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Abstract

This work is focused on the study of two methylimidazolium-based ionic liquids (IL) as more
sustainable solvents not only in deterpenation processes, but also in petrochemical processes,
including separating aromatic from aliphatic hydrocarbons and the removal of impurities in fossil
fuels. In fact, IL can act as alternative separation agents to traditional organic solvents in different
liquid-liquid extraction processes.

For this purpose, the activity coefficients at infinite dilution, y*, of 52 solutes (water, alkanes,
cycloalkanes, ketones, ethers, cyclic ethers, aromatic hydrocarbons, esters, alcohols, terpenes and
terpenoids) in 1-butyl-3-methylimidazolium hexafluorophosphate [Csmim][PFe] and in the
equimolar IL mixture of [Camim][PFe] and 1-butyl-3-methylimidazolium chloride [Csmim][CI] were
measured by inverse gas chromatography technique over the temperature range of (333.2-453.2) K.
Similar data in pure [Csmim][CI] was already available in the literature. From the y* values, some
thermodynamic parameters (such as excess partial molar properties, selectivities, capacities, gas-
liquid partition coefficients, and solvent performance indexes) can be estimated in order to evaluate

the ionic liquid performance.

The majority of the studied solutes showed higher y* values in the equimolar IL mixture than in
pure [Camim][PFs]. Poor interaction (y* >> 1) was observed between both IL studied and the less
polar solutes (alkanes and cycloalkanes). On the other hand, alcohols and water showed high
interaction with the equimolar IL mixture (y® < 1). Hydrocarbon terpenes, ether, and ketone
terpenoids have higher interaction with pure [Csmim][PFe], and alcohol terpenoids have more
favorable interactions with the equimolar IL mixture. With regard to separation factors, the IL studied
showed, in general, poor selectivities and capacities for terpenes/terpenoids mixtures being the best
result obtained for the carvacrol/y-terpinene mixture. On the other hand, promising results were
obtained for the separation of several model mixtures (octane/benzene, cyclohexane/benzene,
octane/thiophene, and octane/pyridine) of the fuel industries. The studied solvents were among the
IL having the best performance indexes which provided important insights on the use of alternative
solvents for the removal of aromatics from aliphatic hydrocarbons and the removal of contaminants

from fuels.

Keywords: lonic Liquid, Deterpenation, Activity Coefficients, Fuels, Inverse Gas Chromatography.
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Resumo

Este trabalho esta focado no estudo de dois liquidos ionicos (LI) a base de metilimidazélio como
solventes mais sustentaveis ndo s6 em processos de desterpenacdo, mas também em processos
petroquimicos, incluindo a separacdo de hidrocarbonetos arométicos e alifaticos e a remocéo de
impurezas em combustiveis fosseis. De facto, os IL podem atuar como agentes de separacédo
alternativos aos solventes organicos tradicionais em diferentes processos de extracédo liquido-liquido.
Para este efeito, os coeficientes de atividade a dilui¢do infinita, y®°, de 52 solutos (agua, alcanos,
cicloalcanos, cetonas, éteres, éteres ciclicos, hidrocarbonetos aromaticos, ésteres, alcoois, terpenos e
terpenoides) em 1-butil-3-metilimidazolio hexafluorofosfato [Csmim][PFe] € na mistura equimolar
dos LI [Csmim][PF¢] e cloreto de 1-butil-3-metilimidazdlio [Csmim][CI] foram medidos pela técnica
de cromatografia gasosa inversa na gama de temperaturas de (333.2-453.2) K. Dados semelhantes
em [Csmim][CI] puro j& se encontravam disponiveis na literatura. A partir dos valores de y*, alguns
parametros termodindmicos (tais como propriedades molares parciais em excesso, seletividades,
capacidades, coeficientes de particdo gas-liquido, e indices de desempenho do solvente) podem ser
estimados a fim de avaliar o desempenho do liquido i6nico.

A maioria dos solutos estudados mostrou valores mais elevados y* na mistura de LI equimolar do
que no [Camim][PFe] puro. Observou-se uma fraca interacdo (y® >> 1) entre os LI estudados e os
solutos menos polares (alcanos e cicloalcanos). Todavia, alcoois e agua mostraram uma interacédo
elevada com a mistura de LI equimolar (y < 1). Os terpenos hidrocarbonetos, e alguns terpendides
(éteres e cetonas) tém uma maior interacdo com o [Casmim][PFs] puro, e os terpendides alcodlicos
tém interacGes mais favoraveis com a mistura de LI equimolar. No que diz respeito aos fatores de
separacao, os LI estudados mostraram, em geral, baixas seletividades e capacidades para misturas de
terpenos/terpendides sendo o0 melhor resultado obtido para a mistura carvacrol/y-terpineno. Por outro
lado, foram obtidos resultados promissores para a separacdo de varias misturas modelo
(octano/benzeno, ciclohexano/benzeno, octano/tiofeno e octano/piridina) comuns em industrias de
combustiveis. Os solventes estudados estavam entre os que apresentavam melhores indices de
desempenho, proporcionando informacgdes importantes sobre a utilizacdo deste tipo de solventes
alternativos para a remocdo de hidrocarbonetos alifaticos e para a remoc¢édo de contaminantes dos

combustiveis.

Palavras-Chave: Liquido lénico, Desterpenacdo, Coeficientes de Atividade, Combustiveis,

Cromatografia Gasosa Inversa. vi
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Chapter 1. Introduction

1.1. Scope and Objectives

The industrial field growth demands the sustainable and environment-friendly manufacture of
products without affecting their quality and efficiency. Green Chemistry has as one of its principles
the reduction of the environmental toxicity of chemical compounds used in industrial processes. One
of the innovations that has emerged over time is the use of a new class of solvents, ionic liquids, that
may be designed to provide both environmental and technological benefits. In such a view, the studies
in this work aim to contribute to the selection of IL as potential separation agents of several relevant

mixtures in two fields: terpenes fractionation and fuel mixtures processing.

Essential oils (EO) are an important source of terpenes that find diverse applications in the
cosmetics, food, and pharmaceutical industries.! These compounds are widely used as flavor
enhancers, in products like disinfectants and detergents, as well as fragrance ingredients in cosmetic
industries to produce shampoos and soaps, for example.? Carotenoids and a few other terpenes are

also added value ingredients in skincare and cosmetic industries.3*

In the pharmaceutical area, the worldwide sales of terpene-based products were estimated in
US$12 billion in 2002. Among these pharmaceuticals, the anticancer (paclitaxel) and antimalarial
(artemisinin) drugs are two of most renowned terpene-based drugs.® In general, the compounds
responsible for the therapeutic properties in EO are denominated terpenes and/or terpenoids.
Terpenoids are mainly responsible for the aroma and antioxidant properties, whereas terpenes have
a low contribution to the aroma, being easily oxidized and producing off-flavors that deteriorate the
quality of EO. Therefore, deterpenation (removal of the terpene from the oxygenated part) is of

utmost importance since this procedure improves the stability and solubility of commercial EO.®



Other separation problems relevant in fuel processing such as desulfurization and

denitrification of fuels, removal of aromatic from aliphatic hydrocarbons will be also addressed.
Thus, the main objectives of this thesis are:

1. Measurement by inverse gas chromatography of the activity coefficient at infinite dilution of
water and a set of organic solutes including terpenes and terpenoids, using two stationary
phases: 1) the ionic liquid ([Camim][PFe]; 2) the equimolar IL mixture of [Csmim][PFe] and
[Csmim][CI]).

2. Determination of the selectivity, capacity, solvent performance index, excess partial molar
properties at infinite dilution, and gas-liquid partition coefficient to analyse if the IL studied
are suitable entrainers for terpenes fractionation and other relevant separation problems in

fuel processing.

1.2. Structure of the Report

Chapter 2 provides an introduction about essential oils, terpenes/terpenoids, their separation
processes, and their industrial importance. Additionally, the use of “green” solvents, such as deep
eutectic solvents (DES) and ionic liquids (IL), as an alternative to traditional organic solutes will be

also briefly discussed.

Chapter 3 describes the experimental methodology that was performed to obtain the
thermodynamic parameters related to the efficiency of the ionic liquid ([Camim][PFe] and the
equimolar mixture of [Csmim][PFs] and [Camim][CI]) as separation agents of several mixtures. In
addition, the equations necessary to calculate these important thermodynamic parameters are also

presented in this chapter.

Chapter 4 presents the discussion of all the experimental results obtained in this work —
activity coefficient at infinite dilution, gas-partition coefficients, molar properties in excess at infinite
dilution, selectivities, capacities, and solvent performance indexes. In addition, the results are
critically compared with data available in the literature, including the previous works from our
research group. Finally, in Chapter 5, the main conclusions about the IL investigated as separation

agents are summarized and some suggestions for future work pointed out.



Chapter 2. State of the Art

2.1. Introduction

For some separation processes to be carried out, organic solvents are necessary and
commonly used in the chemical industry. These solvents are often toxic, volatile, flammable, and
environmentally ubiquitous which suggests their replacement by greener alternatives. To address this
problem, IL have been studied as alternative separation agents. The main purpose of this chapter is
to discuss the use of IL in the separation of terpene/terpenoid mixtures and other separation problems,
by taking advantage of its "designer solvent™ characteristics. This chapter first introduces EO and
their applications, followed by a brief discussion of the importance of terpenes and terpenoids and
their separation processes, such as liquid-liquid extraction, vacuum distillation, and supercritical fluid
extraction, and membrane separation. In addition, the use of DES and IL in the separation of different
mixtures is also reviewed. Finally, the importance of desulfurization and denitrification processes in

fuels it is addressed.

2.2. Essential Oils

Plants produce a high diversity of secondary metabolites, and due to their biocidal properties,
these metabolites have the relevant function of protecting plants against predators and microbial
pathogens.'* Among these secondary metabolites, 3000 EO are estimated to be known, of which
about 300 are commercially important — destined mainly for the flavors and fragrances market.!®> EO
are also known as volatile or ethereal oils.!® In addition, they are aromatic oily liquids that can be

obtained by fermentation, enfleurage, or extraction, being steam distillation the most used process



for their commercial production.!® EO are also defined as mixtures of fragrant and odorless
substances. They are composed mainly of lipophilic and highly volatile secondary metabolites (e.g.,

mono- and sesquiterpene) of plant origin.’

The EO are widely used in cosmetics and have medicinal applications due to their therapeutic
properties as well as agro-alimentary uses, because of their antimicrobial and antioxidant effects. EO
can also be defined as mixtures of volatile compounds that are most often present at low
concentrations in plants. Several different extraction techniques are widely used for EO extraction,
such as steam distillation and solvent extraction. However, these methods are characterized by some
disadvantages, such as low extraction efficiency, and selectivity, use of large amounts of solvents,
and long extraction times that negatively influence the quality of the EO due to hydrolysis or

oxidation of some components and the high amount of spent water."18

Given these limitations, innovative methods for EO extraction have been developed, such as
supercritical fluid extraction and microwave-assisted extraction. These alternative methods aim to
significantly reduce extraction times, increase yields, and improve EO quality. These methods are

predominantly exploited at laboratory scale though some industrial applications can be found.!’

2.3. Terpenes and Terpenoids

Terpenes are predominantly found as constituents of EO, being mainly hydrocarbons. Besides
that, they can be defined as linear or cyclic compounds composed of N isoprene units that are
saturated or unsaturated and modified in several ways.'® Terpenes are divided into groups and sub-
groups, due to some factors such as the pathway by which they are synthesized by nature or according
to their structures.? Terpene hydrocarbons can be classified according to the number of isoprene

units as follows:*®

= Monoterpenes: 2 isoprene units, 10 carbon atoms; components of anticancer and

antimicrobial drugs.®

= Sesquiterpenes: 3 isoprene units, 15 carbon atoms; most common in fungi and marine

organisms; exhibit antibiotic activity.*°

= Diterpenes: 4 isoprene units, 20 carbon atoms; taxol is an example of diterpene used in drugs

to treat cancer.!®



= Triterpenes: 6 isoprene units, 30 carbon atoms; mainly found in nature, mostly in resins, and

are indispensable structural components of plant cell membranes.*®

= Tetraterpenes: 8 isoprene units, 40 carbon atoms; as important tetraterpenes, the yellow or
orange-red carotenoid pigments can be cited.!®

= Polyterpenes: composed of many isoprene units, and there is no recent research proving the

existence of any biological function associated with these compounds.*®

Terpenoids are terpene oxygenated derivatives, which include functional groups such as
aldehydes, alcohols, carboxylic acids, ethers, and ketones.®?*2* The term terpene usually refers to a
hydrocarbon molecule while terpenoid refers to a terpene that has been modified by the addition of
oxygen.?* Although terpenes have significant properties such as antifungal, anticancer, antimicrobial,
etc., they contribute very little to the aroma and flavor of EO. Terpenoids, on the other hand,
contribute immensely to the organoleptic properties of EO.°

Given this, terpenes (mostly monoterpenes) act as "impurities” for some EO, due to their low
solubility in aqueous and alcoholic solution, and their oxidation processes, producing off-flavors that
ultimately deteriorate the quality of the marketed EQ.?2242° Thus, it becomes indispensable to remove
these compounds to increase the value of EO in the marketplace. The deterpenation of EO or the
concentration/purification of the EO, as detailed in the next section, remove the odorless and
flavorless hydrocarbons from the oxygenated compounds, which are highly odoriferous and
flavored.? Specific terpenes and terpenoids also find application in the pharmaceutical industry as

summarized in Table 1.



Table 1: Pharmaceutical application of terpenes and terpenoids naturally found in plants.

Compound Pharmaceutical properties Category of terpene Source
Citral Antibacterial and antifungal activity. acyclic monoterpene 26
aldehyde
Myrcene Antifungal and antibacterial activity. acyclic monoterpene 7
Eugenol Angesthetlc prgpertles and antibacterial and monoterpenoid 2%
antifungal activity.
Geraniol Anjuttungal, antitumoral and  antibacterial monoterpenoid 29
activity.

D-Limonene

Artemisinin and its
derivatives

Cucurbitacin

Eucalyptol

(-)-Menthol

(-)-cis-Carveol

(-)-Forskolin

(-)-Taxol

(-)-Merrilactone

(-)-Matricin

(+)-B-Eudesmol

Chemopreventive and therapeutic antitumoral
properties.

Antileukemia, and other antitumoral properties;
antimalaria drug.

Antileukemia, and other antitumoral properties.

Expectorant against bronchial catarrh (asthma),
anti-ulcer activity.

Antibacterial, antispasmodic, antiseptic, and
anti-ulcer activities.

Prophylaxis against breast and prostate cancer.

Activity against heart failure, autoimmune
disorders, psoriasis, erectile dysfunction.

Cytostatic agent in cancer therapy.

Treatment of Alzheimer’s and Parkinson’s
diseases.

Anti-inflammatory activity and bowel diseases.

Anti-dementia drug, antiangiogenic activity,
induces apoptosis.

cyclic monoterpene

monocyclic
sesquiterpene lactone
peroxide

tetracyclic terpene

monocyclic
monoterpene

monocyclic
monoterpene alcohol

monocyclic
monoterpene alcohol

bicyclic diterpene

tricyclic diterpene
alkaloid
bicyclic
sesquiterpene

bicyclic

sesquiterpene lactone

bicyclic
sesquiterpene

30

31

32

33

34

35

36

37

38

39




2.4. Separation Processes

The most common classical methods of deterpenation, at industrial scale, are vacuum
distillation and liquid-liquid extraction.?® These methods are good alternatives because of the low
water and energy consumption and low cost since the procedures take place at moderate temperature

and pressure conditions.*

Supercritical fluid extraction has been also an attractive alternative because of the use non-toxic
and non-flammable solvents such as carbon dioxide, that is also easily separable from the final
product, and operation at low temperatures. On the contrary, this process requires expensive
investment in robust equipment and safety, which has hindered its use on a large scale.?>442 A
similar disadvantage applies to membrane separation. Despite the high separation efficiency and

quality of the end- product, high equipment costs also apply.*

2.4.1. Liquid-Liquid Extraction

Among the several techniques applied for the fractionation of EO, liquid-liquid extraction
(LLE) or solvent extraction, has advantages since the operation is usually carried out without heating
(as in conventional distillation) or pressure changes (as in supercritical fluid extraction or vacuum
distillation). Consequently, it results in a low energy consumption process. Additionally, milder
operating conditions also tend to preserve the organoleptic properties of oils because they contain

heat-sensitive components that may degrade to produce undesirable odors.*+4°

The first step is the choice of a suitable solvent for the development of this method. This
solvent should result in large distribution coefficients and high selectivity.*® The main principle of
LLE is the separation of components presents in a liquid solution by contact with another liquid; for
this process to work, the two liquids that are in direct contact must have partial miscibility or

immiscibility.*

This extraction process takes place in two stages: in the first stage, the solute dissolved in a
solvent (S1) from which it cannot be easily removed is transferred to a second solvent (S2) from which
it can be more easily separated. Finally, the solute is extracted from S; to regenerate it, thus allowing

its reuse in a subsequent extraction.*®4°



2.4.2. VVacuum Distillation

Distillation is a physical separation process based on the relative volatility differences of the
components over a given temperature range. Vacuum distillation (VD) works at lower operating
pressures, aiming to increase the relative volatility of the compounds, thus resulting in a more

efficient separation.*®

Some researchers report that the main advantage of applying vacuum to the distillation system
is the reduction of the boiling temperature of the crude EO inside the column, which consequently
reduces the degradation of the components of interest.>® VD separates the hydrocarbon terpenes from
the oxygenated terpenes. The hydrocarbon terpenes are removed from the top of the distillation

column, while the heavier oxygenated fraction is collected at the bottom.>!

2.4.3. Supercritical Fluid Extraction

Supercritical fluid extraction (SFE) has been used for the extraction of volatile components,
e.g., EO and aroma compounds from plant materials, at industrial scale.®® This technique is
established by the solvating properties of the supercritical fluid, which can be obtained by employing
pressure and temperature above the critical point of a compound, mixture, or element. It depends also
on some extrinsic features (e.g., characteristics of the sample matrix and interaction with the targeted
analytes).49-%2

This technique allows fine adjustments of the solvent physical properties and capacity for
each separation, by changing temperature and pressure conditions, so SFE is considered more flexible
than conventional methods.?®

Since SFE does not use chemical solvents with drastic environmental impacts, this separation
method is regarded as a “green process”.> The most common solvent used in this technique is carbon
dioxide (CO>) due to three major reasons: (i) It is non-toxic to human health and the environment;
(i) It has a moderate critical temperature, 31.2°C, (this way, the bioactive compound preservation in
the extracts is guaranteed); (iii) Once the pressure is reduced, the CO> returns to its gaseous state and
can be easily separated from the oil and then recycled.*854%



2.4.4. Membrane Separation

Membrane separation (MS) is an interesting alternative method for the LLE of highly valuable
oxygenated terpenes from EO. The mainly expected benefit of using membrane contactors is the
phase separation step elimination (since mixing of phases is avoided), which can be difficult in these
systems. In LLE with membrane contactors, the interface between phases is stabilized in a porous

membrane.*>6

In MS, the pores are filled with one of two immiscible fluids (depending on the hydrophilic or
hydrophobic nature of the membrane). The porous material does not normally influence the
selectivity of mass transfer. Importantly, the use of membrane contactors provides a wide choice of
solvents, since the density difference between the phases (essential for the settling step) is no longer

relevant. 425758

MS has other advantages such as low energy consumption, facilitates product purification, and
recovers valuable co-products from complex liquids. On contrary, it has a limited pressure range to
ensure a stable interface between fluids, relatively short membrane life, and extra resistance to mass

transfer. For industrial scale application, these disadvantages can become severe restrictions.*°-%6:57

2.5. Designer Solvents

The so-called "designer solvents™ are solvents which can be tailored to have specific properties,
such as solvation capacity, viscosity, density, thermal stability, polarity, and so on, depending on the
application of the solvent. Deep eutectic solvents and ionic liquids are common examples of
“designer solvents”, as discussed below.

2.5.1. Deep Eutectic Solvents

Deep eutectic solvents (DES) are considered an emerging class of green solvents. Nowadays,
they are widely acknowledged as sharing many characteristics and properties with ionic liquids®
such as high thermal stability, low volatility, low vapor pressures, and tuned polarity, making DES
promising candidates for a potential replacement of existing volatile organic compounds widely used

throughout research and industry.®



DES can be defined as systems formed from a mixture of Lewis or Brgnsted acids and bases,
presenting a melting temperature well below to that assuming the ideal liquid solution model.>® They
are generally obtained by the complexation of a quaternary ammonium salt with a metal salt or
hydrogen bond donor (HBD), but recently type V DES between two molecular (non-ionic)
substances have been proposed.®! The charge delocalization occurring through hydrogen bonding
between, for instance, a halide ion and the hydrogen-donor moiety is responsible for the decrease in

the melting point of the mixture relative to the melting points of the individual components.®

Moreover, DES can present some advantages over IL, such as their ease of preparation and,
in some cases, depending on the components used to prepare them, relatively cheaper. On the

downside, they are generally less chemically inert.5%62

DES can be prepared thorough the combination of materials from renewable sources with
non-toxic and biodegradable compounds such as carboxylic acids, polyols, and sugars, being the
majority hydrophilic. Recently, the design of hydrophobic eutectic mixtures wholly composed of
non-ionic species has received a particular attention. Terpenes have been used to prepare
hydrophobic eutectic mixtures, (classified as DES type V) due to their very low solubility in water,

and relatively low price.®34

2.5.2. lonic Liquids

lonic liquids (IL) are organic or inorganic salts of low-melting-point (less than 100°C) that form
liquids composed entirely of ions.® The inorganic IL have limited applications over organic IL due
to their typically higher melting points, poor solvation properties for organic compounds, and
reactivity.®>6¢ Organic-based IL, in general, have significantly lower melting points combined with
favorable solvation properties supporting a wider range of applications in the chemical, materials

science, chemical engineering, and environmental areas.®

As IL are considered "designer solvents”, it would be possible to generate the required
combination of reactivity, solubility, and viscosity, among other. A simple, but viable as a zeroth-
order approximation, is that the anion defines the chemistry, while the cation controls the physical
properties.5”% A few IL have been already studied, using inverse gas chromatography, as potential
separation agents in several terpenes and fuel processes.®%%7¢ A summary of those literature results

will be provided in Chapter 4, where a comparison is made with the results obtained in this work.

10



A binary mixture can be used to fine-tune the physical properties (such as viscosity, polarity,
density, or miscibility), for example, by adding a second ionic liquid, with a common anion (or
cation), but a different cation (or anion). In this work, the binary equimolar mixture of [C4smim][PFes]
and [Csmim][CI] will be tested for some important terpenes and fuel processing mixtures.

11



Chapter 3.

3.1. Materials

Experimental Work

Information about the ionic liquids such as chemical structure, supplier, molar mass, melting

point, and purity are described in Table 2. Similar information about the solutes is presented in Table

B1 of Appendix B. Before use, the IL were dried at vacuum conditions (at 1 Pa and 298.2 K), under

continuous stirring, for at least 48 h. The organic solutes were used as received from the suppliers.

Table 2: Chemical structure, name, molar mass, purity, melting point, and suppliers of IL studied.

. . Chemical name and Molar mass  Purity Melting .
Cation Anion o a1 . temperature  Supplier
abbreviation (g-mol™) (wiw) (K) 2
-
. | . 1-butyl-3-
Mt L e methylimidazolium :
P a
F/|\F hexafluoraphosphate 284.19 0.990 265.2 lolitec
E [C4mim] [PFe]
7\
D
Z 1-butyl-3-
\ cr methylimidazolium 174.68 0.990 338.2: lolitec
chloride
[Camim][CI]

2 Declared by the supplier.
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3.2.  Chromatographic Methodology

The experimental procedure for the measurement of the activity coefficient at infinite dilution
(y13) for all solutes (1) in the ionic liquid (3), including the column packing method and preparation,
were already detailed in previous works.®*0 The IGC technique was adopted for the measurements
of retention times, using a Varian 3380 gas chromatograph (GC) equipped with a 1041 on-column
injector and a thermal conductivity detector (TCD). For such type of analysis, a glass column (1 m
length and 4 mm internal diameter) was filled with the ionic liquid (stationary phase (45-55%)) and

subsequently placed in the oven of the chromatograph.

First, the column was pre-conditioned, i.e., a stream of helium gas was passed through the
column for, at least, 6 h at 393.2 K, to facilitate the removal of eventual impurities. During the
analyses with traditional organic solvents and water, the injector and detector temperatures were at
503.2 K and 523.2 K respectively. For the analyses with terpenes and terpenoids, the injector and
detector temperatures were set to 553.2 K and 573.2 K respectively. Before measurements, the

injector must be at the setpoint temperature for at least 30 min.

In order to achieve infinite dilution conditions, the solutes were injected in the column in
volume range of (0.2-0.5) uL. Together with the organic solute, air was injected, as a non-retained
component. The experiments were performed, at least, at three temperatures in the range (333.2-

453.2) K. Each experiment was repeated, at least, twice.

For a set of solutes (minimum 10 solutes, for each ionic liquid in the stationary phase,
including compounds from different families), the y;3 were measured in two independent columns,
at three temperatures. As reference, absolutes values of retention times varied between 0.9 to 70 min
corresponding to heptane and eugenol, respectively, in pure [Csamim][PFe]. Retention times were

calculated by the difference of the retention times of the solute, tg, and air, t;.

13



3.3.  Thermodynamic Background
3.3.1. Activity Coefficient at Infinite Dilution

The retention times obtained by IGC measurements were used to calculate the activity
coefficients at infinite dilution for a solute (1) partitioning between a carrier gas (2) and a non-volatile
liquid solvent (3), using the methodologies developed by Everett’® and Cruickshank et al.® in 1960s,

as presented in Eq. (1).

nzRT _ pi(Bi1 — Vi) n Po]S(ZBu - V)

nys =1
s =y RT RT (1)

Where n; is the mole number of solvent on the column packing, R is the ideal gas constant, p7 is the
saturated vapor pressure of the solute, p, is the column outlet pressure, B;; is the second virial
coefficient of the pure solute, V" is the molar volume of the solute, B;, is the crossed second virial
coefficient of the solute and the carrier gas (helium), V;* is the partial molar volume of the solute at
infinite dilution in the solvent, Vy is the net retention volume of the solute, T is the absolute
temperature of the column (regulated by the GC oven). In Eq. (1), /5 is the pressure correction term,

as discussed in detail by Everett’, and is given by Eq. (2):

. 3
20y 1

) )
3(P /) — 1

Where p; is the column inlet pressure. The net retention volume of the solute passing inside the

column is calculated by Eqg. (3):
Vy = UJ3) M Uo(tr — tg) 3)

Where U, is the outlet volumetric flow rate (at the column temperature), and ¢, and t, are the

retention times of the solute and air (non-retained substance), respectively. The flow rate U is
measured with a flowmeter placed after the carrier gas leaves the detector, so it needs to be corrected

by Eq. (4):

Uy=U r (4)
0 po Tr
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Where Uy, ps and T are the volumetric flow, the pressure, and the temperature measured by the

flowmeter after the carrier gas goes through the detector, respectively . The second order virial
coefficients, used in Eqg. (1) were estimated using the correlation proposed by Tsnonopoulos and

discussed, in detail, by Poling.

To estimate the column outlet pressure p,, a linear regression between the pressure drop value (AP)
and the volumetric flow rate was established at different temperatures, using Eqg. (5). The coefficients
(A and B) are presented in Table Al of Appendix A.

AP =py—ps=A-U+B (5)

The activity coefficient at infinite dilution represents the solute-solvent affinity, where:
- y:3 > 1, the solute-solute interactions are stronger than the solute-solvent ones.
- y:3 = 1, solute-solute and solute-solvent interactions are similar.
¥13 < 1, the solute-solvent interactions are higher than the solute-solute.

3.3.2. Excess Partial Molar Properties at Infinite Dilution

To further interpret the interactions and the measured y;3 data, the excess partial molar
properties at infinite dilution, namely excess enthalpy (HE) and entropy (SE), which are
contributions to the excess Gibbs energy (G£), can be determined by using the linear dependence of

V13 with temperature (van’t Hoff plot), using the following equations:

AEeq1  §E*
In yi3 = T}; T % (6)
GE® = RTInyS (7
And, at a reference temperature T, :
Gr%oo = Hrl;jloo - 55100 Tref (8)
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3.3.3. Gas-Liquid Partition Coefficient

The gas-liquid partition coefficient (K} ) of the solutes can also provide important information
about the solvent performance. Thus, the K; for a solute partitioning between the carrier gas (helium)

and the stationary phase (IL) can be determined from the same IGC experiments according to:%?

_ iz In Vnps _ PoJ3 (2B, = Vi°) 9)
c? ms RT

In which c is the molar concentration of the solute (1), m5, and p5 are the mass, and density of ionic
liquid (3), respectively, in the column.
3.3.4. Fractionation Factors

In order to evaluate the performance of IL as entrainer in several chemical separation problems,

the selectivity between the solutes i and j, (S;7), and the separation capacity, (k;°), were calculated

as follows:
w Vi3
S = —= 10
iy (10)
k* = 1 (12)
J Vj°§

Being j the solute with the lowest activity coefficient for a given separation between two
components, and 3 refers to the ionic liquid. For an ionic liquid to be a good separation agent, high
selectivities and capacities are desirable. Unfortunately, often, these two parameters counteract, i.e.,
high values for selectivity are accompanied by low capacities. Thus, it is important to have a balance
between these two parameters to be able to evaluate the IL more efficiently. To this end, the solvent
performance index (which fairly describes this balance) was determined. The solvent performance

index, (Q;7), also defined at infinite dilution, can be calculated using Eq. (12).72%

Qi; = Siik” (12)
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Chapter 4. Experimental Results

4.1. Activity Coefficients at Infinite Dilution

In this work, two IL with a common cation, but unlike anions of different polarity, were
selected as stationary phases, in order to see the effect of changing the anion in the y;3, and derived
properties. The y;5 of 52 solutes were measured by the IGC technique in the global temperature range
of (333.2-453.2) K. The lower temperature value was chosen considering the pure IL melting points.
For each solute, at least three different temperatures were set, depending on the solvent/solute
combination. The results are listed, in detail, in Appendix C, Table C1. To our best knowledge, all
the experimental results for y;5 in the mixture [Csmim][PFs]/[Csmim][CI] are reported for the first
time in this work, as well as the experimental y;5 values of several solutes in [Csmim][PFs], more

precisely, for terpenes and terpenoids.

Figure 1 represents the experimental y;3 values of most solutes in the two stationary phases
([Camim][PFe] and in the equimolar mixture of [Camim][PFe]/[Csmim][CI]), that were obtained at a
fixed temperature of 353.2 K. For a group of less volatile terpenoids, experiments were done at higher
temperatures and the corresponding results are explored in Figure 2, at 413.2 K. The retention times
of the phenolic terpenoids (eugenol, carvacrol and thymol) in the equimolar IL mixture were too
high, and it was not possible to perform the experiments.
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Figure 1: Infinite dilution activity coefficients (y;3) of traditional organic solutes, water, and some terpenes/terpenoids at
353.2 K: measured in this work in [Csmim][PFe] (A) and [Csmim][PFe]/[Csmim][Cl] equimolar mixture (¢); obtained from

literature in [Csmim][CI] (©)%. The dotted lines separate the different families of organic compounds, while the solid line
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From a global analysis of Figure 1, at 353.2 K, the y;3 values for almost all solutes were
higher in the studied equimolar mixture than in pure [Csmim][PFs], except for the more polar solutes
such as alcohols and water. This is supported by the higher polarity of the equimolar mixture of
[Camim][PFs]/[Camim][CI]. Alcohols and water are capable of hydrogen bonding and their
interactions should be stronger with the more polar chloride anion than with the PF¢™ ion, which has

a more shielded negative charge.

By comparing the results for the equimolar IL mixture with pure [Csmim][CI]®, is possible
to notice that, for almost all solutes (apart from alkanes and cycloalkanes) in the equimolar IL
mixture, the y;3 assumes intermedium values between the pure IL. In the case of the less polar
solutes, for alkanes the y;5 values are very similar to those found in pure [Csmim][CI]®®. On the

contrary, for cycloalkanes the ;3 values are lower than for pure [Csmim][CI].%°

Figure 2 represents the y;3 values for some terpenes and terpenoids studied here. The data
reported by Martins et al.”® for pure [Camim][CI] are majority higher than those reported in this work,
being the deviations more evident in hydrocarbons terpenes, ether terpenoids, and ketones terpenoids.
Regarding alcohol terpenoids, the experimental results for [Csmim][PFs] are close to the literature
data for [Csmim][CI], apart from linalool (which is lower than pure [Camim][CI]"®) and (-)-borneol
(which the 53 for the equimolar IL mixture is similar to pure [Camim][CI]"®). Overall, this brief

comparison gives excellent indications about the consistency of the data found in this work.

Another important comparison should be carried out with the y;3 data obtained by Martins et
al.® for several solutes in [Csmim][CI]. In general, the experimental results for ;3 in the equimolar
mixture of [Camim][PFe]/[Camim][CI] are closer to those observed in the pure [Csmim][Cl](Martins
et al., 2015) than in pure [Csmim][PFe] indicating that the chloride anion has a significant effect on

the y{3 values.

Generally, y;5 lower than unity, indicating a stronger solute-solvent than solute-solute
interactions, were obtained only in a few systems: acetonitrile, water, and most alkanols in the
[Camim][PFs]/[Camim][CI] equimolar mixture, and 1,4-dioxane, acetonitrile, pyridine and acetone
in [Camim][PFe]. Other polar solutes such as thiophene, butan-2-one, esters, and some ethers showed
also low y3, though higher than 1, in either set of IL. On the other hand, as expected, the activity

coefficients of the nonpolar alkanes and cycloalkanes are the highest, all much higher than 1, which
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indicates the weakest interactions with the investigated IL. Regarding the influence of the chain size,
normally, for a given family, the y;3 increase with the number of carbons in the chemical structure,

reflecting the corresponding increase in apolarity.

The y;5 for acetonitrile at 353.2 K is lower than unity in all IL investigated suggesting the
high potential of these IL to extract it from aliphatic hydrocarbons. Other solutes such as pyridine
(0.89 for [Camim][PFs] and 1.29 for [Camim][PFe]/[C4amim][Cl]), and thiophene (1.41 for
[Camim][PFe] and 1.71 for [Casmim][PFe]/[C4mim][CI]) showed low y{3 values.

As well known, these compounds act as impurities of alkane mixtures; these results suggest
a higher selectivity of these IL for the removal of nitrogen and sulfur-containing compounds from

alkanes, as will be discussed later in this work.

For alcohols, the activity coefficients follow the order [Csmim][PFes] >
[Camim][PFs)/[Camim][CI] > [Camim][CI] and are also much lower than the y;5 for aliphatic
hydrocarbons. In fact, all investigated alcohols presented y;3 lower than 1 for the mixture
[Camim][PFs]/[Camim][Cl], except for tert-butanol that is slightly higher (1.05 at 353.2 K).
Regarding [Camim][PFe], the y;3 for alcohols are higher than 1, yet not too far from the unity. This
behavior can be explained by a stronger hydrogen bond-ion interaction in the chloride containing

systems.

The lower y;3 (though > 1) of hydrocarbons (aliphatic and aromatic) and polar aprotic solutes
(esters, an ethers) in [Camim][PFs] when compared to the IL mixture shows that the interactions with

this less polar IL are less unfavorable.

The effect of temperature on the activity coefficients is also very important in process design,
and that will be analyzed in the next plots. In general, there is a linear increase or decrease in the
natural logarithm of y3 with the inverse absolute temperature. Figures 3 and 4 present the results
for the aliphatic and aromatic hydrocarbons, respectively. As can be seen, the In(y;3) values for
alkanes and cycloalkanes are high and increase linearly with 1/T. As discussed before, there is a slight
difference between the values depending on the ionic liquid used, as the values for the equimolar
mixture of [Camim][PFe]/[Camim][CI] are higher than in pure [Csmim][PFs]. The mixture has a

higher polarity, resulting in less favorable solute-solvent interactions.

20



7.00 7.00

6.50 F 6.50 -‘::_..oz

o.00 | T T G R S, G Sl

...... A N L 2

s.50 F A AR L. A s5.50 f
r T O it i
= B i IR S G
= .00 p AR eeedUUTT 0L A ..... A - 5.00 F .Q ..........
- AA """ - & &

4.50 } JANE 4.50 } P &

4.00 F AA ----- A 4.00

AAA R A
3.50 } AA‘ 3.50
3.00 . : . . - 3.00
0.0025 ©.0026 0.0027 0.0028 ©.0029 0.0030 0.0031 0.0025 0.0026 0.0027 0.0028 0.0029 0.0030 0.0031
UT (K UT (K9

Figure 3: Experimental iny;3 of alkanes and cycloalkanes in [Csmim][PFs] (A) and [Csmim][PFs)/[C.mim][CI]
equimolar mixture (0) as a function of 1/T. Color code: =~ heptane, ¢ octane, @ nonane, @ decane, @ cyclohexane,
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Figure 4: Experimental Iny;5 of aromatic hydrocarbons in [Csmim][PFs] (A) and [Casmim][PFe]/[Csmim][CI] equimolar
mixture (0) and as a function of 1/T. Color code: @ benzene, @ ethylbenzene, ® toluene, @ p-xylene.
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The In y;3 of the aromatic hydrocarbons are lower than for alkanes and cycloalkanes, as the
former are more polar (related to the n—electron) and change only very slightly with temperature,
with a different slope depending on the stationary phase. The number of carbons in the alkyl groups
bonded to the aromatic ring has a significant effect on the Iny;3 value; as the number of carbons
increases, Iny;3 also increases, due to the increased molecule apolarity. The position and type of

substituents of the benzene ring seem to have a lower effect on In y;3 value.

The value of Iny;3 for the esters are represented in Figure 5. As can be seen, there is a
stronger interaction between the less polar [Csmim][PFs] and the acetates and the slope is opposite
(negative for the pure IL and positive to the mixture). The interaction between both IL and the esters
studied gets weaker as the number of carbons increases. Besides that, the results showed a higher

value of Iny;3 for ethyl acetate than vinyl acetate, resulting from the unsaturated bond in vinyl

acetate.
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Figure 5: Experimental In y;5 of esters in [Camim][PFe] (A) and [Camim][PFe]/[Camim][CI] equimolar mixture (0) as a
function of 1/T . Color code: @ methyl acetate, @ vinyl acetate, @ ethyl acetate.

Figure 6 shows the temperature dependence results for three different ethers. As can be seen,
again [Csmim][PFs] has stronger interactions with the ethers studied, particularly with 1,4-dioxane,
a cyclic ether containing two oxygen atoms. It has the highest molecular weight and boiling point of
the studied ethers.
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The behavior of sulfur (thiophene) and nitrogen (acetonitrile, pyridine) containing molecules
and ketones (acetone and butan-2-one) can be analyzed in Figure 7. As demonstrated, the pure
[Camim][PFs] has stronger interaction with those compounds; for acetonitrile and pyridine y;3 are

lower than 1, in the studied temperature range, indicating that this ionic liquid might be useful to

remove nitrogen-compounds from fuels oils.
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Figure 6: Experimental Iny;3 of ethers in [Csamim][PFs] (A) and [Camim][PFe]/[Csmim][CI] equimolar mixture (0) as

a function of 1/T. Color code: ¢ THF, @ 1,4-dioxane, @ diethyl ether.
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It is noticeable that alcohols and water (Figure 8) showed the lowest In y;3 values than any
other solute in the equimolar mixture [Csmim][PFs]/[Csmim][CI], which was expected once the anion
CI" is able to form hydrogen bond more easily, in the studied temperature range. For this family of
compounds, in general the interactions decrease with increasing number of carbons, in the ranking

methanol > ethanol > 1-propanol > 2-propanol > isobutanol > 1-butanol > 2-butanol > tert-butanol.
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Figure 8: Experimental Iny5 of alcohols and water in [Csmim][PFs] (A) and [Camim][PFe]/[Camim][CI] equimolar
mixture (¢) as a function of 1/T. Color code: @ methanol, @ ethanol, < 1-propanol, @ 2-propanol, @ 1-butanol, ®
2-butanol, @ tert-butanol, @ isobutanol, © water.

Taking into account the equimolar mixture of [Camim][PFs]/[Camim][Cl], the type of alcohol
(primary, secondary or tertiary) has more impact in the In y{3 values (considering a fixed number of
carbon atoms), where the interactions between the ionic liquid and the alcohols (with four carbon
atoms) decrease in the following order: tert-butanol (tertiary alcohol) > 2-butanol (secondary alcohol)
> 1-butanol (primary alcohol) > isobutanol (primary alcohol), with the values for the last two being

very close to each other. The same behavior was observed for the alcohols with three carbon atoms.

Another aim of this work is the fractionation of terpenes and terpenoids by using IL as
separation agents. Figure 9 explores the experimental data for different terpenes. The data for ether
terpenoids, ketone and aldehyde terpenoids, alcohol terpenoids and phenolic terpenoid are shown in

Figures 10, 11, 12 and 13, respectively.
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Figure 9: Experimental In y5 of terpenes in [Csmim][PFs] (A) and [Csmim][PFs])/[Camim][CI] equimolar mixture (0)
as a function of 1/T. Color code: @ a-pinene, B-pinene, @ R-(+)-limonene, myrcene, @ p-cymene, @ v-
terpinene.

As shown in Figure 9, in both IL investigated, a poor interaction with hydrocarbons terpenes
was found. As expected, these solutes presented similar behavior with alkanes and cycloalkanes, with
a positive slope and large positive deviations from ideality and, in addition, showing a greater

interaction with [Csmim][PFs] when compared to the [Camim][PFs]/[Camim][CI] equimolar mixture.

Similarly, the results for the low polarity ethers (Figure 10) showed a higher interaction with
the pure ionic liquid [Csmim][PFs] than in the equimolar mixture of [Csmim][PFe]/[Camim][CI].

Eucalyptol has higher Iny13 values than a-pinene oxide.

Regarding ketone terpenoids (Figure 11), these compounds do not behave like the common
ketones previously studied due to their higher molecular weight and apolarity. Besides the difference
between Iny73 values, the slope also changes. Nevertheless, ketone terpenoids also showed higher
interaction (lower y;3) with pure [Camim][PFs] compared to the IL mixture as common ketones
(acetone and 2-butanone). Citronellal, an aldehyde terpenoid, had the poorest interaction in both IL

studied when compared with the ketones terpenoids.
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Figure 11: Experimental Iny;3 values of ketone terpenoids in [Camim][PF¢] (A) and [Camim][PFe]/[Camim][CI]
equimolar mixture (0) as a function of 1/T. Color code: @ S-(+)-carvone, @ (-)-menthone, = (1R)-(+)-camphor, @
citronellal, @ R-(-)-fenchone.

On the contrary, alcohol terpenoids (Figure 12) showed more favorable interactions with the
equimolar mixture of [Csmim][PFs]/[C4smim][CI] than in pure [Csmim][PFs]. This behavior was also

observed for traditional alcohols due to the high capacity of the anion CI- to form hydrogen bonds.
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Figure 12: Experimental Iny;3 values of alcohol terpenoids in [Camim][PFe] (A) and [Camim][PFe]/[Csmim][CI]
equimolar mixture (0) as a function of 1/T. Color code: @ L-(-)-menthol, @ (-)-isopulegol, © (-)-borneol, @ geraniol,
® DL-citronellol, @ linalool.

Linalool is the only tertiary alcohol terpenoid studied, but this seems not affect too much the
Iny5 values, since it is close to other solutes classified as secondary alcohols. It is perceptible that
the slope changes in the two sets of IL studied — observed for the alcohols terpenoids, are similar to
the change in traditional alcohols, with the exception of (-)-borneol in the equimolar IL mixture.

The phenolic terpenoids are compounds that have a hydroxyl group linked to the aromatic
ring, presenting a high boiling point, and being the less volatile terpenoids studied in this work.
Figure 13 shows the results of in y;3 as a function of 1/T. It was only possible to obtain experimental
data in pure [Camim][PFe] due to the very high retention times of these solutes, even at the highest
possible operation temperature. Carvacrol and thymol are also isomers and have close In y;3 values.
Eugenol showed the lowest interaction with the ionic liquid studied, as expected since it has a higher

nonpolar part.
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Figure 13: Experimental In y;3 values of phenolic terpenoids in [Csamim][PF¢] (A) as a function of 1/T. Color code:
@ cugenol, @ carvacrol, ¢ thymol.

Comparison with literature data

In Figure 14, the activity coefficients at infinite dilution obtained in this work in
[C2mim][PFs] are compared to the data reported in a previous study by Mutelet et al.”*. Data are
available for several traditional organic solutes — alkanes, aromatic hydrocarbons, ketones, alcohols,
nitrogen- compounds (pyridine), and sulfur- compounds (thiophene). The literature values are quite
consistent with the results reported in this work, except for alkanes and cycloalkanes for which the

literature values are lower than the values measured in this work.
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Figure 14: Comparison between the experimental activity coefficients at infinite dilution for traditional organic solutes,
obtained in [Csmim][PF¢]: this work (o) literature™ (A), at 333.2 K. The dotted lines separate the different families for
the organic compounds.

4.2. Infinite Dilution Thermodynamic Functions

The excess partial molar properties at infinite dilution allow to obtain additional information

about the interactions between the solutes and the ionic liquid. Using the y;3 values it was possible

to calculate the Gibbs energy (G,2;*), enthalpy (H,,™), and entropy (T;Ss") for all solutes.

The results are presented in detail in Appendix C, Table C5. The excess partial molar
properties for traditional organic solutes, and water are presented in Figure 15. For terpenes and

different types of terpenoids, the results are in Figure 16, and for phenolic terpenoids in Figure 17.
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Figure 15: Excess partial molar energies at infinite dilution as function of the natural logarithm of the activity coefficients
at infinite dilution of organic solutes and water in (A) [Csmim][PFs] and (B) the equimolar mixture
[Camim][PFe]/[Camim][Cl], at 353.2 K. The solid line represents G/, and the symbols correspond to HZ® (A) and
Trer S (O). Color code: @ alkanes, * cycloalkanes, ¢ aromatic hydrocarbons, @ ethers, @ esters, ® ketones, ®
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For the less polar solutes such as alkanes and cycloalkanes, the y;3 are all higher than unity,

consequently, G- showed positive values. The H;*® are also positive for these solutes, indicating

that solute-IL interactions increase as temperature increases.

Concerning the aromatic hydrocarbons , the G.>® values are all positive, the H=* values are
closer to zero, and the TrefS,’f;‘” are negative indicating that the entropic factor predominates in both
IL systems. Positive values for G and negative values for Trefo{"" indicate that the solvation of

these compounds in the investigated IL is highly unfavorable. The distribution of the thermodynamic
energies is throughout region (1) and (111) for these solutes.
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Analyzing Figure 15 (A), it is worth noting that for methyl acetate, 1,4-dioxane, pyridine,

thiophene, and ketones in [Camim][PFs] have a G,;® value close to zero, meaning that enthalpic and
entropic effects on the solvation of this compounds are similar, i.e., they cancel each other. The same

effect was observed for acetonitrile, pyridine, 2-butanol, and tert-butanol in Figure 15 (B).

In the case of the polar protic solutes such as alcohols and water, the excess partial molar
properties are all positive for pure [Csmim][PFe] which results in a distribution in region (II). The
Tye fS,’fl‘oo values were the highest observed among all the solutes studied (being all positive), though

lower than the enthalpic contribution.

On the other hand, in the equimolar mixture of [Csmim][PFs]/[Camim][Cl], the HZ *and
GE*values are almost all negative with one exception in the G2* for tert-butanol (being almost
zero), this way, the entropic and enthalpic effects practically cancel each other out for this alcohol.
Moreover, the Ty, fS,]fl’oo values for this IL mixture are, generally, positive with some exceptions such

as methanol, 2-butanol and fert-butanol which presented negative values for entropy.

For terpenes and terpenoids (Figure 16), there is no y;3 < 1, so for these solutes the
thermodynamics energies cannot be in regions (1) and (V). Figure 16 (A) and (B) represents the
excess partial molar properties for the pure [Camim][PFe] and for the equimolar IL mixture,
respectively. In both IL systems, for ketone terpenoids, the entropic effects seem to dominate over
the enthalpic ones (higher absolute values for TrefS,’f;‘”). For alcohol terpenoids, Figure 16 (A) shows
higher values for enthalpy (dominant effect) and entropy among all terpenes/terpenoids studied,
being the (-)-borneol the highest.

Inversely , for alcohol terpenoids, the Gibbs energy values are generally lower than all other
terpenes studied for the equimolar mixture of [Csmim][PFs]/[Csmim][Cl], Figure 16 (B), this
behavior may be happened due the higher interaction between these solutes and this IL mixture.
Furthermore, all alcohol terpenoids have an entropic and enthalpy effect just slightly different.
Analyzing the enthalpies, generally, for the terpenes it assumes positive values, and for terpenoids

nearly all of them has negative enthalpies.

Considering the less polar solutes such as terpenes (hydrocarbons molecules), a positive

deviation from Raoult’s law was observed (as well as in the common hydrocarbons) with y3 > 1,
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and consequently G, > 1. The Hy;” values are also positive, and T,.Sy,” is negative, in both 1L

systems.
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Figure 16: Excess partial molar energies at infinite dilution as a function of the natural logarithm of the activity
coefficients at infinite dilution of terpenes and terpenoids in (A) [C.mim][PFs] and in (B) the equimolar mixture
[Camim][PFe]/[Camim][Cl], at 393.2 K. The solid line represents G/, and the symbols correspond to AHE™ (A) and

Trer S (O). Color code:

terpenes.
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For phenolic terpenoids, there is no results for the equimolar mixture of
[Csmim][PFs]/[Camim][CI] due to the high retention times. As Figure 17 shows, the excess partial
molar properties for this type of terpenoids are negative, with the exception of the G2’ values (region
(11)). So, the thermodynamics energies for enthalpy and entropy are distributed in region (I11). It was
observed that for pure [Camim][PFe] there is a higher interaction between ionic liquid-solute among
all terpenes and terpenoids studied. The A~* and TrefS,’f;"o for carvacrol and thymol are close due
to their similar molecule structure. Entropies effects seem to be the dominant (higher absolute values

for this excess partial molar property).

Excess partial molar energies
(R3/mol)

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

In y,3

Figure 17: Excess partial molar energies at infinite dilution as a function of the natural logarithm of the activity
coefficients at infinite dilution of phenolic terpenoids in [Camim][PFs] at 413.2 K. The solid line represents G/, and
the symbols correspond to AH,” (A) and Ty Sp,™ (O).

4.3. Gas-Liquid Partition Coefficient

The gas-liquid partition coefficients of the studied solutes, K; , were calculated from retention
times using the density of the ionic liquid [Csmim][PFe]. For the equimolar mixture of
[Camim][PFs]/[C4amim][CI] no information is available yet, so it was not possible to determine the

K; for this system.

The results are reported in detail in Appendix C, Table C6. In order to better understand the
relationship between this parameter and the structure and functionality of the solutes, Figure 18

shows the K, values measured at 353.2 K for water, a set of organic solutes, terpenes, and eucalyptol.
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For the less volatile terpenoids, the results are represented in Figure 19 at 413.2 K.
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Figure 18: Gas-liquid partition coefficients (K;) for traditional organic solutes, water, and some terpenes/terpenoids at
353.2 K in [Csmim][PFs]. The dotted lines separate the different families for the organic compounds.

This thermodynamic parameter allows better understanding of the distribution of solute
between the ionic liquid and the gas phases, providing insight on the suitability of the ionic liquid as
separation agent for a given industrial separation process, e.g., a LLE, followed by the subsequently

solute evaporation in order to recover the ionic liquid, at low pressures.

It is perceptive that for all solutes the number of carbons influence the K, values. An increase
is observed in the Kj values as the alkyl-chain increases in alkanes, cycloalkanes, aromatic
hydrocarbons, acetates, ethers, ketones, and alcohols. Moreover, as expected, as temperature

increases, K; decreases, as the solute concentration in the liquid phase is lower.

Analyzing ethers, a higher number of oxygen atoms seems to contribute to enhance the solute
concentration in the liquid phase. The highest value found for this family was in 1,4-dioxane (two
oxygen atoms), and the lowest was in diethyl ether (higher volatility). For the nitrogen-compounds
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(acetonitrile and pyridine) the values are similar and the highest for all solutes present in Figure 18.

Concerning the alcohols, the nature of the alcohol has a greater influence on the K;, values
than the number of carbons. As showed, primary alcohols such as 1-propanol and 1-butanol present
high values for K;, following by secondary (2-propanol, 2-butanol, isobutanol) alcohols. The tertiary
alcohol studied (tert-butanol) showed the lowest K; value (47.60) between all investigated alcohols.
Finally, considering terpenes, p-cymene has the highest K; value (314.04), and a.-pinene the lowest
one. The K; values for a-pinene and pB-pinene are 30.0 and 59.8, respectively, structurally differing
only in the position of the double bond, showing a stronger interaction between this IL and -pinene.

Concerning the other terpenes, no clear pattern can be noticed.

Comparing the K; values for the more volatile terpenes (Figure 18) with the less volatile
(Figure 19), the values are higher for all terpenoids present in Figure 19, which indicates that the
ionic liquid [Csmim][PFe] has more favorable interactions with the oxygenated terpenes. High K
values were found in the phenolic terpenoids, having eugenol (2793.3) the highest K; value, and
thymol (1548.4) the lowest.
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Figure 19: Gas-liquid partition coefficients (K, ) for the less volatile terpenoids at 413.2 K in [Csmim][PF¢]. The dotted
lines separate the different families for the organic compounds.
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4.4. Selectivities and Capacities

To assess the IL potentialities as solvents (separation agent) for a given separation problem
(homogeneous binary mixture), the fractionation factors need to be determined. The selectivities

(8:7), capacities (k;°) and respective solvent performance indexes (Q;7) for all mixtures under study

were calculated from the y ;3 values. For a solvent to be considered suitable for fractionation, it should

have high values for selectivities and capacities since low S;7 result in poor separation efficiency,
and low k;” represent the poor solute-ionic liquid affinity, and consequently, large amounts of solvent

might be required, to carry out the separation.?®’? This work investigated the potentialities of

(0]

imidazolium-based IL, in terms of S;7, k;° and Q;; as separation agents for important separation

problems, namely the desulfurization and denitrification of fuels, removal of aromatic from aliphatic
hydrocarbons, and the separation of terpenic mixtures. Each type of problem is discussed in more

detail below.

4.4.1. Fuel Processing

Table 3 represents the selectivities, capacities, and solvent performance indexes for four
common separation problems (octane/benzene, cyclohexane/benzene, octane/thiophene, and
octane/pyridine) obtained in this work (at 333.2 K). The experimental results are also critically
compared with data available in the literature for other ionic liquids.®%®"*72 The capacities of all
solutes are reported, in detail, in Appendix C, Table C2. Comparing the results for the equimolar
IL mixture [Csmim][PFe]/[Camim][CI] with the values for the two pure IL ([Csmim][PF¢] and
[Camim][CI]), it is possible to notice that the selectivities attain a maximum for the mixture and the

capacities assume intermediate values between both pure IL.
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Table 3: Selectivities (S;7), capacities (k;°), and solvent performance indexes (Q;7) at infinite dilution for different
mixtures, relevant in fuel separation problems, in methylimidazolium-based ionic liquids, at 333.2 K.

S5/ k7 Q5

lonic Liquid Source
gard  onlwar el canapyrion
R 103.7/0.53/54.9 24.1/0.53/12.8 143.4/0.73/104.7 241.9/1.24/299.9  This work
42.6/0.47/20.0 9.38/0.47/4.40 66.4/0.68/45.1 122.5/1.35/165.4 7
[Camim][PFe] /
[Camim][CI] 164.4/0.33/54.2 49.0/0.33/16.2 296.3/0.60/177.8 416.5/0.84/349.9  This work
(equimolar mixture)
[Camim][CI] 100.4/0.24/24.1 15.7/0.24/3.8 243.5/0.58/141.2 348.0/0.82/285.3 692
[Camim][SCN] 96.7/0.52/50.3 16.6/0.52/8.6 156.9/0.98/153.7 - 730
[Camim][CFsSOs] 36.9/0.62/22.9 10.2/0.63/6.4 52.6/0.86/45.2 - b
[Camim][DCA] 63.3/0.50/31.7 12.4/0.50/6.20 81.4/0.72/58.6 112.6/0.99/111.5 8b
[Camim][BETI] 18.5/0.98/18.1 6.40/0.98/6.30 19.2/1.02/19.6 27.5/1.47/40.4 75b
[Camim][OAC] 33.3/0.39/13.0 7.9/0.39/3.10 69.5/0.81/56.3 67.9/0.79/53.6 6
[Camim][CH3SO3] 55.5/0.32/17.8 5.99/0.32/1.90 99.3/0.58/57.6 15.6/0.09/1.4 69
[Camim][(CHs)2POx] 20.6/0.43/8.80 5.27/0.43/2.30 38.6/0.81/31.3 40.6/0.85/34.5 692
[Camim][TOS] 14.8/0.51/7.50 8.32/0.51/4.20 57.6/0.90/51.8 - 850
[Camim][TCM] 45.4/0.77/34.9 10.2/0.77/7.80 62.9/1.07/67.2 96.8/1.64/158.8 760
[Camim][DBP] 6.83/1.07/7.30 3.05/1.07/3.30 - - 8
[Csmim]Cl 27.9/0.48/13.4 19.8/0.48/9.50 53.6/0.93/49.9 59.5/1.03/61.3
[Cg]‘ﬂ]n%'l a{ r[%iﬂ;gc' 13.06/0.50/6.5 10.3/0.50/5.2 23.9/0.92/22.0 23.2/0.89/20.6 7
[Czmim]Cl 4.91/0.82/4.0 3.27/0.82/2.7 7.28/1.24/9.00 5.77/0.97/5.6

2 Extrapolated using the data reported by the authors.
® Interpolated using the data reported by the authors.

Desulfurization and denitrification of fuels

Fuels are complex multicomponent mixtures of saturated, unsaturated, and aromatic
hydrocarbons. The presence of sulfur- and aromatic nitrogen compounds contribute to environmental
pollution and human respiratory diseases. These compounds are difficult to remove because of their

high molecular weight and boiling point.

Additionally, they are known for inhibiting the hydrodesulfurization process, which is
undesirable in petroleum refining processes,’?®” and can be responsible for potential equipment
corrosion.” Thus, the desulfurization and denitrification process are important to reduce the
concentration of these compounds in fuels such as gasoline, jet fuel, kerosene, diesel, and heating oil

so that the resulting fuels meet environmental protection standards.®

37



The use of IL is promising once they have the ability of extracting aromatic sulfur- and
nitrogen-containing compounds at ambient conditions, while presenting low affinity with the
aliphatic hydrocarbons present in the fuels.®8

This research focuses on the potential evaluation of two methylimidazolium-based IL for the
separation of octane/pyridine and octane/thiophene. As represented in Table 3, the results for these
mixture pairs seems to be promising. For [Csmim][PFe], the best results were observed for the pair
octane/pyridine, with high selectivity and reasonable capacity (Syetane/pyriaine= 2414 and

pyridgine = 1.24). The equimolar IL mixture investigated, showed a higher solvent performance
index  (Qocrane/pyridgine = 349.9) compared to  [Camim][PFs]  (Qocrane/pyridine = 299.9).
Considering this equimolar IL mixture, the best result was also for the separation of octane/pyridine,

[0e]

with high selectivity but relatively poor capacity (Soctane/pyriaine= 416.5 and kyrigine = 0.84).

For the separation of the octane/thiophene mixture, both IL also showed high selectivities,

however, poor capacities (Soerane;/thiophene= 1434 and Kepiophene = 0.73 for [Csmim][PFe] and
octane/thiophene= 296.3 and k¢hiopnene =0.60 for the equimolar IL mixture). The high solvent

performance indexes values for this separation problem, 104.7 for the [Csmim][PFe¢] and 177.8 for

the equimolar IL mixture, result only from the high selectivities.

These results show that both IL investigated have the potential to carry out desulfurization
and denitrification processes (removal of contaminants from fuels) as solvents, since high-
performance indexes for the mixture pairs octane/pyridine and octane/thiophene were observed.
Compared to the other IL in Table 3, the solvents studied in this work are among the ones having the

best performance indexes.

Separation of aromatic hydrocarbons from C4-Cy9 aliphatic hydrocarbons

In order to perform the separation of aromatic hydrocarbons (benzene, toluene,
ethylbenzene, and xylenes) from Cs-Cyo aliphatic hydrocarbons some conventional processes are
used, e.g., liquid-liquid extraction, extractive or azeotropic distillation using polar solvents, such as
sulfolane, N-formyl morpholine (NFM), and N-methy! pyrrolidone (NMP).”2% The removal of these
aromatics from aliphatics is one of the most challenging issues in refinery processes since these

compounds have boiling points in a close range and several combinations form azeotropes.%%
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This work investigated two pairs of common aromatic/aliphatic separation processes in the
petrochemical industry: octane/benzene, and cyclohexane/benzene. The equimolar IL mixture
resulted in the best selectivities (Sgetane penzene= 1644 AN Sy cionexane penzene = 49-0), and the k;*
values for [Camim][PFe] are slightly higher (kpe,zen.=0.53) than for the equimolar IL mixture
(Kpenzene=0.33). Besides that, [Camim][PFe] also presented good selectivities (Syerane/penzene=
103.8 and S¢ycionexane /benzene = 24.1). Once again, the solvents studied in this work are among the

ones having the best performance indexes when compared to the other methylimidazolium-based IL.

4.4.2. Fractionation of Terpenes Mixtures

In order to evaluate the studied IL potentials for the separation of terpenic mixtures, the
experimental selectivities, capacities, and solvents performance indexes obtained at 403.2 K for some
important terpene mixtures (which are abundant in some EO), such as a-pinene/B-pinene, B-
pinene/R-(+)-limonene, p-cymene/R-(+)-limonene, R-(+)-limonene/linalool, (-)-menthone/L-(-)-
menthol, (-)-borneol/(1R)-(+)-camphor, and R-(+)-limonene/S-(+)-carvone, are represented in
Table 4. For some terpenes the activity coefficients were extrapolated or interpolated to 403.2 K
using the experimental data obtained for other authors®’%"? at 433.2-458.2 K or 398.2-448.2 K.

In addition, to our best knowledge, some mixtures involving phenolic terpenoids (in these IL)
were investigated, for the first time, in this work (carvacrol/p-cymene, thymol/p-cymene,
eugenol/linalool, eugenol/eucalyptol, and carvacrol/y-terpinene). The corresponding results for S;7,
ki°, and Q;7 (at 413.2 K) are presented in Table 5. In some cases, the experimental y3 values were
extrapolated to 413.2 K using the experimental data obtained at 353.2-403.2 K, and the literature data

were interpolated using the values obtained by other authors’™ at 398.2-448.2 K.

For both IL systems investigated, low S;7 and k;° values were observed for the terpene pairs:
a-pinene/B-pinene, B-pinene/R-(+)-limonene, p-cymene/R-(+)-limonene, (-)-menthone/L-(-)-

menthol, and (-)-borneol/(1R)-(+)-camphor.
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Particularly, the separation of a-pinene/B-pinene is industrially attractive since they are
present in most EO from Pinus species.®? Since o/B-pinene are isomers, and consequently have
similar physical properties, their fractionating by distillation or solvent extraction is very difficult,

which is reflected in the low S;? and k;° values.

For the equimolar IL mixture [Csmim][PFe]/[Csmim][CI] the best selectivity found was in the

o

R-(+)-limonene/linalool mixture (Sg(+)—iimonene/tinatoor= 10.3) and the best capacity was observed
for (1R)-(+)-camphor (k;°= 0.36). For this equimolar IL mixture, the highest solvent performance
index was found for the mixture pair R-(+)-limonene/linalool (Q;7=2.68). In spite of the acceptable
selectivity, the poor capacity (k;°= 0.26), and relatively low performance index suggest that this

ionic liquid as not feasible for the fractionation of Citrus EO.
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Table 4: Selectivities (S;7), capacities (k;°), and performance indexes (Q;7) at infinite dilution for different terpenes mixtures in several ionic liquids at 403.2 K.

S5/ K/ Q5

lonic Liquid R+ Source
a-pinene/ B-pinene/ R- p-cymene/ R- R-(+)-limonene (-)-menthone/ (-)-borneol/(1R)- Iimor_wfen)e_/ s
B-pinene (+)-limonene  (+)-limonene / linalool L-(-)-menthol (+)-camphor (+)carvone
[Camim][PFe] 1.49/0.03/0.04 1.04/0.04/0.42  2.21/0.08/0.18 3.02/0.11/0.33 1.76/0.14/0.25 2.00/0.22/0.44 7.75/0.28/2.17 This work
[[CC“Tn'fI“n]]%E’CFf]]’ 160/0.03/0.05  1.02/0.03/0.03 193/0.05010  10.3/0.26/2.68  2.83/0.21/0.50 3.02/0.36/1.00  6.63/017/L13  This work
[Camim][CI] 1.41/0.005/0.007 - - - 9.08/0.10/0.90 14.8/0.29/4.24 - 70b
[Ps.6.6.14][CI] 1.27/1.10/1.40 1.25/1.10/1.38  1.04/0.88/0.92 10.2/9.01/91.92 10.0/11.5/115.42 9.07/14.2/128.8% 1.22/1.08/1.322 6
[Ps66.14][(CeH17)2PO2]  1.07/1.58/1.69  1.15/1.58/1.82  1.03/1.38/1.42 5.93/8.2/48.6 - - 1.52/1.38/2.10 6
[Camim][OAc] 1.33/0.06/0.08 1.35/0.06/0.08  1.62/0.07/0.11 30.3/1.26/38.2 - - 5.38/0.22/1.18 6
[Csmim][CI] 1.37/0.08/0.11  1.07/0.09/0.10  1.34/0.12/0.16  15.4/1.34/20.6? 11.6/1.76/20.5% 19.9/3.21/63.82 3.44/0.30/1.03?
[Camim]Cl/ 1.44/0.11/0.16 1.04/0.11/0.11  1.22/0.13/0.16 14.1/1.54/21.78 11.8/1.97/23.22 18.1/3.28/59.42 3.07/0.34/1.042
[C12mim]ClI DHRSH LU
[C12mim]CI 1.24/0.24/0.30  1.01/0.24/0.24  1.06/0.25/0.27  9.65/2.27/21.9? 8.48/2.39/20.32 12.5/4.04/50.72 1.81/0.43/0.78%

aExtrapolated using the data reported by the authors.

b Interpolated using the data reported by the authors.
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From the analyzed terpenic binary mixtures, concerning the ionic liquid [Csmim][PFs] the
best results were observed for the R-(+)-limonene/S-(+)-carvone mixture (S;7=7.75, k;°=0.28,
Q;7=2.17). Considering the terpenic pairs mixture (-)-menthone/L-(-)-menthol and (-)-borneol/(1R)-
(+)-camphor, both IL studied showed poor selectivities, capacities and solvent performance indexes,
I.e., there are evidences that the IL investigated in this work, are not suitable for the deterpenation of
peppermint EO (high concentrations of (-)-menthone/L-(-)-menthol) as well as for the fractionation
of EO from flowers of the Asteraceae and Lamiaceae families (high concentrations of (-)-

borneol/(1R)-(+)-camphor).5994

When comparing the results between the two IL systems (Table 4), for the terpenic mixtures
o-pinene/B-pinene, R-(+)-limonene/linalool, (-)-menthone/L-(-)-menthol and (-)-borneol/(1R)-(+)-
camphor the equimolar IL mixture showed higher Q;; values but still presents poor separation factors
(low S;7 and k;°values). For the pairs B-pinene/R-(+)-limonene, p-cymene/R-(+)-limonene and R-
(+)-limonene/S-(+)-carvone, the pure [Camim][PF¢] presented higher Q;; values. By analysing the
hydrocarbon terpene mixtures (o-pinene/p3-pinene, B-pinene/R-(+)-limonene, and p-cymene/R-(+)-

limonene), it is possible to observe only a slight increase in the selectivities and capacities; this
happens because both IL showed weak affinity with hydrocarbon terpenes.

Concerning the pair R-(+)-limonene/linalool, the selectivity showed an increase of more than
three times in the equimolar IL mixture [Csmim][PFe]/[Csmim][CI] compared to [Camim][PFe]. This
behaviour can be explained by the stronger interaction between the equimolar IL mixture and linalool
(due the easer formation of hydrogen bonds) comparing with the [Camim][PFe]-linalool interactions.

A similar behavior was observed for the (-)-menthone/L-(-)-menthol, and (-)-borneol/(1R)-
(+)-camphor pairs. However, the change was not as significant as for the R-(+)-limonene/linalool
mixture, once that, for hydrocarbon terpenes/alcohol terpenoids mixtures the polarity difference is
higher than alcohol terpenoids/ketone terpenoids mixtures, for instance.

For a few systems ((c-pinene/B-pinene, (-)-menthone/L-(-)-menthol, and (-)-borneol/(1R)-
(+)-camphor), information is also available for [Csmim][CI]. When comparing the results for the

equimolar IL mixture studied and the respective values for the pure ionic liquids, better solvent
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performance indexes are obtained using [Csmim][CI] (except for the a.-pinene/B-pinene). Finally, the
experimental data for S;7, k° and Q; values for the separation of phenolic terpenoids from
hydrocarbon terpenes and/or alcohol terpenoids are presented in Table 5. The choice of the binary

terpenic mixtures is based on the composition of some essential oils.

The essential oil of oregano is mainly composed of carvacrol and/or thymol (depending on
the plant origin)®°®, for example, plants collected from the northern part of Greece are commonly
rich in thymol, whereas those from the southern part of the country are rich in carvacrol. Followed

by y-terpinene, p-cymene, linalool, terpinen-4-ol, and sabinene hydrate.%"%

Several studies have shown that carvacrol and thymol are the main compounds responsible
for the antioxidant effects provided by oregano essential 0il.*®1% Taking this into account, is
important to perform the separation of carvacrol and/or thymol from hydrocarbon terpenes to increase

the oregano essential oil value in the industrial market.

Regarding the phenolic terpenoid eugenol, it is commonly found in the EO of
Cinnamomum zeylanicum Blume (cinnamon) and Eugenia caryophyllata (clove) species. Cinnamon
is widely cultivated in Sri Lanka and in some parts of India while clove is native from Moluccas
Islands, Indonesia but is currently cultivated in other regions of the world, such as the islands of
Madagascar and Grenada. Cinnamon barks and leaves are widely used as spice and flavouring agent

in foods and for several medicine applications.

The EO of cinnamon are rich in eugenol*®% following for caryophyllene, benzyl
benzoate, and linalool.1%® Knowing that, the separation problems present in Table 5 which include

eugenol are clearly important to several industries.
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Table 5: Selectivities (S;7), capacities (k;°), and performance indexes (Q;7) at infinite dilution in the ionic liquids
[Camim][PFs] and [Camim][CF3SOgs] for some pairwise separation problems including phenolic terpenoids (at 413.2 K).

Mixture lonic liquid S; k;° Q; Source
carvacrol/p-cymene 6.90° 0.55 3.80° i
[Camim][PFe] This work
thymol/p-cymene 6.74° 0.54 3.64°
thvmol/linalool [Camim][PFs] 4.75 0.54 2.57  This work
4 [Csmim][CF3S03] 113.1° 1.57° 177.6 70
eugenol/linalool [Camim][PFs] 2.73 0.31 0.85  This work
g [Camim][CF:SO3] 55.4° 0.77" 42,65 10
eugenol/eucalyptol [c4m|m][PF6] 473 0.31 1.47¢  This work
[Csmim][CF3S03] 9.47° 0.77° 7.28 70
carvacrol/y-terpinene [Camim][PFs] 13.02 0.55 7.16*  This work

aExtrapolated values.
b Interpolated using the data reported by the authors.

It is worth noting (Table 5), that using [Csmim][PFs], the highest performance index was

obtained for the carvacrol/y-terpinene mixture (Si” =13.0, kcgyyacroi=0.55, and Q;° =7.16) and the
worst for the eugenol/linalool pair (Si;° =2.73, kgy,genoi=0-31, and Q5" =0.85). Considering the results

studied by Martins et al.”®, the ionic liquid [Camim][CF3SOs] has the potential to perform these type

of separation problems, once that all the @33 values are higher than those reported in this work, being
the best results for thymol/linalool (S53° =113.1, k¢hyme=1.57, and Q;” =177.6) being also promising
for the separation of the eugenol/linalool pair (S;;° =55.4, ke genoi=0.77, and Q5;’ =42.6).

This is the first time that it was possible to obtain experimental data considering these IL for
the phenolic terpenoids (carvacrol, thymol, and eugenol). Due to the high boiling point of these

compounds, in our previous works®2%:721%4 was not possible to perform the analysis.

For all mixture pairs studied, poor capacities were found, being the lowest for eugenol and the
highest for carvacrol. Besides the reasonable selectivities and solvent performance indexes, the very

low capacities indicate that this ionic liquid is not a suitable entrainer for these separation problems.

Comparing the experimental results with the available literature data (Table 5), it is possible
to see that, in order to have good separation factors for terpenic mixtures — involving phenolic
terpenoids, an ionic liquid with low polarity seems to be a promisor option. Additionally, its evidently

that the anion has a great influence on the ionic liquid-solute interactions.
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Chapter 5. Conclusions and Future Work

The activity coefficients at infinite dilution of 52 organic solutes (including terpenes/terpenoids) and
water were measured by IGC at different temperature ranges. The majority of the studied solutes
showed higher y;3 values in the equimolar IL mixture [Camim][PFs]/[Camim][CI] than in pure
[Csmim][PFs]. An opposite behavior was reported for solutes classified as hydrogen donors and
acceptors, such as alcohols and water, which showed high interaction with the equimolar IL mixture
[Camim][PFs]/[Camim][CI]. On the other hand, poor interaction was reported between both IL
studied and the less polar solutes (alkanes and cycloalkanes).

The results of this research suggest that, the pure ionic liquid [Csmim][PFe] is a suitable solvent for
the desulfurization and denitrification of fuels. Regarding hydrocarbon terpenes, pure [Camim][PFe]
has more affinity than the equimolar IL mixture [Csmim][PFs]/[Csmim][CI]. Similar behavior was
observed for ether and ketone terpenoids. On the contrary, for alcohol terpenoids, the equimolar IL
mixture [Csmim][PFe]/[Csmim][CI] showed higher interactions.

Concerning the excess partial molar properties, for [Camim][PFe] systems, in the less polar solutes
such as alkanes and cycloalkanes, positive deviations to Raoult’s law were found, and the H;* was
always positive, indicating that solute-IL interactions increase with temperature. For aromatic
hydrocarbons and acetates, the HZ* values are nearly zero, i.e, the entropic factor predominates.
Additionally, the G;* is positive while the T,.rS5* is negative, this indicates poor solvation of

these compounds with the IL investigated. For the protic solutes (alcohol and water), no clear trend

is found.
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By looking at the results for the equimolar IL mixture [Csmim][PFe]/[Camim][CI] a different trend
was observed. For almost all solutes studied the A= and G are negative, except for the tert-
butanol that showed G2 close to zero. For the less polar solutes, the enthalpic effect seems to
dominate over the entropic; for the polar solutes, such as alcohols, water, and terpenoids, it is more
difficult to identify a trend.

With regard to separation factors, the IL studied showed, in general, poor selectivities and capacities
for terpenes/terpenoids mixtures being the best result for the carvacrol/y-terpinene mixture

(Qif =7.16). However, very promising results for the removal of nitrogen- and sulphur-compounds
from fuels using the ionic liquid [Camim][PFs] (Qoctane/pyridine=299-9 aNd Qgctane /thiophene=104.7)
or the equimolar IL mixture of IL. The latter showed higher Q5 values (Qq¢tane /pyridine =349-9 and

Qoctane,/thiophene=177-8), With lower k;* values.

The IL studied in this work showed the best solvent performance indexes compared to other IL
previously investigated by different authors for common separation processes in fuel industries
(octane/benzene, cyclohexane/benzene, octane/thiophene, and octane/pyridine), providing important
insights on the use of alternative solvents for the removal of aromatics from aliphatic hydrocarbons

and the removal of contaminants from fuels.

As the solutes in this screening studies were infinitely diluted in the ionic liquid, future work should
include the study of the phase equilibria at other solute and solvent concentration (closer to practical
industrial conditions) to have more insights about the real efficiency of an ionic liquid for a given

separation problem.

For future work, it would be interesting to perform more studies using IL with different cations and
keeping some of the studied anions (PFs™ or CI"). Besides that, the study of mixtures of ionic liquids
with low polarity seems to be promising to carry out the separation of polar terpenoids (as alcohol
e/or phenolic terpenoids) from hydrocarbon terpenes, for instance. Furthermore, studies to improve
the aqueous solubility of terpenes (e.g., by adding hydrotropes) would perhaps be interesting, since

most terpenes have poor aqueous solubility.
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Appendix A. Calculation of the Pressure Drop at Outlet Column Conditions

Table Al: Coefficients of Eq. (5) at different temperatures.

Temperature (K) 333.2 343.2 353.2 363.2 373.2 383.2 393.2
A 0.1384 0.1192 -0.0331 -0.0719 -0.1391 -0.2844 0.0961
B 0.0273 0.0275 0.0310 0.0283 0.0283 0.0288 0.0283
R? 0.9984 0.9978 0.9956 0.9997 0.9996 0.9993 0.9992
Temperature (K) 403.2 413.2 423.2 433.2 443.2 453.2 ;
A -0.0729 -0.4682 -0.4876 -0.5689 -0.5689 -0.5689 -
B 0.0260 0.0285 0.0295 0.0289 0.0289 0.0289 -
R? 0.9995 0.9999 0.9996 0.9988 0.9988 0.9988 -

53



Appendix B. List of Solutes

Table B1: Name, source and mass fraction purities of the organic solutes used. Names in parentheses correspond to
common names used in the text.

. . . Boiling Purity (mass
Family Compounds Chemical structure Supplier temperature (K)° fraction)®
water H/O\H -a 373.15 -a

heptane A NP Aldrich 371.15 >0.990
. octane AN Aldrich 398.77 >0.990
% nonane NN Aldrich 423.91 >0.990
X
< decane AANANANAS Aldrich 447.20 >0.990
8 cyclohexane O Aldrich 353.90 >0.990
S
5+
i=
(% methylcyclohexane C( Aldrich 374.00 >0.990

ropanone (acetone) Q Aldrich 329.30 >0.999
3 prop /U\ ' -
§ O
¥ 2-butanone \)j\ Aldrich 353.00 >0.990
e h h iethyl .
= ethoxyethane (diethy A0 Aldrich 307.70 >0.999
o ether)
(0] .

o oxolane (THF) Q Aldrich 339.00 >0.999
£
L
Q
S 1,4-dioxane 0™ Aldrich 374.30 >0.998
S L_o

benzene @ Aldrich 353.22 >0.998
2
§ toluene ©/ Aldrich 383.75 >0.998
'% ethylbenzene @\/ Aldrich 409.35 >0.998
L
<
1S
S
< p-xylene /©/ Aldrich 411.51 >0.990
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O
methyl acetate Aldrich 330.00 >0.998
)LO/
%) . O Riedel-de-
2 . >0.
2 vinyl acetate )LO ~ Haen 345.70 >0.990
thyl acetat 0 Aldrich 349.65-350.65 0.998
ethyl acetate ric .65-350. >0.
)LO/\
methanol —OH Aldrich 337.80 >0.998
ethanol ~OH Aldrich 351.50 >0.999
1-propanol HO -~ Aldrich 370.30 >0.999
OH
§ 2-propanol )\ Fluka 355.50 >0.995
8 2-methyl-1-propanol .
= >
= (sobutanol Ho Aldrich 380.80 >0.998
1-butanol HO_~_~ Aldrich 390.60 >0.995
2-butanol PP Aldrich 372.00 >0.997
- 2. OH
2-methyl-2-propanol Aldrich 355.50 >0.999
(tert-butanol)
acetonitrile N= Fluka 355.15 >0.998
- Z N .
pyridine Q Aldrich 388.15 >0.990
S
thiophene @ Aldrich 357.15 >0.980
a-pinene \®L Aldrich 430.00 >0.990
B-pinene TQL Aldrich 439.20 >0.970
g
g
g R-(+)-limonene ,/"/ Aldrich 449.65 >0.990
p-cymene \q/ Aldrich 450.28 >0.990
myrcene W Aldrich 440.20 >0.990
CH?
y-terpinene HSC/K@L Aldrich 455.15 >0.970
CH®
S o
% 'g (—)-menthone Fluka 490.79 >0.980
= o)
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(1R)-(—)-fenchone

a-pinene oxide

eucalyptol

linalool
geraniol

DL-citronellol

(1R)-(+)-camphor

(S)-(+)-carvone

Terpenoids

L(-)-menthol

(-)-isopulegol

(—)-borneol

citronellal

eugenol

carvacrol

thymol

o

CapR

O,
O
B\

Ay

CHa

O

8

ju
&
Q
o
T
o

a8
/ X

"

Aldrich

Aldrich

Aldrich

Aldrich
Aldrich

Aldrich

Aldrich

Merck

Acros

SAFC

Fluka

Aldrich

Aldrich

SAFC

Sigma

466.65

447.15

449.55

471.65

502.15

497.65

480.55

503.65

488.55

470.15

485.15

480.15

526.35

510.15

505.65

>0.970

>0.990

>0.970

>0.980

~0.950

>0.980

>0.980

>0.997

>0.980

>0.990

>0.990

>0.950

0.990

0.990

>0.995

aUltrapure water (resistivity of18.2MQ-cm, free particles > 0.22 pm and total organic carbon < 5 pg-dm™) was used.

b Declared by the suppliers.
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Appendix C. Thermodynamics Properties

Table C1: Activity coefficients at infinite dilution for all solutes in the ionic liquid [Camim][PFs] and in the equimolar mixture of [Csmim][PFs]/[Csmim][CI].

[Camim][PFs] [Camim][PFe)/[Camim][CI]

Organic solutes
T/IK 333.2 343.2 353.2 363.2 373.2 383.2 333.2 343.2 353.2 363.2 373.2 383.2

heptane 154.49  146.39 12363 117.02  101.65 88.29 - - - - - - -
octane 195.69 17852 167.14 15110 133.73  124.93 - 495.22 44100 406.98  328.86 - -
nonane 25449  229.86 206.11 19274 171.79  162.79 - 573.68 52796 48231 416.77 38042 34155
decane 338.66 310.83 27648 24886 230.93 21151 - 704.16 649.54 58453 508.28 47513 43791
cyclohexane 45.46 41.02 38.27 35.43 32.15 29.88 - 147.66 117.22 95.78 78.23 - -
methylcyclohexane 62.95 56.98 53.95 49.19 45.47 42.32 - 183.48 15791 13815 11431 - -
benzene 1.886 1.913 1.929 1.956 1.980 2.013 - 3.013 2.993 2.956 2.919 2914 2.878
toluene 2.920 2.945 2972 2.993 3.022 3.042 - 4.827 4.821 4.799 4.649 4.558 4.552
ethylbenzene 5.225 5.260 5.291 5.310 5.322 5.348 - 8.577 8.547 8.394 8.158 8.186 8.230
p-xylene 4.396 4.479 4.472 4.497 4.478 4.527 - 7.451 7.415 7.496 7.406 7.271 7.264
methy| acetate 1.240 1.260 1.298 1.319 1.359 1.382 - 2471 2.424 2.418 2.395 2.390 2.372
ethyl acetate 1.945 1.966 1.998 2.031 2.073 - - 4.196 4.129 4.051 3.987 3.903 3.854
vinyl acetate 1.712 1.738 1.763 1.791 1.820 1.850 - 3.221 3.170 3.124 3.085 3.063 3.016
THF 1.521 1.540 1.570 1.594 1.619 1.652 - 2.996 2.957 2.931 2.858 2.857 2.767
1,4-dioxane - 0.931 0.999 1.031 1.070 1.105 - 1.627 1.662 1.704 1.729 1.751 1.769
diethyl ether - 7.928 7.925 7.895 7.755 7.615 - 25.820 24299  22.399 - - -
acetonitrile 0.515 0.525 0.529 0.536 0.543 0.551 - 0.754 0.759 0.766 0.774 0.778 0.781
pyridine 0.809 0.860 0.886 0.936 0.974 1.029 - 1.189 1.235 1.287 1.324 1.379 1.431
thiophene 1.365 1.391 1.411 1.433 1.455 1.475 - 1.672 1.685 1.714 1.736 1.750 1.774
acetone 0.709 0.737 0.749 0.768 0.788 0.822 - 1.420 1.428 1.438 1.455 1.451 1.465
2-butanone 1.070 1.098 1.118 1.147 1.179 1.216 - 2.136 2.143 2.418 2.395 2.151 2.150
methanol 1.930 1.828 1.765 1.665 1.571 1.533 - 0.204 0.214 0.226 0.238 0.248 0.269
ethanol 2.577 2.351 2.204 1.986 1.799 1.708 - 0.361 0.369 0.373 0.377 0.377 0.388
1-propanol - 3.135 2917 2.638 2.407 2.284 - 0.477 0.481 0.488 0.490 0.495 0.509
2-propanol 3.178 2.881 2.646 - 2.239 2.131 - 0.600 0.601 0.611 0.616 0.617 0.622
1-butanol 4.742 4.244 3.818 3.447 3.155 2.945 - - 0.658 0.663 0.668 0.670 0.683
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2-butanol 3962 3620 3314 3048 2884 2729 - - 0786 0798 0815  0.822  0.840 -
isobutanol - 4052 3656 3328 3071 2871 - ; 0631 0634 0636 0638 0641 -
tert-butanol 3727 3446 3243 308l 2940  2.819 - 1019 1033 1051 1076 1005 1123 -
water 2831 2521 2213 2002 183 1625 - 0.131 - 0150 0155 0160  0.168 -
Terpenesiterpenoids T/K 3532 3632 3732 3832 3932  403.2 - 3532 3632 3732 3832 3932 4032 -
a-pinene 5678 5333 5060  47.82 4527 4307 - 10158 7865 7524 7480 7337 6428 -
B-pinene 3580 3303 3234 3050 2934 2887 - 5082 5100 4925 4438 4178 3797 -
R-(+)-limonene 3450 3293 3116 2092 2870  27.67 - 5369 4877 4539 4366 3920 3882 -
myrcene 3130 3087 3043 3007 2082 2952 - 5116 5119 4609 4637 4403 4276 -
p-cymene 1312 1298 128 1275 1262 1253 - 2273 2151 2049 2123 2026 2019 -
g-terpinene 2477 2445 2421 2399 2381 2367 - 3803 3715 3564 3489 3501 3462 -
eucalyptol 1867 1745 1728 1664 1603 1570 - 3582 3267 2057 3045 2802 2630 -
"tg‘r";‘éggﬁgle T/IK 3732 3832 3932 4032 4132 4232 4332 3732 3832 3932 4032 4132 4232 4332
a-pinene oxide 6140 6251 6510 6672 6829  7.067  7.205 - 11550 11693 11941 11988 12122 -
(LR)-(—)-fenchone 5581 5618 5662 5720 5733 5726 5764 - 10875 10910 11309 10726 10.782 11.083
(-)-menthone 6773 6797 6843 6923 6998  7.037  7.050 - 13212 13257 13263 13084 12.877 12643
S-(+)-carvone - 3413 3490 3575 3677 3749  3.849 - 5638 5650 5860 5895 6129  6.398
geraniol - 8772 8150 7796  7.446 6997  6.726 - - 2161 2203 2301 2393 2496
DL-citronellol - 11105  10.639 - 9309 8760  8.349 - 2826 2899 3008 3029 3053  3.009
(1R)-(+)-camphor - 4378 4433 4539 4640 4726 4852 - - 8446 8471 8386 8742 8912
L-(-)-menthol - 13249 12610 12173 11400 10709 10.111 - 4380 4573 4692 4660 4818  4.897
(-)-isopulegol - 7017 6919 6814 6728 6539  6.479 - 3024 3247 3338 3481 3746  3.942
(-)-borneol - 10969 10020 9.091 8149 7514  6.996 - 2006 2900 2801 2724 2730 -
linalool - 10047 9493 9168 8759 8397  8.183 - 3491 3630 3811 3875 3914 4243
citronellal - 8498 8282 8145 8044 7870  7.670 - 15250 14422 13830 12331 12240 -
tel:gzzgilzics TIK 4132 4232 4332 4432 4532 - ; 4132 4232 4332 4432 4532 . -
eugenol 3213 3464 3621 3899  26.385 - - - - - - - - -
carvacrol 1803 1917 2047 2167 2305 - - - - - ; ; ; -
thymol 1845 1922 2012 2087 2133 - ; - - - - - - -
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Table C2: Capacities of all solutes in the ionic liquid [Csamim][PFe] and in the equimolar mixture of [Csmim][PFg]/[Csmim][CI].

[Camim][PFe] [Camim][PFs)/[Camim][CI]
Organic solutes

T/K 3332 3432 3532 3632 3732 3832 - 333.2 3432 3532 3632 3732 3832

heptane 0.006 0.007 0.008 0.009 0.010 0.011 - - - - - - -

octane 0.005 0.006 0.006 0.007 0.007 0.008 - 0.002 0.002 0.002 0.003 - -
nonane 0.004 0.004 0.005 0.005 0.006 0.006 - 0.002 0.002 0.002 0.002 0.003 0.003
decane 0.003 0.003 0.004 0.004 0.004 0.005 - 0.001 0.002 0.002 0.002 0.002 0.002

cyclohexane 0.022 0.024 0.026 0.028 0.031 0.033 - 0.007 0.009 0.010 0.013 - -

methylcyclohexane 0.016 0.018 0.019 0.020 0.022 0.024 - 0.005 0.006 0.007 0.009 - -
benzene 0530 0.523 0.518 0.511 0.505 0.497 - 0.332 0.334 0.338 0.343 0.343 0.347
toluene 0.342 0.340 0.337 0.334 0.331 0.329 - 0.207 0.207 0.208 0.215 0.219 0.220
ethylbenzene 0.191 0.190 0.189 0.188 0.188 0.187 - 0.117 0117 0119 0.123 0.122 0.122
p-xylene 0.227 0.223 0.224 0.222 0.223 0.221 - 0.134 0.135 0.133 0.135 0.138 0.138
methyl acetate 0.806 0.794 0.770 0.758 0.736 0.724 - 0.405 0.413 0413 0.418 0418 0.422
ethyl acetate 0.514 0509 0.500 0.492 0.482 - - 0.238 0.242 0.247 0.251 0.256 0.259
vinyl acetate 0.584 0.575 0.567 0558 0.550 0.540 - 0310 0.316 0.320 0.324 0.326 0.332
THF 0.657 0.650 0.637 0.627 0.618 0.605 - 0.334 0338 0.341 0.350 0.350 0.361
1,4-dioxane - 1.074 1.001 0970 0.935 0.905 - 0.615 0.602 0.587 0578 0571 0.565

diethyl ether - 0.126 0.126 0.127 0.129 0.131 - 0.039 0.041 0.045 - - -
acetonitrile 1942 1904 1891 1.866 1.840 1.816 - 1326 1.318 1.305 1.292 1.286 1.281
pyridine 1236 1.162 1.128 1.068 1.027 0.971 - 0.841 0.810 0.777 0.756 0.725 0.699
thiophene 0.733 0.719 0.709 0.698 0.687 0.678 - 0598 0.594 0583 0576 0571 0.564
acetone 1411 1.357 1335 1302 1.268 1.217 - 0.704 0.700 0.695 0.687 0.689 0.682
2-butanone 0935 0.911 0.895 0871 0.848 0.823 - 0.468 0.467 0.413 0418 0.465 0.465
methanol 0.518 0.547 0566 0.600 0.637 0.652 - 4898 4.674 4422 4208 4.040 3.721
ethanol 0.388 0.425 0454 0503 0.556 0.586 - 2769 2.713 2.678 2651 2655 2579
1-propanol - 0.319 0.343 0.379 0415 0.438 - 2.099 2.077 2048 2040 2.018 1.966
2-propanol 0.315 0.347 0.378 - 0.447  0.469 - 1.666 1.663 1.637 1.623 1.619 1.609
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1-butanol 0211 0236 0262 0290 0317 0340 - - 1519 1507 1496 1493 1465 -
2-butanol 0252 0276 0302 0328 0347 0366 - - 1272 1253 1227 1216 1191 -
isobutanol - 0247 0274 0300 0326 0348 - - 1586 1576 1571 1566 1560 -
tert-butanol 0268 0290 0308 0325 0340 0355 - 0981 0968 0951 0930 0913 0890 -
water 0.353 0397 0452 0499 0549 0615 - 7609 - 6684 6452 6258 5967 -
Terpenesiterpenoids ~ T/K  353.2 363.2 3732 3832 3932 4032 - 3532 3632 3732 3832 3032 4032 -
a-pinene 0018 0019 0020 0021 0022 0023 - 0010 0013 0013 0013 0014 0016 -
B-pinene 0.028 0030 0031 0033 0034 0035 - 0017 0020 0020 0023 0024 0026 -
R-(+)-limonene 0029 0030 0032 0033 0035 0036 - 0019 0021 0022 0023 0026 0026 -
myrcene 0032 0032 0033 0033 0034 0034 - 0020 0020 0022 0022 0023 0023 -
p-cymene 0076 0077 0078 0078 0079 0080 - 0.044 0046 0049 0047 0049 0050 -
g-terpinene 0.040 0041 0041 0042 0042 0042 - 0.026 0027 0028 0029 0029 0029 -
eucalyptol 0.054 0057 0058 0060 0062 0064 - 0028 0031 0034 0033 0036 0038 -
"t‘;‘;‘g‘éﬁg"’:gle T/K 3732 3832 3932 4032 4132 4232 4332 3732 3832 3932 4032 4132 4232 4332
a-pinene oxide 0.163 0160 054 0150 0146 0141 0.139 - 0087 008 008 0083 0082 -
(1R)-(—)-fenchone 0179 0178 0177 0175 0174 0175 0.173 - 0092 0092 008 0093 0093 0.090
(-)-menthone 0.148 0147 0146 0144 0143 0142 0.142 - 0076 0075 0075 0076 0078 0.079
S-(+)-carvone - 0293 0287 0280 0272 0267 0.260 - 0177 0177 0171 0170 0.163 0.156
geraniol - 0114 0123 0128 0134 0.143 0.149 - - 0463 0454 0435 0418 0.401
DL-citronellol - 0090 0094 - 0107 0114 0.120 - 0354 0345 0332 0330 0328 0.323
(1R)-(+)-camphor - 0228 0226 0220 0216 0212 0206 - - 0118 0118 0119 0114 0112
L-(-)-menthol - 0075 0079 0082 0088 0093 0.099 - 0228 0219 0213 0215 0208 0.204
(-)-isopulegol - 0143 0145 0147 0149 0.153 0.154 - 0331 0308 0300 0287 0267 0.254
(-)-borneol - 0091 0100 0110 0123 0133 0.143 - 0344 0345 0357 0367 0366 -
linalool - 0100 0105 0109 0114 0119 0122 - 0286 0275 0262 0258 0255 0.236
citronellal - 0118 0121 0123 0124 0127 0.130 - 0066 0069 0072 0081 008 -
Phenolic terpenoids  T/K  413.2 4232 433.2 4432 4532 - - 413.2 4232 4332 4432 4532 - -
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eugenol
carvacrol

thymol

0.311
0.555
0.542

0.289
0.522
0.520

0.276
0.489
0.497

0.256
0.462
0.479

0.038
0.434
0.469

61



Table C3: Activity coefficients at infinite dilution in the ionic liquid [Csmim][PFe] (second column).

Temperature (K)

Solutes 343.2 363.2 383.2 403.2 4232
octane 185.6954 154.9271 129.7576 - -
cyclohexane 42.6566 36.1066 30.9638 - -
toluene 3.0638 3.1013 3.1592 - -
THF 1.5866 1.6448 1.6939 - -
acetone 0.7520 0.7904 0.8341 - -
ethyl acetate 2.0244 2.0715 2.1638 - -
acetonitrile 0.5416 0.5567 0.5738 - -
ethanol 2.3865 2.0024 1.7474 - -
2-propanol 2.9129 2.4493 2.0901 - -
water 2.5189 2.0321 1.6360 - -
B-pinene - 33.6810 30.8698 28.2093 -
eucalyptol - 18.4508 16.8142 15.7331 -

linalool - - 10.3066 9.2379 8.3402

fenchone - - 5.7205 5.7638 5.8124

Table C4: Capacities of all solutes in the ionic liquid [Camim][PFe] (second column).

Temperature (K)

Solutes
343.2 363.2 383.2 403.2 423.2
octane 0.0054 0.0065 0.0077 - -
cyclohexane 0.0234 0.0277 0.0323 - -
toluene 0.3264 0.3224 0.3165 - -
THF 0.6303 0.6080 0.5904 - -
acetone 1.3298 1.2652 1.1989 - -
ethyl acetate 0.4940 0.4827 0.4621 - -
acetonitrile 1.8462 1.7962 1.7428 - -
ethanol 0.4190 0.4994 0.5723 - -
2-propanol 0.3433 0.4083 0.4785 - -
water 0.3970 0.4921 0.6112 - -
B-pinene - 0.0297 0.0324 0.0354 -
eucalyptol - 0.0542 0.0595 0.0636 -
linalool - - 0.0970 0.1082 0.1199
fenchone - - 0.1748 0.1735 0.1720
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Table C5: Thermodynamic functions at infinite dilution: partial molar excess Gibbs free energies (G, /kJ-mol2), partial
molar excess enthalpies ( A= /kJ-mol™) and partial molar excess entropies (S;,/kJ-mol ™) of water, and organic solutes
in the ionic liquid [Csmim][PF¢] and in the equimolar mixture of [Csmim][PFe]/[Camim][ClI].

[Camim][PFs])/[Csmim][CI] [Camim][PFs]

Different Organic ~—z= — e —f~ —E= - -

SOlUtES Gm H o Tigp Sm Gm H . Tigp Sm

Tref = 353.2 K
heptane - - - 14.144 11.921 -2.223
octane 17.642 13.098 -4.544 15.029 9.717 -5.312
nonane 18.141 11.262 -6.879 15.645 9.643 -6.001
decane 18.705 10.477 -8.228 16.507 10.169 -6.338
cyclohexane 13.395 21.206 7.811 10.701 8.811 -1.890
methylcyclohexane 14.470 15.594 1.124 11.710 8.350 -3.360
benzene 3.183 0.981 -2.202 1.929 -1.341 -3.270
toluene 4.605 1.488 -3.118 3.198 -0.875 -4.073
ethylbenzene 6.247 1.118 -5.129 4.891 -0.470 -5.361
p-xylene 5.915 0.589 -5.325 4.398 -0.467 -4.865
methyl acetate 2.593 0.788 -1.805 0.766 -2.379 -3.145
ethyl acetate 4.107 1.849 -2.258 2.032 -1.642 -3.674
vinyl acetate 3.344 1.350 -1.994 1.665 -1.637 -3.303
THF 3.157 1.587 -1.570 1.324 -1.753 -3.077
1,4-dioxane 1.565 -1.802 -3.367 -0.004 -4.514 -4.510
diethyl ether 9.128 6.939 -2.189 6.078 1.099 -4.978
acetonitrile -0.781 -0.783 -0.002 -1.871 -1.372 0.499
pyridine 0.741 -3.898 -4.639 -0.354 -4.941 -4.587
thiophene 1.583 -1.288 -2.870 1.011 -1.642 -2.652
acetone 1.066 -0.651 -1.718 -0.848 -2.930 -2.082
2-butanone 2.241 -0.137 -2.378 0.326 -2.658 -2.985
methanol -4.365 -5.625 -1.260 1.669 5.048 3.379
ethanol -2.893 -1.301 1.591 2.321 8.983 6.662
1-propanol -2.104 -1.254 0.851 3.143 9.036 5.893
2-propanol -1.447 -0.799 0.648 2.857 8.611 5.754
1-butanol -1.205 -0.885 0.319 3.806 9.454 5.648
2-butanol -0.661 -1.765 -1.104 3.934 10.253 6.320
isobutanol -1.336 -0.426 0.910 3.518 8.001 4.483
tert-butanol 0.147 -2.069 -2.215 3.455 5.857 2.402
water -5.578 -5.021 0.557 2.333 11.672 9.340
Terpenes/terpenoids Tret = 353.2 K

a-pinene 13.567 8.547 -5.020 11.860 6.530 -5.330
B-pinene 12.013 10.083 -1.929 10.505 5.063 -5.442
R-(+)-limonene 11.696 7.861 -3.835 10.397 5.273 -5.124
myrcene 11.553 4.542 -7.011 10.111 1.384 -8.726
p-cymene 9.172 2.519 -6.653 7.559 1.098 -6.462
y-terpinene 10.683 2.293 -8.391 9.424 1.071 -8.353
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eucalyptol 10.508 6.707 -3.800 8.595 3.930 -4.664
"tg‘;‘l’o‘éﬁmle Trer = 393.2 K
o-pinene oxide 8.038 -1.644 -9.681 6.123 -3.723 -9.846
(1R)-(—)-fenchone 7.811 -0.026 -7.837 5.667 -0.756 -6.423
(-)-menthone 8.448 1.243 -7.205 6.286 -1.084 -7.371
S-(+)-carvone 5.660 -3.451 -9.111 4.085 -3.234 -7.320
geraniol 2.519 -5.236 -7.755 6.858 7.318 0.460
DL-citronellol 3.479 -2.473 -5.952 7.729 8.185 0.456
(1R)-(+)-camphor 6.974 -1.939 -8.913 4.867 2,674 -7.541
L-(-)-menthol 4.969 -2.805 7.774 8.284 7.075 -1.209
(-)-isopulegol 3.850 -7.066 -10.916 6.322 2.272 -4.051
(-)-borneol 3.480 2.533 -0.947 7.533 12.978 5.445
linalool 4.214 -4.795 -9.009 7.356 5.924 -1.432
citronellal 8.723 8.042 -0.681 6.910 2.468 -4.442
Phenolic terpenoids Tref = 413.2K
eugenol - - - 4.009 -9.587 -13.596
carvacrol - - - 2.024 -9.548 -11.572
thymol - - - 2.103 -5.812 -7.916

Table C6: Gas-liquid partition coefficients of all solutes in the ionic liquid [Csmim][PFs].

Organic solutes

[Camim][PF6]

333.2 343.2 353.2 363.2 373.2 383.2 -

heptane 3.099 2.492 2.019 1.595 1.403 1.257 -
octane 6.447 4.801 3.585 2.843 2.358 1.894 -
nonane 12.955 9.276 6.907 5.075 4.019 3.066 -
decane 25.550 17.152 12.322 8.938 9.009 6.587 -
cyclohexane 5.684 4.645 3.753 3.118 2.691 2.307 -
methylcyclohexane 7.749 6.155 4.789 3.957 3.289 2.766 -
benzene 135.684 97.889 72.681 54.790 42.189 32.905 -
toluene 244.944 170.274 121.342 88.637 65.968 50.192 -
ethylbenzene 340.113 227.060 155.793 110.115 79.793 58.919 -
p-xylene 437.288 287.667 198.667 139.795  101.719  74.469 -
methyl acetate 98.503 72.234 53.421 40.915 31.524 24.627 -
ethyl acetate 124.882 89.054 64.727 48.136 36.428 27.462 -
vinyl acetate 121.328 86.773 63.595 47.596 36.344 28.246 -
THF 106.043 77.888 58.048 44.318 34.453 27.107 -
1,4-dioxane 590.750 400.445 279.130 199.169  144.379  107.113 -
diethyl ether 7.744 6.034 4.817 3.925 3.295 2.806 -
acetonitrile 544.687 391.318 290.878 219.009  167.823  130.770 -
pyridine 1100.380  709.147 484.550 331.025 234762  167.193 -
thiophene 215.503 153.336 112.256 83.916 63.980 49.781 -
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acetone 168.647 121.651 91.728 69.867 54111 41.920 -
2-butanone 240.016 169.775 124.066 91.800 69.218 52.987 -
methanol 82.523 60.669 44,871 34.779 27.532 21.489 -
ethanol 110.361 80.953 59.451 46.650 37.313 29.114 -
1-propanol 188.710 134.045 95.538 72.280 55.737 42.445 -
2-propanol 108.166 78.189 57.673 - 34.231 26.526 -
1-butanol 346.040 236.061 166.450 121.140 89.749 67.143 -
2-butanol 183.224 127.223 91.561 67.901 50.501 38.645 -
isobutanol 235.688 163.989 116.511 85.070 63.329 47.940 -
tert-butanol 92.642 65.778 47.599 35.290 26.858 20.912 -
water 232.149 170.921 131.356 100.527 78.256 63.573 -
Terpenes/terpenoids T/K 353.2 363.2 373.2 383.2 393.2 403.2 -
a-pinene 26.973 20.231 15.401 12.042 9.594 7.748 -
B-pinene 59.835 44,565 32.083 24.530 18.248 14.323 -
R-(+)-limonene 102.030 71.164 51.411 37.520 28.024 21.259 -
myrcene 91.270 61.755 43.340 31.297 23.163 17.604 -
p-cymene 314.045 210.556 145.126 103.098 75.055 55.728 -
g-terpinene 140.620 96.377 67.663 48.625 35.685 26.666 -
eucalyptol 186.302 132.139 90.562 65.226 47.844 35.204 -
"t‘;‘;‘;‘éﬁ:)fgle TIK 3732 383.2 393.2 403.2 4132 4232 4332
a-pinene oxide 384.911 270.430 190.738 139.976 105.074 79.503 62.119
(1R)-(—)-fenchone 590.037 410.115 291.033 210.223 155,912  118.060 90.092
(-)-menthone 747.881 507.242 352.239 249.377 180.613  134.156 101.873
S-(+)-carvone - 1854.645  1230.151 836.008 579.417  413.902 299.536
geraniol - 1379.304  900.399 590.071  399.067 281.989 199.722
DL-citronellol - 890.400 565.372 - 263.389  186.510 133.776
(1R)-(+)-camphor - 768.101 537.125 380.464 275.888  204.770  153.555
L-(-)-menthol - 514.574 345,536 234.074  166.986 121.169  89.131
(-)-isopulegol - 541.769 368.764 257.825 184.104  136.446 101.190
(—)-borneol - 712.006 476.423 331.395  240.373  174.093 128.031
linalool - 348.888 238.711 163.466 115.573 83.092 59.893
citronellal - 439.899 300.529 209.286  148.948 109.577  82.703
Phenolic terpenoids  T/K 413.2 423.2 433.2 443.2 453.2 - -
eugenol 2793.293  1839.157 1276.316  876.732  624.550 - -
carvacrol 2007.138  1327.991 896.860 624.453 441.412 - -
thymol 1548.369 1034.418  700.962 488.020  350.614 - -
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