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resumo 
 

 

O principal objetivo do presente trabalho é estudar a aplicação dos líquidos 
iónicos (LIs) na formação de sistemas aquosos bifásicos (SAB) e avaliar a sua 
capacidade para extrair compostos bioativos. Deste modo, este estudo foca 
essencialmente a procura de sistemas mais benignos, através da aplicação de 
sais orgânicos, e uma melhor compreensão dos mecanismos que regem a 
partição de biomoléculas entre as duas fases destes sistemas.   
Os SAB constituídos por LIs apresentam uma grande aplicabilidade na 
extração e purificação de uma vasta gama de compostos, sendo capazes de 
preservar as suas características. Assim, com o intuito de fomentar os estudos 
efetuados nesta área, e de melhorar a performance destes sistemas, iniciou-se 
o presente trabalho com a caracterização de SAB compostos por vários LIs e o 
sal orgânico citrato de potássio. O conjunto de LIs selecionados permitiu 
estudar o efeito da natureza do anião e do catião central sobre a capacidade 
de formação destes sistemas. Adicionalmente analisou-se o efeito do tamanho 
da cadeia alquílica do catião imidazólio e o efeito do pH. 
A extração de um conjunto de alcaloides foi efetuada, não apenas para 
verificar a aplicabilidade dos SAB compostos por LIs e um sal orgânico, mas 
também para estudar o efeito da agregação dos LIs, e o seu consequente 
impacto na partição de diferentes biomoléculas. Os resultados obtidos 
mostraram que a agregação dos LIs tem um efeito significativo e permite uma 
manipulação das extrações. 
Por fim, investigou-se a aplicabilidade dos SAB compostos por LIs na extração 
e concentração de compostos que apresentam riscos para a saúde humana. 
Normalmente, a baixa concentração do bisfenol A (um disruptor endócrino) nos 
fluídos humanos dificulta a sua deteção através de técnicas analíticas 
convencionais. Estudou-se o efeito do catião central e otimizaram-se as 
condições de extração. Os resultados obtidos demonstraram uma elevada 
capacidade de extração por parte dos SAB selecionados e a possibilidade de 
concentrar até 100 vezes o bisfenol A presente nos fluidos biológicos.  
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abstract 

 
The main objective of the present work is to study the application of ionic 
liquids (ILs) in the formation of aqueous two-phase systems (ATPS) and to 
evaluate their capability in the extraction of bioactive compounds. This study is 
essentially focused on the finding of more benign systems, making use of 
organic salts, and in the gathering of a deeper understanding on the 
mechanisms which rule the partitioning of biomolecules between the coexisting 
phases of ATPS. 
IL-based ATPS display a widespread applicability in the extraction and 
purification of a large range of compounds, while preserving their 
characteristics. Thus, with the purpose of fostering the studies conducted in this 
area and to improve the performance of these systems, this work starts with the 
characterization of ATPS composed of several ILs and the organic salt 
potassium citrate. The selected ILs allowed the study of the effect of the anion 
nature and cation core towards the phase diagrams behavior. Additionally, it 
was analyzed the influence of the imidazolium cation alkyl side chain length, as 
well as the pH, in the formation of these systems.  
The extraction of a series of alkaloids was carried out not only to verify the 
applicability of ATPS formed by imidazolium-based ILs and an organic salt, but 
also to study the effect of the ILs self-aggregation and subsequent impact on 
the partitioning pathway of different biomolecules. The obtained results show 
that the self-aggregation of ILs has a significant effect and allows tailored 
extractions. 
Finally, the actual applicability of IL-based ATPS in the extraction and 
concentration of compounds of human concern from biological fluids was 
investigated. Usually, the low concentrations of bisphenol A, an endocrine 
disruptor, in human fluids make it difficult to detect via conventional techniques. 
The effect of the IL cation core was investigated and the extraction conditions 
were optimized. The results showed a high extraction efficiency and 
concentration up to 100-fold of bisphenol A from biological fluids. 
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1.1. Ionic liquids (ILs) 

In 1914, when Paul Walden was testing new explosives for the substitution of nitroglycerin, it 

was synthesized the first ionic liquid (IL), the ethylammonium nitrate ([CH3CH2NH3][NO3]) with a 

melting point of 12 °C[1]. However, only in 1934, the first patent regarding an industrial application 

of ILs was filled in the preparation of cellulose solutions, by Charles Graenacher[2]. During the 2nd 

World War, new patents involving the use of ILs in mixtures of aluminium chloride (III) and  

1-ethylpyridinium bromide for the electrodeposition of aluminium were filled[3, 4]. Nevertheless, 

only in the past few years, with the appearance of air and water stable ILs, the research and 

development of novel ILs and their possible applications increased significantly. The number of 

articles concerning ILs, and published between 1990 and 2011, are depicted in Figure 1. 

 

 

Figure 1. Number of papers published per year involving ILs. Values taken from ISI Web of Knowledge in 

  July 04th, 2012. 

 

ILs are salts, liquid at or near room temperature – a resulting characteristic of their low 

symmetry[5, 6], low intermolecular interactions[7, 8] and ions with a high distribution of charge[9]. ILs 

are thus only constituted by ionic species, usually a large organic cation and an organic or 

inorganic anion[10]. The most commonly studied ILs are nitrogen-based and their general cation 

structures are presented in Figure 2.  
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Figure 2. Cation structures of nitrogen-based ILs. 

 

Due to their ionic character, ILs exhibit unique properties, namely negligible vapor pressure, 

low flammability, high thermal and chemical stabilities, broad liquid temperature range, high ionic 

conductivity, high solvation ability for organic, inorganic and organometallic compounds, 

improved selectivity and an easy recycling[11-13]. All these properties made of them improved 

alternatives to volatile organic compounds (VOCs) in the most diverse applications, such as in 

biphasic catalysis, in organic synthesis[14], in polymerization[15], in separation and extraction 

processes[16] and in the dissolution of biomaterials[17]. In fact, nowadays, ILs are used in a wide 

range of applications, namely in organic chemistry (homogeneous catalysis[18], Heck reaction[19, 20] 

or Suzuki reaction[21]), as well as in new materials chemistry (electrolytes for the electrochemical 

industry[22, 23] and liquid crystals[24, 25], for instance). ILs are also a good alternative to the common 

volatile solvents employed in biocatalysis, since they can provide a non-denaturing environment 

for biomolecules, maintaining protein structure and enzymatic activity[26, 27]. 

ILs are commonly described as “designer solvents”, because of the possibility of tuning their 

properties (such as hydrophobicity and solution behavior, thermophysical properties and variable 

biodegradation ability or toxicological features) through the manipulation of the type and 

structure of the ions that compose them aiming at fulfilling a specific application[28-31].  

ILs are also described as “green solvents” due to the several physical and chemical 

advantages that they present over the conventional molecular organic solvents. However, the fact 

of showing negligible vapor pressure, and consequently reduce the air pollution risks, is not 

enough to assure that these compounds are in fact “green”. For example, ILs have non-negligible 

miscibility with water, which can results in contamination of aqueous streams. Thus, in recent 

years, several studies[32-38] have been focused in the toxicity and biodegradability of ILs. In general, 

the toxicity of ILs is primordially determined by the cation nature and increases with the increase 

of the length of the alkyl side chain (increase in hydrophobicity). Nonetheless, it should be 

stressed that the solubility of ILs in water decreases with their hydrophobicity, what means that 

Pyrrolidinium Imidazolium Piperidinium Pyridinium Ammonium
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the more toxic ILs present lower water solubilities and the environmental impact of ILs in aquatic 

streams is thus minimized[34]. 

 

1.2. Extraction of biomolecules using aqueous two-phase systems (ATPS) 

Separation and purification stages in biotechnological processes usually require numerous 

steps with high energy and chemical consumption, representing about 60-90 % of the cost of the 

final product[39, 40]. There have been considerable efforts addressing the development of fast, 

efficient and cost-effective separation techniques. Liquid–liquid extractions offer advantages, 

such as high yields, improved purification, better selectivity and a good combination between the 

recovery and purification steps, while keeping the technological simplicity and a lower associated 

cost[39, 41]. However, the liquid-liquid extraction of biomolecules is typically carried out making use 

of VOCs because of their immiscibility with the aqueous media where the biomolecules tend to be 

produced[42]. Although, these organic compounds present a high volatility and toxicity, as well as 

the possibility of denaturing enzymes and proteins to be recovered[39].  

In 1958, P. A. Albertson introduced aqueous two-phases systems (ATPS) for the separation of 

biomolecules by their partitioning between two liquid aqueous phases[43]. These systems consist 

in two aqueous-rich phases and are classified in three main types: polymer/polymer, polymer/salt 

and salt/salt. In the last few years, liquid-liquid extraction by ATPS has been intensively explored 

and used to separate and purify several biological products[44-46] and also to recover metal ions, 

radiochemicals, drugs molecules, dyes, small organic species and inorganic particles from complex 

mixtures[47, 48].  

 Recently, a new type of ATPS consisting of hydrophilic ILs and inorganic salts was reported by 

Gutowski et al.[49]. These systems form above given concentrations of both the IL and inorganic 

salt in aqueous solutions, and where the spontaneous phase separation occurs. Usually an upper 

IL-rich phase and a lower salt-rich phase are formed[49]. These new ATPS present additional 

advantages over typical polymer-based systems, such as low viscosity, quick phase separation, 

and high and tailored extraction efficiency. 

Nowadays it is possible to find a large number of studies regarding the phase behavior of 

ternary systems composed of ILs + water + inorganic salts[50-56]. The influence of the inorganic ion 

in the liquid-liquid demixing seems to be well described by the Hofmeister series (ions 

classification based on their salting-out/-in ability)[57]. It was previously shown that IL-based ATPS 

are potential extractive systems for distinct compounds, namely testosterone and 
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epitestosterone[53], alkaloids[54, 58-61] , antibiotics[55, 56], amino acids[51, 52], proteins[62], short chain 

alcohols[63], aromatic and phenolic compounds[60, 61, 64-66] and metals[67, 68]. 

In summary, IL-based ATPS are a promising alternative for the extraction of a large variety of 

biomolecules with an outstanding tailored ability on the extraction efficiencies (that can be 

achieved by a proper combination of the IL and salt that compose a given system and their 

concentrations).  

 

1.3. Scope and objectives 

Pioneering studies have already demonstrated the potential of IL-based ATPS for the 

extraction of some added-value compounds[69]. In this context, the main objective of this work is 

to study the application of novel IL-based systems in the extraction of compounds of human 

concern, to find more benign systems by substitution of the high charge density salts usually 

employed, as well as to gather a deeper understanding on the mechanisms which rule the 

partitioning of biomolecules among the coexisting phases. 

The most common IL-based ATPS are formed by ILs, water and inorganic salts. However, 

there are environmental concerns associated with the use of inorganic salts which tend to be 

toxic and non-biodegradable. Thus, it is important to find more benign alternatives to IL-based 

ATPS, such as by substituting the high charge density inorganic salts by biodegradable organic 

ones. Therefore, a biodegradable and non-toxic organic salt, potassium citrate (C6H5K3O7), was 

studied here as a main constituent of IL-based ATPS. A large array of novel systems was 

investigated and proposed by the combination of potassium citrate with 15 ILs. Besides the 

proposal of novel ternary phase diagrams (and respective tie-lines (TLs) and tie-line lengths 

(TLLs)), and since ILs with long alkyl side chains were also investigated, the effect of micelles 

formation and of the pH of the medium towards their extraction ability were also evaluated 

making use of a series of model alkaloids. All of these tests allowed a deeper analysis, at the 

molecular level, of the mechanisms which rule the partitioning of charged or non-charged 

molecules in IL-based ATPS. 

 The last step of this work addresses the real and prospective application of IL-based ATPS for 

the extraction of bioactive compounds - substances that have biological activity, i.e., with adverse 

or beneficial effects on living organisms. Among this class of compounds, bisphenol A (BPA) was 

selected as a main example due to its serious effects on human health and because it has been 

identified in several human fluids. Albeit BPA is a ubiquitous compound in the atmosphere, its 

normally low levels in biological fluids make it difficult to detect via conventional techniques. In 
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this context, several ternary systems composed of ILs, water and K3PO4 were evaluated with the 

goal of finding an improved system capable of completely extracting and concentrating BPA from 

biological fluids for clinical analysis. The influence of the IL cation core and its alkyl side chain 

length were investigated. Moreover, aiming at reducing overall costs associated with the 

consumption of ILs, the influence of the system composition was also investigated. Besides the 

evaluation of the extraction in model systems, urine-type samples were also studied. 
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2.1. Organic salts 

IL-based ATPS have great applicability in the design of new “green” and efficient separation 

technologies for the development of clean manufacturing processes. The most common 

kosmotropic salts used on the formulation of these systems[49, 50, 53, 54, 70-72] consist of selected 

cations (ammonium, sodium or potassium) and anions (phosphate, hydroxide, sulfate or 

carbonate). The high concentration of inorganic salts necessary to induce IL-based ATPS is the 

cause of some environmental concerns. Nonetheless, in the last years, some authors have been 

studying the replacement of inorganic salts by biodegradable solutes, such as amino acids[58, 73] 

and carbohydrates[74-76]. However, these compounds do not have the ability to form ATPS with the 

most common hydrophilic ILs (such as [C4mim]Cl[73-76] and [C4mim]Br[74-76]).   

Recent works have introduced biodegradable and non-toxic organic salts, such as the citrate-, 

tartrate- or acetate-based[77-84] in the formulation of IL-based ATPS. The works dealing with 

organic salts[77-87]  addressed ILs based essentially on the imidazolium cation with the bromide, 

chloride, and tetrafluoroborate counterions. Besides the water-stable chloride and bromide-

based ILs, [BF4]-based fluids tend to be the most largely explored[77-87] , and it should be remarked 

that [BF4]-based ILs are not water stable and form hydrofluoridric acid in aqueous media[88].  

Since citrate-based salts are biodegradable and non-toxic, it was studied here a large array of 

IL-based ATPS, making use of potassium citrate, as “greener” alternatives to the previously 

studied systems[49, 51, 52, 58, 60, 89-91]. In this work it was evaluated the individual IL cation and anion 

influences in promoting IL-based ATPS and the impact of the pH towards their phase behavior.  

 

2.2. Experimental section 

2.2.1. Chemicals 

The ATPS studied in this work were established by using an aqueous solution of potassium 

citrate tribasic monohydrate, C6H5K3O7·H2O (≥ 99 wt % pure from Sigma-Aldrich) and different 

aqueous solutions of hydrophilic ILs. Citric acid monohydrate (C6H8O7·H2O), 100 wt % pure from 

Fisher Scientific, was used for prepare the aqueous solution of the potassium citrate buffer 

(aqueous mixture of potassium citrate tribasic (94 mol %)  and citric acid (6 mol %))[83]. The ILs 

studied were: 1-butyl-3-methylimidazolium chloride, [C4mim]Cl (99 wt %);  

1-hexyl-3-methylimidazolium chloride, [C6mim]Cl (> 98 wt %); 1-heptyl-3-methylimidazolium 

chloride, [C7mim]Cl (> 98 wt %); 1-octyl-3-methylimidazolium chloride, [C8mim]Cl (> 98 wt %);  

1-decyl-3-methylimidazolium chloride, [C10mim]Cl (> 98 wt %); 1-butyl-3-methylpyridinium 
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chloride, [C4mpy]Cl (> 98 wt %); 1-butyl-1-methylpiperidinium chloride, [C4mpip]Cl (99 wt %);  

1-butyl-1-methylpyrrolidinium chloride, [C4mpyr]Cl (99 wt %); tetrabutylammonium chloride, 

[N4444]Cl (≥ 97 wt %); tetrabutylphosphonium chloride, [P4444]Cl (98 wt %);  

1-butyl-3-methylimidazolium bromide, [C4mim]Br (99 wt %); 1-butyl-3-methylimidazolium 

acetate, [C4mim][CH3CO2] (> 98 wt %); 1-butyl-3-methylimidazolium methanesulfonate, 

[C4mim][CH3SO3] (99 wt %); 1-butyl-3-methylimidazolium trifluoroacetate, [C4mim][CF3CO2]  

(> 97 wt %); 1-butyl-3-methylimidazolium trifluoromethanesulfonate, [C4mim][CF3SO3] (99 wt %); 

1-butyl-3-methylimidazolium dicyanamide, [C4mim][N(CN)2] (> 98 wt %);  

1-butyl-3-methylimidazolium thiocyanate, [C4mim][SCN] (> 98 wt %); and  

1-butyl-3-methylimidazolium dimethylphosphate, [C4mim][PO4(CH3)2] (> 98 wt %). The ILs 

chemical structures are shown in Figure 3. All imidazolium-, pyridinium- and pyrrolidinium-based 

ILs were purchased from Iolitec. The [P4444]Cl was kindly supplied by Cytec Industries Inc. and the 

[N4444]Cl was from Aldrich. To reduce the water and volatile compounds content to negligible 

values, ILs individual samples were dried under constant stirring at vacuum and moderate 

temperature (≈ 353 K) for a minimum of 24 h. After this step, the purity of each IL was checked by 

1H and 13C NMR spectra and found to be in accordance with the purity given by the suppliers. 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.  
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Figure 3. Chemical structures of the ILs studied: (i) [C4mim]Cl; (ii) [C4mim]Br; (iii) [C4mim][SCN]; (iv) 

[C4mim][CF3CO2]; (v) [C4mim][CF3SO3]; (vi) [C4mim][CH3SO3]; (vii) [C4mim][N(CN)2]; (viii) [C4mim][CH3CO2]; 

(ix) [C4mim][PO4(CH3)2]; (x) [C6mim]Cl; (xi) [C7mim]Cl; (xii) [C8mim]Cl; (xiii) [C10mim]Cl; (xiv) [C4mpy]Cl; (xv) 

[C4mpip]Cl; (xvi) [C4mpyr]Cl; (xvii) [N4444]Cl; (xviii) [P4444]Cl. 
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2.2.2. Experimental procedure 

2.2.2.1. Phase diagrams 

The binodal curves of the phase diagrams were determined 

through the cloud point titration method[60] at 298 K (± 1 K) and 

atmospheric pressure. This procedure was initially validated with 

the phase diagrams obtained for [C4mim]Cl + C6H5K3O7 + water, 

[C4mim]Br + C6H5K3O7 + water and [C4mim]Br + C6H5K3O7/C6H8O7 + 

water ternary systems against literature data[79, 82, 83] (cf. Appendix 

A - Figure A 1 and Figure A 2). Aqueous solutions of C6H5K3O7 and 

of the buffer C6H5K3O7/C6H8O7 at 50 wt %, and aqueous solutions 

of the different hydrophilic ILs at variable concentrations, were 

prepared gravimetrically and used for the determination of the 

binodal curves. Repetitive drop-wise addition of the aqueous 

organic salt solution to each IL aqueous solution was carried out 

until the detection of a cloudy solution (biphasic region), followed 

by the drop-wise addition of ultra-pure water until the detection 

of a clear and limpid solution (monophasic region) (Figure 4).  

Drop-wise additions were carried out under constant stirring. The 

ternary system compositions were determined by the weight quantification of all components 

added within an uncertainty of ± 10-4 g. 

For systems composed of [C10mim]Cl + organic salt + water it was used the turbidometric 

method[46]. Various and different mixtures of these systems at the biphasic region were initially 

prepared. Then, under constant stirring, ultra-pure water was added until the detection of a clear 

and limpid solution (monophasic region). Each mixture corresponds to one point of the binodal 

curve of the system. The mixture compositions were gravimetrically determined within ± 10-4 g. 

 

2.2.2.2. Determination of tie-lines (TLs) 

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

Merchuck et al.[92].  A mixture at the biphasic region was gravimetrically prepared with IL + salt + 

water, vigorously stirred, and allowed to reach the equilibrium by the separation of both phases 

for at least 12 h at (298 ± 1) K. After the separation step, both top and bottom phases were 

weighed. Finally, each individual TL was determined by application of the lever-arm rule to the 

B 

A 

Figure 4. Experimental 

determination of the binodal 

curves for IL + C6H5K3O7 ATPS. 

A) Cloudy solution – biphasic 

region; B) Limpid and clear 

solution – monophasic region. 
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relationship between the top phase weight and the overall system composition. Experimental 

binodal curves were fitted using Equation 1[92], 

 

                                        (1) 

 

where      and        are, respectively, the IL and salt weight percentages and  ,   and   are 

constants obtained by the regression. 

For the determination of TLs it was solved the following system of four equations (Equations 

2 to 5) and four unknown values (      ,         ,          and           ): 
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The subscripts   ,      and   represent the top, bottom and the mixture phases, 

respectively. The parameter α is the ratio between the top weight and the total weight of the 

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

and bottom phases. For the calculation of the tie-line lengths (TLLs) it was applied Equation 6. 

 

                                                  (6) 

 

2.2.2.3. pH measurement 

The pH values of both the IL-rich and organic-salt-rich aqueous phases were measured at 

(298 ± 1) K using a METTLER TOLEDO SevenMulti pH meter within an uncertainty of ± 0.02. 

 

2.3. Results and discussion 

Novel ternary phase diagrams were determined for several ILs + water + potassium citrate, at 

298 K and at atmospheric pressure. The respective ternary phase diagrams are illustrated in 

(4) 

(5) 
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Figure 5 to Figure 9. The experimental weight fraction data of each phase diagram are given at 

Appendix A (Table A 1 to Table A 14). 

The systems composed of potassium citrate, water and [C4mim]Br or [C4mim]Cl have already 

been reported by Zafarani-Moattar and Hamzehzadeh[79, 82, 83]. It should be remarked that a good 

agreement was observed between literature data and the results obtained in this work[79, 82, 83] (cf. 

Appendix A - Figure A 1 and Figure A 2).  

In the studied ATPS, the top phase corresponds to the IL-rich aqueous phase, while the 

bottom phase is mainly composed of the citrate-based salt. The only exception was observed with 

the [C4mim][CF3SO3]-based system. This feature was observed before with other salts[51, 52, 91] and 

is a consequence of the high density of the fluorinated IL. 

In Figure 5 to Figure 9, the solubility curves are presented in molality units for a better 

understanding of the impact of the ILs structure on the phase diagrams behavior, avoiding 

differences that could result from different molecular weights. In all phase diagrams the biphasic 

region is localized above the solubility curve. The larger this region, the higher the ability of the IL 

to undergo liquid-liquid demixing, i.e., the easier the IL is salted-out by the citrate-based salt. The 

experimental phase diagrams are divided in different figures to allow the individual evaluation of 

the influence of the cation alkyl side chain length, the cation core, and the anion nature of the 

diverse ILs through the formation of ATPS.  

Figure 5 and Figure 6 depict the effect of the imidazolium alkyl side chain length in the 

formation of ATPS, at pH 9 and 7, respectively. Aqueous solutions of C6H5K3O7 confer a pH circa to 

9 to all the systems, whereas an aqueous solution of citrate buffer (C6H5K3O7/C6H8O7) confers a pH 

around 7.  

In general, an increase in length of the aliphatic chain of the imidazolium cation facilitates the 

creation of ATPS. Longer aliphatic chains at the cation contribute to an enhanced hydrophobicity 

displayed by the IL. Indeed, as the IL becomes more hydrophobic there is a reduction on the 

water-IL affinity and, therefore, an improved phase separation occurs. Binary liquid-liquid 

equilibrium data further supports this idea: an increase in the cation side alkyl chain length 

decreases the solubility of the IL in water[34]. Moreover, this pattern is in close agreement with 

previous results on IL-based ATPS composed of distinct salts, such as Na2SO4 and K3PO4
[52, 91]. 

However, the increase of the alkyl side chain length also promotes the IL self-aggregation and 

supports the superposition of the binodal curves of the systems composed of [C6mim]Cl, 

[C7mim]Cl, [C8mim]Cl and [C10mim]Cl. This trend is already well documented in literature for ATPS 

composed of [Cnmim]Cl + K3PO4
[70]. The authors quantitatively[70] evaluated the effect of the alkyl 
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side chain length of the imidazolium cation making use of salting-out coefficients derived from a 

Setschenow-type behavior. In general, for the [Cnmim]Cl series, the authors[70] concluded that a 

multifaceted ratio between entropic contributions and the ability of each IL to self-aggregate in 

aqueous media control the phase behavior of ATPS. 

 

 

Figure 5. Evaluation of the cation alkyl side chain length in the ternary phase diagrams composed of IL + 

H2O + C6H5K3O7 (pH ≈ 9): [C4mim]Cl (); [C6mim]Cl (); [C7mim]Cl (×); [C8mim]Cl (); [C10mim]Cl (). 
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Figure 6. Evaluation of the cation alkyl side chain length in the ternary phase diagrams composed of IL + 

H2O + C6H5K3O7/C6H8O7 (pH ≈ 7): [C4mim]Cl (); [C6mim]Cl (); [C7mim]Cl (×); [C8mim]Cl ();  

[C10mim]Cl (). 

 

Figure 7 depicts the phase diagrams of a common IL at the two pH values. The phase 

diagrams of [C4mim]Cl and [C10mim]Cl at pH 7 and 9 indicate that the pH influence is more 

relevant in ILs with longer alkyl side chains. However, even for [C10mim]Cl  it is almost marginal. 

The comparison of the systems composed of [C6mim]Cl, [C7mim]Cl and [C8mim]Cl are given in 

Appendix A (Figure A 3). 
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Figure 7. Evaluation of the pH effect in the ternary phase diagrams composed of [C4mim]Cl + H2O + 

C6H5K3O7 (); [C4mim]Cl + H2O + C6H5K3O7/C6H8O7 (); [C10mim]Cl + H2O + C6H5K3O7 (); [C10mim]Cl + H2O 

+ C6H5K3O7/C6H8O7 (). Full symbols correspond to systems with a pH circa to 9 while the empty symbols 

represent the phase diagrams at pH ≈ 7. 
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Despite the immense versatility inherent to the cation-anion permutations in ILs, all authors 

who explored the use of organic salts in the creation of IL-based ATPS used imidazolium-based 

compounds[77-87]. The first investigation on the effect of the cation core regarding the formation of 

ATPS was conducted by Bridges et al.[89] with imidazolium-, pyridinium-, ammonium-, and 

phosphonium-based cations combined with chloride; yet, salted-out by the salts K3PO4, K2HPO4, 

K2CO3, KOH and (NH4)2SO4. Later on, Ventura et al.[96] compared the influence of imidazolium-, 

pyridinium-, pyrrolidinium- and piperidinium-based fluids in the formation of ATPS with a 

phosphate buffer aqueous solution. Therefore, this study constitutes the most complete 

evaluation of the IL cation effect on ATPS formation for a common organic salt. 

The effect of the cation core is displayed in Figure 8. The IL cation ability to form ATPS, for 

instance at 0.5 mol·kg-1 of potassium citrate, follows the order: [P4444]+ > [N4444]+ >> [C4mpy]+ ≈ 

[C4mpip]+ > [C4mpyr]+ > [C4mim]+. This trend reflects the aptitude of the IL cation to be solvated by 

water (since the chloride anion is the counterion common to all ILs), and which is regulated by 

steric and entropic contributions[34, 96]. This trend follows the hydrophobic sequence of the IL 

cations. Quaternary phosphonium- and ammonium-based cations are those that present the 

higher ability to form ATPS since they present four butyl chains which are responsible for their 

higher hydrophobicity. Their water miscibility essentially results from the strong solvation of the 

chloride anion. From the comparison among the cyclic nitrogen-based ILs, it is clear that the  

6-sided ring cations, such as pyridinium and piperidinium, are more able to induce ATPS when 

compared with the smaller 5-sided rings of imidazolium and pyrrolidinium. Hence, the inherent 

hydrophobicity of the cation, which is also ruled by their carbon number, is the main factor 

behind the ability of these compounds to form ATPS. The trends obtained here are in agreement 

with the results previously reported for additional IL-based ATPS composed of different salts[96] 

and also correlate with the solubility of these ILs in water[97]. From the results obtained it is 

evident that a large number of combinations of IL cations can be employed in the formation of  

IL-based ATPS, and that these systems allow the tailoring of the phases’ polarities aiming at 

performing specific extractions. 
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Figure 8. Evaluation of the cation core in the ternary phase diagrams composed of IL + H2O + C6H5K3O7: 

[C4mim]Cl (), [C4mpip]Cl (), [C4mpyr]Cl (), [C4mpy]Cl (-), [P4444]Cl (), [N4444]Cl (). 

 

The effect of the anion nature on the ATPS phase behavior was studied with several ILs 

containing the common [C4mim]+ cation, while combined with the following anions: Cl-, Br-, 

[CH3SO3]-, [CH3CO2]-, [CF3SO3]-, [CF3CO2]-, [SCN]-, [N(CN)2]-, and [PO4(CH3)2]-. The corresponding 

ternary phase diagrams are depicted in Figure 9 which reveals that a large number of ILs 

constituted by different anions can be combined with organic salts besides the chloride-, 

bromide-, and tetrafluoroborate-based fluids commonly investigated[77-87]. At 0.5 mol·kg-1 of 

potassium citrate, the IL anion ability to form ATPS is as follows: [CH3CO2]- < [PO4(CH3)2]- < 

[CH3SO3]- < Cl- << Br- < [CF3CO2]- << [N(CN)2]- < [SCN]- < [CF3SO3]-. This rank is in close agreement 

with previous works using inorganic salts such as K3PO3
[51] and Na2SO4

[91]. The good agreement on 

the anion trend observed among systems constituted by different salts suggests that the IL ability 

for creating ATPS is not affected by the salt nature or the pH of the aqueous salt solution 

employed. 
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Figure 9. Evaluation of the anion nature in the ternary phase diagrams composed of IL + H2O + C6H5K3O7: 

[C4mim][CF3SO3] (-); [C4mim][SCN] (○); [C4mim][N(CN)2] (); [C4mim][CF3CO2] (×); [C4mim]Br (); 

[C4mim]Cl (); [C4mim][CH3SO4] (); [C4mim][PO4(CH3)2] (); [C4mim][CH3CO2] (). 

 

The anions of ILs compete with the salt ions for the formation of hydration complexes. 

Usually this competition is won by the ions with a higher charge density, i.e., ions that are capable 

of stronger interactions with water. For a common cation, ILs composed of anions with lower 

hydrogen bond basicity are more able to form ATPS. In this context, a close agreement was 

identified between the ILs ability to form ATPS and their hydrogen bond basicity values 

determined by solvatochromic probes[98], and as previously identified by Coutinho and  

co-workers[51, 91]. Moreover, the fluorination of the anions, which further implies a lower ability of 

the anion for hydrogen-bonding, leads to an enhanced capability of the IL to undergo liquid-liquid 

demixing. For instance, [C4mim][CF3CO2] and [C4mim][CF3SO3] are more easily salted-out than 

[C4mim][CH3CO2] and [C4mim][CH3SO3], respectively. Therefore, fluorinated ILs require a less 

amount of salt to form two aqueous liquid phases. 

For the studied systems, the experimental binodal data were further fitted by the empirical 

relationship described by Equation 1. The regression parameters were estimated by the least-

squares regression method, and their values and corresponding standard deviations (σ) are 
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provided in Table 1. In general, good correlation coefficients were obtained for all systems, 

indicating that these fittings can be used to predict data in a given region of the phase diagram 

where no experimental results are available. 

The experimental TLs, along with their respective length (TLL), are reported in Table 2 and 

Table 3. An example of the TLs obtained is depicted in Figure 10. In general, the TLs are closely 

parallel to each other. 

 

Table 1. Correlation parameters used to describe the experimental binodals data by Equation 1.  

IL A ± σ B ± σ 105(C ± σ) R2 

IL + C6H5K3O7 ATPS 

[C4mim]Cl 86.0 ± 0.5 -0.180 ± 0.003 0.84 ± 0.03 0.9998 

[C4mim]Br 92.4 ± 0.6 -0.228 ± 0.003 1.87 ± 0.06 0.9997 

[C4mim][CF3SO3] 208.8 ± 5.0 -0.829 ± 0.012 1.00 ± 1.44 0.9968 

[C4mim][CF3CO2] 93.7 ± 1.9 -0.222 ± 0.008 3.40 ± 0.15 0.9958 

[C4mim][SCN] 120.9 ± 4.3 -0.470 ± 0.019 13.34 ± 2.37 0.9951 

[C4mim][N(CN)2] 121.8 ± 1.8 -0.444 ± 0.006 6.56 ± 0.24 0.9968 

[C4mim][CH3SO3] 85.0 ± 2.8 -0.123 ± 0.010 1.02 ± 0.15 0.9987 

[C4mim][CH3CO2] 82.6 ± 3.7 -0.117 ± 0.013 0.95 ± 0.13 0.9994 

[C4mim][PO4(CH3)2] 112.2 ± 2.2 -0.179 ± 0.006 0.54 ± 0.05 0.9996 

[C6mim]Cl 85.9 ± 1.0 -0.173 ± 0.005 1.61 ± 0.14 0.9983 

[C7mim]Cl 93.0 ± 0.9 -0.206 ± 0.004 0.82 ± 0.04 0.9994 

[C8mim]Cl 108.8 ± 1.0 -0.238 ± 0.003 0.64 ± 0.02 0.9999 

[C10mim]Cl 131.9 ± 9.7 -0.272 ± 0.018 0.57 ± 0.07 0.9997 

[C4mpip]Cl 87.1 ± 0.3 -0.210 ± 0.001 0.85 ± 0.01 0.9997 

[C4mpyr]Cl 87.8 ± 0.5 -0.214 ± 0.002 0.74 ± 0.02 0.9993 

[C4mpy]Cl 94.3 ± 0.4 -0.232 ± 0.001 0.80 ± 0.01 0.9996 

[P4444]Cl 170.0 ± 5.7 -0.484 ± 0.011 1.64 ± 0.14 0.9944 

[N4444]Cl 99.3 ± 0.9 -0.318 ± 0.003 1.79 ± 0.06 0.9990 

IL + C6H5K3O7/C6H8O7 ATPS 

[C4mim]Cl 88.1 ± 0.3 -0.190 ± 0.001 0.71 ± 0.01 0.9995 

[C6mim]Cl 99.5 ± 1.0 -0.224 ± 0.003 0.69 ± 0.03 0.9990 

[C7mim]Cl 98.2 ± 2.0 -0.216 ± 0.006 0.68 ± 0.04 0.9996 

[C8mim]Cl 104.7 ± 1.3 -0.222 ± 0.003 0.68 ± 0.02 0.9999 

[C10mim]Cl 115.7 ± 23.0 -0.236 ± 0.047  0.70  ± 0.20 0.9958 
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Table 2. Experimental data for TLs and TLLs of IL + C6H5K3O7 ATPS. 

IL 
Weight fraction composition (wt %) 

TLL 
[IL]IL [Salt]IL pHIL [IL]M [Salt]M [IL]Salt [Salt]Salt pHSalt 

[C4mim]Cl 

41.26 15.32 9.18 26.68 29.92 13.04 43.59 9.06 39.94 

52.68 7.33 9.00 39.74 20.35 5.83 54.47 8.98 66.46 

56.57 5.39 8.99 42.82 19.08 4.57 57.16 9.07 73.37 

[C4mim]Br 
60.81 3.36 9.19 29.92 24.91 5.14 42.20 9.23 67.87 

73.40 1.02 9.52 40.01 25.03 1.07 53.04 9.04 89.08 

[C4mim][CF3SO3] 
98.08 0.83 8.60 15.04 14.99 7.00 16.36 8.68 92.39 

73.16 1.60 8.95 24.93 10.18 10.64 12.72 8.60 63.50 

[C4mim][SCN] 
56.77 2.57 7.79 14.93 15.05 9.61 16.64 7.84 49.21 

75.97 0.98 7.71 14.93 20.03 1.85 24.71 7.95 77.65 

[C4mim][N(CN)2] 

47.57 4.43 8.76 21.82 15.14 9.67 20.19 8.83 41.05 

52.21 3.62 8.80 24.70 15.13 6.98 22.55 8.68 49.03 

58.81 2.68 8.87 29.95 14.97 3.98 26.04 8.66 59.60 

[C4mim][CH3SO3] 61.89 6.49 9.36 36.88 29.91 2.95 61.68 8.93 80.74 

[C6mim]Cl 

46.52 11.53 8.48 23.46 29.90 8.89 41.53 8.48 48.1 

48.55 10.20 8.28 36.92 20.01 4.93 47.00 8.24 57.07 

54.20 6.90 8.39 44.89 15.02 2.62 51.86 8.88 68.43 

[C7mim]Cl 
51.43 8.15 7.43 34.97 24.00 7.62 50.33 7.64 60.82 

56.66 5.75 7.77 34.96 25.98 6.33 52.68 7.79 68.82 

[C8mim]Cl 

39.49 17.02 9.15 27.03 29.87 11.97 45.40 9.20 39.53 

47.50 11.82 8.34 33.12 25.84 10.00 48.40 8.33 52.38 

58.37 6.80 8.44 36.91 25.91 8.16 51.51 8.50 67.22 

[C10mim]Cl 38.70 19.03 8.28 27.75 29.89 13.09 44.42 8.39 36.06 

[C4mpip]Cl 
 49.13 7.38 9.41 32.05 24.96 5.83 51.94 9.29 62.13 

59.43 3.32 9.61 43.00 19.96 2.44 61.04 9.49 81.11 

[C4mpyr]Cl 
54.34 4.99 9.41 39.93 19.92 4.54 56.62 10.09 71.73 

55.52 4.56 9.31 41.98 18.59 4.07 57.86 11.04 74.08 

[C4mpy]Cl 
 45.12 9.90 8.31 30.03 25.05 8.70 46.47 8.23 51.61 

55.51 5.20 8.18 34.76 25.10 5.04 53.61 8.18 69.94 

[P4444]Cl 
39.56 8.94 7.99 30.06 14.96 8.93 28.33 7.86 36.25 

50.66 6.23 8.32 34.80 15.21 7.14 30.88 8.22 50.01 

[N4444]Cl 
42.92 6.86 8.81 26.97 20.05 5.19 38.07 8.95 48.96 

52.43 4.02 9.12 31.81 20.18 3.08 42.70 9.03 62.70 
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Table 3. Experimental data for TLs and TLLs of IL + C6H5K3O7/C6H8O7 ATPS. 

IL 
Weight fraction composition (wt %) 

TLL 
[IL]IL [Salt]IL pHIL [IL]M [Salt]M [IL]Salt [Salt]Salt pHSalt 

[C4mim]Cl 

41.44 14.80 7.13 27.04 29.97 13.11 44.65 7.11 41.16 

48.17 9.86 7.19 28.99 30.01 8.47 51.56 7.09 57.58 

54.85 6.17 7.34 40.67 20.87 5.39 57.45 7.41 71.25 

[C6mim]Cl 

37.80 17.27 7.01 25.89 29.99 11.65 45.19 7.06 38.25 

45.15 12.03 7.06 31.71 25.78 9.52 48.46 7.08 50.96 

54.19 7.28 7.13 35.13 25.92 6.48 53.94 7.33 66.74 

[C7mim]Cl 

42.99 14.00 6.85 27.03 29.97 13.43 43.57 6.93 41.81 

48.24 10.61 6.85 34.89 23.92 9.63 49.12 6.86 54.54 

55.24 7.05 7.05 35.31 26.24 7.24 53.26 7.11 66.63 

[C8mim]Cl 

43.75 14.69 6.94 27.58 29.96 15.37 41.48 6.89 39.03 

52.11 9.70 7.00 34.99 26.01 8.49 51.26 7.06 60.24 

63.92 4.92 7.15 40.08 26.01 5.81 56.32 7.37 77.57 

[C10mim]Cl 

42.56 16.79 6.84 33.49 24.96 15.99 40.71 6.72 35.75 

43.47 16.18 7.16 28.19 29.99 14.89 42.03 7.17 38.53 

43.73 16.01 6.84 33.30 25.44 14.74 42.21 6.73 39.08 
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Figure 10. Phase diagram for the ternary system composed of [C4mim][N(CN)2] + C6H5K3O7 + H2O: binodal 

curve data (); TL data (); adjusted binodal data through Equation 1 (―). 

 

The pH values of both phases in each ATPS, and for the compositions for which the TLs were 

determined, are given in Table 2 and Table 3. The pH values of the systems composed of IL + 

C6H5K3O7 + H2O are in the alkaline region (pH = 8 - 10) and indicate their possible applicability for 

the extraction of a given (bio)molecule. Since an aqueous solution at 50 wt % of potassium citrate 

presents a pH value of circa 9.2, the differences observed in the pH values are due to the 

presence of the ILs in the aqueous media. The pH values of the systems composed of IL + 

C6H5K3O7/C6H8O7 + H2O are neutral (pH ≈ 7) and differences promoted by ILs are not observed in 

the buffered systems.  

 

2.4. Conclusions 

In this section novel phase diagrams for ATPS, TLs and TLLs were determined, making use of a 

large range of ILs, a biodegradable organic salt and water. The large array of ILs investigated and 

the distinct phase behaviors observed indicate that the tailoring of the phases’ polarities can be 

properly achieved. In general, an increase in the IL hydrophobicity facilitates the formation of 

ATPS. The pH effect was evaluated in parallel with the effect of the cation alkyl side chain length 

and it was found to be negligible.    
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3.1. Self-aggregation in IL-based ATPS 

ILs based on 1-alkyl-3-methylimidazolium cation ([Cnmim]+) are structurally similar to ionic 

surfactants (Figure 11). Due to their amphiphilic nature, related to their molecular structure which 

consists of a charged hydrophilic head group (imidazolium cation) and one hydrophobic tail (alkyl 

side chain), they present surface activity in solution and undergo micelle formation. In fact, 

several authors have already shown the ILs micelle formation in aqueous solutions[99-106]. 

 

 

Figure 11. Chemical structure of 1-decyl-3-methylimidazolium chloride ([C10mim]Cl). 

 

The possibility of tuning and changing the physical properties of ILs, such as their 

hydrophobicity, make of these compounds a new class of surfactants with unique abilities. For 

example, the critical micelle concentration (CMC), i.e., the concentration of IL for which the 

micelle formation occurs, strongly depends on the IL hydrophobicity, which can be controlled by 

the alkyl side chain length[10]. It has been reported that in the case of 1-alkyl-3-methylimidazolium 

chloride ([Cnmim]Cl) ILs the micelle formation takes place in solutions containing the ILs with 

longer alkyl chains (larger than hexyl)[10]. However, to the best of our knowledge, the formation of 

micelles in 1-heptyl-3-methylimidazolium ([C7mim]Cl) has not been studied yet, and was only 

reported for systems composed of [C8mim]Cl[10]. Besides the common micelles formation, the 

formation of reverse micelles in an IL continuous phase, using common surfactants, has also been 

reported[107, 108]. Reverse micelles are water droplets stabilized in non-polar solvents by a layer of 

surfactant molecules. This type of micelles have a large range of applications, such as media for 

biocatalysis [109], drugs delivery[110], protein refolding[111], nanomaterial synthesis[112], etc.   

Micelle-mediated extraction can be used to increase or decrease the extraction efficiencies of 

a given molecule[113, 114]. Indeed, Cláudio et al.[64, 65] and Freire et al.[59] have already reported 

different patterns in the extraction of several (bio)molecules, making use of IL-based ATPS, with 

an increase in the cation alkyl side chain length of the IL. Albeit the turnover on the trends was 

attributed to micelle formation, no major conclusions were provided and a molecular based 
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scenario of the phenomenon ruling the micelle-mediated extractions was far from being 

achieved[59, 64, 65]. 

The main aim of the present section is to investigate the partitioning of a series of model 

alkaloids and in which extent the micelles formation in IL-based ATPS can affect their partitioning. 

Thus, the extraction of four alkaloids (nicotine, caffeine, theophylline and theobromine) was 

carried out in ATPS composed of [Cnmim]Cl (n = 4, 6, 7, 8 and 10), potassium citrate or potassium 

citrate – citric acid buffer (to confer different pH values in the medium) and water. The molecular 

structures of the studied alkaloids are presented in Figure 12 and their main physicochemical 

properties in Table 4.  

 

 

Figure 12. Molecular structures of (i) nicotine, (ii) caffeine, (iii) theophylline and (iv) theobromine. 

 

Table 4. Thermophysical properties of the studied alkaloids[115-118]. 

  Nicotine Caffeine Theophylline Theobromine 

Molecular Weight (g·mol-1) 162.23 194.19 180.16 180.16 

Melting Temperature (K) 194 511 546 630 

Boiling Temperature (K) 520 ---- ---- ---- 

Solubility in Water at 298 K 
(g·dm-3) 

Completely 
miscible 

21.60 7.36 0.33 

logKOW 1.17 -0.07 -0.02 -0.81 

pKa at 298 K 3.12 – 8.02 0.6 - 14 3.5 – 8.6 0.12 – 10.5 

 

This group of four alkaloids was selected because they allow the study of a large range of 

hydrophobicities as well as the manipulation of their charged or non-charged forms at different 

pH values.    
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3.2. Experimental section 

3.2.1. Chemicals 

The ATPS studied in this work were established by using the organic salt potassium citrate 

tribasic monohydrate (C6H5K3O7·H2O), ≥ 99 wt % pure from Sigma-Aldrich, the potassium citrate 

buffer (an aqueous mixture of tri-potassium citrate monohydrate and citric acid monohydrate 

(C6H8O7·H2O), 100 wt % pure, from Fisher Scientific) and different aqueous solutions of hydrophilic 

ILs. The ILs studied were: 1-butyl-3-methylimidazolium chloride, [C4mim]Cl (99 wt %),  

1-hexyl-3-methylimidazolium chloride, [C6mim]Cl (> 98 wt %), 1-heptyl-3-methylimidazolium 

chloride, [C7mim]Cl (> 98 wt %), 1-octyl-3-methylimidazolium chloride, [C8mim]Cl (> 98 wt %) and 

1-decyl-3-methylimidazolium chloride, [C10mim]Cl (> 98 wt %). The ILs molecular structures are 

shown in Figure 13. All ILs used in this work were supplied by Iolitec. To reduce the impurities 

content to negligible values, ILs individual samples were dried under constant stirring at vacuum 

and moderate temperature (≈ 353 K) for a minimum of 24 h. After this procedure, the purity of 

each IL was checked by 1H and 13C NMR spectra. The nicotine, ≥ 99.0 wt % pure, was supplied 

from Fluka, caffeine, > 98.5 wt % pure, was acquired at Marsing & Co. Ltd. A/S. and theophylline 

(≥ 99 wt %) and theobromine (≥ 99.0 wt %) were from Sigma. 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. 

  

Figure 13. Chemical structures of the ILs studied: (i) [C4mim]Cl; (ii) [C6mim]Cl; (iii) [C7mim]Cl; (iv) [C8mim]Cl; 

(v) [C10mim]Cl. 
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3.2.2. Experimental procedures 

3.2.2.1. Partitioning of alkaloids 

Aqueous solutions of each alkaloid were prepared with the 

following concentrations: 0.76 g·dm-3 (4.7 × 10-3 mol·dm-3) for 

nicotine, 0.91 g·dm-3 (4.7 × 10-3 mol·dm-3) for caffeine, 0.85 g·dm-3 

(4.7 × 10-3 mol·dm-3) for theophylline, 0.20 g·dm-3  

(1.1 × 10-3 mol·dm-3) for theobromine. At these concentrations, all 

alkaloids can be considered at infinite dilution and completely 

solvated in aqueous media, avoiding thus specific interactions 

between biomolecules. 

The ternary mixtures compositions were chosen based on the 

phase diagrams determined before for each IL-C6H5K3O7/C6H8O7 and 

IL-C6H5K3O7 systems. Moreover, to avoid discrepancies in the results 

which could arise from the different compositions of the phases, all the partitioning studies were 

performed at a constant TLL. The mixture compositions which correspond to a TLL of 40 are as 

follows:  27 wt % of [C4mim]Cl + 30 wt % of C6H5K3O7/C6H8O7, 26 wt % of [C6mim]Cl + 30 wt % of 

C6H5K3O7/C6H8O7, 27 wt % of [C7mim]Cl + 30 wt % of C6H5K3O7/C6H8O7, 27.5 wt % of [C8mim]Cl + 30 

wt % of C6H5K3O7/C6H8O7, 28.2 wt % of [C10mim]Cl + 30 wt % of C6H5K3O7/C6H8O7, 26.8 wt % of 

[C4mim]Cl + 30 wt % of C6H5K3O7, 23.5 wt % of [C6mim]Cl + 30 wt % of C6H5K3O7, 27 wt % of 

[C8mim]Cl + 30 wt % of C6H5K3O7, and 27.8 wt % of [C10mim]Cl + 30 wt % of C6H5K3O7. 

For each system the composition of the coexisting aqueous phases and respective pH values 

are presented in Table 2 and Table 3 of Section 2.  

Each mixture was vigorously stirred and left to equilibrate for at least 12 h (a time period 

established in previous optimizing experiments), to achieve the complete partitioning of each 

alkaloid between the two phases. For all the ternary mixtures evaluated, and at the compositions 

used, the IL-rich aqueous phase is the top layer while the salt-rich aqueous phase corresponds to 

the bottom layer, as shown in Figure 14. After a careful separation of both phases, the alkaloids  

quantification in each phase was carried by UV-spectroscopy, using a SHIMADZU UV-1700, 

Pharma-Spec Spectrometer, at a wavelength of 260 nm for nicotine, 272 nm for theophylline and 

273 nm for caffeine and theobromine using calibration curves previously established (cf. Appendix 

C - Figure C 1 to Figure C 4).  At least three individual samples of each phase were quantified in 

order to determine the average in the alkaloids partition coefficients and the respective standard 

Figure 14. ATPS formed by  

IL + C6H5K3O7/C6H8O7 + H2O. 

IL-rich phase 

Salt-rich 
phase 



Extraction of alkaloids: self-aggregation in IL-based ATPS 

33 

 

deviations. Possible interferences of the organic salt and ILs with the analytical method were 

investigated. Blank control samples were always used.  The stability of the alkaloids in the 

coexisting phases of all systems was also confirmed and it is safe to admit that all the 

biomolecules are stable up to at least 72 h. 

The partition coefficients of studied biomolecules,       for nicotine,      for caffeine,      

for theophylline and      for theobromine are defined as the ratio of the concentration of the 

each biomolecule in the IL to that in the salt aqueous-rich phases according to Equation 7, 

  

     
       
         

 

 

where         and           are the concentration of each alkaloid in the IL- and in the salt-rich 

aqueous phases, respectively. 

 

3.2.2.2. Characterization of micelles 

The formation of micelles in the studied IL-based ATPS was qualitatively evaluated by 

microscopy using a microscope OLYMPUS BX51. Both aqueous phases of each system, with the 

same composition of mixtures used for the extraction, were analyzed. 

 

3.3. Results and discussion 

In Figure 15 and Figure 16 are depicted the results obtained for the partition coefficients of 

alkaloids in the several IL-based ATPS, at a common TTL ≈ 40, and at different pH values in the 

aqueous media.  

The partition coefficients of caffeine, theophylline and theobromine are presented in  

Figure 15. The application of citrate buffer (C6H5K3O7/C6H8O7) confers to the ATPS a pH equal to 7. 

At this pH value the alkaloids listed are predominantly in a non-charged form as can be seen in the 

dissociation curves shown in Appendix D (Figure D 1 to Figure D 4).   

(7) 
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Figure 15. Partition coefficients of caffeine, theophylline and theobromine neutral molecules in 

imidazolium-based ILs + C6H5K3O7/C6H8O7 + H2O at 298 K and pH 7. 

 

The partition coefficients of caffeine, theophylline and theobromine range between 6.42 and 

13.00, 5.16 and 12.53, and 4.22 and 8.62, respectively. In all systems it is verified a preferential 

partitioning of the alkaloids for the IL-rich aqueous phase.  

Through the analysis of the results it is possible to distinguish a well-defined trend in the 

partition coefficients of the three alkaloids: between [C4mim]Cl and [C6mim]Cl there is a 

substantial increase, with a maximum in [C6mim]Cl, and after which there is a progressive 

reduction in the partition coefficients with the alkyl side chain increase. For systems composed of 

ILs with longer alkyl chains than [C6mim]Cl it seems that the micelle formation is not favorable for 

the extraction of the non-charged alkaloids.  

Figure 16 depicts the partition coefficients for theophylline at pH 9 (induced by the utilization 

of the C6H5K3O7 salt) against the partition coefficients obtained at pH 7.  
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 Figure 16. Partition coefficients of theophylline in imidazolium-based ILs + C6H5K3O7/C6H8O7 + H2O (pH ≈ 7) 

and ILs + C6H5K3O7 + H2O (pH ≈ 9) at 298 K. 

 

At pH 9 theophylline is mainly negative charged and the partition coefficients behavior along 

the series of ILs is completely inverse to that observed at pH 7. Instead of a maximum in [C6mim]Cl 

there is a minimum. The highest partition coefficient was indeed observed with [C10mim]Cl with a 

value of 16.52. This behavior can be explained by the main charge of the alkaloid present at this 

pH – cf. dissociation curves in Appendix D (Figure D 1 to Figure D 4). The negatively charged 

theophylline has a higher affinity to the positively charged “heads” of the imidazolium cations. 

Therefore, contrarily to that observed at a neutral pH where the micelles do not favor the 

partitioning of theophylline, in this example, there is an increase in the partition coefficients by 

systems which self-aggregate in aqueous media. In summary, it seems that the theophylline 

anions act as counterions and stabilize the micelles. This phenomenon is well known in literature 

and seems to be applied also to ILs[119, 120].  A schematic view of the probable mechanism of 

interactions is presented in Figure 17.  
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Figure 17. Schematic representation of the theophylline anions their interactions with (i) [C4mim]Cl, (ii) 

[C6mim]Cl and (iii) [C10mim]Cl. 

 

Figure 18 depicts the partition coefficients for nicotine at pH 9 against the partition 

coefficients obtained at pH 7. 

 

Figure 18. Partition coefficients of nicotine in imidazolium-based ILs + C6H5K3O7 + H2O (pH ≈ 9) and ILs + 

C6H5K3O7/C6H8O7 + H2O (pH ≈ 7) at 298 K. 

 

At pH 7, nicotine is predominantly present as a positively charged species as can be gauged in 

the dissociation curves shown in Appendix D (Figure D 1 to Figure D 4). At this pH, the partition 

coefficients of nicotine range between 4.28 and 8.43 what indicate a preferential partitioning for 
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the IL-rich phase. As observed before with the neutral molecules of the remaining alkaloids, a 

maximum with the system composed of [C6mim]Cl is observed, followed by a decrease. 

Therefore, for positively charged species, the formation of micelles is not favorable for improved 

extractions. In addition, the increase of the IL free volume decreases the repulsion forces between 

the positive “head” cation and the positive charged nicotine molecule. Thus, it is possible to 

explain the maximum observed at [C6mim]Cl. For longer alkyl chains, the formation of micelles, in 

which the positive cation “heads” stay outside and the alkyl side chains are turned to inside of the 

micelles, leads to repulsion forces which further decrease the partition coefficients. 

At pH 9 the nicotine molecule is preferentially in a neutral form (58 % of neutral molecule and 

42 % of positively charged molecule) and the partition coefficient behavior is completely the 

inverse to that observed at pH 7 (98 % of positively charged molecule). These different patterns 

can be explained based on the alkaloids hydrophobicities (cf. Table 4). Among all the alkaloids, 

nicotine is the most hydrophobic compound and thus can display a different behavior. It is 

probably that in the presence of micelles (with ILs [C8mim]Cl and [C10mim]Cl) nicotine stays inside 

of the ILs aggregates  (within the aliphatic hydrophobic tails) while the other alkaloids tend to 

remain in the most hydrophilic side of the micelle (outside of micelle). In this way, the formation 

of micelles is favorable for the extraction of the neutral nicotine and is unfavorable for the 

extraction of the neutral molecules of caffeine, theophylline and theobromine. 

In summary, for the first time, it was confirmed that micelle-mediated extractions with  

IL-based ATPS are favorable for negatively charged ions which can act as counterions or for the 

extraction of neutral molecules with a high hydrophobicity. 

To prove the presence of micelles and to support all the statements discussed above, Figure 

19 presents one microscope image of the IL-rich phase of ATPS composed of [C8mim]Cl + C6H5K3O7 

+ H2O.  In Figure 19 it is possible to distinguish the IL aggregates, which support the justifications 

given for the obtained results. Additional capturing of microscope images confirmed the presence 

of micelles in systems composed of [C7mim]Cl and [C10mim]Cl, while no aggregates were observed 

for [C4mim]Cl-based systems. Moreover, it should be remarked that this type of aggregates were 

only visible in the IL-rich phase. If they exist in the salt-rich phase they are too small to be 

visualized by optical microscopy. 
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Figure 19. Microscope images of aggregates in the IL-rich phase of the [C8mim]Cl-based ATPS (50 times 

magnification). 

 

3.4. Conclusions 

The combination of the gathered results with different alkaloids and different pH values 

allowed to provide novel information on the impact of self-aggregation of ILs towards their 

extraction efficiencies. It was possible to study and prove that micelles formation has a significant 

impact in the extraction processes, and for the first time, that self-aggregation of ILs is already 

verified for [C7mim]Cl. The interactions between the different species at different stages and the 

presence of free ILs or their aggregates are in the base of the obtained results. In conclusion, it 

was observed that negatively charged species are preferentially extracted for IL-rich phases of ILs 

with long alkyl side chains and ability to self-aggregate.  
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4.1. Bisphenol A (BPA) 

Bisphenol A (BPA, 4,4'-(propane-2,2-diyl)diphenol) with the chemical formula  

[4-(OH)C6H4]2C(CH3)2 and the chemical structure presented in Figure 20, is a solid organic 

compound, with white color and mild phenolic odor. This compound has two phenol functional 

groups. It is soluble in acetic acid, aqueous 

alkaline solutions, alcohols and acetone; yet, 

poorly soluble in water at room temperature[121-

123]. The physicochemical properties of BPA are 

reported in Table 5. 

 

Table 5. Physicochemical properties of BPA
[124, 125]

. 

Molecular Weight 228.29 g·mol-1 

Density at 298 K  1.19 g·cm-3 

Melting Point 428 K 

Boiling Point 671 K 

Solubility in Water at 298 K 0.12 g·dm-3 

logKOW 3.32 – 3.82 
 

pKa at 298 K 9.59 – 11.30   

 

BPA was first synthesized in 1891 by A.P. Dianin[126] and it is obtained by the condensation of 

acetone with two equivalents of phenol in the presence of a strong acid, such as HCl, or an acidic 

ion exchange resin as a catalyst[127].  Since 1950 it has been widely used in the plastic industry as 

an intermediate in the production of epoxy resins and polycarbonate plastics and in the 

manufacture of thermal paper[128]. These applications account for 95 % of worldwide BPA 

consumption (over 3.8 million tons per year) for the fabrication of regular daily products, e.g. 

baby bottles, food and beverage containers, plastic tableware, toys, eyeglass lenses, sports 

equipment, medical devices, household electronics, industrial floorings, adhesives, automotive 

primers and printed circuit boards[129, 130]. 

BPA is worldwide produced at a rate of about six billion pounds per year[131]. Although the 

volatility of the BPA is lower than that of water, it is released into the atmosphere at a rate of 100 

tons per year as a consequence of its industrial production[124]. The open burning of plastics in 

domestic wastes represents also a significant emission source of BPA to atmosphere[132]. In this 

Figure 20. Chemical structure of BPA. 
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way, as shown recently by Pingquin et al.[133], this compound is nowadays a ubiquitous component 

in the atmosphere. 

In the last years, BPA has gained significant public attention due to its potential association 

with adverse human health effects. The leaching of this compound, particularly from food storing 

items, became a matter of concern for governmental agencies after its recognition as an 

endocrine disruptor[134]. In humans, it exerts hormone-like properties leading to altered immune 

functions, imbalanced hormone ratios[134], decreased semen quality[135], obesity, diabetes, heart 

disease[136], and behavioral alterations in children[137]. The detection of BPA in 92.6 % of human 

urine samples, collected among the US population between 2003 and 2004, played a strong role 

in raising the awareness of its hazards amongst the popular press[138, 139]. Since then, it has been 

identified in air, water, sediments, soil[140] and house dust[141], food items[142], and other human 

biological fluids (including serum, plasma, placenta, semen and breast milk)[143]. These findings 

pointed out the need to establish regulations regarding the production and market placement of 

BPA. Canada has classified BPA as a toxic substance and has established a provisional tolerable 

daily intake (TDI) of 25 μg BPA/kg body weight per day, whereas in Europe the TDI is 50 μg BPA/kg 

body weight per day[144-146]. This higher TDI value is actually recommended by the US 

Environmental Protection Agency[144]. Yet, some criticism has been raised regarding the difficulties 

in detecting and quantifying BPA[138]. The low content of BPA in biological samples is the major 

obstacle towards its identification and accurate quantification. Usually, liquid-liquid or solid-liquid 

extractions are used to increase BPA concentrations from food and biological samples[128]; yet, 

they are time-consuming and require large quantities of volatile organic solvents. In this context, 

IL-based ATPS may represent a new vehicle for extracting BPA from human fluids. Although one 

report regarding BPA extraction using ILs has been found in the literature[147], this study made use 

of expensive, toxic, and non-water-stable fluorinated ILs[88]. 

In this work, we tested the ability of several hydrophilic ILs combined with K3PO4 (a strong 

salting-out species) as constituents of ATPS for extracting BPA and improving its detection via 

conventional analytical techniques. Both model aqueous systems and more complex matrices, 

such as human urine-type samples, were investigated. These systems were selected taking into 

account improved results obtained previously for the extraction of bioactive drugs[59]. Indeed, it 

was previously verified that IL-based systems formed by the addition of K3PO4 provide high 

extraction efficiencies due to the presence of the strong salting-out salt[59]. 
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4.2. Experimental section 

4.2.1. Chemicals 

BPA, 4,4'-(propane-2,2-diyl)diphenol, ≥ 99 wt % pure, was supplied by Aldrich. The ILs used in 

the ATPS composition were: 1-ethyl-3-methylimidazolium chloride, [C2mim]Cl (> 98 wt %);  

1-butyl-3-methylimidazolium chloride, [C4mim]Cl (99 wt %); 1-hexyl-3-methylimidazolium 

chloride, [C6mim]Cl (> 98 wt %); 1-allyl-3-methylimidazolium chloride, [amim]Cl (> 98 wt %);  

1-butyl-1-methylpyrrolidinium chloride, [C4mpyr]Cl (99 wt %); tetrabutylphosphonium chloride, 

[P4444]Cl (98 wt %); tetrabutylammonium chloride, [N4444]Cl (≥ 97 wt %); and choline chloride, 

[N1112OH]Cl (≥ 98 wt %). The ILs molecular structures are shown in Figure 21. All ILs used in this 

work were supplied by Iolitec with the exception of [P4444]Cl that was kindly supplied by Cytec 

Industries Inc., [N4444]Cl that was from Aldrich and [N1112OH]Cl that was from Sigma. It should be 

noted that [N4444]Cl and [N1112OH]Cl have melting points above 100 °C, however, along the present 

work they will be so-called ILs. To reduce the water and volatile compounds content to negligible 

values, ILs individual samples were dried under constant stirring at vacuum and moderate 

temperature (≈ 353 K) for a minimum of 24 h. After this step, the purity of each IL was checked by 

1H and 13C NMR spectra. Urea, 99 wt % pure, was supplied by Panreac and was used without 

further purification. K3PO4, 98 wt % pure, and NaCl, 99.9 wt % pure, were from Sigma and 

Normapur, respectively. 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. 

Synthetic human urine was prepared by the dissolution of urea and NaCl in pure water, at the 

concentrations of 1.2 g·dm-3 and 4.0 g·dm-3, respectively. 
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Figure 21. Chemical structure of the ILs studied: (i) [C2mim]Cl; (ii) [C4mim]Cl; (iii) [C6mim]Cl; (iv) [amim]Cl;  

(v) [C4mpyr]Cl; (vi) [P4444]Cl; (vii) [N4444]Cl; (viii) [N1112OH]Cl. 

 

4.2.2. Experimental procedures 

4.2.2.1. Phase diagrams 

New phase diagrams for the IL [C4mpyr]Cl, [P4444]Cl and [N4444]Cl were determined in this 

work, while the ternary phase diagrams for [C2mim]Cl, [C4mim]Cl, [C6mim]Cl and [N1112OH]Cl  were 

taken from literature[52, 148]. The experimental procedure adopted was similar to the one described 

in Section 2.2.2. The ternary phase diagrams were determined through the cloud point titration 

method[60] at (298 ± 1) K and atmospheric pressure. Aqueous solutions of K3PO4 at 50 wt % and 

aqueous solutions of the different hydrophilic ILs, with concentrations ranging from 60-70 %, 

were prepared gravimetrically and used for the determination of the binodal curves. Repetitive 

drop-wise addition of the aqueous inorganic salt solution to each IL aqueous solution was carried 

out until the detection of a cloudy solution (biphasic region), followed by the drop-wise addition 

of ultra-pure water until the detection of a clear and limpid solution (monophasic region). Drop-

wise additions were carried out under constant stirring. The ternary system compositions were 

determined by the weight quantification of all components added within an uncertainty of  

± 10-4 g. 
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The TLs were determined by the gravimetric method described by Merchuck et al.[92] and 

presented in Section 2.2.2.  

The pH of both IL and organic salt aqueous phases was measured at 298 K using a METTLER 

TOLEDO SevenMulti pH meter within an uncertainty of ± 0.02. 

 

4.2.2.4. Partitioning and extraction efficiencies of BPA 

A ternary mixture within the biphasic region was prepared containing 15 wt % of K3PO4,  

25 wt % of IL and 60 wt % of a BPA aqueous solution with a concentration of 4.3 × 10-4 mol·dm-3.  

Only for [N1112OH]Cl a different composition (15 wt % of K3PO4, 40 wt % of IL and 45 wt % of the 

aqueous solution of BPA) was used due to the smaller biphasic region obtained with this IL. As 

already mentioned in Section 3.2.2, each mixture was vigorously stirred and left to equilibrate for 

at least 12 h to achieve a complete BPA partitioning between the two phases. It was checked 

again that for all the ternary mixtures evaluated, and at the compositions used, the IL-rich 

aqueous phase is the top layer while the K3PO4-rich aqueous phase is the bottom layer. After a 

careful separation of the two phases, the BPA quantification in each phase was carried by UV-

spectroscopy, using a SHIMADZU UV-1700, Pharma-Spec Spectrometer, at wavelength of 293 nm 

and using calibration curves previously established (cf. Appendix C - Figure C 6 and Figure C 7). 

The characteristic alkaline pH that K3PO4 confers to the aqueous system, shifts the maximum 

absorbance of BPA to 293 nm. Therefore, the calibration curve was established at a pH of 13 and 

blank control samples were always used since interferences of the inorganic salt and ILs with the 

analytical method were identified. At least three individual samples of each phase were quantified 

in order to determine the BPA partition coefficients and the respective standard deviations. The 

stability of BPA in the coexisting phases of all systems was confirmed and it is safe to admit that 

the molecule is stable at least up to 72 h in the ATPS investigated. 

The percentage extraction efficiencies of BPA (EEBPA%) are defined as the percentage ratio 

between the amount of BPA in the IL-rich aqueous phase and that in the total mixture, according 

to Equation 8, 

 

       
    

  

    
       

    
 

 

where     
   and     

     are the amount of BPA in the IL-rich and in the K3PO4-rich aqueous phases, 

respectively.  

(8) 
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4.3. Results and discussion 

The new phase diagrams for the ILs [C4mpyr]Cl, [P4444]Cl and [N4444]Cl are illustrated in Figure 

22, against the ternary phase diagrams previously reported for [C2mim]Cl, [C4mim]Cl, [C6mim]Cl 

and [N1112OH]Cl [52, 148]. Figure 22 indicates that the IL cation ability to form ATPS, at 1.0 mol·kg-1 of 

K3PO4, follows the order: [P4444]+ > [N4444]+ >> [C6mim]+ > [C4mpyr]+ > [C4mim]+ > [amim]+ > 

[C2mim]+ >> [N1112OH]+. 

 

 

Figure 22. Evaluation of the cation influence in the ternary phase diagrams composed of IL + H2O + K3PO4: 

[C2mim]Cl (×); [C4mim]Cl (); [C6mim]Cl (); [amim]Cl (); [C4mpyr]Cl (); [P4444]Cl (); [N4444]Cl (); 

[N1112OH]Cl (-). 

 

Neves et al.[52] reported that with the increase of the cation alkyl side chain length, the ILs 

ability for the formation of ATPS also increases. In fact, and has discussed in Section 2, ILs with 

longer aliphatic chains at the cation are more hydrophobic, and thus, the IL solubility in water 

decreases. For the IL [amim]Cl, the double bond at the allyl group present at the imidazolium 

cation decreases the ability for the formation of ATPS[52].  

The trend that can be seen with the ILs [C4mpyr]Cl, [P4444]Cl  and [N4444]Cl is associated with 

the ability of the cation to be solvated by water, which is inherently related with their 
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hydrophobicity. The four butyl chains present in phosphonium- and ammonium-based cations are 

responsible for a higher hydrophobicity which induces a higher ability for the formation of ATPS.  

Finally, the lower ability of [N1112OH]Cl for the formation of ATPS is related with its smaller size 

compared to the other cations and with the presence of a terminal hydroxyl group - which 

increases the IL affinity for water. 

The experimental binodal data were fitted by the empirical relationship described by 

Equation 1. The fitted parameters and respective correlation coefficients are presented in Table 6. 

The experimental TLs and their respective TLLs are reported in Table 7. 

 

Table 6. Correlation parameters used to describe the experimental binodals data by Equation 1. 

IL A ± σ B ± σ 105(C ± σ) R2 

[C2mim]Cl[52] 78.2 ± 2.8 -0.339 ± 0.013 2.70 ± 0.25 0.9964 

[C4mim]Cl[52] 72.6 ± 0.7 -0.318 ± 0.004 4.07 ± 0.08 0.9994 

[C6mim]Cl[52] 84.0 ± 0.5 -0.356 ± 0.002 5.46 ± 0.04 0.9997 

[amim]Cl[52] 72.0 ± 0.4 -0.292 ± 0.002 4.09 ± 0.05 0.9998 

[C4mpyr]Cl 64.6 ± 1.2 -0.300 ± 0.007 5.26 ± 0.28 0.9984 

[P4444]Cl 105.2 ± 2.3 -0.506 ± 0.010 9.01 ± 0.51 0.9936 

[N4444]Cl 74.6 ± 0.4 -0.387 ± 0.002 10.07 ± 0.09 0.9997 

[N1112OH]Cl 100.6 ± 1.0 -0.281 ± 0.005 1.78  ± 0.27 0.9980 
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Table 7. Experimental data for TLs and TLLs of IL + K3PO4 ATPS. 

IL 
Weight fraction percentage (wt %) 

TLL 
[IL]IL [Salt]IL pHIL [IL]M [Salt]M [IL]Salt [Salt]Salt pHSalt 

[C2mim]Cl 

28.03 8.85 13.18 21.99 15.12 3.69 34.14 13.09 35.10 

34.06 5.94 13.13 24.96 14.96 2.45 37.25 13.18 44.63 

39.52 4.04 13.32 27.97 14.98 1.66 39.90 13.04 52.14 

43.73 2.94 13.28 31.02 15.08 0.69 44.96 13.63 60.15 

[C4mim]Cl 37.11 4.40 13.05 25.02 15.02 1.79 35.42 12.97 47.01 

[C6mim]Cl 39.51 4.43 12.93 24.94 15.29 1.64 32.66 12.92 47.24 

[amim]Cl 35.73 5.62 13.25 25.03 15.02 2.18 35.08 13.24 44.65 

[C4mpyr]Cl 39.32 2.71 13.40 25.03 15.03 0.97 35.75 13.07 50.62 

[P4444]Cl 47.45 2.47 13.04 24.98 14.99 0.90 28.41 12.69 53.30 

[N4444]Cl 45.36 1.64 13.37 25.08 15.05 0.38 31.38 13.11 53.92 

[N1112OH]Cl 

37.37 11.71 13.11 25.03 22.07 7.55 36.78 12.99 38.96 

39.09 10.78 13.14 26.02 21.89 6.23 38.72 13.00 43.13 

44.57 8.18 13.18 27.95 22.15 4.37 41.97 13.01 52.51 

48.84 6.52 13.25 30.74 22.12 2.47 46.51 12.22 61.23 

 

The extraction efficiencies of BPA in the ATPS formed by chloride-based salts, K3PO4 and 

water are depicted in Figure 23. The composition of the phases for the mixtures used for the 

extraction of BPA are depicted in Table 7. The extraction efficiencies percentages values and 

respective standard deviations, are presented in Appendix D (Table D 3 and Table D 4). 
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Figure 23. Percentage extraction efficiencies of BPA, EEBPA%, in different ATPS at 298 K. All ATPS are 

composed of 15 wt % of K3PO4 + 25 wt % of chloride-based IL + 60 wt % of aqueous phase/artificial human 

urine, except for the [N1112OH]Cl-based system with a concentration of 15 wt % of K3PO4 + 40 wt % of 

[N1112OH]Cl + 45 wt % of aqueous phase/artificial human urine. 

 

Remarkably, extraction efficiencies of BPA larger than 98.5 % were attained for all the 

investigated systems. This feature mirrors that of the low affinity of BPA for water and 

preferential partitioning for organic-rich phases. Indeed, the reported logKOW value (octanol-water 

partition coefficient) of BPA varies from 3.32 to 3.82[124]. Nevertheless, the high extraction 

efficiencies obtained are also a direct result of the strong salting-out ability of K3PO4 (high-charge 

density anion with an improved ability to create hydration complexes) and which leads to the 

“exclusion” of BPA from the inorganic-salt-rich phase to the more “organic” IL-rich phase. Albeit 

BPA is in a charged form (pKa = 9.59 - 11.30)[125] due to the alkaline medium used for extraction, it 

seems that the electrostatic interactions between the salt cation (K+) and the BPA negative ion are 

of low importance, with the endocrine disruptor migrating preferentially for the IL-rich phase. On 

the other hand, the counterions of the chloride-based salts also play a role in the migration of BPA 

between the coexisting phases and which could indicate the presence of electrostatic interactions 

between each IL cation and the charged BPA. Taking into account the “neutral” molecular 

structure of BPA (two large phenyl groups, as well as two electron-rich hydroxyl groups and two 

methyl groups) and the range of ILs employed, the following interactions can be expected:  
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(i) hydrogen-bonding interactions; (ii) π⋅⋅⋅π interactions between the aromatic groups; and  

(iii) dispersive-type interactions between the aliphatic groups. The results show that an increase in 

the cation side alkyl chain length of the [Cnmim]-based ILs leads to a decrease in the extraction 

efficiencies of BPA. Moreover, the use of quaternary ammonium- and phosphonium-based ILs also 

decreases the extraction efficiencies when compared with the imidazolium-based fluids. This 

effect of the imidazolium alkyl chain length and the four butyl chains at [P4444]Cl and [N4444]Cl 

seems to indicate that although there is a need to accommodate the non-polar parts of BPA, the 

dispersive-type interactions are non-favorable for its enhanced extraction. In fact, it seems that 

π⋅⋅⋅π interactions and hydrogen-bonding interactions are vital requirements for the complete 

extraction of BPA. Examples of such factors at work can be noticed with [C4mim]Cl and [C4mpyr]Cl 

(aromatic and non-aromatic five-sided rings) and with [amim]Cl (enhanced hydrogen-bonding 

capability due to the allyl group). Even with [N1112OH]Cl this tendency is confirmed since the 

hydroxyl group at the longest aliphatic chain favors the hydrogen-bonding between the choline 

cation and BPA. 

Figure 23 compares ATPS made up of different ILs. Nevertheless, in order to create more 

economic and environmentally benign processes, the amount of IL added was optimized without 

losing the high extraction efficiencies of BPA. Therefore, while maintaining the inorganic salt 

concentration, it was studied the BPA extraction efficiencies in a range of concentrations of 

[C2mim]Cl and [N1112OH]Cl – two of the best candidates for the extraction of BPA (cf. Appendix D - 

Figure D 5 and Figure D 6, with the representation of the selected compositions in the ternary 

phase diagram) . Figure 24 shows the effect of the IL concentration in the extraction of BPA. 
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Figure 24. Percentage extraction efficiencies of BPA, EEBPA%, at 298 K, in the ATPS composed of 15 wt %  

of K3PO4 + [C2mim]Cl at different concentrations and 22 wt % of K3PO4 + [N1112OH]Cl at different 

concentrations. 

 

In general, an increase in the IL concentration, i.e., an increase in the TLL, leads to improved 

extraction efficiencies. However, to achieve complete extractions of BPA, the minimum 

concentrations of 15 wt % of K3PO4 + 25 wt % of [C2mim]Cl and 22 wt% of K3PO4 + 28 wt % of 

[N1112OH]Cl are required (or mixture compositions with higher amounts of inorganic salt and less IL 

and which fit within the same TL).  

To guarantee that the concentration of BPA in the aqueous phase neither provides erroneous 

results nor leads to the saturation of the phases, the extraction efficiencies of BPA at 

concentrations of 100, 50, 5 and 1 μg·g-1 were determined in the two systems composed of  

15 wt % of K3PO4 + 25 wt % [C2mim]Cl and 15 wt % of K3PO4 + 40 wt % of [N1112OH]Cl. In all of these 

studies, complete extraction of BPA for the IL-rich phase was observed and the mass balance was 

always confirmed. It is well know that BPA is poorly water soluble. If the saturation of the phases 

is reached, erroneous results could appear in clinical trials providing lower contents than the real 

ones. From the gathered data it is safe to admit that concentrations up to 100 µg·g-1 of BPA can be 

analyzed, and supports the applicability of the proposed systems to real samples since this value is 

well above to those recently found in human biological fluids[143, 149]. 

As pointed out before, one of the major concerns related with the BPA analysis is its very low 

concentration in body fluids. In order to explore the maximum concentration of BPA achievable, 

several extractions were carried out at different compositions in the same TL (cf. Appendix D - 
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Figure D 5, Figure D 6 and Table D 3). The main goal is to reduce the volume of the IL-rich phase 

up to a minimum capable of concentrating the BPA that is actually present in a larger volume of 

an aqueous medium, for instance, in biological fluids. The various initial compositions are along 

the same TL; yet, different initial concentrations lead a different volume ratio. The results 

obtained are depicted in Figure 25. Detailed information and the representation of the 

composition mixtures at the phase diagrams are provided in Appendix D (Figure D 5 and  

Figure D 6).   

 

Figure 25. Extraction efficiencies percentages of BPA, EEBPA%, in IL + K3PO4 ATPS at 298 K and at different 

mixture compositions along the same TL (x,y at the xx axis represent the percentage weight fractions of the 

salt and IL, respectively). 

 

The results shown in Figure 25 indicate that along the same TL it is possible to control the 

volume ratio of the aqueous phases, aiming at decreasing the volume of the IL-rich phase, while 

keeping the complete extraction of BPA in a single-step. In Figure 25, the volume ratio (IL-

rich/salt-rich phase) ranges between 4 and 0.5 (as determined by the lever-arm rule). Therefore, 

different mixture compositions along these TLs lead always to the complete extraction of BPA. In 

this context, the concentration of BPA can be increased at least up to 100-fold by the reduction of 

the total volume of the extractive phase (making use, for instance, of the following mixture 

compositions: 2.5 wt % of [N1112OH]Cl + 45 wt % of K3PO4 or 2.7 wt% of [C2mim]Cl + 37 wt % of 

K3PO4). 
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After fine-tuning the ILs and respective compositions with model systems composed of water, 

direct extraction of BPA from artificial human urine was further evaluated to ascertain on the 

applicability of these systems as novel extractive techniques from human biological fluids. The 

urine sample results appear in Figure 23. In general, the presence of a more complex matrix, now 

including NaCl and urea, favors the partitioning of BPA for the IL-rich phase. Indeed, for most 

systems, a 100 % extraction was attained. 

The pre-concentration of BPA and related metabolites from biological fluids is traditionally 

carried out by eminent solid-phase extraction (SPE) techniques and involve, according to well-

known adopted protocols, the use of organic solvents (e.g. methanol, ethyl acetate, or MTBE)[143, 

150]. Besides the requirement on the use of organic and toxic molecular solvents, there is also the 

need of SPE cartridges which are usually of high cost. Therefore, the alternative process presented 

in this work is, in comparison to the latter, greener, safer, time saving and (arguably one of the 

most important characteristics in modern science) more economical. Besides the replacement of 

the conventional volatile organic solvents, the systems herein proposed, especially those 

composed of [C2mim]Cl and [N1112OH]Cl, require small amounts of ILs of low toxicity and low 

cost[151]. Moreover, it should be stressed that the most used analytical method for the 

determination of BPA is high-performance liquid chromatography (HPLC), either combined with 

mass spectrometry (MS) using electrospray ionization (ESI) interface or with an electrochemical 

detector (ED)[152]. There is already evidence that, for instance, the direct quantification of opium 

alkaloids, testosterone and epitestosterone in IL-rich phases using HPLC is possible, and no 

interferences with the phase forming components of ATPS were found[53, 54]. 

 

4.4. Conclusions 

In this work, it was reported for the first time, the remarkable ability of IL-based ATPS to 

extract BPA from aqueous biological samples in a single-step process. For all the investigated 

systems, the extraction efficiencies of BPA are higher than 98.5 %. The effect of the IL cation 

nature was studied and the results obtained indicated that the extraction of BPA is strongly 

associated with π···π and hydrogen-bonding interactions. It was shown that by obtaining a 

complete extraction and possible concentration up to 100-fold, human fluid samples can be 

effortlessly checked for their BPA content. Besides the replacement of the conventional VOCs, the 

systems proposed, especially those composed of [C2mim]Cl and [N1112OH]Cl, require small amounts 

of ILs of low toxicity and low cost[151]. 
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In conclusion, small kits containing the optimized ILs and K3PO4 in fixed amounts, to which the 

human biological fluids could be simply added, can be conceptualized as a new and commercial 

complement to analytical/clinical strategies where the identification/quantification of BPA is 

required.  



 

 

 

5. Final remarks   
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5.1. Conclusions 

In this work it was possible to evaluate novel IL-based ATPS, ranging from their phase 

diagrams to their application in the extraction of bioactive compounds. The application of organic 

salts, such as tri-potassium citrate, showed to be a good option for the substitution of the 

commonly used inorganic salts, and novel ternary phase diagrams were provided. For the first 

time, it was addressed the effect of micelles formation and their impact on the extraction of 

(bio)molecules. Finally, proper IL-based ATPS showed to be improved extractive techniques for 

concentrating an endocrine disruption of human concern, BPA, from biological fluids.  

 

5.2. Future work  

In the future it would be interesting to continue the study of finding novel ATPS composed of 

ILs and other organic salts and to study their potential application in the extraction of different 

added-value compounds of biotechnological interest.  

To support the finding of the micelle-mediated extraction further tests must be conducted. 

The use of transmission electron microscopy (TEM) could be highly advantageous to detect 

micelles not observed by optical microscopy and to analyze the form and shape of such 

aggregates.   

Regarding the proposed technique for concentrating BPA it would be of high value to apply it 

to real body fluid samples, aiming at providing a general overview of the levels of BPA in the 

Portuguese population and its relation with several cancer types, autoimmune diseases and 

allergies, infertility, type 2 diabetes and obesity. 
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A.1. Experimental binodal data for systems composed of IL + C6H5K3O7 + H2O 

The phase diagrams of the ternary systems composed of IL + C6H5K3O7 + H2O obtained in this 

work with the ones presented in literature are shown in Figure A 1. 

 

Figure A 1. Phase diagram for the ternary systems composed of IL + C6H5K3O7 + H2O at 298 K:  

[C4mim]Br - this work (); literature data ()[79]; [C4mim]Cl – this work (); literature data ()[82]. 

 

The experimental weight fraction data for the phase diagrams of the systems composed of IL 

+ C6H5K3O7 + H2O are presented in Table A 1 to Table A 11. 
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Table A 1. Experimental weight fraction data for the systems composed of IL (1) + C6H5K3O7 (2) + H2O (3) at 

298 K and atmospheric pressure. 

[C4mim]Cl [C4mim]Br [C4mim][SCN] 

Mw = 174.67 Mw = 219.12 Mw = 197.19 

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

68.640 1.600 66.625 1.978 68.822 1.592 

62.787 2.900 60.731 3.387 52.817 2.690 

59.000 4.413 57.156 4.645 46.887 3.764 

54.537 6.500 53.597 5.749 42.895 4.814 

49.469 9.417 48.945 7.697 36.831 6.376 

43.003 13.735 46.546 8.486 34.198 6.976 

23.776 31.460 43.039 10.365 30.769 8.039 

21.874 33.600 37.247 14.297 28.980 8.359 

20.279 35.497 34.419 16.068 26.125 9.166 

18.395 37.603 31.342 18.068 23.497 10.079 

16.299 39.897 28.108 20.440 22.085 10.452 

  
25.239 22.470 20.634 11.180 

  
22.755 24.360 20.101 11.467 

  
20.806 25.918 19.465 11.763 

  
19.278 27.144 18.609 12.082 

  
17.375 28.796 18.205 12.316 

  
15.665 30.410 17.797 12.398 

  
14.056 31.978 14.635 13.826 

    
14.309 14.104 
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Table A 2. Experimental weight fraction data for the systems composed of IL (1) + C6H5K3O7 (2) + H2O (3) at 

298 K and atmospheric pressure. 

 [C4mim][CF3CO2] [C4mim][CF3SO3] 

Mw = 252.23 Mw = 288.29 

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

67.014 1.745 68.129 1.839 12.205 11.709 

62.327 3.932 48.631 3.192 11.912 12.364 

57.309 6.131 42.434 3.789 11.683 12.405 

43.435 10.783 37.824 4.369 11.333 12.893 

41.599 11.329 33.839 4.732 11.186 13.006 

38.836 12.922 31.666 5.115 10.919 13.256 

35.143 14.900 29.577 5.405 10.655 13.462 

34.052 15.291 27.890 5.727 10.505 13.527 

32.219 16.362 26.419 6.195 10.380 13.635 

30.428 17.522 24.369 6.360 10.140 13.838 

29.436 17.898 23.618 6.750 9.991 14.106 

27.975 18.931 22.614 7.007 

  26.334 19.855 21.656 7.266 

  25.033 20.610 20.722 7.393 

  23.931 21.325 20.168 7.611 

  22.782 21.981 19.765 7.853 

  21.714 22.665 19.120 8.151 

  20.266 23.563 18.475 8.361 

  19.320 24.146 17.832 8.561 

  18.553 24.725 17.280 8.799 

  17.797 25.202 16.905 9.093 

  17.141 25.615 16.356 9.260 

  16.326 26.200 16.031 9.583 

  15.650 26.685 15.537 9.766 

  15.190 26.945 15.117 9.929 

  14.794 27.096 14.873 10.101 

  14.017 27.858 14.510 10.279 
  

13.723 28.011 14.196 10.412 
  

13.187 28.627 13.875 10.552 
  

12.730 28.968 13.464 10.991 
  

12.345 29.303 13.111 11.314 
  

12.083 29.423 12.864 11.411 
  

11.565 30.039 12.614 11.525 
  

10.928 30.516 12.450 11.661     
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Table A 3. Experimental weight fraction data for the systems composed of IL (1) + C6H5K3O7 (2) + H2O (3) at 

298 K and atmospheric pressure. 

[C4mim][N(CN)2] 

Mw = 205.14 

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

67.802 1.905 16.725 15.356 10.444 19.241 

54.433 2.898 16.429 15.538 10.332 19.406 

48.910 4.026 16.071 15.706 10.229 19.557 

44.529 4.917 15.865 15.812 10.035 19.728 

41.224 5.736 15.555 15.919 9.839 19.932 

38.737 6.495 15.245 16.039 9.653 20.021 

36.848 7.164 15.010 16.251 9.547 20.122 

34.973 7.800 14.691 16.356 9.415 20.348 

33.335 8.221 14.474 16.554 9.320 20.442 

31.963 8.691 14.182 16.595 9.236 20.515 

30.685 9.137 13.978 16.788 9.142 20.621 

29.487 9.582 13.802 16.932 9.017 20.828 

28.609 10.142 13.628 17.084 8.943 20.930 

27.520 10.506 13.363 17.155 8.856 20.990 

26.555 10.953 13.174 17.314 8.765 21.080 

25.572 11.309 13.011 17.471 8.691 21.147 

24.755 11.708 12.859 17.590 8.575 21.387 

23.881 12.038 12.685 17.768 8.431 21.533 

23.058 12.334 12.482 17.850 8.338 21.579 

22.532 12.736 12.380 17.689 8.231 21.810 

21.774 13.013 12.160 17.698 8.123 22.037 

21.074 13.210 12.023 17.846 7.993 22.160 

20.644 13.542 11.893 17.980 7.895 22.309 

20.069 13.734 11.651 18.256 7.744 22.522 

19.607 13.898 11.488 18.261 7.567 22.810 

19.182 14.249 11.271 18.557 7.423 23.035 

18.656 14.414 11.031 18.797 7.312 23.137 

18.161 14.568 10.874 18.845 7.137 23.457 

17.826 14.816 10.758 18.939 7.010 23.654 

17.354 14.892 10.655 19.034 6.867 23.930 

17.066 15.186 10.559 19.120 6.714 24.195 
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Table A 4. Experimental weight fraction data for the systems composed of IL (1) + C6H5K3O7 (2) + H2O (3) at 

298 K and atmospheric pressure. 

[C4mim][PO4(CH3)2] [C4mim][CH3SO3] [C4mim][CH3CO2] 

Mw = 264.14 Mw = 234.20 Mw = 198.15 

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

59.812 11.891 52.647 13.214 57.496 9.381 

58.622 12.673 51.116 14.824 55.050 11.664 

56.744 13.949 48.295 17.427 52.977 13.539 

55.598 14.823 43.981 21.106 49.263 16.366 

54.202 15.778 42.403 22.498 47.595 17.725 

50.972 17.787 40.801 23.963 44.390 20.420 

49.948 18.601 39.247 25.430 41.940 22.596 

47.972 20.192   40.074 24.385 

46.027 21.712   
  42.157 25.014   
  40.216 26.722   
  37.679 28.836         

 

Table A 5. Experimental weight fraction data for the systems composed of IL (1) + C6H5K3O7 (2) + H2O (3) at 

298 K and atmospheric pressure. 

[C6mim]Cl [C7mim]Cl 

Mw = 202.72 Mw = 216.75 

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

69.004 1.408 69.846 1.754 26.908 26.546 

63.451 3.048 63.264 3.595 25.513 27.957 

60.865 4.153 56.471 5.946 23.435 29.815 

58.119 5.411 51.755 8.401 22.224 31.061 

55.576 6.465 48.032 10.314 21.171 32.504 

53.213 7.495 39.414 16.296 20.907 33.261 

49.909 9.395 38.439 17.065 18.189 35.979 

46.825 11.107 34.924 19.623 16.627 38.094 

42.778 13.693 34.193 20.242 15.616 40.157 

38.176 17.016 33.114 21.060 
  

30.372 23.272 31.779 22.136 
  

24.096 28.319 28.346 25.303     
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Table A 6. Experimental weight fraction data for the systems composed of IL (1) + C6H5K3O7 (2) + H2O (3) at 

298 K and atmospheric pressure. 

[C8mim]Cl [C10mim]Cl 

Mw = 230.78 Mw = 258.83 

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

50.047 10.383 30.412 24.564 39.466 18.518 

45.875 12.817 28.407 26.431 38.139 19.307 

43.466 14.349 27.245 27.700 34.597 22.148 

40.812 16.152 26.180 28.774 30.918 25.223 

37.953 18.198 23.691 31.174 28.553 27.081 

35.652 19.944 21.986 32.866 22.956 32.338 

33.751 21.496 20.502 34.653 19.112 36.536 

32.300 22.709 18.848 36.604 17.579 38.897 

 

Table A 7. Experimental weight fraction data for the systems composed of IL (1) + C6H5K3O7 (2) + H2O (3) at 

298 K and atmospheric pressure. 

[C4mpyr]Cl 

Mw = 177.72 

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

65.681 2.063 41.083 12.124 30.793 21.097 

50.882 6.008 40.639 12.496 29.661 22.131 

46.435 8.525 40.059 12.933 28.914 23.012 

46.113 8.735 39.663 13.213 27.755 24.131 

45.644 8.976 39.243 13.478 26.752 25.344 

45.624 9.118 38.693 13.964 25.061 26.853 

45.362 9.195 38.125 14.448 23.918 28.144 

45.012 9.429 37.519 14.960 22.801 29.608 

44.627 9.682 36.902 15.487 20.619 31.882 

44.133 9.947 36.163 16.111 19.108 33.819 

43.755 10.214 35.810 16.548 16.286 36.595 

43.132 10.582 35.109 17.179 15.362 38.125 

42.747 10.850 34.197 17.888 13.203 40.753 

42.482 11.096 33.620 18.511 12.070 42.632 

42.028 11.462 32.581 19.391 
  

41.572 11.776 31.397 20.316     
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Table A 8. Experimental weight fraction data for the systems composed of IL (1) + C6H5K3O7 (2) + H2O (3) at 

298 K and atmospheric pressure. 

[C4mpy]Cl 

Mw = 185.79 

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

66.913 2.320 34.202 17.582 24.068 27.126 

50.603 6.941 33.820 17.897 23.734 27.680 

47.681 8.207 33.458 18.293 22.777 28.596 

39.828 13.070 32.705 18.858 21.387 30.025 

39.601 13.248 32.331 19.264 20.322 31.068 

39.298 13.512 31.894 19.709 19.919 31.826 

38.883 13.794 31.042 20.328 19.307 32.418 

38.681 13.994 30.742 20.625 18.075 33.471 

38.223 14.292 30.206 21.167 17.515 34.338 

37.567 14.825 29.621 21.685 16.286 35.736 

37.294 15.092 29.155 22.256 14.785 37.204 

36.744 15.428 28.557 22.814 14.127 38.257 

36.485 15.715 27.950 23.448 13.428 39.142 

35.959 16.086 27.283 24.081 12.699 40.250 

35.672 16.385 26.512 24.800 11.291 42.535 

35.077 16.813 25.733 25.496 10.505 43.823 

34.758 17.147 24.932 26.314     
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Table A 9. Experimental weight fraction data for the systems composed of IL (1) + C6H5K3O7 (2) + H2O (3) at 

298 K and atmospheric pressure. 

[C4mpip]Cl 

Mw = 191.74 

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

67.511 1.560 36.908 15.535 27.919 23.904 

60.511 3.048 36.529 15.898 26.983 24.819 

55.603 4.194 36.050 16.301 26.033 25.760 

51.288 6.576 35.544 16.689 25.090 26.738 

48.392 7.634 35.045 17.137 24.154 27.693 

44.293 10.138 34.778 17.370 23.175 28.768 

41.028 12.437 34.127 17.948 21.964 29.940 

40.470 12.828 33.462 18.561 21.253 30.862 

40.074 13.140 32.825 19.136 19.969 32.201 

39.886 13.236 32.783 19.038 19.095 33.251 

39.553 13.462 32.039 19.799 17.452 34.864 

39.135 13.781 31.513 20.353 16.381 36.255 

38.888 13.973 30.866 20.970 15.259 37.672 

38.375 14.382 30.213 21.636 13.892 39.389 

37.994 14.701 29.457 22.358 13.236 40.261 

37.475 15.100 28.428 23.272 11.830 42.027 
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Table A 10. Experimental weight fraction data for the systems composed of IL (1) + C6H5K3O7 (2) + H2O (3) at 

298 K and atmospheric pressure. 

[P4444]Cl 

Mw = 294.88 

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

58.615 5.560 16.018 21.566 9.040 28.109 

48.752 6.944 15.632 21.918 8.898 28.217 

44.978 7.422 15.301 22.229 8.713 28.453 

41.690 8.008 15.083 22.318 8.567 28.587 

39.230 8.576 14.701 22.663 8.426 28.738 

37.264 9.152 14.377 23.025 8.278 28.912 

35.572 9.565 14.133 23.141 8.134 29.082 

34.403 10.185 13.756 23.523 7.987 29.293 

32.774 10.653 13.550 23.612 7.890 29.370 

30.815 11.472 13.266 23.904 7.739 29.576 

29.945 11.865 13.097 23.985 7.596 29.753 

29.106 12.239 12.960 24.121 7.456 29.932 

28.391 12.628 12.663 24.457 7.285 30.149 

27.604 13.153 12.491 24.567 7.162 30.303 

26.488 14.022 12.249 24.805 7.025 30.471 

25.787 14.359 12.092 24.899 6.946 30.530 

24.266 15.595 11.802 25.295 6.797 30.736 

23.756 15.842 11.647 25.370 6.663 30.921 

23.301 16.071 11.505 25.479 6.540 31.089 

22.823 16.325 11.235 25.812 6.432 31.234 

22.317 16.602 11.015 26.031 6.318 31.384 

21.646 17.189 10.880 26.113 6.202 31.544 

21.036 17.666 10.676 26.345 6.089 31.692 

20.328 18.224 10.458 26.604 5.976 31.870 

19.959 18.434 10.339 26.662 5.862 32.033 

19.044 19.115 10.072 27.038 5.774 32.132 

18.453 19.702 9.919 27.175 5.693 32.228 

17.747 20.163 9.750 27.313 5.592 32.387 

17.163 20.506 9.529 27.564 5.497 32.531 

16.763 20.881 9.339 27.805 5.394 32.675 

16.383 21.245 9.222 27.872 
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Table A 11. Experimental weight fraction data for the systems composed of IL (1) + C6H5K3O7 (2) + H2O (3) at 

298 K and atmospheric pressure. 

[N4444]Cl 

Mw = 277.92 

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

65.990 1.832 25.606 16.428 13.484 26.668 

51.102 4.182 24.666 17.106 12.975 27.226 

47.501 5.309 23.475 18.135 12.599 27.663 

44.345 6.288 22.703 18.635 12.105 28.202 

41.938 6.891 21.704 19.547 11.663 28.693 

40.414 7.574 20.785 20.377 11.210 29.189 

38.715 8.274 19.913 21.053 10.723 29.777 

37.262 8.962 19.090 21.823 10.324 30.241 

36.035 9.521 18.396 22.481 9.950 30.660 

34.211 10.776 17.825 22.918 9.474 31.259 

32.973 11.369 16.509 24.126 9.095 31.749 

31.370 12.510 15.784 24.843 8.774 32.143 

30.391 12.948 15.064 25.599 8.461 32.540 

29.070 13.829 14.514 26.080 8.171 32.912 

27.632 14.947 14.245 26.156 7.936 33.185 

26.587 15.748 13.859 26.408     
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A.2. Experimental binodal data for systems composed of IL + C6H5K3O7/C6H8O7  

+ H2O 

Figure A 2 depicts the ternary phase diagrams for the systems composed of [C4mim]Br + 

C6H5K3O7/C6H8O7 + H2O obtained in this work and reported in literature. 

 

Figure A 2. Phase diagram for the ternary systems composed of [C4mim]Br + C6H5K3O7/C6H8O7 + H2O at  

298 K: this work (); literature data ()[83]. 

 

The experimental weight fraction data for the systems composed of IL + C6H5K3O7/C6H8O7 + 

H2O are presented in Tables A 12 to A 14. 
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Table A 12. Experimental weight fraction data for the systems composed of IL (1) + C6H5K3O7/C6H8O7 (2)  

+ H2O (3) at 298 K and atmospheric pressure. 

[C4mim]Cl 

Mw = 174.67 

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

67.890 1.914 42.053 14.439 33.744 21.781 

55.757 5.920 41.491 14.776 33.441 22.251 

51.509 7.956 41.481 14.928 33.031 22.231 

50.129 8.487 41.103 15.122 32.552 22.817 

49.906 8.701 40.615 15.543 32.100 23.389 

47.945 9.602 40.217 15.835 31.480 23.798 

47.529 9.900 39.407 16.624 31.342 24.373 

47.241 10.308 39.216 16.609 30.250 24.861 

47.109 10.511 38.646 17.256 29.875 25.657 

46.566 10.900 38.421 17.339 29.013 26.223 

46.181 11.258 37.782 17.929 28.900 26.845 

45.424 11.753 37.548 18.082 27.034 28.482 

44.806 12.177 37.543 18.390 25.730 30.015 

44.083 12.687 36.857 18.697 25.087 30.909 

43.964 13.013 36.678 19.158 22.710 33.263 

43.497 13.127 36.206 19.275 20.880 35.275 

42.822 13.919 35.869 19.908 19.021 37.240 

42.746 13.711 35.045 20.302 16.950 39.553 

42.581 13.860 34.801 20.824 

  42.069 14.317 34.070 21.241     
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Table A 13. Experimental weight fraction data for the systems composed of IL (1) + C6H5K3O7/C6H8O7 (2)  

+ H2O (3) at 298 K and atmospheric pressure. 

[C6mim]Cl [C7mim]Cl 

Mw = 202.72 Mw = 216.75 

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

64.978 3.843 36.575 18.073 49.703 9.614 

57.815 5.325 35.737 19.025 46.378 12.033 

52.263 8.138 34.540 19.915 43.489 13.569 

45.801 11.674 33.258 21.048 40.357 15.975 

44.730 12.344 32.027 22.179 35.702 19.763 

43.832 12.957 30.547 23.569 31.217 23.643 

43.571 13.547 29.305 24.826 27.359 27.738 

42.820 13.583 27.300 26.635 24.028 30.980 

41.961 14.172 25.947 28.031 20.246 35.088 

41.048 14.753 24.162 29.940 16.528 39.753 

40.066 15.472 21.197 33.079 

  39.465 15.956 19.323 35.344 

  38.682 16.945 17.034 38.251 

  37.875 17.133 15.249 40.511     

 

Table A 14. Experimental weight fraction data for the systems composed of IL (1) + C6H5K3O7/C6H8O7 (2)  

+ H2O (3) at 298 K and atmospheric pressure. 

[C8mim]Cl [C10mim]Cl 

Mw = 230.78 Mw = 258.83 

100 w1 100 w2 100 w1 100 w2 

49.672 10.918 37.892 18.181 

45.410 13.664 36.333 19.797 

42.690 15.503 34.532 21.813 

39.906 17.530 30.351 26.615 

36.548 20.151 26.127 30.554 

34.740 21.649 22.138 34.874 

31.749 24.215 20.506 36.833 

29.305 26.480 18.253 41.062 

27.590 28.221 
  

24.626 31.159 
  

21.615 34.437     
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The pH effect in the ternary phase diagrams composed of IL + citrate salt + H2O is depicted in 

Figure A 3.  

 

 
Figure A 3. Evaluation of the pH effect in the ternary phase diagrams composed of [C6mim]Cl + H2O + 

C6H5K3O7 (); [C6mim]Cl + H2O + C6H5K3O7/C6H8O7 (); [C7mim]Cl + H2O + C6H5K3O7 (); [C7mim]Cl + H2O + 

C6H5K3O7/C6H8O7 (); [C8mim]Cl + H2O + C6H5K3O7 (); [C8mim]Cl + H2O + C6H5K3O7/C6H8O7 (). 
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A.3. Experimental binodal data for systems composed of IL + K3PO4 + H2O 

In Tables A 15 to Table A 17 are presented the weight fraction data for the systems composed 

of IL + K3PO4 + H2O. 

 

Table A 15. Experimental weight fraction data for the systems composed of IL (1) + K3PO4 (2) + H2O (3) at  

298 K and atmospheric pressure. 

[C4mpyr]Cl 

Mw = 177.72 

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

35.098 4.192 17.134 14.609 11.627 19.555 

32.457 4.757 16.731 15.092 11.497 19.748 

30.695 6.096 16.247 15.426 11.362 19.926 

28.931 6.834 15.881 15.742 11.180 20.083 

28.008 7.462 15.506 16.139 11.026 20.248 

26.638 8.185 15.298 16.240 10.875 20.344 

25.791 8.857 14.964 16.593 10.724 20.614 

24.439 9.798 14.598 16.989 10.490 20.798 

23.476 10.237 14.351 17.169 10.309 21.002 

22.832 10.629 13.978 17.649 10.160 21.149 

22.410 10.839 13.633 17.791 10.003 21.312 

21.750 11.407 13.483 17.924 9.866 21.435 

21.209 11.822 13.293 18.070 9.646 21.819 

20.876 11.908 13.126 18.247 9.443 21.960 

20.507 12.100 12.922 18.477 9.235 22.192 

19.885 12.649 12.811 18.577 9.027 22.352 

19.211 13.085 12.600 18.677 8.892 22.468 

18.809 13.361 12.316 19.038 8.689 22.708 

18.081 13.871 12.096 19.081 8.439 22.972 

17.709 14.155 11.926 19.294 8.221 23.340 

17.391 14.443 11.762 19.518     
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Table A 16. Experimental weight fraction data for the systems composed of IL (1) + K3PO4 (2) + H2O (3) at  

298 K and atmospheric pressure. 

[P4444]Cl 

Mw = 294.88 

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

58.808 1.690 11.935 14.729 7.172 17.862 

43.217 2.755 11.691 14.850 7.078 17.917 

38.450 3.428 11.463 14.996 7.009 18.014 

35.139 4.363 11.212 15.118 6.935 18.002 

31.460 5.101 10.941 15.277 6.860 18.155 

28.856 5.912 10.607 15.654 6.775 18.173 

27.349 6.456 10.376 15.663 6.715 18.252 

25.966 7.095 10.253 15.844 6.664 18.290 

24.585 7.805 10.064 15.950 6.610 18.378 

23.314 8.341 9.890 16.049 6.506 18.516 

22.236 8.918 9.716 16.173 6.412 18.494 

21.055 9.229 9.533 16.252 6.349 18.571 

20.363 9.855 9.368 16.378 6.296 18.603 

19.332 10.152 9.214 16.450 6.257 18.601 

18.675 10.536 9.067 16.568 6.209 18.670 

17.976 10.885 8.934 16.603 6.153 18.738 

17.545 11.219 8.788 16.639 6.051 18.912 

16.960 11.429 8.595 16.959 5.963 18.979 

16.529 11.837 8.367 16.982 5.848 19.196 

15.935 12.167 8.179 17.255 5.727 19.256 

15.426 12.348 8.019 17.219 5.612 19.337 

15.056 12.776 7.944 17.287 5.507 19.427 

14.590 12.909 7.863 17.359 5.402 19.525 

14.177 13.091 7.806 17.392 5.297 19.606 

13.917 13.318 7.722 17.523 5.155 19.694 

13.591 13.418 7.607 17.566 5.025 19.811 

13.341 13.646 7.514 17.553 4.954 19.946 

13.125 13.941 7.455 17.625 4.841 19.915 

12.802 14.117 7.390 17.742 4.707 20.172 

12.424 14.208 7.290 17.679 

  12.215 14.494 7.231 17.743     
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Table A 17. Experimental weight fraction data for the systems composed of IL (1) + K3PO4 (2) + H2O (3) at  

298 K and atmospheric pressure. 

 [N4444]Cl 

Mw= 277.92 

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

40.732 2.459 12.493 14.605 7.018 18.908 

33.216 4.173 12.276 14.798 6.875 19.069 

32.175 4.666 12.006 14.914 6.787 19.071 

30.945 5.157 11.752 15.077 6.725 19.164 

29.500 5.563 11.458 15.437 6.614 19.280 

28.344 5.969 11.211 15.557 6.543 19.319 

27.359 6.388 11.033 15.772 6.491 19.361 

26.348 6.691 10.786 15.875 6.379 19.514 

25.642 7.146 10.608 16.046 6.241 19.619 

24.663 7.328 10.370 16.104 6.163 19.623 

24.227 7.739 10.211 16.310 6.112 19.706 

23.308 8.043 10.057 16.500 6.060 19.796 

22.715 8.498 9.838 16.613 5.997 19.804 

21.937 8.693 9.644 16.711 5.946 19.894 

21.406 9.078 9.500 16.882 5.878 19.908 

20.803 9.565 9.365 17.019 5.795 20.021 

20.110 9.709 9.173 17.100 5.726 20.078 

19.410 10.035 9.082 17.141 5.659 20.115 

18.915 10.496 8.970 17.295 5.575 20.201 

18.295 10.820 8.768 17.461 5.498 20.281 

17.852 11.202 8.667 17.603 5.415 20.422 

17.222 11.372 8.501 17.659 5.266 20.605 

16.802 11.701 8.394 17.789 5.164 20.658 

16.449 11.935 8.253 17.825 5.073 20.738 

16.057 12.208 8.160 17.957 4.979 20.859 

15.599 12.415 8.019 17.979 4.908 20.968 

15.338 12.563 7.922 18.120 4.810 21.015 

15.053 12.752 7.796 18.181 4.737 21.155 

14.825 13.076 7.707 18.307 4.657 21.202 

14.490 13.296 7.623 18.449 4.595 21.302 

14.178 13.342 7.502 18.429 4.471 21.396 

13.918 13.592 7.434 18.482 4.415 21.564 

13.644 13.875 7.349 18.595 4.346 21.625 

13.277 14.013 7.254 18.700 4.238 21.776 

13.028 14.287 7.179 18.788 4.168 21.834 

12.709 14.400 7.088 18.809     
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B.1. NMR spectra 

The 1H NMR spectra of pure potassium citrate and the pure IL [C2mim][N(CN)2] are shown in 

Figures B 1 and B 2,  respectively. 

 

Figure B 1. 1H NMR spectrum of the potassium citrate (C6H5K3O7) in DMSO. 
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Figure B 2. 1H NMR spectrum of [C2mim][N(CN)2] in DMSO. 

 

Figure B 3 presents the 1H RMN spectrum of the solid phase obtained in the determination of 

ATPS composed of [C2mim]Cl + C6H5K3O7 + H2O. Through the comparison of this spectrum with 

both 1H RMN spectra of pure salt and pure IL it is possible to determine its main composition.  
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Figure B 3. 1H NMR spectrum of the precipitate observed with the system composed of [C2mim]Cl + 

C6H5K3O7 + H2O. 
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C.1. Calibration curves for alkaloids 

Figures C 1 to C 4 depict the calibration curves (absorbance vs. concentration) of nicotine, 

caffeine, theophylline and theobromine. 

 

Figure C 1. Calibration curve for nicotine at λ = 260 nm. 

 

Figure C 2. Calibration curve for caffeine at λ = 273 nm. 
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Figure C 3. Calibration curve for theophylline at λ = 272 nm. 

 

 

Figure C 4. Calibration curve for theobromine at λ = 273 nm. 
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C.2. Calibration curve for BPA 

In Figure C 5 it is possible to compare the BPA absorbance vs. the wavelength behavior at 

different pH values. Thus, in Figures C 6 and C 7 are presented the calibration curves (absorbance 

vs. concentration) of BPA at the pH values of 7 and 13, respectively.  

 

 

Figure C 5. Absorbance of BPA aqueous solution in function of wavelength: pH ≈ 7 (—); pH ≈ 13 (—). 

 

0.0 

0.5 

1.0 

1.5 

2.0 

2.5 

210 230 250 270 290 310 330 350 370 390 

A
b

s 

λ  (nm) 



Extraction of bioactive compounds with ionic liquid aqueous solutions 

106 

 

 

Figure C 6. Calibration curve for BPA at λ= 277 nm and pH ≈ 7. 

 

 

Figure C 7. Calibration curve for BPA at λ = 293 nm and pH ≈ 13. 
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D.1. Experimental data for partitioning of alkaloids 

In Figures D 1 at D 4 are presented the effect of the pH in the concentration of the different molecular species that can exist in aqueous solutions 

of caffeine, nicotine, theophylline and theobromine, respectively. 

  

 

 

 

  

Figure D 2. Speciation diagram of nicotine[117]. Figure D 1. Speciation diagram of caffeine[117]. 
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Tables D 1 and D 2 present the weight fraction percentage of the extraction points, namely the initial mixture compositions, and respective 

bottom and top phases compositions and TLLs, and the partition coefficients of the different alkaloids extracted with the systems composed of citrate 

buffer and tripotassium citrate salt, respectively.  

Figure C 3. pH effect in the theophylline molecule[113]
. Figure C 4. pH effect in the theobromine molecule[113]

. 
Figure D 3. Speciation diagram of theophylline[117]. Figure D 4. Speciation diagram of theobromine[117]. 
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Table D 1. Partition coefficients of nicotine (KNic), caffeine (KCaf), theophylline (KTph) and theobromine (KTbr) in IL + C6H5K3O7/C6H8O7 ATPS, mixture compositions and 

respective TLs and TLLs, and pH values of the coexisting phases. 

IL 
Weight fraction percentage (wt %) 

TLL KNic KCaf KTph KTbr 
[IL]IL [Salt]IL pHIL [IL]M [Salt]M [IL]Salt [Salt]Salt pHSalt 

[C4mim]Cl 41.44 14.80 7.13 27.04 29.97 13.11 44.65 7.11 41.16 6.67 ± 0.02 6.34 ± 0.32 5.16 ± 0.10 4.22 ± 0.65 

[C6mim]Cl 39.17 16.21 6.91 26.19 30.07 10.70 46.61 7.01 41.65 8.43 ± 0.66 13.00 ± 0.52 12.33 ± 0.19 8.62 ± 0.01 

[C7mim]Cl 40.34 15.96 6.85 27.03 29.97 11.40 46.41 6.93 42.01 7.00 ± 0.65 12.87 ± 0.67 10.76 ± 0.08 6.50 ± 0.14 

[C8mim]Cl 39.36 17.89 6.94 27.58 29.96 11.98 45.92 6.89 39.19 4.92 ± 0.52 11.53 ± 0.48 9.34 ± 0.68 4.61 ± 0.25 

[C10mim]Cl 41.24 17.70 7.16 28.19 29.99 13.22 44.10 7.17 38.50 4.28 ± 0.33 7.92 ± 2.17 8.75 ± 1.83 3.12 ± 1.57 

 
 

Table D 2. Partition coefficients of nicotine (KNic) and theophylline (KTph) in IL + C6H5K3O7 ATPS, mixture compositions and respective TLs and TLLs, and pH values of 

the coexisting phases. 

IL 
Weight fraction percentage (wt %) 

TLL KNic KTph 
[IL]IL [Salt]IL pHIL [IL]M [Salt]M [IL]Salt [Salt]Salt pHSalt 

[C4mim]Cl 41.26 15.32 9.18 26.68 29.92 13.04 43.59 9.06 39.94 11.40 ± 0.73 11.48 ± 0.36 

[C6mim]Cl 46.52 11.53 8.48 23.49 29.89 8.89 41.53 8.48 48.12 5.29 ± 0.17 2.02 ± 0.20 

[C8mim]Cl 39.49 17.02 9.15 27.03 29.87 11.97 45.40 9.20 39.53  13.48 ± 0.19 14.27 ± 1.80 

[C10mim]Cl 38.70 19.03 8.28 27.75 29.89 13.09 44.42 8.39 36.06 21.0 ± 0.80 16.52 ± 1.20 
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D.2. Experimental data for the partitioning of BPA 

Figure D 5 and Figure D 6 show the diverse mixture compositions evaluated for the extraction 

of BPA from aqueous phases with [C2mim]Cl- and [N1112OH]Cl-based systems. 

 

 

Figure D 5. Phase diagrams for the [C2mim]Cl + K3PO4 ATPS: binodal curve data (); fitted curve by Eq.1 (─); 

TL data (); extraction points: 12.00 wt % of K3PO4 + 27.94 wt % of IL (); 20.00 wt % of K3PO4 + 19.87 wt 

% of IL (); 23.00 wt % of K3PO4 + 16.84 wt % of IL (); 15.00 wt % of K3PO4 + 22.00 wt % of IL (); 15.00 

wt % of K3PO4 + 25.00 wt % of IL (); 15.00 wt % of K3PO4 + 28.00 wt % of IL (); and 15.00 wt % of K3PO4 + 

31.00 wt % of IL (). 

 

  

0 

10 

20 

30 

40 

50 

0 10 20 30 40 50 

[I
L]

 (
w

t 
%

) 

[K3PO4] (wt %) 

Monophasic Region 

Biphasic Region 



Appendix D – Experimental data for partitioning of molecules 

 

113 

 

 
Figure D 6. Phase diagrams for the [N1112OH]Cl + K3PO4 ATPS: binodal curve data (); fitted curve by Eq.1 (─); 

TL data (); extraction points: 15.00 wt % of K3PO4 + 40.00 wt % of IL (); 19.00 wt % of K3PO4 + 34.47 wt 

% of IL (); 26.00 wt % of K3PO4 + 25.85 wt % of IL (); 22.00 wt % of K3PO4 + 25.00 wt % of IL (); 22.00 

wt % of K3PO4 + 26.00 wt % of IL (); 22.00 wt % of K3PO4 + 28.00 wt % of IL (); and 22.00 wt % of K3PO4 + 

30.77 wt % of IL (). 

 

Table D 3 and Table D 4 present the detailed extraction efficiencies of BPA obtained with the 

several systems investigated and the respective mixture compositions. 
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Table D 3. Extraction efficiencies of BPA (EEBPA%) in IL-based ATPS and respective mixture compositions. 

IL 
Weight fraction percentage (wt %) EEBPA%  

± 0.2 [IL]M [Salt]M 

[C2mim]Cl 

21.99 15.12 99.4 

24.96 14.96 99.8 

27.97 14.98 100.0 

31.02 15.08 100.0 

[C4mim]Cl 25.02 15.02 99.5 

[C6mim]Cl 24.94 15.29 99.1 

[amim]Cl 25.03 15.02 99.9 

[C4mpyr]Cl 25.03 15.03 98.5 

[P4444]Cl 24.98 14.99 99.1 

[N4444]Cl 25.08 15.05 99.3 

[N1112OH]Cl 

25.03 22.07 98.8 

26.02 21.89 99.6 

27.95 22.15 100.0 

30.74 22.12 100.0 

 

Table D 4. Extraction efficiencies of BPA (EEBPA%) in urine-type IL-based ATPS and respective mixture 

compositions. 

IL 
Weight fraction percentage (wt %) EEBPA%  

± 0.2 [IL]M [Salt]M 

[C2mim]Cl 24.98 14.99 99.7 

[C4mim]Cl 25.05 15.20 100.0 

[C6mim]Cl 25.05 15.01 99.6 

[amim]Cl 25.06 15.10 100.0 

[C4mpyr]Cl 25.01 15.02 99.9 

[P4444]Cl 25.04 14.99 98.8 

[N4444]Cl 24.99 14.90 100.0 

[N1112OH]Cl 40.03 14.85 100.0 
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