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ABSTRACT: Isobaric vapor liquid equilibria (VLE) of binary
mixtures of the ionic liquid (IL) 1-butyl-3-methylimidazolium
trifluoromethanesulfonate (C4mimTfO) with either water or
short chained n-alkyl alcohols (methanol, ethanol, propan-1-ol,
and butan-1-ol) are described in this study. Two different
microebulliometers and a classical VLE apparatus were compared
and the VLEs were determined in the composition range 0.4 ≤
x(solvent) ≤ 1 at three different pressure levels (p = 500 mbar,
700 mbar, and 1000 mbar). The experimental data were modeled
using the soft-SAFT equation of state, which was able to
accurately describe the nonideal behavior of these mixtures. The
combined experimental-modeling results obtained contribute to
establish the structure−property relationship between the
C4mimTfO and n-alkyl alcohol molecules and to infer about its
influence on the phase behavior of these solvents.

■ INTRODUCTION

In many industrial fields (e.g., chemical industry, food industry,
or energy supply) low-temperature waste heat, with temper-
atures of about 330 K ≤ T ≤ 370 K, remains at the end of the
process chain, with the heat being released in high amounts into
the environment.1,2 Absorption cycles (heat pumps, absorption
chillers, or absorption transformers) are able to reuse this low
grade waste heat economically, which results in an improvement
of the primary energy efficiency.3−5

Generally, an absorption cycle uses a working pair consisting
of two components. It consists of the refrigerant, with a high
volatility and a low boiling point, and the absorbent, with a
negligible volatility resulting in a high boiling temperature.6 The
most common working pairs are water and lithium bromide
(H2O/LiBr), which implies noncorroding plant design and a
well-balanced process aiming at avoiding possible process
operating problems due to crystallization,7 and the ammonia
and water (NH3/H2O) mixture with its inherent safety
hazards.3,6,8−11 Furthermore, aqueous mixtures work in a limited
temperature range due to the freezing point of water-based
mixtures.6 These drawbacks illustrate the current demand for the
development of alternative working pairs, suitable for a wider

temperature range.3,7 Besides, they should be less toxic or even
environmentally friendly or, ultimately, green.12−15 Recently,
there has been a strong focus on the study of ionic liquids (ILs)
mixtures for such applications as substitutes for the commonly
used absorbents.4

ILs usually are organic salts composed by a large organic
cation, with a dispersed charge, and an organic or inorganic
anion. Hence, their molecular structure disturbs the high
ordering typically found in, e.g., alkali halides, and decreases
the electrostatic interactions resulting in lower melting temper-
atures around room temperature; boiling temperatures are
typically above the stability limit, which is on the order ofT = 500
K.16−18 On top of these properties are their very low vapor
pressures and in some cases a negligible flammability.17,19 The
thermophysical properties of ILs, such as, e.g., densities,
viscosities, or melting points, can be tuned over a wide range
by selecting suitable cation−anion pairs or liquid mixtures.20 Due
to their availability and relevance in science, the class of 1-alkyl-3-
methylimidazolium based ILs was comprehensively but
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randomly characterized so that about 75% of publications are
focusing on this class of ILs.20,21 In the field of working fluids for
absorption cycles, binary mixtures of an IL and a suitable solvent
became interesting. Related investigations focused on mixtures
where the IL acts as a classical absorbent and the molecular
solvent as the counterpart of a classical refrigerant. Most of these
studies are related to mixtures of IL and water as potentially
environmentally friendly working pairs for absorption
cycles.3,22−29 From a more general point of view, mixtures of
ILs with other molecular liquids exhibiting good refrigerant
properties were also considered as substitutes for the classical
mixtures, like IL/NH3,

30,31 IL/CO2,
32−37 IL/N2O,

38 IL/hydro-
fluorocarbons,39−42 and IL/alcohols.8,43−46 IL/alcohol mixtures
stand out by showing high thermal stability, opening the
possibility to work at output temperatures up to almost T = 500
K with a low risk of crystallization inside the process unit.3 Albeit
a larger number of studies focused on the determination of
thermophysical properties, e.g., viscosities or densities,17,26,47

systematic studies on the phase behavior of these mixtures are
scarce. While in the past many investigations dealt with the
liquid−liquid phase behavior,48−60 a much smaller number of
studies focused on vapor liquid equilibria (VLE).44,61−72 Those
focused on VLE were mainly performed applying classical VLE
set-ups, stills, and ebulliometers; for an overview of the different
experimental techniques see refs 25, 70, 71, and 73−77.
IL containing systems introduce additional problems to the

VLE determination in classical stills due to increased viscosities,
strongly depending on the composition of the mixtures, and due
to a reduced volatility of one component, resulting in a reduced
volume or even mass flow inside classical stills.61 Equilibrium
conditions during the ongoing determination of the VLE are
hard to reach under such conditions. Therefore, investigations on
VLEs of IL/alcohol mixtures are scarce,44,61 even though
alcohols are also promising candidates for such applications
due to their thermal stability.3,78

Therefore, in this work, a systematic study on the vapor liquid
equilibria of binary mixtures was conducted. The components
were selected with the preference to allow for a gradual variation
of the thermodynamic properties of the more volatile
component. For this purpose, the ionic liquid 1-butyl-3-
methlyimidazolium trifluoromethanesulfonate (C4mimTfO)
and the n-alkyl alcohols (CnOH, n = 1−4) were selected. The
experiments were performed using an isobaric microebulliom-
eter, which is validated by the determination of the VLE of
mixtures of C4mimTfO and H2O under conditions chosen in a
prior study by Passos et al.22 In order to contribute to the debate,
if a miniaturization of a VLE apparatus may hamper the
experimental results systematically, we have performed a direct
comparison between the microebulliometer and a classical
commercial VLE apparatus, which was developed on the basis of
the pioneering work by Cottrell,79 Gillespie,80 Hala and
Wichterle,81,82 and Stage and Müller.83−85 In the present work,
we are reporting the VLE of five different mixtures of C4mimTfO
with water and the n-alkyl alcohols CnOH; n = 1−4. Results are
discussed in terms of the modified Raoult’s law and the activity
coefficients derived from the mixtures’ boiling points. Systematic
changes are described against the background of structure
property relationships and compared with the results obtained
using the soft-SAFT model,86,87 a molecular-based EoS based on
statistical thermodynamics, which is able to explicitly account for
different structural and energetic effects, such as hydrogen
bonding, that play a vital role in complex systems such as those
involving ionic liquids. Soft-SAFT has already been used to

characterize several ionic liquids in excellent agreement with
experimental data.88−91

■ EXPERIMENTAL SECTION
Materials and Sample Preparation. The ionic liquid 1-

butyl-3-methylimidazolium trifluoromethanesulfonate
(C9H15F3N2O3S, C4mimTfO, CAS-No. 174899-66-2, purity
mass fraction w(C4mimTfO) ≥ 0.99; (chemical structure
depicted in Figure 1)) was purchased from IoLiTec (Ionic

Liquids Technologies GmbH, Heilbronn, Germany). Volatile
compounds were removed under reduced pressure (p < 5 × 10−2

mbar) and constant stirring at ambient temperature for a
minimum of 24 h; no further mass loss was detected after this
time.
The total water content was monitored by Karl Fischer

titration and was less than w(H2O) < 100 ppm. The ionic liquid
was handled in Duran culture tubes (V = 5 mL), sealed by 3-
Layer Septa (silicone rubber, type 76006, Hamilton AG,
Bonaduz, Switzerland), and fixed with GL 14 screw caps
(Duran Group GmbH, Mainz, Germany).
The n-alkyl alcohols, methanol (C1H4O, CAS-No. 67-56-1,

purity mass fraction w(C1OH) ≥ 0.999; C1OH), ethanol
(C2H6O, CAS-No. 64-17-5, purity mass fraction w(C2OH) ≥
0.998; C2OH), propan-1-ol (C3H8O, CAS-No. 71-23-8, purity
mass fraction w(C3OH) ≥ 0.998; C3OH), and butan-1-ol
(C4H10O, CAS-No. 71-36-3, purity mass fraction w(C4OH) ≥
0.998; C4OH) were purchased from Merck (Cn=1,2,4OH; Merck
KGaA, Darmstadt, Germany) and Fluka/Sigma-Aldrich (C3OH,
Sigma-Aldrich Chemie GmbH, Munich, Germany), respectively.
In order to avoid contamination of the components by ambient
humidity, the liquids were handled under protective argon
atmosphere (Ar 5.0, Air Liquide, Düsseldorf, Germany) inside a
glovebox. The more volatile components used within this study
were dried over molecular sieves (3 Å, Merck KGaA, Darmstadt,
Germany) for a minimum of 24 h. The n-alkyl alcohols propan-1-
ol and butan-1-ol were additionally purified by vacuum
distillation under reduced pressure (propan-1-ol: p = 667 mbar
and T = 358± 0.5 K; butan-1-ol: p = 500mbar andT = 371± 0.5
K) prior use. The water was double distilled (H2O, CAS-No.
7732-18-5) and degassed prior to use.

Experimental Set-Up and Determination of VLE. The
VLE of each liquid mixture was determined inside a glassy
microebulliometer (Duran glass, Duran Group GmbH, Mainz,
Germany) operating under isobaric conditions. The scheme of
the setup is shown in Figure 2 and consists of a cylindrical sample
chamber, with an inner volume of 9 mL, connected to a
condenser area. A glassy-coil (Duran glass, Duran Group GmbH,
Mainz, Germany), customized to fit the inner area of the
condenser, is placed there to increase the surface area of the
cooler and, thus, ensure an adequate cooling and reflux. The
condenser module is connected by an adjustable connection
(Rotulex 35/20, sealed by a Viton 500 O-ring) to a distribution
rack, which consists of a Duran glass cylinder with four end-caps
allowing for sealing or connection with two GL14 and two GL18

Figure 1. Chemical structure of the ionic liquid 1-butyl-3-
methylimidazolium trifluoromethanesulfonate (C4mimTfO).
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threads. The distribution rack connections allow connection of
the ebulliometer to a vacuum line, a gastight tube for sampling,
and placing a temperature sensor immersed in the mixture,
through temperature resistant screw joints (Bola HT connection
system; materials PFA, PPS, Bohlender GmbH, Grünsfeld,
Germany). The connecting tube to the vacuum system has an
inbuilt high-vacuum valve (orifice Ø: 0−10 mm, Gebr. Rettberg
GmbH, Göttingen, Germany) to allow for a separation of the
device from the vacuum-system. Inside the sample loop, PTFE
and PFA hoses and a three way valve (valve HVX3-3, hoses and
tubing system: Hamilton AG, Bonaduz, Switzerland) are
integrated. They are connected with a syringe (Injekt-F V = 5
mL; B. Braun Melsungen AG, Melsungen, Germany) for
sampling. The apparatus is heated by a block thermostat,
regulated by a magnetic heating and stirring plate (type C-MAG
HS7, IKA, Staufen, Germany), which also allows for stirring the
liquid phase in the sample chamber. The block thermostat
consists of an aluminum block (diameter: 150 mm; height: 50
mm) and was optimized to ensure stable conditions within a
temperature range of 318 K < T < 423 K. The pressure level
inside the entire setup is controlled by a vacuum system (PC
3003 Vario, Vacuubrand GmbH, Wertheim, Germany). In order
to decrease fluctuations induced by the vacuum controller, a
surge tank (type CRVZS-5, Festo AG, Esslingen, Germany) with
a volume of 5 L is included within the vacuum line, ensuring
pressure stability of p = ± 1.0 mbar.
In order to determine a VLE, the sample chamber is initially

charged with a typical amount of 8 mL of the neat more volatile
component (H2O or CnOH; n = 1−4, respectively). The boiling
temperature of the neat component is then determined, allowing
us to infer the adequate operational conditions. A temperature
difference in between the aluminum block and the solvent’s
boiling temperature of typically ΔT = 15−30 K in combination
with an adequate stirring of the sample leads to optimal boiling
conditions and a permanent reflux. A small amount of the IL is
then added to the sample and the system allowed to reach
equilibrium. The formation of a saturated vapor phase can be
monitored by the amount of reflux of the liquid inside the
condenser and on the surface of the glassy coil. After typically t =
15−45 min, steady state conditions are achieved so that a
continuous reflux is observed. If the composition of the sample is
changed to mole fractions x(solvent) ≤ 0.4−0.6 only a dropwise
reflux occurs. The pressure within the system is monitored by a
pressure transducer (type P-30, Wika SE, Klingenberg,

Germany) connected with a data acquisition unit (HP 34401A,
Hewlett-Packard, Palo Alto, CA, USA) with an overall
uncertainty of the device of u(p) = ± 1.4 mbar. The temperature
of the boiling liquid is determined by a homemade glassy sealed
Pt-100 sensor (cover Duran glass, Duran Group GmbH, Mainz,
Germany; sensor: type 578-084, TC Mess- and Regeltechnik
GmbH, Mönchengladbach, Germany) connected with a data
acquisition unit (HP 34401A, Hewlett-Packard, Palo Alto, CA,
USA) within an overall uncertainty of the temperature sensors of
u(T) = ± 0.03 K (CnOH series; n = 1, 3, 4) or u(T) = ± 0.06 K
(water series and C2OH series), respectively. Both the pressure
and the temperature are monitored and logged by a computer
based Labview script. Taking into account additional fluctuations
in p and T monitored during an experiment, which are mainly
due to the conditions of operation of the device and the
conditions of stable boiling and reflux, uncertainties u(T) and
u(p) are obtained, which are given together with the results in the
Supporting Information in Tables S2−S8.
Sampling is performed by taking aliquots of typically 0.1 mL of

the liquid phase and determining their index of refraction (Abbe
refractometer type 51606, Carl Zeiss, Oberkochen, Germany).
The composition of each sample is calculated using a
predetermined calibration curve that, through error propagation,
allows an accuracy of the solvent mole fraction of u(x) = ±
0.0004. The nature of the specific VLE phase behavior of highly
asymmetric mixtures containing a component with negligible
vapor pressure implies the assumption that the vapor phase is
formed only by the more volatile component, that is the alcohol
or water. In order to validate the alignment, the calibration and
the assembly of the individual components prior to the
characterization of each individual system, the temperature
dependence of the vapor pressure of the neat solvents was
monitored. Afterward, the composition of the mixture is changed
stepwise by adding small aliquots of IL or even neat solvent to the
sample inside the microebulliometer. By such systematic changes
of the composition and the pressure conditions, respectively, the
VLE is screened over a wide range of composition. At a certain
composition, typically for alcohol mole fractions lower than
x(CnOH) = 0.6, the viscous behavior of the mixture and the
boiling conditions are hampering the formation of a steady state
inside the apparatus. The reflux is reduced down to a randomly
dropwise flow. Such conditions are an indication of the
apparatus’ detection limit and simultaneously explain the scatter

Figure 2. Sketch of the microebulliometer; the red lines symbolize the sample loop and the blue lines the vacuum line.
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of the boiling temperatures and their uncertainties (cf. Tables
S2−S8).
Soft-SAFT EoS Modeling. In order to describe the phase

behavior of ILs by advanced models, the convoluted nature of
these liquids has to be considered. ILs and several other
associating components (e.g., water/alcohols), which are
strongly influenced by strong and highly directional attractive
forces (e.g., hydrogen bonding), disclose the known limitations
of the traditional (and still standard92) cubic EoSs. Cubic EoSs
exhibit a very limited accuracy when applied to the description of
the thermodynamic properties and phase equilibria of such
systems. This establishes the need for more robust and accurate
models that are capable of taking these effects at the molecular
level into account. One of the most promising routes arises from
developing and applying molecular-based EoSs adapted from
statistical thermodynamics principles. They explicitly account for
different structural and energetic effects from the inception of the
equation, providing a more realistic physical interpretation of the
system. These equations allow isolating and quantifying the
effects of the chain length, polarity, and hydrogen bond
formation on the macroscopic properties of the system from
explicitly considering information at the structural level. The first
and utmost successful form of such an engineering EoS, SAFT
(from Statistical Associating Fluid Theory), was first proposed by
Chapman and co-workers in the late 80s.93,94 In SAFT, a
reference fluid (e.g., hard-sphere or Lennard-Jones) is perturbed
by different contributions, each representing a specific effect to
the fluids behavior, such as the nonspherical shape of molecules
or the association phenomenon. Thus, SAFT-type EoSs are
generally written as a sum of different terms to the residual
Helmholtz energy, from which all the thermodynamic properties
can then be easily derived. Different SAFT variants mainly differ
on the reference term considered to model the physical
interactions while using identical chain and association terms
derived from Wertheim’s perturbation theory.95−98 Among
them, soft-SAFT86,87 is one of the most acknowledged due to
its accuracy in describing a wide range of highly nonideal systems
on the basis of a small amount of experimental data. Soft-SAFT
has been successfully applied to several mixtures containing
water,99 ILs,100−103 alcohols,104 and their binary mixtures.44,89

In soft-SAFT,86,87 the residual Helmholtz energy (Ares) for a n-
component mixture of associating chain molecules is given as

= − = + +A A A A A Ares total ideal ref chain assoc (1)

where Aref is the contribution due to the physical interactions in
between the monomers or segments (groups of atoms
assembling the molecule), Achain is a term accounting for the
chain formation from the individual segments, and Aassoc accounts
for the short-range, strong, and highly directional forces such as
hydrogen bonding, but in the case of the ILs also for the major
energy contribution, the Coulombic interactions, between the
charges of the cations and the anions.105−109 The ion-charges are
regarded as localized on the atoms so that the Coulomb
contributions are described within the association framework.
Thus, the long-range nature of the coulomb interactions is not
explicitly considered. The soft-SAFT’s reference term is given by
a Lennard-Jones (LJ) spherical fluid considering both attractive
and repulsive interactions in a single term as described by
Johnson et al.110 from molecular simulation data. A detailed
description of the different terms can be found elsewhere.86,87

Here, the reference term defines the LJ reference fluid using two
molecular parameters: the spherical segment diameter of the
monomers constituting the molecule, σii, and the dispersive

energy of interaction in between monomers, εii/kB. These two
parameters along with the number of segments (i.e., the chain
length), mi, necessary in the chain term, characterize a
nonassociating chain molecule within soft-SAFT. As the
reference term was developed for a pure LJ fluid, the extension
of soft-SAFT to mixtures is carried out by applying the van der
Waals one-fluid theory coupled to the Lorentz−Berthelot mixing
rules to obtain the unlike size and energy LJ parameters

σ η
σ σ

=
+⎛

⎝⎜
⎞
⎠⎟2ij ij

i j

(2)

ε ξ ε ε=ij ij ii jj (3)

In eqs 2 and 3, ηij and ξij are binary interaction parameters
between the species i and j equivalent to the terms (1− lij) and (1
− kij) used in classical cubic EoSs. They are adjusted by fitting
when required to achieve a quantitative description of binary data
and account for significant differences in the size and energy of
the different monomers constituting the molecules present in the
mixture. In a full predictive manner, both parameters are set to
one, and mixture calculations are performed solely with the pure-
component parameters. When dealing with associating mole-
cules such as those investigated in this work, the association term,
Aassoc, is enabled and square-well association sites considered to
be embedded off-center in the core of some of the molecule’s
segments. The evaluation of this term requires two additional
parameters: the bonding energy (εii

HB/kB) and the volume (κii
HB)

of the associating sites. If in the presence of more than one
associating component, cross-association energies and volumes
are given by the following mixing rules from the pure component
parameters:

ε ε ε=ij
HB

ii
HB

jj
HB

(4)

κ
κ κ

=
+⎛

⎝
⎜⎜

⎞

⎠
⎟⎟2ij

HB ii
HB

jj
HB

3
3 3

(5)

Molecular Models. The reliability and accuracy of SAFT-
type EoSs such as soft-SAFT rely on the proper selection of a
coarse-grained model capable of representing most of the
physical features of the compounds under study. This includes a
proper fitting of the pure-component parameters (see the
original work of Pam̀ies and Vega111 and a more recent one by
Oliveira et al.112) but also the specification of the number and
type of association sites present in each molecule and the
interactions allowed in the system (i.e., the association scheme).
Such specification is usually carried out a priori based on the
molecular structure of the molecules and/or quantum chemical
calculations as data from NMR spectroscopy are usually
unavailable. Methanol, ethanol, propan-1-ol, and butan-1-ol
were previously investigated with soft-SAFT.113,114 Alcohols
were modeled as homonuclear chainlike molecules with the
hydroxyl end-group being mimicked through two square-well
association sites embedded off-center in one of the LJ segments
(an (A) site mimicking the lone pair of electrons on the oxygen
atom and a (B) site representing the H atom) with AB
interactions being allowed for the pure component. Water is
modeled, as proposed by Vega et al.,115 using a 4-site associating
model,116 where two (C) sites are representing the H atoms and
two (D) sites are mimicking the lone pairs of electrons in the
oxygen atom and, similarly to the n - alkyl alcohols, CD
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interactions are allowed in pure water. Furthermore, Oliveira et
al.89 have considered C4mimTfO to possess three associating
sites: one association site (E) for the O− interactions with the
cation and two (F) sites to mimic the delocalized charge due to
the presence of additional oxygen and fluorine atoms.
Association between unlike sites was also allowed in the neat
IL. When modeling the binary mixtures studied within this work,
the cross-association interactions EB, ED, FA, and FCwere taken
into account as well. As molecular models and pure-component

parameters were readily available from prior work for all the
compounds under study, they are used here in a transferable
manner and are reported in Table 1.

■ RESULTS AND DISCUSSION
Isobaric VLEs of the binary mixtures of C4mimTfO and water or
CnOH (n = 1−4), respectively, were determined within this work
applying three different pressure levels (p = 500 mbar, 700 mbar,
and 1000 mbar). The requirements for reflux allow for a

Table 1. Soft-SAFT Pure-Component Parameters Used within This Work

Compound Mw/g/mol mi σi/Å εii/kB/K εHB/kB/K κHB/Å3 ref

methanol 32.04 1.491 3.375 220.4 3213 4847 113, 114
ethanol 46.07 1.740 3.635 234.8 3387 2641 113, 114
propan-1-ol 60.09 1.971 3.808 252.7 3450 2250 113, 114
butan-1-ol 74.12 2.210 3.940 269.2 3450 2250 113, 114
water 18.02 1.000 3.154 365.0 2388 2932 115
C4mimTfO 288.29 4.149 4.375 378.0 3650 2400 89

Figure 3. Isobaric VLE of the binary mixture of C4mimTfO/H2O: (a) obtained with the devices S1 and S2 at p = 500 mbar, 700 mbar, and 1000 mbar;
(b) at p = 1000 mbar obtained with the devices S1 and S2 together with literature data from ref 22 and isobaric VLE data of the binary mixture
C4eimTfO/H2O from ref 64.

Figure 4. Isobaric VLE and activity coefficients of the binary mixture C4mimTfO/H2O. The solid lines represent the soft-SAFT EoS calculations.
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determination of the individual VLEs for mole fractions of the
solvent in the range of 0.4−0.6 ≤ x(solvent) ≤ 1.0 and a
temperature range of about 321.2 K ≤ T ≤ 415.4 K. These limits
are clearly visible in the figures describing the results of the study
(Figures 3−7) and are reported in Tables S2−S8. All the studied
mixtures show deviations from an ideal behavior as illustrated by
the activity coefficients represented in Figures 4b and 7, which
are discussed in detail in a subsequent section of the manuscript.
Analysis of the Nonideal Behavior of the Binary

Mixtures. In order to analyze the influence of the chemical
structure of the solvent on the nonideal behavior of the mixtures,
the activity coefficients γi of the volatile component i (water or
CnOH; n = 1−4) were calculated applying the modified Raoult’s
law:117

γ
φ

φ
=

· ·
· ·σ σ

y p

x pi
i i

i i i (6)

where xi and yi are indicating the mole fraction of component i in
the liquid and vapor phases, respectively, φi is indicating the
fugacity coefficient of component i in the vapor phase, and φi

σ is

indicating the fugacity coefficient of component i in its saturated
state. The parameter p is the pressure of the system and pi

σ is the
vapor pressure of the pure component i at the system’s
temperature. The value of the ratio φi/φi

σ ≈ 1 holds for the
range of pressures and temperatures reached during the
investigations.117 Due to the insignificant low vapor pressure of
the IL C4mimTfO, it can be assumed that the vapor phase
consists solely of the pure solvent. Hence, yi is equal to one and
eq 6 can be further simplified as

γ =
· σ
p

x pi
i i (7)

The vapor pressure of the volatile components (water and the
n-alkyl alcohols) in its equilibrium state, pi

σ, is calculated by the
following expression:

= + + · + ·σp A
B
T

C T D Tln ln E
(8)

The underlying data are obtained from theDIPPR database.118

The values of the coefficients are listed in Table S1. In order to

Figure 5. Isobaric VLEs of binary mixtures of C4mimTfO/CnOH (n = 1−4) obtained with the devices S2 and S3. The solid lines represent the
corresponding soft-SAFT EoS calculations.
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validate the vapor pressure correlations and to allow for an
assessment of experimental errors in accordance to ISO-

GUM,119 all of them were rechecked within the relevant
temperature range and compared with experimental data

Figure 6.Normalized reduced deviationsΔTr (cf. eq 10) of binary mixtures of C4mimTfO/CnOH (n = 1−4): (a) C4mimTfO/C1OH; (b) C4mimTfO/
C2OH; (c) C4mimTfO/C3OH; (d) C4mimTfO/C4OH; (e) C4mimTfO/CnOH (n = 1−4) at p = 1000 mbar; (f) as a function of the chain length of the
n-alkyl alcohol at selected constant mole fraction x(CnOH) of the binary mixtures; lines are given to guide the eye.
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published together with their uncertainty statements.78,120−125

The uncertainty of the vapor pressures calculated by the DIPPR
correlation is estimated by the maximum deviation between data
from the literature and the DIPPR correlation and can be
calculated by eq 9, where for practical reasons a correction
coefficient uc is introduced, which is also listed in Table S1:

Δ = ·σ σp p uc (9)

Results of 1-Butyl-3-methylimidazolium Trifluorome-
thanesulfonate/WaterMixtures. Beside the determination of
the VLE of the mixture of C4mimTfO and water, an
interlaboratory test of individual but similarly designed set-ups,
one in Aveiro (indicated as setup S1, described in Carvalho et
al.61) and one in Bremen (indicated as setup S2, this work) has
been carried out. The work aims at comparing the above-
described VLE apparatus to a known, previously validated, VLE
device61 in order to verify the principle of operation and function.
For this, binary mixtures of C4mimTfO and H2O were chosen as
a reference system, since both components are completely
miscible in the temperature range investigated.126

The isobaric VLE data of the mixtures of C4mimTfO and H2O
are depicted in Figure 3 and are reported in Table S2 and Table
S3.
As depicted in Figure 3, the VLEs were determined within a

composition range of 0.6≤ x(H2O)≤ 1.0 due to the limitation of
the conditions for reflux.
Figure 3a shows the isobaric VLEs of the binary mixture

C4mimTfO/H2O at pressures of p = 500 mbar, 700 mbar, and
1000 mbar obtained with the setup “S2”. As shown there, an
increase of the mole fraction of the IL in the binary mixture leads
to an increase of the boiling temperature for all pressures.
Furthermore, a decrease of the system pressure results in a
decrease of the boiling point. Therefore, the three curves are
shifted almost parallel along the temperature axis.
For the sake of comparison of the different set-ups S1 and S2,

the binary VLEs determined with the devices S1 and S2 are both
plotted in Figure 3a. The results map on each other within the
experimental error; the data series obtained with setup S1 shows
a slightly higher scatter. However, with both devices the boiling
temperature of water as given in the DIPPR database118 can be
reproduced by 0.45 K, which is not visible on the scale of the

Figure 7. Activity coefficients as obtained by eq 7 of binary mixtures of C4mimTfO/CnOH (n = 1−4). The solid lines represent the soft-SAFT EoS
descriptions.
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figure. A comparison of the VLEs to other data from the
literature22,64 is shown in Figure 3b. All data show a similar trend
as those from Passos et al.;22 however, the dependency of the
boiling temperature on the mixture composition is more
pronounced and shifted toward higher temperatures. The boiling
temperatures obtained for a mole fraction of x(H2O) ≈ 0.7 are
shifted up to ΔT ≈ +1.6 K in this work. Due to the lack of data
from the literature, which may allow a critical assessment of the
results, the VLE data of this work are also compared with data
fromOrchilles et al.64 where a similar binarymixture of 1-butyl-3-
ethylimidazolium trifluoromethanesulfonate and water
(C4eimTfO/H2O) was investigated. Surprisingly, the data from
refs 22 and 64 also map on each other and show the same
deviation to the data determined within this work.
In order to analyze the interactions between the IL and the

water molecules, the activity coefficients were calculated applying
the modified Raoult’s law (eq 7). Results are depicted in Figure 4
within the composition range of 0.6 ≤ x(H2O) ≤ 1.0.
The activity coefficients are illustrated in Figure 4b; the

detailed data for each pressure are summarized in the Supporting
Information (cf. Figure S1a−c). On the one hand, they indicate
slightly positive deviations from Raoult’s law (γi > 1) within most
of the composition range covered in this study. On the other
hand, they suggest that for more concentrated solutions the
deviations would become negative. These deviations are a result
of the weak interactions between the different molecular
moieties, in particular the ionic liquid anion and the water
molecules. The pressure dependency of the activity coefficient is
insignificant within the pressure range investigated (cf. Figure
4b).
Results obtained by the different microebulliometers S1 and

S2, indicated in the different plots by blank and filled symbols,
respectively, are congruent as shown in Figure 3; systematic
deviations are not visible. From this finding we conclude that
both devices produce reliable VLE-data. As described in the
following section additional effort was made to validate the
microebulliometers against a classical VLE-setup (cf., the
following section).
In order to classify the activity coefficients obtained within this

work in the frame of literature results from refs 22 and 64, the
activity coefficients obtained at a pressure of p = 1000 mbar are
plotted together in Figure S1a. The values reported by Passos et
al.22 present a slightly higher positive deviation from unity
compared to the data of the same mixture in the present study.
The dependency of the data on the composition indicates a
constant limit of γ(H2O)≈ 1.1 for water compositions x(H2O) <
0.8 compared to the values of this work. The same behavior of the
activity coefficients is described for the C4eimTfO mixtures,
calculated with data from ref 64 applying eq 7. This leads to the
assumption that the length of the shorter alkyl side chain of the
imidazolium-based cations has a minor effect on the molecular
interactions and, thereby, on the resulting VLE.
The deviations of the activity coefficients of Passos et al.22 and

of the set-ups S1 and S2 are vanishing at pressures of p = 700
mbar and 500 mbar within the investigated composition range
covered in this work, so that the curves map on each other (cf.
Figure S1b and Figure S1c).
The accurate simulation and design of a refrigeration or

absorption process requires the availability of accurate and robust
thermodynamic models able to successfully describe the
thermodynamic properties and phase behavior of the fluids
involved. Therefore, and to grasp additional information about
the molecular behavior of the mixtures under investigation, the

experimental data were modeled using the soft-SAFT EoS. As
reported in Table 2, one binary interaction parameter, ξij = 1.13,

correcting the mixtures dispersive energy, was required to
achieve a quantitative agreement with the experimental data as
shown in Figure 4. This parameter was found to be state
independent and suggests the presence of higher unlike
interactions in the mixture than those predicted by the
combining rules considered from the pure component
parameters. Moreover, although a good description of the
experimental data was obtained in the entire composition range,
the deviations to the experimental data systematically increase as
the mole fraction of water is increased due to the known
limitations of soft-SAFT when applied to describe pure water
(e.g., the water boiling temperatures at the three different
pressures are underpredicted by the soft-SAFT model).
Nevertheless, as reported in Table 2, the values of percentage
average absolute relative deviation (%AARD) are kept small in
the whole range of experimental conditions.
The water activity coefficients in the liquid phase were also

calculated with the soft-SAFT EoS from eq 1 as values for the
fugacity coefficients and the vapor phase composition in
equilibrium are readily available from the soft-SAFT framework.
The results obtained from the model are compared with those
estimated from the experimental data through eq 7 in Figure 4b.
The results of the modeling validate the approximations made to
simplify eq 1 to yield eq 2 as soft-SAFT estimates the molar
fraction of the ionic liquid in the vapor phase to be lower than 1×
10−5 in the experimental conditions and the ratio of the fugacity
coefficients to be kept in the interval 1≤ φi ≤ 1.0016. Therefore,
the differences observed in Figure 4b between the activity
coefficients obtained by soft-SAFT and those estimated from the
experimental data are due to the different reference state
considered for the water vapor pressure. As the vapor pressure
calculated from soft-SAFT is lower than that obtained from the
DIPPR correlation, the activity coefficients are systematically
lower than the experimental values, predicting the shift from
positive to negative deviations from the ideal behavior at a higher
water concentration. The concentration dependence of activity
coefficients of water reflects the breaking of the H-bond network
by the ILs at high water concentration and the hydrogen bonding
between water and the anions at higher IL concentrations.
According to soft-SAFT and in agreement with the “exper-
imental” activity coefficients, the pressure effect upon the
alcohol−IL interactions seems to be negligible, although an
increasing system pressure benefits the interactions between the
two components.

Results of 1-Butyl-3-methylimidazolium Trifluorome-
thanesulfonate/n-Alkyl Alcohol Mixtures. Isobaric VLE
data and the activity coefficients of the four binary mixtures
C4mimTfO/C1OH, C4mimTfO/C2OH, C4mimTfO/C3OH,
and C4mimTfO/C4OH at three different pressures (p = 500

Table 2. Binary Interaction Parameters Used in the soft-SAFT
Model and the Percentage Average Absolute Relative
Deviation to the Experimental Boiling Temperatures

C4mimTfO/solvent ηij ξij %AARD(T/K) %AARD(γ)

water 1.130 0.261 3.81
methanol 1.015 0.226 3.28
ethanol 0.985 0.186 2.55
propan-1-ol 0.950 0.980 0.210 3.11
butan-1-ol 0.950 0.980 0.281 3.41

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.8b03278
J. Phys. Chem. B 2018, 122, 6017−6032

6025

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b03278/suppl_file/jp8b03278_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b03278/suppl_file/jp8b03278_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b03278/suppl_file/jp8b03278_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b03278/suppl_file/jp8b03278_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcb.8b03278


mbar, 700 mbar, and 1000 mbar) were determined in this work.
Experimental constraints allow for the determination of the VLE
for mole fractions in the range of 0.4≤ x(CnOH)≤ 1.0 to ensure
a perfect (continuous) reflux inside the ebulliometer, which is a
main requirement for reaching equilibrium conditions. There-
fore, a temperature range of 321.2 K≤ T≤ 415.4 K was covered.
To the best of our knowledge, there are no VLE data of those

mixtures reported in the literature within the temperature,
pressure, and composition ranges investigated here. In order to
characterize the working range and the reproducibility of the
microebulliometer, a second set of experiments on the VLE
behavior for a selected system, C4mimTfO/C4OH, has been
performed using a commercial VLE apparatus (Labo Dest Type
0600/II; Fischer Labor- and Verfahrenstechnik GmbH, Meck-
enheim, Germany; indicated as setup S3, this work). The
experiments covered a composition range of 0.68 ≤ x(C4OH) ≤
1.0. For mole fractions 0.68 < x(C4OH) it was impossible to
ensure stable boiling conditions resulting in an imperfect
circulation inside the apparatus. This limit is indicated by a
significant increase of scatter of the data obtained, and thus, the
applicability of this type of apparatus is limited for these type of
systems.
The isobaric VLE data of the binary IL/n-alkyl alcohol

mixtures are depicted in Figure 5 and, together with error bars, in
Figure S2; the data are given in Tables S4−S8.
Figures 5a−d show the isobaric VLEs of the binary mixtures

C4mimTfO/Cn=1,2,3,4OH obtained by the microebulliometer
“S2”. All the mixtures show similar trends, which are changing
gradually and systematically. Decreasing the alcohol content in
all mixtures results in an increase of the boiling temperature. This
behavior is observed for the three pressure levels evaluated. By
reduction of the system’s pressure the boiling temperatures are
shifted toward lower values. At first glance, the curves seem to be
shifted parallel. In Figure 5d the experimental data obtained
using the commercial device “S3” and that developed here, “S2”,
are compared. The data obtained from both apparatuses map
perfectly on each other, giving clear evidence on the reliability of
the data obtained. Unfortunately, the comparison for this data is
limited by the narrow working range of the classical apparatus
“S3”. As mentioned above, the conditions for perfect circulation
within the setup lead to this limit. In order to allow for an
assessment of the data on a more general point of view, the
general behavior of the single data sets has to be explained.
Therefore, a relative shift of the temperature with respect to the
boiling temperature of the neat alcohol T0,b is defined: Tb − T0,b.
Owing to the general concept of scaling in thermodynamics, this
difference is normalized by T0,b to yield the following relative
temperature deviation for each system studied in this work:

Δ =
−

T
T T

Tr
b b

b

0

0 (10)

The normalized VLEs, the relative deviations ΔTr of the
mixture’s boiling temperature to the neat solvent’s boiling
temperature of the mixture with alcohols, are depicted in Figures
6a−d.
Obviously, the behavior of the four mixtures is rather similar.

In particular, all the different curves obtained at different
pressures for each of the individual mixtures map on each other,
which leads to the conclusion that the shape of the VLEs is
independent of the system pressure within the investigated
pressure, temperature, and composition range.

In order to analyze the effect of the alkyl chain length on the
shape of the VLEs, the plots of the normalized reduced ΔTr
values calculated previously for the four investigated n-alkyl
alcohols are combined in Figure 6e and 6f. Comparing the four
curves in detail, the C4mimTfO/C1OH mixtures show a
remarkably different behavior compared to the mixtures of the
other alcohols. However, a small gradual shift between the single
mixtures is visible; nevertheless, the cloud of data for C2OH,
C3OH, and C4OH show only narrow differences. From the
experimental data, it may be speculated that the presence of
secondary carbon atoms in the alcohol may play an important
role in explaining the observed difference in between the
methanol system and the mixtures with higher alcohols.
The soft-SAFT EoS was also applied to describe the VLEs of

these four mixtures, and as shown in Figure 5, an excellent
agreement with the experimental data was obtained with a
maximum %AARD of 0.281 for the system C4mimTfO/C4OH.
As reported in Table 2, a binary interaction parameter ξij, very
close to unity, correcting the energy of interaction between the
two components was required. Its value approaches an
asymptotic value of 0.98 as the alcohol’s chain length is
increased. Although this convergence for an asymptotic behavior
on energy parameters when small structural changes of the
components are being analyzed is common for SAFT-type
equations, the study of longer chain alcohols would be required
to further support this assumption. Additionally, for the mixtures
with larger chain length alcohols, C3OH and C4OH, a size binary
interaction parameter, that accounts for the size differences
between the IL and the small alcohols LJ groups, was introduced
in order to provide a quantitative agreement with the
experimental data. Even though the use of such a parameter is
often discouraged, huge size differences between the mixture
components and their sparse sphericity may require their use.
Moreover, different works show that it can be set to constant
when modeling an homologous series of compounds and thus
the value of ηij was here fitted to the boiling temperatures of the
mixture with propan-1-ol and successfully transferred to model
the mixture with butan-1-ol. This kind of transferability of soft-
SAFT parameters is one of the main advantages of SAFT-type
equations. It is possible due to their strong theoretical
background and the enhanced physical meaning of the different
model parameters. The need for the size binary parameter is
justified by the difference in size of the (LJ) groups making both
components (the IL and the alkanols), as previously observed in
several other asymmetric size systems. This parameter was not
needed for methanol and ethanol because for these two
compounds, the hydroxyl end-groups are the dominant
interaction sites.
Similarly to what is observed in the experimental data, the

curves obtained with soft-SAFT for the different system
pressures are all shifted parallel along the temperature axis for
all the four mixtures. Furthermore, the complex nature of the
ionic liquid seems to be well represented by the molecular model
considered in soft-SAFT, as the effect of increasing molar
fractions of the ionic liquid in the mixture on the boiling
temperatures is remarkably well captured by soft-SAFT
reinforcing its reliability when applied to systems containing ILs.

Activity Coefficients of 1-Butyl-3-methylimidazolium
Trifluoromethanesulfonate/n-Alkyl Alcohol Mixtures. In
order to analyze the effect of the alkyl chain length on the VLE,
and hence, molecular interactions and volatility, the activity
coefficients of the mixtures were calculated applying eq 7. Results
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are shown in Figure 7 and, more extensively including error bars,
in Figure S3 and in Tables S4−S8.
From the results reported in Figure 6e a significant difference

of the behavior of the various studied mixtures can be observed.
This is corroborated by the activity coefficients depicted in
Figure 7. For mixtures of C4mimTfO/C1OH (Figure 7a),
negative deviations from Raoult’s law (γ(C1OH) < 1) are
observed within the whole range of composition and pressure.
The activity coefficients decrease with a decrease of C1OH
concentration in the binary mixture. A pressure dependence
cannot be observed as the results of the different pressures map
on each other.
The trends of the activity coefficients for the alcohol/IL

system are rather similar to that observed for the water/IL
systems, reflecting the breaking of the H-bond network by the
ILs at high alcohol concentration and the hydrogen bonding
between alcohol and the anions at higher IL concentrations.
However, varying the chain lengths of the alcohols, systematic

changes of the behavior are found. As can be seen in Figure 7b for
ethanolic mixtures, there is an evolution toward small but
positive deviations fromRaoult’s law at 0.7 < x(C2OH) < 1.0. For
x(C2OH) < 0.7 the activity coefficients decrease with increasing
IL-content. This behavior becomes more pronounced when
considering C3OH or C4OH mixtures. Their activity coefficient
curves show a behavior with a maximum around x(CnOH) ≈
0.66, while the maximum for C2OH is around x(C2OH) ≈ 0.8; a
ratio of the molecular moieties of about 1:4.
In the composition range between 0.6 ≤ x(C2OH) ≤ 1.0 the

three curves map on each other. However, a small pressure
dependency can be observed for mole fractions 0.6 < x(C2OH): a
lower pressure leads to lower activity coefficients.
The activity coefficients of C4mimTfO/C3OH mixtures are

shown in Figure 7c. Activity coefficients of γ > 1 are obtained for
mole fractions of 0.6≤ x(C3OH)≤ 1.0. The values of the activity
coefficients increase with a decrease of the amount of C3OH in
the binary mixture, and a maximum is reached for a mole fraction
of x(C3OH) ≈ 0.66, which is equal to a ratio of the molecular
moieties of 2:1 (C3OH:C4mimTfO). A further decrease of the
amount of C3OH in the binarymixture results in a decrease of the
activity coefficients. For mole fractions x(C3OH) < 0.5−0.6 the
values of the activity coefficients are γ < 1. Besides, the activity
coefficients almost map on each other within the composition
range of 0.8 ≤ x(C3OH) ≤ 1. The activity coefficients for mole
fractions x(C3OH) < 0.8 show a more pronounced pressure
dependency.
An increase of the pressure of the system leads to a shift to

higher activity coefficients. However, the data at p = 700 mbar
maps on the other two curves within the error bars. The activity
coefficients at p = 1000 mbar and p = 500 mbar do not map at
those mole fractions.
In Figure 7d the activity coefficients of C4mimTfO/C4OH

mixtures are depicted. They were determined with the devices S2
and S3. Activity coefficients of γ > 1 were obtained within the
complete range of mole fractions of 0.4 ≤ x(C4OH) ≤ 1.0
covered in this work. A decrease of the amount of C4OH results
in an increase of the activity coefficients up to mole fractions of
about x(C4OH) ≈ 0.66, which is equal to a 2:1 ratio of the
different molecular moieties C4OH and C4mimTfO. The
behavior retraces the findings drawn in Figure 7. A further
decrease of the mole fraction of C4OH leads to constant activity
coefficients of γ(C4OH) ≈ 1.1 at p = 1000 mbar; at the pressure
levels of p = 500 mbar and p = 700 mbar, the activity coefficients
decrease and fluctuate around γ(C4OH)≈ 1. However, they map

on each other within their error bars in the investigated range.
Due to the scatter of the data no clear dependency on the
pressure can be extracted (cf. Figure S3d).
In order to assess the effect of the length of the n-alkyl chain of

the different alcohols on the molecular interplay within the
solutions, the activity coefficients have to be considered. Activity
coefficients γ < 1 indicate a negative deviation from Raoult’s law,
which arises from favored interactions between the alcohol and
the IL moieties. The interactions in between similar moieties,
namely alcohol−alcohol and C4mimTfO−C4mimTfO mole-
cules are somewhat weaker. Thus, the alcohol remains in the
liquid phase, indicating a depression of the vapor pressure. On
the other hand, activity coefficients γ > 1 indicate positive
deviations from Raoult’s law. In that case the interactions
between similar moieties are favored compared to the
interactions between the alcohol and the IL moieties, which
results in an overall increase of the volatility.
Themolecular interactions between the C4mimTfO and the n-

alkyl alcohols decrease with an increase of the chain length of the
alcohols resulting in a stronger increase of the relative boiling
temperatures (cf. Figure 7). The weakest interactions between
the C4mimTfO and the n-alkyl alcohol C3OH and C4OH
moieties were observed in this work at mole fractions of about
x(CnOH) ≈ 0.66 (n = 3, 4).
The alcohol activity coefficients were calculated with soft-

SAFT from eq 1 and, as previously observed for the water activity
coefficients in the system C4mimTfO/H2O, the assumptions
behind eq 2, used to obtain the experimental activity coefficients,
were found to remain valid as the influence of both the ratio of
fugacities and the ionic liquid molar fraction in the vapor phase
are negligible. The activity coefficients obtained with soft-SAFT
are plotted against those estimated from the mixture boiling
temperatures in Figure 7. A good agreement is observed with
lower %AARD values (Table 2) than those previously observed
in the mixture with water. This is due to the better description of
the neat n-alkyl alcohols when compared to that of pure water.
As depicted in Figure 7, soft-SAFT is able to correctly capture

the trends observed experimentally on the alcohols activity
coefficients: In the binary mixture C4mimTfO/C1OH, negative
deviations from the ideal behavior are observed in the whole
composition range with the alcohols activity coefficients
decreasing as the mixture becomes richer in ionic liquid.
However, for ionic liquid mole fractions higher than 0.5, the
model predicts a much weaker dependence of the activity
coefficients on composition than that suggested by the
experimental data points. As the alkyl chain length of the
alcohols is increased, the model predicts a decrease on the IL−
alcohol interactions and, thus, negative deviations from the ideal
behavior. In fact, near the full solvation regime region (high
alcohol concentrations), positive deviations to the ideal behavior
and a positive maximum of the alcohol activity coefficients are
observed. The dimension of this region, where positive
deviations to the ideal behavior exist, and the value of the
mentionedmaximum clearly increase as the alcohols chain length
is increased.
Moreover, although the pressure effect is not observed

experimentally (especially for methanol and ethanol), the
model suggests that contrarily to what is observed in the mixture
with water, a minor negative effect is shown upon the magnitude
of the IL−alcohol interactions as the activity coefficients increase
with pressure. Nevertheless, according to the model the pressure
effect fades as the alcohols chain length increases.
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Comparison to Other Works. A detailed study focused on
the structural effects of alcohols (n-alkyl alcohols, secondary, and
tertiary ones), and the IL 1-butyl-3-methylimidazolium chloride
(C4mimCl) on the VLE is reported in Chouireb et al.44 The data
of their work and this work show the same trends and a
systematic similar behavior. A decrease of the alcohol content in
all binary mixtures results in an increase of boiling temperatures,
which is observed for the three pressure levels investigated. By
reducing the pressure, the boiling temperatures are shifted
toward lower values. Besides, normalizing the VLEs of Chouireb
et al. by eq 10 results in a similar picture as observed in this work.
All different curves obtained at different pressure levels for each
of the single mixtures map on each other. This supports the
assumption that the shape of the VLEs is independent of the
system pressure within the investigated pressure, temperature,
and composition ranges.
Furthermore, a similar trend of the activity coefficients can be

observed in both studies. Decreasing the alkyl chain length of the
alcohol results in a decrease of the activity coefficients.
Nevertheless, all C4mimCl mixtures from the literature44 show
activity coefficients γ < 1 within the pressure, temperature, and
composition ranges compared to the C4mimTfO/CnOH (n = 3,
4) mixtures, where activity coefficients of γ > 1 within a
composition range 0.6 ≤ x(C4OH) ≤ 1.0 are determined. This
leads to the conclusion that the molecular interactions between
the IL C4mimCl and the alcohol moieties are stronger than the
molecular interactions between like IL-IL and alcohol−alcohol
moieties. In turn, this allows us to conclude that the molecular
interactions in the C4mimCl mixtures are stronger than the
molecular interactions in the C4mimTfO mixtures.

■ CONCLUSIONS
VLEs of five binary mixtures of C4mimTfO with water or an n-
alkyl alcohol (Cn=1,2,3,4OH) obtained by isobaric ebulliometry
were reported within this work. The study was conducted at
three different pressure levels, p = 500, 700, and 1000 mbar. The
boiling temperatures of the mixtures were found to increase with
an increase of the ionic liquid concentration while a decrease of
the pressure shifts the VLE toward lower boiling temperatures.
The scatter of the data was low and its good accuracy allowed for
a discussion of the different data sets and a further assessment of
their nonideal behavior. By scaling the different boiling curves, it
became evident that the general shape of the VLEs is not strongly
dependent on the system’s pressure, within the studied range.
The results of the activity coefficients show that a decrease of

the alkyl chain length of the alcohol induces stronger interactions
between the IL and alcohol moieties resulting in negative
deviations from Raoult’s law (γ < 1).
Results of some data sets were cross checked with different

microebulliometers and, for C4OH, with a classical VLE
apparatus. The results obtained support the congruency and
consistency of the data, regardless of the device used for the
measurements.
Furthermore, the soft-SAFT EoS was used to describe the

experimental data using coarse-grained models previously
proposed for both the ionic liquid and the molecular solvents.
By using one or, in some cases, two binary interaction
parameters, temperature, composition, and pressure independ-
ent, a simultaneous accurate description of the mixture boiling
temperatures and the water/alcohol activity coefficients was
achieved. The simple models used in soft-SAFT, where the
components are represented as associating chain-like molecules,
provided an overall good description of the studied mixtures with

an %AARD lower than 0.3% and 3.9% for the VLE and activity
coefficients, respectively. Moreover, the information gauged
from the modeling contributed to a deeper discussion of the
different effects upon the IL−solvent interactions such as
temperature, pressure, composition, and solvent’s chemical
structure. The results obtained reinforce the soft-SAFT EoS as
a valuable tool for the description of mixtures containing ionic
liquids, providing vital information for the design and
implementation of new refrigeration systems.
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(106) Schröer, W. A Short History of Phase Transitions in Ionic Fluids.
Contrib. Plasma Phys. 2012, 52, 78−88.
(107) Weingar̈tner, H.; Kleemeier, M.; Wiegand, S.; Schröer, W.
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