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This work discusses the potential of two phosphonium-based ionic liquids (ILs), [P6,6,6,14]Cl and [P6,6,6,14][(C8H17)2
PO2], andonemethylimidazolium-based IL, [C4mim][OAc], as entrainers in the fractionationof terpenemixtures, in
the desulfurization and denitrification of fuel oils, and in the separation of aromatics from aliphatic hydrocarbons.
To this aim, the activity coefficients at infinite dilution of 45 solutes were obtained by gas-chromatography in the
temperature range (333.15–458.15) K. Selectivities and capacitieswere calculated showing that [P6,6,6,14]Cl is ade-
quate for the fractionation of (−)-menthone/L-(−)-menthol mixture, being also a suitable option for the
deterpenation of citrus essential oil, and the removal of thiophene and pyridine from aliphatic hydrocarbons. To
complement the experimental measurements COSMO-RS model was tested, demonstrating good potential to
screen separationagents andgive insights for several important separationproblems, including the removal of con-
taminants from fuels and the isolation, fractionation and purification of terpenes mixtures.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Ionic liquids (ILs) are complex organic salts, usually presentingmelt-
ing temperatures inferior to 100 °C [1,2]. Frequently composed by long-
chain cations coupled with an organic or an inorganic anion, ILs exhibit
unique properties including low volatility, good thermal stability and
excellent solvation capability [3,4]. Among the remarkable outcomes
achieved in several areas, ionic liquids have been explored as replace-
ments of traditional organic solvents in different extraction and purifi-
cation processes [3,5–8]. Thus, the knowledge of the thermodynamic
properties and phase equilibria that describe the affinity between the
ionic liquids and the target solutes is essential [9]. The measurement
of complete phase diagrams in terms of temperature, pressure and com-
position is very time-consuming, while other properties such as the ac-
tivity coefficients at infinite dilution can be used to screen the potential
of ILs as mass separation agents, allowing to calculate parameters such
as selectivity, capacity and partition coefficients, quite fundamental to
design a separation process [9,10]. Within the ILs field, this technique
was mostly applied to study their interaction with common organic
compounds relevant in the chemical industry and refineries and, less
frequently, with terpenes and their oxygenated derivatives (terpe-
noids). The latter are the main components of essential oils (EOs)
which are volatile, natural, and complex mixtures that can be extracted
from flowers, leaves, stems, seeds, and fruits [11,12]. Due to their partic-
ular pleasant aromas and bioactivities (antioxidant, antiseptic, and anti-
carcinogenic), essential oils, and many of their constituents, find
application in the food [13,14] cosmetic [15,16] and pharmaceutical
[17–19] industries. Terpenoids are the main responsible for the aroma
and antioxidant properties of EOs, while terpenes contribute little to
the aroma, being easily oxidized and producing off-flavors that deterio-
rate the quality of the of EOs [20,21]. The removal of terpenes from the
oxygenated rich part, process known as deterpenation, is crucial to im-
prove the stability, solubility and storage requirements of commercial
EOs [22,23].

The most common separation techniques employed in the
deterpenation process are liquid-liquid extraction, vacuum distillation,
supercritical fluid extraction, andmembrane separation [20]. For indus-
trial purposes, the liquid-liquid extraction is often desirable, since it can
be carried out at mild conditions, avoiding the deterioration of the final
product [14,24]. Traditionally, this technique is performed using con-
ventional volatile organic solvents, such as methanol, hexane, acetone,
ethyl acetate and petroleum ether derivatives [20]. However, alterna-
tive neoteric solvents such as hydroalcoholic solvents [25–31], deep eu-
tectic solvents [22,32], or ionic liquids [33–38] are being studied as
potential replacements, aiming at better separation performances.

In previous works from our group, methylimidazolium-based ionic
liquids were investigated as separation agents in the removal of
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contaminants from aliphatic hydrocarbons [39], and in the fractionation
of terpene/terpenoid mixtures [40]. This last work suggested that ILs
containing the trihexyl(tetradecyl)phosphonium ([P6,6,6,14]) cation
combined with bis(2,4,4-trimethylpentyl)phosphinate [(C8H17)2PO2])
or acetate [OAc] anions, were suitable for the fractionation of terpene
mixtures. Besides, Lago et al. [38] proposed 1-butyl-3-methyl-
imidazolium acetate ([C4mim][OAc]) for the deterpenation of citrus es-
sential oil constituted mainly by limonene and linalool.

In this work, experimental measurements of the activity coefficients
at infinite dilution and gas-liquid partition coefficients of water and 44
organic solutes (including aliphatic and aromatic hydrocarbons, esters,
ethers, ketones, acetonitrile, pyridine, thiophene, alcohols, terpenes,
and terpenoids) in three ionic liquids, namely trihexyl(tetradecyl)phos-
phonium chloride, trihexyl(tetradecyl)phosphonium bis(2,4,4-
trimethylpentyl)phosphinate and 1-butyl-3-methylimidazolium ace-
tate, were performed by gas chromatography in the temperature
range (333.15–458.15) K. The efficiency of the ionic liquids in specific
terpene/terpenoid, thiophene/alkane, and aromatic/aliphatic hydrocar-
bon mixtures was evaluated in terms of the selectivities and capacities,
and compared with the data available in the literature for other phos-
phonium and imidazolium-based ionic liquids.

The use of predictive tools to estimate thermodynamic properties,
such as activity coefficient at infinite dilution, is welcome in the screen-
ing of potential entrainers for separation processes, since it would
reduce the amount of costly and time-consuming experimental mea-
surements [41]. From the available options, the Conductor-like Screen-
ing Model for Real Solvents (COSMO-RS) was selected, as it has been
successfully applied in the description of thermophysical data of fluids,
including selectivities and capacities of relevant industrial problems
[40,42–48]. Therefore, selectivities and capacities at infinite dilution
predicted by the model were critically compared with the available
experimental data.

2. Experimental

2.1. Materials

The chemical structure, supplier, molar mass, melting temperature
and purity of the ionic liquids are presented in Table 1. Similar informa-
tion for the organic solutes is presented in Table S1 of Supporting Infor-
mation (SI). Before being used, all ionic liquids were dried under
vacuum (at 1 Pa and 298.15 K), under continuous stirring, for at least
48 h. The organic solutes were used as received from the suppliers.

3. Methods

3.1. Chromatographic measurements

The retention times were measured using a Varian 3380 gas chro-
matograph (GC) equippedwith a 1041 on-column injector and a thermal
conductivity detector (TCD). The procedure for the column preparation
and packing follows that described in previous works [39,40]. First, the
stationary phase was prepared by mixing between 50% to 55% in mass
of Chromosorb W/AW – DMCS (100–120 mesh) with the ionic liquid. A
uniformcoating of the Chromosorbwith the ILwas achievedbydissolving
themixture inmethanol under continuous stirring, followed by the evap-
orationof the solvent until the originalmass of themixturewas recovered
(uncertainties within ±1 × 10−4 g). After, an in-house glass column
(4mmof internal diameter and 1mof length)wasfilledwith the station-
ary phase, and then placed in the GC oven. Before starting the experi-
ments, the columns were pre-conditioned, passing the carrier gas
(helium) through the column for, at least, 6 h, at 393.15 K, to ensure com-
plete removal of possible contaminants.

The inlet pressure was registered by a Swagelok S model pressure
transducer with an accuracy of 0.25% BFSL, whereas the atmospheric
pressure, the outlet temperature and the exit flow rate were measured
2

by an Agilent (model 5067-0223) Precision Gas FlowMeter. During the
experiments with terpenes and terpenoids, the injector and the detec-
torwere kept at 553.15 and 573.15 K, respectively. For the other solutes,
the temperatures of the injector and detector were set at 473.15 and
523.15 K, respectively. The injector and the detector were kept at the
setpoint temperatures for a minimum of 30 min before starting the
measurements. The temperature, pressure and flow rate uncertainties
are 0.1 K, 0.05 atm and 0.6%, respectively. To achieve an infinite dilution
state, the volume of injected solute varied from 0.2 to 0.4 μL. The exper-
iments were performed, at least, at four different temperatures in a
range between 333.15–453.15 K. For a representative set of solutes
(minimum 10 solutes, for each IL, including compounds from different
families), the activity coefficients at infinite dilution were measured in
two independent columns at three different temperatures, presenting
an average coefficient of variation of 2% for [P6,6,6,14]Cl, 2% for [P6,6,6,14]
[(C8H17)2PO2] and 4% for [C4mim][OAc]. Besides, each experiment was
repeated twice to check the reproducibility of the results. The thermo-
dynamic information (vapor pressure, density, critical properties, acen-
tric factor, and dipole moment) of terpenes and terpenoids needed to
calculate the activity and partition coefficients is available in section
S1 of SI (Table S2 and Table S3),whereas these propertieswere obtained
from DIPPR 801 database [50] for all the other organic solutes and
water.

3.2. Density measurements

Density measurements of pure [P6,6,6,14]Cl and [P6,6,6,14][(C8H17)2
PO2] were performed in an automated SVM 3000 Anton Paar rotational
Stabinger viscometer-densimeter in the temperature range between
(278.15–373.15) K, at atmospheric pressure. The uncertainty in
temperature is ± 0.02 K and the absolute uncertainty in density is
±5 × 10−4 g·cm−3.

3.3. Thermodynamic framework

3.3.1. Activity coefficients at infinite dilution
The experimental methodology used in this work is based on meth-

odologies developed independently by Everett [51] and Cruickshank
[52], where retention times obtained by GC measurements are used to
calculate the activity coefficients at infinite dilution. Assuming that the
solute injected is 1, the carrier gas is 2, and the non-volatile solvent
(IL) in the stationary phase is 3, the solute activity coefficient at infinite
dilution in the IL (γ13

∞ ) is given by:

lnγ∞
13 ¼ ln

n3RT
VNp∗1

� �
−

p∗1 B11−V ∗
1

� �
RT

þ p0 J
3
2 2B12−V∞

1

� �
RT

ð1Þ

where n3 is the number of moles of the ionic liquid packed in the col-
umn, R is the ideal gas constant, T is the absolute temperature of the col-
umn (regulated by the GC oven), VN is the net retention volume of the
solute, p1∗ is the saturated vapor pressure of the solute at the column
temperature, B11 is the second virial coefficient of the pure solute, V1

∗

is themolar volume of the pure solute, p0 is the outlet column pressure,
J2
3 is the pressure correction term, B12 is the second virial coefficient of
the solute in the carrier gas and V1

∞ is the partial molar volume of the
solute at infinite dilution. From all the variables of Eq. (1), J23 and VN re-
quire further clarification. As discussed in detail by Everett [51] and
Blumberg [53], the pressure correction factor is calculated by:

J32 ¼
2 pi

p0

� �3
−1

3 pi
p0

� �2
−1

ð2Þ

where pi is the inlet pressure of the column. The net retention volume,
which represents the total volume the solute passes inside the column,
is calculated by the following equation:



Table 1
Chemical structure, name, supplier, melting temperatures (K) and purity (mass fraction) of the studied ionic liquids.

Chemical structure cation Anion Chemical name and abbreviation Supplier Molar
mass

Melting
temperature
(K)a

Mass
fraction
purity

trihexyl(tetradecyl)phosphonium chloride – [P6,6,6,14]Cl Cytec 519.31 207 ± 1
[49]

≥ 0.93b

trihexyl(tetradecyl)phosphonium bis(2,4,4-trimethylpentyl)
phosphinate -[P6,6,6,14][(C8H17)2PO2]

Cytec 773.27 NAc ≥ 0.93b

1-butyl-3-methyl imidazolium acetate Iolitec 198.26 210 ± 1
[49]

≥ 0.97

a Values taken from literature.
b Before being used, the ionic liquidwaswashed with distilled water several times to remove the hydrophilic contaminants and then placed into a vacuum chamber for several days to

remove any additional impurities.
c Not available.
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VN ¼ J32
� �−1

U0 tr−tg
� � ð3Þ

where tr and tg are themeasured retention times of the solute, and a ref-
erence substance not retained by the stationary phase (usually air
injected at the same time as the solute) and U0 is the outlet volumetric
flow rate (at column temperature). Once the flow rate ismeasured after
the carrier gas leaves the detector, U0 needs to be corrected by Eq. (4):

U0 ¼ Uf
pf
p0

T
Tf

ð4Þ

in which Uf, pF and Tf are, respectively, the volumetric flow, the pres-
sure and the temperature, measured by the flowmeter. From all the
variables of Eq. (1), the thermophysical properties of terpenes and
terpenoids (p1∗ and V1

∗) were calculated using coefficients fitted with
experimental data available in the literature. The second order virial
coefficients of these solutes were estimated by the method proposed
by Tsnonopoulos [54], which requires the knowledge of the dipole
moments, estimated using TURBOMOLE 6.1 program package ap-
plying the B-P86 density functional theory level with valence triple-
zeta polarization (TZVP) basis set A complete overview of the pro-
perties used in the calculations of γ13

∞ for terpenes and terpenoids is
presented in Table S2 and Table S3. For all the other solutes (aliphatic
and aromatic hydrocarbons, ethers, esters, ketones, alcohols, thio-
phene, acetonitrile, pyridine and water), the same information was
compiled from DIPPR 801 [50]. For all the solutes, the mixed second
virial coefficient of the solute and the carrier gas (B12) were estimated
by the approach proposed by Tsnonopoulos [55] and discussed, in de-
tail, by Poling et al. [56].

3.3.2. Excess partial molar properties at infinite dilution
The knowledge of γ13

∞ at different temperatures allows the calcula-

tion of excess partial molar properties, namely excess enthalpy (H
E
m),
3

excess Gibbs energy (G
E
m) and excess entropy (S

E
m). Using the linear de-

pendence of γ13
∞ with temperature (van't Hoff plot) and the chemical

potential principle for an ideal solution, H
E
m, S

E
m and G

E
m are obtained as

follows:

lnγ∞
13 ¼ H

E,∞
m

R
1
T
þ S

E,∞
m

R
ð5Þ

G
E,∞
m ¼ RT lnγ∞

13 ð6Þ

3.4. Gas-liquid partition coefficients

The gas-liquid partition coefficient (KL) for a solute partitioning be-
tween the liquid phase (IL) and a carrier gas is a relevant property to de-
scribe the feasibility of a solvent in an extraction process. Similarly to
the activity coefficients, the gas-liquid partition can be determined
from the same GC experiments according to: [57].

ln KLð Þ ¼ c31
c21

¼ ln
VNρ3

m3

� �
−

P0J
3
2 2B12−V∞

1

� �
RT

ð7Þ

in which c is the molar concentration of the solute, ρ3 is the density of
the IL and m3 is the mass of the IL in the column.

3.5. Selectivities and capacities

The performance of an entrainer in a separation problem can be eas-
ily assessed from selectivity (Sij∞) and capacity (kj∞) values, which are di-
rectly obtained from the activity coefficients at infinite dilution (γ13

∞ )
using the following equations:

S∞ij ¼
γ∞
i3

γ∞
j3

ð8Þ
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k∞j ¼ 1
γ∞

j3
ð9Þ

where the subscripts i and j represent the solutes, being j the solutewith
the lower activity coefficient value for a given separation, and 3 refers to
the ionic liquid.

3.6. COSMO-RS predictions

The COSMO-RS method combines a quantum chemistry characteri-
zation of the solute and solventmoleculeswith the statistical thermody-
namics description of the surface interactions, being a powerful tool
to predict the thermodynamic properties of liquid mixtures [58,59].
A full description of the model theoretical basis is found elsewhere
[60–63]. In brief, the model requires only the structure, electronic en-
ergy and polarization charge density (σ) of each component, and from
this information, COSMO-RS analyzes the interactions between the seg-
ments of each molecule in the mixture to predict the chemical poten-
tials of the compounds. Since the activity coefficients are directly
obtained from the chemical potential [63], COSMO-RS has been widely
employed to estimate γ13

∞ data for water and organic solutes in liquid
solvents, including ionic liquids.

The first calculation step aims to obtain the energetically optimal
state of each compound, which includes its electronic energy and
σ-profiles. To do so, the software TmoleX was employed [64], in
which a def-TZVP basis set was applied along with the density theory
level (utilizing the B–P86 functional level of theory and the COSMO sol-
vationmodel). Then, the files generated by Tmolexwere inputted in the
software COSMOtherm [65,66], where the COSMO-RS predictions were
carried out using the BP_TZVP_C30_1701.ctd parametrization. The ionic
liquids were described as an equimolar and electroneutral mixture, and
the activity coefficients at infinite dilution were corrected from the
Fig. 1.Activity coefficients at infinite dilution (γ13
∞ ) of several organic solutes andwater at 383.15

the number of carbons (N) in the solute structure, whereas the dotted lines identify different o

4

hypothetically ternarymixture (solute+ cation+ anion) to the real bi-
nary mixture (solute + ionic liquid).
4. Results and discussion

4.1. Activity coefficients at infinite dilution

The activity coefficients at infinite dilution measured in this work at
temperatures between 333.15–453.15 K are listed in Table S4 of SI. Dif-
ferent temperature conditions were selected for the GC measurements
depending on the solute/solvent combination, as discussed in detail in
Section S2 of Supporting Information.

The activity coefficients in [C4mim][OAc] are generally higher than
in [P6,6,6,14]Cl or [P6,6,6,14][(C8H17)2PO2], especially for the less polar sol-
utes. Additionally, in [C4mim][OAc] and [P6,6,6,14]Cl, γ13

∞ decreases as the
temperature increases for low polar solvents such as alkanes,
cycloalkanes, and terpenes. The opposite trend is observed for alcohols
and terpenoids (excepting eucalyptol in [C4mim][OAc]). In both ionic
liquids, the tendencies are less pronounced for solutes presenting inter-
mediate polarities, such as ethers, esters, and ketones. Regarding
[P6,6,6,14][(C8H17)2PO2], for most solutes the γ13

∞ do not present system-
atic trends with the temperature, excepting alcohols (γ13

∞ increases as T
increases), or esters, ketones, 1,4-dioxane, acetonitrile, and pyridine
(γ13

∞ decreases as T increases). Moreover, all the activity coefficients at
infinite dilution in [P6,6,6,14][(C8H17)2PO2] are lower than 1.

Fig. 1 explores the experimental activity coefficients of several sol-
utes in the three ILs at the same temperature, 383.15 K. The data ob-
tained for low volatile terpenoids in [P6,6,6,14]Cl were not included in
Fig. 1 as they were measured at much higher temperatures, and no
data were obtained for the other two ILs.

In general, the activity coefficients increase as the number of carbons
in the chemical structure increases, for a given family, and the tendency
K in:□ [P6,6,6,14]Cl,◊ [P6,6,6,14][(C8H17)2PO2] andΔ [C4mim][OAc].The solid line represents
rganic families.
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is more pronounced in the high polar [C4mim][OAc]. For alkanes,
cycloalkanes, aromatic hydrocarbons and terpenes, the activity coeffi-
cients at infinite dilution follow the order: [C4mim][OAc] > [P6,6,6,14]
Cl > [P6,6,6,14][(C8H17)2PO2]. For [C4mim][OAc], there is always a positive
deviation from ideality, indicating weak solute/IL interactions in the
studied temperature range [67]. This behavior is supported by the
highly polar nature of the acetate anion, with a moderate apolar hydro-
carbon moiety in the imidazolium ring. The same set of solutes present
γ13
∞ values much closer to the unity in [P6,6,6,14]Cl or [P6,6,6,14][(C8H17)2

PO2]. For both, the long carbon chains present in the cation [P6,6,6,14]+

are extensive non-polar domains increasing the magnitude of the van
derWaals interactions between the solutes and the ionic liquid leading,
in some cases, to behaviors close to ideal. A similar outcome is observed
comparing the anion effect in the activity coefficients of hydrocarbons
in [P6,6,6,14]Cl or [P6,6,6,14][(C8H17)2PO2], since dispersion forces in bis
(2,4,4-trimethylpentyl)phosphinate ([(C8H17)2PO2]−) are stronger
than with the chloride anion.

For alcohols, the general trend follows the same order observed for
the hydrocarbons, but it presents γ13

∞ values much lower than aliphatic
or aromatic hydrocarbons. In fact, all alcohols present activity coeffi-
cients considerably lower than 1, indicating very strong interactions be-
tween the solutes and the ionic liquids, which can be attributed mainly
to hydrogen bonding.

To the best of our knowledge, experimental γ13
∞ values of various sol-

utes in the studied ILs are reported for the first time, including terpenes,
terpenoids, esters, ketones, acetonitrile, pyridine, thiophene, andwater.
For some alkanes, aromatics and alcohols, the γ13

∞ obtained in this work
were comparedwith the scarce data available in the literature. Globally,
a very satisfactory agreement between our data and those previously
publishedwas found, giving excellent indications about the consistency
of the data measured in this work. This analysis is presented in Fig. S1
and discussed in more detail in Section S2 of SI.
Fig. 2. Gas-liquid partition coefficients (KL) of several organic solutes and water

5

4.2. Gas-liquid partition coefficients

The ILs density is needed to calculate the partition coefficients, and
the data obtained in this work are also discussed in detail in
Section S2 of SI, where Fig. S2 and Table S5 show an extensive compar-
ison to the literature data. For [C4mim][OAc], the data reported by
Almeida et al. [68] were used, while for [P6,6,6,14]Cl and [P6,6,6,14]
[(C8H17)2PO2] the data measured in this work, and presented in
Table S6 of SI, were employed.

The gas-liquid partition coefficients obtained in this work are pre-
sented in Table S7 of the Supporting Information. This property provides
insights on the suitability of the ionic liquid for industrial separation
processes, e.g. a liquid-liquid extraction followed by evaporation of
the solutes at low pressures. Regarding the essential oils, KL is a useful
tool to evaluate the use of ionic liquids in the fractionation of the ter-
penes mixtures, followed by the recovery and purification of the final
product [40].

For all the studied solutes, a temperature increment leads to lowerKL

values, and consequently, lower concentrations in the liquid phase. To
better understand the relationship of this parameter with the structure
and functionality of the solutes, Fig. 2 shows the KL values measured at
383.15 K.

The gas-liquid partition coefficients increase with the alkyl-chain in
aromatic or aliphatic hydrocarbons, ketones, or esters. In fact, low tem-
peratures and large alkyl chains in the solutes contribute to enhance the
solute-IL interactions, especially for the less polar [P6,6,6,14]Cl and
[P6,6,6,14][(C8H17)2PO2]. Fig. 2 also informs that partition coefficients of
aliphatic hydrocarbons, terpenes, and thiophene in [C4mim][OAc] are
considerably lower than in the other two ionic liquids. This behavior is
due to the poor affinity between the highly polar [C4mim][OAc] and
low polar solutes. Nevertheless, [C4mim][OAc] shows the highest KL

values for alcohols, most probably due to the formation of hydrogen
at 383.15 K in □ [P6,6,6,14]Cl, ◊ [P6,6,6,14][(C8H17)2PO2] and Δ [C4mim][OAc].
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bonds between the anion [OAc]− and the hydroxyl groups from the al-
cohols, which increases the solute-solvent affinity in the liquid phase.
Considering the ILs [P6,6,6,14]Cl and [P6,6,6,14][(C8H17)2PO2], the gas-
liquid partition coefficients of each solute in the ionic liquids presents
the same order of magnitude. By analyzing Table S7 of SI, it is possible
to see that some terpenoids, such as geraniol, DL-citronellol, (−)-bor-
neol and L-(−)-menthol, present high KL at higher temperatures,
although KL tends to decrease as the temperature increases. From
all the calculated values, the lowest partition coefficient was obtained
for diethyl ether in [C4mim][OAc] at 383.15 K (KL=2.447), whereas
the highest value was found for geraniol in [P6,6,6,14]Cl at 433.15 K
(KL=7114). The differences between the partition coefficient values in
[P6,6,6,14]Cl (moderate KL values were obtained for terpenes and higher
KL were found for low volatile terpenoids) suggest this ionic liquid to
be a suitable agent for the deterpenation of commercial EOs through
distillation, since the volatilization of the hydrocarbon terpenes is facil-
itated in presence of that IL.

4.3. Infinite dilution thermodynamic functions

Partial molar functions at infinite dilution, namely excess Gibbs en-

ergy (G
E,∞
m ), enthalpy (H

E,∞
m ), and entropy (S

E,∞
m ) were calculated at

383.15 K and 433.15 K for several solutes in the studied ionic liquids.
The results are presented in Fig. S3 and in Table S8 of SI. In the three
ionic liquids, similar patterns were observed regarding the partial
molar thermodynamic functions for alcohols and most of the terpe-

noids. For these solutes, the H
E,∞
m and the S

E,∞
m values are generally nega-

tive, suggesting a dominant enthalpic effect in the interactions between
the solutes and the IL. Besides, the negative ln(γ13

∞ ) values obtained for
these solutes indicates that the affinity between the solute and the IL is
stronger than the solute-solute or IL-IL interactions, which was qualita-
tively noticed from the long retention times registered during the GC
experiments.

In the case of apolar solutes, such as alkanes, cycloalkanes, aromatic
hydrocarbons, and terpenes, in [P6,6,6,14]Cl and [P6,6,6,14][(C8H17)2PO2],

H
E,∞
m and S

E,∞
m are in general positive, and present much lower absolute

values (smaller than 3 kJ·mol−1) than the highly polar solutes (alco-

hols, water and terpenoids). For most of these cases, G
E,∞
m is close to

zero, indicating that the enthalpic and entropic effects cancel each

other. For the less polar solutes in [C4mim][OAc], H
E,∞
m is generally posi-

tive, while S
E,∞
m is mostly negative, resulting in very positive G

E,∞
m values.

Amore detailed discussion about the solute-IL affinity obtained from
these thermodynamic functions is presented in Section 2 of Supporting
Information.

4.4. Selectivities and capacities

Besides the separation problems discussed in the following sections,
the separation of benzene from aliphatic hydrocarbons is addressed in
Section S2 of SI, where the selectivities and capacities obtained in this
work (at 333.15 K) are critically comparedwith the data available in lit-
erature [69,70] and presented in Table S9. In summary, the results show
that the experimental data obtained here are in excellent agreement
with the data found in literature, and [C4mim][OAc] presents favorable
selectivities, although poor capacities, for the removal of benzene from
octane and cyclohexane.

4.4.1. Terpene mixtures
A suitable entrainer in liquid-liquid extraction should promote high

selectivities (Sij∞), and capacities (kj∞), to provide an efficient separation
of the components without the formation of immiscible mixtures
[71,72]. Since one of the main perspectives of this work is to explore
the performance of the ionic liquids in the fractionation of terpene
6

mixtures, experimental and predicted selectivities and capacities (by
COSMO-RS), obtained at 403.15 K, are presented in Fig. 3 (and
Tables S10-S15 of SI). In some cases, the experimental selectivities and
capacities were extrapolated to 403.15 K using experimental data ob-
tained at 433.15–458.15 K.

The three ionic liquids showed poor experimental and predicted se-
lectivities (< 2) for the terpene/terpene separations such as the α-
pinene/β-pinene, β-pinene/R(+)-limonene and p-cymene/R(+)-limo-
nene mixtures. In particular, the fractionation of α-pinene/β-pinene
mixture is commercially attractive due to the high concentration of
these compounds in several essential oils from Pinus species [73,74].
However, the similarities between the chemical structures and the
physical properties of these compounds are handicaps in the fraction-
ation of thismixture through solvent extraction processes or distillation.
Regarding the COSMO-RS predictions, the model provides Sij∞ and kj

∞

values which are in very good agreement with the experimental data
for most of the studied terpene/terpene separations. Nevertheless, the
model shows that the ionic liquids present a higher potential for the
fractionation of some terpene/terpenoid mixtures, which is validated
by the experimental results.

For [C4mim][OAc], encouraging experimental selectivities were
found for terpene/linalool mixtures, being the highest found for R(+)-
limonene/linalool (Sij∞ = 30.29). This particular mixture represents the
majority of the components present in Citrus essential oils profiles
[20,22,75], and the removal of R(+)-limonene improves the oil stability
[21]. The high selectivity value found for the R(+)-limonene/linalool
mixture along with the reasonable capacity of linalool (1.26) at
403.15 K suggest that [C4mim][OAc] is a potential option in the
deterpenation of citrus essential oils, in accordance with the study of
Lago et al. [38]. The authors obtained liquid-liquid equilibrium data for
R(+)-limonene/ linalool/[C4mim][OAc] ternary systems, concluding
that the ionic liquid exhibits a good performance in the deterpenation
of citrus essential oil due to the strong affinity of the acetate anion
with the hydroxyl group present in linalool.

In the case of [P6,6,6,14]Cl many other separations can be discussed,
since the experimental measurements were conducted for a larger set
of terpenoids. Despite the low selectivities and capacities obtained for
mixtures of terpenes, promising values were found for some terpene/
terpenoid and terpenoid/terpenoid combinations. The experimental se-
lectivity and capacity (at 403.15 K) obtained for R(+)-limonene/linal-
ool were Sij

∞ = 10.20 and kj
∞ = 9.01, respectively, suggesting [P6,6,6,14]

Cl to be also an appropriate solvent in the deterpenation of citrus oils.
In addition, promising selectivities and capacities (Sij∞ = 10.16 and kj

∞

= 11.72) were observed for the fractionation of (−)-menthone/L-
(−)-menthol mixture, which can be found in high concentrations in
peppermint essential oils [76–78]. Another potential separation prob-
lem is the fractionation of the (−)-borneol/camphor mixture, widely
present in the essential oils from flowers of the Asteraceae [79,80] and
Lamiaceae [81–83] families. Again, a high selectivity (Sij∞=9.03) and ca-
pacity of (−)-borneol (kj∞ = 14.15) were obtained with [P6,6,6,14]Cl. For
this ionic liquid, the COSMO-RS predictions showed, in general, lower
selectivities and capacities. In particular, for the binaries mentioned
above for the R(+)-limonene/linalool (Sij∞ = 3.59 and kj

∞ = 4.29), the
menthone/L-(−)-menthol (Sij∞=2.44 and kj

∞=3.80), and the (−)-bor-
neol/camphor (Sij∞=2.33 and kj

∞=3.81) mixtures, but still higher than
the values predicted for terpene/terpenemixtures. Although COSMO-RS
is able to correctly predict the selectivity ranks and capacity (terpene/
low volatile terpenoid > terpene/terpenoid > terpene/terpene), the
real potential of the [P6,6,6,14]Cl for the fractionation ofmixtures contain-
ing a terpenoid with a hydroxyl group combinedwith terpene or terpe-
noids without such a group were obtained from the experimental
results.

Good capacities are obtained for most of the solutes in [P6,6,6,14]
[(C8H17)2PO2], but the selectivities are low for most of the binary mix-
tures studied, being 8.18 the highest experimental value achieved
((1R)-(−)-fenchone/linalool) and 4.54 the best predicted value



Fig. 3. Experimental and predicted Sij
∞ and kj

∞ between terpenes and terpenoids at 403.15 K for: a) [P6,6,6,14]Cl; b) [P6,6,6,14][(C8H17)2PO2]; c) [C4mim][OAc]. Color code for selectivities:
auburn [1−2]; salmon [2−4]; brown [4−10]; red [10−15]; green [15−20]; blue [20–25] and navy >25; and capacities: off-white: <0.05; light gray [0.05–0.1]; medium gray [0.1–1];
dark gray [1−5]; charcoal [5−10]; and black >10.
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(α-pinene/linalool). In fact, from the analyzed terpenic binarymixtures,
[P6,6,6,14][(C8H17)2PO2] only presents some separation potential for
those containing linalool, which was observed in both experimental
and predicted selectivities and capacities. In comparison with [P6,6,6,14]
Cl and [C4mim][OAc], the presence of long alkyl-chains in [P6,6,6,14]+

and in [(C8H17)2PO2]− increases the affinity of low polar solutes and
[the ionic liquid, resulting in lower selectivities. In a previous study
from our group [40], selectivities and capacities for terpene mixtures
were calculated (at 408.15 K), considering four methylimidazolium-
based ILs: 1-butyl-3-methylimidazolium chloride ([C4mim]Cl),
1-butyl-3-methylimidazolium methanesulfonate ([C4mim][CH3SO3]),
1-butyl-3-methylimidazolium dimethyl phosphate ([C4mim][(CH3)
2PO4]) and 1-butyl-3-methylimidazolium trifluoromethanesulfonate
7

([C4mim][CF3SO3]). In general, the best selectivities and capacities
were found for mixtures containing eugenol, thymol, and carvacrol,
which were not studied in this work. Moreover, good selectivities and
capacities were achieved for terpenic mixtures containing (−)-borneol,
(−)-isopulegol, and (1R)-(+)-camphor, which was also observed in
this work for [P6,6,6,14]Cl. Similarly to the selectivities obtained in this
work, for the α-pinene/β-pinene mixture, the authors also reported
poor selectivity using any of the ILs investigated. As discussed before,
the fractionation of the α-pinene/β-pinene mixture is challenging, and
the use of ionic liquids or another type of entrainers requires further re-
search. In the case of the (−)-menthone/L-(−)-menthol mixture, the
most promising selectivities were reported for [C₄mim]Cl (Sij∞ = 8.77),
which is close to the value extrapolated at 408.15 K using the



Table 2
Sij
∞ and kj

∞ of octane/thiophene and octane/pyridine separations in imidazolium and phos-
phonium-based ionic liquids at 333.15 K.

Ionic liquid Selectivities (Sij∞)/capacities (kj∞) Reference

Octane/thiophene Octane/pyridine

Phosphonium-based ionic liquids
[P1,4,4,4]TOS 19.20/1.21a – [88]
[P2,4,4,4][DEP] 8.23/1.71a 8.81/1.84a [89]
[P14,6,6,6][NTf2] 3.63/2.57a 3.81/2.70a [90]
[P6,6,6,14]Br – 3.89/2.09 [91]
[P6,6,6,14]Cl 4.93/2.81 4.17/2.38 This workc

3.46/2.22 4.93/2.81 This workd

[P6,6,6,14][(C8H17)2PO2] 1.62/1.90 1.44/1.70 This workc

1.84/2.14 1.29/1.50 This workd

1-butyl-3-methylmidazolium-based ionic liquids
[C4mim]Cl 243.46/0.58b 347.97/0.82b [39]
[C4mim][BF4] 190.03/0.67b 312.60/1.06b [92]
[C4mim][SCN] 180.34/0.78a – [93]
[C4mim][CHSO3] 129.81/0.69b 16.37/0.09b [39]
[C4mim][DCA] 109.23/0.87b 137.43/1.09b [94]
[C4mim][TCM] 87.59/1.49a 96.13/1.64a [95]
[C4mim][PF6] 66.37/0.68 120.46/1.23 [96]
[C4mim][TOS] 60.38/0.91a – [97]
[C4mim][(CH3)2PO4] 51.81/0.98b 51.07/0.97b [39]
[C4mim][CF3SO3] 50.60/0.86a – [98]
[C4mim][BETI] 17.49/1.68a 32.5/3.13a [99]
[C4mim][[C8H17OSO3] 10.10/1.28a – [100]
[C4mim][n-C18H35OO] 2.00/1.25 – [101]
[C4mim][n-C16H31OO] 1.78/1.11 – [101]
[C4mim][OAc] 69.54/0.81 67.89/0.78 This workc

18/72/1.11 17.67/1.05 This workd

a Interpolated using the data reported by the authors.
b Extrapolated using the data reported by the authors.
c Experimental values.
d Predicted using COSMO-RS.
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experimental data obtained here for [P6,6,6,14]Cl (Sij∞=9.88). However, a
major difference is observed for the capacities of L-(−)-menthol: kj∞ =
0.10 for [C₄mim]Cl and kj

∞=10.84 for [P6,6,6,14]Cl, indicating that this is a
more suitable option as separation agent for the fractionation of pepper-
mint essential oils.
4.4.2. Desulfurization and denitrification of fossil fuels
The emission of sulfur- and nitrogen-compounds from the burning

of fossil fuels is a known cause of acid rain, and respiratory diseases
[84,85]. Environmental regulations aiming at the reduction of the emis-
sions [5,84], and new limits for the sulfur and nitrogen containing com-
pounds in the fuels require alternatives to the traditional separation
techniques. The use of ionic liquids is promising, since they are usually
capable of solubilizing the nitrogen and sulfur-based components,
while presenting low affinity for the aliphatic hydrocarbons of the
fuels [86,87]. The potentialities of [P6,6,6,14]Cl, [P6,6,6,14][(C8H17)2PO2]
and [C4mim][OAc] in the desulfurization and denitrification of fuels
are, therefore, here evaluated in terms of the selectivities and capacities
for the octane/thiophene and octane/pyridine separations. Table 2 com-
pares the information obtained in this work (at 333.15 K), with the data
reported in literature for other phosphonium-based and 1-butyl-3-
mehylimidazolium-based ionic liquids.

The selectivities reported for 1-butyl-3-methylmidazolium-based
ionic liquids are usually higher for both octane/thiophene and octane/
pyridine separations than the selectivities of the phosphonium-based
ILs, while the capacities generally tend to be the opposite. From all the
ionic liquids presented in Table 2, the most appropriate options to per-
form both desulfurization and denitrification of fossil fuels are [C4mim]
Cl and [C4mim][BF4], since both ILs present considerably high selectiv-
ities and acceptable capacity values. In the case of the ILs studied in
8

this work, [C4mim][OAc] presents the highest selectivity, being also an
adequate option for the removal of sulfur-based and nitrogen-based
contaminates from fuel oils.

As discussed before, the capacity plays an important role in the sol-
vent selection, and very low capacities must be rejected. However,
low selectivities could imply poor separation efficiency,making the sep-
aration difficult or not viable. In general, the ionic liquids composed by
phosphonium cations present satisfactory capacities (always higher
than 1), but their low selectivities for the octane/thiophene and oc-
tane/pyridine mixtures limits the use of these ILs. A clear exception is
[P1,4,4,4]TOS, which presents a high selectivity and reasonable capacity
for the removal of thiophene from aliphatic hydrocarbons. A possibility
to be explored in the future is the use of mixtures of two or more ionic
liquids as the GC stationary phase, as previously reported by Shida and
co-authors [102]. The presence of two phosphonium-based ILswith dif-
ferent selectivities and capacities (e.g., the equimolarmixture of [P1,4,4,4]
TOS and [P6,6,6,14]Cl) could increase capacity values, while retaining the
good selectivities for the desulfurization of fossil fuels.

The predictions of COSMO-RS are in excellent agreement with the
experimental values for the phosphonium-based ILs, whereas more sig-
nificant deviations are observed for the highly polar [C4mim][OAc]. In
fact, it is expected that COSMO-RS predictions present larger errors for
systems containing highly polar compounds, since the model is unable
to take into account some specific hydrogen bonds [59,103]. Neverthe-
less, the COSMO-RSmodel provided a prior qualitative estimations of Sij∞

and kj
∞ values for both octane/thiophene and octane/pyridine mixtures,

suggesting that themodel is a reliable tool to be used in the screening of
potential entrainers for these separation problems.
5. Conclusions

In this work, the potential of [P6,6,6,14]Cl, [P6,6,6,14][(C8H17)2PO2] and
[C4mim][OAc] as separation agents for relevant industrial separations
problems was investigated through experimental and modeling ap-
proaches. The activity coefficients at infinite dilution and the gas-
liquid partition coefficients were experimentally obtained for water,
common organic solvents and terpenes in the three ionic liquids by
gas-chromatography, in the temperature range 333.15–453.15 K. The
differences between the gas-liquid partition coefficients for terpenes
and low volatile terpenoids indicate that [P6,6,6,14]Cl holds a good poten-
tial as agent for the purification of terpenic mixtures.

The excess partialmolar properties (H
E,∞
m , S

E,∞
m andG

E,∞
m ) were derived

from the activity coefficients. The results show that the strong polar sol-
utes present high affinity with the ILs dominated by enthalpic contribu-
tions, whereas the interactions between the less polar solutes and the
ionic liquids are weaker, especially for [C4mim][OAc].

Selectivities and capacities were calculated from the experimental
values to evaluate the efficiency of the ILs as entrainers in the separation
of aromatics from aliphatic compounds, the fractionation of essential
oils, and the desulfurization and denitrification of fossil fuels. The exper-
imental results were also compared with the estimated Sij

∞ and kj
∞ from

the predictive COSMO-RS model. Both experimental and modeling ap-
proaches showed that [C4mim][OAc] is an interesting option for remov-
ing sulfur and nitrogen impurities of fossil fuels. This IL also presents
relevant selectivity values for the removal of benzene from alkanes
and cycloalkanes, and it is an excellent candidate for the deterpenation
of orange essential oils. The three ILs studied in this work are suitable
separation agents, in terms of selectivities and capacities, for the frac-
tionation of limonene/linalool mixtures, which corresponds to the
major fraction of several citrus essential oils.

The Sij
∞ and kj

∞ values calculated for terpenic mixtures in presence of
[P6,6,6,14]Cl also reveal an excellent potential for the fractionation of
other major components of EOs, namely menthone/menthol, and bor-
neol/camphor. However, the ILs studied in this work present poor
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selectivity and capacity for all terpene/terpene mixtures, including the
complex α-pinene/β-pinene separation problem. In general, the trends
obtained from the experimental selectivities and capacities for the frac-
tionation of the terpenic mixtures were also observed in the predicted
results, even though COSMO-RS usually underestimated them, present-
ing bigger deviations formixtures containing hydrogen-bonddonor ter-
penoidswith an ILwith a hydrogen-bond acceptor character. Therefore,
the COSMO-RS holds a good potential to screen separation agents for
the fractionation of mixtures containing terpenes, including several es-
sential oils, as well as the separation of impurities from fossil fuels.
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