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Actualmente, é crucial a reducdo do contetdo de compostos sulfurados nos
combustiveis, uma vez que 0Ss organismos governamentais estdo a
implementar legislacdes cada vez mais rigidas para diminuir impactos
ambientais negativos. Por esta razdo, torna-se fundamental desenvolver
processos de dessulfuracdo apropriados e eficientes, no sentido de se
corresponder as regulamentacdes actuais e futuras.

O processo mais utilizado para a remocdo de compostos sulfurados (S-
compostos) tem sido a hidrodessulfuracdo, mas esta € ineficiente e
dispendiosa, pelo que se torna importante desenvolver novas alternativas.
Dentro das vérias propostas sugeridas, a extraccao liquido-liquido utilizando
liquidos i6nicos (LIs) provou ser uma das mais promissoras.

Para uma aplicacdo bem sucedida dos LIs como solventes nos procedimentos
de dessulfuracéo, e para a concepcao de processos e equipamento, é crucial
que os dados de equilibrio liquido-liquido (ELL) de sistemas envolvendo Lls,
arométicos e hidrocarbonetos (HCs) estejam disponiveis, para que se possa
identificar as melhores condicdes e os LIs mais convenientes. Estes devem ter
algumas caracteristicas definidas, tais como imiscibilidade com HCs, assim
como uma boa capacidade e selectividade para os compostos aromaticos
sulfurados.

Embora os dados de ELL em sistemas binérios e ternarios envolvendo LlIs, S-
compostos e HCs, assim como a informacdo sobre os efeitos da natureza
destes componentes estejam disponiveis na literatura, os dados de
solubilidade continuam a ser muito escassos € o numero de LIs considerados
€ reduzido. Tendo em conta as necessidades actuais, torna-se relevante
desenvolver estudos adicionais.

O objectivo deste trabalho é identificar LIs com potencial para serem aplicados
na dessulfuracdo de combustiveis. Neste sentido, diagramas de fase de
sistemas binarios envolvendo Lls baseados no catido imidazolio e tiofeno
(considerado como modelo de S-composto) foram determinados
experimentalmente e previstos com o modelo COSMO-RS (modelo para
solventes reais). Os diagramas de fase para sistemas ternéarios
compreendendo Lls, S-compostos e hidrocarbonetos (representativo dos
componentes do combustivel) foram também calculados utilizando este
modelo.

Os dados de ELL permitiram avaliar o efeito das caracteristicas estruturais dos
LIs nas solubilidades mutuas e concluir sobre os factores que influenciam a
selectividade dos LIs e a sua capacidade de extrac¢cdo dos S-compostos
aromaticos a partir das suas misturas com HC nos processos de
dessulfuracdo. Através da comparagdo dos diagramas de fase de LLE
utilizando COSMO-RS com dados experimentais disponiveis, foi possivel
testar a capacidade do modelo para descrever e prever o comportamento de
fase para este tipo de sistemas.
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Nowadays, the reduction of the sulfur content in fuels is mandatory since
governments are implementing increasingly rigid legislations to decrease
negative environmental impacts. For this reason, it is crucial to develop
appropriate and efficient desulfurization processes in order to meet the current
and upcoming regulations.

The process most used for the removal of sulphur compounds (S-compounds)
has been hydrodesulfurization, but it is inefficient and expensive, being thus
important to develop new alternatives. Among the several approaches
proposed, the liquid-liquid extraction using ionic liquids (ILs) has proved to be
one of the most promising.

For the successful application of ILs as solvents in desulfurization procedures
and for the correct design of processes and equipment, it is vital that data on
the liquid-liquid equilibrium (LLE) of systems involving ILs, aromatics and
hydrocarbons (HCs) are available, in order to identify the best conditions and
more convenient ILs to be used. These should have some defined
characteristics like immiscibility with the HCs and a good extraction capability
and selectivity for the sulphur aromatic compounds.

Although LLE data on binary and ternary systems involving ILs, S-compounds
and HCs, as well as information on the effects of the nature of these
components, are available in literature, the solubility data are still quite scarce
and the number of ILs considered is reduced. Regarding the current demands,
it is therefore important to develop further studies.

The objective of the present work is to identify ILs with potential to be applied in
the desulfurization of fuel oils. For this purpose, phase diagrams of binary
systems comprising imidazolium-based ILs and thiophene (taken as model S-
compound) were experimentally determined and predicted with the COSMO-
RS model (conductor-like screening model for real solvents). The phase
diagrams of ternary systems containing ILs, S-compounds and HCs
(representative of the components of the fuel) were also calculated using this
model.

The LLE data enabled to evaluate the effect of the structural characteristics of
the ILs, S-compounds and HCs on the mutual solubilities between these
compounds and conclude about the factors that influence the selectivity of the
ILs and their extraction capability of aromatic S-compounds from their mixtures
with HC in desulfurization processes. By comparing the LLE phase diagrams
calculated using COSMO-RS with available experimental data, it was possible
to test the ability of this model to describe and predict the phase behaviour of
this type of systems.
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1.1.  Scopes and Objectives

Governmental regulations on the sulfur contentugfld are becoming increasingly
strict in order to reduce the emissions of sulfuides and other sulfur compounds (S-
compounds) to the atmosphere and mitigate negainwéronmental impacts. For this
reason, it is crucial to develop suitable and &ffit desulfurization processes in order to
meet the current and upcoming regulations. Amomgsttveral approaches proposed, the
liquid-liquid extraction using ionic liquids (ILshas proved to be one of the most
promising.

Due to the huge number of possible combinationgations and anions in ILs,
experimental measurements become impracticablefanthis reason, it is necessary the
use of a predictive model for their study, like @®SMO-RS (conductor-like screening
model for real solvents). This model is a conveni@ol, as it requires the molecular
structure as the only information and it does require adjusted parameters to the
experimental data.

This work aims at identifying ILs with potential twe applied in the desulfurization
of fuel oils. For this purpose, phase diagramsinéty systems comprising imidazolium-
based ILs and thiophene (taken as a model S-condpaugre determined experimentally
and predicted with the COSMO-RS

This model was also applied to describe the lidgdid equilibrium (LLE) of
ternary systems containing imidazolium and pyridirbased ILs, aromatic S- and N-
compounds, and hydrocarbons (HCs) (representatitteeaomponents of the fuel).

The analysis of the LLE phase diagrams enabledvtauate the effect of the
structural characteristics of the ILs, aromaticd 8€Cs on the mutual solubilities between
these compounds and conclude about the factorsrfhaence the selectivity of the ILs
and their extraction potential of aromatic compaufrdm fuels. By comparing the LLE
phase diagrams calculated using COSMO-RS with a@vail experimental data, it was
possible to test the ability of this model to ddserand predict the phase behaviour of this
type of systems.
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1.2. General Context

The Earth’s climate is changing gradually, largedya result of human and industrial
activities which are often hazardous and made ligelgroportions, overwhelming the
delicate balance of nature on Earth.

Currently, energy production is mostly based on-rearewable energy sources.
These have widespread in technology, but have la éngironmental impact. Fossil fuels
are still the main choice of supply in the trangpactor and will certainly continue to be
extensively used in the near future. Thereforemifigr emissions to the atmosphere are
expected to increase during the next decades, libung crucial to develop and adopt
several environmental policies in order to avoidregversible climate change.

The S-content in fossil fuels is a very seriousimmental concern because, upon
combustion, S-compounds are converted to sulfulesx(SGQ). These compounds are the
major source of acid rain and air pollution andtdbnte to global warming®. Besides
causing changes in climate, S@so affects the human health, causing respiratory
problems and being particularly irritating to thuads. In addition, SQrreversibly poisons
the noble metal catalysts for the conversion of,NGD, and particulate matter for exhaust
gas treatment in vehicl&s®.

During the last few decades, the deep desulfuamaif transportation fuels has thus
become an increasingly important subject due toenstiingent governmental regulations
established in many countries for environmentatemtion purpose¥!. The sulfur limit
(S-limit) on diesel oil was fixed in 2010 in a valof 15 ppm in USA, in 2009 in a value of
10 ppm in the European Union and Japan, and 50ip@razil while globally, the average
S-content in crude oils has increased about 60d¥ f£981 to 2001 " The future
tendency will be to produce S-free gasoline, diesel other fuels like those used in
agriculture tractors and nonroad mobile machindircing intensive research on
alternative technologié®*2.

Sulfur is found in concentrations that depend an sburce of the crude feedstock,
methods of refining and the degree and nature erfidihg. Desulfurization technologies
are selected and their suitability evaluated adngrtb the requirements of the produced

fuels.
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1.3. lonic Liquids

ILs are commonly defined as salts melting at terjpees below 100°C, typically
formed by the combination of large organic cati@m&l organic or inorganic anions of
variable naturé**®. Since, unlike common salts, they cannot easilynf@an ordered
crystalline structure and they are liquid at orrneem temperature and at atmospheric
pressure.

The ILs most studied and reported in literature tagese containing anions such as
tetrafluoroborate, hexafluorophosphate, bis(trifaroethylsulfonyl)imide, halogenates, or
trifluoromethanesulfonate, combined with ammoniunphosphonium, sulfonium,
pyridinium, imidazolium or pyrrolidinium cations.h€& structures of some of the most

common cations and anions composing ILs are idbstr in Figure 1.1.
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Figure 1.1:Structure of common (a) cations and (b) anionswici liquids

For the IL to be liquid at room temperature, théiorae should preferentially be
unsymmetrical,e.g. R; and R (Figure 1.1) should be of different alkyl groups the
dialkylimidazolium cation. The relatively large sinf one or both ions in ILs and the low
symmetry of the cation contribute for the lower timgl points of these compounds
[®1 The nature of the anion is also largely respdeditr its chemical propertids 8.

These compounds present remarkable and advantatemusophysical properties,
such as low vapour pressure under atmospheric tomsli large liquidus temperature
range, high ionic conductivity, high solvation ayiffor organic, inorganic, organometallic
and polymeric materialsnon-flammability, high chemical and thermal stapiland
reusability™™” 123 Due to these unique features, ILs have beenuject of an enormous
research effort from the scientific community ame eurrently suggested as promising and
environmentally benign alternatives for conventior@atile and toxic organic solvents in

a wide range of applications such as liquid/liqaigtraction ??, gas separation and
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27 catalysis #®,

purification [25], chemical synthesis[ZG], electrochemistry
chromatographic method$”, liquid membraned®®, among others. Although ILs are
recognized as “green solvents”, it is relevantttwlg their environmental impact and other

properties such as toxicity, biodegrability or hicamulation? 3132

For example,
imidazolium and pyridinium-based ILs have usuallpw toxicity, which is largely driven
by the size of the cation chaff. In general, the shorter the length of the alkgin of the
cation, the lower the toxic effect &'. The anion may also influence the toxicity but its
effect is not as significaft* 3334

The key feature of these solvents is that theiperiies can be tuned through the use
of different selected combinations of anions aniibna and/or functional groups”. By
manipulating their structure, a unique set of prope can be explored for specific
applicationd®® **2¢ pue to this versatility, they are named “desigs@vents™®,

The first report on ionic liquids dates back to 49&hen Walder®” synthesised
ethylammonium nitrate, [EtNd{NO3], a salt with a melting point of 12 °C. Some years
after, in 1952, ILs were first considered for thapplication as electrolytes in
electrochemistry®®, when Hurley and Wier used the first room-tempemtiLs with
chloroaluminate ions as bath solutions for eledatopg aluminum. However, this kind of
ILs did not receive considerable attention owingheir reactivity to moisture and many
chemicals. The true emergence of ILs as broadlgtional solvents occurred with the
development of the air- and moisture-stable imidaepbased ILs in 1998

In recent years, the number of possible stable auatibns of cations and anions has
increased significantly (it is estimated that theoelld be up to I ILs B%) and therefore
many and extensive studies have been carried gygttmformation on these solvents. As
it can be seen in Figure 1.2, there has been amegspe increase in the number of
publications on ILs in the past decade, which tiaative of the tremendous interest in this
field.

In the last decades, ILs have proved to be suitédtdea growing number of
applications: as solvents for a variety of chemreactions and separation processes [16,
38-39], as sensors, lubricants, electrolytes il tgdls, batteries, plasticizers, ionogels,

capacitors, liquid crystals, heat transfer fluidsl &ven embalming fluids, to name just a
few [14, 17, 39]
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Figure 1.2:Numberof publications involving ionic liquids betwe1991 and 20C 1**,

Some innovativapplications, such ehe use of ILs for the production energy*®
(for example in the capture and conversion of solaergy into electricit) or as
pharmaceutical salt§", are still rising.Recently, goromising field of research has be

the use of ILs as solvents for the extrac of Scompounds from transportation fu ' >

22, 42-52]

1.4. Current technology for desulfurization of fuels

Conventionallythe removaof S-compounds from crude akrived fuel-gasoline,
diesel and jet-fuels imade througltcatalytic hydrodesulfurizatio(HDS). This process is
carried out industriallyin petroleum refineries andonducted at temperaturaround
350°C, at hydrogen presss of 3-10MPa, and using traditional commercial catalyst
as Co—Mo/AOs, Ni-Mo/Al,O5; or Ni-W/ALO 1% 47l The principle of this prevailin
technology is the reaction of-compounds with hydrogen ¢Hto convert them t
hydrogen sulfide (k8) andHCs ®%!. H,S is subsequently remes, generally via class
Claus process, to produce elemental st €. The hydrocarbon part is recovered :
remains in the refinery strean!*®!. HDS is successful for a variety of-containing
compounds that exhibit varying reactivities towagiésulfurization. Reactivity depenon
the local environment of the sulfur atom in the ewoile, ancon the overall shape of tt

molecule™ ** This methochas beewidely employed throughout the world for over
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years and generally enables the elimination ohalig/paraffinic S-containing compounds
like thiols, thioethers, sulfides and disulfidestgiefficiently, according to the present S-
content regulations™ %*°% However, it is difficult to achieve ultralow sulf levels
because some refractory S-containing aromaticsglyathiophene (TP), benzothiophene
(BT), multiple alkylated derivatives of dibenzotpleene (DBT) and especially high
molecular weight substituted DBTs are highly resistto hydrotreatment and are difficult
to convert into HS due to the sterically hindered adsorption of éhe@mpounds on the
catalyst surface and the lack of high performaratalgsts specific to such serig% 53 57

%2 Thus, the rate of HDS superproportionally deasasith the increase of the degree of
desulfurization because many S-compounds, partlgulaterically hindered DBT
derivatives, are much less reactive to H&F5 The structures of typical S-compounds that
are found in transportation fuels are depictedigufe 1.3.

Moreover, undesired side reactions such as theaseto of more olefins will also be
induced, resulting in a decrease in the octaneieatamber of fuels. ThezHwhich is fed
into the HDS-reactor jointly with preheated oilnerely consumed to a small extent in the
trickle bed reactor and needs to be separatedttierdesulfurized oil and recycled into the
reactor. Normally, recycle-rates of up to 50 areedwssl, which results in high
(re)compression cost&®. The operation at higher temperature also leadmd®ased
cracking, coke formation and thus subsequent csitalgactivation. For example, either
about four times more active catalyst or an in@eafs38 °C in reaction temperature are
the conditions needed to meet the required S-remuof diesel products from 500 to 50
ppm 4 when using a Co-Mo catalyst. In addition, to dasgethe S-content from 500 to
less than 15 ppm, the reactor volume must be &t ldaee times larger than those
presently used in refining industf?. The use of slurry reactors in HDS could be a
promising alternative to the conventional reactmsd in this process (fixed bed reactors)
because of their uniform temperature profile, higitalyst efficiency, and online removal
and addition of catalyst’.Other improvements in this technology are focusedthe
development of high activity catalysts, advanceacter design of multiple bed systems

within one reactor, and new internals or structwathlysts to realize counter-current flow
[58, 61]
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Figure 1.3 Structures of typical organosulfur compounds foimttansportation fuels.

While the efforts to counter the main drawbacks amgrove the efficiency of HDS
are ongoing, the search for alternative, effici@nd less-energy-demanding processes for
the deep desulfurization of transportation fuels baen recently intensified. Many non-
HDS approache$? that provide potential solutions to obtain S-fobean fuels, and that
are able to eliminate undesirable S-containing cmmgs or to convert them into more
innocuous forms, are under development: for examsstective adsorptioff & 5% €671
biodesulfurization (BDSY®™, precipitation!’”, oxidation with molecular solvent&®),
oxidation with ILs [5, 11, 56-57, 77-85], and extian with ILs [*' 12 22 4252 A|| the
processes mentioned, considered individually ocambination with HDS, may be new
economically viable solutions for desulfurizatiofigure 1.4 shows a scheme of the
integration of a liquid-liquid extraction step ugitLs in the desulfurization of diesel oil as
a complement of HDS, in order to separate uncoegeBT-derivatives from the pre-
desulfurized products of HDS. It also includes akmp-stream N-extraction unit for the
selective separation of nitrogen compounds (N-camgs). The addition of this unit is
advantageous, because it relieves the HDS unitorilpounds strongly inhibit the HDS
reactions and the partition coefficient for theragtion of N-compounds by ILs is so high
that the IL/oil ratio needed for extraction woulel \ery small.

Other alternative methods that have been used ésulflirization are reactive
distillation 1%, several ultrasonic treatmenf®® alkylation-precipitation and photo-

oxidation. However, these two last options mentibhave some disadvantages, such as
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the use of expensive alkylation reagents and skagtion rate€°°%. In contrast, fuel oil
desulfurization by membrane process, such as peraapn, is a newly emerging
technology with several potential advantages ovistilldtion, molecular sieves or
extraction®%2,

A combination between oxidative desulfurization @Dand extraction has also
attracted much interest, and it is considered dribeomost promising strategies to achieve
low S-content fuel. In this method, S-compounds @&lized into their corresponding
sulfones and/or sulfoxides, which are then remobgdselective extraction with polar

solventd®3 77: 80.85,93]

Feed for thermal cracking etc. | 4 jOil, 7.5% of input
Or recycle to HDS unit el 8O0 ppm S
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Figure 1.4:Integration of IL-extraction into an existing refity network for desulfurization of
diesel oil(data based on mass balance fgnittn][OcSQJ as extracting agent, cross-solubility of oil: 5 Bass ratio
IL to oil: 1.5,Ks= 0.8 and 6 theoretical plate[%fl.

This method can effectively remove S-compounds,dmeét of the prime concerns is
that a large amount of flammable and volatile orgarompounds (VOCs) such as
acetonitrile®, dimethyl sulfoxide (DMSO¥, and dimethylformamide (DMF)®, are
employed as extractants. The application of VO@sesafurther environmental and safety
concerns like wastewater emission and fire haZ&tdg herefore, it is highly desirable to

look for suitable extractants such as ILs to mieetdemands of green technoldgy:

10
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One of the most promising approaches is liquidilgextractive desulfurization
(EDS). It is an easy process with relatively hidghceency that is carried out at mild
conditions (ambient pressure and relative low tewmipees), without the need for,tand
catalysts. Moreover, unlike HDS, it does not neegistic reaction conditions or special
equipments and does not change the chemical steustuhe fuel components. The key to
the success and safety of EDS is the selectionnohAdequate solvent. ILs have been
extensively suggested and employed as extractiegtagn many desulfurization processes
due to their advantageous characteristics, suchnagonmentally harmless, low cost,
nonvolatibility and thermal stability over a widange of temperatures (which results in an
easiness of regeneration for the used extractadistifation). Moreover, the possibility of
designing ILs with adequate solubility, high affinito S-containing compounds, in
particular, to sterically hindered S-compounds artbal immiscibility with fuel oils
(which eliminates the potential cross-contaminationfuel oil) constitutes a further

advantage!*®

. In EDS, it is desired to remove the S-compoundhout removing
aromatics because these are important for maintaithie octane number in transportation
fuels. The regeneration and subsequent recyclingsofs also of vital importance in the
extraction processes of a refinery stream usingethgolvents. Hydrophilic, moisture-
insensitive ILs can be dissolved in water, withddapounds separating or precipitating.
Water can then be removed by evaporation undeearstof nitrogen at 119C, due to the
negligible vapor pressure of most ILs. This procedwequires a large amount of heat for
water evaporation, and would be difficult to incorgte in a continuous process on a
multi-ton scale. Efficient techniques for separgtimater and ILs need further studies. In
the case of hydrophobic ILs, S-compounds can bevedhby distillation. Once more, the
distillation requires heat, and it is only viabl&wlow-boiling sulfur compounds like TP.
With high-boiling S-compounds like DBT or 4,6-DMDBTistillation is less effective.
The use of re-extraction with sc@@eeds further research on the applicability of the
process on a multi-ton scale considering the laogée usage of ener§y.

Other molecular solvents such as polyalkyleneglyqmlyalkyleneglycol ether,
pyrrolidones, imidazolidinones, pyrimidinones andmethyl sulfoxide have been
employed as extractants for the removal of S-com@sdrom fuels, but their performance
Is not satisfactory, and sometimes their solubikityuel or vice versa is noticeable leading

50]

to cross-contamination problen® *° So, ILs seem to be more appropriate than

11
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molecular solvents since they meet the majorityhef required criteria mentioned above
[45.50. 941 having, additionally, high extraction ratios ametater selectivity. A wide range
of ILs have been tested for the extraction of Sqwoumds from model diesel ¢!, model

fuel and commercial gasoliffg: 4244 46!

1.5. The role of ILs on the desulfurization of fuel oils

The use of imidazolium-based ILs for the selecax&raction of S-compounds from
diesel fuel was described for the first time by Basn and co-workeré? | when these
authors investigated the performance of mixtureg@mim]Cl and [Gmim]CI with
aluminium trichloride (AIC§) as extractive solvents. Since then, due to tbaginess of
synthesis and attractive physical properties, famsily of ILs has been the most frequently
applied for extraction purposes.

Due to their excellent extraction capability, AACAnd aluminium tetrachloride-
based ILs (AlC)-based ILs) were initially widely employed in themroval of S-containing
compounds!? 2 %! yet they have disadvantages that discourage tiseirand limit their
practical utility. For instance, the occurrence sile reactions when contacting with
compounds that contain thiols leads to the formmatibdark precipitates which darken the
color of processed fuelé . Moreover, these ILs are sensitive to moistureeggting
hydrochloric acid and are unstable in &ft. The use of completely halogen-free ILs for
desulfurization has been tested since then, and ohtise following studies are focused on
imidazolium-based IL¥?.

The extraction of S-compounds with imidazolium-lwhdkes containing [P§ or
[BF4] anions were studied broadly. J@im][BF,] ILs, for instance witm = 2, 4, 8 proved
to be efficient solvents for desulfurization proses'® 23 3¢ 44 Thjs family of ILs has a
high extraction ability of thiophene ([TP]), dibexthiophene ([DBT]) and other S-
compounds, which increases with the increase ofetingth of the alkyl chain of the cation
[10. 23,36, 441 | the case of [@nim][BF,] it was observed nearly a 80 % extraction in three
stages!?. These ILs are thermally stable, readily regemerdor reuse and, unlike AlgI
based ILs, are more insensitive to the presenoeatsr.

The water soluble [€nim][BF4] was found to be a more effective solvent when
compared to the water-immisciblef@im][PFg], using octane and dodecane as model oils
[42. %81 The interpretation given lies on more favorabiteiactions established by DBT

12
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with [Csmim][BF,] than with [Gmim][PFs], owing to the fact that the anion [§Fis
larger than [Bg] ®.

Zhang and co-workeré* ** %l determined and compared the extraction ability of
[Comim][BF4], [Camim][PFs] and [Cmim][BF,4] for some model S-compounds, and
further elucidated the structural effects of ILs the absorption capability for TP by
multinuclear NMR spectroscopy. Although all theks $how remarkable selectivity for S-
and N-containing molecules, higher absorption gbivas found for [@mim][PFs] and
[Csmim][BF4] than for [Gmim][BF,4]. The efficiency of the ILs in extraction processe
was proved to be dependent on the size and steuofuyoth cations and anions of the ILs
and on the molecular structure of the S-compolffd¥" *! A high density of aromatic
electrons is favourable for the absorption. As xangple, TP with its five-membered ring
establishes stronger interactions with the ILs thl@ nonaromatic isobutylthiol. An
interesting aspect is that ILs were also used l®ists in the desulfurization of actual fuel
and it was found that about 30 wt % of sulfur wasfgrentially removed with little
alteration in the content of the aromatfés

Imidazolium-based ILs comprising other types ofoasi like [GCom][EtSOy],
[C4Cm][EtS Oy, [Comim][EtSQy], [Comim][MeSQy], [Camim][MeSQy] and
[Cimim][MeSQy] have also been used to extract DBT from modedadiéuel®”. It was
observed a linear increase in the extraction ysélB@BT with an increase in the length of
the alkyl chain of the IL catio®”. Having the longest alkyl chain, JCim][EtSO]
proved to be the most efficient IL. It was alsoaepd a good selectivity of this IL, as well
as of two other ILs [€C,im][EtSO4] and [Cmim][MeSOy] for DBT over diphenylsulfide
and diphenyldisulfidé®”. In further studies on the effect of the co-sotvEfl, it was
concluded that the nature of solvent does not laasignificant influence. In addition, an
increase in the mass ratio of the IL to the model €an increase the extraction yield up to
70 % after one round of extraction. After five rdsnthe S-content might decrease
noticeably, for example, from 1000 to 350 pf3th

Other promising solvents for the extraction of DBEahd its derivatives are
[Comim][EtSQy] and [Gmim][OcSQ). These ILs are halogen-free, water stable and
available from relatively cheap starting matertéls

Studies on the LLE of different fuel components &idontaining compounds were

carried out to further evaluate the efficiency 6rhim][EtSOy] as extractive solverf:

13
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190 The use of S-containing ILs for desulfurizatiamcsound inappropriate but leaching
of IL into the oil phase is in any case unwantedv@theless, certain degree of cross-
solubility of hydrocarbons in the IL was observed. For [Gmim][OcSQ], it was
obtained a partition coefficientk(s) two times higher than for f@im][EtSOs] but the

cross-solubility is 4-16 times highé?.

CuCl-based ILs like [@nim][Cu.Cl3] exhibit noticeable extraction ability for the
desulfurization of gasoline, due to thecomplexing interaction of TP and Cu-anionic
species. No side reactions occur and this typéohave the advantage of being moisture-
insensitive and stable in &f".

Many other ILs, for instance, Fe@ased LS 1%t [Csmim][NTf,] [22, 36, 42, 94,
102-104], [amim][PE “* or [Cimim][FeCl] ¥ have been employed as extracting
solvents, showing variable desulfurization captbsi

Phosphoric ILs have been providing encouraging lt®saving the additional
advantage of being easy to manufacture in a comahescale with very high yield. In
investigations focused on {@im][DMPO,], [Camim][DBPO,] and [Gmim][DEPO,] “¢,
it was found that the desulfurization ability folle the order [gmim][DBPQO,] >
[Comim][DEPQy] >> [Cimim][DMPQO,], and for a specified IL, th&K s decreases in the

order DBT > BT > 3-MT. However fuel solubility irL$ is noticeable and its magnitude
follows the same tendency. Due to the relativelghhiS-removal ability, low fuel
dissolvability and small influence on the gasolireated, as well as the easiness of being
reclaimed by dilution with water, gim][DEPQ,] was the IL recommended for the
desulfurization of gasoline via an EDS proces¥’. Other phosphoric IL suggested for the
extraction of DBT, BT and 3-MT was }C,im]|[DEPQO,] prevailing over
[Comim][DMPQO,4] and [GC,mim][DBPO,] due to its higher S-extractive ability, lower
solubility in fuel (and thus negligible influencen éhe composition of the fuel) and easy
recuperationt*”. Nie and co-worker§? studied the influence of the length of the alkyl
group of these cations in alkylphosphate-ILs, simgvthat the longer the alkyl substitutent

of the anion or cation, the higher is the valu¢hefK  for the IL considered.

Recently, the extractive capability of ILs basedtlo® dicyanamide anion ([N(CH)
) for TP and DBT from model fuel oils was investigdh % revealing that
[Comim][N(CN),] and [Gmim][N(CN),] were the most efficient ones for desulfurization

purposes.
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Gao and co-workerd” * studied alkyl- and alkylmethyl-pyridinium-baseds|Lbut
best results were achieved with [alkyl-dmpy]The extractive performance follows the
order [G mpy][BF4] > [Ce’mpy][BF4] > [Cs°mpy][BF.], and the selectivity of the ILs for
the S-compounds decreases in the order DBT > BP>H®,6-DMDBT under the same
conditions, except for the [mpy][BF,] for which followed the order of DBT > BT> 4,6-
DMDBT> TP ¥, These results indicate that the extraction isenfavorable for those
aromatic heterocyclic S-compounds having highermatc -electrons density. The
mechanism that has been suggested for the extmaafo S-compounds with 3-
methylpyridinium-based ILs is the formation of lidwclathrates due to the interaction
between the aromatic groups of S-compounds andpgielinium ring system. This
phenomenon, has been also supported by Hollf&yzhang®* ** and Su and co-workers
1 also concluded that the cation and anion sizesgmidazolium-based ILs, play an
important role in determining the interaction be¢wd& P and ILs.

Good extraction performances are also observedniatazolium and pyridinim-
based ILs containing aceta{€H;CO;]") and thiocyanate ([SCN]anions suggesting that
more benign and cheaper anions can be employedieanatives to the perfluorinated
[NTf,]” and [BR], especially when attached to cations such asry]" % 4751 107]

Other studies [35] revealed thatf@py][TOS], is not the best IL for the separation
of aromatic compounds from aliphatic compounds &sverl by the relatively low
selectivity values obtained. Being a polyaromatiecie, the tosylate anion presents a high
affinity for polyaromatic S-compounds. However, [$Bbased ILs are also technically
limited by their higher melting temperatures. Galigr better results are obtained for
[NTfo] [35].

Holbrey and co-workerd®investigated the extraction of DBT from dodecaniegis
a series of ILs comprising several combinationsglitierent cation families (imidazolium,

pyridinium, pyrrolidinium, and quinolinium) and am types. TheKgvalues of DBT in

the ILs, ranged from 0.8 to 9, revealing an evidiegendence on the cation cl888. The
ILs containing CH3CO,]” and [SCN] had the best extraction performances within al th
anions considered'®”). ILs comprising these two anions in combinationthwihe
pyridinium cations showed high extraction abilifiesth 81-83 % of the DBT removed in
one contact. Polyaromatic quinolinum-based ILs winend to be the most efficient

extractorsi’®. However, the use of these and other polyaronetons, such as 1,3-
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dibenzimidazolium is technically limited by the hignelting points of the correspondent
ILs and barely tend to form low-melting point ILshen combined with highly flexible
perfluorinated anions such as [NJ'f°”. The effect of the cation in the ILs desulfuripati
ability follows the sequence methylpyridiniumM pyridinium » imidazolium »
pyrrolidinium, with a much less significant vari@i with anion type. It was found that ILs
containing 1-butylk-methylpyridinium cationsn= 3 or 4) provide good DBT extraction
yields, independently of the anion preseH.

Although there is already a considerable amourdtadies about the application of
ILs on the desulfurization of fuels, the numbeilaf considered is still reduced regarding
the present demands and the current importandeeafopic, and there are still important

issues to clarify. Therefore, research remains @pehintense.

16



2. Modeling



Desulfurization of fuels using ionic liquids

18



Desulfurization of fuels using ionic liquids

2.1. COSMO-RS predictive model

Computational methods and fluid thermodynamics ianportant tools for the
guantitative estimation of structures, propertied ateractions of molecules, relevant to
overcome chemical and biochemical engineering problA recent and useful predictive
methodology used to describe thermophysical pragsedf fluids and/or complex liquid
mixtures is COSMO-RS. This simulation model is lgasms unimolecular quantum
calculations of individual molecules in a systend amas proposed by Klamt and co-

s3] 1t combines the electrostatic advantages and theputational efficiency

worker
of the quantum chemical dielectric continuum sobraimodel, COSMO, with a statistical
thermodynamics approach for local interaction offemes, which contemplate local
deviations from dielectric behaviour as well as rogegn-bonding. The calculation
procedure of COSMO-RS considers fundamentally tvapomstages: quantum chemical
COSMO calculations for the molecular species ingdlwhere the information about both
solvents and solutes is extracted and COSMO-R&tstat thermodynamic calculations
performed within the COSMOtherm software %!,

Regarding the first step, the calculations are eldbd in a perfect conductor, i.e, the

model is applied in order to reproduce a virtuahductor environment for the solute
molecules which induces a polarization charge (Iiyer(si), on the interface between the

molecule and the conductd?®. These charges act back on the solute and gereratee
polarized electron density than in vacuum. Throughthe quantum chemical self-
consistency algorithm cycle, the solute moleculthésefore converged to its energetically
optimal state in a conductor with respect to etectensity, which is the reference state
for the following COSMO-RS calculations. The molecugeometry can be optimized
using conventional methods for calculations in wawuThe calculations end up with the
self-consistent state of the solute in the presef@evirtual conductor that surrounds the
solute outside the cavity. Although time-consumioge advantage of this procedure is
that the quantum chemical calculations have todyéopmed just once for each molecule
under consideration and then can be stored inabdsé'°.

In the COSMO-RS iteractively approach, the mostartgnt energetic contributions

are considered, the electrostatic misfit ene(By,;) and hydrogen-bondingE, ;) and

are described as functions of the polarization gésrof the two interacting segments,
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(s,s') or (saccepto,sdonor), if the segments belongs to hydrogen bond donacoeptor

atom, as described in Equation 2.1 and Equation. Z.Be less specific van der Waals

energy (E,,, )is also considered but in an approximate moded@mpendent only on the

elements of the atoms involved and is describeBdwation 2.3.

Emism(s ,s') = ay %'(5 +5-)2 Equation 2.1
Eis = aCis min(O; MiN(0; S onor + S is) ma>(0;sacceptor- sHB)) Equation 2.2
Eaw = & (tvdW +[Ivdw) Equation 2.3

According to Equation 2.1 to Equation 2.3, there &ve adjustable parameters,

fitted to the individual atoms properties and & fiollowing: an interaction parametet,

. the effective contact area between two surfacemeats, &, the hydrogen bond
strength, 5, the threshold for hydrogen bonding,;, and lastly, the element-specific
van der Waals interaction coefficients,, and ' 4.

The 3D polarization density distribution on the fage of each molecul& is

converted into a distribution function calledprofile, px(S) that describes the relative

amount of surface segment with polarigy. For the statistical thermodynamics is
expedient to consider a normalized ensemble anthisnsense, the combination of the

molecular s -profiles and the pure or mixture solverfss s -profiles results in the mole

fraction weighted sum of -profiles of its compoundsps(s), and normalized by the
total surface ared), enables to obtain the normalised-profile of the overall system,

P's (S) as defined in Equatio2.4, whereX is the mole fraction of componeint p* (s)

is the corresponding-profile and A* is surface area of the solute molecxle

Xi
p.(s)= ps(s): P (s) Equation 2.4
> A X AS
The most important descriptor used in COSMO-RSnigact , which would be
induced on the molecular surface if the moleculeuldobe in a virtual conductor

environment. This descriptor can be calculated ugntum chemical calculations using the
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COSMO, and it is an extremely valuable descriptar the local polarity of molecular
surface and it is the only descriptor determiniig tinteraction energies. Thus, the

ensemble of surface pieces characterising a ligyistem S is described by the
distribution function, ps(s), that depicts the amount of surface in the enseraling a

screening charge density betweenand s + ds . Therefore, thes -profile of a particular
compound is derived from the quantum chemical COSM@put for that molecule,
applying some local averaging algorithm that take account that only screening charge
densities averaged over an effective contact aafaphysical meaning in COSMO-RS

[114-115]

As p's(s) describes totally the molecular interactions (Equa2.4) and as the

chemical potential result from these interactiotie chemical potentials are calculated
with an exact statistical thermodynamics algorittemindependently pair-wise interacting
surfacesj.e., they are obtained by solving iteratively Equatib5 obtained by combining

p'<(s) with the energies associated to the molecularant®n*.

1
ng(s):- —In ps(s')exp ﬁ(aeﬁng(sl)' Episin(5,5") - EHB(S:SI)) ds’ Equation 2.5

ns(s), the term ofs -potential, is the chemical potential of a surfaegment with

screening charge density and measures the affinity of a solvent to surfsmgment with
polarity s . The term of vdW energy, which does not becomilasn Equation 2.5, can
be added to the reference energy in solution.

Integrating Equation 2.5, it is possible to caltellthe pseudo-chemical potential of

the componen¥; in a solventS, over the surface of the compout®!, where thenf;‘s is

a combinatorial contribution term of different szand shapes of the molecules in the
system which depends of the area and volume.

nf = ,,éis + pX (s)ng(s)ds Equation 2.6
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The COSMO-RS method depends only on a small numbadjustable parameters
(predetermined from known properties of individaadms) and that are not specific for
functional groups or type of molecules.

As it can be seen from Equation 2.6, the COSMO<SR&reliable approach, since the
statistical thermodynamics enables the determinatifothe chemical potential of all the
components of an arbitrary mixture at a given teaoee and from these, several
thermodynamic properties can be derived, such dsvitgc coefficients, partition

coefficients, solubilities, VLE/LLE phase behavipamong many other propertig&: 1%
113, 117]
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3.1. Introduction

The knowledge of the physical, chemical and theynacdhic properties of ILs is
essential to identify the most suitable IL for grayticular application.

In desulfurization processes, the most suitable Hre those which exhibit
immiscibility with HCs and high extraction capabjland selectivity for the S-compounds.
Solid-liquid equilibrium (SLE) and LLE data are thtundamental for the successful use
of ILs as solvents in liquid-liquid extraction iesuand for the correct design of
desulfurization processes. This thermodynamic mailon can be obtained
experimentally, but, due to the infinite humberpafssible combinations of cations and
anions in ILs, experimental measurements become thmnsuming, expensive and,
eventually, impracticable and so it is necessargieeelop alternative methodologies like
correlations and predictive models which are ableléscribe ILs properties and phase
behaviour based on experimental measurements ecteglsystems. COSMO-RS has
been extensively applied to model the phase equailibf ILs and of several types of
molecular compounds like alcohols, hydrocarbortserst ketones, and watét %2 with
excellent agreement with experimental data. Thislehbas also proved to be a powerful
and convenient tool in the prediction of propertiésystems involving L& 111 113 117]
having advantages over traditional approaches sghstructure-interpolating group-
contribution methods (GCMs), equations of stateS)and other correlations that require
a large experimental database prior to their affectise, which is a restrictive factor
considering the huge number of possible ILs. Initamd it does not require adjusted
parameters to experimental data, being therefossiple to be applied to an unlimited
number of ILs. The performance of this predictivetnod has been analysed in the
description of the LLE of binary systems involvitigs and has proved to be, at least
qualitatively, ana priori method of selection for predicting the phase behavof those
systems'" 1?2l Surprisingly, LLE data on binary systems involyilLs and S-compounds
are still very scarce. There is only one study eomag the LLE or SLE of (IL + TP)
binary systems in which the data were correlatetth Wie thermodynamic methodology
non-random two liquid (NRTLY®, providing a good description of the LLE experirtan
data.

In this work, liquid-liquid phase diagrams of (TP It) binary systems were

experimentally measured and predicted using COSMBOIRIs model was further applied
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to model LLE experimental data for (IL + TP) binamyjixtures available in literature,
which are summarized in Table 3.1.

Table 3.1: Experimental LLE data for IL-TP binagstems available in literature.

o S- Analytical Model
lonic Liquids : . Reference
compound tecnique Applied

[Comim][SCN]
[Csmim][SCN]
[Csmim][SCN] Thiophene Dynamic NRTL [35]
[C*mpy][NTF ]

[EtsS]INTf,]

In literature, *® TP was taken as a model compound for organic sbhHsed
compounds present in fossil fuels. Imidazolium-ldases comprising cations with
different alkyl chain lengths in combination withifdrent anions were used to evaluate the
effect of the cation alkyl chain, the effect of teion family and of the nature of the anion
on the solubility data and, consequently, on thecseity of the ILs for the S-compounds.

3.2 Experimental section

3.2.1. Chemical Materials

The ILs used - 1-butyl-3-methylimidazolium bis(mbromethylsulfonyl)imide,
[Camim][NTf;] and 1-hexyl-3-methylimidazolium bis(trifluoromsfsulfonyl)imide,
[Cemim][NTTf,] were purchased from loLitec with mass fractiorrifpes > 99%. The
molecular structures of the ILs are shown in Figife

To reduce the water and volatile compounds contenhegligible values, ILs
individual samples were dried under constant agitaat vacuum (0.1 Pa) and moderate
temperature (353 K) for a minimum of 48 h. Afteisthbrocedure, their purity was checked
by *H, °*F and'*C NMR spectra. TP (Figure 3.2) was dried using mukr sieves.
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(i) (i)
Figure 3.1:Chemical structure of the ILs studied: (i);f@m][NTf,]; (ii) [Cemim][NTf,].

[
N
Figure 3.2: Chemical structure of thiophene.

3.2.2. Experimental Procedure

The phase diagrams for the binary systems ni@][NTf,] + TP) and
([Cemim][NTf,] + TP) were measured by turbidimetry. The onsetth& liquid-liquid
immiscibility (cloud point temperature) was detened by visual observation of the phase
demixing (turbidity followed by phase separatiomlixtures of TP and IL were
gravimetrically prepared within an uncertainty di*lg, and introduced in Pyrex-glass
capillaries with a stirrer. The concentration rasgedied, 0.36 < < 0.51, was restricted
by experimental limitations (the visual method was$ applicable at mole fractions of the
IL out of this range, since the experimental seisidimited either for low or high
temperatures ) and was established on the bastdrations carried out prior to the
experiments. The sealed capillaries were placed thermostatted bath and were kept
under continuous stirring during the whole expenmé&olutions presenting two phases at
ambient temperature were heated into the homogenesgion and then slowly cooled
until visual detection of phase demixing. The coglrate was about 10 °C for each 30
minutes. The temperature at which the first signuobidity appeared upon cooling was
taken as the temperature of the liquid-liquid phaaesition. For monophasic solutions at
room temperature, the heating process was suppre$be temperature was controlled
with a calibrated U1252A, Handheld Digital Multiree®4.5-digit associated to a calibrated
Pt100 temperature sensor immersed in the thernmmoggthduid. This equipment has an
uncertainty of + 0.01 K. Three consistent measurgsn&ere carried out for each solution.

Figure 3.3 shows the setup used to carry out tpererental measurements.
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Figure 3.3Experimental setup used to carry out the experialienéasurements.

3.3 Modeling

The COSMO-RS calculations of the LLE of (IL + TP)n&ry systems were
performed using the COSMOtherm prografi**®! The Turbomole program packa&"

1241 ysing the BP density functional theory and the rishs-TZVP (triple- valence
polarized large basis sety® was used to create the optimized geometries. k& wa
employed the parameter file BP_TZVP_C21_0110. Augebinary approach was used in
the COSMOtherm program with the IL cation and anigoutted as separated compounds
(or COSMO files).

The LLE was calculated for the (IL + TP) binary teyass studied in the experimental
section and, additionally, for (IL + TP) binary rhixes reported in literatuf&! comprising
ILs composed of imidazolium, pyridinium and sulphon cations in combination with
[SCN] and [NT%]" anions, as depicted iRigure 3.4 TP was taken as the model S-
compound present in fuels.

Since ILs are complex molecules, they can adogergit geometries originating
conformers associated to distinct energy statesa Iprevious work, Freire et &t
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assessed the influence of the conformations oflltkeanions and cations and of other
molecules on the COSMO-RS prediction of the ligliggid phase behaviour.

R:CHH,’erl n= 234;6 >

R s! o]
b SN

Q
N/\XN ‘ F3—S—N—ﬂ—F3C
< s i

X 0 o
=\ | [NTET
[SCNJ' SN

[Cqm*py]”

S

Figure 3.4: Chemical structure of the ILs studied.

It was concluded that the conformations considémeithe calculations do have an
effect on the results obtained and that improveslte are achieved using the conformer
with the lowest energy. For this reason, in thiskabe fully optimized geometries (at the
same level of theory) of the lowest energy confaenté each cation and anion were used.

Thiophene has no conformers.

34 Results and Discussion

The results of the experimental solubility measwests for the (IL + TP) binary
systems are presented in Table 3.2, where the iexgratal LLE temperatured,, vs mole
fraction of the IL,x,_ are listed, and the corresponding experimental pbBse diagrams
illustrated inFigure3.5. COSMO-RS results and the comparison betwepearemental and
predictive data (both obtained in this work and tieported in literatur€®) are presented
in Figure3.5 to Figure 3.10.

From the analysis of the LLE data obtained it eaclthat the phase behaviour of the
binary systems (IL + TP) is dependent on the stirattchanges and nature of the cation
and anion of the IL. To better evaluate and inttrpinese effects, they will be discussed

separately below.
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Table 3.2: Experimental LLE in the (IL + TP) binaystems.

[Camim][NTT] [Cemim][NTf]

XL TK+ @ XL TK+ @
0.5105 272.20+0.17 0.4427 271.720.11
0.4996 287.96+ 0.17 0.4354 276.94 0.06
0.4957 290.58+ 0.07 0.4225 288.82 0.09
0.4897 300.26+ 0.24 0.4139 294.1% 0.02
0.4868 303.4+ 0.07 0.3923 313.44 0.02
0.4706 336.50+ 0.11 0.3882 320.8& 0.07

0.3811 324.62 0.02
0.3639 336.32 0.04

aStandard deviation

350 ~
300 - Ay A

250 -

T/K

200 -

150 -

100 . | . |
0.00 0.15 0.30 0.45 0.60

Figure 3.5:Liquid-liquid phase diagram for,fAM][NTf,] ( ) and [GmImM][NTf,] ( ) with TP.
The single symbols and the lines represent, respctthe experimental data and the COSMO-
RS calculations obtained in this work.

3.4.1. Effect of the alkyl chain length of the IL ation

The COSMO-RS predictions for the LLE phase diagraofs mixtures of
[Camim][NTT;] with TP and of [Gmim][NTf,] with TP presented ifigure 3.5 reveal an
upper critical solution temperature (UCST) for beifstems. Although the visual method
was not applicable in the whole range of the IL enbhction, the experimental points

obtained for the systems also suggest this rekulfiact, the experimental maximum of
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both binodal curves occurs at very high temperat@@ove 350 K), and therefore it was
not possible to measure these points due to theriexgental limitations.

The shape of the equilibrium curve is similar faotth ([GmIM][NTf;] + TP)
systems. Although the COSMO-RS results do not spoed quantitatively with the
experimental points, the model can predict quakdy the trends observed. From the data
presented irFigure 3.5, it can be seen that an increase of the alkginclength of the IL
cation from G to G originates an increase in the mutual solubilityd aherefore, an
increase in the IL selectivity for TP. The intefantestablished between the ILs and TP is
mainly due to - interactions between the aromatic ring of TP ahdthe imidazolium
cation of the IL. When the length of the alkyl ainaf the IL cation increases, two factors
have to be considered. On one hand, the coulombecaiction between the IL anion and
cation decreases and the interactions between TP and the imidazolium rimgeases.
On the other hand, because alkyl is an electromtttum group, when the size of the alkyl
chain of the cation increases the interactions between TP and the imidazolium rihg o
the IL increases. This mechanism has been suggesterk to explain the increase of the
extractive performance of S-compounds of other &madium** %% and pyridinium-based
ILs BYwith the increase of the alkyl chain of their cago

From the comparison of the measured and predicfetit@ium curves it can also be
observed that the size of the immiscibility area dahe predicted UCST for both IL
systems were underestimated. COSMO-RS assumes s$oghbility at very low
temperatures and big discrepancies concerning Xperienental data and the correlation
values are found. This might result from the fdwttCOSMO-RS does not properly
account for the - interactions most responsible for these systemscihbiiity.
Nevertheless, as mentioned above, this model peevidn acceptable qualitative
agreement.

To further analyse the performance of COSMO-RS rhiodihe description of (IL +
TP) binary mixtures, the results obtained with CGZBIRS in this work were compared to
experimental LLE data on binary systems containii®y and imidazolium-based ILs
comprising the [SCN]available in literaturé®. As it can be seen from Figure 3.6, the
experimental phase diagrams of all imidazolium [$EaNs in TP exhibit an immiscibility
area in the liquid phase with a LCST, but COSMO{#R&dicts a different shape of the
equilibrium curves, or, in other words, a differesalubility behaviour, predicting an

immiscibility area in the liquid phase with a UCST.
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Although COSMO-RS incorrectly describes the shdpi® equilibrium curves, the
predicted trend for the solubility of TP in the lsllows the order [@mim][SCN] >
[Csmim][SCN] > [Cmim][SCN], predicting the same cation alkyl chagmdth influence
observed with [NTf|—based ILs.

T/K

Figure 3.6: Liquid-liquid phase diagram for p@im][SCN] ( ), [C;mim][SCN] ( ) and
[Cemim][SCN] ( ) with TP. The single symbols and the lines represespectively the literature
experimental dat& and the COSMO-RS calculations performed in thiskwo

As already discussed above, the results obtainethéoCOSMO-RS calculations of
the TP and [SCNJbased ILs binary systems confirm that the prealingiof the model for
such systems involving TP are not in accordancé whie experimental data, probably
because of an innapropriate treatment of the interactions which determine the
behaviour of these systems. In fact, in order talwate the IL-cation family influence,
COSMO calculations of the solubility of [f][NTf,] and of[C,'mpy][NTf,] in TP were
performed, but COSMO-RS was not able to simulattheeof these systems. According
to the experimental data (Figure 38), complete miscibility was observed up to the low
mole fraction of the IL for mixtures of [EB][NTf,] and TP, determined by strong
interactions between the S-atom of the IL catiod/@n[NTf,]" and the S-atom in TP.
Complete miscibility above low mole fraction of the was also found in ([¢mpy
JINTf,] + TP) systems ( Figure 3.7 and Figure 33) where the - interactions between
the aromatic ring of TP and the pyridinium-baseditke not adequately taken into account
in COSMO-RS calculations. Therefore, the model dussseem to properly account these

type of interactions.
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Figure 3.7: Experimental liquid-liquid phase diagréor [C,*mpy][NTf;] ( ), with TP
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Figure 3.8: Experimentdijuid—liquid phase diagram for [¢mpy][NTf,] ( ) and [EtS][NTf,]
( ) with TP.B%

3.4.2. Effect of the anion family

The comparison of the experimental and predictad && the solubility of TP in
imidazolium based-ILs with the same cation andedéht anions, presented in Figure 3.9
and Figure 3.10, suggests that COSMO-RS failserptiediction of the anion effect on the
IL-TP mutual solubility.
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Figure 3.10: Liquid-liquid phase diagram forgf@m][NTf,] (this work) ( ) and [Gmim][SCN]

%1 ) with TP. The single symbols and the lines represespectively, the experimental data and

the COSMO-RS

calculations performed in this work.

The model can qualitatively describe the behaviotithe systems comprising

[NTf,] -based ILs, but incorrectly predicts the LLE phdsgrams when the anion of the

IL is changed to [SCN] predicting UCST for both systems, which is nopexmentally

observed in the case of the latest, as discusseeealhis suggests that COSMO-RS is
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much less reliable in the description of the pHasgaviour of mixtures of TP with [SCN]
based ILs than of ([NEf-based ILs + TP) systems.

According to the results obtained with COSMO-R%, thange of the IL anion from
[TfoN]” to [SCN], maintaining the cation, originates a decreaseahef IL-TP mutual
solubility, an increase in the immiscibility aremdaa higher UCST. However, it is
experimentally observed that [SCMased ILs®** have higher solubility in TP when
compared with the solubility of [NZf-based (ILs + TP) systems experimentally
determined in this work. A possible explanatiorthis fact that [SCN]is a smaller anion
with no sterical shielding effects and thus estdilgs stronger interactions with TP, which
COSMO-RS does not properly treat.

The scarceness of available data makes it difficuéivaluate the anion effect on the
mutual solubilities between the compounds of theetyof systems under study.
Nevertheless, both IL cation and IL anion natueelarown to have a significant influence
on the phase behaviour and their particular contiinais determinant for the IL

selectivity for S-compound¥®*%”!

3.5 Conclusions

From the analysis of the results obtained in thisknand of the literature available
data, it can be seen that the liquid phase behawiollL + TP) binary systems depends on
different factors such as the cation alkyl chaingtd and cations/anions families of the
ILs.

It was experimentally observed that when the catibain length of imidazolium-
based ILs with the same anion is increased, thabsiy of the IL increases. The
COSMO-RS model can qualitatively predict this tréad[NTf,] imidazolium-based ILs,
but not quantitatively.

In general, a poor qualitative and/or quantitatiggeement was found between the
data predicted with COSMO-RS and the experimeratd dvailable in literature.

COSMO-RS does not provide a good description of thE in binary mixtures
involving TP and imidazolium [SCNpased ILs and completely fails on the predictibn o
the effect of the IL anion on the phase behaviduthe (IL + TP) systems under study.
Nevertheless, since experimental studies on thenaeffect are still scarce, further
investigation on this subject is needed.
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According to the experimental results obtained, libe investigated in this work
could be effective entrainers for the separatio®-@ompounds from n-alkanes, since they

can be dissolved, for example, in equimolar mixdwaktemperatures around 100 °C.
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4.1 Introduction

As mentioned in previous chapters, the crucialagauhe design of an EDS process
using ILs as solvents is to find an IL that selesly removes the S-compounds, without
affecting the concentration of other componentshsas aliphatic and aromatic HCs
because these are important for maintaining oatanger in fuels. Therefore, for an IL to
be a good extracting agent, the solubility of HE¢hie IL must be low and the solubility of
S-compounds in the IL high. Moreover, it is dedeabhat the problem of cross-
contamination (presence of the IL in the raffinatel extraction of HCs together with S-
compounds) is avoided and thus the IL should amtthliy have a poor solubility in the
HCs. In fact, the complete absence of the IL inH@ rich-phase is desirable in order to
avoid the use of a solvent recovering unit in tlecpss. Furthermore, because when
considering desulfurization processes in combimaticth HDS, more reactions than the
removal of S-compounds are involved, it is impaotrt@nanalyse the ability of the ILs not
only to desulfurizate, but also to denitrogenatek Idata on ternary systems involving ILs,
aliphatic and aromatic HCs, and S- and N-contairsgoghpounds are thus essential to
identify the best IL to be used and enhance theieficy of the desulfurization processes.

There are many data on the LLE of ternary systemw®lving ILs, S- or N-
compounds, aromatics and HCs in literature. Somee werrelated by the NRTL and
UNIQUAC models!® 10 23 36, 48, 94, 96, 100, 102, 104, 128-138)y 5 fewy modelled with COSMO-
RS[134].

A review on the LLE experimental data of (ILs + &-N-compounds + alkanes) /
(ILs +S-compounds + aromatics) ternary systemsvasle to desulfurization or
denitrogenation and accessible on the literatumispiled in Table 4.1. As can be seen,
there is already a good number of ILs studied, aisimy cations of different families and
anions of diverse nature. Nevertheless, in facéheflarge number of cation and anion
combinations in ILs, the information available 8l :#ot enough and satisfactory. Since a
screening of the various possible ILs is essettdiah adequate selection of the solvent and
experimental studies for all the possible comboretiare not possible, COSMO-RS may
be a useful tool for this purpose. However, systemiavestigations on the performance of
COSMO-RS model on the description of ternary systenvolved in desulfurization/

denitrogenation processes have seldom been reptifed
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Table 4.1: LLE experimental data of (ILs + S- ocbimpounds+ alkanes) / (ILs + S- compounds +
aromatics) ternary systems, analytical tecniqueraodel applied.

S-orN- Analitical
lonic Liquid Hydrocarbon : Model | Reference
compound tecnique
n-Hexane
. n-Heptane
[Comim][EtSOy] n-Dodecane [100]
n-Hexadecane TP
Gas Chromatography
. 2,2,4-
[Comim][ESO] Trimethylpentane [3]
NRTL
UNIQUAC
[Comim][EtSQy] Toluene TP [3]
[Cimim][MP] n-Heptane
Gas Chromatography
[C4mim][SCN] n-Heptane ) [128]
Density measurements
[Csmim][BF4] n-Heptane
. n-Hexane
[Cemim][BF,] Cyclohexane NRTL [23]
TP
n-Heptane
[Csmim][BF,] n-Dodecane NRTL [10]
n-Hexadecane
.y Gas Chromatography
[Camim][BF] Trimetr’ly’lpentane NRTL [48]
[Cemim][BF,] | Methylcyclohexane NRTL [104]
[Csmim][BF,4] Toluene TP NRTL [48]
[Csmim][BF,] n-Hexane TP Cosgl O- [134]
[Comim][EtSOy]
[Cemim][BF,] n-Hexane Py Gas Chromatography NRTL [129]
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lonic Liquid Hydrocarbon | S- or N-compound Analytical Model | Reference
tecnique
[Comim][NTf,] n-Heptane NRTL (130]
2,2,4 P NRTL
i Elas 94
[Comim][NTF2] Trimethylpentane UNIQUAC [94]
. NRTL 94
[Cemim][NTf,] Toluene P UNIQUAC [94]
n-Hexane
[Cemim][NTf,] n-Heptane NRTL (102]
n-Hexadecane
[Cemim][NTF,] n-Dodecane NRTL [36]
8 Cyclohexane
Gas
Chromatograph
[Csmim][NTf,] | Methylcyclohexane TP NRTL [104]
n-Hexane
[Ce>*dmpy][NTT,] n-Dodecane [96]
n-Hexadecane
3,5
[Cs " dmpy][NTH,] n-Heptane NRTL 125
. Y UNIQUAC | (1391
[Ce™dmpy]INTE] Trimethylpentane
[CSdmpy][NTH,] Toluene TP [135]
[Ce>*dmpy][NTT,] n-Hexane Py [96]
[C,mim][EtSO;] DBT
[131]
[C,mim][DEPO,] DBT
[C,mim][EtSOJ] 4-MDBT
n-Dodecane Refractometry NRTL [133]
[C,mim][DEPO)] 4-MDBT
[C,mim][EtSO;] 4,6-DMDBT
[132]
[C,mim][DEPOJ] 4,6-DMDBT
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In this work, experimental LLE data taken from digwire of (ILs + S- or N-
compounds+ alkanes) / (ILs+ S- compounds + arosjaternary systems were modelled
with COSMO-RS. The performance of the model on ghediction of the effect of the
structural characteristics of the ILs, S- or N-campds and HCs or aromatics on the
mutual solubilities between these compounds wakiatead and the best ILs to be used as

extracting solvents for the desulfurization of spartation fuels were identified.

4.2 Modeling

COSMO-RS calculations were performed as describdta previous chapter . All
simulations were carried out at 298.15 K, or in sarases at 313.15 K, and at atmospheric
pressure. The LLE was calculated for (ILs + S- ecdtpounds + alkanes) / (ILs + S-
compounds + aromatics) ternary systems combiniriggrdint IL families and typical
compounds that are usually found in transportatimh formulations like aliphatic, cyclic
and aromatic HCs, S-compounds, namely TP and DBiVal&ves, and N-compounds. All
the ternary diagrams in this section are presanteblar fraction.

The chemical structure of the cations and aniomsposing the ILs considered in the
simulations, and of the other compounds under studyshown in Figure 4.1 and Figure
4.2, respectively.

I/\N— i _N/\\ o\\S/"\/

/N"\/ ‘0o—P=—0 \/N\/ HO/ \\o
[Cymim][MP]  CH, [C,mim] [EtSO,
o
\P _OH
/ﬁ S—==n ad \o—/
—N* [SCNT EPO, "
\/ A F O[D 4] .
[C4mim]” E|;.- CF3—!—N_—S|—F2C
i \":F L| o
[BF,] [NTE]
= T
——N -
\\\/N\/\/\/\/ F/ \I”F

[Cgmim]’

INTE] ©
Figure 4.1: Chemical structure of the ILs ions sdd
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Figure 4.2: Chemical structure of the molecular poands studied.
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4.3. Results and Discussion

The COSMO-RS results obtained in this work, togethigh the comparison with
literature experimental data are presented in Eigu8 to Figure 4.36.

From the analysis of the LLE data it is clear tthet phase behaviour of the ternary
systems, as well as the quality of the COSMO-RSliptiens, is dependent on the
structural characteristics of the HCs, of the TH BXBT-derivatives and of the cation and

anion of the IL.

4.3.1 Effect of the alkanes

In order to evaluate the influence of the strudtefaracteristics of the alkanes on
the mutual solubilities, LLE results obtained froine COSMO-RS calculations performed
in this work, together with the experimental data i@presented in triangular diagrams for
the following ternary systems - (J@im][EtSQ,] + TP +alkane), ([@nim][BF,] + TP +
alkane), ([GMIm][NTf,] + TP + alkane) and ([&°dmpy][NTf,] + TP + alkane), shown in
Figure 4.3-Figure 4.10. To make the analysis eatiese systems will be considered in
groups in which the IL and TP are fixed and theureabf the alkane is varied-glkanes

with different chain lengths, branched alkanes @yaoalkanes).

Thiophene

¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ /408> 0.0
n-Akane 00 01 02 03 04 05 06 07 08 09 10 [Cmim]EtSO,]

Figure 4.3:Experimental tie-lines for the LLE of the ternagstems {{Gmim][EtSQ,] + TP +n-
hexane} ( ,solid line) and {{Gmim][EtSQ,] + TP +n-heptane}( , solid line) at 298.15K% | and

correspondent COSMO-RS predicted tie-linés (, dash lines).
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Thiophene

2 0.0
n-Alkane 00 01 02 03 04 05 06 07 08 08 10 [Cmm|EtSO,]

Figure 4.4 Experimental tie-lines for the LLE of the ternaystems {{Gmim][EtSQ,] + TP +n-
dodecane} (,solid line) and {{Gmim][EtSQ,] + TP + n-hexadecane}(, solid line) at 298.15K
(%91 and correspondent COSMO-RS predicted tie-linesy( dash lines).

Thiophene

. > 0.0
n-Akane 00 01 02 03 04 05 06 07 08 09 10 [Cmim]BF,]

4

Figure 4.5:Experimental tie-lines for the LLE of the ternamgysems{[C gmim][BF,] + TP +n-
hexane¥® (u,solid line) and {{Gmim][BF,] + TP +n-heptane}*” ( , solid line) at 298.15K, and
correspondent COSMO-RS predicted tie-linésd, dash lines).
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Figure 4.6:Experimental tie-lines for the LLE of the ternagsgems {{Gmim][BF,] + TP +n-
dodecane} (,solid line) and {{Gmim][BF,] + TP +n-hexadecane}(, solid line) at 298.15K%,
andcorrespondent COSMO-RS predicted tie-lines ( dash lines).

Figure 4.7:Experimental tie-lines for the LLE of the ternagstems {{Gmim][NTf,] + TP +n-
hexane} ( , solid line) and {{GmIim][NTF,] + TP +n-heptane}(, solid line) at 298.15K%? and

correspondent COSMO-RS predicted tie-linés (, dash lines).
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Figure 4.8:Experimental tie-lines for the LLE of the ternagsems{[C smim][NTf,] + TP +n-
dodecane® ( , solid line) and {[GmIim][NTf,] + TP + n-hexadecané®® (u, solid line) at
298.15K, and correspondent COSMO-RS predictedrtesl(c, I, dash lines).

Figure 4.9 Experimental tie-lines for the LLE of the ternagstems {[G>*dmpy][NTf,] + TP +n-
hexane} ( , solid line}*® and {[C>*dmpy][NTf,] + TP +n-heptanel*!( , solid line)at 298.15K,
andcorrespondent COSMO-RS predicted tie-linés«(, dash lines).
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Figure 4.10: Experimental tie-lines for the LLEthé ternary systems {{&°dmpy][NTf,] + TP +
n-dodecane} (, solid line)and {[Cs>°dmpy][NTf,] + TP + n-hexadecane}{] solid line) at

298.15K"¥ and correspondent COSMO-RS predicted tie-lines (dash lines).

Globally, the main features and quality of the CAZIRS predictions for the effect
of the alkyl chain length of the n-alkane on theELare similar for all the ternary systems
(IL+TP+n-alkane) studied.

As it can be seen, all the ternary systems preatiiatieh COSMO-RS show Type 2
behaviour, with two of their constituent pairs éiting partial immiscibility in good
agreement with what is observed experimentally.

In general, COSMO-RS can describe better the nisliof the ternary systems
containing HCs with small alkyl chaing-biexane anadh-heptane) than with higher alkyl
chain lengths. For the former systems, good priedistare obtained for the lowest part of
the diagrams, where the predicted tie-lines hawsi(pe) slopes in good agreement with
the experimental data. However, in terms of thedah curves, better results are obtained
for the systems containing HCs with longer alkyhicis. For medium concentrations of
TP, however, COSMO-RS provides a less accurateigéea of the tie-lines, predicting
in some cases an inversion of the sloping behawaperimentally observed. In the case
of the ternary systems containing HCs with londkylachains, the model completely fails
on the description of the experimental tie-lineshe whole range of TP concentrations
These trends are observed for the COSMO-RS predgtof the LLE in the ternary
systems ([@nim][EtSO,] + TP + n-alkane), ([Gmim][BF4] + TP + n-alkane),
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([Csmim][NTf,] + TP +n-alkane) and ([€°dmpy][NTf,] + TP +n-alkane). For the last
two systems mentioned, COSMO-RS was not able toulzé the region of high TP
concentrations when smahHalkanes were considered, while for the former systems, a
good description of the tie-lines located in the tof the diagrams is obtained.
Nevertheless, since the sulfur content in fuelgely low, this region is not of interest for
the application of desulfurization processes ircfical terms and the lowest parts of the
diagrams are actually the ones which must be cersid

Regarding the shape and size of the immiscibilggion, the model provides an
acceptable qualitative agreement with the experatetata, predicting that increasing the
alkyl chain length of aliphatic HCs, the zone oftdnegeneity increases, as observed
experimentally. Consistently with the experimem&dults this increase is less notorious in
the case of ([@im][EtSOy] + TP + n-alkane) systems, but significant for the other ILs
considered. In general, the increase in the imimigg region with increasing alkane
chain length predicted by COSMO-RS is in good dqatlie agreement with the
experimental data, but, from a quantitative poirit view, the calculated binodals
reasonably deviate from the experimentally deteechiAs far as the IL concentration in
the HC-rich phase is concerned, the results oldamth COSMO-RS show no detectable
concentration of IL in the HC-rich phase for alethystems except for @im][NTf,] +
TP +n-heptaneai-hexadecane) and §&dmpy][NTf,] ternary mixtures for which very low
amounts of IL in the alkane-rich phase are predictélowever, no detectable
concentrations of IL in the HC-rich phases has b@grerimentally found for any of the
systems considered. In sum, all these results sugjgat for regions of low concentration
of TP (which in practice are those of interest) &mdsystems comprising-alkanes with
small alkyl chains, the LLE description of COSMO-RBSjood, with the predicted slopes
of the tie lines similar to those observed expentally. For mixtures containing longer
chain alkanes, the model fails, probably due toanocomplex interactions, shielding
effects present in those systems, which COSMO-R$ataproperly account for. A
possible explanation for the deviations from thpezimental data when using cations and
HCs with long alkyl chains can be the formationmutroaggregates of ILs, which is not
taken into account by the COSMO-RS calculationds Tact was verified in a previous
study on binary systems concerning ILs and alcotiblsvith the gradual decrease of the
quality of the predictions when cations with lontixy& chain lengths are considered.
Although the quantitative predictions reasonablyiae from the experimental data, the
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model can qualitatively describe the experimentabgerved increase in the immiscibility
region with the increase of the size of thalkane chain.

The slope of the tie lines, the shape and extenslidhe heterogeneous region, and
the concentration of TP in the HC-rich phase auveiaf aspects to take into account when
considering the extraction process in practicahterLarger immiscibility regions indicate
a better selectivity of the solvent (the IL exteadiP and not the alkanes), which is
observed for HCs with higher alkyl chain length.dddition, it is desirable to have an
undetectable concentration of IL in the HC- richaph to avoid further separations.
Therefore, despite the limitations of the COSMO{it&dictions, the model can correctly
predict that the extractions from systems conglituty the largest chain alkanes will be
more efficient.

Comparing the phase diagram of the g(f@n][BF4 + TP + n-hexane) ternary
system calculated in this work with the one repbitethe literaturé¥, it can be seen that
although a better description of the model is olgdiin the interest zone for the latest,
since the slope of the predicted tie-lines areeiry\good accordance with the experimental
data, a closer global description is obtained far first diagram. A possible explanation
can be the version of the COSMO-RS model and tipe tyf the quantum chemical
calculation adopted for each simulation, since aswised a more recent version and the
Turbomole program in this work and the Gaussiarfiod3he ternary system referenced in
the literature. In both cases, the extension ofirtiraiscibility region is not quantitatively
well described, since COSMO-RS predicts larger ismibility regions than those
observed experimentally and the calculated binodalgsonably deviate from the
experimentally determined.

Regarding the effect of branched chains and oficyakanes, the quality of the
COSMO-RS predictions for the systems £@m][BF4] + TP + alkane) is similar to that
discussed for linear alkanes, but the descriptibthe LLE of ([Gmim][NTf;] + TP +
alkane) is poorer. As it can be seen from the qassented in Figure 4.11, good
descriptions are obtained for low TP concentratidnst, while the immiscibility gap
experimentally observed is similar in the phasegiims of the mixtures containing
cyclohexane and methylcyclohexane, widemihexane systems and even wider in the
branched systems, the model predicts an immisgilgip with similar extension for both
n-hexane and methylcyclohexane

Although the extension of the immiscibility regiéor the branched-alkane system is

not quantitatively well described since the modeddicts a slightly larger immiscibility
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region than that observed experimentally, it carséen that this system is the one which
exhibits the larger immiscibility gap which is incardance with the COSMO-RS

calculations. For the systems containingstf@n][NTf;] (Figure 4.12), a reasonable

description of the phase behaviour is observedénldwest part of the diagram, but the
model cannot simulate the regions of intermediatél@gh TP concentration. Also herein,

the model can predict that the ternary diagram linmg the branched alkane is the one
which presents the larger immiscibility gap.

To further study the influence of the branched allsaon the LLE, the phase diagram
of a system containing another IL, JJ@m][EtSCOy], was addionally calculated (Figure
4.13). It can be seen that the quality of the COSR®predictions is similar to that of the
ternary systems ([@nim][EtSQy] + TP + HCs with higher alkyl chain lengths) prewsly
discussedi.e, the model provides an incorrect description @f ¢éixperimental tie-lines at
low and medium TP concentrations and a good ddsumif the experimental tie-lines
situated in the top of the diagram. Indeed, theedrgental tie-lines slopes in the lowest

part of the diagram are slightly negative, but CAsRS predicts an opposite behaviour.

Figure 4.11Experimental tie-lines for the LLE of the ternagstems {{Gmim][BF,] + TP +n-
hexane® ( (] solid line), {{Gmim][BF,] + TP + cyclohexand¥! ( , solid line), {{Gmim][BF,] +
TP + methylcyclohexan€f*( , solid line) and {[Gmim][BF,] + TP + 2,2,4-Trimethylpentane}
( , solid line) at 298.15Kand correspondent COSMO-RS predicted tie-linés (, ¢, 0, dash
lines).
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Figure 4.12Experimental tie-lines for the LLE of the ternagstems {{Gmim][NTf,] + TP +n-
hexane¥®d( | solid line), {[Gmim][NTf,J+ TP + cyclohexand}® (v, solid line),
{[Csmim][NTf,] + TP + methylcyclohexan&?( ,solid line) and {{Gmim][NTf,] + TP+ 2,2,4-
Trimethylpentane} (, solid line)at 298.15Kand correspondent COSMO-RS predicted tie-lines

(o, 1, dash lines).

Figure 4.13: Experimental tie-lines for the LLE the ternary systef{C.mim][EtSQ,] + TP +
2,2,4-Trimethylpentane!! ( , solid line) at 298.15K, and correspondent COSM®4Redicted

tie-lines (¢, dash lines).

Comparing the experimental ternary diagrams invgvibranched and cyclic
alkanes, the most favorable extractive system Gonf{[m][EtSQy] +TP + 2,2,4-
Trimethylpentane), since it is the one with largemiscibility region. Although COSMO-
RS globally fails in the qualitative and quantiatidescription of the LLE experimental
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data of systems comprising branched and cyclicna&aprobably due to the existence of
shielding effects in those system for which the elaghnnot properly account, COSMO-
RS can qualitatively predict which are the mostwvement systems. Nevertheless, in
general terms, it is rather difficult, based on tésults obtained, to infer about the quality

of the COSMO-RS predictions as far as these alk#fieets are concerned.

4.3.2 Effect of the alkyl chain length of the IL cation

The influence of the alkyl chain length of the lation on the LLE (IL+TP +alkane)
systems and the ability of COSMO-RS to predict #ifect was assessed by the inspection
of the experimental and calculated phase diagramtgeraary mixtures where the S-
compound, the alkane and the IL anion were fixed #re alkyl chain length of the
imidazolium cations was varied. For that purpobse, phase diagrams of two groups of
systems - ([@mim][NTf,] + TP + n-heptane),n = 2,8 and ([Gmim][NTf,]+ TP + n-
heptane)n = 2,4 - presented in Figure 4.14 and Figure 4.1fewensidered. Since it was
observed in the previous section that better COSR8descriptions are obtained for low
TP concentrations, and those are, in practical defifme regions of interest, it will be
focused the following discussion on the lower paftthe diagrams.

In the region of interest, better predictions abtamed for the systems comprising
cations with smaller alkyl chains, independentlytioé anion nature. In fact, while for
([Comim][NTf,] + TP +n-heptane) and ([§nim][BF,4] + TP +n-heptane) systems, a good
qualitative and quantitative agreement with theeexpental data is found for both the tie-
lines and the binodals, for the ternary mixturestaiming the [Gmim]* cation, the slopes
of the tie-lines and in particular the extension tbke immiscibility region is not
quantitatively well described, with COSMO-RS prentig larger immiscibility regions
than those observed experimentally.

A possible explanation for these results is an pnayriate treatment of the-
interactions established between TP and the ILoeatiFor the reasons discussed in a
previous chapter, the longer the alkyl chain of thecation, the stronger are those
interactions and therefore the worst are the catedldata.

According to the experimental LLE data, an increisthe size of the cation alkyl
chain originates a decrease in the extension of itt@iscibility region caused, as
discussed before, by the enhancement of thénteractions between the S-compound and
the imidazolium ring of the cation. This qualitaiirend is correctly predicted by
COSMO-RS model.
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Figure 4.14Experimental tie-lines for the LLE of the ternagstems {{Gmim][NTf,] + TP +n-
heptanel*” ( , solid line) and {{GmIm][NTf,] + TP +n-heptane¥®? ( , solid line)at 298.15K,
and correspondent COSMO-RS predicted tie-lings (, dash lines).

Figure 4.15:Experimental tie-lines for the LLE of the ternagsems{[C smim][BF4] + TP + n-
heptanel®! ( , solid line) and {{Gmim][BF4 + TP + n-heptané¥ ( , solid line)at 298.15K,

and correspondent COSMO-RS predicted tie-lingsy( dash lines).
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Taking into account these results, the most attadks for a selective extraction of
TP (avoiding the extraction of HCs), are the onéscitv comprise cations with small alkyl

chains, since these exhibit higher immiscibilityiwiHCs.

4.3.3 Effect of the cation family

To evaluate the influence of the cation type, dmel ability of COSMO-RS to
predict this effect, Figure 4.16 and Figure 4.1@vslihe experimental and COSMO-RS
LLE data for ternary systems containing two commnlasses of IL cations - imidazolium-
and pyridinium, maintaining the anion and the atkan

As observed and discussed before for imidazoliusetddLs systems, COSMO-RS
also provides an incorrect description of the expental tie-lines for medium
concentrations of TP in the case of systems cantioyridinium-based ILs. In addition,
the model cannot simulate the region which corredpdo high TP concentration.

As it can be seen from the data presented in Figu@, for low TP concentrations,
the model correctly describes the tie-lines slopimghaviour, providing reasonable
gualitative and quantitative predictions for botppds of cations. As far as the
immiscibility gap is concerned, there is a good mjiative agreement with the
experimental data for imidazolium-based ILs systelnut a poor quantitative description
of the binodals for pyridinium-based ILs mixtur@s,such a way that the trend predicted
by COSMO-RS for the effect of the cation familytiee opposite of that experimentally
observed. According to experimental data, themnisncrease in the immiscibility region
when going from imidazolium- to pyridinium- basdds] indicating a higher selectivity of
the latest to the S-compounds, due to strongemteractions established between TP and
the aromatic ring of the pyridinium cation than vee¢n the S-compound and the
imidazolium cation. These stronger interactionshnjgstify the less accurate description
of the binodal curves in the case of ternary systeamtaining pyridinium-based ILs. This
type of behaviour is also found in the results nésd in Figure 4.17.

Although more data on ternary systems involving entipes of cations would be
needed to conclude about the ability of COSMO-R%nedict the influence of cation
family on the LLE, from the results obtained instiwork it might be inferred that the
model cannot still be safely used asagoriori method for the selection of the IL cation for

desulfurization purposes.
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Figure 4.16: Experimental tie-lines for the LLEthE ternary system@C ¢>°dmpy][NTf,] + TP +
n-heptanet®® ( , solid line) and {{GMIim][NTf,] + TP +n-heptane¥® ( , solid line) at 298.15
K, and correspondent COSMO-RS predicted tie-lings ( dash lines).

Figure 4.17:Experimental tie-lines for the LLE of the ternagsgems{[C ¢>°dmpy][NTf,] + TP +
2,2,4-Trimethylpentanéf®\(u, solid line) and {[Gmim][NTf;] + TP + 2,2,4-Trimethylpentane
4 solid line) at 298.15 K, and correspondent COSR®-predicted tie-linesi( , dash

lines).
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4.3.4 Effect of the anion family

The influence of the IL anion was examined by clwaggs nature on a number of
systems, while maintaining the cation, S-compound alkane. Figure 4.18-Figure 4.24
present the experimental and COSMO-RS LLE dataher[Gmim][anion]+TP+alkane),
n=2,4,8 ternary systems with the following anioi2SQy]", [SCNT, [BFs] and [NT] .

In general, in the regions of low TP concentratjigeod qualitative predictions are
obtained for all the systems considered. For a&lgystems studied, COSMO-RS correctly
predicts larger immiscibility regions for [BF than for [NT§]", although for the former
anion the extension of the immiscibility regiomist quantitatively well described. For the
[SCNJ anion, a good agreement with the experimental idabaly observed for very low
concentrations of TP. On the basis of the resltained, COSMO-RS seems thus to be
less reliable in the description of the phase behawof mixtures containing [Bf- and
[SCNJ-based ILs than of those comprising hydrophobiomsii such as [NTf-based ILs.

A possible reason for this fact is the absencdesfcal shielding effects around the [BF
and [SCN], which implies stronger interactions with TP whiGlOSMO-RS does not
properly treat. A similar interpretation has beaggested in a previous chapter to explain
the less reliable prediction of the phase behavadurinary mixtures containing [SCN]
based ILs when compared to [N]Tfsystems.

The simulation of ternary mixtures involving otharions, namely ([@nim][MP] +
TP + n-heptane), was also performed in this work, but rtin@del was not capable to
calculate the LLE of such system. A possible exgli@m can be the existence of more
complex interactions between the IL and the S-campan those type of systems, which
the model is not able to properly account for.

According to the results, (Figure 4.18 and Figur&94), the best IL anions to
successfully extract the S-compounds are the [liSé&nd also [SCNJand [BF], since,
when combined with a cation like j@im]", present phase diagrams with larger
immiscibility zones.

Although some features of the anion influence capdinted out the results obtained
in this section are still scarce to infer about @@SMO-RS ability to describe the effect of
the anions on the LLE. The data suggests, howeat,the quality of the COSMO-RS
predictions is more dependent on the alkane andatlon characteristics than on the IL

anion nature.
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Figure 4.18Experimental tie-lines for the LLE of the ternagstems {{GMim][EtSQ,] + TP +n-
heptane} (, solid linef**”and {{C;mim][NTf;] + TP +n-heptanel*® ( , solid line) at 298.15 K,

and correspondent COSMO-RS predicted tie-lines §, dash lines).

Figure 4.19:Experimental tie-lines for the LLE of the ternagstems{[C ;mim][BF,] + TP +n-
heptane} (, solid line) and {{Gmim][SCN] + TP +n-heptane}(, solid line) at 298.15 K and
correspondent COSMO-RS predicted tie-lines{, dash lines).
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Figure 4.20:Experimental tie-lines for the LLE of the ternagsems{[C smim][BF,] + TP +n-
heptane¥® ( , solid line) and {[Gmim][NTf,] + TP +n-heptane}®? ( , solid line) at 298.15 K,
and correspondent COSMO-RS predicted tie-lings (, dash lines).

Figure 4.21:Experimental tie-lines for the LLE of the ternagstems {{Gmim][BF,] + TP +n-
hexane®¥ (u, solid line) and {{Gmim][NTf,] + TP +n-hexanef®d ( | solid line) at 298.15 K,

and correspondent COSMO-RS predicted tie-lingsy, dash lines).
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Figure 4.22:Experimental tie-lines for the LLE of the ternarysteems{[Csmim][BF,] + TP +
cyclohexanB® ( , solid line) and {{GmIm][NTf,] + TP + cyclohexane ¥° (1, solid line) at

298.15 K and correspondent COSMO-RS predictedrtes|( , |, dash lines).

Figure 4.23:Experimental tie-lines for the LLE of the ternaryseems{[Csmim][BF, + TP +
methylcyclohexane} (, solid line) and {{Gmim][NTf,] + TP + methylcyclohexane}(, solid line)
at 298.15 K and correspondent COSMO-RS predicted tie-lings ( dash lines).
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Figure 4.24:Experimental tie-lines for the LLE of the ternarysteems{[Cgmim][BF,] + TP +
2,2,4-Trimethylpentané¥’ (1, solid line) and {{GMIM][NTf,] + TP + 2,2,4-Trimethylpentané’}
( , solid line) at 298.15 K, and correspondent COSRt®predicted tie-linesl(, , dash lines).

4.3.5 Effect of the S-compounds

Although TP is usually taken as model S-compouhd,ftiel is a complex mixture
containing other S-species whose structural chanatits will influence the selectivity
exhibited by the ILs to organic sulfur.

Figure 4.25 show the influence of different S-coompis that can be found in
transportation fuels in the phase diagrams of tgregstems containing pgim][EtSQOy]
andn-dodecane. Regarding the ternary phase diagrameriesl above, it can be seen that
a good qualitative and quantitative agreement isidobetween the data predicted with
COSMO-RS and the experimental data, in the regfdiowe concentrations of S-species,
for all the DBT-derivatives considered. Howeverarrect descriptions are obtained when
the S-compound is TP (Figure 4.4). It has been estgg that the most likely mechanism
for the extraction of S-compounds with imidazolivand pyridinium-based ILs is the
formation of liquid clathrates due to the interactions between the aromatic structures of
S-compounds and the imidazolium/pyridinium ridgs** % %! |t has also been further
proved that molecules with highly polarizableelectron density preferably insert into the
molecular structure of the ILs and that S-compounids a higher density of aromatic
electrons are favorably absorbed by £% *+ 4" 9 Otsuki et al.”? reported that the
electron density on the S atom is 5.760 for 4,6-BMD5.758 for DBT and 5.696 for TP
and therefore stronger interactions are establisihedhe systems containing DBT-

derivatives.
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Figure 4.25:Experimental tie-lines for the LLE of the ternagsem{[C .mim][EtSQ,] +
DBT + n-dodecand}*™ (1, solid line), {{Gmim][EtSQ,] + 4-MDBT + n-dodecané}®¥! ( , solid
line) and {{GMim][EtSQ,] + 4,6-DMDBT + n-dodecané¥®? ( , solid line ) at 298.15 K, and
correspondent COSMO-RS predicted tie-lines ¢, , dash lines).

Since, as discussed above, some interactions, paiel - interactions between
the aromatic ring of S-compounds and the IL, areatequately taken into account or
properly treated by COSMO-RS, better descriptionsld be expected for TP (weaker
interactions) and for 4,6-DMDBT (the steric hindera due to methyl substitution
weakens the - interactions). From the results here obtained thjshowever, not
observed. Not only it is rather difficult to condki about the effect of the nature of the
DBT-derivatives on the quality of the COSMO-RS petdns, but also incorrect
descriptions are obtained for TP. It has been tedathat the presence of an additional
aromatic ring in DBT hinders the interaction established with the IL cation, andsth
the interaction mainly occurs via CHbond and H-bond formatioh?®. This fact can
justify the better agreement observed between @rpatal and calculated data of systems
involving DBT derivatives, since the model is moe#iable in the description of the latest
interactions, i.e., H-bond formation, but naturatiyher factors must be taken into account.
Other simulations of analogous systems concerningothar anion, namely
([Comim][DEPQy] + DBT + n-dodecane), ([&@nim][DEPQy] + 4-MDBT + n-dodecane)
and ([Gmim][DEPQy] + 4,6-DMDBT + n-dodecane) have been performed, but the model
was not capable to calculate any of the correspunplease diagrams, clearly due to the
type of IL anion considered. Since the [DEfChas a hydroxyl group, it is able to

establishe H bonds with the DBT-derivatives. Beeatl® interactions involved are so
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strong, the model is not able to properly accoontliem. Rather than conclusions on the
S-compound effect, the results presented in thiiase further confirm conclusions
derived in previous sections. The ability of thedmloto correctly predict the LLE in these
type of systems will therefore be dependent on ghsgicular combination of species

present, because these determine the strengtly@madftinteractions established.

4.3.6 Effect of other aromatics: toluene

The problem of cross-contamination (presence of lthe raffinate and extraction of
HCs together with the S-compounds) is frequentiyieal out for desulfurization since the
composition and quality of fuel can be affectedtbg cross solubility of ILs and fuel
components. Thus, it is essential to study not dhky IL selectivity for TP and its
derivatives but also for the different HCs whichmpmose the fuels. Aromatic HCs, for
instance, are an important class of fuel componeetsause they enhance the octane
number, but their content is also limited by regjoles. Therefore, care must be taken for
the extension of the extraction of these compounydés in desulfurization processes.

In order to account for this problem, it was tested ability of COSMO-RS to
predict the LLE of (IL + TP + toluene) mixtureskiag toluene as model compound,
representative of the aromatics present in fueigure 4.26 and Figure 4.27 show the
experimental LLE data for the ternary systemsifiith][EtSOy] or [Cgmim][BF,4] + TP +

toluene) respectively, and the correspondent COS\Bzalculations.

Figure 4.26:Experimental tie-lines for the LLE of the ternamysem{[C.mim][EtSQ,] + TP +
toluene}® (v, solid line) at 298.15 K, and correspondent COSR®predicted tie-linesi( dash
lines).
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Figure 4.27: Experimental tie-lines for the LLE thie ternary system {{C8mim][BF4] + TP +
toluene}*® ( , solid line) at 298.15 K, and correspondent COSR®predicted tie-linesd, dash
lines).

The results illustrated iRigure 4.27reveal a less accurate COSMO-RS description of
the LLE of ([Gmim][BF,4] + TP + toluene). The model predicts a larger isoitility gap
when compared to experimental data for the lowest pf the diagram and cannot
calculate the regions of medium and high TP coma&ah. Moreover, according to the
COSMO-RS results, some IL is present in the tolerste phase, while no significant
amount is found experimentally. In addition, theesmental data shows a high solubility
of toluene in [@mim][BF,4] and a poor solubility of the IL in the HC, sugteg that
generally aromatic compounds would also be extdactleast to some extent. COSMO-
RS calculations are not, however, in good quantgaigreement with these results.

The results obtained in this section are not encamgh sufficiently conclusive to
infer about the COSMO-RS ability to describe theELinvolving ILs, S-compounds and
aromatics. The simulation of other systems invavioluene, namely ([€nim][NTf,] +
TP + toluene) and ([€°dmpy][NTf,] + TP + toluene), was also performed in this work,
but the model was not capable to calculate anyhef diagrams, since it assumes a
complete miscibility. The main interactions invalvare - interactions, which are
overestimated by the model. Toluene is, like TPammatic compound which establishes

- interactions with the S-compound and the IL catifim which COSMO-RS is not
always able to properly account. The performancthefmodel will be dependent on the
number and strength of those interactions, whichit§ turn, are dependent on the type of
species involved. For systems comprising long chaications, anions such as [Fand

[NTf,], TP and aromaticghe predictions are thus likely to be less accuoateven not
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possible. Further studies on these type of systames nevertheless needed before

conclusions can be taken.

4.3.7 Effect of the temperature

Since the extraction temperature is also a fadtat tnfluences the extraction
ability of the ILs*3*33 this effect was as well evaluated. Figure 4.284Fé 4.33 present
the experimental data and COSMO-RS calculationg[@mim][EtSQ,] + S-compound +
n-dodecane) ternary systems, at 298.15 K and 3X3.15

The results obtained for the phase diagrams sudigasthe temperature does not
have,a priori, a significant influence on the quality of the qictions of the model, since
similar results are obtained for both temperatgtadied. As a result, COSMO-RS is able

to describe the phase behavior and their dependentiee temperature.

Figure 4.28:Experimental tie-lines for the LLE of the ternagstem{[C .,mim][EtSQ,] + DBT +
n-dodecane¥® (1, solid line) at 298.15 K, and correspondent COSR®predicted tie-linesi(

dash lines).
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Figure 4.29: Experimental tie-lines for the LLEtbE ternary systed{C .mim][EtSQ,] + DBT +
n-dodecané}® ( , solid line) at 313.15 K, and correspondent COSR®predicted tie-linesg
dash lines).

Figure 4.30Experimental tie-lines for the LLE of the ternagg®em{[C ,mim][EtSQ] + 4-MDBT
+ n-dodecane}*?¥ ( , solid line) at 298.15 K, and correspondent COSR®predicted tie-lines
(¢, dash lines).
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Figure 4.31Experimental tie-lines for the LLE of the ternaggsem{[C ,mim][EtSQ,] + 4-MDBT
+ n-dodecane}rl)%]( , solid line) at 313.15 K, and correspondent COSRI®predicted tie-lines
( , dash lines).

Figure 4.32:Experimental tie-lines for the LLE of the ternarysgeem {[Cmim][EtSO,] + 4,6-
DMDBT + n-dodecané}*? ( , solid line) at 298.15 K, and correspondent COSR®predicted
tie-lines ( , dash lines).
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Figure 4.33:Experimental tie-lines for the LLE of the ternarysem{[C .mim][EtSO,] + 4,6-
DMDBT + n-dodecané}*? ( , solid line) at 313.15 K and correspondent COSM®¢Redicted

tie-lines (8, dash lines).

4.4  Results and discussion of the LLE in ternary system
containing pyridine

Since desulfurization processes involve more reastithan just the removal of S-
compounds, it is important to analyze the abilifytlee ILs to extract other compounds
besides S-derivatives. Therefore, it is essenti@vialuate the performance of the ILs not
only in the desulfurization and dearomatizatiort, ddgo in the denitrogenation because the
effectiveness of these three processes has tolaaecbd when selecting the best solvent.
For this reason, it was additionally tested thditglof COSMO-RS to predict the LLE of
ternary systems containing an alkane, the modebiNpound pyridine (Py) and different
ILs- [Cemim][NTf3], [Csmim][BF], [Comim][EtSQ,] and [G**dmpy][NTf,] - which have
shown to be suitable as extraction solvents fordésulfurization and denitrogenation of
fuel oils. The LLE results obtained from the COSNRS- calculations performed in this
work, together with the literature experimentaladate represented in triangular diagrams
shown in Figure 4.34 to Figure 4.36.

In order to evaluate the influence of the strudtararacteristics of the cation/anion
of the IL on the mutual solubilities groups of gst in which pyridine and the alkane are
fixed and the cation/anion nature of the IL is gdrihave been considered. As it can be

seen in Figure 4.34 and Figure 4.35, unlike TPamgrmixtures, all the ternary systems
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concerning Py correspond to Type 1 category, withy ane pair exhibiting partial
miscibility. Moreover, the slope of the tie-linespositive in all the concentration regions
considered. The model is able to describe qualébtithis behavior, in spite of being
unable to calculate the superior tie-lines. Theepthain characteristics of the COSMO-RS
predictions pointed out before for the (IL + TR-alkane) systems are also observed when

the N-derivative is the target compound.

Figure 4.34:Experimental tie-lines for the LLE of the ternarystems{[C¢>"dmpy][NTf,] +
pyridine +n-hexanef® ( | solid line) and {{Gmim][NTf,] + pyridine +n-hexane!*' ( , solid
line) at 298.15 K, and correspondent COSMO-RS pteditie-lines ¢, , dash lines).

Actually, as far as the IL cation effect is con@inthe data presented in Figure 4.34
show as well a good quantitative and qualitativeeagent with the experimental tie-lines
for both cations, but much better quantitative dpsons of the binodals for the
imidazolium ion than for the pyridinium, and an ancct prediction of the effect of the
cation on the extension of the immiscibility region

From the comparison between the experimental amcllated LLE of systems
concerning an imidazolium-based cation in combamatvith two different anions, [Bff
and [NT%]" (Figure 4.35), it can be seen that a good quiaigatescription of the tie lines
and a reasonable quantitative prediction of theresibn of the heterogeneity zone is found
for both systems, in the interest zone. MoreoveDS®IO-RS is able to predict the
increase in the immiscibility area observed experitally when the anion of the IL is
changed from [NTA to [BF]’, although a slightly better quantitative agreement
obtained in the case of the former anion.
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Figure 4.35: Experimental tie-lines for the LLEtbE& ternary systen{$C smim][BF4] + pyridine +
n-hexane} (, solid line) and {{Gmim][NTf,] + pyridine +n-hexane}(, solid line) at 298.15
K™% and correspondent COSMO-RS predicted tie-lings ( dash lines).

Figure 4.36Experimental tie-lines for the LLE of the ternaggstems{[C .mim][EtSQy] + pyridine
+ n-hexane!?? (v, solid line) at 298.15 K, and correspondent COSR®predicted tie-linesi(,
dash lines).
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The quality of the COSMO-RS predictions is simflar both systems, with a good
description of the sloping behaviour and a reaslengantitative agreement of the
binodals (only) for the lowest part of the diagrams

The similarity observed in the quality and maintéeas of the COSMO-RS
descriptions of the phase diagrams of the terngsgems involving Py and of those
containing TP suggests that the same type of sffect in other words, the same factors
are on the basis of the accuracy level that isiplest achieve in the LLE data calculated
by the model. Indeed, being Py and TP aromatic comgs with a somehow similar
structure, it is expected that the main interagigaverning the solubility behaviour of (IL
+ Py +n-alkane) systems are as well interactions established between the aromatic
rings of the cation and of the N-derivative. Moreguthe extraction capability of the ILs
under study has shown to be identical for TP andwihich also supports a common
molecular mechanisii® 1% *2°! For these reasons, the discussion performedeviqurs
sections for the LLE of TP systems is also valid fllee Py mixtures and the results
obtained for the latest constitute additional emiefor the fact that the intensity of the
interactions established in these systems is detannfor the accuracy of COSMO-RS
predictions.

45 Conclusions

Good COSMO-RS descriptions of the LLE of the teyreystems are obtained for
low concentrations of TP, but the model fails oa frediction of the phase diagrams for
medium and high concentrations of solute.

Better agreement with the experimental LLE datéoisd for systems containing
alkanes with small alkyl chains, short chain ILigas and the [NTf{ anion. Good
descriptions are also obtained for other IL anisush as [EtSg) and [BR] and worst
results for [SCN]

The results obtained for the IL cation family, ratuof S-compounds and
temperature influences on the accuracy of the COSM(predictions are not conclusive,
and the main features of the predictive data hhwega to be identical for TP and Py.

The quality of the simulations of the LLE is depentdon the type of interactions
that are established between the compounds. COSBI@drRnot simulate or correctly
predict the LLE of ternary systems whose behavimurdetermined by strong-

interactions because the model cannot properlyttadm® into account.
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The ability of the model to simulate the LLE is dadent on the particular
combination of species present in the systems shmese will be determinant for the type
and strength of the interactions established. Tavelewell supported conclusions,

however, further investigation is needed.
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51 General Conclusions

In this work, LLE data have been provided for (iagdlium-based ILs + TP) binary
systems and the ability of COSMO-RS to describe pratlict the phase behaviour of
binary and ternary systems involved in desulfuriraprocesses has been tested.

It was experimentally observed that the phase hebhawf the binary systems
studied depends on different factors, such thereaifithe cation and of the anion of the
ILs. In general, a poor qualitative and/or quatitia agreement was found between the
data predicted with COSMO-RS and the experimerdtd df binary systems available in
literature. The model completely fails on the petidn of the IL anion effect, providing a
poor description of the LLE of systems involving(NS] imidazolium-based ILs.
However, the model can qualitatively predict thag#behaviour of ([NEF imidazolium-
based ILs + TP) mixtures, but not quantitativelygvirtheless, since experimental studies
on the anion effect are still scarce, further itigggion on this subject is needed.

Regarding ternary systems, COSMO-RS proved tousetul tool in the prediction
of the LLE data in the region of low concentratioofs TP, since, in general, a good
qualitative and/or quantitative agreement was fobetiveen the data predicted with this
model and the experimental data available in liteea Globally, poor descriptions of the
model are obtained for the top of the diagrams.aBse, for practical applications, the
region of low TP concentrations is the interestezahis evidence is promissory.

COSMO-RS has shown potential to be use@drmas priori method to predict the
LLE data of ternary systems containing alkanes witiall alkyl chains, short chain IL
cations and the [NEJ anion.

According to the results, the most attractive lbs & selective extraction of S-
compounds are the ones which comprise cationssmithl alkyl chains combined with the
anions such [EtS£D, [SCNJ, [BF4] and [NTH], since these exhibit higher immiscibility
with HCs.

Although COSMO-RS has shown potentialities, du¢ht scariness of data and to
several inconclusive results obtained, the modetlshbe still used with precaution as a
previous and alternative method to predict the pheehaviour and to identify the ILs with

better selectivities for S- and N-compounds, beforther studies are performed.
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5.2 Future work

In the future, it would be interesting to meastme $-partition coefficients between
the ILs and oils in order to evaluate the desutation performance of the former, as well
as the solubility of ILs in alkanes.

To better evaluate the effect of the IL anion fanuh the LLE of (IL+TP) binary
mixtures, it would be important to extend the study more systems beyond those
considered here, by performing experimental measemés of the LLE of systems
concerning other type of anions, and its modeliiity) the COSMO-RS.

It would also be of utmost importance to performrtifar experimental
measurements of the LLE of more ternary systemsotopare with the COSMO-RS
predictions.
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