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a b s t r a c t

Aqueous micellar two-phase systems (AMTPS) using surfactants have been widely applied as an advan-
tageous extraction technology for a wide range of (bio)molecules. When composed by two surfactants
(the second one used as the co-surfactant), the extractive performance of such systems is considerably
boosted. In this context, this work looks at ionic liquids (ILs) as a new class of tunable co-surfactants
to be applied in AMTPS. Three distinct families of ILs, namely imidazolium, phosphonium and quaternary
ammonium were applied in the design of the binodal curves of novel AMTPS based on the nonionic sur-
factant Triton X-114. On these systems it was investigated the impact of the IL absence/presence, concen-
tration and structural features on the binodal curves behavior. Aiming at evaluating their applicability as
extraction systems, partitioning studies of two targeted (bio)molecules, namely the protein Cytochrome c
(Cyt c) and the dye/model drug Rhodamine 6G (R6G), were carried out. It is shown that the presence of ILs
as co-surfactants is able not only to enhance the partition coefficients of Cyt c (indicated as logKCyt c) from
�0.59 ± 0.12 up to �1.51 ± 0.14, but also to improve the selectivity parameter (SR6G/Cyt c) from 925.25 up
to 3418.89. The results here obtained open new perspectives in the design of liquid–liquid separation
processes, transversal to various fields and a wide range of applications.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

During the last few years, with the appearance of new biophar-
maceuticals and other complex molecules of biotechnological
origin, there is a stringent need for improvements at the level of
the downstream processing. While several advances in large-scale
production methodologies were attained, the downstream still
remains the main drawback for the scale-up of various processes
towards industrial implementation. This is mainly due to techno-
logical limitations and the need for multiple unit operations to
obtain a final product fulfilling the strict purity and safety require-
ments [1]. Chromatographic techniques are the most usual choice
in these fields, owing to their simplicity, selectivity and accurate
resolution; however, such methodologies present some limitations
related with their scalability and economic viability [2]. Thus, there
is an urgent demand for new separation/purification techniques,
that present good extractive performances, as well as guarantee
the chemical structure and activity of the biomolecule isolated,
while maintaining the economic viability of the entire process.

Liquid–liquid extraction (LLE) has been identified as a suitable
technique for downstream processes due to its simple and fast
operation. Traditionally, LLE was mostly accomplished by applying
environmentally nefarious and expensive organic solvents [3]. In
this context, aqueous two-phase systems (ATPS) emerged as appel-
lative types of LLE, since they are mainly composed of water and do
not require the use of organic solvents in the whole process, pro-
viding mild operation conditions [4,5]. These systems consist of
two aqueous-rich phases of two structurally different compounds
that are immiscible above stated values of concentration, undergo-
ing phase separation. At the end, ATPS give rise to highly flexible
approaches, since a considerable array of compounds, e.g. poly-
mers, salts or surfactants, can be combined in order to strategically
design them to achieve high extraction and purification effective-
ness, selectivities and yields [4].

Aqueous micellar two-phase systems (AMTPS) are specific types
of ATPS that use surfactants and appear as promising techniques
for bioseparation purposes, due to their remarkable ability of keep-
ing the native conformations and activities of biomolecules [6],
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while they are migrating between the aqueous-rich coexisting
phases. Surfactants are amphiphilic molecules, i.e. present a polar,
hydrophilic and sometimes charged ‘head’ and a non-polar, hydro-
phobic ‘tail’. When its concentration is above a certain value, i.e.
the critical micelle concentration (CMC), the surfactant molecules
form self-assembling aggregates [6,7]. Within micelles, each sur-
factant molecule displays its ‘tail’ in the interior, while its ‘head’
plays an important role in the interface between the aqueous
solution and the aggregate’s core [6–8]. AMTPS appear when the
surfactants present in aqueous solution are able to form two mac-
roscopic phases under specific conditions. These systems are
dependent on temperature and surfactant concentration, display-
ing a single phase below a temperature [7], known as cloud point
[9] or Tcloud [8], and undergoing phase separation above Tcloud.
AMTPS are composed of two distinct phases, one micelle-rich
and one micelle-poor, that can be either the top or bottom layers,
depending on the surfactant adopted [6–9]. The phase separation
behavior for different surfactants can be described by establishing
the binodal curves, i.e. plotting Tcloud versus surfactant concentra-
tion, which represent the boundary between the conditions at
which the system presents a single phase (below/outside the
curve) or two macroscopic phases (above/inside the curve) [7].
Meanwhile, some additives, depending on their physico-chemical
properties, were shown to affect the phase separation behavior of
surfactant-based mixtures [10,11].

The pioneering work of Bordier [12], in which the differential
partitioning of a plethora of proteins within AMTPS phases was
successfully carried out, triggered the publication of many other
works applying this type of systems in bioseparation. Since then,
not only the separation, concentration and purification of several
proteins using AMTPS were addressed [6–8,13,14], but also of a
wider array of biocompounds such as viruses [6], DNA [15], bacte-
riocins [16], antibiotics [17] and porphyrins [18]. Moreover, Kamei
and co-workers [19] focused on the balance of interactions affect-
ing the effectiveness of such systems and proved that the electro-
static forces between biomolecules and micelles play a crucial role
in the migration phenomenon in AMTPS composed of a pair of
distinct surfactants; the authors brought new evidences that this
technique could be an enhanced route for the selective extraction,
if properly designed. Based on this concept, this work envisages the
exploitation of this type of interactions in the partitioning phe-
nomenon in AMTPS by introducing a novel class of ionic solvents
– the ionic liquids (ILs). During the last decade, ILs have attracted
the attention from both academia and industry in several areas
of application; one of those includes the use of ILs as suitable
and effective separation and purification agents in ATPS, boosting
the extractive performance as well as the selectivity parameters
[20]. This crescent interest relays on their unique properties, such
as negligible vapor pressure, high chemical and thermal stability,
non-flammability, low melting point among others [20–22]. More-
over, ILs are liquid in a wide range of temperatures and are able to
solvate solutes from a broad spectrum of polarities, and owing to
the countless cation/anion possible combinations their properties
can be tuned to fit the specific purposes of a given application
[20,21]. The application of such solvents in AMTPS can be sup-
ported by the evidence produced by Bowers et al. [23], describing
the possibility of ILs to self-aggregate because when they have a
long enough alkyl chain they are amphiphilic molecules. Since
then, a number of authors have studied the aggregation and
micelle formation of ILs in aqueous solutions [24–28], their incor-
poration in mixed micelles [26–34] and their contribution to the
modification of the physico-chemical properties of surfactant
micelles [24,26–34]. ILs with long alkyl chains were also found to
be able to self-aggregate, promoting significant increments in
enzymatic activity [35]. The addition of ILs to a surfactant can
either decrease [26,29,31] or increase [28,32,33] the CMC and also
affect the aggregation number [23,24,29], depending on the ILs
structural features (alkyl side chain, cation and anion) and the
surfactant head group [26,29,34]. The ILs ability to act as surfac-
tants has been evaluated by the determination of their CMCs using
several methods, such as, electric conductivity [23–25,27,29,31],
surface tension [23,28,32,34], fluorescence [24,26] and isothermal
titration calorimetry [25,31] measurements.

Herein, a novel class of AMTPS based on the nonionic surfactant
Triton X-114 as the main surfactant, the McIlvaine buffer and ILs
belonging to three distinct families, namely the imidazolium, the
phosphonium and the quaternary ammonium as co-surfactants
(the use of ILs as co-surfactants to form mixed micelles was
already briefly described [36]) is assessed. The solubility curves
of such systems were established to evaluate the impact of the
presence of the IL as co-surfactant in conventional surfactant/
salt-based AMTPS, as well as its concentration and structural fea-
tures. Moreover the potential of these AMTPS to be used in
(bio)separation processes was evaluated. They were investigated
in terms of their capacity to selectively separate two model
(bio)molecules: the protein Cytochrome c (Cyt c), which possesses
an essential biological role and here used as a model protein [6],
and Rhodamine 6G (R6G) used as a model drug [37].
2. Experimental section

2.1. Material

The imidazolium-based ILs 1-decyl-3-methylimidazolium
chloride [C10mim]Cl (purity >98 wt%), 1-dodecyl-3-methylimida-
zolium chloride [C12mim]Cl (purity >98 wt%) and 1-methyl-3-tet-
radecylimidazolium chloride [C14mim]Cl (purity >98 wt%) were
acquired at Iolitec (Ionic Liquid Technologies, Heilbronn,
Germany). All the phosphonium-based ILs, namely trihexyltetrade-
cylphosphonium chloride [P6,6,6,14]Cl (purity = 99.0 wt%), trihexylte-
tradecylphosphonium bromide [P6,6,6,14]Br (purity = 99.0 wt%),
trihexyltetradecylphosphonium decanoate [P6,6,6,14][Dec] (purity =
99 wt%), trihexyltetradecylphosphonium dicyanamide [P6,6,6,14]
[N(CN)2] (purity = 99.0 wt%), trihexyltetradecylphosphonium bis
(2,4,4-trimethylpentyl)phosphinate [P6,6,6,14][TMPP] (purity =
93.0 wt%) and tetraoctylphosphonium bromide [P8,8,8,8]Br (purity
= 95.0 wt%) were kindly supplied by Cytec. The ammonium-based
IL tetraoctylammonium bromide [N8,8,8,8]Br (purity = 98 wt%) was
purchased from Sigma–Aldrich�. The chemical structures of the
cations and anions composing the list of ILs herein investigated
are depicted in Fig. 1a. Triton X-114 (laboratory grade) was
supplied by Sigma–Aldrich�and the McIlvaine buffer components,
namely sodium phosphate dibasic anhydrous Na2HPO4 (purity
P99%) and citric acid anhydrous C6H8O7 (purity = 99.5%) were
acquired at Fisher Chemical and Synth, respectively. The
Cytochrome c (Cyt c) from horse heart (purity P95 wt%) and
Rhodamine 6G (R6G) (purity �95 wt%), depicted in Fig. 1b, were
both acquired at Sigma–Aldrich�.
2.2. Methods

2.2.1. Binodal curves
The binodal curves of the AMTPS composed of Triton X-114 and

the McIlvaine buffer at pH 7 (82.35 mL of 0.2 M Na2HPO4 + 17.65 mL
of 0.1 M C6H8O7), using different ILs as co-surfactants were
determined using the cloud point method, whose experimental
protocol is well described in literature [38]. This methodology
consists of a visual identification, while raising the temperature,
of the point at which a mixture with known compositions becomes
turbid and cloudy, i.e. Tcloud. Then, the experimental binodal curves
are obtained by plotting the Tcloud versus the surfactant mass



Fig. 1. Chemical structure representation of (a) cations and anions composing the ILs plus the respective abbreviations, and (b) Rhodamine 6G.
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concentration. The knowledge acquired from them allows the selec-
tion of strategic mixture points which correspond to the biphasic
region. This biphasic region represents the zone of temperature ver-
sus surfactant mass concentration where the micelles are formed.
All binodal curves were determined, at least, in triplicate, and the
respective standard deviations calculated and presented.

2.2.2. Partitioning studies of Cyt c and R6G by applying AMTPS
The AMTPS used in the partitioning studies of both Cyt c and

R6G were gravimetrically prepared in glass tubes by weighing spe-
cific amounts of each component: 10 wt% of Triton X-114 + 0 wt%,
0.3 wt% or 0.5 wt% of each IL tested, being the McIlvaine buffer
solution at pH 7 used to complete a final volume of 10 mL. To each
system, the appropriate amount of each one of the model (bio)mol-
ecules was added: 10 wt% of an aqueous solution of Cyt c (at circa
2.0 g L�1) and approximately 0.30 mg of the R6G dye powder. The
systems were homogenized at least for 2 h in the freezer at 7 �C,
using a tube rotator apparatus model 270 from Fanem�, avoiding
the turbidity of the system. Then, the systems were left at 35 �C
overnight, allowing the thermodynamic equilibrium to be reached,
thus completing the separation of the phases as well as the
migration of the model molecules. At the conditions adopted in
the present work, the systems resulted in a micelle-rich and a
micelle-poor as the bottom and top layers, respectively. Both
phases were carefully separated and collected for the
measurement of volume, viscosity, and quantification of the model
molecules. The UV–Vis spectroscopy was elected to quantify each
molecule at 409 nm for Cyt c and 527 nm for R6G, using a
Molecular Devices Spectramax 384 Plus | UV–Vis Microplate
Reader. The analytical quantifications were performed in triplicate
and at least three parallel assays for each system were done, being
the average values and the respective standard deviations pre-
sented. Possible interferences of the AMTPS components (Triton
X-114, McIlvaine buffer or IL when present) within the analytical
quantification method were investigated and prevented through
routinely applying blank controls. Thus, the partition coefficients
for Cyt c (KCyt c) and R6G (KR6G) were calculated as the ratio
between the amount of each compound present in the micelle-rich
(bottom) and the micelle-poor (top) phases, as described in Eqs. (1)
and (2).

KCyt c ¼
½Cyt c�Bot

½Cyt c�Top
ð1Þ
where [Cyt c]bot and [Cyt c]bot are, respectively, the concentration of
Cyt c (in g L�1) in the bottom and top phases.

KR6G ¼
AbsR6G

Bot

AbsR6G
Top

ð2Þ

where AbsR6G
Bot and AbsR6G

Top are the absorbance data of R6G in the
bottom and top phases, respectively. It should be stressed that the
concentration of Cyt c in each phase was determined based on a cal-
ibration curve previously established. However, due to practical
limitations that disallowed the determination of a calibration curve
for R6G, the KR6G was calculated having into consideration the final
values of Abs in both phases. The recovery (R) parameters of each
molecule towards the bottom (RBot) and the top (RTop) phases were
determined following Eqs. (3) and (4):

RBot ¼
100

1þ 1
Rv�K

� � ð3Þ

RTop ¼
100

1þ Rv � K
ð4Þ

where Rv stands for the ratio between the volumes of the bottom
and top phases. Finally, the selectivity (SR6G/Cyt c) of the AMTPS
herein developed was described as the ratio between the K values
found for R6G and Cyt c, as indicated in Eq. (5):

SR6G=Cyt c ¼
KR6G

KCyt c
ð5Þ
2.2.3. Viscosity measurements of both phases
The viscosity was measured using an automated SVM 3000

Anton Paar rotational Stabinger viscosimeter-densimeter at 25 �C
and at atmospheric pressure for each top and bottom phases of
the entire set of AMTPS studied.

3. Results and discussion

3.1. Design of the binodal curves with ILs acting as co-surfactants

The first step of this work consisted on the determination of the
binodal curves of AMTPS with several ILs as co-surfactants [36],
which knowledge is essential not only to perform the partitioning
studies, but also to optimize the operational conditions of the
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separation process. Therefore, the binodal curves were established
through visual identification of the Tcloud for all the mixtures com-
posed of Triton X-114, McIlvaine buffer, either in the absence or
presence of IL. During the binodal curves determination, the effect
of the presence of different ILs as co-surfactants was assessed, and
with it, several ILs chemical features were strategically considered,
namely the alkyl side chain length, the anion structure and the
cation conformation, and the ILs’ mass concentration, being their
impact minutely discussed in the next sections.

3.1.1. Effect of the ILs’ presence
A set of ten distinct ILs, belonging to the imidazolium ([Cnmim]+

with n = 10, 12 and 14), phosphonium ([P6,6,6,14]+ and [P8,8,8,8]+) and
ammonium ([N8,8,8,8]+) families, were applied as co-surfactants in
AMTPS based in Triton X-114 and the McIlvaine buffer. The exper-
imental binodal curves obtained are depicted in Figs. 2 and 3,
revealing that the presence of different ILs highly affects the phase
separation phenomenon either incrementing or decreasing the
Tcloud. In this sense, ILs can be divided into two main groups related
with the impact on phase formation, when compared to the origi-
nal AMTPS (Triton X-114 + McIlvaine buffer). The first group
involves the imidazolium-based ILs, more hydrophilic, which pro-
duce an increase in the Tcloud. The second group, which covers the
phosphonium- and quaternary ammonium-based ILs, more hydro-
phobic, that induce significant reductions in the Tcloud [39]. The
opposite trends here verified are attributed to the main interac-
tions competing and governing the phase separation phenomenon
in these specific AMTPS. Actually, this phenomenon is complex and
is strongly dependent of the balance involving the hydration
degree of the surfactant chain and the electrostatic interactions
among the charged head group [40]. Concerning the first group,
it can be related with the greater hydration shell present around
the imidazolium-based ILs and consequent higher energy required
to separate the system into two macroscopic phases [33] or with
the IL head group that may charge the micellar surface, thus gen-
erating electrostatic repulsion between them [41]. In this manner,
ILs with stronger hydrophobic nature may lead to smaller micellar
hydration shells enhancing the ability to undergo phase separation
Fig. 2. Binodal curves for the studied ILs at 0.3 wt%: , without IL; , [C10mim]Cl; ,
[P6,6,6,14][N(CN)2]; , [P6,6,6,14][TMPP]; , [P8,8,8,8]Br; , [N8,8,8,8]Br. The effect of ILs’
at lower temperatures [42]. The picture emerging from these data
indicates that the most hydrophobic ILs, independently of their
concentration, seem to be more advantageous co-surfactants from
an operational point of view, since lower temperatures are better
conditions for (bio)separation processes.
3.1.2. Effect of the ILs’ structural features
Aiming at designing more efficient ILs to be applied as co-sur-

factants in Triton X-114 + McIlvaine buffer-based AMTPS, several
modifications at the level of the alkyl side chain, the anion moiety
and the cation core were conducted. In order to address the impact
of the alkyl side chain of the cation on the phase separation behav-
ior, three [Cnmim]Cl-based ILs were selected, varying their n value
from 10 to 14 carbon atoms. Their comparative representation is
depicted in Figs. 2 and 3 and it is possible to observe that, indepen-
dently of the mass concentration of IL added, 0.3 wt% or 0.5 wt%,
the capability to generate two phases increases according to the
trend [C10mim]Cl < [C12mim]Cl < [C14mim]Cl – i.e. resulting from
the increasing hydrophobicity of the IL. This increasing ability to
create AMTPS is a result from the lower number of water mole-
cules around the micelles hampering their grouping in one phase,
leading to less energy requirements to undergo phase separation
and, consequently, lower Tcloud [43], which is in agreement with
evidences found in literature, related with the easier aggregation
of the molecules with longer alkyl chain lengths (lower Gibbs
energy) [24] and with the benign impact of the lipophilicity on
the Tcloud [25]. As expected, this effect is even stronger for
[P6,6,6,14]Cl, due to its enhanced hydrophobicity.

The influence of the anion moiety on the coexistence curves was
addressed by using five different ILs sharing the [P6,6,6,14]+ cation,
namely [P6,6,6,14]Cl, [P6,6,6,14]Br, [P6,6,6,14][Dec], [P6,6,6,14][N(CN)2]
and [P6,6,6,14][TMPP]. This group of ILs induces a decrease in Tcloud

of the Triton X-114 + McIlvaine buffer-based AMTPS, as aforemen-
tioned; however, the intensity of this behavior depends on the
anion nature. The graphical representation of such binodal curves
is reported in Figs. 2 and 3 in the insets. Apart from the fact that
at higher IL mass concentrations, the anion influence is scattered
[C12mim]Cl; , [C14mim]Cl; , [P6,6,6,14]Cl; , [P6,6,6,14]Br; , [P6,6,6,14][Dec]; ,
structural features is provided separately in the insets to facilitate the analysis.



Fig. 3. Binodal curves for the studied ILs at 0.5 wt%: , without IL; , [C10mim]Cl; , [C12mim]Cl; , [C14mim]Cl; , [P6,6,6,14]Cl; , [P6,6,6,14]Br; , [P6,6,6,14][Dec]; ,
[P6,6,6,14][N(CN)2]; , [P6,6,6,14][TMPP]; , [P8,8,8,8]Br; , [N8,8,8,8]Br. The effect of the ILs’ structural features is provided separately in the insets to facilitate the analysis.
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(Fig. 3), at 0.3 wt% of IL is possible to notice that the ability to form
two phases increases in the order [P6,6,6,14]Cl � [P6,6,6,14]-
Br� [P6,6,6,14][TMPP] � [P6,6,6,14][Dec] < [P6,6,6,14][N(CN)2]. This
tendency shows the existence of a clear distinction between the
more hydrophilic (Cl� and Br�) and the more hydrophobic anions
([TMPP]�, [Dec]� and [N(CN)2]�). It should be stressed that, for
Cl� and Br� at low concentrations of Triton X-114, a more promi-
nently distinct behavior was observed being the Br� anion respon-
sible for major Tcloud decreases. This behavior could be related to
the higher ability of the Br� to reduce the surface tension [44] or
to the facilitate the Br� adsorption into the micelles surface, reduc-
ing the electrostatic repulsion [31] and thus enhancing the mole-
cules’ tendency to self-aggregate, consequently forcing the
reduction of the Tcloud values. When concerning the behavior
induced by the remaining three anions, [Dec]�, [N(CN)2]� and
[TMPP]�, we attribute it to the fact that both anion and cation
structures composing the IL would remain as part of the micellar
structure, resulting in low micellar charge and thus, low electro-
static repulsion between them [40].

Finally, some modifications at the level of the cation, beyond
the more hydrophilic vs. the more hydrophobic nature aforemen-
tioned, were considered. Those were connected with the change
of the cation symmetry (from [P8,8,8,8]+ to [P6,6,6,14]+) or variation
of the central atom from a phosphorous ([P8,8,8,8]+) to a nitrogen
([N8,8,8,8]+) element. As presented in Fig. 2 (inset), it is notorious
that the symmetry is favorable to induce the ability to form
AMTPS. Here again, the presence of higher concentrations of IL
(Fig. 3 in the inset) decreases the effect of the structural modifica-
tions. When [P8,8,8,8]+ is compared with the [N8,8,8,8]+ cation, both
possessing a strong hydrophobic nature, no significant differences
between their Tcloud behavior are noticed independently of the IL
mass concentration studied (Figs. 2 and 3 in the insets).
Fig. 4. Influence of the ILs’ mass concentration on the Tcloud of AMTPS using more
hydrophilic (imidazolium-based) or more hydrophobic (phosphonium-based) ILs:

, [C12mim]Cl at 0.3 wt%; , [C12mim]Cl at 0.5 wt%; , [P6,6,6,14][TMPP] at
0.3 wt%; , [P6,6,6,14][TMPP] at 0.5 wt%. [C12mim]Cl and [P6,6,6,14][TMPP] were
selected as examples to indicate the common trend for both distinct groups of ILs.
3.1.3. Effect of the IL concentration
The impact of the concentration of ILs on the Tcloud behavior of

Triton X-114 + McIlvaine buffer AMTPS was assessed by slightly
increasing it from 0.3 wt% up to 0.5 wt%. In Fig. 4, it is provided
the comparison between the concentrations adopted in this study,
being possible to observe, again, two distinct trends. One involving
the imidazolium family (more hydrophilic nature) and other the
phosphonium and quaternary ammonium chemical structures
(more hydrophobic nature): higher concentration of ILs is
converted either in an increase of the Tcloud, in the case of the imi-
dazolium-based ILs, or in a reduction of the Tcloud for the phospho-
nium- and quaternary ammonium-based ILs. It should be pointed
out that this change in Tcloud is relevant from both operational
and economic points of view since very low amounts of ILs (used
as co-surfactant) can significantly modify the Tcloud of the AMTPS.
Even low amounts of [Cnmim]Cl-based ILs may be used to enhance



Table 1
Logarithm function of KCyt c and KR6G by the application of all AMTPS studied, at weight fraction composition of 10 wt% of Triton X-114 and 0, 0.3 or 0.5 wt% of IL.
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the AMTPS performance, making them promising alternative
approaches despite the higher Tcloud observed, for thermal stable
molecules since the biphasic region is increased when compared
to the AMTPS without IL, thus offering more appealing extraction
conditions.

3.2. Application of the designed AMTPS to the selective extraction of
Cyt c and R6G

The separation of Cyt c and R6G was attempted by applying
these novel AMTPS using ILs as co-surfactants. The partitioning
studies of these molecules were performed using AMTPS composed
of 10 wt% of Triton X-114 in the absence and presence of 0.3 wt%
and 0.5 wt% of ILs. Being important from a technological point of
view, a characterization of the viscosity of the resulting phases
which is reported in Table S.1 at the Supporting Information file
was carried out. The results indicate that the presence of the ILs
contributes to slightly reduce the viscosity of the bottom phase
(micelle-poor phase) in most of the AMTPS.

The results regarding the partition behavior of the targeted
molecules are reported in Table 1. It should be mentioned that in
some cases, experimental limitations precluded the execution of
the partitioning studies hindering the determination of partition
coefficients and other parameters. It is clearly observed in the
results obtained the preferential migration of Cyt c to the
micelle-poor phase (logKCyt c < 0), while the R6G is migrating to
the micelle-rich phase (logKR6G > 0). These opposite migration ten-
dencies can be easily understood based on a balance involving
hydrophobic, electrostatic and excluded-volume interactions
between the targeted molecules and the micelles. As the Cyt c is
a hydrophilic protein, it presents higher affinity for the more
hydrophilic layer (micelle-poor phase), which is in close agreement
with literature [12]. Also, its isoelectric point – 10.65 [45] – is
higher than the pH herein adopted (McIlvaine buffer at pH 7),
meaning that the protein is positively charged under this set of
process conditions. In this sense, electrostatic interactions seem
to play an important role in the partition of Cyt c, since the IL, espe-
cially its cation, may force the protein migration towards the
micelle-poor layer. Moreover, excluded-volume interactions may
also interfere in the partition tendency of Cyt c, especially for
higher micelle concentrations that lead to lower volume available
in the micelle-rich layer, forcing its migration towards the micelle-
poor phase. Meanwhile, R6G is migrating preferentially for the
micelle-rich phase, since this small molecule [46] is a neutral spe-
cies at pH 7; in this case, hydrophobic interactions are controlling
the molecule partitioning behavior. A more detailed discussion can
be performed by carefully analyzing the impact of different condi-
tions (IL’s nature and concentration) on the partitioning of Cyt c.
When taking a closer look at the [Cnmim]Cl-based ILs as co-surfac-
tants, it is possible to conclude that the migration increases with
the elongation of the alkyl chain length (at 0.3 wt% of IL is
�0.52 ± 0.02 < logKCyt c < �0.69 ± 0.02 and at 0.5 wt% is
�0.24 ± 0.04 < logKCyt c < �0.52 ± 0.05), as shown in previous stud-
ies [47]. This behavior can be justified by the intensification of the
excluded-volume interactions as the ILs’ hydrophobicity increases
[8,27]. When the concentration of the entire series of [Cnmim]Cl-
based ILs increases to 0.5 wt%, the KCyt c decreases (for example
for [C10mim]Cl, log KCyt c varies from �0.52 ± 0.02 to
�0.24 ± 0.04), probably as a result of operational limitations
related with the proximity between the separation temperature
(35 �C) and the Tcloud (33.82 ± 0.06 �C). Finally, in presence of the
phosphonium-based ILs, especially 0.5 wt% of [P8,8,8,8]Br, the pro-
tein is even more forced to migrate towards the micelle-poor phase
(logKCyt c = �1.51 ± 0.14). Besides, and contrarily to the behavior
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Fig. 5. Selectivity results obtained through the application of all AMTPS studied for the extraction of R6G and Cyt c: , 0.3 wt% of IL; , 0.5 wt% of IL, the color of triton
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observed with the [Cnmim]Cl-based ILs, increasing the concentration
of IL, the KCyt c is also increasing (e.g. for [P8,8,8,8]Br the logKCyt c varies
from �1.08 ± 0.13 to �1.51 ± 0.14). Again, these facts are corrobo-
rating the strong dependence on the hydrophobic character of the
ILs, which may increase the micelles concentration, employing a
more pronounced excluded-volume effect on the protein. In
addition, the recovery values (regarding the phase where each
molecule is more concentrated), reported in Fig. S.1 at Supporting
Information file are corroborating the opposite preferential migra-
tion of Cyt c to the micelle-poor phase (18.04 ± 2.80% < RTop <
98.42 ± 0.54%) and R6G to the micelle-rich phase (96.12 ±
0.15% < RBot < 99.70 ± 0.19%). It should be noted that the low RTop

values obtained in presence of the [Cnmim]Cl-based ILs are only
related with the more deficient re-concentration of the Cyt c in
one phase (K closer to the unit). As already described, it is notori-
ous from the results of Table 1 that, two distinct mechanisms
explain the migration of the molecules here investigated, indepen-
dently of the presence of ILs as co-surfactants. However, the results
of the same figure also suggest that, these partition phenomena are
significantly improved by the addition of small amounts of the ILs
studied. In fact, the partition of Cyt c in the conventional AMTPS
(logKCyt c = �0.59 ± 0.12), is less pronounced when compared to
the novel ones (at 0.3 wt% of IL is �0.52 ± 0.02 < logKCyt c <
�1.08 ± 0.13 and at 0.5 wt% of IL is �0.24 ± 0.04 < logKCyt c <
�1.51 ± 0.14). Indeed, the use of ILs as co-surfactants truly enhances
the extractive performance of these systems; still, when applying
either [C10mim]Cl or [N8,8,8,8]Br at 0.3 wt% and the [Cnmim]Cl series
at 0.5 wt% the partition can be decreased (�0.24 ± 0.04 < logKCyt c

< �0.56 ± 0.02).
Finally, the preferential migration of the targeted molecules

towards opposite phases of the AMTPS herein established can
be reliably translated by means of their selectivity parameter
(SR6G/Cyt c). The results obtained are reported in Fig. 5 (and
Fig. S.2 in the Supporting Information file) and remarkably sug-
gest that the presence of ILs has a significant impact on the selec-
tivity of this type of systems. In fact, when comparing the SR6G/Cyt c

of the conventional AMTPS based in Triton X-114 + McIlvaine
buffer with the novel class possessing ILs acting as co-surfactant,
an almost 4-fold enhancement, from 925.25 up to 3418.89, is
achieved. Meanwhile, the results of Fig. 5 also suggest that the
most advantageous SR6G/Cyt c conditions were achieved applying
the AMTPS containing 0.3 wt% of either [C14mim]Cl (SR6G/Cyt c =
2224.06) or [P6,6,6,14]Cl (SR6G/Cyt c = 2295.81) and 0.5 wt% of
[P6,6,6,14][Dec] (SR6G/Cyt c = 3418.89). The selective nature is also
visually proved as depicted in Fig. S.2 provided in the supporting
information file.

Although the studies focusing on the partitioning of either R6G
or Cyt c are limited, the performance of this novel process is here
compared with other types of ATPS. The use of AMTPS with ILs
as co-surfactants is capable of enhancing the extractive perfor-
mance of R6G, independently of the concentration of IL employed
(1.55 ± 0.06 < logKR6G < 2.65 ± 0.00 and 96.12 ± 0.15% < RBot

< 99.70 ± 0.19%), when compared to phosphonium-based ILs + trip-
otassium phosphate salt-based ATPS (log R6G values of �1.74, 0.56
and 0.90) [48]. On the other hand, the extractive performance of
Cyt c is also here boosted (�0.24 ± 0.04 < logKCyt c < �1.51 ± 0.14
and 18.04 ± 2.80% < RTop < 98.42 ± 0.54%), when compared with
the results accomplished by applying either imidazolium-based
IL + potassium citrate buffer-based ATPS (extraction recoveries up
to 94%, by pH changes) [47] or the n-decyl tetra(ethylene
oxide) + McIlvaine buffer-based AMTPS (logKCyt c � �0.09) [6].
These results show that AMTPS using IL as co-surfactants are
promising techniques to be successfully applied in bioseparation
processes and several fields of the pharmaceutical and biotechno-
logical industries. Having into account the industrial interest of
these systems, a more profound investigation considering the
recovery and recycling of the separation agents (surfactant and
ILs) used is required, considering some of the techniques briefly
described in literature [49,50].

4. Conclusions

This work studies for the first time the effect of ILs used as co-
surfactants on the binodal curves of AMTPS composed of Triton X-
114 and the McIlvaine buffer. These results clearly demonstrate
that, ILs have an important effect on the Tcloud, i.e. in the binodal
curves which is highly dependent on the ILs hydrophobic/hydro-
philic nature. In fact, the Tcloud can be considerably reduced by
selecting ILs possessing a hydrophobic nature, such as those
belonging to the phosphonium and quaternary ammonium
families.

The extraction of two model (bio)molecules, namely the Cyt c
and R6G, was carried out to evaluate the partition behavior on
these systems. Cyt c is shown to be concentrated on the micelle-
poor phase (logKCyt c < 0), while R6G has an extensive migration
for the opposite (micelle-rich) phase (logKCyt c > 0). These opposite
behaviors are here translated by the selectivity parameter, princi-
pally for AMTPS with ILs acting as co-surfactants. In fact, it is well
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demonstrated that the simple addition of a small content of these
ILs has a very significant effect on improving the selective extrac-
tion of these (bio)molecules. The results herein gauged show that
AMTPS with ILs as additives can be useful for the extraction and
purification of (bio)molecules.
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