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palavraschave

resumo

Liquidos i6nicos, biomassa, compostos de valor acrescentado, compostos fe
alcaloides, aminoacidos, sistemas aquosos bifasicos, extracdo -kglian
paramétros solvatocrémico$idrotopos.

O princpal objetivo desta tese recai sobre a utilizac&o de liquidos iénicos (LIs
uma nova classe de solventes para a extracdo de compostos de valor acres
a partir da biomassa. Nestes compostos estdo incluidos os compostos fe
(vanilina e acidogélico, siringico e vanilico), alcaloides (cafeina) e aminoack
triptofano). O interesse da extragdo destes compostos naturais esta relac
com as suas excelentes propriedades e consequente interesse para aplica
indUstrias alimentar, de @nética e farmacéutica. De forma a desenvolver
técnica de extracao/purificacdo mais benigna e eficiente do que as habitual
utilizadas foram estudados varios sistemas aquosos bifasicos (SABs) cons
por LlIs e sais organicos/inorganicbsitambémcriada uma escala de polaridas
para os Llsatravés da determinacao de parametros solvatocromipasa se pode
avaliar a afinidade @l diferentes LIs para compostos de valor acrescent&doe
além do uso de SABrealizaramse extracfes do tiposolidoliquido a partir de
biomassa eutilizando solu¢cbes aquosas des.LNeste contexto, otimizose ¢
extracdo da cafeina, quer de sementes de guarana quer de borras dt
utilizando um planeamento fatorial para o efeitdostrou-se ainda que em amb
os tipos de extragbes estudados é possiveuperar os compostos de val
acrescentado e reciclar as solugbes de LI e shtadas durante o proces:
extrativo.

Por fim, com o propdsito de explorar a recuperagdo dos compostos de
acrescentadautilizando técnicas mais simples e sustentavieiam determinada
as solubilidades do &cido galico, vanilina e cafeina em diversas solu¢des aq
LIs e saisFoi possivel demonstrar que os LIs atuam como hidrétropos e,
modo, podese utilizar Aguaomo um antisolvente adequado.

Esta tese descreve a aplicacdo de Lls no desenvolvimento de processos €

maiseficientes esustentaveis.



keywords

abstract

lonic Liquids, biomass, addedlue compounds, phenolic compour
alkaloids, aminoacigsaqueous biphasic systems, sdlglid extraction
solvatochromic parametersydrotropes.

The main purpose of this thesis is to investigate the potential of ionic li
(ILs) as a new class of extractive solvents for adddae productsfrom
biomass. These includephenolic compounds véanillin, gallic, syringic a
vanillic acids)alkaloids (caffeine) and aminoacidstrflptophan).The interes
on these natural compounds relies on the wide variety of relevant prop:
shown by those fami#s andfurther application in the food, cosmetic a
pharmaceutical industries.

Aiming at developping more benign and effective extraction/puriitst
techniques than those used comprehensive study was conducted u
agueous biphasic systems (AB8Mposed of ILs and inorganic/organic s
In addition, ILs were characterized by polarity scale using solvatochrom
probes aiming at providing prior indicationsn the ILs affinity for particuli
addedvalue products.Solid-liquid (SL) extractionsfrom biomass andusing
agueous solution of ILs were also investigated. In particular, and apglgio
experimentalfactorial design to optimize the operational conditions, caffe
was extracted from guarand seeds and spent coffééth both types of
extractions it was found that it is possibleot recver the highvalue
compounds and to recycle the IL and salt solutions.

Finally, aiming at exploring the recovery of addedue compoundsrom
biomass using a simpler and more suistainable technidgoe,solbility of
gallic acid, vanillin and caffeine was studied in aqueous solutions of sev:
and common salts. With the gathered results it was possible to demon
that ILs act as hydrotropes and that water can be used asdeyuate
antisolvent.

Thisthesis describes the use of ILs towards the development of maffeetive

andsustainable processes






Extraction ofaddedvalueproducts from biomass using ionic liquids

Contents

(70} 017=T o1 £ TP ST P PP PP |
[N\ 0) 2= U0 TP PP PEPPP PR Vi
LiSt Of SYMDOIS.........oviiiiiieii e e e snnneeee e M
List of ADDreviations..........ccccvviiiiiiiiiiiiicc e VA
List Of CatioN®f ILS........coccviiiiiiiiiiiiiiiie e Y
LiSt OF ANIONS OF ILS....eeiiiiiiiiieiit et IX
LiSt Of COMMON SAMS......cooiiiiiiiiie e X
IS (o) o [0TSR Xl
LISt OF TADIES ....eeiiiiei e e e XVIII
S 101 (o T [0 Tox 1 o] o PO P T PP PP PPPPPPPP 0.
1.1, Scops and ODJECHVES. ....uuiiiiiiieiieeceee e 2
1.2. Methods of Extraction of BIOmMOIECUIES.............ccceiiiiiiiiiiiiic e 10
GENETAI CONIEXL. ... ttiieeie ittt ettt e e e e e s e e e et e e e annneees 10
ABS (Aqueous BiphasiC SYSIEIMIS)........coooiiiiiiiii e e e 12
Solidliquid (SL) EXraCONS ... ...ttt e e e e e e e e e e e e e s nnannes 16
1.3, 1ONIC LIQUIS. ...cciiiieeeeee e e e e e e e e e e e e e e e e e e e e e e e 18
GENETAI CONIEXL. ... .ttiieete ittt e s e e e s e e e et e e e annneeas 18
Characterization of lonic Liquids: Solvatochromic Parameters...............cccccoeeeviiiieenns 22
1.4.  ABS With 10NIC LIQUICS.........cuuiiiiiiiiiiiiiiiiiiiiieeeeee e e e e 26
lonic Liquid + Salt + Water SYStemMS........oooiiiiiii e 29
lonic Liquid + Amino Acid or Carbohydrate + Water Systems............oeeeeeeeeeinnnn 40
lonic Liquid + Polymer + Water SYSTEINIS.........uuuuiiiiiiiiiiiiiieieiiieeeeee e e e e ee e e e e e e eeeeeeaeeeee 41
lonic Liquid + Inorganic Salt + Polymer + Water Systems..........cccccceeeiieeiiiiiiiieiee 42
1.5. Applications of lonitiquidbased ABS..........cccooieee e 43

EXIractive APPIrOACKNES. .....cco ittt e e e e e e e e e e e e e e e e e e e e e e 43



Extraction ofaddedvalueproducts from biomass using ionic liquids

ALKBIOTIAS. ...t e e a e e 44

F Y0 411 g6 = (o3 [0 K TP PE PP PPPPRI 45
Phenolic COMPOUNGS......oiiiiiiiiieii et e e e e e e e s e e e e e e 48

1.6. Recovery / Concentratioof Hydrophilic lonic Liquids from Aqueous Solutians.....49
1.7, REIEIBNCES..... .ttt e e e e e e e e e e e e e e e aane 53
2. Extractions using ABS and their CharacterizatiQn..............ccuveeeeeriiniiiiieeee e 60

2.1. A Critical Assessment on the Formation of ldrigquidBased Aqueous Biphasic Systems

IN ACIHIC MEAIA.....cci ittt e e snrr e snneeessnneee s 62
AADSTIACT. ...ttt 64
Ty goTo (U1t o] o PO PP PP PP OPTRPPRPPPRPPPP 64
0L (g [=T ] ez LIRS =Tl 1T o P 67
RESUIS AN DISCUSSION. ....ccciiiiiieiiiiie ettt e e sbr e e e anneeees 71
CONCIUSIONS ...ttt s e e s e e e e st e e e e e e e e nneee s 82
RETEIEINCES.......eeieee et 83

2.2. Evaluation of the Impact of Phdsgte Salts on the Formation of loAiiquidBased

AQUEOUS BIPNASIC SYSIEMIS. ...cciiiiiiiiiiiiiee ettt e e e eas 86
Y 011 1 = o! SO P PP PPPPPPPPPPN 88
g0 o (8 [ox 1 o] o FO PP PPP R PPPPPPPRPP 88
EXPerimentaPrOCEAUIE. ..........oiiiiiiiiei e e e e 90
RESUILS AN DISCUSSION. ......eeiiiieiiiiiiiiit e ettt e ettt e e e e s e e e e e s r e e e e e e enneeees 92
(O70] 0 [od (1] (o] 0 L SO PP PP PPPPR PPN 108
RETEIEINCES. ...t e e e e e e e e e e e e e e e e e e 109

2.3. Extended Scale for the Hydrog@ond Basicity of lonic Liquids...........ccccceeviiiiinene... 112
Y 01 1= T PP 114
T 100 11 Tox 1T o P 114
EXPerimentaPrOCEAUIE. ...........oiiiiiiieiii e a e e e 116
RESUILS @aNd DISCUSSION......ciiiiieieee et e e e e e e e e e e aaaaaaaaans 119



Extraction ofaddedvalueproducts from biomass using ionic liquids

(@01 8 [¢3 11 130 ] £ TR 130
RS (] (=] 16T TP 131

2.4. Chaacterization of Aqueous Biphasic Systems Composed of lonic Liquids and a Citrate

based Biodegradable Sall.............cuuueiiiiiiieriiii e 134
AADSTIACT. ...t 136
i oo [F Lot i o] PO PP PP PUPRPN 136
EXperimental PrOCERAULE.......coivii e 138
RESUILS AN DISCUSSION. ..ottt ettt e e 141
CONCIUSIONS ...ttt e ekt e e ek e e e e bt e e abn e e e e annne s 151
RETEIEINCES..... .o 152

2.5. Reversible pHiriggered Aqueous Biphasic SYStems..........ccccccvvvvviriiiiiieneeeeeeeeeeeeens. 154
AADSTIACT. ...ttt 156
yigoTe (U1t o] o PO PP RPUPRPON 156
EXperimental PrOCERAULE.......coviiiiiee e 157
RESUIS AN AISCUSSION.....cciiiiiieiiiiiee ettt e 160
CONCIUSIONS ...ttt e ekt e e ek e e e e bt e e e e e e e e ees 167
RETEIEINCES.......eeieeee ettt e e 168

2.6. Optimization of the Gallic Acid Extraction using lonic Ligagkd Aqueous Biphasic

YA (=11 0 TP PP PP PP PPUPPPPPPPN 170
Y 0 1] 1 = (o1 SRR 172
[ (e Yo [UTe3 [0 o TR 172
EXperimental PrOCERUULE..........oooi et e e 174
RESUILS AN DiSCUSSION. ... ettt et et et e e e e e e e e aenas 178
CONCIUSIONS . ettt ettt e ettt e et e e e e e e e e e e e e e e e eeneen 188
RS (=] (=] A< E TR 189

2.7. Development of Badkxtraction and Recyclability Routes for leniguidbased Aqueus
21T £ F= S TR ] (=] 4 LRSS 190

A 013 1 = (1 ST RTT 192



Extraction ofaddedvalueproducts from biomass using ionic liquids

1 0o (8 ox 1 o] o PO PP EPPR S PPPPPPRPPP 192
EXperimemal ProCEAUIE..........ooiiiieiii e 195
RESUILS AN DISCUSSION. ......eeeiiieiiiiiie e e ettt e e e e e e r e e e e s e s e e e e e e e e annees 199
CONCIUSIONS ...t e e e s e e e e e s s e e e e e e e e e e e e e e e annnees 211
REEIENCES ...t e e e r e e e e e e e e 212
SolidLiquid Extractions (from BIOMASS).......ccueeiiiiiiiiiiiieeeeiiiiiieee e 214

3.1. Enhanced Extraction of Caffeine from Guarana Seeds using Ag8eau®ns of lonic
Liquids216

AADSTIACT. ...ttt 218
yigoTe (U1t o] o PO PP PRSP PPPRPPN 219
Experimental ProCEAUIE........cvviiiiieiiec e 221
RESUILS AN DISCUSSION. ....cciitiiieiiiiie ettt e e e 225
CONCIUSIONS ...ttt ekttt e et e et e e e abb e e e e nb e e e e 238
RETEIBINCES...... i 239

3.2. Extraction of Caffeine from Spent Coffee using Aqueous Solutions of lonic Ligiis

AADSTIACT. ...t 244
i goTe (U1t i o] o PO PP PP STTRPUPRPON 244
EXperimental PrOCERAULE........oiviiieee e 245
RESUILS AN DISCUSSION. ....cceuiiiieiiiiieee ettt ettt e st e e 248
CONCIUSIONS ...ttt ekt e e e e et e et e e e e e e e ann e e e e 254
RETEIEINCES..... . e e 255

3.3. lonic Liquids as Hydrotres: A Study on the Enhanced Solubility of Gallic acid, Vanillin

aNd CaffeINg IN WALEK.......coiiiiiiiii e a e et e e e e e 257
Y 011 1 = o! SR PTT TP PPPPPPRPR 259
1 0o (8 ox 1 o] o OO P PP PPPPPPPPPR 259
EXperimental PrOCEUULE...........ooi ettt e e e e 263
RESUILS AN DISCUSSION. ......eeiiiieiiiiiit e ettt e e e st e e e e e e e e e e e e e ennees 266



Extraction ofaddedvalueproducts from biomass using ionic liquids

(@01 8 [¢3 11 130 ] ¢ W TN 280
RS (] (=] 16T TP 281
4. Final ReEMarks and FULUIE WOTK......c.ooieii ettt et e e eeens 283



Extraction ofaddedvalueproducts from biomass using ionic liquids

Notation
List of §mbols
h Hydrogenbond acidity (solvatochromic parameter)
[Trp]. Concentration of itryptophan in the ionidiquid-rich phase
[Trplsar Concentration of itryptophan in the salrich phase
A BandC Fitting parameters of th equation proposed berchuket al.
a, bands Slventindependent coefficiers
Aeif Hfective contact area between two surface segments
CHe Hydrogenbond strength
[Hyd] Concentration of hydrotrope in aqueous solution
d Particle diameter
Ky Hydrotropy constant
Kieu Partitioncoefficient of ELeucine
Kow Octanoklwater partition coefficient
Kphe Partition coefficient of {phenylalanine
Krrp Partition coefficient of Ltryptophan
Kayr Partition coefficient of ityrosine
Kol Partition coefficient of fvaline
w Weigthfraction
No Refractiveindex
pka Acidic dissociation constant
pX() Distribution probability, & -LINR F A £ S ¢
S Solubility ofbiomolecules irthe presence of hydrotrope
S Solubility of biomolecules in pure water
T Temperature
Wi Weight of the ionieliquid-rich phase
Wsait Weight of the sakrich phase
Xu Weigth fraction composition othe saltin the initialmixture
Xr Weigthfraction compositiorof ionic liquidin the top phase
Xr Weigthfraction compositiorof saltin the top phase
Yz Weigthfraction composition of ionic liquith the bottom phase
Yu Weigthfraction composition of ionic liquith the initial mixture
b Hydrogenbond basicity (solvatochromic parameter)
Bo Adjusted coefficients for the intercefuin terms
b Adjusted coefficients for the linear terms
b Adjusted coefficients for the quadratic terms
bi Adjusted coefficients for the interaction tms
N R Gibbs free energy of hydration
' Viscosity
. Dipolarity/polarizabilily (solvatochromic parameter)
Density
Sandard deviation
" uB Threshold for hydroge#ibonding
Smax(dye) Wavelength corresponding to maximum absorption
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ABS Aqueous Biphasic System

ATPS Aqueous TwédPhase System

ATR Attenuated Total Reflection

CMC Critical Micelle Concentration

COSMERS ConductorLike Screening Model for Real Solvents
DLS Dynamic Light Scattering

DN D dzii Y | DoyotNamber

EBRo ExtractionEfficiency

E{(30) wSAOKFNRGQa o6SilIAyS ReS
FDA Food and Drug Administration

FTIR FourierTransformInfraRed

GA GallicAcid

GMP Good Manufacturing Practice

GRAS Generally Recognized As Safe

HPLC High Performance Liguid Chromatoghy
ICROES InductivelyCoupled PlasmaOptical Emissionectrometry
IL lonic Liquid

IUPAC InternationalUnion of Pure and Applied Chemistry
LCST Lower Critical Solution Temperature

Leu L-Leucine

LLE Liquid-liquid Eextraction

LSER Linear Solvatin Energy Relationship

NA D dzii Y | AGoé@aiNumber

NMR NuclearMagneticResonance

PR7 PrussiarBlue (pigment blue 27)

PEG Polyethylenedycol

PhCs PhenolicCompounds

Phe L-Phenylalanine

PILs Protic lonic Liquids

POM Polarized Optical Microscep

PPG PolypopyleneGlycol

Rs SolidLiquid Ratio

RSM Response Surface Methodology

SCG Spent Coffee Grounds

SEM Scanning Electron Microscopy

SPE Solid-PhaseExtraction

TDDFT TimeDependent Density Functional Theory
TL TieLine
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Trp L- Tryptophan

Try L-Tyrosine

UCST Upper Critical Solution Temperature

U\WVis Ultravioletvisible

Val L-Valine

VOCs Volatile Organic Compounds
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List of @Gtions of ILs

[EtN H;]+
[(GOG)mpyr]
[1-C-1-Cipip]
[1-C-1-Cipy]*
[1-C-2-Cipy]”*
[1-G-3-Cipy]* or [CGmpy]”
[1-C-4-Cipy]*
[aGim]™ or [amim]*
[CiGim] ™

[CGim] ™

[CiGim] ™

[C.Gim]*

[Cim]*

[Gim]*

[Cmim] " or [GGim]*
[GGim]*

[G,CGim] " or [GGmim]*
[C:Cpip]

[C:Cpyrr]

[Cmim] *or [GCGim]*
[GCim]  or [Gmim]"*
[Gmpyn]*

[Csmim]* or [GCim] ™
[GH/mim]* or[GH,Cim] *
[CGmim] " or [GCGim] ™
[Cmim]* or [GCim] ™
[Gepy]”

[D EAT

[EAT

[im]*

[NlllZOH]+

[Nasad *

[OHGGim]*

[Passd *

[TEA]

Bhylammonium
1-(2-ethoxyethyl}1-methylpyrrolidinium
1-butyl-1-methylpiperidinium
1-butyl-1-methylpyrrolidinium
1-butyl-2-methylpyridinium
1-butyl-3-methylpyridinium
1-butyl-4-methylpyridinium
1-allyl-3-methylimidazolium
1-decyt3-methylimidazolium
1-dodecyt3-methylimidazolium
1-tetradecyt3-methylimidazolium
Dimethylimidazolium
Methylimidazolium
Bhylimidazolium
1-ethyl-3-methylimidazolium
1-propyt3-methylimidazolium
1-butyl-2,3-dimethylimidazolium
1-butyl-1-methylpiperidinium
1-butyl-1-methylpyrrolidinium
1-butyl-3-methylimidazolium
1-pentyl3-methylimidazolium
1-methyl1-pentylpyrrolidinium
1-hexyt3-methylimidazolium
1-benzyt3-methylimidazolium
1-heptyl3-methylimidazolium
1-octyl-3-methylimidazolium
1-octylpyridinium
Diethanolanmonium
Ethanolanmonium

Imidazolium

Cholinium

Tetrabutylammonium
1-hydroxylethyi3-methylimidazolium
Tetrabutylphosphonium
Triethanolanmonium
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List of Axions of ILs

[NGsJ
[(GF)sPR]
[((GHsOXPQJ
[(GR):PR]
[(GH,OXPQ]
[(GHs)CQJ
[(CHOXPQ] or [DMP]
[Ask|
[B(GO)2)
[B(CNyI
[BG4HsOs]
[BG4H1604]
[BCI

BRI
[C(CNY
[C(SGCR)|
[CieHs4OP]
[GFCQJ
[GH,0SQI
[GH,OSQI
[GH,SQ]
[GOGSAQJ
[GH.BQ]
[CHsO]
[GHeSQJ or [TOS]

[C:SQJ or [C8H17S04pr [OctylSO4]

[CHCQJ
[CRCQJ
[CESQT
[CH(CESQ)
[CHCQJ
[CHSQ]
[CIQ
[EtSQ] or[GSQ] or [GHsSQ]
[FeCJ
[HSQ]

[1s]

[MeSQ] or [GSQ]" or [CHSQ]

IN(GRSQ).|
IN(CNYI

[INCCN)

ING,]

[NTE]- or [N(CESQ).]
[P

[PO(GRs)2]

[SbE]

[SCN]

Nitrate
Tris(pentafluoroethyl)trifluorophosphate
Diethylphosphate
Bignonafluorobutyl)trifluorophosphate
Dibutylphosphate

Benzoate

Dimethylphosphate
Hexafluoroarsenate
Bis(oxalate)borate
Tetracyanoborate
Bis(salicylato)boite
Bishiphenyldiolatoborate
Tetrachlorideborate
Tetrafluoroborate
Tricyanomethane
Tris(trifluoromethylsulfonyl)methide
Bis(2,4,4rimethylpentyl)phosphinate
Heptafluorobutanoate
Methoxyethylsulphate
Ethoxyethylsulphate

Butylsulphate
2-(2-methoxyethoxy)ethylsulphate
Bis(malonato)borate

Salicylate

Toluene4-sulfonate (tosylate)
Octylsulphate

Decanoate

Trifluoroacetate
Tri(fluoromethane)sulfonate
Bis(trifluoromethylsulfonyl)methane
Acetate

Methanesulfonate

Percloate

Ethylsulfate

Tetrachloroferrate

Hydrogensulfate

Triiodide

Methylsulphate
Bis(pentafluoroethylsulfonyl)imide
Dicyanamide

Tricyanomethane

Nitrite
Bis(trifluoromethanesulfonyl)imide
Hexafluorophosphate
Bis(pentafluoroethyl)phosphinate
Hexafluorostibate

Thiocyanate

IX
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Br
CI
r

List of @mmon Silts

AL(SQ)s
AIK(SQ):
GeHsKsO,
Cad
KCQ
KHPQ
KSQ
KsPQ
KCI
KHPQ
KOH
LiCl
MgSQ
Na,CyH4O5
NaCQ
Na,HPQ
NaS0s
NaSQ
NaSQ
NazCGsHsO;
NasPQ
NaGH;O;,
NaGHsO,
NaCHCQ
NacCl
NaHPQ
NaNQ
NaSCN
NH,CI
(NH,).SQ

Bromide
Chloride
lodide

Aluminium carbonate
Aluminium potassium sulfate
Potassium citrate tribasic
Calcium chloride

Potassium carbonate
Potassium phosphate dibasic
Potassium sulfate

Potassium phosphate tribasic
Potassium chloride
Potassium phosphate monobasic
Potassium hydroxide

Lithium chloride

Magnesium sulfate

Sodium tartrate

Sodium carbonate

Sodium phosphate dibasic
Sodium thiosulfate

Sodium sulfite

Sodium sulphate

Trisodium citrate

Sodium phosphate

Sodium acetate

Sodium benzoate

Sodium acetate

Sodium chloride

Sodium dihydrogen phosple
Sodium nitrate

Sodium thiocyanate
Ammonium chloride
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1.1. Scopes and Objectives

The main purpose of thithesisconsists on thenvestigaton onthe potential of ILs as a
new class of extractive solvents for addealue productsfrom biomass.Addedvalue
products from biomassinclude phenolic compounds, alkaloids and amiagids. The
interest on these natual compoundsomes fromthe wide variety of relevant properties
shown by those families, namely, among others, their antioxidant,-isfilimmatory,
radical scavenger and antimicrobial properties.

Trying to develop more benign extractipurification techniques than those used
nowadays, in thighesis a study was conducted using aqueduphasicsystems (ABS)
composedof ILs and typical inorganar organic salts. Besides the use of ABS, this thesis
alsoinvestigates the use ochqueous solution of IL& solidliquid extractionprocesses
(from biomass) The addeedvalue molecules investigated inclugdhenolic compounds
such asvanillin,and gallic, syringic and vanillic acjddkaloids(caffeine andaminoacids
(L-tryptophan). These molecules have spediaelevancein food, wine, dietary and
pharmaceutical industriesIn both approachesseveral ILs (different anion/cation
combinationg were studied aiming at optimizing the ILs that bettperform for the
addedvalue compoundgxtraction.

In orther to gaher prior indicationson the ILs affinity for particular productghe
establishment of an IL polarity scalsing solvatochromic probesas also conductedn
particular,the KamletTaft parametersvere determined and a novel approach for their
predicition was performed applying COSMR3 ConductorLikeScreening Model for Real
Solvent$.

With the goal of achieving an improvetiaracterization othe ILsolvating ability, as well
as to explore the recovery of adde@lue products by effective and more saisable
approaches, thesolubility of gallic acid, vanillin and caffeineaswstudied in several
agueous solutions of ILs and more conventional s#lis here shown that a large variety

of ILs act alydrotropes.
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The following information is divided

in 3 main parts i) introduction,

i)

extraction'purification using ABS antl.scharacterization and iii) $id-liquid extractiors

(from biomass) Figurel.1.1 outlines the structure of thdollowing thesisthat is divided

by published/submitted manuscripts
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The first part of thighesis- Chapter 1:Introduction - providesa brief explanation of the

main scientificconceptsused in this worksuch asthe common methodaused in the
extractionof valueadded compoundfrom biomass, the use of ABS and main advantages

for extraction/purification purposes, and the main advantages and properties afforded by
ILs. In addition, the advantages oABS using IL&nd their applications are also
highlighted Chapters 1.3 to 1.5 are based time following manuscript Freire, M. G.,
Claudio, A. F. M. Araujo, J. M. M., Coutinho, J. A. P., Marrucho, I. M., Canongia Lopes, J.
N., Rebelo, L. P. N., Aqueodbiphasicsystems: A boost brought about by using ionic
liquids, Chem. Soc. Rev., 2012, 41 ,49885.

After the generalintroduction, inChapter 2 ABS composed of ILs are deeply evaluated,
either regarding their formation ability or in thextraction of model biomolecules.

In Chapter 2.1 Critical Assessmenbf the Formation of lonieLiquidBased Aqueus
Biphasic §stems in Acidic Mediathe ability of NaSQ to induce the formation ofL-ABS

is investigated. Ternary phase diagrams;lities, and tigline lengths for several systems
were determined at 298 Knal atmospheric pressurén this chapter it will beshown that
among thelLsstudied only those containing long alkyl side chains at the ions and/or
anions with low hydrogen bond basicity are capable of undergoing Hepicd demixing

in presence of Ng&5Q aqueous solutions. The results obtained indicate that, besides the
saltingout ability of the inorganic salt, the pH of the agueous solution plays a crucial role
on the formation oflL.-basedABS. This chapter is basedtbe publishedarticle: Claudiq

A. F. M.;Ferreira, A. M.; ShahriarB., FreireM. G. and Coutinho, J. A. R, Critical
Assessment on the Formation of lowijuidBased Aqueous TwBhase Systems in Acidic
Media,J. Phys. CherB, 2011, 115, 111431153.

In Chapter 2.2 Evaluation ¢ the Impact of Phosphate 8lts onthe Formation of lonie
Liquid-based aqueous biphasic systemst is addressedthe capability of several
phosphatebased salts, whose anions can coexist in water depending on the media pH, to
promote ABS formation with-butyl-3-methylimidazoliumbasediLs. Thenfluence of the

IL anion in the overall process of liquliduid demixingis also ascertainedNovel phase

diagrams of ABS composed of several imidazebhasedlLsand three phosphate salts
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and a mixture of salt¥¢PQ, KHPQ, KHPQ + KHPQ, and KEHPQ) were determined by

the cloud point titration method at 298 K and atmospheric pressure. The corresponding
tie-line compositions, tidine lengths, and pH values of the coexisting phases were also
determined.It was found that te ionic liquids ability to promote ABS is related with the
hydrogerrbond basicity of the composing anierthe lower it is the higher the ability of

the ionic fluid to undergo liquiiquid demixing. Moreover, similar patterns dhe ILs
sequence were observed with the different phosphate salts. The phosphate anion charge
plays a determinant role in the formation of AB®ie twephase formation aptitude (with

a similarIl) decreases in the ranksPQ > KHPQ > KHPQ + KHPQ, > KHPQ,. Yet,
besides the charge of the phosphate anion, the pH and ionic strength of the aqueous
media also influence the phase separation abilitilis chaptelis based orthe following
manuscript:Mouréo, T.; Claudio, A. F. M.; B&allheiros, I.; Freire, M. G.; Gmino, J. A.

t dS a9@lfdz2 GA2Y 2F GKS Eormatiod df lo@dfiquitBased LK G S
I jdzS2dza . ALKIFAAO {eaidaSyvyaés 4060 / KSYDP ¢KSN)¥2R
Chapter 2.3: Extended Scale for the Hydrog&ond Basicity of lonic Liquidss basedn

the published manuscrip€laudio, A. F. M.; Swift, L.; Hallett, J. P., WekgnCoutinhal.

A. P.and Freire M. G.;Extended Scale for the Hydrog&ond Basicity of lonic Liquids, J.
Phys. Chem. Chem. Phys, 2014, 16 (14),-6603. Taking in accounthe extensive
research regarding $las potential and alternative solvents in many chemical applications
and their effectiveness, recent investigations have attempted to establish polarity scales
capable of ranking ILs according to their chemical behaviHowever, some major
drawbacks have been found since polarity scales only report relative ranks because they
depend on the set of probe dyes used, and they are sensitive to measurement conditions,
such as purity levels of the ILs and procedures emploipeie to all these difficulties it is

of crucial importance to find alternative and/or predictive methods and to evaluate them
asa prioriapproaches able to provide the chemical properties of ILs. In this context, we
experimentally determined the Kamldtaft solvatochromic parameters for a set of ILs
and thenevaluatedthe potential of COSMERSthe ConductorLike Screening Model for

Real Solvents, as an alternative tool to estimate the hydrdgmmd basicity of ILs. After

demonstrating alinear correlaton between the experimental hydrogdmond basicity
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values and the COSMRS hydrogetvonding energies in equimolar cati@mion pairs, an
extended scale for the hydrogdmond accepting ability of IL aniomgs proposed. This
new ranking of the ILs chemigaioperties opens the possibility to pigcreen appropriate

ILs (even those not yet synthesized) for a given task or applicatiott are of high
importance to understand the ILs ability to extract given addellie molecules

Chapters 2.1 and 2.2nainly alow the evaluaion on the main effects governing the
formation of IL-basedaqueous biphasic systemBhe nextchaptersare more devoted to

the exploitation of Itbased ABS for the extraction and purification of biomolecules,
although some phase diagramsdarespective formation abilities are also discussed.

In Chapter 2.4: Characterization of Aqueous Biphasic Systems Compafsedic Liquids

and a CitrateBased Biodegradable Salbased on the publisded manuscripassos, H.;
Ferreira, A. R.; Claudio, A. F.; Couinho, J. A. P.; Freire, M. &haracterization of
Aqueous Biphasic Systems Composetboic Liquids and aittate-Based Biodegradable
Salt Biochem. Eng. J., 2012, 68:76, a large amount of ILwasevaluated toward their
ability to form AB&nd their extractive performance the presence of a biodegradable
organic salt: potassium citrate. The ternary phase diagramdints, and respective tie

line lengths were determined &98 K It is shown that thdLsaptitude to undergo liquie
liquid demixing is mainly controlled by their hydrophobicifyhe partitioning of an
archetypal amino acid produced by bacteria fermentatiortryptophan, was also
addressed aiming at exploring the applicability of the proposed systems in the
biotechnology fial. Singlestep extraction efficiencies of-ttyptophan for the IL-rich
phase range between 72 % and 99 %.

Chapter 2.5:Reversible pHIriggered Aqueous Biphasic Systengemonstrates the
striking ability to induce reversible transitions between homogeneawutions and
biphasic systemby a change in the pH of the agueous mediheir potential application

is demonstrated with the selective separation of tvextile dyes.Dyes were choseonly
asmodel molecules Remarkably, the ABS constituted byrf@n]Cl(the most hydrophilic

IL investigated) is able to completely separate the two dyes for opposite phases with
SEGNI OGA2y STUOA S ydiep Sracedar&Thisnanapter ishbgised-on anA y 3£ S

article under preparation namely Ferreira, A. M., Claudio,A. F. M. Rogers, R. D.,
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Coutirho, J. A. P. and Freire, M.®Reversible pHTriggered Aqueous Biphasic Systems,
(2014)

Aiming at developingnore benign and efficient extraction/purification processes for
phenolic compoundsChapter 2.6:Optimization of the Gallic Acid Extraction using lonic
LiquidBased Aqueous Biphasic Systerfisased on the manuscrip€laudig A. F. M.;
Ferreira, A. M.Freire, C. SR., Silvestre, A. J. Direire,M. G. and Coutinho, J. A. P.,
Optimizationof the Gallic Acid Extractiodsing lonieLiquidBased Aqueous Tw®hase
Systems, SepPurif. Technol, 2012, 97142¢149) describes the use ABS composed of

IL and inorganic salt&fPQ, KHPQ/KH,PQ, and NaSQ) to extract gallic acidSeveral
combinations oflLsand inorganic alts were studied to understand the influence of the
structure and of themedium pH through he gallic acid partitioning. It is shown that at
low pH values the nowharged form of gallic acid (or other phenolic compounds)
preferentialy migrates for the IL-rich phase whereas its conjugate base preferentially
partitions for the salrich phase. Theeresults indicate that Hbased BS can be the basis

of new extraction/purification processes phenolic compoundfom natural matrices.
Chapter 2.7 Development of BaclExtraction and Recyclability Routes for loritquid
Based AueousBiphasic $stems,according to the published manuscrigiaudio, A. F.
M.; Marques, C. F. C.; Bdalheiros,.| Freire, M. G. and Coutinho, J. A. P., Dmeaent

of backextraction and recyclability routes for ionliquid-based aqueous twphase
systems, Green Chem., 2014, 16, @588 describes a novel approacthe ILs
regeneration, recycling and reusas phasdorming components of ABS. As a first
approach, the phase diagrams of novel dBomposed of imidazolivimased ILs and
NaCQ or NaSQ were determined and thie extraction efficiencies foantioxidantsc
gallic, syringic and vanillic acidvere evaluated.The most promising {ABS were then
used insequential twaestep cycles (product extraction/IL recovery) so as to evaluate the
efficacy on the ILs recyclability and reusability. Extraction efficiency values ranging
between 73% and 99% were obtained in four sequential partitioning experiments
involvng antioxidants while allowing the 95% of IL regeneration and further reutilization.

The remarkable results obtained in this work suppdre establishment of thased AB
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as a sound basis of greener ceftective strategies with a substantial reductiam the
environmental footprint and economical issues.

After, the studesinvolvingextractionstepsusing agueous biphasic systems composed of
ILs and saltsand wherethe influence of pH, structure of lland type of saltwere
evaluated solidliquid extractions of added valuecompounds from biomassere further
performed using aqueous solutions of .I0%ese studieare included inChapter 3 The
possibhlity of crystallizngaddedvalue biomolecules extracted from biomassg. affeine,
gallic acid and vallin) g a +f a2 Ay@SadA3alrdiSR FyR YI1Ay?3
concept that also applies to ILs.

Chapter 3.1: Enhanced Extraction of Caffeine from Guarana Seeds using Aqueous
Solutions of lonic Liquidsaddapted fromClaudiqg A. F. M.;Ferreira, A. M.Freire,M. G.

and Coutinho, J. A. PEnhanced Extraction of Caffeine from Guarand Seeds using
Aqueous Solutions of iic Liquids Green Chem2013, 15, 20022010 demonstrates the

use of ionic liquid aqueous solutions to extract a target alkaloid (c&ffdrom biomass
(guaranaseed$. SeveralLscomposed of imidazolium or pyrrolidinium cations combined
with the chloride, acetate and tosylate anions were investigated. Furthermore, the effect
of the cation alkyl side chain length and the presence oftfanalized groups were also
addressed. Additional conditions such as theoncentration, the contact time, the solid
liquid ratio and temperature were further optimized by a response surface methodology.
Outstanding extraction yields (up to 9 wt% of eaffe per guarana dry weight) were
obtained at a moderate temperature and in a shtirhe. The recyclability and reusability

of the ILwere also confirmedit will be shown that aqueous solutions tifsare superior
alternatives for the solidiquid extracton of caffeine from biomass samples and, as a
result, the development of atli-based process is straightforward envisaged.

Chapter 3.2: Bcovery of caffeine from spent coffee using aqueous ionic liquid
solutions, is basedon an ongoingvork with the colldboration of the following authors:
Ana M. Ferreira, Hugo Gomes, Jodo A. P. Coutinho and Mara G.. Ftesework
envisages the extraction of caffeine fragpent coffee grounds (SCG3 @ major residue
from drinkable coffee. Usually, SCG have no commeralag and are discarded as a solid

waste. However, SCG are rich in organic matter, as well as in other compounds, such as
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caffeine, tannins and polyphenols thischapter, the extraction of caffeine from SCG was
performed using aqueous &dions of proic ILs and one aprotic IL,4fim][CHRCQ], for
comparison purposeslhreeprotic ILs (PILsyere synthesizedwith the goal of replacing
the more expensive and less benignizadoliumbased ones used e previousChapter
3.1 In generalall Ils solutons perform better than pure watefor the extraction of
caffeine. he extractionyield (up t03.57wt %)increases with thenumber of¢OH groups

at the IL cation.

Chapter 3.3: lonic liquids as hydrotropes: A study on the enhanced solubility of gallic
acid, vanillin and caffeine in wateris basedon a manuscript under preparation, namely
Claudio, A. F. MFreire,M. G. and Coutinho, J. A. Rinic liquids as hydrotropes: A study
on the enhanced solubility of antioxidants in wa{@014) In thiswork, t is shown for

the first time, that ILsare powerful hydrotropes.Gallic acid andanillin (both phenolic
compounds and antioxidants) and caffeirsék@loid were used as model biomolecules in
this study. The effects of the hydrotrope structure, concetitna, and temperature on
the solubility of the biomoleculesn agueous solutionsvere evaluated. The results
reported show that the solubility of the biomolecules studieah increase up ta8-fold
using 20 % wt of lin aqueous mediaThe solubility mech@asm, thatis majorly governed
by the formation ofIL-solute aggregatesis also presented and discussetihese results
may have a large impact on explaining the role of ILs in the extraction of biocompounds

as well asn designing processfor their reamvery from solution.

Finally, in last part of this thesis, general conclusions and future work are presented. The
high performance of ILs as alternative extractive solvents is emphasized. As future work,
it would be interesting to extend this type of eattions followed by purification to other

high-value products, namely from Portuguese agroforestry biomass.



Extraction ofaddedvalueproducts from biomass using ionic liquids

1.2. Methods ofExtraction of Biomolecules

GeneralContext

Nowadays, there isa growing request to extract and purify biomoleculefor main
applicatians in the food cosmeticand pharmaceutical industrietn addition, and due to
sustainability concerns, it is desired tse sub-products or even wasteaiming their
further valorization

The costs associated with final product arestrongly dependent o the downstream
processing andassociatedtechniques.Gonventional techniques, namely precipitation,
distillation and chromatographytypically employed ©or product recovery and
concentration are usually expensive, provide low yields someO | y Q (i iedl &t al LJILJE
large/industrial scalé.

There are wo main processes commonly used to extract (bio)compounds from a liquid
phase (that usually contains the product of interest and related contaminarits)
another: liquidliquid extraction usingorganic solvents immiscible with water and
aqueous biphasic systems (ABBBS consist in two aqueocuish phases containing
polymer/polymer, polymer/salt or salt/salt combinations, which above certain
concentrationsundergophase separatiof.Liquidliquid extraction proesses are usually
employed for the purification of biomolecules due to their high effectiveness, high yield,
improved purity degree, proper selectivity, technological simplicity and low cost, and also
because ofa good combination between the recovery ampdrification stepscan be
achieved®* Liquid-liquid extraction iscurrently applied in many industrial processes,
being an ordinary unit operation in several industrisachasin the petrochemical field.
However, in someields this technique is not # most adequateapproach. In the
pharmaceutical industry, for instancthe extraction with organic solvents is used in the
productionand further purificationof synthetic antibiotic.For high purification factors,
chromatografmic methods are further employed Nevertheless, chromatographic
processes have some limitatiormd are of high costwhen used ata large/industrial

scale.

10
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For the increase ofthe separation performance of addedvalue products using
chromatography it is necessary to use large ohratographic columns or several
sequential cycles in smaller columns. The large columns are as robust and reliiide as
smaller ones nevertheless, they require large amounts of resins, buffers and others
consumables implyingherefore, a huge cost assmated to the purification process and
related infrastructures. Furthermore problems related withthe packing in scabkup
processes hysteresis, edgeffects and resin compression may result in unpredictable
fluid distribution and pressure dropsThe se of multiple cyclesan reduce the initial
capital investment buit will increase the operating costs as more equilibration, wash,
elution, regeneration and sanitization stepecomemandatory” Thus, other alternatives
have to be considered in order facrease the manufacturing capacity and to decrease
the final cost associated to thaddedvalueproducts

GCommon organic solvents used in ligtliquid extractionpresent several disadvantages,
such as a high volatility and toxicity and the possibiitydenaturating biomolecules,
which in turn may influence the quality and purity of thésén addition, even when
dealing with the extraction and purification of addedlue compounds from biomass, the
solvents employed are usually organic, volatile aaddndous.

Currently, industry continually demands the optimization of processes for the separation
and purification of biomolecules aiming at findingsteffective downstreamprocesses,
able to provide high yields and high purity levels, and that areulsameously more
environmentally friendly and sustainabldn this context, ABSappear as an alternative
technique, with theability of extraction, purification and concentration in a singtep,
are suitable forscaleup, and provide similarecovery yelds and purification levels when
compared to chromatographic approach&Moreover, ABS are majorly composed of
water and do notuse volatile organic compounds (VOCs), being an advantage
compared with liquidiquid extractions carried out with toxic and flammable
compounds’®

In this thesis, two methods oéxtractionpurification of addedvalue compoundsvere
studied namelysolidliquid extractionfrom biomassand ABS. &h methods are applied

without the use of volatile organic compounded usingionic liquidsinstead

11
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ABS (Agueous Biphasic Systems)

With the goal ofavoiding the use of organic solvents as the extractive phase, several
studieshave been carried out employing ABS. ABS consist in two aguiebughases
containing polymer/polymer, pgmer/salt or salt/salt combinations, which above certain
concentrationsundergophase separatioA.The basis of separation of (bio)molecules in a
biphasicsystem results from their equilibration and selective distribution between the
two liquid aqueous pases*>

The triangular phase diagradepictedin Figure 12.1 represents the ternary composition

of aqueous biphasic systems. The plotted graph represents only the top tip of the whole
triangular diagram, stressing the fact that ABS generally consistoofmederately diluted

agueous solutions.

03 04 05 06 07
[Polymei] / (w/w)

Figurel.2.1: Triangular pase diagram for a hypothetical system composed of polymer +
inorganic salt + water (weight fraction units).

All the mixtures with compositions below the binodal curveB(GD) undergo lquid-
liquid demixing, while those above the line fit into the homogeneous and monophasic
regions. A given mixture ) under the binodal solubility curve, phase sepasaand
forms two coexisting phase3he compositions of each phase are represented by the
points B and D, which are the engboints (nodes) of a specific time (TL). The tiine
length (TLL) is a numerical indicator of the composition difference between the two
phases and is generally used to correlate trends in the partitioning of scduesgthe

two phases. Mixtures with total compositions along a specifiditie have different mass

or volume ratios of the coexisting phases but the composition of each phase remains the

12
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same. The critical point of the ternary system is P@ntvhere tre two binodal nodes
meet. Here, the compositions of the coexisting phases become equal and the biphasic
system ceases to exist.

In the literature, most of the ABS ternary phase diagrams are depicted in orthogonal
representations, so that water concentrati is omitted (pure water becomes the origin

of the orthogonal axes). In Figule2.2a)it is represened the separation of phases and

the migration oftarget molecules. In Figurel.2.2b) it isshown thebinodal curve, one tie

line and the appearance of wphases with different initial mixture concentratiogs along

the same tieline.

(=]
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compl)- . . .
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+
& %wt Compoundl —
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,/'/ TCDITIPZ BCompZ
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Figurel.2.2: a) Separationof the two phases and migration ¢fie moleculeof interest b) binodal
curve, tieline and the appearance of twphases with different initial mkture concentratios
along thesame tieline.

Proteins, cellular debrjsorganelles, nucleic acids or even whole cells can suffer
permanent damage when exposed to processes involving hazardous organic solvents.
Therefore alternative techniques are requidefor their purification® In ABS;n general,

the coexistingphases are composedf approximately 6600 % of waterwhich means
that biomolecules are not easily denatured, constituting therefore an important
advantage when the goal is to extrdiiblogicaly active molecule$’

BeijerincR**>first discovered the possibility of forming ABS by the enthefl9" century
when mixing agar and gelatin or starch and gelatin in aqueous solufi@®sme ars
later, Ostwald and Hert&l*®found that starchedrom different origins and with different
fractions of amylose and amylopectin (rice, corn, among others) also form wA®
dissolved in aqueus medidNevertheless, it was only in 1958 that P.A. Albertsson

introduced the potential of ABS for the separatiof biologically active molecules and
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particles with systems formed bgolyethylene glycol (PEG), potassium phosphate and
water, or PEG, dextran and watét?*Figurel.2.3 show the macroscopic aspect of an ABS

composed of PEG and an inorganic salt atmdemperature.

Figurel.2.3: Macroscopiaspect of an ABS composed of PEG and an inorganic salt.

ABS have several advantages, since they also allowctimeentration and partial
purification integrated in one single step. Moreover, this technique ahighly selective
and easily scaledp.®In addition tothe advantageous economissues and technological
simplicity, extractions using ABS can further be considered as an integrated process, in
which the insoluble components can be removed while at sane time the target
product is purified:**® Hence, this biocompatible technique is gaining increasing
importance in biotechnologicaland pharamaceuticallyelated industries. Indeed, ABS
have been pointed as an effective method for the purification different biological
products, such as plant and animal cells, microorganisms, virus, RNA, plgsmoidms
and biopharmaceutical®** This method is largely used a laboratory scale altough its
scaleup was already demonstrated Indeed, a numbr of proteins are already purified
by ABSat an industrial levet.

Figurel.24 reports the number of articles and patents publishpt year concerning ABS

or ATPS (agqueous twahase systems).
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Figurel.2.4: Number of aficles (dark blue) and patentsght blue) published per year concerning
ABS or ATPS. Data taken from IsiWeb of Knowledge in 4th May, 2014.

Another important thermodynamic property associated to ABS, and that gives them a
significant advantage when compared to the classiewailer systens, is the low
interfacial tensiorbetween the two liquid phase®'?’ Forthe application in biomolecules
separation processes, this small amount of excess Gibbs free guergygit area enables

the transfer of bioparticles with a minimum risk of strubalterations in proteins, cells

and membrane$® The first publication describing interfacial tension results in ABS dates
from 1971 by Ryen and Albertssth.

Common ABS are usually formed by polyethylene glycol (PEG) because it easily forms a
biphasicsystem with inorganic salts andther polymers in aqueous solutiort&.The
addition of an inorganic salto a single polymewater systemleadsto the formation of

two distinct agueous phases, where usually the lower phase is rich in the inorganic salt,
while the upper phase is rich in the polym&r:HPQ, KPQ, KCQ, KOH, NaHPQ and
N&SQ are inorganic saltsypicdly employed*?* On the other hand, polymers such as
dextran, derivatives of starclf, cellulose, polyvinyl alcohdf, hydroxypropyl stach
(HPS}* and ethylhydroxy ethyl cellulose (EHEBChre commonly employed in
combination with PEG to form ABS.

The partitioning of a biomolecule in ABfpendson both their intrinsic and extrinsic

properties. Intrinsic properties include the biomolecdee, electrochemical properties,
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surface properties and conformational characteristics. Extrinsic properties include type,
molecular weight and concentration tiie phase forming compoundsemperature, pH,
ionic strength among othes®®’ In the ABS rentionedbefore, the interactions between

a biomolecule and the distinct phases involygdrogenbonding, and van der Waals

dispersive, and electrostatiénteractions®*

Solidliquid (SL) Etractions

Solidliquid extractiors allow componats to beremoved from solidge.g. biomass) ta
solvent as illustrated in Figure25. The phases arénen separated by centrifugation or
filtration where the compounds of interest are dissolved in the liquid ptasEhis
technique is one of the oldesatnit operations in the chemical industry. In the food
industry, for instance, the process can be used either to obtain important substances or
to remove some inconvenient compounds like contaminants or toxins.

Thechoice ofthe solventis carried outaking into consderation its selectivity capability

for dissolving the solute, density, viscosisyrface tension, toxicity, boilingemperature
chemical and therral stabilitesand cost® Obviouslydue tothe toxicity of some organic
solvents, there are some resttions on their use in the food cosmetic and
pharmaceuticalindusties. For human consumption, the presence of some solvents,
namely acetone, ethanol, ethyl acetatesptopanol, 2propanol and propyl acetate are
acceptable inlow concentrations accordingto good manufacturing practise(GMP)*®
These solvents are classified@ass3 bythe Food andDrug Administration(FDA. On the
other hand, solventssuch as acetonitrile, chloroform, hexane, methanol, toluene,
ethylmethylketone and dichloromethanedéss 2) canalsobe used yet, under specific
conditions due to their inherent toxici} Solvents such as benzene, carbon
tetrachloride, 1,2dicloroethane, 1,4dicloroethane and 1,1;ltrichloroethane grouped in
Class 1should not be employedt all in manufacturing because of their unacceptable

toxicity or their deleterious environmental effects.
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1.3. lonic Liquids

GeneralContext

Before the Montreal Protocdft volatile organic compound$VOCs)were canmonly
applied as extractive solvents in industrial applications because of their immiscibility with
aqueous medi** Nevertheless, environmental concernsgardingthe useof VOCshas
increased in the past few years duetteir toxicity, volatility and tammability. Therefore,
there is an emergent interest for theesearch on alternativalgreereré solvents for
separation processes.In this context, ionic liquids (ILs) appearpatential candidates.

ILs are salts thatunlike common saltssuch as NaClare liquidin a wide range of
temperaturesand with a meltingtemperature, by generaldefinition, below 373 K (100
°C)*** They areusuallyconstituted bylarge organic cations and organic or inorganic
anions The low symmetry, weak intermolecular intestions and a large distribution of
charge in the ionarethe major reasons behintheir low meltingtemperatures.*®4’

ILs were firdy reported at the beginning of the 3Dcentury by Paul Waldef, when
testing new explosive compounds with the aim daplacing nitroglycerin. Walden
synthesized ethylammonium nitrate, [EtRJENO;], and found that ithas a melting point
around286-287K (13-14 °Q.*®In 1934, Charles Graenacf#iilled the first patent for an
industrial applicatiorof ILs regarding the pparation of cellulose solutions. Later, during
the World War I, ILs were again investigated and new patents werefifttecbncerning
the application of mixtures of aluminium chloride (lll) anéthylpyridinium bromide to
the electrodeposition of alumium. Despite these findings, only in a recent past these
compounds have been extensively studieahd as can be seein Figure 1.3 which

depictsthe increaseon the IL<publicationsbetween1990and2013.
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Figurel.3.1: Number of aticles (bla& green) and patents (light gregpublishedperyear
regardinglLs. Data taken from IsiWeb of Knowledge"iiMviay, 2014.

Since the ILs physicochemical properties are strongly dependent oin themical

structure, the possibility of changing their propertigsrough the manipulation of the

ions that compose them, represents amportant and supplementary advantage. This
GhGdzyylroAtAGeéd YI1Sa 2F L[& aay3ddzZ N O2YLRc
conditions for a particular process, as well as to manipullagr extraction capabilities

for specific biomolecule®>°%®

Among a large range of ILs that can be synthesi#te®l most commonly studied are
nitrogenbased, namelypyrrolidinium-, imidazolium, piperidinium, pyridirium, and
ammoniumbased ILsIn Figure 1.2 are representedsome IL cation structures. The
cation can beeven morecomplex with different sizes for the alkyl side chasrsd
additional functionaedgroups’®In Figue 1.32 are depicted some ofhe mainILanions
investigatel. These mclude simple halogenates, such as &ld Br, to more complex

organic structures, such as tosylate and acetate, to fluorinated ones, namaely, [BF]

and [NTH].
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Figurel.3.2: Chemical strucutures ocdomelLions.

In spite of the ILenvironmentd 0 Sy STA led NS LIt BoRB B/ yiaiah
volatile organic solventgheir toxicity must bealsoaddressed Several studi€$® were
conducted to evaluate the toxicity of ILs, combining different anions and cations, as well
as changing thalkyl sidechain length andhe number of alkyl groups at the cation ring.
These studies revealethat the ILs toxicity is primordially determined by the cation
nature and it is directly correlated with the length of the alkide chain and number of
alkyl goups. The anion has dess significaninfluence than the cation, and generally
cationswith shortalkyl chains or hydrophilic ILs present &noxicity.”*%®

ThelLs aqueous solubilitysuallydecreass with the alkyl chain length increasehich is

an advantage sincéhe more toxic ILdg@nge alkyl chain lengths) are poorly water soluble
at room temperature, minimizing thus the environmental impact of ILs in aquatic
streams’® Nevertheless, he influence of the cation alkyl chain length in ithevater
solubility was also observed, but it can be considered minor when compared with.the
anion influenceé®

Due to thaer ionic nature,ILspresentother physical and chemical advantages owssre
conventional and molecular organic solvents, nanredgligibleflammability and vapour
pressure, high chemicalnd thermal stabilites, high selectivityand easines®n their
recovery and recyclintf:> Apart from these advantagespany organic, organometallic

and inorganic compounds can be dissolved irfiDue b these features|Ls have been
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applied in catalysig’ organic synthesi¥® chemical reaction8® multiphase bioprocess
operations’® electrochemistry’’ chromatographic separatiorf§, mass spectrometry
analysi$® batteries and in fuel cellgesearch® treatment and/or dissolution of
biomas§>®’ andfor the separation of biomolecul€.Beyond these applications, ILs have

§9,70

also been used in liguiiquid extractions of metal ion and synthetic organic

compounds’*"

It was already shown that modks do not inactivate enzymes ensuring their structural
integrity and enzymatic activitgnd, therefore, ILs represent a good alternative to the
commonsolventsusedin biocatalysis" >*Furthermore,|Ls allow an improved recovery of
biomolecules when caying liquidliquid extractions while reducing solvent emissions.
Regarding the extraction of adde@lue compounds from biomass, ILs were already used
in the extraction of alkaloids, terpenoids, flavonoids, natural dyes, lipids, among dthers.
However,the field of separation technology is still far from being fully developed or
explored.Several examples of extraction are described in a recent réviegarding the

use of ILs solutions as extractive solvents of valdded compounds from biomass.
Exampes include the use of ILs in the extraction of essential oils from orange peels, in the
extraction of caffeine from guarana seeds, in the reactive dissolution of star anise seeds
towards the isolation of Shikimic acid for the production of Tamiflu, insthguestration

of suberin from cork, in the extraction of lactones, tannins and phenolic compounds from
medicinal plants, in the extraction of alkaloids from plants, in the isolation of
pharmaceutically active betulin from birch back, in the pretreatmehtignocellulosic
biomass,etc.”” In addition to simpler solidiquid extractions, microwavassisted and
ultrasoundassisted extractions were also used to improve the extraction yields and to
reduce the time of extractio> Based on literature data, thased solventseither as pure

ILs, IL aqueous solutioms IL-alcohol mixturesdemonstrated to be enhanced solvents

for the extraction of highvalue products from biomasSAfter the extraction, the crucial

step still consists on the product recovery amdrification, and on the solvents
recyclability aiming at developing sustainable technologies. Only few methodologies have
already been proposed, including the addition of eulvents, baclextraction and

adsorption approache&
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Characterization ofonic Liquids Solvatotiromic Parametes

Since IL$1ave emerged as promising substitutes for traditional solvents it is crucial to
exploit their inherent properties. The knowledge of their physical and chemical
properties such as melting and boilingemperatures density, viscosity and
solvatioripolarity properties in order to define the solvent with adequatebetterfor a
specific taskistherefore of high relevanceln summary, lhe main challenge consists in

the selection (and further synthesi® ¥ |f 2NBIRA a2t gSy ¢ F2NI + 41
Nevertheless, dr that purpose, it is crucial to understand thesolvation ability at a
molecular level. Among the most important features of an IL to be used as a solvent are
the specific interactions occurring tveeen the solvent and thaolute which are usually
related to the solvent polarity. It has previously been demonstrated that the IL polarity
influences its solvation ability, reaction rates, reaction mechanisms, product yields and
enzyme activity, among bers®>*° However i is difficult to describe the solvents polarity
using single solvent parameters, namely dipole moment, relative permittivity and
refractive index andit is further required to define the polarity of ILsby moleculag
microscopic solvenrdependent processes aimingt understandng the multitude of
possible solutesolvent interactions*

One of the methods often employed to estimate the polarity of ¢osisists onthe
analysis of the UWis spectral band shifts of solvatochromic probepecHic and
nonspecific solutesolvent interactions are reflected in the respective absorbances of a
suite of selected dye¥:*> A number of empirical solvatochromic parameters has been
suggested to quantify the moleculamicroscopic solvent properties dfs®® For the

sake of simplicity only one indicator is frequently used to build the polarity scale and,
amongst the various possibilities, theoFo n 0 WS A OKIF NRGQa oSGl AYyS |
employed® E{(30) is a measure of the solvent dipolarity/pdkability, though it is also
AaSYaAridA@dS G 2hydibgesbond dohad Sililya Qn the other hand, a
multiparametric approach was proposed by Kamlet, Taft andakers®®and consists

in the use of a set of solvatochromic probes which allow @issessment of different

parameters for the same solvefit?’
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91-95

The KamlefTaft approach™ ™ in its simple formis the expressionf a Linear Solvation

Energy Relationship (LSEjtven by the following equation,
XYZ (XYZ)+aa +bb+slp” +dd) eq. 1.31

where XY4s the result of a particular solvewtependent process XY is the value for

the reference system;F NBLINBASyGa (GKS az2f o%yidithed RA LJ2 |
hydrogenbond donating abilityp is the hydrogerbond accepting abilitand and 1 is a

correction term. The parametersa, b and s represent the solvenindependent
coefficients*%°

Different dyes and experimental approaches can result in diverse values of
solvatochromic parameters for the same solvéht In this context, differeneempirical
techniques only provide uniquscales of relative polarityzor instance, two structurally
similar probesN,N-diethyl-3-nitroaniline andN,N-diethyl-4-nitroaniline, lead to different
values of * for the same I°®% This is a result of the diverse and complex interactions
that occur between the solvent and a particular solute,, the polarity scales are always
solute-dependent. Published data fdr, b and ™ * for specific ILs are quite diffent and
mainly depend on the set of solvatochromic dyes employed'

Formost, and in particular for ionic liquidshe probes dyes depicted in Figure B3are

the most used®
NO,

(J ¢ ® ak
+

, N . o

) o© o i ii)

Figurel.3.3: Probes dys: i) N,N-diethyl-4-nitroaniline; ii) Reicha dye; iii) 4nitroaniline,
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The KamlefTaft parameters are well established for traditional solvents aredthemost
acceptedpolarity scales®®!%® Nevertheless, for more recent solvents such as ILs, these
parameters are still not definitive and are dergoing continuous experimental
measurements by several research grotdp¥* One of the major reasons behind this
ongoingresearch is the sensitivity of the KamfBaft values to impuritie@2 104198 |n | g,
many of these impurities come from theswn synthesis. Improvements on the synthetic
routes of ILs are also under constant developni€nRecently, it was demonstrated that
water, J-methylimidazole, ichlorobutane and the ions of the salts precursors
significantly influence the values of thelgatochromic parameters of 1°6%%7 For
instance, forfGmim][NT%], it was found in literature that 1% of-rhethylimidazole can
influencethe h, b and ™ * values by+0.2, +0.25 aneD.18, respectivel{? In the case of &
containing 1% of Li[NEl, the h and b valuesmay change-0.04 and +0.11, respectively
while ~* remains constan® Welton and ceworkers® alsotested the effect of 1% of
[Gmim]Cl anddemonstratedthat the h and b valuesshow a variation 0f0.03 and +0.11,
respectively,and without changs on the ~* value® Therefore, when stablishing a
polarity scale for ILs it is crucial to deal with high purity and-caulored compounds

One of the major advantages of ILs over traditional solvents is their lack of vapour
pressure at ambientO2 Yy RAGA2y ad | 2SOSNE GKAA 20
purification by simple distillation. Only volatile impurities can be removed by heating
under vacuumUsually, ILs are also purified by passing thsna column with two layers,
the first with addic alumina and the second with basic alumioaby washing with other
solvens. When ILsare coulored they are typically passed throuayttivated charcoal and

then filtered with basic and acidialumina Figure 1.3.
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Figurel.3.4: Experimentabpparatus for decalorizing ionic liquids.

The solvatochromiparameters are determinedy measuringhe maximumabsorvance

wavelength for each sampbnd applying the following equations:

4285914 .

a =0.0649 gg——§- 2.03- (0.723 eq.1.32
C ImaXR 8 ( P ) q

Dn - Dn 30.76
b — ( IL cyclohexaen) eq. 133
mDMSO_ mcyclohexaxﬂ
Dn=ny - M eq. 1.34
p* — anN("—) B nNrNcycIohexaem eq. 1.35

My nEMsO ~ TN Ngyeiohexam

WK S NBax@yes is the wavelength correspaling to maximum absorption and
Naye™M Knsayey< 10% kK.

The KamletTaft parameters are obtained as averdgealues of a series of selected
probes requiring thus a considerable experimental effort to derive #spectivevalues

for any new solvent. Still, and despite some divergences found between different authors
and probe dyes, it is generally accepted that:tlle dipolarity/polarizability (*) values

are similar amongst several ILs and are higher than tlufsemost molecular solvents
(Coulombic interactions as well as dipole and polarizability effects occur iniilL)e (
hydrogerrbond basicity values cover a large rareged are mainly controlled by the IL
anion; and ifi) the hydrogerbond acidity valuesf ILs are comparable to or lower than
that of aniline and are mainly determined by the IL cation (although the anion also plays a

secondary rolej®%*
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Aiming at overcoming the difficulties encountered with common solvatochromic probes
and the establisment of polarity scales in ILs, several attempts have been carried out in

order to find suitable alternatives. For instance, Chiappe and Pierdfcnidied the

formation of an  electron donek OO S LJG 2 NJ O2YLX SE- 0Sig

bis(dimethylamino)benzophenone nd tetracyanoethene and correlated its visible
absorption maximum with the Kamidtaft parameters. Wu et af° proposed a
spectroscopic method based on the transition energy of spiropyran probes and
demonstrated its correlation with the polarity of ILs Inyeans of the #30) values.
Lungwitz and cavorkers®®"1° established that there is a close correlation between
and b. The same research grotip”**° proved thath also correlates with théH NMR
chemical shift of the most acidic proton of the ira@blium cation.In addition, other
authors™! confirmed for more than 50 organic solventa linear correlation between

D dzii Y | ANg @cceptor number) arttieh LI NJ''¥rwesanI8chmeisser et &f
verified the absencef a good correlation betweethese two parameters using ILs.

Trying to find another parameter that provida good correlation witithe KamletT- ¥ |
parameter, Marcus'*''* demonstrated for a vastnumber oftraditional solventsthat the

D dzii Y I y yd@rir nGniber quantitative value ofdonating electron pairsby asolvend
presents a close relationshipith b2 C2 t f 2 g A y I (i K& aSchriBisksr Q &
et al."'? establishedtwo kinds of correlationsbeingthe first one for ILs composed of -O
donor anions and the sead correlation for ILs constituted by-donor anions. Authors
proved that DNs can be measdrby *Na NMR andlisplaya strongdependeng with the

IL anion! More recently, Hunt and cworkers™ proposed the use of different

computational descriptors fopredicting Kamlefaft parameters, namely andb, inlLs.

1.4. ABS with lonidiquids

A large part of this thesiss focused on the application of ABS composed of ionic liquids
and common salts for the extraction and purification of addatlie compoundssuch as
alkaloids, aminoacids and phenoliongoounds. These were used as model compounds to
addressthe potential of ABSor extractions and purificationsDue to theoutstanding
extraction performance of lbased,there isa large amount ofiterature data on this

topic. Therefore, in thisection many of these works will baighligted and discussed
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based on a previaireview manuscripfFreire, M. G., Claudio, A. F. Mraujo, J. M. M.,
Coutinho, J. A. P., Marrucho, I. M., Canongia Lopes, J. N., Rebelo, L. P. N., Aqueous
biphasicsystems A boostbrought about by using ionic liquids, Chem. Sev., 2012, 41
(14),4966-4995).

Conventional polymebased ABS have been largageda A y OS (i K&verthiepy,rin Q a ®
2003, Rogers and agorkers™® reported the pioneering research pointing to the postb
creation of ABS by the addition of inorganic saltsP(®) to aqueous solution®f ILs
(ICGim]CI - a hydrophilic ionic liquid). After this initial wdfk, three articles were
published in 2005; yet, only in 200& greater number of manuscripts (12ppeaed in

the literature. Since 2009 the number of manuscripts has increased rapidly and, more
significantly, a large number of both ionic liquids and saltng agents have been
evaluated.These ABS offered new alternatives for the recycling and coratem of

ionic liquids from aqueous solutions, for carrying out metathesis reactions, for the
formation of new ionic liquids, and for separatiapproachs.’® Since then, considerable

effort has been directed towards the use of ionic liquids as feaslilernatives to

s44,56,77, 108-171 §72-176
1 .

polymericrich phase and more recently, to the satich phase
Due to their ionic nature, ILs present two outstanding properties: negligible volatility and
non-flammability!’"*” These two characteristics haweontributed to their common
SLIAGKSG Fa aaNBSy az2ft@gSyida¢ds FyR a | NBa
replacements for the volatile and hazardous organic solvents presently usadvide

range of applicationgHowever, me of the main advantages IL-basedABSis the ability

to tailor their polarities and affinities by the manipulation of the cation/anion design and

their combinations. This aspeds indeed a major benefit given the difficulty of

overcoming the limited polarity range of polymbased ABS Polymer/polymer ABS

usually display two hydrophobic phases and the difference in polarities depends
essentially on the amount of water in each phase. On the other hand, polymeAB&t

have a hydrophobic phase constituted by the polymer ang@dphilic (and more ionic)

phase typically formed by high chardensity salts. By virtue of their tunabilitit,scover

the whole hydrophilicitshydrophobicity rangd Y R A 1 Q& @iXdzAl ARAMIADOKS L

polaritiesand affinities for given extraiins and purifications
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The replacement of polymers biysalso leads to other benefits, since most of the
polymerbased ABSare highly viscousind display slow phase separationdrawbacks
generally avoided with ionikquid-based ABS Figure 1.41 illustrates the clear
appearance of the cexisting phases in a given AB8nposed of arlLand an inorganic

salt. Chloroanilic acid was added to colour (preferentially)lthéch phase.

Figurel.4.1: Macroscopi@appearance oén Il-basedABS.

The physicalproperties of the coexisting phasesat various concentrations and
temperatures are indispensable requirements for the design and scale ligbased ABS
Density and viscosity measurements of both phases for seleittbdsedABShave been
reported 1*+148180181 The systems evaluated are made up of inorganic salts and ionic

liquids (phosphoniumand imidazoliurrbasedj®-*41%°

and of carbohydrates and ionic
liquids™* No significant differences in density values betwdehasedABSand typical
polymer-based systems have been obseryétf*¢'8%18! Nevertheless, phosphonium
based phases are far less viscousl{4MPas) than typical polymeNA OK LIKI| & S a
MPas) at close mass fraction compositiois.In addition, imidazoliunbased ABS
present even lower viscosity values than their phosphorhased counterpart$®* Even

for systems composed of carbohydrates dhg the viscosities were found to be similar

to those displayed by systems composed of inorganic salts, and substantially lower than
those of typical polymesalt or polymespolysaccharideABS™* The low viscsity of IL-

based AB$hus favours mass transfeturing extraction as well as the handling of the
phases in scaledp processes.

Only thoselLs miscible with water near room temperature can be considered for the

formation of ABS When dealing with hydrophobilk.s two phases already exist before

the addtion of any salt and one of the phases is far from being aqueous rich due to the
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low solubility of thesecompoundsin water. Moreover, the number of hydrophobitsis
limited to few cation/anion combinations, and most of them contain fluorinated ions,
which are more expensive, unstabl®? and less environmentally benigiNowadays,
there are a vast number of hydrophilicsto choose from and their environmental impact
can be controlled in a more versatile manner. In addition, it is already well accéged
the toxicity oflLsmainly depends on their hydrophobicit§?'#*In this context, it is useful

to mention that most of the hydrophilidLs used to prepare ABS display lower
toxicities®°

Aiming at defining general trends in the phase behaviourldfased ABS we have
collected a lot of liquidiquid phase equilibrium data available in the literattfré® " *®

176 and converted the usual reported weight fraction units to molality units to avoid
inconsistencies that may result from the varying letular weights exhibited byLs
and/or the saltingout species usedelow,the influence of thdlL chemical structure, the
nature of the saltingput species, pH effects, and the influence of temperature on the
liquidcliquid demixing phenomenowill be presented and discussedll phase diagrams
were determined at atmospheric pressure and studiesthe pressure effect were not

found in theliteraturg**°® 7% 18176

lonic liquid +Salt + Water Systems

ILs based on the-alkyl3-methylimidazoliumcation have received by far the most
scrutiny. In this class, JGim]Cl, [GGim]Br and [@Gim][BR] have been the most
investigated. Although [Ciim][BR] was one of the most commonly studied fluids in the
formation of ABS, it should be stressed that B¥ased compounds are not water stable.
[BR]-basedILssuffer hydrolysis in contact with water releasing fluoridric acid, even at
room temperature’®? Although these phase diagrams can be accurately determined due
to the short amount of time required to measeithem, the user must take into account
the fact that these systems are not good candidates for extraction or recycling purposes
when longer periods of contact with water are required.

The cornerstone of the formation cABScomprisinglLsand convention& salts is the
saltingout effect which is mainly a result of the creation of waten complexes that

cause the dehydration of the solute and the increase of the surface tension of the cavity

29



Extraction ofaddedvalueproducts from biomass using ionic liquids

in the aqueous medi&’*®Freire et al**"**demonstratedthe role of ionspecific effects

in the solvation phenomena associated to the mixindLsin agueous media. Saltirgut
inducing ions act mainly through entropic effects resulting from the formation of water
ion complexes whereas saltiig inducing ios directly interact with the hydrophobic
moieties of thelL'®"'® The saltingn/-out effects are thus dominated by the idan
versusion-water interactions and not by underlying watstructure modifications, as
classically accepted’*® Therefore,the addition of high chargdensity salts leads to
liquid-liquid demixing due to a preferential hydration of the high chadgasity salt over
the IL, leading thus to the saltingut (exclusion) of thdlL to the IL-rich phase.lLsare
generally made up ofow-symmetry chargealelocalized ions only capable of weak
directional intermolecular interactions (and hence weakly hydrated as compared to the

common saltingout inducing salts).

Influence of the loniciquidin IL +&lt + Water Systems

Despite the immase versatility inherent to the catieanion permutationsn ILs most of
the reported phase diagrams ofl-based ABShave made use of imidazoliubased
Cor,npoundS];lg,120,12£U.27,132134,143147,149,150,153,155,157,158,1(35,1\(?\§|,.|ereaS relatively few StUd.E
have used phosphoniusmammonium pyridinium:, piperidinium, or pyrrolidiniumbased
fluids. 127135133 154164165189 The first investigation of the effect of the cation core on the
formation of ABSwas conducted by Bridges etal.in 2007, where itvasevaluated the
phase behaviour of imidazoliwn pyridinium, and quaternary ammonium and
phosphoniumbased chloride salts saltemlt by KPQ, KHPQ, KCQ, KOH and
(NH,)2.SQ. Figure 1.3.Zompares the phase behaviours afjlueous solutions ofour IL
with KsPQ, (the strongest saltingut agent evaluated).
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Figurel.4.2: Ternary phasdiagrams foABScomposed of chloriddased ionic liquids +RQ at

room temperatures , [CGCIim]CL; Y, [GPY]CL;z , [N4aadCl; %, [PiaadCl.
The closer to the axis origin a binodal curve is, the highelthgdrophobicity (or salting
in behaviour),.e. the lower the density charge of tHeions and the higher their ability
to phase spit. The overall order of théla Q | 6 A f A (i & -ligRid dézgi¥nm§ iNFE f A |j dz
presence of potassium phosphate concentrated aqueous solutions is as followsC[P>
[N4444Cl > [QpY]CI > [GCGIM]Cl. The two quaternary salts ggCl] and [N444Cl) have
highly shielded charges, located mostly on the heteroatom surrounded by four alkyl
chains, thus leading to a higher tendency toward sattog from aqueous media. The
pyridiniumbasedIL has less shielding compared to that of the quaternary amioon
salt, although the charge is also mostly located on the nitrogen atom. Finally, the
imidazoliumbasedIL has a cation with a charge more evenly dispersed along the entire
heterocycle, and a greater ability to interact with watea hydrogenbonding. 8nilar
results for other saltingut agents like KHPQ or KCQ, have also been reportetf?
Subsequently, Louros et 4 published the ternary phase diagrams of distinct
phosphoniumbasedILs also using #Q asthe saltingout agent, at 298 K. Agaitthe
phosphoniumbasedILsare more effective in promotindABSwhen compared to their
imidazoliumbased counterparts with similar anions. The four alkyl chains and non
aromatic character of theseompoundsare responsible for their lower affinity for
water.’®! Indeed, the larger or lower miscibility of phosphonimasedILswith water
mainly depends on the watanion interactions-” In addition, similar results was

published by Neves et &°where a large range oABS composed afnidazolium and
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phosphoniumbased ILs with the inorganic salts AISQ)s; and AIK(S£), under acidic
media have been compared. Independently of the salt employed and the pH of the
aqueous media, the phosphoniubased ILs are always more efficacious in creating
ABSllQ, 146181

Ventura et af>’ have assessed the influence of nitrogeamsed cyclidLs (imidazolium,
pyridinium-, pyrrolidinium, and piperidiniurdbased) on the formation ofABS The
inorganic salt used consists of a mixture gfRQ/KH,PQ to control the pH valuesf the
co-existing phases. The influence of the cation core on the formatioi-lbdsedABSis

displayed in Figuré.4.3.
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Figurel.4.3: Ternary phase diagrams fABScomposed of chloriddased ionic liquids +

KHPQ/KH,PQ at 298 Ky/, [GGpyrr]Clt , [GGImM]CLz |, [GGpip]Cl;x, [G-3-Gpy]Cl.
The formation ofABSwith aqueous solutions ofbKKIPQ/KH,PQ, for the various families of
cations occurs in the following sequence;@@yrr]Cl < [@5im]CI < [@Cpip]Cl < [¢3-
Gpy]Cl. The authofd’ made use of liquidiiquid equilibria data for binary systems
composed ofLsand water to support their results and showed that, albeit the solubility
of water inlLslargely depends on the availability of electrons at the aromatic cores for
privileged hydrogesbonding with water, the solubility ofLsin water is mainly ruled by
steric and entropic contributions. In this context, the solubilitylibfin water largely
depends on their molar volume and closely agrees with the data obtained fat-theesed
ABSshown in Figure M4.2. Indeed, the aromatic character tifshas no major influence
on their phase behaviour, whereas the size of the cation seems to play a crucial effect.

Larger cations such as pyridinium and piperidiniurat@n heterocyclic compoundsye

32



Extraction ofaddedvalueproducts from biomass using ionic liquids

better at inducingABSthan the smaller cations imidazolium and pyrrolidinium containing
5-atom rings. In summary, considering the licligilid phase behaviour df.sand water
189190 and based on the results regarding the influence of the ioniddigation core, it

seems that the formation ofil-based ABS are dominated by steric and entropic
contributions. The trend shown in Figure 1.3.2 6 KSNBX G(GKS A2y A0 f AljdzAR
order [P44Cl > [N4aqCl > [QpY]CI > [GGIM]CI, also closelgorrelates with thelL molar

volume.

Few authors have investigated the effect of the nature of theanion through the

formation of ABS*+1231451%818 Hg\wever, only in 2009, Coutinho and -eorkers™

published the first study with a more comprehevisianalysis of the anion effect. The
experimental pmase diagrams shown in Figure 1.84eal that the ability olLs to form
ABSincreases in the order: JGim]Cl < [@GIM][CHSQ] < [GGim]Br < [GGIM][CRCQ]

< [GGIm][N(CNy] < [GGIm][HSQ] < [GGIM][CESQ.

N

[IL}/(mol.kg™)

[KsPQy/(mol.kg™)

Figurel.4.4: Ternary phase diagrams fBBScomposed of [@nim]-based ionic liquids +RQ at
298 KR, [GGIm]CI; +, [(GIm][CHSQY]; 2 , [GGIm]Br; Y, [GGIM][CRCQ]; %, [GGIM][N(CNY];
D, [GGImM][HSQ]; , [GGIM][CRSQ].

The author$™ also determined the ternary phase diagrams fosG@n]-basediLs KPQ,
and water at 298 K, and reported the following ABS formation rankGifG][CHSQ] <
[GGIM][CHCQ] < [GGIM]CI < [@Gim]Br < [GGIM][GSQ] < [GGIM][GSQ] <
[GGIM][CRBSQ]. The ABS studied reflect the competition between the saltiogions
and thelLions for the formation of hydration complexes, or in otherras®, their relative

hydrogenbond acceptor capacities. The authBPsshowed for the first time that the
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