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A B S T R A C T

Over the last few years, synthetic colorants have been increasingly replaced by natural alternatives that cause
fewer adverse health effects and can show biological activity. These biocompounds can be produced by fer-
mentative processes using microorganisms such as bacteria and filamentous fungi. However, the biocompounds
must be extracted from the fermented broth before industrial application. Thus, the development of effective
techniques for the extraction and purification of biocolorants with high recovery is of great interest. The main
goal of this study was to evaluate the recovery of natural colorants produced by Talaromyces amestolkiae using
aqueous micellar two-phase system (AMTPS) composed of Triton X-114 and Ionic Liquids (ILs) from the imi-
dazolium family as co-surfactants. Preliminary experiments were performed to determine the binodal curves in
both presence and absence of fermented broth containing the red colorants. Subsequently, a set of partitioning
experiments was performed using the developed systems. Under all conditions, the red colorants were parti-
tioned mainly into the micelle-rich phase. The systems with low concentrations of Triton X-114 and ILs showed
high partition coefficients. The system (0.1 wt% [C10mim]Cl + 3 wt% Triton X-114) with the highest partition
coefficient (KRC = 6.12) was used to study the effect of temperature on partitioning. The partitioning of the red
colorants was strongly influenced by the temperature, and KRC increased to 24.71 at 45 °C. The results of this
study demonstrate that the partitioning of biomolecules can be controlled by the presence of ILs, mainly by
electrostatic interactions, or by the proper adjustment of the partitioning temperature.

1. Introduction

With the increasing demand for eco-friendly/non-toxic colorants
[1–3], there has been an increasing trend towards replacing synthetic
colorants by natural alternatives because the latter cause fewer adverse
health effects and have interesting biological properties, such as anti-
oxidant and anticancer activity. Natural colorants can be obtained from
plants, insects, microorganisms, animals, and minerals [4,5]. A wide
range of colorants has been produced through fermentative processes
by filamentous fungi, including carotenoids, melanin, flavins, phena-
zine, quinones, and violacein [6]. Fungi from Talaromyces species
produce red colorants that are usually composed of an azaphilone ring
(e.g., monascorubrin, rubropunctatin, and monascorubramine). These
colorants have potential for industrial application because they are non-
toxic and more stable than other natural congeners [7].

Despite their interesting features and industrial importance, natural

colorants derived from microorganisms are, in most cases, complex
mixtures with variable compositions [8]. Thus, the selective extraction
of these compounds from contaminants (such as proteins, sugars, salts)
present in the fermented broth is required for their industrial applica-
tion. The conventional downstream processing of natural products, in
particular, their recovery and separation, is hampered by several major
drawbacks, such as low recovery yield, low selectivity, time-intensive
extraction processes, and the need for extensive heating and mixing [9].
Among the conventional downstream techniques used in the recovery
of biomolecules, liquid–liquid extraction using organic solvents is the
classical method, followed by chromatographic techniques [10]. How-
ever, as is widely known in industry, the extensive use of organic sol-
vents has certain limitations because of the toxicity and environmental
impact of these solvents besides their low biocompatibility, and the
consequent degradation of metabolites, whereas the chromatographic
techniques are expensive [11].
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The use of aqueous two-phase systems (ATPS) as alternative liquid-
liquid extraction systems for biomolecules has been proposed [12].
These systems form two immiscible aqueous-rich phases by the com-
bination, at least, of two structurally different compounds (polymers,
salts, surfactants, sugars, or Ionic Liquids (ILs)) above certain con-
centrations [13]. Since both coexisting phases of ATPS are mainly
composed of water, such systems are excellent for maintaining the
native conformation and biological properties of biomolecules. There
are many possible combinations of phase-forming agents as effective
platforms for improving the extraction and selectivity yields of several
biocompounds [14,15]. Aqueous micellar two-phase systems (AMTPS)
composed of surfactants are among the most interesting of these sys-
tems. Surfactants are organic molecules that contain both a polar and a
non-polar group [13]. In aqueous solution, when the surfactant con-
centration exceeds the critical micelle concentration (CMC), the sur-
factant molecules form dynamic aggregates called micelles [16]. With
increasing temperature, the micelle clusters and intermicellar attrac-
tions result in turbidity (a cloudy region) and the spontaneous forma-
tion of two immiscible phases, i.e., a micelle-rich phase and a micelle-
poor phase [17,18]. The temperature at which phase separation occurs
is generally known as the cloud point temperature (Tcp), and this value
depends on the surfactant structure and concentration, as well as the
presence of additives [19]. This process is reversible if the system is
cooled below its Tcp [20].

When AMTPS are generated by mixing two different types of sur-
factants (generally a nonionic and an ionic surfactant), mixed micelles
can be formed. The formation of mixed micelles affects the phase se-
paration behavior of the systems, generally by increasing the Tcp. This
separation occurs because of competition between the internal energy
effects, which causes the separation of the micelles from the water, and
entropic effects, which promote the miscibility of the micelles with
water [21]. The use of additives or ionic surfactants in these systems
may modify both the intermicellar and intramicellar interactions be-
cause of electrostatic screening [22]. As a result, the presence of ionic
surfactants promotes the formation of charged, mixed micelles that
could improve the recovery of several biomolecules.

The influence of different salts on the Tcp has been well described in
the literature, and, although several salts reduce the Tcp, others increase
it [19] by changing the intramicellar and intermicellar interactions. On
the other hand, the changes in the interactions are not exclusively in-
duced by the addition of salts but can be obtained by the formation of
mixed micellar systems, which can also affect the interactions, resulting
in different cloud points. In contrast to the effects of inorganic salts,
which have been widely discussed in the literature [19,23,24], the use
of different ILs and their influence on the binodal curves of AMTPS has
been relatively underexplored.

By common definition, ILs are salts with low melting points that are

typically composed of organic or inorganic anions and an organic cation
associated with one or more alkyl chain substituents [25,27]. Because
of the many ion arrangements, these compounds have unique char-
acteristics, such as negligible vapor pressures, high thermal and che-
mical stabilities, high solvation capacities, and variable viscosities and
densities [26]. Some ILs containing long alkyl chains exhibit surfactant
characteristics [28] and can be used to form AMTPS or can be added as
co-surfactants in combination with nonionic surfactants to form mixed
micelles, thereby improving the partitioning selectivity of biomole-
cules. As an example, in contrast to other salts, imidazolium-based ILs
have a pre-organized structure, which is mainly based on hydrogen
bonds, in the liquid state. These assemblies are described as “supra-
molecular” fluids [29,30]. Depending on the chain length, ILs from the
imidazolium family exhibit amphiphilic characteristics and can induce
the same aggregation behavior as traditional cationic surfactants [31].

In the first stage of this study, the binodal curves of the AMTPS were
obtained. Above the Tcp, two phases are formed; thus, it is essential to
determine the temperature at which phase separation occurs prior to
performing any extraction or separation processes. As mentioned, only
a few reports have documented the binodal curves of AMTPS in the
presence of ILs. Recently, Vicente et al. [13] studied the effect of ILs
from the imidazolium, phosphonium, and quaternary ammonium fa-
milies and determined the respective binodal curves with Triton X-114
in Mcllvaine buffer at pH 7.0. The previous work of these authors has
encouraged us to carry out a series of experiments for the extraction of
colorants directly from fermented broth using [Cxmim]Cl-based
AMTPS. However, when the systems composed of [C10mim]Cl and
[C12mim]Cl were used as co-surfactants, a two-phase region was not
attained probably due to the presence of fermented broth which is a
complex medium that can affect the phase equilibrium, and conse-
quently, affecting the binodal curve.

Considering the interesting features of AMTPS and imidazolium-
based ILs, herein, we aim to understand the influence of the chain
length of the cation of imidazolium-based ILs on the phase separation of
AMTPS containing the nonionic surfactant Triton X-114 and the effi-
cacy of these systems for the recovery of red colorants from the fer-
mented broth of Talaromyces amestolkiae.

2. Materials and methods

2.1. Materials

The imidazolium-based ILs used in this work, 1-dodecyl-3-methyli-
midazolium chloride ([C12mim]Cl) (purity 99%), 1-decyl-3-methyli-
midazolium chloride ([C10mim]Cl) (purity 99%), and 1-methyl-3-oc-
tylimidazolium chloride ([C8mim]Cl) (purity > 98%), were acquired
from Ionic Liquids Technologies (IoLiTec, Heilbronn, Germany). The

Fig. 1. Chemical structure representation of the ILs and Triton X-114 used in the present work.
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surfactant, (1,1,3,3-tetramethylbutyl)phenyl-polyethylene glycol
(Triton X-114), was purchased from Sigma-Aldrich® (St. Louis, MO)
(Fig. 1). All other reagents were of analytical grade and were used as
received unless otherwise stated. All solutions were prepared in
Mcllvaine buffer at pH 6.5, which comprises 2.64 mmol dm−3 disodium
phosphate and 0.68 mmol dm−3 citric acid in water purified through a
Millipore Milli-Q ion-exchange system (Bedford, MA). The glassware
used was washed in a 50:50 (v/v) ethanol:1 mol dm−3 sodium hydro-
xide bath, followed by a 1 mol dm−3 nitric acid bath, rinsed copiously
with Milli-Q water, and finally dried in an oven.

2.2. Microorganism maintenance, submerged culture, and media
compositions

T. amestolkiae was kindly provided by the Culture Collection of the
Federal University of Amazonas, AM, Brazil. The cultures were re-
activated in Czapeck Yeast Extract Agar (CYA) and maintained at 25 °C
for seven days and then stored at 4 °C. The inoculum was plated on
potato dextrose agar (39 g dm−3) supplemented with yeast extract
(5 g dm−3). The inoculum was maintained and stored under the same
conditions as detailed above.

For the submerged culture, ten mycelial agar discs (8 mm diameter)
from the inoculum were obtained by using a home-made cutter and
were transferred into 100 cm3 of the submerged culture medium in
500 cm3 Erlenmeyer flasks. The submerged culture medium was com-
posed of glucose (20 g dm−3), meat peptone (10 g dm−3), and meat
extract (3 g dm−3). The pH of the medium was adjusted to 7.0 with
NaOH (1 mol dm−3), and the medium was then autoclaved at 121 °C
for 15 min. The submerged culture was incubated in an orbital shaker
at 30 °C at 150 rpm for seven days. At the end of the fermentation
process, the fermented broth was filtered using a filter paper (80 g m−2;
Whatman, UK). The supernatant containing the red colorants was
frozen and stored in an ultra-freezer at –80 °C for later use in the de-
termination of the binodal curves using the fermented broth and for the
partitioning studies.

2.3. Determination of the binodal curves

The binodal curves for the systems composed of Triton X-114 (1.0,
3.0, 5.0, 7.0, 9.0, 11.0, 13.0, and 15.0 wt%) + IL ([C12mim]Cl,
[C10mim]Cl, or [C8mim]Cl at 0.1, 0.3, and 0.5 wt%) + Mcllvaine pH
6.5 buffer in the presence or absence of the fermented broth were de-
termined by cloud point titration [21]. The phase-forming components
were placed in 15 cm3 glass graduated tubes and weighed to a total
mass of 5.0 g (± 10–4 g). To evaluate the influence of the fermented
broth on the binodal curve, we prepared systems using the same com-
positions but the buffer solution was replaced with 0.9 cm3 of fer-
mented broth. The solutions were homogenized in a rotary mixer
(Labroller II, Labnet) at 8 rpm for 1 h and then transferred to an ul-
trathermostatic bath (Ethiktechnology, SP, Brazil). Initially, the tem-
perature was reduced to 10 (± 1) °C, where the solution exhibited a
single, clear phase. The temperature was then raised slowly (in incre-
ments of 0.1 °C), and the temperature at which the solution first became
cloudy, indicating the onset of phase separation, was defined as Tcp. The
procedure was repeated three times for each data point to ensure re-
producibility, and the binodal curve was established by plotting the Tcp
values as a function of the concentration of Triton X-114 (wt%).

2.4. Partitioning of colorants using AMTPS

Different mixture compositions within the two-phase region were
selected and used to evaluate the partitioning of the red colorants be-
tween the surfactant- and aqueous-rich phases. Thus, in the first
screening, AMTPS with different concentrations of Triton X-114 (1.0,
3.0, 5.0, 7.0, 9.0, 11.0, 13.0, and 15.0 wt%) combined with
[C12mim]Cl, [C10mim]Cl, or [C8mim]Cl at different concentrations

(0.1, 0.3, and 0.5 wt%) were prepared. For a total mass of 5 (± 10–4) g,
Mcllvaine buffer at pH 6.5 and fermented broth containing the red
colorants with an absorbance of 2.0 units at 490 nm (UA490nm) were
added. The absorbance was standardized for all experiments to mini-
mize the experimental errors. After the preparation of each AMTPS, the
mixture was homogenized for 1 h in the rotary mixer. To achieve
complete partitioning equilibrium, each system was then equilibrated
for approximately 24 h in a thermoregulated water bath
(Ethiktechnology, SP, Brazil) at a pre-determined temperature. The set
temperature of each system was determined according to the binodal
curve to obtain a system with a volumetric ratio (VR) close to 1.0. The
temperatures used are detailed in Table S1 (Supporting Information).

After the first screening, a second set of experiments was performed
to assess the influence of the temperature on the partitioning. Thus,
systems with different compositions containing 3 wt% of Triton X-114
and 0.1 wt% of [C10mim]Cl were prepared, as described earlier, and
settled at three different temperatures, 25, 35, and 45 (± 1) °C.

In both sets of experiments, after the equilibrium time (24 h), the
two coexisting micellar phases formed were withdrawn separately, and
the red colorants in each phase were determined according to the
methodology described in Section 2.5.2. All the experiments were
performed in triplicate, and the respective standard deviations de-
termined.

2.5. Analytical methods

2.5.1. Electric conductance measurements
After the separation of each AMTPS, to determine the IL distribution

through the phases, the electric conductance (± 0.01 mS cm−1) of
both co-existing phases was determined at 25 (± 1) °C using a con-
ductivity meter (914 pH/Conductometer, Metrohm). The measure-
ments were performed in triplicate using systems without fermented
broth.

2.5.2. Quantification of natural red colorants
The concentration of colorants is usually represented by the color

value based on the absorbance spectrum. The concentrations of the red
colorants in both co-existing phases were estimated by spectro-
photometric analysis of the absorbance at 490 nm using a UV–Vis
multiplate reader (EnSpire Multimode Plate Reader, Perkin Elmer). The
wavelength was defined according to the maximum absorbance
[32,33]. The results are expressed in “units of absorbance at 490 nm”
(UA490 nm).

The partition coefficient of the red colorant, KRC, is defined as the
ratio of the absorbance of the colorant in the concentrated (micelle-
rich) (COLMR) phase to that in the diluted (micelle-poor) (COLMP) phase
and was calculated using Eq. (1):

=K COL
COLRC

MR

MP (1)

The volumetric ratio (VR) was determined as described by Eq. (2).

=V Vol
VolR

MR

MP (2)

Here, VR represents the volumetric ratio (the volume of the micelle-rich
phase (VolMR) to the volume of the micelle-poor phase (VolMP)).

3. Results and discussion

3.1. Effects of the ILs on the binodal curves

To evaluate the partitioning of the red colorants, in the first stage,
the binodal curves for the AMTPS composed of Triton X-114 with
[C8mim]Cl, [C10mim]Cl, or [C12mim]Cl in the presence of fermented
broth were determined. These results are presented in Fig. 2. Moreover,
considering the stability and high recovery of the red colorants, the
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binodal curves were also determined at a different pH from that used in
the previous work by Vicente and collaborators [13].

The experimental binodal curves presented in Fig. 2 reveal that the
addition of the fermented broth affected the phase equilibrium. This is
manifested as an increase in the Tcp by approximately 12% for each
point for all conditions evaluated. This phenomenon is expected be-
cause the fermented broth contains different inorganic salts, residual
sugars, and other compounds that can interact with the surfactant
molecules, disturbing the micellar structure and consequently reducing
the two-phase region equilibrium.

Fig. 2 shows that the Tcp raised up with increasing IL concentration.

Bhatt and collaborators [34] documented that the cloud point phe-
nomenon is very sensitive to the presence of additives, and, in this case,
when imidazolium-based systems were used, even at very low con-
centrations, the cloudy region increased. It seems that the addition of
the IL changed the CMC, consequently affecting the micelle size [34]. In
the present study, the concentration of Triton X-114 used was higher
than its CMC in aqueous solution, which is 0.2 mmol dm−3 (20–25 °C)
(e.g., 1 wt% of Triton X-114 corresponds to 18 mmol dm−3). Thus, the
change in the Tcp, under the present conditions, is a result of the pre-
sence of the ILs, the salts in the Mcllvaine buffer, and the remaining
compounds in the fermented broth.

To obtain further insights into the effect of the respective ILs on the
binodal curves of the Triton X-114-based AMTPS, it was compared Tcp
for the systems with 0.5 wt% of each IL studied, as shown in Fig. 3.

Notably, the presence of the ILs increased the Tcp. It appears that the
increase in the Tcp is governed by two different phenomena: (i) the
formation of micelles by the surfactants, which is controlled by the
tendency of the hydrophobic chain to minimize contact with water,
where a more hydrophobic tendency was observed with increasing
alkyl chain length; and (ii) the IL charge promotes electrostatic repul-
sion between the molecules. Thus, in this system, more energy is re-
quired to separate the micelle-rich and micelle-poor phases.

The influence of the ILs on the binodal curve was dependent on the
concentration of the nonionic surfactant. [C8mim]Cl caused a low-
temperature deviation, which is expected because this IL has a short
alkyl chain. [C10mim]Cl had the highest Tcp of the AMTPS with Triton
X-114 contents of 3–7 wt%. Moreover, for the AMTPS composed of 3 wt
% Triton X-114 and 0.5 wt% of [C8mim]Cl and [C10mim]Cl, the Tcp
differed by ∼ 55%. At the highest concentration of Triton X-114, the
effect of [C10mim]Cl on the Tcp was less pronounced. The less clear
influence of [C12mim]Cl compared to the other ILs may be due to the
strong surfactant-like behavior of this IL, which has a greater effect on
the micelle structure.

Jungnickel and collaborators [35] demonstrated that imidazolium
ILs having an alkyl chain with at least eight carbons could form mi-
celles. Miskolczy and collaborators [36] also showed that [C8mim]Cl
forms aggregates in aqueous solutions and can form mixed micelles
with surfactants, even at low concentrations, because of the more hy-
drophobic character of the cation [36]. [C12mim]Cl and [C10mim]Cl
are amphiphilic organic cations (with a long alkyl chain attached to an
aromatic ring) associated with a small inorganic anion, and, because of
their surfactant-like structures, it is expected that, when these ILs are
mixed with aqueous solutions, they will form micelles and exhibit self-
assembling behavior [31]. Thakkar and collaborators [37] demon-
strated that [C10mim]Cl penetrates deeper into the Triton X-100 mi-
cellar core as a result of the long imidazolium alkyl chain. This phe-
nomenon probably occurs when imidazolium-based ILs with long alkyl

Fig. 2. Binodal curve for the systems composed of Triton X-114 and the following ILs: (a)
[C8mim]Cl; (b) [C10mim]Cl; and (c) [C12mim]Cl. The binodal curves for each system
were determined in the presence (filled line) and absence (dotted line) of fermented
broth. The ILs concentrations are represented by squares (0.5 wt%), triangles (0.3 wt%),
circles (0.1 wt%), and diamonds (0.0 wt%). The error bars represent 95% confidence
limits for the measurements.

Fig. 3. Binodal curve for systems composed of Triton X-114 and the following ILs, at 0.5
(wt%): [C12mim]Cl (triangles), [C10mim]Cl (squares), and [C8mim]Cl (diamonds) and
without ILs (circles) in the absence of fermented broth. The error bars represent 95%
confidence limits for the measurements.
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chains (for example, [C12mim]Cl) are used. Considering the literature
data, it was expected that all ILs used in this work would act as co-
surfactants with Triton X-114.

In all the systems, increasing the concentration of Triton X-114 led
to high Tcp values. For the systems composed solely of Triton X-114 and
buffer, the clouding phenomenon occurred because the increased sur-
factant concentration induced the formation of a structured water–-
surfactant system, where the water molecules are bound to more than
one micellar system, forming a “barrier” between the micelles and se-
parating them. Consequently, higher temperatures are required to move
the water molecules and facilitate the micelle-micelle interactions [23].
However, as demonstrated in the present work and by Vicente et al.
[13], the addition of small amounts of ionic surfactants exerts a sub-
stantial effect on the cloud point. In work performed by Gu and colla-
borators [24], the addition of 1 mmol dm−3 sodium dodecyl sulfate
(SDS) or cetyltrimethylammonium bromide (CTAB) raised the Tcp of a
Triton X-114 (1 wt%) solution by approximately 296%. This is attrib-
uted to the formation of mixed micelles. As the ionic surfactant is added
to the system, some of these ionic molecules migrate to the nonionic
micelles, resulting in their surfaces becoming charged.

To evaluate the dispersion of the ILs in the two macroscopic phases,
the conductivities of both co-existing phases were measured. The con-
ductivities of the AMTPS composed of 3 and 15 wt% Triton X-114 and
0, 0.1, 0.3, and 0.5 wt% IL are compiled in Table S2 (Supporting
Information). The temperatures used were the same as those for par-
titioning of the red colorants, as detailed in Table S1 (Supporting
Information). The conductivity data demonstrate that, irrespective of
the alkyl chain length of the IL, the micelle-poor phase (top phase)
always exhibited the high electrical potential. However, it is important
to note that with increasing IL concentration, the electrical conductivity
of the micelle-rich phase (bottom phase) increased. This increase shows
that the IL tends to stay in the micelle-rich phase, interacting with the
nonionic surfactant Triton X-114. The conductivity of the micelle-poor
phase remained practically unchanged with the addition of a high
concentration of IL to the system, mainly for the systems employing
[C8mim]Cl and [C10mim]Cl. Compared to the results obtained for the
system composed of 15 wt% Triton X-114 using [C10mim]Cl as an ad-
ditive, the addition of 0.1 wt% of IL led to a conductivity of
21.47 mS cm−1 in the top phase and 7.33 mS cm−1 in the bottom
phase, whereas, for the addition of 0.5 wt% IL, the conductivities were
22.67 and 11.27 mS cm−1, respectively, for the top and bottom phases.
Thus, it seems that, at high IL concentrations, [C10mim]Cl interacts
more with Triton X-114, creating mixed micelles, which causes an in-
crease in the conductivity and charge of the system. The system without
IL had low conductivity, meaning that some of the IL molecules interact
with Triton X-114 while the remaining IL molecules migrate to the top
phase. Thus, we believe that some of the IL interacts with Triton X-114,
forming mixed micelles, while the rest migrates to the micelle-poor
phase. Because the AMTPS are dynamic systems, this phenomenon
occurs continuously. To better understand the phenomena occurring in
the systems composed of Triton X-114 and imidazolium-based ILs,
further experiments to characterize the micelles will be performed (this
was not the focus of the present work).

The partitioning behavior of biomolecules is strongly related to the
binodal curves of the AMTPS; for many cases, the binodal curve can be
easily found in the literature, and, thus, the partitioning experiments
can be performed directly. However, as demonstrated in this section,
when the aim is to extract a biomolecule from a complex fermented
broth, the influence of the fermented media on the binodal curve and
the effect of the balance of the interactions in the micelles at equili-
brium must be investigated.

3.2. Extraction of red colorants from fermented broth using AMTPS

The extraction and purification of different biomolecules using
AMTPS require a series of different conditions that can directly

influence the partitioning of the solute into one of the co-existing
phases; these conditions include the chemical composition, tempera-
ture, pH, or the addition of specific adjuvants, affinity ligands, or am-
phiphilic structures [38]. Thus, considering the binodal curves obtained
from tests with the fermented broth (Fig. 2), different settling tem-
peratures were defined for each partitioning mixture to ensure that the
mixture selected would result in two macroscopic phases (the tem-
peratures are presented in Table S1; Supporting Information).

3.2.1. Effect of Triton X-114 concentration
An initial screening was performed to evaluate the partitioning of

the red colorants by using AMTPS with different concentrations of
Triton X-114 (3–15 wt%) and Mcllvaine buffer at pH 6.5, without the
addition of any IL; the results are compiled in Fig. 4.

Analysis of the data in Fig. 4 demonstrates that the colorants par-
titioned into the micelle-rich phase (KRC > 1.0) for the systems with
low concentrations of Triton X-114 (3–7 wt%), whereas, at high sur-
factant concentrations (9–15 wt%), the red colorants were equally
distributed throughout both phases (KRC close to 1). One hypothesis for
this behavior is that an increase in the concentration of Triton X-114
increases the hydrophobicity of the bottom phase (micelle-rich phase),
thereby increasing the affinity of the red colorants for the top phase
(micelle-poor phase).

Although the structure of the colorant is unknown, the previous
results of our group [39] showed that red colorants in the fermented
broth of T. amestolkiae have negative octanol/water partition coeffi-
cient at pH 6.5, characteristic of hydrophilic biocompounds. It is im-
portant to clarify that, in the fermented broth, the colorants may be
linked with other more hydrophilic compounds, and the colorant itself
is not necessarily a hydrophilic molecule. Thus, it has been observed
that when the relative hydrophobicity of the micelle-rich phase was
increased (i.e., a higher Triton X-114 concentration), the colorant began
to migrate to the more hydrophilic phase (micelle-poor phase). How-
ever, considering that both co-existing phases are water-rich environ-
ments, other types of interactions can influence the partitioning of the
molecules, such as electrostatic repulsive interactions and volume ex-
clusion effects. Thus, it is quite clear that, at low concentrations of
Triton X-114, the mechanism governing the migration of the red col-
orants is not related to their hydrophilicities (hydrogen bonding type
interactions) since the solute is preferentially partitioned into the
water-poor phase (despite its hydrophilic characteristics). The AMTPS
with only 3 wt% Triton X-114 showed the highest ability to concentrate
the red colorant, having a KRC of 2.16. This system was 3-fold more
efficient in the extraction of the red colorant than the system with 15 wt
% Triton X-114. For the system with 3 wt% Triton X-114, the
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Fig. 4. Partition coefficients of red colorants (KRC) from the fermented broth produced by
T. amestolkiae using AMTPS composed of different concentrations of Triton X-114
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conductivity of the top phase (micelle-poor phase) of the system was
twice as high as that of the micelle-rich phase.

Furthermore, the increased partitioning of the red colorants into the
micelle poor-phase (top phase), observed at high concentrations of
Triton X-114, may also be influenced by some volume exclusion effects
or by an increase in the relative hydrophobicity of this phase. In terms
of the volume exclusion effects, Triton X-114 has a high molecular
weight (536 g mol−1), and, with increasing surfactant concentration, a
large number of micelles will be created. With more micelles in the
micelle-rich phase, the space available for the red colorant molecules
decreases (making it more difficult for them to remain in this phase),
and the molecules will be partitioned into the surfactant-poor-phase,
leading to a decrease in the KRC as the concentration of Triton X-114
increases.

There are no documented studies of the recovery of natural color-
ants using AMTPS; thus, this is the first attempt to evaluate these sys-
tems in the presence of ILs for the extraction of colorants from fer-
mented broth.

3.2.2. Effects of different ILs
After the first screening to assess the influence of the content of

Triton X-114 on the extraction of the red colorants, three series of
AMTPS were prepared by combining Triton X-114, Mcllvaine buffer at
pH 6.5, and the following imidazolium-based ILs as adjuvants:
[C8mim]Cl, [C10mim]Cl, and [C12mim]Cl. The mixtures were prepared,
and the extraction of the red colorants was performed at pre-specified
temperatures (Table S1, Supporting Information). The results obtained
for each series of partitioning studies are presented Fig. 5.

Fig. 5 shows that the red colorant was preferentially partitioned into
the micelle-rich phase (more hydrophobic). The AMTPS using ILs as
surfactants showed a similar trend to that of the systems composed
solely of Triton X-114 (Fig. 4), where, as the concentration of the sur-
factant increased, the KRC decreased. However, the presence of the ILs
promoted a high partitioning of the red colorants into the micelle-rich
phase when low concentrations of Triton X-114 were used. To evaluate
if attractive electrostatic interactions were operative in the system, the
zeta potential of both coexisting phases were measured for all systems,
as well as for the red colorants dissolved in pH 6.5 buffer (results not
shown). The presence of the ILs induced the formation of positively
charged mixed micelles, resulting in the attraction of the red colorants
(negatively charged at pH 6.5). This phenomenon was particularly
pronounced at low concentrations of Triton X-114, where the relative
hydrophobicity of the micelle-rich phase is reduced, increasing the
electrostatic interactions between the colorants and charged micelles.
However, with an increase in the concentration of Triton X-114 and the
ILs, the micelle-rich phase became quite hydrophobic. Consequently, it
is probable that the electrostatic interactions between the red colorant
and the ILs were not sufficient strong to keep the target biomolecule in
the micelle-rich phase and the red colorants start to migrate to the more
hydrophilic environment of the micelle-poor phase.

The AMTPS composed of Triton X-114 (3 wt%, which was the
lowest concentration of surfactant) and 0.1 and 0.3 wt% of [C12mim]Cl
had respective KRC values of 4.9 and 5.1. The systems composed of
Triton X-114 (3 wt%) and 0.1 wt% of [C10mim]Cl gave a rise to the
highest KRC (6.1), whereas for the systems with the same concentration
of Triton X-114 and 0.1 wt% [C8mim]Cl, the KRC was 4.9. The parti-
tioning aptitude of the [C10mim]Cl-based AMTPS with 3 wt% Triton X-
114 and 0.5 wt% IL was not assessed because the Tcp was higher than
80 °C.

The series of results shown in Fig. 5 demonstrated that, in general,
the addition of small amounts of IL to the system improved the parti-
tioning of the red colorants produced by T. amestolkiae into the micelle-
rich phase. Furthermore, the migration of the colorants was favored in
AMTPS at low surfactant concentrations, where the number of micelles
in Triton X-114 was lower, probably because of electrostatic attraction
between the colorants and the ILs. Although both main partitioning

trends were noticed for all the systems, from the data of each IL-based
AMTPS, three distinct trends are clearly observed: (i) there is an in-
crease in the KRC with 0.3 and 0.5 wt% of [C8mim]Cl when the Triton
X-114 concentration was greater than 5 wt% (Fig. 5a); (ii) it occurs an
increase in the KRC with the addition of 0.5 wt% [C10mim]Cl (Fig. 5b);
and (iii) the addition of [C12mim]Cl has a negligible effect on the KRC

(Fig. 5c). These trends can be easily understood based on the balance of
the hydrophobic and electrostatic interactions and the volume exclu-
sion effects between the colorant molecules and the micelles induced by
the ILs, as well as in terms of the change in the size and structure of the
micelles. Although further structural studies are required to fully reveal
the partitioning mechanisms at the molecular level, for imidazolium-
based ILs with a long alkyl chain co-surfactants, such as [C12mim]Cl,
the partitioning of the solutes occurs via an entirely different driving
mechanism than that of the shorter IL ([C8mim]Cl). The use of sur-
factant-like ILs promotes the formation of mixed micelles that act as
traditional surfactant AMTPS, where the concentration of the micelles

Fig. 5. Partition coefficients of red colorants (KRC) from the fermented broth produced by
T. amestolkiae using AMTPS composed of different concentrations of Triton X-114
(3–15 wt%), Mcllvaine buffer at pH 6.5 and different concentrations (0.1, 0.3, and 0.5 wt
%) of the following ILs as co-surfactants: a) [C8mim]Cl; b) [C10mim]Cl; and c)
[C12mim]Cl. The error bars represent 95% confidence limits for the measurements.
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is the main factor influencing the partitioning. On the other hand, with
the use of shorter ILs as the co-surfactants, the charge distributions of
the ions and their ability to establish specific interactions with the so-
lutes become the main factor governing the migration.

3.2.3. Effect of temperature
The temperature is a major factor in the partitioning of several so-

lutes, and, considering that different AMTPs exhibit different Tcp values,
it is crucial to understand how the temperature affects the extraction of
the red colorant produced by T. amestolkiae. Thus, in this section, the
influence of temperature on the partitioning of the red colorant is
evaluated. For this purpose, three different AMTPS composed of 3 wt%
Triton X-114 and 0.1 wt% [C10mim]Cl in Mcllvaine pH 6.5 buffer (the
system that exhibited the highest partitioning ability in the previous
screening) were prepared and used to separate the red colorants at
three temperatures (25, 35, and 45 °C). The KRC and the VR from three
independent assays are compared in Table 1.

The results clearly show that the temperature has a significant effect
on the partitioning of the red colorant produced by T. amestolkiae. A
10 °C rise in the settling temperature of the AMTPS greatly increased
the KRC. A comparison of the partitioning ability of the AMTPS (settled
at 45 °C) at the lowest (25 °C) and highest (45 °C) temperatures showed
a 3.8-fold increase at the highest temperature. Furthermore, it is im-
portant to point out that most of the systems used in this work (previous
sections) have VR values close to 1 (Table S3, Supporting Information).
The temperature increase caused a decrease in the VR of the Triton X-
114/[C10mim]Cl-based AMTPS (From VR25°C = 1.27 to VR45°C = 0.09).
Thus, at higher temperatures, the reduction in the volume of the bottom
phase caused an increase in the concentration of the red colorants in the
surfactant-rich phase, and, consequently, the corresponding KRC in-
creased. The temperature strongly affects the entropy of systems; thus,
because the AMTPS are dynamic systems, with increasing temperature,
the entropy of the systems increased, and a large amount of energy was
provided to the system. Consequently, the electrostatic interactions
between the charged red colorants and mixed micelles were enhanced
(high KRC values).

In summary, the results obtained in this work, after the temperature
adjustment, are quite promising and support the use of these AMTPS as
effective alternatives for the extraction of red colorants from T. ames-
tolkiae fermented broth. Comparison with previous studies shows that
these systems exhibit a strong ability to concentrate the red colorants
relative to previous systems using colloidal gas aphrons and CTAB as
surfactants [39], systems for which the maximum partitioning coeffi-
cient was 5.5. In the cited work, the authors used a positively charged
(CTAB) and negatively charged (SDS) surfactants, and the colorant was
partitioned into the CTAB-rich phase, possibly because of the electro-
static attraction between the negatively charged solutes and the posi-
tively charged CTAB.

4. Conclusion

The use of ILs from the imidazolium family as a co-surfactant in
AMTPS was evaluated for the extraction of the red colorant from the
fermented broth of T. amestolkiae. The binodal curves for the AMTPS

composed of Triton X-114 with [C8mim]Cl, [C10mim]Cl, or [C12mim]Cl
in the presence and absence of fermented broth were determined. The
addition of ILs and the presence of fermented broth induced an increase
on the TCP. The addition of ILs affected the TCP by the diminishing of the
contact with water with an increase in the alkyl chain length and due to
electrostatic repulsions between charged molecules. The increase of the
TCP by presence of the fermented broth was caused by the presence of
residual contaminants (salts, sugar) of the broth and their interactions
with surfactant molecules.

The red colorant partitioning aptitude of each AMTPS was eval-
uated, being the colorant preferentially partitioned into the micelle-rich
phase with low Triton X-114 concentrations and equally distributed
between both phases in equilibrium at high surfactant concentrations.
The best result was obtained for the system composed with 3 wt%
Triton X-114. However, the addition of 0.1 or 0.3 wt% of the
[C12mim]Cl or [C10mim]Cl increased the KRC molecule by approxi-
mately 2.3-fold when compared to the AMTPS without ILs. The addition
of low ILs’ concentrations favored the red colorants partitioning into the
micelle-rich phase when low concentrations of Triton X-114. It seems
that the formation of ILs-Triton X-114 mixed micelles occurred, and
some favorable electrostatic attraction between the colorants and the
ILs enhancing the migration of the colorants into the micelles. Although
the partitioning mechanisms are not fully understood the set of the
results obtained in this work clearly demonstrates that the addition of
small concentrations of [C12mim]Cl or [C10mim]Cl to the AMTPS im-
proved the partitioning of the target molecule. Furthermore, the tem-
perature effect on the partitioning was also addressed, where a 10 °C
rise in the settling temperature of the AMTPS enhances greatly the
values of the KRC, highlighting the importance of this parameter in the
partitioning of the molecules when used AMTPS.
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