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resumo 

 

 

O principal objetivo desta tese recai sobre a utilização de líquidos iónicos (LIs) como 

uma nova classe de solventes para a extração de compostos de valor acrescentado 

a partir da biomassa. Nestes compostos estão incluídos os compostos fenólicos 

(vanilina e ácidos gálico, siríngico e vanílico), alcaloides (cafeína) e aminoácidos (L-

triptofano). O interesse da extração destes compostos naturais está relacionado 

com as suas excelentes propriedades e consequente interesse para aplicação nas 

indústrias alimentar, de cosmética e farmacêutica. De forma a desenvolver uma 

técnica de extração/purificação mais benigna e eficiente do que as habitualmente 

utilizadas, foram estudados vários sistemas aquosos bifásicos (SABs) constituídos 

por LIs e sais orgânicos/inorgânicos. Foi também criada uma escala de polaridades 

para os LIs, através da determinação de parâmetros solvatocrómicos, para se poder 

avaliar a afinidade de diferentes LIs para compostos de valor acrescentado. Para 

além do uso de SABs, realizaram-se extrações do tipo sólido-líquido a partir de 

biomassa e utilizando soluções aquosas de LIs. Neste contexto, otimizou-se a 

extração da cafeína, quer de sementes de guaraná quer de borras de café, 

utilizando um planeamento fatorial para o efeito. Mostrou-se ainda que em ambos 

os tipos de extrações estudados é possível recuperar os compostos de valor 

acrescentado e reciclar as soluções de LI e sal utilizadas durante o processo 

extrativo. 

Por fim, com o propósito de explorar a recuperação dos compostos de valor 

acrescentado utilizando técnicas mais simples e sustentáveis, foram determinadas 

as solubilidades do ácido gálico, vanilina e cafeína em diversas soluções aquosas de 

LIs e sais. Foi possível demonstrar que os LIs atuam como hidrótropos e, deste 

modo, pode-se utilizar água como um anti-solvente adequado.  

Esta tese descreve a aplicação de LIs no desenvolvimento de processos extrativos 

mais eficientes e sustentáveis. 
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abstract 

 

The main purpose of this thesis is to investigate the potential of ionic liquids 

(ILs) as a new class of extractive solvents for added-value products from 

biomass. These include phenolic compounds (vanillin, gallic, syringic and 

vanillic acids), alkaloids (caffeine) and aminoacids (L-tryptophan). The interest 

on these natural compounds relies on the wide variety of relevant properties 

shown by those families and further application in the food, cosmetic and 

pharmaceutical industries.  

Aiming at developping more benign and effective extraction/purification 

techniques than those used, a comprehensive study was conducted using 

aqueous biphasic systems (ABS) composed of ILs and inorganic/organic salts. 

In addition,  ILs were characterized by a polarity scale, using solvatochromic 

probes, aiming at providing prior indications on the ILs affinity for particular 

added-value products. Solid-liquid (S-L) extractions from biomass and using 

aqueous solution of ILs were also investigated. In particular, and applying and 

experimental factorial design to optimize the operational conditions, caffeine 

was extracted from guaraná seeds and spent coffee. With both types of 

extractions it was found that it is possible to recover the high-value 

compounds and to recycle the IL and salt solutions. 

Finally, aiming at exploring the recovery of added-value compounds from 

biomass using a simpler and more suistainable technique, the solubility of 

gallic acid, vanillin and caffeine was studied in aqueous solutions of several ILs 

and common salts. With the gathered results it was possible to demonstrate 

that ILs act as hydrotropes and that water can be used as an adequate 

antisolvent. 

This thesis describes the use of ILs towards the development of more effective 

and sustainable processes. 
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curve, tie-line and the appearance of two-phases with different initial mixture concentrations 

along the same tie-lineΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦмо 

Figure 1.2.3: Macroscopic aspect of an ABS composed of PEG and an inorganic saltΧΧΦΧΧΧΦΧΧмп 

Figure 1.2.4: Number of articles (dark blue) and patents (light blue) published per year concerning 

ABS or ATPS. Data taken from IsiWeb of Knowledge in 4th May, 2014ΧΧΧΧΧΧΧΧΧΦΦΧΧΧΧΧΧмр 

Figure 1.2.5: Schematic solid-liquid extractionΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦмт 

Figure 1.3.1: Number of articles (black green) and patents (light green) published per year 

regarding ILs. Data taken from IsiWeb of Knowledge in 5th May, 2014ΧΧΧΧΧΧΧΧΧΧΦΧΧΦΦΧΧΦΦмф 

Figure 1.3.2: Chemical strucutures of some IL ionsΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧнл 

Figure 1.3.3: Probes dyes: i) N,N-diethyl-4-nitroaniline; ii) Reichard dye; iii) 4-

nitroanilineΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦно 

Figure 1.3.4: Experimental apparatus for decoulorizing ionic liquidsΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧнр 

Figure 1.4.1: Macroscopic appearance of an IL-based 

!.{ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ.ΧΧΧΧΧΧΧΧ.28 

 

Figure 1.4.2: Ternary phase diagrams for ABS composed of chloride-based ionic liquids + K3PO4 at 

room temperature: ƫ , [C4C1im]Cl; ƴ, [C4py]Cl; ƶ, [N4444]Cl; ×, [P4444]ClΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ.31 

Figure 1.4.3: Ternary phase diagrams for ABS composed of chloride-based ionic liquids + 

K2HPO4/KH2PO4 at 298 K: ƴ, [C4C1pyrr]Cl; ƫ , [C4C1im]Cl; ƶ, [C4C1pip]Cl; ×, [C4-3-C1py]ClΧΧΧΧΦΧΦ32 

Figure 1.4.4: Ternary phase diagrams for ABS composed of [C4mim]-based ionic liquids + K3PO4 at 

298 K: ß, [C4C1im]Cl; +, [C4C1im][CH3SO3]; ƶ, [C4C1im]Br; ƴ, [C4C1im][CF3CO2]; ×, [C4C1im][N(CN)2]; 

D, [C4C1im][HSO4]; , [C4C1im][CF3SO3]ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΧΧ....33 

Figure 1.4.5: Ternary phase diagrams for ABS composed of imidazolium-based ILs + K3PO4 at 298 

K: ƴ, [im]Cl; ƶ, [C1im]Cl; Ë , [C2im]Cl; ×, [C1C1im]ClΧΧΧΧΧΧΧΧΧΧΧΧΦΧΧΧΧΧΧΧΧΧΧΧΧΧΧос 

Figure 2.1.1: Ionic structures of the studied ionic liquids capable of forming ABS with Na2SO4 

aqueous solutions: (i) [C2mim][CF3SO3]; (ii) [C4mim][CF3SO3]; (iii) [C4mim]Br; (iv) [C4mim][N(CN)2]; 

(v) [C4mim][CH3SO4]; (vi) [C4mim][C2H5SO4]; (vii) [C4mim][TOS]; (viii) [C4mim][SCN]; (ix) 
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[C4mim][OctylSO4]; (x) [C4mim][CF3CO2]; (xi) [C7mim]Cl; (xii) [C7H7mim]Cl; (xiii) 

[C7H7mim][C2H5SO4]; (xiv) [C8py][N(CN)2]ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ..ΧΧΧΧΧΧΧΦΦсу 

Figure 2.1.2: Experimental determination of the binodal curves for the IL-Na2SO4 ABS and 

identification of ILs able (or not) to form liquid-liquid systemsΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦсф 

Figure 2.1.3: Ternary phase diagrams for [C4mim]-based ILs at 298 K and atmospheric pressure: 

Ƶ, [C4mim][CF3SO3]; Ø, [C4mim][TOS]; +, [C4mim][SCN]; ,֙ [C4mim][C2H5SO4]; í, 

[C4mim][CH3SO4]; ƶ, [C4mim][N(CN)2]; , [C4mim][OctylSO4]; ƴ, [C4mim][CF3CO2]; ·, 

[C4mim]BrΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΧΧΦтт 

Figure 2.1.4: Ternary phase diagrams for selected ionic liquids at 298 K and atmospheric pressure 

(evaluation of the cation/anion alkyl chain length influence): Ƶ, [C4mim][CF3SO3]; Ø, 

[C2mim][CF3SO3]; ,֙ [C4mim][C2H5SO4]; í, [C4mim][CH3SO4], , [C4mim] [OctylSO4]ΧΧΧΧΧΧΧΦΦту 

Figure 2.1.5: Ternary phase diagrams for selected ionic liquids at 298 K and atmospheric pressure 

(evaluation of the cation core and functionalized groups influence): Ƶ, [C8py][N(CN)2]; ƶ, 

[C4mim][C2H5SO4]; ·, [C4mim][N(CN)2]; , [C7H7mim][C2H5SO4]; Ë ,[C7H7mim]Cl; ·, 

[C7mim]ClΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦ79 

Figure 2.1.6: Ionic liquid molality, taken from each binodal curve and at which the Na2SO4 molality 

is equal to 0.5 mol·kg-1, as a function of the hydrogen bond basicity values (ɓ):[35-39] open diamonds 

represent the training set of ILs that formed ABS; full circles represent the test set of ionic liquids; 

full squares represent the hydrophobic ILs that are not completely miscible with water; and the 

full triangles represent the ILs that although miscible with water were not able to form 

ABSΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΧΧΧΧΧΧΧΧΦум 

Figure 2.2.1: Chemical structures of the studied ILs: (i) [C4mim]Cl; (ii) [C4mim][CH3CO2]; (iii) 

[C4mim]Br; (iv) [C4mim][DMP]; (v) [C4mim][CH3SO3]; (vi) [C4mim][TOS]; (vii) [C4mim][CF3SO3]; (viii) 

[C4mim][CH3SO4]; (ix) [C4mim][C2H5SO4]; (x) [C4mim][N(CN)2]; (xi) [C4mim][CF3CO2]ΧΧΧΧΧΧΧΦΦΦфм 

Figure 2.2.2: Ternary phase diagrams for [C4mim]-based ILs + K3PO4 at 298 K and atmospheric 

pressure: ×, [C4mim][TOS]; ҟ, [C4mim][C2H5SO4]; , [C4mim][DMP]; Ï, [C4mim][CH3SO4]ΧΧΧΧΦΦфп 

Figure 2.2.3: Ionic liquid molality, taken from each binodal curve and at which the K3PO4 molality 

is equal to 0.5 mol·kg-1, as a function of the hydrogen bond basicity values (ɓ).48 ΧΧΧΧΧΧΧΧΧΦфу 

Figure 2.2.4: Ternary phase diagrams for [C4mim]-based ILs + K2HPO4 at 298 K and atmospheric 

pressure: -, [C4mim][CF3SO3]; ,̧ [C4mim][N(CN)2]; ×, [C4mim][TOS]; ҟ, [C4mim][C2H5SO4]; +, 

[C4mim][CF3CO2]; , [C4mim][DMP]; Ï, [C4mim][CH3SO4]; p, [C4mim]Br; ß, [C4mim][CH3SO3]; ƴ, 

[C4mim][CH3CO2]; ,֙ [C4mim]ClΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧфф 

Figure 2.2.5:  Ternary phase diagram for [C4mim][N(CN)2] + K2HPO4 + water at 298 K and 

atmospheric pressure: ß, experimental binodal curve data; , TL data, Ƶ, fitting by equation 

нΦмΦмΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦфф 
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Figure 2.2.6: Ionic liquid molality, taken from each binodal curve and at which the K2HPO4 molality 

is equal to 0.5 mol·kg-1, as a function of the hydrogen bond basicity values (ɓ).50ΧΧΧΧΧΧΧΧΦΦмлм 

Figure 2.2.7: Ternary phase diagrams for [C4mim]-based ILs + K2HPO4/KH2PO4 at 298 K and 

atmospheric pressure: +, [C4mim][CF3CO2]; , [C4mim][DMP]; Ҥ, [C4mim][CH3SO4]; p, 

[C4mim]BrΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦмлн 

Figure 2.2.8: Ionic liquid molality, taken from each binodal curve and at which the K2HPO4/ 

KH2PO4 molality is equal to 0.5 mol·kg-1, as a function of the hydrogen bond basicity values 

( )̡.48ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦмло 

Figure 2.2.9:  Ternary phase diagrams for [C4mim][CF3SO3] and different potassium-phosphate-

based salts ABS at 298 K and atmospheric pressure: , K3PO4 [20]; È, K2HPO4; ,̧ 

K2HPO4/KH2PO4[45] (pH= 7.0); ҟ, KH2PO4ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦмлп 

Figure 2.3.1: Correlation between the experimental values of hydrogen-bond basicity (ɓ) and the 

EHB predicted by COSMO-RS: (a) experimental data from Welton and co-workers9,10; (b) 

experimental data from Lungwitz et al.35-37ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦмнп 

Figure 2.3.2: Correlation between the predicted and experimental values of hydrogen-bond 

basicity (ɓpred and ɓexp, respectively) based on the equations provided by the EHB estimated by 

COSMO-RS: (a) experimental data from Welton and co-workers9,10; (b) experimental data from 

Lungwitz et al.35-37ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧмнр 

Figure 2.3.3: (a) Correlation between the experimental values of 1H NMR chemical shift of the C2-

proton of the imidazolium ring and the EHB estimated by COSMO-RS and (b) correlation between 

the predicted and experimental values of the 1H NMR chemical shift of the proton in the C2-

position of the imidazolium ring in [C4mim]-based ILs (ɻpred and ɻ exp, respectively)ΧΧΧΧΧΧΧΧмнс 

Figure 2.4.1: Chemical structures of the ionic liquids used to form ABS: (i) [C4mim]Cl, (ii) 

[C4mim]Br, (iii) [C4mim][SCN], (iv) [C4mim][CF3CO2], (v) [C4mim][CF3SO3], (vi) [C4mim][CH3SO3], (vii) 

[C4mim][N(CN)2], (viii), [C4mim][CH3CO2], (ix) [C4mim][PO4(CH3)2], (x) [C6mim]Cl, (xi) [C4mpy]Cl, (xii) 

[C4mpip]Cl, (xiii) [C4mpyr]Cl, (xiv) [N4444]Cl, (xv) [P4444ϐ/ƭΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΧΧΧΧΦΦмоф 

Figure 2.4.2: Evaluation of the cation alkyl side chain length in the ternary phase diagrams 

composed of ionic liquid + water + C6H5K3O7: p, [C4mim]Cl; Ã, [C6ƳƛƳϐ/ƭΧΧΧΧΧΧΧΧΧΧΧΧΦмпн 

Figure 2.4.3: Evaluation of the cation core in the ternary phase diagrams composed of ionic liquid 

+ water + C6H5K3O7: ,̧ [C4mim]Cl; Ï, [C4mpip]Cl; +, [C4mpyrr]Cl; î, [C4mpy]Cl; p, [P4444]Cl; Ã, 

[N4444ϐ/ƭΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΧΧΧΧΧΧΧΦмпо 

Figure 2.4.4: Evaluation of the anion nature in the ternary phase diagrams composed of ionic 

liquid + water + C6H5K3O7: Ƶ, [C4mim][CF3SO3]; ,̧ [C4mim][SCN]; è,[C4mim][N(CN)2]; î, 

[C4mim][CF3CO2]; p, [C4mim]Br; Ï, [C4mim]Cl; ß, [C4mim][CH3SO3], Ã, [C4mim][PO4(CH3), Â, 

[C4mim][CH3CO2ϐΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦмпп 
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Figure 2.4.5: Ionic liquid molality, taken from each binodal curve and at which the C6H5K3O7 

molality is equal to 0.5 mol·kg-1, as a function of the hydrogen bond basicity values ()̡.34,35ΧΧΦмпр 

Figure 2.4.6: Partition coefficients (KTrp) and extraction efficiencies (%EETrp) of L-tryptophan in ABS 

composed of ionic liquids and C6H5K3O7 at 298 KΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΧΧΦΦмпу 

Figure 2.5.1: Chemical structures of the ionic liquids investigated: i) [C4mim]Br, ii) [C4mim]Cl, iii) 

[C4mpy]Cl, iv) [C4C1mim]Cl, v) [C4mpip]Cl, vi) [P4444]ClΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΧΧΧΧΧΧмру 

Figure 2.5.2: Ternary phase diagrams for [C4mim]Cl + water + C6H5K3O7 at нфу Y ŀƴŘ ŀǘ ǇI Ғ ф ό), 

tie-line data (ƶ), initial mixture composition (ƫ)ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΧΧΦΦмсл 

Figure 2.5.3: Evaluation of the pH effect in ternary phase diagrams composed of IL + water + 

K3C6H5O7/ C6H8O7 ŀǘ ǇI Ғ ф όƶ), pH Ғ 8 (+), pH Ғ 7 (ƫ ), pH Ғ 6 (Ҥ) and pH Ғ 5 (Ƶ).The ILs are: (a) 

[C4mim]Cl, (b) [C4C1mim]Cl, (c) [C4mpip]Cl, (d) [C4mpy]Cl, (e) [C4mim]Br and (f) [P4444]Cl. Some 

phase diagrams have been reported by other authors and are included here for comparison 

purposes.22.24ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΧΧΦмс2 

Figure 2.5.4: Phases diagrams for systems composed of (a) IL + water + C6H5K3O7 ŀǘ ǇI  Ғ фΤ L[ Ҍ 

water + C6H5K3O7/C6H8O7 at (b) ǇI Ғ у όōύΤ (c) ǇI Ғ тΤ (d) ǇI Ғ сΤ ŀƴŘ (e) ǇI Ғ рΦ ¢ƘŜ L[ǎ ǳǎŜŘ ŀǊŜ 

(ú) [C4mim]Cl, (ǅ) [C4C1mim]Cl, (æ) [C4mpip]Cl, (ƶ) [C4mpy]Cl, (ς) [C4mim]Br and (ĝ) 

[P4444ϐ/ƭΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧмс4 

Figure 2.5.5: Selective separation of sudan III and PB27 from their initial mmonophasic mixture 

using the ABS composed of [C4mƛƳϐ/ƭΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦмс6 

Figure 2.5.6: Percentage extraction efŬciencies of sudan III and PB27, EE%, in the different ABS at 

нфу YΦ ¢ƘŜ ŎƘŜƳƛŎŀƭ ǎǘǊǳŎǘǳǊŜǎ ƻŦ ōƻǘƘ ŘȅŜǎ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ŀǎ ƛƴǎŜǊǘǎΧΧΧΧΧΧΧΧΧΧΧΧΧΦΧΧмсс 

Figure 2.6.1: Chemical stǊǳŎǘǳǊŜ ƻŦ ƎŀƭƭƛŎ ŀŎƛŘΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ174 

Figure 2.6.2: Chemical structures of the studied ILs: (i) [C2mim][CF3SO3]; (ii) [C4mim][CF3SO3]; (iii) 

[C4mim]Br; (iv) [C4mim][CH3SO4]; (v) [C4mim][C2H5SO4]; (vi) [C4mim][OctylSO4]; (vii) [C7mim]Cl; 

(viii) [C8mim]Cl; (ix) [C4mim][N(CN)2]ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦмт5 

Figure 2.6.3: Partition coefficients of gallic acid in IL-based ABS formed by different inorganic salts 

at 298 KΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦм79 

Figure 2.6.4: Partition coefficients (KGA) and extraction efficiencies percentages (%EEGA) of gallic 

acid, and pH of both IL- (squares) and salt-rich phases (triangles), for different IL-K3PO4-based ABS 

at 298 KΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΧΧΧΧΧмум 
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Figure 2.6.5: Partition coefficients (KGA) and extraction efficiencies percentages (%EEGA) of gallic 

acid, and pH of both IL- (squares) and salt-rich phases (triangles), for different IL-K2HPO4/KH2PO4-

based ABS at 298 K. The bars depicted in light orange correspond to systems containing 25 wt % 

ƻŦ L[Σ ǿƘƛƭŜ ǘƘŜ ōŀǊǎ ƛƴ ŘŀǊƪ ƻǊŀƴƎŜ ǊŜŦŜǊ ǘƻ ǎȅǎǘŜƳǎ ǿƛǘƘ ол ǿǘ ҈ ƻŦ L[ΧΧΧΧΧΧΧΧΧΧΧ.ΧΧΧмуп 

 

Figure 2.6.6: Partition coefficients (KGA) and extraction efficiencies percentages (%EEGA) of gallic 

acid, and pH of both IL- (squares) and salt-rich phases (triangles), for different IL-Na2SO4-based 

ABS at 298 KΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΧΧΧΧΧΧΧΧΧΦмус 

Figure 2.6.7: Partition coefficients of gallic acid (KGA), and pH of both IL- (black) and salt-rich 

phases (gray), for [C4mim][CF3SO3]-based systems composed of different inorganic salts at 298 
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1.1. Scopes and Objectives 

The main purpose of this thesis consists on the investigation on the potential of ILs as a 

new class of extractive solvents for added-value products from biomass. Added-value 

products from biomass include phenolic compounds, alkaloids and amino acids. The 

interest on these natural compounds comes from the wide variety of relevant properties 

shown by those families, namely, among others, their antioxidant, anti-inflammatory, 

radical scavenger and antimicrobial properties.  

Trying to develop more benign extraction/purification techniques than those used 

nowadays, in this thesis, a study was conducted using aqueous biphasic systems (ABS) 

composed of ILs and typical inorganic or organic salts. Besides the use of ABS, this thesis 

also investigates the use of aqueous solution of ILs in solid-liquid extraction processes 

(from biomass). The added-value molecules investigated include phenolic compounds, 

such as vanillin, and gallic, syringic and vanillic acids, alkaloids (caffeine) and amino acids 

(L-tryptophan). These molecules have special relevance in food, wine, dietary and 

pharmaceutical industries. In both approaches several ILs (different anion/cation 

combinations) were studied aiming at optimizing the ILs that better perform for the 

added-value compounds extraction.  

In orther to gather prior indications on the ILs affinity for particular products, the 

establishment of an IL polarity scale using solvatochromic probes was also conducted. In 

particular, the Kamlet-Taft parameters were determined and a novel approach for their 

predicition was performed applying COSMO-RS (Conductor-Like Screening Model for Real 

Solvents).  

With the goal of achieving an improved characterization of the IL solvating ability, as well 

as to explore the recovery of added-value products by effective and more sustainable 

approaches, the solubility of gallic acid, vanillin and caffeine was studied in several 

aqueous solutions of ILs and more conventional salts. It is here shown that a large variety 

of ILs act as hydrotropes.  
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The following information is divided in 3 main parts: i) introduction, ii) 

extraction/purification using ABS and ILs characterization and iii) solid-liquid extractions 

(from biomass). Figure 1.1.1 outlines the structure of the following thesis that is divided 

by published/submitted manuscripts.  

General introduction

Extraction of added-value products from biomass using ionic liquids (ILs)
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Figure 1.1.1: Illustrative scheme of the thesis main chapters. 
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The first part of this thesis - Chapter 1: Introduction - provides a brief explanation of the 

main scientific concepts used in this work, such as the common methods used in the 

extraction of value-added compounds from 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 of ABS using ILs and their applications are also 

highlighted. Chapters 1.3 to 1.5 are based on the following manuscript: Freire, M. G., 

Cláudio, A. F. M. Araújo, J. M. M., Coutinho, J. A. P., Marrucho, I. M.,  Canongia Lopes, J. 

N., Rebelo, L. P. N., Aqueous biphasic systems: A boost brought about by using ionic 

liquids, Chem. Soc. Rev., 2012, 41 ,4966-4995.  

 

After the general introduction, in Chapter 2, ABS composed of ILs are deeply evaluated, 

either regarding their formation ability or in the extraction of model biomolecules.  

In Chapter 2.1: Critical Assessment of the Formation of Ionic-Liquid-Based Aqueous 

Biphasic Systems in Acidic Media, the ability of Na2SO4 to induce the formation of IL-ABS 

is investigated. Ternary phase diagrams, tie-lines, and tie-line lengths for several systems 

were determined at 298 K and atmospheric pressure. In this chapter it will be shown that, 

among the ILs studied, only those containing long alkyl side chains at the ions and/or 

anions with low hydrogen bond basicity are capable of undergoing liquid-liquid demixing 

in presence of Na2SO4 aqueous solutions. The results obtained indicate that, besides the 

salting-out ability of the inorganic salt, the pH of the aqueous solution plays a crucial role 

on the formation of IL-based ABS. This chapter is based on the published article: Cláudio, 

A. F. M.; Ferreira, A. M.; Shahriari, S., Freire, M. G. and Coutinho, J. A. P., A Critical 

Assessment on the Formation of Ionic-Liquid-Based Aqueous Two-Phase Systems in Acidic 

Media, J. Phys. Chem. B, 2011, 115, 11145ς11153. 

In Chapter 2.2: Evaluation of the Impact of Phosphate Salts on the Formation of Ionic-

Liquid-based aqueous biphasic systems, it is addressed the capability of several 

phosphate-based salts, whose anions can coexist in water depending on the media pH, to 

promote ABS formation with 1-butyl-3-methylimidazolium-based ILs. The influence of the 

IL anion in the overall process of liquid-liquid demixing is also ascertained. Novel phase 

diagrams of ABS composed of several imidazolium-based ILs and three phosphate salts 
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and a mixture of salts (K3PO4, K2HPO4, K2HPO4 + KH2PO4, and KH2PO4) were determined by 

the cloud point titration method at 298 K and atmospheric pressure. The corresponding 

tie-line compositions, tie-line lengths, and pH values of the coexisting phases were also 

determined. It was found that the ionic liquids ability to promote ABS is related with the 

hydrogen-bond basicity of the composing anion - the lower it is the higher the ability of 

the ionic fluid to undergo liquid-liquid demixing. Moreover, similar patterns on the ILs 

sequence were observed with the different phosphate salts. The phosphate anion charge 

plays a determinant role in the formation of ABS. The two-phase formation aptitude (with 

a similar IL) decreases in the rank: K3PO4 > K2HPO4 > K2HPO4 + KH2PO4 > KH2PO4. Yet, 

besides the charge of the phosphate anion, the pH and ionic strength of the aqueous 

media also influence the phase separation ability. This chapter is based on the following 

manuscript: Mourão, T.; Cláudio, A. F. M.; Boal-Palheiros, I.; Freire, M. G.; Coutinho, J. A. 

tΦΣ ά9Ǿŀƭǳŀǘƛƻƴ ƻŦ ǘƘŜ LƳǇŀŎǘ ƻŦ tƘƻǎǇƘŀǘŜ {ŀƭǘǎ ƻƴ ǘƘŜ Formation of Ionic-Liquid-Based 

!ǉǳŜƻǳǎ .ƛǇƘŀǎƛŎ {ȅǎǘŜƳǎέΣ WΦ /ƘŜƳΦ ¢ƘŜǊƳƻŘȅƴΦΣ нлмнΣ рпΣ офу-405. 

Chapter 2.3: Extended Scale for the Hydrogen-Bond Basicity of Ionic Liquids, is based on 

the published manuscript Cláudio, A. F. M.; Swift, L.; Hallett, J. P., Welton, T., Coutinho J. 

A. P. and Freire, M. G., ,Extended Scale for the Hydrogen-Bond Basicity of Ionic Liquids, J. 

Phys.  Chem. Chem. Phys, 2014, 16 (14), 6593-6601. Taking in account the extensive 

research regarding ILs as 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 behaviour. However, 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 employed. Due to all these difficulties it is 

of crucial importance to find alternative and/or predictive methods and to evaluate them 

as a priori approaches able to provide the chemical properties of ILs. In this context, we 

experimentally determined the Kamlet-Taft solvatochromic parameters for a set of ILs 

and then evaluated the potential of COSMO-RS, the Conductor-Like Screening Model for 

Real Solvents, as an alternative tool to estimate the hydrogen-bond basicity of ILs. After 

demonstrating a linear correlation between the experimental hydrogen-bond basicity 
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values and the COSMO-RS hydrogen-bonding energies in equimolar cation-anion pairs, an 

extended scale for the hydrogen-bond accepting ability of IL anions was proposed. This 

new ranking of the ILs chemical properties opens the possibility to pre-screen appropriate 

ILs (even those not yet synthesized) for a given task or application, and are of high 

importance to understand the ILs ability to extract given added-value molecules. 

Chapters 2.1 and 2.2 mainly allow the evaluation on the main effects governing the 

formation of IL-based aqueous biphasic systems. The next chapters are more devoted to 

the exploitation of IL-based ABS for the extraction and purification of biomolecules, 

although some phase diagrams and respective formation abilities are also discussed. 

In Chapter 2.4: Characterization of Aqueous Biphasic Systems Composed of Ionic Liquids 

and a Citrate-Based Biodegradable Salt, based on the publisded manuscript Passos, H.; 

Ferreira, A. R.; Cláudio, A. F. M.; Coutinho, J. A. P.; Freire, M. G., Characterization of 

Aqueous Biphasic Systems Composed of Ionic Liquids and a Citrate-Based Biodegradable 

Salt, Biochem. Eng. J., 2012, 67, 68-76, a large amount of ILs was evaluated toward their 

ability to form ABS and their extractive performance in the presence of a biodegradable 

organic salt: potassium citrate. The ternary phase diagrams, tie-lines, and respective tie-

line lengths were determined at 298 K. It is shown that the ILs aptitude to undergo liquid-

liquid demixing is mainly controlled by their hydrophobicity. The partitioning of an 

archetypal amino acid produced by bacteria fermentation, L-tryptophan, was also 

addressed aiming at exploring the applicability of the proposed systems in the 

biotechnology field. Single-step extraction efficiencies of L-tryptophan for the IL-rich 

phase range between 72 % and 99 %. 

Chapter 2.5: Reversible pH-Triggered Aqueous Biphasic Systems, demonstrates the 

striking ability to induce reversible transitions between homogeneous solutions and 

biphasic systems by a change in the pH of the aqueous media. Their potential application 

is demonstrated with the selective separation of two textile dyes. Dyes were chosen only 

as model molecules. Remarkably, the ABS constituted by [C4mim]Cl (the most hydrophilic 

IL investigated) is able to completely separate the two dyes for opposite phases with 

ŜȄǘǊŀŎǘƛƻƴ ŜŦŬŎƛŜƴŎƛŜǎ ƻŦ млл҈ ƛƴ ŀ ǎƛƴƎƭŜ-step procedure. This chapter is based on an 

article under preparation, namely Ferreira, A. M., Cláudio, A. F. M.  Rogers, R. D., 
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Coutinho, J. A. P. and Freire, M.G., Reversible pH-Triggered Aqueous Biphasic Systems, 

(2014). 

Aiming at developing more benign and efficient extraction/purification processes for 

phenolic compounds, Chapter 2.6: Optimization of the Gallic Acid Extraction using Ionic 

Liquid-Based Aqueous Biphasic Systems (based on the manuscript Cláudio, A. F. M.; 

Ferreira, A. M.; Freire, C. S. R., Silvestre, A.  J. D., Freire, M. G. and Coutinho, J. A. P., 

Optimization of the Gallic Acid Extraction Using Ionic-Liquid-Based Aqueous Two-Phase 

Systems, Sep. Purif. Technol., 2012, 97, 142ς149.) describes the use of ABS composed of 

IL and inorganic salts (K3PO4, K2HPO4/KH2PO4 and Na2SO4) to extract gallic acid. Several 

combinations of ILs and inorganic salts were studied to understand the influence of the IL 

structure and of the medium pH through the gallic acid partitioning. It is shown that at 

low pH values the non-charged form of gallic acid (or other phenolic compounds) 

preferentially migrates for the IL-rich phase whereas its conjugate base preferentially 

partitions for the salt-rich phase. These results indicate that IL-based ABS can be the basis 

of new extraction/purification processes of phenolic compounds from natural matrices.  

Chapter 2.7: Development of Back-Extraction and Recyclability Routes for Ionic-Liquid-

Based Aqueous Biphasic Systems, according to the published manuscript Cláudio, A. F. 

M.; Marques, C. F. C.; Boal-Palheiros, I.; Freire, M. G. and Coutinho, J. A. P., Development 

of back-extraction and recyclability routes for ionic-liquid-based aqueous two-phase 

systems, Green Chem., 2014, 16, 259ς268, describes a novel approach the ILs 

regeneration, recycling and reuse as phase-forming components of ABS. As a first 

approach, the phase diagrams of novel ABS composed of imidazolium-based ILs and 

Na2CO3 or Na2SO4 were determined and their extraction efficiencies for antioxidants ς 

gallic, syringic and vanillic acid - were evaluated. The most promising IL-ABS were then 

used in sequential two-step 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 

involving antioxidants while allowing the 95% of IL regeneration and further reutilization. 

The remarkable results obtained in this work support the establishment of IL-based ABS 
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as a sound basis of greener cost-effective strategies with a substantial reduction in the 

environmental footprint and economical issues. 

After, the studies involving extraction steps using aqueous biphasic systems composed of 

ILs and salts, and where the influence of pH, structure of IL, and type of salt were 

evaluated, solid-liquid extractions of added value-compounds from biomass were further 

performed using aqueous solutions of ILs. These studies are included in Chapter 3. The 

possibility of crystallizing added-value biomolecules extracted from biomass (e.g. caffeine, 

gallic acid and vanillin) ǿŀǎ ŀƭǎƻ ƛƴǾŜǎǘƛƎŀǘŜŘ ŀƴŘ ƳŀƪƛƴƎ ǳǎŜ ƻŦ ǘƘŜ άƘȅŘǊƻǘǊƻǇŜǎέ 

concept that also applies to ILs. 

Chapter 3.1: Enhanced Extraction of Caffeine from Guaraná Seeds using Aqueous 

Solutions of Ionic Liquids, addapted from Cláudio, A. F. M.; Ferreira, A. M.; Freire, M. G. 

and Coutinho, J. A. P., Enhanced Extraction of Caffeine from Guaraná Seeds using 

Aqueous Solutions of Ionic Liquids, Green Chem., 2013, 15, 2002-2010, demonstrates the 

use of ionic liquid aqueous solutions to extract a target alkaloid (caffeine) from biomass 

(guaraná seeds). Several ILs composed 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 of functionalized groups were also 

addressed. Additional conditions such as the IL concentration, 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 caffeine per guaraná dry weight) were 

obtained at a moderate temperature and in a short-time. The recyclability and reusability 

of the IL were also confirmed. It will be shown that aqueous solutions of ILs are superior 

alternatives for the solid-liquid extraction of caffeine from biomass samples and, as a 

result, the development of an IL-based process is straightforward envisaged. 

Chapter 3.2: Recovery of caffeine from spent coffee using aqueous ionic liquid 

solutions, is based on an ongoing work with the collaboration of the following authors: 

Ana M. Ferreira, Hugo Gomes, João A. P. Coutinho and Mara G. Freire. This work 

envisages the extraction of caffeine from spent coffee grounds (SCG) as a major residue 

from drinkable coffee. Usually, SCG have no commercial value 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. In this chapter, the extraction of caffeine from SCG was 

performed using aqueous solutions of protic ILs and one aprotic IL, [C4mim][CH3CO2], for 

comparison purposes. Three protic ILs (PILs) were synthesized, with the goal of replacing 

the more expensive and less benign imizadolium-based ones used in the previous Chapter 

3.1. In general, all ILs solutions perform better than pure water for the extraction of 

caffeine. The extraction yield (up to 3.57 wt %) increases with the number of ςOH groups 

at the IL cation. 

Chapter 3.3: Ionic liquids as hydrotropes: A study on the enhanced solubility of gallic 

acid, vanillin and caffeine in water, is based on a manuscript under preparation, namely 

Cláudio, A. F. M.; Freire, M. G. and Coutinho, J. A. P., Ionic liquids as hydrotropes: A study 

on the enhanced solubility of antioxidants in water (2014).  In this work, it is shown, for 

the first time, that ILs are powerful hydrotropes. Gallic acid and vanillin (both phenolic 

compounds and antioxidants) and caffeine (alkaloid) were used as model biomolecules in 

this study. The effects of the hydrotrope structure, concentration, and temperature on 

the solubility of the biomolecules in aqueous solutions were evaluated. The results 

reported show that the solubility of the biomolecules studied can increase up to 18-fold 

using 20 % wt of IL in aqueous media. The solubility mechanism, that is majorly governed 

by the formation of IL-solute aggregates, is also presented and discussed.  These results 

may have a large impact on explaining the role of ILs in the extraction of biocompounds 

as well as in designing processes for their recovery 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 extractions followed by purification to other 

high-value products, namely from Portuguese agroforestry biomass. 
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1.2. Methods of Extraction of Biomolecules  

General Context 

Nowadays, there is a growing request to extract and purify biomolecules for main 

applications in the food, cosmetic and pharmaceutical industries. In addition, and due to 

sustainability concerns, it is desired to use sub-products or even wastes aiming their 

further valorization.  

The costs associated with a final product are strongly dependent on the downstream 

processing and associated techniques. Conventional techniques, namely precipitation, 

distillation and chromatography typically employed for product recovery and 

concentration are usually expensive, provide low yields and some ŎŀƴΩǘ ōŜ ŀǇǇƭied at a 

large/industrial scale.1 

There are two main processes commonly used to extract (bio)compounds from a liquid 

phase (that usually contains the product of interest and related contaminants) to 

another: liquid-liquid extraction using organic solvents immiscible with water and 

aqueous biphasic systems (ABS). ABS consist in two aqueous-rich phases containing 

polymer/polymer, polymer/salt or salt/salt combinations, which above certain 

concentrations undergo phase separation.2 Liquid-liquid extraction processes 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 of a good combination between the recovery and purification steps can be 

achieved.3.4 Liquid-liquid extraction is currently applied in many industrial processes, 

being an ordinary unit operation in several industries, such as in the petrochemical field. 

However, in some fields, this technique is not the most adequate approach. In the 

pharmaceutical industry, for instance, the extraction with organic solvents is used in the 

production and further purification of synthetic antibiotics.2 For high purification factors, 

chromatographic methods are further employed. Nevertheless, chromatographic 

processes have some limitations and are of high cost when used at a large/industrial 

scale.  
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For the increase of the separation performance of added-value products using 

chromatography, it is necessary to use large chromatographic columns or several 

sequential cycles in smaller columns. The large columns are as robust and reliable as the 

smaller ones; nevertheless, they require large amounts of resins, buffers and others 

consumables implying, therefore, a huge cost associated to the purification process and 

related infra-structures. Furthermore, problems related with the packing in scaled-up 

processes, hysteresis, edge-effects and resin compression may result in unpredictable 

fluid distribution and pressure drops.5 The use of multiple cycles can reduce the initial 

capital investment but it will increase the operating costs as more equilibration, wash, 

elution, regeneration and sanitization steps become mandatory.5 Thus, other alternatives 

have to be considered in order to increase the manufacturing capacity and to decrease 

the final cost associated to the added-value products.  

Common organic solvents used in liquid-liquid extraction present several disadvantages, 

such as a high volatility and toxicity and the possibility of denaturating biomolecules, 

which in turn may influence the quality and purity of these.4 In addition, even when 

dealing with the extraction and purification of added-value compounds from biomass, the 

solvents employed are usually organic, volatile and hazardous.  

Currently, industry continually demands the optimization of processes for the separation 

and purification of biomolecules aiming at finding cost-effective downstream processes, 

able to provide high yields and high purity levels, and that are simultaneously more 

environmentally friendly and sustainable.1 In this context, ABS appear as an alternative 

technique, with the ability of extraction, purification and concentration in a single-step, 

are suitable for scale-up, and provide similar recovery yields and purification levels when 

compared to chromatographic approaches.6 Moreover, ABS are majorly composed of 

water and do not use volatile organic compounds (VOCs), being this an advantage 

compared with liquid-liquid extractions carried out with toxic and flammable 

compounds.7-9 

In this thesis, two methods of extraction/purification of added-value compounds were 

studied, namely solid-liquid extraction from biomass and ABS. Both methods are applied 

without the use of volatile organic compounds and using ionic liquids instead. 
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ABS (Aqueous Biphasic Systems)  

With the goal of avoiding the use of organic solvents as the extractive phase, several 

studies have been carried out employing ABS. ABS consist in two aqueous-rich phases 

containing polymer/polymer, polymer/salt or salt/salt combinations, which above certain 

concentrations undergo phase separation.2 The basis of separation of (bio)molecules in a 

biphasic system results from their equilibration and selective distribution between the 

two liquid aqueous phases.13 

The triangular phase diagram depicted in Figure 1.2.1 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 consist of two moderately diluted 

aqueous solutions. 
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Figure 1.2.1: Triangular phase diagram for a hypothetical system composed of polymer + 

inorganic salt + water (weight fraction units). 

All the mixtures with compositions below the binodal curve (A-B-C-D) undergo liquid-

liquid demixing, while those above the line fit into the homogeneous and monophasic 

regions. A given mixture (M) under the binodal solubility curve, phase separates and 

forms two coexisting phases. The compositions of each phase are represented by the 

points B and D, which are the end-points (nodes) of a specific tie-line (TL). The tie-line 

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 solutes among the 

two phases. Mixtures with total compositions along a specific tie-line have different mass 

or volume ratios of the coexisting phases but the composition of each phase remains the 
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same. The critical point of the ternary system is Point C, where the 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 concentration is omitted (pure water becomes the origin 

of the orthogonal axes). In Figure 1.2.2a) it is represented the separation of phases and 

the migration of target molecules. In Figure 1.2.2b) it is shown the binodal curve, one tie-

line and the appearance of two-phases with different initial mixture concentrations along 

the same tie-line. 
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Figure 1.2.2: a) Separation of the two phases and migration of the molecule of interest; b) binodal 

curve, tie-line and the appearance of two-phases with different initial mixture concentrations 

along the same tie-line. 

Proteins, cellular debris, organelles, nucleic acids or even whole cells can suffer 

permanent damage when exposed to processes involving hazardous organic solvents. 

Therefore, alternative techniques are required for their purification.5 In ABS, in general, 

the coexisting phases are composed of approximately 60-90 % of water, which means 

that biomolecules are not easily denatured, constituting therefore an important 

advantage when the goal is to extract biologically active molecules.13 

Beijerinck14,15 first discovered the possibility of forming ABS by the end of the 19th century 

when mixing agar and gelatin or starch and gelatin in aqueous solutions.16 Some years 

later, Ostwald and Hertel17,18 found that starches from different origins and with different 

fractions of amylose and amylopectin (rice, corn, among others) also form ABS when 

dissolved in aqueus media. Nevertheless, it was only in 1958 that P.A. Albertsson 

introduced the potential of ABS for the separation of biologically active molecules and 
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particles with systems formed by polyethylene glycol (PEG), potassium phosphate and 

water, or PEG, dextran and water.21,22 Figure 1.2.3 show the macroscopic aspect of an ABS 

composed of PEG and an inorganic salt at room temperature. 

 

 
Figure 1.2.3: Macroscopic aspect of an ABS composed of PEG and an inorganic salt. 

ABS have several advantages, since they also allow the concentration and partial 

purification integrated in one single step. Moreover, this technique can be highly selective 

and easily scaled-up.23 In addition to the advantageous economic issues and technological 

simplicity, extractions using ABS can further be considered as an integrated process, in 

which the insoluble components can be removed while at the same time the target 

product is purified.13,23 Hence, this biocompatible technique is gaining increasing 

importance in biotechnological- and pharamaceutically-related industries. Indeed, ABS 

have been pointed as an effective method for the purification of different biological 

products, such as plant and animal cells, microorganisms, virus, RNA, plasmids, proteins 

and biopharmaceuticals.16,21-25 This method is largely used at a laboratory scale altough its 

scale-up was already demonstrated.13 Indeed, a number of proteins are already purified 

by ABS at an industrial level.5 

Figure 1.2.4 reports the number of articles and patents published per year concerning ABS 

or ATPS (aqueous two-phase systems). 
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Figure 1.2.4: Number of articles (dark blue) and patents (light 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 classic oil-water systems, is the low 

interfacial tension between the two liquid phases.26,27 For the application in biomolecules 

separation processes, this small amount of excess Gibbs free energy per unit area enables 

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

and membranes.28 The first publication describing interfacial tension results in ABS dates 

from 1971 by Ryen and Albertsson.30 

Common ABS are usually formed by polyethylene glycol (PEG) because it easily forms a 

biphasic system with inorganic salts and other polymers in aqueous solutions.13 The 

addition of an inorganic salt to a single polymer-water system leads to the formation of 

two distinct aqueous phases, where usually the lower phase is rich in the inorganic salt, 

while the upper phase is rich in the polymer.31 K2HPO4, K3PO4, K2CO3, KOH, Na2HPO4 and 

Na2SO4 are inorganic salts typically employed.1,24 On the other hand, polymers such as 

dextran, derivatives of starch,32 cellulose, polyvinyl alcohol,33 hydroxypropyl starch 

(HPS),34 and ethylhydroxy ethyl cellulose (EHEC)23 are commonly employed in 

combination with PEG to form ABS. 

The partitioning of a biomolecule in ABS depends on both their intrinsic and extrinsic 

properties. Intrinsic properties include the biomolecule size, electrochemical properties, 
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surface properties and conformational characteristics. Extrinsic properties include type, 

molecular weight and concentration of the phase forming compounds, temperature, pH, 

ionic strength, among others.35-37 In the ABS mentioned before, the interactions between 

a biomolecule and the distinct phases involve hydrogen-bonding, and van der Waals-, 

dispersive-, and electrostatic-interactions.24 

Solid-liquid (S-L) Extractions 

Solid-liquid extractions allow components to be removed from solids (e.g. biomass) to a 

solvent as illustrated in Figure 1.2.5. The phases are then separated by centrifugation or 

filtration where the compounds of interest are dissolved in the liquid phase.38 This 

technique is one of the oldest unit 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.  

The choice of the solvent is carried out taking into consideration its selectivity, capability 

for dissolving the solute, density, viscosity, surface tension, toxicity, boiling temperature, 

chemical and thermal stabilities and cost.38 Obviously, due to the toxicity of some organic 

solvents, there are some restrictions on their use in the food, cosmetic and 

pharmaceutical industries. For human consumption, the presence of some solvents, 

namely acetone, ethanol, ethyl acetate, 1-propanol, 2-propanol and propyl acetate are 

acceptable in low concentrations, according to good manufacturing practices (GMP).39 

These solvents are classified as Class 3 by the Food and Drug Administration (FDA). On the 

other hand, solvents such as acetonitrile, chloroform, hexane, methanol, toluene, 

ethylmethylketone and dichloromethane (Class 2) can also be used; yet, under specific 

conditions due to their inherent toxicity.40 Solvents such as benzene, carbon 

tetrachloride, 1,2-dicloroethane, 1,1-dicloroethane and 1,1,1- trichloroethane, grouped in 

Class 1, should not be employed at all in manufacturing because of their unacceptable 

toxicity or their deleterious environmental effects.39  
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Figure 1.2.5: Schematic solid-liquid extraction. 
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1.3. Ionic Liquids 

General Context 

Before the Montreal Protocol,41 volatile organic compounds (VOCs) were commonly 

applied as extractive solvents in industrial applications because of their immiscibility with 

aqueous media.42 Nevertheless, environmental concerns regarding the use of VOCs has 

increased in the past few years due to their toxicity, volatility and flammability. Therefore, 

there is an emergent interest for the research on alternative άgreenerέ solvents for 

separation processes.41 In this context, ionic liquids (ILs) appear as potential candidates. 

ILs are salts that, unlike common salts such as NaCl, are liquid in a wide range of 

temperatures and with a melting temperature, by general definition, below 373 K (100 

ºC).43-45  They are usually constituted by large organic cations and organic or inorganic 

anions. The low symmetry, weak intermolecular interactions and a large distribution of 

charge in the ions are the major reasons behind their low melting temperatures.46,47 

ILs were firstly reported at the beginning of the 20th century by Paul Walden,48 when 

testing new explosive compounds with the aim of replacing nitroglycerin. Walden 

synthesized ethylammonium nitrate, [EtNH3][NO3], and found that it has a melting point 

around 286-287 K (13-14 ºC).48 In 1934, Charles Graenacher49 filled the first patent for an 

industrial application of ILs regarding the preparation of cellulose solutions. Later, during 

the World War II, ILs were again investigated and new patents were filled50.51 concerning 

the application of mixtures of aluminium chloride (III) and 1-ethylpyridinium bromide to 

the electrodeposition of aluminium. Despite these findings, only in a recent past these 

compounds have been extensively studied, and as can be seen in Figure 1.3.1 which 

depicts the increase on the ILsΩ publications between 1990 and 2013. 
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Figure 1.3.1: Number of articles (black green) and patents (light green) published per year 

regarding ILs. Data taken from IsiWeb of Knowledge in 5th May, 2014. 

Since the ILs physicochemical properties are strongly dependent on their chemical 

structure, the possibility of changing their properties through the manipulation of the 

ions that compose them, represents an important and supplementary advantage. This 

άǘǳƴƴŀōƛƭƛǘȅέ ƳŀƪŜǎ ƻŦ L[ǎ ǎƛƴƎǳƭŀǊ ŎƻƳǇƻǳƴŘǎ ǘƘŀǘ Ŏŀƴ ōŜ ŘŜǎƛƎƴŜŘ ǿƛǘƘ ǇǊŜŎƛǎŜ 

conditions for a particular process, as well as to manipulate their extraction capabilities 

for specific biomolecules.46,55,68  

Among a large range of ILs that can be synthesized, the most commonly studied are 

nitrogen-based, namely pyrrolidinium-, imidazolium-, piperidinium-, pyridirium-, and 

ammonium-based ILs. In Figure 1.3.2 are represented some IL cation structures. The 

cation can be even more complex with different sizes for the alkyl side chains and 

additional functionalized groups.76 In Figure 1.3.2 are depicted some of the main IL anions 

investigated. These include simple halogenates, such as Cl- and Br-, to more complex 

organic structures, such as tosylate and acetate, to fluorinated ones, namely [BF4]
-, [PF6]

- 

and [NTf2]
-. 
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Figure 1.3.2: Chemical strucutures of some IL ions. 

In spite of the ILs environmentaƭ ōŜƴŜŦƛǘǎ ŀǎ άƎǊŜŜƴerέ ǊŜǇƭŀŎŜƳŜƴǘǎ of conventional 

volatile organic solvents, their toxicity must be also addressed. Several studies77-82 were 

conducted to evaluate the toxicity of ILs, combining different anions and cations, as well 

as changing the alkyl side chain length and the number of alkyl groups at the cation ring. 

These studies revealed that the ILs toxicity is primordially determined by the cation 

nature and it is directly correlated with the length of the alkyl side chain and number of 

alkyl groups. The anion has a less significant influence than the cation, and generally 

cations with short alkyl chains or hydrophilic ILs present lower toxicity.79-83 

The ILs aqueous solubility usually decreases with the alkyl chain length increase, which is 

an advantage since the more toxic ILs (longer alkyl chain lengths) are poorly water soluble 

at room temperature, minimizing thus the environmental impact of ILs in aquatic 

streams.79 Nevertheless, the influence of the cation alkyl chain length in their water 

solubility was also observed, but it can be considered minor when compared with the IL 

anion influence.84  

Due to their ionic nature, ILs present other physical and chemical advantages over more 

conventional and molecular organic solvents, namely negligible flammability and vapour 

pressure, high chemical and thermal stabilities, high selectivity and easiness on their 

recovery and recycling.52-57 Apart from these advantages, many organic, organometallic 

and inorganic compounds can be dissolved in ILs.58 Due to these features, ILs have been 
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applied in catalysis,59 organic synthesis,53 chemical reactions,46 multiphase bioprocess 

operations,46 electrochemistry,47 chromatographic separations,48 mass spectrometry 

analysis,63 batteries and in fuel cells research,64 treatment and/or dissolution of 

biomass65-67 and for the separation of biomolecules.68 Beyond these applications, ILs have 

also been used in liquid-liquid extractions of metal ions 69,70 and synthetic organic 

compounds.71-73 

It was already shown that most ILs do not inactivate enzymes ensuring their structural 

integrity and enzymatic activity and, therefore, ILs represent a good alternative to the 

common solvents used in biocatalysis.4, 54 Furthermore, ILs allow an improved recovery of 

biomolecules when carrying liquid-liquid extractions while reducing solvent emissions.  

Regarding the extraction of added-value compounds from biomass, ILs were already used 

in the extraction of alkaloids, terpenoids, flavonoids, natural dyes, lipids, among others.75 

However, the field of separation technology is still far from being fully developed or 

explored. Several examples of extraction are described in a recent review75 regarding the 

use of ILs solutions as extractive solvents of value-added compounds from biomass. 

Examples include the use of ILs in the extraction of essential oils from orange peels, in the 

extraction of caffeine from guaraná seeds, in the reactive dissolution of star anise seeds 

towards the isolation of Shikimic acid for the production of Tamiflu, in the sequestration 

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 pretreatment of lignocellulosic 

biomass, etc.75 In addition to simpler solid-liquid extractions, microwave-assisted and 

ultrasound-assisted extractions were also used to improve the extraction yields and to 

reduce the time of extraction.75 Based on literature data, IL-based solvents, either as pure 

ILs, IL aqueous solutions or IL-alcohol mixtures, demonstrated to be enhanced solvents 

for the extraction of high-value products from biomass.75 After the extraction, the crucial 

step still consists on the product recovery and purification, and on the solvents 

recyclability aiming at developing sustainable technologies. Only few methodologies have 

already been proposed, including the addition of anti-solvents, back-extraction and 

adsorption approaches.75 
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Characterization of Ionic Liquids: Solvatochromic Parameters 

Since ILs have 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 boiling temperatures, density, viscosity and 

solvation/polarity properties, in order to define the solvent with adequates better for a 

specific task, is therefore of high relevance. In summary, the main challenge consists in 

the selection (and further synthesis) ƻŦ ŀ άǘŀƛƭƻǊŜŘ ǎƻƭǾŜƴǘέ ŦƻǊ ŀ ǘŀǊƎŜǘ ŀǇǇƭƛŎŀǘƛƻƴΦ 

Nevertheless, for that purpose, it is crucial to understand their solvation ability at a 

molecular level. Among the most important features of an IL to be used as a solvent are 

the specific interactions occurring between the solvent and the solute 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 others.85-90 However,it is difficult to describe the solvents polarity 

using single solvent parameters, namely dipole moment, relative permittivity and 

refractive index, and it is further required to define the polarity of ILs by molecularς

microscopic solvent-dependent processes aiming at understanding the multitude of 

possible soluteςsolvent interactions.91 

One of the methods often employed to estimate the polarity of ILs consists on the 

analysis of the UV-Vis spectral band shifts of solvatochromic probes. Specific and 

nonspecific solute-solvent interactions are reflected in the respective absorbances of a 

suite of selected dyes.91-95 A number of empirical solvatochromic parameters has been 

suggested to quantify the molecular-microscopic solvent properties of ILs.91-95 For the 

sake of simplicity only one indicator is frequently used to build the polarity scale and, 

amongst the various possibilities, the ETόолύ wŜƛŎƘŀǊŘǘΩǎ ōŜǘŀƛƴŜ ŘȅŜ Ƙŀǎ ōŜŜƴ ǿƛŘŜƭȅ 

employed.91 ET(30) is a measure of the solvent dipolarity/polarizability, though it is also 

ǎŜƴǎƛǘƛǾŜ ǘƻ ǘƘŜ ǎƻƭǾŜƴǘǎΩ hydrogen-bond donor ability. On the other hand, a 

multiparametric approach was proposed by Kamlet, Taft and co-workers91-95 and consists 

in the use of a set of solvatochromic probes which allow the assessment of different 

parameters for the same solvent.96,97 
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The Kamlet-Taft approach,91-95 in its simple form, is the expression of a Linear Solvation 

Energy Relationship (LSER), given by the following equation, 

 

( )dpba ds ba(XYZ)XYZ *
0 ++++=    eq. 1.3.1 

 

where XYZ is the result of a particular solvent-dependent process, (XYZ)0 is the value for 

the reference system, ̄ϝ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ǎƻƭǾŜƴǘΩǎ ŘƛǇƻƭŀǊƛǘȅκǇƻƭŀǊƛȊŀōƛƭƛǘȅΣ  h is the 

hydrogen-bond donating ability, ɓ is the hydrogen-bond accepting ability and and ɻ  is a 

correction term.. The parameters a, b and s represent the solvent-independent 

coefficients.91-95 

Different dyes and experimental approaches can result in diverse values of 

solvatochromic parameters for the same solvent.91-95 In this context, different empirical 

techniques only provide unique scales of relative polarity. For instance, two structurally 

similar probes, N,N-diethyl-3-nitroaniline and N,N-diethyl-4-nitroaniline, lead to different 

values of ̄ * for the same IL.98,99 This is a result of the diverse and complex interactions 

that occur between the solvent and a particular solute, i.e., the polarity scales are always 

solute-dependent. Published data for h, ɓ and ̄ * for specific ILs are quite different and 

mainly depend on the set of solvatochromic dyes employed.98-101  

For most , and in particular for ionic liquids, the probes dyes depicted in Figure 1.3.3 are 

the most used.98 

 

i) ii) iii)

 
 Figure 1.3.3: Probes dyes: i) N,N-diethyl-4-nitroaniline; ii) Reichard dye; iii) 4-nitroaniline. 
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The Kamlet-Taft parameters are well established for traditional solvents and are the most 

accepted polarity scales.102,103 Nevertheless, for more recent solvents such as ILs, these 

parameters are still not definitive and are undergoing continuous experimental 

measurements by several research groups.98-101 One of the major reasons behind this 

ongoing research is the sensitivity of the Kamlet-Taft values to impurities.98,99, 104-106 In ILs, 

many of these impurities come from their own synthesis. Improvements on the synthetic 

routes of ILs are also under constant development.46  Recently, it was demonstrated that 

water, 1-methylimidazole, 1-chlorobutane and the ions of the salts precursors 

significantly influence the values of the solvatochromic parameters of ILs.98,99,107 For 

instance, for [C4mim][NTf2], it was found in literature that 1% of 1-methylimidazole can 

influence the ,h ɓ and *̄  values by +0.2, +0.25 and -0.18, respectively.98 In the case of ILs 

containing 1% of Li[NTf2], the  hand ɓ values may change -0.04 and +0.11, respectively, 

while *̄ remains constant.98 Welton and co-workers98 also tested the effect of 1% of 

[C4mim]Cl and demonstrated that the h  and ɓ values show a variation of -0.03 and +0.11, 

respectively, and without changes on the ̄ * value.98 Therefore, when stablishing a 

polarity scale for ILs it is crucial to deal with high purity and non-coulored compounds. 

One of the major advantages of ILs over traditional solvents is their lack of vapour 

pressure at ambient ŎƻƴŘƛǘƛƻƴǎΦ IƻǿŜǾŜǊΣ ǘƘƛǎ ƭƻǿ Ǿƻƭŀǘƛƭƛǘȅ ŘƻŜǎƴΩǘ ŀƭƭƻǿ ǘƘŜƛǊ 

purification by simple distillation. Only volatile impurities can be removed by heating 

under vacuum. Usually, ILs are also purified by passing them by a column with two layers, 

the first with acidic alumina and the second with basic alumina, or by washing with other 

solvents. When ILs are coulored they are typically passed through activated charcoal and 

then filtered with basic and acidic alumina - Figure 1.3.4.  
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Figure 1.3.4: Experimental apparatus for decoulorizing ionic liquids. 

The solvatochromic parameters are determined by measuring the maximum absorvance 

wavelength for each sample and applying the following equations:  
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wƘŜǊŜ ˂max(dye) is the wavelength corresponding to maximum absorption and 

d˄ye=мκ˂max(dye) × 10-4 kK. 

The Kamlet-Taft parameters are obtained as averaged values of a series of selected 

probes requiring thus a considerable experimental effort to derive the respective values 

for any new solvent. Still, and despite some divergences found between different authors 

and probe dyes, it is generally accepted that: (i) the dipolarity/polarizability (̄*) values 

are similar amongst several ILs and are higher than those of most molecular solvents 

(Coulombic interactions as well as dipole and polarizability effects occur in ILs); (ii) the 

hydrogen-bond basicity values cover a large range and are mainly controlled by the IL 

anion; and (iii) the hydrogen-bond acidity values of 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 role).98-101 
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Aiming at overcoming the difficulties encountered with common solvatochromic probes 

and the establishment of polarity scales in ILs, several attempts have been carried out in 

order to find suitable alternatives. For instance, Chiappe and Pieraccini108 studied the 

formation of an electron donor-ŀŎŎŜǇǘƻǊ ŎƻƳǇƭŜȄ ōŜǘǿŜŜƴ пΣпΩ-

bis(dimethylamino)benzophenone and tetracyanoethene and correlated its visible 

absorption maximum with the Kamlet-Taft parameters. Wu et al.109 proposed a 

spectroscopic method based on the transition energy of spiropyran probes and 

demonstrated its correlation with the polarity of ILs by means of the ET(30) values. 

Lungwitz and co-workers96,97,110 established that there is a close correlation between  h

and ɓ. The same research group96,97,110 proved that ɓ also correlates with the 1H NMR 

chemical shift of the most acidic proton of the imidazolium cation. In addition, other 

authors111 confirmed, for more than 50 organic solvents, a linear correlation between 

DǳǘƳŀƴƴΩǎ ANs (acceptor number) and the h  ǇŀǊŀƳŜǘŜǊΦ111 However, Schmeisser et al.112 

verified the absence of a good correlation between these two parameters using ILs.  

Trying to find another parameter that provides a good correlation with the Kamlet-TŀŦǘ ʲ 

parameter, Marcus113,114 demonstrated, for a vast number of traditional solvents, that the 

DǳǘƳŀƴƴΩǎ 5b (donor number, quantitative value of donating electron pairs by a solvent) 

presents a close relationship with ɓ.113,114 CƻƭƭƻǿƛƴƎ ǘƘŜ aŀǊŎǳǎΩǎ ƛŘŜŀΣ113,114  Schmeisser 

et al.112 established two kinds of correlations, being the first one for ILs composed of O-

donor anions and the second correlation for ILs constituted by N-donor anions. Authors 

proved that DNs can be measured by 23Na NMR and display a strong dependency with the 

IL anion.111 More recently, Hunt and co-workers115 proposed the use of different 

computational descriptors for predicting Kamlet-Taft parameters, namely h and ɓ, in ILs.  

1.4. ABS with Ionic Liquids 

A large part of this thesis is focused on the application of ABS composed of ionic liquids 

and common salts for the extraction and purification of added-value compounds, such as 

alkaloids, aminoacids and phenolic compounds. These were used as model compounds to 

address the potential of ABS for extractions and purifications. Due to the outstanding 

extraction performance of IL-based, there is a large amount of literature data on this 

topic. Therefore, in this section, many of these works will be highligted and discussed 
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based on a previous review manuscript (Freire, M. G., Cláudio, A. F. M., Araújo, J. M. M., 

Coutinho, J. A. P., Marrucho, I. M., Canongia Lopes, J. N., Rebelo, L. P. N., Aqueous 

biphasic systems: A boost brought about by using ionic liquids, Chem. Soc. Rev., 2012, 41 

(14), 4966-4995). 

Conventional polymer-based ABS have been largely used ǎƛƴŎŜ ǘƘŜ мфулΩǎΦ Neverthless, in 

2003, Rogers and co-workers118 reported the pioneering research pointing to the possible 

creation of ABS by the addition of inorganic salts (K3PO4) to aqueous solutions of ILs 

([C4C1im]Cl - a hydrophilic ionic liquid). After this initial work118, three articles were 

published in 2005; yet, only in 2007, a greater number of manuscripts (12) appeared in 

the literature. Since 2009 the number of manuscripts has increased rapidly and, more 

significantly, a large number of both ionic liquids and salting-out agents have been 

evaluated. These ABS offered new alternatives for the recycling and concentration of 

ionic liquids from aqueous solutions, for carrying out metathesis reactions, for the 

formation of new ionic liquids, and for separation approaches.118 Since then, considerable 

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

polymeric-rich phases,44,56,77, 108-171 and more recently, to the salt-rich phases.172-176 

Due to their ionic nature, ILs present two outstanding properties: negligible volatility and 

non-flammability.177-179 These two characteristics have contributed to their common 

ŜǇƛǘƘŜǘ ŀǎ άƎǊŜŜƴ ǎƻƭǾŜƴǘǎέΣ ŀƴŘ ŀǎ ŀ ǊŜǎǳƭǘΣ ǘƘŜȅ ƘŀǾŜ ōŜŜƴ ǾƛŜǿŜŘ ŀǎ ŀƭǘŜǊƴŀǘƛǾŜ 

replacements for the volatile and hazardous organic solvents presently used in a wide 

range of applications. However, one of the main advantages of IL-based ABS is the ability 

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

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

overcoming the limited polarity range of polymer-based 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, polymer/salt ABS 

have a hydrophobic phase constituted by the polymer and a hydrophilic (and more ionic) 

phase typically formed by high charge-density salts. By virtue of their tunability, ILs cover 

the whole hydrophilicity-hydrophobicity range ŀƴŘ ƛǘΩǎ ǘƘǳǎ ǇƻǎǎƛōƭŜ ǘƻ ǘŀƛƭƻǊ ǘƘŜ ǇƘŀǎŜǎΩ 

polarities and affinities for given extractions and purifications.  
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The replacement of polymers by ILs also leads to other benefits, since most of the 

polymer-based ABS are highly viscous and display slow phase separation ς drawbacks 

generally avoided with ionic-liquid-based ABS. Figure 1.4.1 illustrates the clear 

appearance of the co-existing phases in a given ABS composed of an IL and an inorganic 

salt. Chloroanilic acid was added to colour (preferentially) the IL-rich phase. 

 

Figure 1.4.1: Macroscopic appearance of an IL-based ABS. 

The physical properties of the co-existing phases at various concentrations and 

temperatures are indispensable requirements for the design and scale up of IL-based ABS. 

Density and viscosity measurements of both phases for selected IL-based ABS have been 

reported.131,146,180,181 The systems evaluated are made up of inorganic salts and ionic 

liquids (phosphonium- and imidazolium-based)131,146,180  and of carbohydrates and ionic 

liquids.181 No significant differences in density values between IL-based ABS and typical 

polymer-based systems have been observed.131,146,180,181 Nevertheless, phosphonium-

based phases are far less viscous (4-11 MPa·s) than typical polymer-ǊƛŎƘ ǇƘŀǎŜǎ όҒ пл 

MPa·s) at close mass fraction compositions.131 In addition, imidazolium-based ABS 

present even lower viscosity values than their phosphonium-based counterparts.181 Even 

for systems composed of carbohydrates and ILs, the viscosities were found to be similar 

to those displayed by systems composed of inorganic salts, and substantially lower than 

those of typical polymer-salt or polymer-polysaccharide ABS.131 The low viscosity of IL-

based ABS thus favours mass transfer during extraction as well as the handling of the 

phases in scaled-up processes.  

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

formation of ABS. When dealing with hydrophobic ILs, two phases already exist before 

the addition of any salt and one of the phases is far from being aqueous rich due to the 
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low solubility of these compounds in water. Moreover, the number of hydrophobic ILs is 

limited to few cation/anion combinations, and most of them contain fluorinated ions, 

which are more expensive, unstable,182 and less environmentally benign. Nowadays, 

there are a vast number of hydrophilic ILs to choose from and their environmental impact 

can be controlled in a more versatile manner. In addition, it is already well accepted that 

the toxicity of ILs mainly depends on their hydrophobicity.183-184 In this context, it is useful 

to mention that most of the hydrophilic ILs used to prepare ABS display lower 

toxicities.185  

Aiming at defining general trends in the phase behaviour of IL-based ABS, we have 

collected a lot of liquid-liquid phase equilibrium data available in the literature44,56,77, 108-

176 and converted the usual reported weight fraction units to molality units to avoid 

inconsistencies that may result from the varying molecular weights exhibited by ILs 

and/or the salting-out species used. Below, the influence of the IL chemical structure, the 

nature of the salting-out species, pH effects, and the influence of temperature on the 

liquidςliquid demixing phenomenon will be presented and discussed. All phase diagrams 

were determined at atmospheric pressure and studies on the pressure effect were not 

found in the literature44,56,77, 108-176 

 Ionic Liquid + Salt + Water Systems 

ILs based on the 1-alkyl-3-methylimidazolium cation have received by far the most 

scrutiny. In this class, [C4C1im]Cl, [C4C1im]Br and [C4C1im][BF4] have been the most 

investigated. Although [C4C1im][BF4] was one of the most commonly studied fluids in the 

formation of ABS, it should be stressed that [BF4]-based compounds are not water stable. 

[BF4]-based ILs suffer hydrolysis in contact with water releasing fluoridric acid, even at 

room temperature.182 Although these phase diagrams can be accurately determined due 

to the short amount of time required to measure them, 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 of ABS comprising ILs and conventional salts is the 

salting-out effect which is mainly a result of the creation of water-ion complexes that 

cause the dehydration of the solute and the increase of the surface tension of the cavity 
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in the aqueous media.187,188 Freire et al. 187,188 demonstrated the role of ion-specific effects 

in the solvation phenomena associated to the mixing of ILs in aqueous media. Salting-out 

inducing ions act mainly through entropic effects resulting from the formation of water-

ion complexes whereas salting-in inducing ions directly interact with the hydrophobic 

moieties of the IL.187,188 The salting-in/-out effects are thus dominated by the ion-ion 

versus ion-water interactions and not by underlying water-structure modifications, as 

classically accepted.187,188 Therefore, the addition of high charge-density salts leads to 

liquid-liquid demixing due to a preferential hydration of the high charge-density salt over 

the IL, leading thus to the salting-out (exclusion) of the IL to the IL-rich phase. ILs are 

generally made up of low-symmetry charge-delocalized ions only capable of weak 

directional intermolecular interactions (and hence weakly hydrated as compared to the 

common salting-out inducing salts).  

Influence of the Ionic Liquid in IL + Salt + Water Systems 

Despite the immense versatility inherent to the cation-anion permutations in ILs, most of 

the reported phase diagrams of IL-based ABS have made use of imidazolium-based 

compounds,119,120,124-127,132,134,143-147,149,150,153,155,157,158,165,168 whereas relatively few studies 

have used phosphonium-, ammonium- pyridinium-, piperidinium-, or pyrrolidinium-based 

fluids.127,135,133,154,164,165,189 The first investigation of the effect of the cation core on the 

formation of ABS was conducted by Bridges et al.119 in 2007, where it was evaluated the 

phase behaviour of imidazolium-, pyridinium-, and quaternary ammonium-, and 

phosphonium-based chloride salts salted-out by K3PO4, K2HPO4, K2CO3, KOH and 

(NH4)2SO4. Figure 1.3.2 compares the phase behaviours of aqueous solutions of four IL 

with K3PO4 (the strongest salting-out agent evaluated).  
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Figure 1.4.2: Ternary phase diagrams for ABS composed of chloride-based ionic liquids + K3PO4 at 

room temperature: ƫ , [C4C1im]Cl; ƴ, [C4py]Cl; ƶ, [N4444]Cl; ×, [P4444]Cl. 

The closer to the axis origin a binodal curve is, the higher the IL hydrophobicity (or salting-

in behaviour), i.e., the lower the density charge of the IL ions and the higher their ability 

to phase split. The overall order of the ILǎΩ ŀōƛƭƛǘȅ ǘƻ ǳƴŘŜǊƎƻ ƭƛǉǳƛŘ-liquid demixing in the 

presence of potassium phosphate concentrated aqueous solutions is as follows: [P4444Cl] > 

[N4444]Cl > [C4py]Cl > [C4C1im]Cl. The two quaternary salts ([P4444Cl] and [N4444]Cl) have 

highly shielded charges, located mostly on the heteroatom surrounded by four alkyl 

chains, thus leading to a higher tendency toward salting-out from aqueous media. The 

pyridinium-based IL has less shielding compared to that of the quaternary ammonium 

salt, although the charge is also mostly located on the nitrogen atom. Finally, the 

imidazolium-based IL has a cation with a charge more evenly dispersed along the entire 

heterocycle, and a greater ability to interact with water via hydrogen-bonding. Similar 

results for other salting-out agents, like K2HPO4 or K2CO3, have also been reported.119 

Subsequently, Louros et al.181 published the ternary phase diagrams of distinct 

phosphonium-based ILs, also using K3PO4 as the salting-out agent, at 298 K. Again, the 

phosphonium-based ILs are more effective in promoting ABS when compared to their 

imidazolium-based counterparts with similar anions. The four alkyl chains and non-

aromatic character of these compounds are responsible for their lower affinity for 

water.181 Indeed, the larger or lower miscibility of phosphonium-based ILs with water 

mainly depends on the water-anion interactions.173 In addition, similar results was 

published by Neves et al.146 where a large range of ABS composed of imidazolium- and 
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phosphonium-based ILs with the inorganic salts Al2(SO4)3 and AlK(SO4)2 under acidic 

media have been compared. Independently of the salt employed and the pH of the 

aqueous media, the phosphonium-based ILs are always more efficacious in creating 

ABS.119, 146,181  

Ventura et al.157 have assessed the influence of nitrogen-based cyclic ILs (imidazolium-, 

pyridinium-, pyrrolidinium-, and piperidinium-based) on the formation of ABS. The 

inorganic salt used consists of a mixture of K2HPO4/KH2PO4 to control the pH values of the 

co-existing phases. The influence of the cation core on the formation of IL-based ABS is 

displayed in Figure 1.4.3. 
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Figure 1.4.3: Ternary phase diagrams for ABS composed of chloride-based ionic liquids + 

K2HPO4/KH2PO4 at 298 K: ƴ, [C4C1pyrr]Cl; ƫ , [C4C1im]Cl; ƶ, [C4C1pip]Cl; ×, [C4-3-C1py]Cl. 

The formation of ABS with aqueous solutions of K2HPO4/KH2PO4 for the various families of 

cations occurs in the following sequence: [C4C1pyrr]Cl < [C4C1im]Cl < [C4C1pip]Cl < [C4-3-

C1py]Cl. The authors157 made use of liquid-liquid equilibria data for binary systems 

composed of ILs and water to support their results and showed that, albeit the solubility 

of water in ILs largely depends on the availability of electrons at the aromatic cores for 

privileged hydrogen-bonding with water, the solubility of ILs in water is mainly ruled by 

steric and entropic contributions. In this context, the solubility of ILs in water largely 

depends on their molar volume and closely agrees with the data obtained for the IL-based 

ABS shown in Figure 1.4.2. Indeed, the aromatic character of ILs has 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 piperidinium (6-atom heterocyclic compounds) are 
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better at inducing ABS than the smaller cations imidazolium and pyrrolidinium containing 

5-atom rings. In summary, considering the liquid-liquid phase behaviour of ILs and water 

189-190, and based on the results regarding the influence of the ionic liquid cation core, it 

seems that the formation of IL-based ABS are dominated by steric and entropic 

contributions. The trend shown in Figure 1.3.2Σ ǿƘŜǊŜ ǘƘŜ ƛƻƴƛŎ ƭƛǉǳƛŘǎΩ ŀōƛƭƛǘȅ Ŧƻƭƭƻǿǎ ǘƘŜ 

order [P4444]Cl > [N4444]Cl > [C4py]Cl > [C4C1im]Cl, also closely correlates with the IL molar 

volume.  

Few authors have investigated the effect of the nature of the IL anion through the 

formation of ABS124,125,145,155,158 However, only in 2009, Coutinho and co-workers155 

published the first study with a more comprehensive analysis of the anion effect. The 

experimental phase diagrams shown in Figure 1.3.4 reveal that the ability of ILs to form 

ABS increases in the order: [C4C1im]Cl < [C4C1im][CH3SO3] < [C4C1im]Br < [C4C1im][CF3CO2] 

< [C4C1im][N(CN)2] < [C4C1im][HSO4] < [C4C1im][CF3SO3].  

0

1

2

3

4

0 1 2 3

[K3PO4]/(mol.kg-1)

[I
L
]/
(m

o
l.
k
g

-1
)

 

Figure 1.4.4: Ternary phase diagrams for ABS composed of [C4mim]-based ionic liquids + K3PO4 at 

298 K: ß, [C4C1im]Cl; +, [C4C1im][CH3SO3]; ƶ, [C4C1im]Br; ƴ, [C4C1im][CF3CO2]; ×, [C4C1im][N(CN)2]; 

D, [C4C1im][HSO4]; , [C4C1im][CF3SO3]. 

The authors155 also determined the ternary phase diagrams for [C2C1im]-based ILs, K3PO4, 

and water at 298 K, and reported the following ABS formation rank: [C2C1im][CH3SO3] < 

[C2C1im][CH3CO2] < [C2C1im]Cl < [C2C1im]Br < [C2C1im][C1SO4] < [C2C1im][C2SO4] < 

[C2C1im][CF3SO3]. The ABS studied reflect the competition between the salting-out ions 

and the IL ions for the formation of hydration complexes, or in other words, their relative 

hydrogen-bond acceptor capacities. The authors155 showed, for the first time, that the 






















































































































































































































































































































































































































































































































