interaction
energy as n increases. The phenomenon suggests that, for ILs
with a given anion, the interaction energy mainly depends on
the dipole of the IL. On the other hand, the inductive effect
should be considered with the increase in molecular sizes of ILs.
Just as shown in Table 1, the interaction energy of [C8MIM][PF6]
is stronger than that of [C2MIM][PF6] by 3.55 kJ mol-1, although
the later has a larger dipole.

Fig. 10 Influence of the length of alkyl side chain on the relative
volatility of cis-butene to 1,3-butadiene.

The effect of substituent groups on the alkyl side chain on the
interaction energy was also considered. Three functional groups
were studied, viz., NH2, OMe and OH, which were reported to
be effective at enhancing the polarity of ILs.48,49 However, Fig. 11
indicates that the interaction energy decreases after introducing
these groups. This is mainly because they decrease the polarity of
IL, as showed in Table 1. This shows that adding the functional

Fig. 11 Interaction energy between 1,3-butadiene and
[C2(R)MIM][PF6] (R = H, NH2, OMe, OH).

Table 3 Equilibrium vapor composition of additive (wt%, at 0.35 MPa)
using different extractive solvents

Solvent mixture

ACN–water ACN–water–EP
ACN–water–
[C2MIM][PF6]

Additive 90 : 10 77.5 : 15 : 7.5 77.5 : 15 : 7.5

Isobutane 4.533 3.654 4.603
1-Butene 45.70 46.37 45.85
1,3-Butadiene 33.58 34.44 30.45
trans-Butene 3.868 3.563 3.750
cis-Butene 2.537 2.412 2.410

groups would be unfavorable for increasing the selectivity of the
IL.

Consequently, [C2MIM][PF6], which possesses strong
hydrogen-bonding ability, large polarity, small molecular vol-
ume and unbranched group, was determined as a suitable ionic
liquid for separating C4 fractions.

3.1.4 Comparison of the chosen ionic liquid ([C2MIM][PF6])
with reported additives. To assess the performance of the
chosen ionic liquid, a comparison was made with two reported
additives: glycol and 1-ethoxy-2-propanol.50 As shown in Fig. 12
and Fig. 13, both of the reported additives are inferior to
[C2MIM][PF6] in terms of hydrogen-bonding ability and inter-
action energy with 1,3-BD – that is, [C2MIM][PF6] is the most
efficient in improving the selectivity of ACN. We also compared
the calculation results with the experimental results, as shown
in Table 3. It should be noted that weight fractions of light
components such as cis-butene increases most noticeably while
using the IL-containing mixture as the extractive solvent under
the same conditions, which means their relative volatilities are
enhanced. The finding is in good agreement with the above
theoretical prediction.

Fig. 12 Interaction energy between 1,3-butadiene and C (C =
[C2MIM][PF6], EP, glycol).

3.2 Thermodynamic calculations

3.2.1 Selectivity analysis of IL-containing entrainer using
COSMOtherm. Selectivity provides a useful criterion for
selection of a suitable entrainer. For the IL-containing system

1268 | Green Chem., 2010, 12, 1263–1273 This journal is © The Royal Society of Chemistry 2010
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Fig. 13 Stable configurations for 1,3-butadiene and (a) glycol, (b) EP
(calculated at the B3LYP 6-31G* level). Hydrogen bonds are indicated
with dotted lines, and the distances are in Å.

discussion here, the vapor phase of which can be considered to
be an ideal gas, the selectivity of the extractive solvent can be
defined as eqn (3):where S is the selectivity of a solvent, a ij is the

S
p

p

p

p

K

K

ij
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relative volatility of solute i to j; Ki, g i and pi are the equilibrium
constant, activity coefficient and equilibrium partial pressure of
component i, respectively; superscript s represents the solvent,
and superscript 0 means a pure component.

The COSMO-RS model can be used to evaluate the separation
ability of ionic liquids,51 and the calculation procedure has
been described in the literature.52 Table 4 shows the activity
coefficients and vapor pressures of the solutes in entrainers, with
and without IL, as calculated using the COSMO-RS model.
Based on eqn (3), the selectivity of the two entrainers was
compared, as shown in Table 5. It is found that the selectivity of

Table 4 Activity coefficients and equilibrium vapor pressures of the
solutes with and without the IL [C2MIM][PF6]

Activity coefficient

Component No IL IL
Equilibrium vapor
pressure (kPa)

ACN 1.027 0.992 6.990
1,3-Butadiene 2.849 3.195 388.7
trans-2-Butene 7.674 8.884 512.9
Water 3.604 5.173 1.348
cis-2-Butene 6.823 7.843 528.2
Isobutane 19.30 23.18 669.6
1-Butyne 1.576 1.789 134.0
Vinylacetylene 0.914 1.042 139.1
n-Butane 19.74 23.61 710.2
1-Butene 6.939 8.017 511.1

the extractive solvent mixture increased by an average of 3.64%
upon adding [C2MIM][PF6].

3.2.2 Calculation of UNIFAC group interaction parameters
using COSMOtherm. Currently, it is a challenge to simulate an
IL-containing process by current commercial process simulators,
e.g., Aspen Plus and PRO/II, because of the shortage of the
experimental data of thermodynamic properties of pure ILs
or their mixtures. In this work, group interaction parameters
involving [C2MIM][PF6] in the UNIFAC model (chosen to be the
global property method during the simulation), were regressed
based on the data from COSMOtherm.

According to Wang et al.,53 the UNIFAC model can describe
and predict well the Vapor–Liquid Equilibrium (VLE) and
Liquid–Liquid Equilibrium (LLE) of IL-containing mixtures.
The UNIFAC model was proposed in 1975 by Fredenslund
et al.,54 in which the excess Gibbs free energy is made of
two contributions: a combinatorial part and a residual part.
Accordingly, the activity coefficient of a solvent i, g i, can be
written as eqn (4):

ln g i = ln g C
i + ln g R

i (4)

where g C
i is the combinatorial contribution to activity coefficient

accounting for the repulsive interaction due to the molecular
size and shape, and g R

i is the residual activity coefficient arising
from intermolecular forces represented by corresponding group
interaction parameters (see ref. 55 for a detailed description of
the original UNIFAC model).

In this study, UNIFAC interaction energy parameters between
different groups were fitted to activity coefficient data from
COSMOtherm calculations. The ionic liquid is ‘decomposed’
into two groups, [MMIM][PF6] and CH2, as shown in Fig. 14.
For the new group [MMIM][PF6], the volume and surface area
parameters R and Q were calculated by summing up those of
the constituent subgroups. All the related group parameters of
R and Q are listed in Table 6.

Fig. 14 ‘Decomposition’ of ionic liquid [C2MIM][PF6] for the purposes
of determining the interaction energy parameters.

On the basis of these group parameters and the binary
parameters available in the literature, the new interaction
parameters between [MMIM][PF6] and other groups were fitted
to the activity coefficient data of the 10 components in the ionic
liquid. The values of the binary parameters were determined by
minimizing the following objective function:

Table 5 Increase of the selectivity for the solutes after adding the ionic liquid

Component trans-2-Butene cis-2-Butene Isobutane 1-Butyne Vinylacetylene n-Butane 1-Butene

Sij 3.55 3.25 11.7 0.191 0.115 12.7 3.20
SIL

ij 3.67 3.34 12.5 0.193 0.117 13.5 3.30
Increase (%)a 3.21 2.52 7.11 1.21 1.74 6.64 3.03

a Increase (%) = [(SIL
ij - Sij)/Sij] ¥ 100.

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 1263–1273 | 1269

D
ow

nl
oa

de
d 

by
 C

ity
 C

ol
le

ge
 o

f 
N

ew
 Y

or
k 

on
 2

4 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 1
4 

Ju
ne

 2
01

0 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

91
89

24
F

View Online

http://dx.doi.org/10.1039/B918924F


Table 6 Group parameters of volume R and surface area Q

CH3CNa H2Oa CH2=CHa CH2
a CH3

a CH=CHa CHa CH≡Ca [MMIM][PF6]b

R 1.870 0.9200 1.345 0.6744 0.9011 1.117 0.4469 1.292 6.890
Q 1.724 1.400 1.176 0.5400 0.8480 0.8670 0.2280 1.088 6.044

a Parameters taken from the database in Aspen Plus. b Parameters derived from the corresponding basic groups.

Fig. 15 Flowchart for a commercial ACN process to produce 1,3-butadiene.
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where TCOSMO
k and g COSMO

1,k are the temperature and activity
coefficient from the COSMO calculation, while sT and sg 1

are standard deviations, which were taken to be 0.18 K and
0.01. The superscript ‘calc’ refers to the values calculated by
using the cUNIFAC model. The general information of the data
used is summarized in Table 7, which indicates that the original
UNIFAC model can describe the IL-containing systems well.
In Table 8, the new group interaction parameters and some
available parameters for the other groups are listed.

3.3 Process simulation

Process simulation technology in chemical engineering is an
effective tool to analyze the performance of a novel process.

Table 7 Summary for the data sets used and correlation results

[C2MIM][PF6]

Number of molecule solutes 9
Number of data sets 27
Number of data points 243
Temperature range (K) 298.15–343.15
Average RMSD (g •) 5.406

Based on plant data, simulations of a commercial ACN process
and the proposed IL-containing process were carried out. The
commercial ACN process simulated consists of four sections, as
shown in Fig. 15: two extractive distillation sections, one ordi-
nary distillation section, and one solvent purification section.
In the first extractive distillation, the light components (with
higher relative volatility than 1,3-BD) are removed. In the second
extraction distillation, the heavy components are removed. In
the ordinary distillation, the crude 1,3-BD is further purified to
generate the product by removing the remaining light and heavy
components. In the last section, the purification and recovery of
the solvent mixture is completed.

As a comparison, only an IL decanter and an IL recovery
column are added to the IL process to account for the presence
of ionic liquids, as shown in Fig. 16. To be specific, the used
extractive solvent in V-2 is fed to the IL decanter, and mixed
with dichloromethane (DCM) which is proven experimentally
to be an effective extracting agent. 99% of the IL in the solvent
mixture will enter the DCM phase, and then the IL-containing
mixture is fed to the IL recovery distillation column, in which
DCM (as the top product) is recycled into the IL decanter, and
IL (as the bottom product) is returned to the IL tank.

Based on the plant data and the results from COSMO-RS,
both processes were simulated under identical conditions. The
results are listed in Table 9 and Table 10. It was found that in
the IL process the bottom temperatures (TB) of the extractive
distillation columns are lowered by 3.5 ◦C and 2.7 ◦C, the

1270 | Green Chem., 2010, 12, 1263–1273 This journal is © The Royal Society of Chemistry 2010
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Table 8 The group interaction parameters a ij for the UNIFAC modela

CH3CN H2O CH2=CH CH2 CH3 CH=CH CH CH≡C [MMIM][PF6]
CH3CN 0 242.8 -40.62 24.82 24.82 -40.62 24.82 -203.0 170.0
H2O 112.6 0 496.1 300.0 300.0 496.1 300.0 0 -272.0
CH2=CH 336.9 270.6 0 -35.36 -35.36 0 -35.36 31.14 -210.0
CH2 597.0 1318 86.02 0 0 86.02 0 298.9 2450
CH3 597.0 1318 86.02 0 0 86.02 0 298.9 2450
CH=CH 336.9 270.6 0 -35.36 -35.36 0 -35.36 31.14 -242.0
CH 597.0 1318 86.02 0 0 86.02 0 298.9 60300
CH≡C 329.1 0 41.38 -72.88 -72.88 41.38 -72.88 0 -236.0
[MMIM][PF6] 303.0 1059 750.0 1053 -159.0 710.0 11400 -23.67 0

a All group interaction parameters except those of [MMIM][PF6] are taken from the database in Aspen Plus.

Table 9 Comparison of the key indices in both the IL-containing process and the no-IL process

TB of 1st column (◦C) TB of 2nd column (◦C) Recovery of 1,3-butadiene Purity of 1,3-butadiene ACN consumption

No-IL process 119.7 153.8 95.33 99.58 1
IL process 116.2 151.1 96.04 99.58 0.86

Table 10 Comparison of the energy consumption (in GJ h-1) at each stage of both the IL-containing process and the no-IL process

T-1 T-2 T-7 T-8 T-10 T-11 P-1 P-2 P-3 E-2

No-IL process 36.55 33.77 0.1600 17.60 8.870 0.000 0.000 0.007 0.002 3.208
IL process 34.71 33.21 0.3700 17.70 5.310 0.400 0.015 0.007 0.006 1.803

Fig. 16 Flowchart for the IL-containing ACN process to produce 1,3-butadiene.

recovery ratio of the product 1,3-BD is improved by 0.71%,
the total energy consumption is reduced by 6.62%, and – most
importantly – that the consumption of toxic ACN is decreased
by 24%.

4. Conclusion

A multi-scale methodology has been developed for identifying a
suitable ionic liquid for a new ACN process, integrating ab initio
calculation, COSMOtherm calculation and process simulation.
The ab initio calculation has enabled in-depth understanding of

the interaction between ILs and C4 fractions. It was found that
the selectivity of the IL is mainly determined by its polarity,
hydrogen-bonding ability with solutes, and molecular size. An
IL with stronger polarity and hydrogen-bonding ability and
smaller molecular size will possess a better selectivity. It was
also found that the cation has limited influence on the ability
of hydrogen bonding and only affects the polarity of ILs. It
was concluded that the best ionic liquid for the separation of
C4 fractions is [C2MIM][PF6] derived from the results of the
ab initio calculation. The prediction is in good agreement with
experimental findings.

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 1263–1273 | 1271
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The COSMOtherm calculation revealed that the selectivity
of the extractive solvent was improved by an average of 3.64%
upon adding [C2MIM][PF6], confirming that the chosen ionic
liquid is indeed efficient.

The process simulation indicates that, in the presence of
[C2MIM][PF6] the temperatures at the bottoms of the extractive
distillation columns are lowered by an average of 3.1 ◦C (which
is significant enough to inhibit polymerization), that ACN
consumption decreases by 24%, and that energy consumption
decreases by about 6.62%.

In summary, this work has confirmed that the novel methodol-
ogy developed in this study is a feasible and promising approach
for identifying a suitable IL as an additive in current ACN
processes. We shown how non-available thermodynamic data
for a novel material are obtained based only on the molecular
structure. Our method suggests a route to screen a suitable
entrainer for a given separation process with different modeling
techniques. It is not proposed as a replacement for experiment,
but rather as a useful computer-aided tool for solvent and
process design.

Abbreviations

k Group number.
P Pressure (kPa).
Qk The surface parameters of group k.
R Gas constant (J mol-1 K-1).
Rk The volume parameters of group k.
S Selectivity.
T Temperature (K).
V Molar volume.
xi Mole fraction of component i in the liquid phase.
a jk The adjustable group interaction parameters of the

UNIFAC model accounting for the difference of short-range
interactions between group j–k and k–k

g The activity coefficient of component i.
g • The infinite dilution activity coefficient of component i.
D The difference between the length of HB and the sum of van

der Waals radii of the related atom.
d Hansen’s solubility parameter.
x The indication energy per unit volume.
p1 Objective function.
s Standard deviation.
W Wavefunction.
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