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The use of the mixture of ionic liquid (IL) and solid inorganic salt in place of the single IL as entrainers for extractive
distillation, which integrates the advantages of a liquid solvent, that is, IL (easy operation and nonvolatility) and a solid
salt (high separation ability) has been proposed in this work. The vapor—liquid equilibrium experiments indicated that
the combination of [EMIM] " [Ac]™ and KAc is the most promising for the separation of ethanol and water among all of
the entrainers investigated. Based on the thermodynamic study, the conceptual process design was developed to evaluate
the competitiveness of the suggested entrainers for the separation of ethanol and water. It was determined that the over-
all heat duty on reboilers in the extractive distillation process using the new mixed entrainers decreases 19.04% com-
pared with the benchmark entrainer [EMIM]" [Ac]™. Moreover, the density functional theory and COSMO-RS model
were used to achieve theoretical insights at the molecular level. © 2014 American Institute of Chemical Engineers
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Introduction

For the separation of azeotropic or close boiling mixtures,
ordinary distillation processes cannot yield high purity com-
ponents. In this case, extractive distillation, which combines
the advantages of solvent extraction (high separation effi-
ciency) and distillation (easy operation and high capacity),
has been widely applied in industry. The selection of an effi-
cient and suitable entrainer is the key to ensuring an eco-
nomic operation. Currently, there are five types of entrainers
used in extractive distillation, that is, solid salts,'™ liquid
solvents,”™ the mixture of liquid solvents and solid salts,”'?
hyperbranched polymers,"* and ionic liquids (ILs).'* Due
to their unique advantages, such as nonvolatility, salt effect,
high separation ability, regeneration, being present in the lig-
uid state around room temperature, and thermal and chemi-
cal stabilities, ILs have received considerable attention in
recent years for their use in extractive distillation for the
separation of olefins and alkanes, alcohols and aliphatics,
alcohols and water, and many other systems.”>’ In princi-
ple, the salting effect of solid inorganic salts could be stron-
ger than ILs due to their small molecular volumes.**—3?
However, when solid salt alone is used as an entrainer, dis-
solution, reuse, and transport of the solid salt are a signifi-
cant problem in actual operation. Thus, in this work, a new
type of physically mixed entrainers with the combination of
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IL and an inorganic salt were proposed aiming to obtain
higher relative volatility (or selectivity) than using a single
IL. It is known that extractive distillation is an energy-
intensive process, and the use of an entrainer with a higher
relative volatility (or selectivity) usually corresponds to a
lower total annual cost.>? Furthermore, both IL and solid salt
are nonvolatile, rendering entrainer recovery by simple flash
distillation or gas stripping feasible. In this sense, the mixed
entrainers can still be taken on as environmentally friendly
“green solvents.”

To verify the applicability of the new type of entrainer
(IL + inorganic salt) in extractive distillation, the separation of
ethanol and water to produce high-purity ethanol was exempli-
fied in this work. This is attributed to the following reasons:
(a) the components form an azeotrope that cannot be separated
by ordinary distillation; (b) this separation is the most studied
process as a model system in the field of extractive distillation
due to its important industrial value and the availability of
both components; and (c) the new entrainers proposed in this
work can also be applied to the separation of other aqueous
solutions due to their similar separation mechanisms.

By far, all the IL entrainers used in extractive distillation
for the separation of ethanol and water have been limited to
single ILs. Calvar et al 338 performed a systematic study
on measuring the vapor-liquid equilibria (VLE) for the ter-
nary systems of ethanol + water + IL (i.e., [BMIM] " [C1],
[HMIM][CI]”, [EMIM]T[EtSO,]”, [BMIM]*[MeSO4] ",
[EMpy] " [EtSO4] "), showing that using the ILs at a specific
mole fraction can break the existing azeotrope. Orchillés
et al.”>* used [EMIM]'[TfO]™ and [EMIM] [DCA]™ as
entrainers to separate the ethanol and water mixtures. They
claimed that [EMIM] [DCA]~ could break the ethanol +
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water azeotrope at a mole fraction of x;. = 0.019, which was
slightly smaller than that for [EMIM]*[TfO] . Ge et al.*!
measured the isobaric VLE data of ethanol (1) + water
(2) +IL (3) at different IL mass fractions, and the ethanol
mole fraction was kept at 0.95 (IL-free). The results revealed
that, among the eight ILs investigated, [EMIM] [Ac]~
(breaking the ethanol and water azeotrope at xj = 0.013)
had a significant effect on increasing the relative volatility of
ethanol to water. Meanwhile, considering the melting point
and its relatively low viscosity, [EMIM] " [Ac]™ might be a
suitable candidate as an entrainer for industrial applications.
Thus, in this work [EMIM][Ac]~ was chosen as the bench-
mark entrainer. It is noted that we refer to the IL
[EMIM] " [Ac]™ rather than the volatile ethylene glycol as
the benchmark entrainer because the former is now regarded
as one of the most promising entrainers for the separation of
ethanol and water.

This work is organized into four parts. First, the isobaric
VLE experiments were performed to determine the optimum
solid inorganic salt addition into IL as mixed entrainers for
the separation of ethanol and water at the azeotropic compo-
sition. Second, to demonstrate the enhancement of the mixed
entrainers with respect to pure IL on the separation perform-
ance, the isobaric VLE data over a full concentration range
were measured for the ternary system of ethanol (1) + water
(2) + [EMIM] " [Ac]™ (3) and the quaternary system of etha-
nol (1)+ water (2)+ [EMIM]*[Ac]” (3)+ optimum solid
inorganic salt (4) at 101.3 kPa. Third, we tried to seek for
some theoretical insights at the molecular level to explain
why the addition of a little solid inorganic salt can enhance
the separation performance by analyzing the binding energy,
o-profile, and the mixing enthalpy by means of density func-
tional theory (DFT) and COSMO-RS models. Finally, the
mathematical model for the conceptual process design using
the new mixed entrainers was established using Aspen Plus
software, into which the phase equilibrium model (NRTL)
parameters obtained in this work were incorporated, to eval-
uate how much heat duty could be saved in the extractive
distillation process using the suggested entrainer in compari-
son with the benchmark entrainer ((EMIM] [Ac]™). Thus,
this study ranges from the molecular level to industrial scale.

Experimental Section
Materials

Ethanol was purchased from Beijing J & K Scientific Ltd.
with a purity above 99.9 wt %. Distilled water was degassed
and filtered in the laboratory using a 0.2 um Millipore filter
to remove dust. The IL [EMIM] [Ac]™ was purchased from
Shanghai Cheng Jie Chemical Co. Ltd. with a purity above
99.0 wt %. The solid inorganic salts, that is, potassium ace-
tate (KAc), potassium nitrate (KNO3), potassium thiocyanate
(KSCN), sodium acetate (NaAc), sodium bicarbonate
(NaHCO3), sodium nitrate (NaNOs), and sodium thiocyanate
(NaSCN) were purchased from Tianjin Guangfu Chemical
Research Institute with purities above 98.0 wt %; and potas-
sium chloride (KCI), potassium bicarbonate (KHCOj3), and
sodium chloride (NaCl) were purchased from Beijing Chemi-
cal Works with purities above 98.5 wt %. Before the experi-
ments, the IL was dried and degassed in a vacuum rotary
evaporator at 333.2 K for 24 h to remove traces of water
and other volatile impurities. The water content in IL was
less than 400 ppm after pretreatment, as determined by Karl
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Fischer titration (SC-6) in our laboratory. The solid inorganic
salts were dried in a DH-101 electric thermostat blast drying
oven at 353.2 K for 2 h due to their hydroscopic nature.

Apparatus and procedure

The VLE data were measured at atmospheric pressure by
a circulation VLE still (a modified Othmer still). The details
about this apparatus were described in our previous publica-
tions.*>™** The compositions of ethanol and water in the lig-
uid and vapor phases were detected by a gas chromatograph
(GC 4000A) equipped with a TCD detector and a chromato-
graphic column of Porapak-Q type (3 m X 3 mm). Data
analysis was performed using an SC1100 workstation, and
the compositions of the mixtures were calculated from the
peak area of the samples.

The reliability of experimental data obtained in this work
was verified beforehand by comparing the binary VLE data
of ethanol (1) + water (2) at atmospheric pressure (P = 101.3
kPa) with those reported in the literatures.*>*>*® The results
are shown in Figure S1 (see Supporting Information), and
the VLE data of ethanol (1) + water (2) is listed in Support-
ing Information Table S1. It can be seen from Supporting
Information Figure S1 that the x-y curves almost overlap
each other, verifying the reliability of the experimental appa-
ratus. Furthermore, the experimental data were assessed
through thermodynamic consistency by applying the Hering-
ton area test (see Supporting Information for more
details).*”*

Similarly, isobaric VLE experiments were conducted to
determine whether the mixtures of [EMIM] [Ac]™ and solid
inorganic salts as entrainers can improve the separation per-
formance in comparison with single [EMIM] " [Ac]™ and to
determine the optimum solid inorganic salt. On this basis,
the isobaric VLE data at 101.3 kPa were measured for the
ternary system of ethanol (1) + water (2) + [EMIM] [Ac]™
(3), as well as the quaternary system of ethanol (1) + water
(2) + [EMIM]"[Ac]™ (3) + solid inorganic salt (4), with
respect to the optimum mixed entrainers. In this work, 10
solid inorganic salts were collected and tested. In the ternary
and the quaternary systems, ethanol and water were at the
azeotropic composition, and the mixed entrainers were kept
at 10% mole fraction. In the quaternary system, the solid
inorganic salt was kept at 5% mass fraction in the mixed
entrainers. Because the amount of inorganic salt added to the
IL is small, the effect of fusion heat can be ignored in this
work.

Computational Details
Quantum chemical calculations

DFT Calculations. The binding energy reflects the
degree of interaction between molecules and can be defined
as the energy difference between a real system and an ideal
system, for which the interaction between molecules is
neglected and the physical properties are the same as the
sum of all isolated molecules contained in the system. The
binding energy between molecules A and B (AE5_g) can be
calculated by

AEs 5 =E(A+B)—E(A)—E(B) (1)

where AE,_g is the binding energy of the binary system;
and E(A), E(B), and E(A + B) are the sum of the electronic
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and zero-point energies for single molecules A, B, and the
mixture of A and B, respectively.

To obtain the binding energy between water (or ethanol)
and the entrainers, all optimized geometries were obtained
by using the Gaussian 03 software package™ at the M05-2X/
6-311++G(d,p) level with the keyword “int= ultrafine,”
which has been previously used for studying the interactions
between ILs and polar organic molecules.”’’>* The M05-2X
functional is one of the newest DFT methods and is assumed
to correctly reproduce weak interactions.”® To obtain the
most favorable clusters (composed of IL ions, KAc, water,
and ethanol), harmonic frequency analysis calculations were
performed to verify the optimized geometries to obtain the
lowest energy points (no imaginary frequency) rather than
local minima. In addition to finding the optimized geome-
tries, different initial structures were considered in this work,
as shown in Supporting Information, where the total elec-
tronic energies and Cartesian coordinates of all these opti-
mized structures are also given.

COSMO-RS Calculations. The COSMO-RS model, using
a statistical thermodynamics approach based on the results of
quantum chemical calculations, is a prior predicted thermo-
dynamic method for fluid equilibrium and an efficient variant
of dielectric continuum solvation methods.>*®' The polariza-
tion charge densities (g-profiles) for ethanol, water, cations,
and anions ((EMIM] ", K, Na", NO;, CI, HCO;, SCN ",
and Ac ) and the excess enthalpies of water (1) + entrainer
(2) and ethanol (1) + entrainer (2) systems were analyzed
using the COSMOthermX package to provide some theoreti-
cal insight for the separation of ethanol and water at the
molecular level. To compute the thermodynamic properties
of the pure components or mixtures, the optimized geome-
tries should be first introduced into the COSMOthermX
package. In this work, the geometries of ethanol and water
were taken from the TZVP-C30-1301 databank, whereas the
others were optimized at the BP86/TZVP computational
level in the ideal gas phase using the Gaussian 03 package,
as aforementioned.

VLE model (NRTL model)

Because the NRTL model (see Supporting Information for
model details) is the most common for correlating the VLE
data of systems containing ILs, "% this model was
adopted in this work. The following minimized objective
function was used to correlate the binary interaction parame-
ters (Ag;; and Agj;)

X100 2)

where N is the number of data points. The Marquardt
method, as in Press et al.®’, which was programmed with the
Visual Basic language, was used to fit the model parameters
Ag;; and Agj.. 7" and ¢! are the experimental and calcu-
lated activity coefficients of component i, respectively.

In the NRTL model, the nonrandomness parameter for the
ethanol (1) + water (2) system is set to 0.40, and the corre-
sponding binary interaction parameters Ag;, and Ag,; come
from the literature.®® The nonrandomness parameters for the
ethanol (1) + water (2) + [EMIM]*[Ac]™ (3) + KAc (4) sys-
tem, that is, o3, %14, G023, 004, and o3y, are set to 0.30, 0.30,
0.30, 0.30, and 0.47, respectively. The binary interaction
parameters (Ag; and Ag;;) between ethanol (or water) and IL
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were first correlated from the VLE data of the ethanol
(1) + water (2) + [EMIM] " [Ac]™ (3) ternary system. Then,
these values were used in conjunction with the VLE data of
the ethanol (1) + water (2) + [EMIM] [Ac]™ (3) + KAc (4)
quaternary system to obtain the binary interaction parameters
between ethanol (or water, or [EMIM] "[Ac] ) and KAc.

Process simulation calculations

The extractive distillation process using the mixture of
[EMIM] [Ac]™ and KAc as entrainers was compared with
that using the single [EMIM][Ac]~. The process simulation
was performed by Aspen Plus software (version 7.1), in
which the rigorous equilibrium (EQ) stage model RadFrac
was established. In the process simulation, ethanol, water,
and KAc were selected as conventional compounds from the
databank of Aspen Plus software. The IL was defined as a
new compound by the UNIFAC group method, and the phys-
ical properties, such as density, specific heat capacity, and
critical properties, were estimated by group contribution
methods.®””"! Although it has been proved that COSMO-
based methodologies are capable of the estimations of IL
physical properties,n_78 the group contribution methods
based on experimental data are more accurate than the
COSMO-based methodologies in most cases.

Recently, it was reported that COSMO-based property
models can be implemented by default into Aspen Plus or
Aspen HYSYS process simulations.”®™®! The integration of
the COSMOSAC model into Aspen Plus was a good strategy
for studying the processes of reuterin purification and toluene
absorption. Moreover, it was found that the model can
adequately and reasonably describe the properties and VLE
data for these systems.””*' However, the COSMO-based
methods still exhibit some theoretical and practical limita-
tions for predicting the VLE data for the mixture of ethanol
and water when using neither the TZVP basis set nor using
the FINE-TZVP set, although the description of specific H-
bond interactions is improved. Considering the strong polar
systems investigated in this work, the NRTL model instead
of the COSMOSAC property model was adopted in this
work to obtain more realistic and accurate results. Further-
more, the NRTL model has a much higher accuracy for
describing the VLE of the investigated systems, and the
comparison between the experimental VLE data and the cal-
culated results by the COSMO-RS and NRTL models is
shown in Figures S3 to S5 in Supporting Information.

Results and Discussion
Screening of the mixtures of IL and solid inorganic
salts
The activity coefficient of component i (y;), which reflects
the effect of the entrainer on the solution nonideality, can be
calculated by the following equation
_yP
X,‘P f

Vi 3)
where y; is the mole fraction of component i in the equilib-
rium vapor phase; x; is mole fraction of component i in the
liquid phase containing entrainer; P is the total pressure of
the system, which equals to 101.3 kPa in this work; and P}
is the vapor pressure of pure component i at the equilibrium
temperature as obtained by the Antoine equation using the
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Figure 1. Selectivity of ethanol (1) to water (2) at finite
concentration with various mixed entrainers
at 298.2 K.
Ethanol and water are at the azeotropic composition,
and the mixed entrainer, in which the solid inorganic

salt was kept at 5% mass fraction, was kept at 10%
mole fraction in the solution.

Antoine coefficients from the literature,82 as listed in Table
S2 in Supporting Information.

The isobaric VLE data at atmospheric pressure (P = 101.3
kPa) for the quaternary system of ethanol (1)+ water
(2) + [EMIM] *[Ac]™ (3) + solid inorganic salt (4) were
measured. The detailed experimental data containing the
equilibrium temperature (T), mole fraction of ethanol in the
liquid phase (x,) based on a salt-free basis in the vapor
phase (y;), activity coefficients of ethanol (y;) and water
(72), and the selectivity of ethanol to water (S;,) are listed in
Table S3 (Supporting Information).

The experimental results are shown in Figure 1, from
which we can see that all the mixed entrainers investigated
improve the selectivity of ethanol to water in comparison
with the single [EMIM]"[Ac]™, and KAc is the optimum
solid inorganic salt among all the solid inorganic salts inves-
tigated. Thus, [EMIM] " [Ac]™ plus KAc will be selected as
the mixed entrainers in subsequent studies.

VLE experiment over a full concentration rage
The relative volatility («;,) of ethanol (1) to water (2) is

calculated by

_yi/x
y2/%2

o2 4

The VLE experimental data of the ternary system of etha-
nol (1) + water (2) + [EMIM]*[Ac]™ (3) and the quaternary
system of ethanol (1)+ water (2)+ [EMIM] " [Ac]™
(3) + KAc (4) are listed in Table S4 to Table S7 in the Sup-
porting Information.

The x'1 -y; and x’,-oclz curves with the mixed entrainers
[EMIM][Ac]” (3) + KAc (4) with respect to the bench-
marked solvent [EMIM]*[Ac]™ at a full concentration range
are shown in Figure 2. It is obvious that the addition of KAc
to the IL entrainer improves the salting-out effect of
[EMIM] [Ac]™ and enhances the ethanol/water separation.
Moreover, the higher the concentration of KAc in the mixed
entrainers is, the higher the relative volatility of ethanol to
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water at the same concentration as the single IL. This result
is not surprising because the smaller cation volume paired
with the same anion is more effective for improving the rela-
tive volatility of the components to be separated. However,
we would not expect a high salt concentration due to the sol-
ubility constraint in the solution.

Theoretical insights at the molecular level

In this work, we tried to explain the reason why the addi-
tion of a small amount of solid inorganic salt into IL can
significantly improve the separation performance, providing
some theoretical insight at the molecular level. In this
regard, the DFT and COSMO-RS model are useful theoreti-
cal tools.

Effect of the Binding Energy. The geometric structures
optimized by Gaussian 03 are shown in Figure 3, and the
corresponding binding energies between the entrainer and
water (or ethanol) calculated by quantum chemistry calcula-
tions are listed in Table 1.

The binding energy between ethanol and water is —30.8 kJ
mol ', whereas the binding energies between water molecules
and KAc, [EMIM][Ac]™ and the mixture of [EMIM] [Ac]~
and KAc are —77.0, —62.1, and —67.4 kJ mol !, respec-
tively, indicating a stronger interaction between water and the
new entrainers than between water and ethanol. The strong
interaction between water and the new entrainer weakens
the ethanol-water interaction, thus increasing the relative
volatility of ethanol to water.

Analysis of the a-Profiles for Ethanol, Water, and Differ-
ent Ions. The thermodynamic properties of liquid and fluid
mixtures with respect to the molecular surface charge density
of their individual compounds can be derived from quantum
chemical calculations using the COSMO-RS model.**** The
o-profile is used to characterize the local polarity of the
molecular surface and determine whether the hydrogen bond
interaction between different molecules is strong or not.®
The o-profiles for water, ethanol, cations (K*, Na*, and
[EMIM] "), and anions (Ac”, HCO;, ClI-, NOj, and
SCN ) are illustrated in Figure 4, in which the two vertical
dashed lines denote the cutoff radius for the hydrogen bond
donor (o< —0.0082 6/1&2) and acceptor (o> 0.0082
¢/A?).55% The range of —0.0082 ¢/A%< o <0.0082 ¢/A? is
determined as nonpolar surface regions (mainly correspond-
ing to —CH and —CH, groups). If the value of ¢ for a mole-
cule or segment is smaller than —0.0082 e/A?, the molecule
or segment would have hydrogen bond donator ability.
Otherwise, it would have acceptor ability if ¢ > 0.0082 e/A”.

Some peaks of water molecules are located in the left
zone, and the polarization charge density ¢ approximates
—0.02 ¢/A?, indicating that water has a very strong hydrogen
bond donator ability (protons of —OH). Meanwhile, the water
molecule also has peaks at the ¢ > 0.0082 e/f“2 zone, indicat-
ing that the oxygen atom of the water molecule has a strong
hydrogen bond acceptor ability. This explains the formation
of the strong hydrogen bonds between water molecules.
Ethanol; and ethanol, are the isomers of the ethanol mole-
cule, and the small difference between the isomers in their
stable structures and lowest energy leads to the slightly dif-
ferent ()'—proﬁltes.85’87 The main peaks of ethanol molecule lie
in the nonpolar surface regions. Nevertheless, a small part
lies in the left zone (o< —0.0082 e/Az) and right zone
(g >0.0082 e/Az), indicating that ethanol molecule has only
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Figure 2. Isobaric VLE data (a) and relative volatility (b) for the ethanol (1)+ water (2)+ mixed entrainers
(IEMIM]*[Ac]™ (3) + KAc (4)) system at 101.3 kPa.

(al) (b1): Xentrainer = 3% (mole fraction); (a2) (b2): Xepgrainer = 10% (mole fraction); (a3) (b3): Xepgrainer = 15% (mole fraction).
Scattered points, the experimental data; solid lines, the correlated results using the NRTL model. (¢) ws=0; (A) ws=0.02; ()

wy = 0.05.

a weak hydrogen bond donator and acceptor ability, but it
can combine with water through hydrogen bonds.

From Figure 4a, one can see that the peaks of these con-
cerned anions lie in the right zone (¢ > 0.0082 e/Az) and far
away from 0.0082 e/AZ, indicating that these anions have
strong hydrogen bond acceptor abilities. Thus, the anions can
form hydrogen bonds with water (as hydrogen bond donators)
and break the interaction between ethanol and water mole-
cules. Meanwhile, the hydrogen bond acceptor ability follows
the order of Ac™ >HCO; ~ ClI" >NO; >SCN", which is
consistent with the selectivity trend of ethanol to water, as
shown in Figure 1. Moreover, the [Ac]  anion has the strong-
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est hydrogen bond acceptor ability, which may play a pre-
dominant role in improving the relative volatility of ethanol to
water via forming hydrogen bonds with water.

In addition, the g-profiles for the cations (K™, Na™, and
[EMIM] ") are shown in Figure 4b. It can be observed that
the peaks of Na® and K" lie in the left zone (¢ < —0.0082
e/Az) and far away from —0.0082, whereas for [EMIM] ",
the peaks mainly lie in the range of —0.0082
e/A’> <5 <0.0082 ¢/A%, showing that K* and Na® have
stronger hydrogen bond donator ability than [EMIM]".
Thus, the cations (NaJr and K*), as hydrogen bond donators,
can also form hydrogen bonds with water molecules (as

August 2014 Vol. 60, No. 8 AIChE Journal



v (2) )
Figure 3. Optimized geometric structures of (a)

ethanol + water, (b) ethanol+ KAc, (c) water+ KAc,

(d) ethanol + [EMIM]*[Ac]™, (e) water+ [EMIM]*[Ac]™, (f) ethanol+[EMIM]*[Ac]” + KAc, and (g)

water + [EMIM]*[Ac]™ + KAc.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

hydrogen bond acceptor) and weaken the interaction between
ethanol and water molecules. The water molecule has the
dual ability of being a hydrogen bond acceptor and donator.

Table 1. Binding Energies Between Entrainer and Water (or

Ethanol)
Entrainers Ethanol (kJ mol ')  Water (kJ mol ")
KAc —=75.6 =770
[EMIM] "[Ac]™ —60.6 —62.1
[EMIM]"[Ac]™ + KAc —58.8 —67.4

Thus, the stronger hydrogen bonds with the inorganic solid
salts NaAc or KAc with respect to [EMIM]*[Ac]™ result in
the enhancement of relative volatility of ethanol to water.
Note that [EMIM |, [EMIM], and [EMIM]; are the iso-
mers of the [EMIM] " cation.

Analysis of the Excess Enthalpy. The excess enthalpy of
solute-IL. mixtures as an important thermodynamic quantity
can be used to evaluate the nonideality of a solution and
analyze the VLE results. For the systems investigated in this
work, the interaction between molecules mainly consists of
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electrostatic (misfit), hydrogen bonding (H-bond), and van
der Waals (vdW) interactions. Thus, the excess enthalpy
(H®) can be expressed by the sum of these contributions

HE =HE (misfit ) + HE (H—bond )+ HE (vdW ) &)

In this work, the excess enthalpies for various water-
+ entrainer (including IL and the mixture of IL and solid
inorganic salt) systems, as well as ethanol + entrainer sys-
tems, were calculated by the COSMO-RS model.®® As
shown in Figure 5, it is evident that the main part of the
excess enthalpy in the investigated systems is the hydrogen
bond interaction HE (H-bond), which is consistent with the
o-profile analysis as aforementioned. The electrostatic inter-
action H™ (misfit) is the second contribution to the mixing
enthalpy, whereas the van der Waals interaction HE (vdW)
has negligible contribution to the mixing enthalpy.

In all cases, the excess enthalpies of water + entrainer are
larger than those of ethanol + entrainer, indicating that the
interaction between water and entrainer is stronger than that
between ethanol and entrainer. The mixing enthalpies between
water and entrainer follow the order: [EMIM] [Ac]” +
KAc > [EMIM] "[Ac]” +NaAc > [EMIM] "[Ac]~ +KHCO;>
[EMIM] *[Ac]™ + KNO; > [EMIM] " [Ac]~ + NaNO;>[EMIM] "

3000 DOI 10.1002/aic

Published on behalf of the AIChE

[Ac] , which is consistent with the selectivity trend of ethanol to
water, as shown in Figure 1. This confirms that a higher selectiv-
ity is associated with a higher mixing enthalpy of the mixture
predicted by the COSMO-RS model.

Phase equilibrium model parameters

The NRTL model parameters (Ag; and Ag;) fitted to the
experimental data of the ternary and quaternary systems are
listed in Table 2. In this case, the average relative deviation
(ARD) of the activity coefficients is 7.23% for the ternary
system and 6.95% for the quaternary system. For compari-
son, the results calculated by NRTL are also illustrated in
Figure 2, indicating its high accuracy. The isobaric VLE
data and the corresponding model parameters are important
for the process simulation and design of extractive
distillation.

Conceptual process design

In principle, the flow sheet of extractive distillation proc-
esses with the single [EMIM]*[Ac]™ as entrainer is the same
as with the mixture of [EMIM]*[Ac]™ and KAc as entrainers,
consisting of an extractive distillation column (EDC) and a
entrainer recovery equipment. Considering the entrainer recov-
ery technology, it has been demonstrated that a set of different
methods, containing a stripping column with a hot gas (N, or
ethylbenzene), supercritical CO, extraction, distillation by
adding a cosolvent, and evaporation, have been proposed and
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Figure 5. Excess enthalpies of water (1) + entrainer (2)
and ethanol (1) + entrainer (2) systems at
x1=0.9 and T =298.15 K.

(a) water (1) + entrainer (2); (b) ethanol (1) + entrainer
(2). IL represents [EMIM]+[AC]_, and the mass fraction
of solid inorganic salt is kept at 0.05 in the mixed
entrainers. (7) H® (H-bond); (@) H® (misfit); ()
HE(vdW).
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Table 2. Estimated Values of the Binary Parameters in the NRTL Model

Component i Component j i Agiil) mol ! Ag;ill mol !
Ethanol (1) Water (2) 0.40 —2216.0 +6.7055 T 3698.8 +4.2758 T
Ethanol (1) [EMIM]+[AC]_ 3) 0.30 —4282.64 —2775.43
Ethanol (1) KAc (4) 0.30 —3787.51 —899.80
Water (2) [EMIM] " [Ac]™ (3) 0.30 —3449.16 —7003.56
Water (2) KAc (4) 0.30 —3698.69 —7386.17
[EMIM] "[Ac]™ 3 KAc (4) 0.47 —75.94 —66.11

A ethanol

F EDC HEATI PUMPI

g ‘Q—F water
il Flash drum

\IJ

o

HEAT2

N
<

PUMP2

Figure 6. Extractive distillation process for the separation of ethanol and water with the new mixed entrainers.
F and A represent the feed stream and entrainer stream, respectively.

evaluated for regenerating ILs. Among others, evaporation at
low pressures and solvent stripping are the most promising
technologies due to their high recovery ability and easy opera-
tion.®” However, the recovery with a flash drum is the sim-
plest and thus was selected as the entrainer recovery method

in this work. It is noted that care should be taken during the
operation due to the low operating pressure (approximately 15
mbar). The flow sheet of the extractive distillation process
with the new mixed entrainers is shown in Figure 6. The feed
(ethanol and water mixture) enters into EDC at the middle

Table 3. Optimized Specifications and Operating Conditions for the Separation of Ethanol and Water Using Different

Entrainers
Entrainers
Contents [EMIM] "[AC]™ [EMIM] "[AC]™ + KAc
Columns Extractive distillation column (EDC)
Pressure (atm) 1.0 1.0
Total stages 30 30
Feed stage 23 23
Entrainer feed stage 3 3
Mass reflux ratio 1.1 1.1
Distillate rate (kg-h™") 80 80
Flash drum
Temperature (°C) 160 160
Pressure (atm) 0.015 0.013
Streams Feed stream
Temperature (°C) 78 78
Pressure (atm) 1.0 1.0
Component flow rate (kg-h™")
Ethanol 80 80
Water 20 20
Entrainer stream
Temperature (°C) 78 78
Pressure (atm) 1.0 1.0
Component flowrate (kg-h™")
[EMIM] " [Ac] ™ 100 85
KAc 0 1
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Table 4. Comparison of the Process Simulation Results Between Mixed Entrainers and the Benchmark Solvent

Entrainers
Contents [EMIM] " [AC]™ [EMIM]"[AC]™ + KAc
Streams Distillate stream Temperature (°C) 78.35 78.35
Ethanol product purity (mass fraction) 1.000 0.999
Bottom stream of EDC Temperature (°C) 132.25 127.75
Composition (mass fraction)
Ethanol trace trace
Water 0.167 0.188
[EMIM] "[Ac]™ 0.833 0.802
KAc - 0.009
Top stream of flash drum Temperature (°C) 160 160
Mass flowrate (kg-hfl) 19.51 19.62
Water content (mass fraction) 0.998 0.995
Recycled entrainer stream Temperature (°C) 160 160
Mass flowrate (kg-h™ ") 100.49 86.38
Composition (mass fraction)
Water 0.005 0.005
[EMIM] " [Ac]~ 0.995 0.984
KAc - 0.012
Heat duty EDC Condenser (kW) —39.44 —39.49
Reboiler (kW) 49.89 40.87
Flash drum Heat duty (kW) 19.48 15.29
Total heat duty (kW) 69.37 56.16
Heat exchanger 1 (HEAT1) Temperature of outlet (°C) 13.25 10.85
Heat duty (kW) —14.81 —14.91
Heat exchanger 2 (HEAT2) Inlet Temperature (°C) 160 160
Outlet temperature (°C) 78 78
Heat duty (kW) —16.77 —3.43

stage, whereas the entrainer is introduced at the top. Then, the
anhydrous ethanol is produced after total condensation at the
top of the EDC. The entrainer at the bottom containing some
water is introduced into the flash drum, which operates under
vacuum condition, to remove water from the entrainer. The
dried entrainer is recycled back to the top of the EDC after
cooling.

The optimized specifications were determined using the
Design Specs module and sensitivity analysis in Aspen Plus
with the following constraints: (a) mass purity >99.9% for
ethanol at the top of the EDC; (b) mass purity >99.4% for
water at the top of the flash drum; and (c) the mass fraction
of water in the entrainer at the bottom of the flash drum less
than 0.5%, which ensures a high purity of ethanol product
obtained at the top of EDC. The operating conditions and
optimized specifications are listed in Table 3.

The comparison of the simulation results between mixed
entrainers and the benchmark solvent is given in Table 4.
We can see that the recycled flow rate of entrainers in the
two processes decreases from 100.49 kg h™' for the single
[EMIM] [Ac]” to 86.38 kg h™! for the mixture of
[EMIM] [Ac]” and KAc. Conversely, the total heat duty,
defined as the addition of the reboiler heat duties of the
EDC and the flash drum, decreases 19.04% when using the
mixed entrainers. That is to say, the new mixed entrainers
are more promising for saving energy and IL consumption.

Conclusions

To the best of our knowledge, this is the first work to pro-
pose the mixture of IL and solid inorganic salt as a new type
of entrainer in extractive distillation. Both the VLE experi-
ments and the COSMO-RS calculations showed that it is an
effective way to increase the relative volatility of ethanol to
water by adding a small amount of solid inorganic salt into
the benchmark IL [EMIM]"[Ac] . Moreover, the mixture of
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[EMIM]*[Ac]” and KAc was suggested as having the most
potential among all the entrainers investigated.

We looked for some theoretical insights at the molecular
level by analyzing the binding energy, o-profile, and the
mixing enthalpy by means of DFT and the COSMO-RS
model. The strong interaction between the new entrainer and
water molecules weakens the ethanol-water interactions,
thus increasing the relative volatility of ethanol to water.
The results from the experiments (by VLE measurement)
and the theoretical analysis (by the combination of DFT and
COSMO-RS model) are consistent. In this sense, the
COSMO-RS model can be used not only for entrainer
screening in separation science but also for providing deeper
theoretical insight into the selectivity behavior.

Based on the experimentally measured VLE data, the EQ
stage model RadFrac was used to simulate the conceptual
process design. It was found that the new entrainer was
indeed more promising in saving energy and entrainer con-
sumption. In comparison with the benchmark IL
[EMIM] [Ac]™, the ratio of entrainer to feed decreases
14.04%, and the overall heat duties on the reboilers
decreases 19.04%.

It is worth mentioning that when using the new entrainers,
there is no additional streams and equipments required based
on the current state of the art of extractive distillation proc-
esses using single ILs as entrainers. In other words, the strat-
egy of IL intensification presented in this work is easily
implemented in practice only by replacing entrainer, and it
can be directly extended to the separation of other systems
by extractive distillation with ILs.
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