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palavras -chave

Resumo

Liquido i6nico, zwiterido, agua, solvente, extracéo, sistema aquoso hifasico,
sistema reversivel, separacao, processo integrado.

Este trabalho compreende o desenvolvimento de solventes e processos de
separacao sustentaveis, eficientes e rentaveis, através da aplicacao de solugdes
aquosas de liquidos iénicos (LIs). Em particular mostra-se o potencial de
solugbes aquosas de LIs como solventes alternativos para a extragdo de
compostos de valor acrescentado a partir de biomassa, evitando portanto a
utilizacdo de solventes orgéanicos volateis, assim como a sua utilizagdo na
formacao de sistemas aquosos bifasicos (SAB) como processos de separacao.
No primeiro conjunto de resultados demonstra-se que solu¢des aquosas de Lls
apresentam uma elevada capacidade para extrair cafeina e hidroximatairesinol
(HMR) de borras de café e de nos de abeto da Noruega, respetivamente. O
primeiro trabalho nesta vertente mostra a importancia do conceito de hidrotropia,
atuando como o principal fator responsavel pelo elevado desempenho das
solu¢des aquosas de LIs na extracdo de compostos de valor acrescentado a
partir de biomassa, enquanto que o segundo trabalho demonstra a utilizagéo de
LIs biocompativeis, permitindo a utilizagdo direta dos extratos de biomassa em
aplicacBes nutracéuticas e de cosmeética. As solugdes aquosas de LIs também
foram estudadas na criacdo de SAB reversiveis, como plataformas de
separacao alternativas, assim como no desenvolvimento de sistemas integrados
de reacdo-separacgdo. As respetivas transicdes de fase ocorrem por aplicacdo
de estimulos externos, tais como pH e temperatura, e a sua aplicacdo foi
demonstrada na separacdo de misturas de aminoacidos, e acidos nucleicos e
proteinas. Por fim, demonstra-se a utllizagdo de SAB reversiveis como
processos integrados de producao e separagdo. Os SAB reversiveis obtidos por
alteracdes de pH foram aplicados na producéo de hidroximetilfurfural (HMF) a
partir de frutose em meio acido, seguido da sua separacdo em condi¢Bes
alcalinas (induzindo a formacao de duas fases). Por outro lado, e tirando partido
da natureza biocompativel dos constituintes dos SAB, estudaram-se SAB
reversiveis através da alteracdo da temperatura em processos biocataliticos. A
reacdo ocorre em meio homogéneo, catalisada pela lacase, onde pequenas
alteracdes de temperatura induzem a formacdo de duas fases e a completa
separacao da enzima do respetivo produto. Estes sistemas permitem também a
recuperacao e reutilizacdo das fases/constituintes dos SAB, contribuindo para o
desenvolvimento de processos sustentaveis. Embora seja ainda necessaria
investigacdo adicional sobre a viabilidade destes solventes e sistemas para
aplicacdo em larga escala, os resultados aqui apresentados mostram a
relevancia de solugBes aquosas de LIs como solventes alternativos e no
desenvolvimento de processos de separacao.
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switchable/reversible system, separation, integrated process.

This work is focused on the development of sustainable and cost-effective
solvents and separation processes, particularly by applying agueous solutions of
ionic liquids (ILs). It is shown the potential of ILs agueous solutions as alternative
solvents to extract value-added compounds from biomass, avoiding the use of
the commonly applied volatile organic solvents, and their use as phase-forming
components of aqueous biphasic systems (ABS) to develop reversible and/or
integrated separation platforms.

In the first set of results, it is demonstrated the high performance of ILs aqueous
solutions to extract caffeine and hydroxymatairesinol (HMR) from spent coffee
grounds (SCG) and Norway spruce knots, respectively. In the first work it is
shown the relevance of the hydrotropy concept as the major factor behind the
improved extraction performance of ILs aqueous solutions, whereas in the
second work biocompatible ILs were applied and proposed to be used directly
with the biomass extracts in nutraceutical and cosmetic applications. Still focused
on the use of ILs agueous solutions, these were then explored in the creation of
reversible aqueous biphasic systems (ABS) as alternative separation platforms,
followed by the development of integrated production-separation strategies.
Transitions from monophasic to biphasic regimes were shown to occur by
changes in pH and temperature (applied as external stimulus). Examples on their
use in the separation of mixtures of amino acids and of nucleic acids from
proteins are given. Finally, it is shown the applicability of reversible ABS as
integrated production-separation processes. pH-driven ABS were applied in the
production of hydroxymethylfurfural (HMF) from fructose at acidic media,
followed by their separation at alkaline conditions (inducing the two phases
separation). On the other hand, and taking advantage of the biocompatible
nature of the ABS phase-forming components, thermoreversible ABS were used
in biocatalytic processes. A reaction catalysed by laccase occurs in the
homogenous solution, after which small temperature changes induce the two-
phase formation and the complete separation of the enzyme from the respective
product. These systems also allow the recovery and reuse of the ABS phases,
contributing towards the development of sustainable production and separation
processes. Although additional research on these solvents and systems scale-
up feasibility is still required, the results here presented unveil the relevance of
IL aqueous solutions as alternative solvents and on the development of efficient
separation processes.
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1.1. Scopes and Objectives

The currentwork is based othe useof aqueous solutions of ionic liquids (ILs) as alternative
solventsfor the extraction, separation and/or purification of vakaglded (bio)compounds, and
on the design of coseffective, sustainable and integrated extten/recovery or
production/recoverystrategies. ILs have been chosen as alternative soler$o their unique
properties, namely a negligible vapour pressure under atmospheric conditions, low flammability
and high thermal and chemical stabilitiesL.s are also recurrently recognized by their high
solvation aptitude for organic and inorganic compounds, and as enhanced stabilizing media for
proteins, nucleic acids, amowghers! Mainly due to their designer ability, Ihave beerdargely
investigatedn the past decadgin a wide plethora of applications

In this work, tailored and bettgprocesses using ILs have been developed for the extraction
or production and separation of valuadded biocompounds. In particular, three types of
processes have been developed: (i) extradtiecovery of biocompounds from solid biomass
samples; (ii) sepation/recoveryof biocompounds from aqueous samples; and (iii) integrated
production/separation processes involviaglueadded compoundsin the extraction of target
compounds from solibiomasanatrices, two examples are presented, namely the extraabion
caffeine from spent coffee grousdSCG), and hydroxymatairesinol (HMR) fittve knots of
Norway Sprucdn the second type of process, new reversibledked aqueous biphasic systems
(ABS) are described in the separation of deoxyribonucleic acid)(BbiA human serum
albumin (HSA), and aromatic from aliphatic amino adidshe lastapproach two integrated
processes based on ABS are presented, namely by the production and purification of
5-hydroxymethylfurfural (HMF), and by performingptegrated catalytic reactios and
separations stepasing laccase. For a better understanding of the current thesis organization, a
schematic representation is givenkigure 1.1.

An increased demand in the consumption of natural compounds, majorly extracted from
biomass, has been observed in the past yéaBsomass contains various types of bioactive
compounds which can besad in nutraceutical, cosmetic, and pharmaceutical products,
particularly due to their beneficial biological activities, such as anticancer, antimicrobial,
antioxidant, and analgesic effectslowever, conventional extraction processes for vadeed
natural compounds may display several disadvantages, such as low efficiency and non
selectivity, timeconsuming, highrergetic input, and degradation of the targeted compouAds.
Furthermore, traditional methods generally involve thee of large quantities of toxic and

volatile organic solvents leading to additional concerns on environmental and human health
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issues’ Aiming at finding more effective and biocompatible and environmenfaiindly
solvents and processes, aqueous solutions of ILs were investigated as alternative solvents for

the extraction of valueadded compounds from biomass.

2. Materials and 3. Extraction from biomass
Experimental Procedure using IL-based solvents
‘C’;)O ILaql:|eous Biomass
solution
[ 4
-5
'd Chapter 3.1 Chapter 3.2
Spent coffee grounds Knots of Norway Spruce
/\ ILs + Salts Glycine-betaine ILs
/ Caffeine HMR
1.
Introduction
4. Novel reversible 5. Integrated IL-based
IL-based ABS process
/—\ \ P
o Switchable
OOO - Temperature
- Temperature / - pH
- pH K_/
N~ Reaction
Chapter 4.1 Chapter 4.2 Chapter 5.1 Chapter 5.2
pH Temperature Dehydration reaction Oxidation reaction
Cholinium-PPG ABS Salt-ZI ABS Salt-IL ABS — pH ZI-PEG ABS — Temperature
DNA / HSA Amino acid / Amino acid HMPF / Fructose Laccase/ Oxidase subtract

Figure 11. Layout of the current thesis.

In this line,Chapter 3describes two examples ttie applicationof ILs aqueous solutiorm
the extraction of caffeine and HMFom biomass Usually, Hbased solidiquid extractiors lead
to promising results since ILs can act as powerful hydrotropesiay be designed to present
surfaceactive properties’ ® allowing an increase in the solubility of several biomolecules in
agueous solutions of ILs, @rherefore leading to higher extraction yields.Chapter 3.1it is
investigated the potential of agueous solutions composed of ILs and conventional salts, as well
as mixtures of both compounds, @issolve andextract caffeine from SCG, aiming at better
understanding the hydrotropypased mechanism ruling the higlerformanceof ILs aqueous
solutions to extract valuadded compound$érom biomassAqueous solutions of ILs and salts
containing hydrotropaons display a higher caffeingolubilisation andextraction capacity. The

obtained results allowed to conclude that the IL/satilatedionsand not the original iofpair
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play the primary role on the hydrotrogyased extraction mechanism. Although high extraction
efficiencies are usually obtained witliqgueous solutions of ILsne of the main problems
associated to the extraction of biocompounds from biomass using aprotic ILs is connected to
their recovery from the Hrich solution, since these cannot be recovered by evapor&titimere

have been some proposals in this direction, either by applying-batkction using organic
solvents or by inducing precipitatiowith anti-solvents? In a subsequent research work,
described inChapter 3.2 aqueous solutions of biocompatibles]lnamely analogues of glycine
betaine (AGB), were used for the extraction of HMR from knoloofvay Sprucen which it is
avoided the requiremendf removingthe ILor an additional recovery steff he extraction yields
obtained showed to be better thathose obtained with traditionalolatile organicsolvents
Furthermore studies on the cytotoxicity of thdlLs aqueous solutions suppat their
biocompatiblenature andhigh antioxidant activityf the HMRrich extracts It was shown that
agueous solutios of ILs containing HMR have the potentialb® used directlyin cosmetic,
nutraceutical and pharmaceutical applications without requiring an additional step for the HMR
recovery and IL recycling.

In the past few years, thased ABS have been largelyplored for the separation and
purification of a broad range of compoundsainly due to their superior performance as
alternative extraction and purification platfornis® 7 In addition, in liquidiquid systems,
research on dynamic and reversible biphasic systems has also been conducted. These phase
transitions are achieved by changesphf or temperature® as well as by the addition of
CQJ/N..1° Chapter 4comprises several examples on the development of new reversiblasid
ABS and on their application for the separation of DNA from HSA, and of aromatic from aliphatic
amino acidsThese systems, as those studiedGhapter5, have potential to be remarkable
separation processes by taking advantage of their switchable behatuapter 4.1addresses
the development of pHriggered Ikbased ABSn which tioliniumbased ILs and polypropylene
glycol (PPQ)ere used as phas®rming componentsThe phase transitions were achieved by
playing with the speciation of the IL anion according to the medium Qithnges between
homogeneous and biphasic regimes occur in a wide range of pH values and compositions, which
can be tailored to adrget separation procesBue to their biocompatible nature, these systems
were used in the selective separation of DNA from HSA (the major protein present in human
serumsamples)In the following worknovel reversible Hbased ABSiithout changes on the
LK 4S54 Q Gaefddrsighed.d Befmoreversible systemhapter 4.2addresseshe
ability ofwater-soluble ammoniunbased witterions (ZIs) in which both the cation and anion
are covalently tethered to each otheito form ABSwith salts, followed by the study on their

temperatureinduced switchable behavioumhese thermoreversible systemagere applied in

5
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the separation of a wide range of compounds, such as instyearation of aromatic ¥
tryptophan) and aliphatic (glycinejrano acids

In the two previously described chaptessitchable systems were proposed. According to
the new gathered insights, integrated productisaparation Itbased ABS processes wénen
developed- Chapter 5 Chapter 5.1comprises the study of pHriven reversible Hbased ABS,
formed by imidazoliumand phosphoniurbased ILs, and salts. In this warks shown that
reversible Ithased ABS can be prepared by playing with the speciation behaviour of the organic
salt (potassium citrate) used in t#eBS formulationThese systems were studied as integrated
productionpurification platforms, in which HMF was produced from fructose at acidic pH, and
then separated from the unreacted precursor by an increase in the pH and consequent
formation of twophas systemsChapter 5.2is focused on the use dfs to form ABS aiming at
finding more biocompatible thermoreversible ABS that can be used to extract and purify
biocompounds. The temperatuwd@ependency of the solubility curves of ABS composed of
poly(ethykene)glycol (PEG) of different molecular weights and various ZIs were evallihged.
investigated systems display a thermoreversible behaviounvesr@ investigated amtegrated
reaction' separation processes. Agmzymatic reaction involving laccase wasriear out at the
monophasic region, after whickmall changes in temperature induthe formation of two

phases and the complete separation of the enzyme from the products in a-siegle

1.2. Bioactive compounds, solvents and separation processes

The use ofbioactive compounds in different commercial sectors, such irasthe
pharmaceutical, nutraceutical and cosmetic industriess faced a significairicrease in the last
years. In particular, the discrimination between natural and synthetic products has/eec
enormous attention andan increased demand on the consumption of natural compounds over
their synthetic counterpartdias been observetl. Natural bioactive compounds have several
beneficial biological activities, such as anticancer, antimicrobial, antioxidant, antidiarrheal, and
analgesic effects(among others}?> Based on theirbeneficial biological activitiesand
applications the development of coseffective and sustainablextractionprocesse®f value
added compoundfrom natural sources has gained remarkable relevance in recent years.

Different extraction techniques have been used to extract bioactive compounds from
biomass, such as soxhlet extraction, and kpgbssure, mechanical, ultrasound, and
microwaveassised (among others) These extractions from solid biomass samples (dinjidd
extractions, SLE) consists in the extraction and dissolution of a given compound from a solid

matrix in a given solventUnless comgtely selective solvents are identified, extractions from
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biomass usually result in a complex extract. Therefore, after the extraction step, induced
precipitation, distillation and chromatography, among others, are used as
separation/purification technique Most of these techniques generally involve the use of
volatile and often toxic organic solventadditionally leadingo environmental and human
concerns'® Furthermore, the costs associated to the final product are strongly dependent on
the downstream processing, namely the type of techniques used and number of steps
required®® Thus, it is of crucial relevance to explore alternative solvents with more
environmentallyfriendly characteristics than those currently used, and to devetigteffective
andsustainable extraction and purification technies, which could be ideally incorporated in a
integrated process

Novel approaches have been proposed, seeking both sustainable extraction and purification
0§SOKYyAldzSa | yR &l ®§ Ndvéns NBdboed vk resedvdbl® Seyolirées, 6
water, sipercritical fluids, deep eutectic solvents and f*shmong these, ILs are one of the
most studied dkrnative solvents for extraction and separation purpo$és:® For instance, ILs
or their mixtures with water/organic solvents have been applied directly in the SLE of value
added compounds from biomass, such as alkaloids, terpenoids, phenolic compounag amo
others, and in liquidliquid extractions (LLE) aiming the separation of target products. In these
studies, aqueous solutions of ILs are the preferred choice, although the use of pure Ks or IL
with organic solvents mixtures were also addressksiagueous solutions have been described
as more efficient and selective solvents. The lagtractionefficiencyafforded bylLs agueous
solutions has beendescribed as a result afie ability ofsomelLsfor disrupting the biomass
organized structuré However it has been also shown thdlts agueous solutionmay act as
enhanced solvents due to hydrotrogeor micellemediated phenomend,thus increasing the
solubility of target products and extraction yield. In geneagjueous solutionsf ILs display a
higher solubilisation andextraction performance when compared to the respective pure
solvents? as well as decreased viscosity

LLE is usually performed using organic solvents immiscible with WaBmmpared to
chromatography, liquidiquid systems offer technological simplicity and low cost, as well as the
capability to provide high yields, improved purification factors, enhanced selectivityhend
possibility of combining the recovery and purification steps. Aiming at avoiding the use of
organic solvents in LLE, in 1958, Albertson introducedAB8concept for the separation of
(bio)molecules by their partitioning between two liquid aqueousagés'® Both phases are
mainly composedof water, thus affording an amenable media for (bio)molecufds. addition
to these largely studied polymepolymer and polymesalt ABS, in recent years, Gutowski

al.'® demonstrated that ABS can also be formed by the addition of inorganic salts to aqueous

7
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solutions of hydrophilic ILs.-Hased ABS have shown remarkable advantages when compared
to more traditionalpolymerbasedones, namely by providing low viscaavent meda and by

allowing the tailoring of extraction efficiencies and selectifity.

1.3. lonic liquids (ILs)

ILs are ionic compounds that belong teetimolten salts groupand generally defined as
presenting a melting temperature below 100;°Gften, they are denominated by room
temperature ILs when they are liquid at temperatures close to room temperaflifbey are
typically composed of a large and unsymmetrical cation and an organic or inorganic%rtien.
low melting temperatures of ILs aeeresult ofthe weak intermoécular interactions derived
from the large size ions and their charge distributiand lack of an ordered crystalline
structure®

The ionic nature of ILs is responsible for some of their unique properties, such as their
negligible vapour pressure under atmospheric conditions, low flammability, high thermal and
chemtal stabilities, large liquid temperature range, high ionic conductivity and excellent
microwaveabsorbing ability: 22 ILs are also recurrently recognized by their high solvating
aptitude for organic anthorganic compounds, from synthetically produced to natural extracted
ones, and as good staizing media for proteins, nucleic acids, among otier®&imongst the
large range of ILs that can be synthesized, the most commonly studied are nitvaged, with
some examples of theration chemicalstructuresgivenin Figure 1.2AThe cation can bef a
different nature, and additionally designed by changing the size ofatk@ side chainand
addition of functional groupg? Furthermore, the anion can be of a very different chemical
nature, such as halogens, sulphates, cybased, fluorinated, etcHgure 1.2A Based on the
vast number of cation/anion combinations it is possible to tune their physicochemical properties
aiming at designing a specific IL for a target application, and so, ILs are commonly described as
G RS a A 3y S Negureli2@r8yrhisiféaturé overcomes the limited selectivity of common
volatile organic solvenisallonvingthe designof more effective solvents for extraction purposes

and more efficienseparationplatforms.
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Figure 12. (A) Chemical structures of some IL cations and anions usually employed in the extraction and
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(C)Chemical structures of tetraalkylammonidoased Zls.

In addition to the existence of over six hundred of common solvents used by industry, most
aprotic ILs are an ambiefiiendly alternative due to their combination of newolatility and
non-flammability?> 23 eliminating solvent losses to the atmosphere, and consequently
decreasing both the environmental footprint and the cost of the proceshisis the main
NEF&a2y o06SKAYR GKS OFGS3I2NART I GA2y 2F L[& +F&a &a3aN
YySIAt AIA0ES DI LIRdzN) LINBaadz2NE Aa y2i Sy2dzaK G2 | a
although losses to atmosphere are completely avoide@drvhompared to traditional volatile
organic solvents. Properties such as toxicity and biodegradability must be also accessed. For
instance, even the most hydrophobic ILs have amnegligible miscibility with water, which can
result in the contamination ofiqueous stream$ 2’ In recent years, several studies were
conducted to evaluate the toxicity and biodegradability of?P% either by the combination of
different anions and cations or by changing thlkyl side chain lengtand number of alkyl
groups at the cation ring. These studies showed that the ILs toxicity is primordially determined
by the cation nature and increases with the increase of the length of the alkyl side chain (increase
in hydropholicity) 2’ Commonly, the anion has a smaller influence on toxicity than the cation,
and generally, short cation alkyl chains or more hydrophilic ILs display lower tékithg.
solubility of ILs in water decreases with their hydrophobidity, the mosttoxic ILs are those
that usually exhibit lower mutual solubilities with water, and hence, teairironmental impact
AY LFljdzr iA0 a0GNBIFI¥a OFly 6S GYAYAYAI SRé®

Although aprotic ILs cannot enter into the environment by evaporation, they can enter into
0KS O0A2ALIKSNE o0& 41 SN AGNBI Yao stdisaRfeir NG (KS

9
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applications are nowadays one of the major topics of research within the ILs community. Starting
materials must be notoxic and ideally should be renewable. Low cost synthetic routes and
easy preparation should also be filled. In this direction, some ribgdiave been reported, such

as those composed of choliniufhand glgine-betainebased cations, combined with anions
derived from amino acid¥,carboxylic acidg! etc.

Recently, a new class of zwitteriottygpe molten salts (ZIsyas describeddisplaying similar
chemical structures to ILs, bint whichthe cation and anion are covalently tethered to each
other (Figure 1.2¢3 Since the ion pairs remain covalently linkei avoided theformation of
ion pairsor ionexchamge mechanism, particularly relevant when dealing with separation
processesWith the proposal of ZIsaw avenues were opened in electrochemisthas suitable
additives for systematically controlling the water content of hydrophobic ILsjraseparation

processes?

1.3.1. ILs as alternative solvents for the extraction of valuedded compounds from
biomass

Biomass, is a unique, ubiquitous, and sustainable renewable resource for the production of
biomaterials and biochemicals with wide commercial applicationSLEapproaches,the
biomass is placed in direct contact with theblised solvent, and operational conditions such as
temperature, extraction time, and sobtiquid ratio are optimizedKigure 1.3. The two phases
are then separated by filtration, decantatioor centrifugation. The appropriate solvent is
chosen based on a set ofiaracteristicssuch agpolarity, selectivity,density, surface tension,
viscosity, chemical and thermal stabilityorrosion behaviour cost toxicity, and required
operating temper#ure. After the SLE ste@ new step is required to purify and/or recover the
target compound, which may be attained by distillation, a new LLE step, by chromyalogr
approaches, among others.

SLE techniquessing ILs as solventhave also beerapplied with microwaveassisted
extraction  (MAE}* 3% ultrasound assisted extraction (UAE) ¥ and
enzymeassisted® *° processesto enhance the extraction efficiency, while attempting to
decrease the extraction time and amouot solvent used. More specially, UAE increases the
mass transfer being the best option when dealing with thermally sensitive vaheded
compounds, while MAE allows a fast heat transfer into the solvent solubieimg thebest
option when considerableiscous solutions are usee.§. pure or highly concentrated ILs

solutions).

10
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Figure 13. Scheme of SLE applied to solid biomass samples.

Various works have been published addressing the use of ILs, mixture of ILs and mixtures o
ILs with organic solvents for the extraction of essential oils, such as limonene from orande peels
andcoumarin fromCimamomum cassibark *' extraction of shikimic acid frorflicium verun¥?
and Ginkgo bilobadeaves?® extraction of lipids fromChlorella nitroalgag** %° extraction of
polysaccharides and lipids from brown altfa@mong others: 7 Although there is a large
number of possible caticanion combinations in ILsnost studies published up to date are still
focused on imidazoliurased ILsThe pioneering work applying ILs to extract vahaglded
compounds from biomass was demonstrated 2006, by Bionigs Ltd. The authors
demonstrated the successfalpplication of protic and distillable ILs to extract artemisirin
sesquiterpene lactone, fromrtemisia annuaA protic and biodegradable IL,1j20H][C:CQ]
RSUYyAGA2Y 27F (K Sistaf pcionyinfwas JOLRAAGDR thebesk Iy irstip#tesl
and, under the optimum conditions, high extraction yields were obtained when compared to
those obtained by hexane at high temperatufégfter this proof of principle, the number of
investigations regarding the use of ILs for the extraction of vatldedcompoundsmaterials
from biomasssignificantlyincreased Regarding the use of-Hased solvents, four types have
been reported: (i) pure ILs, (ii) ILs mixture, (iii) ILs/organic solvents mixtures and (iv) aqueous
solutions of ILs.

After the pioneering work shown by Bionigs EfdChowdhuryet al*® suggested the
application of SLE for the extraction of ellagic and gallic acids, pyrocatechol arate@hin
from Acacia catechycatechu) andTerminalia chebuldmyrobolan), also using arqtic and
distillable IL ([Mod[N(G).CQ]), at room temperature. High extraction efficiencies for both
catechu (8%6) and myrobolan (?6) biomass were obtained, while with water as the main
solvent the extractiorefficiencies aré4 and 52, respectively®In 2011, Bicat al*° showed
that pure ILs ([£5im]Cl, [a@m]CI and [€@Gim][GCQ]) can dissolve orange peels and extract
limonene, commonly used in cosmetics, as a flavouring chemical, and as a biodegradable
insecticide. The complete dislution of orange peels was observed after 3 h with

[GGIm][GCQ], with a yield ofthe isolated orange oil of 4%° The liqud solutions were then

11
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subjected to vacuum distillation at 665 °C and a distilled fraction composed of two layers,
limonene and water, was finally obtained allowing the isolation of limorfé€iRecentlyMehta

et al* also developed an efficient processing scheme for the extraction of essentigé il,
coumarin fromCinnamomum cassibark but in these case using a protic 4L[Nooo2[NOs]
combined with aprotic [ s JAb&Sed ILs for biomass dissolution, and further creation of a
biphasic system with diethyl ether. With the mixture of{M[NOs;] and [G/ s R Y s /ah yietl

of 4.7% of esential oil was obtained, although some degradation of the IL was obs&r\ith

the mixture of [G/ s JEInd [Noood[NOs] a similar yield (4.6%Yyas obtainedput without any
degradationobserved* The authors demonstrated thahe addition of these ILs allow to tailor
the viscosity, solvation ability, and extraction efficiency of ILs, described as a synergic effect of
IL ions (protic + aprotic}! After the extraction of the essential oil, the cellulosic materiad a
free lignin were regenerated from the biomakssolution through the addition of a mixture of
acetone and watef! In general, all of these results clearly support the high ability of pure ILs to
enhance the target products extraction yds| either by destroying the biomass lignocellulosic
part and/or by improving the solvent solvation capacity.

Ressmaniet al*?> explored an alternative and effective method for the extraction of shikimic
acid via dissolution offlicium verumin presence of Brgnsted acidic IL solutions. The authors
investigated the conversion of shikimic acid into ethyl ester in ebhasolutions of
[(HSQ)GGIm][HSQ], [(HS@GCGIm]NTE], [(HS@GGIm]Br and [(HSQCGGIMICI*? The
authors obtained high convelisns into ethyl ester (81 to 98), although the complete
conversion was only attained with [(H§QGIm][NT%].*2 The sulfonic acid side chain was
demonstrated to be the main factor behind the efficient catalytic actititifhe reactive
dissolution of star anise seeds was then studied in [H{SQim][HSQ]-ethanol solutions,
where the increase of the IL concentration leads to an increase in the extraction yield. Moreover,
the application of microwave irradiation drastllyreducedthe reaction time (from 24 h to 30
min).*? Based on these results, Ressmatal *> developed an in situ process for the conversion
of shikimic acid that uses a mixture of ethanol withpéhtanone catalysed by
[(HSQGGIm][HSQ] or [(HS@CGIM][NTE].4? ILs act both as solvents and as catalysts toward
the in situ synthesis of #himic acid ethyl ester and its ketal estérAlthough the process
reported does not allow the recovery of the ILeliminates the use of the toxic and corrosive
thionyl chloride commonly employed, while reducing the number of operational steps with
improved yield. In the same context, Usekial ** suggested the extraction and isolation of the
same biomolecule fronsinkgo bilobdeaves using purgdGim]Cl. At optimum conditions, the

extraction yield of shikimic acid was 2.5 times higher than that obtained with methanol at 80 °C,
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and 2 times higher than with dimethylformamide at 150 °C. However, no attempts at shikimic
acid conversion were carriealit by the authors’?

Younget al.* reported an enhancegerformance of [@5im][C.SQ]-methanol solutions for
the dissolution of biomass and extraction of lipids fr@hnlorella microalgad_ater, Kiret al*®
investigated in more detail the IL cation and anion effects on the lipids extraction efficiency. It
was possible to conclude that the lipids extraction is mainly driven by the IL anion nature and
that hydrophilic ILs are the most favourable. .J@M][CESQ], [GGIM][GSQ] and
[GGIM][GSQ] lead to the best extraction results (125, 118 and 119 Mgfydried weight,
respectively) compared with the commonly applied method of Bligh and Dyer (£0grof
dried weight)#> On the other hand, Malihaat al*® placed emphasis on sugars extraction, such
as the polysaccharide laminara, although they also reported the extraction of lipids from brown
algae. In thisvork, several mineral acids were tested together withkGq@n]Cl, and where the
combination [G@GIM]CI/HCI dictates the higher extraction performance observed for
carbohydrates’® More recently, Maet al*® optimized the extraction of bioactive compounds
(rutin, quercetin, and scoparone) fromrerba artemisiae scoparia@lso using Hmethanol
solutions.The[C/ s JBr¥hethanol solutionsat aNB Ff dzE G SYLISNI (1 dzNB 2F cn
allowed to extracted a sirair yield to that afforded bypure methanol® It was demonstrted
that the use of [@ s ]BrYat low concentrationgn methanolwas enough to tuning the polarity
of the extraction solvent while keeping a low viscosity.

Although pure ILs, mixture of ILs or solutions of ILs and organic solvents appear as good
alternatives to conventionabolatile organicolvents, from a greener and legost perspective
agueous solutions of ILs appear as a more promising optWdith this perspective in mind,
various works have been published addressing the use of ILs aqueous solutions for the SLE of
valueadded compounds from biomass. Most of these works report on the extraction of
alkaloids,e.g. glaucine fromGlaucium flavum CKPapaveraceaé€?, ! caffeine fromPaullinia
cupana(guarana seeds, Sapindace&egyalantamine, narwedine, and ungiminorine from the
aerial parts olLeucojum aestivum KAmaryllidaceag® and piperine fromPiper nigrumBlack
Pepper)?* Others works include the extraction efiore hydrophobic bioactie compounds
(tocopherol, perillyl alcohol, rutin, and ginkgolides) from soyb®&amphycobiliproteins,
chlorophylls and carotenoids from the red macroalgamacilaria sp> cynaropicrin fromcC.
cardunculus Ueavesy’ triterpenic acids (ursoli@leanolic, betulinic acidsrom apple peed>®
saponins from leaves and aerial partdlek paraguariensiénate) andCamellia sinensigea)>®
abd polyphenols andsaponins fromzZiziphus joazeirand Agave sisalané The chemical

structures of some of these compounds are depicteBigure 1.4.
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Figure 14. Chemical structures of some compounds extracted from biomass using IL aqueous solutions.

Bogdanovet al®° reported the successful substitution of methariy a [GGM]w/ s/ hi &
agueous solutiorior the extraction of glaucine froi®lausium flavumin fact, aqueous solutions
of IL show the best results, namely 8%¥%extraction yield of glaucine, overcoming theld
obtained with methanol (< 6@6) under similar conditions (80 °C, 1*h{veral| the authors
demonstrated the role played by the organic imidazolium cation on the extraction process.
Moreover, it was observed a significant reduction in the extraction time (from 12 h to 1 h) with
the increase of extraction temperature (from 25 °C to 80%°Chis trend is related with the
increase of the diffusion coefficient and decrease of the IL solution viscosity at higher
temperatures. Later, Bogdanet al>! reported a more detailed work on the kinetics, modelling
and mechanism of glaucine extraction fro@lausium flavum The authors performed
consecutive extractions of biomass fresh samples using the same solvent up to saturation,
avoiding the need of the IL recycling, while also contributing to a reduction of the process cost.
Finally, the authors showed the recovery of glaucine from the IL by aebdicction step with
chloroform, that w F 2 NIidzy I §St & RSONBIaSa (KS aaaINBSy¢
Claudioet al®® and Svinyarov and eworks® investigated the extraction of caffeine from
guaranaseeds and the extraction of galamine, narwedine, and ungiminorine from the aerial
parts ofL. aestivumusing aqueous solutions of a series of imidazoljymgrrolidinium, and
ammoniumbased ILs. At the optimal conditions, aqueous solutions &4if8]Clwere found to
be the best solvat in both studiesClaudioet al® obtained outstanding exaction yields of
caffeine, up to 9 wt%, in comparison to the traditional mettedployinghazardous organic
solvenswhere the maximum vyield of caffeine achieved veég.30 wt% Ky soxhletextraction
using methylene chloridé¥.Finally, the authors studied the recuperationazffeine fom the

IL mediumby a backextraction step where butanolvas identified as the best solvent.
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Bica and cavorkers* reported the extraction of piperine from black pepper by SLE using
agueous solutions of surfaexctive ILs ([{Gim]*, with n = 10, 12, and 14, combined with
different anions, as well as with a long chain biodegradable and bdeimed IL,
[N111(c2000)23CI. Only for IL concentrations above the critical micellar concentration (CMC), the
authors were able to obtain high extrté@n yieldsof piperine (4.0 Wi)>*In this work, the ability
of the IL to seHaggregate in agueous media seems to be the main favourable factor for the
enhanced extraction yields observetlAlthough piperine is an alkaloid and an aromatic
compound, it is of a hydrophobic nature, as shown by its higher odievadér partition
coefficient [logkow) of piperine = 2.30 vs ldg,) of caffeine #0.13], thus requiring the creation
of hydrophobic cores produced by surfaaetive ILs to increase its dispersion/solubility in
aqueous medid* The biodegradable IL revealed a hjggrformance on the extraction of
piperine and can be used as a prospective alternative to volatile solvents commonly used
(chloroform, toluene and methanol). Jat al>® proposed a family of new water/IL mixtures,
using amphiphilic anionic functional loegain carboxylate ILs (L@G), for the simultaneous
dissolution of biomass (soybean)d extraction of hydrophobic bioactive compounds
(tocopherol, perillyl alcohol, rutin, and ginkgolides). The waterfUC®ixtures investigated
allow extraction yields 2 to 12 times higher than that achieved with common organic sotvents.
The authors also demonstrated the formation of nanomicelles when tocopherol is dissolved in
water/LCGL mixtures? meaning that the formation of IL aggregates achieved by the use of
surface-active ILs allows the incorporation of hydrophobic bioactive compounds into the micelle
core, thereby enhancing the extraction yield, a similar result to that found by Bica and co
workers® In the same line, Ventura and -eeorkers® carried out the extraction of
phycobiliproteins, chlorophylls and carotenoids from the red macroal@eaacilaria sp The
resultsobtained demonstratehat hydrophilic ILs better extract phicobiliproteins, while those
of lower hydrophilicity are better extraction solvents for chlphylls and carotenoid®.Fariaet
al.>” also showed thataqueous solutions of surfaegctive ILs are more efficient to the
cynaropicrin extraction fron€. cardunculus leaves, as well as for trextraction of triterpenic
acids from apple pesf® a residue of food industries. The authors combined solubdlity
extraction studies to better understand the moleculavel mechanisms and ILs chemical
structures which improve the extraction efficiency. At the best conditions, using an extraction
time of 60 min and a concentration ofC s JEIYat 0.50 M, extrd®on yields of 3.73 wt% of
cynaropicrif’ and 2.62wt% of triterpenicacids$® were attained fromC. cardunculuk. leaves
andapple pees, respectivelyTheauthors obtainedsignificantly higher valuesompared to the
values obtained with volatile organic solvents, such as chloroform or acetone in similar

conditions®” Furthermore, these works also studied the recovery of the target compound from
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the IL aqueous solution by the addition of water as an-aalvent>” %8 In summaryall of these
results support the idea that more hydrophilic bioactive compounds are better extracitid w
agueous solutions dfydrophyliclLs, particularly displaying a hydrotropic charactethile more
hydrophobic compounds are better extracted by aqueous solutions of ILs with sad#ee
properties.

In general, imidazoliuAbased ILs, combined with chloride, bromide, acetate, dicyanimide,
and tetrafluoroborate anions, have been the preferential choice to be used in aqueous solutions
for extraction purposes from biomass. Thtigre is still a need oréentifyingmore benign and
sustainable IL$or suchstrategies.In this line,Ribeiroet al>® applied agueous solutions of
choliniumbased ILs as potential alternatives to imidazolium counterparts for the SLE of
polyphenols and saponins from the les and aerial parts dfex paraguariensigmate) and
Camellia sinensi@ea). The authors concluded thpEh]Cl was the best solvemiption for the
extraction of saponins (70%) and phenolic compounds, either from mate &7 bea following
work, the same group of autho?$studied thirteen Ik and nine deep eutectic solvents to extract
saponins from two plant sources. Depending on the matrix type, distinct results of extraction
and selectivity (over polyphenolics) were obtairf€dzrom the results obtained, two deep
eutectic solvents[ChICI{Ch]JGCQ] and [ChICI{ChJGCQ] in water/ethanol mixtures were
selected as the optimal solvents for the extraction of saponins Zariphus joazeirand Agave
sisalana respectively°

In summary, ILs and their mixtures with alcohols or water are remarkable extraction solvents
for valueadded compounds from biomass. Neat ILs matyas solvents and as pteeatment
strategiesof biomasswhich usually presents a compact ordered and rigid structure, inducing
pronounced changes in the morphological structure of biomass (usually visualizedrnying
electron microscopeSEM) and aditer access of the solvent to the target compounds. Yet, the
use of aqueous solutions presents several advantages, such as the increase in the solubility of
the target compounds by a hydrotropic or micefteediated solubilization phenomena, leading
thus to remarkable extraction yields. Moreover, aqueous solutions allow the decrease of the
high viscosity of most ILs, enhancing mass transfer and reducing energetic imptliese
mixtures,the greenest and low cost solvent (water)uised, which in additioio sustainable
features alsocontributesto increase thesolventselectivity for target chemicals.

In all of these works, and unless a completely selective solvent is identliediomass
extracts obtainedare acombination ofseveralbioactive compouads. Howeverpnly few works
carried out the separation, purification aridr recovery of the extracted valuadded
compounds In fact, in most pf the published work®) information on the purity degree of the

target compounds is usually givéifhe other lacuna identified in such type of published works
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comprises the lack adttemptsfor the IL recovery fofurther use (solvent recyclingilthough
scarce, sme approachessuch asbackextraction using organic solveritsdistillation of the
volatile compounds (e.g. essential oils§* induced precipiation with antisolvents®? and
adsoption on macroporous materidfsor anionexchange resin& have been describedlso
showingthat it is possible to recover and reuse theblsed solvents without losses on the
extraction efficiency. Snce almost all ILs used in seliguid extractions from biomass are
completely miscible with water, they can hésoused to form ABSas dready demonstrated in

some works?® 6568

1.3.2. ILs as phaséorming components of aqueous biphasic systems (ARS)e used
in separation processes

After the extraction step mainly carried out by SLE techniques described before, after any
reaction involving the production of bibased products, or when dealing with compleatural
matrices, separation techniques need to be employed aiming at recovering the target
compounds,and for which Ibased LLE approaches have been studied. In addition toiquid
liquid systems formed by nemisciblelLswith the second liquid phase,large interest has been
given to Ikbased ABS. These systems were proposed as potential alternatives to poigimer
ones, with a set of important advantages: low viscosity, quick phase separation, and high and
tailored extraction efficiency.In fact, ahigh extractive performancenay beachieved by the
manipulation ofthe IL chemical structure and mixture compositidayincreasinghe affinity of
the specific compound to a given phaseb#sed ABS were originally proposed to be formed by
ILs and inorganic salts in aqueous médiafter this pioneering workit was shown that these
systems can be formed with a wide plethora of salts, and that the influence of the salt ions in
the liquidliquid demixing is well described by the Hofmeisteliesg(ions classification based on
their saltingout/-in ability)® Generally, it is accepted that the inorganic/organic salts of high
charge density lead to the saltirmt of the IL, creating a second aqueous ph#¥da.addition,
it was demonstrated that tbased ABS can be formed by combining ILs with carbohydrates,
polymers or amio acidsn agueous media

For the design of effective ABSsaparationand purification processes, their phase diagrams
and respective &-lines are requiredThis information is crucial to define mixture compositions
abletoformtwolLJK I &S adaeadsSvya IyR (y2¢ (KSAILBSSdwda Ay 3
unigue phase diagram undersatof conditions, such as temperaturpressureand gH. Usually,
the AB$hase diagramare determined through the cloud point titration metho#igure 1.5A*

Figure 1.5Rlepicts an example @ phase diagram of an ABS composed of a IL, a salt and water,

and the respective binodal cur#é&his phase diagram is shown inathogonal representation,
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in which the amount of water is omitted, corresponding to the amount required to reach
100 wt% for a given mixture compositiofihe binodal curve, TCB, represents the separation
between the miscible and immiscible regiong,., above the binodal curve it is located the
biphasic region, while below it is the monophasice region. The larger the biphasic region, the
higher the ability of the phas®rming components to form liquitiquid systems. Three mixture
compositions at the iphasic region are also identified as X, Y and Eignre 1.5B These
mixtures are along the santie-line (TL), meaning that all theemixtures present the same top
(Ti, Tsa) and bottom phase compositions (BBsa).* What changes in these mixtures is the
LK aSaQ @2t dpéte-lind Nagth BLA i3 & iudderical indicator of the composition
difference between the two phases aigloften used to correlate with the trends observed in
solutespartitioning between the phasesThe critical point of the ternary systera Point C,
where the two binodal nodes medtge., the compositions of the two coexisting phases become

equal, and the biphasic system ceases to ékxist.

A B
Biphasic
T region
—_ T
T L
H
~
water IL/ S?It =
solution =
\ Monophasic
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By ~— |
Tsart Bsait
[Salt] / (wt %)

Figure 15. (A) Scheme of phase diagrams determinati¢l) Schematic representation ohaAB$hase
diagramin an ortoghonal representatiorifCB Binodal curve, €Critical point, TB Tieline, T-
compositionof the top phase, Bcomposition of the bottom phasendX, Y and Z initial mixture

compositionsof biphasic mixtures.

IL-based ABS have been largely investigated for the separation of the most distinct-added
value compounds and/or biomoleculésll-based ABSusually lead to a high extraction
performancewhencompared to the traditional polymesalt and saksalt systems, which display
arestricted polarity difference between the coexisting phasdeshould be however noted that
there are several approaches to manipulate the partitioning of a specific solute between the
coexisting phases: ()se of different phaseforming components (i) change ofthe ternary
mixture composition, temperature or pH; and (id@ddition of co-solvents, antisolvents or

amphiphilic compound$.In a large part othe studies comprising ABS with ILs, it has been
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demonstrated that a proper choice of the IL and sahing agent could lead to the complete
extraction of the target solute, high selectivity and concentration factors up to 1000 fitnes.
Although Ikbased ABS were mostly studied at a laboratscale, the scalap of traditional ABS
formed by polymers has already been demonstrated and is currently used in the purification of
proteins at industrial level In this subchapter some relevant studies concerning the
application of Itbased ABS for the separation and fractionation of @@dded compounds are
reviewed and discussedhese valueadded compounds comprise alkaloids, phenolic acids,
terpenoids,amino acids, proteins and enzymes.

In recent years, there has been a great interest in ineestigationof IL-based AB&s
separationplatforms of products extracted from vegetable sourc¥dt should be however
remarked that most of these studies only evaluathd extraction performance of thased ABS
for target compounds, using pure and commercial compounds instead of natural extracts and/or
more complex matricesThesecompoundsinclude alkaloids (codeine, papaverine, caffeine,
nicotine, xanthine, theophyllinand theobromine), phenolic compounds (vanillin and phenolic
acids, such as gallic, vanillic, syringic and caffeic acid, eugenol, propyl gallate and
a@NRA Y3l f RSKe R Scardtene)i SuNdnip yteds Rwith r@levant antifungal, anti
inflammatory, and atioxidant properties. The chemical structures of some of these compounds
are depicted irFigure 1.6.

The capacity of ABS composed of ILs and inorganic’4adtshohydrate$® or amino acid¥
has been extensively studied for the extraction of caffeine. The highest extraction efficiencies
are obtained with ABS formed by ILs and sali®mgihe saltingout effect exerted by the salt
that promotes the migration of the alkaloid to the opposite phaserifh phase)? Passost
al.”® studied the effect of the cation alkyl chain length on the extraction of a large number of
alkaloids (niotine, caffeine, theophylline and theobromine). The autH®rstudied ABS
constituted by [@ s JClYwithn = 410, with potassium citrate (at controlled pH), and observed
a maximum in the partition as a function of the alkyl side chain size. The aftthlssconcluded
that the pH of the medium, and hence the alkaloid speciation, does not change the results
observed. This maximum was justified by the -sgifiregation of ILs of larger alkyl chains, an
inherent characteristic of these llasd that was shwn to occur in ABS, beirgpnfirmed by
transmission electron microscopy. In addition to ABS composed of ILs and salts, &eakita
studied Ikpolymerbased ABS for the extraction of 3 alkaloids. In almost all ABS, a preferential
migration of caffeine to the pgmerrich phase was observed, while nicotine and xanthine
partitioned to the Ikrich phase (opposite’f. Based on these results, these ABS appear as
promising alternatives to fractionate complex mixtures enriched in alkalbigs.al.”” used IE

based ABS as an extraction strategy for the analysis of opium alk@loti#sne and papaverine)
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in complex matrixesi.e, human fluids. After optimization of the operating conditiotise
researchers obtained extraction effencies of 93% for papaverine and 65% for codeine using
ABS constituted by }C s J€lIyand KHPQ (R S U y A (ithe2sgltsis2pfovided in theList of

acronyms.
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Figure 16. Chemical structures of some compounds that may be extracted from vegetable sources used
in Ibased ABS.

ABS have also been studied in the separation of a wide range of phenolic compounds with
antioxidant and antinflammatory activities, which have an prortant role in the prevention of
cancer, hypertension and neurodegenerative and cardiovascular diseases. Aiming their
purification from real matrices, several works were reported regarding the application of IL
based ABS for the separation of vanilfif? phenolic acids, such as gallté? vanillic/® 8% 82
syringic® 82 eugenol® propyl gallate®® caffeic aci@® and syringaldehydé&

To avoid the use of organic solvents in the purification of extracts containing antioxidants,
namely vanillin, Claudiet al.”® studied the application of ABS constituted by ILs and an inorganic
salt (kPQ). The authors evaluated the effect tfe IL chemical structure, the equilibrium
temperature and the initial concentration of vanillin in the partitioning of this antioxidant
between the two phases. In all situations, vanillin migsgieeferentially to the Ikrich phase.

The partition coeftiients of vanillin at 25 °C ranged from 2.7 to 49.6. A maximum was observed

in the ABS composed of they[Cs JEISeries of ILs, being these results in agreement with the
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findings of Passaat al.”>in the extraction of alkaloids. The authors finally exaé¢d the viscosity
and density of the coexisting phases to appraise the processgpal@bility, verifying that the
viscosity of these systems is substantially lower than that observed in ABS constituted by
polymers’in a latter work Claudicet al® focused their studies in the potential of ABS formed
by a widevariety of ILs and three saltlgSQ, KsPQ, and kHPQ/KHPQ) for the extraction of
gallic acid. In general, the extraction of gallic acid into thect.phase decreases in the following
order: NaSQ (pH 38) >> KHPQ/KHPQ (pH 7> KPQ (pH 13). Although4RQ is the strongest
saltingout species, the authors have demonstrated ttiz¢ pH of the aqueous medium plays a
major role in the partitioning of antioxidantS.For pH values below thecidic dissociation
constant(pkKy) of gallic acid (K.=4.4), the uncharged molecule preferentially partitions to the IL
rich phase, while its conjugate base partitions preferentialhjh@daltrich phase. These results
led the authors to propose a subsequent work on the baxkaction of antioxidants present in
biomass, as well as on the recovery and reuse of thieflLphases without loss of extraction
efficiency®? Two types of Itbased ABS were studied for the extraction of phenolic acids (gallic,
syringic and vanillic acids), namely IN&CQ and IL + Ng5Q, in order to tailor the pH values

of the coexisting phases. From the several [€ JAbaSed ILs investigate the most promising
were [G/ s J)C¥®SQ] and [G/ s JINYCN})], that were used in sequential twstep cycles
(comprising both the product and IL recoverigsh four sequential partitioning experiments
involving phenolic acids, extraction efficiencies raggbetween 73 and 99% were attained,
while allowing the regeneration of the fE.

More recently, Almeidat al® propose the use of ILs as additives (at 5 or 10 wt%) in ABS
formed by PEG and salits order to reduce the costs of the overall extraction/purification
foreseeingthe extraction of gallic, vanillic and syringic acids. The results obtained show that all
antioxidants preferentiallynigrateto the polymerrich phase, which corresponds to the phase
where ILs are enrichétd.The authors have demonstrated that the addition of small antewf
IL leads to an increase in extraction efficiencies oflainolic acids, ranging from 80 99%,
thus validating the ILs ability to adjust the polarity/affinity of the pha¥ds.the same line of
investigation, Santost al® studied the possibility of optimizing the extraction efficiency of
other antioxidants,namely eugenoland propyl gallate, using ILs as additives, and results of
complete extraction were achieved in a singtep. In general, higher extraction efficiencies
were attained using the IL + salt ABS (from 75.9 to 100%) than with PEG + salt (bdtwidea
47.1 to 100%%3 The poorer efficiency of polyen-based ABS was suggested to be a result of less
tuned and nomspecific interactions, contrarily to what is observed in systems where the ILs are
present.” -° stacking interactions (between ILs aromatic cations and antioxidants aromatic

rings) and othelantioxidangIL interactions may be decisive for the success of the separation
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process These results were further interpreted in more detail by Soetsal 84, who studied a
larger range of ABS, ILs and natural compouidgeneral, the addition of ILs as adjuvants to
polymerdo &SR ! . { OKIy3Sa (KS O2SEAA&II mydifiestiK| 854 Q
partition of biomolecules. An increase in the extraction of more hydrophobic biomolecules is
observed when usingdlas adjuvants in PESalt systems, whereas IL + salt ABS perform better
in the extraction of more hydrophilibiomolecule$* In summary, the favourable partition of
more hydrophilic biomolecules in IL + salt ABS seems to be ruled by specific-lisolute
interactions, while thdavourable partition of more hydrophobic biomolecules in PEG + salt and
PEG + salt + IL seems to be governed by the phases hydrophobicity/pRadently, Passat

al.® demonstrated the existence of specifieshlute interactions in some-thased ABS, which

in part explain the large extraction efficiencies usually obtained with theseragstevolving ILs.

In a recent work, Santost al.”® proposed an ABSpproach to fractionate five phenolic
compounds resulting from lignin depolymerisation, namely caffeic acid, vanillic acid, gallic acid,
vanillin ard syringaldehyde. ABS formed by sodium polyacr@@@(NaPA 8000) and PEG 8000
were used, in which cationic and anionic commercial surfactants and ionic liquids with surface
active nature ([&/ s JEMand [&/ s JEIYwere used as electrolytes at contrations below 1
wt%.”® The recovery, partition coefficients and selectivity of each system were evaluated, and
recoveries ranging between 40.73% for syringaldehyde to 82.52% for caffeic acid were
reported.”® The investigated systems were finally used in the design of an integrated process
comprising the fractionation of phenolic compounds, their isolation and recycling of the phase
forming componentg?

Terpenoids can be extracted from plants, algae and ftfifjeir interest is due to the fact
that they present biological activities against cancer and processes of inflammation and malaria,
justifying a great interest in their extraction from biomass and purificatfddespite their high
potential, only twoworks evaluated the ability of ABS constituted by ILs in the extraction of
i -carotene’? ® Louroset al.”2 studied ABS constituted by ILs with a strong hydrophobic nature
(phosphoniumbased ILs) anshowed a high ability for extracting hydrophobic soluteamely
i -carotene with partition coefficients in the order of 61Freire et al.”® also achievedgood
partition coefficientsrangingbetween 5.5 and 24,@singamore benigrapproach ABS formed
by ILs and carbohydratelt.was demonstratedhat the main driving force for the partitioning
ofi -caroteneis related withthe inherent ability of carbohydrates to be hydrated (or not) and
their consequent saltingut ability.”® In summary,all the described works support the high
extraction performance of thased ABS and thatlarge rangeof partition coefficientsmay be
obtainedfor naturalcompoundsextracted fromvegetable sourceby changing the Ichemical

structure, the second phaserming component nature, and mixture composition.

22

O



Introduction- CHAPTER

In addition to the valueadded compounds described before;bdsed ABS have also been
studied in the separation of amino acids and protefsino acids are important compounds in
several biotechnological processes, and the developneémiethods for thei separation and
purification is still the subject of intense investigatifisome amino acids, such asyptophan,
L-phenylalanine and-tyrosine, can be produced by bacterial fermentation. In this context, the
application of Itbased ABS can be a promising alternative for integrated amino acid extraction
within continuous fermentation processé. L-tryptophan/® 8" 8%% |-tyrosin€®> % and
L-phenylalaniné& * and L-Lysiné®, whose chemical structures are describedrigurel.7, are

the most studied amino acids with-based ABS.
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Figure 17. Chemical structure of somaminoacids usuallynvestigated withll-based ABS.

Neveset al®” and Ventureaet al® studied the abilityof ABS formed by a large number of ILs
and KPQ to extract Ltryptophan The authors have shown that depending on the nature of the
IL, partition coefficients ranging from 10 to 120 to theich phase can be obtainéd and
that these values are significantly higher than those obtained with conventional ABS formed by
polymers (in the order of 0-3).% as well as with liquidiquid systems formed by hydrophobic
ILs and water (in the order of2).°” Moreover, itwasdemonstrated that the influence of thie
cation seems to be more important than the influence of the IL anion in terms of extraction
performance for amino ads®’ Pereiraet al® studied ILs asdjuvants in traditional aqueous
systems formed by polymegalt combinations for the extraction ofttyptophan. The results
obtained indicate that the addition of small quantities of IL to traditional systems regulates the
partition coefficientand allows to control the extraction efficiency of the various systems by a
suitable selection of the IL chemical structure. These sys$fetmve been proposed as

alternatives to the usual approach of polyrsefunctionalization®® which is much more
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expensive and timeonsuming. Hamzehzadedt al®! carried out a study in the same line of
researchwith resultsin agreement with those obtained by Peregtal *°

Although ABS composed of inorganic salts and ILs have been intensively explored for liquid
liquid extraction purposes of a wide variety of biomolecules, more recently, the aopiicaf
biodegradable and less toxic salts has been also studiestract amino acidsABS composed
of ILs and potassium citrate, as an organic and biodegradable salt, were studidd. all
systems, amino acids preferentialhartition to the IL-rich phase, with extraction efficiencies
rangingbetween 72and 99%, obtained in a singdep® *3 In the same line and with the
intention of replacing the inorganic salts in the formation of ABS, Feeak’® studied the ability
of ABS consisting of ILs and carbohydrates to extract amino acids. The systems studied allow an
extraction efficiency ofa.50% of amino acids to the-tich phasén a singlestep. A new class
of ABS combining ILs with organic buffers for the extraction of amino acjlsefhylalanine and
L-tryptophanf* was recently proposed. Unlike ABSsisting of ILs and salts, in these systems
amino acidsmay migrate preferentially to thell- or to the GBrich phase, with extraction
efficiencies ranging between 22.4 and 100.0% in a sitgle® Based on the results obtained,
the authors proposed the usef these systemgor the fractionation of complex mixtures of
amino acids by optimizing the composition of the mixture and pH of the coexisting pHases.
Recently, Capelet al®®, based on the particular ability of aliphatic amino acids to form ABS with
ILs, showed these systems can be used to selectively separate mixtures of aliphatic and aromatic
amino acids usually present in protein hydrolysates or in fermentation broWigh the
exception othe L-Proline + [R144Br ABS, theeaming studiegphosphoniumbased ABS showed
the preferential migration of aromatic amino acids to theritth phase whilaliphatic amino
acids are enriched in the opposite layer, allowing their effective separ&tidixtraction
efficiencies of the Hich phase for aromatic amino acidsghenylalanine, #tryptophan and L
tyrosine) ranging between 40 and 85%, and extractiditiehcies of the opposite phase for
aliphatic amino acid (lysine) ranging between 94and 98%, were obtained in a singiep®
Phosphoniumbased AB%/ere also demonstrated to acsaemarkable separation techniques
when compared with ABS formed by imidBam-based ILs. The selectivity values for
phosphoniumbased ILs range between 1.5 and 121, corresponding to significantly higher values
than those found with imidazoliurhased systems (from 0.01 to 0.G7)Finally the authors
evaluated the possibility aEcoveringhe aromatic amino acids from the-tich phase, reaching
recovery values d#3%while removing79% of the IL presefit.As highlighted beforethe range
of extraction efficiency valuesbtained in the discussed works indicate that thanipulationof
the amino acid partitioning between the coexisting phases is easily achievegrbperly

selecting thdLchemical structure.
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IL-based ABS have been also investigated for the extraction of proteins, a field in which ABS
play a significant role due tiheir water-rich media and the labile nature of proteif%®” 899
The proteins and enzymes most studied witléised ABS are albumin, cytochrome c, lysozyme,
myoglobin, trypsin, and lipases. Given that proteins produced or are present in complex
matrices, taditional methods for proteins and enzymes purification require several steps, such
as salt precipitation, dialysis, ionic and affinity chromatography, or electrophobesigy highly
complex, timeconsumiry and expensivaherefore, there is a strong interest in tleploration
of Il-based ABS as alternative separation strategies.

RuizAngel et al®® evaluated the efficiency of extraction of ABS constituted by ILs and
polymers to 4 proteinscytochrome ¢ myoglobin, ovalbumin, haemoglobin). The autf§drs
concluded thathe partition coefficients using thased systems are generally 2 to r@lers of
magnitude higher than those obtained with ABS of the polypmymer or polymeisalt type.
Complete extractions of bovine serum albumin (BSA) have been obtained in assamlesing
ABS composed of ILs and s4t$% or ILs and polymer¥?z 19 by an adegate manipulation of
the IL chemical structure and composition of the system. In most of these works a salt with
buffer capacity was used.o avoid this requirementelf-buffering ILs have been proposed for
the formation of ABS and extraction of proteif8.1°? The stability of the proteins after the
extraction process was evaluated by Fourier transform infrared spectroscopy and circular
dichroism, where itvasproved that proteins maintain their secondary structure in theith
phase #ter the extraction steg® 101

Il-based ABS are also a good option for the extraction of enzymes, as well as a medium for
biocatalysis itself. ABS withshave already been studied in the extraction of otheotpins and
enzymes from real matrices, like extracellular medig.in the purification of lipase produced
by Bacillussp. ITRP0011% The authors achieved lipase purification factors ranging between 26
and 51, and recovery factors ranging between 91 and 96%thich correspond to higher values
than those achieved with polymdrased ABE* Later, the same group of authors demonstrated
that ABS containing ILs as adjuvants lead to higher purification factors as result of a preferential
partition of the contaminating proteins to the upper phase (polymieh), while the target
enzyme preferentiallymigrates to the lower phase (saltich)1%® After optimization of the
extraction conditionsthe authors proposed the purification of lipase by two pathways: (i) with
a prepurification step; and (ii) without any pseurification step'®® The highest obtained
purification factors correspond to 103.5 and 245.0 for steps (ii) and (i), respecfivAlthough
it has been observed a decrease in the lipase purification in step (ii), this one does not require a
pre-purification step'®® This approach allows thus to significantly reduce the costs of the

purification processwhile satisfying the purificatiorattors required by the industrial sectors.
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With the same purpose, Dreyer and Ktéglemonstrated the application of ABS constituted by
ammoniumbased ILs for the purification of two dehydrogenases from cellular extracts of
Escherichia coliLactobacillus brevisnd Thermophilic bacterim (partition coefficientsca. 3). In
addition to the separation step, the authors demonstrated an increase in the enzymes activity
of up to 400% in the presence of'fLAll of the described works support the high potential of
IL-based ABS in the purification of proteins and enzymes freah matrices and on keeping
their stability and/or increasing activity

Passo®t all% developed a new and efficient approafdr extraction of proteinsapplying
thermoreversible Hbased ABS. Contrarily to mostidased ABSonstituted by aprotic ILsvhich
display a weak dependee on temperture, it wasfound that ABS formed by protic ILs and
polymers are highly temperature dependent, allowing therefore to trigger reversible phase
separations by small changes in temperatubith the investigated systemsxtraction
efficiencies higher than36 were obtained forcytochrome cand azocaseinThe reversible
behavior of these systems was demonstrated for three times, with no losses on the proteins
extraction performanceThis work was one of the pioneering works showing the reversible
nature of Ibased ABS, highlighting the possibility of using these systems as separation

strategies'®

1.3.3. Reversiblesystems composed of ILs

The ability to induce reversible phase transitions between homogeneous solutions and
biphasic liquidiquid systems, at prelefined and suitable operating conditions, can be used in
the design of integrated productieseparation processe’$? Gven the advantages of ILs as
solvents or as phas®rming components of liquidiquid systems discussed in the previous-sub
chapters, dynamic and reversible biphasic systems constituted by ILs have ar@atadtgrest
in the scientific community. It was already demonstrated that mixtures involving ILs and other
solvents can be adjusted between the homogeneous regime and-phase system by changes
in temperaturé® 111 or pH1® 119 glso achieved by the addition of &®..2° This type of
switchable systems thus allow to carrytaeactions or extractions in the monophasic region,
which after the application of an external stimulus may result in the creation oftfnase liquid
liquid systems feasible for separation and/or purification stdfigyre 1.8. This approach also
contributes to a more feasible recovery of the target products and ptiasaing components

(Figure 1.8, allowing their recyclability.
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Figure 18. lllustration of reversible Hbased liquidiquid systems.

Regarding the formatiorf liquidliquid systems by changes in temperature, these may
display an upper critical solution temperature (UCST, where the biphasic region decreases with
an increase in temperaturéy 112116 or a lower critical solution temperature (LCST, where the
biphasic region increases with an increase in temperatif&f - Figure 1.9A These systems
with temperaturedependent phase transitions have been used in the separation of prot€ins,
metalg'* 116 and catalysts$!® although no complex mixtures or attempts on purification have
been addressed. Furthermore, most UCST and LCST of systems comprising ILs often occur at
temperatures far from room temperate, and when considering binary mixtures composed of
water and hydrophobic ILs these are confined to mixture compositions imposed by the critical
point of each phase diagrat 114116 Therefore, the design of noveklased systems with an
UCST or LCST close to room temperature has been object of a great deal of work; yet, only a
restricted number of systems has been identifié®!!° In addition to ILs, thermoreversible
systems formed by hydrophobic ZIs and water have also been repBfteéd although no
examples on their advantages as separation processes have been giv

Reversible liquidiquid systems composed of hydrophobic ILs and water have been achieved
through changes in pH° More specifically, the alkalinisation of the biphasic mixtur@ves the
system to the monophasic regime because the IL respective-althlbecomes water soluble.

The subsequent acidification of the solution leads to the regeneration of the hydrophobic IL and
to phase separation®(Figure 1.9B Instead of adding acid or alkali salt aqueous solutions, some
authors proposed Cnd N flushing Figure 1.9 For example, Xiorgf al12showed that the
addition of CQto liquidliquid systems formed by hydrophobic ILs and water leads to the

creation of monophais solutionsj.e.by turning the IL hydrophilic and consequently completely
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miscible with water. Ohno and agorkers**also have proposed thased liquidiquid systems,

yet achieved in the opposite way. By adding @Ca watermiscible IL there is the protonation

of the IL carboxylate group resulting in typbase separation, which is a reversible phenomenon

by bubbling withN,.*2* Jessopet al.}?® showed that Ithased liquidiquid systems could be
formed in the presence of an organic solvent (decane). The flushing of an alcohol and an amine
basewith CQ results in the formation of an IL immiscible with the Roolar solvent. The
process can be reverted by exposing the systemzolNese systems have been used for the
separation of metal$!® and for the synthesis/separation of gold (Au) porous ftihand
polystyrene!?® In general, mosbf the research in dynamic/reversible ligglajuid extractions

using ILs has been focused in the direct use of hydrophoB¢ 416 118 119,123 124 gnd non

miscible agueousr organic solventg!? 113 117125115

A B
Acid °% Base
N
v Base Acid
2
(]
g,_ LCST UCST
g C
l_
co, N,
«—Gas——
0 Composition 1 N, co,

Figure 19. (A) Schematic illustration of typical phase diagrams with E@ST UCSiype phase
behaviour.(B) Schematic representation of phase transition with the addition of acidic or alkaline

species in aqueous medi@C)Schematic representation of phase transition with the addition of/8©

Besides all the advantages mentioned in the previous-chi#pter regarding the high
performance of ltbased ABS, their reversible behaviour to develop integrated processes has
not been explored. Most works published up to date only reported phase diagrams at several
temperatures and pH values. For instance, it was destrated that the phase diagrams of ABS
composed of ILs and salts, amino acids or carbohydrates display an UCST behavibar,
phase separation ability decreases with an increase in the temperature. At higher temperatures,
the interactions between théL and water are more favourable, enhancing thus their mutual
solubilities and reducing their ability to form ABSOn the other hand, it was demonstrated
that ABS formed by ILs and polymers follow the opposite trend, where an increase in the

temperature results in an increase of the immiscibility domi&t?® This behaviour was
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explained based on the disruption of the hydrogemnding interactions between the polymer
and water at higher temperature’¢® Songet al!?® and Liet al'?’ further demonstrated that it

IS possible to obtain a second ABS from the polynwr phase by an increase in the
temperature, offering the possibility of the polymer recovery and further refinement in proteins
partitioning. As previously mentioned, Passbsl.'%® demonstrated that ABS formed by protic
ILs and polymes are thermoreversible since there is a more strong dependence of the phase
diagrams with temperature. These systems were evaluated in terms of their reversibility
behaviour and ability to separate two model/pure proteins. The pH effectlmasied ABS Isa
also been demonstrated, with alkaline salt solutions being more able to induce-liquid
demixing Figure 1.9B2 In general, at acidic pH values the ability of conventional salts to induce
the phases separation is lower, since salts will be more protonated and wilhgiaplower
saltingout ability® However, Kurni&t al.1?® showed that the mechanisms assated to the pH
dependency of ABS formation can be more complex. The authors reported thattihedd ABS
formation is dominated by the ability of the higher valency and completely dissociated salting
out ions to interact with water, and to form hydianh complexe$?® This ability is connected to

the salts speciatioimn agueous solution according to the medium pH. This work allowed to better
understand why some salt ions work better at alkaline pH values, while others display a better
performance at acidic conditiort$® Switchable pktriven ABS, in particular by the addition of
CQ/N,, were already demonstrated in the literature, tiapplications in the separation of
aliphatic and aromatic amineg® 3!

Although some works exist in the literature demonsingt the switchable behaviour of-IL
based ABS, their investigation as tailored, effective, and integrated processes was lagged behind.
The pH and temperature dependency ofbkised ABS could be used to switch between
monophasic and biphasic regions and tmeate reversible phase transitions, which are

particularly relevant in the design of integrated processes.

1.4. Additionalremarks

ILs have highpotential as alternatives solvenfer the extraction and purification of value
added compounds frorthe most dverse sourcesThe most relevant propertgontributing to
these outputs is theirt RS & A 3y S WNiiich &ll@ws tha tailorihg of thextraction and
purification performance. In this chapter, it wasown and described the current thesis layout,
andoveniewed the potential and suitability ofthased solvents for soliliquid extractions from
biomass, followed by {based separation processes by the application of ARSpite the

efforts made by different authors to screen different ILs and to evaluatieous process
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conditions, most studies are based on ILs comprising imidazolium cations and fluorinated
anions, which are not only more expensivbut also moderately toxicand of low
biodegradability 2528 More recent works are moving into a different directidre. by applying

more sustainablelLssolventsand separation systems. ILs based on quaternary ammoniums,
such as choliniuAbased, have been largely investigated in the last dec¢a&tél, there is still a

long path to explore all the potential of more biocompatible ILs, both as extraction solvents and
in separation processeB this thesis, and although some wodamprise the usémidazolium

based ILs, specieamphasis has been placed in the use of more benign IL alternatives, such as
cholinium and glycinebetainebased.

The use of aqueous solutions of ILs for the extractiowalfieadded compounds from
biomassds a particularly good strategy since aqueousitsons of ILs allowo decrease thédnigh
viscosityassociated to most nedt.s, while contributing to an increase of the biocompatible
nature of the solvent and to a decrease of the overall solvent cost. Furthermore, ILs have shown
to be successful in thextraction of small extractable compounds by favouring their solubility in
aqueous solutions, either by a hydrotropior micellemediated effect! In spite of the hip
efficiency of ILs aqueous solutions for the extraction of bioactive compounds, theatatile
nature of aprotic ILs represents a major drawback when envisaging the target product recovery
since a simple evaporation step cannot be appfiedithough some attemptsexist in this
direction, someof thesetechniques are laborious and expensive, and additionally redbee
use of volatile organic solvents that the ILs aim to replace. Aiming at overcoming this major
drawback in the ILs recovery, one possibility carthseno needof ILsrecoveing. If ILs are
carefully and properly selected they can be used together wille extracted targeted
compounds, thus avoiding one additional recovery step in the process. To this end, ILs which
may enhance the extractgdlogical propertieswhile not displaying cytotoxic features, appear
as a promising option.

Although not directy shown in this thesis,he solidliquid and liquidliquid strategies
discussed in this chapter céoe combined towards the development ftegrated processs,
e.g.by extracting valuedded compounds from biomass using IL aqueous solutidiosved by
the addition of a second phagerming component to create an AB& separation purposes.
Some examples on this direction can be found in the literattir®. % Taking advantage of the
characteristics of the switchable-tiased ABS developed, a different typeanf integrated
process (productionseparation) was however dewsled. In fact, in recent years, the
development ofwitchable systembBasattracted a large attentioff:° However, the research in
dynamic liquidliquid extractions using ILs has been focused in the direct use of hydrophobic ILs

and nonmiscible aqueous or organsolvents. Taking in account all the advantages previously
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mentioned regarding the high performance ofbased AB&nd their waterrich media their
reversible behaviouwas herestudied, combined with examples on their use to develop
integrated processs. More specifically, temperaturee and pHdriven reversible phase
transitionswere accomplishedvith IL-based ABS.

From the works overviewed in this chapter, it is clear that the use of appropriate ILs leads to
high extraction yields, recovery yields apuarification factors. Still, there is a quite number of
requirements to addresaiming at fully developingosteffective and sustainable extraction and
separation processes involving ILs, namely to: (i) identify efficientctmivand biocompatible
ILs able to compete with the commonly used solvents; (i) develop integrated processes,
particularly focused on decreasing the number of steps involved and process cost; (iii) develop
efficient strategies for the valuadded compounds recovery and IL recycliing perform scale
up studies of the optimized processes; and (v) carry out economic and life cycle analysis of the
developed processes. Although there is still a long way to follelgdkd solvent and separation
processes display relevant advantagesl daopefully may become an industrial reality in the

following decades.
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2.1. Extractionof value-added compounds from biomass using ILs aqueous

solutions

2.1.1 Extraction of caffeine from spent coffee grounds using aqueous solutions of

ionic liquids and salts

Materials

Jent coffee ground¢SPGvere supplied by th€afeteriaof the Chemistry Department of
University of AveiroAveiro, Portugal.Samples were dried until constant weighd 6 days at
60 °C). Their initial humidity content wa¢59.5 + 2.5)a Pure caffeine (purityk 98.8/4 was
acquired fromMarsing & Co. Ltd.

Seveal aqueous solutions of salts, JBsd their mixtures were investigate8odium tosylate
(Na[Tos] purity > 9®) was supplied from lfa Aesar,and sodium chloride (NaCLJdzNJR G & F
99.0%) was acquired from Chem Lab. The ILs studied we@ACY' 8 &¢ 2 86 &0 ddeNA G& F d
[CGGA Y8/ f 6 L¥MgNdtipeérchd&sedapidliten All IL samples were dried, for at least 24 h
under vacuumbefore use. Their puritie@urity > 98%were further confirmed byH and**C
nuclear magnetic resonance (NMR)KS RSUyAGA2y 27F (KS Lisgt pfa dza SR
acronyms

The mobile phase used in thinggh performance liquid chromatograpliiPLEanalysis was
composed of methanol (puritx b 8o)frdrhFisher Chemical, andratLJdzZNB & G S NJ 6 LJdzNR
99.99%) from Merck, both HPLC grade. Syringe filters (0.45 pum) acquired at GE healthcare,

Whatman, were used.

Experimental procedure
Caffeine solubiliy

Pure affeine (solid solute) was added in excess amounts to each aqueous solutidimeand
mixture equilibrated in an air over2f + 0.5 °C), under constant agitation (750 rpoging an
Eppendorf Thermomixer Comfort equipmemquilibration time was eshdished as 72 h after
carrying out related kinetic studieéfter saturation, all samples were centrifuged at the same
temperature of equilibration in a Hettich Mikro 120 centrifygiiring 20 min at 4500 rpnto
separate the macroscopic solid and liquidages. Then, samples of the liquid phase were
carefully collected and diluted in ult#gure water, and the amount of caffeine was quantified
through HPLDAD(detector diode arrayat 274nm. In allexperiments, control samples at the
same compositions, but without solute, westudied At least three individual samples were

used for the quantification of caffeine at each aqueous solution
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Caffeine extraction

All agueous solutions (contaimg salts ILs or their mixtureswere gravimetricallyprepared
within 10 g (using an analytical balance Mettler Toledo ExceleK&205 Dual Range). Mixtures
of SCG and aqueous solutions were also prepared by wéigigtaled glass vials. The extractions
were caried out in commercial Carousel Radleys Tech equipment able to both stirring and
maintain the temperature withikn ®p 6/ ® Ly Fff SELISNAYSyiGa (GKS :
300 rpm as well as, the temperature a6 °C and the solidiquid ratio of 1:10 After extraction,
iKS 20SNIftft azfdziazy ¢gra FTALUGSNBR dzy RSNJ @I Odzdzy
caffeine extractedand presentin the liquid solutions was quantified through HFDED at
274nm.

Quantification of caffeine

The quantificationof caffeine in each solution was carried out by HBIXD (Shimadzu,
model PROMINENGQEHPLC analyses were performed with an analytical C18 revehsesd
O2ftdzYy o6Hpn P ndcn YYO0OZX 1 AyYySidSEhe mobile phase My wmnn
consisted of 25% ahethanol and 7% of ultrapure water. The separation was conducted in
isocratic mode, at a flow rate of 1.0 min*'F YR dzaAy3 |y AyeSOaAzy @2f dzv
set at 274 nm. Each sample was analysed at least in duplicate. The column oven and the
autosampler were operated at a controlled temperature of 25ARCthese conditions, affeine
display a retention time of 6.6 mi€alibration curves were prepared using pure (commercial)
caffeine.The amount of caffeine present in the SCG was calculateddingao the weight of

pure caffeine present in the extract divided by tio¢al weight of dried biomass.

2.1.2 Extraction of Zhydroxymatairesinol from Norway Spruce knots using aqueous

solutions of ionic liquids

Materials

Norway spruce knots (96;95% atual knot material) were separated from owérick
industrial wood chips by sedimentation in wateafter drying and grinding.Before
extraction, knots were immersed in liquid nitrogen and milled to pass throughc&®0
mesh sieve. A reference sample BhydroxymatairesinolHMR HMR1/HMR2, 6%
purity) was prepared by precipitation with potassium acetd#€HCQ) and flash silica
chromatography of a spruce knot extraeiccording to the literaturé

The solvents used for the extraction included distik G SNE | OS (i 2 y9%) framLJdzNR ( & X
VWR chemicaJsind aqueous solutions of ILs. The[&im]Clo LJdzNAR G &, [CRimibladd /&2 0
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6 LIdzNA (0 Bo) [ECIn{@CD) 6 LIdzNA (1086) afd [QEim]Br 6 LJdzNA (i086) were
purchased from lolitecThelLsw/ st & Ndd /i i60 iki®//i160.TNJ/ i 8. Nlhave/ R @b/ j 0
been synthesized and characterized by us according to the literdfitdL samples were dried,
F2NJ LG €Srad wn KX dzy RSN @1 Odzdoy befong Bse.IThieir I Y2 RS
purities were further confirmed byH and®C NMR sp@ i NI | YR A K296 Rheli2 0S5 x
water content of all ILs, after the drying procedure, was < 1000 ppm as determined by Karl
Fischer titraton¢ KS RSUYyAGA2Y 2F G KGS3istbflconynist SR A& LINE A RS
The mobile phase used in the HPLC analysis was coRpogeT Y SO Kl y2 09 6 LIdzNR G &
from Fisher Chemical, andtid-LJdzNB 6 I (G S NJ %)lfdodzNMeick, bos HELG Greotp.
Syringe filters (0.45 um) acquired at GE healthcare, Whatman, useic
2,2-Diphenyi2-picrylhydrazyl hydrate (DPPH) was acquired from Sigldach. LPS from
Escherichia coli (serotype 026:B6), penicillin and streptomycin were obtained from Sigma
Chemical Co. (St. Louis, MO, USA). Dulbecco's Modified Eagle's MediuM)(Détal
bovine serum (FBS), 2-dichlorodihydrofluorescein diacetate (DGEA) and Hoechst
33342were purchased afFisher Scientific (Leicestershire, UK).
Thepotassium acetatépurity > 99%6)used for the precipitation of HM&nd the ascorbic acid

(purity > 99.7%) used in the antioxidant activity assagse acquired from Sigméldrich

Experimental procedure
Solubility of HMR

HMR was added in excess amount to IL agueous solutions, and was then equilibrated
in an air oven (at 2% 0.5 °Gunder constat agitation using an Eppendorf Thermomixer
Comfort equipment. Previously optimized equilibration conditions were established: a
stirring velocity of 750 rpm and an equilibration time of at least 72 h. After the saturation
was reached, samples were centigied at the same temperature of equilibration in a
Hettich Mikro 120 centrifuge, during 20 min at 4500 rpm to separate the macroscopic
solid and liquid phases. After centrifugation, samples were put in an air bath equipped
with a Pt 100 probe and a PID c¢asiler at the temperature used in equilibrium assays
during 2 h. Then, the samples of the liquid phase were carefully collected and diluted in
ultra-pure water, and the amount of HMR was quantified by HRIXD. At least three

individual samples were useéd the quantification of HMR.
HMR extraction

Solidliquid extractions of HMRom Norway Spruce knots were carried out using a
commercial Carousel from Radleys Tech able to both stir and mathi@ite mperature

within £ 0.5 °C, and protected from light. In all experiments the stirring was kept constant
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at 1000 rpm. All aqueous solutions containing know amounts of ILs and biomass were
prepared gravimetrically within + ¥0g. Several concentratienof IL, and different sokd

liquid ratios, and times of extraction were ascertaingétle temperature was set 25 °C

For comparison purposes water and acetamere also used ithe extractions. After the
extraction step, wateracetone or ILs aqueous Istions were separated from biomass

by centrifugation (at 4000 rpm for 3@in, using a centrifuge 5804, Eppendorf).
Quantification of HMR

The quantification of HMR in each solution was carried out by HIAIC(Shimadzu, model
PROMINENCE). HPLC analyses were performed with an analytical C18 #gvassecblumn
6Hpn P nocn YYOZX {AYSGSE p >Y [/ my wmnedof £ FNRY
40% of methanol and 8B of ultrapure water. The separation was conducted in isocratic mode,
at a flow rate of 0.8 minin** Yy R dzaAy3a |y AyeSOaAz2zy @2fdz¥S 2F wm
Each sample was analysed at least in duplicate. The coluem awd the autosampler were
operated at a controlled temperature of 30 °C. Calibration curves were prepared using the pure
HMR sample dissolved in methanol. HMR1 and HMR2 display a retention time of 8.4 and 7.8
min, respectively, and the sum of their areaas used for calibration purposes. The HMR1/2
ratio was calculated from the relative proportion of the two chromatographic peaks.
Response Surface methodology (RSM)
A RSM was applied to simultaneously analyse various factors (operational conditions)
and to identify the most significant parameters which enhance the HMR extraction yield.
In a X surface response methodology there dtdactors that contribute to a different

response, and the data are treated according to a second order polynomial equation:

@ 1 BI® Bl ® B [ O (&. 2.1.7)

where wis the response variable afid,f , andf are the adjusted coefficients for the

intercept, linear, quadratic and interaction terms, respectively, andnd & are independent

variables. This model allows the drawing of surface response curves and through their analysis

the optimal conditions can be determinédo6 / i 01 b/ i 6. NJ g a 3&@&di8OG SR (2
planning with the aim of optimizing thextraction yield of HMR. Thée factorial planning has

0SSy RSFAYSR o0& (GKS OSyGaNI¥t LRAYyG o671 SNR tS@St o
FEALf L2 AyippendioX 23 a8 A.21hThe ndependent variables coded levels used

in the factorial planning are presented #ppendix A.2 Table A.22. The axial points are

SYyO2RSR 4 I RA&aGIFYOS h FNBY (GKS OSYydGNIXf LRAYyG
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¢ F (9. 2.1.9

The obtained results were statisticallylafi @ 8 SR A GK | O2y TARSesftOS f SOS|
was used to check the statistical significance of the adjusted d&.adequacy of the model

was determined by evaluating the lack of fit, the regression coefficient (andv¥h&E obtained

from the analysis of variance (ANOVA) that was generated. The Statsoft Statistica 10.0©
software was used for all statistical analyses, and Matlab 2015b, The MathWorks, for

representing the response surfaces and contour plots.
Reuseof Biomass

Thereuseof the biomass was investigated at 26, usingaqueous solutios2 ¥ @6/ i 01 b/ i 6.
at 1.5 M in4 successive extractions at the optimized operational conditions {sglidl ratio
of 0.1 or 0.01 during 280 miand at 25°C). After each extraction the soliiduid mixture was

filtered andanew IL aqueous solution waslded to thesamebiomasssample.
Precipitation of HMR

ThelL solutionof [(/ i 0 T bwas $€aturbitdd by using it iB consecutiveextraction
cycles.The extiact containing HMR in the ILs aqueous solutions was heated up°@ &dd
potassium acetatewas added until saturatignaiming at recovering HMR by induced
precipitation. This salt was chosen based on literature dafaking advantage of the
solubility dependence on temperature he initial mixture wasalsoplaced at 8Cin order to
inducethe precipitation of HMRHMR wasdentified asthe major compound presenn the

precipitate(55.28% of the total weight analyseds addressed by HRD@D.
Antioxidant activity assays

The antioxidant activity of the HMiRch extractswasdetermined using th®©PPH scavenging
assay. The principle tfisassay is based on the colour change of the D&Riition from purple
to yellow, as the radical is quenchbsg the antioxidant This change in colour was monitored
by visible spectroscopy at 517 nnusing aBioTeck Synergy HT microplate read&he
antioxidant activityis expressed in kg values, defined athe inhibitory concentration of the
extract necessarto decrease the initial DPPH radical concentration by 50%, as well as in g of
ascorbic acid equivalenfser kg of dry weight (ug AAE tgf extract)® Taking into account the
IGo definition, a lower 163 value reflects a better DPPH radical scavenguiiyity.

Briefly, 3.34 mL of a DPPH solution (1 mM) in methanol was mixed with different volumes of
the different HMR extracts the several aqueous solutioriBhen 1:1 (v:v)methanotwater was
added until the volume of 4L was reached. Samples weepkin the dark for 0.5, 1 rand

2 h, at room temperaturgand the decrease in the absorbance at 517 nm determfwdlank
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control wasused,with 250 pL of DPPH solution in methannlwhichmethanol was added until
a volume of 4 mL was reached. Ascorbic acid was used as a positive comOPPH radical

scavenging activitydA(%),is determined according tthe following equation:

00b — pmnm (H.2.1.3

where Ais the absorbance of the control and i the absorbance of the sample at 517 nm.
Cell culture

Raw 264.7, a mouse leukaemic monocyte macrophage cell line from American Type
Culture Collection (ATCC number:-TIB, was cultured in DMEM supplemented with
10% mn-inactivated FBS, 100-tdL* LISy A OA £ t A yAL! stiepfoRycm at 87°C id
a humified atmosphere of 95% air and 5%.COQells were routinely inspected for
morphological changes by microscope observation and subcultured every two days until

passage 25.
Cell viability assays

In order to investigate the biocompatibility of the HMR extracts, their effectran
macrophageviability/metabolic activity by a resazurin assay was asseS$xikfly,
0.05x10 cells/well in a 96 well plate were exposed kmown concentrations of the
various HMR extracts during 24h. Two hours before the end of exposure, resazurin
solution was addetb each well to a final concentration of 50 uM. Absorbance was then

read at 570 and 600 nm inBioTeck Synergy HT microplate reader
In-vitro cell viability and antioxidant activity assays

The potential antioxidant activity ab 6 / i 0 iHBIRrich&xtrbtls was addressed by
their capacity to prevent lipopolysaccharide (LP$induced oxidative stress in
macrophages. Raw cells were plated at 0.05xi€r well of a pChamber slide (IBIDI
GmbH, Germany), allowed to stabilize overnight and then stimulated withmblid PS
during 16h. Compounds to be tested were added 1h prior to LPS stimulation. At the end
of incubation, period cells were washed thrémes with Hanks' balanced salt solution
(HBSSn mM: 1.3 Cagl0.5 MgGl 5.3 KCI, 138 NaCl, 0.44,R8,, 4.2 NaHC& and 0.34
NeeHPQ(LJ T ®n 0 | Yy R K SBCFHDAI yRRS RimiBhMaséidt ;m HBSS
for 30 min at 37 °C in the dark. Cellsrev@vashed three times with HBSS, and analysed
with an Axio Observer Z1 fluorescent microscope (Zeiss Group, Oberkochen, Germany)

at 63X magnification.

42



Experimental CHAPTER

2.2.Reversible Ikbased ABS

2.2.1 pHresponsive aqueous biphasic systems formed by ionic liquids anlgmpers

Materials

Choliniumbased saltstudied in this work wer@Ch]ClI (purityf 99%)and [Ch]OHada.46 wt%
in water), both acquiredrom SgmaAldrich,[Ch][GCQ] (purity F 98%)purchased from lolitec
and [Ch]ZCQ], [Ch][Gly] and [Ch][Lasynthetizedby usaccording to standard protocdlsit
should be remarked that [Ch]CI does not fall within the IL category due to its higher melting
point. However, itis described as part athe choliniumbased ILs group for comparison
purposesBefore se, all ILs were purified and dried for a minimum of 24 h at constant agitation,
Fd Y2RSNI (S § SOF bdf Ndder dabkBm (@ofreducentheir volatile impurities to
negligible values). Aftehis step, the purity of each IL was confirmedHyand**C NMR spectra
andfoundtobe>98%.KS RSUYAGA2Y 2F (KGS&istbflacionymzd SR A & LINE €

The polymeipolypropyleneglycol(PPG of average molecular weight 400 g-moPPG 400,
was usedsupplied by Sigmaldrich and used as received.

Theaqueous biphasic systemARS studied at different pH values were established using
hydrochloric acid37% in aqueous sotion) and glycolic acido(rity ¥ 9999, both purchased
from SigmaAldrich acetic acid(purity »x 99.94), purchased frm José Manel Gomes dos
Santos propanoic acidgdurity ¥ 99%), acquired frmm Merck, and butanoic acigyrity > 99%)
and lactic acidpurity 88%92%), bothacquired fom Riedelde-Haén.

For the demonstration of the AB®Htriggered reversibility sudan Il from Merck, and
pigment blue27 fromDaicolor, were used as standard dyes.

For the extractionassaysdeoxyribonucleic acid (DNA) from Salmon supplied by Sigma

Aldrich,and human serum albumin (HSA, 9&t&uired from Alfa Aesawere used

Experimentd procedure
Determination of the ABS phase Diagrams and-liies (TLS)

The ternary phase diagrams (PPG 400 + IL + water) were determined at several pH values
with the following ILs: [Ch]CI (from pH 51§ [Ch][GCQ] (from pH 9 to 5), [Ch]ECQ] (from
pH 8 to 5), [Ch][Gly] (from pH 7 to 4) and [Ch][Lac] (from pH 7 EeadJpH valueswas reached
by addinghe acid which corresponds to the precursor of the IL anion studied. The ternary phase
diagrams were determined through the cloud point titration thed® at (25 + 1) °C and
atmospheric pressure. Aqueous solutions of PPG 4@®B&twt% and aqueous solutions of the
different hydrophilic ILlgcid mixturesat varaeble concentrations (from 60 to 80 %) were

prepared gravimetrically and used for the determination of the binodal curves. -Diep
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addition of each aqueous IL solution to a PPG 400 aqueous solution was carried out until the
detection of a cloudy solution (biphasic region), followed bydfap-wise addition of ultrgpure
water until the detection of a clear and limpid solution (monophasic region). Whenever

necessary, the addition of the PPG solution to the IL was also carried out to complete the phase

diagrams. The ternary system compogitida 6 SNB RSISN¥YAYSR o6& ¢SAIAKI

+104g.

The determination of the TLs was carried out by a gravimetric approach initially proposed by
Merchuket al.®. Ternary mixturesomposed ofiL/Acid+ PPG+ water at the biphasic region
were gravinetrically prepared within + #0g, vigorously agitated, and left under equilibrium for
12 h at (25 + 1) °C. Both phases were then separated and individually weighted. Each TL was
determined throughthe relationship between the top phase composition, tteerall system
composition, and weight of the two phasés.

The pH of each aqueous phase was determined at (25 £ 1) °C using an HI 9321 Microprocessor
pH meter (HANNA instruments).
pH-triggered reversibility

Aiming at studying the possibility of movingrn monophasito biphasic regimes in4thased
ABS by a proper tailoring of the pH, an initial ternary mixture was chosen based on the
determined phase diagrams: PPG 400 (34 wt %) + IL (13 wt %) + water (53 wt %). The pH of this
system ia. 9. In order to reach the monophasic regime, an aqueous solution of each acid at
50 wt%, corresponding to the IL anion precursor, was drop wise added under constant agitation
until the mixture became homogeneous (monophasic). Then, an agueous solutibolfium
hydroxide, at 46 wt %, was added under agitation to reach the pH value of 9. It should be
remarked that the pH of the aqueous solutions was experimentally determined in all addition
steps. To better illustrate the phase separation phenomenon thiede systems reversibility,
g2 ReSasx ylrySte {dzRIFI'Y LLL YR LA3IYSyl of dzS
ABS.
Extraction of FBAand DNA

In the studied ABS, the top phase corresponds to tR€-fch aqueous phase while the
bottom phase isnainly composeaf IL and waterThe ternary mixtures compositions used in
the partitioning experiments were chosen based on the phase diagrams determined for each
ABS In particular, a commomixture compositionwas preparedor all systems investigated:

30 wt% of PPG 400, 20%tof ILAcid and 50 Wi of water. Only for three systems composed
of [Ch][GCQ] at pH 5and[Ch][Pro]at pH 5 (50 wt% of PPG, 20%vf IL an®0 wt% of water
at pH 5, and [Ch][Gly] at pH &0 wtsof PPG, 20 wt% of IL and 30daf water at pH 4)were
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used due to the smaller biphasic region obtained with these Illsvagr pH valuesDNA and
HSA were introduced at the concentrations0of g-L**and 1.0 gL*, respectively, as part of the
water added to each ABS.

The selective partition of DNA anHSA in each ABS was first addressed by carrying out
experiments with each individual biomolecueachABSmixture was stirred, centrifuged for 30
min at 3500 r, and left to equilibrate for at least 10 min @5 £ ) °C b achievehe complete
of partitioning of each biomoleculdetween the two phasesAfter equilibrium, both phases
were carefully separatedand theHSA and DNA in each phase quantifigdJ\fspectroscopy,
using a BioTeck Synergy HT microplate readematvalength of 28@&nd 260 nm, respectively.
Previously establishedalibration curves were usedt least threeindividual experiments were
performed, allowing todetermine the average in the extraction efficiency, as well as the
respective standard devians. The interference of the PPG and ILs with the quantification

method was also taken into account and blank control samples were always employed.
Purification of DNA usinghe [Ch][Gly}based ABS

Sandard aqueous mixtures of DNA and HSAlifferent weight fraction ratios (1:1 to 1:5)
were preparedin 1 mL miliQ water, andvortex for 30 minfor complete solubilization. The
studiedweight ratio of DNA to HS#orrespond to concentrations @5g-L*and1.0 gl*lof HSA
and DNA, respectively, in thweater added to create each AB&ter mixing each systenwas
left at (25 + ) °C for 24 hallowing the precipitation of HSA and thus the purification of DNA
After the protein precipitation all ABS were centrifugedt 1000 rpm for 2 min, and left at
(25 £ J °C for2 h. After equilibrium and precipitation ¢ifie protein, the phases were carefully
separated andjuantified in terms of DNA and HSA content by\d8&pectroscopy (Shimadzu
UW1800 UWis spectrometer, USAgllowingto determine the extractn efficienées and
yields The purificatiodevel of DNA was confirmed by the Wi absorbance ratio of thié-rich
phaseat 260 nmand280 nm (Asd/Azso ratio).

After the purification step, e stability of DNA ireach ABS at different pHalueswas
confirmed byU\-Vis (Shimadzu U¥B00 UW/is spectrometer, USAndcircular dchroism(CD
Jasco-1500 CD spectrometer, Japapectroscofes To appraise the lonterm gability of DNA
in the ILzrich phase, samples were kef#5 + ) °C forseveralmonths in which UWis and CD

spectrawere acquired periodically.
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2.2.2 Temperatureresponsive aqueous biphasic systems composed of ammonium

based zwitterions and salts

Materials

The reagents used in the ZIs synthesis wergigpanesultone (purityx99%), triamylamine
(purity xx 9 ytripropylamine (purityx  %jyand trimethylaminec@. 13% v/v in acetonitrile)
from Tokyo Chemical Industry Co. The following organic solvents, purchased from Kanto
Chemical Co., Inc, were also used: acetonitrile (puokity d96h, ®liethyl ether (purityk )
ethyl acetate (purityk  d96h, dgxane (puritk96%) and methanol (puribg  d¥6h. Dguterium
oxide, RO (99.8 atorf D) from ACROS Organics was used in nuclear magnetic resonance (NMR)
experiments.

To prepare ABShe following salts were usediipotassium hydrogenphosphaté:HPQ,
purity » %fp tipotassium citrate monohydrat€ksGHsOr-HO, purity x W dotripotassium
phosphate (KsPQ, purity X %) p potassium carbonatgk.CQ, purity » 99.5%) potassium
dihydrogenphosphatéKHPQ, purity x  #o)and trisodium citratgNasGHsOy, purity »x )b
all from Wako Pure Chemical Industries, Ltd, and sodilimydrogenphosphate dihydrate
(NakPQ-2HO0, purity x %) drom Kanto Chemical Co., Inc.

LTryptophan(purity 99%) and glycine (purity > 98 were acquired from Acros Organics. The
quantification of aliphatic amino acids was carried osing the ninhydrin reagent €& solution)

from Sigma.

Experimental procedure
Synthesis of zwitterions

Five ZIs were preged. For the synthesis ofstNC3Sand Ni3sC3S, trialkylamine and 1,3
propanesultone were dissolved in acetonitrile, and the resulting solution was mixed under dry
nitrogen gas atmosphere. The obtained solution was stirred for two days at 80 °C. After the
removal of acetonitrile by evaporation, the residual liquid was repeatedly washed with excess
amounts of anhydrous diethyl ether. The resultant solid was purified by recrystallization with
ethyl acetate/methanol, and the obtained white powder was driedacuum at 60 °C for 24 h.

For the synthesis of MC3S, trialkylamine and }Bopanesultone were dissolved in
acetonitrile, and the resulting solution was mixed under a dry nitrogen gas atmosphere. The
obtained solution was stirred for 5h at 80 °C. Thétevpowder obtained was repeatedly washed
with excess amounts of anhydrous diethyl ether, and then dried in vacuum at 60 °C for 24 h,
without the need of a recrystallization step. The same procedure was used in the synthesis of

N111C3S andN;1:C4S. Howevethe reaction temperature was of @ to avoid the evaporation
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of trimethylamine. The chemical structure and purity of the synthesized ZIs were confirmed by
'H NMR spectroscopy and elemental analysiK S RSUyAGA2Yy 2F (GKS %La&a dz

Listof acronyms
Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed with a Hitachi DSC7000X at a heating

rate of 2 °C/min.
Thermogravimetric analysis

Thermogravimetric analyses (TGA) were performed with an EXSTAR TG/DTgystath

(Seiko Instruments, Inc.) at a heating rate of 10 °C/min under nitrogen atmosphere.
Determination of the ABS phase diagrams

The binodal curvesf each AB®/ere determined through the cloud point titration method,
at 25, 35, and 45 °C (x 1 °C) atehospheric pressure. Aquestsolutions of salt at 280 wt%
and aqueous solutions of each ZI with concetitns ranging from 50 to 70 % were prepared
and used. Repetitive drop wise addition of the aqueous salt solution to the aqueous solution of
eachZl was carried out under constant stirring until the detection of a cloudy (biphasic) solution,
followed by the drop wise addition of ultrapure water until the finding of a monophasic region
(clear and limpid solution). Whenever necessary, and to bettaragterize the solubility curves,
the addition of the ZI aqueous solution to the salt aqueous solution was carried out. The ternary
a8adSY O2YLRAaAAGA2Y A 6SNBE RSGSNNHNYSR o0& ¢gSAIKG |
Partition of amino acids

Aqueous solutions ofimino acids were prepared at 1 g-#(4.9 x 16 mol-LY) for
Ltryptophan and at 0.75 ¢#1(1.0 x 1 mol-L2) for glycine. The following mixtures compositions
were used to carry out the separation of amino ac@3wt% of NssC3S + 4 Wb of KPQ and
19.5 web of N1uC3S + 19.5 Wb of KPQ.. The extractions were carried out at 46 and 25C in
Nss5C3S and N1iC3Shased ABS, respectivelgach mixture was vigorously stirred and left to
equilibrate for at least 12 h, a time established in previopimizing experiments, to achieve
the complete partitioning of each amino acid between the coexisting phases. After a careful
separation of both phases, the quantification &fryptophan was carried by Uspectroscopy,
using aBioTeck Synergy HT micraid reader at a wavelength of 279 nm. To quantify the
glycine present in each phase, 75 pL of ninhydrin reagent was added to 100 pL of an adequately
diluted sample of each ABS phase. After incubation &C8Quring 30 min, ethanol at %0 (v/v)
was addedo stop the reaction. Then glycine was quantified bydpectroscopy at a wavelength
of 570 nm!' 2 At least three individual systems were prepared in order to determine the

average in the amino acids partition coefficients and extraction efficienciesyal as the
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respective standard deviations. Possible interferences of the ZI g@ ith the analytical
method were taking into account, and control samples were always prepared at the same
weight fraction composition, using pure water instead of #mino acid aqueous solution. The
partition coefficients oflltryptophan ) and glycine Kg,) are defined as the ratio of the
concentration of each amino acid in therih phase to that in the satich phase. The selectivity

is defined as the ratidetween the partition coefficient ofltryptophan and the partition
coefficient of glycine. The percentage extraction efficienc}tofptophan EE+%) and glycine
(EEy20) are defined as the percentage ratio between the amourazhamino acid in thezk

rich agueous phase or saith phase and that in the total mixture.

2.3. Integrated Itbased processs

2.3.1 Integrated productionseparation platforms applying reversible pHriven

agueous biphasic systems

Materials

The salt¥:GHsO7.HO, purity »x % iom SigmaAldrich, and potassiurhydroxide(KOH,
pure)from Pronalahwere used Gtric acid monohydrate (EO:.HO,purityx  do tiymdisher
{OASYUGAUO 6+ a dzaSRo
The ILs used were {Gim]CI (JdzNRIA),[CICpy]Cl purity > 98%), [GCpip]Cl (purity £
9%%), [Pua4Cl purity £ 98%), [CGim]Br (urity ¥ 99%) and [GGGim]CI purity £ 98%) All
imidazolium, pyridinium, and pyrrolidiniumbased ILs were purchased from lolitec. The
[P1444Cl was kindly supplied by Cytec Industries Inc. Befeeeeach IL was dried for a minimum
of 24h, at moderate temperature (6), under constardggitation and vacuumt KS RSUY A GA2 Y
of the ILs used is provided in thést of acronyms
For the production of Siydroxymetilfurfural (HMF) it was used(D-fructose6 LJdzNIB%)e  x
from Panreac. Pure HM#& LJdzNA9oEromkSigmaAldrich was used as a standard and to
establish the calibration curve required for HMF quantification by HPAD The following
solvents were additional used féiPLEDADand @ aA aY Y S K| yo@ from@FisbdaNRA (i &  x
Chemical, and ultrpure water (puk G &  %o6) fcop Mepak. Syringe filters (0.45 pum) acquired

at GE healthcare Whatman were used.
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Experimental proedure
Determination of the ABS phase diagrams and-liees (TLS)

The binodal curves were determined through the cloud point titration method at (25 £ 1) °C
and atmospheric pressure, using aqueous solutions of salt at around 50 wt% and aqueous
solutions ofthe different hydrophilic ILs with e@entrations ranging from 6td 90 wt%. It was
carried out the addition of the salt aqueous solution to the IL aqueous solutiorviaeslersa
to determine the phase diagrams. All the additions were carried out ucolestant stirring. The
GSNY I NB aeaidsSy O2YLRaArAlArAzya o6SNB R¥BJGgSNYAYySR oeé

The determination of the TLs was carried out by a gravimetric approach initially proposed by
Merchuket all®. Ternary mixturesomposed of IL +3RHsO7/CeHsO; + water at the biphasic
region were gravimetrically prepared within +*Qy, vigorously agitated, and left under
equilibrium for 12 h at (25 + 1) °C. Both phases were then separated and individually weighted.
Each TL was determined througfre relationship between the top phase composition, the
overall system composition, and weight of the two phases.

The pH of each aqueous phase was determined at (25 £ 1) °C using an HI 9321 Microprocessor
pH meter (HANNA instruments).

Production and sepation of HMF

CNHzOG24&S 6ndon IV Ly FljdzS2dza az2ft dziNlegy 2F OAd
were added to a glass reaction vial, and left for reaction under a constant temperature of 80 °C,
during 80 min. The reaction system was cooled ddw room temperature, and potassium
KERNREARS 461 & FRRSR dzLJ G2 LJ FT O60A UbKseddi KS & A Yc
ABS). The amounts of HMF and fructose in the two phases were analysed bpAMPlad
HPLERID(refractive index dtector), respetively. Thisprocedurefor each systenhas been
repeated at least for three times.
Quantification of HMF and fructose by HPLC

¢KS ljdzt yGAUOI (A 2 ytheABS doexiStinthagd? was biir€inat By HPUCY
DAD (DIONEX ultimate 3000 DAPLC rmalyses were performed with an analytical C18
reversedLJK I &S O2f dzyYy owpn P ndcn YY wmn >0 {tl 9wl
consisted of a mixture of methanol and water (1:4, v:v). The separation was conducted in
isocratic mode, at a flow rate of OfiLmin®* | Yy R dza Ay 3 |y Aya2SOGAz2y @2f dzv
set at 284 nm. Each sample was analysed at least in duplicate. The column oven was operated
at a controlled temperature of 35 °C. Calibration curves were previously prepared using the

pure/standard HAF dissolved in ultrpure water. At the described conditions, HMF displays a
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retention time of 6.9 min.Blank control samples were used to evaluate the possible

AYGSNFSNByOSa 2F GKS alfd FyR L[& AY GKS ljdzZ yi?
The quantification of fructose in eagihase was carried out by HRRID (Gilson Model 131).

HPLC analyses were performed with a sdgdrO2 K2t 02f dzYy owpn P ndcn Y

USP, from Phenomenex. The mobile phase consisted of 100% ofpulgawater. The

separation was conducted in is@tic mode, at a flow rate of 0.1 miin** and using an injection

@2fdzyS 2F wn >[d 90K alYLX$S g6ra ylrfeasSR 4G f &

at a controlled temperature of 60 °C. Calibration curves were prepared using the pure/standard

fructose sample dissolved in ultpure water. At the described conditions, fructose displays a

retention time of 17.7 min.Blank control samples were used to evaluate the possible

AYGSNFSNByOSa 2F GKS alfd FyR L[& Ay GKS |ljdzZ yias

2.3.2 Integrated productionrseparation platforms applyinghermoreversible

agueous biphasic systems

Materials

The reagents used in the Zls synthesis weBepN.2 LI Y S & dzf (i 2 y) Sriadylaliheh (G & X e
(purity X 9 ytripropylamineurity >x  %jyand trimethylaminec@. 13% v/v in acetonitrile)
from Tokyo Chemidalndustry Co. The following organic solvents, purchased from Kanto
Chemical Co., Inc, were also used: acetonitplarity >x  d86p, ®liethyl etherurity x )
ethyl acetate furity x  d86h, dexanepurity x %) @nd methanolpurity »x  .§%6). Deutetim
oxide, RO (99.8 atorf D) from ACROS Organics was used in nuclear magnetic resonance (NMR)
experiments.

To prepare ABSlifferent polyethylene glycolREG of different molecular weights, namely
1540, 2000, 4000 and 6000ntpl! (abbreviated as PEG 154PEG 2000, PEG 4000 and PEG
6000, respectively) were used. They were obtained from Wako Pure Chemical Industries, Ltd,
with the exception of PEG 2000 that was obtained from Kanto Chemical Co., Inc.

Commercial laccase fromMrametes versicolpkindly supplied bySigmaand 2H -Bzinchbis3
ethylbenzathiazoling-sulfonic acid (ABTSacquired from Sigmawere used The saltsand
compoundsused to prepared the citrate/phosphate bufferwere citric acid monohydrate
(GHsOr.HO, purity > 9949 from Fisher Sentific, and sodium phosphate dibasidcN&HPQ,
purity >99%) from Merck.
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Experimental procedure
Determination of the ABS phase diagrams and-liees (TLS)

The ABShinodal curves were determined through the cloud point titration method, at 25,

35, and 45°C (= 1 °C) and atmospheric pressure. Aqueoligigns of polymer at 5070 wt%

and aqueous solutions of each ZI with concatitms ranging from 50 to 70 ¥ were prepared

and used. Repetitive drop wise addition of the aqueous polymer solution to theoague

solution of ZI was carried out under constant stirring until the detection of a cloudy solution,

followed by the drop wise addition of ultrapure water until the finding of a clear and limpid

solution. Whenever necessary, and to better characterizesttiability curves, the addition of

the ZI aqueous solution to the polymer aqueous solution also was carried out. The ternary

aeaitsSy O2YLRaArldAz2ya 6SNBE RSUSNNNySR o6& ¢gSAIKG |
TLs were determined by a gravimetric method oridindkscribed by Merchuét al.*°.

Oxidation reaction and separation of laccase

The following mixtures compositions were used to carry out the enzymatic catalysis: 39 wt%
of NessC3S + 13 wt% of PEG 6000 and 20 wt% @€BS + 20 wt% of PEG 6000. dkidation
reaction in agueous PEG/ZI monophasic systems was investigated using laccase solutions
prepared with a concentration circa 5Q:¢dissolved in PBS (phosphate buffered saline at 0.01M
YR LI F 71védn Fd wp x/ 03X | &th&a&@fcéntratich ofl0.§1g2S 2 dza & 2 f
RAdaaz2ft @SR Ay t.{® Ly SIFOK adadasSvysz I nwaYi)yof | Y2d
YR I avYlrtf FY2dzyd 27T &S weeatiddritdtBeyphaskdnying I A y Ay 3 |
components to reach a total weigbf 1 g. The oxidative reactions were carried out at@%nd
25°C in NssC3Sand N1:C3%hased ABS, respectively. Each mixture was carefully mixed during
1 min. Then, the reaction systems were cooled down t6@%r heated up to 4%C in NssC3S
andN;11:C3Sbased ABS, respectively. A careful separation of both phases was then performed.
The quantification of oxidized ABTSeach phasavas carried byU\-Vis spectrophotomete
(Shimadzu UM800 UWis spectrometer, UJAat a wavelength of 420 nmiaccae was
jdzt yGAFTASR o0& AGa FOGAGAGRT F2N) 6KAOK wmn >[ 27
>[ 27F ORA UGN S ai1MKa? gHIAE.ITheSncréadefinfaBsbibaace/min was recorded
in a UWis spectrophotomete(Shimadzu UM 800 UWis speaibmeter, USAat 420 nm. Each
procedure has been repeated at least three times to determine the average in the compounds
extraction efficiencies, as well as the respective standard deviations. Possible interferences of
the ZI and polymer with the analyticenethod were taken into account, and control samples
were always prepared using PBS solutions instead of laccase and ABTS aqueous solutions. The

percentage extraction efficiency of oxidase ABEs($6) and laccas&fk.ccas$0) are defined as
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the percentge ratio between the amount of oxidase ABTS/active laccase in-theh Zqueous

phase or PE@ch phase and that in the total mixture. The ZI interference or the botpdrase
interference in the laccase activity was also evaluated by preparing 5 mex@lfef them with

pn > 2F | €1 00lasS azft dziklepfidge.l yR o1 >[ 2F t
Recovery andtability of laccase

To investigate the recovery and stability of laccase, five consecutive cycles of oxidative
reaction of ABTS were performed. Eagytle (reaction + separation) was carried out in a
maximum of 1 h. The laccase activity was assayed as previously described. After reaction, the
formation of ABS was induced by changes in temperature. The upper phase was removed
(substraterich phase), arésh substrate solution was added (same volume of solution removed
with a composition determined by the FlAppendix C.2Table C.2.9 and a new cycleas
initiated. The 5 cycles were cyclesrecarried out in a maximum of 5 h. The operational stability
along the cycles was evaluated by the relative enzyme activity. The relative laccase activity (%)
is defined as the ratio of the enzyme activity at the end of each cycle in respect to the enzyme
activity in the first cycle.

An ultrafiltration step wadinally applied to the PE@ch phase using amicons with a aift
of 3 kDa. 2 cycles at 10000 rpm, 20 min each, were applied. The phases obtained were analysed
by Fouriertransform infrared spectroscopyTIR and U\Vis spectroscopies to address the

presence of polymer, ZI and ABTS.
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Extraction from biomass using IL aqueous solutidds APTER

3.1.Extraction of caffeine from spent coffee grounds using aqueous solutions

of ionic liquids and salts

Chapter based on a manuscript under preparation
A. M. Ferreira, H. M. D. Gomes, J. A. P. Coutinho and M. G. Freire

Caffeine extraction from Spent Coffee Grounds
Conventional salts

Caffeine
extraction yield
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[Hydrotropic ion]

Instead of the IL/salt catiomanion pair, isolated ions in agueous media are the key
factors contributing to the enhanced solubility and extraction yield of vakaglded

compounds from biomass achieved by a hydrotropic effect.

Abstract

Caffeine is a weknown alkaloid with antibacterial arahtifungal properties, which can be
used as a natural pesticide. The extraction of caffeine for this purpose is particularly relevant if
carried out from biomass wastes. Some methods to extract caffeine from biomass are of low
efficiency and require a lge consumption of hazardous organic solvents and/or energy
requests. Therefore, the extraction of caffeine from biomass or related wastes using more
benign and coseffective solvents and processes is of great interest. Spent coffee is a major
residue fromthe preparation of drinkable coffee, with no significant commercial value, and
usually discarded as a solid waste. In this context, in this warknvestigated the potential of
agueous solutions of ILs, salts, and their mixtures as alternative sobeegiitssolve and extract
caffeine from spent coffee grounds. ILs and salts were chosen aiming at better understanding
the hydrotropemediated phenomenon. It is shown that salts or ILs containing anions that may
act as hydrotropes, such aedium tosylateNa[Tos) and [GCSm][Tos], are the best solvents to
improve the solubility of caffeine and its extraction from biomass. Studies with mixtures of ILs

and salts allowed to conclude that this effect is derived from the ions present in agueous

1Contributions M.G.FandJ.A.P.Gconceived and directed this work. A.Maad H.M.D.Gacquired the experimental
data A.M.F, M.G.F.andJ.A.P.C. interpreted the experimental data. The manuscript was mainly writténMhy.,
M.G.F. and J.A.P.C.
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solution and notffrom the initial IL/salt catioranion pair. The trend obtained in the extraction
yields of caffeine from biomass follows the ILs/salts tendency on improving the caffeine
solubility, supporting that hydrotropy plays a major role when applying aqueous@asudf ILs

or salts to extract valuadded compounds from biomass. All the caffeine content in the SCG
samples was extracted with aqueous solutions of adequate ILs or salts at 0.75 Mlj@digsid

ratio of 1:10, at 25°C, avoiding therefore the usef wolatile organic solvents and energy

intensive conditions.

Introduction

Spent coffee grounds (SCG) are the most abundant coffgedajuct (45%), beingenerated
in coffee beverage preparation and instant coffee manufacturing, with productions of 6mmilli
tons of this residugeryear! SCG are not adequately valorized; when used, these residues are
typically burned for energy production or as fertilizét$owever, this inexpensive and abundant
resource is rich in valuable compounds, such as esseilatannins and polyphenofsas well
as in caffeing5-10 mgg?, depending on the coffee sourcéThese compounds have relevant
antioxidant, antiinflammatory, radical scavenger, and antimicrobial propeftfesnd could be
used in food, dietary, pharaceutical and agrochemical industrieRecent studies showed also
the importance of SCG as a source of an antioxidant dietary &ibwreover, caffeine
containing drinks are very popular around the world; the Food and Drug Administration (FDA)
regulatedthat any added caffeine must be labelled on human consumption products owing to
possible adulteration and health concerh&nother worthy example is the current controversy
on the consumption/use of naturalersussynthetic valueaddedenriched products® Human
consumers usually prefer natural vatadded compounds? and thus their extraction from
natural sources has gained a tremendous importance in the past Years.

Conventional extraction processes of valhaded compounds from biomass or wastes may
present several drawbacks, such as low efficiency and-setectivity, timeconsuming,
requirement of a high energetic input, and/or possible degradation of the targeted compounds.
Traditional methods generally involve the use of large amounts of volatgjanic solvents,
leading to some safety and environmental concerns. Moreover, the use of hazardous solvents
in the extraction step may prevent the targeted highlue chemicals to be used for human
consumption. The extraction of caffeine from biomassg/Edally carried out with supercritical
CQ, that although selective and efficient requires a high initial investment on equipment, or by
applying volatile organic solvents, such as chloroform, methylene chloride, dichloromethane,
ethanol, n-hexane and othrs!? 12 Caffeine is usually extracted with ngolar solvents or

supercritical solvents due to its moderate hydrophobic character and low solubility in water
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(16 gL** at room temperature!* logKow) =£0.13°%” where K,y is defined as the octanatater
partition coefficien).*

In recent years, aqueous solutions of ionic liquids (ILs) have been reported as efficient
alternative solvents for the extraction of vakaelded compounds from bioma$sSome authors
claimed thatthe high extraction efficiency achieved using ILs aqueous solutions is related with
the ability of ILs to disrupt the biomass structuadlowing an easier access to the target
compoundst! 1% ’Nevertheless, given that aqueous solutions are used, thaiption of the
lignocellulosic matrix is highly improbable. On the other hand, Cléaidib'® suggested that the
ILs aqueous solutions enhanced performance as extraction solvents results from their ability to
enhance the solubility of target compoundin this previously published wotk,ILs were
identified as a novel class of hydrotropes, thus abléncrease the solubility of hydrophobic
solutes in aqueous solutions by the creation eddlute aggregateflthough pure ILs have been
described as pential solvents for the extraction of valeedded compounds from biomass,
agueous solutions of ILs also display a high potential and additional advantages due to the use
of lower amounts of IE! Aqueous solutions of ILs have thus benefits in terms ekswitoxicity
and cost, and leads to a reduction of the overall viscosity of the extraction media, thus enhancing
the mass transfer phenomena and reducing energy consumption.

Independently of the major factor ruling the enhanced capacity of aqueous s tthey
have shown to act as remarkable solvents for the extraction of a wide variety of bioactive
components from vegetable sourc&ssuch as in thextraction of several alkaloids, namely
caffeine fromPaullinia cupandguarana seeds, Sapindace&&ylaucine fromGlaucium flavum
Cr. (Papaveracea€é?, galantamine, narwedine, Wesmethylgalantamine, and ungiminorine
from the aerial parts of eucojum aestivum [Amaryllidaceae?, and piperine fronfPiper nigrum
(Black Pepper¥ In all these workslLaqueous solutions have been described as more efficient
and selective solvents than volatile organic solvents typically used.

In order to better understand the phenomenon behind the improved performance of ILs
agueous solutions, in this work vievestigaed the solubility of caffeine in aqueous solutions of
common (salt) hydrotropes, ILs, and their mixtures, followed by investigations on their use to

extract caffeine fron5CG

Results and discussion

Caffeine Figure 3.1.)is a moderate hydrophobito@(Kow) =b0.13° with a water solubility
of 16 gL* at room temperature** Therefore, caffeine extraction from biomass is usually carried
out with volatile organic solvents. Aiming at identifying alternative solvents able to improve its

extraction from biomass, we first investigated the potential of IL aqueous solutions tolsm@ubi
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caffeine. The solubility of caffeine was determined in several aqueous solutions of ILs at different
concentrations, in aqueous solutions of conventional salts (somekeivn hydrotropes) and

in IL-salt mixtures agueous solutions at Z5. More speifically, we appraised the potential of IL

and salt ions to act as hydrotropes. Aqueous solutions containing the 4G&nq{fTos] and
[GGiIm]CI, the saltssodium tosylate(Na[Tos] and sodium chloride(NaC), and mixtures of
Na[Tos] and [§&&im]CI (1:1m a mole basis), and mixtures of@m][Tos] and NaCl (1:1 in a

mole basis), were investigated. The chemical structures of the ILs and salts investigated are given
inFigure 3.11, andILsRSUY A (1 A 2y A distloid@@yYyrRSR Ay (KS

I 1
1 1
1 1
1 1
Na* cI 1 1
1 o o
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Figure 3.11. Chemical structures of the ILs and salts investigated, and of caffeine.

Figure 3.1.2epicts the solubility of caffeine at Z& in the studied aqueous solutiofc.
the Materials and experimental procedur€hapter section 2.2.1 for further detail3. Detailed
experimental solubility data are reported iAppendix A.1(Table A.1.1 The solubility of
caffeinein water at 25°C is 22.8 + 0.2g', being in agreement with literature data?4(22.6 +
0.3 gL'h).2 From the studied salts and ILs, Na[Tos]C@][Tos], mixtures of [{&im]Cl and
Na[Tos] (1:1 in a mole basis), and mixtures o€ith][Tos] and NaCl (1:1 in a mole basis), lead
to an increase in the solubility of caffeine, whereas NaCl acts asragsaltispecies, leading to
a decrease in the caffeine solubility when compared with pure water. An improvement in the
solubility of caffeine up to 2-fold (F 58.5 gL*) has been observed using 1 M of@{im][Tos]or
Na[Tos].

The hydrotropic capacity dhe various ILs and salts investigated on the caffeine solubility
improvement follows the order: [Ciim][Tos]f Na[Tos] > [&5im]Cl + Na[Tos] (1:1 in a mole
basis)f [GGim][Tos] + NaCl (1:1 in a mole basis) #&iG]Cl > NaCl. Hydrotropes form three

dimensional aggregates with localized hydrophobic regions which are responsible for the
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increased agueous solubility of hydrophobic compouftda.general, ILs or salts with the [Tos]
anion, a welknown hydrotrope, are the most proficient to improve thtaloid solubilization.
Although in a smaller extent, the ILs{&m]CI also enhances the caffeine solubility, meaning
that [GGim]* also acts as a hydrotrope. On the other hand, NaCl has a saiitrgffect on the
caffeine solubility, being in agreement with the literatiffezurthermore, mixtures of NaCl with
[GGim][Tos] and Na[Tos] with JGim]Cl Figure 3.1.2 show the same aliy to solubilize
caffeine. From a chemical point of view they present the same ions in agueous media, at the
same concentrations. Therefore, the enhancement or decrease in the caffeine solubility is a
result of the ions ability to act as hydrotropes andt of the original ion pair itself. He
hydrotropic ability of all species investigated depends on their concentration, although more
evident up to 0.25 M, after which a less pronounced increase in the caffeine solubility is
observed. In summary, chloridand sodium ions do not present a hydrotropic behavigr.,do

not contribute to enhance the solubility of caffeine, while the tosylate and imidadozolium ions

show a hydrotropic capacity.
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Figure 3.12. Influence of the hydrotropes (ILs, salts and the mixture ILs + salts) concentration in the
solubility of caffeine in aqueous solutions at ZH-/ -) NaCl, -) Na[Tos](-, -) [GGIm]CI, (Z -)
[GGim][Tos], {~ -) NaCl + [&&im][Tos](1:1 in a mole basigind (- -) Na[Tos] + [f{&im]Cl

(1:1 in a mole basisfi & ) The black line corresponds to the solubility of caffeine in

water under the same conditions.

The relevance of the results obtained was then evaluated in terms of these solvents
applicability in extraction processes, namely in the extraction of caffeine from biomass wastes.
Different aqueous solutions of ILs, salts and ILs + salts at various tratioms were

investigated as alternative extraction solvents of caffeine fi®8GThe extraction of caffeine
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from SCG was carried out at a biomastvent ratio of 1:10, at 28C, during 30 min. Caffeine
was quantified by HPEDQAD, with the respective &action yields (weight of extracted caffeine
in respect to the dried weight of SCF) shoimnFigure 3.1.3(detailed results are given in
Appendix A.1 Table A.1.2 Further details on the experimental procedure and materials are

provided in theMaterials and experimental procedur&hapter section 2.1.1

0.74 . =
Na[Tos] g:;é I .—-—.'H
0.64 5 I
0.74 ' _
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0.65 | =
0.70 e
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Figure 3.13. Extraction yields of caffeine from SCG using aqueous solutions of ILs, salts, and their
mixtures at T = 28C, t = 30 min, and soHajuid ratio = 1:10. ILAt. Concentration of the ILs, salts, or

mixtures: ( )0.25 M, { )0.50 M, ¢ ) 0.75 M and{ )»1.00 M.(R JR

) The black line corresponds to the caffeine extraction using water at the same conditions.

The maximum content of caffeine BCG is 0.72&20 wt%, as determined by us by soxhlet
extraction with pure ethanol, whereas the extraction yield of caffeine at@&sing pure water
as solvent is 0.56 = 0.02 wt%. In general, the trend on the caffeitraction yield is in
agreement with the tendency obtained with the caffeine solubility using the different ILs/salts
agueous solutionsAn improved caffeine extraction is observed with aqueous solutions
containing the tosylate anion, namely with Na[Tasfl [GGim][Tos]. In fact, these solutions
allow to extract all caffeine present in the SCG samples. Mixtures of ILs and salts incorporating
[Tos} also perform better thaC,Gim]Cl, thus confirming that the tosylate anion is a stronger
hydrotrope thanthe imidazoliumbased cation. Thmixtures of NaCl with jCiim][Tos], and of
Na[Tos] with [@Gim]Cl, have a similar ability to extract caffeine, as observed witlsdhability
studies, thus confirming that the solubilization and extraction of caffergedds on the ions

hydrotropic character and not on the initial ion pdir.general, all these aqueous solutions lead
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to higher extraction yields than that observed with pure water. On the other hand, aqueous
solutions of NaCl display a negligible effeatthe caffeine extraction, leading to extraction
yields similar to that obtained with pure watein summary, he commonly reported high
efficiencies of ILs aqueous solutions to extract valdded compounds from biomass is, in fact,
an effect derived frm the ions themselves, independently of being an IL or a conventional salt.
Although the biomass disruption may occur in some extent, the gathered results confirm that it
is thehydrotropy phenomenon that plays a major role towards the observed enhandedikty

of target compounds. It should be however remarked that this effect is depend on the solute
nature. For instance, for more hydrophobic solutes, such as triterpenic %acaisl
cynaropicrin?’ it was demonstrated that aqueous solutions of surfactive ILs perform better
than aqueous solutions containing hydrotrepased ILs.

The interest in caffeine as a natural pesticide has increased over the past few years, as well
as the number of published works on extraction studies of caffeine from a braage of
biomass sources (coffee, tea, guarana, and mate), applying several extraction methods
(microwaveassisted, ultrasoundssisted, etc.) and different solvents-lfexane, ethanol,
among others}): 11 13 28 29n this work, high extraction yields of caffeine have been obtained
using aqueous solutions of ILs, salts or their mixtures, thus not requiring the use of volatile
organic solvents, at moderate temperatures and without using enérggnsive methods.
Aqueous solutions of ILs or salts containing hydrotropes ions are therefore improved extraction

solvents of moderately hydrophobic vakaglded compounds from biomass.

Conclusions

In this work, agueous solutions of ILs, salts, and their mixtuvere investigated as
alternative solvents to improve the solubility and extraction of caffeine from biomass wastes,
namely SCG. It was shown that aqueous solutions of ILs or salts containing the tosylate anion, a
well-known hydrotrope, act as the best sels. Studies with mixtures of ILs and salts
demonstrated that the ions in solution, and not the initial ion pair, are the key factor for
improving solubility and extraction yields. The extraction yields obtained as a function of the
different ILs/salts imestigated follow the trend obtained in the caffeine solubility, meaning that
hydrotropy plays a major role towards the typically observed improved extractions from
biomass when using ILs aqueous solutions. The total caffeine content in the originalgaatrix
be extracted with aqueous solutions of adequate ILs or salis7& M, at a solvenrliquid ratio
of 1:10, and at 25C avoiding thus the need of using volatile organic solvents and more

sophisticated equipment and high energetic inputs.
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3.2. Extraction of 7-hydroxymatairesinol from Norway Spruce knots using

aqueoussolutions ofionicliquids

Chapter lased on the published manuscript
A. M. Ferreira, E. S. Morais, A. C. Leite, A. MobdamaB. Holmbom, T. Holmbom, 8.
Neves, J. A. Boutinho, M. G. Freire and A. J. D. Silvesffahanced Extraction and

Biological Activity of-hydroxymatairesinol obtained from Norway Spruce knots

using Agueous Solutions of lonic Liqdjdsreen Chem2017,19, 26262635

Biocompatible aqueousolutions of

ILsrich in 7-hydroxymatairesinol

(HMR)can be safely used in

Cosmetic and

BiOcompatible 4 nutraceutical applications, cosmetic and nutraceutical

applications.

Abstract

In the past few years, an increasing demand for therapeutic drugs obtained from natural
products has been faced.-Hydroxymatairesinol (HMR) has be@mommercialized as a
nutritional supplement due to itsanticarcinogenic andantioxidant properties Aqueous
solutions of analogues of glychibetaine ionic liquids (AGRSs) were here studied as alternative
solvents for the extraction of HMR from knots of Norway Spruce trees, in which extraction yields
up to 9.46 wt% were obtained at a room temperature and gharttime. Furthermore, it was
found that the antioxidant potential of IL aqueous solutions enriched in HMR are more
promising than the recovered HMfth solid extracts, and that these solutions can be safely
used in nutraceutical and cosmetic applicas. These results bring new perspectives into the
design of new integrated approaches for the extraction and direct application of nateraled
high-value compounds using adequate ILs, without requiring an additional step involving the

target product ecovery and solvent recycling.

2Contributions M.G.F., J.A.P.C. aAd.S.D. conceived and directed this work. Ajhthesizedhe ILs. A.M.F., E.S.M.,
A.C.L. and B.M.N. acquired the experimental datgparticular A.M.F.determinedall experimental dataegarding
the extraction of HMR ancdespectiveoptimization. A.M.F., B.M.NB.H, T.H, M.G.F., J.A.P.C. aAd.S.D interpreted
the experimental data. The manuscript was mainly written by A.M.F., M.G.iRA.&&ID with contributions from the
remainingauthors.
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Introduction

Lignans are a specific family phenolic compounds (comprising Za3-dibenzylbutane
skeletor) that possess a large number of relevant biological properties, and thus have
been used in nutraceutical and pharnmdagical application$.? Norway SpruceRicea
abieg knots,i.e.the part of branches embedded in the steare an exceptional source of
lighans (§15 wt%), such as hydroxymatairesinol (HMR), matairesaa@@nidendrin,
conidendrinic acid, isolariciresinol, secoisolariciresinol, liovile, picearesinol, lariciresinol,
and pinoresinol: *HMR represents 680% of the total lignans conteritandalthough it
is found in several biomass sources, Norway Spruce knots are one of the most attractive sources.
HMR Figure 3.2.1Aoccurs naturally in Spruce knots as a mixture of two stereoisomers differing
in the stereochemistry of €, namely T w X y W@-sll@hydroxymatairesinol (HMR1) and
(T { Z y W@-¥hQdroxymatairesinol (HMR2). The most abundant isomer is HMR2, usually
present in a 3:1 HMR2:HMR1 ratitdMR has attracted a large attention since it is a direct
metabolic precursor of the mammalialignan enterolactone (ENL), presenting therefore
promising biological propertiesin fact, the daily intake of HMR increases the blood levels of
ENL with proved benefits in the prevention of breast and prostate cancers, in menojpaugse,
in heart diseass; additionally, HMR displays a strong antioxidant actividlye to its valuable

properties, HMR is commercialized as a nutritional supplement since®006.
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Figure 3.21. (A) Chemical structures of HMB) betaine and(C)betaine analogues.

Currently HMR is extracted from knots using volatile organic solvents, such as acetone, and
mixtures of ethanol or acetone with watérOthers methods/solvents for the extraction of
lignans have been reported, including supercrititatifextraction, pressurized liquid extraction,
microwaveassisted extraction, and ultrasodi@ased extractiord. However these methods
require the use of sophisticated equipment and are enezggsuming’ To overcome some of
the concerns associated to these of volatile organic compounds, either regarding their

environmental footprint or when used for the extraction of target compounds envisioned for
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human consumption, ionic liquids (ILs) and their aqueous solutions have emerged as promising
solvents® Pure ILshave been proposed as alternative solvents for the extraction of natural
compounds from biomassput they usuallydisplay high viscosity and melting points above
room temperature Aqueous solutions of ILwere additionally proposed, while being abio
overwhelm some of these drawbackk addition to the use of a greener and lower cost solvent,

i.e. water, aqueous solutions of ILs display a lower viscosity, enhancing thus the mass transfer
and reducing energy consumptiéizurthermore, Isaqueoussolutions have been described as
more efficient and selective solveritghe high efficiency achieved using ILs aqueous solutions
has been related with the ability of ILs to disrupt the biomass strucyet, a more sound
explanation, and particularly ken dealing with aqueous solutions, conveys on the enhanced
solubility of biomolecules in aqueous solutions of ILs when compared with their solubility in the
respective pure solvents. The solubility of biomolecules in aqueous solutions of ILs goes through
a maximum along the IL concentratigna phenomenon that has been attributed to the ILs
ability to act as hydrotropes by the formation o€lliomolecule aggregat€e's.

Although ILs present favourable environmental characteristics compared to conventional
organic solvents, their potential toxicity and low biodegradability should also be taken into
considerationt° In fact, most studies reported the literature regarding the use of ILs for the
extraction of natural compounds are based on imidazoliunf Wisich are not the best choice
when considering their cost, toxicity and biodegradability. Aiming at moving towards more
sustainable solvents, thesthesis of ILs from netoxic starting materials and their applications
are nowadays major topics of researin addition to the weklstudied choliniurdbased ILs,
those derived from glycinbetaine (GHLSs) Figure 3.2.1Bor its analogues (AGBs}’ (Figure
3.2.1Q, a naturally occurring and low cost amino acialy be seen as promising alternatives as
extraction solvents, yet still underexplorddespite their advantageshere is only a singlewsy
reportingonthe use of GBLS [N111(c20(0)24C)) in the extraction of valuadded compounds from
biomass'® Glycinebetaine can be found in sugar beet molasses (up to 27 wt%), an
underexploredby-product of the sugar industry.Moreover, GB anits derivatives are usubl
used as food supplementdandin cosmetic lotions and formulatiorfs.

Given thevaluableproperties of HMR and advantages of the AG8described before, we
propose here the use of aqueous solutions of AGBas alternative sagnts for the extraction
of HMR from Norway Spruce knots by seiiplid extractions at low temperatures (25 °C).
Furthermore, the biological properties of the aqueous IL solutions containing HMR, such as their
antioxidant activity and cytotoxicity, weressessed, showing that there is no need to recover
the HMR from the extraction media and that these can be directly used in nutraceutical and

cosmetic applications.
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Results and discussion

Several aqueous solutions of ILs were investigated to infer thdityaoi extractHMR from
Norway Spruce knot¢. K S R S Uy A (iusedliy pradided iitHe Sst af 4céonymsand their
chemical structure is provided in tHégure 3.22. The experimental procedure and materials
sources and purity are given in théaterials and experimental procedur€hapter(section
2.1.2). For an initial evaluationof the ILs aqueous solutions performance to extract HMR
agueous solutions of imidazoliutrased and AGBased ILs at 0.5 M were used, as well as water
and acetoneTheresults obtained are given Figure3.2.3, reportingHMR extraction yieldfor
the different ILs at 0.5 M, where the extraction yialdrrespond to the percentage ratio

between the weight of extracted HMR (1 and 2) dmel weight ofdry biomass.

/ “ ‘aa L. /\> [ .
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[C4Ciim]Tos [C4Ciim][C,CO,] [(Cs)sNC ;]Br [(Ca)sNC 2]Br

Figure3.2.2. Chemical structures of the ionic liquids used in the extraction of HMR from Norway spruce

knots.

The obtainedextraction yields of HMR with ILs aqueous solutions range between 5.1 and 7.4
wt% Figure 3.23, with detaiked data provided i\ppendix A.2 Table A.2.3, corresponding to
higher yields than those achieved with water (4.4 wt%) or acetone (5.0.Vit¥%3¥e results show
the relevance of ILs in increasing the extraction yieldguieous solutions fohydrophobic
compounds, such as HMR (octamol (G S NJ LI NI A (K2 69K F 2A) TheS v
extraction yield of HMR also depends on the IL chemical structure, with the aqueous solutions
of [GGiIm][Br] and [GGim][Tos] appearing as the best solvents, meaning that ILs composed of
aromatic ions lead to higher extractions yields. Electah O K | NsRst¥éinsicanCestablish
TMMMT YR A dbon@ing Inter&cBoRsSNitA fanfet solutes such as HMR. These
favourable interactions seem to be responsible for the slightly increased extraction performance
of imidazoliumbased ILs over AGBs. It should be noted thatthe ratio of the two
stereoisomers does not significantly changéth the IL chemical structure However,
considering the ratio of HMR2:HMR1 of about 3:1, it seems that aqueous solutions of ILs are

more effective for the extraction of HMR1 than of HMR2.
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Figure 3.23. Yield of HMR extracted frofdorway Spruce knotwith different aqueous solutions of ILs

(at 0.5 M), acetone and wateT € 25°C,t = 180 min) for a S/L ratio= 0.10(

=0.02 (

) and for a S/L ratio

). Ratio of HMR2/ HMR1 for a S/L ratio= 0.1Q &nd for a S/L ratio= 0.02 |.

Based o the results discussed above and considering on one hand that imidazudised

IL only slightly increasdtie extraction yield, and, on the other hand, th@wver cost and lower

toxicity of [(&)sNG]Br, this last IL wassed to optimize the extraction operational conditions by

a response surface methodology (RSNhe selection of short chain lengthderivatives isalso

valuable given thathe toxicity of ILs increases with the increase ofithakyl side chains

length.15 22

A RSM was used to optimize the operational conditions to improve the HMR extraction yield.

This methodology allow® explorethe relationship between the response (extraction yield of

HMR) and the independent variables/conditions which influeree éxtraction yield?® To this

end, a 2(3 factors and 2 levels) factorial planning was executed. The parameters studied were

the extraction time (t, min), solilquid ratio (S/L ratio, weight of dried biomass per weight of

solvent) and IL concentratiqi®, M). The influence of the three variables on the extraction yields

of HMR is illustrated irFigure 3.24. Variance analysis (ANOVA) was used to estimate the

statistical significance of the variables and their interactidiiee experimental points used i

the factorial planning, the model equation, the extraction yield of HMR obtained experimentally

and the respective calculated values, and the correlation coefficients obtained, as well as all the

statistical analyses, are shown in tAg@pendix A.2(Tables A.2.4to A.2.6 Figures A.2.1t0

A.2.3. The R value obtained is 0.954 anché¢ average relative deviation between the

experimental and the predicted valaas 0.3%6.Thus, no significant differences were observed

between the experimental and calculated responsagporting the good description of the
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experimental results by the statistical models developed. The statistical analysis shown in the
Appendix A.2and the daa depicted inFigure 3.24 show that the IL concentration is the most
significant parameter, with a region of maximum extraction yield at moderate IL concentrations
(1.5 M). In fact, this result is in close agreement with the ILs ability to act as hygkstf where

a maximum in the solubility of biomolecules with the IL concentration is observed. The
extraction time also influences the HMR extraction yield. In general, the amount of extracted
HMR increases with time, reaching a maximum at 280 min. dlieeligjuid ratio is also relevant,
although with a behaviour that depends on the other variables. Albeit all parameters have a
significant effect on the extraction yields of HMR, as can be seen in the pareto chart shown in
the Appendix A.2(Figure A.2.}, their significance decreases in the order: C (M) >t (min) > S/L
ratio. The optimized conditions found for the extraction of HMR at 25 °C are an IL concentration
of 1.5 M, an extraction time of 280 min, and a sdiéglid ratio of 0.01, giving an HMR yledf

9.46 wt%. Regarding the evaluation of higher extraction times, as can be seenAppandix
A.2(Table A.2.7, at the other optimized conditions the change of the extraction time does not
bring significant differences in the HMR extraction yieldinig within the associated
uncertainties. These results highlight the potential of IL aqueous solutions to extract HMR from
biomass at mild conditions. It should be also noticed that this value is higher and in the same
range to that obtained by soxhletx&graction with acetone(8.42 wt%) using longer extraction
times (at least 360 minutes) and higher temperatures-garC)!

We further investigated the reuse of the biomass (detailed experimental procedure is
described in theMaterials and experimentalprocedure Chapter section 2.1.2 and detailed
results are given in théppendix A.2 Figure A.2.4and Table A.2.8 to ascertain if all HMR
present was extracted in a single extraction step. Although we could use a soxhlet extraction to
infer the total amaunt of HMR present in the studied biomass, this approach is not feasible since
we obtained higher HMR extraction yields using the optimized operational conditions with IL
agueous solutions. Therefore, the best way to address if the total amount of HM&npiaghe
oA2YlFaa o6Fa SEGNYOGSR Aa (2 dzaS aSOSNIt AaFNBaAK:
at avoiding limitations in the extractions that could arise from the solvents saturation. This type
of experiments allowed us to conclude that theidied biomass containsa. 10.5 wt% of HMR,
as discussed below. As expected, when a lower-4igliid ratio is used, the complete extraction
of HMR from knots is almost achieved. However, to maximise the-effisiency and
sustainability character of th@eveloped process, it would be valuable to saturate the IL solution
on the target compound; however, this variable was not considered inntltifactorial
optimization Thus, from a critical perspective, the use of a higher diglgd ratio is a better

approach since the IL aqueous solution saturation is faster achieved, although in this approach
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a small amount of HMR {2 wt%) still remains in the biomass and is lost. Even so, a lower
quantity of solvent is employed, resulting thus in a lower consuomptif solvents and on more
sustainable extraction technologies. Envisaging the industrial application of the process under
study, that should be economic and fast, a sditighid ratio 0.10 is the most advisable and was

chosen to carry out the followingsties

HMR Total yield {t.%)
o

HMR Total yield {wt.%)
o
oo

HMR Total yield {wt.%)
o
oo

SiL ratio t{min)

e
=

t{min)

Sil ratio

SiLratio
1=

005777 % o

o 6.5
50 100 150 200 250 300
t(min}

Figure 3.24. Response surface (top) and contour plots (bottom) on the yield of total HMR extracted
dzaAAy3 | ljdzS2dza &2t dziAz2yad 2F w6/ i O(AMtracBontdeltd Hp c/ &
(min)) and IL concentration (C (M) solid-liquid ratio (S/L ratio) and concentration (C (M)); 464

solidliquid ratio (S/L ratio) and extraction time (t (min)).

Aiming at developing a more cesffective and environmentalifriendly extraction
technique, the reusability of the extraction solvent without any -prdraction step was
investigated. The detailed experimental procedure is described in thkaterials and
experimental procedureChapter section 2.1.2 and detailed results are giventime Appendix
A2(FigureA25¢ 2 (GKAAa SYRX (GKS mMdp a wo/i 0ib/i 6. NJI I dz
extractions at the following operational conditions: sdliiguid ratio of 0.1 for 280 min at 25 °C.
After each extraction, the solitiquid mixture was filtered and the aqueous solution was reused
with a new batch of Norway spruce knots. Remarkably, in the first five sangaléswt% of
HMR was extracted in each step, with the overall solution reaching atbifdIR=oncentration
around 5times higher (36.3 g4. This means that the IL aqueous solution was far from

saturation and can be reused for at least five timgthout any loss in extraction performance
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We also determined the HMR (standard) solubllitit Hp c/ Ay | az2fdzirAzy 27
where a saturation value of 37.5 g-Wwas found, supporting the experimentally demonstrated
use of the IL aqueous solutions for five consecutive extraction steps.

In spite of the high efficiency of ILs &us solutions for the extraction of bioactive
compounds, the noivolatile nature of aprotic ILs represents a major drawback when envisaging
the target product recovery since a simple evaporation step cannot be apphédhere are
some proposed alteratives for the recovery of the target products or IL removal, such as back
extraction using organic solventg>distillation of the compound$;induced precipitation with
anti-solvents?” 22and adsoption on macroporous materiadsor anionexchange resin® yet,
some ofthese techniquesare laborious and costf/Accordingly, we started by studying the
possibility of precipitating HMR from the-digueous solutions usingotassium acetatddata
shown in the Appendix A.2 Figure A.2.5, often used to form an adduct with HMR 32 By
applying this process we were able to recover 75% of the extracted HMR with a purity of 65%.
However, considering thamithis work we used biocompatible ILs derived from glytiatine,
which are currently used as food supplemetftand in cosmetic formulation®,and although a
recovery step by the induced precipitation of HMR could be feasible as well as the Ilnggcycli
we evaluated the possibility of using directly the aqueotildMRrich extracts without the need
of an additional isolation/recovery stefd.o appraise this possibility, the biological properties
(antioxidant activity and cytotoxicity) of the HHMRextract aqueous solutions were assessed.
The detailed experimental procedure is described inNfegerials and experimental procedure
Chapter section 2.1.2

The antioxidant activity of the aqueous solutianfsiLs containing HMR, as well as of HMR
extracts obtained from its recovery from the IL aqueous solutions or organic solvents, was
determined using the 2:8liphenyt2-picrylhydrazyl hydrate (DPPH) radical scavenging assay,
with ascorbic acid as the refaree. The extracts obtained by acetone extraction and aqueous IL
solutions show l§ values on the same rangas show irFigure 3.2 (details inAppendix A.2
Table A.2.9, and are not influenced by the presence of the IL (and as confirmed by sull IC
values of the aqueous solution of IL used as control). On the other hand, the precipitated extract
from the IL aqueous solution presents the lowest antioxidant activity, further supporting the
usefulness of directly using IL aqueous solutions containing iH8i&ad of recovering it, which
also implies an additional step in the process. HMR is in indeed the major phenolic compound
extracted from the selected biomass; yet, other phenolic compounds commonly found Norway
spruce knot® can also be extracted whileontributing to the higher antioxidant activity
observed. Due to their lower amounts, they may not precipitate by the additiggotdssium

acetate Moreover, according to Willféet al3* some synergistic effects may occur in less pure
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extracts, thus leding to a higher antioxidant activif.All HMRrich extracts display a lower
antioxidant capacity than ascorbic acifligure 3.2%); however, when compared to other
phenolic extracts, such as polyphenolic extracts obtained fi@mminalia chebuldlGo of 14
ugmL1),® Cynara cardunculus. var.altilis (1Go of 34.3 + 2.3ugmL?),* and Malpighia
emarginataDC (405 to 1744 mg AAE 100d] fruit),®” we obtained a high antioxidant activity
(21.8 + 7.Qug AAE mig of extrad). 26

300+

200- II .
= 100l
o -
E 40 II
m -
% 201 [ T 1T -.
‘5 T I.l Il
AN IL
Ascorbic  Acetone IL1.5M Precipitated
Acid Extract + Extract Extract
Figure 3.25. 1Go values (mg-mb) after 0.5 ¢reen bary, 1.5 plue bary and 2h ( ) of exposure
to DPPH.

In order to address the potential applications of the IL aqueous solutions containing HMR,
their cytotoxicity and cellular antioxidant/anihflammatory activity were determinedThe
detailed experimental procedure is described in taterials and experinental procedure
Chapter section 2.1.2 A macrophage cell line was used since these cells are central players in
inflammatory responses. When the cells are stimulated with a strong inflammation inducer,
bacterial lipopolysaccharide (LPS), this leads totioeluction of reactive oxygen species (ROS)
causing oxidative stress. This can be used as a tool to assess cellular antioxidant activity of the
produced HMRich extracts. First, the cell viability was studied at different IL and extract
concentrations figure 3.26A). For the HMR extract in aqueous IL solutions there is a decrease
in the cell viability for concentrations above 109-mL! of HMR. This toxicity results from the
presence of the IL since the precipitated Hkiéh extract does not affect the cells viability at
higher concentrations. Cell viability assays were also carried out for aqueous solutions of
w6/ i 0T b/ i 8 .cotentrationRRighrg3R B85 shéwing that concentrations of IL
above 1.5 mM start to affect the cells. Nevertheless, and according to the US Food and Drug
Administration (FDA), the HM&nsumption by humansannot exceed500 pg-mL?, and at
concentrations of 100Qug-mL*, HMR causes an increase in adenylate kinase (AK) activity which
is responsible for the loss of cell membrane integiftyTherefore, a daily maximum

consumptionof 1 mgper kg of body weight is recommendé&@Then, it was studied the eftt

of the precipitated HMRich extractw 6 / i 0 and HMR@&xtradgdin aqueowusd / i v (ab / i 6 .
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at 100pug-mL?) onthe cellular oxidative stresswith the respective resultprovidedin Figure
3.2.7A. In general, none of the samples shows oxidative damage in the cells at the tested
concentrations, as shown by the lack of green colouration in the second and third |ifigs e
3.2.7A. Finally, we addressed the capacity of the precipitated HMR and iHMIR agqueous
solutions to reduce LRSduced oxidative stresgFigure 3.27B). Overall, HMR has indeed
considerable cellular antioxidant activity, reducing the-irif8ced production of ROS, as shown
08 GKS RSONBFaS 27F Ay b 8hérichniparedwith thé kefls stinBlatdd & Q
only with LPS. The aqueous solutionce® / i 0 job the oher Ndnd, does not display a
significant antioxidant activity. These results are in agreement with the results obtained in the
DPPH assays discusseawd Moreover, commercially available HMR has been tested in the
ROS induced oxidative stréss THP1 acute monocytic leukaemia cells, with similar results to
ours, showing that with 106800uM (0.37¢ 1.12 mg-mt) of HMR there is a significant reductio

of ROS levels. Thus, the HMR extracts in aqueous solutioasoof i U Thdved a sénilaNJ
behaviour to a commercially available exdravith a reported purity of 9% confirming their

potential for direct applications in nutraceutical formulations.
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Figure 3.26. (A) Cell viability when exposed to increasing concentrations of pute )LKIMR in the H_
water solution { ) and precipitated HMRich extract §). (B) Cell viability when exposed to increasing

concentrations of the 1Lz() used for the extractions of HMR.

Finally, the equation suggested by Passbal® was used to evaluate the scal@ viability
of the proposed extraction process. The proposed equdtiera simplified model that relates
the return associated to the extraction of a particular vaaggled compound when ILs are used
as extraction solvents. In our case, the cost of the IL is the main factor behind the final product
cost, mainly because wdb not propose the recycling of the IL and instead it is in the final HMR
rich formulations. Therefore, for this process to be economically viable it is necessary to employ

L[a sAGK I O2 giiwhithaspé&iedtiyiashieyablevifithe pricésacaleelp and
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industrial reagents are acquirgd(cf. the Appendix A.2with detailed information in the

subsectiordAnalysis of the scalep potential of the proposed procegs

Control Precipitated HMR HMR+IL Control Precipitated HMR HMR+IL

Figure 3.27. (A) Macrophage cellular oxidative stress in the presence of the different samples of HMR

Nuclei

ROS

F

and pure IL. Scale bar: 20 pB)Cellular oxidative stress in L-Bt#nulated macrophages treated with

precipitated HMR, HMR in IL solution and pure IL. Scale bam.20

In summary, the costfficient extraction method presented here, summarizedFigure
3.28, using aqueous solutions of AAB instead of volatile organic solvents, opens new
perspectives for the recovery of HMR from biomass sources, while envisaginwitiespread
use (at a lower cost) ikcosmetic anchutraceutical applications. It should be however highlighted
that after the extraction of the target HMR with IL aqueous solutions, the remaining biomass

can further be used in other applications witlan integrated biorefinery approach.

Solid-liquid extraction Filtration Possible applications

Norway spruce Knots C

HO™ [ {,

% - _Solid-liquid HMRintheiL  Cosmetic and © r o7
~ mixture aq. sol. nutraceutical

Aqg. sol. of - |
biocompatible % s industries .
ILs N ‘-‘ag‘é .l
Q:X')’Analogues of \ @/ 'f"t *
@/ Glycine-Betaine ILs

Biomass recovery

Figure 3.28. Schematic overview of the proposed process for the extraction of HMR from Norway

Spruce knots using aqueous solutions of A@Bed ILs.

Conclusions

Aiming at developing a mersustainable approach féme HMR extraction from biomass, we
here demonstrate the outstanding performance of ILs aqueous solutions as alternative solvents.

A RSM was applied and the best resultsrespond toHMR etraction yields up to 9.45 Wb,
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obtainedat25°Qusingl y | [j dzS2dza &a2f dziA2y 2 Fiquiedtp of.02 F ®©6/ i 0
and for 280 min. This yield is higher than that obtained with volatile organic solvents, using

higher temperatures and with longer extraction times. Finally, tidRHextracts obtained,
SalSOALtte GKS law SEGNIOG Ay w6/ i 0iabtivity, 8. NJ | Ij dz
and thus ROS damage inhibition in vitro, without being harmful to the cells, proving that

agueous solutions of ILs containing HMR héneepotential to be safely used in cosmetic and

nutraceutical applications. In summary, this study brings new perspectives on the use of

agueous solutions of appropriate ILs to replace the commonly used volatile organic solvents for

the extraction of lignas and similar components from biomass, without requiring and additional

step of the product recovery/isolatioga major drawback when dealing with noolatile ILs.
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ReversibldL-based ABSCHAPTER

4.1. pHresponsive aqueous biphasic system$&rmed by ionic liquids and

polymers

Based on the manuscript under preparatién:
A. M. Ferreira, M. V. Quental, M. Sharma, D. Mondal, J. A. P. Coutinho and M. G. Freire.
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Switchable pHdriven ionicliquid-based agueoubiphasic systems angH relevance on the

design of effectiveseparation platforms

Abstract

Novel pHtriggered aqueous biphasic systems (ABS) composedtef, polypropylene glycol
and choliniumbasedionic liquids (ILs) constituted by anions derived froanboxylic acidare
here disclosed. Reversible phase transitions are achieved by the IL anion speciation at different
pH values promoted by the addition of the IL anion respective acid or cholinium hydroxide
aiming at not changing the original speciesgueous mediaChanges between homogeneous
and biphasic regimes occur in a wide range of pH values and compositions, which can be tailored
to a target separation procesBinally, it is shown the pH relevance in the design of these systems
as effectiveseparationplatforms, in which the separation deoxyribonucleic acid (DNApm

human serum albumin (HSA) may be achievedsimgiestep.

Scontributions: M.G.F., J.A.P.C. and D.M. conceived and directed this work. A.M.F., M.V.Q. and M.S. acquired the

experimental data. A.M.F., D.M., M.G.F. and J.A.P.C. interpreted the obtained experimental data. The manuscript was

mainly written byA.M.F. and M.G.F. with contributions from the remaining authors.

79



ILs in separation processes

Introduction

Large efforts have beencarried out aiming at finding sustainable and efficient
isolation/purification processef®r biomoleculeg in which aqueous biphasic systems (A&)
be considered. ABS are composed of two immiscible aquecliphases, formed bgolymer
polymer, polymersalt or silt-salt mixtures in aqueous medtaABS were first reported in the
pnQa | a Y2 NBuidsépgratiintectinigupsiidr Rroteins, enzymes, viruses, cells, cell
organelles, and other biological materials, mainly due to their wétdr environment
However, conventional ABS show a limited polarity range at the coexisting phases, hindering
high extraction efficiencieotbe attained in a singistep. This drawback may be overcome by
employing ionic liquids (ILs) as phdseming components of ABSince these can be tailored
by taking advantage of the ILs designer solvents alilityased ABS were first reported in 2003
by Rogers and eworkers® Compared to polymebased ABS, 4tontaining systems present
additional advantages, such as low visggsitapid phase separation and high extraction
efficiencies and selectivify! Although a large number of studies has been reported draked
ABS, most investigateslystems are composed of imidazolithased ILs and inorganic salts.
Trying to overcomeane of the toxicity and biodegradability concerns associated to these ILs
and salts, more recently, novel ABS formed by more biocompatible species have been réported,
e.g.formed by choliniurrbased ILs and polymerGholiniumbased ILs, designed from atea
soluble essential nutrient which supports several biological funcflanay be tailored to be
non-toxic and biodegradable. Polymers such as polyethylene glycol (PEG) or polypropylene
glycol (PPG) are able to form ABS with ILs and display high biddbijtg, low toxicity, low
cost, relatively low melting temperatures, and low volatifity?

Although not explored up to date, choliniubased ILs, if combined with aniotigt suffer
speciation as a function of the penbe used to create reversibleBS. In facin the past few
years a large interest has been devoted to the investigation of reversible biphasic systems
constituted by ILs, induced either by changes in pH, including the additid®QdiN,, or
temperature*® Most of these works coaspond however to binary systems formed by
hydrophobic ILandwater'#® 18 1%r organic solvent$* 1’ Albeit additional advantages can be
achieved with hydrophilic ILs and ternary systems such as ABS, namely a more effective tailoring
of phase trangions by both applying external stimulus and playing with thenary mixture
compositions the investigation of their reversible nature was lagged behitemperature
dependent reversibléL-based ABS have been reported, particuladsnfed by proticlLs and
polymers®® In addition to thesereversible itbased ABS can be formég employing phase

forming componentsusceptible to pH changes.

80



ReversibldL-based ABSCHAPTER

In this work we demonstrate the reversible nature of ABS formed by water, PPG 400
(polypropylene glycol with enolecular weight of 400'nol*) and cholinium alkanoatés. All
species where chosen so that the gHven phenomenon could be achievég the IL anion
speciation (by the addition of the respective acid or [Ch]OH to avoid chandhs gpecies
presentin solution). Due to their biocompatible naturéhe significant pH effect on these
systems was further investigateid selectively separate deoxyribonucleacid ONA from
human serum albumin (HSA), relevant in the-peatment of human serunsamples Due to
their relevance in molecular biology and gene therapy, in the last years, there has been an
increased interest on the development of sustainable and-effetctive isolation methods for
DNAZ Apart from being a biological information carrier, DNA &lsobeen recognized as a key
component in pharmaceutical applications and as a building block of functional matéfals.
Traditionally, the purification ofiucleic acidsequires the use of hazards organic solvents,
such as phenol, chloroform, formamidiimethyl sulfoxidgDMSQ, etc., which may additionally
affect thdr structural integrity?* ILs have been already described as suitable scdvent
storage media for DN&?28 Furthermore, Prasad and amorkers® 30 demonstrated that
choliniumbased ILs are able to preserve the structural integrity of DNA up to one year. These
results suggest that cholinitimased ILs are appropriate solvents for DNA processing. However,
no studies on the use of these ILs as phasming components of ABS to purify DNA have been
found in the literature. There is however one report on the u$dldbased ABS to separate
DNAZ3! although the authors only carried out partition studies of plsA with these systems
and used the waterunstable IL [CGim][BR]*? and the inorganic saltpotassium

dihydrogenphosphateHPQ) as pfhaseforming components of ABS.

Results and discussion

Aiming at studying the possibility of moving from monophtsigiphasic regimes in+thased
ABS by a proper tiaring of the pH, the liquidiquid phase diagrams of systems composed of
water, PPG 400, and several hydrophilic ILs, namely@CiQ], [Ch][d CQ], [Ch]Lac], and
[Ch][Gly] weredetermined at different pH values and at 25 °C. [Ch]CI was also invedtigs
an ABS phasfrming component for comparison purposes.K S RSUYyAGA2Y 27
provided in theList of acronymsand details about their synthegisocedure are given in the
Materials and experimental procedur€hapter $ection 2.2.). Aiming at changing the pH, the
IL anion corresponding acids were added as part of the aqueous solutfotire (Materials and
experimental procedureChapter,section 2.2.). In summary, the reversible-blased ABS here
disclosed are reached by playing with the speciation of the IL aRigare 4.1.1shows the

principle of the reversible process under investigation, where the transitions between the
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monophasic and the bipiséc regimes are attained by the alternate addition of an a¢itianion
corresponding acidn the example given it corresponds to acetic goidan alkaline ([CfPH)
species to the overall aqueous system. These compouhdanjoncorresponding acidand
[Ch][OH] were chosen to be able to change the pH of the agueous medium kdelgingthe

originalspecies irthe originalsystems.
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Figure 4.11.Phag diagrams of ABS composed of PPGH4@@ater +0/ K8 @l & / i ®E gl F vy
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different pH values are illustrated Figure 4.1.1The detailed experimental procedure is given
in the Materials and experimental procedur€hapter ¢ection 2.2.}, and the remaining results,
i.e, the experimental weight fraction data, the representation of the phase diagrams for the
remaining ILs, and a summary on the ability or4atility of a given Ito form ABS at a specific
pH value are given in the Appendix BThlfles B.1.1o B.1.7 andFigure B.1.}. For mixture
compositions above each solubility curve there is the formation of apghase system, while
mixture compositions below the same cuneasult in the formation of a homogeneous solution
(no phaseseparation).In the studied ABS, the top phase corresponds to th&-ich aqueous
phase while the bottom phase is mainly composédl. and water

From the overall results obtained it is clear thle pH decrease is not favourable for ABS
formation. Higher pH values promote the twphase formation since there is the IL anion
deprotonation, resulting in stronger saltiraut species according to the Hofmeister sef&snd
thus requiring lower amants of IL or polymer to undergo liqulgjuid demixing. These findings

are in agreement with previously published works on the evaluation of the pH effeebaséd

82



ReversibldL-based ABSCHAPTER

ABS (although their switchable behaviour was not addres¥&t)n general, and for alLs,
there is a decrease on the ability for ABS formation with the pH decreaseA\fgendix B.1
Figure B.1.1L As expected, only the ABS composed of [Ch]CI is weakly affected bgriagrH
phenomenon. The marginal decrease in the ability for ABS faomatith [Ch]CI as the pH
moves towardshe acidic region results from the HCI addition, which inherently means a less
concentrated [Ch]@ased system. Furthermore, ILs constituted by the anirs s 7 (g =8
459 andw/ i 1 (K =84.75 are thosethat are only able to form ABS up to a pH value of 5,
due to their higher s values. On the other hand, ILs with [G{pKa = 14.78and pKs: = 3.53

and [Lac](pKa = 14.59and pKy=3.78) can go further and down to a pH value of 4 since their
secondpK; values are smaller and, therefore, there is a larger amount of ionic spedewext

pH valuesIn fact, and for all ILs studied, the ability for ABS formation as a function of pH is
related to the g, of the acid corresponding to IL anidre., whencompletely protonated acids

are present, there is no more formation of ligeliquid systems (or their saltingut effect over

the polymer).

After the determination of the ternary phase diagrams and evaluation of the pH effect, the
reversible Itbased ABSehaviour was ascertained by the alternate addition of agueous
solutions of the acid which corresponds to the precursor of the IL anion studied and [Ch][OH].
Experimental details are given in thdaterials and experimental procedure Chaptésection
2.2.1). The pHdriven switchable behaviour of the studied systems is illustratdeigare 4.1.2
dzaAy3 | & SEI Y lbased ABE 3 mixtdr&pdini in ¢hé biphaBic region &pivas
LINBLI NER 6mMo 6&: o/ K8w/ s/ hi 6 mBGrichphase éig intat D nnan o
bottom IL:rich phase. An acetic acid agueous solutEyt%9 was further added down to gH4,
resulting in a homogenous solution. Then, an aqueous solution of cholinium hydrdgide9
was added, ensuing the creation of a bipleasystem agaim cf. Figure 4.1.2 As previously
highlighted, these compounds were chosen to be able to change the pH of the aqueous medium
while maintaining the initial ABS species. Two dyes (sudan Il and pigment blue 27) were added
to the system showmiFigure 4.1.20 better allow the identification of the two phase#/hen
the ABS is formeduslan Il preferentially migrates for the P®iGh phase while pigment blue
27 partitions preferentially for the itich phase, which is a direct result of theffigity for each
phase as confirmed by their octarohkter partition coefficientskow) (Iog&ow) of sudan 11l = 7.47;
log(Kow) Of pigment blue 27-0.26*"). The cyclic reversibility of these systems was proved, at least
for three times, with small changes the overall mixture compositionst (1-3.5 wt%). In
summary, it is possible to design reversiblebdised ABS playing around with the IL anion
speciation, achieved at temperatures close to room temperature and usingdstvacids and

bases. The largenpact of the pH on these systems behaviour can be further tailored to design
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effective separation platforms, as demonstrated below with an example on the separation of

DNA from HSA.

[Ch][C,CO;)-based ABS | ----------m-mmmmmmmomoooo oo

PPG-rich phase

Acid N, [chloH+

+ Acetic acid ’
Sudan lll

Pigment Blue 27 @

B e |

Figure 4.12. lllustration of the pHdrivenbehaviour ofy/ K 6 whaset ABSBtwo dyes were added to

better illustrate the phase separation.

After ascertaining theHtriggered reversibility of PPGbased ABS by the proper speciation
of the IL anionthese systemsvere evaluated in what concerns their ability for the selective
separation of mixtures of DNA andiSA. Bth speciesare present in human serumand their
separation is useful to improve the analysis of DNAThe etraction efficiency of the different
ILl-based ABS dtifferent pH values (pH-2) for pure DNA and pure HSA was initially appraised.
The pH was adjusted using the corresponding acid of each IL anion. Further experimental details
are given in theMaterials and experimental procedur€&€hapter(sedion 2.2.1). Figure 4.1.3
depicts the percentage extraction efficienci&®p) and recovery yield§%) of the studied ABS
for both DNA and HSA. The extraction efficiencies are defined as the percentage ratio between
the total weight of DNA or HSA in therich phase to that in both phases, whereas the
percentage yield is defined as the total percentage ratio between the total weight of DNA or
HSA quantigd in bothliquid phases to that initially added. Detailed results are given in the
Appendix B.(TabkesB.18andB.1.9)

Remarkable extraction efficiencies of DNA to theidh phase were obtained with all
investigated systems, ranging between 90 and 100%, achieved in astieglé-urthermore, no
significant losses of DNA are observed, as appraigethéd respective yields (100%). These
results confirm a preferential migration of DNA to theilth phase even when the IL acts as the
saltingout species in the studied systems. This preferential affinity may be a direct result of

preferential hydrogerbonding and electrostatic interactions between ILs and DNA, as already
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demonstrated by MacFarlane and -amrkers?’” The unique exception to this trend was

observed for the ABS formed at pH 1 with [Ch]CI, in which DNA is denatured.

A B DNA
PPG-rich phase
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Figure 4.13. (A) Scheme of the separation of the DNA from HEADNA extraction efficiency to the-IL
rich phase ER4o, bars) and HSA yiel4,symbol3 in ABSormed by: ( 0 w/ Kéddes/ hi 68X o
0 / KB WiebalgfChpGly] aad ( ) [Ch]CI.

Anderson and cavorkers® applied watermiscible ILs to DNA aqueous solutions, and then
added LiNEfto promote thein situ formation of a water immiscible IL, allowirige phase
separation and the enrichment of DNA at theritth phase (with an extraction efficiency ad.

49%; calculated by us according to the definition given above). Solutions of DNA at low
concentrations (< 0.01 mmL?) were preferentiallyused by tle authors to be able to achieve

the highest extraction efficiencies. The authors demonstrated that when using DNA solutions at
higher concentrations (> 0.1 nmL') the ILrich phase reaches the saturation and,
consequently, the extraction efficiency folNB. decreases down to 35% (calculated by us
according to the definition given abov&)ln our work, we avoid the use of fluorinated species
and the creation of watermmiscible ILs, we promote the phase separation by the audif a
biocompatible polymer and higher DNA concentrations 0.5 mgmL?') are used without
saturation of the Ikrich phase. Furthermore, extractiafficiencies of 100%,e.the complete
extraction of DNA, to the liich phase, is achieved a singlestep.

Given the high performace of the systems to enrich DNA at theith phase, these systems

were then optimized aiming at selectively separating DNA from HSA. They were then evaluated
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in terms of extraction performance for HSA. The results obtained in terms of extraction
efficiency and yield for HSA are giverFigure 4.1.3Nith the exception of the system formed
by [Ch]CI, HSA preferentially partitions to theith phase at higherhb values, and gradually
shifts to the polymertrich phase with the pH decrease. The studied protein has a pl df 4.9,
meaning that when positively charged (acidic media) it prefers the polyioleiphase whereas
when negatively charged it prefers therlch medium. Therefore, it seems that there are
preferential interactions between the IL cation and the negatively charged protein at higher pH
values responsible for its partition switch between the ABS coexisting phases. Interestingly,
significant precipition of HSA in the [Ch][Glyand [Ch]Cbased ABSvas also observed
particularly at acidic media, as identified by the low recovery yields showigime 4.1.3Both
ILs are amongst the most hydrophilic ILs investigated, meaning that the respectivicRPG
phase has a lower water amount, being not suitable for the enrichment of the protein at this
phase. In particular the system formed by [Ch]CI, despite allowing a complete extraction of HSA
to the ILrich phase, leads to significant precipitation bétprotein, creating a neywrotein-rich
interphaseandfitting within the IL threephase partitioning approach® 42

Based on all gathered results, the selective separation of DNA and HSA depends on two
criteria: IL hydrophilicity and medium pH. If thesenditions are properly tailored, DNA can be
enriched at the Hrich phase and the protein can be separated by inducing its precipitation. The
best identified ABS is the one composed of [Ch][Gly]. It was additionally confirmed that DNA
remains stable in g@sence of aqueous [Ch][Gly] solutions at pH values between 4 and 7
(Appendix B.1Figure B.1.3).

ABS formed by [Ch][Gly] at different pH valuegl @vere finally investigated to separate
DNA from HSA mixtures (employing al#féerent weight ratioof DNAto HSA, namelyl:1 to 1:5)
¢ additional detailsare givenin the Materials and experimental procedur€hapter,section
2.2.1 With the exceptiorof the ABS gbH 7, all remaining systems allow to effectively separate
DNA from HSA (detailed results givenAppendix B.1 Figure B.12 and Tables B.1.1Gnd
B.1.11). After the extractionstep, DNA was isolated from thHe-bottom phaseusingice cold
ethanol re-dissolvel in a phosphate bufferaqueous solution(0.01M, pH 7.2). The UVis
spectium of DNAIs characterized by aingle characteristic absorbance band at 260, mrhile
the purity of DNAmay be appraised by thabsorbance ratiat 260 nmand 280 nm For pure
DNA in water this value corresponds 2823 It should be remarked that this assessment on
purity is also based on the additional absorbance of the protein at 280 nm. As sh&igure
4.1.4A an increase in the DNA:HSA ratio in water leads to a decrease on the DNA purity. This is
an expected trend given that cold ethanol also induces the pitation of proteins. According

to the data given irfrigure 4.1.4Athe best systento purify DNA is the one formed by [Ch][Gly],
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at pH 5 Furthermore, for theDNA:HSAveightratio of 1:1, 1:2and 1:3,it is possible to obtain
DNA with a purity > 98 Tothe best of our knowledge, there is ordype workreporting onthe
use of Itbased AB® purify DNA®* however, DNA was recovered with lowarrity (absorbance
ratio at 260 nmand 280 nm= 1.7%%). In addition to the higher DNA purity achievby us,the
[Ch][GlyjPPGhased ABS investigated avoids the use of less benign imidazudisea ILs paired

with fluorinated anions and the use of high concentrationgofganic sak.

B \
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Figure 4.14. (A) Axsoto Acsoratio for DNAsamples after recovery from the-tlch phase(B) Circular
dichroism (CD) spectra of samples of DNA:HSA at different weight ratio after recovery fronnithe IL
phase at pH 5O CD spectra of the DNA:HSA sample at a 1:1 weight ratio after recoveryhiediarich

phase at different pH values.

The structuraand conformational stability of theecoveredDNAwas appraisedby Circular
dichroism CD - Figures 4.1.4Band 4.1.4C Further data are given in theMaterials and
experimental procedureChapter (section 2.2.). Also in terms of DNA stabilitythe best
identified ABS is thene formed by{Ch][Gly] at pH Sparticularly at a NA:HSAveight ratio of
1:1. The CD spectrum of stabjleform of DNAis characterized by positive band at 277m,
corresporR A y' 3 -~ (1 20 linterdctions, and a less intenseegative band at 246 nm
corresponding tahe DNAhelicity 6ee Appendix B.]1 Figure B.13A, with the CD spectrum of
DNAin PB&queous solutions At these conditions, DNA with the highest puiiiigure 41.4C
showing that HSA is not preseiaind stbility (Figure 4.13B showing that the DNA-form was
not changedl was obtained.The long term stability of DNA (up to six months) at room

temperature €a. 25 °Q in the Ikrich phase was finally appraised (detailed data shown in
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Appendix B.1 Figure B.13B). According to the respective CD spectra, there is no DNA
conformational changes, confirming the structural and chemical stability of DNA for at least six
months in the ABS dlich phaselt should be noted however that DNA stored in PBS aqueous
solutions(0.01M, pH 7.2was found to be degradedt the end of the six months of storage
These results support the potential of appropriate ILs agueous solutionsttasapreservation
media of DNA, in agreement with previotesultspublished bySharmaet al.®. In summary,
designed ltbased ABS can be used to separate DNA from complex matrices, and the respective

IL-rich phase further used to preserve the nucleidagp to use.

Conclusions

Novel pHdriven reversible ABS composed water, polymers andLs able to undergo
speciation through their anion are here disclosétle determined phase diagrams confirm that
changes between homogeneous and biphasic regimagoccur in a wide range of pH values
and compositions, which can Herther tailored to a target separation proces$he cyclic
reversibility was demonstrated for at least three times, with no significant changes on the overall
mixture composition. Taking adntage of the biocompatible nature of the phafeming
components and large pH impact on these systems behavior, they were finally investigated as
separationplatforms for relevant biomolecules, namely for the separatiorDdfAfrom HSA
Using the most mmising ABSDNApreferentially migrates to the itich phase, maintaings
structural integrityunder storage at room temperature ithe IL-rich phase for at least six
months, and can be recovered with a purity > 98%. In summary, desigieddd ABSta
appropriate pH values can be used as simultaneous separation and preservation systems of

relevant biopolymers.
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4.2. Temperatureresponsive aqueous biphasic systems composed of

ammoniumbased zwitterionsand salts

Based on the published communicatibn
A. M. Ferreira, H. Passos,@kafuji, M. G. Freire, J. A. P. Coutinho and H. Giresigning the

thermal behaviour of aqueous biphasic systems composed of ammabas®ed zwitterions,

Green Chem2017,19, 40124016.

N,,,C3S-based ABS
45°C ucsT 25°C

EQUILIBRIUM

T E L -

25°C  N,;,C3S-BASED ABS 45°C 25°C
LCST

Design of the thermal behaviourfrom an upper critical solutin temperature (UCST) to a
lower critical solution temperature (LCSTdf aqueous biphasic systems composed of water

soluble ammoniumbased zwitterions

Abstract

The ability of watessoluble ammoniurrbased zwitterions (ZIs) to form aqueous biphasic
systans (ABS) in presence of salts aqueous solutions is here disclosed. These systems are
thermoreversible at temperatures close to room temperature and further allow the design of
their thermal behaviour, from an upper critical solution temperature (UCST)dwer critical
solution temperature (LCST), by increasing the Zls alkyl chains length. The investigated
thermoreversible ABS are more versatile than typical lidigigid systems, and can be applied
in a wide range of temperatures and compositions envigpa@ target separation process. An
example is given regarding their ability to selectively separate mixtures of aromatic and aliphatic

amino acids in a singgep.

4Contributions M.G.F., J.A.P.C. and H&nceived and directed thiwork. A.M.F., H.P. and A.O. acquired the
experimental data. A.M.F., H.P., M.G.F. and J.A.P.C. interpreted the expatitega. The manuscript was mainly
written by A.M.F., H.P., J.A.P.C and M.G.F. with contributions from the remaining authors.
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Introduction

The use of ionic liquids (ILs) in licipuid extractions has been a htmpic of research in the
past decades?® Their unique properties, namely negligible vapour pressures, high thermal and
chemical stabilities, and high solvation ability for a large range of compounds, make of ILs
remarkable alternatives over volatile organic solvents. Furthermore, the possdjilityanging
the ILs properties by the structural design of both the cation and anion is considered one of their
most interesting characteristics, allowing to tailor these fluids for specific applications.

Recently, it was proposed that the ILs propertoesild be further finetuned by using ILs
mixtures! However, whenever ttontaining systems lead to the formation of more than one
phase, ILs mixtures may lead to a different partitioning of their ions between the coexisting
phases, leading therefore to ahges in the compositioaf the phase<$ To overcome some of
these unwanted trends, some auth8tS proposed the use of zwitterions (ZIs), compounds
where the cation and the anion are covalently tethered, instead of ILs. These ion pairs remain
covalentlylinked even after adding strong acids, such as lithium*aitsl Bransted acid$.

Since 2012, when Ohno and-smrkers: 1°proposed the use of ZlIs as additives mwHter
systems to improve the water content in hydrophobierith phases, and consegntly to
increase the Hphase ability to dissolve and extract proteins, several authtt§ addressed the
study of ZlIs applications in liquiiduid extractions. In these works? ZIs with a high
hydrophobic character were investigated, whereas muydrophilic ZIs have been described as
unable to induce phase separation with water, even by temperature changes. These
compounds, that did not seem very attractive for use in ligigdid extractions from aqueous
media, are here evaluated regarding thability to form aqueous biphasic systems (ABS) with
O2y @Syiarazylt artdao ! .{ 66SNB 7TA Nibuid seNdatidh NI SR
processes for biomolecules due to their wat@h environmentt® These systems consist in two
immiscibleaqueousrich phases, that are created by the mixture of two polymers, a polymer
and a salt or two salts in aqueous med#id?®

In the past few years, the research on dynamic and reversible biphasic systems involving ILs
or Zls has attracted much attenticlowards the development of novel and more efficient
separation processes, either by changes intbtémperature® 13 2622 or CQ/N, addition?®
Systems displaying an UCST LCSType phase behaviour can be used to move between
monophasic and biphasiegimes by inducing temperatwdependent phase transitions, shown
to be highly advantageous for the separation of protethsietals$! and catalyst$? However,
most of the phase transitions in these systems occur at temperatures far from room

temperature, or are confined to narrow mixture compositions. Therefore, the design of novel
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systems with UCSDr LCSType phase behaviour occurring at temperatures close to room
temperature has been object of a great deal of work; yet, only a limited number &nsg$as
been identified® 20.24

Herein we study the ability of watesoluble ammoniurvbased Zls to form ABS by mixing
them with salts(kHPQ, KGHsO-HO, KPQ, KkCQ, KHPQ, NaGHsO; and NaHPQ-2H0)
aqueous solutionst KS R S Uy Adalfsi® pfovidedin tilefh$he List of acronymsSince
the cation and anion of ZIs are covalently tethered, there is no ion exchange between the
coexisting phases. The effect of temperature on the respective phase diagrams was also
evaluatedto appraise theithermal behaviour. Five ammoniubrased ZlIs with different alkyl
side chains lengttFjgure 4.2.0 ¢ SNB &deyiKS&AT SR yR dzaSR Ay
of the ZIs acronyms is providé@dthe in the List of acronymsThedetailed synthetic procede
for their preparation is given in thMaterials and experimental procedur€hapter(section
2.2.2). The chemical structure and purity of the ZIs were confirmed-blMR and elemental
analysis, and their thermal properties were evaluated by DSC andcf.GAe AppendixB.2

with detailed information in the subsectiadNMR spectrum data of the synthesizedéXls

Acronym Ry, Ry, Rs R,
R4 N;14C3S CH,4 (CH,);
R2—|L+—R4—so§ Ny;,C4S CH,CH, (CH,)4
||23 N;2,C38 (CH;),CH; (CH,)s
N333C3S (CH;)3CH, (CH,)s

NsssC3S (CH,)4CH; (CH,)s

Figure 4.21. Chemical structures and acronyms of the ZlIs used.

Results and discussion

The phase diagrams of twary mixtures constituted by each Aidure 4.2.), each salt
(KPQ, KGHO,, KCQ, KHPQ and KHPQ), and water, were initially determined at 25 °C to
address the ability of watesoluble ammoniunbased Zls to create ABSgure 4.2.2Adisplays
an example of the ternary liquiliquid phase diagrams obtained. Further details on the
experimental procedureare given in theMaterials and experimental procedureChapter
(section2.2.2), whereasdetailed experimental weight fraction data aniet representation of
the remaining phase diagrams are given in Appendix B.ATable B.2.20 B.2.8 FiguresB.2.1
andB.2.2. All solubility curves are represented in molality units in order to better interpret the
saltingin/-out effects obtained, whil avoiding the effect of the different species molecular

weights.
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Figure 4.2.2Adepicts the solubility curves for systems composed gs@BS, potassium
based salts and water, allowing the evaluation of the salt anion effect on the formation of
ZtbasedABS. The solubility curves represent the limit between the monophasic and biphasic
regimes, in which mixture compositions above the solubility curve result in biphasiclimuiai
systems, and those below fall in the monophasic region. The larger thephasic region of
each phase diagram the higher is the amount of ZI and/or salt required to induce the ABS or
two-phase formation. From the gathered results, and at the molality of ZI at which it equals the
molality of salt in each binodal curviee(, [Z] = [salt]), the ability of the potassiumased salt
anions to induce the formation of ABS follows the orders*P®GHsO* > C& > HPG* >>
H,PQr. This salt anions trend is in good agreement with the Hofmeister s&riasgd with
previously reportd ranks for Ithased ABZ’This trend indicates that potassiubased salts act
as saltingout species. In the studied systems composed of salts with high charge density ions
and Zls, the former are more able to create hydration complexes and to inducsaltiegout

of the more hydrophobic Zls.

— 4.0 = 40
2 2
© ©
E 305 E 301
~ ~
a )
O 20 - 2.0 1
R
E 0.6
1.0 | 1.0 -
0.0 0.0
0.0 1.0 15 2.0 0.0 0.5 1.0 1.5 2.0

[salt] / (mol'kg™) [K;PO,] / (molkg™)
Figure 4.22. (A)Xalt anion effect in the phase diagrams of ternary systems composed of wateC3$
and potassiunbased salts at 2%C: KPQ: (A ), KGsHsOr (= ), KCQ(* ), KHPQ(+) and KLPQ (1 ). (B)
Zls alkyl chains length effect in the phase diagrams of ternary systems composed of wriiegrd ZIs

at 25°C:NsssC3A ), N33aC3S+), Ne22C3S ), N11iC4AE ) andNiiC3S ).

The phase diagrams obtained with the saltss®d5G and kGHsO;, and KHPQ and
NaHPQ, with a given ZI, allow us to address the salt cations ability to prothetéormation
of Zlbased ABSAppendix B.2 Figure B.2.2 The results obtained demonstrate that the salt
cation has no significant effeon the binodal curves of §C3Shased ABS. However, when a
more hydrophilic ZI is used, such ags83S, the saltingut ability of the citratebased salts

cations follows the order: N& K, in good agreement with trends observed foiblised ABZ.
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This trend was also verified with phosphabased salts, in which only Nz was able to
induce phase separation witheNC3S; cf. the Appendix B.2Figure B.2.2

Figure 4.2.2Rlepicts the influence of the ZlIs alkyl chain length on the formation of ABS wi
a given salt (#Q). The solubility curves show a strong dependency on the ZI alkyl side chains
length ¢ effect even more pronounced than that verified with the salt ions. At the solubility
curve, namely when [ZI] = [salt] (mol¥igthe tendency of B to form ABS by the addition of
KsPQ follows the order: MsC3S > NiC3S > N.C3S > NiC4S > NiC3S. The longer the
cation/anion alkyl chains of the ZI, representing an increiasthe ZI hydrophobicity and
capability for being saltedut, the better it is their ability to undergo liquitlquid demixing in
presence of salts agueous solutions. This trend also supports the loss in the ability to form ABS
with salts of weaker saltingut strength displayed by Zls with smaller alkyl side chaifsthe
Appendix B.2Figure B.2.2

After appraising the possibility of forming&ltbased ABS, the temperature effect on this
type of systems was studied. Additional phase diagrams were determined at 35 and 45 °C, and
compared with the solubility curves obteed at 25 °C discussed above. The detailed
experimental procedure is given in tMaterials and experimental procedur€hapter(section
2.2.2), and the remaining resultse., the weight fraction data, and the representation of the
phase diagrams for the others Zls, are given inAppendix B.2(Table B.2.%0 B.2.11and
Figure B.2.3

Figure 4.2.3depicts the temperature dependency of theskC3S, Ne3sC3S and N11C3S
KsPQ-based ABS phase diagrams. Remarkably, within the studied series of Zls, a change in the
temperature dependency was observed. Fassi3Sbased ABS, an increase in temperature
enlarges the twephase regionKigure 4.2.3} whereas the opposite effect is sérved with
N11:C3S Figure 4.2.3F In this line, a negligible effect of temperature occurs in the@®BS
based ABSF{gure 4.2.3R It was previously shown thats4C3S presents a LCSpe phase
transition behaviour with watérand, consequently, thefol 8 SQa aSLJI NI GA 2y A&
temperatures¢ a phenomenon that seems to prevail in the respective ABS. This behaviour is
similar to that reported for polymesalt ABS! 28in which the temperature dependency is
dominated by hydrogetbonding ineractions between the polymer and water. On the opposite,
when more hydrophilic ZIs are used, such ag@8S, N:C3S and NiC4S, an increase in
temperature decreases the twphase region of the respective ABRj(re 4.2.3@nd additional
data in theAppendix B.2 Figure B.2.3 demonstrating the presence ain UCSType phase
behaviour in systems dominated by ndirectional interactions. For Zls of intermediate alkyl
chains length, such assNC3S, the temperature seems to have a negligible impact tipen

binodal curves, with their overlapping at different temperatugdsigure 4.2.3BIn summary, as
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the Zls hydrophobicity decreases, by the decrease of their alkyl side chains length, a shift in the
dominant interactions between the ZIs and watercurs, from directional hydrogen bonding to
non-directional interactions, allowing therefore the design of the thermal behaviour-b&Zed

ABS.
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Figure 4.23. Temperature (T) effect in the phase diagrams of ternary systmmngosed ol +
KsPQ + waterat 25°C (0 ), 35°C ( ), and 45°C { ): (A) NsssC3S(B)N333C3S, angC)N111C3S.

Upon the establishment of the temperature dependency of the studied ABS, their
temperaturereversible behaviour was further appraisednixture point between the solubility
curves at 25 and 45 °C was prepared for systems composegsGBIS (30 wt% ZI + 4%tkPQ)
or N111C3S (19.5 wt% ZI + 19.24vKPQ). For the NssC3S +4RQ + water ABS, a mixture point
between these two solubilitgurves results in a homogeneous solution at 2§ ¢CFigure 4.2.3
However, when the temperature increasap to 45 °Cthe phase separation occurs, resulting
in a top Zrich phase and in a bottom saith phase. If the temperature is decreased again
25 °C, the initial monophasic system is recovered. Sing€C3Ebased ABS presents the
opposite temperature dependency behaviour, the formation of two phases occurs at lower
temperatures (25 °C) that disappear on heating up to 45 °C. The thermordedyshaviour of
the studied systems is illustrated Figure 4.2.4 for both NssC3S and N1:C3Sbased ABS. A
luminescent molecule; fluorescein ¢ was added to each system to highlight the phase
separation phenomenon by a change in temperature. Fluoraeggaititions almost completely
to the Zirich phases when the phases separation occurs.

The potential application of the studied thermoreversible systems was finally investigated to
separate mixtures of amino acids that could exist in protein hydrolysates fermentation
broths. As an example of this type of mixtures, aromatic and aliphatic amino acids, namely
Ltryptophan (Try) and glycine (Gly), were studied. The previously described ABS mixture
compositions were used. Details on the quantificationboth amino acids are given in the
Materials and experimental procedureChapter (section 2.2.2). The obtained results are

depicted inFigure 4.2.5Data are shown in percentage extraction efficienciEg£06) of each
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amino acid for each phaseE.% correspond to the percentage ratio between the amount of

each amino acid in a given phase and that in the total mixture.

N,,,C3S-based ABS
45°C ucsT 25°C 45°C
T ——

EQUILIBRIUM

JyuEE N un

25°C  Ny5sC3S-based ABS 45°C
LCST

Figure 4.24. lllustration of the hermoreversible behaviour of Based ABS.
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Figure 4.25. Partition of ltryptophan (Try) and glycine (Gly) inilC3S and NissC3Sbased ABS
formed at 25°Cand 45°C,respectivelyEEn% ( ¥, EBy6 plue bar.

In general, there is a high impact of the ZI alkyl chain lengtth@iseparation performance
of the studied ABG-igure 4.2.%. In N1:C3Sbased ABS both amino acids preferentially partition
to the Zirich phase, with extractioefficiencies ranging between #&hd 86%. However, in the
NsssC3Shased ABS, glycine partitiono the opposite phaseEg 2 = 67%), the salich phase
instead of the Ztich phase, while the phase for whiéitryptophan partitions and its extraction
extent ER6 = 84%) is almost not affected. The trends obtained are in good agreement with the
hydrophilic/hydrophobic character of each amino aciddow)ry=-1.09 and lodfow)cy=-3.41,
with Ko defined as the octanelvater partition coefficientf® With the ZI alkyl chain length
increase there is an increase in the hydrophobicity of the cpording phase; therefore, an
inversion on the partition trend of the most hydrophilic amino acid occurs, preferentially

migrating to the more hydrophilic satich phase. The selectivity of the:;NC3S and NssC3S
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based ABS for the separation fyptophan from glycine are 2.4 and 6.8, respectively, meaning
that an increase in the Z| alkyl chain length improve®l@® increase) the selectivity of ABS
(Appendix B.2 Figure B.2.% In summary, the separation of aromatidttyptophan) and
aliphatic (glycine) amino acids can be achieved in a sisgp using adequate -blased ABS,

further supporting the tailoring ability of the investigated liqdiguid systems.

Conclusions

It was here demonstrated that watesoluble ZIs can form ABS with aqueoukitions of

salts, and that their thermoreversible behaviour can be designed by playing around with the ZI
alkyl chains length, while allowing their tuning according to specific requirements of a given
separation process, as demonstrated with their usédnmgeparation of mixtures of amino acids.
These reversible dlased ABS occur at temperatures close to room temperature, avoiding
additional energetic consumptions or thermal degradation of some target products.
Furthermore, the temperature range of opeiah can be selected based on the ternary mixture
compositions to fit the requirements of a specific process and is not restricted to fixed

temperatures imposed by the thermodynamic nature of binary ligigdid systems.
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5.1. Integrated productionseparation patforms applying reversible pHdriven

aqueous biphasicystems

Based on the published communicatidn
A. M. Ferreira, A. F. Claudio, M. Valega, F. M. J. Domingues, A. J. D. SilveReg&s[l. A.
P. Coutinho and M. G. FreidSwitchable (pHDriven) Aqueous Biphasic Systems formed by

lonic Liquids as Integrated Producti@eparation Platforn®s
Green Chem?2017,19, 2768-2773.

: + base
pH-drlven ILs-based ABS
¥ pH 100 ) ) 1 pH
Production of HMF g0 P
(Hydroxymethylfurfural) phase
S X
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IL+ Fructose + Acid system Salt-rich
X 50 T - _ phase
80 °C, 80 min \0 \0 >
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\
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YN L3H,0 o NA
Fructose HMF * ‘dd

pH-driven reversible aqueous biphasic systems aegnarkable productionseparation
platforms and can be easily prepared by playing around with the speciation of at least one of

the phaseforming components

Abstract

The ability to induce reversible transitions between homogeneous solutions and biphasic
systems is of paramount relevance in separation processes. In this contextigpéted
agueous biphasic systems (ABS) composed of ionic liquids (ILs) and salteatisdiesed as
switchable mono/biphasic systems, and their potential application further demonstrated
through an integrated approach comprising both the production and separation of

hydroxymethylfurfural (HMF) from fructose.

5Contributions M.G.F., J.A.P.C. and A.J.D.S. conceived and directed this work. A.M.F. acquired the experimental data.
M.V. and F.M.J.D. helpad the HMF and fructoseuantification by HPLC. A.M.F., A.ARCD.R., M.G.F. and J.A.P.C.
interpreted the experimental datalhe manuscript was mainly written by A.M.F. and M.G.F. with contributions from

the remaining authors.
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Introduction

Liquidliquid extraction processes are of technological simplicity and of low cost, and are
frequently a preferred strategy in separation processes engineérigyertheless, the use of
molecular and volatile organic solvents in separation routes presents major dris/blae to
their high volatilityand recurrent toxicity. In this context, and in addition to their tailoring
ability, ionic liquids (ILs) represent a viable alternative as a result of theivolatile nature at
ambient conditions’:  The research in ligidcliquid extractions from agueous media using ILs
has been focused on two main approaches: (i) the direct use ofvatar miscible hydrophobic
ILs; and (ii) the use of aqueous biphasic systems (ABS) composed of ILs and organic/inorganic
salts. Within tle two types of systems, . { O2y adAddziS I Ga3INBSYSNE I yR
they are mainly composed of water (up to 70 wt% in the overall systéipreover, a more
efficient «tuning of the phasepolarities can be achieved with-tlased ABS, resulting in systems
that usually allow the complete extraction and purification of a wide variety of compotfhds.

More recently, there has been large interest on the use/applications of dynamic and
reversble mono/biphasic systems formed by A!$It was demonstrated that phase transitions
in IL-containing mixtures can be induced by a temperatdriven phenomenon or by GO,
flushing??1® Both upper critical solution temperature (UCS) and lower citical solution
temperature (LCS®F? phase behaviours have been reported fosstilvent mixtures, whereas
these temperaturedependent phase transitions have shown to be advantageous in the
selective separation of proteifsand metals’* Reversible ligid-liquid systems have been also
gathered with molecular solvents that react with Z@rming salts and/or ILs, and applied in the
separation of aliphatic and aromatic amin&¥, and in the synthesis/separation of gold (Au)
porous filmst> However, commn UCST and LCST behaviours in systems involving ILs typically
occur at temperatures well above room temperature and a high energy input is required to
trigger their phase switch, while the @8,-dependentreversibility pattern requires the use of
specift equipment. Furthermore, these systems are usually composed of-achllphase
(typically with hydrophobic characteristics) and a more hydrophilic molecalentrich
phase!® 2024 These systems are thus restricted in polarity differences amongstaéexisting
phases, hindering improved extraction and selectivity performances to be obtained when
dealing with the separation/fractionation of complex matrices. In this linbaded ABS can be
seen as promising options, although the investigation airthse as reversible systems lagged
behind. To the best of our knowledge, only temperatdependent reversible behaviours of
IL-based ABS have been report&dContrarily to most Hbased ABS, which display a weak

dependence on temperature, it was reagnfound?that ABS formed by protic ILs and polymers
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are highly temperature dependent, allowing therefore to trigger reversible phase separations
by small changes in temperature.

Given the potential of applications of switchable (aguedoh) biphasisystems discussed
above, in this work we demonstrate the reversibility obdsed ABS attained by a fuifven
phenomenon and their use as integrated platforms, comprising both the production and

separation ob-hydroxymethylfurfural (HMF) from fructose.

Results and discussion

Aiming at evaluating the possibility of moving from monophasibiphasic regimes (and
viceversg by a proper tailoring of the pH of the agueous media, ABS formed by a wide range of
chloride-based ILs and potassium citratiric acidwere investigatedThe chemical structures
of the investigated ILs are givenRigure 5.1.1¢ KS RSUyA A2y 2F GKS [L&a O
the in the List of acronymslLs with no speciation capabilityere chosen, and as such, the-pH
triggered reversible phenomenon is a result of the salt (potassium citrate) speciation as a
function of the pH. Citric acid presentaddic dissociation constastpks) values, namely 3.05,

4.67, 5.39 and 13.92.The speciation curves of citric acid are depictedhie Appendix C.1
(Figure C.1.1 At pH values lower than 3.05, the roharged citric acid is the dominant species
present, whereas at pH values above 3.07, 4.67 and 5.39, there is the prevalence of the
monovalent, divalent and trivalent chargedihydrogencitrate hydrogencitrateand citrate
anions, respectively. All these citralbased species can be ranked within the Hofmeister séries,

in which higher charge density and higher charge valence anions are better hydrated and
stronger saltingput species, being thus more favourable to the creation dfdsed ABS. In fact,
previous works have been published on the pH effect towards the formation-lbfdéd
ABS?%although no investigations on their reversible behaviour have been carried dwtrtot

To be able to change the pH in the investigated ABS and to trigger the phase transition while
avoiding the introduction of new species into the overall system, citric &&ids@;) and
potassium hydroxide (KOH) wehere used. The pair potassium @Ete/citric acid also was
selected due to their biodegrattée and nonrtoxic characteristicg?

Figure 5.1.%ketches the principle of the reversible process under investigation, where the
transitions between the monophasic and the biphasic regimes caulittained by the alternate
addition of an acidic or an alkaline species to the overall agueous system. For mixture
compositions above each solubility curve there is the formation of apghase system at given
conditions, while mixture compositions belothe same curve result in the formation of a

homogeneous solution (no phaseparation).
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Figure 5.11. Chemical structures of the ILs investigated.
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investigated ABS, the top phase corresponds to théch.phase while the bottom phase is mainly

composed of salt and water.

We firstly determined the liquidiquid ternary phase diagrams atfigirent pH values of ABS

composed of ILs KGHsO/ GHsO; + water. These were determined at pH values ranging
between 5 and 9 for thefollowing hydrophilic ILs: jGim]Cl, [GGGim]CI, [GGpip]Cl,
[CGpy]Cl, [GGIm]Br and [R444Cl. Further detailson the experimental proceate adopted are

provided in theMaterials and experimental procedur€hapter(section 2.3.).

The ternary phase diagrams at 25 °C for the ABS composeddf]Pat different pH values

are illustrated inFigure 5.13. The depiatd ABS phase diagrams at the most acidic pH values
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also denote the limit in compositions and pH values for which ABS no longer form. The
experimental weight fraction data, as well as the representation of the phase diagrams for the
remaining ILs, argivenin the Appendix C.1(Table C.1.1o C.1.11and Figure C.1.2 All the

phase diagrams were further characterized by the determination ofiries to infer on the
phases compositions for given mixture compositiocfsthe Appendix C.1Tables C.1.12and
C.1.13.In general, and for all ILs, there is a decrease on the ability for ABS formation with the
pH decrease the higher the pH of the aqueous medium the larger is the biphasic region, and
the lower the IL/salt amounts required to induce phase sepamatiGiven that ILs with no
speciation capability have been chosen, the observed dependency of the ABS formation on the
pH is related to the speciation performance of potassium citrate. As discussed before, at pH
values lower than 3.05 and 4.07, the ronarged citric acid and monovalent dihydrogencitrate
anion are, respectively, the prevalent species, and none of these species is able to form ABS with
the ILs investigated. At pH values above 4.67 and 5.39 there is the main presence of the divalent
and trivdent chargedhydrogencitrateand citrate anions, respectively -tlased ABS are only
formed at pH values higher than 5, meaning that only the divalent and trivalent clested

anions induce phase separation. This behaviour is in agreement with the Isténserie§since

higher charge density and higher charge valence anions are stronger #altisgecies able to

induce the saltingout of the IL, further resulting in the creation ofdased ABS.

60

50 ~

40 4

[PaaaalCl / (Wt %)

30 ~

20 A

10 ~

0 1I0 ZIO 3I0 40
[K;CcH:;0,/CHz0;] / (Wt %)
Figure 5.13. Phase digrams of ABS composed of4FCl + water + $GHsO7/CeHsO7F G LIl ), pH ¢p 6
F yo» LIXVE WIRGFEYR&EN F p o

At a fixed pH, the IL ability to form ABS follows the ordeszfl > [@Gim]Br > [GCLJe 6 / f F
[GGpip]Cl > [GGA Y 6 [AGImACI (cf. the Appendix C.1Figure C.1.8 More hydrophobic

ILsresulting either from cations with longer and more aliphatic moieties or from anions of lower

107



ILs in separation processes

hydrogenrbond basicity' 32 are more capable of forming AB®, are able to form twephase
systems at lower pH values or require lower amounts of the pii@seing components for
phase separation. Examples of this are sesh [Ps44Cl and [@ s ]BrYthe only two ILs that
form ABS at pH 5. On the other hand, ILehsas [GCim]Cl and [@GGim]CI, which are amongst
the most hydrophilic ILs investigated, do not form ABS even at a pH of 6, being 7 the minimum
pH value required for ABS formation with these ILs. This pattern also mirrors the -saiting
effect of the d@trate-based salt over the 8 A summary oftie overall results according to the
ability of each IL to form ABS at all studied pH values is given Apttendix C.{Table C.1.1%

After establishing the ternary phase diagrams, which describe the mixtampositions and
pH values for which the liquiijuid demixing occurs, the reversiblellased ABS behaviour was
appraised by the alternate addition of citric acid and potassium hydroxide. For this purpose, an
initial ternary mixture at the biphasic géon (IL at 25 wt% +&HsO7at 35 wt% + water at 40
wt%) was prepared and allowed for phase separation at 25 °C. At this initial mixture composition
the pH values of the aqueous media of altdintaining systems area.9. An aqueous solution
of citric acid at 50 wt% was added dropwise, under constant agitation, until the mixture became
homogeneous (monophasic). Then, an aqueous solution of potassium hydroxide at 50 wt% was
added, under agitation, to recover the initi@H value of 9 and the biphasic system. During these
manipulations the pH of the aqueous solutions was experimentally controfiggire 5.12
depicts the procedure carried out to attain the reversible process under investigation. It should
be remarkedthati KS RAFFSNBEYy OSa Ay (KS LikdréaShadiiod2 YLI2 a A i
stepsince a small amount of each aqueous solution (x 0.6 wt%) is enough to trigger the phase
transition. The pHiriven reversibility was experimentally confirmed with all the investigated,
4G t€SFad o GAYSazZ gAGK y2 aAIYAFAOLYyG OKFy3Sa

In summary, it is possible to prepare reversiblebdsed ABS playing around with the
speciation behaviour of the organic salt. This phase reversibility take® macroom
temperature (25°C) and is achieved with cheap compounds already present in the original
mixture and with no need of sophisticated equipment. Hencbased ABS can be envisaged as
potential alternatives to the more complex reversible systemet tlequire additional energy
inputs or the addition of gases and more specific equipment. Their reversibility is however a
major advantage in liquitlquid extractions to attain selective separations, and as demonstrated
hereinafter.

We investigated the pssibility of using the proposed systems for the production of
hydroxymethylfurfural (HMF) through fructose dehydration at acidic pH, and then to proceed
with an integrated separation step of HMF from the unreacted precursor by an increase in the

pH and cosequent formation of twephase systemsThe dehydration of carbohydrates.g.
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cellulose, glucose, fructose, sucrose, inulin, and cellobiose) to produce HMF has attracted large
attention in the past few year®: *In fact, HMF is nowadays considerekiegt biomassderived
building block relevant in bibased industrie$® * The current aplications of HMF are
widespread and comprise the production of solvéhtbiofuels (dimethylfuran)®” polymeric
materials(mainly based on its 2;furandicarboxylic ad derivative)? fine chemicaf®, among

others. Recently, a shottime synthesis of the active pharmaceutical ingredient ranitidine
(Zantac) also was reported making use of HMFypically, HMF is producdcbm fructose via

a dehydration reaction, genelly catalysed by acids (ptdlues ranging betweeh.5 and

3).* However, high temperatures (200 °C), reduced pressure and long reaction times
are usually required* More recently, Ikacid mixtures or acidic ILs have been used for
sugars dehydration and production of HMF in high yields, obtained at lower
temperatures (<120 °C) and within short reaction timé&sAlthough good results using

ILs for the fructose dehydtimn have been described, the development of a eost
effective, integrated and more sustainable productiseparation process is still in crucial
demand. In this line, we propose herein the discussed switchable ABS as an integrated
and more benign platfornfor the production and separation of HMF.

The production of HMF was carried out through fructose dehydration in acidic medium (pH
ca 1.5), at 80C for 80 min, in the thased ABS monophasic regions. After reaction, an aqueous
solution of KOH was added stop the reaction and to move the system into the biphasic region
by a pH increase Figure 5.12. The creation of twephase systems is intended for the selective
separation (migration for opposite phases) of HMF and unreacted fructose. Further
experimenal details are given in thMaterials and experimental procedur€hapter(section
2.3.0).

Figure 5.14 depicts the results on the production of HMF in citric acid aqueous solutions at
the monophasic region (corresponding to a mixture composition of 40 wt% of IL + 30 wt% of
citric acid). The respective reactions were also carried out in the absencead Wsil| as in the
absence of citric acid, for comparison purposes. As shown, the use of an acidic medium is
required for the production of HMF through the dehydration of fructa@sehen no acid was
used a maximum vyield of 0.00281-§of HMF was obtained. On the other hand, without IL, a
maximum yield of HMF of 2.28Lg was found. However, when ILs are used in acidic medium,
HMF vyields ranging between 4.61and 6.37*dpave been observed, supporting the need of the
presence of boththe IL and the acidic medium to maximise the HMF production yield. These
results are consistent with previous studies describing the requirement of the addition of ILs and

acid catalysts to obtain high HMF yiefd<'3
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Figure 5.14. Production of HMF through fructose dehydration in presence (or not) of citric acid and ILs,

at 80°C for 80 min.

After the HMF production, the reaction was stopped and the piase systems
simultaneously formed by the addition of aqueous KOpltupH 7).Figure 5.15 depicts the
results regarding the selective separation of HMF from fructose usibgsikd ABS. The results
are given in extraction efficiencies of both HMF and fruct&gev andEEycos&0) for opposite
phases. The extractiagfficiencies are defined as the percentage ratio between the total weight
of HMF or fructose in one of the phases to that in the total mixture (detailed results are given in
the Appendix C.1TablesC.1.15andC.1.16. The results in partition coefficienislues, defined
as the concentration of HMF between therith phase and the salich phase, as well as
selectivity of the systems to HMF, also are provided in&hpendix C.XFigure C.1.%

In all investigated systems, HMF preferentially migratethéolL-rich phase while fructose is
enriched in the opposite layer, allowing thus the separation of the two compoumdsafRable
extraction efficiencies of HMF to thedlich phase ranging between 92 and 96%, and of fructose
to the saltrich phase rangindetween 53 and 64%, were obtained in a singtep. This
migration for opposite phases and selective separation results from the higher affinity of HMF
to more hydrophobic (Hich) phases in contrast to the higher affinity of fructose to more
hydrophilic (saltrich) phases, as reflected by their octagiol G SNJ LI NI AGKgGy O2STFU
(log(Kow) of HMF =0.10; logKow) of fructose =2.76)2 Although the almost complete extraction
of HMF to the lirich phase was achieved in a singtep in all studiegystems, the extraction
of fructose to the opposite phase seems to be more dependent on the nature of the IL

employed; the selective separation of HMF and fructose increases in the following order:
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[C/ s JEI [Gmpy]Cl < [@npip]CI. This trend followshe IL hydrophobic nature as described
by their ternary phase diagrams at a fixed, gHown in theAppendix C.XFigure C.1.B

1
1
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P PH7 : 75 1 phase
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/ I . | 25 |
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"o —_— I
o - I 0 N
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Figure 5.15. Selective separation of HMFe¢l barg from fructose ( ) that did notreact

through the addition of KOH and formation of ABS.

In what concerns the extraction performance and selectivity of the systems to HMF (ranging
between 14 and 48; detailed data shown in tAppendix C.1Figure C.1.4nd Table C.1.1)
our resultsare cuite promising when compared to those reported in the literatété®Partition
coefficients of HMF ranging between 0.5 and 2.0 have been reported, with biphasic systems
composed of water and butanol, methigo-butylketone (MIBK), toluene, dichlorometha or
other mixtures of organic volatile solverftsMore recently, Blumenthakt al* suggested
biphasic systems formed by water aagbropylphenol oro-isopropylphenol for the separation
of HMF from the aqueous reaction medium, in which an increase (ipgd times in the partition
codfficients was reported when compared to the previously applied solVEnEbe partition
coefficients obtained in the current work range between 9 andcttt{e Appendix C.1Figure
C.l.4and Table C.1.1) Our results orthe separation of HMF are thus better than the most
promising ones reported hitherto in the literature. Moreover, withblised ABS, the use of
volatile and often toxic organic solvents is avoided; instead, aqudohsmedia are used.
Additionally, an itegrated methodology is here proposed for the separation of HMF by the
creation of twephase systems only through a pH increase, representing thus a step forward on

the development of more sustainable productiseparation processes

Conclusions

The resuls here reported demonstrate that plriven reversible ABS composed of ILs can be
easily prepared by playing around with the speciation of at least one of the ghaség

components. Furthermore, these systems show potential to become remarkable intdgrate
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platforms, in which reaction and separation steps can be carried out sequentially by taking

advantage of their switchable behaviour, as demonstrated here with the HMF production and

separation from fructose as the reaction precursor. In addition to thengple shown herein,

reversible Itbased ABS can be certainly tailored to fit the requirements of other separation

processesAdditional reactions or separation processes that occur at other pH values can be

carried out with the proposed system3he studed systemsare only constrained by the

minimum pH value at which they are able to form two phases to proceed with the separation

step.
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5.2.Integrated productionseparation patforms applying thermoreversible

agueous biphasicystems

Comunication submitte®
A. M.Ferreira, H. Passos, A. OkafujiPAM. Tavares, H. Ohno, M.Fseire and J. A. P.

Coutinho,£An integrated process for enzymatic catalysis allowing product recovery and
enzyme reuse by applying thermoreversible aqueous biphasic systems
Green Chem201820, 12181223

Integrated biocatalytic process
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phase (LACCASE)

Zl-based ABS

Integrated biocatalysisseparation processvhere the reaction step occurs in
homogeneous medium, followed by the enzyme and products separation in a liguid

liquid system promoted by temperature changes.

Abstract

Thermoreversible aqueous biphasic systems (ABS) composed of amrAoesech
zwitterions (ZIs) and polymers are here disclosed to act as integrated bioreaeganation
processes. The biocatalytic reaction involving laccase occurs in homogeneous mediahith
small changes in temperature induce the formation of two phases and the complete separation
of the enzyme from the products in a singiep. These systems also allow the recover and reuse
of the enzyme, along with the -Zich phase, contributingowards the development of

sustainable biocatalytic processes.

6Contributions M.G.F., J.A.P.C., A.P.Mafd H.O. conceived and directed this work. A.M.F., H.P. and A.O. acquired
the experimental data. A.M.F., H,RI.G.F.A.P.M.T.and J.A.P.C. interpreted the experimental data. The manuscript
was mainly written by A.M.FH.P.and M.G.F. with significant contributions from the remaining authors
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Introduction

In the past years, there has been an increased interest on the development of sustainable
and efficient production processes, in which biocatalysis plays a pivotdiEoleyme display a
high activity, specificity and selectivity, minimizing the consumption of raw materials and the
production of byproducts when compared to their synthetic counterparts, thus contributing
towards the development of sustainable catalytic processeEnzymes and biocatalysis have
been used in several sectors, such as in soil bioremediation, nanobiotechnology, and biosensors,
and by the textile, pulp and paper, cosmetic, food and pharmaceutical indust8igmificant
developments have been reped in the pharmaceutical industry with a decrease of the
respective Hactor? Despite their advantages, the major challenges associated to enzyme
catalysed bioprocesses rely on the maintenance of the enzymes structural stability and activity,
and on thér reusability® Efforts have been made to overcome these issues, whereas one of the
main strategies is the enzyme immobilization where the biocatalyst is adsorbed on, bound to,
or encapsulated in a solid matfix’ Albeit this approach allows the reusé e biocatalyst,
immobilization may present some disadvantages, such as conformational changes of the
enzymes, loss of activity, and their heterogeneity on the suppéftherefore, new approaches
to recover biocatalysts from the reaction medium haweh proposed, including for instance
the use of membranes, centrifugation, ligeiduid extraction? and immobilization of
chemically modified enzymés'°

Liquidliquid systems appear as an interesting alternative in biocatalysis since they could
allowthe integration of the reaction and separation steps. Although lidigjdid systems have
been widely employed in the chemical industry for separation purposes due to their simplicity,
low cost, and easy scalg'!, the commonly employed volatile orgarsiolvents can be harmful
to biologically active biomolecules. However, a milder environment to biomolecules can be
afforded by watefrich systems, such as aqueous biphasic systems {ABB$ are composed of
two immiscible aqueousich phases and can berfoed by the mixture of two water soluble
phaseforming components, such as two polymers, a polymer and a salt, or two salts, dissolved
in aqueous medi&® Polymerbased ABS have shown to be biocompatible to deal with the
separation of proteins, enzymesruses, cells, cell organelles, and other biological matetials.
Nevertheless, these systems are limited by a narrow polarity range preventing high extraction
efficiencies and selectivities. This drawback may be overcome by ABS composed of ionic liquids
(ILs)*? > Compared to the more conventional polyrieased systems, 4hased ABS display a

lower viscosity, a faster phasseparation, and higher extraction performance and selectiity.
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Previous studies on-hased ABS have focusedthe determinationof the respective phase
diagrams ancbn evaluation of their extraction efficiency for a wide range of compouds.
Furthermore, ecently, there has been a significant interest on the development of dynamic and
reversiblelL-basedsystemsinduced by changeof pH}® temperature’” or by the addition of
gase$’” 8 that could ultimately lead to the development of integrated reactsmparation
processes. However, only few works investigated ritersible behaviour of fbased ABS in
separation processes:orinstance, hey have been investigated for the extraction of proteins
(by temperature chang€'f,and in the production and separation offfydroxymethylfurfural
(HMF) from fructose (by pH chang®).

In addition to the widely studied {hased systems, novélBS composed of water soluble
ammoniumbased zwitterions (ZIs) and inorganic salts were recently prop8sadd their
application in the selective separation of amino acids demonstrated. ZIs were suggested as
substitutes of ILs, where the cation and tgion are covalently tethered, thus avoiding possible
ions exchange between the ABS coexisting ph&ddewever, the salts employed may lead to
biocompatibility concerns when dealing with solutes sensitive to ionic strength, like proteins and
enzymes* To minimize these issues, salts are here proposed to be replaced by polymers, such
as polyethylene glycol (PEG), generally recognized as safe (GRAS) and used as additive in food
products and drug&> 2* 2° Furthermore, Zbased reversible ABS have not yimisly been
considered as potential integrated reactigeparation platforms.

Based on the need of finding integrated react®gparation processes for biocatalysis, in this
work we investigated and designed novelpdlymerbased ABS with a thermal switable
behaviour, at temperatures amenable to deal with proteins. These systems were tested as
integrated reactiorseparation platforms, where a homogeneous catalytic reaction followed by
the enzyme separation from the product, by a change in temperatsifgeiiformed in onestep.
¢t2 GKAAa SyRx fI00FasS 69/ M®PMA o Pazinobis@l a  dz
ethylbenzthiazolines-sulfonate) (ABTS) as the subtract. Laccase was chosen since it has been
attracting a large attention in the past yeadlsie to its ability to degrade a wide variety of

substrates, beingurrently considered a promising biocatalyst in-based industrie$:.2°

Results and discussion

Three watersoluble ammoniurbased ZIgNsssC3S$ Nssz:C3Sand N11C3S) with different
alkyl chain lengths, were synthesized and used in the preparation of ABS. Their molecular

structures are depicted ifigure 5.2.1 while theirdefinition is given in the.ist of acronyms
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Their synthesis was previously descrifedvhile cetails on their purity are given in the
Appendix C.ZsubsectiordNMR spectrum data of the synthesized¢¥ls

The ability of each Z| to form an ABS when mixed with PEGs of different molecular weight
(1540, 2000, 4000 and 6000 g-mMolvas firstly evaluatedand the respective ternary phase
diagrams were determinedt 25°C. Further details on the experimental procedare givenn
the Materials and experimental procedureChapter (section 2.3.2), and the detailed
experimental weight fraction data are given in thppendix C.4Tables C.2.10 C.2.5.

Both NssC3S and NMiC3S Zls are able to form ABS at°@5with all polymers studied;
however, N3iC3S, the ZI of intermediate alkyl chain length, dastsundergo phase separation
with any of the investigated polymers. A summary of the Zls ability to fofrEZbased ABS is
provided in theAppendix C.ZTable C.2.% To the best of our knowledge, this irregular trend
on the ABS formation with the increasf the alkyl side chain length of one of the phémening
components was never observed, and is certainly a result of a change in the balance of
competing interactions between the compounds present in the investigated ternary systems

due to the increasef the ZI alkyl chain&: 28

A . B
|
R, Acronym Ry, Ry, Ry R, :
N,;,C3S CH, (CH; )5 : 0] H
R,—N*—R, I H o~
N333C3S (CHz )3CH3 (CHz )3 : n
R; SO3 Ng55C3S (CH, ),CH; (CH; )3 :
I
|

Figure 5.21. (A) Chemical structures and acronyms of the ZIs u@@Chemical structure of PEG with
the molecular formula HO-CH2CH2)-OH

By plotting all the phase diagrams at Z5 €f. Appendix C.2Figure C.2.) it is possible to
appraise the influence of the length of the aliphatic moiety of the ZI, as well as of the molecular
weight of PEG on the solubility curves. The solubility curves indicate the minimum composition
required to brm an ABS, where mixtures with compositions above the curve are biphasic while
those below are monophasic. The larger the biphasic region, the higher the ability of the ZI to
induce liquidliquid phase separation ipolymer aqueous solution<Is with shder alkyl side
chains are more prone to form ABS with polymers, while the ability of PEG to induce phase
separation increases with its molecular weight, in agreement with trgardsiously observed
for ABS composed of polymer/slor polymer/IL¥ Thisis a consequence of the increasing

hydrophobicityof PEGwith higher molecular weight®
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After the previous assessment on thePHG potential to form ABS at a common temperature
(25 °C), these were then appraised at 35 and 45 °C, taking into accoumpénational
temperature range of most enzymes and to avoid their activity loss. The optimum operation
temperature of laccase is around 40*@Jthough this temperature can vary with the pH and
the laccase source, between 30 and 5G*Bigure 5.2.2epicts the phase diagrams obtained
for ZIPEG 600®ased ABS at several temperatures. The detailed experimental procedure used
and the experimental data obtained for PEG 6000 and remaining polymers at different
temperatures are provided in th&ppendix C.ZFgure C.2.2. It should be noted that &:C3S
does not form ABS with PEG 6000 at°@5 As previously observed forsaltbased AB%,
Zpolymerbased ABS also present two distinct behaviours with temperature, which depend on
the Zls alkyl chaintength: (i) an increase of the immiscibility region with an increase in
temperature for N1:.C3Sbhased ABS; and (ii) a decrease of the biphasic region with a decrease
in temperature for the MsC3Sbhased systems. ABS composed of Zls with smaller alkykchain
(N111C3S) display a lower critical solution temperature (L8$€)behaviour when mixed with
polymers, following the same behaviour as polyrselt ABS? Their formation seems thus to
be dominated by a saltingut phenomenon, where the ZI acts as tradtisig-out species? On
the other hand, the ABS formdxy the most hydrophobic ZI investigatedNsssC3S- present an
upper critical solution temperature (UCS¥pe behaviour, similar to those of polympolymer
ABS* At higher temperatures, the interdions between the polymer and ZI are more

favourable, enhancing thus their mutual solubility and reducing their ability to form?ABS.

$ 50 $ 40
23y -
E A * Y 3 B
~ 40 : ) =
=) S o 30
o = [=)
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Figure 5.22. Temperature effect in the phase diagrams of ternary systems composed-d&?&ZG 6000 +
H0 at 25 °Cy( ), 35 °C () and 45 °CX). (A) N111C3Sand (B) NsssC3Shased ABS.hEre is no
formation of ABS comprising PEG 6000 angd8S at 4%C.
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The temperaturereversible behaviour of the studied systems is also depict&tume5.2.2
¢2 O2YyFANY (GKA& O0SKIFOAZ2dINE | GSNYIFNE YAEGdINB |
for the system composedofiN/ o { = FyYR |0 np e/ F2:NI3EK®n, a2aidsSy
0KS GSYLISNI GdzZNBa ¢SNBE OKI y3S Rmposed af MiCaS/andlk YR Hp
NsssC3S, respectively, to induce the formation of a biphasic system. Details on these mixtures
compositions are described below, corresponding to the same mixtures at which biocatalysis
61 & OF NNASR 2dzi ®© 2 K S gurs,iaKop polydiidrich frase arl & hdittddd: G A 2y 2
Ztrich phase are formedlhisprovesthe thermoreversible behaviowf the studied systems,
which werethen applied to develojintegrated reactiorseparation biocatalytic processes.

The homogeneousbiocatalytic oxidation of ABTS by laccase was carried dutthe
monophasic regionfollowed by the separation of laccase from the oxidation product by
LINEPY2GAYy3d (GKS LKIFaAsSaQ aSLINIdGAz2y o6& (SYLISNI G dzN
the ZI employed in the AB&mation). Theoxidation of ABTS occurred through the addition of
laccase and ABTS to a monophasic mixture composed of ZI, PEG 6000 and water. The mixture
was carefully mixed during 1 min, at 40 °C for the:ZKd8S (20 wt% ZI + 20 wt% PEG 6000), and
at 25 °C for the ZIHC3S (39 wt% ZI + 13 wt% PEG 6Qe@perimental details are given in the
Materials and experimental procedur€hapter(section 2.3.2. The negligible effect of laccase,
ABTS and PBS in the phase diagrams behaviour and ABS phase compositions was confirmed by
the determination of an additional phase diagram in presence of all these components at the
concentrations used in the separatiassaygcf. Appendix C.2Figures C.2)3

For the two studied thermoreversible ABS, it was observed that laccase successfully catalysed
the oxidation of ABTS (colourless) to a highly stable goedvured ABT'Sradicaf® (Figure
5.2.3A. ABTS is a standasdbtract used to appraise the laccase activity, for which the yield of
reaction is considered as 100%. After that, a temperature change (from 23@akiceversg
was applied, inducing the separation of the system into two phases, while allowisg dwive
separation of the oxidized subtract and laccase, as showigimre 5.2.3Further experimental
details are given in thMaterials and experimental procedur€hapter(section 2.32).

Figure 5.2.3Rcf Appendix C.2Table C.2.9shows theextraction efficienciesER6) of the
studied systems for both laccase and oxidized ABTS, which correspond to the percentage
recovery of each compound to a given phase. Remarkably, laccase and the reaction product
partition to opposite phases, with extraoti efficiencies higher than 81% achieved in a single
step. For the two studied ABS, laccase preferentially partitions to thietzphase and the
reaction product to the PE@ch phase, allowing thus the selective separation of the enzyme
and product. Thetrend obtained for the oxidized ABTS is in good agreement with its

hydrophobic character ((loB.) = 1.937 where Ky, is defined as the octanalater partition
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coefficient), meaning that ABTS tends to enrich in more hydrophobic phases, corresponding to
the polymerrich phase. On the other hand, proteins and enzymes tend to preferentially migrate
to more hydrophilic (waterich) phases, and particularly laccase as demonstrated in the
literature 28 *therefore preferentially migrating to the Zich pha®. Previous works on the
separation of proteins using ABS formed by ILs and polymers support this beHéibur.

A Reaction - Monophasic system Selective Separation - Biphasic system

N...C35-based ABS Pow0
,-—="PEG-rich | i ~ | PEG-ich

50
40°C

: phase E phase
25°C ) ! 0
fi '
= - ! Ny55C35-

. . 1 rich phase
s~__ Zl-rich ! F

+ ABTS Temperature phase
—— _—

+ Laccase | change

o
)
T
w
=]

PEG-rich

“--PEG-rich | .
phase

I phase :
ZI + PEG+H,0 25°C 40°C L ; 0

«___. Zl-rich
-based ABS phase

Ny;,€35-
rich phase

Figure 5.23. (A)Oxidation of ABTS using laccase and tred&ctive separation from the reaction
product by changes in temperaturéB) Extraction efficiencies of lacca@e®s, ) and
extraction efficiencies of the greecploured ABTSadical ERA, ¥in ABS formed by PEG 6000
and NssC3S or Ni1C3S.

A remarkable extraction efficiency @D0% was obtained with the;NC3Shased ABS,e.
laccase and the oxidized ABTS are completely separated for opposite phases with no losses or
crosscontamination. It should be remarked that complete separations could also be achieved
with other Zibased! . { ©0& I LINRPLISNJ GFAft2NAYy3 2F GKS LXKIFA&S
the PEG molecular weight, ZI employed, or mixture composition.

In addition to the complete separation of the enzyme and the reaction product, it was further
confirmed that laccase maintains its biocatalytic activity after the separation step (experimental
details are givenn the Materials and experimental procedur€&hapter (section 2.32). This
maintenance in activity is of crucial relevance when envisaging the development of processes in
which the enzyme can be recovered and reused. To prove this concept, the phase enriched in
laccase (Zilich) was recovered and reed for the creation of a novel ternary system, as a new
biocatalytic reaction medium. A summary of the enzyme recovery/reuse process is depicted in
Figure 5.2.4Aexperimental details are given in thdaterials and experimental procedure

Chapter(section 32.2). Remarkably, it is possible to recover laccase and reuse it without losses

in the catalytic activity, for at least 5 consecutive cyckegure 5.2.4B This approach not only
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allows the recovery and reuse of the enzyme, but also allows the recaneryeuse of the ZI

rich phase required to form ABS, contributing towards the development of sustainable
biocatalytic processes. If a sustainable method is being proposed, thadPEihase should also

be recovered and reused. An ultrafiltration step wiaslly applied to the PEGch phase,
allowing the recovery of the oxidized ABTS and ZI from the polyictesolution (experimental
details are given iMaterials and experimental procedur€hapter section 2.3.3, showing that

it is alsopossible to reover the polymer with negligible losses.(Appendix C.2Figures C.2.4
andC.2.5.

A B
Reaction Selective Separation
. & 100 | _
25°C & 40 °C 8- S e m@m @ m

- — PEGrich | 3

PEG-rich phase - — phase S 751
—_— ] @

with ABTS 0 L g 50
Temperature w .

? 2 25
ke
&

| 0 ; ; ; :
5 Recycling of Zi-rich phase ( ) 5x i 1 2 3 s

Figure 5.24. (A)Flowchart of the integrated reactiegeparation process developed, including the
enzyme and Ziich phase recyclabilitfB) Relative laccase activity in therih phase in 5 cycles of

oxidative reaction, comprising both the recovery and reuse of the enzyme aithfihase.

Two works using twgphase systems with laccase as a biocatalyst were previously
reported:*? *®In the first work, it was shown the occurrence of enzymatic reactions (using laccase
from Polyporus versicolpin a twephase system, yet composed of one organic solvent, such as
hexane, toluene, tetrahydrofuran, acetone, among others, comprising the maibsand
products, and an aqueous phase which contains the enZyidewever, theenzymatic reaction
occurs in heterogeneous mediiee. at the interface, being thus essentially different from the
approach here proposed. In addition to the use of hazardmggnic solvents, the authoi%s
were not able to characterize the compounds obtained in aqueous solution due to difficulties in
obtaining them in sufficient amounts. Nicoted al*® isolated and characterized four© and
-O dimers from the steroid hortny” S -estradiol, formed by a catalytic reaction using laccase
from Trametes pubesceisa biphasic system, formed by ethyl acetate and an agueous buffered
salt solution. Also in this approach, biocatalysis occurred at the interface. These heterogeneous
reaction media usually require vigorous shaking and stirring to ensure the transfer of substrates
and products between the phases, which can cause enzyme inactivatibnis may be

responsible for the low yield obtaineda. 27%“ Andersson and HahHagedaP reviewed
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others works on bioconversion in conventional (polyrsalt and polymepolymer) ABS, using
different enzymes or living cells, but in all these cases ABS were used as heterogeneaus medi
i.e. with systems involving twiphases with the rea@n occurring at the interface. Moreover,

in these works, it was not possible to adequately separate the enzyme and the product for
opposite phases. To overcome this problem, the use of ultrafiltration units has been proposed.
The thermoreversible systenisere suggested thus overcome these limitations, allowing a
homogeneous biocatalytic reaction, with all the advantages in terms of kinetics and vyield,

followed by a complete separation of the products and enzyme by a small temperature change.

Conclusions

In this work it was demonstrated thaémperaturedriven reversible ABS composed of ZlIs
and polymers are efficient and sustainable integrated reaetieparation platforms in
biocatalytic processes. Reaction and separation steps can be carried out safjydmtitaking
advantage of their temperature switchable behaviour. The reaction step occurs at a
homogeneous medium, followed by the enzyme and products separation in -liquid
systems promoted by small changes in temperature. This approach avoidsdteof vigorous
stirring to improve mass transfer, as typically carried out in heterogeneous reactions, thus
contributing to the maintenance of the enzyme activity. Furthermore, the thermoreversible
nature of ZIPEGABS occurs at temperatures amenable keeping the enzymes stability and
activity (2545 °C). These systems further allow the complete separation of the enzyme and the
products in onestep, which are enriched in opposite phases, followed by the recovery and reuse
of both the Zirich phase an@nzyme. In addition to the example here discussed, reversible ZI
based ABS can be tailored to fit the requirements of other biocatalytic processes comprising

valueadded products.
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Conclusiong Future work- CHAPTER

This thesis is based on the useanfueous solutions ofLsas alternative solvents for &
extraction and separation dfigh-value biomolecules and on the design of more esfctive,
sustainable and integrated extraction/recovery stragsyi

In Chapter 3.1it wasshown that aqueous solutions of ILs and satistaining the tosylate
anion (taking advantage of the hydrotropy concept) can enhance the solubility and extraction
yield of caffeine from biomas&udies using mixtureof ILs and salts showed that the ions in
agueoussolution and not the initial ion pairare the key factor behind thémprovement in
caffeine solubilityand extraction yieldMoreover, he total caffeine content itsCG{.74 wt%)
can be extracted with aggous solutions of ILs or saltsta¥5 M, at a solverliquid ratio of 1:10
and at 25°C.The obtained resultdemonstratethat aqueous solutions of adequate ILs or salts
are promisingalternative solvents for the extraction of caffeineor other valueadded
compounds from biomass, avoiding the use ofvolatile organic solvenissophisticated
equipment andor high energetic inputsTo design sustainable processes other types of ILs,
ideally naturalderived and biocompatible, should be chosen instead. Inlithés and trying to
overwhelm the need of the target compounds recovery and additional steps in the overall
extraction/recovery process, an additional work on the use of aqueous solutioh&BILs for
the extraction of HMRrom Norway spruce knots waedeloped Chapter 3.2. The extraction
yields obtained showed to be better than those achieved with traditional extraction methods
and solvents; outstanding HMR extraction yields up to 9.46 wt% were obtained at 25 °C with an
aqueous solution of 1.5 M of/[(i 07 b/ i 8-lighd ratib of &.81f ®rR280 minutes of
extraction. Furthermore, it was found that the antioxidant potential of IL aqueous solutions
enriched in HMR are more promising than the recovered HbdiRsolid extracts, and that these
solutions can be safely used in nutraceutical and cosmetic applications. These results support a
new idea on the possibility of using directly theHMRextracts aqueous solutions without
requiring an additional isolation/recovery step.

Within the separations fid, novel reversiblepH and temperaturedriven ABS were
identified and characterized. Ithapter 4new reversible ltbased ABS are disclosed, with some
examples otheir applicatiors in the separationof several biocompounds. Ghapter 4.1, pH
driven Ilbased ABS by playing with the ILs speciation behaviour were designedianges
between homogeneouat acidic pH valuegind biphasicat alkaline pH valuesggimeswere
found to occurin a wide rang of pH values and compositions. Thgn#icant impact of pH was
then used to explore these systeragplicability in theseparation oDNA from onef the major
proteins present in human plasma, HSAKith the optimized system& was simultaneously
induced the precipitation of the protein (Apand thecompleteextraction of DNA tehe IL-rich

phase, which maintains its integrity at least up to 6 months of storage at-tehlphaseln the
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following chapter, Chapter 4.2 temperatureswitchable ABS composed ofater-soluble
ammoniumbasedZk and salts aqueous solutionsere described. A shift from adCSTo a
LCSTehaviour was observed by increasing the ZlIs alkyl side chains IgragthN:1.:.C4Sto
NsssC39, evidencinga change on the type of dominant interactiomsZtsalt ABS with thel
increasing alkyl chain$hese thermoreversible systeraBowed be efficient for the separation
of aromatic (Ltryptophan) and aliphatic (glycin@mino acids.

Reversible Hbased ABS were finally designed to act as integrated produsgparation
platforms (Chapter 5. InChapter 5.1it was showrthe influenceof pHto promote reversible
ABSand these systems feasibility to be used in ireduction and sepation of HMFfrom
fructose HMF was produced from fructose at acidic pH, and then separabedtfre unreacted
precursor by an increase in the pH and consequenmation of two-phase systemsin all
investigated systems, HMF preferentially migrates to thaci phase E&  F -96&bHwhile
fructose is enriched in the opposite lay&.  f -59%6pallowing the separation of the two
compounds.Chapter 52 is an additional example of productieseparation platforms by the
application of switchable ABS. The developezbompatible thermoreversible ABS, formed by
Zls and PEGof different molecularweights were applied inbiocatalytic processes.The
biocatalytic reaction involving laccase oaeuatin homogeneous mediand by temperature
changesthe formation of two phasesvas induced allowing theomplete separatiorof the
enzyme from the producfoxidizedABTS)n a singlestep. Furthermore,it was demonstrated
that it is possible to maintain the enzymatic activitylatcase at least in icyclabilitycycles,
representing a step forward on the development of more sustaingbtaluction-separatio
processesin summary, thee two works orreversible systembave potential to be used as
integrated platforms, in which reaction and separation steps can be carried out sequeanticlly
allowing the IL and remaining solvents recyclabjlitgking by this way advantage of their

switchable behaviouby the application of an external stimulus.
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As future work and taking advantage of the results achieved and discussed above, it would
be interesting to:

1 Conjugate two of the processes presenteé,solidliquid extractions of valuadded
compounds from biomass using ILs aqueous solutions followed by their purification
using Ikbased ABS, including their use in centrifugal partition chromatography to
appraise their feasibility at a large scale;

I Use d aqueous solutions of ILs with ions displaying biological activities to extract
valueadded compounds from biomass with similar features, aiming at using directly
IL-biomassextracts with improved biological activities directed to nutraceutical and
cosmetc applications;

f Development opH-dependent Itbased ABE K NP dz3 Kadditibni iokdesigrpH
driven switchable systems, yefth2 dziT OKI y3S&8 Ay GKSANI LIKI &S&¢

1 Explore other applications of switchabledddsed ABS by taking advantage of the
applied stimulus in order to develop other integrated productiseparation
processes;

1 Development of multresponsive Hbased ABS by combining different stimulus in
the same system, such as simultaneous g@htl temperaturedriven phenomena.

1 Development ofL-based aqueous multiphassystems taact as onestep separation

platforms of complex mixtures.
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A.l. Extractiornof caffeine from spent coffee grounds using aqueous solutions

of ionic liquids and salts

Caffeine solubility

Table A.1.1. Influence of the hydrotropes (ILs, salts and the mixture ILs + salts) concentration in the

solubility of caffeine in aqueous solutions at 25 °C

Caffeine solubility / (g-1)
0.25M 050M 0.75M 1.00M

Aqueoussolution

NaCl 192 + 09 173 + 12 150 + 12 130 + 1.2
@/ js CIY 277 + 22 295 + 19 317 + 09 328 + 1.0
NaCl+w/ J / SA 33,4 + 10 370 + 05 383 + 09 403 + 11
(1:1ina mole basis

Na[Tos]+w/ j /'S 3,9 + 10 368 + 1.1 385 + 1.0 401 + 05
(1:1ina mole basis

@l js KTHS] 446 + 09 517 + 23 535 + 26 571 + 09
Na[Tos] 443 + 12 507 + 13 537 + 08 585 + 1.8

Caffeine extraction

Table A.12. Caffeineextractionyieldswith different aqueoussolutions of ILssalts, and their mixtureat

different concentrationgT= 25°C,t =30min) for a S/L ratie= 010.

Caffeine extraction yields / (wt. %)
Extraction solution

1.00 M 0.75 M 0.50 M 0.25 M
NaCl 056 + 001 056 + 001 056 + 001 057 + 0.02
@w/j/sAY6/ 064 + 002 062 + 003 060 + 002 058 + 0.03
NaClH/ j 1 SAY ge9 4 002 067 + 002 0.66 + 00l 0.64 + 0.03
(1:1in a mole basis
Na[Tos]+w/ j /'S q29 4 001 069 + 0.03 068 + 002 0.66 + 0.02
(1:1ina mole basis
W/ j/ sAYB®(074 + 003 072 + 003 069 + 003 065 + 0.02
Na[Tos] 074 + 003 071 + 001 070 + 002 0.64 + 0.03
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A.2. Extraction of hydroxymatairesinol from Norway Spruce knots using

aqueous solutions of ionic liquids
Surface Respongiglethodology ¢ Experimental procedure

Table A.21. 23factorial planning.

Experiment 1 -2 -3
1 -1 -1 -1
2 1 -1 -1
3 -1 1 -1
4 1 1 -1
5 -1 -1 1
6 1 -1 1
7 -1 1 1
8 1 1 1
9 -1.68 0 0
10 1.68 0 0
11 0 -1.68 0
12 0 1.68 0
13 0 0 -1.68
14 0 0 1.68
15 0 0 0
16 0 0 0
17 0 0 0
18 0 0 0
19 0 0 0

20 0 0 0

Table A.22. Coded levels of independents variables used in the first and second factorial planning.

Level
Studied Axial Factorial Central Factorial Axial
Symbol

parameters -1.68 -1 0 1 1.68

Concentration 0.2 0.6 11 1.7 2.0
(M)

Extractiontime 29 90 180 270 331
(min)

Solidliquid ratio Ratio S/L 0.01 0.05 0.10 0.15 0.19
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HMR extraction

Table A.23. HMR extraction yield frolorway spruce knotwith different aqueous solutions of ILs (at
1.5 M) and volatile solvent3 € 25°C,t = 180 min) for a S/L rat® 010 and for a S/L ratis 0.02. Rtio
of HMR2/ HMRL1 for a Statio = 0.10 or for a S/L ratme 0.02

HMR Total Yield (vo) Ratio HMR 2/1
Solvents = afio= 0.02| S/L raio=0.10 | S/L ratio=0.02 | SIL ratio= 0.10

Acetone 5.00 £ 0.20 0.94 =
Water 438 = 0.25 1.12 £ 0.15
@/ j/sAY 68 + 019| 652 + 024 | 1.65 + 013 | 143 + 0.28
&/ j /¢g/AsY| 622 + 0.17| 583 + 0.09 | 1.65 + 0.10 | 1.60 + 0.11
@/ j/ sAY 646 + 002| 552 + 000 | 1.74 + 002 | 155 + 0.09
@/ j/sAY 737 + 031| 591 + 009 | 141 + 027 | 124 + 0.6
@/ st &Nb| 549 + 005| 522 + 014 | 1.57 + 0.11 | 156 + 0.04
w6/ i 07 b| 564 + 007| 530 + 008 | 1.76 + 002 | 1.68 + 0.11
6/ 7 0i b| 58 + 008| 555 + 020 | 1.84 + 015 | 1.73 + 0.04
6/ j 0i b| 566 + 027| 511 + 013 | 152 + 0.18 | 153 + 0.04

SurfaceResponse Methodology

Table A.24. Experimental data and response surface predicted values of the factorial planning.

. . Exper imental Predicted yield Relative
Experimen t C Ratio yield .
. of HMR Total deviation
t (min) (M) S/L of HMR Total (Wi%) (%)
(Wt%)
1 331 1.1 0.10 8.04 7.56 -6.26
2 270 0.6 0.05 6.43 6.55 1.91
3 270 1.7 0.05 8.09 8.37 3.33
4 270 0.6 0.15 5.41 5.72 5.42
5 270 1.7 0.15 7.38 7.74 4.66
6 180 0.2 0.10 3.96 3.84 -3.18
7 180 2.0 0.10 7.47 7.10 -5.14
8 180 1.1 0.01 8.53 8.44 -1.00
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9 180 1.1 0.19 7.80 7.40 -5.44
10 180 11 0.10 7.40 7.36 -0.56
11 180 11 0.10 6.95 7.36 5.54
12 180 11 0.10 7.40 7.36 -0.56
13 180 11 0.10 7.47 7.36 -1.56
14 180 11 0.10 7.50 7.36 -1.92
15 180 11 0.10 7.34 7.36 0.24
16 90 0.6 0.05 5.78 5.76 -0.29
17 90 1.7 0.05 7.60 7.63 0.44
18 90 0.6 0.15 5.08 5.15 1.26
19 90 1.7 0.15 7.00 7.22 3.03
20 30 1.1 0.0 6.48 6.47 -0.21

Table A.25. Regression coefficients of the predicted secander polynomial model for the HMR
extraction yield obtained from the RSMZ=R0.954 andaij= 0.913.The statistcalresults obtained are in

terms of the coded values of the factors.

Regression  Standard

coefficients  deviation U omdent(10) - Pvalue

Interception 7.359 0.136 53.970 <0.05

Time 0.326 0.091 3.607 <0.05
Concentration 0.971 0.091 10.727 <0.05
Solidliquid ratio -0.311 0.091 -3.439 <0.05

Time -0.122 0.088 -1.381 0.197
Concentratiod -0.668 0.088 -7.576 <0.05
Solidliquid ratic? 0.199 0.088 2.258 <0.05

Time3 Concentration -0.014 0.118 -0.119 0.907
Time3 Solidliquid ratio -0.054 0.118 -0.458 0.657
Solidliquid ratio® Concentration 0.050 0.118 0.421 0.682
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Table A.26. ANOVA data for thextraction of HMR obtained from the RSM design.

Sum of square¢ Degrees of freedon Mean square Fvalue P-value
Regression  23.20926 9 2.578807 23.07013 0.000015
Residuals 1.11781 10 0.111781
Total 24.32708

t*C
C*Ratio S/L
t*Ratio S/L

tZ

R2 I
Ratio §/L ===
——

HI_lI_I“

t
CZ
C

Figure A.21. Pareto chart for the standardized main effegsitive (yellow) and negativgieen) in

the factorial planning for the HMR extraction. The vertical line indicates the statistical significance of the

effects.
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Figure A.22. Observed valuegsPredicted values.
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Studentized Del. Residuals

-0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 03 0.4 0.5 0.6
Raw Residuals

Figure A.23. Distribution of residuals.

Table A.27. Predicted yield of HMR total (wt%) using an IL concentrattdn5M and a solidiquid

ratio of 0.01 at different extractions times.

t (min) | predicted yield ofHMRtotal (wt%)
220 8.94
240 9.00
260 9.04
280 9.10
300 9.11
320 9.13
340 9.13

Recyclability of the biomass

A Yield (wt. %) B Concentration (g-L!)

12

[y
]

£ _

£ 10 7, 10

3 B

° 8 = 8

2 =

= 6 8 ©

3 4 £ 4

e =

g 2 <, w

T o o

0.01 0.1 0.01 0.1
Ratio S/L Ratio S/L

Figure A.24. Results ontheuse ol |j dzS2 dzd &2t dziA2ya 2F w6/ i 0i b/ i 8. NJ
extractions of the sambiomasssample, at the optimized operational conditions (sdliglid ratio of
0.1 or 0.01 during 280 min and at 25).(A) HMR total extraction yield an(B)concentrdion obtained
during the biomass recyclability studigsreenbars 15t cycleg (purple barg 2" cycleand plue barg
3d¢ycle
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Table A.28. HMR total extraction yield and concentration obtained during the biomass

recyclability studies.

HMR Total Yield (wt%) [HMR Total] (g}
S/L ratio = 0.01 S/L ratio = 0.10 S/L ratio = 0.01 S/L ratio =0.10
15t Cycle 9.46 7.59 0.97 7.93
2" Cycle 1.01 3.00 0.10 3.13
3 Cycle 0.00 0.30 0.00 0.30
4" Cycle 0.00 0.00 0.00 0.00
$ 10 N.2 of extraction | HMR Total Yield
o cycle (wt. %)
% 3 | | ‘ l 1st 7.85
T 6 i | ‘ | ‘ 2nd 7.89
= ? , ; \ 3rd 7.16
g 4 { { 5 l 4 6.86
e | ; i 1 5th 5.26
S | | ! —S 6th 0.60
T o total 35.62
1 2 3 4 5 6
N.2 of extraction cycle
Figure A25.1 aw SEGNI OGiAz2y @AStR FOO0O2NRAY3I (2 GKS NBdzal oAt

1.5 M. This solution was used for 6 successive extractions at the optimized operational conditidas (soli

liquid ratio of 0.1 for 280 min and at 2&) using hew biomass samples in each cycle.

HMR 2}
| iHMR 1

Absorbance at 280 nm (mv)

Retention time (min)

Precipitate: purity: 65 %

o

n\"

15 20

Figure A.26. HPLEDAD chromatograms of the HMR extract in aqueous solutions -ef)laifd

precipitated HMR-().
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Antioxidant activity assays

Table A.2.9Antioxidart activity of the different HMR extrast

Type of extract Time (h) Lg AAEMG of extract
Soxhlet Extract 0.5 21.61 + 3.57

1.5 20.32 + 3.04

2 19.47 + 3.02
IL+Extract 0.5 21.82 +6.97

1.5 19.51 + 6.54

2 18.97 + 6.89
Precipitated Extraci 0.5 2.56 £0.61

1.5 220+04

2 2.25+0.51

Analysis of the scal@ip potential of the proposed process

To appraise thextractionprocess scal@p viability, the following equation was used:

Y 8 0 0 © O i 11 (Eq. A.21)!

This equation was proposed by Passbal? as a simplified model that relates the return (R)
associated to the extraction of a particular valagded compound when ILs are used as
extraction solvents.In K. (A.21) the return per kg of treated biomass is equal to the gain,
defined by the extracted concentration of the target compound in the biom@ss)( times its
priceper{ 3 prod), inus the cost associateéd i KS 0 A g, larid dhe @xiaction process
that we assumeo be proportional to the cost of the IL lost in each kg of biomass treated. The
cost of the IL lost in the process is given by the volume of the IL needed to treat one kg of biomass
MO X GAYSa A G timedNde @Bo of 0SIdEL duriig éldrecycling approach i(lios),
that in our case is of 100% because we do not pretengcycle the IL. The factprrepresents
the proportional costs of the procesand the noRLINR LI2 NI A 2y I f O2vyaidl yi
constant costsThrough the apptiation ofEq (A.21) it is possibléo understand which variables
display the most relevant impact on the return of a given proéess.

In the developedprocess,taking in account a solidiquid ratio of 1:10 and an IL
concentration of 1.5 M, and that theokution will be reused five times until saturatip®.8 kg of

ILkGiomasst I NB Y SSRSRI 6 A ( kg (siyfall scilepridMihqubthe 2eEovamwnoin €
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the IL (i lost = 100%)In Figure A.Z{A it is possible to see a linear relationship between the
return and the production cost if a negligible cost of the biomass is assumed ($biom = 0). Thus,
as it is possible to obtain a high concentration of the target compound (37 wt% of HMR), the
cost of he ILs is the main factor responsible for the final product cost, mainly because we do
not aim the IL recycling. Therefore, for this process to become economically viable it is necessary
to employ ILs with a cost lower than 81 §(Fgure A.27B), whichis perfectly achievable if the

process is scaledp and industrial reagents are acquirédinstead of using those available at a

lab-scale.
A B
. -1 -
IL aq. Solution — 110 €-kg IL aq. Solution — 11 €-kg*
20 : 20 :
a=2 : a=2;
15 o 15 a=5
g . ' 0=7.5
3 .
$ 10 g 10
= a=7.5 o
x
5 ® 5
0 - 0 :
0 500 1000 1500 2000 0 500 1000 1500 2000
€prod KBproa™ €orodKBprod™

Figure A.27. Return obtained for each kg of treated biomass as a functionelfitttost(A) IL price of
MMakgdB)L[ LINA®RB. 2F mMm ¢
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Reversible Ithased ABSAppendix B

B.1.pHresponsive aqueous biphasic systerdmsmed by ionicliquids and

polymers
Determination of the ABS phase diagrams and-likes (TLs)

Table B.11. Experimental weight fraction da for the systems composed of PPG 4Dp+[Ch]CI2) +
H0 (3) at 25 °C aretmospheric pressure.

LI £ c LI £ p LI £ n LI £ o
100w, 100w- 100w, 100w- 100w, 100w- 100w: 100w:>

59.7532 4.1395 | 52.8723 5.5387 | 52.7824 5.9084 | 58.3564 5.3205
49.4185 5.3248 | 46.4150 6.4181 | 42,9307 7.1386 | 49.2396 6.3663
35.8966 6.9097 | 40.7974 7.1892 | 39.2582 7.7223 | 40.4128 7.3836
32.4552 7.4524 | 36.8239 7.6400 | 36.4770 7.9673 | 31.6416 9.6679
29.6019 8.2317 | 33.6122 8.3820 | 34.5635 8.3681 | 28.8933 10.3231
26.7506 9.4906 | 27.6148 10.3735| 31.2450 9.3932 | 27.0617 11.0236
24.4788 10.5980 | 25.7613 10.9259| 28.4750 10.1740| 25.6632 11.8768
18.4968 13.3364 | 23.7786 11.8542 | 26.2602 11.1482| 21.7211 13.9509
17.5558 14.0857 | 22.2997 12.6928 | 24.6853 12.1823 | 20.4996 14.8983
16.6818 14.8366 | 20.9626 13.5935| 23.0535 13.0662 | 19.2025 15.8738
15.5831 15.9160 | 19.8542 14.4509 | 21.8673 13.7015| 18.0334 16.3081
14.8640 16.7543| 18.5097 15.7845| 20.4640 14.8041| 17.1847 17.2285
14.3194 17.0226 | 17.1164 16.7403 | 19.3719 15.2737 | 16.0937 18.0482
13.6968 17.6815| 15.8749 17.9693| 18.2690 16.1415| 15.5562 18.3674
13.2829 18.1224 | 15.1095 18.6685| 15.6427 17.4720| 15.0386 18.9172
12.8191 18.3980 | 14.1274 19.8070| 14.3531 19.0349| 14.5618 19.4484
12.4294 18.8661 | 13.1325 20.6890 | 13.3947 19.9554 | 14.0055 20.0191
0.0000 0.0000 | 12.2130 21.6637| 12.6118 20.9712| 13.5096 20.3838
11.6097 19.9104 | 11.5915 22.4241 | 11.9627 21.6976| 13.1025 20.7967
11.1937 20.2424 | 10.7515 23.4144 | 11.4323 22.2675| 12.5953 21.3281
10.7458 20.7799 | 10.0731 24.4786 | 10.8227 23.0596 | 12.0384 21.8452

10.4340 21.0027 10.2984 23.7361 | 11.6476 22.2494
10.0677 21.4114 11.1255 22.9989
9.6171 22.0911 10.6908 23.6781
9.3013 22.5695 10.2762 24.0234
8.9851 22.9893 9.9460 24.4708
8.6572 23.3424 9.5722 25.0197

8.3524  23.6269
8.0836 24.0514
7.7731 24.3902
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Table B.12. Experimental weight fraction da for the systems composed of PPG 400+IL(2) + HO

(3) at 25 °C andtmospheric pressure.

[Ch]CI [Chlw/ s/ hi 8
LJI F H L F ™ LI F o
100w 100w 100w 100w 100w 100w
46.7755 6.9008 57.0021 5.8068 62.2434 2.5662
40.8679 7.2435 48.8889 6.4576 53.3027 3.6444
34.6006 8.5195 43.0007 7.1546 45.0223 4.2765
32.1922 9.0772 39.2462 8.0611 40.2374 4.8220
30.1997 9.7495 24.0966 13.6377 35.7533 5.5826
28.5268 10.7455 22.9697 13.9400 32.3194 5.9866
26.2866 11.6911 21.5344 14.6861 30.3054 6.3806
24.4148 12.5483 20.0900 15.3788 28.0351 6.8690
22.6845 13.6216 19.2542 15.9541 23.8764 7.8872
21.0476 14.9172 18.2562 16.6517 22.4079 8.4851
19.0809 16.3731 17.3228 16.9136 20.7062 9.2137
17.5593 17.5620 16.2446 17.9112 19.2778 9.9999
16.2876 18.5948 15.2223 18.6531 16.0776 11.1828
15.5805 19.4104 14.2998 19.7305 15.4904 11.4911
14.8130 20.2956 13.5687 20.5798 14.9912 11.8453
14.0085 21.2632 12.8833 20.8624 14.4345 12.3824

13.4975 21.8212 12.5215 21.2633 13.8961 12.6638
12.9722 22.3954 12.0080 21.8916 13.3943 12.9397
12.9830 13.4865
12.4644 13.9071
12.0131 14.2372
11.6145 14.5842
11.1326 14.8984
10.8677 15.1538
10.5030 15.5629
10.1721 15.9009

9.8193 16.2896
9.4237 16.6121
8.9030 17.6248
8.6957 18.0559
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Table B.13. Experimental weight fraction da for the systems composed of PPG 400 (1) + [€h]id 8
(2) + HO (3) at 25 °C armtmosphericpressure.

LI F vy L1 F 7 LJ F c LI F p
100w 100w 100w 100w 100w 100w 100w 100w
54,6031 5.0394 | 56.4943 6.8460 | 48.0396 9.5022 | 54.1295 9.8833
48.8655 6.0096 | 51.4596 7.7135 | 46.2564 9.9356 | 51.0816 11.6533
29.9665 11.8524 | 47.5712 8.3634 | 44.6495 10.7930| 49.3503 13.3356
27.9906 12.7336 | 44.6179 9.2990 | 43.3274 11.0511| 46.2413 14.5185
26.6476 13.4651 | 34.2213 10.9544 | 40.6562 11.9750| 42.4865 18.0246
24,7729 13.9703 | 32.3083 11.2973| 39.1273 12.7216| 39.4951 20.9362
23.3359 14.6873 | 30.9894 11.7560| 37.7614 13.7091
22.0874 15.1576 | 29.4847 12.0318| 36.7350 14.0281
20.6967 15.8834 | 28.5021 12.4839 | 35.3484 14.8988
19.4767 16.8004 | 27.5649 12.9219| 34.5000 15.2042
18.2613 17.3891 | 26.6191 13.4923| 33.2758 16.0089
17.3460 17.8304 | 25.0059 14.1441| 31.7019 16.4039
16.3928 18.4987 30.5723 17.4661
15.5605 19.0674 28.6270 18.7499
14.8769 19.3999 26.9100 19.9894

25.2884 21.4396
23.5715 23.2259
22.2588 24.7318
20.9626 25.8128
19.6128 27.7123
18.3490 29.6039
17.0761 31.8186
15.6422 34.9359

Table B.14. Experimental weight fraction da for the systems composed of PPG 400+
[Chiw/ i /(2 + HO (3) at 25 °C aratmospheric pressure.

LI F vy LI £ 7 LI F£ c LJI F£ p
100w, 100w 100w1 100w 100w1 100w: 100w1 100w-
445952 5.7175 | 56.4943 6.8460 | 55.5307 8.2453 | 61.4200 8.8946
41.3783 6.1279 | 51.4596 7.7135 | 51.6542 9.3539 | 56.8397 11.2466
34.4822 6.8389 | 47.5712 8.3634 | 49.8029 10.3037 | 52.4439 12.9165
32.4571 7.1200 | 44.6179 9.2990 | 46.8573 11.2386| 50.1136 13.6458
31.1750 7.4391 | 34.2213 10.9544 | 44.4757 11.7993| 47.5044 15.5158
27.6950 8.6203 | 32.3083 11.2973| 42.6258 12.5584 | 45.3968 17.0625
26.3713 8.9673 | 30.9894 11.7560| 40.6863 13.2181
24,7850 9.7275 | 29.4847 12.0318 | 35.6820 14.9487
23.1773 10.0498 | 28.5021 12.4839| 34.2739 15.3597
21.9820 10.7785| 27.5649 12.9219| 32.6688 16.1998
20.5827 11.3181| 26.6191 13.4923| 31.3793 16.3884
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19.3680 11.6819 | 25.0059 14.1441| 30.4884 16.8421
18.4598 12.2914 | 23.9300 14.7874| 29.8749 17.5404
17.2735 12.6296 | 22.7203 15.4359 | 29.0650 17.8387
16.5801 13.1291 | 21.4602 16.4649 | 27.9969 18.9169
15.7179 13.7294 | 20.0449 17.4179| 27.0550 19.7528
14.8602 14.4935| 18.7946 18.1425| 26.0586 20.4862
13.9646 15.0787 | 17.4092 19.0483
13.3363 15.3438 | 16.6174 19.6840
12.6596 15.9378 | 15.7684 20.4511
12.1134 16.4191 | 14.8904 21.1748
11.4332 17.1174 | 14.1233 21.8795
11.0200 17.5610| 13.3370 22.9640
10.4604 18.1920| 12.5012 23.9935
9.9837 18.6085| 11.6981 25.2076
9.5463 19.0402| 10.7417 27.0962
9.1016 19.5564

Table B.15. Experimental weight fraction da for the systemsomposed of PPG 4@0) #Ch][Lac]
(2) + HO (3) at 25 °C armtmospheric pressure.

LI £ 7 LI £ ¢ LI £ p LI £ n

100w, 100w 100w1 100w 100w 100w 100w1 100w-

56.9575 3.5283 | 58.7605 4.7414 | 46.7239 9.1828 | 54.8035 11.3515
35.5059 6.2014 | 56.0807 5.4008 | 44.6863 9.9975 | 50.4094 14.4250
33.0561 6.6436 | 53.6867 5.8983 | 43.2509 10.3578 | 46.9767 16.8815
30.0739 7.6275 | 50.0782 6.3409 | 41.5848 10.9828 | 44.1931 18.7172
26.6982 8.4305 | 48.2521 6.8630 | 35.2355 13.0357 | 41.5404 20.4667
23.8971 9.0050 | 45.0155 7.5570 | 33.2873 13.9893| 38.7645 22.5816
22.0381 9.5716 | 42.3031 8.0129 | 31.2925 14.8492 | 35.8946 25.0858
20.4718 10.5160 | 39.8886 8.3647 | 29.7590 15.5212| 33.5717 27.1607
19.1057 11.3305| 38.5278 8.7424 | 27.9996 16.3845| 31.7752 28.8225
17.6568 12.1084 | 37.3275 9.1039 | 25.9459 17.6506
16.4701 12.6995| 36.1461 9.4873 | 24.4075 18.4441
15.6712 13.0326 | 34.2409 9.8379 | 21.0115 21.2016
14.9078 13.5705| 32.7047 10.2688 | 19.8296 21.9969
14.1921 14.1030| 31.0008 10.7548 | 18.5687 22.7285
13.5151 14.5670 | 28.7951 11.5977 | 17.4251 23.7080
13.0089 15.0409 | 26.8138 12.5599 | 16.2915 24.7439
12.3006 15.5938 | 25.0422 13.3312| 15.6619 25.4254
11.7019 15.9777| 23.3603 14.0865| 14.7127 26.3039
11.1916 16.5126 | 22.2641 14.9301 | 13.5136 27.6597
10.7446 16.9131| 20.9622 15.7390| 12.6090 28.8469
10.3590 17.2277 | 19.7527 16.4743| 11.6030 30.3170
9.9392 17.6969 | 18.5438 17.4251| 10.9748 32.0263
9.5100 18.0761 | 17.2843 18.1701 | 10.1309 33.1935
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16.2173 18.8301| 9.2899 34.5470
15.4649 19.4988
14.5479 20.1697
13.6239 20.9971
12.8825 21.5915
12.1359 22.6195
11.1002 23.4026
10.3702 24.4070
9.6582 25.0032
8.7701 26.0296

Table B.16. Experimental weightraction dda for the systems composed of PPG 4Dp+[Ch][Gly]
(2) + HO (3) at 25 °C armtmospheric pressure.

LI F T LI F c LI F n
100w, 100w, 100w, 100w, 100w, 100w,
62.9671 3.1708 59.7877 4.9948 57.8111 6.7937
51.3010 4.0717 51.4078 5.9067 51.0564 8.0817
43.8295 5.1693 46.3200 6.6792 47.5512 9.0382
36.9375 5.7690 42.8885 7.3476 445361  10.0949
28.0324 7.2200 39.8920 7.9482 416892  10.8792
25.7823 7.6551 37.0065 8.4363 39.8818  11.7668
24.0925 8.1523 34.5014 8.8010 37.6512  12.2464
22.4759 9.0019 32.6456 9.3662 34.0591  13.6205
20.8381 9.6107 30.6550 9.6897 31.3547  14.6370

19.3942 10.3030 28.7295 10.7020 28.8978 15.6352
18.1418 11.0393 26.4707 11.4722 27.6539 15.9857
16.9162 11.7583 24.7902 12.0716 25.8482 16.8336
15.9441 12.3304 23.6134 13.3213 23.9382 18.1751
15.0238 12.7526 22.2632 13.7163 22.4799 19.2959
14.2388 13.4776 20.5797 15.4497 20.7106 20.5423
13.5185 13.7305 19.3834 15.9492 19.2389 21.3595
12.8304 14.3680 18.1396 17.0536 17.9515 22.7080
12.1284 14.8950 16.7612 17.7890 16.6972 23.6229
11.4602 15.6133 16.0667 18.3390 15.4629 24.7914
10.8353 16.0448 15.0440 19.5769 14.4042 26.0293
10.2723 16.6132 13.9212 20.1407 13.3780 27.3638
9.6447 17.1678 12.4944 22.3703 12.4233 28.5322
11.5647 23.1238 11.2612 30.4304
10.8146 23.7316 10.3707 31.4536
9.9253 24.4484

153



ILs in separation processes

40

30 A

[PPG 400]/ (molkg™)

20 A

10 A

40

60

50 A

40 A

30 A

[PPG 400]/ (mol'kg?)

20 A1

10 A

0 10 20 30
[IL] / (molkg™?)
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Table B.17. Identification of the systemable {/) or not able {J)) to form two-phase systems as a

function of the pH at 25°C andatmospheric presure

pH 9 8 7 6 5 4 3 2 1
[Ch]CI Y, Y, v Y, Y,
[Chl[& hi V vV Vv vV Vv u u u U
[Ch][Gly] V. oV % U U U
[Ch][Lac] \Y V V V U U U
w/ K6 w/ \% \% \% \Y ) U U U

Separationof HSA and DNA

Table B.18. Extraction efficiency to the dtich phaseand yieldof DNA and HSA.

DNA HSA

IL pH EEo Y% (=27 Y%
= /| 9856 * 0.08 98.29 + 1.00| 95.00 + 0.50 40.00 *= 8.00
O, 6 | 9928 + 011 99.16 + 1.73| 91.18 * 1.34 40.00 = 7.87
g 59891 + 0.17 10146 += 1.78| 87.03 + 200 4396 =*= 5.00
— 4 | 9565 + 084 98.00 * 489| 3094 + 400 62.00 * 5.00
— 819878 + 017 96.43 + 6.49| 97.00 + 5.00 100.00 + 2.00
-~ 7 ] 9813 + 0.21 10041 * 5.14| 96.42 + 5.00 100.00 + 2.00
?g- 6 | 9520 *+ 0.62 9403 = 0.43| 95.03 + 498 100.00 = 3.84
© 5 | 9000 + 048 9500 + 6.21| 56.59 * 4.46 100.00 + 4.49
~ 9 | 985 + 0.12 105.00 + 8.00| 99.61 =+ 0.06 106.32 = 8.41
® 8 | 9800 + 1.09 100.00 + 6.04| 95.00 + 0.10 104.48 + 4.17
;5_‘ 7 | 9878 + 0.06 104.00 + 3.63| 97.93 = 0.05 105.00 = 2.37
G 6| 9867 + 0.01 9800 + 200 96.79 + 0.54 105.00 + 8.00
— 5| 9332 + 0.09 10421 + 7.02| 59.66 *+ 1.00 100.00 + 2.00

6 | 100.00 + 0.09 100.00 + 1.50|100.00 =+ 1.00 86.00 + 2.00
— 9 | 9981 * 0.02 10433 + 0.30|100.00 + 0.99 8431 * 197
% 4 | 99.80 * 0.02 103.42 + 1.39|100.00 + 0.87 70.20 * 6.23
G 3] 9983 + 0.02 100.46 = 0.52|100.00 + 1.01 45.00 * 8.00
T 2] 9981 + 001 10552 * 0.74|100.00 + 1.32 33.28 + 7.00

1 ] 9995 + 0.05 3446 + 5.00|100.00 + 0.88 17.35 + 7.00
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Table B.19. Identification ofthe ABSwith precipitation(V) or not () of HSAand DNA at different pH

values.
DNA HSA
PR [Chl[Gly] &/ K& &/ &/ K& &/ [Ch][CI]| [Chl[Gly] &/ KB ¢/ ¢/ K8 &/ [Ch]CI]
1 \Y; \%
2 u \Y
3 U Y%
4 u u \Y \Y
5 U U U U \Y U U \Y
6 U U U U \Y U U ---
7 U ) U --- \Y U U ---
8 - U U - - U U -
9 --- - U --- --- --- U -

Purification of DNA usindgCh][Gly}based ABS

=
i 100 - 4,_,——0\_5.-----
c Q@-----77 S - —
s - -
R 80 - 9;/ ]
m s 4

60 A

40 A

20 4

0 B T

7 6

pH
Figure B.12. DNA extraction efficiency to the-tich phase EER6, bars) and HSA yiel4,symbol$ in
ABS composed of [Ch][Gly] at different pH vallB@$A:HAS mole ratioorgnge 1:1, @reer) 1:2,
(blue) 1:3, { ) 1:4 and jjurple) 1:5.
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Table B.110. Extraction efficiency of DNA to theiiich phaseand respective yeilth the ABSormed
by [Ch][Gly] at different pHhalues.
Y% EE%

pH ADN:HSA ratio (w/w) ADN:HSA ratio (w/w)

oMY oMY oMY O6MY OMY oMY OMY OMY OMY OMY
94.10 71.00 101.90 105.50 104.60| 90.60 94.70 96.30 92.20 93.80
103.00 86.00 79.50 72.50 62.50|86.70 85.90 73.70 81.00 78.50
97.00 101.70 100.50 101.80 104.60| 85.90 84.40 88.60 90.10 90.30
94.10 85.50 78.60 78.00 74.90|79.20 81.90 88.50 84.70 87.60

N o o1 b

Table B.111. Identification of the systems with precipitatioiv § or not U) of HSA in ABBrmed by
[Ch][Gly]at different pHvalues

DNA: HSA weight ratio
pH
1:1) (12 (1:3) (14 (15
7 U U U U U
6 U V V V
5 V Vv V Vv
4 V V \V/ vV V
A 25 g 30
——PBS
20 oG
15 Choaioi & 20
Cho-Gly-pH 5 —_
o 10+ Cho-Gly-pH 4 8
3 g 10-
S 5 g
£ =
= 99 < 0
o 5] 8 — PBS,pH 7.2
O 101 10 — [Chol[Gly], pH 4
-154 — [Cho][Gly], pH 5
-20 — [Cho][Gly]. pH &
20 —— [Chol[Gly], pH 7
-25 . 225 280 275 300 325 350

220 240 260 280 300 320 340
Wavelength (nm)

Wavelength (nm)
Figure B.13. Circular dichroism (CD) spectra of standard DNA and DNA recovered from the bottom
phase of [Ch][Glybased ABS at different pH valués) after extraction and immediate recovergB)

after storagefor six months at room temperatured. 25°C) andrecovery. All CD spectra were

recorded in PBS (0.01 M, pH 7.2).
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B.2. Temperatureresponsive aqueous biphasic systems composed of

ammoniumbased zwitterions and salts

NMR spectrum data of the synthesized Zls:

Ns5sC3S1H (400 MHz; BO;4 /ppm relative to TM5): 0.77 (9H, 11=7.00), 1.22 (12H), 1.52
(6H), 2.01 (2H), 2.83 (2HJ7.00), 3.10 (6H), 3.25 (2H). Elemental analysis (%)sfsld0:S:
Found: C, 61.37; H, 11.67; N, 3.76; C/N, 16.32. Calculated: C, 61.85; H, 11.25; N, 4.01; C/N,
15.42.

N23aC3S1 1 (400 MHz; BO; 1 /ppm relative to TMS): 0.83 (9H,17~7.30), 1.55 (6H), 1.98
(2H), 2.83 (2H 1=7.00), 3.06 (6H), 3.26 (2H). Elemental ana{@éjsfor GHNQ:S: Found
C,53.22; H, 10.50; N, 44.89; C/N, 10.89. Calculated: C, 54.31; H, 1d228NC/N, 10.29.

N222C3S1 1 (400 MHz; BO; L /ppm relative to TMS): 1.16 (9H,3=7.30), 2.01 (2H), 2.86
(2H t,J=7.10), 3.22 (8H). Elemental analysis (%) §b:NO;S: Found: C, 47.77; H, 9.55; N,
5.92: C/N, 8.07. Calculated: C, 48.4; H, 9.48:A; €/N, 7.72.

N11:C3S1 1 (400 MHz; BO; 1 /ppm relative to TMS): 2.12 (2H), 2.86 (2H]+7.30), 3.03
(9H), 3.37 (2H). Elemental analysis (%) &t80;S: Found: C, 39.60; H, 8.51; N, 7.38; C/N,
5.36. Calculated: C, 39.76; H, 8.34; N, 7.73; C/N, 5.14.

N111C4S1 4 (400 MHz; BO; 1 /ppm relative to TMS): 1.68 (2H), 1.82 (2H), 2.85 (24, t,
=7.30), 3.00 (9H), 3.25 (2H). Elemental analysis (%yHMNO:S: Found: C, 41.19; H, 8.93;
N,6.48; C/N, 6.3%alalated: C, 39.42; H, 8.98; N, 6.57; C/N, 6.00.

Table B.21. Thermal properties of the synthesised ZlIs: @melting temperature. Td,

decomposition temperature.

y4 Tm (°C) T4 (°C)
NsssC3S 170 268
N33sC3S 228 282
N>2,C3S 186 300
N11:C3S 195 368
Ni1:C4S 185 353
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Determination of the ABS phase diagrams

Table B.2. Experimental weight fraction da for the systems composed bifssC3S (1) + salt (2) +

H0 (3) at 25 °C aretmospheric pressure.

KPQ KRPG KeHPQ KCQ
100w, 100w 100w, 100w 100w, 100w 100w, 100w
53.89 0.78 67.81 1.04 68.61 0.84 33.17 3.57
50.06 1.44 62.93 1.34 60.23 1.07 10.29 7.12
46.98 1.54 59.87 1.63 53.44 1.24 8.12 8.19
43.93 2.42 56.28 1.89 50.56 1.46 5.77 9.29
27.24 4.60 53.97 2.12 49.73 1.46 5.57 9.69
24.89 5.07 51.63 2.35 47.02 1.78 3.89 10.51
23.96 5.22 48.72 291 43.46 2.11 2.52 11.47
23.17 5.40 46.08 3.44 28.01 5.02 2.03 11.81
22.54 5.59 43.79 3.79 26.22 5.27 1.66 12.78
21.68 5.69 41.73 414 23.99 5.78 1.22 14.71
20.90 5.73 39.02 4.71 22.36 6.11
20.13 5.89 36.56 5.24 21.12 6.40
19.45 6.02 33.90 5.89 20.44 6.58
19.00 6.21 31.37 6.54 18.77 6.88
18.40 6.33 27.78 7.46 17.34 7.28
17.77 6.41 25.33 8.17 16.68 7.49
17.65 6.03 23.05 8.82 15.60 7.84
16.94 6.69 21.31 9.35 14.69 8.10
14.60 6.78 20.54 9.56 13.70 8.45
13.33 7.12 19.71 9.78 12.82 8.76
12.56 7.36 16.88 10.81 12.16 8.96
11.75 7.66 11.35 9.30
10.87 7.96 10.51 9.68

8.74 8.75 9.83 9.98
7.86 9.14 9.17 10.30
6.92 9.47 8.79 10.44
6.25 9.87 8.13 10.72
5.74 10.10 7.40 11.20
5.51 10.32 6.83 11.57
4.95 10.57 6.14 12.07
4.38 11.07
3.00 12.95
2.28 13.93
2.06 15.70
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Table B.23. Experimental weight fraction da for the systems composed bfssC3S (1) + salt (2) +
H0 (3) at 25 °C aretmospheric pressure.

KaGHsOr NasGsHsOr NaHhPQ

100w, 100w 100w, 100w- 100w;  100w: | 100w: 100w

70.74 1.56 41.18 3.64 63.44 1.15 17.45 9.08
57.13 2.56 36.36 4.09 60.18 1.58 17.00 9.20
50.14 3.33 33.49 4.58 55.37 1.95 16.44 9.39
45.04 3.91 31.09 5.02 51.56 2.26 15.98 9.55
41.57 4.43 28.19 5.87 49.12 2.61 15.50 9.72
38.63 491 26.46 6.24 46.57 2.85 14.99 9.93
36.13 5.29 25.06 6.44 44.78 3.10 14.58 10.07
34.23 5.75 23.11 7.03 43.00 3.34 14.20 10.20
32.66 6.18 19.61 7.82 41.18 3.62 13.84 10.33
31.15 6.57 18.42 8.17 39.66 3.80 13.49 10.46
29.64 6.86 17.26 8.57 37.78 4.23 13.18 10.57
28.49 7.16 16.27 8.90 36.54 4.43 12.87 10.69
21.03 8.83 15.44 9.16 34.94 4.77 12.59 10.81
18.33 9.58 14.48 9.53 34.14 4.93 12.24 10.96
15.96 10.32 13.80 9.75 32.61 5.27 11.83 11.17
15.21 10.62 12.99 10.08 31.78 5.43 11.44 11.36
13.88 11.06 12.08 10.51 30.47 5.75 11.04 11.57
12.86 11.62 11.33 10.77 29.62 5.90 10.68 11.76
11.12 12.40 10.75 11.05 28.43 6.19 10.18 12.03
9.55 13.19 10.09 11.34 27.32 6.45 9.76 12.28
8.97 13.91 9.43 11.74 26.23 6.70
8.11 14.83 8.33 12.40 24.97 7.02
4.65 17.27 7.38 12.99 24.17 7.21
3.21 18.99 6.05 14.18 23.17 7.52
2.66 20.15 2.93 15.91 22.47 7.69
2.54 19.26 2.44 19.32 21.81 7.84

2.32 20.56 20.98 8.11
1.97 21.47 20.38 8.25
1.57 23.56 19.62 8.48
1.50 22.61 19.09 8.61
1.38 24.45 18.47 8.79
0.77 26.97 17.87 8.99
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Table B.24. Experimental weight fraction data for the systems composedsed08S (1) + salt (2) +
H0 (3) at 25 °C aretmospheric pressure.

KPQ K:HPQ KCQ KsGsHsO7

100w, 100w 100w, 100w 100w, 100w- 100w, 100w

57.59 0.96 55.23 1.07 44.91 4.17 64.88 3.11
48.70 1.48 47.42 1.85 38.43 6.55 59.52 4.15
44.69 2.79 40.25 3.50 33.73 8.24 52.93 6.45
40.40 3.75 36.85 4.20 30.12 9.72 47.74 8.18
37.77 4.38 36.13 4.44 26.89 11.08 43.36 10.76
34.92 5.11 35.20 4.74 20.66 13.26 41.09 12.02
33.14 5.99 34.69 4.93 19.04 14.29 38.79 13.34
31.60 6.81 33.78 5.24 15.68 15.77 34.79 16.13
29.53 7.33 33.14 5.48 14.79 16.27 32.14 17.98
28.34 7.88 32.47 5.76 14.06 16.55 29.95 19.52
27.24 8.29 31.70 6.10 13.33 16.94 27.62 21.24
26.29 8.80 30.73 6.49 12.68 17.13 25.42 22.97
24.88 9.78 29.68 6.92 12.09 17.43 22.80 24.99
24.02 10.15 28.92 7.32 11.54 17.69 21.29 26.14
23.27 10.49 27.71 7.89 11.15 18.16 19.78 27.33
22.54 10.73 26.67 8.41 10.62 18.35 18.94 27.99
21.94 11.17 25.99 8.85 10.16 18.57 17.68 28.99
21.43 11.38 24.94 9.46 9.77 18.76 16.49 29.94
20.82 11.71 23.50 10.18 9.52 19.01 15.55 30.74
19.91 12.42 22.71 10.84 9.18 19.20 14.87 31.37
19.38 12.70 21.53 11.37 8.84 19.18 13.92 32.23
18.86 12.94 20.41 12.21 8.62 19.40 12.20 33.85
18.44 13.14 18.85 13.19 8.41 19.61 11.35 34.70
17.93 13.39 17.10 14.43 8.21 19.86
17.18 14.03 15.34 15.79 7.93 19.89
16.76 14.07 14.42 16.71 7.76 20.15
16.32 14.27 11.93 18.38 7.42 20.63
15.69 14.77 9.02 20.49 7.05 20.76
15.32 14.88 7.24 22.43 6.78 21.04

14.77 15.31 6.59 21.06
14.48 15.49 6.33 21.42
14.18 15.65 6.16 21.44
13.88 15.82 6.02 21.41
13.56 15.96 591 21.62
13.32 16.07 5.80 21.76
13.05 16.28 5.66 21.77
12.76 16.44 5.56 21.91
12.22 16.68 5.46 22.05
11.86 16.96 5.34 22.02
11.20 17.31 5.25 22.13
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11.00
10.48
10.13
9.90
9.44
9.07
8.79
8.49
8.20
8.00
7.73
7.51
7.27

17.45
17.48
18.12
18.06
18.27
18.51
19.00
18.97
19.20
19.57
19.73
19.91
20.10

5.18 22.26
5.01 22.53
4.87 22.73
4.69 22.83
4.55 23.01
4.42 23.12
4.30 23.28
4.15 23.62
4.02 23.64
3.87 23.84

Table B.2%. Experimental weight fraction data for the systems composeds:ed08S (1) + salt (2) +

H20 (3) at 25 °C and atmospheric pressure.

NasGHsOr NakPQ

100w; 100w. | 100w: 100w:

59.89 1.00 59.10 1.13
56.37 1.88 54.34 2.08
51.89 2.53 46.13 6.41
48.06 3.08 42.94 8.16
44.33 4.40 40.08 9.63
42.40 491 37.85 10.82
39.61 5.90 34.97 12.57

36.93 6.95
33.16 8.64
29.55 10.43
24.36 13.31
20.63 15.56
16.31 18.18
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Table B.26. Experimental weightraction data for the systems composed afXC3S (1) + salt (2) +
H0 (3) at 25 °C and atmospheric pressure.

KPQ KeHPQ KCQ

100w, 100w- 100w; 100w 100w, 100w>
59.14 0.84 54.56 4.12 54.97 2.68
46.60 2.76 40.00 5.64 43.70 4.00
40.41 4.10 34.66 7.34 29.84 6.89
36.71 5.62 31.74 9.01 27.81 7.72
32.52 7.86 28.58 10.04 15.94 11.82
28.76 9.62 23.46 13.05 15.34 12.00
26.00 11.40 22.35 14.16 14.77 12.22
24.60 12.08 21.04 14.82 14.20 12.40
22.73 13.27 20.11 15.45 13.45 12.93
21.11 14.30 18.53 17.07 12.61 13.24
19.56 15.09 17.74 17.59 11.89 13.56
18.26 15.87 17.00 17.89 11.23 13.75
17.23 16.62 15.99 18.90 10.76 14.15
16.23 17.24 15.37 19.27 10.33 14.11
15.35 17.84 14.79 19.59 9.95 14.46
14.53 18.46 14.30 19.90 9.46 14.61
13.83 18.92 13.58 20.84 8.90 14.98
13.23 19.30 13.12 21.08 8.39 15.33
12.64 19.65 12.68 21.33 7.61 16.10
11.96 20.16 12.10 21.89 4.66 18.94
11.51 20.44 11.72 22.15 54.97 2.68
11.04 20.82 11.23 22.72 43.70 4.00
10.65 21.09 10.90 22.88 29.84 6.89
10.26 21.32 10.62 23.09 27.81 7.72
9.78 21.81 10.20 23.60 15.94 11.82
9.43 22.04 9.81 24.00

9.07 22.38 9.53 24.16

8.80 2251 9.24 24.38

8.56 22.67 8.98 24.66

8.22 23.00 8.68 25.05

7.92 23.27 8.40 25.40

7.64 23.57 8.06 25.43

7.43 23.66 7.77 25.74

7.17 23.87 7.49 26.14

6.93 24.10 7.29 26.36

6.75 24.24 7.10 26.57

6.52 24.44 6.78 26.91

6.32 24.65 6.61 27.12

6.13 24.88 6.36 27.33

5.95 25.09 6.21 27.50

5.79 25.27

5.68 25.60

5.52 25.42
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Table B.Z7. Experimental weight fraction data for the systems composed:0f0d4'S (1) + salt (2) +
H0 (3) at 25 °C and atmospheric pressure.

KPQ KeHPQ KCQ
100w 100w 100w; 100w> 100w, 100w
58.16 2.52 53.33 5.86 32.38 8.43
45.92 4.27 42.07 9.15 25.61 10.97
39.55 5.74 33.00 12.67 18.65 13.68
35.87 7.40 29.83 13.82 13.01 16.09
31.20 10.18 27.71 15.45 7.71 18.69
27.66 12.12 25.85 16.62 5.94 20.36
24.93 13.85 24.33 17.84 3.78 23.16
22.68 15.37 22.93 18.51
20.82 16.57 21.74 19.31
18.70 18.13 20.79 20.08
17.41 18.86 19.14 21.81
16.02 19.98 18.28 22.21
15.07 20.57 17.46 22.84
13.83 21.56 16.08 24.07
12.91 22.29 15.54 24.61
12.02 22.93 15.00 25.23
11.11 23.67 14.04 26.12
10.51 24.18 13.63 26.39
9.93 24.65 12.90 27.00
9.43 25.01 12.58 27.30
9.00 25.37 12.23 27.57
8.45 25.93 11.88 27.75
7.93 26.46 11.38 28.41
7.52 26.80 10.77 29.16
7.09 27.35 9.85 29.84
6.71 27.72 9.62 29.92
6.37 28.03 9.44 30.16
6.13 28.28 9.06 30.66
5.82 28.35 8.87 30.73
5.50 28.77 8.58 31.16
5.25 290.11 8.27 31.42
4.92 29.57 8.00 31.80
7.75 32.14
7.46 32.21
7.34 32.32
7.12 32.75
6.95 33.13
6.78 33.31
6.52 33.65
6.28 33.97
6.03 34.29
5.83 34.50
5.69 34.64
5.56 34.79
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5.44 34.98
5.34 35.06
5.12 35.44
4.94 35.66

Table B.28. Experimental weight fraction da for the systems composed bii1:C351) + salt (2) +
H20 (3) at 25 °@nd at atmospheric pressure.

KPQ KeHPQ KCQ
100w; 100w> 100w 100w> 100w, 100w
46.56 5.85 39.90 9.29 24.36 14.12
38.97 8.05 36.08 11.23 12.54 19.46
33.31 10.88 32.89 13.11 3.29 28.28
28.38 13.94 28.97 16.52
23.63 16.46 26.99 17.65
20.35 17.67 24.28 20.04
17.93 19.50 22.82 20.84
15.94 21.16 20.78 22.69
14.23 22.39 19.18 24.09
12.49 23.95 17.76 25.38
11.28 25.19 16.58 26.31
10.21 26.30 15.59 27.25
9.37 27.31 14.70 28.10
8.65 28.37 13.83 28.71
7.08 30.06 12.85 29.85
5.78 31.59 12.18 30.47
5.14 32.86 11.60 30.96
2.22 37.89 10.88 31.86
10.44 32.26
9.84 33.00
9.50 33.35
9.13 33.63
8.70 34.30
8.29 34.87
7.87 35.19
7.57 35.56
7.25 35.94
6.95 36.28
6.69 36.63
6.38 37.12
6.22 37.18
5.97 37.63
5.76 37.94
5.63 38.05
5.45 38.27
5.30 38.54
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Figure B.2L. Salt anion effect in the phase diagrams of ternary systeanh25 °C andtmospheric pressureomposed of water, ZIs, and the following potassibased
salts: KPQ (A), KkGHsOr7 (= ), KCQ(* ), KHPQ(+) and KHPQ (1 ).
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