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palavras -chave

resumo

Terpenos, terpenoides, 6leos essenciais, liquidos idnicos, solventes eutécticos
profundos, coeficientes de atividade a dilui¢cdo infinita, equilibrio liquido-liquido,
equilibrio sélido-liquido, propriedades criticas.

Os terpenos pertencem ao que é provavelmente a maior e mais diversificada
classe de produtos naturais com aplicagdes em varios setores devido aos seus
sabores e fragrancias. O seu elevado nUmero, variedade de estruturas e
complexidade quimica, fazem deles uma classe de compostos onde ha ainda
muitos estudos a serem realizados e questdes a serem respondidas tanto
sobre as suas propriedades termofisicas e equilibrio de fases como sobre o
seu impacto nos processos de extracdo e purificacdo e no ambiente. Ambos
sdo relevantes para o desenvolvimento de biorrefinarias, onde estes
compostos podem desempenhar um papel importante dada a sua ubiquidade,
valor econdmico e variedade de aplicacdes.

Esta tese esta relacionada com a extragdo de terpenos de fontes naturais e a
sua posterior separagdo e purificagdo. Além do desenvolvimento de novos
métodos experimentais para medir propriedades termodinamicas e equilibrios
de fases, algumas abordagens teéricas foram também consideradas para o
mesmo fim.

Inicialmente, de forma a criar novas aplicacdes para estes compostos e tirando
vantagem da sua baixa solubilidade em &gua, tal como demonstrado por novas
e precisas determinacdes experimentais, os terpenos sdo utlizados para
preparar solventes hidrofébicos sustentaveis e de baixo custo, ho dmbito dos
solventes eutécticos profundos. Depois, com base nos coeficientes de
atividade a diluicdo infinita e previsbes do COSMO-RS, foi feita uma selecao
de liguidos i6nicos com potencial para o fracionamento de terpenos. Mais
ainda, visando o desenvolvimento de novos processos de separacdo de
terpenos, foram também formulados e caracterizados solventes eutécticos
profundos compostos por sais de amoénio e &cidos monocarboxilicos.
Finalmente, e com o objetivo de desenvolver modelos precisos para o destino
dos terpenos no ambiente, uma série de propriedades fisico-quimicas
essenciais foi medida e modelada.
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Terpenes, terpenoids, essential oils, ionic liquids, deep eutectic solvents,
activity coefficients at infinite dilution, liquid-liquid equilibria, solid-liquid
equilibria, critical properties.

Terpenes belong to what is probably the largest and most diverse class of
natural products with applications in several industries due to their flavor, and
fragrance. Their high number, variety of structures and chemical complexity,
make of them a class of compounds for which there are still many studies to be
carried out and questions to be answered both concerning their thermophysical
properties and phase equilibria and their impact in their extraction and
purification processes and on their environmental impact. Both are relevant for
the development of the biorefinery where these compounds may play an
important role given their ubiquity, economic value and variety of applications.
This thesis is related to terpenes extraction from natural sources and their
subsequent separation and purification. Besides to the development of new
experimental procedures for thermodynamic properties and equilibrium
measurements, some theoretical approaches were also applied to this end.
First, to create new applications for this compounds, and taking advantage of
their very low solubility in water as shown by new and accurate experimental
determinations, terpenes are used to prepare sustainable and cheap
hydrophobic solvents within the deep eutectic solvents framework. After, based
on the activity coefficients at infinite dilution measurements and COSMO-RS
predictions a selection of ILs was made with potential for terpenes fractionation.
Yet, and aiming at the development of new separation processes of terpenes,
deep eutectic solvents composed of ammonium salts and monocarboxylic
acids were also formulated and characterized. Finally, and targeting the
development of accurate models for the fate of terpenes in the environment, a
range of essential physicochemical properties of terpenes were measured and
modelled.
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Chapter 1¢ General Introduction

1.1. Generalcontext

At a time when newchemicalproducts are increasingly sought after to address societal
needs without neglecting the growing focus on a greener, more environmentally friendly
and sustainable developmernt seems appropriate to emphasize the topic of natural and
renewable sources for these compounds. These trends are spurring the demand for
research, development and innovation wétural products' Essential oils are one of the
most important classes of natural products with application in food, pharmaceutical,
cosmetics, fine chemicalsd perfumery industries due to their flavor, fragrances and
spices. They are also used as precursors in syntheses of new drugs and as sources of
complex aromatic derivatives. Per year circa 100,000 tons of volatile essential oils, with a
value of about 1 tlion US$, are produced worldwide. In 201%e total world fragrance

and flavor market was stimated to be approximately US2! billion, a 33% growth from
200622 Besidesfrom the volatile oils, 250,00800,000 tons of turpentine are also
produced, from which about 100,000 tons are used for the production of terpenes such
as camphor, camphene, limonene apagtymene? As far as essential oils are concerned,

terpenes are the largest and most important class of natural products.
1.1.1. Terpenes

The word terpene was first used by Kekulé, in 1866, as a generic term of compounds with

the general formula GHe® L3O RSNAGSE FNRBY (GKS DSN¥YIy
O2YLRdzyRa 2F (GKAA Ofl aa 6SNB FANBG Aaz2fl 0S
2t STAYAO 0602yRa® . SGsSSy myyn FYR mMyyTtI YS]
structural formula of ma@ G SNLJSy Sa FyR LINRBLR2&ASR (KS d&Aa
terpenes are constructed from isoprene units. Robinson later perfected this rule by
suggesting that the isoprene units are connected h&athil, the isopropyl part of 2
methylbutane being definedhs the head and the ethyl moiety as théail.® In 1950

wdzl AOT I LINRPLIZ&aSR (G(KS a&o A2 3 Sthaf allstefpenasia?elINS y S
obtained by specific precursors sharing a common biosynthetic pathWwayallach,

Robhson and Ruzicka all were recipient of the Nobel Prize in Cherhistry.
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Along the years, many o#h important scientists worked on this subjetw, characterize,
extract and purify these compoundsi§ure 1.). After the World War Il, chromatographic
methods emergedalongwith an increase on the number of works on terpenes. The
distillation processewvere replaced by improved chromatographic methods that allowed
a more effective and faster separation of essential oil into its hundreds of components,

facilitating their characterization.
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Figure 11. Record count of works on terpenes and/or terpenoids. Values extracted

ISI Web of Knowledge #anuary, 2017

Terpenes have been used since the Egypfiansl their importance both in nature and

for human related applications luge Ore of the reasons for their widespread use is the
abundance and diversity of these compounds; they are found in all living organisms. Using
a basic five carbon building block, the isoprene, nature creates an array of compounds
with an wide range of structat variations and a vast number pfirposest® Structurally,
terpenes are unsaturated acyclic, monocyclic, or palcyhydrocarbons. They can also
occur as oxygenated derivatives, such as alcohols, ethers, aldehydes, ketones, and
carboxylic acids, called terpenoitisin this work the term terpene includes both, the
terpene hydrocarbons and the terpene oxygenatedidatives¢ terpenoids. Figure 1.2
shows some terpenes and terpenoids structures and their classification based on the

number of isoprene units.
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Terpenes are divided into several groups and-gudups according to the pathway by
which they are synthesized by nature, or aclog to their structures, since these arise
directly from their biosynthesisAs presented inFigure 1.2 the primary classification is
related to the number of isoprene units. The fundamental family members are
hemiterpenes or hemiterpenoids compoundscontaining only one unit of isoprene that

is widely produced and emitted in natuté.Monoterpenes and sesquiterpeseare
present in nature as components of essential oils of herbs and spices, of flower scents,
and of turpentine; and thus, widely used in perfumery and flavor industficgheir
mixtures @n form up to 5% of a plant dry weightMonoterpenes are components of
anticancer and antimicrobial drug$, while sesquiterpenes presentantibiotic
activities®16 Containing four units of isoprene, diterpenes arise from the metabolism of
geranylgeranyl pyrophosphatéand occur in almost all plant families. Taxol is a diterpene
drug used to treat cancéf. The least common group, sesterterpenes are primarily
isolated from fungi and marine organisms and rarely found in higher plantee Go
constituents derived from squalengtriterpenesc are largely found in nature, mainlg i
resins, and are important structural components of plant cell membrah&<Comprising
eight units of isoprene, tetraterpenes are formed the coupling of two geranylgeranyl
pyrophosphate molecules. Important tetraterpenes are the yellow or oramge
carotenoid pigmentd! Polyterpenes are composed of many isoprene units and to date
have no biological function associat&Exampls are found in rubber and gutyaercha,
macromolecules of molecular weight over 100 000. While in mosesqui, di and
sesterterpenes the isoprene units are linked to each other flogadto-tail, tri- and

tetraterpenes contain ongail-to-tail connecton in the centef?
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Hemiterpenes Monoterpenes Sesquiterpenes Sesterterpenes Triterpenes
Hemiterpenoids Monoterpenoids Sesquiterpenoids Sesterterpenoids Triterpenoids
1i.u. (GHe) 2 i.u. (GoHie) 3 i.u. (GsHzs) 5 i.u. (GsHao) 6 i.u. (GoHas)
Acyclic Acyclic
\)J\ HOW \ \ / / HO/\)\/\/L/\/L/\/L Z 7 Z MA(\/\K\A*/M 774/:<_/:<iT
Isoprene Citronellol h farnesene Phytol Squalene Lycopene Natural Rubber
o I 1
OH HO! HO L Ja
Isovaleric Acid Geraniol Farnesol Phytoene Gutta-percha
HO, HO
HO/\)\ X “ N X /
Prenol Linalool Nerolidol
Monocyclic Tetracyclic Monocyclic
o 0o, O o
“ay, K o 7 Z Z D D D NN
HO' o 3
Carvacrol SCarvone Elemol Humulene Cembrene A Geranylfarnesol Cucurbitane Tordene
\©"u,,,”n/ / / = / = OH W\/&W
Limonene Menthol Thymol Zingiberene Retinol Lanosterol 1-Carotene
Bicyclic Bicyclic
OH o o
Borneol Camphor Eucalyptol Cardinene Caryophyllene Labdane h-Carotene
h-pinene i -pinene Mutisianthol I -Carotene
Tricyclic Pentacyclic
/ OH
Cyclosantene h-santalol Ferruginol Cafestol h-amyrin Betulinic Acid

Figure 12. A visual introduction to some common terpenes and terpenoids and their structusessprene units).
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Concerning the biosynthesis, all terpenes derive from the precursors isopentenyl
RALIK2&LIKFGS oL5t 0 FYR AGa FfEftetAaAO Aaz2YSNJ
A & 2 LIRS yHese dre formed through two metabolic pathways: the mevalonic acid
pathway (MEV) andhe methylerythritol phosphate pathway (MEP). As can be seen in
Figure 1.3 hemiterpenes can be formed directly through DMADP while the assembly of
this with 1¢ 4 units of IDP gives rise to the immediate precursors of terpenes, GDP, FDP,
GGDP and GFDP, respectiélyhe conérmation adopted by the chaidetermines the
terpene structure, being the most common the cyclicnisrwith a mone, bk, tri-, tetra-

or pentacyclic structures.

MEV pathway MEP pathway

)\l/\ /l\J/\
——
1x .
opp - = opp Hemiterpenes, C;
Isopentenyl Diphosphate Dimethylallyl Diphosphate
IDP DMADP
/,/Jkéﬁt//’h\\\///l§§§;///\\\ 1x
DMADP + IDP opp Monoterpenes, Cy,
Geranyl Diphosphate
GDP
S S e 1x Sesquiterpenes, C;5
DMADP + 2 IDP OPP i
2x  Triterpenes, C;,
Farnesyl Diphosphate
FDP
1x  Diterpenes, C,,
DMADP +3 1DP -~ X = =~ S opp
2x Tetraterpenes, Cy
Geranylgeranyl Diphosphate
GGDP
1x
DMADP + 4 IDP x I > = x orp Sesterterpenes, Cy5

Geranylfarnesyl Diphosphate
GFDP

DMADP +n IDP Polyterpenes, C,

Figure 13. Smplified £heme of terpenes biosynthesis.

Properties and aplications

Many plants as balm trees, caraway, carnation, citrus fruits, conifer wood, coriander,
eucalyptus, lavender, lemon grass, lilies, peppermint species, roses, rosemagy, sag
thyme and violet, are known due to their aroma, taste and medicinal properties, being
terpenes the main responsible for these properties. With more than 55.000 different

structures?>26 the properties and applications of this class of natural compounds are

R’
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difficult to overstate. Many of them are considered as GRAS (Generally Recognized As
Safej’ and their importance makes them attractive to be used in diverse indusfrasie

1.1 shows some of the generic applications of terpenes in pharmacedtidalpd
additives?® cosmetics'? perfumery}® fine chemical® and agriculturé® industries as well

as some of their properties and examples of terpenes or their sources.

Due to their biological importance and particular properties, the study of these natural
products ledto the discovery of an enormous variety of useful drugs for the treatment of
diverse diseases. In the pharmaceutical field terpenes are used as excipients to enhance
skin penetration, active principles of drugs and components ofprascription drugs®

In 2002, the market of terpenbased pharmaceuticals generated about US%billion?®

The anticancer taxol and the antimalarial artemisinin are two of the bddtmwn
terpene-based drugs! Menthol and camphor are neprescription drugs widely used in
the pharmaceutical field. In 2015, the sales of Salonpas (%1i&4thol and 1.12%
camphor)3? a famous topical analgesic, in the United 8sateachedJS5 60.1 million33 In

the food industry, terpenes are also very attractive due to their several appealing
properties that allow them to be used as safer alternatives to chemical add#iveé$he
culinary herbs bak cinnamon, coriander, cumin, lavender, mint, oregano, and rosemary;,
and trees like eucalyptus, fir and myrtle are famous sources of terp&Wsen added to
chocolate products, limonene wasqposed as a reducer of the fat content and viscosity

and therefore its addition can improve the final product quatfty’

Fragrances make terpenes and essential oils the most important natural products used by
the cosmetic and perfumery industries since anciéntes. According to Euromonitor
Internationaf® the beauty industry generated $865 billion in salei2014, with a 5 per

cent yearly growth, being China and Brazil the most promising markets. This is an
evidence that the global demand for cosmetics and perfumes, and consequently essential
oils, is still an extremely important and profitable market. Thare more than 3000
known essential oils and from these, around 300 are used commercially in the flavor and
fragrances market? Citrus peel and neroli oil are examples of widely applied essential

oils in perfumes, colognes and other highd fragrances. Neroli is a highly prized floral oil
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produced from orange blossoms by steam ileion. To produce 1 kg of neroli oil, 850 kg

of orange blossoms are necesséty.

Table 11. Generic properties/applications of terpenes in several indust{é&3°

Pharmaceutical Industries Essential Oil or Compouh

Analgesic Oils of oregano, myrtle, eucalyptus, lemon and orange
Antibiotic h k-pinene, illudinic acid, manoalide

Anticancer Paclitaxel, halomon, mutisianthol, ferruginol, cafestol
Antifungal Thymol, labdane

Antihyperglycemic Pycnanthuquinones A artl

Anti-inflammatory h k-LJA y S yilnkilene, transcaryophyllene, labdane
Antimicrobial Zuccarinin, carvacrol, thymol

Antiparasitic Artemisinin, betulinic acid

Antiviral i -caryophyllene, star anise oil

Food Additives Industries

Color agents Carotenoid
Antioxidants Safranal, carnosol, eugenol, thymol, carvacrol
Natural preservative Oregano, rosemary and thyme essential oils

Organoleptic agents (flavor, fragrance Steviol (stevia), lactisole, sabinene, camphor, humulene
spices)

Natural food addities Steviol (stevia)

Cosmetics and Perfumery Industries

Organoleptic agents (flavor, fragrances " k-2 O A Y SwfycEne,icitral A,-8monene, patchoulol

Repellent Geraniol, citronellal, camphor, farnescene
Antibacterial Carvacrol

Emulsifier Lanosterol, saponinsirsolic acid
Conditioner and Lubricant Lanosterol

Fine Chemicals Industries

Synthetc precursors and intermediates a SY 1 K2f = YSy (i K2y S 3 -pitieBeNLIA Yy S 2 €

Chiral building blocks h k-pinene, limonene
Agriculture

Pesticides Pyrethrins, limonene
Plant protectors Farnesene

Animal feed Zeaxanthin
Phytohormones Fusicoccanesbscisic acid
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Volatile mone, sesqui and diterpenes are the most important subclasses of terpenes
economically important as perfumes and fragrances. Extracted from various eucalyptus
species, eucalyptol is one monoterpenoid widely used in perfumery anc aasal
RSO2y3S&ailyiod hirRIONYSROX NS FiPreerne N&tral WA, S
limonene, verbenone, zingiberene, bisabolane, bidabe, caryophyllne, and patchoulol
Patchoulol is a sesquiterpene alcohol found in the essential oil Patchoulm@ortant
material in perfumery that also gives name to a French perfume brand. Another
important application of patchoulol isstuse in the synthesis of the chemotherapy drug
Taxol. Verbena, that has as main constituent verbenone, is the signature fcagodn

[ Qh O Qdviekkgotin company located in Provence, France.

As one of the most abundant and diverse classes of compounds produced by animals and
plants, terpenes can be converted into commercially important fine chemicals to be used
in the industres and as synthetic intermediates and chiral building blé¢Rsweltknown
engineering application for terpenoids is the norbornadiepedricyclane system, a
photochemical conversion cycle for the storage of solar enttg9ne example that
demonstrates the use of monoterpenes as building block for the production of chiral fine
chemicals is the synthesis of the herbicide cinmethylin developedhbyShell Oil
Company*! In addition, there are evidences that plants, animals and microorganisms
produce terpenes as defensanechanisms against predators, pathogens and
competitors?#? protection againsabiotic stress? and signalizatiori Thus, terpenes éve

also been explored as pesticid®s.

Due to the similar physico chemical properties between some other organic solvents and
i S N1JS y-firiene} linonéne ang-cymene, studies haveeen performed to explore

the possibility of replacing thed?*” Limonene was studiefbr recycling and reduction of
polystyrene volume as an alternative to hydrocarbon based solVéfitsTanzi et af°

have shown that terpenes could lam efficient alternative to benzenfer the recoveryof

triglycerides from the alga€hlorella vulgaris

In addition, it is also important to highlight the polyterpene rubber and the essential oil

turpentine. Producedby the rubber tree as a defensive secretion, natural rubber is a

10
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polymer of isoprene widgl used due tdts elastic properties.In 2015, a total of around
26.8 million metric tons of natural and synthetic rubber were produced globan the

other hand, trrpentine is, by far, the essential oil most produced in the world. Their main
O2y &l A i dg8ngnie 30 0OOIIBN& " & S I Ndinenk, yridl inismall amounts some
other monoterpenes. With an annual production of arour@D3000 tons, this secondary
product of paper pulp industry has been used for decades as an important source for
applications requiring largscale supplies. Examples arguse as a solvent, particularly

for paints, and as feedstock for the synthesis tifes materials of commercial interest,
particularly the monoterpenes production, and fragrance ingrediéft®uring colonial
times, turpentine was included in the termaval storesoriginally used to denote resin
based components of pine trees used in building and maintaining of wooden sailing ships

as waterproof agents.

Concerning synthesis, the fact is that basic oterpenes skeletons can interconvert to

give rise to other monoterpenes or their derivative®¥.L Yy Rdza i NA I f f 8 (G KS
LJA ¥ Sy S-pirleng Rare thermal or acidic isomerized in order to produce molecular
skeletons of other naturally occurring chemicals, especially when their natural sources are

not abundant’ h -terpineol is obtained when turpentine is distillated in an acidic medium,
causing the opening of the ringFo-pihenel®. @ ( KSNX I f Gpinée RNIBW S NB A 2

myrcene, that can subsequently be converted into(@xitronellal 2

As can be seen ifable 1.2the second major source of terpenes is citrus essential oil, a
co-product of citrus juice that has as major constituent (>95%) the monoterpenes
limonene (30 000 tons/year) and terpinene, followed by other essential oils produced in

less quantity.

lf 6K2dzZAK Y2ad GSN1LISySa LINBaSyd aa3a322Ré OK
applications, there are also a set of compounds with negative features. dheterpene

thujone is the toxic agent present iArtemisia absinthiumfrom which the liqueur

absinthe is made. Isovaleric acid is a major component of the cause of foot odor, however

it is widely applied in perfumery. Umbellulone is produced by Callifginiad K S+ R OK S

11
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GNBSaé¢ |yR OlFldzaSa KSIRFOKSaT Liz S3azyS Ol

ascaridole is poisonous and explosive.

Table 12. Major commercial sources of terpenes (adapted from Schwab ¥}.al.

Essential Oil Main terpenes Tons oillyear
Tupentine h-LIA ¥ S yikehe | 330 000
Citrus R-(+)}imonene 30 000
Mentha arvesis (-)-menthol 4800
Peppermint (-)-menthol, €)-menthone 3200
Cedarwood h-O S R NBcgdtehe | 2600
Eucalyptus globulus Eucalyptol 2070

Litsea cubeba Citral 2000

Clove leaf i -caryophyllene 2000
Spearmint R-(-)-carvone 1300

Aiming at the development of new applications for this important class of compounds
and taking advantage of their hydrophobic character, a part of this thesis is devoted to
the attempt to prepare sustainde and cheap hydrophobic solvents from mixtures of
terpenes combined witlother terpenes or othermrganic solvents or chemicatsChapter

2.

Production and @terpenation

Essential oils are extracted from their natural sources through four basic processes:
tapping, expression, distillation and solvents extraction. Tapping is the process of damage
the trees barkto collect the exuded resin. Turpentine gum and natural rubber are collect
using this process. Some other resins as olibanum and myrrh are alsocprbtdy this
method, however they suffer further processing after collection. Many citrus oils and, in
particular, bergamot oils are produced by physical pressure of the natural source, process

called expression. The resulting oil is called an expres&éd oi

Due to their high volatility, essential oils and terpenes can also be isolated from plant by
distillation, one of the most important methods. This comprises three types: dry

distillation, steam distillation and hydrodiffusion. In dry distillation high temperatures or

12
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direct lames are applied to the recipient containing the raw material. This technique is
usuallyused for oils with high boiling points as those derived from wood, such as cade
and birch tar oils. In steam distillation the oils aredistillated by adding water or steam

to the recipient. The water is then removed with, for example, a Florentine.flasikrder

to save energy, in hydrodiffusion steam is introduced at the top of the recipient and the

water and oil collected at the bottor¥

The most important method to extract essential oils is solvent extraction, divided in
ethanolic extraction, enfleurage and simple solvent extraction. The first is more applied to
materials as the ambergris produced through thetérpenoid ambreine that is excreted

by the sperm whale. When subjected to ethanol extraction ambergris forms a tincture.
Enfleurage was used since ancient Egyptians until the early twentieth century. The
process consisted in ning the raw material withpurified fat thatis then melted and the
mixture filtered. After cooling the mixture formed a pomade where the essentiabods
diffused. However, the concentration was low and the final product not very convenient.
In more recent timesethanol was usedo extract the fat by dissolving the essential oils.
Ethanol was then distillated. Nowadays the most important and most used technique is
solvent extraction. Initially was made with benzene but due to concerns related to its
possible toxic effects was rigzed by petroleum ether, acetone, hexane, ethyl acetate, or

their mixtures1©

Whenin high concentrations the monetpene hydrocarbons can be undesirable and are
removed from the essential oils, process known as deterpenafidn.this process, the
essential oils are separated in two fractions, one rich in terpene hydrocarbons and
another rich in oxygenated terpene derivati®¥s.The fraction rich in terpene
hydrocarbons mainly monoterpenes and sesquiterpenes, contributes little to the flavor
and fragrance, is poor soluble in water and alcohols imag beeasily oxidized, while the
fraction rich in oxygenated compounds is the responsible for its organoleptic
characterisics® Whereas some pplications involve the nodeterpenated oil, as
aromatherapy, others require the concentration of the oxygenated compounds by the
hydrocarbons removal in order to increase the stability and the solubility in water, and

other organic solvents used in foogichnology.

13
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Lemon oil is an example of one essential oil dominated by a volatile fraction composed by
G§SN1LISYS KeRNROFNb2ya O6FdmrEr0T &dzOK Fa ffAY:
derivativesg Figure 1.4 That fraction presents low boiling point and is pecio oxidation

to produce molecules that cause strong -fifivors. Besides, they do not contribute
significantly to the oil fragrance, in comparison to the other fraction that provides most of

the flavor charactefP.To have acceptable flavor in lemonade drink, the level of lemon oil
required would result in an excess of terpene hydrocarbons exceeding the solubility limit.

On the other hand, the oxygenated chemicals are soluble, what makes the deterpenation

of utmost importance in order to improve the quality of the final product and have a clear

drink 1° This fractionation increasghe essential oils commercial value, since the fraction

composed by oxygenated compounds is preferred by many industries.
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Figure 14. Mass pecent composition ranges of components of different citrus essential

oils (adapted from Arce and Soto, 2008).

Vacuum and steam distillatio8,memkrane processe%’ supercritical extractior?®6e°
solvent (or liquidiquid) extractio’?6%3 and chromatographif are the techniques most
used to remove hydrocarbons from essential oils. The solvent extraction is preferred,

since this method requires Issenergy, than processes such as distillation and

14
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supercritical fluid extraction, while retaining the most volatile aliphatic chemféaisd
preserving the organoleptic properties of the original dihrgescale deterpenation is
generally carried out by vacuum distillation or extraction into dilute alcohol or other
solvents®>* Nowadays, newer technologies are being tested and onethef most

interesting approaches currently under development is the use of ionic liglid}*

To be applied in fooéf perfumery® medicine$§”.%® and cosmetic§? or for research
purposes, pure terpenes must be extracted from essential oils, usually by fractional
distillation!? To the best of our knowledge, the firstademic study published in the
open literature on terpenes extraction dates back to 19%5@&nd since then a vast
number of works were published in the fieltiln a laboratorial scalechromatographic
methods of separation predominantly in the gas or liquid phase allow the isolation of

small amounts with high purities.

In the isolation process, first the raw material is dried, chopped or ground and then
extracted wth inert solvents at low temperatureso prevent artifacts formation. Water,
ethanol, or methanol are used to extract polar compounds while petroleum ether is used
for the lesspolar ones. The extracts are then dried under vacuum or freesl and
fractionated by column chromatography. Liquid chromatography with mediamhigh

pressure is used to the final purificatiofs.

However, and dspite terpenes abundancanost are present in lev concentrations
(Figure 1.4, so they tend to be expensive or even uneconomic to exfldin example is

the antiancer paclitaxel, found iflaxus brevifoliaThe level of terpene in the bark is very
low, being needed three trees with several hundred years old to produce paclitaxel to
treat one patient. As the number of trees in the world is insufficient, researchess
focused on attempts to synthetize paclitaX€Moreover, since 1960°s natural sources of
terpenes can no longameet their worldwide demand. Thus, although many terpenes are
isolated from natural sourcesost are nowadaygroduced by synthetic methods. Two
thirds of monoterpenes in the market are manufactured by synthetic or sgmihetic
processesAs main compormnts of turpentine, the essential oil most produced in the

g 2 NI-IREY $y Spineng Rrisé as raw materials for the production of many of the
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commercially important terpenes and their derivatives (i.e., terpineol, linalool, linalyl

acetate, nerol, geraol, and citral)*

For the productio of pure terpenes from natural material3or for the deterpenation,

the separation of terpenes is of the utst importance, being an area regarding eagerly
for new technological development3hus,to replacenoxiousorganic solvents used in

the terpenes production or essential oils deterpenatamdto increase the process yield
Chapter 3nvestigates the potetial of ionic liquids for terpenes fractionation. Moreover,
another classes of neoteric solvents, the deep eutectic solvents, are formulated and

characterized aimingt the development of new separation processes.
Envionmental impact

With the advent of he biorefinery, and the increasing importance and volume of terpene
production and applications, especially in the fragrance and flavor, pharmaceutical and
chemical industries, their environmental impact needs todomsidered Over the last
years, the ra¢ of terpenes as biogenic volatile organic compounds (BVOC) as well as in
aerosol formation became an important topic of research on the chemistry of the
atmosphere, with a new emphasis on the ongoing climate change débé&té It is
thought that, on a global scale, volatile organic compounds of biogenic origin exceed by
far the amount of anthropogenic emissions, while this is not necessarily true on a regional

scale, regarding industrialideand heavily encumbered areas.

Forests present emission of large quantities of unsatenl hydrocarbons like isoprene
mono- and sesquiterpenes. They are subject to-ghase oxidation reactions, and the
reaction products contribute to particle formatiof">Smaller degradation fragments will
remain for long times in the atmospherefiuencing its chemistry. Until recently, it was
widely believed that VOC only contributed to secondary aerosol formation when
composed of six or more carbon atoms, but recent studies suggest the involvement of
smaller molecules on a considerable scaleoutthalf of global BVO@missions originate

in isoprene’®
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In terms of quantities, biorefineries are on their way to become a new important
anthropogenic source of terpenes and thus, envisioning the risk assessment of large scale
operations, environmentally relevant ghicochemical property data have to be known.
However, data on water solubility and vapor pressure of terpegd®/o of the most
important properties ¢ are scarce and often inconsistent, and their temperature

dependency largely unknowkt.”%82

Perdue et af® emphasized the importance of physicochemical properties of
monoterpenes in another environméal context: their fate in the soil and the aquatic
environment. Their interest was driven by possible environmental consequences due to
emerging applications of terpenoids as, among others, replacement for
chlorofluorocarbons, and therefore their increagi production®® Also here, there is a
scarcity of available data for basic physicochemical property data, while several models
are available for their estimatioff. Physicochemical parameters such as water solubility,
vapor pressures and octanolater partition coefficients, allow rmample description of

the behavior of a substance in the environmental compartments, from multi
compartment analysis to transport and ttibution of substances over the compartment

boundaries.

In order to contribute to the development of accurate models for the fate of terpenes in
the environment, on this thesis a range of physicochemical propestietas densities
water solubilities ad critical properties will be accurately measdrand/or estimatedg
Chapter 4 Moreover, water solubilities, vapor pressureand octanolwater partition
coefficientscan descrile a hypothetical chemical spadbat allows a first screening of

compounds withrespect to their probable distribution in the environment once released.

The natural emissions of terpenesannot be targeted for interventiorunlike the
anthropogenic. Thus, the researches goal must be the search ofstrategies and
technologies to reducthe environmental impactsf terpenesfrom biorefineries.For this
purpose aming at maximizing efficiency and minimizing wasésv ecofriendly solvents

will be hereinvestigated
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1.1.2. Designer slvents

Within the framework of green chemistry, solvents opgua strategic place. In this
context, to be qualified as a green medium, solvemisst be nontoxic, biodegradable,
recyclable, noflammable, and economic, among others. The point is to minimize the
environmental and health impact of commaxiousorgaric solvents used in industries.
Up to now, the number of available solvents proposed as green inchibdanol®*

water 2 supercritical C@2% and recentlyionic liquid$’ and deep eutetic solvents®

Regarding the terpenes extraction and separation, wit&and several organic solvents
as alcoholg61.89.9299 gcetonitrile, nitromethane and dimethylformamidé? glycolg01.102
and aminoethanol have been investigatéd. Lately, ionic liquids have been also
investigated as potential substituent for organic solvent63.104107 Moreover, in this

work the neoteric deep eutectic solvents are proposed to the extraction of terpenes.
lonic iquids

lonic liquids are a novel and remarkable class of compounds that have received enormous
attention during the past decad&? Chemicallythey are composedoy bulky organic
cations coupled with organic or inorganic anidhat, unlike conventional salts, are liquid

at or close to room temperatureggsresult of their lowcharge density and low symmetry

ions. Thismakes them attractive as alternative solvents for many chemical reactions and
separation processe’$® The combination of ions can lead to a large numbel_gfwhat
provides considerable flexibility in the selection of@éhmost suitable pairs for a specific
chemical application and, consequently, to significant changeseir thermophysical
propertiessuch as density, viscosity, heat capacity, thermal conductivitwedisas their
solvation ability Therefore, they havéd SSy OF 6S32NAT SR | &agtda RS &a A I
the very large number of possible cations and anions combinations that can be

envisionedt10

The first ionic fuid, ethylammonium nitratewas synthetizecalmost a centuryago by
Paul Waldeh'! and in 1934 the firsprocessconcerning ILs industrial appli@ns in the

preparation of cellulose solutionwas patented!'? Thereafterthe number ofscientific
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worksreporting on ionic liquids increasquogressivelyHowever,the boomoccurredin

the past yearswith the discoverof air- and waterstable ILs, as weklis of taskspecific
compoundst®® Nowadays a large number of ILs cansathetized beinghe mostwidely

studied the cationsimidazolium, pyridinium, pyrrolidinium, piperidnium-, and
quaternaryammonium andphosponium combined with the anions chloride, bromide,
acetate, hexafluorophosphate and tetrafluoroborateFigure 1.5Moreover, he green
chemistry frameworkled to ecofriendlier alternatives as derivatives from arboxylic

acids and aminacid-based anions andholinium and amincacid- based cationg!3

Cations Anions
I ﬁ N
Ry Ry R Br a
~ X o . . " .
N¥ P. ——5——0 F S——0 Bromide  Chloride
R]\N/\M/R2 ‘ N/'/Rz P \O/‘\O/ H H
\ / P N\ e} 0 F o N= s
Rs Dimethylphosphate Methanesulfonate  Trifluoromethanesulfonate Thiocyanate
Imidazolium Pyridinium Pyrrolidinium Piperidinium [(CH3),PO, I [CH4S05]" [CF;50,]° [SCNT
[C,Cpyim]* [C,Crpy]" [C,Crrpyr]* [C,Cprpip]®
(0] (o]
R R R R N 3 3
] ) ] ol NN s
" p—Ra S*/RZ N‘/ \\ // . L . \p,/ n
N N N /\/ . N4 — PN
Ry Ry Ry R3 Ry Ry HO Ry | F F ‘ F ‘ F 4 %
Ammonium Phosphonium Sulphonium Cholinium F F F F N N
[N"map]* [anopr [Snmupr [ch]* Bis((trifluoromethyl)sulfonyl)amide Tetrafluoroborate Hexafluorophosphate Dicyanamide
[NTf,]" [BF,]" [PFl [N(CN),I"

Figure 15. Commonstructures of ILs cations and anions.

Due to their ionic naturemost ILs are known to present interesting properties, such as a
negligible vapor pressure, chemical and thermal stability, high ionic conductivity, large
liquid temperature ranges and high solvating capacity for organic, inorganic, and
organometallic cormpounds®’1%° Due to these unique characteristics, ILs are often
considered green solvents with a potential to replace conventional volatile organic
solvents that are believed to contribute the global warming1®'*Many recent reviews
summarize the large range of applications of ionic liquids in organic synthesis, catalysis,

biocatalysis, electrochemistry, and separation technol§y>116

Over the past yearghe role of ionic liquids in fragrance and flavor chemistry has been
explored. Maininvestigationanclude chemical synthesof fragrance and flavor materials
in ionic liquids,extraction of naturalcompoundsfrom biomass and determination of

fluid-fluid equilibria for essential oil deterpenation using.1#%&!15117.118
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In 2005Forsyth et al!® investigated the use of ionic liquid solvents to syadize lilyof-
the-valley Lilial fragrances and Petrat et'®found that the evaporation of a perfume
could be delayed sing an ionic liquid as fixativé& similar discovery was patented by
BASF, discovering that azeotropes dam broken using ILs in order to affect the
compounds volatility?* Concerning cleaning produgtrocter & Gamble has an
extensive portfolio of patentgvolving ILsncluding thetreatment or cleaning agents for
surfaces the protection or stabilization of benefit agents and the improvement of

processabilityof active concentrated!’

Table 1.3howsterpenes extracted from biomass usitigs or ILs solutionghe most used
ILs are imidazoliurdbasedcations combined with By Ck and [BE]> anions¢ pure, orin
mixtures of wateror ethanol. Due to its utmost importance in malaria treatment, the
extraction ofthe sesquiterpendactone artemisininfrom the plantArtemisia annuavas
evaluated byBionigs td using ILs as solvenin the solidiquid extractionprocesst?? In
this work, a specific ioniaquid, [N1120)1))[{C2CQ], was designed for the extraction of
artemisinin.As far as we know, this was the first pateancerningthe application of ILs

in the extraction of valuadded compounds from biomass.

One year Later, Wu et al*?® investigated the extraction of tanshines from Salvia
miltiorrhiza Bunge usingsurfactantionic liquidssuggesting that the extraction is micelle
mediatedsince the tanshinones are lipophilic compoun@ie same terpenoids weiso
studied by Bi et al!?* that suggested theapplication of Itbased ultrasouneassisted
extraction for the extraction and preoncentration of tanshinone Later the same author
appliedthe former techniqueusing ethanol solution® the extraction of astaxanthirthe
most valuable carotenoidfom shrimp waste'2® Another technique|lL-baseal microwave
assistedsimultaneous extraction and distillatiowas usefullyapplied by Liu et ak?6 to

extractcarnosic acidrosmarinic acid andssential oils froniRosmarinus officinalis

Bica and cavorkerst® dissolved fresh fragrance biomass in ionic liquids in order to
isolate essential oilsThe liquid solutions wersubjected to vacuum didlation and a
distilled fraction composed fotwo layers, limonene and wateqbtained allowing the

isdation of high purity limonene. The IL was totally recovereddditionally, he same
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group explored the extraction of the pharmaceutically acthwetulin from birch bark
using pure IL¥7 This triterpene presents man interesting characteristics as the
antitumor, antiviral andcantimalarialproperties, as well as their derivatives (betulinic acid

and bevirimat) that have beestudiedas contributors taanew antiHIV drug.

In 2013, aqueous ionic liquid based ultrasoni@ssisted extraction was applied to
ginsenoside.?8 This approach showed the highest extractioelgs of total ginsenosides
0 F ™ T whehicainparedvith water or ethanol Finally, Onda et &f° extracted the
terpene trilactone bilobalide froniinkgo bilobdeaves usinghe biomassdissolving ionic
liquid 1-butyl-3-methylimidazolium chloride. In combination with methanol, an efficient

extraction was achieved.

Table 13. Terpenesextracted from natural sources using ILs & dblutions (adapted

from Passos et afd).

Terpene Natural Source ILs / ILssolutions

Artemisinirt?2 Artemisia anna [Namop] " + [CG:CQJ

Tanshinone¥®'2*  SalviamiltiorrhizaBunge [C.Gnim]* + Br; Ct + water

Astaxanthin® Shrimp waste [GGhim]* + Br; [BR]; [CH:SQ]; Ci + ethanol
Limonend®® Orange peels [G.Gnim]* +[G,CQY]; Ct

Carnosic acid® Rosmarinus officinalis [G.Ghim]* + Br; [BR]; [NG]; Ct + water

Betulin'?’ Birch bark [GGrim]*; [CiGnpyr]; [CGGnpy]' + Br; CI;
[(CH)PQ]S; [BR]; [GCQYT; [GCQI; IN(CNY;
[PR] [NTE]

Ginsenosideg$®  Ginseng root [GGnim]* + Br; [BR]; I + water

Bilobalidé® Ginkgo bilobdeaves [GGnim]*; [Pamop] ™ + C1, [OH"

Deep eutectic slvents

With the growing focus in green chemistry, researchers are increasingly seeking
environmentally friendly solvents. Recently, a new class offeendly solvents has been

proposed by Abbott ath coworkers*° the Deep Eutectic Solvents (DES). These are
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mixtures of two, or more compmds, formed by hydrogen bond complexation, for which
the eutectic point is far below the melting point of each individual componrghAs
represented inFigure 1.&, the eutectic point corresponds to the minimum temperature

and system composition at which the system is still in the liquid phase.

DES can be easily prepared by mixing the components at a moderate temperature,
without chemical reactions and corgx purification steps. Many are prepared using
cheap and welDK I NI OGSNAT SR 0A2RSAINIRIFIGES YI GSNRI§
safel3l132They may also be classified as designer solvents since their structures can be
adjusted by sacting the hydrogesbond donoracceptor combinations, tailoring their

phase behavior and physical properti&$ The most common componestused in DES
formulations are quaternary ammonium salts, particularly choline chlo(i@#]Cl) due

to its nontoxicity, biodegradability and economic synthesis. When combined with
polyols, urea, carboxylic acids, sugars or other safe hydrogen bond fJoD&S are

formed. The interaction mechanism of choline chloride with a generic hydrogen bond

donor (HBD) is represented figure 1.6.

a) b)
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Figure 16. a) A simple eutectic phase diagram; b) Interaction mechanism of [CHIChwi

generic HBD.

DES exhibit a wide range of properties which make them an attractive family of solvents
for different applications in catalysis, organic synthesis, dissolution and extraction
processes, electrochemistry and material chemid#®y%3413 Thar low toxicity, non-

volatility, nonflammability and norreactivity with water together with their
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renewability, biodegradability and availability of precursaase some of the favorable
characteristics of these compoundf8:13¢The renewability of a DES depends mainly on its
starting materials. For most DES described in literattine, precursors used irtheir

preparation are abundant naturabmpounds Figure 1.7.

Owing to their promising applications, efforts have been devoted to the phystcorcal
characterization of DE® has been shown that usualllgey are denser than water and
show different melting points depending on the startingaterials, and also on the molar
ratio of these precursors. Likds,the DES often present high viscosities at room
temperature. Due to these high values of viscosity, they usually present low ionic

conductivitiest3!
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Figure 17. Structures of HBD and HBA commonly used in the deep eutectic solvents

formulation (adapted from Francisco et'ap).

Since DES emergence, they have been applied to a wide rabgarasstypesto extract
different compounds including terpeneg; Table 1.4 The first study was performed in
2014, were erpenes f A y I f-2rpided, tefpinyl acetatewere extracted from
Chamaecyparis obtus&éeavesusing mixtures of choline chloride and ethylene glydyl

headspacesolventmicroextractiont3”
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After, Zhang et al?® and Lee and RoMP investigated the extraction of astaxanthin from
shrimp byproducts and maringroducts respectively. Zhang et all3® applied an
ultrasonicassisted methodobtaining more astaxanth (146 pg-g) with [Ch]CI4,2-
butanediol (1:5) than when using the traditional organic solvent ethanol (102 ul-g
Later, Lee and Ro¥® evaluated ILs and DESaiditives for the extraction of astaxanthin
by the same method The optimal DES was synthesizednfranethyl triphenyl
phosphonium bromide and 1;Butanediol (1:4) while the optimal IL wasethyl-3-
methylimidazolium bromide.The amount of astaxanthin extracteéfom Portunus
trituberculatuswaste was 73.49 mg-tusing the DESomparedwith 47.30 mg-g*using
the IL

The extraction ofjinsenosidedrom white ginseng was used as a way to demonstrate the
tuneability as well as recyclability of DB$ Jeong et al*® A mixture ofglycerol, L-proline,
and sucrose9:4:1) was found to be the DES withigh efftient extraction. Additionally
was confirmed thatthe DESs merely an extragbn solvent with no influence othe
bioactivity of the ginsenosides extractetihe addition of glycerol to a binary DES proved
to increaseextraction efficiencieswhile reducirg viscosities.The ginsenosides were
successfully recovered by sofithiase extraction and th®ES recycled through simple

freezedrying of the washes from the solghase extraction procedure.

Last year, Wang et &! applied a ball milhssisted deep eutectic solvebtaised
extraction method to extract tanshinones froBalvia miltiorrhiza Bung&he developed
method was found to be greener, more efficient, and faster than convaeatio
environmentally harmful extraction methods such as methaveded ultrasounehssisted

extraction and heat reflux extraction.

Althoughno extraction was performed, Bruinhorst et &P showed the disintegration of
orange peel waste in deep eutectic solveridsie to the viscosity decrease, the addition of
water to DESowered the amount of remaining solids atlde disintegration timesThis
work offers new possibilities forthe development oforange peel wastevalorization
routes and in the possible extraction of essential oils and pure terpenes, namely

limonene, fromthesewastes using DES
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Table 14. Terpenes extracted from natural sources using DES.

Terpene Natural Source DES components

LA y I f 2ebibhebl, Chamaecyparis [CHCI} ethylene glgol
terpinyl acetaté® obtusaleaves

Astaxanthin313° Shrimp [ChICI; zinc chloride; tetramethyl ammoniu
byproducts/ chloride, methyl triphenyl phosphonium bromigi
Marineproducts  ethylene glycagl glycero] urea; 1,2- butanediol 2,3
butanediol 1,3butanediol; 1,4 butanediol; 1,6
hexanedial methacrylic acigd phenol; alic acid
glycerin

Ginsenosideg® White ginseng [Ch]Clglycerol;L-proline; xylitol; citric acid; adonitol;
betaine;D-(+)galactosep-6 bfrictose;D-(+)glucose;
DL-malic acid; sucrose

Tanshinone¥! Salviamiltiorrhiza [Ch]CI; ethyl glycol; glycerol; 1utanediol; 1,3
Bunge butanediol; 1,4 butanediol; 2,3butanediol

In another perspective, aydrophobicDES composeaf menthol and lauric acid was used
to successfullyextract indium from hydrochloric and oxalic acids aqueous solutiwith
f 26 | OA R A4 Results pibvidd an opportunity for valuable metaliompounds

extraction from aqueous phaséy means of chap and ecofriendly solvents

In industry, there is an important application of DES involving natural compounds that
must be mentioned: Eutecty¥ by Naturex. This new set of botanical extracts based on
the patented extraction process Eutectigenediswhich consists of extracting active
compounds of plants through the formatioof natural DES. This breakthrough eco
extraction technology offers a natural alternative to conventional solvents and makes it
possible to capture the plant most precious metabolitésDue to the natureof the

compounds usedhe extracts main remain contaminated with DES after extraction.
1.2. Scope and bjectives

With more than 55000 structures and a large range of applications in several industries,
terpenes are nowadays a very important reseatdpic. However, due to the high
number of structures and their complexity, there are sélllot of knowledge @ be
gatheredand questions to be answered. This thesis aims at contributing to deepen the

understanding of terpenes concernirtigeir applications;itheir extraction, productioror
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deterpenation; and the environmental problems associated with natural and
anthropogenic emissions. Ta better understanding of this woyka schematic

representation is presented iRigure 1.8

Taking advantage of their very low solubility in water, terpenes arise as suitable
candidates to prepare sustainable hydrophobic solvantde used in novel processes
and products. To the best of our knowledge, so, fanly a few works reported
hydrophobic eutectic mixtures and, among them, those that are liquid at room
temperature are very limited. Moreover, the absence of phase diagramsoimmon,
despite the important information they can provide on the range of compositions and
temperatures for operating these systemShapter2 deals with eutectic solventand
deep eutectic solvents composed by terpenes and monocarboxylic acids, anoesisf
terpenes (section 24). Phase diagrams are characterized and analyzed in the whole
composition rangeand the physicochemical propertiedensities and viscositiesf the

eutectic point explored

To be used in industrial applications, terpenes nfist be extracted from their natural
sources, most often as essential oils. In the fractionation of these essential oils for the
production of pure terpenes or their deterpenatiomoxious organic solvents are
commonly used. In order to replace them atwdevelop more efficient processethis

work investigates the use afeoteric solventsionic liquids and deep eutectic solvents.
Chapter 3 addresses thebility of the ILs to act as entrainers in separatjmocesss
(3.1.4)and the selection of ILsasseparation agents derpenesand terpenoidg3.1.5)¢

both usingmeasurements o#ctivity coefficients at infinite dilution andor terpenes the
design of better ionic liquids based @DSMERS predictions. Based on the results of this
work, the desigrof novel DES, composed of ammonium salts and monocarboxylic acids,
are carriedout and the DES soliifjuid phase diagrams characterizadd modeled with
PGSAFT(3.2) Moreover, being choline dbride the most used saltised toprepare DES

and since the @mpound decomposes upon meltinigs melting propertiesare indirectly
estimatedfrom solidliquid equilibria data3.3) New eutectic systems formed by choline

chloride and a fatty alcohpbr a fatty acidarethen prepared and characterized (3.4)
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As sated above, many plants release scented vapfurmed mainly by monoterpenes.
Labeled recently as volatile organic compoundisese turn into aerosol®nce in the
atmosphere. Moreover, the emerging applications of terpeassleadingo the increase

of their anthropogenicproduction and thus, their fate in thair, soil andaquatic
compartmentsis concerning the environmentalists. Thus, @inapter 4 a range of
essential physicochemical properties of terpenes are accurately measmeanodelled

or calculded, contributing for the development of accurate models for the fate of
terpenes in the environment, and to develop predictive theoretical models for these
properties.When deriving the activity coefficients at infinite dilution, the lack of physical
properties was noted, namely the critical propertieessential to many thermodynamic
models.Accordingly, the first work presented in this chapter (4.1) responds to this using
group-contribution methods and equations of state for the estimation of critical
properties of terpenes and the best set is recommendedn another context, since ILs
have been stugd to extract and fractionate terpenes, their environmental fate,
especially in water, is also importanThus the mutual solubilities, densities and
viscosities for a range of Ilad waterare measured andliscussed (2.4, 42.5, 42.6)
and the sameexperimental methods then applied to measure the solubility of terpenes
in water. Howeverit proved to be inappropriate due to the formation of emulsicafter
stirring which cause sampling problems. A new techniguiaen developedand firstly
applied to sparingly solubleN-(diethylaminothiocarbonyl)benzimido derivative@.3)
providing accurate results and thus applied to determining the solubilityespénes in
water (44). Moreover, the measured properties, along with some others from literature,
are used to draw a twalimensional plot describing a hypothetical chemical space that
allows a first screening of compounds with respect to their probaldéridution in the

environment once released.

Finally, a conclusion is addressed amire workenvisioned (Chapter 5).
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Chapter z; Terpenes Applications

2.1.Introduction

Nowadays the modern chemistry is strongly influenced by the conceptgreén
chemistryand sustainability.On thisframework,there is a demand for new edoendly
solvents able to dissolve a large spectrum of solut€srently, two of the most
important focus of researchers are ionic liquids amdore recently,deep eutectic
solvents(DES§8.146

Most of the DES proposed so faere prepared through the combination of a salt or an
ionic liquid with nontoxic and biodegradable compounds such as carboxylic ¢ids,
polyols, and sugars®14% being the vast majority hydrophilic. To the best of our
knowledge, only a few works reported hydrophoblieep eutectic mixture*315@¢152 gnd,
among them, the absence of phase diagrams is common, despite the important
information that they can provide on the range of cpasitions and temperatures for
operating these systems. Moreover, a thermodynamic evaluation of the physical

properties of these systems is rarely presented.

Due to their very low solubility in wateand low price terpenes mixtures arise as
candidates toprepare sustainable and cheap hydrophobic solverisnoneneis a
promising candidate due to thgimilar physico chemical propertiggth organic solvents
and hasalready been studied as an alternative to hydrocarbon based solvénithe
recycling andreduction of polystyrene volumé4° Menthol, borneol, camphor and
thymol are monoterpenoidsised in differentindustriesand their eutectic mixtures have
been investigatedfor different applications In the pharmaceutical field, mixtures of
borneol/menthol %155 camphor/menthot®®15” and camphor/bornedf® were used as
vehicles for transdermal delivefy?1° Moreover mixtures of thymol with ibuproféfit
and meloxicam®® camphor with ibuprofet? and lidocainet®® and of menthol with
ibuprofen 161164165 testosteronel®® lidocaine'®” and ubiquinoné®® have been
investigatedas analgesic, antimicrobial and aimflammatory compound$®? Recently,
mixtures ofmenthol and ibuprofen, benzoic acid, acetylsalicyliicl @ phenylacetic acid

were proposed asherapeutic deep eutectic solvent used ttesign a controlled drug
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delivery systenusing sipercritical fluid technology®® and as dissolution enhancers of

active pharmaceutical ingredient$®

In the extraction fieldmenthokauric acidmixture was proposed as a hydrophobic DES
ableto extract indiun from aqueous solution¥? and hydrophobic mixtures ofmenthol
and naturally occurring acids, namely pyruvic acid, acetic atadtic acid, and lauric acid
were appliedas solventsn the extraction of caffeine, trypgghan, isophthalic acid, and

vanillin152

The main goal of this work is to prepare eutectic solvents and DES composed by the
terpenes menthol and thymol, and the monocarboxydaprylic,captic, lauric, myristic,
palmitic, stearic and oleic acids, and mixtures of terpenes (menthol+thymol,
menthol+camphor, menthol+borneol, borneol+camphor, thymol+camphor,
thymol+borneol). Phase diagrams of these mixtaee characterized and analyzed in the
whole composition range, through differential scanning calorimetry (DSC). Mordbeer,
eutectic composition and the physicochemical propé&es density and viscosity are

measured in order to characterize these systems.
2.2.Experimental
2.2.1. Materials

Information onthe investigated compounds is summarizedTiable 2.1and Figure 2.1
The samples were used as received without further purificatidreterpenespurity was
evaluated by*H, and'3C NMR spectra and &(s.
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Table 21. Compounls description and their melting properties herewith values from

literature.
Trus/ K H/ kJ-molt
Compound Supplier CAS wt % fue : Dus :
exp. lit. exp. lit.
Ca 315.9™
[ 6-manthol Acros 2216515 99.7 315.68 £ 0.22 316,771 12.89+0.77 12.83™
. 323.17
Thymol Sigma 89838 K¢ 323.50£034 o, 19.65:042 17547
0 bborneol Fluka 464459 X g 480.57+0.06 480.32 7.60+0.13 7.3172
(1R)}(+}camphor  Aldrich 464493 98 450.42 +0.41 451.87% 528+0.18 6.2'73
Caprylic acid Sigma  12407-2 X g 288.20+0.09 289.5074 19.80+0.54 21.3874
Capric acid Sigma 334485 99100 304.75+0.05 305.487> 27.50+1.29 27.23"
Lauric acid Sigma  14307-7  x @ 317.48+0.14 318.487 37.83+0.20 34.627
Myristic acid Sigma 544638 F dop 327.03+0.04 328.93"° 41.29+0.38 43.%'"°
Palmitic acid Aldrich 57-10-3 Xy 336.8+0.10 336.367® 51.02+0.22 53.0276
Stearic acid Merck n.a. X PT 343.67 £0.07 344.04° 61.36+0.42 61.117°
Oleic acid Aldrich 112801 90 284.45 +0.11 286.56Y4 32.45+2.01 39.6"
@Declared by the supplien.a.: not available.
o
/\/\/\)J\OH
Capryliacid
(o]
HO
[ 6-tweinthol
OH
OH Capricacid
(o]
/\/\/\/\/\)J\OH
Lauricacid
Thymol o]
/\/\/\/\/\/\)J\OH
OH Myristic acid
(o]
/\/\/\/\/\/\/\)J\OH
0 bborneol Palmiticacid
o
/\/\/\/\/\/\/\/\)J\OH
Stearicacid
o
(1R)(+)-camphor \/\/\/\WV\/\)J\OH
Oleicacid

Figure 21. Structures of the compounds investigated in this work.
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2.2.2. Methods
Differential scanning calorimetry

Binary mixtures were ppared by adding the compounds into glass vesaeWifferent
molar ratios, on the full composition range, using amalytic balance XP205 (Mettler
Toledo, precision =X10* g). The mixtures were melted under stirring on a heating plate
until a homogeneos liquid mixture was obtained and then cooled at room temperature.
Samples (Z 5 mg) were hermetically sealed in aluminum pans and weighed in a micro

analytical balance AD6 (PerkinElmer, USA, precision =52%10

The melting points of pure componentadtheir mixtures were determined using a DSC

2920 calorimeter from TA Instruments working at atmospheric pressure and coupled to a
cooling system. The equipment was previously calibrated with indium. The analytical
procedure was based on a cooling rampaaioto 208.15 K at 5 K-minfollowed by a

heating ramp up to 10 K above melting, ata 1 Kdin !  O2y adl yid yAGNR3IS)
0.99999 mass fraction) was used as purge gas in order to avoid condensation of water at

low temperatures. Data were analyzed through the TA Universal Analysis software (TA
Instruments) and the melting temperatures takan the peak temperature. At least three

cycles of cooling and heating were performed for pure compounds.
Density and viscosity

Densities and viscosities were measured at atmospheric pressure and in the temperature
range from 278.15 to 373.15 K using amamated SVM 3000 Anton Paar rotational
Stabinger viscometedensimeter (temperature uncertainty: + 0.02 K; absolute density

uncertainty: +5x16 g-cm?®; dynamic viscosity relative uncertainty: + 0.35%
2.3. Theoretical approach
Solidliquid equilibria

The sdid-liquid equilibria of the mixtures investigated in this wonkas described using

the thermodynamic expressioh’
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DLH&1 18 DuC,aT.  T. .G
In(xg)=—"2—g—- =g+ Pl - Int=-1p (2.1)
R of,, T8 R oT T 2

where g is activity coefficientat a certainliquid mole fractioncompositionx;, T is the
absolutetemperature, Tus and Dy sH are the melting temperatureand enthalpyof fusion

of the pure compound, respectivelR is the universal gas constant, arig .C, is the

difference between the heat capacity obmpoundi in the liquid and solid phase3he
last term of the equatiorhas a negligible value when compared to the secbfid’®and

was nottaken into account
Density

From the linear dependency of the density with temperature, Equation 2.2, the isobaric
thermal expansion coefficienthp, which considers the vofoetric changes with

temperature can be calculated accordibtg Equation 2.3,

Inr=A+AT (2.2)

13w G auinr g
ap:-—aélo =-aéi—9 =-A (2.3)

reul = ¢ HT =
where” is the densityand Ao and Ay are fitting parameters.
Viscosity

The viscosity that describes the internal resistance of a fluid to a shear stremsbe

correlated through the VogeTammanigFulcher (VTF) mod&%expressed by

hY

B, ¢

h(T)=A, expgT_Tg (24)

where A, B, andC are adjustable parameters estimated from experimental data.

Hereafter,the energy barrierH) ¢ that is the energy value thamust be overome in
order for the fluids to move past each othé¥' ¢ can be determinedbased on the

viscosity dependence with temperature using the following equatfBn
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=R “(:T(E(TT) ) (25)

where' is viscosity, an®is theidealgas constant.

2.4. Tunable hydrophobic deep eutectic solvents and eutectic mixtures based on

terpenes

Moénia A. R. Martins, Paula V. A. Pontes, Liliana P. Silva, Guilherme J. Maximo, Eduardo A.

C. Batista, Simao Pinho & Jo&o A. P. Coutinho, in preparation.
2.4.1. Abstract

Inspired by the lack ofvell-characterizedhydrophobic deep eutectic mixtures, ithis
work we aim at the preparation and characterization @utectic solvents andleep
eutectic solventscomposed byterpenes and monocarboxylic acids, and mixtures of
terpenes.Their phase diagramsere analyzed in the whole composition range, through
differential scanning calorimetry. Additionally, densitiasd viscositiesat the eutectic
compositionsfor mixtures of L{)-menthol, or thymol, and monocarboxylic acidsere
measured.Results she that mixtures between thymol or menthohnd monocarboxylic
acids form normal eutectic solvents. The eutectic temperatsiref these mixtures
increase with thealkyl chainof the mamocarboxylic acid. Moreover, the eutectic
composition also varies depending on the monocarboxylic acid used. On the other hand,
mixtures of terpenes kj-menthol, thymol, (Rj+)}camphor and €)-borneol form deep
eutectic solventsMixtures of terpenes cdaining thymolwere impossibleto crystallize

at very low temperature$208.15 K)however visual resultmdicatethe existence of glass
transitions at lower temperaturesThe new eutectic solventsomposed by terpenes and
monocarboxylic acidpresentdensities lower than water antbw viscositiesX.3 ¢ 100.6
mPa-s)Viscosity decreases with temperaturereaseand with the decrease of the alkyl
chain length of the monocarboxylic acids. general mixtures involving thymol are less

viscous and denser.
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2.4.2. Results and discussion
Solidliquid phase diagrams

Themeasuredmelting properties of the pure compounds used in this work are presented
in Table 2.1 along with values from literature.Both sets are ingood agreement,
validating the measurements of the tieg points presented in this workConcerning
melting enthalpies, only foroleic acida significantdifferenceto the values from literature
was found,probablydue to the low mass fraction purity of the compound used in this

work.

The solidiquid expeimental data for the 20 mixtures investigated gototted in Figure
2.2together with the ideal solubility curvggeq. 2.1) and listed in Table S2.1 of Appendix
2, along with the activity coefficients estimated from equation 2.As can be seen,
mixtures of terpenes thymolor L()-menthol with monocarboxylic acids form normal
eutectic mixtureswhile mixtures of(R}(+)camphor + lq)-menthol and €)-borneol + L
)-menthol form deep eutectic solvents(Figure 2.#). Due to limitations in the
experimental @vice used, the phase diagrams of mixtures involving thywere not
completed; however, the measureddata point indicate that thesemixtures do not
crystallize, forming glasses inste&#183The mixtues were placedn an ultra-freezer at
193.15 Kduring approximately Bours Figure 2.3andtheir aspect wagound to beglass
like, corroborating the later statement. All mixtures with complete phase diagrams
exhibited a phase behavior characterized by a single eutectic point, with the exception
(¢)-borneol +(R}(+)camphor(Figure 2.2), whose phase diagramdicates the existence

of asolid soluton in this organic system.

Unlike the DES composed miixtures of terpenesthe melting point depressions (and the
deviations to the ideal behaviorpf mixtures of thymol or L(¢)-menthol with
monocarboxylic acidare relatively smallThus,less complex ydrogenbonding networls
are established in these systermandonly HB interactions between the hydroxyl group of
the terpene and the hydroxyl group of the monocarboxylic acidexgectedto occur(in
opposition with DES where different types of HB intti@ns are formed). As shown in

Figure 2.2 and hthese systems have only slight deviations to the ideal behavior mainly
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in the terpene solubility curyewhile the solubility curve of the acid presents an almost
ideal behaviorln both groups(thymol or I(¢)-menthol + monocarboxylic acida)higher
eutectic temperature was observed for the systems involving acids with higher melting
temperatures.Additionally, he eutectic compositions are found to be richer in acid for
the lower chain length acids due their lower melting pointsRibeiro et ak> reported
286.99 K as the melting point of the mixtuvementhol and lauric acidt 0.66:0.33(mole
fraction ratio), where irthis work the vale measured was 291.54& the composition

ratio 0.69:0.31.

All mixtures of terpenes present larggeviatiors to ideal behavior, especially dise
involving thymol and the mixture of camphor+borneol that seems to form solid
solution. Thusto better analyze these systemanodeling workwill be carried out in
future, and alditional experimental measurementson the mixtures involving thymol
must also be performed.Taking this into account, mixture dérpenes will not be

consideredn the second part of thig/ork.
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Figure 22. Solidliquid phase diagrams ahixtures composed of monocarboxylic acids
andterpenes Symbols represent the experimental data measured in this work while the

solid linesrepresent the ideal solubilitgurves
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Figure 23. SystenlL()-menthol+ Thymokfter coolingdown t0193.15 K.

In order to evaluatehymol or L{)-menthol + monocarboxylic acidsixtures as potential
solvents, theimixtures at theexperimentaleutecticcompositionare characterized in the
next sectionsDensity and viscosity are relevant solvent properties once they have an
important impact on the mass transport phenomeretfecting solvents suitability for

specific applications.
Density

Densities of thamixtures were de¢rmined at atmospheric pressure the temperature
range from278.15 to 373.15 Kand are reported irFigure 2.4and Tables S2.2and S2.3 of
Appendix 2together with the moé fraction of the monocarboxylic acidt the eutectic
point. Thedensities of pure thymol ant()-menthol (see Chapter 4.13re also displayed

in Figure 2.4or comparative purposes

In all mixtures studied the density decrease with the temperature increbfigtures
involving thymol present higher densitiésan the ones involvind_()-menthol and the
range in which they vary is also broad&he density of pure thymol is higher than the
densities involving mixtures with monocarkylic acidswhile the densityof pure L(Q)-

mentholis in between of those.

Mixtures of nonocarboxylic acids with()-menthol follow a weltdefinedtrend in which
the density decrease with the increase of the chain of the fatty aldic acid, the only
unsaturated fatty acid studied, is an exception and the dengityesof the mixture oléc

acid +L()-menthol crosses the other mixturestudied Concerning the mixtures with
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thymol, the opposite trends observedi.e., the densities decrease with the decrease of

the chain of the fatty aciavith the exception of lauric and oleic acid.
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Hgure 24. Density of mixtures involving monocarboxylic acids and)dnfenthol or

thymol.
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The experimental density data was further correlated according with the linear equation
2.2 (parameters available in Table S2af)d the sobaric thermal expansion coefficient,
hp, derived from equation 2.3No temperature dependence was assigned to this value.
Figure 2.5 illustrates the results obtained a function of the monocarboxylic acith
values are in general very similar, varying betwe89x10* and -8.9x10*. No well-
defined dependence ofh, with the chain length of the monocarboxylic acid was
observed.Oleic acid presents considerable superior value$ oin mixture with both
terpenes studiedMoreover, caprylic angbalmitic acids shows significant differences in
mixture with the two terpenesThe isobaric thermal expansion coefficierg higher in

thymol than inL()-mentholwith the exception of caprylic acid.
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Figure 25. Thermal expansion coefficient representatiohmoixtures ofL(¢)-menthol or

thymol and monocarboxylic acids.

Ribeiro et al? alsoreported the densities of the mixture-menthol and lauric acid,

howevernot at the eutecticcompositionand thusno comparison can be addressed.
Viscosity

The new experimental viscosity data for thexturesunder studywere alsodetermined
at atmospheric pressure, in the temperature range fr@n8.15 to 373.15 K and are

depicted inFigure 2.@and presentedin Tables S8 and S&.
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Figure 26. Viscosity of mixtures involving monocarboxylic acids armg-rhénthol or

thymol.

Viscosityvalues decrease with increasing temperature and with the decrease of the

monocarboxylic chain lengtiMixtures with oleic acid presenthe higher viscositie$or
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both evaluated mixtures withierpenes. Contrary to what happen in densitlye rangeof
viscositiesof mixtures ofL()-mentholis broader tharthe range ofviscositiesof mixtures

involving thymo| andthese show lower viscosities.

Experimental viscosity values were fitted using the VTF equation (eq. 2.4) and the
estimated parameters are listed in Table S2.7 together witie energy barrier,E
calculated through equation 2.5 at 338.15 K. This tempeeanas chosen because is the
lowest temperature at which all mixtures are liqui@he energy barrier as a function of

the monocarboxylic acid used in the mixture is represented in Figure 2.7.
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Figure 27. Energy barrier of themixtures investigated at 338.15 K as a function of the

monocarboxylic acid used.

The energy barrier increases with the increase of the chain length dattyeacid used in

the mixture and for mixtures with the same monocarboxylic acid, the ones withrtbly
present lower energy barrier valueBeingEthe energy barrier of a fluid to shear stress
the higher this valuehe more difficult it is for the molecules to move past each other.
Thus, as capng acid is the smaller monocarboxylic acid used, itspnés the smaller
value ofE Oleic acid is an exception presenting smaller values thast of the other
acids in both seriedDue to the presence of a double bond, this compound has a superior

ability of entanglement decreasing the energy barrier.
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2.5.Concusions

Novel eutectic and deep eutectic mixtures were prepared from natural materials as
monocarboxylic acids and terpene$lixtures involving monocarboxylic acids and
terpeneswere found to benormal eutectic mixturewhile some mixtures of terpenes
were considered deep eutectic solvents. Mixtures of terpenes containing thymdatate

the formation ofglasses instead of crystallizingimost all systempresenteda eutectic
point below room temperatureThe new eutectic solvents composed by terpenes and
monocarboxylic acids present densities lower than water and low viscositieg (113.6

mPa-spnd n general mixtures involving thymol are less viscous and denser.
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3.1.lonicliquids as separation gents
3.1.1. Introduction

To fully exploit the ionic liquids potential as solvents in separation procassel/ing
terpenes or other organic soluteandto avoid a large number of experimental liquid
liquid extractionsthe ILssolutes interactionsnust be known The understanding of such
interactions can be derived from physichemical measurements such as
solubilities!8418 solute activity coefficients at infinite dilution ¢;),*%8 molecubr
simulation}®%19spectroscopic technique$%19%4 vaporliquid equilibrium (VLE) dat¥1°6
and liquidliquid equilibrium (LLE) datd’*°8as well as from thermodynamic models buc
as equations of staf@ or from prediction tools suchlike COSME@RS!%:19 COSMERS
(COnductoilike Screening MOdel for Real Solvents) iguantum chemical approach,
developedby Klamt and Ecke¥ and used by several authofd,2%2for the a priori
prediction ofactivity coefficients at infinite dilutiomnd other thermophysical data using

only structural mformation of the molecules.

Moreover, to replace a conventional separation process by another that uses ILs, this
must be more performant and cosfffective, what is, in general, difficult. Due to their
cost, higher than for comnaty solvents, the maintwallenges in applying ionic liquids are
related to their recovery and reutilization. Therefore, a good knowledge of ILs physical
chemical properties, and phase equilibria, is a fundamental step for the design and

optimization of industrial processés.

Very useful for screening purposes, the activity coefficient of solutes at infinite dilution
are related to the relative strength of intermolecular interaction with the iomnguid,

being the lowest values usually observed for polar substances such as alcohols, ketones
and ethers; a result from the hydrogen bonding, thepZ -p, or other strong
interactions?®® g7, can be determined from retention times using gagiquid
chromatography (GL&J?% or through the diluter techniqué®’-2°8In the GLC method,

the chromatographs column is coated with the ionic liquid and the solutes introduced

with a carrier gasThis technique workfor solutes that are retained by the IL more
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strongly than by the carrier gas (usually helidfif)The solutes retation times are a
measure of the strength of interaction, i.e., tlaetivity coefficients at infinite dilutionof
the solute in the ionic liquidsSolutesolvent interactions, selectivitiemnd capacities can

be derived from activity coefficients at infia dilution.187.18°

Based on the concepts expressed above, the work reported on this section was carried
out to investigatethe application ofactivity coefficiens atinfinite dilution data to select

ionic liquids able to promote the separation and purificationcofmmonorganic solutes

and terpenes.lonic liquids with same cation and different anions were chosen
rationalizethe effect of changes in the structes, evaluating polarity, as these anions

present solvatochromic parameters reflecting very high hydrelgend acceptor ability.

Experimentahctivity coefficients at infinite dilutionalues were determined by ggkquid
chromatography. The ILs densitya$unction of temperature was measured calculate

the gasliquid partition coefficients,K, . Additionally, &cess thermodynamiproperties

at infinite dilutionwere discussed andomparisonswith literature addressedConcerning
terpenes, the new data here gathered were used to evaluate the abili§@EMERS in

the description of the selectivities and capacities for these compounds, and the model
was then applied to screen different IL cations and anions for terpenes and terpenoids

separation.
3.1.2. Experimental methods
Activity coefficients at infinite dlution

The activity coefficients at infinite dilution were determined using the GLC metheét
Experiments were carried outising a PerkinElmer Clarus 500 gas chromatograph
equipped with a heated ogolumn injector and a thermal conductivity detector (TCD).
The injector and detector temperatures were kept4at3.15 K during the experiments,
value above the boiling point of theolutes. Helium was used as the carrier gas and the
exit gas flow rates were measured with one Agilent Precision Gas Flow Meter placed on
the outside, after the detector, with an uncertainty of + @t% Y% {he inlet pressure,

P, was measured by a pressure gauge installed on the gas chromatograph with an
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uncertainty of £ 0.kPa and the outlet pressur&, was measured using the same Agilent
Precision Gas Flow Meter with an uncertainty of + &kB@ The settled inlet pressure was

10 kPa for alkanes, cycloalkanes, alkenes, cycloalkenes, alkynes and ethers; 60 kPa for
aromatic hydrocarbons, ketones, cyclic ethers, esters, butyraldeyde, acetonitrile,
pyridine, Xnitropropane and thiophene; and 80 kRar falcoholswater and terpenesThe

outlet pressure ranged between [97.84101.08] kPa. Data were collected and processed

using the TotalChrom Workstation software.

Column packing containing between 45% to 55% IL stationary phase coated onto a
MAnbmMHA YSAaK |/ KNEBEVCS dofid\shippott matérial (supplied by Sigma
Aldrich), were prepared by the rotary evaporation technigtié:2*3 High amounts of ILs

were used to avoid possible residual adsorption effects of the solutes on the solid
support. Each IL was dissolved in methanal dispersed in Chromosorb. After coating,

the mixture was shaken, and vacutassisted rotary evaporation was used to remove the
methanol. Masses of the stationary phase and of the solid support were weighed with a
precision of + 1 x ¥ g. Glass columnsfd m length and 4 mm internal diameter were

filled with the dry packing and placed in the chromatograph to equilibrate during 6 h, at
388 K and 60 kPa. The stream of helium gas was passed through the stationary phase for
the final drying.A large amount & column packing is used also to prevent the residual
adsorption of solute onto the column packing, a very important feature, especially for
Ff1llySad C2NJ SFOK L[X & tSradg Ge2 O2f dzyy.
percentage. The deviations tveeen the g, in the different columns, for a given set of
solutes, was always less than 3% general, the major contributions to the errors were

from solutes withsmallerretention times, as alkanes, cycloalkanes, ketones and some
ethers. The repeatability of; values from two columns were within +1.5% for the vast

majority of the solutes.

In order to measure the retention times, solutes were injected in the column in volumes
2F onodnm G2 nodov >[I G2 6S G AYTFAYAGS RAC
with the organic solutes, air was also injected, as a-retained componentAbsolute

values of regéntion times varied between 0.04 to 249.%@n corresponding td -pinene
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and carvacrql respectively. Each experiment was repeated at least twice to establish
repeatability. The temperature of the column was maintained constant tbiwit 0.02K.
Measured retention times were generally reproducible within 0c0Q.03 min depending
upon the temperature and the individual solute. Values of the dead ttgesquivalent to

the retention time of a completely neretained component, in tls case air, were also
measured.Consideringhe solute retention times accuracy (0.001 min), and the standard
deviations (in parentheses) related with: solute vapor pressures (< ®B#gs of the
stationary phase (4 x 10* g), flow rate of helium (0.1 cfmir? ), inlet (0.1 kPa) and

outlet (0.07 kPa) pressureand oven temperature (0.02 K); the uncertaintiesgih were

estimated by error propagation to be less than.3%
Densities

Densities measurements of the pure ILs were carried o@tmospheric pressure and in
the (293.15 to 373.15) K temperature range using an automated SVM3000 Anton Paar
rotational Stabinger viscometatensimeter.Theequipmentuses Peltier elements for fast
and efficient thermostatization.The uncertainty of temerature is + 0.02 K and the
absolute uncertainty in density is + 54@-cm®. Additional details related with the

equipment can be found elsewhefé!
3.1.3. Theoretical approach
Activity coefficients at infinite dlution

When an infinitesimal amount of solute sample is introduced into a GLC column with a
non-volatile stationary phase it is possible to calculate the activity coefficat infinite
dilution for the solute (1) partitioning between the carrier gas (2) and the-valatile

liquid solvent (3) through the solute retentich according to the equation developed by

Everett!®and Cruickshank et al5:

) o ~ * N\ 3( VL
|ng13 - |n§r;i‘i-[§_ Pl (B;T Vl )+ POJZ( FiB,}F Vl ) (3_1)

1 =

where n, is the number of moles of solvent on the column packifigs the GC oven
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temperature where the column is placed, isthe net retention volume of the solute,
P is the saturated/aporpressure of the soluteB,, is the second virial coefficient of the
pure solute,V, is the molar volume of thesolute, P, is the outlet pressureJ; is a
pressure correction termpB,, is the mixed second virial coefficient of the solute and the

carrier gas (helium), and® is the partialmolar volume of the solute at infinite dilution in

the solvent.The standard state for the solute is pure liquid at system temperature and

zero pressure, andll temperature dependent properties are calculatedTat

The pressure correction ternd? ,?*” and the net retention volume of the solut&,, , are
given by the following equations:

J3_E(F)i/PO)3-1

*T3(RIR) 1 2

VN = (J23)-1Uo(tR - tG) (3-3)

where t; and t; are the retention times for the solute and an unreturned gas (alir),
respectively, andJ, is the column outlet volumetric flow rate, corrected for th@por

pressure of water by,

R

w
P, =

U, =Ug- (3.4)

T
@)
—|Of_|

f

where T, is the temperature at the column outle?, is thevapor pressure of water at

T, , andU s the volumetric flow rate measured at the outlet of the column.

COSMGRS

COSMGERS is a weltablisheda priori method to predict thermophysical properties of

fluids and liquid mixtures based on unimolecular quantum calculations. Theoretical

details about this method can be found elsewhé?@?1821°To predict the g, with

COSMERS first it is necessary to generate distinct input fifes solutesand IL cations
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and anions, using BP functional B8®6 with a triplev @ f Sy 0SS L322t I NAT SR
and the resolution of identity standard (RI) approximation using TURBOMOLE 6.1
program packagé&® The following calculation conssst mainly of statistical
thermodynamics and were performed using COSMOtherm, which provides an efficient

and flexible implementation of the COSMETS metod. The parameterization adopted

was BP_TZVP_C30 1401 (COSMOconfX v3.0, COSMOlogic GmbH & Co KG. Leverkusen,
Germany). It contains intrinsic parameters of COSMOtherm and element specific
parameters, required for the calculation of physiochemical d&taall calculation, ILs

have been described by an equimolar mixture of the cation and the anion, that contribute

" -profile as two different compounds, allowing the study of specific contribution of each
counter ion. As consequence, it is necessary to scaedfculated values with the factor

0.52'° Moreover, the lowest energy conformations of all the species involved were used

in the COSM@RS calculations.

Thermodynamic functions at infinite kution
The activity coefficients at infinite dilution wedetermined as a function of temperature,

allowing the determination of some important partial molar excess thermodynamic

. . —Em —E,n —E,;n
functions, namely the Gibbs free ener@$n ), enthalpy Hm ) and entropy &n ) that
will help to explore and rationalize the collected experimental information. Since the
experimental activity coefficients were measured at infinite dilution, the partial molar

excess properties were estimated using the following equations,

Gm =RTIN(g) (35)

—E,o é ulngfs 6
Ho = 36
'%imam@p’x (36)
e _HY-GY
Sy =_m - 2m 3.7)
T

where subscriptsp and x indicate isobaric condition and constant composition,

respectively.
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Gasliquid partition coefficients

To use volatile solventsof technical purposes, their characterization is required. The
partition coefficients are many times used for this purpose, since the solubility of selected
substances can be predicted from them. These coefficients are also highly important in
chemical engpeering and environmental modelling, where the distribution of individual

compounds between different organic phases and water or air, is of importance.

Aimingat the determination of the order of elution from columns, partition coefficients
are extractel from the retention data and many numbers have been published as a by
product of chromatographic separations, where their determination usually constitutes
part of the procedure. In this work, the gaigjuid partition coefficientk, = (c}/c) for

a solute partitioning between the carrier gas and the ILs was calculated from the solute

retention according to the following equaticii!

av,r,o PJ3(2B,-V,")
In(K, )=InggN-2g- 022712 71 38
(K.) En, = (38)

in which r, is the density of the IL and, is the mass of the IL.
Selectivity and apacity

The selectivity between the solutésand j, S; and the capacityk; of the separatn

process are defined as follot’
S; =g 19 (39)
ke =1/g° (3.10)

where j is the solute that presents the smallactivity coeffitgents atinfinite dilution in

the solvent (in this work, the ILs).
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3.1.4. Activity coefficients at infinite dilution of organic solutes and water on

polar imidazoliumbased ionic liquids

Mobnia A. R. MartinsJodo A. P. Coutinh&imé&o P. Pinh& Urszulab 2 YI Z2a 1 | W2 dzNJY
Chemical Thermodynamics 91, £203 (2015), DOI: 10.1016/j.jct.2015.07.042

3.1.4.1. Abstract

The separation of aromatic hydrocarbons fromgC40 aliphatic hydrocarbon mixtures is
challenging since these hydrocarbons have boiling points imse alange, and several
combinations form azeotropes. The discussion on the desulphurization, or
denitrogenation of fuels is also important nowadays. Thig activity coefficients at

infinite dilution, g;,, of 55 organic solutes and wveat in three ionic liquids with the

common cation 3butyl-3-methylimidazolium and the polar anions ,CICHSQ] and
[(CH)PQ], were determined by gasquid chromatography at four temperatures in the
range (358.15 to 388.15) K for alcohols and watad ¢98.15 to 428.15) K for the other
organic solutes including alkanes, cycloalkanes, alkenes, cycloalkenes, alkynes, ketones,

ethers, cyclic ethers, aromatic hydrocarbons, esters, butyraldeyde, acetonitrile, pyridine,

1-nitropropane and thiophene. Fromhé experimental g, values, the partial molar

excess Gibbs free energﬁf{u , enthalpy ﬁrEn and entropyé:f{n , at infinite dilution,
were estimatedto provide more information abouthe interactions between the solutes
and the ILsMoreover, densities were measured and dagiid partition coefficients K )
calculated. Selectivities at infinite dilution for some separation problems such as
octane/benzene, cyclohexafbenzene and cyclohexane/thiophene were calculated using
the measured g;,, and compared with literature values fdd-methyl2-pyrrolidinone
(NMP), sulfolane, and other ionic liquids with a common cation or anion of the ILs here
studied. From the obtained infinite dilution selectivities and capacities, it can be
concluded that the ILs studied may replace conventional entrainers applied for the

separation processes of aliphatic/aromatic hydrocarbons.
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3.1.4.2. Chemicals

The chemical structure ansome of the properties of the studied llase presented in

Table 3.1 Organic solutes source and purity can be found in Taheds Appendix 3To
reduce the water and volatile compounds individual samples of ILs were dried under
vacuum at 0.1 Pa and cstant stirring at 353 K, for a minimum of 48 h. After, the purity

of each ionic liquid was further checked Hy, and 13C, NMR spectra. Additional drying
was applied keeping the ILs during 72 hours at 300 K under reduced pressure to remove
volatile impuriies and traces of water. The water content of the dried ILs was determined
using the Karl Fischer titration technique (method TitroLine KF). Samples were dissolved
in dry methanol and titrated with a step of 2.5 yL. The analysis showed that the water
content was found to be below 300 ppm for all samples. The organic solutes were used
without further purification once GLC technique separates impurities in the column. The
water used in the measurements was distilled and filtered, presenting a final mass
fraction purity higher than 0.999, being the analysis performed through density

measurement.

Table 31. Studied ionic liquids: name, structure, abbreviation, source, molar md§s (

melting point Tm) and purity.

Chemical Formula M Purity

Chemical Name Supplier Tm (K)
Cation Anion (g-mofh) (mass%)

1-butyl-3-methylimidazolium
Ct loLiTec 174.67 341.95 99
chloride, [Gmim]CI

o 1-butyl-3-methylimidazolium
N —!—O' methanesulfonate, loLiTec 234.32 r 99
(I ! [Cmim][CHSQ] 363.18
. 1-butyl-3-methylimidazolium
\o/‘%\o/ dimethyl phosphate, loLiTec 264.26 n.aft 98

[CGmim][(CH)PO]

aRef222 bRef223 cNot available.
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3.1.4.3. Results and @scussion

The average values of thactivity coefficients at infinite dilutionfor severalorganic

solutes, and water, in the studied ILs are presentedTable 3.2 The temperature

dependent properties required for they, calculationswere obtained using equations

and constants taken from the literaturd! The values ofB, were calculated usinthe

Tsonopolou®® correlation, applying the information also found in Poling and
PrausnitZ** The measurements were carried out in the temperature range between
(358.15 and 388.15) K, with intervals of 10 K. The lower temperature value was chosen
regarding the ILs melting points, namely{Gfmim]Cl and [@mim][CRSQ], to avoid their
soidification inside the column.l@ohols and water were measured between (398.15 and
428.15) K due to their usual longer retention times. In order to explore the data, a
comparison at a fixed temperature, 358.15 K, is presenteeigare 3.1(for alcohols ad

water the values are presented at 398.15 K).
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Figure 31. Activity coefficients at infinite dilution of several solutes in ILs, at 398.15 K for
alcohols and water, and 358.15 K for the other orgasimpounds.! , [Gmim]CI;T ,
[GmMIM][CHSQ8 T  mim][(GH)PQ]. The dotted line represents the number of
carbons in the solutes structur&l. Symbols with the same caloorrespond to solutes of

the same chemical family.
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Table 32. Activity coefficients at infinite dilution of organic compounds and water in ILs, at different temperdatures.

Organic Solutes [CGmim]CP [Gmim][CHSQ]° [CGmim][(CH)2PQ]¢

T/K 358.15 368.15 378.15 388.15 358.15 368.15 378.15 388.15 358.15 36815 378.15 388.15
Octane 330.66 302.07 268.50 258.36 | 170.84 164.58 159.96 155.32 47.90 46.22 44.57 43.35
Nonane 475.82 432.95 393.64 375.50 | 250.53 239.46 229.20 223.29 67.86 63.95 61.45 59.15
Decane 704.04 637.87 579.72 560.12 | 371.49 351.76 340.15 324.3 93.39 88.52 84.67 81.58
Cyclopentane 38.69 36.24 33.50 31.83 23.85 23.70 23.50 23.26 8.76 8.59 8.41 8.33
Cyclohexane 54.69 50.90 47.36 44.92 35.18 34.49 33.90 33.81 12.29 11.88 11.64 11.45
Methylcyclohexane 84.25 79.00 73.02 69.85 52.79 51.70 50.88 50.40 17.38 16.78 16.40 16.07
Cycloheptane 62.67 58.82 55.41 53.57 44.21 43.33 42.59 42.25 15.14 14.64 14.26 14.00
Cyclooctane 79.55 75.40 71.10 68.62 57.11 55.66 54.42 53.60 18.77 18.24 17.72 17.33
Hex1-ene 61.71 57.87 53.94 51.97 39.66 39.99 40.01 40.26 13.89 13.71 13.40 13.20
Heptl-ene 88.90 83.76 79.33 77.17 59.23 58.91 58.68 58.03 19.61 19.38 19.15 18.91
Oct1-ene 141.84 134.44 125.75 122.50 88.06 86.76 86.48 85.64 27.49 26.95 26.46 26.22
Decl-ene 322.82 305.86 284.63 277.46 | 192.88 187.08 181.89 179.06 53.50 52.23 50.44 49.24
Cyclohexene 22.84 22.30 21.48 21.31 18.44 18.59 18.73 19.00 7.15 7.13 7.11 7.11
Pentl-yne 4.89 5.25 551 5.78 5.46 5.84 6.26 6.67 2.18 2.32 2.46 2.60
Hex1-yne 7.33 7.85 8.19 8.61 8.02 8.52 9.06 9.64 3.01 3.22 3.39 3.57
Heptl-yne 11.63 12.30 12.74 13.33 11.97 12.64 13.34 14.11 4.21 4.48 4.70 4.93
Octl-yne 18.32 19.20 19.73 20.45 17.77 18.58 19.47 20.39 6.04 6.22 6.48 6.74
Acetone 3.05 3.12 3.17 3.27 2.06 2.12 2.22 2.30 1.92 1.96 2.02 2.10
Pentanr2-one 7.59 7.71 7.78 8.01 4.50 4.59 4.76 491 3.63 3.70 3.78 3.94
Pentan3-one 7.60 7.72 7.78 7.97 4.68 4.79 4.88 5.09 3.73 3.81 3.89 4.04
MTBE 24.61 23.80 23.02 22.85 16.97 17.39 17.90 18.55 7.17 7.35 7.48 7.66
TAME 33.96 33.14 32.18 32.06 23.82 24.18 24.67 25.26 9.50 9.61 9.66 9.75
ETBE 64.78 59.34 55.67 53.32 35.29 35.59 36.10 36.62 12.75 12.78 12.89 12.95
Diethyl ether 19.27 18.93 18.36 18.39 14.69 14.91 14.98 15.32 6.21 6.30 6.39 6.48
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Din-propyl ether 57.40 55.26 52.78 51.93 38.11 38.73 38.94 39.41 13.95 13.73 13.% 13.42
Dtiso-propyl ether 78.53 71.67 63.98 59.12 40.59 - 40.79 41.19 14.39 14.27 14.22 14.12
Din-butyl ether 130.04 12482 118.31 116.17 | 83.87 82.13 81.55 80.53 26.78 26.23 25.90 25.52
THF 5.66 5.67 5.67 5.70 3.41 3.48 3.59 3.72 2.79 2.84 2.89 3.02
1,4-Dioxane 3.47 3.55 3.65 3.74 2.33 241 2.49 2.62 2.13 2.19 2.25 2.37
Benzene 4.51 4.59 4.72 4.82 3.08 3.19 3.29 3.46 2.33 2.41 2.49 2.63
Toluene 7.78 7.91 8.09 8.36 5.32 5.45 5.68 5.84 3.86 3.99 4.09 4.29
Ethylbenzene 13.15 13.25 1351 13.73 8.45 861 8.76 9.05 5.73 5.87 5.97 6.26
0-Xylene 11.55 11.72 11.93 12.28 7.64 7.79 7.99 8.21 5.54 5.70 5.79 6.03
m-Xylene 14.31 14.50 14.69 15.02 9.27 9.43 9.57 9.92 6.49 6.60 6.73 7.00
p-Xylene 13.63 13.72 14.00 14.29 9.03 9.20 9.37 9.71 6.31 6.44 6.59 6.86
Styrene 4.96 5.18 5.42 5.73 3.79 3.96 4.20 4.40 2.79 2.93 3.06 3.26
a-Methylstyrene 9.01 9.33 9.83 10.34 6.43 6.71 6.96 7.41 457 477 4.98 5.29
Methyl acetate 4.82 4.89 5.01 5.09 2.94 3.03 3.14 3.33 2.58 2.65 2.73 2.85
Ethyl acetate 9.02 9.06 9.10 9.16 4.76 4.88 5.00 5.28 3.81 3.91 4.01 4.18
Methyl propanoate 8.00 8.09 8.20 8.31 4.43 4.56 4.68 4.90 3.56 3.65 3.76 3.93
Methyl butanoate 12.30 12.43 12.57 12.69 6.79 7.21 7.39 7.84 4.93 5.04 5.17 5.39
Vinyl acetate 5.66 5.74 5.86 6.05 3.47 3.58 3.76 3.92 2.79 2.88 2.99 3.13
Butyraldehyde 5.24 5.31 5.43 5.54 3.33 3.44 3.58 3.74 2.66 2.74 2.82 2.97
Acetonitrile 1.12 1.16 1.21 1.28 0.99 1.03 1.08 1.12 0.88 0.92 0.95 1.00
Pyridine 1.47 1.55 1.64 1.78 10.93 10.80 10.61 10.47 1.18 1.23 1.28 1.35
1-Nitropropane 251 2.61 2.69 2.80 1.89 1.96 2.02 2.13 1.50 1.56 1.62 1.72
Thiophene 2.04 2.16 2.27 241 1.72 181 1.94 2.05 1.24 1.35 1.43 1.53
T/K  398.15 408.15  418.15 428.15 398.15 408.15 418.15 428.15 398.15 408.15 418.15 428.15
Methanol 0.156 0.166 0.176 0.191 0.325 0.340 0.357 0.373 0.097 0.105 0.115 0.125
Ethanol 0.297 0.313 0.332 0.353 0.533 0.553 0.576 0.599 0.160 0.173 0.189 0.205
Propanl-ol 0.408 0.434 0.464 0.501 0.711 0.744 0.783 0.823 0.197 0.218 0.239 0.264
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Propan2-ol 0.542 0.577 0.619 0.668 0.835 0.878 0.928 0.976 0.256 0.282 0.311 0.344
2-Methyl-propan-1-ol 0.540 0.576 0.615 0.665 0.893 0.938 0.991 1.042 0.230 0.254 0.281 0.313
Butan-1-ol 0.558 0.594 0.635 0.680 0.937 0.984 1.024 1.071 0.247 0.271 0.299 0.324
Butan-2-ol 0.749 0.804 0.865 0.931 1.114 1.181 1.255 1.333 0.327 0.365 0.406 0.451
tert-Butanol 0.987 1.067 1.159 1.269 1.285 1.385 1.483 1.594 0.419 0.471 0.527 0.592
Water 0.070 0.077 0.085 0.094 0.200 0.214 0.228 0.239 0.073 0.081 0.092 0.101

aStandard uncertainties arel g;;) = 3 % andi(T) = 0.02 K®Packing: 52.1 %= 17.02 mmolPacking: 49.8 % = 11.48 mmolPacking: 47.3 %=
9.39 mmol.
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The higherthe interactions between the solutes and the ionic liquids, the higher the

retention times measuad, and the lower thectivity coefficients at infinite dilutiorf26.22”
A global analysis dfigure 3.1shows that water presents the loweg, values indicating

the highest inteaction with the ionic liquids, what is expected since the ionic liquids were

chosen with highly polar anions. Other polar solutes such as alcohols, thiophene, 1
nitropopane, pyridine and acetonitrile present also lagj, values.On the opposite,

alkanes analkenes, the less polar solvengsesent the weakest interactions with the ILs

studied. Moreover, analyzingFigure 3.1it is possible to observe that thg, increases

with the chain length for the alkanes, cycloalkanes, alkenes, alkynes, ketones, ethers,
aromatic hydrocarbons (increasing radicals) and alcohols. The experimental values
obtained in this work for aliphatic and aromatic hydrocarbons are much larger than those

observed in other ILs with the same cati®¥h228However, if compared ith ILs with the
same anion theg;, are simila?!! indicating a dominant role of the amoon these
interactions.The g, value for acetonitrile aff =358.15 K is considerably low in all ILs

studied suggesting the high potential for the extraction of acetonitrile from aliphatic
hydrocarbons. In[Gmim][(CH).PQJ], also pyridine (1.18), -ditropropane (1.50) and
thiophene (1.24) havéow g;, values afT =358.15 K, suggesting a high selectivity for the

extraction of nitrogen and sulferontaining compounds from alkanes.

The temperature dependence ofy, is presented in theAppendix 3(Figure S.1).
Increasing the temperature, a decrease in the natural logarithrg;pfvith the reciprocal

temperature is observed for alkanes, cycloalkanes, alkenes, cycloalkenes, and few ethers.
The inverse dependence is observed for all the other solutes, what will teafter taken

into consideration.

According to Claudio et &?the polarity ofthe ILs studied follow the trend: [(GPQ]
> Cl> [CHSQY], in conformity withthe relative values ofg;, observed for water and

alcohols, the most polar solutes studieByridine thatis an aromatic ring with one

methine group (=CHireplaced by a triogen atom,alsoshow the same behavior because
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of its high hydrogen bonding ability. The other organiaiss studied follow the trend:
[(CH)2PQ] > [CHSQ] > Cl.

Comparison with literature data

Similar studies have been published on solativty coefficients at infinite dilutionn
ILs.Figure 3.2shows the experimental;, of several solutes in the ILs4f@im]Cl and

[GmIim][CHSQY], and the respective literature values. To the best of our knowledge, no
data are available for the IL 4@8im][(CH)2PQJ]. AnalyzingFigure 3.2in general, results
are very consistent. The solutes THF anddlggane are clear exception; THF in both ILs
and 1,4dioxane in [@mim][CHSQ], with more significant deviation to the literature

values?30231 Additionally, our experimental data shows an increasegginof toluene in

[Cmim][CHSQ], with increasing temperature, while the data reported by Stark &4l
shows the opposite trend. All the others aromatic hydrocarbons studied in this work, such
as benzeneethylbenzenep-, m-, o-xylene, present the same slope observed for toluene.
Moreover, br further comparison purposes data from literature involving ILs presenting
the same cation, or one of the anions, were selected. Some standard organic solutes and

the temperature of 358.15 K were chosen and are presentethinle 3.3
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Figure 32. Comparison of the experimental activity coefficients at infinite dilution with
values from literature for two ionic liquids: (a)sf@m]CI,E THF, ethanol,p water
(empty symbols correspond to literature dat§; (b) [Gmim][CHSQ], E decane, dec
l-ene,p THF,A 1,4dioxane,q toluene,t methanol, . butan-1-ol (empty symbols

correspond to literature dat&?).
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Table 33. Comparison between the activity coefficients at infinite dilution with values

from literature at 358.15 K.

lonic Liquids Octane Cyclohexane Benzene Ethanol Water Reference
[Cimim]CI 330.7 54.7 4.5 0.22 0.04%  This Work
[Cmim]ClI 17.2 7.8 1.3 - - 206
[Gmim][CHSQ] 275.3 457 4.3 0.47 0.09 24
[Gmim][CHSQ] 356.7# 50.5 4.12 0.36 - 232
[Cmim][CHSQ] 170.8 35.2 3.1 0448 0.1 This Work
[G:mim][(CH).PQ)] 246.F 39.6 3.8 0.1 0.0% 207
[CmiIm][(CH)PO] 479 123 2.3 0.1*  0.0& This Work
[GMIM][(CHCH).PQ] 83.4 24.6 2.3 - - 233
[CGmiIim][(CH(CH)3).PQ] 6.2° 2.6 0.9 - - 234

3Extrapolated valué’interpolated value.

Regarding the anion chloride, increasing the alkyl chain length on the cdticreases
considerablythe g7, with non-polar solvents. The same is observed for the -potar

solvents on the other anions studied suggesting that the increase on the cation alkyl chain
enhances the dispersive interactions with the Aoolar solvets. In comparison the
effect on the polar compounds such as ethanol and water seems to be negligible, within
the experimental uncertainty of the data, suggesting that for these compounds the

dominant interactions are related to the anions and no longeh\he cation.
Effect of the anion

As mentioned before, the anion has a large influence oratttevity coefficients at infinite
dilution. To better understand this effect, some organic solutes with different
characteristics were investigated. The dqdipole interactions were studied using
acetonitrile, to clarify the IL ability to solvate dipolar molecules. Octane and toluene
Fff26SR GKS AS/ BuIiNRBEtrdrmyiEyersi@ntorces, respectively. The
hydrogen bond acceptor and donor propes of the ILs were investigated with propan

ol (a hydrogen bond donor) and doxane (a hydrogen bond acceptor), respectively.

The influence of the anion on the solvation properties of ILs was investigated with the
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three ILs studied in this work, 4@im]Cl, [Gmim][CHSQ] and [Gmim][(CH).PQ]. The

effect of the nature of the anion org;, of the organic solutes chosen is displayed in

Figure 3.3
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Figure 33. Activity coefficients at infinite dilutiorof selected solutes in ILs, at 398.15 K for

0.1

propanl-ol, and 358.15 K for the other organic compounds.

As can be seen, for acetonitrile, @ll, are very close, however chloride gives the larger

value, followed by the anions methanesulfaé@eaand dimethyl phosphate, where the
dipole is better accommodatedConcerning 14lioxane and propaii-ol, the hydrogen

bond acceptor and donor, it is possible to see that the choice of the anion has an
important effect in the g, values. The g;, of propanl-ol decreases in the order of
[CHSQ]® > Ct > [(CH).PQ]* by a factor close to 2. This sequence is in complete
agreementtothergf{ o0 aSR 2y ( K Baramexd@or the dedcipRon ¢f O |
the hydrogen bonding accepting ability of each anion. Tfieof 1,4dioxane decreases
according to ClI> [CHSQ]> > [(CH).PQ]*. This happens because this solute can only
AYGSNI O 6AdGK (GKS OFGA2Yy NAy3IQa KeRNR3ISY

interactions with basic anions, and hence the activity coefficients are higher in the
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chloridebased IL. When coparing between the five solutes, the lower valuesg in

propanl1-ol attest thehydrogenbond acceptor character of the anions chosen.

For the™ | y Relectron dispersion forces the choice of the anion also plays a significant
role. The lowestg;, of toluene, and hence the highest degree of interaction, is found for
the [(CH)PQJ, followed by [CEBEQ] and Cl For octane the same trend was observed
however, this solute shows higher, valuesand a higher variation between the different

ionic liquids.
Thermodynamidunctions atinfinite dilution

The partial excess molar properties such as Gibbs energy, enthalpy, and entropy, all at
infinite dilution, for the organic solutes and water in the died ILs at the reference
temperatures T =358.15 K andl' =398.15 (alcohols and water), were evaluated

provide more information about the interactions between the solutes and the ILs. The

thermodynamic functions at infinite dilution, calculated throutdite g, values are listed

in Appendix JTable 8.2) at the reference temperatures.

The ﬁf{n , calculated through the temperature dependencegyf (equation3.6), exhibit
negative values for almost all solutes, expressingfwerableinteractions between the
solute and the solvenixcept foralkanes, cycloalkanes, alkenes, cycloalkenes and a few
ethers, all apolar compounds, and the ILs. ﬁm%u is positive for most of the solutes,
apart from alcohols, water, and acetanie (for [(CH).PQ] and [CHSQ]), indicating
strong interactions solutéL for these polar solutes. The largest positive valueé.%?

are exhibited by aliphatic hydrocarbons, showing again the weak aliphatic hydroelrbon

. . —En . e . L
interadions. Lastly,Sm are < 0 for all solutes studied, indicating their reorganization
inside the ionic liquid phase, and often representing the dominance of entropic effect

over the enthalpic one.

Tofurther understand the molecular levaiteractions in these systemBjgure 3.4elates

0, and partial molar excess properties, where three different areas can be distinguished.
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¢KS NBIA2Y O6LLO O2NNBalLRyRa (2 (GKS L[ ab2NAI
wl 2 dzf (g &1 dnd, @ Zome organic solutes alBe andH. are positive. In this

region, mainly constituted by nepolar solutes such as alkanes, cycloalkenes, alkenes and

a few ethers, no particular affinity between ILs and organic solutes molecules is expected.

This low interaction bateen organic solutes and ILs can lead to the formation of
immiscible solutions and consequently, phase separation. Thus, they may find themselves
aspotential8 f Sy ia Ay fAldZARLEAldZAR SEGNI OlA2yZT |

¢KS NB3IA2Y OLLLUO O2NNBalLRyRa G2 GKS L[ abz2N
TNRY wl 2 gif<{i)hat istrelaged 16 a spontaneous dissolution of organic solutes

in the ILs. Fronall the solutes studied, only alcohols and water lie in this region, due to

their strong polarity. All thepartial excess molar properties studiegte negative,

revealing that the hydrogen bonding between organic solutes and the IL anions is much
strongeri Ky Ke@RNRB3ISY o02yRAYy3A 0SisSSy &2t dziStaz
exothermic mixing behavior of these systems. As expected, systems with IL composed by

the anion with stronger hydrogen basicity, [(#RQ]", exhibits lower values off .

Region (IV) presentg,, > 1, ég{n and ﬁf{u < 0 kJ-méI"¥ This is the region where most

organic solutes fall. For some solutéﬁ‘i'n is close to 0, while the enthalpic and entropic
contributions are both negative, meaning that they cancel each other. As can be observed
in Figure 3.4when region (IV) is compared to region (Il) the dominance of the entropic
term over the enthalpic is evident. It is also relevant to notice that that when the
interaction between the solute and IL are strong (regions | or 1ll), the enthalpic effect is

always dominant.
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Figure 34. Partial molar excess energies as a function he# activity coefficients at

infinite dilution of the organic solutes studied in the ILsni@n]CI, [GmIM][CHSQ] and
[CGmim][(CH)PQ], at 358.15 and 398.15 K. The line represeét%n and the symbols

correspond toi , Hm F Y RTiefSs .
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Gasliquid partition coefficients

To calculate the gadiquid partition coefficients,K, , the ILs densities were measured

over the temperature range from (293.15 to 373.15) K and the results aeel lisfTable

3.4. Density data were previously reported and are representeHBigure 3.5 along with

the experimental values from this work. As can be seen for the isrif((CH).PQ] and
[GmIM][CHSQ] the experimental values are in good agreementhwiterature, with a
maximum relative deviation of 0.11 and 0.08%, respectively. ConcerringniCI more
data sets are available, which show some inconsistencies within each other. Our data
show very good agreement to those published by Machida étand He et al?®’
presenting larger deviations to othef&24° However, taking in account the plurity and
water content, which sometimes are not given, discrepancies are not that significant,
being the maximum relative deviatioof 1.26% concerning the data of Kavitha et?&.,

for the IL [@mim]Cl at 313.15 K.

Table 34. Density of the pure ILs studied as a function of temperatui@ htMPa

“ [ g-cn3?

T/K [Camim]CI [Cmim][CHSQ] [Camim][(CH).PQ]
293.15 1.1665
298.15 1.1632
303.15 1.1594
308.15 1.0794 1.1562
313.15 1.0766 1.1527
318.15 1.0737 1.1495
323.15 1.0709 1.1461
328.15 1.0681 1.1430
333.15 1.0652 1.1506 1.1397
338.15 1.0624 1.1474 1.1365
343.15 1.0596 1.1443 1.1333
348.15 1.0569 1.1412 1.1301
353.15 1.0543 1.1379 1.1269
358.15 1.0517 1.1349 1.1237
363.15 1.0490 1.1319 1.1206
368.15 1.0464 1.1288 1.1174
373.15 1.0439 1.1258

aStandard uncertaintiesy, areu(’) =+ 5-10* g-cm®, u(T) = 0.02 K and;(p) = 0.05.
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Figure 35. Comparison of density experimental values with literature data. Symbols:
[Cimim]CI, this work;p [Cmim]CP65, p [CGmim]CP7; p [CGmim]CPE, p  [Cimim]CPS;

p  [Cmim]CP% E [Cmim][CHSQ], this work; E [Cmim][CHSQ]%
[Cmim][(CH)PQ], this work; . [Cimim][(CH)PQ]%35.

5

10000

e 12
r 358.15K
[ 110
1000
£ 8
V' 100 £ i 6 =
Fat de ap0% ¢ s !
A", akeg 478, Aga A
::.A“ A. ¢ .A 2
1 bttt atetetaetets e s o o o ot ot st T :_:8: etstetete s ot atatate e o tatatat ot 0
:::::::: o 22 soograge 2020088002245 7g
E5§ST5S8950085555566RP 222565055555 88 8c8SES85088
SEQESFeaatdanaagaos U088 SESESSS55082288522a58¢8
CS A8 828 osexes8Lc®r Sss33 880 8XXXZ88c38885528%%
$335c258835285° 8¢ 2282 fardora®iii 8855803528 ¢
32038 T200gPT? == 392 2a = 2 £2zg22252 s F
>0 0820 [6) o O Aege — = a,,_.mc:._-—‘_.<( £
oY 20 oo TS fin} s l->>5 >
> c o .T = s > £ @ 0
£ ~ 20 D £33 -
T [agpen © T s
= =] =

Figure 36. Experimental gagiquid partition coefficients,K,, for organic solutes and

water in the ILs studied. , [Gmim]CI;T , [GmIm][CHSQ8 T 4mim][(CH).PQ]. The
dotted line represents the number of carbons in the solutes structtiteSymbols with

the same colocorrespond to solutes of the same chemical family.
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The gasliquid partition compares the affinity of the solute to both phases. Results are
listed in Appendix 3(Table S3.3) and presented kigure 3.6 As can be seen, for all
solutes K, decreases with increasing temperature, aindresseswith the alkyl chain in
aliphatic and aromatic hydrocarbons, and ketones. The highest value is observed for
water K, = 1233.27 ifGmim]Clat T =358.15 K, whereas the lowest value is observed

for di-iso-propyl ether (0.99) in thesame IL at 388.15 K. This is consistent with previous
analyses, since highdf, value corresponds to larger affinities of the solute to the liquid

phase.
Selectivities and apacities

The measurements of the activity coefficients atnité dilution can be used to evaluate
the performance of ILs as solvents for several practical chemical separation
problems?30.241.242Thijs is achieved by the calculation of selectivities and capachies.

suitable solent should possess both a high selectivity and a high capacity for the

components to be separatedhe results obtained fos; and k| , were calculated using

equations3.9 and3.10, and the results are presentedTible 3.5 along with values from
literature for ILs presenting the same anion or cation as those studied here. Some other
important industrial solvents such a¢methyl2-pyrrolidinone (NMP) and sulfolane are

presented as well for comparison purposes.

Analying Table 3.5it is possible to see that the separation of octane/benzene is the
easiest, especially with jJ@&im]Cl and the methanosulfonateased anions. The lowest
values of selectivity are found ford@im]Cl and [@im][(CH(CH)3).PQj], both presenta

cation and a anion, respectively, with a longer alkyl chain. The cyclohexane/benzene
separation problem is, according with the calculated values, the most difficult separation.
As can be seen, selectivities are similar, but much lower than for the piewpstem.
Despite the low capacity valude IL[Cmim]Cl is, once again, the one that makes the
separation easier. Regarding the separation of sulfur compounds from aliphatic
hydrocarbons, cyclohexane/thiophene, the values are similar among the studsedut

[Gmim]Cl is again the solvent presenting better selectivities. Common solvents, NMP and
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sulfolane, have lower values of selectivities in both aliphatic/aromatic separations than

the ILs here studied.

Table 35. Selectities (Sj) and capacities K ) at infinite dilution for different

separation problems at 358.15 K.

lonic Liquids SR
Cation  Anion Octane / Cyclohexane / Cy@hexane / Reference
Benzene Benzene Thiophene
Ct 73.32/0.22 12.13/0.22 26.75/0.49 This work
(Cmimy [CHSQJ 55.50/0.32 11.43/0.32 20.41/0.58 This work
[(CH)PQJ 20.58/0.43 5.28/0.43 9.88/0.80 This work
[(CH(CH)3)PO4] 7.20/1.17 3.06/1.17 - 2342
[CRSQJ 30.61/0.61 8.16/0.61 11.27/0.85 204
[Cmim]* ClI 13.67/0.80 6.04/0.80 - 206b
- . 64.02/0.28 10.57/0.23 21.75/0.48 211
[Gmim]™ [CHSG 86.08/0.24 12.18/0.24 24.59/0.49 232b
[Gmim]*  [(CH).PQ] 65.71/0.27 10.58/0.27 - 207b
[Gmim]" [(CHCH)PQJ 36.24/0.43 10.70/0.43 - 233b
Other solvents
Sulfolane 26.03/0.44 - - 243a
NMP - 4.49 /- -10.93 244b

3nterpolated valueExtrapolated value.

Another very important problem is the e@trogenation of fuels. The values of selectivity
for the separation of nitrogen compounds from aliphatic hydrocarbons asxample
octane/pyridine or octane/dnitropropane are (224.57, 15.63 and 40.57) and (131.54,
90.23 and 31.86) for CICHSQ] and [(CH)PQJ], respectively, at 358.15 K. The values

presented for the IL [&him]Cl are very promising.
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3.1.5. Selection of iomc liquids to be used as separation agents for terpenes and

terpenoids

asyAl | & wod al NI ABeidSchrod@&Jozdrid.IP. Cogtivhd Fimad P.S
Pinhg ACS SustainabledK S YA & G N2 g 9y IAYS@NB)yEOl: n X
10.1021/acssuschemeng.5b01357

3.1.5.1. Abstract

In this work ionic liquids are evaluated for the first tirae solvents for extraction and
entrainers in separation processes involving terpenes and terpenoids. For that purpose
activity coefficients at infinite dilutiong;,, of terpenes and terpenoids, in the ionic liquids
[Cmim]CI, [CGmIim][CHSQ], [CGimim][(CH)PQ], and Gmim][CESQ] were determined

by gasliquid chromatography at six temperatures in the range (398.15 to 448.15) K.

Based orthe experimental valuesa correlation ofg;, with an increase of the solubility

parameters is proposedlhe infinite dilution thermodynamic functions were calculated
showing the entropic effect is dominant over the enthalpi@asliquid partition
coefficients give indications about the recovery and purification of terpenes and
terpenaids from ionic liquid solutions. Presenting a strong innovative character, COSMO
RS was evaluated for the description of the selectivities and capacities, showing to be a
useful tool for the screening of ionic liquitts find suitable candidates for terpes and
terpenoids extraction, and separation. COSIROpredictions show that in order to
achieve the maximunseparation efficiency, polar anions should be used such as
bis(2,4,4trimethylpentyl)phosphinate or acetate, while high capacities require nonpolar

cations such as phosphonium.
3.1.5.2. Chemicals

The properties of the ionic liquids used in this work are presentethirie 3.6 while the
terpenes and terpenoids description is available Tinble 3.7and Table $4. The
individual samples of the ILs used wereriped under vacuum (0.1 Pa and 353 K) and
constant stirring, for at least 48 h. The purity was thramalyzedusing!H, 13C, and°F

NMR spectraTofurther reduce the water traces and the volatile impurities, ILs individual
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samples were additionally drieduring 72 hours at 300 K under reduced pressure.-Karl
Fischer titration was used to determine the water content of the dryRbs that, samples
were dissolved in dry methanol and titrated with a step of 2.5Tle water content was
foundto be below 30 ppm for allsamples.Terpenes and terpenoids were used without
any further purification since the GLC technique operates at elevated temperatures (>

398.15 K) and thus, impurities can be removed from the column.

Table 36. Nane, structure, abbreviation, supplier, molar ma$8)( melting point Twu)

and purity of the investigated ionic liquids.

Chemical Formula . : M Purit
Cation Anion Chemical Name Supplier (g-mol) Tm (K) (massZ/o)
1-butyl-3-
Ct methylimidazolium loLiTec 174.67 341.9522 99
chloride, [Gmim]CI
ﬁ 1-butyl-3-
] methylimidazolium . F
_ﬁ_o methanesulfonate, loLiTec  234.32 353 1503 99
N 0 [Cmim][CHSO]
\NQNM . 1-butyl-3-
\o/‘T‘,\o/ dr.nrﬁg:ﬁ'y'miigﬂiﬂ loLiTec 26426 <253.15 98
° [Cmim][(CH)2PO]
o 1-butyl-3-
St MeVIMIdazolUM o) irec 28520 280.18% 9o
J o trifluoromethanesulfonate,
’ [C:miIm][CRSQ)]
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Table 37. Names, structures, supplier, molar ma$8)( boiling points Tep and mass

fraction purities of the terpenes and terpenoids used.

Mass
Chemicals Supplier CAS M (g-mott)  Tep(K)4 fraction
purity?
Terpenes
h-pinene @L AS;S::; 80-56-8 136.237  429.29 98%
i -pinene \®L i;gm:?w 1817267-3  136.237  439.19 99%
Terpenoids
6 thomeol %:( - Fluka 464459 154.252  485.80 % o a3
6 Hsbpulegol \C;‘/ SAFC 89792 154.252  480.98 % (yis
0 bmenthone );O\ Fluka 1407397-3 154.252 483.15 X dalz
(1RO b © . ) .
v O Aldrich  7787:20-4 152.236  466.15 X (hys:
(IR}C+) " Aldrich 464493 152.236  480.55 98%
camphor \
(S}+) ;@/ Merck 2244168 150221 50415  96%
carvone  © r
Carvacrol SAFC 499752 150.221  510.15 99%
DL-citronellol A Sigma 106-22-9 156.268 496.40 F dopsz
Eucalyptol @ Aldrich 470826 154.252  449.55 99%
Eugenol [ 1 Aldrich 97530 164204 52635  99%
Geraniol Sigma 106241 154252  503.15 98%

Aldrich
[ o-fanthol Acros 221651-5 156.268 487.40 99.7%

W
Linalool . _l_ Aldrich 78-70-6 154.252 470.15 97%

Thymol Sigma 89-83-8 150.221 505.65 XPhPp
h i
g)l(?de:e 7@%" Aldrich 168614-2 152.236 489.51 97%

aDeclared by the supplier.
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3.1.5.3. Results and dscussion
Activity coefficients at infinite dlution

Theexperimental measurements of the activity coefficients at infinite dilution of terpenes
and terpenoids in ILs were carried out between (398.15 and 448.15) K, with intervals of
10 K, and the average values at each temperature are presented in B&beof

Appendix 3The properties required for they, calcultions are presented in Table S3.4

as well as literature sources and methods applied in their estimation. The virial

coefficients were calculatedsing the correlation proposed by drsopolous??® available

in Poling and Prausni?? High temperatures were adopted t@void long retention times

of solutes, and to prevent the solidification of the ionic liquids used inside the column. To
better understand and explore the data, a comparison at a fixed temperature, 408.15 K, is
presented inFigure 3.7 This temperature washosen since it is the lowest temperature

at which data are available for all the solutes studied in, at least, one ionic liquid.
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Figure 37. Activity coefficients at infinite dilution of terpenes and terpenoids in the ILs
studied, at 408.15 KA, [GmIim]CI;! , [GmMImM][CHSQ]; r , [Gmim][(CH)PQ]; T ,
[CGmim][CESQ].
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As shown irFigure 3.7h-LJA Yy Sy Spinkng show the weakest interactions with the ILs
studied. This was expected since all the ionic liquids used present polar anions and thus,
interact better with polar solutes as terpenoid alcohols, while the interactions with
hydrocarbonstérpenes), and terpenoid ethers and ketones are weaker presenting higher

values of activity coefficients at infinite dilution.

The terpenoid linalool is a clear exception, presenting an increase in the activity
coefficients at infinite dilution and, addanally, a change in the ILs trend, when
compared with the other alcohols. Trying to rationalize this apparent outlier, the sigma
profiles of all ILs and solutes in their most stable form were computed by CGZ8vEDd

are presented irFigure 8.2 of Appendi 3 The alcohols sigma profiles show that linalool

is the only one that does not present anrbldnd donor character. Since the ILs anions
have an Fbond acceptor character, the interactions are weaker and, consequently, the

g5 increase Moreover, the change in the ILs trend suggests that in this case the-anion

cation interaction is dominant face to the solgémion interaction.

Due to the long retention times, and to the TCD detector sensitivity limit, the activity
coefficients at infirte dilution of a few alcohols, in some ionic liquids, were not possible
to measure. However, ifCsmim][CESQ], the least polar 1B2° all solutes were measured.

No significant differences were observed between the aromatic and the aliphatic
terpenoids suggesting that the cyclical structure does not have a relevant impact in the

actiuvty coefficients at infinite dilution in the aromatic imidazolium ILs here investigated.

In our previous work4” measurements ofg;, for organic solutes with the same ILs were

carried out. Consideringthe functional groups, the same trend of;, was found

hydrocarbons > ethers > ketones > alclshdVoreover, the ILs trend observed for the
activity coefficients at infinite dilutiomagnitude wagCRSQ] < [(CH).PQ] < [CHSQ]

< Cl, which is in good agreement withe polarity trend described bglaudio et af?°

The dependency with the temperature is presented in FigBe3 8f Appendix 3 For

most solutes there is anlear increase or decrease in the natural logarithngfyfwith the

reciprocal temperature. The compoundg)4nenthone, (S{+)}carvone and (1R)+)
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camphor in[CGmim]ClI;(¢)-menthone, geraniol and (1Ry)}camphor in[Gmim][CHSQ];
and (1RY bfenchone and eucalyptol in J@im][(CH).PQ] and [Gmim][CESQ] present

almost an independent behavior of the logarithm gf, with the reciprocal temperature,

and thus their enthalpy of solution is close to zero.

Despite the large numbenf studies published on the measurement afctivity
coefficients at infinite dilutiorof solvents in ionic liquids, to the best of our knowledge no
data foractivity coefficients at infinite dilutioof terpenes and terpenoids was previously

reported usingLs as a stationary phase, and no comparison is possible.

On an attempt to systematize the data collected here, correlations of the activity
coefficients at infinite dilution of the terpenes and terpenoids measured with some of
their properties (e.g. dipar moment, solubility parameter, molar volume) were
evaluated. The most promising results are reportedrogure 3.&or the correlation with

the solubility parameters calculatetthrough the relation presented by Goharshadi and
HesabP*® Results show a decrease of the activity coefficient at infinite dilution with the
increase of the solubility parameter. Additionally, the different ILs presents almost
parallel trend lines, suggesting a predictive character to be explored as soon as more data

are available.
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Figure 38. Activity coefficients at infinite dilution as a function of the solubility
parameters (calculated througheference 2*¥) of terpenes and terpenoids in the ILs

studied, at 408.15 K. Empty symbols were not used in the fit.
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Thermodynamic functions at infinitedilution

Toobtain additional information concerning the interactions between the solutes and the
ionic liquids, the partial excess molar properties at infinite dilution wemnalyzed The
Gibbs energy, enthalpy, and entropy, for terpenes and terpenaidbke investigated ILs

at T =408.15 K, were calculated through thg, values and are listed inable S3 of

Appendix 3 As mentioned before, there are some solutes in some ILs that present a small
variation with the temperature and hence, in those cas#®® partial molar excess

enthalpy at infinite dilutions close to zero.

The partial molar excess properties as a functiogpfare presented irFigure 3.9As can

be seen, two different areas can be distinguished for ILs composed by the more polar
anions(CP, [CHSQJ?, [(CH).PQ]’), andthree areas for the IL @im][CESQ]. Region (1)

and (1), common to all ILs studied, represefitK S L[ &b 2 NHI YA O &2 f dzi:
LI2aA0ABS RSOAL gk 2GLY) > b.Whent -2 izBlsoQdsitive, Iregian (1),

no particular affinity between ILs and solutes molecules is expected, as for hydrocarbons,
ketones and ethers. Due to the weak interaction, these mixtures have potential to the
formation of two immiscible phases. tagion (II) both enthalpy and entropy are negative,

clearly indicating the dominance of the entropic over the enthalpic effect. Indeed, in both
regions, the partial excess enthalpy is close to zero, and the entropic effect is always

dominant.

[Cmim][CESQ] presents alssegion IVwithy S3 | G A @S RSOALF GAZYa FTNRY
1). This region is characterized fayorableinteractions between the solutes and the ILs,

related with spontaneous dissolution, and consequently the enthalpic effect is dominant.

The only solutes belonging to that region are carvacrol and thymol, both presenting
strong polarity, where all thgartial excess molar properties investigatate negative,

showing that the HB between carvacrol and thymol, and the af@#S5Q] isfavarable.

The terpenoid linalool, highlighted before due to the absence of dooitl donor region

character, shows an extremely low valuetiodé excess molar enthalpy at infinite dilution,
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when compared with all the other solutes. The interaction of this coomu with the ILs

is highly influenced by the temperature.
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Figure 39. Partial molar excess energies at infinite dilution as a function of the natural

logarithm of the activity coefficients at infinite dilution of therpenes and terpenoids in
the ILsstudy, at 408.15 K. The full line represerrt_?.f{u and the symbols correspond to:
I ,ﬁrlivu | y RTreﬂéE .

Gasliquid partition coefficients

Gagliquid partition coeficients, K, , were calculated from retention times using the
densities of the purdLs previously reporteét’24%250Assuming an ideal gas @& the
gasliquid partition coefficients can be used to understand the terpenes and terpenoids
extraction using ILs, and their subsequently evaporation in order to recover the ILs, at low
pressures. Moreover, these parameters are also useful to underdtamdole of ILs on

the fractionation of a complex mixture of terpenes and terpenoidssuRs at a fixed

temperature arepresented inFigure 3.10In general, the highest values are observed for

A ¥ 4 A ~

more polar solutes like alcohols, with the less pola{@mim][CESQ]® ! & SELISOG SR
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|y Rpinéne present the lowest values of the gas liquid partition coefficients, especially
with the IL[Cmim]Cl. These coefficients indicate the possibility to separate terpenes

from the terpenoid alcohol or ketone fractionshe K, always decreases with increasing

temperature as can be seenTable S.7 of Appendix 3
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Figure 310. Experimental gadiquid partition coefficients, K, , for terpenes and
terpenoids in thellLs studied, at 408.15 KA, [Gmim]|CI; 1 , [GmIim][CHSQ]; r ,
[GmIim][(CH).PQ]; T , [Gmim][CESQ].

Selectivities anctapacities

o

Selectivities, S, and capacitiesk; , can be used to evaluate the ILs performarmse

solvents for separation process&®:241.242 Consideringthe similarities in molecular
structures and physical properties of terpenes and terpenoids, and therefore, the
problems involved in their extraction from esd&l oils and subsequent fractionation,
these two parameters must be knowdccording to the definition, a suitable solvent
should present both a high selectivity and capacity for the components to be
separated®®! Experimatal results along with the selectivities and capacities predicted

using COSM@®S are schematically presentedHigure 3.11
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Figure 311. Experimental and COSMRS predictions ofS; and k| of all solutes at

408.15 K in the different ionic liquids studigdolor code: [1-2]; S [2-4]; S [4-10]; S [10-
20]; S [20-30]; andS >30. Capacities, <0.01; [0.01-0.05]; - [0.050.1]; S [0.1-0.2]; S
[0.2-1]; S[1-2]; S[2-5]; ad S > 5.

The experimental capacity takes the highest values for the pairs containing thymol or
carvacrol, when the anion of the IL[BRSQ] (1.661 and 1.671, respectivelygnd the
lowest values for thdlJ- A NB O 2pihéne bryelicglyptol iifCmim]Cl (0.005 and
0.006, respectively). From the experimental selectivities it is possible to identify the most

complicated separation problemg:)-Y' S y (i K 2piidhe bxide and thymol/carvacrol,

with a S/ value close to 1 in the ILs 4@m]Cl and[CGmim][CESQ], respectively

Inversely, the pairs linalool/thymol and linalool/carvacrol present high selectivity and
capacity values with the [Gmim][CESQ], showing that this ionic liquid méye used in

their separation. In general, experimental capacities are considerably lower than 1 and
most of the selectivities fall in the range-2]1 and [24]. Selectivities ranges were chosen
based on the numerical results obtainedlmong the studied IL$Cmim][CESQ] is the

one that seems to present high selectivities and capacities, indicating that ILs with low
polarity should be used in the terpenes and terpenoids separatitowever,the major
limitation that the ionic liquids studied in this wogkesent are the low capacities that

would prevent their application into a separation process.
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Toimprove the separation efficiency, new ILs must be evaluated. Foptn@ose,an ILs
screening, computed using COSMAS, was attempted.To validate COSM®S
predictions, the ILs studied in this work were uséyjure 3.15hows that the selectivities
obtained with COSM@®&S are generally lower than the experimental ones, which may be
attributed to an over estimation of the hydrogen bonding interactions betwdes and
solutes. Accordingly, COSMRCS capacities are in general superior to the experimental
ones. In spite of the quantitative deviations obtained with COSREXfrom experimental
data, in general the model is able to correctly estimate the order ofsectivities and
capacities for the terpenes and terpenoids studied. A better agreement with the
experimental data is obtained for the less polar ILs, such awifg[(CH).PQ] and
[CGmim][CRSQ].

According with the experimental results obtained insttwork, better selectivities and
capacities are achieved with the lgsslar ILs. As the COSMRS predictions seem to be
more precise also for these compounds, a set of selectivities and capacities of terpenes
and terpenoids with selected ILs was computesing COSM®S: cations, -butyl-3-
methykimidazolium, [Gmim]*; and trihexyltetradecylphosphonium, ¢&14*; were
combined with the anions tetracyanoborate, [BL£Nbis(trifluoromethylsulfonyl)imide,
[NTH];  bis(2,4,4trimethylpentyl)phosphinate,  [(§h7).PQ]; tosylate, [TOS]
methylsulfate,[CHSQ]; trifluoroacetate, [TFA] and acetate, [OAt] The ionic liquids
were chosen based on the polarity of the cations and anions to cover a wide range of
differentiated polarities between the ion pair. @ most relevant cases unveiled by this
search are presented iRigure 3.12while the other compounds studied are presented in
Figure S3! of Appendix 3 COSMERS predictions show that the higher selectivities are
obtained using polar anionsuch as bis(2,4-trimethylpentyl)phosphinate or acetate;
while to obtain high capacities nonpolar cations such as phosphonium based must be
preferred This indicates that terpenes and terpenoids extraction must be made using
cations and anions presenting distinct chetexistics to fulfill simultaneously the
requirements of high selectivities and capacities. The experimental validation of these
predictions and the use of these ionic liquids for terpene and terpenoids separation are

currently under development in our lalatory.
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Figure 312. S; and k] of all solutes at 408.15 K in selected ILs, computed by CER310

Color code: Selectivities, [1-2]; S [2-4]; S [4-10]; S [10-20]; S [20-30]; and S >30;
Capacities, <0.01; [0.01-0.05]; [0.05-0.1]; [0.1-0.2]; S [0.2-1]; S[1-2]; S [2-5]; and
S>5.

Among the compounds studied, a literature survey showed that an important separation

LINE 6 f 93 yASHirgRel a mixture extracted from turpéine,’°3usually by steam

distillation 2522%3The experimental results obtained f&@ and k; are presented imable

3.8, along with selected COSMRS results andgalues from literature for some other

important solvents.
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According toTable 3.8 it is possible to see that the experimental ILs studied present
similar selectivities to thesolvents studied by Diaz et.?af However, the capaciti are
much lower. As discussed befote,increase the capacity, ionic liquids with low polarity
must be used[Gmim][CESQ] is the most promising solvent with respect to separation
amongst the ILs experimentally evaluated in this work. Based on the O®SMesult for
that IL, thisagreeswith the experimental information. Moreover, according to COSRI®
the ILs [Bs614[(CsHhi7)2PQ] and [Res14[OAc] show good potential to be applied as agent
for theh-LJA Yy S-pirfereiseparation

Table 38. Selectivities & ) / capacities k; 0 G Ay T Ay AIASY SRApfhedri A2y ¥

at 408.15 K in different solvents.

Solvent Selectivities 6; ) / capacities Q(;’ ) Reference
[CGmim]CI 1.386/0.005
[Gmim][CHSQ] 1.364/0.024
[CGmim][(CH)PQ] 1.271/0.044
[CGmIM][CESQ] 1.327/0.053
[CGMim][CESQ] ¢ COSMERS 1.313/0.105 This work
[Cmim][(GH:7):PQ] ¢ COSMERS 1.315/2.467
[Pess14[(CeHi17)2PQ] ¢ COSMERS 1.205/6.237
[Gmim][OAc]¢ COSMERS 1.590/1.137
[Psss14[OAC]¢ COSMERS 1.260 / 5.940
Dinonyl phthalate 1.260/1.156
Amine 220 1.304 /0.849
Tricresyl phosphate 1.113/0.643 254
Carbowax 6000 1.346/ 6.6012
Ethylene glycol phthalate 1.375/0.292
Carbowax 1500 1.424 /1.300

2Extrapolated value.
3.1.6. Conclusions

New data ofactivity coefficients at infinite dilution of ILs composed by the catidoutlyl-
3-methylimidazolium and the anianchloridemethanesulfonatedimethylphosphateand
trifluoromethanesulfonatewere measured by ggbquid chromatography techniques for
organic solutes,water, and terpenes atdifferent temperatures. When possible
comparisons with literature were carried out, showimggnsistent trends among the

different ILsanalyzed The infinite dilution thermodynamic function and the dagiid

86



Chapter & Extraction, Production and Deterpenation

partition coefficients were calculated arahalyzed It was concluded that the hydrogen
bonding between organic solutes and the ILs anioaypla significant role on the
interaction of the ILs with organic solutes, and determines the enth&leiaviorof the
binary mixtures.On the other hand,n the vast majority of the binary mixturesf

terpenes and IL&he entropic effect was dominant ovéhe enthalpic one.

The ability of the ILs to act as entrainers in important separatipmblems such as
octane/benzene, cyclohexane/benzene and cyclohexane/thiopheas evaluated. In
spite of the lower capacities obtained, the selectivities achievedewgiite high and,
thus, these ILs could be used as an alternative separating agerthdoseparation

processes of aliphatic/aromatic hydrocarbons

COSMERS was evaluated for the description of the selectivities and capacities for the
systemsinvolving tepenes stuikd, and showed to be a useful tool for the screening of
ionic liquidsto find suitable candidates for terpenes and terpenoids extraction and
separation before extensive experimental measurements. COBMoredictions on
capacities and selecth#s show that in order to achieve the maximueparation
efficiency polar anions such as bis(2;¢jmethylpentyl)phosphinate or acetate should be
used and combined with nonpolar cations such as phosphonium that would maximize the
capacities of the solves. For the specifit-LIA Yy S-girgRel separation, the ionic liquids
studied in this work present satisfactory selectivity values, but very low capacities, and a

set of ILs were identified to have good potential for this difficult separation problem.

3.2. Measurement and PESAFT modeling of sokliquid equilibrium of deep eutectic

solvents of quaternary ammonium chlorides and carboxylic acids

Paula V. A. Pontes, Emanuel A. Crespo, Monia A. R. Martins, Liliana P. Silva, Catarina M. S.
S. Neves, Guilherme J. M@, Miriam Dupas Hubinger, Eduardo A. C. Batista, Siméo P.
Pinho, Jodo A. P. CoutinhoGlaristoph HeldFluid Phase Equilibria, in press (2017), DOI:
10.1016/j.fluid.2017.04.007
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3.2.1. Abstract

In this study the soliiquid equilibria (SLE) of 15 binary tobes composed of one of
three different symmetrical quaternary ammonium chlorides and one of five different
fatty acids were measured. The experimental data obtained showed extreme negative
deviations to ideality causing large meltitemperature depressins (up to 300K) that are
characteristic for deep eutectic systems. The experimental data revealed the
strengthening of the HBABD complex with increase of the alkyl chain length of the
quaternary ammonium chloride and with increase of the chain lengtthefcarboxylic

acid. The pronounced decrease of melting temperatures in these deep eutectic systems is
mainly caused by strong hydrogéonding interactions, and thermodynamic modeling
required an approach that takes hydrogen bonding into account. Thnesnieasured
phase diagrams were modelled with perturbelain statistical associating theory based
on the classical molecular homonuclear approach. The model showed very good
agreement with the experimental data using a semedictive modeling approachni
which binary interaction parameters between quaternary ammonium chloride and
carboxylic acid correlated with chain length of the components. This supports the findings
into the phase behavior and interactions present in these systems and allows esgimatin

eutectic points of such highly nedeal mixtures.
3.2.2. Introduction

Aiming at sustainable process design aomhsideringthe growing focus on green
chemistry, there has been an effort towards the development of novel and
environmentally friendly solvents witequivalent or better performance thanadsical

organic solvents, such as the neoteric deep eutectic solvents.(DES)

While much work has been reported using these novel solvents, the number of DES which
are liquid at room temperature is still very lirad. Moreover, data on their soklliquid
equilibria (SLE) is surprisingly scarce despite the important information it provides on the
operation window (range of compositions and temperatures) as well as on donor
acceptor interactions in these systems. Wi®e, modeling the SLE by suitable equations

of state (EoS) and/or activity coefficient models is a poorly explored research field due to
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both, lack of enough comprehensive and reliable experimental data and the strong and
highly complex interactions betvee the DES constituents that are not easily captured by

most models.

In the past few years, Statistical Associating Fluid Theory (SAFT), a mdiesealmodel

that accounts for the repulsive and attractive interactions of flift¥$>6has been used to
successfully describe a wide variety of systém$®8 Additionally, PerturbedChain SAFT
(PGSAFT$*° the most prominent modification of original SAFT, was already successfully
applied to systems containing DES. Verevkin éflalsed PESAFT to model infinite
dilution activity oefficients of 23 different solutes in [Ch]Cl:glycerol and Zubeir &t'al.
used PESAFT to model the GQolubility in quaternary ammonium salts + lactic acid

mixtures.

The renewability of a DES depends mainly on its starting materials being most of the DES
described in literature prepared using abundant natural compounds. The most oamm
precursors are quaternary ammonium salts, particularly choline chloride, due to its non
toxicity, biodegradability and economic synthesis, combined with polyols, urea, carboxylic
acids, sugars or other safe hydrogen bond donors. Monocarboxylic acits lamig
aliphatic chains, known as fatty acids, are the majopramucts of the vegetable oils
refining. Their use in DES would have a positive impact on the processes sustainability
since, besides their vast natural sources, they allow purification oéxtracts when used

as solvents for extraction operatiof%.

In this context, the purpose of this work is to measure the sladjdid phase diagramsfo
fiteen new DES composed of one quaternary ammonium salt [tetramethylammonium
chloride ([N114Cl), tetraethylammonium chloride (pbJCl) and tetrapropylammonium
chloride ([N333Cl)] and of one fatty acid (capric acid, lauric acid, myristic acid,ifg@lm
acid or stearic acid) that are commonly found in vegetable oilsSSARET is here applied
for the first time to describe the DES sdliguid phase diagrams by fitting energy related
binary interaction parameters to the measured experimental data afigwto obtain
information about the nordeality of the compounds in the liquid phase and new insights

regarding the hydrogeionding interactions between the DES constituents.
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3.2.3. Experimental
3.2.3.1. Materials

The quaternary ammonium salts (hydrogeond acceptor, BA) and the fatty acids
(hydrogenbond donor, HBD) used to prepare the DES are describdébte 3.9 The
quaternary ammonium salts were dried under vacuum at room temperature during at
least three days while fatty acids were used as received from thplisupindium, used

for the DSC calibration, was supplied by PerkinElmer with a purity higher than 0.999

(molar fraction).

Table 39. Sources and purities of the compounds used in this work.

Component Molecular Formula  CAS number Supplier Purity (mass %)

HBA (Quaternary Ammonium Salts)

[N1124Cl CHi:CIN 75570 SigmaAldrich 97.0
[N2224Cl GH20CIN 56-34-8 SigmaAldrich 98.0
[Na3sdCl CizoHbeCIN 581042-4  SigmaAldrich 98.0
HBD (Fatty Acids)
Capric acid GioH2002 334485 Sgma X dddn
Lauric acid GioH240, 143-07-7 Sigma X dddn
Myristic acid GiaHz60; 544-63-8 Sigma F dp dn
Palmitic acid GigHs202 57-10-3 Aldrich X dy dn
Stearic acid GisHseO: 57-11-4 Merck X T Pn

2According to the supplier
3.2.3.2. Methods
Solidliquid equilibria

Mixtures of the HBAHBDwere prepared in the whole composition range, allowing the
measurement of the soliiquid phase diagrams Three different experimental
methodologies were usedhe visual method, the melting points measuremeanethod,

and differential scaning calorimetry. These are explained in the following.
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For the visual method binary mixtures were weighted at room temperature using an
analytical balance model ALS 228 from Kern with an accuracy of £0.002 g, inside a dry
argon glovebox. Vials with te mixtures were heated in an oil bath under stirring using a
heating plate until complete melting prior to recrystallization. After the first cycle the
melting temperatures corresponding to the last crystal disappearance were recorded. The
temperature wasneasured with a Pt100 probe with a precision of £ 0.1 K. This procedure

was repeated at least two times.

For measurements of the melting points samples were prepared as described in the visual
method procedure. After recrystallization solid mixtures wgmund in the glovéox

and the powder was filled into a capillary. Melting temperatures were then determined
with an automatic glass capillary device modebBbb from Biichi (10@40 V, 5660 Hz,

150 W, temperature resolution: 0.1 K). A temperature grati@n0.5 K-mirt was used

and the melting points measurements were repeated at least two times.

Differential Scanning Calorimetry (DSC) was applied in specific cases indicated in Tables
3.8, 8.9, and S30. Mixtureswere prepared into a glass vessel amamalytic balance
XP205 (Mettler Toledo, precision =1®* g) in a glove box under inert nitrogen
FGY2aLKSNE O0LIzNAGE x ndddddec YIFaa FNFOGA2YL
a heating plate until a homogeneous liquid mixture was obtained, taedmixture then

cooled at room temperature. Samples {3 mg) were hermetically sealed in aluminum

pans inside the glovebox and then weighed in a micro analytical balance AD6
(PerkinElmer, USA, precision = 2%1f). A DSC 2920 calorimeter (TA Instrutagn
working at atmospheric pressure and coupled to a cooling system was used for the
sample analysis. The method was based on a cooling runkanmn! until 208.15 K

followed by a heating run with a rate of K-min! until 10 K above melting. Nitrogen
(PdzZNR G & x nodddpddd YIFaa FNFOGA2YyU0L 61 & dzaASR |

O\

samples were assumed to be the maximum temperatures of the melting peak, taking into
account the appearance of broad thermo events in the melting of the eutectic mixtures
(see Figure S3.p Data were analyzed through the TA Universal Analysis software (TA

Instruments). For pure compounds, the uncertainty of the equilibrium data was
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calculated by the average of the standard deviations of triplicates. The equipment was

previously calibrated with indium.
Water activities

Water activities &) measurements were carried out using a Novasina hygrometer
LabMaster aw (Lucerne, Switzerland) with an accuracy of 0O&@0and +0.20 K in the
controlled temperature chamber. The instrunterprinciple is based on resistive
electrolytic method. The equipment was initially calibrated with six saturated pure salt
standard solutions (water activity ranging from 0.113 to 0.973), provided by the supplier.
Moreover, in order to achieve the givenaracy, a calibration curve was built using at
least six aqueous solutions of LiCl or NaBr at different salt molalities and results were
compared to those recommended in literatut€264 Quaternary ammonium solutions
were prepared at room temperature by mixing salts and water at the desired
composition. The water content is presented in Tal8el$ Samples of approximately 2

3 cn? were then filled into proper cells and placedthe airtight equilibrium chamber.
When a constant value was reached, the water activity was recorded. Usually, solutions

reached equilibrium in less than 1 h.
Density of mixtures

The density measurements were performed at atmospheric pressure and in the
temperature range from 298.15 to 358.15 K using an automated SVM 3000 Anton Paar
rotational Stabinger viscometedensimeter (temperature uncertainty: + 0.02 K; absolute
density uncertainty: +5x1® g-cm®). The solutions prepared for the water activity
measurements were used here. The salt content of the samples and the resulting mixture

densgties are presented in Tables S3.33.14
3.2.4. Theoretical approach
PCSAFT EoS

{1 C¢ A& | GKSN¥Y2Reyl YAO | LiL@dr hémoBySaNik &S R

perturbation theory26%268 proposed by Chapman and-emrkers?55256Since the original
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SAFT wsion, several modifications have been proposed. In particulaSA&RET proposed

by Gross and Sadowski in 28%ithat uses a system of freely jointed hard spheres as
reference (designated as haahain system), which may be perturbed by dispersive and
association interactions. The BAFT model attracted much attention from researchers
since it was already successfully applied to a wide variety of systems. Compared to the
original SAFT model, ESAFT modeling results demonstrate good improvements of long
chain molecules, Ke polymers or ILs, and even alibstances of low molecular

Weimt_259,269

In general, SAF/pe equations are written in terms of residual molar Helmholtz energy,
a™®, defined as the difference between the total molar Helmholtz energy and that of an

ideal gas at the same temperatuasd molar density:

(3.11)

The residual Helmholtz energy is, in-8&8FT, defined as the sum of different
contributions from different molecular forces:
a.res a.hc adisp aassot

_ N

= + (3.12)
RT RT RT RT

In Equation3.12, the superscripts refeto the terms accounting for the residual, hard
chain fluid, dispersive and associative interactions, respecti¥elyEoS written in terms
of the Helmholtz energy has the advantage that the calculation of all the thermodynamic

properties is possible by umgj only derivatives and ideghs integrals.

In PGSAFT model, a nemssociating component is characterized by threpure
component parameters, namely the segment numbey;?, the segment diameters, ,
and the van der Waals dispersion energy parameter between two segmeantsor
associating components, two additional parameters are required, namely the assoeiation

energy parameter,e"® , and the associationolume parameter,A*® . Additionally, a
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proper association scheme specifying number/type and allowed interactiouast be

assigned to each associating component.

When describing mixtures, the conventional Lor&ezthelot combining rules were used
to determine the mixture parameters where one adjustable binary interaction parameter,

k; , for correction of the crosdispersion energy can be used whenever required.
-Lis+ 3.13
sij _5( $ ,—9 ( . )

u =@ K)Juy (3.14)

Simple combining rules for the creassociation interactions between the two
components, proposed by Wolbach and Sandiémwere further applied when dealing

with mixtures.

AiBj — 1 iBi A
e 1-5( & MBI k) (3.15)
o ,. 3,
P R e aae VS O‘? : (3.16)

a%(s.. +g)

A binary interaction parameterk; for correction of the crosassociation energy can

j _eps?
be also applied, when required, to account for the deviations from the value calculated
through the original mixing rule. It is important to higght that either in the dispersive or
association interactions only energglated binary parameters were applied in this work

since the use of sizelated binary parameters is unusual and not recommen#féd
PCGSAFT pure&omponent parameter estimation

Ji et al?’? Nann et af’® and Passos et 8l reported the ug of PCSAFT to model IL
solutions while Zubeir et &P used this EoS to model théQ solubilities in DES with
[Ch]CI, and different symmetrical quaternary ammonium chlorides serving as HBA. The

various authors treated ILs as molecules with associative behavior by using a 2B

94



Chapter & Extraction, Production and Deterpenation

association scheme (according to Huang and Ra&Mpsmwvhere to each molecule two
assocition sites (mimicking the cation and the anion) are assigned and association

interactions between unlike sites are allowed.

The molecular parameters for {N4Cl and [M227Cl were directly taken fromeference
261 and the same approach was here followed to obtain thes{§CI parameters. Thus,
the association scheme (2B) and the cop@sding association parameters fromajhy]ClI
and [N227Cl were applied to [B3gCl. The remaining parameters™, s., andu, as well

as one temperaturendependent binary interactiorparameter k; between water and

[N3333gCl were fitted to experimental water activity cifieients (at 298.15 K, Table S3)11
and mixtures densities of water + §N3jCl solutions (Table3Sl4). The result of the
parameter estimationis depicted inFigure 3.13 and the PEAFT parameters for the

quaternary ammonium chlorides are summarized able 3.10

1005 1.00
a) b)
995 | ®
® 0.90 |
085 |
[sr]
E
D 975+ £080 |
~
t 965 |
070 |
955 | N
945 s s - 0.60
293 313 333 353 0.83 0.88 0.93 0.98
T/ K X

Figure 313. a) Experimental densities of aqueous solutions a&{§CI measured in this
work at atmogpheric pressured, x=0.0931;, , x1=0.1608. b) Water activity coefficients
at 298.15 KL, Lindenbaum et &', z , this work. Symbols represent experimental data
while the solid lines depict th&®CSAFT results using=%-0.1167 between water and

[N333dCl and the water parameters also usedeference’.
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Table 310. PGSAFT molecular parameters for symmetrical quaternary ammonium

chlorides (2B association scheme

Salt M,(g/mo) P s.(A) u(K) e (K) k“B %ARD(g,)* %ARD(r, )*

[NuiCP 109.60  6.597 2.916) 451.63 5000 0.1 - -
[N222CP 16570  17.6702.3510278.06 5000 0.1 - -
[Nassd Cl 221.81  17.7892.6151217.95 5000 0.1 0.40 0.12

3ARD, average relative deviati6Rarameters taken from Zubeir et%t.

The phase behavior of carboxylic acids is complex due to their strong hydbogeing
character. Their particular association belmvresults in two hydrogen bonds formed
simultaneously, which leads to a dimerization in the vapor phase. Kleiner %t al.
addressed this subject by applying and comparing two different association schemes (1A
and 2B) to some carboxylic acids. While the former enables the formation of onérsji

the latter also allows the formation of clusters with more than two acid molecules. The
results by Kleiner et &l7 showed that both association schemes provided good results
but using a onesite association scheme vyielded an improved description of wapor
pressure data. Nevertheless, shispecific thermodynamic feature is more important
especially for carboxylic acids of lower molecular weight. In fact, Albers?€t aplied

the 2B association scheme to model different carboxylic aciddewcdy a good
description of the experimental data by considering that each acid molecule contains two
different association sites: an acceptor site at the oxygen atom and a donor site
mimicking the hydroxyl group. Thus, the 2B association scheme wasapiido for the
carboxylic acids studied this work, and the deviation®4ARD() and %ARDPX) in table

3.11] were found to be much lower compared to modeling with the 1A association

scheme (results not shown in this work).

Thus, the purecomponent paramaters for lauric acid and myristic acid were inherited
from Albers et al>’® while purecomponent parameters for capric acid, palmitic acid and
stearic acid were adjusted in the present work by regressiqoute fluid liquiddensity” .
and vapor pressureP*, data. The results obtained are depictedFigure 3.14and the

parameters reported iMable 3.11along with the deviations to the experimental data.
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Figure 314. Densitiesand vapor pressures of pure monocarboxylic acids. The symbols
represent experimental data fromef.?’® while the solid lines represent the PSAFT

resuts for capric acid. (), palmitic acid4) andstearicacid(z ), respectively.

Table 311. PGSAFT pureomponent parameters for monocarboxylic acids (2B

association scheme).

Acid M, (g/mo) m s (A) u(K) e*(K) k" %ARD(r) %ARD(F)

Capric 172.26 7.14723.3394242.4¢ 2263.0 0.02 0.96 1.90
Laurié 200.32 7.25473.5244252.97 3047.50.0033¢ 0.3478 0.60°"8
Myristic® 228.37 7.412¢3.6719256.4¢ 2252.50.0439¢ 0.5778 0.46°78
Palmitic  256.42 7.559¢3.8092267.52 2291.4 0.02 0.17 1.70
Stearic 284.48 7.614€¢3.9536275.2( 2351.6 0.02 0.10 2.20

3ARD, average relative deviatidrParameters taken from Albers et%t.
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Furthermore, as commonly observed for homologous series, the optimized molecular
parameters of SAFJpe equations can be correlated with the compounds molecular
weight. This allows predicting pusdmponent parameters for compounays different
chain length or decreasing the number of parameters to be included in the parameter
estimation procedure. Thus, the nassociative pur&€omponent parameters reported in
Table 3.11were correlated with the molecular weight of the carboxylmds and linear

trends were observed as described by Equati®i3 to 3.19.

™ =0.00441981, +6.3885 R ; 0.98 (3.17)
Mm% *(A% =1.8145M, -46.551 R ; 0.99¢ (3.18)
Mm%y (K) =3.2523V, +1174.7 R ; 0.99 (3.19)

This supports the physical meaning behind the adjustedSRET parameter
Additionally, the associative parameters can often be set to constant values for
components within a homologous series since the associative behavior and interactions in
the pure fluid are generally not strongly influenced by the compounds chain length
(except for the components with very small chain length). Thus, the association volume
was set to a value of 0.02 for palmitic acid, capric acid, and stearic acid, and similar values
for the association energy parameter were obtained for these carboxyiid @ the

parameter estimation (se@able 3.1}
Solid-Liquid Equilibrium Modeling

All the DES constituents considered in this work (quaternary ammonium salts and
carboxylic acids) are solids at room temperature. Their solubility in a liquid solvenecan b

described by a simplified thermodynamic expressions for gladidid equilibria according

t0:280

2
2
3'—|
leHel

(3.20
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where X is the mole fraction of the componerit in the liquid phase (solubility)y is
the activity coefficient of the componenit in the liquid phaseT . and DH® are the

melting temperature i) and melting enthalpy JGnol*) of the pure component , Tis

the melting temperature K) of the mixture, andR is the idealgas constant (8.314
JOnol* KO'). This equation considers that pure compounds do not present polymorphic
forms, what is acceptable since the sediolid transition temperature of the fatty acids

are very close to the melting temperature, loelow the eutectic poinf8%?83 Additionally,

the effect of the difference haveen specific heats of the solid and liquid phases was
neglected since the heat capacities for fatty acids, and salts, are commonly much lower
than their enthalpy value$%28 Moreover, Equation3.20 assumse that the pure
compounds are independently crystallized in the solid phase as expected from an
eutectictype phase diagram. Therefore, the solid phase can be assumed as composed by

two pure components without presence of mixed crystals, such that thevigctn the

solid phasesg® =1.

An ideal mixture is characterized by activity coefficients in the liquid phase thatoa
to one (g =1). Although clearly noideal, the mixtures under investigation were also

treated as ideal mixtureto evaluate the nordeality of the compounds in the liquid

phase.

The liquidus lines can be obtained through EquaBa?0 where the activity coefficients
need to be considered due to the nedeality of the studied systems. Applg Equation
3.20allows determination of an experimental value for the activity coefficients, which can

be used to validate thermodynamic models (in this workSAET)

Using PEGAFT, the activity coefficients are calculated from the fugacity coefficients

through Equatior8.21

g-= //_0 (3.21)
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wherej, and/ ° are the fugacity coefficients of componentin the mixture and that of

the pure compound, respectivelfrugacity coefficients in the mixture depend on the
components, mixture composition, density and temperature, are were derived from the

residual Helmholtz energy®susing thermodynamic standard relations.

To evaluate the accuracy of PRAFTthe deviations btween PESAFT modeled melting
temperaturesTt¢ and experimental datd®® are expressed in terms oAAD (average

absolute deviation) applying EquatioB.22 where N, is the total number of

experimental poing in the mixture (excluding the melting points of the pure

components):
l Nexp

AAD(K) = =8 [T(K) -T(K) (3.22)
exp k=1

3.2.5. Results and discussion

Table 3.12presents the melting temperatures and enthalpies for the pure compounds
studied in this work as well as valué®m literature. The melting properties of the
carboxylic acids under study are in very good agreement with those from literature.
Melting temperatures of the quaternary ammonium salts are very scarce in literature,
and melting enthipy data for these compounds werenot found in the open literature.

The values for the melting points of the three quaternary ammonium salts under study
were measured by DSC and confirmed with the melting points measured by the Bichi
apparatus. [N:111Cl decomposed upon heatirand it was thus impossible to measure its
melting enthalpy, that was fitted to the experimental data for the SLE phase diagrams

measured, using the activity coefficients estimated by the COS8@nodet®’

Figure 3.15showsthe 15 SLE phase diagrams measured in this widnky exhibited a
phase behavior characterized by a single eutectic point, with a melting temperature much
lower than that of the quaternary ammonium salt used, like commonly found in THES.
detailed melthg experimental data obtained for each mixture are reportedppendix 3
(Tables $.8to 3.10).
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Table 312, Melting properties for pure compounds measured in this work and

comparison with literature.

T./K []—IS'(kJ/ mol
Components : : : :
This work Literature Ref. This work Literature Ref.
Quaternary ammonium salts
[N1114CI 612.87 £ 6.16 693.15 288 20.49 - -
[N2224 Cl 526.78 +1.03 - - 51.24 + 0.02 - -
[Na333 Cl 503.07 +2.56 416.15-418.15 289 66.58 + 2.10 - -
Fatty acids
305.48 175 27.23 175
. . 305.30 290 28.00 290
Capic Acid 304.75 + 0.05 27.50+1.29
303.80 291 28.30 291
304.95 292 28.60 292
318.48 175 34.62 175
316.20 291 36.10 291
Lauric Acid 317.48 +0.14 37.83+£0.20
317.82 293 34.69 293
317.45 294 36.30 294
328.93 175 43.95 175
Myristic Acid 327.03 + 0.04 326.50 > 41.29 + 0.38 45.00 >
y T 326.20 295 T 45.7% 295
327.45 294 45.20 294
336.36 176 53.02 176
" ) 337.69 296 51.37 296
Palmitic Acid 336.84 +0.10 51.02 +£0.22
335.44 297 55.85 297
335.40 298 53.90 298
344.04 176 61.10 176
. . 343.65 299 59.96 299
Stearic Acid 343.67 +0.07 61.36 £ 0.42
343.85 300 59.96 300
342.75 301 61.30 301
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Figure 315. Solidliquid phase diagrams of DES composed of monocarboxylic acids and
symmetrical quaternary ammonium chlorides. Symbols represent the experimental data

measured in this work while the solid lines depict theFAXFT modelling.

Taking into accounthe simple eutectic behavior observed for these systems, they were

modeled with Equatior8.20by two methods: i) considering ideal liquid phase=(1) and
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i) as nonideal liquid phase with activity coefficients calculated withFXFT EoS. The SLE
modeling results with activity coefficients obtained from-B&FT for the systems under
study are illustrated ifrigure 3.15while the comparison wht the ideal solubility curves is
depicted inFigure 3.16or the system [M27Cl + lauric acid, and iAppendix 3for all
other systems under study (Figure.&to S3.10).
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Figure 316. Solidliquid equilibrium (left) and actity coefficients (right) for the DES
[N222JClI + lauric acid. Legend; experimentalyp ,PCSAFT:--, ideal.

Figure 3.15hows that PESAFT is able to provide a good description of the experimental
data using either one or two binary parameters (accounting for corrections to the-cross
dispersion energy and/or crosssociation energy). Thanary parameters are listed in
Table 3.13 They were obtained by optimizing an objective function that equaled to a
minimization ofthe AADT) given in Equation 3.28sing all the experimental SLE data
listed in Tables®8-S310. Using the pure&componentparameterdlisted inTable 3.1Gnd

Table 3.11the melting properties iMable 3.12and the binary interaction parameters in
Table 3.13Equation3.20allows to accurately describe the experimental data. The highly
unsymmetrical norideal behavior that lcaracterizes these mixtures is correctly described
with PGSAFT. That is, the solubility curves of the quaternary ammonium salts are much
more nonideal than the solubility curves of the carboxylic acids. This is also graphically
illustrated inFigure 3.1y the values of the activity coefficients in the systeriBICl +

lauric acid: these values are very low (close to zero) for the quaternary ammonium salts

whereas values by one order of magnitude higher can be observed for the carboxylic acid.
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Table 313. Binary parameters applied within FSAFT model.

PGSAFT binary parameters

Systems K, K, o
[N1114Cl + capric acid -0.178
[N1111Cl + lauric acid -0.210
[N1114Cl +myristic acid -0.220
[N1114Cl + palmitic acid -0.220
[N1114Cl + stearic acid -0.220
[N2224Cl + capric acid -0.085 -0.270
[N2227Cl + lauric acid -0.100 -0.180
[N2224Cl + myristic acid -0.120 -0.140
[N2224Cl + palmitic acid -0.140 -0.096
[N2224Cl + stearic acid -0.160 -0.060
[N3333Cl + capric acid -0.050 -0.280
[N3333Cl + lauric acid -0.050 -0.250
[N3333dCl + myristic acid -0.050 -0.290
[N3333gCl + palmitic acid -0.050 -0.320
[N3333Cl + stearic acid -0.050 -0.220

This hghly unsymmetrical noideality was observed for all systems under study, and is
presented in Figures3%-S3.10 of the Appendix 3 Besides some small quantitative
differences between the activity coefficients of the quaternary ammonium salts in the
systens under study, a big qualitative difference between the activity coefficients of the
carboxylic acids in the DES under study becomes obvious. In the systems containing
[N1114Cl, very small deviations to ideality can be found as the activity coefficéte
carboxylic acids are close to one, and usually vagies>10) were observed. However,
upon increasing the chain length of the alkyl groups of the quaternary ammonium salt,

negative deviations to ideality were also observed basedhe fact that the valueg,,

<<1.0. That is, the attractive interactions strongly increase with increasing chain length of
the quaternary ammonium salt, and a moderate increase can also be observed with
increasing chain length ofatboxylic acid. This behavior suggests a strengthening of the
HBA:HBD complex due to the weakening of the coulombic interactions between the

cation and anion of the salt with the increase of its alkyl chains, which has been described
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by Kurnia et at%? for the interactions of ionic liquids and water through hydrogen

bonding.

In general, extreme strong negative deviations from ideal mixture behavior is found in all
DES under study causing a large decrease in the system melting temperature. Strong
associative interactions (hydrogen bonding) between the two DES constituents are the
main reason for the observed negative deviations to ideality. Gaeseciation occurs
between the carboxylic acid that acts asbhding donor and the quaternary ammonium
salt that acts as #onding acceptor. These strong cross interactions explain hoavy
activity coefficients. However, activity coefficients of the carboxylic acids are larger than
one at very high concentration of carboxylic acid in the mixture. In these concentration
regions, sekassociation interactions between the carboxyl groupsdyee stronger than

in the purecomponent state, and crosassociation interactions play a minor rgfé.2%0
Thus, the meltingpoint depressions are higher the higher the amount of quaternary
ammonium salt present in the mixture. Thexplains the behavior of the almost
horizontal liquidus line of carboxylic acid shown Rmgure 3.15 In fact, the eutectic
behavior observed in these systems is not trivial, as the complex interaction behavior is
additionally confronted by very large tifences between the melting temperatures of
the DES constituents. This prevents high melpogt depressions in regions with high
concentration of carboxylic acid, which forces the eutectic temperature close to the
melting temperature of the pure carbglic acid® (note in Figures 36to S3.10that the

ideal ®lubility curves exhibit this behavior).

In contrast to the clos¢o-ideal phase behavior at high comteations of carboxylic acids,
negative deviations to ideality are very high at higher concentrations of quaternary
ammonium salt. The deviations to tlexpeaimental data (in terms of AAD, in) Epplying
Equation3.20under the assumption of ideal mixture behavior is depictedrigure 3.17

High deviations to the experimental data can be observed due to the significant negative
deviations from ideal behaor at highconcentrationsof quaternary ammonium salt.
Thus, advanced thermodynamic models such aSRET are required in order to quantify
activity coefficients and to improve the accuracy of EquaBa@0 PCSAFT allows for a

good description of mossystems with a global AAD (K) of only 7.39 K for all the systems
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studied in this work. Taking into account the large temperatamegesstudied (about 300

K), these results can be considered as a very satisfactory result.
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Figure 317. Deviations to the experimental data measured in this warkideal; A, PG
SAFT for a) [hqdCl + carboxylic acids b) AM|Cl + carboxylic acids c) sfhgCl +

carboxylic acids.

One drawback of the measurements is the time they consufehuge number of
measurements is requiretb quantify the eutectic point (eutectic temperaturé& and
compositionxF), allowing also to assess the temperature difference between itfeaihd

real TE (assigned witmTF). To overcome this time limitation, PEAFT was applied in this
work in order to estimate the eutectic point of the DES under study. For that purpose, the
pure-component parameters ifable 3.10and Table 3.11and the binary parameters in
Table 3.13were used. The modeling results are depictedFigure 3.18 Figure 3.18
suggests that the eutectic composition is shifted towards lower mole fractions of acid
upon increasing alkyl chain of both, the acid and the quaternary ammonium salt. In spite
of the urcertainties of experimental data and fSAFT modelling associated to these

estimates it can be stated that a fixed stoichiometric relationship between carboxylic acid
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and quaternary ammonium salt is not observed. This is not surprising as the systems
under study do not obey caerystal formation with a fixed stoichiometric composition. It

is possible however to state that the liquid mixture seems to be dominated by associates
with molar ratios of 2:1 for the considered DES carboxyiid Aquaternary ammonim

salt.

The eutectic temperature increases with increasing chain length of the carboxylic acid.
This is expected as the puaeid melting temperature limits the eutectic temperature of
the system, i.e. the lower the melting temperature for the pure ath, lower TE values.
Further, it can be observed frofigure 3.18hat TE decreases from [N11Cl to [Ns333Cl,
which can be explained by the decrease of melting points of the quaternary ammonium
salts from [N114Cl to [Ni333dCl combined with the incresd nonideality of the liquid
phase from [N111]Cl to [Ni333dCl (seeAppendix 3.
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Figure 318. a) Eutectic compositions b) eutectic temperatures c) meltergperature

depression of the various DES studied, estimate®@®BSAFT, , [N1114Cl;

[N3333Cl.
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Concerning the temperature differenceTt (i.e. the difference between the eutectic
temperature estimated by RSAFT and that calculated considering an ideal liquid phase
for the estimated eutectic comgition), an increase following the order: {h|Cl >
[N2224Cl > [N333Cl can be observed frofigure 3.18which is mainly due to the melting
temperatures of the pure quaternary ammonium salts. In contrast, activity coefficients of
the salts decrease ithe order [N.111]Cl > [N224Cl > [N333gCl , as illustrated in Figures.63

¢ 3.10 Thus, the strength of cross interactions increase in the ordgi {1 < [N22]ClI <
[N3333Cl between the salt and the carboxylic acid. The very large temperatiezatite
observed are a strong evidence that the systems studied here are, in fact, deep eutectic

mixtures.

These observations are further reinforced by the binary parameters estimated for
guantitative PESAFT modeling. As already known, one of the advastad using these
coarsegrained models is the enhanced physical meaning of the model parameters, when

compared to activity coefficients models. The bin&y, . accounts for deviations in the

crossassociation energy obtained throughe conventional mixing rules. The fact that

K; ops takes negative values applied confirms the strong cassociation between acid
and salt in the considered DES. Accordingable 3.13the k; ., values become wre

negative in the ordefN1114Cl < [N227CI < [N333Cl, supporting the interpretation for an

increase of the crosassociation strength in that order.

Despite the importance of hydrogen bonding, also dispersion forces are important in the

DES under sdy. To quantitatively model the phase diagrams shownFigure 3.15%nd

Figure 3.16 one binary interaction parametelgi , that accounts for deviations to the
YAEGdZNB Q&8 RA&ALISNBEAGS SySNHeée> ¢Fdle 3118ih# A SR
g tdzSa 200FAYSR 6SNB |faz2 yS3IlIuABdSs HKAOK
energy compared to the ideal combining rule and points to very strong clisggrsion
interactions. As often observed for a series of mixtures with mixingnparfrom one

family (e.g. watealkane, gaslkane and many more), the parametdsf, can be

correlated with molecular weight of the mixing partner. In the DES studied in this work,
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k; values become more negaéiwpon increasing the alkyl chain length of the carboxylic
acid. InTable 3.13an exception can be found for the DES withs$§Cl, wherek; values

were applied that were independent of the chain length of the carboxylic acidthEse
mixtures, crossssociation interactions obviously dominate the physical behavior of the
mixtures, and dispersion interactions are less important compared to the DES with
[N1114Cl or [N227Cl. In this work, the binary parameters applied were foutedfollow

these dependencies on molecular weight of the carboxylic acid:

ki (N,,;,Cl) =6.715310° M} ., 3.402 16 M,3,, 0.2666Rf  0.96: (3.23)
ki (N,,C = 6.773 30* M, ., 083367F  0.99% (3.24)
k; (N;33,CD) = .05 (3.25)
Ki eps(N5,Cl) =0.40633Ln (M,, ) 2350 B 0.982 (3.26)

These correlations allow predicting inteteoon parameters for mixtures that are not
presented in this work, or alternatively to decrease the number of required binary
parameters, reducing considerably the amount of experimental data to be gathered in

order to correctly describe the SLE behavibthis type of DES
3.2.6. Conclusion

(Solid+liquid) phase equilibrium diagrams for 15 different DES composed of carboxylic
acids and symmetrical quaternary ammonium chlorides were measured by a combination
of DSC and visual methods. The experimental data obdagh®wed that these systems
present a singleutectic type behavior, witha eutectic temperature very close to the
melting temperature of pure carboxylic acid, and a very large negative deviation from
ideatmixture behavior, that becomes more relevant &e tsalt alkyl chain increases. This
behavior suggests a strengthening of the HBA:HBD complex upon weakening the
coulombic interactions between the cation and anion of the salt with the increase of its

alkyl chain length.
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The modelling of the studied systesnwas performed applying the molecular based PC
SAFT Eo0S. The pwoemponent PESAFT parameters were either taken from literature, or
fitted to experimental data of the pure compound for the acids, or, in the case of the
salts, to activity data and densityata of their aqueous solutions. The pwrempound
parameters taken from literature showed transferability of the molecular parameters to
different mixtures, phases or phase equilibria. By using one or two binary parameters
(that in most cases can be kepbnstant or correlated to the molecular weight of the
fatty acid), a good quantitative description (an average AAD of only 7.39 K) of the
experimental data was achieved, despite the complex cess®ciation and large
asymmetry of the studied mixtures. FEAFT modeling allowed to estimate the eutectic
points of the DES under study. The physical meaning of the parameters within this model
was also enhanced and insights into the molecular interactions in the systems were given.
In more detail, the binary pameters accounting for deviations in the crasssociation
energy and crosdispersion energy suggested the increase in cess®ciation (cross

dispersion) as the number of ggtoups in the salt (acid) increased.

The results here reported show that f88FT can be a valuable tool in the description of
the SLE of DES, and allows for a better understanding of phase behavior and interactions

within this type of deep eutectic mixtures.

3.3.Indirect assessment of the fusion properties of choline chloride from déiquid

equilibria data

Luis Fernandez, Liliana P. Silva, Ménia A. R. Martins, Olga FdueaimaDrtega, Siméo P.
Pinho & Jodo A. P. CoutinhoFluid Phase Equilibria, in press (2017), DOI:
10.1016/j.fluid.2017.03.015

3.3.1. Abstract

The temperature and enthpy of fusion of choline chloriddCh]Cl are not measurable
directly since the compound decomposes upon melting. Yet, given the wide use of this
compound in the preparation of deep eutectic solvents (DES), its thermophysical fusion

properties are very imgrtant for a better understanding of these mixtures and the
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thermodynamic description of their soHajuid phase diagrams. In this work, the fusion
properties of choline chloride were estimated using the solubility curves of choline
chloride in ten diffeent ionic compounds, forming simple binary eutectic mixtures with
quastideal liquid phases. Experimental sdliguid equilibria data for these systems
[Ch]Cl+ionic compounedswvere measured, and the ideality of the systems assessed
through the quantificion of the activity coefficients and their comparison in each pair of
binary solutions. The values estimated for the fusion properties of choline chloride are
Thus,[chicF59727 K anMrusHichicF4300+600 J-mdl These were additionally checked by
thermodynamic consistency tests and by the prediction of the skadigid curves with
COSMERS model. The results obtained with both procedures allow us to guarantee the

usefulness and robustness of the estimated data.
3.3.2. Introduction

Deep eutectic solvents (DESyrfeed by choline chloride ([Ch]CI) and organic hydrogen
donorg30.148303 hawe been proposed as green solvents for a wide range of
applicationd31.132.304due to their interesting properties, such as good solvent capacity,
low cost, and low ectoxicity.3%® The knowledge of the melting properties of [Ch]CI is
necesary to thermodynamically characterize the cholimesed DES, which includes the
estimation of the eutectic points and the complete description of their sldjdid phase
diagrams. This is relevant for the design and optimization of processes involvi)g DE
including the search and selection of the best DES for a particular application. However,
the decomposition temperature of [Ch]Cl before/upon meléitfgprevents the use of

direct technics for the measurement of fusion properties.

In this work an indirect method to estimate the fusion temperature and enthalpy of
[Ch]CI was used. This is based on the evaluation of the-lsplid phase equiliba of a

set of quasideal binary solutions formed by [Ch]CI and other ionic compounds. Previous
works*02:307.308have shown that mixtures of ionic liquids, even with melting points above
100 °C, often form quasideal mixtures. For this purpose, the solubility curves of ten
eutectic systems formed by [Ch]Cl and the ionic compounds (IC): chatiemte
([Ch][Ac]), choline propanoate ([Ch][Prop]), choline butanoate ([Ch][Buta]),
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tetrabutylammonium chloride ([Ma4CI), tetrabutylphosphonium chloride ¢R24Cl),
benzyldimethyl(zhydroxyethylammonium chloride ([BzCh]CIl),  -bityl-1-
methylpyrrolidnium chloride ([@nmpyr]CI), choline bis(trifluoromethylsulfonyl)imide
([Ch][NT{]), 1-ethyl-3-methylimidazolium chloride (Eghim]CI) and 1(2-hydroxyethy}3-
methylimidazolium chloride, ((OHmMIM]CI), were measured. The gquigsality of each
mixture wasfirstly assessed calculating thetiaity coefficients by COSMRS**® and
using the experimental data to compare the similarity of [Ch]CI actooesfficients in
each pair of binary systems. The solubility data were then used to estimate the fusion
properties of [Ch]CI by linear regression of the stitidid equilibrium equation, and the
final results were checked using two independent procedurBs:evaluation of the
thermodynamic consistency of the experimental data, and 2) estimation of the-solid
liquid phase diagrams by COSMRS and comparison with the experimental phase

equilibria diagrams.
3.3.3. Experimental
3.3.3.1. Materials

The source, purity and tempenate of fusion of the compounds used in this work are
described inTable 3.14 [Ch][Prop] and [Ch][Buta] were synthetized in our laboratory
following standard procedures presented Wppendix 3.3 Before use, all individual
compounds were purified under vaom (0.1 Pa and 298 K), for at least 72 h. The water

content was then measured by Kd#isher and was found to be always lower than 600

ppm.

3.3.3.2. Methods

The melting temperatures were determined with an automatic glass capillary
device model Mb65 from Buchi (@0-240 V, 5660 Hz, 150 W), which has a
temperature resolution of 0.1 K. Since many ionic compounds are highly
hygroscopic, in particular choline chloride, mixtures were prepared inside a dry
argon glovebox, at room temperature using an analytical balamoedel ALS 220

AN from Kern with an accuracy of £0.002Mals with mixtures were, whenever
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possible, heated under stirring until complete melting and then recrystallized. The
solid mixtures were ground in the glov®x and the powder filled into a cagaitly.

A temperature gradient of 0.5 K-minwas used in all cases, and the melting
procedure repeated at least two times. The estimated uncertainty of the melting
temperatures is better than 1.2 K. This technique was also used to determine the
degradation emperature of pure [Ch]CI, where different temperature gradients
were used (sed@able S3.1andFigure S3.1df Appendix 3.

Table 314. Pure component properties.

Compound Source Puzity/ Tus/ K ' DrusH/
% exp. lit. J-mot?
[Ch]CI Acros Organics 98 575.15%° -
[Ch][Ac] lolitec >99  362.62  324.15%9345.1510 8881.7
[Ch][Propt - - 282.57 - 2238.6
[Ch][Buta} - - 315.98 318.15 8793.6
[Na44a4ClI SigmaAldrich 97 342.82 348.1512 19430
[P4444 Cl Cytec 97 339.46 338.1513 -
[BzCh]Cl Aldrich 97 351.42 - 8730'
[CG:mpyr]Cl lolitec 99 472.982 >387.154 30896
[Ch]INT$] lolitec 99 305.6% 303.1515 1226.%
[CGmim]CI lolitec 98 350.42 363.151 8588
[GOHmMImM]CI lolitec 99 358.88 335.15% 20974

aVisual detection®’DSCSSynthetized in this workEstimated from experimental data using

Eqg.3.28 and the experimental points witja>0.6.

In a few specific cases indicated Table 3.14, differential scanning calorimetry

(DSC) was used. The melting properties were determined using a Hitachi DSC7000X
model working at atmospheric pressure. Samples of approximately 5 mg tightly
sealed in aluminium pans were submitted at least to 3 tegeS R 022t Ay 3b K
cycles at 2 K-mih The thermal transitions temperatures were taken as the peak
temperature. The temperature uncertainty calculated through the average of the
standard deviation of several consecutive measurements was better thah K.O.

The equipment was previously calibrated with several standards with weight

fraction purities higher than 99%.
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3.3.4. Theoretical approach

For eutectic systems with complete immiscibility in the solid phase the phase

equilibrium can be described 327177

D,H&1 106 D, C, AT T G
|n ' 'L — fus -_Q+ fus™~p fus_ |n fus_l 327
(xg) R aefze_ms T8 R &y T 8 (3.27)

where x is the mole fraction solubility of compouriénd g" its activity coefficient

in the liquid phase D, H and T, are the enthalpy and temperature of fusion,

fus fus

respectively Ris the ideal gas constant,is the absolute temperature, an®, C,

is the difference between the heat capacity of the caupdi in liquid and solid
phases. Since values for the heat capacities of most compounds here studied have
not yet been measured, and for [Ch]CI it is not measurable since the compound
decomposes before melting, the last term in BR7 is neglected in his work.
Moreover, even when that data is available, the contribution of this term to the
phase equilibrium calculatiortsas been shown to be very sm&l#1® If the liquid

phase is an ideal mixture, E§j27becomes,

D,H

G

=~
|-O00O

fus

R

In(x) = (3.28)

p

Eq. 3.28shows a linear relationship betweeim(x) and 1/T and thus, a linear

regression of a set of experimental data for teelubility of choline chloride, in
ideal systems, can provide an indirect estimation of the [Ch]CI fusion properties. In
the same way, E@.28 provides an estimation of the enthalpies of fusion for the
other components for which these data are not avhiéa These estimated

enthalpies of fusion are shown irable 3.14
Assessment of the systems ideality

The use of Eq. 3.28plies that the experimental data used in the regression must

come from systems with an ideal, or quadeal, liquid phase. In thiwork, from a
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set of 21 binary systems containing [Ch]CI, a group of 10 was selected after
checking the ideality of the liquid phase of those systems using, initially, COSMO
RS.

COSMGERS allows the prediction of the activity coefficients of each companirad
mixture without any empirical data. The activity coefficients at 300, 400 and 500 K
of the [Ch]CI(1)+IC(2) systems were estimated by COBSI@nd this information

used to assess the ideality of the solutions. Before the estimations, all the IC
structures were optimized!’ The ions of each compound were optimized
simultaneously as an ion pair. On a second step, the COSMO file of each structure
was generated by Gaussian, computing the ideal screening charges on the

molecular surface at the BVP86/TZVP/DGA |&vel

Despite its usefulness, COSGNRS is a predictive tool and thus, additional
experimentatbased verifications must be performed. For this reason, an empirical
procedure named -method was further employed to check the similarity of the
behavior of each pair of binary solutions. Thigp@gach is based on the constancy
of the second term of the equilibrium in E&27, when the solid phase is the same,
in this study [Ch]CI, and so the produatg- is independent of the second
compound in solution. This all@vus to establish the equality between the

activities of [Ch]CI in two different binary solutions at the same temperature:

Henler,a9enleia = Nene,s9erels (3.29)

where A and B are two different ionic compounds forming binary solutions with
[Ch]Cl To compare magnitudes,, is defined as the ratio of the mole fractions of
[Ch]CI in both systems, which is equivalent to the ratio of the [Ch]CI activity

coefficients:

— X[Ch]CI,A — Q[Ch]C|,B (3 30)
X[Ch]CI,B Q[Ch]u,A
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From two experimental binary datsets, interpolated values for the [Ch]Cl mole
fractions at the same temperature can be found, andalculated, showing similar

magnitudes of [Ch]CI activity coefficients, when the ratio is close to one.
Consistency of estimated properties

Beyond the unceainty of the fusion properties, which can be high due to the nature of
the studied substances as well as of the indirect method applied, a very important
concept is their reliability, in terms of the error introduced by the use of these properties
in the equilibrium calculations. A check of this reliability was performed through the
thermodynamic consistency tests proposed by Kang étand Cunico et al'°, which
apply pue compound fusion properties to check the quality of the data. These oadisth
are described briefly in Appendix 3.3

3.3.5. Results and discussion
Solidliquid phase diagrams

The phase diagrams measured for the ten selected systef@h]CI(1)+IC(2)
retained for he assessment of [Ch]CI fusion properties are plotte&igure 3.19
and listed inTableS3.16 of Appendix.3

L4
%
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o &zg
. x P-4 Vs
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Figure 319. Solidliquid phase diagrams for tH€HCl+lonic compounds systems studied.
[Ch]G(1)+ ¢ ) [Ch][Ac](2) (€ )ICh][Prop](2); I() [Ch][Buta](2); A& )[NsasdCI(2);
(r )[P2a44CI(2); € ) [BzCh]CI(2); A()[Cmpyr]CI(2); & )ICh]INTE(2); € )CGmim]CI(2);
(& )[GOHmMImM]CI(2).
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Data show a similar behavior in all the solubility curves. The solubility curve of
[Ch][Prop]was not possible to measure because this compound is liquid at room
temperature, preventing the use of the experimental methodology applied in this

work. The eutectic points of all the other systems studied depend essentially on

the fusion properties of ta IC in solution.

Evaluation of the ideality of the studied systemsstimation of the activity coefficients

by COSMERS

The activity coefficients of [Ch]CI at equimolar composition were estimated by
COSMERS at three temperature§£300, 400 and 500 Kijpd are reported in Table
S317, while the curves at the full composition range can be found in FigBu®4S

of Appendix 3

According to the equimolar data, all systems show a qusil behavior with
exception of the mixture containing ihi4Cl. However the value of the activity
coefficients of these systems is still adequate in the concentrated [Ch]CI
composition region (see Figur&.34), and thus they were also considered in this
work. The system [Ch]CI+[Ch][Ac] presents a strong negative deviatitwe ideal
behavior at low temperatures, which decreases rapidly with increasing
temperature. Therefore, a quagleal behavior is expected close to the fusion

temperature of [Ch]CI and the data were also considered.

The experimental activity coefficientof the ten systems studied were calculated
by Eq.3.27 and are reported in Table33L6 along with the solubility data. These

values further confirm the ideality of the studied systems.
Evaluation of the ideality of the studied systems:-method

All the possible combinations for comparing two different binary systems were
explored, and for each system, the values ofhat present maximum deviation
from unity are summarized in Tabl8.%8 The systems showing the most different
behavior between each otheare [Ch]CI+[Ch][Buta] and [Ch]CEPEIMIM]CI and
[Ch]CI+[Ch][Buta] and [Ch]CI+[N4444]CI. Four pairs of systems show a vahie of
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[Ch]CI+[Ch][Prop] and [Ch]CIMCI or [GOHmMIm]CI, Ch]CI+[N4444]Cl +
[GOHMIM]CI andP4444Cl + [@mim]Cl,but all the others are close enough to 1 to
consider that they have a very similar behavior, and so to be used in the

assessment of the fusion properties.
Assessment of the fusion properties of [Ch]CI

After the establishment of the quasileality of the ten system selected, the
experimentd data were fitted using Eq. 3.280 do so, only the experimental
information, for each binary system, comprising choline chloride mole fractions
higher than 0.6, was consideredrigure 3.20shows the results of the linear

regression.

02
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Figure 320. Plot d the regression by equation 3.29 the experimental data for
the solubility of [CHCI in [CHCI+lonic compounds systems. [AfdB ¢ )

[ChI[Ac](2); € )ICh][Prop](2); i( ) [Ch][Buta](2); A)[NsssdC2); ¢ )[PsaadCI(2);
(s ) [BzCh|CI(2); AQO[Gmpyr]CI(2); & )ICh][NT£](2); ¢ )CmIim]CI(2);
(& )[GOHmMIM]CI(2).7( ) ideal solution Tius,;ichicE 597 KPrusHichice 4300 J-md)).

The calculated fusion properties of choline chloride a&gcnc= 597+ 7 K and
DrusHichici= 4300 + 600 J-mél The deviation of these values toase obtained by
applying Eq. 3.28 each individual system (Tabl8.%9) are: s{tus,chid= 11 K and

sOrusHichjc)= 593 J-md|, close to the uncertainty of the estimatedqperties.
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The deviations increase for lower concentrations of [Ch]Cl, where an increase
deviation to ideality is observed. However, all curves converge for concentrated
choline chloride mixtures, with the experimental dasaowing small deviations
from the fit and allowing a good estimation of the fusion properties. Given that the
compound decomposes before melting there are no literature data of the enthalpy
of fusion of [Ch]CI to compare with the values here estimatedooftbet al.l3°
proposed a value for the fusion temperature of [Ch]CI, that is probably a
decomposition temperature. This somewhat lower than the value estimated in
this work PT°18 K), but nevertheless again within the uncertainty of the

estimation.
Validation of the results

The values of the three quality factors described\ppendix 3.3(S3.4), (S3.7) and
(S3.10)] are msented in Table®20 The NRTL modé? was used to fit the solid
liquid equilibria diagrams (parameters given in Tal83e2§. All systems show very
satisfactory quality factors by the three consistency tests. The system which shows
a lower quality is [Ch]CI+{R4CI.

An additional verification of the results was performed through the reproduction of
the solidliquid phase equilibria of all systemy KOSMERS model. For that, the
properties estimated for [Ch]Cl and the other components showable 3.14
(experimental and estimated) were used. Figi&®15 presents all the resulting
diagrams obtained, showing a very satisfactory representation @fetkperimental
data, with three exceptions: the solubility curves of the systems [Ch]CI+[Ch][Ac]
and [Ch][NTA/ do not intersect because of the low value of the activity coefficients
at low temperatures, and the system [Ch]Cl#[NCI presents a curiousoncavity
resulting from a large deviation of the ideality estimated by CO$MBOwhich is in
total disagreement with the quastleal behavior found from the experimental

solidliquid equilibrium data.

The eutectic points obtained from the experimental daand the different models
used (NRTL and COSMRS) are presented in Tabl88.&2 showing relevant
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differences as COSMRS is a pure predictive model. These results also show the

importance to find the eutectic coordinates experimentally.

Finally, is impdant to reinforce that the methodology here proposed can
potentially be expanded to other ionic compounds that decompose upon melting,
giving tools for a much better analysis, thermodynamic representation and

eventually screening of new DES.
3.3.6. Conclusion

The experimental solidiquid equilibria dataof choline chloride in ten different
ionic compounds was measureahd the solubility curves used to estimate the
fusion properties of choline chlorideltus,chicF597+7 K andrusHichjicF4300+£600
J-mott. Thesewere additionally checked by thermodynamic consistency tests and
by the prediction of the solidiquid curves with COSMRS model.Results

obtained guarantee the usefulness and robustness of the estimated data.

3.4.Solidliquid phase diagrams of eutectic solmés based on choline chloride and

fatty acids or alcohols

Monia A. R. Martins, Liliana P. Silva, Olga Ferreira, Siméo P. Pinho & Jo&o A. P.,Coutinho

in preparation.
3.4.1. Abstract

The solidiquid equilibria phase diagrams of eight eutectic systems formed lojineh
chloride and a fatty alcohol or a fatty acid were measured. All systems sligit
deviations to ideal behavioespecially for the nomonic compound, resulting fromthe
sum of the hydrogen bondingetween the acid/alcohol groups with the chloridmion
(attractive) andthe dispersion forceqrepulsive) In most of the casesgxperimental
eutectic points present temperatures higher than thosétained for ideal mixtures

showingthat these systemsannot be considered ateep eutectic solvents
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3.4.2. Introduction

In spite of the very large number efitectic solventseported in the literature, the actual
number of solidiquid phase diagrams investigated is surprisingtarce despite the
important information they can provide on the dor-acceptor ineractions, and the
range of compositions and temperatures for operating these sysféf#83This limits the
systems characterization and the démement of models to describe thkquid phase
non-ideality, andthe ability to design neweutectic solventsusing computer aided
molecular design approaches, instead of the trial and error currently used. Additionally,
to screen solvents with particularharacteristics and specific ranges of eutectic
temperatures, knowledge on the relatiship between the structural characteristics of
organic compounds and the eutectic points is necessary. Thus, studies oficgotid
phase diagrams focused on comparabisstems (same functional groups and different

chain lengthspr same chain lengths and different functional groups, etc.) are required.

In this work, the solidiquid phase diagrams of eigbutectic solvent§ormed by choline
chloride and fatty alcoholsor fatty (monocarboxylic) acidse reported. The experimental
data were measured using a visual detection technique and the thermodynamic

consistency verified using tests available in literatéife’1®
3.4.3. Experimental
3.4.3.1. Materials

The properties of the compounds used in this work are detailedTable 3.15
Experimental melting temperatures for the fatty alcohols and fatty acids obtained in this
work were compared with literature showing a good agreement. For choline chloride the
melting properties proposedn section3.3 were used®?! Choline chloride was purified
before use under vacuum (0.1 Pa and 298 K) and constanihgtifor at least 72 h. The
water content was measured using a Metrohm 831 Karl Fischer coulometer, with the
analyte Hydranal® Coulomat AG from Riedde Haén, and was found to be below

700ppm.
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Table 315. Pure component progrties.

Compound Source Purity % Ths/ K : DrH/
exp. lit. J-mot*
[Ch]CI Acros Organic 98 - 5972 4300°%
1-tetradecanol Aldrich n.a. 311.7+0.3 311.1G"™ 458107
1-hexadecanol Aldrich 99 324.4+0.2 322.90° 60960
1-octadecanol Aldrich 99 332.9+0.4 331.34® 653507°
Decanoic acid Alfa Aesar 99 304.6+ 0.2 305.48"™ 272307
Dodecanoic acid Acros Organics 99 317.5+0.3 318.48"° 346207
Tetradecanoic acid Acros Organics 99 327.4+0.2 328.93" 439507
Hexadecanoic acid Riedel de Haen 98 336.2+0.2 336.36"® 530207°
Octadecanoic acid Acros Organics 97 343.4+0.3 344.04% 611007

n.a.not available
3.4.3.2. Methods

The solidiquid phase diagrams were measured using a melting point device model M
565 by Bucchi (10240 V, 5660 Hz, 150 W) with a temperatunesolution of 0.1 K.
Temperature gradients of 0.1 and 0.5 K-thiwere used for pure components and
mixtures, respectively. All samples were measured at least two times. Mixtures were
prepared at room temperature inside a daygon glovebox, using an anglical balance
model ALS 22@N from Kern with an accuracy of £0.002 g. Whenever possible mixtures
were heated under stirring until complete melting and then recrystallized rmaghed

The powder was filled into a glass capillary. The estimated reproditycilof the

measurements ibetter than1 K.
3.4.4. Theoretical approach

The activity coefficientg , at a certain compositiony;, is related with the experimental

temperature, T, and the fusion propertiesT{s ¢ melting temperature, D sH ¢ enthalpy

of fusion) of the pure compound by the following equatidn,

Qo

D.,Ha1l1l 18 DyC aT. T, Q
In(xg-) = s . +Us TR Gais | s _ 9 3.31
(xg") s T§ R ¢T T g (3:31)
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where Ris the universal gas constant, arig C, is the difference betweenhe heat

capacity oicomnpoundi in the liquid and solictates

This equation assumes that the solid phases of each compound are not miscible. In
general, the last term has a negligible value when compavitd the second’®17and
thus, it was not considered in this work. The enthalpies of fusion for the pure compounds

were taken from literature and are summarizedTiable 3.15
3.4.5. Results and discussion

Thesolidliquid experimental data for the systems [Ch]CI + fatty alcobofatty acids are
listed in Table 3.16and presentedin Figure 3.21 Data were checked using the
consistency tests proposed kang et al?'® and Cunico et at® with the modification
proposed in a previous work! and the NRTL parameters shownTiable S.23 The
results ensure an acceptable quality of the experimental data (see Takkd & the

Appendix 3.

Table 316. Experimental Xi, T) and calculateda) data of the solidiquid equilibria for

the systems investigated in this work.

X1 T/K 07} X1 T/K a1
[CHCI+Tetradecanol
0.109 310.92 1.07 0.461 319.48 1.02
0.202 310.32 1.16 0.505 331.28 0.99
0.288 306.55 1.03 0.551 353.18 1.00
0.419 303.15 1.03 0.600 390.25 1.05
0.643 414.08 1.06
0.711 443.85 1.04
0.742 456.58 1.03
0.796 483.52 1.03
0.835 494.78 1.00
0.893 520.08 0.99
[CHCH1-Hexadecanol
0.113 326.08 1.27 0.583 334.62 0.87
0.132 323.35 1.07 0.591 335.42 0.86
0.2@ 325.15 1.32 0.650 351.25 0.84
0.306 322.55 1.27 0.679 368.55 0.86
0.332 322.28 1.29 0.681 371.45 0.87
0.396 320.95 1.30 0.691 369.28 0.85
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0.408 320.78 1.31 0.750 415.78 0.91
0.486 325.92 2.16 0.759 426.45 0.93
0.500 318.55 1.32 0.800 452.72 0.95
0.808 451.65 0.94
0.860 488.25 0.96
0.878 487.75 0.94
0.898 513.25 0.97
0.899 511.18 0.96
0.944 536.25 0.96

[CHCHK1-Octadecanol
0.098 332.42 1.07 0.567 333.68 0.89
0.135 337.95 1.65 0.587 344.82 0.90
0.203 331.12 1.10 0.599 341.5 0.87
0.211 329.35 0.98 0.600 339.48 0.86
0.302 330.55 1.21 0.632 363.25 0.91
0.319 330.58 1.24 0.650 373.95 0.92
0.394 329.52 1.30 0.685 383.65 0.90
0.403 329.98 1.36 0.748 418.65 0.92
0.492 328.48 1.43 0.750 413.78 0.91
0.502 328.32 1.45 0.751 413.48 0.91
0.798 460.15 0.97
0.800 456.75 0.96
0.841 480.75 0.96
0.850 477.25 0.95
0.888 508.55 0.97
0.901 510.18 0.96
0.939 541.55 0.97

[CHCHKDecanoic acid
0.101 304.60 111 0.456 328.75 1.08
0.212 304.45 1.26 0.485 343.30 1.09
0.296 304.10 1.40 0.540 373.60 1.10
0.342 309.25 1.79 0.592 395.55 1.09
0.399 304.70 1.67 0.642 413.70 1.06
0.675 427.85 1.05
0.761 453.70 1.00
0.786 473.55 1.02
0.850 499.80 0.99
0.896 520.95 0.98
0.938 543.95 0.98

[CHCHKDodecanoic acid
0.100 316.48 1.07 0.446 324.20 1.08
0.198 315.88 1.17 0.497 343.85 1.06
0.297 313.38 1.20 0.561 373.75 1.06
0.345 313.20 1.28 0.594 405.62 1.12
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0.411 316.05 1.60 0.658 423.45 1.06
0.691 444.35 1.08
0.748 473.40 1.07
0.792 483.78 1.03
0.840 505.70 1.02
0.877 513.35 0.99
0.953 543.55 0.96

[CHCHKTetradecanoic acid
0.101 326.65 1.07 0.550 338.85 0.94
0.208 326.20 1.19 0.579 373.62 1.03
0.311 325.95 1.35 0.653 395.40 0.98
0.405 325.45 1.53 0.667 413.52 1.02
0.491 323.30 1.60 0.745 443.25 0.99
0.799 473.45 1.00
0.839 483.95 0.97
0.897 523.82 0.99
0.944 543.75 0.97

[CHCHKHexadecanoic acid
0.112 334.50 1.02 0.449 338.85 1.15
0.221 330.75 0.94 0.527 366.05 1.10
0.309 329.00 0.96 0.554 393.88 1.16
0.409 323.60 0.81 0.603 418.85 1.15
0.652 438.48 1.12
0.673 443.48 1.10
0.750 473.58 1.06
0.803 502.18 1.06
0.850 517.95 1.03
0.895 539.52 1.02

[CHCHKOctadecanoic acid
0.108 342.45 1.06 0.452 355.52 1.23
0.189 341.72 1.11 0.506 388.62 1.25
0.297 340.68 1.20 0.574 400.88 1.14
0.386 339.55 1.28 0.596 433.78 1.21
0.650 443.85 1.14
0.695 463.58 1.12
0.746 483.82 1.09
0.787 493.68 1.06
0.844 523.92 1.05
0.896 543.68 1.03
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Figure 321. Solidliquid phase diagrams of [Ch]CI + fatty alcohatsl fatty acids(, )
Experimental data,-(- -) Ideal solution[Ch]CI + (a)-letradecanol; (b) dhexadecanol; (c)
1-octadecangl (d) Decanoic acid;ef Dodecanoic acid;f)( Tetradecanoic acid;g)

Hexadecanoic acidh) Octadecanoic acid.
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The activity coefficients of each compound in the solutions were calculated from the
experimental data, using equatio.31, and the resulting values are also presented in
Table 3.16 In general, small deviations from ideal behavior are observed. For the non
ionic compound, in general, low positive deviations are obtainextept forthe system
containing hexadecanoic acid. In this case, the negative deviations reflect a higher
temperature decrease from the pure acid melting point up to the eutectic point. As can
be seen irFigure 3.21by comparing systems containing the fatty acid or the fatty alcohol
with the same chain length, the syste@3HCl+ttetradecanoland[CHCI+ tetradecanoic

acid are very well described by the ideal solubility curveéhis composition range. For
systems containing 16 or 18 carbon atomsare slightly lower than 1 for the fatty

alcohols systems and slightly higher than 1 for the fatty acids.

Table 3.17 presents the experimental and ideal euteotimpositions andemperatures
of the measured systems£Eperimental temperatures are all dew 339.6 K andany
mixtureis liquid at room temperatureThe differences between the experimental and the
idealsolution eutectic temperatures, show thanty the system [Ch]CGt hexadecanoic
acid show dpression in the eutectic poinfThe experimental @tectic points of the
remaining systems have higher temperature than the corresponding ideal dimese
differences are considerably higher time fatty acids series. Both the experimental and
ideal predictions of the eutectic compositions are closer tajemolar composition,

suggesting the formation of 1:1 complexes.

Table 317. Eutectic pointsexperimental andbtained by the ideal liquid phasnodel.

Experimental Ideal
Compound nT/ K

Xe Te/ K Xe Te/ K
[Ch]Cl+iTetradecanol 0.42 303.15 0.43 302.00 1.1
[Ch]Cl+1Hexadecanol 0.50 318,55 0.46 315.70 2.9
[Ch]CI+1Octadecanol 0.50 328.32 0.48 323.90 4.4
[Ch]CI+Decanoic Acid 0.40 304.70 0.40 290.70 14.0
[Ch]Cl+Dodecanoic Acid 0.41 316.05 0.43 304.30 11.8
[Ch]Cl+Tetradecanic Acid 0.49 323.30 0.46 315.30 8.0
[Ch]Cl+Hexadecanoic Acid 0.41 323.60 0.48 324.90 -1.3
[Ch]CIl+Octadecanoic Acid 0.39 339.55 050 332.60 6.9
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3.4.6. Conclusion

The solidliquid equilibria of eight eutectic systems composed by choline chloride and
fatty acics or fatty alcohols was measured and analyzemv positive deviations from the
ideal behavior are observed, especially for the fi@mc compound. In most of the cases,
eutectic points present temperaturdsgherthan those obtained for ideal liquid mixtes
showingthat these systemgannot be considered adeep eutectic solventsAll mixtures
investigated remain solid in all composition range and theectic compositionwas

found to benear to the equimolar composition.
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4.1. Critical properties of terpenes and terpenoids

Monia A.R.Martinsg F NAF y I . ® ht AGSANI = t SRMBoAWD [/ | NI

Coutinho& Simao P. Pinheubmitted to Industrial & Engineering Chemistry Research
4.1.1. Abstract

The krowledge of critical properties is fundamental in engineering process calculations,
due to their use in equations of state for the prediction of thermodynamic properties and
phase equilibria. A literature survey shows a large number of methods for preglictin
critical properties of different classes of compounds, but no indications are yet available
to help deciding which are the most suitable for terpenes and terpenoids. In this work,
Joback, Constantinou and Gani and Wilson and Jasperson-gootiibution methods

were applied to terpenes and terpenoids, and tested through FRaginson (PR) and
SoaveRedlichKwong (SRK) equations of state predictions of density and vapor pressure
data with the critical properties estimated by Joback method presenting ttse i@sults.

On other hand, density and vapor pressure data were also used to estimate the critical
properties directly by the same equations of state, allowing a comparison between both
estimation procedures. Densities were measured at atmospheric pressuréhe
temperature range (278.15 to 368.15) K for pure compounds, showing high agreement to
literature values. The first approach indicates that the best combination is the Joback
method and the Pengrobinson Eo0S, even if vapor pressure calculations dhigv
relative deviations and density predictions show problems at low temperatures. Following
the second approach, the set of critical properties and acentric factors estimated is able
to adequately correlate the experimental data. Both equations showrdlasi capability

to correlate the data with SRK EoS presenting a global %ARD of 3.16 and 0.62 for vapor
pressure and density, respectively; while PR EoS presented 3.61 and 0.66 %, respectively

for the same properties.
4.1.2. Introduction

Despite being widely useahd investigated by researchers there is still an enormous lack

of experimental thermodynamic properties for systems containing terpeaes

131



Chapter 4 Environmental Impact

terpenoids Aqueous solubilities, vapor pressures, and octavatier partition coefficients
¢ required to assessreironment fate and transport and critical properties; used as
the basis for the estimation of a large variety of thermodynamic, volumetric and transport

properties using the corresponding states princiglere required.

Critical temperature and pressel data provide valuable information for the regression
and prediction of vapor pressures and are essential for the description of pure
component and mixture behavior by equations of state (Eé&SHowever, their
experimental determinatin is complex, expensivand in many cases impossible, since
large and strongly associating components usually decompose before the critical point is
reached. Thus experimental data are usually only available for smaller moleantbs,

predictive methodsnust be used to the most part of the substanéé®32>

Considering terpenes, to the be of our knowledge only the critical volume and
G0 SYLISNI (dzNB Fphéehk dnd Xa&en& aBeXbeeh published in the open
literature 3¢ and the results may be considerably uncertain since terpenes arallaesat
their critical point®?” In literature, when critical properties of terpenes are needed,
usually to @rivate properties through cubic equations of state, most of the authors use

different contribution methods to estimate therf#330

Due to their practical and theoretical importance, estimation of critical properties has
attracted the interest of resear@rs and a wide variety of estimation methods is available
in the open literature. Ried&l! and Lydersett? were the first authors to develop group
contribution methods for critical property data estimation, followed by many otlié¥s.
325,332343 Moreover, there are also publications related with the use of quantitative
structure property relation (QSPR) correlations and popular mathematical methods like
neural networks. A broad overview of these methods together with a detailed discussion
of their reliability have been published during the past ye4ts$* In addition, some
authors have evaluated the performanad models utilizing a large common set of

experimental date#??

Due to the scarcity of experimental critical data for terpenes, the use of group

contribution schemes seems to be the adequate approach to obtain reliable results. Most
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of the estimation techniques require only the molecular structure and, additionally, other
relevant properties as the normal boiling poitit. The main issue is how the different
estimated valus compare and what is their performance in terms of volumetric

properties or vapor pressure estimations through a cubic equation of state (EoS).

If accurate critical properties can be found, their use in corresponding state methods, like
the LeeKesler gearalized correlatiof® and cubic Equations of Stat&<3>° to the
prediction of many thermodynamic propertiesignificantly important for reliable phase
equilibrium calculations, is straightforwar@ihese ES play an important role in chemical
engineering design andowadays, the PenrBobinson (PR¥ and SoaveRedlichKwong
(SRIK}® equations of state are still widely used in process simulators as ARjpsnand
ChemCad>! Several advantages can balated with how they can accurately and easily
represent the relation among temperature, pressure, and phase compositions in binary
and multicomponent systems, requiring only the critical properties and acentric factor as

generalized parameters.

The aimof this work is to choose a good set of critical properties (critical temperature,
critical pressure), and acentric factor, of a group of terpenes and terpenoids to be used
with the SoaveRedlichKwong*® and PengRobinsod®® equations of state. Two

approaches were followed (Figudel):

1) Apply the estimated criticaproperties using the group contribution methods
developed by Joback? Constantinou and Ga#st? and Wilson and Jaspersta to
calculate densities and vapor pressure thgbuequations of state, and compare both

experimental and calculated sets;

2) Use experimental densities and vapor pressures to estimate the critical properties

by the same equations of state.

Density data were here measured experimentally at atmosphemrsgure, while vapor

pressure values were taken from literature.
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. Estimate Critical Il. Estimate Critical

Properties Properties directly through
(Joback, Constantinou and Gani, . e
Experimental Densities

Wilson and Jasperson)
and Vapor Pressures
(Soave-Redlich-Kwong and Peng-

— Robinson)
Calculate Densities

and Vapor Pressures
(Soave-Redlich-Kwong and Peng-

Robinson) ﬂ

Compare Experimental and Calculated Densities and
Vapor Pressures

Figure 41. Schematic representation of the procedure followed in this work.
4.1.3. Experimental
4.1.3.1. Material

Detailed information about the tgrenes and terpenoids investigated in this wadek

presented in Tabld.1. Compounds were used without any further purification.
4.1.3.2. Methods
Density measurements

Densities measurements of the pure terpenes and terpenoids were carried out at
atmospheric press@ and in the (278.15 to 368.15) K temperature range, using an Anton
Paar GmbH 4500 vibratiigbe densimeter (Graz, Austria). Two integrated Pt 100
platinum thermometers provided good precision of the internal control of temperature (+
0.01 K) and the demseter includes an automatic correction for the viscosity of the
sample. The apparatus is precise to within = £-gcm?, and the overall uncertainty of
the measurements was estimated to be better than + % pocm?. Additional details
related with the equipment can be found elsewhet®. The density of (R)+)}imonene

and p-cymene was mease using an automated SVM 3000 Anton Paar rotational
Stabinger viscometedensimeter (temperature uncertainty: + 0.02 K; absolute density

uncertainty: + 5-10 g-cm?®) at atmospheric pressure and in the same temperature range.

134



Chapter 4 Environmental Impact

Table 41. Names, structures, sources, molar mab),(boiling points (Tep and mass

fraction purities (declared by the supplier) of the terpenes and terpenoids used.

Chemicals Supplier CAS M/g-mol! TeP/K  wt%
Terpenes
(R)}(+)}imonene Aldrich 598927-5 136.23 449.65 97
I
h-pinene \®L Sigmaaldrich 80-56-8 136.23 42929 98
i -pinene \®L Sigmaaldrich 1817267-3 136.23 439.19 99
p-cymene Q/ Aldrich 99-87-6 134.22 450.28 99
Terpenads

6 bmenthone );O\ Fluka 1407397-3 154.25 48315 X
(1R}0 Hfahchone @ Aldrich 7787-20-4 152.23 466.15 X by
S}(+)}carvone Merck 218827-2 150.22 504.15 96

( ; K

Carvacrol m/ SAFC 499752 150.22 510.15 99
Eucalyptol { [ o Aldrich 470-82-6 154.25 449.55 99
DL-citronellol PPN Sigma 106-22-9 156.26 496.40 F dp
Eugend DN Aldrich 97530 16420 52635 99
Geraniol _J_ L sigmaaldrich 106-24-1 154.25 503.1% 98

6 tisopulegol \Oi’( SAFC 89-79-2 154.25 480.98 X dy
Linalool N Aldrich 7870-6 154.25 470.15 97

L6 bmenthol )to\ Acros 221651-5 156.26 487.40 99.7
Thymol \q/ Sigma 89-83-8 150.22 505.65 X g
h-pinene oxide 7@% Aldrich 168614-2 15223 48951 97

aTaken from Yaws:.
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4.1.4. Theoretical approach
Critical Properties

The following sections will briefly introduce the methods used in this work to estimate
the critical temperature,T, and the critical pressure?;, of terpenes and terpemids,
namely Joback (1984; 198%%;°%° Constantinou and Gani (199%f, and Wilson and
Jasperson (199653

Joback Method

Joback?3339 proposed a grouD2 Y G NA o dziA2y YSGK2R ol &SR
contribution schemé?? adding new functional groups, and establishing new parameter
values. In this method no interactions between groups is assumed and the rtaime

contributions are mainly determined by the bonds within and among small groups of

atoms, according to the following set of equations,

s -1

e 0 &, 0’2

T.(K) =T,0.584+0.965 4 N, (tck)il- T& N, (tck) o (4.)
é I« y 1« % G
@ g’

P, (bar) = @.113+ 0.003N,,.- & N, (pck)g 42)
e k u

where tck and pck are the Joback contributions fothé critical properties N« is the
number of groups of typé in the molecule andNawoms is the number of atoms in the
compound. Table4&l of Appendix 4presents the structural groups and their respective
contributions for each property estimated in thisovk. ForTc a value of the normal

boiling point, Ty, is needed (Tablé.1).

Constantinou and Gani (CG) Method

In 1994, Constantinou and Gé&itideveloped an advanced growgontribution method

based on UNIFAC and in a two level estimation scheme. The basic level has contributions

from first-order functional groups and the next level has seconder groups, which
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provide further information about themolecular structure of the compoundihe CG

formulations are:

e.. . N
T,(K) =181128ngg N, (tclk) +WH M (tc2j)y (4.3)
€« j u
é 2
P (bar)=¢g N (pcflk)+Wa M. (pc21)+o1002:gJ +1.370¢ (44)
ek

where, tclk and pclk are the contributions of first order, andc2j and pc2j the
contributions of second order of grougs M; is the number of groups of typg with
second order group contributions in the molecule. The consWns assigned a value of
zero for a firstorder approximation and unity in the secowdder approximation. Table
$4.2 of Appendix 4dpresents the set of grqas and the respective contributions for each

property used in this work.

Wilson and Jasperson Method

The method reported by Wilson and Jasperson f#®djses the nature of the atoms
involved to determine the elemental contributions. It can be apptedoth organic and
inorganic species. The first order method uses atomic contributions along with boiling
point and number of rings, while the second order method also includes group

contributions. The first order and second order contributions use the following equations:

T.= T (45)

0.2

e
¢0.048271 0.019846\, +a N (Dtck)+a M (th)u
é

0.018623%B, (46)

é
& 096603expf£ 0.00922295 0.0290408, +004@ N (Dpck)+a M (qu)ggq
é <; (L

where Nr is the numberof rida Ay G KS Ot2kY WRukArR thefiysRordar
Fd2YAO O2y i NG dai Rogj wiréa the sedondf ofler group contributions.

Values of the contributions used in this work are givemable 8.3 of Appendix 4
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Acentric Factor

Along with the critical properties, a commonly used pure component constant for
property estimation is the acentric factor,. According with Poling et &% the most
accurate technique to estimate thecentric factor is using the critical constants:

(0)
e In(P, /1.01325+ f O(T,/T.) 4.7

f @ (rb /Tc)

t© _ - 5.9761€L- T,/T,)+1298741- T,/T,)"* - 0.603941- T, /T,)* - 10684(- T,/T.)°  (48)
T,/T,

- 50336§L- T, /T,) +1.115081- T, /T,)"* - 541217- T, /T,)*° - 7.466281- T,/T.)°  (4.9)
T, /T,

f(l) —

Equations of State (EoS)

EoS are used to relate temperature, pressure and volume, the macroscopically
measurableproperties in a systemn this work, Soav®edlichKwong*® and the Peng

RobinsoR*° EoS were selected.

SoaveRedlichKwong (SRK)

In 1972, Soavé’ suggested the replacing of a term of the Redkakong*® equation with

one more general temperaturdependence, and the introduction of the acentric factor in
the cubic equation of state, Eg4.10-4.13. With this modification, the new equation is
able to predict the phase behavior of mixtures in the critical region and improved the

accuracy of the calculated critical properties of mixtures.

D= RT aa (4.10)
V- b V,(V, +b)

. 0.4274&R°T?

(4.11)
Pc
, _ 0.0866RT, 412
P
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(4.13)

Ja =1+(0.48508+1.55171- 015613

O

O
1-O: OO

© BB
B
[-C00,

PengRobinson (PR)

Since the van der Waals equation in 1873, many other approaches have been proposed.
C2NJ GKS Y2aid a0J BWIi a8 OB B -&n@idcRl cawections Svithitte
temperature. One of the most successful examples was the approach of Peng and

Robinsoi™in 1976, Eqs4.14-4.17.

RT aa
= - 414
P V,-b VZ+2bV -b’ (414)

0.45723R°T,°
a=

(4.15)
Pc
p= 207779, (4.16)
P.
2 8T 60.5 52
Ja =1+(0.37464+1.54226v- 0.26992:/2)22- 28 O (4.17)
¢ G v =

According with Poling et al**the PR equation of state slightly improves the prediction of
liguid volumes. Peng and Robinséhgave examples of the use of their equation for
predicting the vapor pressure and volumetric behavior of skoglmponent systems, and

the phasebehavior and volumetric behavior of the binary, ternary, and multicomponent
system and concluded that it can be used to accurately predict the vapor pressures of

pure substances and equilibrium ratios of mixtures.

Along this work, the accuracy of the estittons was evaluated by using the statistical

parameter average relative deviation (%ARD):

exp _ calc
%ARD = % A iN=1 X=- X

X calc (418)
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where X®® and X*® refers to the experimental and calculated property, respectively,

andN is the number of data points.
4.1.5. Results and discussion
Density

Density measurements for the terpenes and terpenoids here studied were carried out in
the temperature range (278.15 to 368.15) K and at atmospheric pressure. Results are
reported in the Table &4 of Appendix 4and depicted in Figurd.2. As expected the
density decreases linearly with increasing temperature, being eugenol anf{tXR)
limonene the more and less dense, respectively. The phenylpropene eugenol is the only

compouwnd with densities higher than 1 throughout the temperature range studied.

Although new density data of terpenes and terpenoids were measured in this work, it
should be remarked that many other authors already reported this property for the same
terpenes at different temperatures. Nevertheless, no data was found concerning
Ol NIII ONZ f 3 -pinérfe Soxde.t The2niakintum relative deviations between the
experimental values measured in this work and those reported in the literature are
presented in Figurd.3 and Table4.2. As can be seen a good agreement is found for all
compounds, with an average relative deviation of 0.14 % and a maximum relative

deviation of 0.62 %.
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Figure 42. Density,”, of pure terpenes and terpenoids as a function of temperature and

at 0.1 MPa.
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Figure 43. Percentage relative deviations between density data determined here and

those from literature (referencesroTable4.2).

Table 42. Maximum relative deviations between the experimental values measured in

this work and those reported in the literature.

Substance Maximum relative Substance
deviation (%)

Maximum relative deviation
(%)

(b 4nenthone 0.59% 0 Lisopulegol

(1R)6 tfenchone  0.02%60.043570.01%% Linalool

(S)(+)-carvone 0.143%°0.16%3 (b “nenthol

Eucalyptol 0.052640.052%50.013%%¢ (R)}(+)limonene
0.04370.063%°0.06%8

DL=citronellol 0.13F% h-pinene

Eugenol 0.0230.02%7 i -pinene

Geraniol 0.26° p-cymene

0.30°%°

0.623%50.113%°0.073°90.028°
0.033¢°0.053¢10.09%2

0.10°

0.253%70.203%90.243%90.41%°
0.05%!

0.223690.193¢10.143%8
0.1237°

0.463%°0.023%90.013¢8
0.147°

0.03380.1237°
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Terpenes and terpenoids vapor pressures (liguvapor) used in this work were collected
from literature ¢ Figure 8m® 5dzS G2 GKS I O pideneddkide2 NJ LINE

this compound was not considered in the following calculations.
Critical Properties and Acentric Factor
I. Estimation of critidgproperties using group contribution methods and EoS

Following the approach described before, the critical properties of terpenes and
terpenoids were estimated using the group contribution methods of JoB&ck,
Constantinou and Gani (C&9,and Wilson and Jasperson (WW)Results are shown in
Table 4.3, alongside with the acentric factor and a structural analysis is presented in
Figure4.4. Joback and CG methods cannot Ippléed to all the substances studied due to

the absence of some groups.

Table 43. Critical properties of terpenes and terpenoids estimated with different

contribution methods.

T/ K P./ MPa
Joback CG WJ Joback CG WJ Joback CG WJ
0 bmenthone 689.70 679.35 727.31 260 243 2.79 0.412 0.459 0.218
(1R)6 tfenchone 679.18 707.95 3.08 2.81 0.388 0.189
(S)}(+)carvone 688.74 772.76 240 3.16 0.619 0.198
Carvacrol 72220 73481 716.34 344 285 2.93 0.581 0.408 0.553
Eucalyptol 661.05 635.70 3.02 2.44 0.339 0.432
DL-citronellol 657.87 67594 672.09 245 219 230 0.848 0.591 0.657
Eugenol 73558 772.46 733.37 358 271 2093 0.676 0.306 0.599
Geraniol 671.67 682.12 684.75 257 218 242 0.820 0.617 0.648
Isopulegol 656.76 682.75 667.43 2.77 2.36 2.56 0.698 0.398 0.558
Linalool 633.30 650.00 639.84 258 216 2.26 0.755 0.494 0.612
b 4nenthol 661.63 679.32 67252 2.66 2.38 250 0.716 0.496 0.580
R(+}Limonene 639.85 649.99 241 272 0.394 0.373
Thymol 715.83 734.76 710.02 344 284 2091 0.581 0.367 0.549
h-pinene 657.01 620.56 3.37 2.60 0.224 0.354
i -pinene 651.26 634.87 3.22 2.66 0.329 0.363
p-cymene 656.89 664.29 65559 291 247 284 0.359 0.249 0.358
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Figure4.4 shows some discrepancy between the results, possibly related with limitations
associated to each method which was previously verified by other aufffdlobally,
acentric factors present higher deviations than critical properties especially for aromatic
monocyclic terpenes, with eugenol being an patent outlier. Regardongjcal
temperatures and pressures the highest deviations are presented Hy X&rvone and
(¢)-menthone. Norcyclic compounds have the lowest deviations indicating that linear
compounds are more easily described by group contribution methods avail@biecal
pressures from Joback method are usuldhger than those by CG and WJ methods, while
generally is clear that Joback and WJ methods present, for this set of compounds, more

uniform results among the three tested methods.
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Figure 44. ¢ S Y LIS NJ (i dzNIB K)G@rid lcrifical$ressyre and acentric factor ratio for

the different contribution methods and compounds studied.

In his initial study, Joback employed only 41 molecular groups, which oversimplifies the
molecularstructure, thus making several types of isomers indistinguishable. Overall this is
insufficient to capture the structural effects of organic molecules and is the main reason
for some inaccuracy of the method. Moreover, in CG method a group appearing in an

aliphatic ring is considered equivalent to its aeng counterpart. These groups cannot
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distinguish between special configurations such as multiple groups located close to each
other, and resonance structures. WJ method requires additional informationt &jmsn

structure and boiling point, what makes it more complex and sensitive to errors.

As pointed out, all group contribution methods present weaknesses. Therdfocbpose

the best model to represent terpenes and terpenoids, the estimated sets o Zab

were used to calculate densities and vapor pressures through the SediechKwong

and PengRobinson EoS. The calculated values were compared with the experimental and
a global summary is displayed in Figdrg. Individual %ARD for each substastedied

are presented in Tabled$ of Appendix 4

41.48 40.69

35.32
30.1
a) 24.87
Z 2203 24.4224 34
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11.4 10.9
I 5.9 I
SRK PR SRK PR SRK PR
Joback CG WJ

m Density ™ Vapor Pressure

Figure 45. Global average relative deviation between the experimental and the predicted
densities and vapor pressures, calculated using the PR and SRK EoS, with critical

properties estimated by Joback, CG, and WJ methods

Globally, the PR EoS presents better results than the SRK. Regarding the group
contribution methods, for both properties, the smaller error was obtained with Joback.
Moreover, is important to emphasize th#te error obtained for vapor pressures is much

higher than for density.

So far the best combination found is the PR EoS with the Joback method. Thus, in order to
further investigate the results obtained, calculated and experimental densities and vapor

pressures, for some terpenes and terpenoids presenting consistent data, are depicted in
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Figure 8.2 and 8.3 of Appendix 4 respectively. In general, the approach is able to
establish a ranking for the magnitude of the density and vapor pressure values of the
different terpenes, in conformity to the experimental observed rank, and a correct
temperature trend for vapor pressures (Figuré.3. However, concerning the densities

at low temperatures the correct temperature dependency is not always obtained showing
that this cubic EoS should be used with precaution to estimate densities of liquids. Both
EoS combined with the three method contribution groups here studied led to incorrect
temperature dependency descriptions of the terpenes zip S 3 2nierthorte L(S)+)
carvone, carvacrobL-citronellol, eugenol, geraniol and linalool. Moreover, using the SRK
EoS, the experimental densities are always higher than the correspondent calculated
ones; while the calculated vapor pressures are mob the times superior to the
experimental. The same is observed using the EoS PR, with the exception of the Joback

method, where the calculated densities are often superior to the experimental.
II. Estimation of critical properties using experimentabdand EoS

In the second approach proposed, experimental densities and vapor pressures were used
to estimate the critical properties and the acentric factor directly by EoS Seadkch
Kwong and Pengobinsorg Table4.4. The critical properties obtaingd previous section

were used as initial estimates and the calculations performed until the minimum error
between experimental and estimated data was obtained (equatid8). The values of

the estimated critical properties are generally in the same ratogthose estimated by

group contributions methods.

In Figure4.6 the critical temperature changeand critical pressure and acentric factor
property ratio between the two EoS applied is displayed. While critical pressures are
always higher in SRK equatitiman in PR, acentric factors are almost always lower.

Critical temperatures are almost always superior using SRK EoS.
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Table 44. Critical properties and acentric factor of terpenes estimated according with the

approach II.
SR PR
Te/ K P:/ MPa . T/ K P:./ MPa
6 tmenthone 702.09 3.16 0.391 684.83 2.75 0.453
(1R)}o bfahchone 671.30 3.36 0.403 675.00 3.02 0.403
(S)(+)-carvone 743.14 3.65 0.389 724.76 3.17 0.452
Carvacrol 744.38 3.69 0.479 727.07 3.20 0.542
Eucalyptol 643.72 3.10 0.398 636.37 2.75 0.432
pL-citronellol 698.11 2.94 0.650 699.27 2.64 0.651
Eugenol 771.00 3.87 0.477 780.03 3.55 0.470
Geraniol 679.01 3.02 0.770 677.01 2.66 0.782
Isopulegol 690.01 3.22 0.490 689.05 2.86 0.500
Linalool 624.38 2.74 0.751 615.43 2.41 0.803
L(b -inenthol 659.80 2.94 0.713 647.03 2.56 0.779
R(+)}Limonene 655.51 3.27 0.385 655.50 2.93 0.395
Thymol 713.60 3.57 0.576 699.92 3.12 0.634
h-pinene 629.57 3.23 0.338 615.39 2.83 0.392
i -pinene 642.53 3.34 0.345 635.97 2.95 0.372
p-cymene 673.01 3.44 0.311 656.06 2.99 0.367
25 1.50
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Figure 46. ¢ S Y LIS NJ (i dzNB/ KDdad ofited presgure and acentric factor ratio

betweenSoaveRedlichkKwong and Penrgobinson EoS for theompounds studied.
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Individual %ARD between the calatéld and experimental densities and vapor pressures
using SRK and PR Eos are presented in Mgur&lobally both equations show a similar
correlation capability, with the SRK EoS presenting an %ARD of 3.16 and 0.62 % for vapor
pressure and density, resptively; while Peng Robinson EoS presented 3.61 and 0.66 %,

for the same properties.
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Figure 47. Average relative deviation between the experimental and the predicted
densities and vapor pressures, calculated using the &mRK the PR, with critical

properties estimated by the same EoS.
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The vapor pressure dafl-citronellol, geraniol, {)-isopulegol,and p-cymene show %ARD
higher than the other compounds. Tablé.& shows that there is a decrease followed by
an increase inlte %ARD with the temperature indicating an intersection of the series. For
p-cymene the %ARD are randomly distributed with temperature. These are compounds
with very low vapor pressures or for which data is available in a larger temperature range.
This sorehow stresses the difficulty of measuring vapor pressure and the need of new

experimental data in this field.

Figure 84 and 85 of Appendix 4show a comparison between calculated and
experimental densities and vapor pressures, for some terpenes and tise EoS Peng
Robinson. Concerning vapor pressure, this second approach is able to establish a ranking
for the magnitude of values in conformity to the experimental observed rank, and a
correct temperature trend, while for density an important improveneas observed

when compared with results shown before.

Methods Comparison

Comparing the critical properties and the acentric factor obtained by the group
contribution methods and the EoSTable4.5 ¢ is it possible to see that the differences
between criical temperatures are minor. The absolute error obtained for critical pressure
shows higher deviations between the contribution methods and the EoS SRK. The

opposite is verified for acentriactors;however,the effect is less pronounced.

Table 45. Critical properties and acentric mean absolute error between those calculated

by group contribution methods and those estimated by the SRK and PR EoS.

PR SRK

Joback 17.61 17.09

Tc/ K CG 19.58 17.68
WJ 19.39 18.18

Jdback 0.15 0.33

Pc/ MPa CG 0.45 0.74
wJ 0.23 0.61

Joback 0.08 0.08

CG 0.16 0.12

wJ 0.10 0.09
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Literature Analysis

For terpenes and terpenoids, experimental critical data is very rarely available, as only
one work was found in the open literatufé® The reaon for this, is that higher molecular
weight and strongly associating components readily decompose before the critical point
is reached. This makes experimental measurements rather difficult and experimental
errors very considerable. Tabld.6 presents, bwever, a comparison of critical
temperatures estimated by the methods studied in this work, with the few experimental
results, and some of the estimated values found in the literature for the same

compounds.

Table 46. Compariso between estimated and experimental critical temperatures.

T/ K (R)Y(+)Limonene h-pinene
CG 639.9 657.0
WJ 649.99 620.56
This Work
SRK 655.51 629.57
PR 655.50 615.39
Experimenta¥® 653.0 644.0
Yaws?® 640.0, 630.0 632.0, 644.0

Within this very limited set of experimental valuesndataking into account the
decomposition problem of this class of compounds, any further comparisons are
premature. Regarding the estimated literature values, these are included in order to show
the high variance of the critical properties values proposedthe literature, what
establishes the importance of finding rational recommended values for the critical

properties of terpenes and terpenoids.
4.1.6. Conclusions

In this work three grougcontribution methods for the estimation of critical properties are
applied and analyzed for terpenes and terpenoids. As expedterlyariance between the
results is high and thereforeheir suitability is tested through cubic equations of state,

calculating densities and vapor pressure and comparing with experimental dagaltdke
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indicate that the best combination is the Joback method and the FRailgnson EoS.

Vapor pressure calculations globally showegher average relative deviations between

the predicted and the experimental values, when compared to density predictions.
However, density predictions show problems at low temperatures. In the second part of
this work, experimental densities and vapor pressures were used to estimate the critical
properties and the acentric factor directly by EoS SeRedlichkKwong and Peng
Robinson. The two equations show a similar correlation ability for densities and vapor
pressures with SRK EoS presenting a global %ARD of 3.16 and 0.62 for vapor pressure and
density, respectively; while Peng Robinson EoS presented 3.61 and 0.66 %,ivekpect

for the same properties.

Clarifyingnote

The next sections are related with tlegueoussolubility of organiccompounds aiming

the selection of the best methodology apply to terpenesand thuscontribute to the
development ofaccurate models fothe fate ofthese compoundsn the environment
Snce ILs have been studied to extract and fractionate terpenes, their mutual solubilities,
densities and viscositiewere measured (4.2Jor a range of ILend water. e same
experimental methodwas appliedto measure the solubility of terpenes in watérat
proved howeverto be inappropriate due to the formation of emulsions after stirfing
which causd sampling problemsThus, anew techniquewas implementedand firstly
applied to sparingly solubléN-(diethylaminothiocarbonyl)benzimido derivatives (4.3)
providing accurate resultsand thus applied to determining the solubility of terpenes in

water (4.4).
4.2.Mutual solubilities, densities and viscosities of ionic liquids and water
4.2.1. Introduction

Over the last yars, ionic liquids (ILs) have been the subject of intensive investigations as a
new class of neoteric solventsTheir hermodynamic data such as liqgidjuid

equilibrium (LLEANd thermophysical properties have beetdely studysince they can be
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used todevelop thermodynamic model$ and allow better understanding of the ILs
nature, their benefits and limitations at an industrial sciteMoreover, it is weltknown

that the ILs phase equilibrium and their thermophysical properties are significantly
influenced by the presence of watéf}3’>a factor that makes the knowledge of the
thermophysical and thermodynamic properties of wataturated ILsvery important
together with the information that it provides on their environmental impact, toxicity and
bioaccumulatior?’® Albeit nonvolatile, even strongly hydrophobic ILs, Buas the
bis(trifluoromethylsulfonyl)imidebased fluids, presensome solubility in wate’” and

thus may create environmental problems in case of their accidental release into the

environment.

In what concerns the #water miscibilities, the IL anion plays a major role although the
cation also influences the hydropholiicor hydrogerbonding ability of the IL and can be
further used to fine tune this property/®3®’ For instance, the -butyl-3-
methylimidazolium cation, Ciim]*, in combination with anions like ‘CBr, [CESQ] or
[BR] are totally miscible with water at room temperature; yet, combined with [C§EN)
[PR]®or [NTE]>they tend to phase separate at the same temperatéfdowever, if the
alkyl side chain of the IL cation is sufficiently long, thevdter system also display two
phases, as happens with theefGGim][BR] ILs384385 Therefore, the wide array of
possible catioranion combinationsllows aflexibility in designing new ionic fluidsi@ in

optimizing their physical/chemical properties for particular applications.

Densities and viscosities have bemwvestigated overthe last yearsand a significant
number of workshave been publishedn the relationships between the structures of ILs
and their fundamental propertie¥0.182.214,284,374,375,38893 Qn the other hand, systematic
studies on the effect of wateon the ILs densities and viscosities were alstudied but
are still scarcél#2353%397 |n gl situations it was found that the water content has a

strong effect on the viscosity of the ILs, while the effect is less significant on their

The works preserd in this section areextensiors of our investigation into watetLs

miscibility for ILs containing the bis(trifluoromethylsulfonyl)imide anigi’8.384382 The
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systems studied so far showed a very low solubility of ILs in the wiaterphase,
consderable water mole fraction solubility in the-tich phase, and an upper critical
solution behavior As part of our ongoing work on the LLE between {JNJdsed ILs and
water, we present here new data for ILs that have mdetherto poorly investigated,
focused on the structural variations of the cation, namely the number of alkyl side chains
and their structural isomerismMoreover, the densities and viscosities of binary mixtures
of water and ILs, namely for ILs composed of the common anion

bis(trifluoromethylsulfonyl)imide arediscussed
4.2.2. Experimental methods
Mutual solubilities

The mutual solubilities between water and ILs were determined in the temperature range
from (288.15 to 318.15) K and at atmospheric pressure using a LLE method previously
detailed 378380 The ionic liquid and water phases were initially vigorously stirred and
allowed to settle and equilibrate for at least 48*M.This period of time proved to be
enough to guarantee a complete separation of the two phases, as well as their saturation.
The samples, in tightlglosed glass vials with a septum cap, were put insidel@miaum

block specially designed for this purpose, as schematically depictétjime 48. The
isolated air bath is capable of maintaining the temperature within £+ 0.01IThé
temperature control was achieved with a PID temperature controller driven by a
calibrated Pt100 (class 1/10) temperature sensor inserted in the aluminium block. A
Julabo (model F2BID) refrigerated bath and circulator was used as the cooling source of
the thermostatized aluminium blocKhe temperature accuracy was +0.01Béth phags

were sampled at each temperature from the equilibrium vials using glass syringes

maintained dry and kept at the same temperature of the measurements.

The solubility of water in the Jtich phase was measured by KF titration, whereas the
solubility of L in the watefrich phase was measured by A& spectroscopy, using
SHIMADZU W1700 PharmaSpec Spectromet@r = 209 nm for [@m][NT%] and
[GIM][NTH]; and 211 nm for all other ILsSyhis wavelength was found to be the maximum

UV absorption wavelerly for the imidazoliurdbased ILs investigated here.
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Approximately 0.1 g of the Hich phase was sampled and directly injected in the KF
coulometric titrator to determine the water content. For the watech phaseca. 0.5 g of
each sample was taken andluted in (250500) cni of ultrapure water. At each
temperature, each measurement was repeated at least 5 times, and the results are
reported as the average solubility value along with the respective standard devialons.
case of observing large standaddviations, new equilibrium phases were produced and

new measured values added.

Figure 48. Scheme of the apparatus used for the mutual solubility measurements. (A),
PID temperature controller; (B), Isolated air bath; (BLimhum block; (B2), Pt100 (class
1/10) temperature sensor; (B3), Thermostatic fluid; (C), Refrigerated bath.

Densities and viscosities

Densities and viscosities measurements of wa@urated ILs (of the dtich phase) were
carried out at atmospheric presre and in the (298.15 and 363.15) K temperature range
using an automated SVM3000 Anton Paar rotational Stabinger viscometsimeter.

The uncertainty of temperature is £ 0.02 K, the relative uncertainty in the dynamic
viscosity is + 0.35%, and the ahge uncertainty in density is + 5-#@-cm?. Saturated
solutions were prepared, at 298.15 K, by mixing ILs and water in excess amounts and
allowing the mixture to reach the equilibrium by the complete separation of the two

phases, and for at least 48K
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4.2.3. Theoretical approach
COSMEGRS

COSMGERS is a predictive method developed by Klamt anevarkers for providing the
thermodynamic equilibum of fluids and mixtures and that uses a statistical
thermodynamic approach based on the results of unimolecular quantum chemical
calculationg%%21®8 The model can be used to predict the phalsehavior of binary
mixtures and subsequently the concentration of each component in a given pHaisSe.
Previously we used COSMR3 to predict the equilibriurbehaviorof ILs and water and

confirmed its high capability as a predictive t§61:38°

The standard procedure of COSNRS calculations employed in this work consisted
essentially in two steps(i) the continuum solvation COSMO calculations of electronic
density and molecular geometry that were performed with the TURBOMOLE 6.1 program
package on the density functional thedgvel, utilizing the BP functional B&B6 with a
tripley @ f SyO0S LIR2fFNAT SR olaira aSia 6¢wxt
approximation??° (ii) the estimation of the phase diagrams of binary mixtures of ILs and
water performed with the COSMOtherm program using the parameter file
BP_TZVP_C20 0111 (COSMOlogic GmbH & Co KG, Leverkusen, G8riemngletailed
calculation of the phase equilibrium using COSMOtherm is explained in our previous
work.#% In all calculations, the ILs were always treated as isolated ions ajuhetum
chemical levelln a previous work* the best predictions of the experimental data were
obtained with the lowest energy conformations or with the global minimum for both
cation and anion. Thus, in this work, the kst energy conformations of all the species

involved were used in the COSMRS calculations.
Temperature dependence and thermodynamigrfctions ofsolution

To describe the temperature dependence of the experimental mutual solubilities aiming
at determining the thermodynamic functions of solution, two correlations were
employed. The solubility of water in theiich phase is described by EquatbA9, while

the solubility of IL in the waterich phase is expressed using Equa#dt0,*0?
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Inx, = A+ (419

T/K

+EIn(T/K) (4.20)

Inx, =C+ D
T/

where x1 is themole fraction solubility of water in the ionic liquigis the mole fraction
solubility of the ionic liquid in watefT is the absolute temperature; and, B, C, DandE

are fitted parametersFor the solubility of watemi the IL-rich phase, itis assumed that
the process occurs at constant molar enthalpy of solutidrile for the solubility of the ILs

in water, there is a significant dependence on temperature for the enthalpy of solution

Aiming at exploring the moleculamechanisms behind the solvation phenomena, the

molar thermodynamic properties of solution, namelyne standard molar Gibbs
energy(D.,G’), enthalpy (D,,H?) and entropy (D,,S) of solution were derived.

These thermodynamic pperties are associated witbhanges that occumithe solute
neighborhoodwhen one solute molecule is transferred from an ideal gassphto a
diluted ideal solution andvere calculated using Equatiods21-4.23%78 for the waterrich
phase, where the solute could be considered at infinite dilution. In thiclLphase, the
solubility of water is higher and thessociated thermodynamic molar functiooannot be

determined

D,,Gy = - RTIN(X,), (421)

soIHr?1 — aa# n X2 g (422)

Y 423
sol™~m 8 HT Hp ( )

where x2 is the mole fraction solubility of ionic liquid in wateRis the ideal gas constant,
subscriptp indicates isobaric condition during the process and the subsamipgfers to

molar quantity.
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Furthermore, when dealing with liquieuid equilibrium, the standard molar properties

of solvation can be estimated using the following equati®fs:

DsoIHr?1 = sttHr?1 +D?Hr?1 (424)
ap(s2,T)a
D,,G° =D, G + RTlné%g (4.25)
C hs
D, H°- DG
D, S0, = 2ot m” DoiCn (4.26)

T

where p(s2]T) is thevapor pressure of the solute at the temperaturé and p° is the

standard pressure of fPa.

The standard molar enthalpy of solutioB

.H s IS @ sum of the standard molar enthalpy

of solvation,D,,H ., that reflects the solutesolvent interaction, and the standard molar
enthalpy of vaporization of the solute to form an ideal ga&H° . The standard molar

Gibbs energy of solvationp,,G?, can be then derived using the hypothetical reference

state for the solute, which considers the solute in the gas phase and at the standard

pressure.
Densty

From the linear dependency of the density with temperature, at 0.1 MPa, the isobaric
thermal expansion coefficienth, (which considers the volumetric changes with
temperature), can be calculated according to Equadd8, that is further derived from

Equation4.27 used to correlate the density as a function of temperature,

Inr=A+AT (4.27)

1aw g _ auinrg
a,=- -4 8 =- 0 =-A
P orgHUTs ¢ WT 5 (428)

where Ao, and/A; are fitting parameters;, A & (0 KS R S¥aadiTis&he abgolue 3~ Y

temperature in K
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Methods to estimate the mutual solubilities of ILs and water are of utmost importance
due to the enormous possible combinations of cations and anions to form ILs and,
consequently, the extended number of experimental measurements necessary. For the
prediction of the solubility of ILs in the wateich phase, several methods have been
proposed?®® However, and as a consequence of the dominant hydrdgamding
interadions, the solubility of water in the dlich phase is more difficult to predict. In this
sense, a faster, easier, and reliable method supported on the densities of pure and water
saturated ILs can be usé®. Thus, and assuming that the excess molar volumes are
negligible in the narrow mole fraction solubility rangbgetiLs water solubility can be

estimated using the following equations,

Vm,mixture :Vm,IL 3 (1_ X\N) +Vm,w3 Xw (429)
- 3 3
Vm,mixture = (l )QN) M > i XW M = (430)

r

mixture

where M is the molecular weight in kg-mbhnd Vi is the molar volume in famot*. The

subscriptdl, w, andmixtureare IL, water and watesaturated ILs, respectively.
Viscosity

The viscosity describes the internal resistance of a fluid to a shear stress, and as it is well
known, most ILs display higher viscosities than common molecular solvents. The ILs high
viscosities are a direct consequence of their high molecular weights as well as their
multiple intermolecular interactions (@donding, dispersive and electrostatic
interactions). The energy barrieE)(is the energy value thatust be overcame in order

for the ions to move past each other in the fldft.The larger i€ the harder it is for the

ions to move past each other, which is inherently related with the interactions oogurri

in the fluid. The energy barriecan thus be correlated with structural information on the

IL, and can be determindmhsed on the viscosity dependence with temperature using the

following equatiory'82

£ - Ru(:T(E(TT))D (431)
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where' A& @A &a023aA RBtheigAscdistant. a2 | Yy R

In order to calculate the energy barrier of the watsaturated ILs studied in this work, the
experimental viscosity data were initially correlated through the Vobainmanig

Fulcher (VTF) modé&i?expressed by equatios.32,

hY

€ B 2

where A, B, andC are adjustable parameters estimated from experimental data.

4.2.4. Impact of the cation symmetry on the mutual solubilities between water

and imidazoliumbased ionic liquids

Monia A. R. Martins, Catarina M. S. S. Neves, Kiki A. Kurnia, Andrelaulsifd. N. B. F.
SantosMara G. Freire, Simao P. Pinkalodo A. P. Coutinho, Fluid Phase Equilibria 375
161¢167(2014), DOI: 10.1016/j.fluid.2014.05.013

42.4.1. Abstract

Aiming at the evaluation of the impact of the ionic liquids (ILs) cation symmetry on their
phase behavior, in this work, novel mutual solubilities with water of the symmetric series
of [G:GIm][NT%] (with n = 1-5) were determined and compared with their isomeric forms
of the asymmetric [@&im][NTH] group. While the solubility of isomeric licswater was
found to be similar, the solubility of water in ILs follows the same trend up to a maximum
cation alkyl side chain length. Fonk n  Gigi][NTk] the solubility of water in the
asymmetric ILs is slightly higher than that observed inasgmmetric counterpartsThe
thermodynamic properties of solution and solvation derived from the experimental
solubility data of ILs in water at infinite dilution, namely the free Gibbs energy, enthalpy
and entropy were used to evaluate the cation symmaedfiect on the ILs solvatiorit is
shown that the solubility of ILs in water is entropically driven and highly influenced by the
cation size. Accordingly, it was found that the ILs solubility in water of both the symmetric

and asymmetric series depends timeir molecular volume. Based on these findings, a
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linear correlation between the logarithm of the solubility of ILs in water and their molar

volume is here proposed for the [NJFbased ILs at a fixed temperature.
4.2.4.2. Chemicals

The experimental mutual solillties with water were carried out for the 5 ILs presented

in Table 47. The chemical structures of the studiedmpounds are presented iRigure

4.9. To reduce their impurities, individual samples of ILs vekred under vacuum at 0.1

Pa and 353.15 K, der constant stirring, and for a minimum period of 48 h. After, the
purity of each IL was checked Hy, 1°C, and*®F NMR. The water content of the dried ILs
was determined using a Metrohm 831 Karl Fischer (KF) coulometer, with the analyte
HydranaP- Coubmat AG from Riedale Haén, and was found to be below 100 ppm for

all samples. Ultrapure water, double distilled, passed by a reverse osmosis system and
further treated with a MilliQ plus 185 water purification apparatus, was used throughout
the mutual sdubility experiments ¥ (H,O)= 18.01528 g-mé). The water used presents a
NEBaArAaoAgAalde 2F my odn amPlOYR Ad ¢HNBE S Y2  LS-NNIGAK

Table 47. Investigated ionic liquids: name, abbreviatioousce, molecular mas#$A), and

purity.

Chemical Name Abbreviation  Source M (g-mol)  Purity (mass %)
1,3-dimethylimidazolium . _
o o [GGIM][NTE]  lolitec 377.29 > 99
bis((trifluoromethyl)sulfonyl)imide
1,3-diethylimidazolium . _
o o [GGIM][NTE]  lolitec 405.34 > 99
bis((trifluoromethyl)sulfonyl)imide
1,3-dipropylimidazolium
[GGIM][NTE]  lolitec 433.39 > 99
bis((trifluoromethyl)sulfonyl)imide
1,3-dibutylimidazolium
oo ~ [CGIm][NTE]  lolitec 461.45 >99
bis((trifluoromethyl)sulfonyl)imide
1,3-dipenthylimidazolium
[GGIM][NTE]  lolitec 489.50 > 99

big((trifluoromethyl)sulfonyl)imide
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R1\N/\

Symmetric

[GGIm]*
n=15

Asymmetric
[GGim]*

n=3,5,7,and 9
R=R=(GHxv1) R=CH

R = (GHansd)

Figure 49. Chemical structures of the studied imidazolimased ILs.

4.2.4.3.

Results and discussion

Mutual solubilities between ionic liquids and ater

The novel gperimental solubility data for the seriesa[GIm][NT%] (with n = 15), along

with the respective standard deviations, are presented able 48 and4.9. The solubility

data for the asymmetric imidazolimased ILs, KCim][NT%] (with n = 28) were

previously reportec?’® and are here used for comparison purposes.

Table 48. Experimental mole fraction solubility of waterw) in ILsas a function of

temperature and at 0.10 KPa.

T/K

[GGIm][NTE]

[GGIM][NTE]

[GGIM][NTE]

[CGIM][NTE]

[GGImM][NT%]

Xw

Xw

Xw

Xw

Xw

288.15
293.15
298.15
303.15
308.15
313.15
318.15

0.312 (0.002)
0.335 (0.002)
0.354 (0.004)
0.376 (0.001)
0.395 (0.001)
0.424 (0.006)
0.451 (0.007)

0.241 (0.004)
0.261 (0.001)
0.277 (0.001)
0.290 (0.001)
0.305 (0.002)
0.322 (0.002)
0.341(0.001)

0.194 (0.007)
0.206 (0.001)
0.223 (0.001)
0.240 (0.002)
0.255 (0.002)
0.270 (0.001)
0.285 (0.003)

0.159 (0.004)
0.172 (0.001)
0.184 (0.003)
0.196 (0.002)
0.207 (0.002)
0.219 (0.006)
0.233 (0.002)

0.132 (0.002)
0.148 (0.001)
0.158 (0.001)
0.170 (0.001)
0.184 (0.02)

0.197 (0.001)
0.209 (0.002)

aThe correspondent standard deviation is presented between brackets. Standard uncertainties,
areu(T) =0.01K,andu,(p) =0.05 KPa.
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Table 49. Experimental mole fraction solubility of ionic liqui) in wateras a function

of temperature and at 0.10 KPa.

[GGIM]NTE  [GGIM]INTE  [GGM|[NTE]  [GGIM][NTR]  [GGIm]NTE]
10° X 10% XL 10% X 10° XL 10° XL

288.15  1.38 (0.03) 5.23 (0.04) 1.82 (0.02) 6.89 (0.02) 1.94 (0.03)
293.15  1.42(0.01) 5.31 (0.03) 1.86 (0.01) 7.03 (0.02) 2.05 (0.08)
298.15  1.49 (0.01) 5.36 (0.01) 1.92 (0.02) 7.25(0.) 2.11 (0.02)
303.15  1.60(0.02) 5.79 (0.04) 2.00 (0.01) 7.62 (0.01) 2.23 (0.01)
308.15  1.69 (0.01) 6.13 (0.05) 2.06 (0.04) 7.90 (0.07) 2.35 (0.01)
313.15  1.72(0.01) 6.50 (0.06) 2.14 (0.02) 9.00 (0.06) 2.50 (0.02)
318.15  2.03(0.02) 7.04 (0.08) 2.25(0.02) 9.61 (0.07) 2.71 (0.04)

aThe correspondent standard deviation is presented between brackets. Standard uncertainties,

areu(T) =0.01K,andu/(p) =0.05 KPa.

The inspection ofrable 48 indicates that the solubility of water in the IL is alwaymve
AY Y2ES FTNIOGA2YST RS&ALIAGS GKS @&KeéRNER LI

based ILsTable 49, on the other hand, indicates that the mole fraction solubility of ILs in

nowm

water is in the order of 1®to 10°, and therefore the dissolved.$ can be considered at

infinite dilution.

The liquidliquid phase diagrams of all the GIM][NT%] ILs studied, along with the
[G.GIm][NTH] previously investigate@® are depicted inFigure 410. Concerning the
phase digrams, two features must be highlighted) the studied ILs and water binary
systems display a common UCST behavior asymmetrically centered in the low
concentration region of the ILgj)(the mutual solubilities between ILs and water, in both
series, derease with increasing the cation alkyl side chain of ILs. This is the expectable
behavior given the increasing hydrophobic nature of ILs with the aliphatic moiety
increase. These features are also observed in the phase behavior of water with other

imidazolum-based ILs combined with the [Bfor [PFk]- anions380.384,404
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T/K

(a)

310 -
305 -
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295 -

290 -~

285
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300 -

295 -

290 -

285

(b)

01 02 03 04 05 0.99% 0997 0998 0998 1.000
Figure 410. Liquidliquid phase diagmas of water and ionic liquidga) ionieliquid-rich
phase; and (b) waterich phase. Symbols (exfp@ental data): (+), [Gim][NTE]; (2 ),
[CGIM]INTE]; (), [GGIM]INTE];(P), [GGIM]NTE];, (A), [GGIM]NTE; (@),
[CCIm][NTE]; (), [GGIM][NTE]; ( ), [GGIM]INTE], and ¢ ), [GGIM]INTE]. The
matching colo full and dashed lines represg respectively, the COSMRS predictions

for the ILs containing asymmetric and symmetric cations.

In order to check the validity of the results obtained, a literature revision was made. Data
for the mutual solubilities with water of [Cim][NT£]*%> and [GGIM][NT£]*%¢ were
found and are represented iRigure 411 together with the experimental values. As can
be seen, in the ionic liquid rich phadégure 411a, the discrepancy is not significant for
both ionic liquids, and takingh account the different experimental conditions we can
conclude that values are in agreement. However, in the waterplthse,Figure 411D,

the values presented for Gardas andworkers'®® are considerably distinct. These data
R2Yy QU LINBed &itical solutipn telzipiraturdéehavioras was expected and as was
already proved in some worR82384404| § X3 g2NIK (2 ale& G(KIG
workers'% also presented two points in the wateich phase, but the temperatures used

are much different from the ones used in the present work and, thus, they do not allow a

reasonable comparison
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Figure 411. Comparison with literature data: (a) iodiquid-rich phase; and (b) water
rich phase. Symbols:, (), [GGIM][NTS] this work; { ), [GGIM][NTE]%5 (),
[GGIM][NTE] this work; and { ), [GGim][NT#]4%6,

The main goal of this work is to provide a better understanding of the impact of the
symmetry of the IL cation and, to this end, two series of ILs are compared: symmetric and
asymmetric ones with the same number of total methylen@ups in the alkyl side
chairs. Figure 4.18 shows that the solubility of water inJGim][NT%] and [GGIm][NTE]

are similar to those of their structural analogues or isomersGi@][NTE] and
[GGIm][NTH], respectively. On the other hand, water ggents a somewhat lower
solubility in [GGIm][NTE] and [GGIm][NTH] than on [GGim][NTE] and
[GGIm][NTH].4%7 Thus, for the long &Yl chain length isomers, the ILs with an asymmetric
cation are able to dissolve a higher content of water. A symmatgmmetry effect was

also recently reported for other properties of the same ILs series, such as density and

viscosity:2 volatility % heat capacity’?®4%surface tensiorf!'4*?and refractive index!?

The solubility of isomeric ILs in water is essentially identical, as shadvigure 410b. The
solubility of poorly soluble compounds in teg is known to be primarily controlled by
their molar volume®®? Since the molar volume for isomeric ILs is identical, containing
either symmetric or asymmetric cations, their solubilities in water are very close. The
effect of the molar volumeVn, on the solubility of ionic liquids in water has been
discussed in our previous workd:3! The Vin of each ionic liquid at 298.15 K was
determined based on experimental density data taken from literafffeand the

aqueous solubility expenental data used were those obtained in this work along with
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other results taken from the literatur&’® The dependence of the IL solubility in the
water-rich phase with the IL malavolume, at 298.15 K, is shown kigure 412. A very
good correlation between the logarithm of the solubility,Xgy, and the molar volume,

Vm, Was obtained while covering a wide range of magnitudes regarding the solubility mole
fraction data. Thus, is here shown that a large range of solubilities of pNb&sed ILs in

water can be estimated using their molar volumes and the equation providédgure

4.12 caption.
.6
= [C,C,im][NTF,]
E
7 [CGGIm]INTS] .
(c,C imyine, ¢ [ CMINTE]
i [C,C,im][NTf,
_9 L
-10 -
o [CsCsim][NTS,)
-12 |
200 250 300 350 400

3, -1
V,,/cm3-mol

Figure 412. Solubility of [NTA-based ILs in wateekpressed in mole fraction) as function
of the IL molar volume: I®{) =-0.0309 ¥w/cm3-mol') + 0.9357R = 0.9947. All data are
at 298.15 K.

Temperature dependence and thermodynamic functions algion

The fitted parameters of equations® and 420 along withtheir standard deviations are
presented inTable 410. The proposed correlations present a maximum relative deviation
in the experimental mole fraction data of 2 and 3%, for the waitel and Itrich phases,

respectively.

The molar thermodyamic properties othe ionic liquid solvation in water are reported in
Table 4.11t 298.15 K.
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Table 410. Estimated parameters for the mole fraction of water in theitlh phase and

IL in the watetrich phase estimated usirfgquations4.19 and4.20, respectively?

lonic liquid A B/ K C D/K E
[GGIM][NTE] 2.65 (0.08) -1098 (23) -337 (83) 13938 (3744) 50 (12)
[GGIM][NTE] 2.11 (0.09) -1102 (28) -359 (73) 15065 (3322) 53 (11)
[GGIM][NTH]  2.52 (0.08 -1197 (24) -131(28) 4954 (1240) 19 (4)
[GCGIM][NTE] 2.12 (0.07) -947 (34) -462 (96) 19516 (4309) 68 (14)
[GGIM][NTE] 2.76 (0.15) -1372 (38) -217 (45) 8495 (2022) 31 (7)

aThe correspondent standard deviation is presented between brackets.

Table 411. Standard thermodynamic molar properties of solution of ionic liquids in water
at 298.15 K2

D,H2/kIGnol ™ D.,G>/kJGnol* D, S5 /I * Gnol ™t
[GGIM][NTE] 7.6 (1.5) 16.131 (0.017) -28.6 (5.0)
[GGIM][NTE] 5.8 (1.5) 18.672 (0.014) -43.3 (5.0)
[GGim][NTH] 4.7 (1.5) 21.218 (0.026) -55.2 (5.0)
[CCim][NTE] 6.0 (1.5) 23.629 (0.003) -59.2 (5.0)
[GGIM][NT%] 7.0 (1.5) 26.687 (0.024) -66.1 (5.0)

aThe correspondent standard deviation is presented between brackets.

At 298.15 K, the standard Gibbs energy of solution of the ILs in water increases with the
alkyl chain leading to a lower solubility in watesth the increase of the respective
aliphatic moieties. The enthalpies of solution derived from experimental dadavghat

the dissolution of ionic liquids in water is an endothermic process, thus leading to an
UCSHTiype of phase diagram. As previously shown, the enthalpies of solution of ILs in
water are very little dependent on the alkyl side chain length of théoo’® and this

trend is also observed with the symmetrich@Gdm][NT%] series of ILs. These results
confirm that the solubility of ILs in water is entropically driven, as prewoaisserved for
[G:GIm][NT%]3"8 and [Pk]-based 1LE8° Figure 413 presents the experimental entropies

of [GGIM][NTE], [GGIM][NTE],2"® and [GGIm][PR]3° as function of total methylene

groups in the two alkyl side chair$, The entropies of solution of these three series of ILs
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in water exhibit asmall decrease in the entropy of solution of approximatélyl-k-mot*

per methylene addition to the cation. In addition, the entropies of solution of ILs in water
decrease with increasing cation alkyl side chain length, regardless of the anion.itThus,
can be concluded that the decrease of the ILs solubility with the increase of the alkyl side
chain length is driven by the linear decrease of the entropy of solution, related with the
increase of the cavitation entropy very identical to that the obsdrue the solvation of

linear alkanes and alcohols in watéf:#15

-10 -
-20 -

-30 L

A,S,.°/)-K1-mol?

-40 | =
-50 | \\i~,
-60 | ==

70 -

-80 :
2 4 6 8 10
N/Total methylene groups in the alkyl side chains

Figure 413. Standard molar entropy of sdion, D_ S, as function of total methylene

sol™~m

groups in the alkyl side chairs, of ILs. Symbols: ( solid line), [@&im][PF],3° D,S> =

-4.7N+ 10.3, R= 0.9931 ;\(, dashed line), [{Cim][NT%],%"® D, S%=-5.2N + 19.4, R=

sol

0.9832; and £ , dotted line), [@GIM][NTH], D, S°= - 4.5N - 23.2, R = 0.9459. The
symbols and line represents the estimated| S’ calculated using Equation 28 and

dependency oD, S° as function oiN, respectively. All data are at 298.15 K.

sol™~m

The conventional standard molar properties of solvation weetermined through the
reported vapor pressures and the standard molar enthalpy of vaporization of each IL
studied at 298.15 R%8416The reported vapor pressures were used to extrapolate them to
298.15 K using the Clarke and Glew equation. The conventional solvation thermodynamic

functions at 298.1%, and for the ILs studied, are presented able 4.12
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Table 412. Standard molar properties of solvation of ionic liquids in water at 298.15 K.

D, H2/kJGnol* D_G2/kJGnol* DS /I *Gnol*

[C.GIM][NTE] -128.8 (1.8) -63.775 (0.017) -218.1 (4.5)
[GGIm][NTH] -123.3 (1.8) -57.017 (0.024) -222.3 (4.5)
[G:GIM][NTE] -131.3 (1.8) -55.226 (0.026) -255.1 (4.5)
[CCIm][NTE] -134.8 (1.8) -53.867 (0.003) -271.4 (4.5)
[G:GIm][NTE] -143.6 (1.8) -54.087 (0.024) -300.3 (4.5)

aThe correspondent standard deviation is presented between brackets.

The standard molar Gibbs energies of solvation increase with the alkyl chain length
(decrease of the IL solubility in water). The resalisw, with exception othe outlier IL,
[GGIM][NTH], a regular decrease the molar enthalpies and entropies of solvation as a
function of the alkyl chain length, highlighting the role of the entropy in the solvation of

ionic liquids in water.
COSMEGRS

Figure 410 presents theCOSMERS predicted phase diagrams of the binary mixtures
composed of ionic liquids and water. The results obtained with COBBIGhow an
acceptable qualitative agreement with the experimental data, and as previously
observed®’437%380 The same hydrophobic character increase, at the waitdr side, is
observed both in the experimental data and in the predictions. Furthermore, thdasimi
trends of mole fraction solubility of water in symmetric and asymmetric ionic liquids are
also well predicted by COSMRS. Higher relative deviations were observed in the water
rich phase due to the very low solubility of the studied ionic liquids atew In spite of

the quantitative deviations obtained with COSNRS from experimental data the model

is able to correctly display the alkyl chain length and cation symmetry impact in these
mutual solubilities. Thus, COSMRS proved to be a useful prediei method for the a
priori screening of ionic liquids to find suitable candidates for a given task, before

extensive experimental measurements.
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It is worth mentioning that we also used the latest COSMO file parameterization,
BP_TZVP_C30_1301 and the resalte given in Figur846 of Appendix 4 Despite the
new parameterization being able to correctly predict the trend of water mole fraction in
the IL:rich phase, the phase diagram of ILs in the waitelh phase deviates much more
from the experimental redts. Moreover, the predicted phase diagrams behavdsplays

a wrong trend with temperature.

4.2.5. Analysis of the isomerism effect on the mutual solubilities of

bis(trifluoromethylsulfonyl)imide-based ionic liquids with water

Moénia A. R. Martins, Catarina M. & Neves, Kiki A. Kurnia, Luis M. N. B. F. Shtdrss,
G. Freire, Simédo P. Pinho & Joédo A. P.idloutFluid Phase Equilibria 3828¢35 (2014),
DOI:10.1016/j.fluid.2014.08.007

4.25.1. Abstract

The knowledge of the liquitiquid equilibria (LLE) between ioriquids (ILs) and water is

of utmost importance for environmental monitoring, process design and optimization.
Therefore, in this work, the mutual solubilities with water, for the ILs combining the
1mmethylimidazolium, [@m]*; 1rethylimidazolium, [@m]*; 1-ethyl-3-propylimidazolium,
[GGIm]*; and  Tbutyli2,3mdimethylimidazolium, [@&Gim]* cations with  the
bis(trifluoromethylsulfonyl)imide anion, were determined and compared with the
isomers of te symmetric 1,3lialkylimidazolium bis(trifluoromethylsulfonyl)imide
([GGIm][NTE], with n = 13) and of the asymmetric -alkyt3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([{Ciim][NT%], with n = 25) series of ILs. The results
obtained provile a broad picture of the impact of the IL cation structural isomerism,
including the number of alkyl side chains at the cation, on the whtenutual solubilities.
Despite the hydrophobic behavior associated to the pNEnion, the results show a
signficant solubility of water in the tich phase, while the solubility of ILs in the water
rich phase is much lower. The thermodynamic properties of solution indicate that the
solubility of ILs in water is entropically driven and highly influenced by thencaize.
Using the results obtained here in addition to literature data, a correlation between the

solubility of [NTf]-based ILs in water and their molar volume, for a large range of cations,
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Is proposed. The COnductor like Screening MOdel for Re@nBCOSMM®RS) was also
used to estimate the LLE of the investigated systems and proved to be a useful predictive
tool for the a prioriscreening of ILs aiming at finding suitable candidates before extensive

experimental measurements.
4.25.2. Chemicals

The ILs sidied in this work are displayed ifable 4.13band their chemical structurés
presented inFigure 414.

Table 413. Investigated ionic liquids: name, abbreviation, source, molecular mass (M),

and purity.
Chemical Name Abbreviaton  Source M (g-mol) Purity (mass %
1methylimidazolium
o o [GIM][NTE] lolitec 363.25 > 99
bis(trifluoromethylsulfonyl)imide
lrethylimidazolium
o o [GIM][NTE] lolitec 377.28 > 99
bis(trifluoromethylsulfonyl)imide
1-ethyl-3-propylimidazolium . .
o o [GGImM][NTE]  lolitec 419.37 > 99
bis(trifluoromethylsulfonyl)imide
1butyl?,3rdimethylimidazolium _ .
o o [CGGGImM][NTE] lolitec 433.39 > 99
bis(trifluoromethylsulfonyl)imide
0 N N \ N\//
NH °N* NH °N*
A Y >(\\ % ﬁ<
[Ciim]* [Coim]” [NTf,]"

o b

[C,C3im]* [C,C,Cqim]*

Figure 414. Schematic representation of chemical structure bé tstudied imidazolium

based ionic liquids.
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Toreduce the water and volatile compounds content to insignificant values, individual
samples of ILs were dried under vacuum at 1 Pa and constant stirring at 353 K, for a
minimum of 48 h. After, the purity of eh ionic liquid was further checked By, 13C, and

F NMR spectra. A Metrohm 831 Karl Fischer coulometer using the analyte H§dranal
Coulomat AG, from Riedde Haén, was used to determine the water content of the

dried ionic liquids, and was found b® below 100 ppm for all samples. The water used in

the measurements was double distilled, passed by a reverse osmosis system and further
treated with a MilliQ plus 185 water purification apparatus, presenting a resistivity of 18.2

ami OYX | ¢hy @YPAVRBYINKS 2F LI NIAG(HED= f | NBS
18.01528 g-mad).

4.2.5.3. Results and discussion
Mutual solubilities between ionic liquids and \ater

The experimental data for the mutual solubility between water and the studied ILs, along

with the respective standard deviations, are giverable 414 and4.15,

The analysis ofable 414 reveals a significant mole fraction solubility of water in the IL

rich phase, and above 0.5 for theif@][NT:] and [GIm][NT%] ILs. Thus, in spite of the
hydrophobic character usually associated to the bis(trifluoromethylsulfonyl)imide anion,

it is shown here that monosubstituted ILs dissolve large amounts of water. The change on
0KS yFddz2NE yR I OARAGE 2F (K& AYOARRRAEE® f SAAAYS
a saturation limit above 1:1 for the pair wattlr. The water solubility in §Gim][NT]

and [GCGGIm][NTE] is of the same order observed previously in theQi@n][NT%] and
[G:GIm][NTH] series3’84930n the opposite side of the phase diagram, the mole fraction
solubility of ILs in the watetich phase is much lower, in the order of 3® 10%, which

may be considered as an almgstre phase with the IL close to infinite dilution.

In general, an when comparing the data obtained foiifJ[NT£] and [GIm][NT%], the
mutual solubilities with water decrease with the increase on the alkyl side chain length of
the cation due to an inmease in the IL hydrophobic character. For all the studied ILs, the

mutual solubilities increase with temperature, displaying an upper critical solution
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temperature behavior. This is the expectable behavior, and also observed with other
imidazoliumbased Ls combined with the [BF or [PF]™ anions38038+404Watanabe and
Katsuta (2014%7 reported the solubility of [@&GGIm][NTE] in water at 298.15 K. The

relative deviation to the experimental value measured in this work is only 5%.

Table 414. Experimental mole fraction solubility of water in ionic liquidg, at different

temperatures and at 0.10 MPa.

K [Cim][NTE] [Gim][NTH] [C:GIm][NTE] [CGGIM]NTE]
Xw Xw Xw Xw

288.15  0.627 (0.009)  0.604 (0.010) 0.209 (0.002) 0.168 (0.001)
29315  0.648 (0.003)  0.612 (0.010) 0.222 (0.002) 0.183 (0.002)
298.15  0.667 (0.005)  0.628 (0.006) 0.239 (0.001) 0.191 (0.001)
303.15 0.686 (0.001)  0.641 (0.004) 0.256 (0.001) 0.212 (0.001)
308.15  0.709 (0.001)  0.659 (0.005) 0.278 (0.006) 0.229 (0.001)
31315  0.720(0.003)  0.673 (0.007) 0.296 (0.003) 0.244 (0.002)
318.15  0.736 (0.010)  0.682 (0.012) 0.314 (0.003) 0.263 (0.001)

aThe correspondent standard deviation is presented between brackets. Standard uncertainties,
areu(T) =0.01K,andu,(p) =0.05.

Table 415. Experimental mole fraction solubility of ionic liquids in water, at different

temperatures and at 0.10 MPa.

ok [Cim][NTE] [CAm][NTE] [C:GIm][NTE] [C:GGim][NTE]
103X 103X 103X 103X
288.15  4.132 (0.037) 2.360 (0.004) 0.311 (0.001) 0.203 (0.002)
293.15  4.206 (0.027) 2.388 (0.019) 0.317 (0.001) 0.206 (0.008)
208.15  4.359 (0.011) 2.451 (0.008) 0.325 (0.001) 0.209 (0.001)
303.15  4.499 (0.053) 2.549 (0.001) 0.336 (0.002) 0.217 (0.003)
308.15  4.811 (0.032) 2.669 (0.019) 0.351 (0.002) 0.237 (0.001)
313.15  5.393 (0.020) 2.979 (0.060) 0.387 (0.002) 0.246 (0.003)
318.15  5.945 (0.026) 3.233 (0.010) 0.410 (0.014) 0.270 (0.001)

aThe correspondent standard deviation is presenbedween brackets. Standard uncertainties,

areu(T) =0.01K,and u,(p) =0.05.
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Aiming at studying the impact of the structural variation of ILs toward their mutual
solubility with water,Figure 415 depicts the phase diagrams of the studied ILs aloitly w
the corresponding isomers previously report&€&4°3The ionic liquids studied in this work
and the symmetric and asymmetric series with g@me number of methylene groups in
the alkyl side chains are compared, enabling us to investigate the impact of structural
isomers toward their mutual solubilities with water. As depictedrigure 415a, the mole
fraction solubility of water in the ionidiquid [GGIM][NTE] is similar to that of
[GGIm][NTR]. Considering now the IL {GGIm][NTR] with the respective structural
isomers, [@GIM][NTH] and [GCGim][NTE], the trialkytsubstituted IL presents a lower
solubility of water whereas the disbstituted ILs present similar solubility values. The
introduction of a third aliphatic moiety substituting the most acidic hydrogen clearly
reduces the hydrogefonding ability between the imidazolium cation and water with an
impact on the water solubtly. However, smaller differences are observed for the pair,
[GGIM][NTR] and [GGImM][NTH] that contain the same number of aliphatic tails.
Moreover, it is interesting to notice the significant differentiation of the solubility of
water in [GIM][NT£] and in [GGIM][NTE], also structural isomers. The change in the
chemical nature of the cation and the presence of 4dMNjroup increases the water
solubility in the IL to a mole fraction higher than 0.5 (above 1:1, water:IL) that is an

indication of a stong affinity and hydrogeibonding between NH and HO.
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Figure 415. Liquidliquid phase diagram for water and ionic liquids: (a), idijgid-rich
phase; and (b) waterich phase: %), [GIM][NT&]; (3), [GIM]INT&]; (I ), [GGIM][NTE];
(P), [GGIM]NTE]; (A), [GGIM]INTE]; (0 ), [GGGIM]INTE]; (), [GGIM][NTE]; and
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(* ), [GGIM][NT%]. The lines at the sameplorsrepresent the COSM@AS predictions for

the compounds measured in this work.

The mole fraction dability of the different ionic liquids in water is presented Rigure
4.15h. Also here, as noted in the-fich phase, the mole fraction solubility in water of the
ionic liquid [GGIM][NTE] is similar to that of [€&IM][NTH]. In the case of the trilyl-
substituted IL, [@2Gim][NTE], and their structural isomers §Gim][NT%] and
[GGIM][NTH], the solubility in water of the (CiGIm][NTE] is slightly larger than the
respective isomers, contrary to what happens in theich phase. The solulii}f of the
dissubstituted isomers HCsim][NT%] and [GGIm][NTE] is similar as they contain the
same number of aliphatic tails. Finally, concerning the solubility in water.oh][CITH]
and [GGIm][NT%], and similarly to what observed is therlth phase a large significant
difference, can be observed. Once again the strong affinity and hydrogeding
0S0G6SS$¢¥ dIP Rerdases the ionic liquid solubility in water.

In order to more thoroughly understand the impact of the structural variatiohnic
liquids on their mutual solubilities with water, the solubility variations are summarized in
Figure 416. The ionic liquids investigated in this work, together with the symmetric
([GGIm][NTE], with n = 1:3) and asymmetric ([Ciim][NT£], with n = 25) series are
analyzedin order to evaluate the variations in the mutual solubilities when adding a

methyl group.

As observed ifrigure 4.16in both phases, whenever a methyl group is introduced, the
solubility decreases. In the-fich phase, t8 reduction is within the range-5%, if the
introduction of the methyl group takes place in the aliphatic chains, and226, if

directly attached to the aromatic ring. Concerning the wateh phase, the reduction is

more pronounced but less distincg6-44% for an addition of a methyl to the aliphatic

chains, and 356% if to the aromatic ring. When the methyl group is added to the
aromatic ring, the highest percent decrease correspond to the paim]{INT] /
[&GIM][NTH] and the lowest to [@&IM][NTR] / [CGGIM][NTE], i.e., the introduction of

I GKANR FfALKIGAO Y2ASGe KlFha 4 ¢t 82 RPYLI Ol
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Figure 416. Schematic representation of the percent decrease in the mutual solubilitie

of ILs with water, when introducing a methyl group.

Concerning the Hich phase, when adding a methyl group taifd[NT#] in the aliphatic

OKIFAY GKS @GFNARFGA2Y Aa o3>3 o0dziz AE ORYRIIR
the variation is 47%.In the same way, the variation in the solubility to obtain
[GGImM][NTE] from a monosubstituted IL (Hn][NT%]) is much larger than from a
dissubstituted IL (Zim][NT£]). The addition of methyl groups to obtain the symmetric

and asymmetric seriesaoses a more or less constant variation in the solubilit§4%),

being [GGIM][NTH)/ [CsGim][NTH] the pair where the greatest variation occurs. Lastly

the [GGIm][NTE], where the introduction of a third aliphatic moiety to obtain
[GGGIM][NTE], reduce the hydrogetbonding ability and, consequently, causes a

significant decrease in the solubility.

On the other hand, in the watetch phase although the changes are larger than in the IL
rich phase, these seem more similar the different isomers.ifgiance, when adding a
methyl group to the monosubstituted IL{i@][NTH] the variations are 44 for the addition

to the aliphatic chain and 66 % if the addition takes place directly in the aromatic ring. To
obtain [GGIM][NTE] the addition of a methygroup to [Gim][NT%] cause a variation of
66% while the addition to [Ciim][NT%] causes a variation of only 44%. Again, the
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additions of methyl groups to obtain the symmetric and asymmetric series, causes
approximately constant variations in the sollityi (3643%). Concerning the trialkyl
substituted IL, [@CGIM][NTE], the addition of a methyl group to JGIim][NTH] causes
merely a reduction of 32% in the IL solubility. Moreover, is interesting to note that the
variation on the solubility betweenthe pairs [GGIM][NTL/[C2GIm][NT:] and
[GGIM][NTE]/[C2GIM][NTH] is almost the same in each phase, and four times higher in

the waterrich phase.
Temperature dependence and thermodynamic functions of solution

The fitted parameter®f equations 419 and 420 as well as their standard deviations are
listed inTable 4.6. The maximum relative deviation to the experimental data is 2%, for

both the waterrich and the ionic liquigich phases.

Table 416. Correlation parametergor the mole fraction solubility of water in the-tich

phase and IL in the wateich phase?

I A B/ K C D/ K E

[CIm][NTE]  1.252 (0.055) -494.1 (16.6) -554.0 (62.7) 23802.9 (2826.8) 82.3 (9.3)
[GImM][NTE]  0.853 (0.051) -392.4 (15.5) -503.6 (60.9 21623.2 (2746.8) 74.6(9.1)
[GGIM][NTE]  2.860 (0.084) -1277.7 (25.3) -382.0 (61.3) 16139.1 (2764.5) 56.1 (9.1)
[CGGIM][NTE  2.987 (0.145) -1376.3 (43.9) -390.6 (68.7) 16495.2 (3098.6) 57.4 (10.2)

aThe correspondent standard deviation is preshbetween brackets.

The molar thermodynamic functiorier the IL solution in water were estimated at 298.15

K and are reported iffable 4.%.

Table 417. Standard molar properties of solution of ILs in water, at 298.15 K.

D H2/kJGnol* D G?/kJGnol* D.,S%/JA& * Gnol !
[Gim][NTH] 6.0 (1.5) 13.475 (0.006) -25.0 (5.1)
[Gim][NT%] 5.2 (1.5) 14.901 (0.008) -32.7 (5.1)
[GCim][NTH] 5.0 (1.5) 19.910 (0.010) -50.1 (5.1)
[GGGIm][NTE] 5.1 (1.5) 21.000 0.017) -53.1 (5.1)

aThe correspondent standard deviation is presented between brackets.
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At 298.15 K, theD_ H?° of the studied ILs in water, remains approximately constant with

sol
the increase of the aliplic moiety, because when the ionic liquid is in aqueous solution
the interactions occur mainly with the charged head and are much less dependent on the
alkyl chain. The experimental enthalpies of solutidsoshow that the solubilisation of ILs

in water B an endothermic process, leading to an upper critical solution temperature
behaviortype phase diagram. On the other hand, the standard Gibbs energy of solution
increases with the alkyl chain length leading to a lower solubility of the heavier ILs in
water. The molar entropies of solution are shown to be negative and dependent on the
cation structure, decreasing with increasing the alkyl chain length (approxim&telyKk
Lmot* per methylene addition to the cation and as shown previotSijE®382),
Therebre, the solubility of the ILs in water is driven by the entropy of solution; the higher

(less negative) the entropic change, the higher the solubility of the ILs in water.

The significant increase of solubility of theif@[NT%] and [GIM][NT%] in water is also
entropically driven and is a results of the quite significant increase of the entropy of
solution of ~ (+25 kJWmol) when compared with their isomet$4% and other
members of the [NBf-series of ILs as well as combined with other anions. The significant
increase in the entropy of solution is also related with the expected cation to water
interaction via the NH group that leadso a better solvation interaction with water and

to a decrease of the cavitation entropy penalty (more hydrophilic).
COSMERS

The predicted phase diagrams of the binary mixtures composed of water and the studied
ILs using COSMRES argresented inFigure4.15. The same increase on the hydrophobic
character is observed for the experimental data and COSMO predictions. GRSNKO
thus able to qualitatively predict the trend on the ILs affinity for water. The only
exception found was for the prediction of ttelubility change with the temperature for

the ionic liquid containing the cation JGGim]* in water. In opposition to the
experimental information, COSMRS predicts a solubility decrease with rising

temperature. This irregularity can be related to tfeet that simple empirical interaction
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potentials are used in COSMRS to describe the weaker interactions of the ILs with

water, which is expected to poorly describe their effective complexity.

Figure 4.7 plots the calculatedrersusexperimental solubity for several [Nf-based ILs,
at both rich phases, and at 298.15 K. From the close correlations depidteglire 4.7 it
can be concluded that COSMTS can predict the mutual solubilities between the studied

ILs and water.
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Figure 417.Calculatedversusexperimental solubility of bis(trifluoromethylsulfonyl)imide

based ionic liquids at 298.15 K in (ajith phase and (b) wateich phase.

It should be pointed out here that the latest COSMO file parameterization,
BP_TVP_C30_1401, was also used to predict the LLE of the binary systems investigated
in this work,cf. Figure S4&. of Appendix 4 presenting a global relative deviations of 35.3
and 2.8 % for the solubility of water in ILs and ILs in water, respectively. \dowthis
COSMERS parameterization is also unable to correctly describe the solubility change
with the temperature for the ILs fGGIm][NTH] and [GGIM][NTE] in water. With the

file parameterization, BP_TZVP_C21 0110 the global relative deviativaiseib were

16.8 and 1.2 %. Since the latest version of COR8@redicts the phase diagrams with a
larger deviation from the experimental results and wrong trends, the oldest version is
preferred and was used here. Despite some regular deviations, CERSMBows to be a
useful tool in the prediction of the binary systernghavior and able to correctly display

the alkyl chain length and IL cation isomeric effect, and as previously obsgfée’8.380
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Correlation for the solubility of Iss(trifluoromethylsulfonyl)imide-based ionic liquids in

water

The solubility of hydrophobic solutes in water, near infinite dilution, is controlled and
strongly correlated to their molar volum#!381382Fqor isomeric ILs, the molar volume is
identical and, consequently, the solubilities are essentially the same. In this context, in
our previous work®® we have start to investigate the relevance of the solutes molar
volume on the solubility of the [Nd[fbased ionic liquids in water, at 298.15 K, and a
correlation was proposed. Here, new points were plottedether with the correlation
obtained?°%in order to verify if it can be also used for more diverse systems, as shown in
Figure 418. The molar volumes were calctdd based on density data taken from
literature'®2:3974183nd the aqueousdubility data used were those obtained in this work
along with data previously publishéd381.382403 Data relative to other cations
(pyridinium:, pyrrolidinium and piperidiniumbased?®!-382:397.41§ combined with the same

anion where also included in order to verify the robustness of the correlation proposed.
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Figure 418. Solubility of bis(trifluoromethylsulfonyl)imideasedionic liquids in water as
a function of the ionic liquid molar volume: ¥nj =-0.0309 ¥nm/cm3-mol!) + 0.9357R =

0.9947%%3 at 298.15 K.!(), data used in theorrelation; and (), new data.

Despite the different cations families, the correlattéhis able to correctly describe the
solubility of [NT4]-based ILs in wateHowever, it is observed that cations with different

cores, i.e. with a more different chemical nature (like pyridirippyrrolidinium and
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piperidiniumbased) and the monaubstituted imidazolium IL deviate more from the
proposed correlation that was cetructed with imidazoliurbased fluids only. ORigure

4.18 the isomerism effect can also lamalyzedand, as can be seen, ionic liquids with the

same molar volume present similar solubility in water. Exceptions are only the pair
[GIM][NTR)/[C:GIM][NTEE = ¢ KA OK Aada dzy RSNAEG2 2R (RAES2 ViR AlyK
the imidazolium ring like explored before, and for ILs with a different core than

imidazolium, namely, ECipip][NTE] and [Gpy][NTE].

4.2.6. Densities, viscosities and derived thermodynamic propes of

g GSNIJ &A1 GdzZNF G SR AYARIT 2t AdzY 6FASR A2y A

Monia A. R. Martins, Catarina I8.S. Neves, Kiki A. Kurnia, Pedro J. Carvalho, Marsa A.
Rocha, Luis MN. B.F. Santos, Siméo P. Pinho & Mara G. FrEited Phase Equilibri®)7
188¢196 (2016, DOI:10.1016/j.fluid.2015.05.023

4.2.6.1. Abstract

In order to evéuate the impact of the alkyl side chain length and symmetry of the cation
on the thermophysical properties of watsaturated ionic liquids (ILs), densities and
viscosities as a function of tempdure were measured at atmospheric pressure and in
the (298.15 to 363.15) K temperature range, for systems containing two series of
bis(trifluoromethylsulfonyl)imidebased compounds: the symmetric,{Bm][NTE] (with n

= 18 and 10) and asymmetric JGim][NT%] (with n = 25, 7, 9 and 11) ILs. For water
saturated ILs, the density decreases with the increase of the alkyl side chain length while
the viscosity increases with the size of the aliphatic taite saturation water solubility in
each IL was ftiner estimated with a reasonable agreement based on the densities of
water-saturated ILs, further confirming that for the ILs investigated the volumetric mixing
properties of ILs and water follow a near idéa&havior The watersaturated symmetric

ILs geprally present lower densities and viscosities than their asymmetric counterparts.
Fom the experimental datathe isobaric thermal expansion coefficient amshergy
barrier were also estimated. A close correlation between the difference in the energy

barrier values between the watesaturated and pure ILs and the water content in each IL
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was found, supporting that the decrease time viscosity of ILs in presence of water is

directly related with the decrease of the energy barrier.
4.2.6.2. Chemicals

The densities ah viscosities of watesaturated ILs were measured for the following
bis(trifluoromethylsulfonyl)imidebased compounds: 1.@ialkylimidazolium,
[G:GIM][NTE] (with n = 1-8 and 10); and -hlkyt3-methylimidazolium, [RGim][NTH]

(with n= 25, 7, 9 and 11 The ILs investigated in this work are displayedable 4.8

and their chemicaltsucture are depicted irFigure 4.9. In general, two series of fluids
were investigated:i) ILs with symmetric alkyl side chains at the imidazolium cation; and
(i) a goup of ILs with alkyl side chains of different length at the cation and where one
aliphatic moiety is always a methyl group. All ILs were purchased from lolitec with mass
fraction purities higher than 99%. To reduce the impurities, all ILs were drieguaifebd

under vacuum (1 Pa) and at moderate temperature (353 K) for a minimum period of 48 h
before the experimental measurements. The purity of each IL was further confirmed by
us by'H,13C, and'®F NMR. Ultrapure water, double distilled, passed byeverse osmosis
system and further treated with a MilliQ plus 185 water purification apparatus was used.
It presentedl NBaAaAGAGAGE 2F wmydw ami OYz | ¢h/ o6
>37T RWR gl a FNBS 2F LINHAOESEa B NndPHH >Yd
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Figure 419. Schematic representation of the chemical structure of the studied

imidazoliumbased ILs.
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Table 418. Investigated ionic liquids: chemical name, abbreviation, source, molecular

weight (Mw) and purity.

Chemical Name Abbreviation Source Mw/ (g-molt)  Purity / (wt %)
bi:&fﬁgfﬁ?ne;?hy;:;S?gﬁ;};ﬂide [GGIM][NTE]  lolitec 391.31 > 99
bIt{gﬁ;%ﬁ&gﬂ{,mﬁgﬁ;')'fnr: o [GGIMINTE]  lolitec 40534 > 99
bisl(-(itarlijfﬁ)lljlf;;)mmz[thhcll_)ngg?cfr?;/ll;limide [GGIm]NTE]  lolitec  419.37 > 99
it T
bé('&i';’lg’gfomgr%ygj'ﬁ;‘rf;')'m o [GGIMINTE]  lolitec 461.45 > 99

1;:;?;%&?3;&?3;‘5{}:gfy"’l‘;;’::gre" [GGIM]NTE]  lolitec 489.50 > 99
bllsE?t?;‘mrgo;neiﬁ%!TI%?@?)I:;Ee [CuGIm][NTE]  lolitec  517.5 > 99
i ((tlrlﬁjé?"oigwy*‘l')ﬁﬁgmg‘lml o [GGIMINTE  loitec  377.29 > 99
biS((tﬁf’ig'ritxt'?y'sziﬁgz%imi jo  [GGMINTE]  lolitec 405.34 > 99
b S((iiid;';’g‘:gg;l')ﬁzlghuyr& 4o [GGIMINTE  lolitec 433.39 > 99
bis((trlih?;g'rzﬂt':;g:ﬁﬁgz%imi o [CCImINTE]  lolitec 461.45 > 99
b|s(ér%3frim¥m)€3§grl1‘;$m| o [GGIMINTE]  lolitec 489.50 > 99
bis((tﬁ%ig':;er;‘é’:g'{;jfj?;';%imi jo  [GGIMINTE]  lolitec 517.55 > 99
bis( (tlri’fi d()'?;f}gg;‘f;ﬁ%;ﬁ“yr&mi o [GGIMINTE  lotec 54560 > 99
bis((trlifyl?l:glrgfr?g'lhm;gzilc;gﬁ%imide [GGIM]INTE]  lolitec 573.66 >99

1,3-didecylimidazolium [CGam][NTE]  lolitec  629.76 > 99

bis((trifluoromethyl)sulfonyl)imide

4.2.6.3. Results and discussion

Although the density and viscosity values determined in this work majorly correspond to
novel ILs saturated with water at 298.K5 it should be remarked that Jacquemin et%l.
already reported the density and viscosity of the wasaturated [GGim][NT£] and
[GGIM][NTR] at several temperatures. The maximum relative deviations between the
experimental values measured in this work and those rembiite the literaturé®® are
0.2% and 9.0% for the watsaturated [GGIM][NT%], and 0.4% and 14.9% ftre water-
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saturated [GGIim][NTH], for density and viscosity, respectively. Moreover, the equipment
used by us was already validated and proven to be adequate for the nerasuts of

densities and viscosities offich phased80374.375

The ILs water content,e., the saturation values of water in each IL at 298.15 K, used in

the density and viscositmeasurements, are presentedTiable 4.19
Density of WaterSaturated lonic Liquids

The new experimental density data for the wataturated ILs are presented in tAable
S47 and S48 of Appendix 4Figure 420 depicts the density results obtained this work
alongside with the relative deviations between the pure ILs, reported previously BY us,
and the watersaturated ones. As previously observed with theefluids!® also in both

series of the watesaturated ILs, the density decreases with the increase on temperature.
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Figure 420. Density of the symmetric and asymmetric wateaturated ILs as function of

temperature, (a, b), respectively; and density relative deviations between the'$aed
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the symmetric and asymmetric watsaturated ILs, (c, d), respectively®)(
[GGIM][NTE]; (@), [GGIM]INTE], (A), [GGIM][NTR; @), [GGIM]INTL] (@),
[GGIM][NTE]; (V), [GGIM]NTE], @), [GCIm][NTH]; (®), [GGIM]NTE]; @),
[CLoCoim][NTE];, (U), [CGIM|INTEL; (), [GGIM]INTE]; (x), [GGIM]INTE]; (k),
[CGGIM]INTE]; (), [GGIM][NTE]; (| ), [GGIM][NTE]; and ¢ ), [G1GIm][NTH].

In general, and for both symmetric and asymmetric series of ILs, the density decreases
with the increase of the alkyl chainngth, which is a direct effect of the increasing
fraction of methylene groups-Ch). In addition, the presence of water leads to a
decrease on the density of ILs ranging between (0.19 to 1.6es that depend on the

IL hydrophobicity and associatedater content. This decrease on density is more
pronounced in ILs with shorter alkyl chains, and it is related with the higher water
solubility in these ILs when compared to those with longer atkgiinsc cf. Table 4.9.

For instance, at 298.15 K, the d#ty relative deviations of the pure ILs in respexthe
water-saturated samples are 1.4% and 0.23% faiCli@[NTH] and [GoCioim][NTH],
respectively, and 0.75% and 0.29% fa(@n][NTH] and [G1Gim][NTE], respectively.

When addressing the relta obtained for the structural pairs of isomers some discussions
and conclusions can be drawn. For all the isomeric pairs, the asymmetric series present
slightly higher values of densities than the corresponding symmetric ones. The more
pronounced differaces in densities where observed for the pairs
[GGIM][NTH)/[CsGIM][NTE] and [GGIM][NTE)/[C1aGim][NTS]. A similar behavior on
densities was already reported for the pure 1£%.In general, and due to the slightly
differences between the isomeric pairs (which most of the times fall within the densities
uncertainty), it can be postulated that the cation isomerism, at least derived from
symmetric/asymmetriceries of imidazoliurbased ILs, does significantly lead to different
densities¢ whereas the contribution of thegCH groups towards the IL molar volume

seems to be independent on its localization at one of the aliphatic4&ifg°
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Table 419. Experimental and estimated mole fraction solubility of wat®g)(in the
investigaed ILs, at 298.15 K and 0.10 MPa.

Xw

lonic Liquid Estimated  Experimentat [29-31] Xoer”

[GGIM]NTH] 0.345(0.002)  0.298 (0.009) 0.0467
[GGIM][NTE]  0.264 (0.002)  0.272 (0.007) -0.0079
[C.GIm]NTH] 0.142 (0.002)  0.257 (0.006) -0.1149
[GGIM][NTE]  0.225(0.002)  0.221 (0.005) 0.0042
[CGIM]INTH] 0.298 (0.002)  0.197 (0.004) 0.1010
[GGIM]NTH] 0.248 (0.002)  0.174 (0.001) 0.0748
[CuGim][NTE]  0.244 (0.002) 0.157 (0.001) 0.0871
[C:GIm][NTE] 0.354 (0.002)  0.355 (0.004) -0.0011
[GGIm][NTE] 0.282 (0.002) 0.277 (0.001) 0.0043
[GGIM]NTE]  0.251(0.002)  0.223 (0.001) 0.0277
[C.Cim][NTE] 0.235 (0.002) 0.184 (0.003) 0.0508
[GGIM][NTE]  0.147 (0.002)  0.158 (0.001) -0.0109
[C:Gim][NTE] 0.183 (0.002) 0.149 (0.001) 0.0337
[CGim][NTE] 0.208 (0.002)  0.137 (0.001) 0.0711
[GGIm][NTE] 0.297 (0.002) 0.125 (0.001) 0.1728
[CCm]INTE]  0.349 (0.002) e -

aStandard deviation betweebrackets. Uncertainties angT) = 0.01 K and:(p) = 0.05.
bXDev = Xw(Estimated)CXw(ExperimentaI-)

°Not experimentally determined at 298.15 K due to the higher melting temperature of this ionic
liguid. However, the water solubility in {€idm][NT%] at 308.15 Ks 0.1337 (in mole fractiorfy’

Figure 421 depicts the dependency of the ILs density at a fixed temperature along with
thecaiAzyQa | fl1é&f &AARS OKFIAYy fSy3aGdKed Ly 0620K
amongst the pure and watesaturated ILs are observed in compounds with shorter alkyl

side chains. This is a major result of a higher water content in ILs with akkdrsds of

smaller size as highlighted before. Overall, the densities of the veaterated and pure

ILs, in both series, become almost equal Mor 8 (whereN represents the total number

of carbon atoms in the two aliphatic tails).
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Figure 421. Density of the studied pufé? (empty symbols) and watesaturated (full
symbols) [NEl-based ILs as a function of the cation structure ylabide chain length
increase) at 298.15 KColorful symbols correspond to isomers, and black symbols

correspond to ILs with no corresponding isomers.

Despite the current debate surrounding the application of a linear correlation or a second
order polynomal equation to describe the density data of 1%t was found that the use

of a linear equation satisfactorily describes th@esmental data within the temperature
studied in this workThefitting parameters of Equation 27 are given in Table S4¢

Appendix 4

Table 4.20ists the thermal expansion coefficients calculated at 32%1&nd 0.1 MPa,
using Equation 28, for al the studied watessaturated ILs, together with the values
previously reported for the corresponding pure .lf3This temperature was chosen to
allow a direct corparison of all ILs at their liquid state. Even though similar thermal
expansion coefficients for both symmetric and asymmetric ILs are observepdrabence

of water leads to a slightly increase bp Theh, for water-saturated ILs varies between
(6.82 and 7.00) x 16 K1, i.e,, between[C;Gim][NT%] and [GGim][NTE], respectively.
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Table 420. ¢ KSNX I £  SELJ y & A20f pué2 &ntl WatddaBingteéddly h
estimated using Equation28at 323.15 K and 0.1 MPa.

lonic Liquid 10*- (0 pwatersawrated £~ )° / K1 10*: (O ppuet )P/ K2 %AD
[GGIM][NTE] 6.959 + 0.012 6.69 + 0.09 4.01
[CGIm][NTE] 7.003 £ 0.007 6.71 +0.09 4.37
[GGIM][NTE] 6.893 + 0.004 6.67 £0.12 3.35
[GGImM][NTE] 6.981 £+ 0.005 6.67 £ 0.09 4.66
[CGIM][NTE] 6.819 + 0.006 6.72 +0.16 1.48
[CGImM][NTE] 6.840 + 0.004 6.72+0.13 1.79
[C1Gim][NTH] 6.889 + 0.004 6.78 £ 0.11 1.61
[CGIm][NTE] 6.925 £+ 0.003 6.63 +0.11 4.44
[GGIM][NTE] 6.966 + 0.003 6.75 + 0.07 3.19
[CGGImM][NTE] 6.939 + 0008 6.75+0.09 2.80
[GGIM][NTE] 6.855 + 0.004 6.71 +0.09 2.16
[GGim][NTE] 6.870 £ 0.007 6.75+0.08 1.77
[GGIM][NTE] 6.893 + 0.005 6.80+0.14 1.36
[CGGim][NTE] 6.878 + 0.004 6.77+0.14 1.59
[CGGIM][NTE] 6.898 + 0.004 6.84 + 0.15 0.85

[CLoCidm][NTE]

6.947 + 0.004

6.87 £0.14

1.12

aStandard uncertaintiesy, areu(T) = 0.02 K, and:(p) = 0.05.

bExpanded uncertainty with approximately 95% level of confidence.

@ SNOSY Gl 3S I @SNI 3 S behBen thél iatgSaturRtSdznkd buiieAl2.y 2y h

The representation of the thermal expansion coefficient for the watgturated ILs along

with the pure 1L$82 at 323.15 K and 0.1 MPa, as a functafrthe cation structure and

alkyl side chain lengtis depicted inFigure 422. Althoughad G N>} A 3Kl RSLISYRSY
with the alkyl chain length is not observed, there are pronounced effects on general
trends according to the alkyl chain length increabkattagree well those observed with

pure ILs'8

The results obtained from the estimation ofetsolubility using equations 29 and 4.30

at 298.15 K are reported imable 4.19Albeit with some deviations, this approximation
can be used to estimate water saturation values when no experimental data are available
while foreseeing an initial screening on ILs to be applied in a particular application. These
close valuesare alsoan indication that the volumetric mixing properties of the two IL

series and water follow a near ideal behavior.
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[NTf,]-based ILs

Figure 422. Thermal expansion coefficient of pdféand watersaturated ILs at 323.15 K

and 0.1 MPa as a function of the cation structure (alkyl side chain length increase). The
full and empty symbols represent watsaturated and pre ILs, respectivelyColorful
symbols correspond to isomers, and black symbols correspond to ILs with no

corresponding isomers.
Viscosity of WaterSaturated lonic Liquids

The viscosity data for watesaturated ILs were determined from (298.15 to 363 K5nd

the detailed values are given irables S40 and S411 of Appendix 4Figure 423 shows

the viscosity results obtained in this work alongside with the deviations between the pure
ILs, previously reportetf24?1 and the watersaturated ILs. The visdbs of water
saturated ILs increases with the increase on the size of the alkyl side chain, following the

general trend already shown for pure H23.

It is strikng to see the impact of water content in the viscosity of ILs, which significantly
decreases (from 16% to 51%jigure 4.23also reveals the higher viscosity of water
saturated asymmetric ILs compared to the symmetric isomeric paifgsattern already

reported for pure IL$% The isomeric pair BCGiIm][NTH)/[CsGIim][NTE] presents the
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smallest differences for their viscosities at the same temperature, whereastiner

pairs exhibit more noticeable differences. These differences decrease with increasing
temperature and increase with the length of the alkyl chain for both series of ILs
Moreover, the difference in viscosity between pure and wasaturated ILs is gher in

the asymmetric series.
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Figure 423. Viscosity of the of the symmetric and asymmetric wadaturated ILs as
function of temperature, (a, b), respectively, and viscosity relative deviations between the
pure'®2421and thesymmetric and asymmetric watesaturated ILs (c, d), respectivel®)(
[GGIM][NTE]; (), [GGIM]INTH]; (), [GGIM|NTE]; @), [GGIM]NTH]; (%),
[GGIM]NTR];, (), [GGIM]NTE]; (A), [GGIM]NTE]; (), [GGIM]NTH];, @),
[GGIM][NTE], (), [GGIM]NTE]; (©), [GGIM][NTL], (¢ ), [GiGIm]NTH] (V),
[CGIM][NTE]; @), [GGIm]INTE]; (@), [GGIM][NTE]; and &), [GoCidm][NTH].

In recent works we have shown, not only for viscosity but also for other properties, such
as vapor pressures, heat capacity and surface tensighfl6422423 that both the

asymmetic [GGIm][NT%] and symmetric [fGim][NTE] series of ILs present a trend shift
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in these properties along the alkyl side chain length incré&s®2423 Similarly to the

case of the pure ILs viscoslff this trend shift for the watessaturated ILs occuraround
[GGIM][NTH] for the asymmetric ILs and dGim][NT] for the symmetric ones, as
depicted inFigure 424. This trend shift is related with the structural organization of the
liquid above a critical alkyl size (CAS) and, similar to the pure ILs viscosity, it is particularly
emphasized in the cations with higher symmetry. Some molecular dynamics studies for
the asymmetric series aiming at understanding the structural shifts elsehave been
already performed?* while demonstrating the progressive increase and segregation of
the nonpolar parts (tails) of the cations as the alkyl side chains become larger. The pure
ILs wth shorter alkyl chain lengths also display a clearly discernibleewdd effect on

the viscositied®? that albeit the presence of water seems to smooth, is abserved in

the water-saturated ILs.
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Figure 424. Viscosity dependence of the pufé*?land watersaturated [NTf]-based ILs
studied, at 298.15 K, as a function of the cation structure (alkyl side chain length
increase). Thenatching empty and colorful symbols represent, respectively, the pure and
water-saturated ILs. Colorful symbols correspond to isomers, and black symbols

correspond to ILs with no corresponding isomers.
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Thefitting parameters resulting from the applicaticof the VT model are presented in
Table 421. The maximum absolute relative deviation between the correlated and

experimentalvalues is 2.08%, with an average absolute relative deviation of 0.17%. Thus,

the application of the VogelammannFulcher corradtion to the viscosity dat&°

provides a good description of the viscosity dependence of wedturated ILs as well.

Table 421. Fitting coefficients of the VTF equation and derived energy barEenf
puret®?42land watersaturated ILs at 323.15 K and 0.1 MPa.

lonic Liquid ‘A;nf;, a_bS/ " &5 © > e (E”a‘;”';?f’;::gjlb b (Eiljfr?1011b/ ' %AD
[C:Gim][NTe]  0.203+0.007 6457+11.5 1558+1.4 20.03+0.76  22.35+0.24 2.32
[C:Gim][NT]  0.181+0.006 671.4+10.2 163.6+1.2 2290+0.77  2548+0.15 2.58
[CGIm]NTE]  0.184+0.004 678.0+58 1662+0.7 23.89+046  26.41+0.31 252
[GGIm]NTE]  0.158+0.002 734.0+3.1 1648+0.3 2540+024 27.87+0.16 2.47
[CGIm]INT]  0.164+0.005 7422+9.1 169.6+0.9 27.34+0.75  29.83+0.09 2.49
[CGIm]NTE]  0.116+0.028 880.0+74.1 1615+6.5 2923+530  3150+0.54 2.27
[CuGim][NTE 0.115+0.012 906.8+31.3 163.5+2.6 30.89+2.31 32.99+0.74 2.10
[C:GIm][NTE]  0.227+0.007 600.0+9.3 162.0+1.2 20.06+0.68  23.15+0.37 3.0
[C:GIM]INT]  0.165+0.005 717.1+10.3 147.6+12  20.20+0.59  22.33+0.47 2.13
[C:Gim][NTE]  0.178+0.003 681.8+51 169.5+0.6 2507+043  27.43+0.16 2.36
[CGIm]NTE]  0.144+0.004 768.6+9.3 166.1+0.9 27.07+072 2892+0.25 185
[GGiM]NTE]  0.117+0.002 8465+6.3 1648+0.6  29.31+0.48  31.21+0.44 1.90
[GGim]INTE]  0.105+0.001 899.6+2.0 163.6+0.2 30.66+0.15 32.34+0.54 168
[CGIm]NTE]  0.093+0.004 953.7+13.3 161.7+1.1 3175+095 33.30+1.30 155
[GGIM]NTE]  0.095+0.003 962.7+10.4 163.4+08  32.74+0.76  34.47+0.92 173
[CioCim][NTE]  0.083+0.004 1034.3+155 162.3+1.1 3470+1.11 3570+2.70 1.00

aUncertainties arei(T) = 0.02 K, and(p) = 0.05.

bExpanded uncertainty with an approximately 95% level of confidence. The eramigr values

for the pure ionic liquids are from referenéé?
‘Percentage average absolute deviationimetween the pure and the watesaturated ILs.

The calclated energy barrier for the watesaturated ILs, at 323.15 K, together with the
data for the pure ILs (reported in a previous wW§fk?2), are listed inTable 421 and
depicted inFigure 425.
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Figure 425. Energy barrier of pre'824?and watersaturated ILs at 323.15 K and 0.1 MPa,
as a function of the cation structure (alkyl side chain length increase). The matching
empty and colorful symbols represent, respectively, the pure and wsdéurated ILs.
Colorful symbols correspal to isomers, and black symbols correspond to ILs with no

corresponding isomers.

As can be seen iRigure 425, and in both series of ILs, the energy barrier increases
monotonically with the cation alkyl side chain length increase since the van der Waals
interactions start to overwhelm the catieanion electrostatic interactions. {Gim][NT£]

has an outlier behavior for the viscosity and energy barrier according to the increase on
the alkyl side chains size due to its high charge density afforded bysmwad methyl
groups, and as already proved for the same properties regarding the pdféHar ILs

with the same number of carbon atoms at the aliphatic moieties, structural isomers,

the symmetric series of watesaturated ILs display lower energy barrier values, following
the same trend observed in pure R8.Figure4.25 also reveals that the presence of

water reduces the energy barrier of the respective ILs.

In general, the difference in thenergy barrier between watesaturated and pure ILs

values, correlates well with the total number of carbons in the alky shthinsN, either
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for the symmetric or aymmetric series of ILsFigure 426a. Moreover, the difference of

the energy barriers at 323.15 K slightly correlates with the mole fraction of water in each
IL (including both series of compoundg$jigure 426b. The observed correlation is a clear
indication that the presence of water is a major factor contribution for the decreasing of
the energy barrier in all the ILs investigated, as well as a strong indication that the water
molecules are solvated and mainteracting with the polar regions of the IL (IL anion
and imidazolium higltcharge region). In fact, the lower is the energy barrier, the less
difficult is for the ions to move past each other, which seems to be favored in the
presence of water due to theveakening of HLL interactionsThe decrease of viscosity in

ILs in presence of water is thus a result of a decrease on the energy barrier, which is

further connected to the water content in each IL.
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Figure 426. Deviation Epe) between the watersaturated and the pure ILs energy
barriers at 323.15 K, as a function of: (a) the total number of carbons in the alkyl chain

length,N; and (b) the experimental mole fraction water solubility,(at 298.15 K).

4.2.7. Conclusions

The impat of the cation symmetry on the mutual solubilities between ILs and water was
here evaluated Despite the hydrophobic label attributed to [NJFbased ILs, both series
dissolve a large amount of watein particular, solubilities in the order of 0.5 (in o
fraction) were found for the monosubstituted I he impact of the structural variation of
the ILs cations toward their mutual solubilities with water warealyzedand showed that

the introduction of a methyl group alwaydecreaseshe solubility. Trs decrement is
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Moreover, the solubilities of ILs in water with the same total number of carbons in the
alkyl side chain are comparable, as they have similar molar volunmes,aauseful
correlation between the solubility of [NAfbased ILs and their molar volume was
evaluated. The thermodynamic functions of solution and solvation were also derived,
indicating that the solution of the studied ILs in water isreptcally drivaen, and the
symmetric and asymmetric series of ILs display an increase of -pircatiol per
methylene addition in the aliphatic moieties similar to that observed in the alkanes and
alcohols in water.The predictive results obtained with COSNR3 for the LLE dhe
systems here studied are in good agreement with the experimental data supporting the
applicability of this model to predict the solubility of other ionic liquids and water not

experimentally available.

For both pure and watesaturated ILs, the densitgnd viscosity values decrease with
increasing temperature. The density decreases with the increase of the alkyl side chain
length while the viscosity increases with the size of the aliphatic ¢aitend observed
either for the pure or watessaturated Ik. Although the density is only slightly affected by
the presence of waterthe water solubility in each IL was estimated in a reasonable
agreement with the experimental solubility data being an indication that the volumetric
mixing properties of ILs andater follow a near ideabehavior Furthermore, the water
saturated symmetric series of ILs generally present lower densities and viscosities than
their asymmetric counterparts. The water effect on the viscosity trends shows that for
pure and watersaturaied ILs there is a trend shift along the alkyl side chain length.
Moreover, he presence of water also affects the derived properties, leading to an
increase of 2% in the thermal expansion coefficients, while the energy barrier is reduced.
The latter propety reveals that thesymmetric series of ILs require less energy to move
freely in the bulk than the asymmetric counterparfse differences in the energy barrier
values between the watesaturated and pure ILs closely correlate with the water
content, meaning that the decrease on viscosity is a direct consequence of the presence

of water whichfavorthe ions to move past each other.
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4.3. Aqueous solubilities of fiveN-(diethylaminothiocarbonyl)benzimido derivatives
at T =298.15 K

Bernd Schroder, Monia A. RaMins, Jodo A. P. Coutinho & Siméo P. Pinho, Chemosphere
160, 45,53 (2016), DOLL0.1016/j.chemosphere.2016.06.042

4.3.1. Abstract

N-(diethylaminothiocarbonyl)benzimido derivatives are polar multifunctional substances.
A set of these compounds was synthesizedshgcessive substitution on the enamine
side, resulting in similar substances with different polarities, providing a set of model
compounds with respect to the study of substituent effects on phystoemical
properties. Experimental aqueous solubility tala at T = 298.15 K, ofN-
(diethylaminothiocarbonyl)benzamidine, PhCGNIESNEt (2), N-
(diethylaminothiocarbonytp -phenylbenzamidine, PhCNHPhNCSNEt (2), N-
(diethylaminothiocarbonyiN-monoethylbenzamidine, = PhCNHEtNCSNE{3), N-
(diethylaminothiocarbonytp  Xiethylbenzamidine, PhCNBICSNEt (4), and N-
(diethylaminothiocarbonyl)benzimido ethylester, PhnCOEtNE@&SBNEwere measured at

= 298.15 K. The obtained data are supplemented by COB$I@queous solubility
predictions as well as other environmentally important partition coefficients. This
information is shown in a twaimensional chemical space diagrameyding indications
about the compartment into which the bulk of the compounds is likely to concentrate.
The expected quality of COSMRE predictions for this type of screening exercise is

illustrated on a set of pesticides with established thermophygioaperty data.
4.3.2. Introduction

N-(diethylaminothiocarbonyl)benzimido derivatives are relatively stable substances
belonging to the group of thiourea derivative compourtd&sThey are accessible through
the reaction of coordinatedN-Acylthiourea with acid chlorides, lfowed by further
derivatization Members of this family are known chelating agefifswith potential
applications e.g., radio pharmaceuticat8™c)*?’ A large number of serine proteinase

inhibitors has been developed, starting from benzamidine and its derivaf#é®
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Reports on the thermochemistry of N-(diethylaminothiocarbonyl)benzimido
derivative$31432 and some of their Ncomplexe$*® are available. More recently, they
were systematically examined for their crystalline struct f&<Swith intent to connect

to their fusion thermodynamic&®

Here, we report on experimental aqueous solubility datal at298.15 K, of the following
compounds: N-(diethylaminothiocarbonyl)benzamidine, PhCGNIESNEt (1), N-
(diethylaminothiocarbonytp -phenylbenzamidine, PhCNHPhNCSNEt (2), N-
(diethylaminothiocarbonyiN-monoethylbenzamidine, = PhCNHEtNCSNE{3), N-
(diethylaminothiocarbonytp  Xiethylbenzamidine, PhCNBICSNEt (4), and N-
(diethylaminothiocarbonyl)benzimido ethylester, PnCOEtNCSHEtas shown ifrigure

4.27. These componds have all the same chemical core structure, only differentiated by
successive substitution on the enamine sidel{br its complete replacement by an ester
group (5), making them an interesting study subject. They represent a class of rather
simple, lut nevertheless multifunctional compounds, whose thermodynamic properties,

due to the combination of their functional groups, are not easy to predict.

Cpd. No. Name Structural formula

1 N-(diethylaminothiocarbonyl)benzamidine oD

/\N_'r\

2 N-(diethylaminothiocarbonyN -phenylbenzamidine ( L
H @

3 N-(diethylaminothiocart_)o_nyU\I'- A~ —er\

monoethylbenzamidine ( bl
e

4 N-(diethylaminothiocarbonyiN™-N"- /\N_’(N\

diethylbenzamidine ( SJN7

5 N-(diethylaminothiocarbonyl)benzimido ethylester /\N—,(N\
S O\/

Figure 427. Chemical structures of the title compounds.
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Quite often, accurate experimental data concerning equilibripartition constants of

such substances are not available. Furthermore, given the large number of chemicals in
use, accompanied by frequently incomplete data sets, reliable methods for rapid
screening of substances for their persistence in the environnagatrequired*3® A first
screening procedure based on physiceémical equilibrium partitioning data between

air, water and octanol can assist in identifying environmental compartments for which

degradation haHives might be needetf’

A computational tool under attention is COSNR3, from whicha variety of
environmentally important partition coefficients are available straight from a statistical
thermodynamic treatment following quantum chemical COSMO calculations. The ability
of the method to successfully predict environmentally important pen coefficients

was demonstrated on a variety of occasions, with respect to a diversity of compounds as

well as propertieg3&448

Hence our principal goals are twofold: to provide a) reliable aqueous solubility data and b)
check on the predicting performance of COSRKS regarding these compounds, with
respect to the obtained expanental data. Organizing the results in the form of partition
coefficients in a twadimensional chemical space diagrgovides information about the
partition behaviorof the title compounds once released in the environment. For the sake
of comparison, sucturally related, mostly uredased pesticides, with established

thermophysical property data sets were selected and also plotted in the space diagram.
4.3.3. Experimental
4.3.3.1. Material

The synthesis was performed as described in detail elsewliefé> A resume as well as

detailsof characterization are given fppendix 42.
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4.3.3.2. Methods

The experimental solubilities of tHé-(diethylaminothiocarbonyl)benzimido derivatives in
water were determined afl = 298.15 K and at atmospheric pressure. The expetiahen

setup, adapted fronliterature *%451js presented irFigure 4.38.

= Y
-
—~C
D
B E
A
e e

Figure 428. Experimental setup for the agueous solubility measurements. A: Test tubes,
B: dialyss tubing containing ultrgoure water, C: sampling glass tube, D: rubber cup, E:

thermostatized bath, F: stirrer.

Initially, test tubes (A) with solutions with an excess of solid were prepared and a dialysis
tubing cellulose membrane (B) (D9277 from SIGM#lgd with ultrapure water. The

water used was double distilled, passed by a reverse osmosis system and further treated
GAGK | aAfftAv LXdza wmyp &1 0SSN LIzZNARFAOI GAz2Y
>3TPRY FNBS 27F LI NI A QysiS tubing of arquadi10 enYléndth vieféS R A |
previously humidified for at least 3 hours and cleaned according to the instructions given

by the manufacturer. As shown liigure 4.8, one end of the dialysis tubing (B) was
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closed with a tight knot and the othevas fixed to a glass tube (C). This glass tube allows

the sampling through a rubber cup (D).

The test tubes solutions were dispersed using an isothermal ultrasonic bath (Branson 250

& 450 Sonifier) during one hour at 60%, and then allowed to equilibratea i
thermostatized Julabo F3&EH (V2) bath (E) under agitation (F) for at least 24 h, at 298.15

YO {GANNAY3I g a OFNNASR 2dzi o0& ¢KSNXY2 {OAS
time proved to be enough to guarantee the saturation. The tempemtaccuracy of the

bath was +0.03 K.

Samples from the inside of the dialysis membrane were collected using plastic syringes
maintained at the same temperature of the saturated solution. Solute concentration was
obtained by UXvis spectroscopy, using a SHIMZAJ UVL700 PharmaSpec Spectrometer,

at wavelengths of 270, 267, 269, 243, 281 fefdikthylaminothiocarbonyl) benzamidine,
N-(diethylaminothiocarbony}) b Q dietfylbenzamidine, Ndiethylaminothiocarbony#)

b nonoethylbenzamidine, Ndiethylaminothiocabonyl)benzimido ethylester and -N
(diethylaminothiocarbonytp Qhenylbenzamidine, respectively. These wavelengths were
found to be the maximum UV absorption wavelengths for the compounds investigated
here. Due to the very low aqueous solubilities, solsiaf known solute concentration
were prepared in the binary water + methanol mixed solvent containing 65% (mass
percentage in solute free basis) of methanol. Diluting this mother solution with the same
mixed solvent, calibration curves were built relat@igsorbance and concentration, in the

solute concentration range expected for aqueous solubility.

For sampling, approximately 0.5 g of saturated solution was collected from inside the
dialysis tubing, and diluted in methanol, in order to have the sameesblkomposition as

the calibration curve. At least six independent measurements were carried out for each
average solubility value reported imable 422, where the uncertainty is also given.

Individual experimental aqueous solubility results are givenhable S4.2.
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4.3.4. Theoretical approach
Quantum chemical and COSMRS calculations

To obtain the necessary COSMO files, quantinemical optimizations were performed

for all molecules in the gas phase as well as in the COSMO state, using TURBOMOLE
TmoleX v.4.1%2453To generate sets of all relevant conformers, COSMOconfX*3#.3.0

was utilized. The encountered most stable conformers are presentd@@le S4.3. The
possible existence of tautomeric species in the title compounds was subject to previous

studies. All skid structures of 13 exclusively show the enamine (a) structi#?35455:456

At the quantumchemical level of theory relevant to COSNRS, the enamine structures
are the energetically moréavoredones. This holds for the gghase as well as for the
COSMGstate, where they are more stable than the respective imino counterparts, in a
magnitude of 3%5 kJ/mol. Although no reports regarding enamingno tautomerism

of the title compounds in solution exist, experimental work on similar tautomerisms
suggestedthat the form with the highest dipole moment will predominate in polar

solution, e.g. in the case ofrBethylcytosiné®” and kalkyladenines®®

Table S4.4 gives an overview about COSNR3 dipole moments. From these findings,
the prevalence of the imo form (b) in aqueous solution was assumed for compounds 1

and 2.

While pK values of a variety of structural analoga were successfully measurgtt by

potentiometry before, no data for the title compounds could be obtaif&d*>°

Hence, at this stage, we assume neutral species being predominant in aqueous solutions
at environnentally relevant mediumpH ranges. FurthermorepK data of the title
compounds were estimated using quantezhemical calculations at the BRZVP level of
theory in combination with a linear free energy relationship, as provided by CaS3ia

its COSMOthen implementation. The results are givenTiable S4.4. They suggest that

the initial assumption of no significant speciation for all assumed species holds, with

exception of the imino form of compound 1, for which 30 % of protonated species at
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pH=7 wouldrequire a dissociation correction of 0.005 in I8gWith respect topKiz, no

meaningful data could be produced for compound 5.

All optimizations were performed at the BRZVP as well as the B2VPEFINE level of
theory. In order to assure to have reagha true minimum by excluding the appearance
of imaginary frequencies, the encountered global gas phase minimum was subjected to
vibrational frequency calculations with AOFORCE, at the respectivieZ¥P level of
theory. Resulting COSMO energies of thestatable conformerare given infable SA4.3,

as well.Finally, the physicaohemical properties were estimated, using the parameter file
BP_TZVP_C30_1401.ctd (for COSMO files created at th&\BP level of theory) and
BP_TZVPD_FINE_C30 1401.ctd (for @DfAkE created at the quantum chemical level
BRTZVPEFINE, with a novel hydrogen bond interaction term and a novel van der Waals
dispersion termf%° In our work, all COSMRS calculations were performed with its
COSMOtherm implementatioff® In the following, a few more details are given
concerning the use of COSMES to calculate aqueous solubility and partition

coefficients.
Aqueous solubility

The mole fractions of the solute are refined using the automatic solubility ctltmula
option of COSMOtherm:

log,, () =g M -mmax(0, GO gRT In(10); (4.33)

where R is the ideal gas constafits the absolute temperaturey, is the mole fraction of
solid 2 dissolved in the solvent phase 1 at saturatidfijs the chemical potential of pure
compound 2,mis the chemical potential of compound & infinite dilution in the

solvent, compound 1. The program possesses experimental free energy of fusion data,

NiusG.
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Air-water patrtition coefficient
I 2YY2y NBLNBaSyuldAz2ya 2F GKS thSiiNgm A
eguations:

H /(Pa-ni-molt) = 22 (4.34)

C,

with c; as the molar concentration of the solute, and, furthermore theveater partition

coefficient Kaw) is defined accordingly to
logK ,,, /(dimensionley =lo aH 8 (4.35)

Octanolwater partition coefficient

In COSMERS, the octanelvater partition coefficient,Kow, is predictedvia computation

of the chemical potentials of the solute at infinite dilution in eachhef solvents:

- v
logKg,, = Ioglofexpg ) -XO)ﬂRT 6"m ‘ (4.36)

om '

with mj, as the chemical potential of compoundin water, andnf as the chemical

potential of the same compound in-dctanol. Two differentkow coefficients, the so
calledwet and dry, can be calculated, being the last useful to calculate the oesanol
partition coefficient Koa). A ratio of molar volume$w,~/ Vomof 0.1505 (wet) and 0.1141
(dry) was used. Besides the density difference of the solvents, their mutudlilgglis
taken into account in the case &bw (wet), which corresponds to 0.274 mole fraction of
water in the octanofich phasé®1462at 298.15 K.

Octanolair and solil sorption coefficiets

The octanchir coefficient is frequently used to describe partitioning of organic

substances between air and organic phases in soils, plants and atmospheric aerosols. It

has been obtained according equatié37:
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log Koa= logKow(dry)- log Kaw (4.37)

The data forkow (dry) can be generated in COSNRS using the pure quantum chemical
approach. Soisorption partition coefficients Kog are directly accessible from the

GOYDBANRBYYSY(llFf tNRLSNIe&é¢ aSoOoarazy 2F (G4KS OdzN
4.3.5. Resuls and discussion
Experimental aqueous solubilities

Experimental solubility data measured in this work is presente@iaible 4.22including

the expanded uncertainty for a 95% confidence interval. As expected, uncertainty
increases with decreasing solutyiliThe results are, however, very satisfactory since the
uncertainty divided by the solubility value presents a maximum around 12.1% for
substance 2the least soluble, while that statistical parameter is lower than 5% for

solubility values higher thanQ0E04 g/g20

Table 422. Experimental agueous solubilities at 298.15 K and expanded uncertaigjies (

for a 95% confidence interval.

Substance Experimental (g-go?) U (9-g120Y)
1 1.280E04 3.597E06
2 8.871E06 1.071E06
3 1.744E04 9.575E06
4 3.168E04 1.082E05
5 3.738E05 4.199E06

The experimental procedure followed here was used in our laboratory for the first time.
In order to validate the method, the experimental determination of the solubility of
naphthalene m water at 298.15 K was also carried out, which has a solubility value of the

same order of magnitude of the studied substances. Exactly the same steps were
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followed, and the average value of six independent measurements was 3W5L8H20

presenting ad extended uncertainty of 2.73686 g/g+20

In the compilation book byralkowsky et af$ 28 solubility values are available at 298.15
K. Eliminating four evident outliers, the solubility ranges from 2.9956/g+20t0 3.43E
05 g/g20 presenting an average of 3.189k g/gi20 Therefore, the results found in this

work show the good reliability of the method.
COSMGRS calculations: uplitative considerations

COSMO sigma profiles (of the energetically most stable conforrards$igma potentials

of the title compounds are shown Figure 4.9 and4.30, respectively. The inspection of
the sigma profiles highlights differences in the local polarizatioarge densities, which
ultimately define the differentiation in the interdion energies of the surfaces, and
hence, the magnitude of all related properties to be predicted. In the histogram, the
range beyond” = 0.01 e-A& is considered as being strongly polar and potentially
hydrogenbonding, while the remaining part is weakly to npalar. All molecules display

a distinct peak at 0.011 e?Awith exception of 3 and 4, which are slightly shifted towards
0.014 e-R. The peak familiar to all molecules arises mainly from the negatively polar
thiocarbonyl sulphur. The largest peak belongs to 5; here, the ester oxygen contribution is
adding up. On the other side of the histogram, compounds 1 to 3 show potémtiaim
intermolecular hydrogen bonds. This is further depicted in the hydrdgem moments,
referring to the BPTZVP level of theory, d&able S4.14Compounds 1 to 3 are identified

being a hydrogeibond donor. Dipole moments decrease in the order3>5 > 1b > 2b.
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-0.02 -0.015

Figure 429. Sigma profiles of most stable conformers of the
(diethylaminothiocarbonyl)benzimido derivatives, -BBVP level of theory. The sigma
profile of water is plotted as reference. The ranigeyond' = +0.01 e-&is considered as

being strongly polar and potentially hydrogéonnding (with a hydrogetvond threshold

value at’ np = 0.0079 e-j218
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Figure 430. Sigma potentials of most stable conformers of the respectNe
(diethylaminothiocarbonyl)benzimido derivatives, at= 298.15 K, BPZVP level of
theory, revealing the effect of successive substitution on thareine side of the title

compounds. The sigma potential of water is plotted as reference.
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The sigma potential is a measure for the affinity of the system S to a surface of polarity
Non-polar molecules with purely dielectriehaviorexhibit a simple pabolacenteredat

" = 0. Compounds 1 to 3 indicate their hydrogen bonding donor capacity, while the other
compounds show nearly parabobehaviorin the positive region. The sigma potentials of

the compounds in the negative region indicate increasingifjavorableinteraction of
compounds with themselves in the order 2 >5 >3 > 4 > 1. Thermophysical data obtained
in a crystaliquid equilibrium stud$?® of all compounds showTlable S4.5) that 4 exhibits

the lowest enthalpy of fusion, followed by 1. Additionally, 4 shows a remarkably low
fusion temperature when compared with the other N-
(diethylaminothiocarbonyl)benzimido derivatives. These results were in agreement with
the existing tystal packing constraints due to the nemisting intermolecular N¥6
hydrogenbond interactions in 4 and.®° From all of these qualitative coigrations,

one could preliminarily expect 4 and 1 possessing the highest aqueous solubilities among

the compounds studied here.
COSMGRS calculations:queous solubility calculations

Aqueous solubilities were calculated Bt 298.15 K, both at the BRZ\P and BRI ZVPDb

FINE level of theory, considering the crystalline state of the title compounds, based on the
thermophysical fusion data given Trable S45. The results are given ifable 423 and
compared with the obtained experimental data. Additionalpyediction results with a
simpler model as provided by EPI suite WSKOWwin v 1.42 are presented, as well.
WSKOWwin predicts the water solubility of an organic compound using the compounds
log octanolwater partition coefficient as provided by the estimati@ngine from the
KOWwin program, as well as the respective melting point, with the results being subject
to certain structuredependent corrections. In all cases, COSR® tends to
underestimate aqueous solubilities, more pronounced with theTBER'PEFINEapproach.
Overall performance of WSKOWwin fallsbetween both COSM®S levels of theory,

underestimating aqueous solubilities for all compounds excefst 1
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Table 423. Comparison of experimental data and COSRI®aqueous solubilities, both at
the BRTZVP and BPZ\PDFINE level of theory, referring to the crystalline state.

log S/(mol-LY)
experimental BRTZVP BRTZVPEFINE WSKOWwin
1 -3.266 -3.508 -3.371 -2.835
2 -4.547 -5.704 -5.730 -4.810
3 -3.180 -3.898 -4.585 -4.798
4 -2.965 -3.623 -4.981 -5.113
5 -3.851 -4.869 -5.425 -4.727
T a 0.66 1.26 1.07
1 e
s =—Qa logS,, log SSML with * the standard errorand Ncthe number of compounds.
c i=1l

For the title compounds, the BPZVP level of theory performs best overall, with a
aidF yRIENR SNNRINAnd a seEst devatian in Aogsof D.2 far compound 1,
while the highest deviation in lo8is 1.0 for compound 5. At the BRZVP level of theory,

the experimental finding of similar magnitudes of aqueous solubilities of compounds 1, 3
and 4 could be reproducedror a small set of urelaased pesticides containing similar
structural features and for which experimental fusion and aqueous solubility data are
available, a standard error of 0.25 in |&was obtained, slightly underestimating the
solubilities in all cees except for propachlor, propanil and carbaryl, considering the BP
TZVP level of theory, as givenTable S4A.6 and S417.

To the best of our knowledge, neapor pressure data of the title compounds are
reported, yet, neither for the (subcooled) liquitbr the crystalline state. Calorimetrically

obtained standard molar enthalpies of sublimation are available, though, which represent

the temperature dependence of theapor pressure in the crystalline state, and hence

might serve as an additional indictdd 2 ¥ / h{ah(i0KSNXQa OF LI} oAt Al
the energetics of the crystalline phase via the input of experimental free energy of fusion

data. They are compiled ihable 424, together with the COSM@S results. The deviation

for compounds 2 is bigge for both methods and rather distinct from the others. The
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overall performance is good and slightly better fo-rBBVPAAD of 5.9%) than BRZVPD
FINEAAD of 9.6%).

Table 424. Standard molar enthalpies of sublimationp? H?(29815K), of N-

(diethylaminothiocarbonyl)benzimido derivatives. Literature data and COBE@esults,
both at the BPTZVP and BPZVPEFINE level of theory.

DY H?2(29815K)/ kJ-mol*

Compound Experimental BRTZVP BRTZVPEFINE
1 126.0 £1.5° 117.7 115.3
2 159.4+ 3.3 134.8 128.4
3 141.2+1.2 139.7 130.0
4 122.2+206 126.0 119.3
5 135.6 + 2.6 130.9 122.7
AAD(%) 5.9 9.6

aRef431: bRaf432

OGOSMQRS calculations: uirther equilibrium partition coefficients as obtainé from
COSMERS

Today, a variety of partitioning property estimation methods is used in the attempt to
prioritize substances according to their potential environmental hazards. Main targets of
screening exercises are information about persistence, bioaatatian potential, toxicity

and longrange transport potential of existing and new chemicals. Equilibrium partition
coefficients like lod<aw, logKow, logKoa and logKocare key parameters in the process.
Since experimental data are often unavailabldial@de prediction methods are of utmost
importance. Current prediction methods are consistent only to a certain degree: a
screening test of 529 substances using four established prediction methods showed a

mere consistence for ~70% of the set memb¥ps

Further phwicochemical data relevant for environmental purposes obtained from
COSMGERS are presented ihable S4.18Results for the chosen urdmsed pesticides are
given asTable S49. The deviations are given imable S£20 and show a good

performance of COSMRS predictionsTable S£1 compiles data on hybrid awater
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partition coefficient of the title compounds, where the experimental component of the
calculated value stems from this work aqueous solubility measurements, waper

pressures were estimatedith COSMERS.

The derived partition coefficients may be introduced into a 4mensional plot
describing a hypothetical chemical space as depictedFigure 431. Here, the
environment is modelled as volumes of air, water, and octanol, where octanasepts
the organic fraction appearing in soils and sediménts/ore details on the apmach are

givenin Appendix £.

The plot allows a first screening of compounds with respect to their probable distribution
in the environment once (hypothetically) released. It also gives an idea about the
deviation between experimental data and COSMOpredictions with respect to the

equilibrium partition coefficients and the impact on chemical space distribution.

For the title compounds, experimental solubilities are used in the calculation dfalag
all other properties were calculated with COSMRS. Since experimental Id¢w (dry)
data were not available, logow (wet) data were used throughout. The rather small
deviations between both, as indicated in Table 84ahd 4.19 justifies this approach in

this qualitative screening exercise.

The 1% an®9% lines inFigure 4.31divide the Kaw/Kow space into regions in which
partitioning is occurring almost exclusively into one medium. It is likely that degradation
processes in that medium are most important, and hence, respective data are to be
collecte Ay 2NRSNJ (2 LINRPOSSR gAGK I Y2NBE O2YLJ
once released into the environment. For instance, from the title compounds, 2 is to be
expected to mainly partition into soil and sediment, its rather highHeg value renders

the compound prone to be persistent in the environment. The other title compounds will
partially be found in the water phase, as well; especially, due to their relative lower

content of carbohydrate fragments, compounds 1 and 4.

209



Chapter 4 Environmental Impact

4 -3 -2 -1 0 1 2 3 4 >
4 T T T T r ! f ! 5
3 L 1% Octanol\ _ 6
2 L Air 7
1 | 8
- % Ai
ol 33% Air 19
. l%Air\A 10
Air & Water
_ o L & 4 11
2 0.1% Air 5
< 3 - l12«Q
3 {4 2
4l P 1 13
99 1% Water
5 _*\\ o A - Octanol 4 14
13 : H
14 1
-6 - 1 3 9: 5 1922 28 41 15
7: 7 . 8 1%114 ilo g;g 24 22 2331
. 26 -
-7 ['Water g s glz : 2 oy ® °
8 R & ; ® Y ) 11
: }3 21
9 | Wa/tg } tanol’ 118
10 33% Octanol 33% Water . ! | 19
0 1 2 3 4 5 6 7 8 9
Log Kw

¢ Experimental_N-(diethylaminothiocarbonyl)benzimido
Experimental_urea pesticides
¢ COSMO_N-(diethylaminothiocarbonyl)benzimido
COSMO_urea pesticides
Figure 431. Chemical space diagram of the title compounds and selected-hasad
pesticides (6¢ Diuron; 7¢ Fenuron; 8¢ Fluometuron; 9¢ Linuron; 10¢ Barban; 11¢
Chlorpropham; 12 Diphenamid; 13¢ Propachlor; 14¢ Propanil; 15¢ Aldicarb; 16¢
Methomyl; 17¢ Carbaryl; 18 Parafluron; 19¢ Triflumuron; 20¢ Flufenoxuron; 21¢
Chlorfluazuron; 22c¢Teflubenzuron; 23¢ Noviflumuron; 24 ¢ Cyflufenamid; 25¢
Penthiopyrad; 26 Flutolanil; 27¢ Fluopicolide; 28; Etoxazole; 29; Bistrifluron; 30¢

Hexaflunuron; 31 ¢ Lufenuron; 32 ¢ Novaluron; 33 ¢ Diflubenzuron; 34 ¢

Dichlorbenzuron).
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In a first approximation, the substances of the set are mainly partitioning into soil and the
aguatic environment. The quality of used input data may alter the detected ipahc
environmental compartment of their occurrence. In our example, the input only differs in

log Kaw, which leads to vertical shift between the data based on experimental aqueous
solubility data and COSMRS solubilities, while all other data are obtaingith COSMO
RS.Theaw I § SNJ LI NOAGA2Yy O2STFFAOASYOH A& GKS 02Y
to aqueous solubility and@apor pressure. Simultaneous oveiof under)estimation of a
comparable magnitude of aqueous solubilities as welagsor pressures can largely be
OFyOSttSR 2dzi Ay GKS | SyNEQa ftl g O2yadlyd

naphthalenes'6®

Until experimentalvapor pressures or experimentally determined -amter partition
coefficients of the title compounds are known for confirmation, the COSMBOogkaw
data provide a reasonable estimate. The shift resulting from the different input skt
does, in this specific case, not influence the expected environmental compartment in

which the bulk of each compound will likely to partition.

In order to give indications about the adequacy of COSMBOto build a preliminary
chemical space diagrarfrjgure 431 also includes a comparison for a set of utmsed
pesticides with established consistent thermophysical property data. As can be seen the
results are promising as the predictions are globally close to the experimental
information. On the othehand, calculated environmental properties of some compounds
show rather distinct deviations from experiment, and hence, substantially different
placements inFigure 431. Fenuron and linuron for instance exhibit deviations in their
agueous solubilities fing within the expected range. But rather high deviations in their
vapor pressure predictions are encountered, when compared to recommended data.
These recommendations are known for their limited quality, e.g. s@mbrpressures of
linuron.#%¢ Barban and dipheamid, with acceptable to excellent deviations concerning
vapor pressures and agqueous solubilities, show a remarkable, in terms of magnitude,
atypical overestimation of their lipophilicity when compared to experiment. In such
cases, COSMRS can serve asscreening tool for sorting out problematic experimental

data, given the known difficulties in obtaining them.
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Furthermore, COSMBS results for a set of more modern fluoroentaining
pesticide$®’ are included Table S22 and S43). These are mostly benzoylphenyl urea
derivatives used as commercial insect growth regudgiGRs). To our best knowledge, no
agreedupon consistent thermophysical property data are available in the literature, at
this point of time (except diflubenzuron). Introducing electnaithdrawing substituents
2FGSy SEGSYRa | O2 Yrude duyf Rishaaffeti3Sits (eAvicbhniehtdl & LIS
behavior. In the exemplary case of dichlorbenzuron, adiGloro benzoyl derivative,

and diflubenzuron, its 2:@ifluorinated congener, COSMRS calculations suggest that
the substitution of chlorine by fluorine aunents the vapor pressure more than it
increases its aqueous solubility, in relative terms. Next to the therefore increased Henry
constant, a less pronounced lipophilic character is illustrated in the lowefdagalue of
diflubenzuron, leading to the spial separation of both compounds iRigure 431
Furthermore, dichlorbenzuron is known to degrade in soil within six to twelve months,
while diflubenzuron has a hdlfe in soil of about three day$8 The different sizes of the
introduced halogens lead to distinctively different molecular structures and hence, to

different metabolic pathway4%°

To obtain further hints on a possible PBT character of tthe compounds, another
screening exercise was performed with the onlgaculator PBT Profiler, whose
estimates are designed for screenileyel assessments on persistence (P),

bioaccumulation (B), and/or toxicity (170

The PBT Profiler expresses (reactiisgged) persistence in single medium Halés,
measured in days, in air, water, soil, and sediment. The program first determines the
media a chemicabk most likely to be found in, using a Level Il rukidia model where
advective losses are accounted for. Furthermore, the program provides estimates
regarding the bioconcentration factor (BCF) as well as the chemical's relative toxicity in
the form of a longterm toxicity value (Fish ChV). The results with regard to the title

compounds are given dsable S24 and S425.

They suggest that actually all title compounds might be of interest in terms of potential

PBT characteristics. Their estimated Hi#df in soil, 75 days, exceeds the EPA criteria of
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2 months. Therefore, they are estimated to be persistent in the environment, once
released. All compounds are assigned a chronical toxicity value of fish above EPA

threshold limts, except 1.
4.3.6. Conclusions

The applied aqueous solubility measurement method proved to give reliable and precise
experimental data. COSMRS tends to underestimate aqueous solubilities of the title
compounds, with respect to the experimental data, yiefflimest results at the BPZVP

level of theory.

COSMGERS is a useful tool to predict the distribution of a species between different
compartments in preliminary screening exercises with the aim to prioritize compounds
with potential impacts in the environent. The reliable prediction of physiahemical

properties of multifunctional substances remains a challenging task, as well as the

quantification of numerical hazard estimates with respect to their uncertairffigd’*

This in turn calls for improvements in the availability of reliable experimental physico
chemical property data. Although maaing all relevant partition parameters of all mualti
functional compounds is impossible, given their shear number, the opportunity given by
the technological developments in higitcuracy property determinations should be
concisely applied. A concerted efff should be focused in measuring sets of polar key
compounds to be defined, and4measuring other important compounds where available
data are of dubious quality, even more so as these data are supposed to serve as the
Fdzi dzZNBE Q& F2dzy Rouiinds2y 2F LINBRAOUOADS

4.4. Terpene solubility in water and their environmental distribution

Ménia A. R. Matrtins, Liliana P. Silva, Olga FerreiradB&chréderJodo A. P. Coutinh®

Siméao P. Pinhsubmitted toJournal of Molecular Liquids
4.4.1. Abstract
Terpenes and terpendsbelong to the largest and most diverse class of natural products.

Due to the increasing importance of their applications and the emerging perception of
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their impact on the environment, the available physuemical characterization is
insufficient. Inthis work the water solubility of geraniol, linaloai-citronellol, thymol,
eugenol, carvacrol ang-cymene, in the temperature range from (298.15 to 323.15) K,
and at atmospheric pressure, is studied. Due to the low solubility of these compounds a
novel technique was adopted for their measurements and validated using the aqueous
solubility data for sparingly soluble aromatic compounds. The thermodynamic properties
of solution were derived from the experimental data at infinite dilution. It is shown that
the solubility of terpenes in watas an endothermic procesnfirming the existence of
UCST phase diagrams, and only for carvacrol and eugenol is entropically driven. The
experimental information is shown in a twtimensional chemical space diagram

providing indications to their probable distribution in the environment once released
4.4.2. Introduction

Terpenes, and their oxygenated derivatives, terpenoids, belong to what is probably the
largest and most diverse class of natural compourds.componera of esential oils,
most of them are extensively used in different industrial sectors suchflaa®rs
fragrances, spices, perfumeries, cosmetics, or food additives, and due to their biological

activity, used for pharmaceutical and medical purpos&s33°

Onthe other hand, ona global scale, the extensive anthropogenic use of terpenes and
terpenoids associated with their natural emissions from coniferous forests, are one of the
principal sources of biogenic volatile organic compounds (B¥Y@C)."3About half of
global BVO@missions originate in isoprene, the terpenes buildigck/® and their role
in aerosol formation became an important research topic on the chemistry of the

atmosphere, with a renewed emphasis due to the oimg climate change debaté.’347

With the increase of the importance of their commercial and industrial applications,
processrelevant physicaechemical data of terpenes dnterpenoids have been retrieved
over time. Meanwhile, with the increasing number of terpenes applications allied to their
impact on the environment, right through to implications on a global scale, those data are
insufficient. Furthermore, the discoveryf more compounds with novel structures, and

interesting bioactivities, to the already classified 55,000 terpenes, enhances the need to
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establish new methods to efficiently measure the physicochemical properties of terpenes,
contributing also for the devefmment of predictive models based on molecular

descriptors, quantum chemistry or equilibrium thermodynamics.

Besidesvapor pressure and octaneklater partition coefficients, aqueous solubility is an
important parameter to allow an ample description of thestdbution of a substance
amongst the different environmental compartments. Aqueous solubility is therefore an
essential property in fields such as pharmaceutical sciences, environmental studies or
chemical engineering. Concerning terpenes only a few svéokusing exclusively SLE or
LLE of binary mixtures of terpenes and water have been published. In 1980, Smyrl and
LeMaguef® investigated the shibilities of three terpenic essential oil components in
water, with or without dissolved solids, at three temperatures. Later, Weidenhamer and
co-workers'’ determined the solubility of 31 biologically active monoterpenes in water by
chromatography. Miller and Hawthorf@ presented solubilities ob-limonene, carvone,
eugenol, 1,&ineole, and nerol in subcritical water; while Fichan ettaind Tamura and

Li*’¢ investigated water solubilities of monoterpenes at @5. By searching compilation
0221a&a adzOK & all yRo22]12% % pdsdjbbiz$o2gimine the2 f dzo A

limited, and high inconsistency of the available data.

Amongst the vast range of terpenes, in this work seven showing similar structures and
important properties or applications, were selected. Geraniol, linalool miacitronellol

are noncyclic monoterpenoids usually used as repelléfitsloreover, linalool is used as

a scent in 680% ofthe perfumed cleaning agents and hygiene products, and as a
synthetic precursor and chemical intermediate of vitamirpDBcitronellol is also used as
raw material for the synthesis of other terpen&s:® Thymol, eugenol, carvacrol arp
cymene are monoterpenoidp{cymene is a monoterpene) that present an aromatic ring.
p-Cymene occurs in the ethereal oils and is used to improveotite of soaps, and as a
solvent for dyes and varnishes. Carvats@ major component of oregano, and is applied
as a disinfectant while eugenol is a component of clove and cinnamon oils, and both used
in flavorsand in dentistry. Finally, thymol occurs in the oil of thyme and oregano and it is
applied as a topical aiseptic and antihelmintié¢’’ This work reports their water solubiit

in the temperature range from (298.15 to 323.15) K using an experimental method
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recently adapted by us for sparingly soluble solid compounds, and here applied for the
first time to study the solubility of liquids in water. The new technique was validated
against data for some wedtudied aromatic compounds and the data reported is
compared with literature values. Additionally, a thermodynamic analysis through the
thermodynamic properties of solution is explored, and the terpenes first distribution in

the environmental, predicted.
4.4.3. Experimental
4.4.3.1. Material

The description of the chemicals used imist work is presented on Table 4.2Bll
compounds were stored at 278.15 K and used as received. However, the purity of each
terpene was checked by, and'3C NMR gectra and G@®1S.The water used was double

distilled, passedy a reverse osmosis system and further treated with a MilliQ plus 185

Gl GSNI LIzNAFAOF GA2Y | LILI NI ( dza b urbotipariicles >0 A (1 & Y
NOHH >Y0 O pigeheda®rg Gsedrin/oRler to validate the new application of the

expaimental method.

Table 425. Name, structure, supplier, CAS, molar mad3, @nd purity (declared by the

supplier) of the investigated compounds.

Mass fraction Wavelength

. . . -1

Chemicals Supplier CAS M/ g-mol ourity /nm
Geraniol W SigmaAldrich  106-24-1 154.25 0.98 242
Linalool < P Aldrich 78706  154.25 0.97 293
pecitronelol Ll sigma 106229  156.26 Fnogp 238
Thymol \Gi( Sigma 89-83-8 150.22 Xn e 276
Eugenol - j@w Aldrich 97530  164.20 0.99 282

o ~

Carvacrol j@\( SAFC 499752 150.22 0.99 275
p-cymene OY Aldrich 99-87-6 134.22 0.99 274
Toluene O/ SigmaAldrich  108-88-3 92.14 0.998 262
p-xylene /©/ Acros Organics 1330-20-7 106.16 0.99 275
Methanol ——OH Fisher Chemice 67-56-1 32.04 0.9999 -
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4.4.3.2. Methods

Due to the low solubility values of the compounds under study, an approach adapted
from Andersson and Schrader (1999); Etzweiler et al. (1995); and Schrader and Andersson
(2001)4%451was here adopted. The experimental setup was previopigented Figure
4.28%® and proved to be efficient in the determination of aqueous solubilities of solid
substances. In this work, toluene armxylene, which have a similar structure and
solubility values of the same order ofagnitude with the compounds under analysis,
were used to validate the method for measuring solubilities of sparingly soluble liquid

compounds in water.

The experimentaprocedure is described in sectior38.2since it is the same used in the
previous wak. The wavelengths corresponding to the maximum UV absorption are
indicated inTable 4.25

The main advantage of the present technique is to avoid sampling of solute not dissolved,
but present in micreemulsions, a common experimental error, which oftlads to

overestimated solubility values.
4.4.4. Results and discussion
Method validation

The experimental procedure used for the aqueous solubility determination was validated
in the last chapterfor solid substances. In this work it is validated for liquid coumuls

using toluene angb-xylene, molecules with similar structure and solubilities values of the
same order of magnitude of the substances under study. The procedure described above
was followed, and the solubility in water of toluene ape¢ylene determmed at various
temperatures. Results are presented in Ta#l@6 and compared in Figurd.32 with
values from the extensive and detailed study by Goéral ét°alhe results obtained by
Neely at al.*®0 published after that study were also includeds shown in Figuré.32,

the results obtained demonstrate theeliability of the method for the measurement of

the water solubility of sparingly soluble liquid substances.
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Figure 432. Comparison of the experimental agueous solubilities of toluene @rylene

with data from literature. The colorful filled symbols represent experimental points
measured in this work and the open symbols and lines represent experimental and
calculated data compiled and selected by Goral et’®alThe black filled triangles

correspond to values measured bigely at af®
Aqueous Solubilities

The novel experimentaqueous solubility data for the terpenes under study, along with
the uncertainty for a 95% confidence interyale presented in Tabk26and Figure £8

of Appendix 4 Despite the lower solubilities, results are vesgtisfactory since the
coefficient of variation defined as the ratidetween the standard deviation to the
average presents a maximum of 10.8% for linalool at 298.15 K. Is important to mention
that among the compounds investigated in this work, thymol is the only one that is solid

at room temperature, with a melting point above 500 K.

As shown in Table 4.26, with the exceptionbafitronellol the solubility of terpenes in

water show a monotonical increase with temperature. Moreover, mole fraction
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solubilities are in the order of #)conhA N¥ Ay 3 (KS GKE@RNRLIK206AOE
to this class of compounds and showing that the dissolved terpenes can be considered at
infinite dilution. Concerning the compounds structures, at 298.15 K, the terpene
cymene, an alkylbenzene, presentgetlowest solubilities while the terpenoid eugenol, a
phenylpropene, presents the highest, what can be attributed to the presence of
oxygenated groups. This is the expectable behavior given the increasing hydrophobic
nature as we move from molecules witlkxygenated groups to hydrocarbons. However,
the temperature dependencies of the solubilities varies widely amongst the various
compounds studied. From 298.15 to 325.15 K the solubility of geraniol increases around
12 times, while forbi-citronellol, eugenoland carvacrol only double their solubility,

turning the measurements more difficult.

Table 426. Experimental mole fractionxgrene) Of terpenes in water as a function of

temperature and at atmospheric pressute.

10 Xterpene

298.15K 303.15K 308.15K 313.15K 318.15K 325.15K

Geraniol 1.027(0.330) 1.390(0.066) 3.747(0.366) 6.429(0.099) 9.222(0.315) 12.652(0.087)
Linalool 1.808(1.756) 3.320(0.406) 4.723(0.236) 5.920(0.424) 8.438(0.849) 11.080(1.306)
picitronellol 2 177(0.114) 1.874(0.391) 1.866(0.327) 2.082(0.028) 2.487(0.068) 3.084(0.044)
Thymol 1.180(0.060) 1.327(0.047) 1.457(0.069) 1.689(0.150) 1.890(0.050) -

Eugenol 2.280(0.083) 2.305(0.522) 2.538(0.275) 2.539(0.150) 2.856(0.932) 3.118(0.920)

Carvacrol  1.440(0.73) 1.547(0.073) 1.642(0.098) 1.687(0.163) 1.703(0.090) 1.717(0.054)
p-cymene  .048(0.002) 0.069(0.003) 0.099(0.005) 0.124(0.004) 0.151(0.016) 0.189(0.007)

Toluene 1.127(0.048) - 1.178(0.020) 1.203(0.038) - 1.257(0.026)
p-xylene 0.262(0.028) - 0.307(0.06) - - 0.365(0.009)

a@The expanded uncertainty for a 95% confidence interval is presented between brackets. The

standard uncertainty of temperature i€T) = 0.02 K.

Carvacrothymol and geranielinalool are positional isomers and, as expected, their
solubilities present similar values. However, while from 298.15 to 313.15 K carvacrol
presents the highest solubility, at 318.15 and 323.15 K thymol is more soluble. Concerning
the linear alcohols, linalool presents higher solubilities than the others upd&135 K,

above which geraniol is the most soluble.
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Among the norcyclic terpenes studied, in generali-citronellol is the one presenting
lower solubilities. This compound presents one double bond less when compared with
linalool and geraniol, being morsoluble at the lowest temperature only. In fact, it is
relevant to mention the difficulty of measuring the solubility oEcitronellol at low
temperatures, due to the very small change in its solubility in that temperature range,
and some enthalpic effestcan be associated when comparing the solubility magnitudes
of these three compounds. Regarding the aromatic terpenes grgugymene and
eugenol present the lowest and highest solubilities in water, as stated before. Thymol and

carvacrol present similaolubilities, between those of the other compounds.

The compoundg-cymene,p-xylene and toluene present very similar structures as can be
seen in Figurd.33 and that was the reason why the last two were chosen to validate the
experimental method here aapted. Like expected, the solubility decreases from toluene

to p-cymene, with the increase of the number of &foups.

1.12'%104 0.26X10* 0.04810*

+CH +2CH

Toluene p-xylene p-cymene

Figure 433. Structures and mole fraction water solubilities of toluemexylene andp-

cymene at 298.15.K

One important objective of this work is to provide accurate experimental data of terpenes
solubilities in water. However, as mentioned above, the number of terpenes know today
is about 55,000. It is thus impracticable the study of all these moleculespeedictive

models, or simple empirical correlations with some readily available parameters, would

be of great help.
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Computational methods as COSNRI?® SPARCEE! UNIFAE? and EPI Suité®® were
tested in order to predict or estimate the solubility of the studied terpenes in water
However, as can be seen in Table 4.27, none of tvasiable to predict satisfactorily the
solubility values, nor even the solubility ranking among the different compounds studied.
In particular, UNIFAC predicts a decrease on the solubility values \Wwbheternperature
increases. The experimental data here presented is not only of enormous importance to
assess modeling approaches, but more notably to include modifications in the description
of these type of molecules, within models such as COR80to impove the prediction

capabilities concerning this vast family of compounds.

Table 427. Experimentaland calculatedmole fraction fermpene) Of terpenes in watemat
298.15 K.

10* Xterpene This Work  COSMERS SPARC UNIFAC EPI Suite
Geraniol 1.027 0.727 0.140 1.738 0.300
Linalool 1.808 0.615 0.344 6.579 0.801
DL-citronellol 2177 0.653 0.222 1.967 0.122
Thymol 1.180 0.284 1.370 - 0.526
Eugenol 2.280 0.235 0.267 - 0.830
Carvacrol 1.440 2.501 2.027 - 0.362
p-cymene 0.048 0.031 0.027 - 0.038

Several correlations of the solubility of terpenes in water with some of their properties,
such as dipolar moment, octanrwlater partition coefficient, solubility parameter or
molar volume at several temperatures were attempted. However, tier@sting results

were achieved.
Comparison with Literature

Literature values on terpenes water solubilities were previously reported and are listed in
Table 8.26 and Figure &9 of Appendix 4 along with the experimental values from this
work. Only expemental data at atmospheric pressure were selected (data points

predicted or estimated were omitted). Up to date, and to the best of our knowledge, only
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the values displayed in Tabld.36 were reported. For each terpene only a few reliable
literature data are available, which poorly or roughly illustrates the behavior with

temperature and makes the comparison with literature extremely difficult.

With a few exceptions, linalool and thymol, for which more literature information is
available, show satisfactpragreement with the data measured in this work. Carvacrol
presents a maximum relative deviation (RD / %o} Xit|- i) of 20% at 298.15 K. Data

for DL-citronellol reported in the overlapping temperatures to our measurements, deviate
more than 1@%; with the exception of the value measured by Knobloch é&t*abhich
present RD of about 35%. RD for eugenol range between 16 and more than 100%, and for
p-cymene range between 32 and 90%, revealing also the high inconsistency among data
reported by different researchers. The same can be seen in geraniol, where at 298.15 K
the RD varies between&6%, and at 313.15 K is more than 100%.

The large discrepancies between literature data and the experimental values here
reported, and between the literature values themselves can be assigned to different
experimental conditions ahtechniques used, and to the fact that most of the literature
values are rather old. In general, taking into account the nature of the compounds here
investigated, errors may be attributed to deficient saturation and sampling techniques.
Thus, in this wde a special procedure was applied where the use of an isothermal
ultrasonic bath to speed up the dispersion guarantee the saturation; a binary solvent of
water and methanol used in dilutions and calibration curves avoid dissolution problems
what is very irportant given the hydrophobicity of these compounds; and the use of
dialysis membranes avoid sampling of riesolved solute, which lead to overestimated
solubility values, usually found by us before its use. In fact, the validation methodology
implemented by studying the solubility of toluene armxylene, also support the data

presented in this work.
Thermodynamic Functions

In order to describe theexperimental solubility of terpenes in water andking into
account the significant dependence on tempenad for the enthalpy of solution, several

correlations were attempted as those proposed Hsonopoulog® Goéraf™ and
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Maczynski et at® However, the most suitable was found to be a linear equation that

considers the harmonic temperaturgé.487

(4.39

DO

In Xterpene: A+B - Ti .
hm

g

where T and Thm are the absolute and harmonic temperatures, respectively; Arahd B

are the fitted parameters.

Table 428 presents the fitted parameters along with the corresponding errors
considering a confidence level of 95%; where thsadute average relative deviation in

the experimental mole fraction data is of 5.4 %.

Table 428. Estimated parameters for the mole fraction of terpenes in water estimated

using Equatior.38, along with the corresponding en®at the 95% confidence level.

A B/K?

Geraniol -7.83 +-0.23 -10361.19 +2554.61
Linalool -7.60 +-0.12 -6674.68 +£1312.55
DL-citronellol -8.41 +-0.16 -1456.00 +1858.73
Thymol -8.78 £-0.05 -1931.58 £547.11
Eugenol -8.26 +-0.04 -1210.40 £479.49
Carvacrol -8.73 +-0.03 -663.14 +345.81
p-cymene -11.49 +0.08 -5216.52 +859.38
Toluene -9.04 +-0.01 -420.01 +36.83

Through the temperature dependence of the experimental solubility data and assuming
infinite dilution of the solubilityin water, it is possible to derive the standard molar

thermodynamic functions of solutionGibbs energy(D.,G.), enthalpy (D

sol

H?) and

entropy (D,,,S), using equationd.39 ¢ 4.41. Results are presented in Tadl9,

D,,Gn =- RTIN(x), (4.39)
D H2 _aulnxg

—2 = 0 (4.40)
RT? ¢ WT =
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0 _ é,U(T In X)@
DS, = R8 hi Hp (4.41)

where Ris the ideal gas constant and subscriptand m indicates isobaric condition and
constant composition during the process, respeely.

Table 429. Standard thermodynamic molar properties of solution of terpenes in water at

Thm = 310.42 K together with the errors at the 95% confidence level.

Dso|Hr?1/kJ Gnol ™t DSO,G,?q /kJGnol* ThmDS(,lS,?]/kJ Gnol*
Geraniol 86.15+21.24 23.70 £ 0.83 62.45 + 21.26
Linalool 55.50 +10.91 22.24 +2.51 33.25+11.20
DL-citronellol 12.11 + 15.45 21.76 £ 0.14 -9.66 + 15.45
Thymol 16.06 + 4.55 23.34+0.13 -7.28 +4.55
Eugenol 10.06 + 3.99 21.64 +0.09 -11.58+ 3.99
Carvacrol 5.51+2.88 22.83+0.31 -17.32 +2.89
p-cymene 43.37 +7.15 31.63 +£0.09 11.74+7.15
Toluene 3.49+0.31 23.46 £0.11 -19.97 + 0.33

Themolar thermodynamic properties of solution reported in Tabl@%help to explore
molecular mechaisms behind the solvation phenomena. The positive enthalpies of
solution show thatthe dissolution of terpenes in water is an endothermic procasd
confirm the existence oUCST phase diagrams assumed before. Very evidently, geraniol
and linalool presena very unfavorable enthalpic term when compared with all the other
terpenes, while an enthalpientropic compensation phenomena occurs as eugenol and
carvacrol show a very unfavorable entropic effect while their solution enthalpy are much
smaller. Moreoer, the standard Gibbs energy of solution increases with the reduction of
functional groups present in the molecules. Eugenol presents the lowest standard Gibbs
energy of solutionp-xylene the highest, while the isomers carvacrol and thymol present
similar values. With only four experimental points the same procedure was applied to
toluene solubility. The standard enthalpy of solution is 3.49 kJ/mol at the harmonic
temperature 310.4 K, which is comparable to 4.36 kJ/mol measured by a flow-micro
calorimetric method at 308.2 K and to 4.56 kJ/mol found using the solubility data by

Neely at al*8° supporting also the good quality of the experimental data collecteithim
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work, as in the compilation analysis by Heftéithe enthalpy of solution at 298.15 K,
calculated from different aqueous solubility sets, are in the range between 1.5 and 4.7

kJ/mol.
Environmental Distribution

The environment is modelled as volumes of air, water, and octanol, where octanol
represents the organic fraction appearing in soils and sediments. T@uosiin et af®’
proposal a qualitative approach that allows to have a first screen of compounds with
respect to their probable distribution in the environment once released. This was used by
usin Chapter 4.2and is here applied for the first time to terpenes and terpenoids.eHer
octanolwater (logKow) and airwater (logKaw) partition coefficients are introduced in a
two-dimensional plot describing a hypothetical chemical space as representéigune

4.34. Additional details about this approach are gived\ppendix 43.

The airwater partition coefficients are most intimately related to aqueous solubility and
vapor pressure. The experimental aqueous solubility data from this work were used to
calculate the logkaw, together with vapor pressures collected from literati§fe/56:492494
Octanotwater partition coefficients were measured experimentally by Griffin et®al.

Isoprene data, used here as a references, were taken from Mackay%t al.

The lines in Figure 431% and 99%) divide the chemical space into different regions in
which partitioning is occurring almost exclusively into one medium. In general, terpenes
are partitioning into the three environmental compartments while toluemexylene and
isoprene partition exclusively into air due to their extremely high vapor pressure.
citronellol is the only compound that only partition between water and octanol phases.
Its rather high value of lolon makes it to be more persistent in the environment. Due to

its high solubility in water, eugenol will partially be found in the water phase.
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Figure 434. Chemical space diagram of the terpenes ingggtd in this work and some

other selected compounds, namely isoprene, toluene pnglene.
4.4.5. Conclusions

The solubility of seven terpenes in water at six different temperatures was evaluated
using a new experimental methodology. The new experimental methasl successfully
validated for liquid substances using toluene gnglylene as model compounds, proving

to give reliable and precise experimental dathe thermodynamic properties of solution
were calculated indicate that the solubility ¢érpenes in wéer is an endothermic

process,confirming the existence dJCST phase diagrams and, excepting carvacrol and

226



Chapter 4 Environmental Impact

eugenol, enthalpically driven. A tadimensional chemical space diagram shows that, in
general, terpenes partition into the three environmental coangments, while toluene

andp-xylene partition exclusively into air due to their higher vapor pressure.

This work contributes and calls for increasing the availability of reliable experimental
physicachemical property data of terpenes, which are alscenbrmous importance to

the improvement, development and test new computational methods aiming for their
prediction in such a vast family of compounds. Efforts must be focused in measuring or
re-measuring basic important properties as mutual solubilitiespor pressures, and

octanolwater partition coefficients, where available, are very often of dubious quality.
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Chapter & Final Remarks and Future Work

The present work reports a comprehensive stualy terpenes properties and phase
equilibria, that are acontribution for the development of novelerpenes applications,

their extraction andstudies addressing theanvironmentalfate.

First, and nspired by the lack of well characterized hydrophobic eutectic mixttodse
used in novel proesses and productssustainable hydrophobic solvents based on
terpenes and monocarboxylic acigendliquid at room temperature; were successfully
preparedand characterizedMixtures betweenterpenesand monocarboxylic aciderm

normal eutectic solverst whilesomemixtures of terpenesorm deep eutectic solvents.

Tobe used in different applicatiorgure terpenes must be extradtom essential oilgnd
subsequentlyfractionated andionic liquids were here evaluated to thptirpose Results
show that Ls may replace conventional entrainers applied for the separation processes of
aliphatic/aromatic hydrocarbons and@oncerning terpeneshe most effective ILs would
require polar anions to improveelectivityand nonpolar cationsto increase capacity
Ba®d on the later conclusions®, was decided to design deep eutectic solvents for the
same purposeAmmonium salts were combined with fatty alcohols or fatty acids and
novel DESnd simple eutectic mixturedesigned andheir solidliquid phase diagrams

chaacterized and modeled

When envisaging largecale applications terpenes will inevitably endhe environment
Anthropogenic releases allied to ther natural emissions are concerning the
environmentalists. In this context, th&olubilities of terpenesn water were determined
confirming their hydrophobity and a set of critical propertieswas estimated and
recommended A derivedtwo-dimensional plot describing a hypothetical chemical space
shows that m generaland despite their low solubility in wateterpenes are partitioning

into the three environmental compartments.

Along this work a novel technique for thsolubility measurement of sparingly soluble
compounds inwater was developed, validated anduccessfully appliedor several
compounds Moreower, aming at the measurement of activity coefficients at infinite
dilution in the University of Aveiro, the experimental procedure used in the Warsaw

University of Technology was here implemented the first time.In the deep eutectic
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solvents frameworka visual methodologyo measure the solidiquid phase diagrams of
mixtures and pure compounds usiag automatic glass capillary deviaas developed

and validated.

Future investigatioa shouldbe focused on the effectiveproving of the hydrophobicity 6
the new eutectic and deep eutectic mixtiewdormulated in chapter 2To that end, the
water content, mutual solubilities, NMR, TGA, FVI&ositiesand densities of the pure
and water saturatedmixtures should be measured and evaluatedMR and FTIR
spectroscopywill help to explore the mixturestructures and purities and to confirm the
interaction of the two compounds leading to the eutectic formatiddditionally, their
effectiveness to extract different biomolecules and metalald bean interestingtopic of
study. A full work on the modeling of these systemsing PESAFT, UNIFAC or OBAf

the utmost importance.

Another area to further investigate the use of the new apparatus in Aveiro to measure
activity coefficients at infinite dilution faterpenes and nosvolatile ionic liquids ordeep
eutectic solventsaiming to screen theseclass of solvent$or the terpenes extraction
OOSMORS indicatedthe more suitable ILs to perform terpenes extraction and
purification, and these shoulshow be tesed experimentally in both, the measurements
of the activity coefficients at infinite dilution and theal extraction and purification of
terpenes. Being DES an important neoteric class of solvents, these should be use to the
same endand screened by usingalculation tools as COSMRS The fact thatterpenes
are hydrophobic compoundsndicates thathydrophobic DEShould bepreferred and
thus further investigated The same characterizatiomentioned before for systems
involving terpenes¢ formulation, chaacterization modeling and extraction ability
evaluation¢ must be performed to all mixtureformulated. Being vapor pressure an
important property that may condition solvents u$e industries,jt must be additionally

measured and taking into accountfuture studies involving DES.

Moreover, the new solubility apparatugnplementedshould be used to determine the
solubility of more terpenesand their mixturesin water at different temperaturesan

essential property to accurate predict the fate of terg=nin environmentA review
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focused on the monoterpenes physicbemical propertieghat is also an output of this
work is auseful starting point to select the compounds and properties to investigate next.
Due to the large number of terpenesvestigation on the prediction methods and

empiricalcorrelations of the properties measurethouldalwaysbe attempted.
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