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A systematic isobaric vapor-liquid equilibrium (VLE) study of seven binary mixtures of 1-butyl-3-
methylimidazolium chloride, [C4C;im][Cl], and methanol, propan-1-ol, propan-2-ol, butan-1-ol, butan-
2-ol, tert-butanol (2-methylpropan-2-ol), iso-butanol (2-methylpropan-1-ol) and pentan-1-ol, was car-
ried out at three different system pressures (0.1, 0.07 and 0.05 MPa). Activity coefficients were estimated
from the boiling temperatures of the binary mixtures. soft-SAFT equation of state was used to describe

the experimental VLE data and all together, allowed to infer and understand the effect of the alcohol alkyl
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chain length and structural isomerism on the molecular interactions between the IL and the alcohols.
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1. Introduction

Vapor-liquid equilibrium (VLE) data for azeotropic or close-
boiling systems are crucial for better understanding the thermo-
dynamic behavior and design of separation processes [1]. The
separation of azeotropic mixtures has conventionally been one of
the most challenging tasks in industrial processes since simple
distillation stood unfeasible. Several other separation processes
suitable for azeotrope mixtures separation, like extractive distilla-
tion, pressure swing distillation, liquid-liquid extraction and
adsorption membranes, have been developed. Among them,
extractive distillation is the most widely used for azeotrope
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separation. Based on the addition of a third solvent with a high
boiling point, i.e. entrainer, the system relative volatility is modified
promoting the separation [1]. Organic solvents [2], inorganic salts
[3], hyper-branched polymers [4]| or dendrimers [5] have been
investigated as feasible entrainers. Recently, ionic liquids (ILs), a
novel class of solvents, have attracted an increased interest as en-
trainers for extractive distillation [1—6].

The use of ILs can stand as a technologically and environmen-
tally favorable alternative to traditional entrainers in separation of
organic substances. ILs have received a continuous attention in the
past years as solvents with enhanced potential and feasible sol-
vents to replace volatile organic solvents, mainly due to their
exceptional physical and chemical properties. They are organic salts
whose organic cation and inorganic or organic anion asymmetry
and/or charge dispersion allows them to remain liquid at temper-
atures below 373 K. The cation and the anion can be selected and
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tuned to design an IL with a set of desired properties. By inter-
changing cations and anions about 10°® pure ILs can be synthesized
[7,8]. The possibility of tuning the IL properties, targeting a specific
application and/or interaction, arose the interest in using ILs as
environmentally friendly entrainers for the separation of azeo-
tropic mixtures.

Despite its undeniable interest, most of the works available
focus on the interaction of ILs with water and less on the interaction
of ILs with alcohols, in particular on the analysis of the effect of the
alcohol structure upon the interactions with ILs [9—31]. In this
work, isobaric VLE of a series of alcohols, namely methanol,
propan-1-ol, propan-2-ol, butan-1-ol, butan-2-ol, iso-butanol, tert-
butanol and pentan-1-ol, with the 1-butyl-3-methylimidazolium
chloride ([C4C1im][Cl]) was evaluated aiming at understanding
both the effect of alkyl chain length and the structural isomerism, of
the alcohols, on the interactions and, consequently, on the VLE.

The nature and strength of the interactions established between
the alcohol and the IL can be evaluated based on the non-ideality of
the mixture [32,33]. Several thermodynamic methods have been
used for correlating experimental phase equilibrium data of ILs-
containing systems [34—36]. Among them, Statistical Associating
Fluid Theory (SAFT), on its several variants, have been used due to
their capability to describe the association type interactions at a
molecular level [37—41]. Soft-SAFT has been successfully applied to
the description of system with alcohols [40,42] and ionic liquids
[43—47] and thus was here used to describe the phase equilibrium
of the studied mixtures.

2. Experimental section and modeling
2.1. Materials

Methanol, propan-1-ol, propan-2-ol, butan-1-ol, butan-2-ol, 2-
methylpropan-1-ol (iso-butanol), 2-methylpropan-2-ol (tert-
butanol), pentan-1-ol and 1-butyl-3-methylimidazolium chloride
were used in this work. Being highly hygroscopic, the alcohols were
kept with 3 A molecular sieves to reduce the alcohol water content
to a negligible concentration. The 1-butyl-3-methylimidazolium
chloride, [C4Cymim][Cl], was acquired from IoLiTec (Germany)
with a mass fraction purity higher than 99%. In order to reduce to
negligible values both water and volatile compounds, vacuum
(10~ mbar), stirring and moderate temperature (303 K) were
applied prior to the measurements for a period of at least 48 h.
Furthermore, during the experimental procedure the IL, used to
prepare new mixtures, was kept under vacuum. The compounds
systematical name, chemical structures, suppliers, purities, purifi-
cation method and final water mass fractions are summarized in
Table 1.

2.2. Vapor-liquid equilibrium

The VLE of the binary systems under study was determined at
(0.1, 0.07 and 0.05) MPa using an isobaric microebulliometer
developed and optimized in our group; the equipment description
can be found in detail in previous publications [48,49]. The tem-
perature of the liquid phase was measured with a fast response
glass-sealed Pt100 class 1/10 probe, with a standard uncertainty of
0.05 K and a temperature resolution of 0.002 K. The temperature
probe was calibrated prior to the measurements by comparison
with a NIST-certified Fluke calibration 1521 thermometer, with an
uncertainty of 5 x 1072 K. The internal system pressure was
monitored and kept constant through a Biichi vacuum pump
(model V-700) and a Biichi pressure controller unit (modelV-850).
The pressure was measured using a MKS Baratron type capacitance
Manometer (model 728A) kept at 100 °C (to avoid condensation),

with an accuracy of 0.5% and uncertainty of 0.5 mbar. The equi-
librium was assumed when the temperature was constant (tem-
perature drift lower than + 0.05 K/min) for at least 5 min. The liquid
phase composition was determined through an Anton Paar Abbe-
mat 500 Refractometer, with an uncertainty of 2 x 107> nD, using a
calibration curve, previously established, and able to allow the
determination of the sample composition within +0.001 mol frac-
tion. The adequacy of the apparatus and methodology adopted to
measure this type of systems was previously established [48,49].

2.3. Soft-SAFT EoS

The general expression for SAFT type equations is given in terms
of the residual Helmholtz free energy, typically expressed as the
sum of three terms: a reference term (A™), defined as the contri-
bution to the Helmholtz energy of the fluid due to the monomer-
monomer interactions; a chain term (A"®"), that considers chain
formation; and an association term (A%*°¢), which explicitly takes
into account short-range attractive interactions, such as hydrogen
bonding [37,50]. Additional terms, such as polar contributions, can
be added depending on the compounds under consideration.

ATes :Atotal _Aicleal _ Aref +Achain + Adssoc (1)

All SAFT-type equations use the chain and association term
developed by Wertheim [51—53], differing in the reference term. A
Lennard-Jones (L]) spherical fluid is used as a reference potential in
soft-SAFT, taking into account the repulsive and attractive in-
teractions of the monomers constituting the chain, being described
by means of the Johnson's et al. equation [54].

With soft-SAFT, associating compounds are described with five
molecular parameters: the chain length, m;, the segment diameter,
agii, the dispersive energy between segments, &;ji/kp, the energy and
volume of association, {8 /kg and !B, respectively.

To extend soft-SAFT to mixtures, the van der Waals one-fluid
theory with the generalized Lorentz-Berthelot (LB) combining
rules for the size, gjj, and energy, ¢j;, parameters are applied:

0ij = m( ) ”) (2)

e = Eij eiieg) 3)

being 7;; the size and £;; the energy binary parameters, accounting
for size and energy asymmetries, respectively. These values become
one when using a predictive approach and are typically regressed
from binary experimental data. §;; is equivalent to (1-k;) in most

EoS. The cross-association values of the volume (KZ-IB) and energy

(ef]B /kg) parameters to account for the volume and energy of as-
sociation between different compounds are also needed. These
values are obtained from pure component parameters using the
following combining rules:

3
s/ HB | s/ HB
Vi T/

2

HB __
Kij =

(4)

1/2
EZ-IB = (sﬁBs]I-}-IB) (5)

Molecular model. A key element for the accurate prediction of
the phase equilibrium and thermophysical properties from
molecular-based EoSs is the selection of a reliable coarse-grained
model that can represent the basic physical features of the
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Table 1

Systematical name, chemical structures, suppliers, purification method, purities and final water mass fractions.

Name Supplier Purification method Purity® Water content wyo%” Chemical structure

Methanol Sigma Aldrich Molecular sieves 0.990 0.0054 S OH

Propan-1-ol Lab-Scan Molecular sieves 0.995 0.0057 H O \/\

Propan-2-ol Sigma Aldrich Molecular sieves 0.998 0.0048 OH

Butan-1-ol Panreac Molecular sieves 0.995 0.0500 AN
HO

Butan-2-ol Prolabo Molecular sieves 0.990 0.0200 O H

2-methylpropan-1-ol Sigma Aldrich Molecular sieves 0.990 0.0500

(iso-butanol) J\

2-methylpropan-2-ol Sigma Aldrich Molecular sieves 0.993 0.0600 OH

(tert-butanol)

Pentan-1-ol Alfa Aesar Molecular sieves 0.990 0.0120 \/\/\OH

1-butyl-3-methylimidazolium chloride IoLiTec Drying Procedure 0.990 0.0001 A\

[C4C1im][CI] \/\/N\&N‘L Cl

a 1y, 13C NMR.

b Karl Fischer titration.

compounds to be modeled.

Methanol, ethanol, 1-propanol, 1-butanol and 1-pentanol were
previously considered as homo-nuclear chainlike molecules of
equal diameter, o, and the same dispersive energy, . Alkanols'
hydroxyl group is described by two square-well sites embedded
off-centre in one of the L] segments [55,56]. In this work, these
compounds molecular parameters were taken from the literature
[55,56]. For the remaining alcohols the same molecular model was
selected and molecular parameters were regressed from vapor
pressure and liquid density data taken from the DIPPR database
[57]. It should be taking into account that soft-SAFT, as all versions
of SAFT, is based on Wertheim's first order perturbation theory
[51-53]. As a consequence, the equation is unable to distinguish
the location of the pending groups, and hence, there is not an
explicit differentiation between isomers. The differences in the
isomers are considered in an effective manner, by the specific
values of the molecular parameters, which somehow take into
account the differences in molecular volume and energy of the
isomers.

Mac Dowell et al. [58] have considered [C4C1im][Cl] with only
one association site to represent the IL—IL interactions. The mo-
lecular parameters for this ionic liquid used in this work were
selected from the publication of Mac Dowell and coworkers [58].

All parameters and modeling results for the properties used on
their regression, when carried out in this work, are presented at
Table 2.

3. Results and discussion

Experimental isobaric VLE data for binary systems of [C4Cyim]
[Cl] with the selected alcohols were measured at (0.1, 0.07 and 0.05)
MPa, ionic liquid mole fractions up to 0.6 and temperatures up to
430K, as depicted in Figs. 1 and 2 and reported in Tables S1 through

S8 (in supporting information). The phase diagram for the binary
mixture of [C4C1im][Cl] and ethanol has been retrieved from our
previous publication [48]. To the best of our knowledge no VLE data
for the studied systems were previously available in the literature.

The capability of soft-SAFT to successfully describe the phase
equilibria of ionic liquid systems was here confirmed by the
description of the experimental VLE data. Using no more than one,
pressure independent, binary interaction parameter to express the
deviations of the cross-association energies from the combining
rules used (Egs. (4) and (5)), the model was able to provide a good
description of the phase equilibria of the different systems studied
with an %AAD of 2.5%. Energy binary parameters greater than one
were necessary for all the systems considered in order to overcome
the model underestimation of the dispersive interactions between
the species. The parameters used to describe the systems here

Table 2
Soft-SAFT molecular parameters and modeling results for the compounds evaluated
in this work.

Compound  m; aiilA eif/ks/K  e"ifkg/K  kHBJA®  %AAD

P’ p
methanol 1491° 3375 2204 3213° 4847°
ethanol 1.740° 3.635° 2348 33877 26412
Propan-1-ol  1.971° 3.808" 252.7%  3450° 2250°
Butan-1-ol  2.210° 3.940° 269.2°  3450° 2250%
Pentan-1-ol  2.420° 4.051° 283.7% 3450° 2250%
Propan-2-ol 1942 3.820 2264 3450 2250 017 0.023
Butan-2-ol 2352 3.821 2319 3450 2250 093 0.90
tert-butanol 2,103 3969 2158 3450 2250 023 0.023
iso-butanol  2.156  3.968 2563 3450 2250 088 0.11
[C4Cqim][CI] 4.650° 3.795° 4542  2200° 2250°
2 Ref: [56].
b Ref: [58].
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studied are presented at Table 3 and the modeling results depicted
at Figs. 1 and 2.

3.1. The binary systems non-ideality

The non-ideality of the binary systems can be evaluated in terms
of the activity coefficient of component i (v;), using the modified
Raoult's law

o Yidi
Y= xe7p?

(6)

where p and p{ are the system pressure and the saturation pres-
sure, at the system temperature. y; and x; represent the vapor and
liquid phase mole fractions, respectively. The ¢; is the fugacity co-
efficient in the vapor phase and ¢y the fugacity coefficient in its
saturated state. At the pressures investigated in this study the
fugacity coefficients are close to unity. Furthermore, due to the IL
low volatility the system vapor phase is composed entirely by the
alcohol, allowing Eq. (6) to be simplified as,

__p
xip]

The saturation pressure of the alcohols were estimated using
correlations obtained from DIPPR's database [57].

The calculated activity coefficients for the studied systems, at
0.1 MPa, are depicted in Fig. 3 and reported in supporting
information.

i (7)
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previous work [48]. The solid lines represent the soft-SAFT EoS description of the
experimental data.

As shown in Fig. 3, most of the IL solutions in alcohols present
activity coefficients close to one in the region of high IL dilution
(until mole fractions around 90%). This is an indication that in the
regime of full solvation of the ionic liquid pair the cohesive inter-
action of alcohols with this IL is quite similar to that of the alcohol —
alcohol. On the other hand in the more hindered hydroxyl group
type alcohols as tert-butanol, butan-2-ol and even propan-2-ol, the
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our previous work [48]. The solid lines represent the soft-SAFT EoS description of the experimental data.
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Table 3
Soft-SAFT binary parameters for the Alcohol + IL systems evaluated in this work.
[C4Cqim][Cl] + Energy binary parameter [C4C1im][CI] + Energy binary parameter [C4C1im][CI] + Energy binary parameter
3
methanol 1.32 Butan-1-ol 1.24 Butan-2-ol 1.28
ethanol 1.30 Pentan-1-ol 1.21 tert-butanol 135
Propan-1-ol 1.21 Propan-2-ol 1.30 iso-butanol 1.38

activity coefficients are greater than one in dilute IL solutions
highlighting the decrease of the hindered hydroxyl group interac-
tion with the IL compared with the alcohol — alcohol. For the
mixtures with higher molar concentration of IL (mole fraction of
alcohol lower than 90%) a regular decrease of the activity coefficient
was found for all alcohols indicating a favorable intermolecular
interaction between the species. Although the activity coefficient
decrease with the more hindered hydroxyl group alcohols, it is
systematically lower than those of the more less hindered hydroxyl
group alcohols (terminal groups), which indicates less favorable
intermolecular interaction between the species.

The soft-SAFT equation was also used to describe the alcohol
activity coefficients as presented in Fig. 3. Overall, soft-SAFT is able
to describe very well the systems' activity coefficients even though
some over-estimation of the activity coefficients is observed for a
couple of systems. Similarly to a previous work [47], where the VLE
and water activity coefficients were described for water + IL sys-
tems, improvements could be achieved by regressing a cross-
association energy binary parameter to the experimental data.
Nevertheless the soft-SAFT descriptions can be considered
acceptable, showing a very good activity coefficient versus alcohol
composition dependency description, (¥AAD of 5.1%) using only
one pressure independent binary interaction parameter and the
common combining rules for the cross-association volume and
energy, with no expense of adding complexity and losing the pre-
dictive character of the model.

3.2. Effect of the alcohols' alkyl chain length and structural
isomerism upon the VLE

An assessment of the effect of alcohols on the boiling temper-
atures and activity coefficients of the studied VLE systems at
0.1 MPa, is depicted in Figs. 3 and 4. As shown, both on the linear as
on the branched alcohols the increase of the alkyl chain length
leads to an increase of the boiling temperature of the system. This
result, combined to the fact that all the alcohols studied have just
one hydroxyl group, suggests that the increase of the boiling tem-
perature is due to the increase of the van der Waals dispersion
forces. Thus, increasing the alkyl chain length increases the ability
of individual molecules to interact with each other that, in turn,
increases the boiling temperature. The activity coefficients, on the
other hand, denote a far more complex behavior, with the increase
of the alkyl chain length, from methyl to propyl, leading to an in-
crease of the activity coefficients, denoting weaker intermolecular
interactions as a result of a charge delocalization on the hydroxyl
group (decrease of the hydrogen bond capability) as well as, to the
decrease of the relative height of the hydroxyl group interaction
among the total alcohol cohesive interaction. Nonetheless, the
butan-1-ol presents similar activity coefficients than those of the
propan-1-ol and pentan-1-ol. This behavior suggests that, for alkyl
chain lengths longer than propyl, the alkyl chain increase imposes
no further impact on the hydroxyl group charge delocalization and
thus, on the hydrogen bond strength, while leading to increasing
van der Waals dispersion forces interactions. In fact this is taken
into account in the soft-SAFT model, where the association pa-
rameters are kept constant and independent of the chain length for

alcohols with three or more carbons. In addition, the lower
dependence of the activity coefficients with the alkyl chain length
(after propan-1-ol) is an indication that the hydroxyl group is
involved in the major interaction between alcohols and the IL.

Within structural isomers, the hydroxyl group position at other
than a terminal position, lowers the mixtures boiling temperatures.
Moreover, increasing the alcohol branching leads to a decrease of
the boiling temperatures. This is due to the fact that branching
leads to an increase of the hydroxyl group hindrance as well as a
decrease on the interaction surface area and consequently a
decrease of van der Waals interactions, as depicted in Figs. 5 and 6.
Therefore, the intermolecular attractive forces (van der Waals),
which depend upon the surface area, become weaker in magnitude
on account of the branching. Moreover, the surface area decrease
leads to higher surface charge delocalization, hindering the inter-
molecular interactions leading thus, to lower boiling temperatures.
Similar to that observed for the linear alcohols, the alkyl chain
length increase and the addition of methyl groups, in the alkyl
chain, leads to enhanced intermolecular dispersion interactions.

Overall, the hydrogen-bond capability, even though present,
seems to play a less relevant role with the increase of the hydro-
carbon moiety, as depicted in Fig. 6 by the H-Bond (Hyg) and van
der Waals (H,qy) interaction energies, taken from COSMO-RS (C30-
1401) at 298.15 K.

Moreover, the boiling temperature increase with the alcohol
alkyl chain increase is consistent with the results of mutual solu-
bility reported in the literature [59,60].

4. Conclusions

A systematic isobaric vapor-liquid equilibrium study of eight
binary mixtures of 1-butyl-3-methylimidazolium chloride with
methanol, propan-1-ol, propan-2-ol, butan-1-ol, butan-2-ol, tert-
butanol (2-methylpropan-2-ol), iso-butanol (2-methylpropan-1-
ol) and pentan-1-ol, is here reported for the first time for alcohol
mole fractions down to 0.4 and at three different system pressures
(0.1, 0.07 and 0.05 MPa). The alkyl chain length increase, both on
the linear as on the branched alcohols, leads to an increase of the
system boiling temperature.

Within structural isomers, the hydroxyl group position at other
than a terminal position, make the alcohols “less aliphatic” leading
thus to lower boiling temperatures. Moreover, branching makes the
molecule more compact, with smaller surface area and therefore,
weaker dispersion forces that lead to lower boiling temperatures.
Furthermore, even though hydrogen-bond capability is still present
it seems to play a less relevant role and is very well reflected in the
differentiation that was observed in the behavior of the outlier al-
cohols as methanol and ethanol as well as in the more crowded and
hindered hydroxyl group as the tert-butanol, butan-2-ol and even
propan-2-ol.

The Soft-SAFT capability to describe the phase equilibria of the
studied systems was shown. New molecular parameters, for four
alcohols, were regressed from vapor pressure and liquid density
and using just one pressure independent binary interaction
parameter the model was able to describe very well the phase
equilibria and the alcohols activity coefficients of the various
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Fig. 3. Activity coefficients as function of the alcohol mole fraction of the binary systems [C4C;im][C]] + alcohol at 0.1, 0.07 and 0.05 MPa. The binary system [C4C;im][C]] + ethanol
was taken from our previous work [48]. The solid lines represent the soft-SAFT EoS fit to the experimental data.
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Fig. 6. Hydrogen-bond (Hyp) and van der Waals (Hyqw) interaction energy, at 298.15 K, and boiling temperature of the alcohol + IL binary systems at 0.9 alcohol mole fraction.
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systems studied.
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