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Extractive distillation is commonly used for the separation of azeotropic or close-boiling mixtures in the chemical indus-
try. During the past decade, the use of ionic liquids (ILs) as entrainers has received considerable attention due to their
unique advantages when applied in extractive distillation. This work is devoted to providing an easy-to-read and com-
prehensive review on the recent progress made by chemical engineers, focusing on the issues of predictive thermody-
namic models, structure-property relations, separation mechanisms, and process simulation and optimization. This
review spans from the molecular level to the industrial scale, to provide a theoretical insight into the molecular interac-
tions between ILs and the components to be separated. Moreover, a comprehensive database on the vapor-liquid equili-
bria and activity coefficients at infinite dilution concerning ILs is provided as Supporting Information. Concluding
remarks are made on the unsolved scientific issues with respect to this promising special distillation technology. © 2014
American Institute of Chemical Engineers AICRE J, 60: 3312-3329, 2014
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Introduction

Extractive distillation is the most commonly used method
for the separation of azeotropic or close-boiling mixtures in
which an additional solvent (namely entrainer or separating
agent) with a high boiling point is added to enhance the rela-
tive volatility of the components to be separated. In compari-
son with azeotropic distillation, where both the entrainer and
components are heated to evaporate, extractive distillation
saves energy because the entrainer does not need to be evapo-
rated. In extractive distillation, the selection of a suitable
entrainer is crucial to ensure an effective and economical sepa-
ration process.'® For a given homogenous mixture with key
components i and j, the separation factor (i.e., selectivity) and
capacity at infinite dilution are two important parameters for
assessing various entrainers and are defined as’®

Sy = 5]
k*=1/y" 2)

where 7 is the activity coefficient of component i at infinite
dilution. Some ionic liquids ILs have a higher selectivity
than common organic solvents; however, several ILs are not
completely miscible over the full composition range with the
components to be separated. A low capacity can lead to the
liquid-liquid phase demixing and a second liquid phase being
formed in the extractive distillation process. Thus, the
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dimensionless capacity k{° defined by Eq. 2 is also an impor-
tant physical quantity for evaluating the separation perform-
ance of different entrainers. A component with a small
activity coefficient, which is a measure of solute and solvent
interactions, will have a large capacity.9

There are five types of entrainers used in extractive distil-
lation, that is, liquid solvents, solid salts (or dissolved salts),
a mixture of liquid solvents and solid salts, hyperbranched
polymers, and ILs.'®™"” The use of solid salts to obtain anhy-
drous alcohols dates back to the patents by Adolf Gorhan,
which were the basis for the HIAG process.’>*" Solid salts
(e.g., CaCl,, KAc, NaAc, and NaCl) are good entrainers
when added into the reflux of an extractive distillation col-
umn (EDC).**?* Conversely, liquid solvents are easily
entrained into the top product of the distillation column due
to their volatility, whereas solid salts may erode the tray or
packings, and the dissolution, reuse, and transport of solid
salts are significant issues in industrial operation. For this
reason, salt-containing extractive distillation technology
using mixtures of solvents and salts as entrainers was devel-
oped in which the solid salt is first dissolved in the organic
solvent and then added into the EDC.*>* Recently, the use
of hyperbranched polymers and ILs has utilized the advan-
tages of both solid salts (high separation ability) and liquid
solvents (easy operation). However, studies on extractive dis-
tillation with hyperbranched polymers are rarely reported,'®""
possibly due to the high price of hyperbranched polymers and
the difficulty of finding chemical sources for general chemical
engineers. ILs are a new class of solvents that are typically
composed of a large organic cation and a small inorganic pol-
yatomic anion, allowing them to exist in the liquid state
around room temperature. Other advantages associated with

AIChE Journal



the use of ILs for extractive distillation are as follows: (1) no
trace amount of ILs appearing in the distillate due to their
negligible vapor pressure; (2) good solvent capacity for polar
and nonpolar components to be separated; (3) fine-tuning of
the physical properties by judicious combination of cations
and anions, making them “designer solvents”; (4) high ther-
mal and chemical stability and less corrosiveness; and (5) low
melting points, which means that the IL-based devices can
perform well at the low temperatures encountered in some
chilled environments. In 2001, Arlt et al.***’ proposed the use
of ILs as the entrainers for the separation of azeotropic or
close-boiling mixtures with extractive distillation in their pat-
ents. In 2003, our research group first reported the separation
of cyclohexane and toluene with [BMIM] " [AICL] ",
[BMIM]"[BE4]~, and [BMIM]*[PFs]” as the entrainers of
extractive distillation in a review article entitled “Extractive
Distillation: A Review.”'® Since then, the number of studies
relevant to extractive distillation with ILs has been growing
dramatically, as seen from the Dortmund Data Bank on ionic
liquid initiated by Prof. Dr. J. Gmehling, who collected a
large amount of experimental data for 926 ILs, including
activity coefficients at infinite dilution, liquid-liquid equilib-
rium (LLE), and vapor-liquid equilibrium (VLE) of binary
and ternary systems.

This is the first review devoted to providing an easy-to-
read and comprehensive comment on extractive distillation
with ILs. The impetus for doing so is threefold. First, during
the past decade, an increasing number of ILs with different
types of cations and anions has been synthesized in the labo-
ratory, and their separation performance has been tested indi-
vidually but not systemically. Therefore, it is necessary to
identify the general relationship between the molecular struc-
tures of ILs and separation performance (e.g., selectivity and
solvent capacity) by the combination of predictive thermody-
namic models and experimental data measured by different
research groups. Second, Meindersma et al.>' reported that a
pilot plant has been established for the separation of ethanol
and water by extractive distillation with ILs. This is a signif-
icant improvement for the traditional process using the
benchmark solvent ethylene glycol (EG) as entrainer, >
with the result that energy consumption decreased by 16%
after rational heat integration. Nowadays, many common ILs
can be easily bought from chemical suppliers on a large
scale and at low prices, rendering the application of this
promising technology feasible in industry. Third, we would
like to note the unsolved scientific issues from the viewpoint
of chemical separation engineering by reviewing the recent
publications to promote future development in this exciting
field.

The rest of this review is arranged in a series of predictive
thermodynamic models, structure-property relations, separa-
tion mechanisms, process simulation and optimization, and
concluding remarks step by step. We first introduce the pre-
dictive thermodynamic models developed especially for sys-
tems containing ILs in the past decade, which are confined
to group contribution methods (GCMs) and conductor-like
screening model for real solvents (COSMO-RS) because
their common characteristics are that the only input required
is the molecular structures of the ILs and the components to
be separated, and they have already been applied to (or can
be readily extended to) the selection of ILs in extractive
distillation. Although the classical local composition models,
such as the nonrandom two-liquid equation and universal
quasichemical theory of liquid mixtures (UNIQUAC) mod-

AIChE Journal September 2014 Vol. 60, No. 9

Published on behalf of the AIChE

els, have also been successfully used for correlating the VLE
experimental data for the systems containing ILs, they have
no strong extrapolation power among systems. Then, the
structure-property relations for the separation of nonpolar-
nonpolar, polar—polar, and polar-nonpolar systems are sum-
marized. In this regard, predictive thermodynamic models
are indispensable due to the numerous combinations of cati-
ons and anions.>* Afterward, the separation mechanism at
the molecular level is clarified to provide a theoretical
insight into the interactions between ILs and the components
to be separated. At the macroscopic level, the extractive dis-
tillation process simulation and optimization are discussed,
as well as the comparison of energy consumption among dif-
ferent special distillation technologies. Finally, some con-
cluding remarks are presented. It is beyond our scope to
review the synthesis of the specified ILs, and the meanings
of abbreviations for anions and cations of all ILs throughout
this review are given in Table S1 in the Supporting Informa-
tion. The experimental activity coefficients at infinite dilution
in ILs, which were exhaustively collected from the literature
by the end of November 2013, are provided in Table S2 in
the Supporting Information as a spreadsheet file that allows
any reader to use conveniently.

Predictive Thermodynamic Models
UNIFAC-based models

Original UNIFAC Model. The original universal quasi-
chemical functional-group activity coefficients (UNIFAC)
model was proposed by Fredenslund et al. in 1975 based on
an extension of the UNIQUAC model.*> The activity coeffi-
cient of component i in the solution is calculated as the sum
of two terms

Iny;=In in-i-ln yf 3)

where yl-c represents the combinatorial contribution to the
activity coefficient essentially due to differences in the size
and shape of the molecules, and yf represents the residual
contribution to the activity coefficient essentially due to
energetic interactions.

The combinatorial term is a function of two group parame-
ters R, and Qy, which can be derived from references or calcu-
lated by R, =", 0y =42Ns with Vyyy of 15.17 em® mol !
and Ayw of 2.5 X 10° cm” mol !, as suggested by Bondi.*
A rapid and powerful approach to calculating the group
volume R, and surface area Q, is through the use of the
COSMO-RS model, and no experimental data are needed,
which saves lots of labor and capital consumption. The
application of the COSMO-RS model is no longer limited
to predicting the thermodynamic properties of systems con-
taining ILs. The residual term of the original UNIFAC
model is a function of the group interaction parameters o,
and o,,,. The detailed description can be found in the open
literature.>”8

For the UNIFAC-based model, the most important work is
the determination of the group binary interaction parameters
om and o, by fitting the experimental activity coefficients
at infinite dilution and VLE or the liquid-liquid equilibria
(LLE) data at finite concentration. Several versions of the
original UNIFAC model for ILs, which are distinct from one
another in the decomposition of the IL groups and the data-
base used to fit the group binary interaction parameters, are
listed in Supporting Information Table S2.*’°°* Alevizou
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et al.** revealed that the group binary interaction parameters
obtained by fitting the experimental activity coefficients at
infinite dilution and LLE can be extended to describe the
VLE very well. That is, the original UNIFAC models listed
in Supporting Information Table S2 are applicable for guid-
ing the entrainer screening and the VLE prediction with
respect to ILs. However, the original UNIFAC model for
ILs, as reported by Lei et al.,>”® is the most complete by
far, including many more IL groups, and has, thus, been
widely used for computer-aided molecular design (CAMD)
of ILs and VLE prediction by many authors. Recently, the
original UNIFAC model was further extended to describe
IL-gas systems and has become a universal and reliable
predictive thermodynamic model.*

Modified UNIFAC Model. The activity coefficient is also
calculated by a sum of the combinatorial term and residual
term. However, the combinatorial term is slightly changed in
an empirical way and is written as

, , Vi Vi
lnyl-C:1—Vl-+ani—5qi(I—F-HH (F—>> “4)

i i
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The residual term can be obtained using the following
relations

nyf=> v (InT—=In 1) )
k

In[=0(1—1n (Za z//,,,k) szg”:/:” (8)

where the group area fraction 0,, and the group mole fraction
X,» remain the same as in the original UNIFAC model. For a
better description of the activity coefficients, a significant
modification of introducing more group binary interaction
parameters into the group interaction term is made and is
expressed as

Apm +b,,mT+c,,mT2) ©)

where a,,,,, b, and ¢, are the adjustable parameters in the
modified UNIFAC model and should, thus, be determined
beforehand.

The modified UNIFAC model for ILs was first proposed
by Gmehling’s research group due to its good prediction
accuarcy.“f57 However, only a limited number of IL
groups are present in this model (see Supporting Informa-
tion Table S2). Although the modified UNIFAC model can
give better predictions, there are many model parameters to
be determined from the experimental data. This means that
if the database volume for some systems is not large
enough, the group binary interaction parameters to be
regressed are sensitive to the initial values arbitrarily given
during the regression procedure. In this case, the calculation
for these systems exhibits a correlative rather than a predic-
tive character.
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The UNIFAC-based models are familiar to general chemi-
cal engineers because their model equations are simple and
can be directly incorporated into the current process simula-
tion software, such as ASPEN PLUS, PROII, and ChemCAD,
among others, for process simulation and optimization. There-
fore, more efforts should be made to expand the database vol-
ume to fill the gaps remaining in the current parameter matrix
of the UNIFAC-based models.

ASOG models

Like the UNIFAC-based models, in analytical solution of
groups (ASOG) models, the activity coefficient of compo-
nent [ in the solution is also calculated as the sum of two
terms>®>°

Iny;=In ylFH +In in (10)
where the superscripts “FH” and “G” represent a “Flory—
Huggins” combinatorial contribution and a “group” residual
contribution to the activity coefficient, respectively.

Inoue et al.%® first extended the ASOG model to systems
containing ILs, correlating the activity coefficients at infinite
dilution of n-alkanes in [BMIM] [BF,]”. Later, Robles
et al.°"%? predicted the LLE for binary and ternary systems
containing ILs using the ASOG model, leading to a satisfac-
tory result. The cations involved are limited to imidazolium
(IM) and pyridinium (PY), and the anions are tetrafluorobo-
rate (BF;) and hexafluorophosphate (PFg). With the same
group interaction parameters, the ASOG model has the
potential to predict the VLE of systems containing ILs.
Unfortunately, the current studies on the ASOG model are
still limited.

COSMO-RS models

Model Description. The COSMO-RS model, first pro-
posed by Klamt and coworkers,*>% is an a priori predictive
model that only requires information on the atoms of the
compounds. In contrast to the UNIFAC-based and ASOG
models, the COSMO-RS model calculates the thermody-
namic data first from the molecular surface polarity distribu-
tions, which result from quantum chemical calculations of
the individual compounds of the mixture. Then, the different
interactions of molecules in a liquid, that is, electrostatic
interactions, hydrogen bonding, and dispersion, are repre-
sented as functions of the surface polarities of the partners.
Using an efficient thermodynamic solution for such pairwise
surface interactions, COSMO-RS converts the molecular
polarity information into standard thermodynamic data.

Computational Details. The details on the model equa-
tions, model parameters, and COSMO quantum chemical cal-
culations have been described in previous publications.m‘75
For computational convenience, there are two commercial
software packages available for general chemical engineers to
use, that is, the ADF (Amsterdam Density Functional) and
COSMOtherm programs in which the COSMO-RS model is
embedded. It should be mentioned that for a given system,
the predicted results coming from the software may differ sig-
nificantly because some important adjustable parameters (e.g.,
the interaction parameter o, the effective contact area
between two surface segments deg, the hydrogen-bonding
coefficient cy,, and the cut-off surface charge density oyy)
related to the individual atoms are different.”®

In most cases, an IL molecule is treated as an electroneutral
mixture consisting of a cation and an anion. The conformations
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of the distinct ions are optimized, and the corresponding
COSMO files are stored in the database separately, thus allow-
ing for IL screening from the numerous combinations of cati-
ons and anions. Here, we address the issues of how to
calculate the activity coefficients at infinite dilution and at
finite concentration for binary and ternary systems containing
ILs, which are important thermodynamic properties with
respect to extractive distillation with ILs.

For a 1:1 IL (i.e., [A]T[B] "), the activity coefficient at a
finite concentration of solute i in the binary mixture
(IL + solute) can be calculated by

tern tern ~tern
0N = Vi X Vi
1 x?m

1)

- bin
1+xy"

where the superscript “tern” represents the hypothetical ter-
tern

nary system comprising cation, anion and solute 7, with x5
=xlm - and xS0 +lm 4ylem =1; the superscript “bin” rep-
resents the binary mixture comprising solute and IL, with
x%ﬂ” +x?i“ =1. Thus, according to Eq. 11, the activity coeffi-
cient of a solute 7 in the binary mixture (IL + solute) at infi-
nite dilution is simplified as

PR =0.5ykm (12)

1

Similarly, for a ternary system comprising component i,
component j and IL, the activity coefficient at finite concen-
tration of component i can be calculated by

quart

pem = (13)

where the superscript “quart” represents the hypothetical
quaternary system which comprises of cation, anion, solute i,
and solute j, with x&e" =3 - the superscript “tern” repre-
sents the ternary system comprising solute 7, j, and IL, with
DI -y in - yin =1

Therefore, care should be taken in the COSMO-RS calcu-
lation whenever dealing with the mole fraction transforma-
tion. Undoubtedly, the COSMO-RS model is a very efficient
predictive tool for screening potential ILs for extractive dis-
tillation and other special separation processes.

GCLF EOS

The GCLF EOS is established based on the statistical ther-
modynamics and can be written as

-~ v v+ — ~
it ()2 (TR N D g
v—1 2 v

where f’, T~, and v are the reduced pressure, temperature,
and molar volume, respectively. The details of the model
equations can be found in previous publications.39’40’77_80
This equation of state contains the following model parame-
ters: group interaction energy (eg, €14 €2x), reference vol-
ume (Rox Rix Rop). and the group binary interaction
parameter o, (0, =0,,). We first extended the predictive
GCLF EOS from the systems containing conventional sol-
vents or polymers to systems with ILs* and systems of CO,
and IL.*

Equations of state are preferred over activity coefficients
for the description of phase equilibria because they can dis-
close the P (pressure)-V (volume)-T (temperature) relation
of the mixture. The density (or volume expansivity) of the
mixture of IL and solute is an important physical quantity
for the calculation of the liquid volume flow rate along the
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Figure 1. Densities of the mixtures of [BMIM]*
[MeSO,]~ (1) + ethanol (2) (a) and [BMIM]*
[BF4]~ (1) + benzene (2) (b) vs. the mole
fraction of ILs (x;) at various temperatures
and ambient pressure (1 bar).
() T=293.15 K, Ref. 67; (A) T=323.15 K, Ref. 82.

Solid lines represent the predicted results by GCLF
EOS.

column internals (e.g., column tray and structured packings)
to avoid liquid flooding and ensure that the EDC operates
within the feasible operating region.

Figure 1 shows the predicted densities of the mixtures of
[BMIM] " [MeSO4]~ (1) + ethanol (2) and [BMIM] [BE,]~
(1) + benzene (2) at 293.15 K and 323.15 K by GCLF EOS,
along with the experimental data.®'®* It is clear that both the
predicted and experimental results agree very well, exhibit-
ing a similar trend that is not exactly based on the mole frac-
tion average of the pure component densities in the usual
way. This result is also obvious for other systems. Therefore,
in comparison with the predictive activity coefficient models,
GCLF EOS is especially suitable for predicting the volumet-
ric properties of systems containing ILs.

Comparison among different predictive thermodynamic
models

The activity coefficients at infinite dilution of n-alkanes in
[OMIM]"[Tf,N]~ and n-alkanes in [HMIM]*[TfO]” are
exemplified for the comparison among the original UNIFAC,
modified UNIFAC, and COSMO-RS models, as shown in
Figure 2. It is evident that the modified UNIFAC model
gives the best prediction,’'”? the original UNIFAC model
gives a moderate prediction, and the COSMO-RS model
gives the worst prediction. This result is not unusual because
the modified UNIFAC model has the most model parame-
ters, whereas the COSMO-RS model is an a priori predictive
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Figure 2. Activity coefficients at infinite dilution of

n-alkenes in [OMIM]*[Tf.N]~ (a) and [HMIM]*
[TfO]™ (b) at a temperature range from 303 to
333 K.
(a) Scattered solid points, experimental data from Ref.
51: (M) pentane; (+) hexane; (A) heptane; (VW) octane;
and (b) Scattered solid points, experimental data from
Ref. 52: (W) hexane; () heptane; (A) octane. The empty
points with red, blue, and magenta represent the pre-
dicted results by the modified UNIFAC, original UNI-
FAC, and COSMO-RS (ADF version) models,
respectively.[Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

model, independent of the experimental data. However, the
actual extractive distillation processes take place in mixtures
at finite concentration with the binary and ternary VLE cor-
responding to the thermodynamic states of the IL recovery
separator (e.g., flash drum in vacuum) for the separation of
one key component and IL, and of the IL EDC for the sepa-
ration of two key components using the IL as an entrainer,
respectively. The binary P (pressure)—x (mole fraction of sol-
ute in the liquid phase) curves of acetone (1) + [BMIM] ™"
[TEN]” (2) and benzene (1)+ [MMIM]"[T£,N]™ (2) are
shown in Figure 3, where it is assumed that no IL appears in
the vapor phase due to nonvolatility. As expected, the pre-
dicted results by the original UNIFAC model are in better
agreement with the experimental data®®* than those pre-
dicted by the COSMO-RS model. A similar conclusion can
be obtained for other systems.

For the isobaric VLE of ternary systems containing ILs, a
peculiar experimental phenomenon often occurs. As shown
in Figure 4, x," and y, represent the mole fractions of the
light components in the liquid and vapor phases on an IL-
free basis, respectively.®>*¢ It can be seen that in the isopro-
panol (or ethanol)-rich region, the lower the IL concentration
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kept in the liquid phase, the higher is the mole fraction of
the light component (e.g., isopropanol or ethanol) in the
vapor phase. That is, the addition of IL does not increase the
relative volatility of the two components to be separated as
expected. This inverse effect is seldom found when using
liquid solvents or solid salts as entrainers. More specially,
the original UNIFAC model can predict the counterintuitive
experimental phenomenon, whereas the COSMO-RS model
cannot.

The evidence from the VLE and LLE experiments shows
that the COSMO-RS model, although based on the individ-
ual atom properties and irrespective of any experimental
data, can only reflect the qualitative trend concerning the
influence of molecular structures of ILs on the thermody-
namic properties, such as the activity coefficients, LLE, and
VLE.* ! In this regard, we can make full use of the predic-
tive potential of the COSMO-RS model for the CAMD of
ILs in extractive distillation and determine the optimal ILs
that may not have been synthesized in the laboratory for a
specific separation task. In addition, recent studies revealed
that the COSMO-RS model is able to estimate the strength
of the interactions between solute and IL,92’93 which is use-
ful for interpreting the underlying separation mechanism as
described below.

In summary, the predicted results of thermodynamic prop-
erties by the UNIFAC-based models are more accurate than
those by the COSMO-RS model. Thus, it is better to use the
UNIFAC-based models to establish the equilibrium stage
and nonequilibrium stage mathematical models for extractive
distillation process simulation and optimization. Meanwhile,
for the design of column internals, it is suggested to use the

250

(a)
200

150

P/kPa

100

50

0.00 0.20 0.40 0.60 0.80 1.00

x

200

(b)

150

P/ kPa

0.00 0.20 0.40 0.60 0.80 1.00
X
Figure 3. VLE diagrams of acetone (1)+[BMIM]*
[Tf£2N]~ (2) (@) and benzene (1) + [MMIM]*
[TfoN]™ (2) (b) at T=353.15 K.
The solid and dotted lines represent the predicted

results by the original UNIFAC model and the
COSMO-RS model, respectively.
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Figure 4. Isobaric VLE diagrams of isopropanol
(1) + water (2) + [EMIM]+[BF4]_ (3) (a) and
ethanol (1) + water (2) + [EMIM]*[TfO]~ (3)
(b) at several IL concentrations.
(@) (O) x3=0 (exp.); (*) x3 ~ 0.10 (exp.); (H) x3 ~ 0.20
(exp.); and (b) (O) x3=0 (exp.); (¢) x3 ~ 0.054 (exp.);
(M) x3 ~ 0.215 (exp.). The solid line, dotted line, and
dot dashed line represent the predicted results by the

original UNIFAC model at x3;=0, 0.10, and 0.20,
respectively.

GCLF EOS to predict the volumetric properties. Therefore,
these predictive thermodynamic models complement each
other, jointly constructing the chemical engineering funda-
mentals of extractive distillation with ILs.

Structure-Property Relations

One of the most important scientific issues with respect to
extractive distillation with ILs is to identify the relationship
between the molecular structures of ILs and the separation
performance (namely the structure-property relations) by the
combination of predictive thermodynamic models and
experiments. However, the structure-property relations are
distinct for nonpolar-nonpolar, polar-polar, and nonpolar-
nonpolar systems.

Separation of nonpolar-nonpolar systems

The separation of nonpolar-nonpolar systems, such as alka-
nes/alkenes or aliphatics/aromatics mixtures, is commonly
encountered in the petrochemical and chemical industries.
Herein, the system of n-hexane/l-hexene is taken as a repre-
sentative of nonpolar/nonpolar systems. It is difficult and
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expensive to separate them by ordinary distillation because
they have close-boiling points. However, extractive distillation
with ILs as entrainers is simple and effective for these separa-
tions, coupling the advantages of solvent extraction (high sep-
aration ability) and distillation (easy operation).

The selectivity and solvent capacity at infinite dilution
provide direct evaluation of various ILs for a given separa-
tion task. Fortunately, the experimental data on activity coef-
ficients at infinite dilution of solutes in ILs have been
extensively measured in recent years. Thus, the selectivity
and capacity at infinite dilution for the n-hexane (1)/1-hex-
ene (2) separation can be calculated according to Egs. 1 and
2. Figure 5 shows the predicted results of the selectivity and
solvent capacity by the UNIFAC model and the experimental
data collected from literature®'*7%%4~124 at infinite dilution
for the separation of n-hexane (1) and 1-hexene (2) with ILs.
As a whole, the results predicted by the UNIFAC model and
the experimental data agree well, and there is a clear com-
promise between selectivity and solvent capacity. That is,
the ILs with a high selectivity at infinite dilution usually
have a low solvent capacity. Moreover, the molecular struc-
tures of ILs with small molecular volume, unbranched
groups and steric shielding effects around the anion charge
center (e.g., [BF4] , [Tf2N] , and [N(CN),] ) are favorable
for increasing the selectivity and decreasing the capacity.
This conclusion was consistent with the previous find-
ings.lzs’126 In addition, structure factors, such as hydroxyla-
tion and cyaniding on the cation, as well as strong polar
group substitution (e.g., alkoxyl group), fluorination, and the
inclusion of metal ions on the anion, are favorable for
increasing the selectivity of n-hexane to 1-hexene at infinite
dilution, but they are unfavorable for increasing the solvent
capacity. In addition, some ILs, for example, [DMIM] "
[TCB] , have the higher selectivity and capacity than the
benchmark solvent NMP (N-methyl-2-pyrrolidone), indicat-
ing that ILs may be considered as potential replacements of
the traditional volatile organic compounds in extractive
distillation.

Recently, more and more ILs have been synthesized and
tested as entrainers individually by many researchers. Thus,
new structure-property relations should be summarized from
the available database to optimize the separation perform-
ance of ILs in extractive distillation. In this review, the influ-
ence of structural factors on the separation performance is
summarized in Table 1, where the symbols “+,” “—.” and
“~” represent a positive effect, negative effect, and almost
no effect, respectively. This enables chemical engineers to
quickly assess various combinations of cations and anions in
the preselection stage of ILs.

It should be mentioned that the actual operation of the
extractive distillation process is conducted at finite concen-
tration, and the conclusions obtained at infinite dilution can-
not be directly extrapolated to finite concentration for the
separation of nonpolar-nonpolar systems with ILs. However,
studies on the ternary VLE of nonpolar-nonpolar systems
with ILs are scarce, although they are necessary for under-
standing the interactions of ILs with the components to be
separated in the real state. Liquid-liquid phase demixing may
occur according to the rule-of-thumb of “like dissolves like.”
Mokrushin et al.'?’ investigated the separation of propene
and propane with several ILs in the miscible region at ambi-
ent temperature and low pressure, and found that [EMIM] "
[B(CN)4]  is the optimum IL because the introduction of

DOI 10.1002/aic 3317
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CN functional groups into the anion increases the selectivity
of propane to propene significantly and at the same time
decreases the capacity slightly. This conclusion is consistent
with the structure-property relations as listed in Table 1.
Unfortunately, the demixing effect was not considered by
the authors, and it may take place at high (propene + pro-
pane) concentration corresponding to high pressure. Jong-
mans et al.'*® conducted LLE and LLE experiments for the
separation of ethylbenzene and styrene with several ILs and
demonstrated that such structural factors as the anion with
localized charge (i.e., steric shielding effect) and short alkyl
chain length on both cation and anion (i.e., small molecular
volume and unbranched group) led to an increase of the eth-
ylbenzene to styrene selectivity but decreased the solvent
capacity. The authors measured only a few experimental
data on the VLE, and the influence of liquid-liquid phase
demixing on the selectivity at finite concentration was not
considered in the concentration range investigated because
aromatic hydrocarbons usually have a higher solubility in
ILs in comparison with other hydrocarbons, such as alkanes
and alkenes.

We revealed for the first time that the demixing effect has
a significant influence on the selectivity at finite concentra-
tion for the separation of 1-hexene and n-hexane.'**'*° To
achieve a deeper understanding of the effect of the IL con-
centration on the selectivity, the selectivity of n-hexane (1)
to 1-hexene (2) with [BMIM]*[BF,]” as the entrainer is pre-
sented in Figure 6a, where the left-hand experimental results
were obtained in this work at 101.3 kPa and approximately
338 K, as measured by the isobaric VLE technique, and the
right-hand experimental data are measured by headspace gas
chromatography. The two selectivity curves are almost con-
nected in the vicinity of the dashed line, given that the equi-
librium temperature does not fluctuate significantly. The
selectivity of n-hexane to 1-hexene undergoes an irregular
change over the whole concentration range due to phase
demixing. As the IL concentration increases, the selectivity
of n-hexane to 1-hexene initially increases, then decreases
after passing through a local extremum, and finally increases
again until reaching the maximum selectivity at infinite dilu-
tion. Thus, one “selectivity peak”™ (or separation factor peak)
appears over the whole concentration range due to the for-
mation of liquid-liquid phase demixing during the VLE
experiments, according to the chemistry rule-of-thumb of
“like dissolves like.” The LLE diagram for the ternary sys-
tem is shown in Figure 6b. The formation of a second liquid
was observed visually. The IL mainly remained in the lower
IL phase and could not exert its effect on the upper organic
phase. Thus, liquid-liquid phase demixing is unfavorable for
the separation, leading to a decrease in selectivity.

Separation of polar-polar systems

The separation of ethanol and water is the most studied
system in recent years because anhydrous ethanol is used not
only as a chemical reagent and organic solvent but also as
the raw material of many important chemical products and
intermediates. The dehydration of ethanol can be conducted
using several technologies, such as azeotropic distillation,
extractive distillation, adsorption, membrane separation,
adsorptive distillation, and membrane distillation. Compared
with the other techniques, extractive distillation is an energy-
efficient technology. In this review, the separation of ethanol
and water using extractive distillation with IL was chosen as

AIChE Journal September 2014 Vol. 60, No. 9

Published on behalf of the AIChE

2.0

(a)

A

0.8 :

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Selectivity of n-hexane (1) to 1-hexene (2)

Mole fraction of ILs in the mixture

1-hexenee
0.00, 1.00
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Figure 6. Selectivity of n-hexane (1) to 1-hexene (2) at
finite concentration using [BMIM] [BF,]~
over the whole concentration range and LLE
diagram.

(a) A, experimental data measured by our 3%roup; B,

experimental data from our previous work.’** (b) (W),
experimental data; ((]), COSMO-RS calculations.

a model process for the separation of polar-polar systems.
Meanwhile, the results derived from this separation may be
extended to the separation of other aqueous solutions due to
their similar separation mechanisms.

Figure 7 shows the experimental data of the selectivity and
capacity at infinite dilution for the ethanol (1)/water (2) sepa-
ration exhaustively collected from the literature, ! 157122131141
along with the predicted results by the UNIFAC model. As
expected, such structure factors as short alkyl chain length,
unbranched group on the IM-based cation, and no steric
shielding effect on the anion are favorable for increasing
both the selectivity and solvent capacity. In addition, new
structure factors, such as hydroxylation and cyaniding on
the cation, as well as no substitution groups (e.g., alkyl,
benzyl, or alkoxyl group), no fluorination, and no inclusion
of metal ion on the anion, are also positive (see Table 1).
In this case, there is no need to make a compromise
between selectivity and solvent capacity for the selection of
suitable ILs for the separation of polar-polar systems.
Moreover, the IL [EMIM] [Ac]™ is the most promising,
possessing the highest selectivity among all of the ILs
investigated. We first proposed this potential IL for the sep-
aration of ethanol and water,142 and it was later confirmed
by Ge et al."** and by Gutierrez et al."**

DOI 10.1002/aic 3319
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(a) Selectivity, (b) Capacity. (A) experimental data from the literature; (A) predicted results by the UNIFAC model; dashed line,

EG.

The detailed experimental data of the ternary VLE exhaus-
tively collected from literature by the end of November
2013, which are important for a better understanding of the
thermodynamic behavior of such systems and for process
simulation and optimization, are provided in Tables S3-S15
in the Supporting Information,>8%-86:125:126.1432204 gy 1555r¢
ing Information Table S16 gives a summarized result. The
ternary VLE experimental data available from the literature
were mainly measured by research teams from the Beijing
University of Chemical Technology (China), Zhejiang Uni-
versity of Technology (China), University of Valencia
(Spain), University of Vigo (Spain), Universitat Erlangen-
Niirnberg (Germany), and Carl von Ossietzky Universitat
Oldenburg (Germany). However, experimental errors may
arise among different data sources. Thus, this urges us to go
a further step to compare the separation performance of vari-
ous ILs for the separation of ethanol (1)/water (2) at the
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same IL concentration (x;, = 0.10) and feeding concentration
(X; =090 and X,=0.10 on an IL-free basis). Figure 8
illustrates that the selectivity of ethanol (1) to water (2) fol-
lows the order of [MEA]"[BF,]” >N,,,u] [HSO4]™ >
[MMIM] " [DMPO,]” > [BMIM] " [MeSO4]~ >[BMIM] " [Ac]~
~ [EMPY]'[EtSO4]~ > [BMIM]'[Cl]” ~ [EMIM]"[BF,]~ >
[BMIM] " [BF,]~ ~ [EMIM]*[TfO]” > [HMIM][Cl]~, which
conforms to the predicted results at infinite state by the
UNIFAC model. This demonstrates that these experimental
data are reliable to some extent, although they were measured
by different research teams.

Separation of polar-nonpolar systems

In principle, extractive distillation with ILs should be suit-
able for the separation of polar-nonpolar systems (e.g., the
mixtures of alcohol + aliphatic hydrocarbons) that form
azeotropes. The structure-property relation predicted by the

September 2014 Vol. 60, No. 9 AIChE Journal
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Figure 8. Relative volatility of ethanol (1) to water (2)

with ILs as entrainers at x3=0.10 at 101.3
kPa.
(M) [MEA]*[BF,]~ (Ref. 158); (+) [EMIM]*[TfO]~
(Ref. 86); (A) [BMIM]*[BF,]~ (Ref. 146); (%)
[HMIM]*[CI]™ (x3 in the range from 0.094 to 0.117,
Ref. 156); () [Naooul*[HSO™ (Ref. 162); (O)
[MMIM]* [DMPO,]~ (Ref. 159); (A) [BMIM]*[MeSO4]~
(x3 in the range from 0.101 to 0.119, Ref. 150); (V)
[BMIM]*[Ac]™ (x3 in the range from 0.095 to 0.120, Ref.
145); (¥) [EMPY]*[EtSO4]~ (x3 in the range from 0.104
to 0.117, Ref. 155); (+) [EMIM]*[BF4]~ (Ref. 146); (X)
[BMIM]*[CI]™ (Ref. 146).

COSMO-RS model at infinite dilution is listed in Table 1,
exhibiting a similar trend to the separation of polar-polar
systems. However, the ternary VLE experimental data for
such systems containing ILs are lacking in the literature;
thus, we cannot verify the prediction of the COSMO-RS
model at finite concentration.

To break the azeotropic mixtures, another separation
method, that is, solvent extraction using ILs as solvents, was
also proposed by several researchers.””>2' It should be
noted that solvent extraction (or liquid-liquid extraction) and
extractive distillation are two different unit operations in
chemical engineering. They are based on different separation
mechanisms involving LLE and VLE (or in some cases
VLLE), respectively. Thus, the conclusions obtained from
LLE cannot be directly extrapolated to VLE, and vice versa.
For a simple example, the IL [EMIM]*[Ac]™ has been pro-
ven to be one of the best entrainers for the separation of
ethanol and water with extractive distillation. However, it is
not a good solvent for the separation of ethanol and water
with solvent extraction because [EMIM] [Ac]™ is almost
miscible with ethanol and water at room temperature. There-
fore, the ternary VLE experimental data for the mixtures
containing ILs are necessary for better understanding of their
thermodynamic behavior and to allow a detailed economic
evaluation.

Separation Mechanism
Anion effect

Studies on the separation mechanism have been initiated
recently to provide a theoretical insight into the molecular
interactions between ILs and the components to be separated.
The theory of anion effect speculates that the anion domi-
nates the selectivity (or relative volatility), whereas the cat-
ion plays a secondary role, as proposed by Gutierrez et al.'#
However, the conclusion was derived by investigating over a
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limited number of ILs, where the anion [CI]  was kept con-
stant by changing the types of cations. Considering the anion
effect, it would be interesting to further investigate the
change of selectivity with the carbon number in the alkyl
side-chain on the IM-based cations paired with other anions.
As shown in Figure 9, as the carbon number in the alkyl
side-chain increases, the selectivity tends to decrease first
rapidly and then slowly, whether it is the separation for a
nonpolar-nonpolar system or for a polar-polar system. That
is, when the alkyl side-chain length on the cation is short,
both the IL cation and anion have a strong influence on the
separation performance of ILs. Therefore, the theory of
anion effect may be valid in the case of long alkyl side-
chain length on the cation.

Prausnitz and Anderson theory

We first used the theory of Prausnitz and Anderson’s solu-
tion thermodynamics to clarify the separation mechanism of
hydrocarbon mixtures by extractive distillation with ILs as
entrainers. In terms of this theory,”'" the selectivity is writ-
ten as the contributions of three terms, that is, the polar
effect P, dispersion effect D, and inductive effect /

RTInSy=P+D+I (15)
P=57,(V,—V3) (16)

25

(a)

Selectivity of n-hexane (1) to 1-hexene (2)

1.0
2 4 6 8 10 12 14 16
1 (carbon number in the alkyl chain)
4.0
(b)
3.0

Selectivity of ethanol (1) to water (2)

n (carbon number in the alkyl chain)

Figure 9. Influence of the carbon number in the alkyl

side-chain on the selectivity at infinite dilu-
tion for the separations of n-hexane/1-hex-
ene (a) and ethanol/water (b) at 298.15 K.
(@ () [R,MIMI*[BF4]7; (A) [R,MIM]*[PF¢]7; (O)
[R,MIM]*[T£,N]7; and (b) (C]) [R,MIM]*[DMP]~; (A)
[R,MIM]*[TfO]™; (O) [R,MIM]*[Tf,N]". The selectiv-
ity at infinite dilution was predicted by the original
UNIFAC model.
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D=V3(81,—82)> = V3(d1,—93) (17)
1:2V3513_2V2512 (18)

where the subscripts 1-3 represent IL, the light component
and the heavy component to be separated, respectively; V; is
the molar volume of component #; ¢; is the solubility param-
eter; and &; is the induction energy per unit volume. In gen-
eral, the polar term P is considerably larger than the sum of
D and I. Thus, Eq. 15 becomes

RTIn Sy =57, (V2—V3) & &7 (Va—V3) (19)

This means that the solubility parameter ¢, can be used to
explain the general selectivity trend for a given separation
task because the higher solubility parameter is related to the
greater selectivity. As we know, the solubility parameter
decreases as the alkyl side-chain length on the cation
increases. For example, the solubility parameters for the
imidazolium-based cations paired with [Tf,N]  follow the
order of [EMIM]*[Tf,N]~ (27.5) > [BMIM] [Tf,N]~ (26.5) >
[HMIM] " [Tf,N]~ (25.2), where the values in parentheses
represent the Hildebrand solubility parameters in the unit of
(Jfem®)'? coming from the literature.>'**"> The solubility
parameters and selectivity exhibit the same order. This also
holds for the [N(n)113]7[T£,N]~ series, where both the solubil-
ity parameters and selectivity follow the same order of
[IN@113]"[TEN] T (26.7) > [N(G)113]7[TEN] ™ (25.8) > [N(10)
11317 [TEHN] T (24.1).

Therefore, this theory provides a correct qualitative analy-
sis for the structure-property relation for the separation of
nonpolar-nonpolar systems with ILs, but the disadvantage is
such that it is not suitable for the separation of polar-polar
systems with ILs because the intermolecular interactions,
such as the electrostatic force and hydrogen bonding, are not
taken into account.

Process Simulation and Optimization
Process simulation

Single Stage Equilibrium Model. A single stage equilib-
rium model was established by Chavez-Islas et al.*'* to
describe the separation process of ethanol and water with
ILs whose molecular structures were optimized by means of
a mixed-integer nonlinear programming (MINLP) formula-
tion. The governing equations consist of material balance
equations, phase equilibrium equations using the UNIFAC
model reported by Lei et al.,***’ and mole fraction summa-
tion on a single stage at a constant pressure. The optimum
IL [MMIM]*[DMP]~ was finally screened, regardless of the
IL recovery from the mixture.

The advantage of the single stage equilibrium model is its
fast computation speed, which meets the requirement of
CAMD of ILs. However, it is not advisable for rigorous pro-
cess design for industrial application.

Multistage Equilibrium Model. The rigorous multistage
equilibrium model (i.e., equilibrium stage model) was com-
monly used to simulate the extractive distillation processes
with ILs as entrainers using the commercial simulation soft-
ware. The equations modeling the multistage equilibrium are
known as MESH equations. MESH is an acronym referring
to the different types of equations. The M equation is the
mass balance, E is the phase equilibrium equations, S is the
summation equations, and H is the enthalpy balance. A com-
plete extractive distillation process should include an EDC
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without the entrainer recovery section at the top and an
entrainer recovery unit consisting of a flash drum or its com-
bination with another separator, as shown in Figure 10. Note
that the high boiling point impurities in the feed should be
removed before entering the EDC; otherwise, the impurities
accumulated during the operation remain in the entrainer.

The multistage equilibrium model can provide the neces-
sary information for process design, such as the overall heat
duty on the condensers and reboilers, as well as the distribu-
tions of temperature, composition, liquid and vapor flow
rates along the EDC. Seiler et al.'® used the multistage equi-
librium model to simulate the separation of ethanol and
water with the IL [EMIM]"[BF,]” and the benchmark sol-
vent EG as entrainers, respectively. In comparison with the
conventional extractive distillation process, the overall heat
duty with IL as entrainer would save up to 24%. However,
they also found that heat integration measures have almost
no influence on the reduction of the overall heat duty. On
the contrary, Meindersma et al.’' noted that if no heat inte-
gration measure is adopted, the extractive distillation process
with IL as entrainer will consume more energy than the con-
ventional process. This may indicate the importance of heat
integration when recovering IL from the volatile compo-
nents. For the separation of ethylbenzene and styrene, the
process simulation was performed by Jongmans et al.*'?
using the multistage equilibrium model in combination with
heat integration. The simulated results showed that the over-
all energy consumption of the IL [BMPY]"[BF,]” as
entrainer was the lowest, in comparison with other investi-
gated ILs and the benchmark solvent sulfolane.

Rate-Based Model. The rate-based model for extractive
distillation with ILs was first proposed by Quijada-
Maldonado et al.?'® The greatest difference between the
equilibrium model and the rate-based model is that the mass
and heat transfer rates are considered in every tray or pack-
ing segment. Thus, more information on the physical and
transport properties of pure components and mixtures should
be given or predicted in the rate-based model.?'">° The
process simulation using the rate-based model can be per-
formed by the Aspen Plus software.

It was demonstrated by Quijada-Maldonado et al.*'® that
the rate-based model can predict the separation performance
of an actual pilot plant for the separation of ethanol and
water with [EMIM] [DCA]™ as entrainer, with only a 10%
deviation from the experimental data. The results showed
that for the structured packings, the mass transfer correla-
tions suitable for the conventional solvents can be extrapo-
lated to the systems containing ILs, even at high IL-to-feed
ratios.

During the simulation, the physical properties of pure ILs
are sometimes not available from the literature, and they
have to be estimated by the GCMs.??7223 In some cases,
preliminary experimental work has to be conducted to deter-
mine the surface tension, binary diffusion coefficients, and
other properties.

Process optimization

For the single EDC, the simultaneous optimization of IL
entrainers and the extractive distillation process has been
addressed recently by some researchers. To this end, there
are two optimization approaches: (1) the molecular structures
of ILs were first designed by means of CAMD, and then, the
separation scheme was optimized to determine the optimal
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Elsevier.

design and operating variables using the multistage equilib-
rium model.>**?%% (2) Both problems were solved in a simul-
taneous manner in which the MESH equations are
incorporated into an MINLP formulation to simulate the
EDC, as suggested by Valencia-Marquez et al.**

The IL recovery technology is crucial to ensure an eco-
nomically feasible extractive distillation process. Although it
seems that the nonvolatility is always presented as a unique
advantage of ILs, this advantage also leads to difficulty in
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recovering IL with a high purity. For the extractive distilla-
tion process using conventional organic solvent, for example,
EG, a distillation column is used for the solvent recovery, as
shown in Figure 10a. For the extractive distillation process
using IL, to recover IL with a high purity, the following
three IL recovery technologies are commonly recommended:
(1) a flash drum at mild vacuum,>'??7 as shown in Figure
10b; (2) a flash drum at mild vacuum + a flash drum at deep
vacuum,??#?? as shown in Figure 10c; and (3) a flash drum
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at mild vacuum + N, stripping,'® as shown in Figure 10d. In
the latter two cases, a refrigerant may be required to cool
the entrained solutes. Later, Jongmans et al.>® proposed an
additional three technologies for the recovery of styrene
from IL: (4) a flash drum at mild vacuum + ethylbenzene
stripping, which is similar to the process with a flash drum
together with N, stripping, as shown in Figure 10d; (5) dis-
tillation with the benchmark solvent + IL; and (6) a flash
drum at mild vacuum + supercritical CO, (ScCO,) extrac-
tion, as shown in Figure 10e. A detailed evaluation of the
process economics demonstrated that recovery technology
numbers 2 and 4 are the best choices.

Comparison among special distillation processes

In this review, we go one step further to compare the
energy consumption among extractive distillation, azeotropic
distillation, and pressuring swing distillation (PSD). For
example, for the separation of ethanol and water, the distil-
late specification and operating parameters were chosen to
be the same as in a previous simulation.® It was found that
the overall heat duties on condensers and reboilers follow
the order of extractive distillation (with [EMIM] " [N(CN),]~
as entrainer) < extractive distillation (with EG as entrai-
ner) < azeotropic distillation (with cyclohexane as entrai-
ner) < PSD (with the combination of P; (1 bar) — P, (20 bar))
< PSD (with the combination of P, (20 bar) — P; (1 bar)).
This indicates that extractive distillation with ILs is the most
advantageous in energy saving. Of course, the present IL
[EMIM]*[N(CN),]~ may be further optimized.

Concluding Remarks

This work tries to provide an easy-to-read, comprehensive
review for general chemical engineers on extractive distilla-
tion with ILs, covering predictive thermodynamic models,
structure-property relations, separation mechanisms, and pro-
cess simulation and optimization. Furthermore, the detailed
experimental data of ternary VLE containing ILs, as well as
activity coefficients at infinite dilution for organic com-
pounds in ILs, were exhaustively collected in this review.
Although much progress has been made in this emerging
field, ranging from the molecular level to industrial scale,
there are still some scientific issues that remain unsolved.
The following points include some of these issues: (1) The
VLE experimental data, especially for the ternary systems
containing ILs, are still limited, and only a few research
groups are taking on this work. This may be attributed to the
experimental measurements being tedious and time-
consuming. Accordingly, the actual separation performance
of many ILs at finite concentration is unknown. (2) For the
UNIFAC-based models, many group parameters for ILs are
still vacant in the current parameter matrix. Some readers
have written to me about the vacancy of group parameters
for some interesting ILs. Thus, the UNIFAC-based models
should be further developed because the need of general
chemical engineers for predictive thermodynamic models is
so strong. (3) Engineering studies relevant to column inter-
nals (e.g., packings or trays) at high viscosity are lacking. In
the design, one should determine whether the conventional
pressure drop and mass transfer correlations can be extrapo-
lated to fluids containing ILs and how to improve the separa-
tion efficiency of conventional column internals at high
viscosity. (4) Finally, all of the studies, thus, far have been
limited to the use of single ILs as entrainers. The IL
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entrainers may be intensified using the mixed ionic liquids
or a mixture of ILs and solid inorganic salts, which are eas-
ily available from chemical markets, to tune the desirable
separation performance, rather than through complicated
chemical synthesis of single ILs (e.g., group substitution, flu-
orination, and inclusion of metal ion).

Although the price of ILs is still higher than many organic
solvents, in theory, there is almost no IL loss in the extrac-
tive distillation process. Moreover, the price of ILs is cur-
rently decreasing. The capital and operational costs of
extractive distillation processes with ILs as entrainers should
be closely evaluated for future industrial application.

In many extractive distillation processes, the volatile
organic solvents will likely be replaced with ILs using the
original equipment and only adding one or two flash drums.
There is no need to change the main EDC. In view of the
potential advantages of extractive distillation with ILs, we
are encouraged to continue to perform fundamental research
in this promising field because it is a platform technology
for the separation of azeotropic or close-boiling mixtures.
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