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resumo 
 

 

O objectivo principal deste trabalho é estudar o equilíbrio de fases de líquidos 
iónicos em sistemas aquosos bifásicos. Para isso foram estudadas as 
solubilidades mútuas entre água e líquidos iónicos hidrofóbicos, e foi criado um 
modelo que descreve esta propriedade. Além disso, foram realizados e 
estudados sistemas aquosos bifásicos com líquidos iónicos hidrofílicos e o sal 
inorgânico K3PO4. 
Os líquidos iónicos são sais compostos por iões grandes que não formam uma 
rede cristalina bem definida, e assim permanecem líquidos à temperatura 
ambiente ou perto desta. Estes compostos são solventes interessantes, em 
reacções orgânicas convencionais do tipo liquido-liquido e em processos de 
separação, devido às suas propriedades termofísicas, à sua grande 
capacidade de solvatação e à sua pressão de vapor desprezável. Em 
particular, o conhecimento de solubilidades mútuas com água é muito 
importante para a extracção de compostos orgânicos em meios aquosos, uma 
vez que são necessários líquidos iónicos com baixa solubilidade na água, e 
para tal o conhecimento das solubilidades mútuas é de elevada importância. 
Com este propósito, as solubilidades mútuas entre a água e os líquidos iónicos 
foram determinadas no intervalo de temperatura entre 288,15 K até 318,15 K e 
à pressão atmosférica. Os líquidos iónicos seleccionados permitiram o estudo 
da influência da estrutura do catião e do anião. De forma a complementar este 
estudo foi criado um modelo QSPR de forma a prever as solubilidades mútuas 
entre a água e os líquidos iónicos a 303,15 K. 
Os sistemas aquosos bifásicos com líquidos iónicos podem ser de especial 
interesse em aplicações de biotecnologia na separação e purificação de 
biomoléculas vitais. Assim, foi realizado um estudo sistemático envolvendo um 
grande número de líquidos iónicos baseados no catião imidazólio afim de se 
obter nova informação acerca da capacidade dos líquidos iónicos promoverem 
a formação de sistemas aquosos bifásicos e extraírem biomoléculas. Com este 
propósito, foi avaliada a influência da natureza do anião, bem como a estrutura 
do catião. Foram determinados diagramas de fase com líquidos iónicos, água 
e K3PO4, assim como as respectivas linhas de equilíbrio. Como complemento, 
os sistemas aqui estudados foram também caracterizados pelo seu potencial 
em extrair aminoácidos, para o qual o L-triptofano foi seleccionado como uma 
biomolécula modelo. 
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abstract 

 
The main goal of this work is to study the behavior of ionic liquids in aqueous 
biphasic systems. For that purpose it was studied the mutual solubilities of 
water and hydrophobic ionic liquids and created a model to describe that 
property. In addition, aqueous biphasic systems employing hydrophilic ionic 
liquids and an inorganic salt, K3PO4, were carried and analyzed. 
Ionic liquids are salts composed of large ions that cannot easily form an 
ordered crystal and thus remain liquid at or near room temperature. Their 
intrinsic thermophysical properties, their high solvating ability and their 
negligible vapour pressures make them interesting solvents in conventional 
organic liquid-phase reactions and in separation processes. In particular, the 
knowledge of their mutual solubilities with water is very important for the 
extraction of organic products from chemical reactions that proceed in aqueous 
media and in liquid-liquid extractions from aqueous phases since ionic liquids 
with low solubility in water are required, and therefore the knowledge of their 
mutual solubilities with water is highly important. With that aim, the mutual 
solubilities between water and hydrophobic ionic liquids were determined from 
temperatures ranging from 288.15 K to 318.15 K and at atmospheric 
pressure.The selected ILs allowed the study of the cation and anion structure 
influence. In order to complement this experimental approach, a QSPR model 
was built to predict mutual solubilities between water and ionic liquids at  
303.15 K. 
Aqueous biphasic systems containing ionic liquids could be especially 
interesting in biotechnological applications for the separation and purification of 
vital biomolecules. Therefore, a systematic study involving a large number of 
imidazolium-based ILs was conducted to provide new information related to the 
ionic liquids ABS promoting capability and extraction ability. For that purpose, 
the influence of the anion nature as well as the cation structure composing the 
ionic liquids were evaluated. Phase diagrams of the aqueous biphasic systems 
formed by ionic liquids and K3PO4, and the respective tie-lines, were measured. 
In addition, the aqueous biphasic systems here investigated were also 
characterized according to their extractive potential of aminoacids, where L-
tryptophan was selected as a model biomolecule. 
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1.1. General Context 

Ionic Liquids (ILs) are ionic compounds that belong to the molten salts group, often 

denominated by RTILs (Room Temperature Ionic Liquids). They are usually formed by 

large organic cations and organic or inorganic anions, allowing them to remain liquid at or 

near room temperature and at atmospheric pressure, 

since they don’t have an ordered crystalline structure. 

Unlike molecular liquids, the ionic nature of these 

liquids results in a unique combination of properties 

for most ILs, namely their high thermal stability, 

large liquidus range, high ionic conductivity, negligible vapor pressure, non-flammability 

and a high solvating capacity for organic, inorganic and organometallic compounds. 

Indeed, these properties have determined their high potential to be exploited as “green 

solvents” in the past several years
1, 2

. In addition, the huge number of possible 

combinations between cations and anions allows the possibility of tuning ILs, which can be 

designed for a particular application or to show a specific set of intrinsic properties, thus 

they are also commonly described as “designer solvents”
3
. 

Besides the existence of over six hundred of common solvents used nowadays in industry, 

ILs are an innovative proposal. In the environmental field and with the intent of 

diminishing the air pollution, ILs show low vapor pressures and can substitute the typical 

and commonly used volatile organic compounds (VOCs). This is the main reason by which 

ILs are designated as “green solvents”. However, the fact of showing negligible vapor 

pressure is not enough to assure that these compounds are in fact “green”. Properties such 

as toxicity and biodegrability must be accessed before such assumptions. 

In the past years it was believed that ILs did not evaporate, but recently Earle et al.
1
 

showed that with high temperature and low pressure it is possible to distillate ILs and to 

separate mixtures composed by different ILs using fractional distillation. Nevertheless, 

although distillable, this group of researchers
1
 concluded that the vapor pressure of the ILs 

stays negligible at environmental conditions of pressure and temperature. 

ILs were first discovered, almost occasionally, in 1914, during the 1
st
 World War, by Paul 

Walden when testing new explosives for the substitution of nitroglycerin
4
. By the 

neutralization of ethylamine with concentrated nitric acid it was possible to synthesize 

+ -+ -

Figure 1. Example of a common 

IL, 1-butyl-3-methylimidazolium 

bis(trifluormethylsulfonyl)imide.  
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what was considered the first RTIL: ethylammonium nitrate with a melting point of 12 ºC
4
. 

Some years after, ILs appeared again in the 2
nd

 World War, in 1948, and applied in 

mixtures of aluminum chloride (III) and 1-ethylpyridinium bromide for the 

electrodeposition of aluminum
5, 6

. Nevertheless, only in the recent past, stable ionic liquids 

were developed and the research in the ILs field increased exponentially, as it can be seen 

in Figure 2. 
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Figure 2. Number of papers published per year concerning ILs. Values taken from IsiWeb of 

Knowledge in 2
nd

 of May, 2009.  

 

 

Nowadays ILs show a diverse and huge number of applications such as in organic 

chemistry for homogeneous catalysis
7
, Heck reaction

8, 9
 or Suzuki reaction

10
. Besides the 

organic chemistry, they can also be used as solvents in inorganic synthesis
11

, biocatalysis
7
 

and polymerization
12

. Moreover, ILs have furthermore shown potential for the separation 

of gases, for example to remove water or CO from natural gas
13

, liquids such as 

substituted-benzene derivatives
14

 and in the extraction of small impurities, like in the 

removing of traces of naphthalene or even ethanol
15

. In addition, ILs can be applied in 

engineering processes, as heat transfer fluids, azeotrope-breaking liquids and lubricants, as 

well as new materials such as electrolytes for the electrochemical industry, liquid crystals, 
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supported IL membranes (SILMs), Gas Chromatography (GC) columns, plasticizers, 

surfactants, antimicrobial and embalming agents, anticorrosion coatings and 

electropolishing agents
16

. 

1.2. Scope and Objectives 

ILs have a unique combination of intrinsic properties that produces an increasing interest 

on the research of these fluids as environmentally friendly solvents. Although ILs cannot 

vaporize leading to air pollution, they show a non negligible miscibility with water that 

may be the cause of some environmental aquatic risks. It is thus important to know the 

mutual solubilities between ILs and water before their industrial applications. In this work 

mutual solubilities with water of hydrophobic, yet hygroscopic, imidazolium and 

pyridinium based-ILs in combination with the anions bis(trifluoromethylsulfonyl)imide 

and hexafluorophosphate, were measured. The effect of the ILs structural combinations, as 

well as the influence of several factors, namely cation side alkyl chain length, the number 

of cation substitutions, the cation family, structural isomers and the anion identity in these 

mutual solubilities are analyzed and discussed. QSPR (Quantitative Structure Property 

Relationship), a correlation method based only on molecular descriptors, was applied to 

describe the mutual solubilities of water and ILs.  

Finally, extractive fermentation using aqueous biphasic systems (ABS) is a promising 

separation process since it provides a non-denaturing environment for biomolecules and 

improves the stability of cells. Due to environmental concerns and toxicity issues related 

with common VOCs, ILs are being currently investigated for extraction purposes. In this 

work, a wide range of imidazolium-based ILs was studied aiming at obtaining new insights 

regarding their ability towards the formation of ABS and their capacity towards the 

extraction of biomolecules. Ternary phase diagrams (and respective tie-lines) formed by 

these hydrophilic ILs, water and the inorganic salt K3PO4, were measured and are reported. 

In addition, the extraction capacity of the studied ABS was evaluated through their 

application to the extraction of an essential amino acid, L-tryptophan.  
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2.1. Introduction 

The knowledge of ILs and water mutual solubilities is of significant importance in the 

evaluation of their environmental risk. Although ILs are generally referred to as “green” 

solvents, studies about their toxicity and biodegradability are still scarce. In fact, while 

they cannot contribute to air pollution due to their negligible vapor pressures, some of 

them show a non negligible solubility in water, thus leading to environmental problems. 

Once in the environment, the IL ecotoxicity can be directly linked to their lipophilicity
17-20

. 

Since biological membranes can be regarded as non polar interfaces, the ILs toxicity in the 

aquatic species is driven by the ions ability to disrupt this membrane by an hydrophobic-

ionic adsorption phenomenon at the cell-membrane interface
21

. Therefore, hydrophobic ILs 

tend to accumulate in biological membranes and thus the toxicity will increase with their 

hydrophobic character. The knowledge of the ILs and water mutual solubilities can provide 

not only a way to evaluate their dispersion on the ecosystem, but also their effect upon the 

individual microorganisms. 

The quantification of the amount of water in the IL-rich phase is also important as it 

significantly affects their pure physical properties such as viscosities, densities and surface 

tensions
22-24

. Water may also act as a co-solvent, for example increasing the mutual 

solubilities between alcohols and ILs, or as an anti-solvent, reducing the solubility of gases 

in ILs
25-28

. The presence of water can also affect the rates and selectivity of reactions 

involving or carried in ILs
29

. 

Despite the importance in the knowledge of the mutual solubilities between ILs and water, 

only few publications reporting experimental values are available
26, 30-35

 and only one 

overview of the mutual solubilities between water and imidazolium-based ILs has been 

published so far
36

. Therefore, in this work, a rigorous and systematic experimental study of 

the mutual solubilites between ILs and water from (288.15 to 318.15) K, at atmospheric 

pressure, was conducted for imidazolium and pyridinium-based cations and 

bis(trifluoromethylsulfonyl)imide and hexafluorophosphate-based anions composing ILs. 

The main goal of this study is to determine the impact of the ILs structural modifications, 

such as the cation family, the cation alkyl chain length, the number of substitutions at the 

cation, and the anion identity influence in their liquid-liquid phase behavior with water.  
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2.2. Experimental Section 

2.2.1. Materials  

The mutual solubilities with water were studied for the following ILs: 1-methyl-3-

propylimidazolium hexafluorophosphate, [C3mim][PF6], 1-butyl-3-methylimidazolium 

hexafluorophosphate, [C4mim][PF6], 1-methyl-3-propylpyridinium hexafluorophosphate, 

[C3mpy][PF6], 1,3-dimethylimidazolium bis(trifluoromethylsulfonyl)imide, 

[C1mim][Tf2N], 1,3-diethylimidazolium bis(trifluoromethylsulfonyl)imide, 

[C2C2im][Tf2N], and 1-butyl-2,3-dimethylimidazolium bis(trifluoromethylsulfonyl)imide, 

[C4C1mim][Tf2N]. The ILs molecular structures are shown in Figure 3.  

 

Figure 3. Chemical structure of the ILs studied: (i) [C3mim][PF6]; (ii) [C3mim][PF6]; (iii) 

[C3mpy][PF6]; (iv) [C1mim][Tf2N]; (v) [C2C2im][Tf2N]; (vi) [C4C1mim][Tf2N]. 

 

 

All ILs were acquired at IoLiTec with the exception of [C1mim][Tf2N] that was 

synthesized in our lab (cf. Appendix A), and all had mass fraction purities > 99 %. To 

reduce the water and volatile compounds content to negligible values, ILs individual 

samples were dried under constant stirring at vacuum (0.1 Pa) and moderate temperature 

(circa 350 K), for a minimum of 48 h. After this procedure, the purity of each ionic liquid 

was further checked by 
1
H, 

13
C and 

19
F NMR (cf. Appendix A).  

The water used was double distilled, passed by a reverse osmosis system and further 

treated with a MilliQ plus 185 water purification apparatus. It had a resistivity of 18.2 

MΩ·cm, a TOC lower than 5 μg·L
-1

 and it was free of particles greater than 0.22 μm. The 
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analyte used for the coulometric Karl-Fischer titration was Hydranal
®
 - Coulomat AG from 

Riedel-de Haën. 

2.2.2. Experimental Procedure. 

The measurements of mutual solubilities between water and ILs were carried out at 

temperatures from (288.15 to 318.15) K and at atmospheric pressure. In the case of the 

water solubility in [C3mpy][PF6] the temperature range was from (303.15 to 318.15) K due 

to the high melting point of this IL. The IL and the water phases were initially vigorously 

agitated and allowed to reach the saturation equilibrium by the separation of both phases in 

22 mL glass vials for at least 48 h. This period proved to be the minimum time required to 

guarantee a complete separation of the two phases, once the measurements made later did 

not revealed a significant variation from the ones measured with 48 h, and that no further 

variations in mole fraction solubilities occurred. 

The temperature was maintained by keeping the glass vials containing the phases in 

equilibrium, inside an aluminum block specially designed for the purpose, which was then 

placed in an isolated air bath capable of maintaining the temperature within ± 0.01 K. The 

temperature control was achieved with a PID temperature controller driven by a calibrated 

Pt100 (class 1/10) temperature sensor inserted in the aluminum block. In order to reach 

temperatures below room temperature, a Julabo circulator, model F25-HD, was coupled to 

the overall oven system allowing the passage of a 

thermostatized fluid flux around the aluminum block.  

The solubility of water in the IL-rich phase was determined 

using a Metrohm 831 Karl-Fischer (KF) coulometer (Figure 

4) and the solubility of ILs in the water-rich phase was 

determined by UV-spectroscopy using a SHIMADZU UV-

1700 Pharma-Spec Spectrometer (Figure 5), at a wavelength 

of 211 nm, using calibration curves previously established 

(cf. Appendix A). These wavelengths were found to be the 

maximum UV absorption lengths for the imidazolium-

based cations studied. Both rich-phases were sampled at 

each temperature from the equilibrium vials using glass 

syringes, maintained dry and at the same temperature of the 

Figure 4. Karl Fischer 

coulometric titrator. 

Figure 5. UV Spectrometer. 
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measurements.  For the IL-rich phase, samples of ≈ (0.1 to 0.2) g were taken and directly 

injected in the KF coulometric titrator while for the water-rich phase, samples of ≈ (0.3 to 

1.0) g were taken and diluted by a factor ranging from (1:50 to 1:1000) (v:v) in ultra pure 

water, depending on the solubility of the IL under study. The high precision and accuracy 

of this method can be linked not only to the gravimetric procedure but also to the dilutions 

of the samples of the water-rich phase, avoiding phase split when working at temperatures 

different from room temperature. The mutual solubilities results at each individual 

temperature are an average of at least five independent measurements. 

2.3. Results and Discussion 

2.3.1. Mutual Solubilities Results.  

The experimental solubility results here measured are compared with the available 

literature data
30, 32, 34, 37-40

 in Figure 6. 

 

 

 

Figure 6. Relative deviations between the experimental mole fraction solubility of water in ILs 

(empty symbols) and ILs in water (full symbols) obtained in this work (xexp) and those reported in 

the literature (xlit) as a function of temperature: ◊, [C8mim][PF6], Fadeev et al.
38

; , [C4mim][PF6], 

McFarlane et al.
32

; ,[C4mim][PF6], Anthony et al.
30

; , [C8mim][PF6], Anthony et al.
30

; , 

[C4mim][PF6], Wong et al.
34

; □, [C4mim][PF6], Najdanovic-Visak et al.
39

; -, [C4mim][PF6], Alfassi 

et al.
37

; +, [C4mim][PF6], Shvedene et al.
40

; ×, [C4C1mim][PF6], Shvedene et al.
40

. 
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There are large differences among different authors, especially in the water-rich side, 

which can be directly related to the accuracy in the measurements of very low solubilities. 

In the IL-rich side, smaller relative deviations exist between different authors, which can 

be linked to the larger solubilities in this phase. 

The experimental solubility data measured, and the respective expanded uncertainty with 

95 % level of confidence, are shown in Table 1 and 2. 
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Table 1. Experimental mole fraction solubility of water in ILs and respective expanded uncertainty with 95 % level of confidence, xw, as a function of 

temperature. 

 

IL [C3mim][PF6] [C4mim][PF6] [C3mpy][PF6] [C3mpy][Tf2N]
41

 [C1mim][Tf2N] [C2mim][Tf2N]
35

 

T / K xw xw xw xw xw xw 

288.15 0.2437 ± 0.0040 0.1964 ± 0.0033 --- 0.2059 ± 0.0029 0.2984 ± 0.0048 0.2755 ± 0.0013 

293.15 0.2709 ± 0.0024 0.2094 ± 0.0007 --- 0.2259 ± 0.0091 0.3209 ± 0.0047 0.2869 ± 0.0020 

298.15 0.2925 ± 0.0022 0.2289 ± 0.0032 --- 0.2362 ± 0.0088 0.3399 ± 0.0096 0.2982 ± 0.0023 

303.15 0.3168 ± 0.0063 0.2497 ± 0.0052 0.2949 ± 0.0050 0.2566 ± 0.0094 0.3616 ± 0.0027 0.3119 ± 0.0018 

308.15 0.3461 ± 0.0007 0.2670 ± 0.0048 0.3248 ± 0.0021 0.2697 ± 0.0063 0.3799 ± 0.0014 0.3280 ± 0.0009 

313.15 0.3769 ± 0.0071 0.2881 ± 0.0051 0.3516 ± 0.0087 0.2918 ± 0.0023 0.4080 ± 0.0143 0.3446 ± 0.0004 

318.15 0.4050 ± 0.0041 0.3033 ± 0.0045 0.3772 ± 0.0062 0.3102 ± 0.0127 0.4346 ± 0.0164 0.3603 ± 0.0012 

IL [C3mim][Tf2N]
35

 [C4mim][Tf2N]
35

 [C5mim][Tf2N]
35

 [C2C2im][Tf2N] [C4C1mim][Tf2N]  

T / K xw xw xw xw xw  

288.15 0.2502 ± 0.0011 0.2307 ± 0.0008 0.2052 ± 0.0011 0.2413 ± 0.0106 0.1682 ± 0.0034  

293.15 0.2581 ± 0.0009 0.2443 ± 0.0015 0.2127 ± 0.0011 0.2615 ± 0.0028 0.1826 ± 0.0043  

298.15 0.2715 ± 0.0016 0.2568 ± 0.0014 0.2211 ± 0.0013 0.2772 ± 0.0011 0.1912 ± 0.0036  

303.15 0.2861 ± 0.0024 0.2715 ± 0.0017 0.2324 ± 0.0010 0.2942 ± 0.0020 0.2120 ± 0.0009  

308.15 0.3013 ± 0.0018 0.2853 ± 0.0017 0.2449 ± 0.00033 0.3054 ± 0.0060 0.2289 ± 0.0035  

313.15 0.3172 ± 0.0012 0.2989 ± 0.0009 0.2570 ± 0.0022 0.3296 ± 0.0069 0.2439 ± 0.0059  

318.15 0.3324 ± 0.0018 0.3136 ± 0.0023 0.2669 ± 0.0019 0.3507 ± 0.0026 0.2632 ± 0.0014  
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Table 2. Experimental mole fraction solubility of water in ILs and respective expanded uncertainty with 95 % level of confidence, xIL, as a function of 

temperature. 

 

IL [C4mim][PF6] [C1mim][Tf2N] [C2mim][Tf2N]
35

 [C3mim][Tf2N]
35

 

T / K 10
3
 xIL 10

3
 xIL 10

4
 xIL 10

4
 xIL 

288.15 1.010 ± 0.007 1.218 ± 0.021 7.657 ± 0.091 5.147 ± 0.418 

293.15 1.110 ± 0.002 1.281 ± 0.009 8.025 ± 0.192 5.270 ± 0.013 

298.15 1.210 ± 0.001 1.343 ± 0.011 8.380 ± 0.133 5.399 ± 0.008 

303.15 1.286 ± 0.001 1.452 ± 0.007 8.750 ± 0.022 5.682 ± 0.004 

308.15 1.430 ± 0.004 1.516 ± 0.020 9.325 ± 0.189 6.042 ± 0.085 

313.15 1.581 ± 0.002 1.612 ± 0.017 9.848 ± 0.056 6.493 ± 0.042 

318.15 1.759 ± 0.002 1.829 ± 0.062 10.535 ± 0.045 7.010 ± 0.066 

IL [C4mim][Tf2N]
35

 [C5mim][Tf2N]
35

 [C2C2im][Tf2N] [C4C1mim][Tf2N] 

T / K 10
4
 xIL 10

4
 xIL 10

4
 xIL 10

4
 xIL 

288.15 2.861 ± 0.010 1.843 ± 0.056 5.052 ± 0.109 2.036 ± 0.061 

293.15 2.916 ± 0.037 1.883 ± 0.219 5.128 ± 0.079 2.025 ± 0.092 

298.15 3.067 ± 0.012 1.956 ± 0.018 5.177 ± 0.018 2.101 ± 0.038 

303.15 3.179 ± 0.018 2.011 ± 0.011 5.600 ± 0.093 2.181 ± 0.089 

308.15 3.439 ± 0.042 2.183 ±0.029 5.930 ± 0.132 2.376 ± 0.018 

313.15 3.944 ± 0.014 2.318 ± 0.059 6.279 ± 0.154 2.467 ± 0.086 

318.15 4.702 ± 0.029 2.534 ± 0.015 6.802 ± 0.210 2.705 ± 0.035 
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In general terms, it can be observed that, for all the studied ILs, the miscibility of both 

phases increases with temperature. Note that all the studied ILs are known as 

“hydrophobic”, but the water solubility results indicate that they are substantially 

“hygroscopic”. The mole fraction solubility of ILs in water ranges from 10
-3

 to 10
-4 

and the 

water in ILs is in the order of 10
-1

. Thus, while the water-rich phase can be considered 

almost as a pure phase with the dissolved IL at infinite dilution, the IL-rich phase cannot 

be considered as a near pure IL phase. The results obtained for all the studied ILs show a 

large difference in the mole fraction solubilities of water in ILs, ranging from 0.168 for the 

[C4C1mim][Tf2N] to 0.485 for [C1mim][Tf2N]. Comparing the anions it is possible to 

establish that their hydrophobicity increases from [PF6]
-
 to [Tf2N]

-
 both in the IL and water 

rich-phases, as shown in Figure 7.  

 

 

 

Figure 7. Anion influence in the water, a), and ILs, b), mutual solubilities: , [C3mim][PF6]; , 

[C3mpy][PF6]; , [C3mim][Tf2N]
35

; , [C3mpy][Tf2N]
41

; , [C4mim][PF6]; , [C4mim][Tf2N]
35

. 

 

 

Figure 8 shows the results for the cation family influence in the solubility of water in ILs.  
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Figure 8. Influence of the cation family for the water solubility in ILs: , [C3mim][PF6]; , 

[C3mpy][PF6]. 

 

 

From the analysis of Figure 8, it is clear that the solubility of water in ILs increases from 

pyridinium to imidazolium-based ILs. When comparing with literature data
41

, the cations 

imidazolium and pyridinium have an aromatic character so that their solubility of water 

and vice-versa are higher when compared to the pyrrolidinium and piperidinium-based ILs, 

once they have the possibility of interacting OH···π or O···π with water
41

.  

The influence of the alkyl side chain length at the cation is shown in Figure 9. 
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Figure 9. Cation alkyl chain length influence in the water, a), and ILs, b), mutual solubilities: ○, 

[C1mim][Tf2N]; ×, [C2mim][Tf2N]
35

; , [C3mim][Tf2N]
35

; , [C4mim][Tf2N]
35

; +, 

[C5mim][Tf2N]
35

. 

 

 

When analyzing Figure 9, increasing the IL alkyl chain length it decreases the solubility of 

water in ILs and vice-versa. Indeed, these results are consistent with the experimental data 

previously reported
35, 41

.  

The difference in the mutual solubilities between water and different ILs isomers 

([C2C2im][Tf2N], [C3mim][Tf2N], [C4C1mim][Tf2N] and [C5mim][Tf2N]) is shown in 

Figure 10. 
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Figure 10. Isomers influence in the water, a), and ILs, b), mutual solubilities: , 

[C2C2mim][Tf2N]; , [C3mim][Tf2N]
35

; +, [C5mim][Tf2N]
35

; –, [C4C1mim][Tf2N]. 

 

 

By the inspection of the previous figure, the tendency of the solubility of water in ILs 

follows the trend [C2C2im] > [C3mim] > [C5mim][Tf2N] > [C4C1mim]. On the other hand, 

the solubility of ILs in water show the tendency [C3mim] > [C2C2im] > [C4C1mim] > 

[C5mim][Tf2N]. This trend leads to the conclusion that the substitution of the most acidic 

hydrogen in the imidazolium ring by a methyl group decreases the water solubility in IL 

and increases the solubility of the IL in water. On the other hand, keeping the number of 

substitutions at the cation, [C2C2im][Tf2N] and [C3mim][Tf2N], the increase of one of the 

alkyl chains decreases the solubility of water in IL. 

2.3.2. Temperature Dependence of Water in ILs Solubility. 

The equation that follows (Eq. 1) proved to accurately correlate the experimental solubility 

data of water in ILs, 

T

B
Ax 1

1wln          (1) 

where xw is the mole fraction solubility of the water in IL, T is the temperature in K and A1 

and B1 are fitting parameters that are shown in Table 3. The proposed correlation shows a 

relative maximum average deviation from experimental mole fraction data (δ) of 3 %. In 

Figure 11 is shown the fitting of Eq.1 to the experimental data. 
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Table 3. Fitting parameters for the mole fraction solubility of water in ILs, as a function of 

temperature, using Eq. 1. 

 

IL A1 B1 / K Adj R
2(a)

 δ / (%) 

[C3mim][PF6] 3.94 -1541 0.9988 1.01 

[C4mim][PF6] 2.92 -1261 0.9967 1.94 

[C3mpy][PF6]  3.99 -1579 0.9947 0.66 

[C3mpy][Tf2N]
41

 2.68 -1227 0.9950 1.49 

[C1mim][Tf2N] 2.54 -1040 0.9975 1.23 

[C2mim][Tf2N]
35

 1.57 -827 0.9939 0.91 

[C3mim][Tf2N]
35

 1.71 -896 0.9929 1.40 

[C4mim][Tf2N]
35

 1.72 -936 0.9998 0.25 

[C5mim][Tf2N]
35

 1.29 -831 0.9930 1.11 

[C2C2im][Tf2N] 2.41 -1101 0.9935 1.88 

[C4C1mim][Tf2N] 2.99 -1376 0.9939 2.53 

            (a)
Adjusted R

2 

 

Figure 11. Experimental solubility values adjusted with Eq. 1: , [C3mim][PF6]; , 

[C3mpy][PF6]; , [C4mim][PF6]; ○, [C1mim][Tf2N]; ×, [C2mim][Tf2N]
35

; , [C2C2mim][Tf2N]; , 

[C3mim][Tf2N]
35

; , [C4mim][Tf2N]
35

; , [C3mpy][Tf2N]
41

; +, [C5mim][Tf2N]
35

; –, 

[C4C1mim][Tf2N]. 
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2.3.3. Temperature Dependence of ILs in Water Solubility. 

The model for experimental solubility of ILs in water data was carried out using Eq. 2 that 

showed to be capable of describing the temperature dependence of the solubility of 

organics in water, 

TE
T

D
Cx lnln 1

1
1IL          (2) 

where xIL is the mole fraction solubility of the IL in water, T is the absolute temperature in 

K and C1, D1 and E1 are fitting parameters that are shown in Table 4. The proposed 

correlations showed a relative maximum deviation from experimental mole fraction data 

(δ) of 2 %. In Figure 12 it is shown the fitting of Eq. 2 to the experimental data. 

 

Table 4. Fitting parameters for the mole fraction solubility of ILs in water as a function of 

temperature, using Eq. 2. 

 

IL C1 D1 / K E1 Adj R
2(a)

 δ / (%) 

[C4mim][PF6] -198 7208 29 0.9976 1.38 

[C1mim][Tf2N] -272 10988 40 0.9836 2.50 

[C2mim][Tf2N]
35

 -166 6365 24 0.9986 0.54 

[C3mim][Tf2N]
35

 -351 14700 52 0.9989 0.51 

[C4mim][Tf2N]
35

 -873 37782 130 0.9870 2.91 

[C5mim][Tf2N]
35

 -375 15725 55 0.9943 1.27 

[C2C2im][Tf2N] -355 14858 52 0.9857 2.16 

[C4C1mim][Tf2N] -393 16583 58 0.9837 2.14 

(a)
Adjusted R

2 
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Figure 12. Experimental solubility values adjusted with Eq. 2: ○, [C1mim][Tf2N]; , 

[C4mim][PF6]; ×, [C2mim][Tf2N]
35

; , [C3mim][Tf2N]
35

; , [C2C2mim][Tf2N]; , 

[C4mim][Tf2N]
35

; –, [C4C1mim][Tf2N]; +, [C5mim][Tf2N]
35

. 

 

2.4. Conclusions 

New data for mutual solubilities between water and hydrophobic imidazolium and 

pyridinium-based cations in combination with bis(trifluoromethylsulfonyl)imide and 

hexafluorophosphate-based anions in the temperature range between (288.15 and 318.15) 

K, and at atmospheric pressure, were determined. The hydrophobic tendency of the cation 

family increases from imidazolium to pyridinium-based ILs and with the alkyl chain length 

increase within the same cation family. Furthermore, the inclusion of a third methyl group 

replacing the most acidic hydrogen at the imidazolium cation showed to have different 

impacts in both rich-phases, which was addressed by the relative influence of the 

hydrogen-bonding capacity in both phases. The anion hydrophobic tendency increases 

from hexafluorophosphate to bis(trifluoromethylsulfonyl)imide-based ILs. Moreover, the 

discussed amphiphilic character of the studied salts can be used to fine tune the ILs mutual 

solubilities with water and to control their ecotoxicity impact. 
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3.1. Introduction 

Quantitative Structure-Activity Relationships (QSAR) and Quantitative Structure-Property 

Relationships (QSPR) are methods for the direct prediction of compound’s properties 

based on its molecular structure. These models correlate experimental data with specific 

parameters, named molecular descriptors, derived from the compound’s 3D structure. 

Using these models it is possible to predict properties of new and hypothetical molecules, 

not yet synthesised. QSAR/QSPR models are especially apt to the development of new 

drugs, conception of new molecules, molecular modelling and resolution of new problems 

related with chemical engineering. QSAR deals mainly with biological/chemical activity 

while QSPR with physical and chemical properties. 

In 1868 the first publication on the quantitative relation of physiological properties with 

the chemical structure appeared
42

. In the 20
th

 century, during the 60’s, there was an 

important progress in this field with the development of a linear free energy relationship 

(LFER). These studies, along with the development of computers, allowed the appearance 

of new and more complex descriptors
43

. 

These models can be used as predictive instruments for the estimation of physical-chemical 

properties, identifying the most favourable compounds, thus orienting the synthesis and 

reducing the number of compounds to be synthesized. They can also be used as diagnostic 

instruments, giving the possible information about types of interaction forces, in the 

receptor nature, in the mechanism of action and in detection of exceptions that may occur. 

These models show however some limitations, since they are not accurate to describe some 

specific interactions between molecules, such as hydrogen bonding
43

. 

For QSPR studies a quantitative description of the molecular structure is required, that is 

obtained by parameters and descriptors. A parameter describes a molecular property and is 

obtained from a regression model using an estimator, while a descriptor is known as a 

term, index or a parameter that transmits structural information.  

There have been studies of biological and physical-chemical properties such as solubility 

of aqueous solutions, vapour pressure, partioning coefficients, among others, by this 

approach
44-50

. Recently, QSPR studies have been used in correlations and prediction of 

various properties of ILs such as melting points of quaternary ammonium, imidazolium 

and pyridinium-based ILs
51

, conductivities and viscosities
52

. 



 

 

Aqueous Biphasic Systems with Ionic Liquids 

_________________________________________________________________________ 

26 

 

The main goal of this work is, using the data gathered at Path’s laboratories and found in 

literature, to create a model to describe mutual solubilities of some ILs and water. 

3.2. Experimental database 

The mutual solubilities between water and 26 different ILs were studied: several found in 

literature (1-hexyl-3-methylimidazolium hexafluorophosphate, [C6mim][PF6], 1-methyl-3-

octylimidazolium hexafluorophosphate, [C8mim][PF6], 1-butyl-2,3-dimethylimidazolium 

hexafluorophosphate, [C4C1mim][PF6], 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide, [C2mim][Tf2N], 1-methyl-3-propylimidazolium 

bis(trifluoromethylsulfonyl)imide, [C3mim][Tf2N], 1-butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide, [C4mim][Tf2N], 1-methyl-3-pentylimidazolium 

bis(trifluoromethylsulfonyl)imide, [C5mim][Tf2N], 1-hexyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide, [C6mim][Tf2N], 1-heptyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide, [C7mim][Tf2N], 1-methyl-3-octylimidazolium 

bis(trifluoromethylsulfonyl)imide, [C8mim][Tf2N], 1-methyl-3-propylpyridinium 

bis(trifluoromethylsulfonyl)imide, [C3mpy][Tf2N], 1-methyl-1-propylpyrrolidinium 

bis(trifluoromethylsulfonyl)imide, [C3mpyr][Tf2N], 1-butyl-1-methylpyrrolidinium 

bis(trifluoromethylsulfonyl)imide [C4mpyr][Tf2N] and 1-methyl-1-propylpiperidinium 

bis(trifluoromethylsulfonyl)imide, [C3mpip][Tf2N])
35, 36, 41

, others reported in this thesis in 

Chapter 2 (1-methyl-3-propylimidazolium hexafluorophosphate, [C3mim][PF6], 1-butyl-3-

methylimidazolium hexafluorophosphate, [C4mim][PF6], 1-methyl-3-propylpyridinium 

hexafluorophosphate, [C3mpy][PF6], 1,3-dimethylimidazolium 

bis(trifluoromethylsulfonyl)imide, [C1mim][Tf2N], 1,3-diethylimidazolium 

bis(trifluoromethylsulfonyl)imide [C2C2im][Tf2N], 1-butyl-2,3-dimethylimidazolium 

bis(trifluoromethylsulfonyl)imide, [C4C1mim][Tf2N]) and some data not yet reported (1-

decyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, [C10mim][Tf2N], 1-butyl-3-

methylpyridinium bis(trifluoromethylsulfonyl)imide, [C4mpy][Tf2N], 1-butyl-4-

methylpyridinium bis(trifluoromethylsulfonyl)imide, [4-C4mpy][Tf2N], butylpyridinium 

bis(trifluoromethylsulfonyl)imide, [C4py][Tf2N], hexylpyridinium 

bis(trifluoromethylsulfonyl)imide, [C6py][Tf2N], octylpyridinium 

bis(trifluoromethylsulfonyl)imide, [C8py][Tf2N]). 
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3.3. Methodology 

The structures of each cation and anion of the ILs were drawn using ChemDraw Ultra 9.0-

2004. After that, the file was transformed in a Mol2 file, so that it could be used in 

Dragon
®
, version 5.3 - 2005, to calculate de molecular descriptors for each individual ion. 

In order to correlate the property with descriptors, a equation type 

 ln x = a + b Δ1 + c Δ2 + d Δ3       (3) 

where x is the molar fraction of water in IL or IL in water; a, b, c and d are coefficients and 

Δ1 is the cavity term, Δ2 is a polarizability descriptor and Δ3 is the descriptor related with 

hydrogen bonding, was used based on LSER (Linear Solvation Energy Relationship). 

Among the 1664 descriptors calculated by Dragon
®
 were chosen the most similar to the 

ones above. This narrows the possibility to 30 descriptors. All of these 30 descriptors were 

correlated with the property x, and the most correlated ones were chosen. All the others 

that were correlated with those were excluded. Then, a model was made only with one 

descriptor at the time, and afterwards the model was improved by the addition of new 

descriptors. This improved model was tested and if the prediction improved the added 

descriptor was retained, if not it was excluded. Models were fitted for mutual solubilities at 

303 K. 

3.4. Results and Discussion 

For the cations, the followed models were tested for a common anion ([TF2N]). 

 ln x = a + b Sp        (4) 

 ln x = a + b Sv        (5) 

 ln x = a + b Sp + c Sv        (6) 

where Sp is the sum of atomic polarizabilities and Sv is the sum of atomic van der Waals 

volumes, both scaled on Carbon atom, both belonging to constitutional descriptors.  

Once the model was fitted for the cations, a descriptor to take into account the contribution 

of the anion was introduced into the model. The descriptor chosen was Jhetp (Balaban-type 

index from polarizability weighted distance matrix, topological descriptors). 

The final relationship described in Eq. 7 was used in all calculations. 

 ln x = m0 + m1 × Sp (cation) + m2 × Sv (cation) + m3 × Jhept (anion) (7) 
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Table 5 shows the descriptors used in this model and the experimental data and predicted 

values from the studied model for mutual solubilities of water and ILs and respective 

relative deviation (δ).  

The 26 ILs were divided into 2 sets: 17 in a training set and 9 in a test set, chosen 

randomly. 
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Table 5. Used descriptors, experimental data and predicted values for mutual solubilities of water and ILs 

 IL Descriptors Experimental 

Data (ln xw) 

Predicted 

Value (ln xw) 
δ / % 

Experimental 

Data (ln xIL) 

Predicted 

Value (ln xIL) 
δ / % 

 Cation Anion Sp Sv Jhetp 

T
ra

in
in

g
 S

et
 

[C4mim] 

[PF6] 

14.96 13.87 

2.908 

-1.228 -1.228 0.0 -6.656 -6.496 2.4 

[C6mim]
35

 18.48 17.07 -1.386 -1.376 0.8 -7.667 -7.660 0.1 

[C8mim]
35

 22.01 20.26 -1.528 -1.528 0.0 -8.835 -8.835 0.0 

[C3mpy] 14.95 13.88 -1.221 -1.224 0.2 -6.220 -6.486 4.3 

[C1mim] 

[Tf2N] 

9.68 9.08 

3.932 

-1.017 -1.080 6.1 -6.535 -6.324 3.2 

[C3mim]
35

 13.20 12.28 -1.251 -1.228 1.9 -7.473 -7.488 0.2 

[C4mim]
35

 14.96 13.87 -1.304 -1.304 0.0 -8.054 -8.074 0.2 

[C6mim]
35

 18.48 17.07 -1.520 -1.452 4.5 -9.238 -9.238 0.0 

[C7mim]
35

 20.24 18.67 -1.570 -1.526 2.8 -9.849 -9.820 0.3 

[C10mim]
a 

25.53 23.46 -1.604 -1.752 9.2 --- --- --- 

[C2C2im] 13.20 12.28 -1.224 -1.228 0.4 -7.488 -7.488 0.0 

[C3mpy]
41

 14.95 13.88 -1.347 -1.300 3.5 -7.850 -8.063 2.7 

[4-C4mpy]
a 

16.72 15.48 -1.336 -1.376 3.0 --- --- --- 

[C4py]
a 

14.95 13.88 -1.312 -1.300 0.9 --- --- --- 

[C8py]
a 

22.00 20.27 -1.510 -1.600 6.0 --- --- --- 

[C3mpip]
41

 17.24 15.67 -1.487 -1.448 2.7 --- --- --- 

[C3mpyr]
41

 15.48 14.08 -1.370 -1.372 0.1 --- --- --- 

T
es

t 
S

et
 

[C3mim] 
[PF6] 

13.20 12.28 
2.908 

-1.149 -1.152 0.2 -5.969 -5.910 1.0 

[C4C1mim]
35

 16.72 15.47 -1.519 -1.302 14.3 -7.042 -7.078 0.5 

[C2mim]
35

 

[Tf2N] 

11.44 10.68 

3.932 

-1.165 -1.154 1.0 -7.041 -6.906 1.92 

[C5mim]
35

 16.72 15.47 -1.459 -1.378 5.6 -8.512 -8.656 1.7 

[C8mim]
35

 22.01 20.26 -1.479 -1.604 8.5 -10.246 -10.412 1.6 

[C4C1mim] 16.72 15.47 -1.552 -1.378 11.2 -8.430 -8.656 2.7 

[C4mpy]
a 

16.72 15.48 -1.454 -1.376 5.4 --- --- --- 

[C6py]
a 

18.48 17.08 -1.402 -1.450 3.5 --- --- --- 

[C4mpyr]
41

 17.24 15.67 -1.457 -1.448 0.6 --- --- --- 
        a 

Data not yet reported 
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In Figure 13 is shown the plots of predicted vs. experimental data for all ILs studied in this 

work. 
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Figure 13. Predicted values and experimental data: ,  Solubility of water in ILs; ,  

Solubility of ILs in water. 

 

 

The proposed model shows average deviations for the predicted values of the water 

solubility in ILs and ILs solubility in water of 4 % and 1 %, respectively. Furthermore, 

higher deviations for the trisubstituted ILs are shown in water solubility in ILs, compared 

to the monosubstituted and disubstituted ILs. However, for solubility of the trisubstituted 

ILs in water the deviations are lower. From the analysis of Table 5, it is possible to see that 

the predicted value for both phases for [C4C1mim][Tf2N] is equal to [C5mim][Tf2N]. In the 

previous Chapter of this thesis it was shown that the behaviour of [C4C1mim][Tf2N] is 

different for the aqueous-rich phase and IL-rich phase. This model predicted the same 
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behaviour for both phases which resulted in a higher deviation for solubility of water in 

this IL. 

3.5. Conclusions 

It was possible to built a model to predict the mutual solubilities of water and ILs. For that 

purpose 26 different ILs were used based on the LSER Model. With exception for water 

solubility in [C4C1mim]-based ILs the deviation of the predicted value to the experimental 

data is inferior to 10 %. This model could be an interesting tool to predict mutual 

solubilities of water and ILs not yet synthesized.  
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4.1. Introduction 

The efficiency and viability of any biotechnological process depends largely on 

downstream processing which ensures the purity and quality of the biomolecules and 

represents about 60 % to 90 % of the cost of the final product
53

. Many metabolites and/or 

bioproducts show narrow tolerance limits of pH, ionic strength, temperature, osmotic 

pressure and surface charges; thus, the extraction and isolation techniques must be specific 

and compatible with the product
54

. Conventional techniques used for product recovery 

from biotechnological processes are usually expensive and present low yields
55

. Therefore, 

there have been considerable efforts from the industrial and academic communities to 

develop cost-effective separation techniques
56

, such as liquid-liquid extraction in aqueous 

biphasic systems (ABS). These systems are formed when two mutually incompatible - 

though both miscible with water - polymer/polymer, polymer/salt or salt/salt systems are 

employed. Above a critical concentration of those components, spontaneous phase 

separation takes place, and the extraction of biomolecules can be achieved by the 

manipulation of the affinity of the specific compound for each of the aqueous-rich phases. 

The first suggestion that ILs could be used to prepare ABS was reported by Gutowski et 

al.
57

 and the potential advantages of factual IL-based ABS have motivated previous studies 

on the interactions between water and ILs, and between ILs and salts in aqueous solutions 

towards achieving a deeper understanding of the molecular phenomena governing the IL-

based ABS scenario
22, 35, 36, 41

. In spite of the scattered results that have been reported 

concerning IL-based ABS, there are still many gaps in the ILs characterization and a 

general picture of the situation that would allow the finest selection of the IL is still 

lacking. Research regarding the use of IL-based ABS has been so far mostly centred on the 

influence of several inorganic salts on the phase diagrams
56-60

 (where the ions influence 

follows the well known Hofmeister series)
58

 or in the use of carbohydrates for IL-based 

ABS formation
61-64

. Surprisingly, one of the most interesting practical issues - the 

evaluation of the extraction ability of those IL-based ABS - was seldom studied. Only 

testosterone, epitestosterone, penicillin G and opium alkaloids were previously used as 

partitioning solutes
65-67

. No reports concerning the extraction of aminoacids or even 

proteins using ILs-based ABS were found in the literature. 
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In this work we individually evaluated the IL cation and anion influence in promoting IL-

based ABS maintaining the same inorganic salt (K3PO4). Different phase diagrams 

(binodal curves and tie-lines) for systems of hydrophilic ILs + K3PO4 + water, at 298 K 

and atmospheric pressure, were determined. The binodal curves were fitted to a three-

parameter equation and the tie-lines were estimated using the Merchuck et al. approach
68

. 

The selected ILs combination allowed the study of the cation alkyl chain length, the 

number of alkyl groups at the cation, the type of functional groups at the cation and the 

anion identity impact in their ABS promotion capability. In addition, the ABS here 

investigated were characterized according to their 

extractive potential of aminoacids, where L-tryptophan 

(Figure 14) was selected as a model biomolecule. 

Aminoacids are important compounds of several 

biotechnological processes and the development of 

methods for their separation and purification is still a 

main problem. 

 

4.2. Experimental Section 

4.2.1. Materials 

The ABS studied in this work were established by using an aqueous solution of K3PO4   

98 w/w % pure from Sigma and different aqueous solutions of hydrophilic ILs. The ILs 

studied were imidazolium chloride, [im][Cl], methylimidazolium chloride, [C1im][Cl], 

ethylimidazolium chloride, [C2im][Cl], 1,3-dimethylimidazolium chloride, [C1mim][Cl], 1-

ethyl-3-methylimidazolium chloride, [C2mim][Cl], 1-butyl-3-methylimidazolium chloride, 

[C4mim][Cl], 1-hexyl-3-methylimidazolium chloride, [C6mim][Cl], 1-allyl-3-

methylimidazolium chloride, [amim][Cl], 1-hydroxyethyl-3-methylimidazolium chloride, 

[OHC2mim][Cl], and 1-benzyl-3-methylimidazolium chloride, [C7H7mim][Cl]; 1-ethyl-3-

methylimidazolium bromide, [C2mim][Br], 1-ethyl-3-methylimidazolium acetate, 

[C2mim][CH3CO2], 1-ethyl-3-methylimidazolium methylsulfate, [C2mim][MeSO4], 1-

ethyl-3-methylimidazolium ethylsulfate, [C2mim][EtSO4], 1-ethyl-3-methylimidazolium 

methanesulfonate, [C2mim][CH3SO3], 1-ethyl-3-methylimidazolium 

NH2

N
H

O

OH

Figure 14. Chemical structure 

of L-tryptophan. 
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trifluoromethanesulfonate, [C2mim][CF3SO3], 1-butyl-3-methylimidazolium bromide, 

[C4mim][Br], 1-butyl-3-methylimidazolium acetate, [C4mim][CH3CO2], 1-butyl-3-

methylimidazolium dicyanamide, [C4mim][N(CN)2], 1-butyl-3-methylimidazolium 

methanesulfonate, [C4mim][CH3SO3], 1-butyl-3-methylimidazolium hydrogenosulfate, 

[C4mim][HSO4], 1-butyl-3-methyl-imidazolium trifluoromethanesulfonate, 

[C4mim][CF3SO3] and 1-butyl-3-methylimidazolium trifluoroacetate, [C4mim][TFA]. The 

ILs molecular structures are shown in Figure 15. All ILs used in this work were acquired at 

Iolitec with the exception of [C1mim][Cl] that was synthesized in our lab (cf. Appendix B) 

and [C4mim][TFA] that was acquired at Solchemar. To reduce the water and volatile 

compounds content to negligible values, ILs individual samples were dried under constant 

stirring at moderate vacuum and temperature ( 353 K) for a minimum of 48 h. After this 

procedure, the purity of each ionic liquid was further checked by 
1
H, 

13
C and 

19
F 

(whenever possible) NMR spectra and found to be > 99 w/w % for all samples (cf. 

Appendix B). The water used was ultra-pure water, double distilled, passed by a reverse 

osmosis system and further treated with a Milli-Q plus 185 water purification apparatus. 

The L-tryptophan with a purity > 99.0 w/w % was from Fluka. 
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Figure 15. Chemical structure of the ILs studied: (i) [C1mim][Cl]; (ii) [C2mim][Cl]; (iii) 

[C4mim][Cl]; (iv) [C6mim][Cl]; (v) [C7H7mim][Cl]; (vi)  [amim][Cl]; (vii) [OHC2mim][Cl]; (viii) 

[im][Cl]; (ix) [C1im][Cl]; (x) [C2im][Cl]; (xi) [C2mim][CF3SO3]; (xii) [C2mim][CH3SO3]; (xiii) 

[C2mim][Br]; (xiv) [C2mim][MeSO4]; (xv) [C2mim][EtSO4]; (xvi) [C2mim][CH3CO2] ; (xvii) 

[C4mim][HSO4]; (xviii) [C4mim][TFA]; (xix) [C4mim][N(CN)2]; (xx) [C4mim][Br]; (xxi) 

[C4mim][CF3SO3]; (xxii) [C4mim][CH3SO3]; (xxiii) [C4mim][CH3CO2]. 
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4.2.2. Phase Diagrams and Tie-Lines  

The phase diagram binodals were determined 

through the cloud point titration method
69, 70

 at 298 

K ( 1 K), as shown in Figure 16. The experimental 

procedure adopted was validated with the phase 

diagram obtained for the [C4mim][Cl] IL + water + 

K3PO4 ternary system against literature data
71

. 

Aqueous solutions of K3PO4 at 40 w/w % and 

aqueous solutions of the different hydrophilic ILs at 

variable concentrations were prepared and used for 

the phase diagrams binodal determination. 

Repetitive drop-wise addition of the aqueous 

inorganic salt solution to the aqueous solution of IL was carried until the detection of a 

cloudy solution, followed by the drop-wise addition of ultra-pure water until the detection 

of a monophasic region (clear and limpid solution). Drop-wise additions were carried 

under constant stirring. The ternary system compositions were determined by the weight 

quantification of all components added within an uncertainty of  10
-4

 g.  

The tie-lines (TLs) were determined by a gravimetric method 

described by Merchuck et al.
68

. For the TLs determination a 

mixture at the biphasic region was prepared, vigorously stirred 

and allowed to reach the equilibrium by the separation of both 

phases for 24 h at 298 K using small ampoules (ca. 10 mL) 

especially designed for the purpose. After the separation step, 

both top and bottom phases were weighed. Each individual TL 

was determined by application of the lever rule to the 

relationship between the top mass phase composition and the overall system composition
68

. 

For that purpose the experimental binodal curves were fitted using Eq. 5
68

,  

    35.0exp CXBXAY         (5) 

where Y and X, are respectively, the IL and salt weight percentages, and A, B and C are 

constants obtained by the regression.  

For the determination of TLs was solved the following system of four equations (Eq. 6, 7, 

8 and 9) and four unknown values (YT, YB, XT and XB): 

K3PO4-rich phase

IL-rich phase

Figure 17. Experimental 

determination of the TLs 

Figure 16. Experimental 

determination of the binodal curve for 

the aqueous systems IL-K3PO4: a) 

addition of K3PO4 for the cloud point 

detection; b) addition of water for the 

clean point detection. 

a) b) 
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     35.0
exp TTT CXBXAY         (6) 

     35.0
exp BBB CXBXAY         (7) 
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



 


'

'1

' 




       (9) 

The subscript letters T, B and M represent respectively the top, the bottom and the mixture 

phase. The parameter α' is the ratio between the top mass and the total mass of the mixture.  

The solution of the referred system gives the concentration of the IL and salt in the top and 

bottom phases. For calculation of the tie-line length (TLL) was used Eq. 10  

 22 )()( BTBT YYXXTLL        (10) 

 

4.2.3. Partitioning of L-tryptophan 

The partition coefficients of L-tryptophan, KTrp, are defined as the ratio of the 

concentration of L-tryptophan in the IL and in the K3PO4 aqueous-rich phases and as 

described by Eq. 11, 

 
 

43POK

IL
Trp

Trp

Trp
K          (11) 

where [Trp]IL and [Trp]K3PO4
 are the concentration of L-tryptophan in the IL and in the 

K3PO4 aqueous-rich phases, respectively. 

A mixture in the biphasic region was selected and used to evaluate the L-tryptophan 

partitioning. For this purpose aqueous solutions of L-tryptophan with a concentration of 

approximately 0.78 g·dm
-3

 were used. The biphasic solution was left to equilibrate for 12 h 

(a time period established in previous optimizing experiments) to achieve a complete L-

tryptophan partitioning between the two phases. The aminoacid quantification, in both 

phases, was carried by UV spectroscopy using a SHIMADZU UV-1700, Pharma-Spec 

Spectrometer, at a wavelength of 279 nm and using calibration curves previously 

established (cf. Appendix B). Moreover, both phases were weighted and the corresponding 

TLs obtained as previously described. 
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4.3. Results and Discussion 

4.3.1. Phase Diagrams and Tie-Lines 

Since ILs are ionic by nature, the IL-based ABS are more complex than typical 

polyethylene glycol-based ABS due to the possibility of ion exchange and/or ion-pairing 

between both salt phases. Bridges et al.
58

 have shown that there is ion partition between 

both phases yet maintaining electroneutrality. However, the overall deviations observed are 

small enough to be considered as a source of error in the cloud point titration (as 

determined by radioanalitycal results) and thus yielding a satisfactory representation of the 

ions concentration present at any TL.  

The experimental phase diagrams at 298 K and at atmospheric pressure for each IL + 

K3PO4 + H2O system are shown in Figure 18, Figure 19, 21 and Figure 22 in molality units 

for a detailed understanding of the ILs impact on the ABS formation (cf. Appendix B with 

the experimental weight fraction data). Figure 18 and 19 show the influence of the cation 

while Figures 21 and 22 show the anion influence. Figure 18 shows the binodal curve for 

the ILs [amim][Cl], [OHC2mim][Cl], [C7H7mim][Cl], [C6mim][Cl], [C4mim][Cl], 

[C2mim][Cl] and [C1mim][Cl]. 
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Figure 18. Phase diagram for the di-substituted imidazolium-based ternary systems composed by 

IL + K3PO4 + H2O at 298 K: , [C1mim][Cl]; ■, [C2mim][Cl]; □, [C4mim][Cl]; , [C6mim][Cl]; +, 

[C7H7mim][Cl]; ◊, [amim][Cl]; ▲, [OHC2mim][Cl]. 

 

 

The observation of Figure 18 indicates that the larger the cation alkyl chain the greater it is 

the IL ability for ABS formation. It is well known that the cation alkyl chain length 

increase leads to the increase of the IL hydrophobic nature and therefore to a poorer 

affinity for water
57

. The higher the IL affinity for water and/or the IL hydrophilic nature 

the less effective is the IL in promoting ABS. Moreover, the presence of a terminal 

hydroxyl group at the alkyl chain leads to a large decrease in the ABS promoting ability 

due to the higher hydrophilicity of the IL when compared with the [C2mim][Cl]. Also the 

presence of a double bond at the propyl chain of the imidazolium cation ([amim][Cl]) or 

the presence of a benzyl group ([C7H7mim][Cl]) as a substituent group decreases the ABS 

formation ability, although in a less pronounced way. 

When a second electrolyte is added to a non-electrolyte or electrolyte aqueous solution, the 

solubility of the solute usually decreases as a consequence of the salting-out effect. In 

general, ILs with lower water solubility require less salt to promote the two phases 

Biphasic 

Region 

Monophasic 

Region 
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separation resulting in a binodal curve closer to the axis and in a larger biphasic region. 

The results here obtained show that the ability of the ILs for ABS formation follows the 

order: [C6mim][Cl] > [C7H7mim][Cl] > [C4mim][Cl] > [C2mim][Cl]   [amim][Cl] > 

[C1mim][Cl] > [OHC2mim][Cl].  

Figure 19 illustrates the experimental binodal curves obtained for the mono- and un-

substituted imidazolium chlorides [C2im][Cl], [C1im][Cl] and [im][Cl].  
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Figure 19. Phase diagram for the un- and mono-substituted imidazolium-based ternary systems 

composed by IL + K3PO4 + H2O at 298 K: ○, [im][Cl]; 
▬

, [C1im][Cl] and Δ, [C2im][Cl]. 

 

 

These systems reveal an “atypical” behaviour for ABS involving ILs not previously 

reported. The asymmetrical behaviour of these aqueous biphasic systems has been 

previously observed for ABS of polyethylene glycol (PEG) and low weight 

polysaccharides
72, 73

 and they may constitute an interesting approach for product 

separations. For the same K3PO4 molality two monophasic and one biphasic regions are 

present and thus the system can be moved between the various phases by simple variation 

Biphasic 

Region 

Monophasic 

Region 



 

 

Aqueous Biphasic Systems with Ionic Liquids 

_________________________________________________________________________ 

44 

 

of the IL concentration. Comparing the three ILs the ABS forming ability ranks from 

[C2im][Cl] > [C1im][Cl] > [im][Cl]. The number of alkyl substituents and again the alkyl 

chain length increase leads to a higher ABS inducing capacity. Curiously, comparing the 

results reported in Figure 18 and 19 and depicted in Figure 20, there are specific ranges of 

concentration where the monosubstituted imidazolium-based ILs are more effective in 

promoting phase separation than their di-substituted analogues. 
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Figure 20. Phase diagram for the un-, mono- and di-substituted imidazolium-based ternary 

systems composed by IL + K3PO4 + H2O at 298 K: ○, [im][Cl]; 
▬

, [C1im][Cl] and Δ, [C2im][Cl]; 

, [C1mim][Cl]; ■, [C2mim][Cl]; □, [C4mim][Cl]; , [C6mim][Cl]; +, [C7H7mim][Cl]; ◊, 

[amim][Cl]; ▲, [OHC2mim][Cl]. 

 

 

Figure 21 shows the binodal curves for [C2mim][[Cl]], [C2mim][Br], [C2mim[CH3SO3], 

[C2mim][CH3CO2], [C2mim][MeSO4], [C2mim][EtSO4] and [C2mim][CF3SO3]. 
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Figure 21. Phase diagrams for [C2mim]-based ternary systems composed by IL + K3PO4 + H2O at 

298 K: , [C2mim][CF3SO3]; ▲, [C2mim][EtSO4]; +, [C2mim][CH3CO2]; □, [C2mim][MeSO4]; ×, 

[C2mim][Br]; 
▬

, [C2mim][Cl]; ○, [C2mim][CH3SO3]. 

 

 

Figure 22 shows the binodal curves for [C4mim][Cl], [C4mim][Br], [C4mim][CH3SO3], 

[C4mim][CH3CO2], [C4mim][HSO4], [C4mim][N(CN)2], [C4mim][TFA] and 

[C4mim][CF3SO3]. 
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Figure 22. Phase diagrams for [C4mim]-based ternary systems composed by IL + K3PO4 + H2O at 

298 K: , [C4mim][CF3SO3]; , [C4mim][N(CN)2]; □, [C4mim][HSO4];▲, [C4mim][TFA]; ×, 

[C4mim][Br]; ○, [C4mim][CH3SO3]; 
▬

, [C4mim][Cl]; 
 
+, [C4mim][CH3CO2]. 

 

 

The results obtained show that the ability of ILs for ABS formation follows the order: 

[C2mim][CF3SO3] > [C2mim][EtSO4] > [C2mim][MeSO4] > [C2mim][Br] > [C2mim][Cl] 

[C2mim][CH3CO2] > [C2mim][CH3SO3] and [C4mim][CF3SO3] > [C4mim][N(CN)2] > 

[C4mim][HSO4] > [C4mim][TFA] > [C4mim][Br] > [C4mim][Cl]  [C4mim][CH3CO2]  

[C4mim][CH3SO3]. 

In PEG-based ABS the salt anion has the major impact on the polymer solubility and hence 

in the ABS phase diagrams, while the cation has a minor (though sizeable) effect
74

. For the 

ILs, it is here shown that the IL cation has a huge influence in the phase diagrams 

behaviour allowing the IL-based ABS to be tailored to meet the specific requirements of a 

particular separation. 

 

The salting-out effect is usually explained based on the ordering of bulk water and on the 

ability of the ions to decrease the water structure by a simple hydration phenomena. Recent 
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works are converging upon to the idea that interactions between the IL ions and the 

inorganic salt ions may be present, and are mainly responsible for the salting-in or salting-

out phenomena
75, 76

. Salting-out inducing ions act mainly through an entropic effect 

resulting from the formation of water-ion hydration complexes while the salting-in 

inducing ions directly interact with the hydrophobic moieties of the IL. The ions specific 

effects seem to be dominated by the ion-ion versus ion-water interactions through a 

complex interplay of factors, and not by the water-structure modification as classically 

accepted
77

. Keeping in mind that PO4
3-

 is a high charge density ion (salting-out inducing 

ion), and that this ion was used in all the ternary systems evaluated, it is possible to assess 

the IL anions inducing character. According to Figure 21 and 22, the closer to the axis is 

located the binodal curve, the larger the IL anion salting-in inducing behaviour - that is the 

lower the density charge of the IL anions. 

Studies regarding the ILs polarity provide useful information on the IL cations and anions 

solvation at the molecular level. The introduction of empirical solvent polarity scales, 

based on solvent interactions with a reference solute, has lead to a rank on the 

compounds
78

. Frequently used polarity scales, based on solvatochromic probes, are the 

Reichardt ET(30) scale and the Kamlet-Taft’s solvent parameters
79, 80

. In fact, the polarities 

of imidazolium-based ILs were found to be similar to that of short chain alcohols
81

.
 
A 

review regarding the polarity of ILs was recently published by Reichardt
82

. It should, 

nevertheless, be kept in mind that the solvent parameters are dependent on the molecule 

probe employed
79

, and particularly relevant for these nano-structured fluids.  

Table 6 reports the hydrogen bond basicity () and hydrogen bond acidity () of [C4mim]-

based ILs using the solvatochromic probe [Fe(phen)2(CN)2]ClO4
83

.  
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Table 6. Hydrogen Bond Acidity () and Hydrogen Bond Basicity () of [C4mim]-Based ILs with 

the Solvatochromic Probe [Fe(phen)2(CN)2]ClO4
83

. 

 

IL Anion  
83

   
83

 

[Cl] 0.32 0.95 

[Br] 0.36 0.87 

[CH3CO2] 0.36 0.85 

[CH3SO3] 0.36 0.85 

[MeSO4] 0.39 0.75 

[TFA] 0.43 0.74 

[N(CN)2] 0.44 0.64 

[CF3SO3] 0.50 0.57 

[BF4] 0.52 0.55 

[PF6] 0.54 0.44 

[(CF3SO2)2N] 0.55 0.42 

 

 

The value of  decreases with increasing hydrogen bond accepting strength of the IL 

anion. The ABS studied concern electrolyte solutions in aqueous medium and reflect the 

competition between the inorganic salt and the IL ions for the creation of water-ion 

hydration complexes. Therefore, the ability of a specific anion to be preferentially 

hydrated, largely depends on the anion’s hydrogen bonding accepting ability, and thus the 

ABS formation ability strongly depends on anion’s hydrogen bonding basicity. This fact 

was observed for the sequence studied of ILs anions in promoting ABS (Table 6). It is here 

obvious that the compilation of an accurate and extensive polarity scale of ILs is of main 

significance, allowing the prediction of their behaviour in aqueous systems, before 

carrying extensive experimental measurements of phase diagrams of main importance will 

be the compilation of a polarity scale regarding the IL cation (not found in the available 

literature). 

The experimental binodal curves were fitted to the empirical relationship described by  

Eq. 5
68

 (cf. Appendix B). The regression parameters and the tie-line equations obtained for 



 

 

ILs + H2O + K3PO4 Ternary Systems 

_________________________________________________________________________ 

49 

 

each ternary system, as well as the tie-line lengths (TLLs), are reported in Table 7 and 8, 

respectively. 

 

Table 7. Correlation parameters used in Eq. 5 to describe the binodals.  

 

IL + K3PO4 + 

water system 
A

 
B 10

5
 C Adj R

2(a) 

[C1mim][Cl] 109.9 -0.3735 1.990 0.9954 

[C2mim][Cl] 78.25 -0.3389 2.697 0.9964 

[C4mim][Cl] 72.64 -0.3185 4.070 0.9994 

[C6mim][Cl] 84.02 -0.3563 5.462 0.9997 

[C7H7mim][Cl] 94.67 -0.3545 6.128 0.9999 

[amim][Cl] 72.00 -0.2924 4.088 0.9998 

[OHC2mim][Cl] 103.7 -0.3067 1.004 0.9835 

[C2mim][Br] 85.60 -0.3134 4.684 0.9992 

[C2mim][CH3SO3] 1476 -0.9004 0.5903 0.9957 

[C2mim][CH3CO2] 56.51 -0.2346 3.022 0.9998 

[C2mim][MeSO4] 99.34 -0.3374 4.693 0.9993 

[C2mim][EtSO4] 91.81 -0.3320 5.740 0.9995 

[C2mim][CF3SO3] 149.2 -0.5684 9.496 0.9938 

[C4mim][Br] 95.90 -0.3912 5.197 0.9987 

[C4mim][CH3SO3] 70.24 -0.2539 4.489 0.9997 

[C4mim][CH3CO2] 109.4 -0.3832 3.126 0.9950 

[C4mim][HSO4] 94.08 -0.6021 0.8797 0.9973 

[C4mim][N(CN)2] 190.7 -0.8344 1.000 0.9573 

[C4mim][TFA] 92.30 -0.3790 9.897 0.9981 

[C4mim][CF3SO3] 182.8 -0.9676 1.000 0.9970 
(a)

Adjusted R
2 
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Table 8. Experimental data for the Tie Lines (TLs) and tie line length (TLL). 

 

IL 

Weight fraction 

composition / % 

TL equation 

IL (wt %)  = a + 

b·K3PO4 (wt %) 
TLL 

IL K3PO4 a b 

[C1mim][Cl] 25.20 16.54 47.48 -1.347 31.75 

[C2mim][Cl] 
26.30 14.93 42.79 -1.104 47.03 

24.88 20.85 49.83 -1.196 59.46 

[C4mim][Cl] 

15.75 22.67 42.27 -1.170 45.97 

17.69 21.54 42.91 -1.171 47.67 

21.36 23.04 51.40 -1.304 61.20 

[C6mim][Cl] 
10.78 26.04 45.65 -1.340 47.79 

15.16 25.33 52.62 -1.479 58.32 

[C7H7mim][Cl] 
20.17 20.05 53.86 -1.680 52.78 

17.56 26.09 60.57 -1.648 66.29 

[amim][Cl] 
26.64 16.60 47.32 -1.246 53.95 

26.80 21.20 52.85 -1.229 65.40 

[OHC2mim][Cl] 41.17 15.36 86.86 -2.976 66.66 

[C2mim][Br] 15.31 26.21 60.39 -1.720 64.07 

[C2mim][CH3CO2] 
30.01 15.16 44.20 -0.9356 62.04 

24.94 14.96 38.31 -0.8940 49.18 

[C2mim][MeSO4] 
20.31 24.94 61.58 -1.655 65.19 

33.23 12.81 59.70 -1.644 61.82 

[C2mim][EtSO4] 

14.89 25.16 58.16 -1.720 59.99 

20.24 21.17 56.62 -1.718 56.80 

24.21 25.13 61.64 -1.490 70.84 

[C2mim][CF3SO3] 
20.00 22.47 78.70 -2.613 79.59 

25.07 14.93 69.22 -2.958 61.84 

[C4mim][Br] 
21.09 29.55 69.95 -1.653 24.54 

24.41 19.90 58.90 -1.733 62.34 

[C4mim][CH3SO3] 
30.33 14.86 49.34 -1.280 56.20 

25.03 14.96 43.66 -1.245 38.91 

[C4mim][N(CN)2] 

19.89 22.65 69.98 -2.211 71.44 

24.86 15.86 64.42 -2.446 61.84 

15.19 20.12 64.97 -2.528 61.87 

[C4mim][TFA] 
15.24 20.39 59.58 -2.174 59.03 

19.90 24.65 70.35 -2.047 76.77 

[C4mim][CF3SO3] 
25.00 15.35 69.78 -2.917 68.83 

25.08 14.96 69.68 -2.982 68.37 
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The TLs representation is shown in Figure 23 for the ternary system [C4mim][Cl] + K3PO4 

+ water as an example measured in this work. For shorter TLLs, the TLs are approximately 

parallel while for longer TLLs the tie-lines slopes start to deviate. These deviations in the 

TLs slopes are in agreement with literature
84

 and are related with the fact that the K3PO4-

rich phase is increasingly free of IL at longer TLLs. 

0.0

1.0

2.0

3.0

4.0

5.0

6.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

[I
L

] 
/ 

(m
o

l.
k

g
-1

)

[K3PO4] / (mol.kg-1)
 

Figure 23. Phase diagram for the [C4mim][Cl] + K3PO4 + water ternary system at 298 K: ■, 

binodal curve data; ♦, TL data. 

 

4.3.2. Partitioning of L-tryptophan in ABS 

Amino acids are the constituents of proteins. The partitioning studies of such biomolecules 

in ABS have great significance, not only regarding their purification, but also with the aim 

of extending them to proteins and enzymes. The success of the extractive potential of ABS 

depends on the ability to manipulate phase properties to obtain the appropriate partition 

coefficients and selectivity for the biomolecule of interest. There are several approaches to 

manipulate a particular solute partitioning: (i) adjust the system by applying different salts 

and/or ILs controlling thus the solute’ affinity; (ii) change the system composition by 
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changing either the concentration of salt and IL; (iii) introduction of additional co-solvents, 

anti-solvents or amphiphilic structures to the overall system. 

As shown in Table 9, the partition coefficients of L-tryptophan (KTrp) in IL-based ABS are 

substantially higher than in usual PEG-polysaccharide systems (with KTrp  1)
85

 or PEG-

inorganic salts systems (with KTrp  1 to 7)
86

. The IL-based ABS are thus far more efficient 

for L-tryptophan separation than conventional ABS. Table 9 also shows the composition of 

the ternary system employed for the L-tryptophan partition studies as well as the 

corresponding TLs and TLLs.  

 

Table 9. Weight fraction composition and partition coefficients of L-tryptophan in ILs-ABS 

systems. 

 

IL 

Weight fraction 

composition / % 

TL equation 

IL (wt %)  = a + 

b·K3PO4 (wt %) 
TLL KTrp 

IL K3PO4 a b 

[amim][Cl] 26.91 15.91 47.20 -1.275 52.53 124 ± 5 

[C7H7mim][Cl] 25.11 18.30 56.62 -1.722 57.62 78.4 ± 0.5 

[OHC2mim][Cl] 40.57 16.05 87.17 -2.904 68.38 73.1 ± 0.8 

[C2mim][Cl] 25.90 14.90 42.36 -1.105 45.73 59.2 ± 0.4 

[C4mim][Cl] 25.35 15.97 43.46 -1.149 50.03 36.6 ± 0.6 

[C1im][Cl] 15.36 30.53 --- --- --- 21.3 ± 0.3 

[im][Cl] 15.24 32.80 --- --- --- 14.2 ± 0.4 

[C2mim][CH3CO2] 24.94 14.96 38.31 -0.8940 49.18 16.4 ± 0.8 

[C2mim][MeSO4] 24.98 14.94 49.80 -1.661 28.89 4.5 ± 0.9 

[C2mim][EtSO4] 24.97 15.06 48.90 -1.589 39.86 6.0 ± 0.5 

[C2mim][CF3SO3] 24.87 16.35 75.49 -3.095 70.66 17.5 ± 0.8 

[C4mim][Br] 25.82 15.17 51.60 -1.699 48.36 35.6 ± 0.8 

[C4mim][CH3SO3] 25.03 14.96 43.66 -1.245 38.91 10.4 ± 0.4 

[C4mim][N(CN)2] 24.40 16.82 67.35 -2.553 64.90 45.1 ± 0.9 

[C4mim][TFA] 25.13 15.22 57.90 -2.154 56.16 36.1 ± 0.7 

[C4mim][CF3SO3] 25.08 16.18 76.12 -3.154 75.39 16.6 ± 0.6 
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During the partitioning of L-tryptophan between the two phases there are several 

competing interactions between the IL, the inorganic salt, the L-tryptophan and water. 

There may occur hydrogen-bonding interactions, ··· interactions, as well as electrostatic 

interactions. In general, the results indicate that KTrp increases with the IL cation 

hydrophilic nature and thus the main interactions between the IL cation and the aminoacid 

determining the L-tryptophan partitioning are hydrophobic and hydrogen-bonding type 

interactions. The cation influence of the ILs studied in L-tryptophan partition coefficient 

follows the rank [amim][Cl] > [OHC2mim][Cl] > [C2mim][Cl] > [C4mim][Cl] > 

[C7H7mim][Cl] > [C1im][Cl] > [im][Cl]. The highest partition coefficient occurs for the 

[amim][Cl] followed by [OHC2mim][Cl] due to the presence of a double bound and a 

hydroxyl group at one of the alkyl side chains, respectively. Increasing the IL cation alkyl 

chain decreases the L-tryptophan partitioning in the di-substituted imidazolium-based ILs. 

The mono- and un-substituted imidazolium-based ILs present the lower partition 

coefficients for the L-tryptophan that could result from the decrease of the hydrophobic 

interactions existence between them. Evaluating the anion capability to extract L-

tryptophan, the KTrp follow the rank: [C2mim][Cl] >  [C2mim][CF3SO3]  

[C2mim][CH3CO2] > [C2mim][EtSO4]  [C2mim][MeSO4] and [C4mim][N(CN)2] > 

[C4mim][Cl]  [C4mim][TFA]  [C4mim][Br] > [C4mim][CF3SO3] > [C4mim][CH3SO3]. 

L-tryptophan partitions preferentially for IL-rich phases composed by halogenated ions 

such as [Cl] or [Br] or to the most hydrophobic anions, i.e., anions with higher hydrogen 

bonding accepting strength (), such as [N(CN)2] and fluoride-based anions. Indeed, these 

partition coefficients seem to closely follow the Hofmeister series
87

. Salting-in inducing IL 

ions tend to increase the solute partition coefficient while the salting-out inducing IL ions 

tend to decrease it.  

Comparing the cation and the anion influence on partition coefficients of L-tryptophan, the 

influence of the IL imidazolium-based cation on the extraction capacity of ABS seems to 

be more important than the influence of the anion. Indeed, in the study of the cation 

influence the KTrp was found to vary between 10 and 120 (at approximately the same 

compositions of IL plus inorganic salt). The presence of benzyl groups and double bounds 

at the imidazolium side alkyl chain substantially increased such partition coefficients. 

Besides the ··· stacking, the possibility of solute-IL hydrogen-bonding seems to rule the 

partition behaviour. 
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Wang and co-workers
88

 reported the extraction of aminoacids from an aqueous phase using 

hydrophobic water immiscible ILs. The results obtained in this work show that the 

magnitudes of L-tryptophan partition coefficients using IL-based ABS can be as much as 

1000 times larger than using water immiscible ILs. Indeed our results show that nearly 

complete extraction of L-tryptophan can be achieved in a single step extraction procedure. 

Besides the higher hydrophilic ILs affinity for L-tryptophan another factor should be taken 

into account. In ILs-ABS the presence of an inorganic salt also leads to the aminoacid 

salting-out from the aqueous phase, further enhancing the distribution ratio of L-

tryptophan. This was previously shown by Fan et al.
89

 with the extraction of endocrine-

disrupting phenols by the use of hydrophobic ILs in the absence and presence of inorganic 

salts. Nevertheless the high partition coefficients obtained with IL-based ABS for the 

extraction of L-tryptophan show that these systems may be a successful and a clean 

approach for biomolecules separation and purification in biotechnological processes. 

4.4. Conclusions  

The problems of using traditional solvents for the separation of biomolecules in 

biotechnological processes are pressing the exploration of ILs as new promising extraction 

media. The ILs ability to form salt–salt ABS allows for hydrophilic ILs to be used in 

liquid-liquid extractions and new phase equilibrium data for systems involving hydrophilic 

imidazolium-based ILs + K3PO4 + water were presented. 

The tunability of IL-based ABS systems was demonstrated by the evaluation of the IL 

cation and anion influence in promoting ABS. The results showed that IL-based ABS can 

be obtained over a large range of concentrations both for ILs and the inorganic salt. The 

results obtained indicated that the IL cation has a major influence in the behaviour of the 

binodal curves and in the promotion of ABS followed by the IL anion. Increasing the alkyl 

chain length (for mono or di-substituted ILs) increases the phase separation ability, while 

the insertion of a double bond, a benzyl group or an hydroxyl group leads to the decrease 

of ABS promotion capability. On the other hand, the ability of imidazolium-based ILs for 

aqueous phase separation was shown to closely follow the hydrogen bond accepting 

strength decrease of the anions composing the IL. The results indicate that IL-based ABS 

can be obtained over a large range of concentration of both the inorganic salt and the IL, as 

well as such systems can be finely tuned by the change of the IL anion and/or cation. 
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The capacity of the IL-based aqueous biphasic systems as extraction media was 

remarkably demonstrated with the high L-tryptophan partitioning coefficients obtained. It 

was shown that depending on the nature of the IL used the partition coefficients can vary 

between 4 and 120. The values obtained are substantially larger than those observed with 

conventional polymer-based ABS and further studies regarding ILs aiming at obtaining a 

complete perspective of the molecular interactions controlling the solutes partition 

behavior is of utmost importance. 
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5.1. Conclusions 

In this work it was possible to evaluate the cation structure and the anion nature on mutual 

solubilities between water and some hydrophobic ionic liquids. In order to complement 

this study, it was built a model based on molecular descriptors that could predict with 

reasonable accuracy mutual solubilities of water and several ILs. In the other hand, with 

hydrophilic imidazolium-based ILs, it was possible to determine ternary systems of the 

kind ILs + H2O + K3PO4. Based on this, the potential of these systems to extract a 

biomolecule (L-tryptophan) was evaluated, and showed to be highly more efficient than 

other systems already reported on literature, such as PEG-inorganic salts systems. 

5.2. Future work 

In the future the development of accurate methods for the determination of the solubility of 

ILs with non-aromatic in water should be carried, such as the pyrrolidinium and 

piperidinim-based ILs that could not be quantified by UV, while they haven’t double bonds 

or interactions π∙∙∙π. The QSPR model should be tested for the mutual solubilities of ILs 

with water for others temperatures, since in this work only one temperature was evaluated 

(303.15 K). Others ILs, not yet synthesized, should be tested with this model in a way to 

avoid unnecessary synthesis. For ABS, the future work passes by the substitution of the 

inorganic salt by sugars and by the substitution of imidazolium-based ILs for cholines-

based ILs that are substantially more benign and biodegradable ILs. 
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1. Synthesis of IL 

1, 3-dimethylimidazolium bis(trifluoromethylsulfonyl)imide synthesis. 1,3-

dimethylimidazolium bis(triflyl)imide ([C1mim][Tf2N]) has been synthesized by means of 

Carbonate Based Ionic Liquid Synthesis (CBILS
©

), of proionic/ Sigma Aldrich
1
. 1,3-

dimethylimidazolium hydrogencarbonate (the CBIL precursor as a 45.91 % solution in 

H2O : Methanol (3:2)) has been treated with an exact stoichiometric amount of lithium 

bis(triflyl)imide (Sigma Aldrich). The precipitate of lithium carbonate formed during 

reaction was filtered off, and water and methanol was removed by rotary evaporation, 

leaving [C1mim][Tf2N] liquid. 
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http://www.sigmaaldrich.com/Area_of_Interest/Chemistry/Chemical_Synthesis/Product_H
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2. NMR Spectrum 

 

Figure A 1. NMR Spectra of [C3mim][PF6]: a) 
1
H; b) 

19
F. 
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Figure A 2. NMR Spectra of [C4mim][PF6]: a) 
1
H; b) 

19
F. 

a)

) 
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Figure A 3. NMR Spectra of [C3mpy][Tf2N]: a) 
1
H; b) 

19
F. 
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Figure A 4. NMR Spectra of [C1mim][Tf2N]: a) 
1
H; b) 

19
F. 
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Figure A 5. NMR Spectra of [C2C2im][Tf2N]: a) 
1
H; b) 

19
F. 
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Figure A 6. NMR Spectra of [C4C1mim][Tf2N]: a) 
1
H; b) 

19
F. 
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Figure A 7. Calibration curve for [C4 mim][PF6]. 
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Figure A 8. Calibration curve for [C1mim][Tf2N]. 
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Figure A 9. Calibration curve for [C2C2im][Tf2N]. 
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Figure A 10. Calibration curve for [C4 C1mim][Tf2N]. 
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1. Synthesis of IL 

1,3-dimethylimidazolium chloride synthesis. 1,3-dimethylimidazolium chloride 

([C1im]Cl) has been synthesized by means of Carbonate Based Ionic Liquid Synthesis 

(CBILS
©

) of proionic / Sigma Aldrich.
1
 1,3-dimethylimidazolium hydrogenocarbonate (the 

CBIL precursor as a 45.91 % solution in H2O : Methanol (3:2)) has been treated with an 

exact stoichiometric amount of hydrochloric acid (FIXANAL / Riedel-de Haën). After the 

evolution of CO2 ceased, the solvents have been removed in vacuum, leaving white 

crystals of [C1im]Cl.
 

 

References 
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http://www.sigmaaldrich.com/Area_of_Interest/Chemistry/Chemical_Synthesis/Product_H

Highlight/CBILS.html in 14
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2. NMR Spectrum 
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Figure B 1. 1
H NMR Spectra of [im][Cl]. 
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Figure B 2. 1
H NMR Spectra of [C1im][Cl]. 
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Figure B 3. 1
H NMR Spectra of [C2im][Cl]. 
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Figure B 4. 1
H NMR Spectra of [C1mim][Cl]. 
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Figure B 5. 1
H NMR Spectra of [C2mim][Cl]. 
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Figure B 6. 1
H NMR Spectra of [C4mim][Cl]. 
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Figure B 7. 1
H NMR Spectra of [C6mim][Cl]. 
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Figure B 8. 1
H NMR Spectra of [amim][Cl]. 
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Figure B 9. 1
H NMR Spectra of [OHC2mim][Cl]. 
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Figure B 10. 1
H NMR Spectra of [C7H7mim][Cl]. 
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Figure B 11. 1
H NMR Spectra of [C2mim][Br]. 
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Figure B 12. 1
H NMR Spectra of [C2mim][CH3CO2]. 
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Figure B 13. 1
H NMR Spectra of [C2mim][MeSO4]. 
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[C2mim][EtSO4]
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Figure B 14. 1
H NMR Spectra of [C2mim][EtSO4]. 
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Figure B 15. 1
H NMR Spectra of [C2mim][CH3SO3]. 
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Figure B 16. NMR Spectra of [C2mim][CF3SO3]: a)
 1
H; b) 

19
F. 

a) 

b) 
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Figure B 17. 1
H NMR Spectra of [C4mim][Br]. 
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Figure B 18. 1
H NMR Spectra of [C4mim][CH3CO2]. 
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Figure B 19. 1
H NMR Spectra of [C4mim][N(CN)2]. 
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Figure B 20. 1
H NMR Spectra of [C4mim][CH3SO3]. 



 

 

Appendix B 

_________________________________________________________________________ 

99 

 

[C4mim][HSO4]

N+
N

1
2

3

4
5

6

7

8

9
10

OH

SO O

O

11

12

2 5, 4

6

9

7
8

10

 

Figure B 21. 1
H NMR Spectra of [C4mim][HSO4]. 
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Figure B 22. NMR Spectra of [C4mim][CF3SO3]: a)
 1
H; b) 

19
F. 
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b) 
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Figure B 23. NMR Spectra of [C4mim][TFA]: a)
 1
H; b) 

19
F. 

a) 

b) 
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2. Tables 

Table B 1. Experimental binodal curve mass fraction data for the system IL (1) + K3PO4 (2) + 

H2O (3) at 298 K. 

 

[im]Cl   Mr = 104.54 [C1mim]Cl   Mr = 132.59 [C2mim]Cl   Mr = 146.62 

100 w1 100 w2 100 w1 100 w2 100 w1 100 w2 

14.071 26.440 40.215 7.716 38.727 4.175 

13.364 26.266 36.696 8.386 34.749 6.366 

12.892 26.429 33.897 8.938 31.369 7.142 

12.333 26.353 30.416 11.312 26.796 8.785 

11.909 26.472 27.791 12.334 25.026 10.285 

11.469 26.551 25.358 14.071 23.370 11.511 

10.953 26.776 22.861 15.973 21.547 13.050 

10.496 27.030 21.368 17.092 20.019 14.420 

7.475 30.409 19.788 18.484 18.419 15.884 

7.009 30.785 18.399 19.692 17.045 17.150 

6.296 31.437 16.665 21.215 15.757 18.396 

5.581 32.212 15.173 22.492 14.579 19.557 

  13.805 23.771 13.550 20.571 

  12.578 24.931 12.685 21.426 

  11.891 25.617 11.823 22.341 

  10.786 26.693 10.781 23.435 

  9.207 28.404 10.061 24.238 

  7.592 30.292 9.164 25.244 

    8.230 26.413 

    7.369 27.499 

    6.541 28.651 

    5.602 30.035 
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Table B 2. Experimental binodal curve mass fraction data for the system IL (1) + K3PO4 (2) + 

H2O (3) at 298 K. 

 

[C4mim]Cl   Mr = 174.67 [OHC2mim]Cl Mr = 162.62 

100 w1 100 w2 100 w1 100 w2 100 w1 100 w2 

39.321 3.478 13.932 18.714 67.860 2.316 

37.151 4.566 13.531 19.054 64.168 2.772 

33.876 5.683 13.021 19.561 54.223 3.718 

32.269 6.533 12.675 19.829 49.934 4.554 

30.179 7.539 12.304 20.154 45.322 6.918 

27.447 8.731 11.083 22.019 38.311 10.589 

25.291 10.051 10.426 22.560 34.707 12.735 

24.369 10.655 9.792 23.113 30.190 15.750 

23.517 11.175 9.113 23.803 28.258 17.120 

22.512 11.946 8.530 24.407 21.472 22.289 

21.686 12.518 8.024 24.887 67.860 2.316 

20.954 13.008 7.648 25.267 64.168 2.772 

20.128 13.628 7.152 25.841 54.223 3.718 

19.298 14.297 6.735 26.319 49.934 4.554 

18.632 14.786 6.329 26.814 45.322 6.918 

17.904 15.373 5.986 27.218 38.311 10.589 

17.261 15.895 5.635 27.668 34.707 12.735 

16.646 16.394 5.313 28.106 30.190 15.750 

16.057 16.865 4.977 28.610 28.258 17.120 

15.409 17.485 4.507 29.347 21.472 22.289 

14.940 17.860 3.804 30.521   

14.343 18.403 2.912 32.157   
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Table B 3. Experimental binodal curve mass fraction data for the system IL (1) + K3PO4 (2) + 

H2O (3) at 298 K. 

 

[amim]Cl   Mr = 158.63 

100 w1 100 w2 100 w1 100 w2 

44.178 2.719 14.929 19.269 

39.549 4.183 14.461 19.632 

37.573 5.123 13.862 20.170 

34.552 5.983 13.113 20.911 

33.073 6.908 12.533 21.427 

31.568 7.611 12.038 21.819 

30.238 8.287 11.606 22.222 

29.013 9.001 11.107 22.723 

27.213 10.187 10.645 23.184 

26.089 10.706 10.281 23.525 

24.566 11.889 9.964 23.818 

23.027 12.958 9.571 24.199 

21.720 13.898 9.198 24.594 

20.633 14.586 8.864 24.927 

19.420 15.559 8.555 25.229 

18.306 16.492 8.264 25.519 

17.579 16.961 7.804 26.106 

16.624 17.803 7.467 26.468 

15.716 18.584 6.944 27.055 
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Table B 4. Experimental binodal curve mass fraction data for the system IL (1) + K3PO4 (2) + 

H2O (3) at 298 K. 

 

[C6mim]Cl   Mr = 202.73 

100 w1 100 w2 100 w1 100 w2 100 w1 100 w2 

42.378 3.902 9.074 21.725 4.247 27.354 

35.976 5.403 8.959 21.877 4.192 27.421 

33.612 6.214 8.818 21.977 4.121 27.553 

31.267 7.301 8.596 22.238 4.050 27.675 

29.172 8.245 8.362 22.460 3.955 27.817 

27.419 9.054 8.238 22.535 3.908 27.878 

25.951 9.812 8.038 22.786 3.859 27.913 

24.565 10.488 7.927 22.863 3.796 28.012 

23.574 11.200 7.743 23.090 3.734 28.097 

22.427 11.794 7.635 23.136 3.674 28.210 

21.477 12.342 7.449 23.368 3.575 28.355 

20.717 12.886 7.371 23.469 3.504 28.481 

20.085 13.472 7.199 23.620 3.390 28.685 

19.238 13.869 7.048 23.810 3.341 28.766 

18.584 14.336 6.906 24.006 3.199 29.032 

17.971 14.732 6.824 24.041 3.112 29.191 

17.371 15.141 6.684 24.221 3.033 29.345 

16.849 15.528 6.553 24.381 2.948 29.515 

16.369 15.888 6.427 24.538 2.852 29.649 

15.909 16.229 6.302 24.688 2.798 29.760 

15.494 16.575 6.187 24.826 2.746 29.861 

14.758 17.246 6.073 24.959 2.685 29.992 

14.375 17.489 6.009 24.994 2.626 30.120 

14.018 17.743 5.901 25.132 2.542 30.301 

13.656 17.960 5.700 25.391 2.482 30.434 

13.337 18.195 5.552 25.543 2.406 30.565 

12.832 18.758 5.463 25.675 2.359 30.676 

12.513 18.911 5.373 25.794 2.316 30.791 

12.045 19.408 5.288 25.908 2.237 30.968 

11.773 19.573 5.205 26.016 2.174 31.107 

11.542 19.758 5.124 26.127 2.105 31.285 

11.317 19.938 5.047 26.227 2.047 31.428 

11.066 20.011 4.971 26.334 1.959 31.647 

10.843 20.136 4.893 26.415 1.907 31.789 

10.626 20.273 4.861 26.472 1.800 32.069 

10.279 20.651 4.787 26.553 1.713 32.330 

10.094 20.781 4.693 26.710 1.606 32.629 

9.769 21.111 4.596 26.845 1.489 32.982 

9.526 21.284 4.530 26.920 1.385 33.326 

9.439 21.405 4.441 27.067   

9.215 21.661 4.327 27.228   
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Table B 5. Experimental binodal curve mass fraction data for the system IL (1) + K3PO4 (2) + 

H2O (3) at 298 K. 

 

[C1im]Cl   Mr = 118.56 

100 w1 100 w2 100 w1 100 w2 100 w1 100 w2 

19.992 22.214 8.537 21.342 3.751 24.172 

18.153 22.151 8.316 21.507 3.672 24.266 

17.569 22.179 7.928 21.785 3.593 24.365 

16.842 22.019 7.613 21.839 3.515 24.442 

16.310 22.004 7.383 21.842 3.449 24.545 

15.702 21.837 7.188 21.898 3.383 24.658 

15.232 21.804 7.037 22.060 3.253 24.868 

14.665 21.604 6.856 22.103 3.175 24.927 

14.250 21.584 6.693 22.173 3.105 25.045 

13.788 21.456 6.518 22.169 3.045 25.104 

13.421 21.454 6.317 22.300 2.980 25.199 

12.974 21.294 6.128 22.401 2.909 25.347 

12.578 21.171 5.984 22.391 2.849 25.440 

12.244 21.150 5.860 22.431 2.792 25.540 

11.886 21.051 5.747 22.520 2.732 25.594 

11.618 21.061 5.525 22.622 2.678 25.668 

11.303 20.966 5.356 22.867 2.609 25.801 

11.049 20.970 5.124 22.812 2.544 25.913 

10.773 20.918 4.957 23.181 2.484 26.047 

10.536 20.915 4.737 23.174 2.389 26.273 

10.312 20.934 4.579 23.412 2.287 26.428 

10.089 20.915 4.384 23.396 2.221 26.626 

9.925 20.982 4.261 23.702 2.124 26.824 

9.694 20.895 4.083 23.733 2.012 27.089 

9.483 21.230 3.968 23.894 1.895 27.398 

9.108 21.178 3.899 23.966   

8.827 21.297 3.830 24.046   
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Table B 6. Experimental binodal curve mass fraction data for the system IL (1) + K3PO4 

(2) + H2O (3) at 298 K. 

 

[C2im]Cl   Mr = 132.59 

100 w1 100 w2 100 w1 100 w2 100 w1 100 w2 

25.973 19.523 8.300 16.786 2.758 20.524 

24.380 19.553 8.204 16.867 2.674 20.632 

23.330 19.258 8.057 16.819 2.599 20.824 

22.664 19.286 7.864 16.966 2.521 20.924 

22.056 19.190 7.647 17.026 2.456 21.026 

21.094 19.015 7.469 17.148 2.392 21.121 

20.269 18.773 7.270 17.177 2.338 21.240 

19.618 18.871 7.101 17.291 2.278 21.358 

18.864 18.744 6.923 17.338 2.232 21.488 

18.134 18.613 6.775 17.452 2.140 21.673 

17.411 18.495 6.587 17.352 2.024 21.870 

16.792 18.363 6.464 17.428 1.943 22.084 

16.033 18.079 6.348 17.504 1.814 22.428 

15.471 17.954 6.156 17.671 1.733 22.623 

14.982 17.887 5.963 17.726 0.847 23.494 

14.350 17.597 5.831 17.694 0.829 23.653 

13.908 17.513 5.707 17.864 0.813 23.780 

13.497 17.446 5.591 17.836 0.795 23.982 

13.101 17.390 5.503 17.909 0.782 24.075 

12.631 17.208 5.364 17.985 0.766 24.242 

12.282 17.117 5.235 18.080 0.754 24.307 

11.967 17.059 5.116 18.155 0.731 24.539 

11.567 16.884 5.001 18.248 0.706 24.784 

11.280 16.829 4.887 18.321 0.688 24.958 

11.021 16.804 4.784 18.395 0.670 25.115 

10.679 16.623 4.675 18.503 0.657 25.258 

10.430 16.620 4.579 18.556 0.642 25.392 

10.199 16.593 4.487 18.634 0.626 25.588 

9.960 16.545 4.384 18.775 0.605 25.831 

9.741 16.505 4.274 18.844 0.586 25.973 

9.539 16.458 4.153 18.989 0.564 26.289 

9.406 16.544 3.990 19.087 0.550 26.415 

9.270 16.627 3.790 19.354 0.530 26.715 

9.088 16.605 3.592 19.576 0.510 26.939 

8.929 16.600 3.319 20.011 0.494 27.080 

8.811 16.672 3.182 19.969 0.478 27.316 

8.698 16.748 3.066 20.109 0.459 27.606 

8.541 16.733 2.962 20.334 0.432 27.958 

8.398 16.722 2.866 20.475   
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Table B 7. Experimental binodal curve mass fraction data for the system IL (1) + K3PO4 (2) + 

H2O (3) at 298 K. 

 

[C7H7mim]Cl   Mr = 208.69 

100 w1 100 w2 100 w1 100 w2 100 w1 100 w2 

43.686 4.760 17.169 16.409 7.802 23.332 

40.143 5.651 16.643 16.789 7.490 23.629 

37.633 6.455 16.022 17.265 7.220 23.912 

35.691 7.147 15.227 17.672 6.960 24.145 

33.974 7.876 14.722 18.037 6.707 24.387 

32.336 8.534 13.961 18.517 6.475 24.630 

30.912 9.219 13.078 19.183 6.259 24.866 

29.581 9.839 12.363 19.668 6.027 25.153 

28.359 10.342 12.168 19.717 5.699 25.528 

27.451 10.810 11.849 20.018 5.409 25.833 

26.441 11.153 11.367 20.355 5.043 26.242 

25.541 11.535 11.132 20.509 4.775 26.624 

24.134 12.436 10.884 20.763 4.385 27.216 

23.330 12.786 10.464 21.045 4.044 27.808 

22.102 13.576 10.229 21.237 3.784 28.137 

21.454 13.796 9.746 21.600 3.639 28.318 

20.490 14.425 9.314 21.960 3.416 28.658 

19.616 15.008 8.841 22.386 3.178 29.005 

18.784 15.550 8.445 22.751 2.744 29.791 

17.739 16.069 8.078 23.071 2.217 30.870 
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Table B 8. Experimental binodal curve mass fraction data for the system IL (1) + K3PO4 (2) + 

H2O (3) at 298 K. 

 

[C2mim][CF3SO3]   Mr = 260.23 

100 w1 100 w2 100 w1 100 w2 100 w1 100 w2 

45.772 3.912 12.068 14.488 4.252 21.948 

39.539 5.379 11.782 14.696 3.794 22.840 

36.122 6.409 11.427 14.807 3.538 23.388 

32.628 7.300 11.204 15.051 3.234 24.024 

29.869 8.056 10.746 15.217 3.025 24.424 

27.650 8.822 10.237 15.531 2.820 24.927 

20.642 11.047 9.752 15.767 2.626 25.418 

19.564 11.401 9.290 16.356 2.427 25.953 

18.556 11.689 8.800 16.756 2.171 26.649 

17.732 12.020 8.256 17.280 1.986 27.356 

16.958 12.292 7.779 17.753 1.818 27.850 

16.338 12.598 7.336 18.157 1.585 28.734 

15.680 12.845 6.884 18.346 1.366 29.666 

15.069 13.085 6.598 18.855 0.911 30.427 

14.509 13.299 6.298 19.209 0.874 30.710 

13.982 13.468 6.059 19.653 0.824 31.222 

13.599 13.745 5.492 20.198 0.759 31.842 

12.842 14.214 5.081 20.898 0.706 32.187 

12.429 14.344 4.525 21.349 0.640 32.889 
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Table B 9. Experimental binodal curve mass fraction data for the system IL (1) + K3PO4 (2) + 

H2O (3) at 298 K. 

 

[C2mim][EtSO4]   Mr = 237.29 

100 w1 100 w2 100 w1 100 w2 100 w1 100 w2 

28.858 10.669 13.865 19.552 7.916 24.074 

27.508 11.463 13.546 19.753 7.731 24.266 

26.127 12.058 13.224 19.933 7.466 24.636 

24.964 12.692 12.929 20.096 7.207 24.829 

23.745 13.264 12.460 20.534 6.937 25.230 

22.899 13.830 12.162 20.615 6.649 25.464 

22.034 14.321 11.562 21.303 6.321 25.791 

21.236 14.792 11.264 21.320 6.020 26.047 

20.556 15.238 10.892 21.628 5.793 26.455 

19.853 15.674 10.369 22.037 5.413 26.820 

19.227 16.021 10.188 22.124 4.982 27.525 

19.227 16.021 10.017 22.223 4.573 27.973 

18.193 16.865 9.740 22.606 4.162 28.666 

18.193 16.865 9.570 22.697 3.584 29.514 

17.511 17.059 9.414 22.776 3.276 30.106 

17.511 17.059 9.154 23.018 3.046 30.530 

16.656 17.830 8.915 23.246 2.768 31.166 

16.656 17.830 8.656 23.414 2.520 31.653 

15.752 18.367 8.426 23.591 2.174 32.594 

14.954 18.857 8.223 23.810   

14.224 19.374 8.110 23.879     
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Table B 10. Experimental binodal curve mass fraction data for the system IL (1) + K3PO4 (2) + 

H2O (3) at 298 K. 

 

[C2mim][MeSO4]   Mr = 223.27 [C2mim][CH3CO2] Mr = 170.21 

100 w1 100 w2 100 w1 100 w2 100 w1 100 w2 

44.344 5.625 13.244 21.370 26.443 9.744 

23.640 14.474 12.782 21.748 24.161 11.716 

22.835 14.924 12.352 22.105 22.064 13.611 

22.076 15.371 11.915 22.346 20.381 15.098 

21.454 15.851 11.534 22.648 18.455 16.958 

20.748 16.244 11.180 22.975 16.772 18.645 

20.123 16.628 10.669 23.358 15.024 20.521 

19.604 17.050 10.212 23.741 13.451 22.231 

19.064 17.398 9.690 24.326 12.142 23.746 

18.603 17.774 9.199 24.723 12.063 23.788 

18.081 18.052 8.740 25.047 11.421 24.514 

17.555 18.345 8.348 25.423 10.944 24.967 

17.137 18.638 8.000 25.824 10.626 25.417 

16.324 18.945 7.673 26.150 9.751 26.368 

15.984 19.164 7.173 26.708 9.728 26.433 

15.301 19.432 6.718 27.145 9.007 27.275 

14.954 19.933 6.245 27.772 8.784 27.468 

14.751 20.134 5.740 28.389 8.354 28.058 

14.630 20.368 5.044 29.296 7.796 28.737 

14.055 20.794 4.885 29.302 7.743 28.763 

13.760 20.956 3.081 30.379 6.423 30.522 



 

 

Aqueous Biphasic Systems with Ionic Liquids 

_________________________________________________________________________ 

112 

 

Table B 11. Experimental binodal curve mass fraction data for the system IL (1) + K3PO4 (2) + 

H2O (3) at 298 K. 

 

[C2mim][Br]   Mr = 191.07 

100 w1 100 w2 100 w1 100 w2 100 w1 100 w2 

45.588 3.823 15.817 18.961 9.833 23.771 

38.250 7.012 15.490 19.271 9.440 24.132 

34.568 7.917 15.137 19.516 9.197 24.349 

32.428 8.909 14.832 19.816 9.078 24.445 

30.493 9.859 14.519 20.018 8.863 24.687 

28.861 10.624 14.162 20.157 8.554 25.005 

27.529 11.324 13.897 20.396 8.269 25.350 

26.527 12.124 13.600 20.579 7.986 25.605 

25.385 12.843 13.335 20.769 7.810 25.801 

24.295 13.450 13.100 20.990 7.498 26.179 

23.306 13.901 12.661 21.415 7.204 26.481 

22.508 14.481 12.384 21.526 6.991 26.712 

21.733 14.992 12.170 21.759 6.735 27.008 

20.968 15.429 11.958 21.919 6.481 27.226 

20.268 15.902 11.743 22.044 6.270 27.539 

19.760 16.447 11.539 22.191 6.062 27.775 

19.155 16.809 11.197 22.549 5.788 28.181 

18.572 17.117 11.011 22.667 5.613 28.446 

18.041 17.437 10.865 22.867 5.231 28.987 

17.571 17.808 10.685 22.966 4.810 29.628 

17.133 18.104 10.545 23.121 4.455 30.218 

16.647 18.333 10.252 23.397 3.967 31.092 

16.297 18.728 9.951 23.604 3.539 31.888 
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Table B 12. Experimental binodal curve mass fraction data for the system IL (1) + K3PO4 (2) + 

H2O (3) at 298 K. 

 

[C2mim][CH3SO3]   Mr = 206.26 [C4mim][HSO4]   Mr = 236.28 

100 w1 100 w2 100 w1 100 w2 

32.063 18.140 59.383 0.551 

29.150 18.249 48.248 1.324 

18.685 22.738 35.884 2.598 

8.377 30.896 25.738 4.786 

6.978 33.159 22.740 5.568 

6.210 34.120 18.339 6.562 

5.699 34.734 16.720 8.001 

4.922 36.154 11.279 12.682 

4.249 37.579 8.873 15.736 

3.856 38.047 4.087 24.013 
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Table B 13. Experimental binodal curve mass fraction data for the system IL (1) + K3PO4 (2) + 

H2O (3) at 298 K. 

 

[C4mim][N(CN)2]   Mr = 205.26 

100 w1 100 w2 100 w1 100 w2 100 w1 100 w2 

47.148 2.129 7.320 14.350 3.326 19.296 

42.279 2.846 7.254 14.401 3.288 19.360 

38.085 3.443 7.180 14.462 3.248 19.439 

35.263 4.361 7.115 14.545 3.210 19.503 

32.306 4.814 7.021 14.699 3.173 19.576 

30.291 5.498 6.930 14.720 3.135 19.650 

28.629 5.987 6.867 14.760 3.098 19.715 

27.067 6.330 6.812 14.820 3.063 19.787 

25.703 6.749 6.757 14.855 3.030 19.865 

24.523 7.058 6.704 14.895 2.999 19.926 

23.442 7.359 6.645 14.973 2.963 20.033 

22.433 7.608 6.591 15.011 2.921 20.117 

21.524 7.896 6.538 15.051 2.872 20.244 

20.916 8.206 6.486 15.100 2.822 20.319 

20.117 8.436 6.434 15.126 2.779 20.424 

19.475 8.564 6.391 15.221 2.739 20.519 

18.998 8.834 6.322 15.227 2.700 20.613 

18.315 9.032 6.272 15.264 2.662 20.712 

17.912 9.234 6.224 15.302 2.618 20.844 

17.340 9.361 6.178 15.331 2.576 20.977 

16.963 9.609 6.108 15.457 2.536 21.097 

16.444 9.743 6.016 15.547 2.496 21.147 

15.981 9.880 5.957 15.667 2.458 21.269 

15.674 10.068 5.876 15.743 2.414 21.343 

15.243 10.163 5.785 15.833 2.373 21.430 

14.798 10.282 5.694 15.918 2.313 21.674 

14.537 10.459 5.627 16.071 2.256 21.815 

14.176 10.542 5.542 16.153 2.203 21.946 

13.816 10.636 5.462 16.223 2.159 22.093 

13.571 10.814 5.398 16.270 2.117 22.181 

13.248 10.918 5.344 16.372 2.072 22.301 

13.027 11.076 5.271 16.429 2.032 22.432 

12.710 11.136 5.215 16.552 1.992 22.580 

12.495 11.300 5.140 16.623 1.955 22.716 
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12.299 11.457 5.067 16.698 1.912 22.799 

12.016 11.533 5.018 16.793 1.876 22.956 

11.812 11.708 4.964 16.914 1.839 23.068 

11.528 11.750 4.896 16.975 1.804 23.203 

11.363 11.853 4.827 17.016 1.758 23.359 

11.197 11.992 4.764 17.075 1.722 23.489 

10.976 12.048 4.706 17.106 1.658 23.681 

10.822 12.184 4.656 17.218 1.582 23.919 

10.638 12.184 4.590 17.280 1.067 24.554 

10.496 12.312 4.549 17.369 1.041 24.782 

10.370 12.404 4.490 17.429 1.023 24.921 

10.209 12.415 4.450 17.552 1.004 25.091 

10.101 12.502 4.399 17.603 0.989 25.220 

9.976 12.612 4.353 17.668 0.968 25.381 

9.812 12.615 4.297 17.707 0.946 25.581 

9.638 12.849 4.258 17.790 0.925 25.765 

9.485 12.920 4.215 17.907 0.907 25.898 

9.321 12.948 4.153 17.918 0.882 26.108 

9.209 13.044 4.100 17.965 0.861 26.317 

9.101 13.119 4.028 18.122 0.845 26.472 

8.994 13.230 3.982 18.178 0.828 26.620 

8.849 13.240 3.947 18.265 0.806 26.813 

8.751 13.324 3.902 18.299 0.789 26.973 

8.649 13.422 3.860 18.350 0.755 27.243 

8.455 13.610 3.829 18.421 0.731 27.530 

8.359 13.698 3.787 18.456 0.706 27.753 

8.220 13.714 3.762 18.506 0.688 27.925 

8.133 13.797 3.730 18.588 0.656 28.314 

8.057 13.863 3.689 18.626 0.519 28.487 

7.977 13.940 3.660 18.694 0.510 28.584 

7.873 13.962 3.622 18.727 0.500 28.761 

7.789 14.020 3.592 18.797 0.488 28.998 

7.714 14.089 3.544 18.888 0.466 29.373 

7.639 14.155 3.498 18.969 0.443 29.800 

7.520 14.155 3.454 19.042 0.420 30.198 

7.451 14.223 3.411 19.129   

7.392 14.292 3.368 19.220     
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Table B 14. Experimental binodal curve mass fraction data for the system IL (1) + K3PO4 (2) + 

H2O (3) at 298 K. 

 

[C4mim][CF3SO3]   Mr = 288.29 

100 w1 100 w2 100 w1 100 w2 100 w1 100 w2 

47.969 1.923 10.935 8.322 7.081 11.433 

32.603 4.052 10.554 8.502 6.834 11.698 

26.880 4.485 10.215 8.721 6.640 11.983 

22.880 4.846 9.919 8.951 6.414 12.200 

20.300 5.277 9.614 9.119 6.235 12.448 

18.371 5.573 9.392 9.338 6.059 12.683 

17.078 5.935 9.215 9.567 5.888 12.897 

15.872 6.205 8.938 9.679 5.692 13.027 

14.810 6.479 8.743 9.866 5.525 13.391 

14.091 6.785 8.516 10.019 5.283 13.890 

13.380 7.058 8.333 10.185 5.090 14.096 

12.690 7.279 8.164 10.361 4.919 14.300 

12.171 7.534 7.949 10.470 4.768 14.548 

11.782 7.878 7.707 10.925   

11.304 8.071 7.346 11.158     
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Table B 15. Experimental binodal curve mass fraction data for the system IL (1) + K3PO4 (2) + 

H2O (3) at 298 K. 

 

[C4mim][Br]   Mr = 219.12 

100 w1 100 w2 100 w1 100 w2 100 w1 100 w2 

53.044 2.210 12.132 18.996 4.795 26.839 

41.914 5.021 11.692 19.306 4.621 27.078 

35.872 5.766 11.283 19.586 4.401 27.540 

33.640 6.686 10.959 19.939 4.304 27.693 

31.559 7.575 10.480 20.444 4.232 27.783 

30.077 8.456 10.101 20.549 4.085 27.963 

28.311 9.123 9.825 20.875 4.026 28.070 

27.047 9.841 9.546 21.021 3.949 28.193 

26.007 10.340 9.182 21.378 3.858 28.343 

24.663 10.781 9.047 21.452 3.771 28.500 

23.797 11.331 8.833 21.705 3.689 28.628 

23.028 11.867 8.625 21.937 3.584 28.805 

21.491 12.856 8.377 22.052 3.484 28.970 

21.072 12.900 8.203 22.312 3.392 29.153 

20.484 13.307 7.826 22.674 3.305 29.304 

19.851 13.708 7.582 22.942 3.242 29.406 

19.238 14.049 7.336 23.181 3.160 29.574 

18.730 14.435 7.198 23.329 3.050 29.808 

18.242 14.802 6.980 23.541 2.943 29.930 

17.613 15.002 6.800 23.768 2.765 30.358 

17.224 15.396 6.556 24.065 2.575 30.758 

16.787 15.694 6.379 24.242 2.457 31.027 

15.867 16.433 6.166 24.489 2.369 31.243 

15.155 16.850 6.019 24.684 2.277 31.472 

14.816 17.088 5.838 24.923 2.196 31.676 

14.474 17.296 5.613 25.247 2.069 32.012 

14.155 17.513 5.548 25.872 1.881 32.545 

13.817 17.633 5.429 26.003 1.715 33.048 

13.552 17.794 5.320 26.149 1.540 33.627 

13.088 18.289 5.079 26.480   

12.587 18.649 4.916 26.676     
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Table B 16. Experimental binodal curve mass fraction data for the system IL (1) + K3PO4 (2) + 

H2O (3) at 298 K. 

 

[C4mim][TFA]   Mr = 252.24 

100 w1 100 w2 100 w1 100 w2 100 w1 100 w2 

44.506 3.982 15.358 14.849 7.138 20.307 

40.969 4.631 15.006 15.013 6.936 20.484 

35.545 5.421 14.476 15.523 6.748 20.662 

33.860 6.280 14.008 15.550 6.484 20.868 

32.432 6.935 13.692 15.759 6.227 21.004 

30.787 7.579 13.324 16.063 6.040 21.258 

29.557 8.122 13.042 16.158 5.860 21.475 

28.379 8.596 12.756 16.313 5.691 21.719 

27.243 9.120 12.510 16.445 5.515 21.832 

26.242 9.566 12.283 16.568 5.248 22.284 

25.363 9.928 12.060 16.689 4.884 22.846 

24.600 10.317 11.732 16.997 4.637 22.944 

23.929 10.828 11.389 17.342 4.409 23.303 

23.189 11.235 10.995 17.541 4.122 23.829 

22.432 11.565 10.632 17.773 3.838 24.077 

21.765 11.824 10.284 17.902 3.623 24.478 

21.114 12.194 10.023 18.174 3.412 24.702 

20.439 12.526 9.717 18.297 3.230 25.070 

19.829 12.829 9.416 18.435 2.999 25.600 

19.285 13.079 9.218 18.650 2.603 26.416 

18.245 13.542 8.964 18.752 2.297 27.055 

17.775 13.755 8.622 19.110 1.925 28.011 

17.271 14.028 8.323 19.389 0.806 31.291 

16.844 14.191 8.062 19.629 0.634 32.860 

16.439 14.351 7.785 19.727 0.473 33.706 

16.071 14.517 7.554 19.942 0.403 34.326 

15.703 14.682 7.351 20.124     
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Table B 17. Experimental binodal curve mass fraction data for the system IL (1) + K3PO4 (2) + 

H2O (3) at 298 K. 

 

[C4mim][CH3CO2] Mr = 198.26 [C4mim][CH3SO3]   Mr = 234.31 

100 w1 100 w2 100 w1 100 w2 100 w1 100 w2 

26.443 9.744 46.003 2.594 13.534 21.842 

24.161 11.716 40.190 4.949 12.890 22.363 

22.064 13.611 37.061 6.348 12.360 22.857 

20.381 15.098 34.326 7.760 11.794 23.284 

18.455 16.958 31.842 9.092 11.316 23.720 

16.772 18.645 29.685 10.314 10.781 24.161 

15.024 20.521 27.992 11.255 10.265 24.593 

13.452 22.231 27.278 11.755 9.814 24.954 

12.142 23.746 25.800 12.670 9.276 25.503 

12.064 23.788 24.187 13.785 8.789 25.941 

11.421 24.515 23.719 14.090 8.340 26.409 

10.944 24.967 22.165 15.097 7.933 26.853 

10.626 25.417 21.437 15.702 7.445 27.352 

9.751 26.368 20.233 16.498 6.723 28.126 

9.728 26.433 19.542 17.082 6.113 28.860 

9.007 27.275 18.505 17.779 5.404 29.871 

8.784 27.468 17.456 18.658 4.851 30.609 

8.354 28.058 16.655 19.356 4.530 30.869 

7.797 28.737 15.909 19.886 4.069 31.597 

7.743 28.763 14.978 20.554 3.432 32.625 

6.423 30.522 14.238 21.258 2.498 34.378 
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3. Figures 
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Figure B 24. Experimental values for binodal curve (dots) adjusted with Eq. 5 (dash) for all ILs 

studied in this work. 
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3. Calibration Curves 

 

y = 27.558520x

R² = 0.999247

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 0.01 0.02 0.03 0.04 0.05

A
b

so
rv

a
n

ce

Concentration (g. L-1)

L-tryptophan

 

Figure B 15. Calibration curve for L-tryptophan. 
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