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ABSTRACT: Inverse gas chromatography was used to obtain the
activity coefficients at infinite dilution (y53) of several organic
solutes and water in the thermotropic ionic liquid crystal phases of
both [C;,mim][BF,] and [C,mim][BF,] and their isotropic
phases. In the smectic to isotropic transition, a change in the linear
representation of the natural logarithm of y{5 with the reciprocal
temperature was observed for [C;,mim][BF,], and was more
evident for alkanes, alkylbenzenes, esters, and alcohols, that can be
related to structural modifications of the stationary phase. Results
are interpreted in terms of the enthalpic and entropic contributions
of solute-IL interactions. Selectivities and capacities of important
separation problems, such as octane/benzene and cyclohexane/
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benzene, were calculated and compared with literature values for separating agents such as N-methyl-2-pyrrolidinone, sulfolane, and
ionic liquids presenting the [BF,]™ anion combined with several imidazolium-based cations. It is shown that to achieve maximum
separation efficiency, imidazolium cations with short alkyl chain lengths such as [C,mim][BF,] should be used, whereas high

capacities require larger alkyl chain lengths.

1. INTRODUCTION

Ionic liquids (ILs) are complex substances usually comprising
bulky organic cations coupled with organic or inorganic
anions.' Due to their microphase-separated structures, ILs can
exhibit mesomorphic behavior, the so-called IL crystals
(ILCs).” These ordered liquid-crystalline forms, where the
main structural units are mesogenic ions stabilized by
electrostatic forces acting between them, combine the ionic
character of ILs with the liquid crystals’ anisotropy.”*

ILCs have been widely studied and were identified as
promising candidates to design anisotropic ion-conductive
materials for molecular electronics, batteries, fuel cells, and
capacitors as a tool to improve the efficiency of dye-sensitized
solar cells and as electrochromic materials.”” Their anisotropic
character also suggests their use as ordered solvents or
organized reaction media in different applications.*

To further exploit the ILs’ potential as separation agents,
their interactions with several organic solutes and water can be
evaluated by determining the activity coeflicients at infinite
dilution (y53) of each solute (component 1) in the IL
(component 3). These, together with the derived thermody-
namic properties, allow us to explore both the effects of the
solute and solvent structures on the solvation process.

To the best of our knowledge, there are no studies on 3 in
ILCs. However, some studies address the y73 of organic solutes
in liquid crystalline solvents, aiming to investigate the

© 2021 American Chemical Society

7 ACS Publications 2587

interaction of the solutes with the liquid crystal meso-
phases.””'" Oweimreen® and Gidley and Stubley” investigated
the activity coefficients at infinite dilution of various solutes in
the nematic and isotropic phases of different liquid crystals.
Gidley and Stubley’ used the 753 to determine the limiting
behaviors of the two-phase region of the phase diagram at
infinite dilution, while Oweimreen® demonstrated the effect of
the solute molecular size, shape, flexibility, polarizability, and
polarity on the solution process. More recently, Oweimreen'”
used the 13 to investigate the solubility of several solutes in the
smectic, nematic, and isotropic phases of p-n-octyl-p’-
cyanobiphenyl.

In this work, the 73 of alkanes, cycloalkanes, ketones, ethers,
aromatic hydrocarbons, esters, alcohols, acetonitrile, pyridine,
thiophene, and water in the ILCs 1-dodecyl-3-methylimidazo-
lium tetrafluoroborate ([C,,mim][BF,]) or 1-tetradecyl-3-
methylimidazoliumtetrafluoroborate ([C;,mim][BF,]) in
both liquid and crystal liquid phases are reported. ILs with
the same anion and different cations were chosen to
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Table 1. Chemical Name, Structure, Supplier, and Mass Fraction Purity of the Organic Solutes Used

chemicals” CAS supplier mass fraction purityb
alkanes octane 111-65-9 Aldrich >0.990
nonane 111-84-2 Aldrich >0.990
decane 124-18-5 Aldrich >0.990
cyclic alkanes cyclohexane 110-82-7 Aldrich >0.990
methylcyclohexane 108-87-2 Aldrich >0.990
ketones propan-2-one (acetone) 67-64-1 Aldrich >0.999
butan-2-one 78-93-3 Aldrich >0.990
ethers ethoxyethane (diethyl ether) 60-29-7 Aldrich >0.999
cyclic ethers oxolane (THF) 109-99-9 Aldrich >0.999
1,4-dioxane 123-91-1 Aldrich >0.998
aromatic hydrocarbons benzene 71-43-2 Aldrich >0.998
toluene 108-88-3 Aldrich >0.998
ethylbenzene 100-41-4 Aldrich >0.998
p-xylene 106-42-3 Aldrich >0.990
esters methyl acetate 79-20-9 Aldrich >0.998
ethyl acetate 141-78-6 Aldrich >0.998
vinyl acetate 108-05-4 Aldrich >0.990
alcohols methanol 67-56-1 Aldrich >0.999
ethanol 64-17-5 Aldrich >0.998
propan-1-ol 71-23-8 Aldrich >0.999
propan-2-ol 67-63-0 Fluka >0.999
butan-1-ol 71-36-3 Aldrich >0.998
butan-2-ol 78-92-2 Aldrich >0.995
2-methyl-propan-1-ol 78-83-1 Aldrich >0.995
2-methyl-propan-2-ol (tert-butanol) 75-65-0 Aldrich >0.997
acetonitrile 75-05-8 Fluka >0.999
pyridine 110-86-1 Aldrich >0.998
thiophene 110-02-1 Aldrich >0.990
ILs 1-dodecyl-3-methylimidazolium tetrafluoroborate ([C,,mim][BF,]) 244193-59-7 Tolitec >0.980
1-tetradecyl-3-methylimidazolium tetrafluoroborate ([C ,mim][BF,]) 244193-61-1 Tolitec >0.980

“Names in parentheses correspond to the common names used in the text. “Purities informed by the supplier.

understand the influence of the liquid crystal structure on the
713. These coefficients were calculated from the measured
retention times obtained by gas—liquid chromatography
(GLC) in the temperature ranges (308.15—338.15) K for
[C;,mim][BF,] and (343.15—433.15) K for [C,,mim][BF,],
covering the two different phase forms.

2. EXPERIMENTAL SECTION

2.1. Chemicals. The chemical names, CAS, sources, and
mass purities of the organic solutes and ILs used in this work
are presented in Table 1. The organic solutes were used as
received. The ILs were dried under vacuum at 0.1 Pa and
353.15 K under constant stirring and for a minimum period of
48 h. Additional volatile impurities and traces of water were
removed during the column preconditioning at high temper-
atures. The water used was distilled and filtered, presenting a
final mass fraction purity higher than 99.9%.

2.2. Experimental Procedure. 2.2.1. Differential Scan-
ning Calorimetry. The phase transition temgeratures of
[Cy,mim][BF,] were reported by us before.” The same
procedure was applied here for [C,,mim][BF,] using a Hitachi
DSC7000X, working at atmospheric pressure. Samples of
approximately (2—6) mg tightly sealed in aluminum pans were
submitted to three repeated heating—cooling cycles at 2 and §
K-min !, respectively. To avoid water condensation inside the
oven at low temperatures, a constant nitrogen flow of 50 cm®-
min~" was supplied to the differential scanning calorimetry
(DSC) cell. The temperatures of the thermal transitions were
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analyzed in the several heating runs and taken as the peak
temperature. The first cycle allowed sample homogenization
inside the pan and, thus, was not considered. The temperature
uncertainty calculated through the average of the standard
deviation of several consecutive measurements was better than
+0.1 K. The equipment was previously calibrated with
anthracene, benzoic acid, caffeine, decane, diphenylacetic
acid, heptane, indium, lead, naphthalene, 4-nitrotoluene,
potassium nitrate, tin, water, and zinc, all with weight fraction
purities higher than 99%.

2.2.2. Activity Coefficients at Infinite Dilution Measure-
ments. The experimental procedure, including the column
preparation and packing method, were already detailed in our
previous works."*™"” Briefly, columns made of glass with 1 m
length and 4 mm internal diameter were used. The filling was
prepared by coating 45—50% IL stationary phase onto 80/100
mesh Chromosorb W/AW—DMCS support material supplied
by GRACE. To ensure a uniform coating, methanol was used
as the solvent and later evaporated under vacuum until the
final and original masses of the IL and Chromosorb were in
agreement within +1 X 107* g. The columns were placed into
a Varian 3380 gas chromatograph equipped with an on-column
injector and a thermal conductivity detector and left for
equilibration inside the chromatograph at 393.15 K for at least
6 h. During the experiments, the injector and detector
temperatures were maintained at 473.15 and 523.15 K,
respectively, and helium was used as the carrier gas. Exit gas
flow rates, the outlet pressure, and the temperature were

https://doi.org/10.1021/acs.jced.1c00182
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Table 2. Phase Transition Temperatures and Enthalpies of [C;,mim][BF,] and [C,,mim][BF,] at p = 93.8 kPa (u, = 0.05),

along with Literature Data”

solid — liquid crystal

liquid crystal — liquid

heating

cooling

heating cooling

[Clzmim] [BF4]

T/K 302.94 + 1.87" 286.15 + 1.39" 32020 + 0.27" 319.67 + 0.16"
302,655 273.15% 324755 324.15%
300.15,° 325.15%°

AHtrans/kJ-mol—1 27.05 + 2.81 2626 + 3.40 0.30 + 0.03 0.31 + 0.03

[Cy4mim][BF,]

T/K 296.00 (1.46)7

315.55% 292.79 (1.86)7

302.45% 385.43 (3.97)¢

402.65%* 384.02 (3.20)7

403.15**

317.15% 29825 398.55*° 397.05*°

AH,,pg/kJ-mol ™ 20.09 (5.22)

207 21.36 (2.09)¢
16.8%**

0.6* 0.67 (0.25)
0.6**

0.80 (0.52)°

“Whenever available, the standard deviation is placed after plus-minus sign. bThe transition temperature was registered in the first DSC heating
cycle. “The transition temperature was registered in the second DSC heating cycle. “Expanded uncertainty at 95% confidence level.

measured with an Agilent Precision gas flow meter (with
repeatability of +0.2% full Scale). For each IL, at least two
columns with different packing percentages were prepared.
The different solutes were injected at infinite dilution (0.1-0.3
uL) along with air, the non-retained component. Retention
times were calculated by the difference of the retention times
of the solute, tp, and air, f5. Each experiment was repeated at
least twice to check the reproducibility.

2.3. Theoretical Background. When an infinitesimal
amount of solute sample is introduced into a column with a
nonvolatile stationary phase, it is possible to calculate the y73
for the solute (1) partitioning between the carrier gas (2) and
the nonvolatile compound (3). Moreover, aiming the
determination of the order of elution from columns, partition
coeflicients are also extracted from the retention data. The
gas—liquid partition coefficients, K, are useful to understand
the extraction process and the recovery of the extractive agent
at low pressure.

2.3.1. Activity Coefficients at Infinite Dilution. The net
retention volume of the solute, VN,]8 and the pressure
correction term, ]%,19 were calculated with the following
usual relationships

BT
vo= 3y iuE T,
n=0,") fPo Tf(tR tc) W
I} = 2 (B/R)’ -~ 1
O3B/R) -1 )

where U; is the volumetric flow rate measured at the outlet of
the column, P; and T are, respectively, the gas outlet pressure
and temperature (measured by the flowmeter), P, is the
column outlet pressure, T is the oven temperature, t is the
solute retention time, while f is the same for air, and P, is the
inlet pressure.

The activity coefficients at infinite dilution of a solute (1) in
the ILCs (3) were calculated through the equation developed
by Everett'” and Cruickshank et al.”’

2589

3
_ P(B,, = V) n RJ," (2B, — V1)
RT RT

nRT
WP

In 71030 = ln(

()

where R is the ideal gas constant, n; is the number of moles of
solvent on the column packing, P is the saturated vapor
pressure of the solute, B}, is the second virial coefficient of the
pure solute, V¥ is the molar volume of the solute, Bj, is the
crossed second virial coeflicient of the solute and the carrier
gas (helium), and V{° is the partial molar volume of the solute
at infinite dilution in the solvent. The temperature-dependent
properties were calculated at T using equations and constants
taken from the literature.”"**

As the activity coeflicients at infinite dilution were
determined as a function of temperature, the enthalpic
(HE™) and entropic (S5®) contributions to the excess Gibbs
energy (G%*) can be determined at infinite dilution using the
following equations

Gy™ = RT In(1%) 4)
77 E,c0 __ dlnyl?
m dln(1/T
n(1/T) px (5)
gE,oo - HIE,OO - Grﬁ’oo
" T (6)

where subscripts p and x indicate isobaric and constant
composition conditions, respectively.

Moreover, y73 data is essential in the selection of a suitable
entrainer for a given separation problem as it allows the
calculation of the selectivity between the solutes i and j, S;°
vi°/y", and the capacity, k® 1/y;°, of the separation
process™> (j is the solute that presents the smaller ¥53 in the
solvent).

2.3.2. Gas—Liquid Partition Coefficients. The gas—liquid
partition coefficients K; = (c}/c) for a solute partitioning

https://doi.org/10.1021/acs.jced.1c00182
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between the carrier gas (helium) and the ILs were calculated [BF,]7,* the interactions between the IL and alcohols, or

from the solute retention according to

VNp3 ]

ms

RJ,*(2B,, = V)
RT

In(K;) = ln(
(7)

in which p; and mj; are the density and the mass of the IL,
respectively.

3. RESULTS AND DISCUSSION

3.1. Differential Scanning Calorimetry. The solid —
liquid crystal — liquid phase transitions (and respective
melting and clearing points) of the [C mim][BF,] IL were
examined by DSC, and the results are presented in Table 2
together with the data obtained by Holbrey and Seddon®* and
Nozaki et al.”> An exemplificative DSC thermogram displaying
the phase behavior of [C,,mim][BF,] investigated in this work
is shown in Figure S1 of the Supporting Information. Evident
differences can be observed between the experimental values
measured in this work and the literature data. However, one
should take into account factors such as purity, water content,
and heating rates. The phase transition temperatures of
[C,,mim][BF,] reported by us before'® are also displayed
along with the data reported by Nozaki and co-authors.” Both
compounds are characterized by a large enthalpy for the solid
— liquid crystal phase transition, suggesting a significant
structural change and a small enthalpy for the smectic —
isotropic mesophases transition due to the reorganization of
the alkyl chains at the clearing point.”* Additionally, they are
characterized by a supercooling region before crystallization
that can also manifest in hysteresis around the clarification or
cooling."" However, the supercooled region of both ILs
studied here was sufficiently large and stable for reproducible
measurements to be made.

3.2. Activity Coefficients at Infinite Dilution. The
activity coefficients at infinite dilution of 28 organic solutes and
water in the ILs [C;mim][BF,] and [C,,mim][BF,], at
several temperatures, are listed in Table 3. Temperatures were
chosen based on the transition liquid crystal — liquid
(clarification temperature) measured by us in order to
understand eventual differences in the y{3 and their derived
properties between the two phases, liquid crystal and isotropic
liquid. At least three different temperatures were chosen before
and after the transition, with intervals of S to 15 K for
[Ci,mim][BF,] and [C,;mim][BF,], respectively. Deviations
on the y3 in the different columns show repeatability within
+1.5% for the vast majority of the solutes. The estimated
overall error in the y{5 was less than 3%, taking into account
the solute retention time accuracy (0.001 min) and the
standard deviations (in parentheses) related to solute vapor
pressures (<5%), mass of the stationary phase (<1 X 107 g),
flow rate of helium (0.1 cm®min™"), inlet (0.1 kPa) and outlet
(0.07 kPa) pressures, and oven temperature (0.1 K).

The nonvolatile liquid solvents evaluated in this work are
thermotropic, that is, compounds that form a mesophase upon
heating the solid state or upon cooling the isotropic liquid, and
the y73 temperature dependence is presented in Figures S2 and
S3 of the Supporting Information. When the stationary phase
is in the same aggregation state, a linear behavior in the natural
logarithm of y{5 with the reciprocal temperature is observed.
Generally, for alcohols and water, y73 decreases with increasing
temperature, while the opposite is observed for most of the
other solutes. Even considering the low basicity of anion
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water, are in part attributed to hydrogen bonding. The
intensity of these interactions diminishes with the temperature
increase, which should result in higher activity coeflicients. The
decrease of the activity coeflicients observed for alcohols, and
water, with the temperature, also observed by other researchers
with the same type of IL,* suggests significant and favorable
entropic effects.

When measuring the molecular diffusion coeflicients of four
solutes in a 60 K temperature interval, Gritti et al.”® observed a
transition domain separating two different temperature
dependences of that property in the nematic and isotropic
phases, which was attributed to the structural changes in the
studied liquid crystalline polymers.”® Observing Figures S2 and
S3, while for [C),mim][BF,], the temperature range is very
narrow for any substantial conclusion, a much more visible
trend shift between 388.15 and 393.15 K, corresponding to the
temperature of clarification, is observed for [C;,mim][BF,].
The agreement between the transition temperatures measured
by calorimetry and the mentioned trend shift demonstrates
that the absorption of the solute (at infinite dilution) does not
eliminate the differences in the IL behavior concerning the
stationary phase. Several authors””'"**™° observed slope
changes while measuring the activity coeflicients of infinitely
dilute solutions or diffusion coefficients of organic solvents in
liquid crystals and attributed them to the existence of different
phases. However, as discussed in the next section, the changes
in the derived excess properties are, in this work, more evident
for some particular chemical families.

In general, the measured yj3 were greater than unity,
indicating that the ILs are unfavorable solvents for the solutes
investigated. Less polar solutes, alkanes, present the poorest
interactions (higher infinite dilution activity coefficients) with
the ILs studied, as previously reported for other ILs."> It has
been demonstrated that the cation plays a major role in the
solvation process,31 and the fact that the aliphatic solutes show
smaller retention times indicates their weak interaction with
the alkyl tail of the cation. On the other hand, polar aprotic
solutes, such as acetone, tetrahydrofuran (THF), 1,4-dioxane,
and more evidently thiophene, pyridine, and acetonitrile,
present the lowest yy3 values, indicating much better
interactions with the cation, and are connected to the
imidazolium ring in the cation as the increase in the alkyl
chain, from C;;mim to C;;mim, weakens, in most cases, the
solute/IL interactions. Despite their polar nature, alcohols and
water do not present favorable interactions with the ILs
investigated, unless in [C ,mim][BF,] at higher temperatures
like already discussed above.

3.3. Thermodynamics of Interaction. In order to
explore the collected experimental information, the thermody-
namic functions at infinite dilution, namely the partial excess
molar Gibbs energy, enthalpy, and entropy, were estimated
from the y7; temperature dependency and are listed in Table
S1 of the Supporting Information. It is important to highlight
that for each IL, two temperatures were chosen in order to
compare the two regions: liquid crystal and isotropic liquid
(313.15 and 328.15 K for [C,,mim][BF,] and 358.15 and
403.15 K for [C,;mim][BF,]).

A general overview of Table SI and Figures S2 and S3
provides important information about the interactions between
the solutes and the ILs. The changes at the smectic—isotropic
transition temperatures indicate that the solutes are solvated in
different ways in the two regions; changes in the slope are
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related to the enthalpic term, while changes in the intercept are
related to the entropic term. In particular, for [C,,mim][BF,],
changing from a smectic to an isotropic phase, there is an
increase in the excess partial enthalpy and entropy at infinite
dilution for alkanes, aromatics, water, and primary alcohols,
while for esters and secondary or tertiary alcohols, both
properties decrease, underlining significant differences in
solvation. Moreover, it must be highlighted here that for
both ILs, H-® for alcohols (water, acetone, and acetonitrile) is
always positive, indicating endothermic interactions, while for
other families of compounds, an exothermic behavior can be
generally observed. Regarding the partial molar excess entropy
values, Table S1 shows always positive values for alcohols,
water, acetone, acetonitrile, and pyridine, and mostly negative
for the remaining solutes. Thus, both scenarios indicate that
the interaction of the solutes with the ILs investigated may be
thermodynamically favored depending on the temperature.
The partial excess molar Gibbs energy presents positive values
for almost all solutes. The few exceptions are THF, dioxane,
benzene, and more markedly acetone, acetonitrile, pyridine,
and thiophene, indicating stronger interactions with oxygen,
nitrogen, or sulfur atoms with the ILs combined with a
structural cyclic effect. In the literature, for liquid crystals, it
was reported that the ordered mesophases are stabilized by the
enthalpic part, while the orientational entropy favors the
isotropic state,”” but in terms of the interactions with the
solutes, excepting alcohols and water, where the enthalpic and
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entropic contributions are very similar, for all other solutes the
entropic term is dominant.

Figures 1 and 2 relate the activity coefficients at infinite
dilution with the partial molar excess properties at two
temperatures for each IL. Four different areas can be
distinguished. In area (I), GE™ is negative, and H.®and
SE®are both positive, indicating a dominant entropic effect.
Interestingly, as can be easily seen in Figure 2, for
[Cyymim][BF,], a significant number of solutes (alcohols
and water) move from region II to region I, when changing
from the smectic to the isotropic phase. In area (II), positive
deviations from ideality are also observed while still
maintaining as positive both S:® and HL®, suggesting a
dominant enthalpic effect, even if similar absolute values of the
enthalpic and entropic contributions are observed. Considering
the alkanes and aromatics (except benzene), there are positive
deviations from ideality, which are generally governed by an
unfavorable entropic interaction, as Sy,* is always negative,
corresponding often to area (IV). Finally, the polar aprotic
solutes present a more complex distribution. As already
mentioned, the interactions of these solutes with the ILs are
always favorable, but while THF and thiophene fall in area
(II1), where both S&* and HE™ are negative and so there is a
dominant enthalpic effect, acetone and acetonitrile fall in area
(1), and pyridine and 1,4-dioxane present undefined patterns
between both ILs.
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3.4. Effect of the Cation Alkyl Chain Length. Studies on
activity coefficients at infinite dilution have been reported for
ILs with the same anion and 1-alkyl-3-methylimidazolium-
based cations. Data of some standard organic solutes were
compiled and are presented in Figure 3 (listed in Table S2) at
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Figure 3. Effect of the cation alkyl chain on the activity coefficients at
infinite dilution for some selected solvents at 323.15 K (references are
available in Table S2).

323.15 K. This temperature was chosen since it is the most
common for the data available in the literature. At this
temperature, [C;,mim][BF,] is in the liquid state and
[C4mim][BF,] in the liquid crystal phase.

Figure 3 shows that, in general, the increasing of the alkyl
chain length on the cation decreases the y{3 for octane,
cyclohexane, and benzene, highlighting the importance of the
cation interactions with these solutes. This effect is more
pronounced for octane, the less polar solute, confirming the
foreseen dispersive interactions with the nonpolar solvent. Due
to the polar character of methanol, the effect is the opposite;
the increase of the alkyl chain length on the cation leads to a
slight increase of 3.

3.5. Gas—Liquid Partition Coefficients. Gas—liquid
partition coefficients, K;, are related to the distribution of
individual compounds between different organic phases and

water or air, which makes them very attractive in chemical
engineering and environmental modeling areas. Moreover, the
solubility of selected substances can be predicted from them.
Here, K, values were calculated through eq 7 using
experimental values of retention times and IL densities.

Densities of the pure [C;,mim][BF,] were reported by us
before."? For [C,,mim][BE,], the densities were estimated in
the temperature range (318.14—363.14) K using the
experimental data of Montalban et al,”” assuming that the
volumes of the IL ions behave as an “ideal” mixture allowing
the determination of their molar volume, and consequently the
density, according to the approach proposed initially by Rebelo
et al.”* To the best of our knowledge, no density data are
available for comparison in the open literature. From the
results displayed in Table S3, it may be observed that by
adding two methylene groups (—CH,—) to the cation alkyl
chain, the density decreases as CH, is less dense than the
imidazolium ring. Using the same approach, the average
relative deviation obtained for [C;,mim][BF,] (compared to
the experimental data measured in this work) was 0.21%.

Results of K are listed in Table S4 of the Supporting
Information, and comparison for liquid crystal and liquid
regions is presented in Figure 4. For most of the solutes, K
increases with the number of carbon atoms in the solute and
decreases with increasing temperature. A higher K reflects a
greater difficulty in the transition between the gas and the
liquid. Concerning the solvents investigated here, the highest
value is observed for decane (3101.83 at T = 308.15 K and
671.02 at T = 343.15 K for [C;,mim][BF,] and [C;,mim]-
[BF,], respectively), whereas the lowest is observed for diethyl
ether, indicating the possibility of its separation from a mixture
of other organic compounds.

3.6. Selectivities and Capacities. A proper solvent
should possess both a high selectivity (Si°) and a high capacity
(k) for the components to be separated. In this work, these
parameters were calculated through the equations presented in
Section 2.3 and used to evaluate the ILs’ performance as
entrainers for the separations of octane/benzene and cyclo-
hexane/benzene. The results obtained are displayed in Table 4,
along with other ILs from the literature presenting the same
anion in imidazolium-based ILs as well as those investigated by
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Figure 4. Experimental gas—liquid partition coefficients, Ky, for organic solutes and water in the ILs studied. (), [C;,mim][BF,] at 313.15 K; O,
[C,,mim][BF,] at 328.15 K; (b) <, [C,;mim][BF,] at 358.15 K; A, [C,,mim][BF,] at 403.15 K. The dotted line represents the number of
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Table 4. Selectivities (S;°) and Capacities (k;°) at Infinite Dilution for Different Separation Problems at 323.15 K

ILs S®octane/benzene S$%cyclohexane/benzene Kionsene references
[C,mim][BE,] a 90.37 2470 0.48 35
4 18.73 0.41 27
[C,mim][BE,] a 63.67 16.47 0.67 36
“ 71.04 16 0.56 37
b 151.97 19.34 0.46 38
[C¢mim][BE,] “ 8.67 0.57 27
¢ 33.68 10.84 1.0S 39
[Commim][BF,] a 4133 12.65 0.65 40
[Cymim][BE,] a 6.18 0.78 27
¢ 18.33 6.50 1.67 36
b 19.60 6.06 0.86 41
[Cgmmim][BE,] a 15.71 6.02 048 42
[Ci,mim][BF,] “ 6.42 3.51 1.0§ this work
[C,4mim][BF,] € 4.42 2.82 1.20 this work
[C,emim][BE,] @ 345 2.14 1.28 43
[C,mim]Cl € 100.52 15.95 0.24 15
[C,mim][CH,SO;] ¢ 7145 13.93 0.38 15
[C,mim][OAc] ¢ 36.56 8.62 0.39 17
[C4mim][(CH;),P0O,] ¢ 26.92 6.68 0.51 15
Other Solvents
sulfolane ‘ 37.42 0.43 44
NMP ¢ 6.51 0.95 45

“Experimental value. hInterpolated value. “Extrapolated value.

us before."” The common used industrial solvents N-methyl-2-
pyrrolidinone (NMP) and sulfolane are also presented for
comparison.

Considering only the tetrafluoroborate-based ILs, Table 4
shows that high selectivities are obtained using cations with
short alkyl chain lengths, while high capacities are achieved
with large alkyl chain lengths. In both separation problems,
despite the low capacity values, the IL [C,mim][BF,] is the
most adequate. Moreover, the separation problem octane/
benzene is easier to carry out, presenting higher selectivities
than cyclohexane/benzene. Both findings are in agreement
with our past ﬁndings,15 where the IL [C,mim]Cl was selected
as the most appropriate solvent for the separation of octane/
benzene. NMP and sulfolane, the common solvents used in
industries, present lower values of selectivities than most of the
ILs studied here.

4. CONCLUSIONS

Activity coefficients at infinite dilution for a variety of solutes
in the ILs [C;,mim][BF,] and [C,,mim][BF,] were measured
using the GLC technique at different temperatures. Polar
aprotic solvents show higher affinity to the ILs studied, while
for polar protic solvents such as alcohols and water, the
interaction is only favorable at a higher temperature. Alkane
and alkylbenzene solvation in the ILs, occurring in the apolar
moieties of the cation, presents positive deviations from
ideality that diminishes on increasing the alkyl chain length.
Concerning the two aggregation states (smectic or isotropic
liquid) of both ILs, a discontinuity in the representation of the
natural logarithm of 73 with the reciprocal temperature is
observed, particularly for [C,,mim][BF,]. In such cases, there
is an increase in the excess partial enthalpy and entropy at
infinite dilution for alkanes, aromatics, water, and primary
alcohols, while for esters and secondary or tertiary alcohols,
both properties decrease, underlining the differences in the
solvation when changing from the smectic to the isotropic
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liquid. Regarding the separation problems evaluated, to achieve
the maximum separation efficiency, imidazolium cations with
shorter alkyl chain lengths such as [C,mim][BF,] should be
used, whereas higher capacities require larger alkyl chain
lengths.
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