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Abstract: The potentialities of methylimidazolium-based ionic liquids (ILs) as solvents were evalu-
ated for some relevant separation problems—terpene fractionation and fuel processing—studying
selectivities, capacities, and solvent performance indices. The activity coefficients at infinite dilution
of the solute (1) in the IL (3), γ∞

13, of 52 organic solutes were measured by inverse gas chromatogra-
phy over a temperature range of 333.2–453.2 K. The selected ILs are 1-butyl-3-methylimidazolium
hexafluorophosphate, [C4mim][PF6], and the equimolar mixture of [C4mim][PF6] and
1-butyl-3-methylimidazolium chloride, [C4mim]Cl. Generally, low polar solutes follow
γ∞

1,[C4mim]Cl > γ∞
1,[C4mim][PF6]+[C4mim]Cl > γ∞

1,[C4mim][PF6]
while the opposite behavior is observed for

alcohols and water. For citrus essential oil deterpenation, the results suggest that cations with long
alkyl chains, such as [C12mim]+, promote capacity, while selectivity depends on the solute polar-
ity. Promising results were obtained for the separation of several model mixtures relevant to fuel
industries using the equimolar mixture of [C4mim][PF6] and [C4mim]Cl. This work demonstrates
the importance of tailoring the polarity of the solvents, suggesting the use of ILs with mixed anions
as alternative solvents for the removal of aliphatic hydrocarbons and contaminants from fuels.

Keywords: ionic liquids; terpenes; fuel processing; deterpenation; inverse gas chromatography

1. Introduction

Nowadays, many organic solvents commonly used in industrial separation processes
are not compliant with the green chemistry principles [1] because of their substantial
volatility, flammability, and toxicity [2]. For a solvent to be considered a ‘green solvent’,
it should be stable (chemically and physically), easy to manage, recyclable, and have low
volatility [3].

In the last decades, ionic liquids (ILs) have been proposed as green alternatives
to traditional organic solvents due to their negligible volatilities associated with high
thermal stabilities, which are properties that bring several advantages at an industrial
scale. On a practical level, ILs are easier to store and generally safer due to their lower
flammability [3,4].

Despite the many advantages of ILs over commonly used organic solvents, several
studies have demonstrated their significant level of ecotoxicity [5]. Therefore, general-
izations in terms of their green advantages should be avoided and each IL analyzed on
a case-by-case basis [6]. Another disadvantage commonly referred to as a limitation in
applying ILs to large-scale processes is their high cost of production; although, recent
studies have introduced more cost-effective options [7,8]. ILs are salts, usually composed
of organic cations and organic or inorganic anions, that can be tailored to have certain
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properties and are therefore known as designer solvents [9–12]. In general, the anionic
structure has a greater influence on the ILs’ physical and chemical properties [10,13,14].

Due to their excellent solvation capabilities [11,15], ILs have been widely investigated as
separation agents in several extraction processes such as fuel processing [11,12,16–20], separa-
tion of aromatic from aliphatic hydrocarbons [11,12,16,21–24], and terpenes
fractionation [11,25]. Regarding fuel processing, one of the main constraints faced by
industries is related to the removal of impurities present in fuel oils [18,26]. The research
groups of Domańska [21,27], Mutelet [28,29], and Pinho [12,16] have been investigating ILs
as alternatives to volatile organic compounds for the removal of aromatics from aliphatic
hydrocarbons, as well as for the extraction of sulfur and nitrogen compounds from fuels.
Vilas-Boas et al. [12], for example, evaluated the potential of [C8mim]Cl, [C12mim]Cl, and
equimolar mixtures of [C4mim]Cl and [C12mim]Cl in the removal of aromatic hydrocar-
bons from aliphatics, the desulfurization and denitrification of fuels, and the separation of
azeotropic mixtures containing alkanols, showing that cations with larger alkyl chains have
more affinity with organic solutes. Likewise, eutectic mixtures have also been explored to
separate common constituents of fuel mixtures [11,30,31], being promising options to be
used as liquid media in different separation processes.

In the deterpenation context, the removal of terpenes hydrocarbons from essential
oil (EO) rich in oxygenated terpenes (terpenoids) improves the quality and stability of
the final product, which are important characteristics for the cosmetic, pharmaceutical,
and food industries [32–34]. Martins et al. [25], and Vilas-Boas et al. [11] already studied
imidazolium and phosphonium based ILs as entrainers for terpene fractionation, reporting
that polar anions favor the separation of most mixtures containing terpenes.

This work is the continuation of our recent series [11,12,16,25,35] in which we aim
to understand solute-IL interactions and to give tools for the appropriate choice of a sol-
vent for a given separation problem. The activity coefficients at infinite dilution, γ∞

13,
of 52 solutes (water, alkanes, cycloalkanes, ketones, ethers, cyclic ethers, aromatic hy-
drocarbons, esters, alcohols, terpenes, and terpenoids) in 1-butyl-3-methylimidazolium
hexafluorophosphate, [C4mim][PF6], and in the equimolar mixture of [C4mim][PF6] and
1-butyl-3-methylimidazolium chloride, [C4mim]Cl, were measured by inverse gas chro-
matography technique over the temperature range of 333.2–453.2 K. Similar information
was already reported in the literature [16,25] for [C4mim]Cl. From the γ∞

13 experimental
values, some thermodynamic parameters such as gas-liquid partition coefficients, excess
partial molar properties, selectivities, capacities, and solvent performance indices were
calculated and discussed in order to evaluate the ILs’ performances in important separation
processes. By selecting two ILs with a common cation, but different anions, the effect
of changing the concentration of the anions was evaluated and the designer character of
ILs explored.

2. Results
2.1. Activity Coefficients at Infinite Dilution

The activity coefficients at infinite dilution translate the solute (1)—solvent (3) affinities:
γ∞

13 > 1, the solute–solute interactions are stronger than the solute–solvent ones; γ∞
13 = 1,

similar solute–solute and solute–solvent interactions; γ∞
13 < 1, the solute–solvent interactions

are higher than the interaction between solute molecules. In this work, stationary phases of
[C4mim][PF6], equimolar [C4mim][PF6]/[C4mim]Cl mixture, and [C4mim]Cl [16,25] were
selected in order to explore the anion effect in the γ∞

13 and derived properties. The γ∞
13 of

52 solutes were measured by inverse-gas chromatography in the global temperature range
of 333.2–453.2 K; those are listed in Table S3 and represented in Figure S1 of Section S3 of
the Supplementary Materials. The lower temperature was chosen considering the pure IL’s
melting point, and for each solute, at least three different temperatures were investigated.

To our best knowledge, experimental γ∞
13 data in the equimolar mixture are reported

here for the first time, as well as the values of terpenes and terpenoids in [C4mim][PF6].
Common organic solutes were studied before in [C4mim][PF6] by several authors [28,36,37],



Molecules 2023, 28, 2456 3 of 14

and a comparison is available in Figure S2 for some solutes. Similar trends are found for
most solutes, even though most literature data were measured in a lower temperature
range. Overall, this comparison gives excellent indications about the consistency of our
method and the data measured in this work.

Figure 1 shows the experimental γ∞
13, measured at 353.2 K and 413.2 K. The highest

temperature was selected for the less-volatile terpenoids (bottom panel). Due to the long
retention times of the phenolic terpenoids (eugenol, carvacrol, and thymol) and the TCD
detector sensitivity limit, these solutes were not analyzed in the equimolar mixture.

Figure 1. Activity coefficients at infinite dilution of several solutes in: (�), [C4mim][PF6]/[C4mim]Cl
equimolar mixture; (N), [C4mim][PF6]; (#), [C4mim]Cl (from literature) [16,25]. Top panel, (A):
traditional organic solutes, water, and some terpenes/terpenoids at 353.2 K. Bottom panel, (B): less
volatile terpenoids at 413.2 K. Symbols with different colors represent different chemical families
while the solid line indicates the number of carbons (N) present in each solute. On the bottom panel,
all solutes have 10 carbon atoms.

From a global analysis of Figure 1A, the γ∞
13 values for most solutes follow the sol-

vent polarity, i.e., are higher in [C4mim]Cl (more polar) and in the equimolar mixture
than in [C4mim][PF6] (less polar). Due to their strong polar character, alcohols and water
are capable of hydrogen bonding, so their interactions are stronger with the more-polar
chloride anion than with [PF6]−, which has a more shielded negative charge. This leads
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to an inverse trend, with γ∞
13 being lower than one (high solvent–solute affinity) for most

alcohols and water in pure [C4mim]Cl or the equimolar mixture. By comparing the re-
sults of the equimolar mixture with those of pure [C4mim]Cl and [C4mim][PF6], it is
possible to notice that, apart from alkanes, cycloalkanes, and diethyl ether, the equimolar
mixture assumes intermedium values between the pure ILs. Yet, particularly for alco-
hols and water, the values for the equimolar mixture are closer to pure [C4mim]Cl than
pure [C4mim][PF6], suggesting that the chloride anion has a greater influence on the γ∞

13.
For alkanes: γ∞

13, equimolar mixture ∼ γ∞
13, [C4mim]Cl > γ∞

13, [C4mim][PF6]
, and for cycloalkanes:

γ∞
13, equimolar mixture > γ∞

13, [C4mim]Cl > γ∞
13, [C4mim][PF6]

. Due to their high volatility, however,
this ordering presents a greater uncertainty. Comparing these results with the hydrocarbon
terpenes, it seems that for the non-polar compounds the γ∞

13 values in the equimolar mixture
are closer to pure [C4mim][PF6] than to [C4mim]Cl. Regarding the influence of the solute
chain size, normally, for a given family, the γ∞

13 increase with the number of carbons in the
chemical structure, reflecting the corresponding decrease in polarity. Activity coefficients at
infinite dilution lower than unity were obtained for very polar solutes in polar ILs, such as
alcohols, water, pyridine, and acetonitrile in [C4mim]Cl, indicating strong solute–solvent
interactions. In particular, the γ∞

13 values for acetonitrile are lower than unity in all studied
ILs, suggesting the high potential of these solvents to extract this probe from non-polar
aliphatic hydrocarbons. Similarly, pyridine and thiophene also present low γ∞

13 values.
As these compounds act as impurities in hydrocarbon mixtures, these results suggest
high potential of the investigated ILs for the removal of nitrogen and sulfur-containing
compounds from alkanes, as will be discussed later in this work.

Regarding terpenes and terpenoids (Figure 1), all have a ten-carbon-atoms alkyl chain,
so their apolar character results in γ∞

13 > 1. Nevertheless, some similar trends can be
observed. The hydrocarbons α- and β-pinene show the weakest solute–IL affinity, namely
in [C4mim]Cl which interacts better with polar solutes such as alcohol terpenoids. For
the latter, the experimental results in [C4mim][PF6] are close to the literature data on
[C4mim]Cl, apart from borneol and the outlier linalool. As mentioned by Martins et al. [25],
linalool is the only tertiary alcohol among the studied terpenoids having a weaker H-bond
acceptor character, resulting in higher γ∞

13, and consequently, lower solute–IL affinities.
The temperature dependence of the ln(γ∞

13.) as a function of 1⁄T is presented in
Figure S1. A linear decrease—acetonitrile, pyridine, thiophene, acetone, 2-butanone, 1,4-
dioxane, fenchone, eugenol, carvacrol and thymol—or increase—alkanes, cycloalkanes,
diethyl ether, hydrocarbon terpenes, eucalyptol, and menthol—was observed for these
systems in all the studied ILs. For other organic solutes, different trends were observed
for the same solute in the different ILs, which is related to the corresponding affinities.
Polar solutes as alcohols, water, and some alcohol terpenoids have a linear increase in polar
solvents and a decrease in [C4mim][PF6]. Additionally, for ethyl acetate, THF, camphor,
and menthone in [C4mim]Cl, the dependence with temperature is very small, meaning that
the partial molar enthalpies are close to zero. This subject is investigated ahead.

2.2. Influence of the Anion Polarity

To further evaluate the effect of the anion polarity in the solute–solvent interactions,
the activity coefficients at infinite dilution of diverse solutes in an extended group of
ILs, composed of different anions and a common cation (1-butyl-3-methylimidazolium),
were compared (Figure 2). Additionally, the ILs’ solvatochromic parameters (Table S4),
hydrogen bond acidity (α), hydrogen bond basicity (β), and dipolarity/polarizability (π*)
were introduced as a measure of polarity [38–40].
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Figure 2. Activity coefficients at infinite dilution, γ∞
13, of: •, decane; �, toluene; N, acetonitrile; �,

acetone;
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To infer about the ILs’ hydrogen bond donor and acceptor abilities, acetone (hydrogen
bond acceptor, HBA) and ethanol (hydrogen bond donor, HBD) probes were chosen.
For the investigation of σ-electron and π-electron dispersion forces, decane and toluene,
respectively, were selected. Finally, to explore the ability of the ILs to solvate dipole
molecules, the ion + dipole interactions were studied using acetonitrile.

As can be seen in Figure 2, in general, the γ∞
13 for the HBD solute (ethanol) decrease

(higher solute–solvent affinity) with the increase of the IL polarity, in particular with the
increase HBA ability of each anion measured by the Kamlet–Taft β parameter [44]. For
acetone, the γ∞

13 decrease in the order Cl− > [OAc]− ≈ [(CH3)2PO4]− > [DCA]− > [PF6]−

≈ [TCM]. Globally, it matches the trend where higher α corresponds to lower γ∞
13 values

(higher the solute–IL affinity) [43–46]. Unlike the β parameter, α depends mainly on the
cation’s nature [43–46], and that justifies the less-pronounced deviations between α and
γ∞

13. when compared to β. Nonetheless, Figure 2 indicates that the anion also plays a
significant role in the α values [44,45]. On the other hand, the anion polarity does not seem
to influence the γ∞

13 of acetonitrile, which takes on similar values in all the studied ILs and
is correlated to the π* values of the ILs. Concerning the σ and π-electron dispersion forces
(decane and toluene), the highest and lowest γ∞

13 values are observed in [C4mim]Cl and
[C4mim][BETI], respectively. The full trend is similar between both solutes and also to the
trend observed for the π* values.

2.3. Gas–Liquid Partition Coefficients

The gas–liquid partition coefficients, KL, of the solutes were calculated using Equation
(S9) considering the solvent densities in Tables S5 and S6, and they are presented in Table
S7 and Figure S3 of Section S3 of the SI. This thermodynamic parameter gives information
about the distribution of a solute between the IL and the gas phase, providing insights into
the suitability of a certain IL to act as a separation agent in a given industrial separation
process [25].

As can be seen in Figure S3A, the number of carbons in the solute influenced KL,
namely for alkanes, cycloalkanes, aromatic hydrocarbons, acetates, ethers, ketones, and
alcohols; where KL increases with the increase of the solute alkyl-chain. However, in
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the case of alcohols, the position of the hydroxyl group has great influence on the KL.
values. Primary alcohols such as 1-propanol and 1-butanol showed the highest values,
followed by secondary alcohols (2-propanol, 2-butanol, and isobutanol). The tertiary
alcohol studied (tert-butanol) showed the lowest KL values. Particularly for cyclic ethers,
a higher number of oxygen atoms contributes to enhance the solute concentration in the
liquid phase. For the nitrogen compounds (acetonitrile and pyridine), the values were
similar in both ILs, being the highest in [C4mim][PF6] among all solutes. Overall, as the
temperature increased, the KL decreased, as the solute concentration in the liquid phase
is lower (Table S7). The KL values reported by Martins et al. [16] for alcohols are higher
than those showed in [C4mim][PF6] due to the chloride anion capacity to form hydrogen
bonds with these solutes. As expected, the opposite trend is observed for the nonpolar
solutes. Considering the group of hydrocarbon terpenes, p-cymene had the highest KL.
value (314.04 in [C4mim][PF6]) and α-pinene had the lowest, closely followed by β-pinene.
The slight difference can be explained by the change in the double-bond position in their
structure, resulting in a stronger interaction between ILs and β-pinene. As expected, the
less-volatile terpenes (Figure S3B) presented higher KL values. As in the γ∞

13 findings, the
gas–liquid partition coefficients in [C4mim][PF6] reflect more favorable affinities with the
more nonpolar solutes while [C4mim]Cl presents a higher solute–IL affinity with polar
solutes. Concerning the KL values for the [C4mim][PF6]/[C4mim]Cl equimolar mixture,
intermediate values for almost all the solutes (considering the KL values of the pure ILs)
were observed, and for the polar solutes (alcohols and water), the KL values are closer to
[C4mim]Cl than to [C4mim][PF6], as observed for the γ∞

13.

2.4. Infinite Dilution Thermodynamic Functions

The affinity between the solutes and ILs can be further explored by calculating the
partial molar functions at infinite dilution, namely the Gibbs energy, GE,∞

m , enthalpy, HE,∞
m ,

and entropy, SE,∞
m . These thermodynamic properties were obtained from the γ∞

13 data at
different temperatures, using Equations (S6)–(S8), and are listed in Table S8 and displayed
in Figures S4–S6.

Concerning the results for pure [C4mim]Cl (Figure S4A), all GE,∞
m are positive except

those of the alcohols and water. The enthalpic effects were dominant over the entropic on
the solvation of alkanes, cycloalkanes, alcohols, and water. For the remaining solutes, an
opposite behavior was observed (higher Tre f SE,∞

m . absolute values). In the case of systems
involving [C4mim][PF6] (Figure S4C) in low polar solutes, such as alkanes and cycloalkanes,
HE,∞

m is always positive, indicating that solute–IL interactions increased with temperature.
For aromatic hydrocarbons and acetates, the HE,∞

m values are nearly zero, and the entropic
factor predominates. For the protic solutes (alcohols and water), the excess partial molar
properties are all positive in [C4mim][PF6], which results in a distribution in region (II),
i.e., no affinity between ILs and those solutes that may lead to phase separation. The
results of the equimolar [C4mim][PF6]/[C4mim]Cl mixture show different trends (Figure
S4B). For almost all of the polar solutes studied, HE,∞

m and GE,∞
m are negative or close to

zero, indicating their affinity with the IL mixture. Additionally, for the nonpolar solutes,
the enthalpic effect dominates over the entropic. The positive values of GE,∞

m . and the
negative values of Tre f SE,∞

m in low/medium apolar probes also indicate that their solvation
in the investigated ILs is highly unfavorable. Concerning the aromatic hydrocarbons, the
behavior was close to [C4mim][PF6].

For terpenes and terpenoids (Figures S5 and S6), γ∞
13 are always positive; therefore,

the thermodynamic energies fall in regions (II) and (III) where entropic contributions are
usually dominant. Considering the nonpolar hydrocarbons terpenes, the GE,∞

m and HE,∞
m

are positive while the Tre f SE,∞
m are negative in all the IL systems, which indicates that their

solvation in these ILs is highly unfavorable. The increase of the entropic contribution when
replacing the IL anion [PF6]− for the polar chloride is clear for polar terpenoids.
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2.5. Separation Factors

To assess the potentialities of the ILs as separation agents of important separation
problems, the selectivities (S∞

ij ), capacities (k∞
j ), and solvent performance indices (Q∞

ij )
were calculated using the γ∞

13 data, using Equations (S10)–(S12), respectively. The results
for pairs of terpenes or phenolic terpenoids representative of essential oils are presented
in Tables S9 and S10, respectively. Table S11 reports the results for common separations
important in fuel processing. Data for other ILs available in the literature are also included.

For a solvent to be considered suitable for a given separation, it should present
both high selectivity and capacity and, therefore, a high performance index. Low S∞

ij
and k∞

j mean poor separation efficiencies and poor solute–IL affinities, respectively, thus
demanding large amounts of solvent [47,48].

2.5.1. Terpenes Fractionation

Hydrocarbon terpenes are known to act as impurities in some essential oils due to
their low solubility in aqueous and alcoholic solutions, and due to the fact that these
nonpolar fractions are more prone to oxidation processes. They can produce off-flavors
that ultimately deteriorate the quality of the marketed EOs [49–51]. Thus, their removal
(deterpenation) aims to separate the hydrocarbons from the oxygenated compounds, which
are highly odoriferous and flavored [33]. In this scenario, the fractionation of the pair
limonene/linalool, found in citrus EO [52,53], has been deeply investigated in the literature
using ILs [11,12,16,18,25,34,35,54,55], due to the importance of this particular oil. Figure 3
shows that the highest capacity of linalool is observed in [C12mim]Cl, favored by the
increase in the cation alkyl chain length. The pair limonene/carvone is representative of
spearmint and caraway EOs, reaching up to 90% of the oil [56–61]. As shown in Figure 3,
the best results for their separation were obtained with [C4mim][PF6].

Figure 3. Comparison between the solvent performance indices, Q∞
ij , (light colored bars) and ca-

pacities, k∞
j , (dark colored bars) at infinite dilution for the separation of limonene/linalool (a) and

limonene/carvone (b) at 403.2 K in [C4mim][PF6], equimolar [C4mim][PF6]/[C4mim]Cl mixture,
[C4mim][OAc] [11], [C8mim]Cl [47], and [C12mim]Cl [47].

Oregano EO is mainly composed of carvacrol and/or thymol (depending on the
plant origin) [62,63], being responsible for the oil’s antioxidant effects [64–66]. In this
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case, it is important to perform the separation of these major constituents from other
hydrocarbon terpenes to increase the oregano EO value. Table S10 shows an overview of the
separation factors of selected mixtures involving phenolic terpenoids in [C4mim][PF6] and
[C4mim][CF3SO3] for which the experimental data are also available in the literature [25].
Overall, Q∞

ij are low, namely because of the low capacities observed. Comparing the
experimental results of [C4mim][PF6] with the data reported by Martins et al. [25], higher
Q∞

ij values were observed for [C4mim][CF3SO3] for all the phenolic terpenoid/hydrocarbon
terpene separation problems investigated. This is an interesting point, showing cases where,
maintaining the same cation ([C4mim]+), the combination of two ILs with anions presenting
very different polarities cannot approach the performance using an intermediate polar
anion [67] only. Globally, for all the other terpene separations usually discussed in our
works [11,12,16,25,35,47], the combination of [C4mim][PF6] and [C4mim][Cl] does not give
better results than those already published.

2.5.2. Fuel Processing

In fuel processing technologies, solvents are of the utmost importance in different
stages of the process. Thus, engineers are constantly looking for more efficient and environ-
mentally friendly processes [68,69]. The separation of aromatic compounds from C4–C10
aliphatic hydrocarbons and the removal of nitrogen/sulphur compounds from fossil fuels
is crucial to improving the final product quality and decreasing the ecological damage to
the environment and human health.

Removal of aromatic impurities from fuels: The removal of aromatics from aliphatic
compounds is one of the most challenging issues in refinery processes, since these com-
pounds have close boiling points and several combinations form azeotropes [23,70]. The
separations are typically performed by employing conventional processes, such as liquid–
liquid extraction and extractive or azeotropic distillation using polar solvents, such as
sulfolane, N-formyl morpholine (NFM), and N-methyl pyrrolidone (NMP) [23,47]. How-
ever, these organic solvents have severe drawbacks such as high volatilities, which im-
plies extractant loss, high regeneration costs, and higher toxicity for humans and the
environment [23,71]. ILs are interesting alternatives, mainly because of the low vapor
pressure that allows an easy solvent recovery by flash stripping or distillation [10]. Thus,
this extraction using ILs is expected to require fewer steps and energy consumption than
conventional organic solvents. Inhere, two pairs of common aromatic/aliphatic separation
processes in the petrochemical industry (octane/benzene and cyclohexane/benzene) are
investigated. Results for the separation factors are presented in Figure 4 and listed in
Table S11, along with data from the literature [11,16,17,21,27,41,42,72,73].

As shown in Figure 4, the highest solvent performance index is observed for the
separation of octane and benzene using pure [C4mim][PF6] (Q∞

octane/benzene = 55.02), fol-
lowed by its equimolar mixture with [C4mim]Cl. The k∞

j value is slightly higher in
[C4mim][PF6] than in the equimolar mixture, however, both are lower than the value
reported with [C4mim][BETI] [41]. Analyzing the results for the cyclohexane/benzene
pair, separation factors are, in general, low, with the equimolar mixture showing the high-
est solvent performance index value (16.17) among all the methylimidazolium-based ILs
previously studied [11,16,17,21,27,41,42,72,73]. Making an overview of the results for all
methylimidazolium-based ILs present in Table S11 and considering the previous informa-
tion about the Kamlet–Taft β parameter [43,44] for the different anions, it seems that more
polar anions tend to present lower solvent performance indexes (due to the low capacities)
for the aromatic/aliphatic separation problems.
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Figure 4. Comparison between the solvent performance index, Q∞
ij , (light colored bars) and ca-

pacities, k∞
j , (dark colored bars) at infinite dilution for the separation of octane/benzene (purple)

and cyclohexane/benzene (pink) at 333.2 K in [C4mim][PF6], equimolar [C4mim][PF6]/[C4mim]Cl
mixture, [C4mim]Cl [16], [C4mim][DCA] [17], [C4mim][BETI] [41], [C4mim][OAc] [11],
[C4mim][(CH3)2PO4] [16], and [C4mim][TCM] [42].

Desulfurization and denitrification of fuels: Fuels are complex, multicomponent mix-
tures of saturated, unsaturated, and aromatic hydrocarbons, including sulfur and aromatic
nitrogen compounds that contribute to environmental pollution and human respiratory
diseases. Additionally, they are known for inhibiting the hydrodesulfurization process,
which is undesirable in petroleum refining processes [47,74], and can be responsible for
potential equipment corrosion [47]. However, these compounds are difficult to remove
because of their high molecular weight and boiling point.

The use of ILs is promising for desulfurization and denitrification processes once
they have the ability of extracting aromatic sulfur- and nitrogen-containing compounds
at ambient conditions, and they can be tailored to present low affinity with the aliphatic
hydrocarbons present in the fuels [11,19]. The extractive desulfurization with ILs was
proved to have more potential than the traditional hydrodesulfurization technology in the
removal of thiophenic sulfur compounds [75].

This research focuses on the evaluation of methylimidazolium-based ILs for the sepa-
ration of octane/pyridine and octane/thiophene (Table S11). As depicted in Figure 5, the
results obtained are very promising with the three solvents inhere evaluated showing Q∞

ij
over 100. For the pair octane/pyridine, the best results were obtained with the equimolar
mixture (Q∞

octane/pyridine = 350), followed by pure [C4mim][PF6]. Regarding capacities, a
very interesting compromise is observed in [C4mim][PF6] where k∞

pyridine = 1.24. For the sep-
aration of the octane/thiophene mixture, similar capacities are observed in [C4mim][PF6],
[C4mim]Cl, and their mixture. However, the latter presents the highest solvent performance
index (177).
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Figure 5. Comparison between the solvent performance index, Q∞
ij , (light colored bars) and ca-

pacities, kj, (dark colored bars) at infinite dilution for the separation of octane/thiophene (blue)
and octane/pyridine (orange) at 333.2 K in [C4mim][PF6], equimolar [C4mim][PF6]/[C4mim]Cl
mixture, [C4mim]Cl [16], [C4mim][DCA] [17], [C4mim][BETI] [41], [C4mim][OAc] [11],
[C4mim][(CH3)2PO4] [16], and [C4mim][TCM] [42].

In desulfurization and denitrification processes, as well as for the separations of
aromatic hydrocarbons from the aliphatic ones, the results show that a combination of the
anions chloride and hexafluorophosphate results in higher selectivities and intermediate
capacities when compared with the pure ILs. Additionally, the results herein obtained
for the equimolar mixture stand out when compared with the eutectic mixture of choline
and glycerol [31] (Table S12). Compared to the other ILs displayed in Table S11, the
solvents studied here are promising, showing their potential to carry out the removal of
contaminants from fuels and the removal of aromatic from aliphatic hydrocarbons.

3. Materials and Methods

The experimental procedure—including the column packing and the chromatographic
methodology—for the measurement of the activity coefficient at infinite dilution is detailed
in our previous works [11,16,25] and summarized in Section S1 of the SI. Details of the
investigated ILs are presented in Table S1. The chemical structure, supplier, boiling temper-
ature, and purity of the organic solutes are shown in Table S2. Solute stereochemistry is
omitted in the manuscript. To reduce water and volatile impurities, ILs were dried before
use (vacuum = 0.1 Pa, continuous stirring, room temperature, >48 h). The thermodynamic
background for the calculation of the activity coefficients at infinite dilution, molar ex-
cess thermodynamic functions, and separation factors (selectivity, capacity, and solvent
performance indices) are displayed in Section S2 of the SI.

4. Conclusions

This work studies methylimidazolium-based ILs as alternative solvents for some im-
portant industrial processes, such as terpene fractionation and fuel processing. In general,
the capacities of the nonpolar and polar aprotic solutes are higher in the more apolar
[C4mim][PF6] and the lowest in [C4mim]Cl, with intermediate values for the equimolar IL
mixture. For alcohols and water, the opposite trend was observed. The results obtained
show the studied ILs are among the solvents having the best performance indices com-
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pared to other methylimidazolium-based ILs for the separation of several model mixtures
(octane/benzene, cyclohexane/benzene, octane/thiophene, and octane/pyridine). More
particularly, the results suggest that the equimolar mixture ([C4mim][PF6]/[C4mim]Cl)
is a suitable solvent for the desulfurization and denitrification of fuels. The IL mixture
showed the best solvent performance indices among the corresponding organic solvents
and previously investigated ILs. Regarding terpenes, the best affinities were observed with
pure [C4mim][PF6], followed by the equimolar mixture and finally [C4mim]Cl, but none
of these ILs present separation factors that turn separation efficiencies among terpenes
higher. Globally, this study shows the importance and potential of mixing ionic liquids with
different cations and/or anions, tailoring their polarities for specific separation problems
involving common organic solutes and terpenes.

The activity coefficients at infinite dilution and the derived separation properties pro-
vide valuable information for screening potential entrainers for liquid –liquid extraction or
distillation processes. In future works, the application of the most promising solvents in real
mixtures should be considered by studying the phase equilibria at higher IL concentrations,
closer to practical industrial conditions, by experimental and modeling approaches.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28062456/s1, Section S1: Chemicals and experimental
details; Section S2: Thermodynamic background; Section S3: Results and discussion on the activity
coefficients at infinite dilution, gas liquid partition coefficients, limiting partial molar excess properties,
and fractionation factors.
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Dilution Activity Coefficients in the Smectic and Isotropic Phases of Tetrafluoroborate-Based Ionic Liquids. J. Chem. Eng. Data
2021, 66, 2587–2596. [CrossRef]

http://doi.org/10.1016/j.trac.2004.09.005
http://doi.org/10.1016/j.chroma.2007.11.109
http://www.ncbi.nlm.nih.gov/pubmed/18155711
http://doi.org/10.1016/j.molliq.2020.114647
http://doi.org/10.1021/acs.energyfuels.2c01724
http://www.ncbi.nlm.nih.gov/pubmed/36570635
http://doi.org/10.1021/ja046521u
http://www.ncbi.nlm.nih.gov/pubmed/15643883
http://doi.org/10.1016/j.fluid.2009.12.025
http://doi.org/10.1021/acs.chemrev.6b00550
http://doi.org/10.1016/j.jct.2015.07.042
http://doi.org/10.1016/j.fluid.2016.02.004
http://doi.org/10.1016/j.fluid.2009.12.020
http://doi.org/10.1016/j.fluid.2019.112424
http://doi.org/10.1021/ie101834m
http://doi.org/10.1021/jp804107y
http://www.ncbi.nlm.nih.gov/pubmed/18693694
http://doi.org/10.1021/ie100703p
http://doi.org/10.1080/00986440500511403
http://doi.org/10.1016/j.fuproc.2005.06.002
http://doi.org/10.1021/acssuschemeng.5b01357
http://doi.org/10.1016/S0016-2361(02)00324-1
http://doi.org/10.1021/je100410k
http://doi.org/10.1021/ie048806l
http://doi.org/10.1016/j.jct.2007.01.004
http://doi.org/10.1016/j.fluid.2018.01.019
http://doi.org/10.1021/acs.iecr.5b00357
http://doi.org/10.1016/j.indcrop.2017.08.016
http://doi.org/10.1016/j.seppur.2020.117208
http://doi.org/10.1021/acs.jced.1c00182


Molecules 2023, 28, 2456 13 of 14

36. Dobryakov, Y.G.; Tuma, D.; Maurer, G. Activity Coefficients at Infinite Dilution of Alkanols in the Ionic Liquids 1-Butyl-3-
Methylimidazolium Hexafluorophosphate, 1-Butyl-3-Methylimidazolium Methyl Sulfate, and 1-Hexyl-3-Methylimidazolium
Bis(Trifluoromethylsulfonyl) Amide Using the Dilutor T. J. Chem. Eng. Data 2008, 53, 2154–2162. [CrossRef]

37. Zhu, J.; Yu, Y.; Chen, J.; Fei, W. Measurement of Activity Coefficients at Infinite Dilution for Hydrocarbons in Imidazolium-Based
Ionic Liquids and QSPR Model. Front. Chem. Eng. China 2007, 1, 190–194. [CrossRef]

38. Jessop, P.G.; Jessop, D.A.; Fu, D.; Phan, L. Solvatochromic Parameters for Solvents of Interest in Green Chemistry. Green Chem.
2012, 14, 1245–1259. [CrossRef]

39. Kamlet, M.J.; Abboud, J.L.M.; Abraham, M.H.; Taft, R.W. Linear Solvation Energy Relationships. 23. A Comprehensive Collection
of the Solvatochromic Parameters, Pi.*, Alpha, and Beta, and Some Methods for Simplifying the Generalized Solvatochromic
Equation. J. Org. Chem. 1983, 48, 2877–2887. [CrossRef]

40. Marcus, Y. The Properties of Organic Liquids That Are Relevant to Their Use as Solvating Solvents. Chem. Soc. Rev. 1993,
22, 409–416. [CrossRef]

41. Moïse, J.-C.; Mutelet, F.; Jaubert, J.-N.; Grubbs, L.M.; Acree, W.E.; Baker, G.A. Activity Coefficients at Infinite Dilution of Organic
Compounds in Four New Imidazolium-Based Ionic Liquids. J. Chem. Eng. Data 2011, 56, 3106–3114. [CrossRef]

42. Lukoshko, E.; Mutelet, F.; Domanska, U. Experimental and Theoretically Study of Interaction between Organic Compounds and
Tricyanomethanide Based Ionic Liquids. J. Chem. Thermodyn. 2015, 85, 49–56. [CrossRef]

43. Ab Rani, M.A.; Brant, A.; Crowhurst, L.; Dolan, A.; Lui, M.; Hassan, N.H.J.; Hallett, P.; Hunt, P.A.; Niedermeyer, H.; Perez-
Arlandis, J.M.; et al. Understanding the Polarity of Ionic Liquids. Phys. Chem. Chem. Phys. 2011, 13, 16831–16840. [CrossRef]
[PubMed]

44. Spange, S.; Lungwitz, R.; Schade, A. Correlation of Molecular Structure and Polarity of Ionic Liquids. J. Mol. Liq. 2014,
192, 137–143. [CrossRef]

45. Anderson, J.L.; Ding, J.; Welton, T.; Armstrong, D.W. Characterizing Ionic Liquids on the Basis of Multiple Solvation Interactions.
J. Am. Chem. Soc. 2002, 124, 14247–14254. [CrossRef]

46. Crowhurst, L.; Mawdsley, P.R.; Perez-Arlandis, J.M.; Salter, P.A.; Welton, T. Solvent-Solute Interactions in Ionic Liquids. Phys.
Chem. Chem. Phys. 2003, 5, 2790–2794. [CrossRef]

47. Vilas Boas, S.M.; Zambom, A.; Martins, M.A.R.; Coutinho, J.A.P.; Ferreira, O.; Pinho, S.P. Evaluation of Ionic Liquids for the
Sustainable Fractionation of Essential Oils. Ind. Eng. Chem. Res. 2022. submitted.

48. Martins, M.A.R. Studies for the Development of New Separation Processes with Terpenes and Their Environmental Distribution.
Ph.D. Thesis, University of Aveiro, Aveiro, Portugal, 2017.

49. Caputi, L.; Aprea, E. Use of Terpenoids as Natural Flavouring Compounds in Food Industry. Recent Pat. Food Nutr. Agric. 2011,
3, 9–16. [CrossRef]

50. Zwenger, S.; Basu, C. Plant Terpenoids: Applications and Future Potentials. Biotechnol. Mol. Biol. Rev. 2008, 3, 1–7. [CrossRef]
51. Khayyat, S.A.; Roselin, L.S. Recent Progress in Photochemical Reaction on Main Components of Some Essential Oils. J. Saudi

Chem. Soc. 2018, 22, 855–875. [CrossRef]
52. Lago, S.; Rodríguez, H.; Soto, A.; Arce, A. Deterpenation of Citrus Essential Oil by Liquid−Liquid Extraction with 1-Alkyl-3-

Methylimidazolium Bis(Trifluoromethylsulfonyl)Amide Ionic Liquids. J. Chem. Eng. Data 2011, 56, 1273–1281. [CrossRef]
53. Nabiha, B.; Kachouri, F.; Herve, C. Chemical Composition of Bergamot (Citrus Bergamia Risso) Essential Oil Obtained by

Hydrodistillation. J. Chem. Chem. Eng. 2010, 4, 60–62.
54. Arce, A.; Earle, M.J.; Rodríguez, H.; Seddon, K.R. Separation of Benzene and Hexane by Solvent Extraction with 1-Alkyl-3-

Methylimidazolium Bis{(Trifluoromethyl)Sulfonyl}amide Ionic Liquids: Effect of the Alkyl-Substituent Length. J. Phys. Chem. B
2007, 111, 4732–4736. [CrossRef] [PubMed]

55. Somoza, A.; Arce, A.; Soto, A. Oil Recovery Tests with Ionic Liquids: A Review and Evaluation of 1-Decyl-3-Methylimidazolium
Triflate. Pet. Sci. 2022, 19, 1877–1887. [CrossRef]

56. Chizzola, R. Composition of the Essential Oil of Wild Grown Caraway in Meadows of the Vienna Region (Austria). Nat. Prod.
Commun. 2014, 9, 581–582. [CrossRef]

57. Wu, Z.; Tan, B.; Liu, Y.; Dunn, J.; Martorell Guerola, P.; Tortajada, M.; Cao, Z.; Ji, P. Chemical Composition and Antioxidant
Properties of Essential Oils from Peppermint, Native Spearmint and Scotch Spearmint. Molecules 2019, 24, 2825. [CrossRef]
[PubMed]

58. Chauhan, R.S.; Kaul, M.K.; Shahi, A.K.; Kumar, A.; Ram, G.; Tawa, A. Chemical Composition of Essential Oils in Mentha Spicata
L. Accession [IIIM(J)26] from North-West Himalayan Region, India. Ind. Crop. Prod. 2009, 29, 654–656. [CrossRef]

59. Scherer, R.; Lemos, M.F.; Lemos, M.F.; Martinelli, G.C.; Martins, J.D.L.; da Silva, A.G. Antioxidant and Antibacterial Activities and
Composition of Brazilian Spearmint (Mentha Spicata L.). Ind. Crop. Prod. 2013, 50, 408–413. [CrossRef]
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72. Domańska, U.; Królikowska, M. Measurements of Activity Coefficients at Infinite Dilution in Solvent Mixtures with Thiocyanate-
Based Ionic Liquids Using GLC Technique. J. Phys. Chem. B 2010, 114, 8460–8466. [CrossRef]

73. Ge, M.L.; Song, X.J.; Li, G.M.; Li, Y.H.; Liu, F.Z.; Ma, H.L. Activity Coefficients at Infinite Dilution of Alkanes, Alkenes, and
Alkyl Benzenes in 1-Butyl-3-Methylimidazolium Dibutylphosphate Using Gas-Liquid Chromatography. J. Chem. Eng. Data 2012,
57, 2109–2113. [CrossRef]

74. Turaga, U.T.; Ma, X.; Song, C. Influence of Nitrogen Compounds on Deep Hydrodesulfurization of 4,6-Dimethyldibenzothiophene
over Al2O3- and MCM-41-Supported Co-Mo Sulfide Catalysts. Catal. Today 2003, 86, 265–275. [CrossRef]

75. Abro, R.; Abdeltawab, A.A.; Al-Deyab, S.S.; Yu, G.; Qazi, A.B.; Gao, S.; Chen, X. A Review of Extractive Desulfurization of Fuel
Oils Using Ionic Liquids. RSC Adv. 2014, 4, 35302–35317. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1002/ffj.965
http://doi.org/10.1016/j.indcrop.2008.11.001
http://doi.org/10.1016/S0308-8146(98)00086-7
http://doi.org/10.1016/j.biortech.2008.04.048
http://www.ncbi.nlm.nih.gov/pubmed/18513954
http://doi.org/10.1039/c3cp55285c
http://doi.org/10.1007/s10311-020-01113-7
http://doi.org/10.1016/j.ijhydene.2016.08.135
http://doi.org/10.1007/s43153-019-00006-9
http://doi.org/10.1021/ef060604+
http://doi.org/10.1021/jp103496d
http://doi.org/10.1021/je201310d
http://doi.org/10.1016/S0920-5861(03)00464-4
http://doi.org/10.1039/C4RA03478C

	Introduction 
	Results 
	Activity Coefficients at Infinite Dilution 
	Influence of the Anion Polarity 
	Gas–Liquid Partition Coefficients 
	Infinite Dilution Thermodynamic Functions 
	Separation Factors 
	Terpenes Fractionation 
	Fuel Processing 


	Materials and Methods 
	Conclusions 
	References

