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The textiles manufacturing is one of the core industries which discharges a heavy load of chemicals dur-
ing the dying process. As a result, the release of large contents of dyes through aqueous effluents leads to
both environmental and economic concerns. Aiming at developing more benign methodologies than
those studied hitherto, this work proposes a novel approach to remove dyes from aqueous discharges
by the use of ionic liquid (IL)-based aqueous two-phase systems (ATPS). A detailed study on the partition
coefficients and extraction efficiencies of a set of textile dyes (chloranilic acid, indigo blue and sudan III)
using ATPS composed of ILs (phosphonium- and imidazolium-based) and an inorganic (aluminium sul-
phate) or organic salt (potassium citrate) is here addressed. The gathered data allow the evaluation of
the IL chemical structure, the nature of the salt, as well as the pH of the aqueous medium. The results
obtained reveal that a proper selection of the IL and salt can lead to the complete extraction of the three
dyes to the IL-rich phase in a single-step procedure. Moreover, the dyes recovery to further allow the
reuse of the IL-rich phase is also described. This new approach, using hydrophilic ILs, is consequently
more environmentally friendly and could be envisaged as a promising process for reducing the pollution
of wastewaters.

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

Dyes are widely used in various industries including the textile,
leather tanning, paper, plastics, food, cosmetic, printing, among oth-
ers, for the colouration of their related products [1–4]. Unfortu-
nately, and despite all their interest, the dyes commonly employed
have a synthetic origin and are based on complex aromatic struc-
tures which make them highly stable and resistant to biodegrada-
tion [5,6]. Annually, 1 million tons of dyes are produced worldwide
[2], and 10–15% of them are discharged by the textile industry [7].
Wastewaters of these industries are a considerable source of pollu-
tion and it was already demonstrated that they largely affect the
photosynthetic activity [4,8]. Moreover, most of these dyes and their
metabolites are toxic and potentially carcinogenic in nature, thus
affecting the aquatic biota and human health [4]. In this context,
environmental regulations are becoming stricter in what concerns
the discharge and removal of dyes from aqueous effluents [8,9].

Different methods for the removal of dyes from water and
wastewaters have been investigated, and these include biological,
physical (membrane filtration, adsorption, coagulation, floccula-
tion, precipitation, reverse osmosis, ion exchange, etc.) and chem-
ical (oxidation, ozonation, etc.) processes [8]. However, most of
these techniques display major drawbacks, such as a high-running
cost, low-removal efficiency, and a labour-intensive operation.
Therefore, the development of alternative and cost-effective removal
strategies is a top priority in the treatment of dye-containing
wastewaters [3,8]. Liquid–liquid extraction has often been a pre-
ferred choice in separation processes; yet, this approach commonly
requires the use of volatile and toxic organic solvents [10]. Aiming
at avoiding the use of organic solvents as extractive phases, aque-
ous two-phase systems (ATPS) have been introduced as an alterna-
tive strategy [11]. ATPS consist of two aqueous-rich phases usually
formed by polymer/polymer, polymer/salt, or salt/salt combina-
tions [12,13]. The basis for the solutes partitioning in ATPS is a
direct result of their selective distribution between the two phases,
governed by the affinity of the target molecule for a given phase
[14]. In recent years, it was demonstrated that ionic liquids (ILs)
are viable alternatives [15] to common polymer-based ATPS, which
usually present narrower differences in their phases polarities [16]
and hence display significant limitations on their extraction
efficiencies.

ILs have attracted a wide attention in diverse areas of chemis-
try, biotechnology and environmental engineering, mainly due to
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their unique combination of physicochemical properties: negligi-
ble volatility, non-flammability, high thermal and chemical stabil-
ity, and a large liquid temperature range [17]. These properties
have contributed to their widespread recognition of more environ-
mentally-friendly compounds and as potential solvents for the
replacement of the noxious volatile organic compounds currently
used in industrial processes [18,19].

Even though some controversy has appeared in literature
regarding the lack of a complete life cycle assessment on ILs [20],
hydrophilic or water-soluble ILs present, in general, a rather low
toxicity [21], whereas their negligible vapour pressure at atmo-
spheric conditions is already a good marker envisaging the reduc-
tion of atmospheric pollution. Moreover, the physicochemical
properties of ILs can be tailored by the proper choice of their cat-
ion/anion combinations, and which allows them to be tuned for
specific applications, such as in extraction processes [12,22]. Cer-
tainly, the replacement of a conventional process by an alternative
strategy based on new solvents must be more environmentally
attractive, i.e., the new solvents should have a small life cycle im-
pact, allow a high degree of reusability, and lead to high yields
and to an easy separation [23,24]. Therefore, solvents such as ILs
are potential alternatives only if they fulfill the previous require-
ments. Since ILs are tunable compounds it is possible to synthetize
ILs with a low environmental footprint and a small life cycle im-
pact [24,25]. Yet, their recovery and reuse are mandatory features
when large scale applications are foreseen.

Based on the tailoring ability of ILs, either for the solvation of a
wide array of compounds or for the extraction of the most diverse
biomolecules from aqueous media [12], the use of IL-based ATPS to
extract and remove dyes typically discharged by the textile indus-
try is described in this work envisaging their potential application
in the treatment of aqueous effluents. Recent publications reported
the use of ILs in the extraction of dyes from water-rich phases
[26–32]. Nevertheless, in these studies [26–32], hydrophobic ILs,
i.e. non water-miscible ILs at temperatures close to room temper-
ature, were employed. Most of the hydrophobic ILs contain fluori-
nated ions which are environmentally less benign and some of
them even tend to be unstable in aqueous media (leading to the
release of fluoridic acid [33]). Fluorinated ILs also tend to be more
expensive than halogen-based counterparts. Furthermore, the
toxicity of ILs mainly depends on their hydrophobicity, and hydro-
philic ILs are recognized as more environmentally friendly com-
pounds [21]. Finally, it was previously shown that IL-based ATPS
can lead to complete extractions and high concentration factors
of a wide variety of compounds by a proper tailoring of the IL
chemical structure and by modification of the salting-out agent
[34–36], further guaranteeing the potentiality of IL-based ATPS
for the complete removal of textile dyes from aqueous media.

To test the ability of IL-based ATPS to extract/remove textile
dyes from aqueous effluents, different ATPS composed of several
ILs and two distinct salts were investigated here, with the aim of
evaluating the influence of the IL structural features, the nature
and salting-out ability of the salt employed, and the pH of the
aqueous medium. The partition coefficients and extraction effi-
ciencies of three current textile dyes, sudan III, indigo blue and
chloranilic acid (Fig. 1), for the IL-rich phase were experimentally
determined at 25 �C. Whenever necessary, the ternary phase dia-
grams (IL + salt + water), which allows the identification of the
monophasic/biphasic regimes, were also determined at 25 �C.

2. Materials and methods

2.1. Chemicals

The ILs studied in this work were: 1-ethyl-3-methylimidazo-
lium trifluoromethanesulfonate (triflate), [C2mim][CF3SO3] (purity
99 wt%); 1-butyl-3-methylimidazolium trifluoromethanesulfonate
(triflate), [C4mim][CF3SO3] (purity 99 wt%); 1-butyl-3-methyl-
imidazolium tosylate, [C4mim][Tos] (purity 98 wt%); 1-butyl-3-
methylimidazolium dicyanamide, [C4mim][N(CN)2] (purity > 98 wt%);
tetrabutylphosphonium bromide, [P4444]Br (purity 95 wt%); tribu-
tylmethylphosphonium methylsulphate, [P4441][CH3SO4] (purity
96–98 wt%); tri(isobutyl)methylphosphonium tosylate, [Pi(444)1]
[Tos] (purity 98 wt%); and tetrabutylphosphonium chloride,
[P4444]Cl (purity 97 wt%). The chemical structures of the investi-
gated ILs are depicted in Fig. 2. The phosphonium-based ILs were
kindly supplied by Cytec Industries Inc. whereas the imidazoli-
um-based compounds were purchased from Iolitec. Before use,
all ILs were purified and dried, for a minimum of 48 h, under con-
stant agitation, at moderate temperature (�80 �C) and under vac-
uum, to reduce their volatile impurities to negligible values. After
this step, the purity of each IL was also confirmed by 1H and 13C
NMR spectra and found to be in accordance with the purity levels
given by the suppliers.

The salts used were the inorganic salt aluminium sulphate, Al2

(SO4)3 (P98.0 wt% pure), and the organic salt potassium citrate,
K3C6H5O7�H2O (P99 wt% pure), acquired from Himedia and
Sigma–Aldrich, respectively.

The water employed was ultra-pure water, double distilled,
passed by a reverse osmosis system and further treated with a
Milli-Q plus 185 water purification equipment.

The dyes used were sudan III and chloranilic acid (>99 wt%
pure), both from Merck, and indigo blue (>95 wt% pure) acquired
from Sigma–Aldrich.

2.2. Phase diagrams and tie-lines

Most of the phase diagrams of the ATPS used here have been
previously reported in literature [37,38]. Nonetheless, novel ter-
nary phase diagrams were also determined in this work to expand
the study on the ILs and salts influence through the extraction effi-
ciencies of the three dyes. The ILs investigated for the creation of
ATPS comprise imidazolium- and phosphonium-based compounds
whereas the salts used include an inorganic and an organic salt,
Al2(SO4)3 and K3C6H5O7, respectively. The novel ternary phase
diagrams (IL + salt + water) were determined at 25 �C and atmo-
spheric pressure with the organic salt for the following ILs: [C2mim]
[CF3SO3], [C4mim][Tos], [P4444]Br, [P4441][CH3SO4] and [Pi(444)1]
[Tos].

The binodal curves of the ternary phase diagrams were deter-
mined through the cloud point titration method at 25 (±1) �C
and atmospheric pressure [39,40]. Aqueous solutions of K3C6H5O7

and aqueous solutions of the different hydrophilic ILs at variable
concentrations were prepared gravimetrically, and used for the
determination of the binodal curves. Drop-wise addition of the
aqueous organic salt solution to each IL aqueous solution, or vice
versa, 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 (monopha-
sic 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
±10�4 g (using an analytical balance, Mettler Toledo Excellence
XS205 DualRange). All the calculations considering the weight
fraction or molality of the citrate-based salt were carried out dis-
counting the complexed water.

The tie-lines (TLs), which allow the inspection on the coexisting
phases’ compositions, were determined by a gravimetric method
originally described by Merchuk et al. [41]. In this method, a mix-
ture at the biphasic region (IL + salt + water) was gravimetrically
prepared within ±10�4 g, vigorously stirred, and left for at least
12 h at (25 ± 1) �C to reach the complete separation and equilibration



Fig. 1. Chemical structures of the textile dyes studied: (i) indigo blue; (ii) chloranilic acid and (iii) sudan III.

Fig. 2. Chemical structures of the ILs investigated: (i) [C2mim][CF3SO3]; (ii) [C4mim][CF3SO3]; (iii) [C4mim][Tos]; (iv) [C4mim][N(CN)2]; (v) [P4444]Br; (vi) [P4441][CH3SO4]; (vii)
[Pi(444)1][Tos] and (viii) [P4444]Cl.
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of the coexisting phases. After separation, both top and bottom
phases were weighed. The experimental binodal curves were fitted
using Eq. (1) [41],

½IL� ¼ Aexp½ðB½Salt�0:5Þ � ðC½Salt�3Þ� ð1Þ

where [IL] and [Salt] are the IL and salt weight fraction percentages,
respectively, and A, B and C are fitted constants obtained by the
regression. Each individual TL was determined by a mass balance
approach through the relationship between the top weight phase
composition and the overall system composition. For the determi-
nation of TLs the following system of four equations (Eqs. (2)–(5))
was used [41]:
½IL�IL ¼ Aexp½ðB½Salt�0:5IL Þ � ðC½Salt�3ILÞ� ð2Þ

½IL�Salt ¼ Aexp½ðB½Salt�0:5SaltÞ � ðC½Salt�3SaltÞ� ð3Þ

½IL�IL ¼
½IL�M
a
� 1� a

a

� �
½IL�Salt ð4Þ

½Salt�IL ¼
½Salt�M

a
� 1� a

a

� �
½Salt�Salt ð5Þ

where the subscripts IL, Salt and M designate the top, bottom and
the mixture phases, respectively. The parameter a is the ratio
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between the top weight and the total weight of the mixture. The
solution of the this system provides the concentration (wt%) of
the IL and salt in the top and bottom phases, and thus the TLs can
be easily represented. For the calculation of the tie-line lengths
(TLLs) Eq. (6) was applied,

TLL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð½Salt�IL � ½Salt�SaltÞ

2 þ ð½IL�IL � ½IL�SaltÞ
2

q
ð6Þ
Biphasic 
region

Monophasic 
region

Monophasic 
region

Biphasic 
region

Fig. 3. Ternary phase diagrams for systems composed of IL + salt + water at 25 �C
and atmospheric pressure: (�) [C2mim][CF3SO3], ( ) [C4mim][CF3SO3], ( ) [C4mim]
[N(CN)2], ( ) [C4mim][Tos], ( ) [P4444]Cl, ( ) [P4444]Br, ( ) [P4441][CH3SO4] and ( )
[Pi(444)1][Tos].
2.3. pH measurements

The pH values (±0.02) of both the IL-rich and salt-rich aqueous
phases were measured at (25 ± 1) �C using a Mettler Toledo S47
SevenMulti™ dual meter pH/conductivity equipment.

2.4. Partition coefficients and extraction efficiencies of the textile dyes

The ternary mixtures compositions used in the partitioning
experiments were chosen based on the phase diagrams previously
published [37,38] or determined here. A ternary mixture with a
common composition, and within the biphasic region, was pre-
pared with 10 wt% of salt, 45 wt% of IL and 45 wt% of water. Only
for the system composed of [P4441][CH3SO4] and the citrate-based
salt a different composition (19 wt% of salt, 35 wt% of IL and
46 wt% of water) was used due to the smaller biphasic region
obtained with this IL. In each system, a small amount of dye,
�0.30 mg, was added to glass tubes containing the ternary compo-
sitions with a total weight of 5 g. Each mixture was vigorously stir-
red and left to equilibrate for at least 12 h, at 25 (±1) �C, to achieve
a complete dye partitioning between the two phases.

In the studied ATPS, the top phase corresponds to the IL-rich
aqueous phase while the bottom phase is mainly composed of salt
and water. The only exception was observed with the [C4mim]
[CF3SO3]-based systems [37] and with the system composed of
[C2mim][CF3SO3] and the organic salt. The higher density of the
fluorinated ILs is the main reason behind this inversion on the
phases’ densities [42].

After a careful separation of both phases, the quantification of
each dye in the two phases was carried by UV-spectroscopy, using
a Shimadzu UV-1700, Pharma-Spec Spectrometer, at a wavelength
of 348 for sudan III, 335 nm for indigo blue and 321 nm for chlora-
nilic acid. At least three individual experiments were performed in
order to determine the average in the partition coefficient and
extraction efficiency, as well as the respective standard deviations.
The interference of the salts and ILs with the quantification method
was also ascertained and blank control samples were always used.

The partition coefficient of the studied dyes, KSud for sudan III,
KIB for indigo blue, and KCA for chloranilic acid, are defined as the
ratio of the concentration of each dye in the IL- to that in the
salt-rich aqueous phases according to Eq. (7),

KDye ¼
AbsIL

Dye

AbsSalt
Dye

ð7Þ

where AbsIL
Dye and AbsSalt

Dye are the absorbance of each dye at the max-

imum wavelength and adjusted by the respective dilution factor, in
the IL-rich and in the salt-rich aqueous phases, respectively.The
percentage extraction efficiency of each dye, EESud% for sudan III,
EEIB% for indigo blue, and EECA% for chloranilic acid, is the percent-
age ratio between the amount of dye in the IL-rich aqueous phase to
that in the total mixture, and is defined according to Eq. (8),

EEDye% ¼
AbsIL

Dye �wIL

AbsIL
Dye �wIL þ AbsSalt

Dye �wSalt

ð8Þ

where wIL and wSalt are the weight of the IL-rich and the salt-rich
phases, respectively.
3. Results and discussion

The development of more efficient, economic and environmen-
tally-friendly processes to remove and recover dyes from wastewa-
ters is a top priority issue. In this work, the choice of Al2(SO4)3 was
due to its strong salting-out aptitude [43] and because it is already
used in water treatment processes [44]. However, common inor-
ganic salts lead to environmental concerns due to their high charge
density and formation of aqueous solutions of high ionic strength
[37]. Since organic salts tend to be biodegradable and nontoxic
[45–47], an organic salt, potassium citrate, was also tested here.

The new phase diagrams for the ILs [C2mim][CF3SO3],
[C4mim][Tos], [P4444]Br, [P4441][CH3SO4] and [Pi(444)1][Tos] combined
with the organic salt are illustrated in Fig. 3. The ternary phase
diagrams previously reported for [P4444]Cl, [C4mim][CF3SO3] and
[C4mim][N(CN)2] with K3C6H5O7 [37] are also included for
comparison purposes. In addition, the phase diagrams comprising
the salt Al2(SO4)3 [38] are also depicted in Fig. 3. The detailed
experimental weight fraction data of each phase diagram are
presented in Supplementary Material 1.

From the analysis of Fig. 3, it is visible that the solubility curves
show a strong dependency on the IL chemical nature. The solubility
curves give the minimum weight fraction composition to form a spe-
cific ATPS and separate the monophasic from the biphasic regions.
The larger the monophasic region the higher is the amount of IL
and/or salt needed to induce the ATPS formation. From the gathered
data, for a fixed concentration of 10 wt% of salt, the tendency of the
ILs to form ATPS by the addition of Al2(SO4)3 follows the order: [P4444]
Br > [C4mim][CF3SO3] > [P4444]Cl � [P4441][CH3SO4] > [Pi(444)1][Tos] >
[C4mim][N(CN)2] > [C2mim][CF3SO3] � [C4mim][Tos]. At the same
concentration of the organic salt, the ability of the ILs to undergo
liquid–liquid demixing follows the rank: [C4mim][CF3SO3] > [P4444]
Br > [C4mim][N(CN)2] > [P4444]Cl� [Pi(444)1][Tos] > [C2mim][CF3SO3]�
[C4mim][Tos]. Albeit small differences in the ranking order of the ILs
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are observed it seems that, in general, ILs tend to closely follow the
same order for a wide variety of salts [34]. These small differences
can be derived from purity levels of the IL or from pH-derived effects
[42,48]. In general, the higher the hydrophobicity of the IL, the higher
is the ability of such IL to undergo liquid–liquid demixing in the pres-
ence of a given salting-out inducing salt. An increase in the cation/
anion alkyl side chain length leads to an increase in the IL hydropho-
bicity and thus to a higher phase separation ability. This trend can be
seen with the ILs pair [C2mim][CF3SO3]/[C4mim][CF3SO3]. Further-
more, the four aliphatic chains present in phosphonium-based ILs
also confer a higher hydrophobicity to the IL and a consequent higher
capability for phase separation. On the other hand, it was already
demonstrated that the aptitude of ILs to create ATPS is largely depen-
dent on their hydrogen-bond basicity values [11]. The hydrogen-
bond basicity is a measure of the ability of the solvent to accept a
proton (or donate an electron pair) in a solute–solvent hydrogen-
bond. From the data predicted in Fig. 3, a decrease in the hydro-
gen-bond basicity of the IL anion promotes the formation of ATPS
and is in agreement with previous results [11]. For instance, the tri-
flate-based ILs, which present a lower ability to hydrogen-bond
with water, are more prone to be salted-out by conventional salts
in aqueous media.

For the studied systems, the experimental binodal data were
further fitted by the empirical relationship described by Eq. (1)
[41]. The regression parameters were estimated by a least-squares
regression, and their values and corresponding standard deviations
(r) are 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
Table 1
Correlation parameters used to describe the experimental binodal data by Eq. (1).

IL + K3C6H5O7 + water A ± r B ± r 105(C ± r) R2

[P4444]Br 108.6 ± 2.0 �0.442 ± 0.008 13.5 ± 0.46 0.9987
[P4441][CH3SO4] 480.0 ± 73.3 �0.733 ± 0.039 1.99 ± 0.02 0.9993
[Pi(444)1][Tos] 223.7 ± 8.3 �0.550 ± 0.013 15.0 ± 0.40 0.9982
[C2mim][CF3SO3] 207.6 ± 8.7 �0.522 ± 0.015 2.07 ± 0.29 0.9980
[C4mim][Tos] 119.8 ± 0.6 �0.330 ± 0.002 5.55 ± 0.04 0.9994

Table 2
Experimental data for TLs and TLLs of IL + K3C6H5O7 ATPS, initial mixture compositions ([

IL Weight fraction composition/ wt%

[IL]IL [salt]IL pHIL [IL]M

[P4444]Cl 52.07 5.95 8.19 44.56
[P4444]Br 84.16 0.33 7.44 44.69
[P4441][CH3SO4] 60.26 7.94 7.01 34.71
[Pi(444)1][Tos] 58.55 5.69 5.86 44.96
[C2mim][CF3SO3] 57.10 6.07 7.11 44.73
[C4mim][CF3SO3] 81.75 1.28 7.30 44.51
[C4mim][N(CN)2] 63.19 2.18 7.28 44.47
[C4mim][Tos] 55.78 5.26 8.24 44.75

Table 3
Experimental data for TLs and TLLs of IL + Al2(SO4)3 ATPS, initial mixture compositions ([I

IL Weight fraction composition/wt%

[IL]IL [salt]IL pHIL [IL]M

[P4444]Cl 55.44 2.9 1.41 44.85
[P4444]Br 63.40 1.69 1.41 44.94
[P4441][CH3SO4] 58.34 2.21 1.49 44.95
[Pi(444)1][Tos] 56.15 3.53 1.42 45.16
[C2mim][CF3SO3] 56.80 2.56 1.93 44.96
[C4mim][CF3SO3] 73.51 0.47 1.95 44.97
[C4mim][N(CN)2] 58.66 0.69 4.76 45.09
[C4mim][Tos] 53.57 4.84 3.16 45.05
with their respective length (TLL), are reported in Tables 2 and 3,
for the citrate- and sulphate-based systems, respectively, as well
as the initial composition of each system used for the extraction
studies and respective pH values.

After the complete characterization of the studied ATPS by the
determination of their phase diagrams, TLs and TLLs, they were
additionally evaluated in their ability to extract the textile dyes.
Figs. 4–6 depict the results obtained for the partition coefficients
of the three dyes in the several IL-based ATPS at 25 �C. It should
be noted that when K equals1 it means that the complete extrac-
tion was reached (no detection of dye in the salt-rich phase).

Outstanding results were obtained for sudan III and indigo blue
with the complete extraction of the dyes to the IL-rich phase either
by using the organic or the inorganic salt. Only chloranilic acid dis-
plays a partitioning trend more dependent on the IL nature with
partition coefficient values ranging between 0.89 to the complete
extraction, for the organic salt, and from 2.17 to the complete
extraction, with the inorganic salt. Besides the salting-out ability
of the two salts, this behaviour is also a consequence of the pH
of the aqueous media. The pH values of both phases in each ATPS
are given in Tables 2 and 3. The pH values of the systems composed
of IL + K3C6H5O7 + H2O are in the neutral/alkaline region (pH� 6–8)
whereas the systems composed of IL + Al2(SO4)3 + H2O are more
acidic (pH � 1–5). The main differences observed in the pH values
of the aqueous solutions are a direct consequence of the speciation
of the salts investigated. At pH values ranging from 1 to 8, the indigo
blue and sudan III are predominantly in a non-charged form - the
respective dissociation curves are shown in Supplementary
Material 2. However, the negative charged form of chloranilic acid
occurs at lower pH values (pKa1 = 5.22) [49]. Thus, chloranilic acid
is the dye most affected by the pH and is negatively charged in the
systems formed by the organic salt. This dye speciation can explain
the lower partition coefficients observed with chloroanilic acid for
the IL-rich phase with the ATPS based on potassium citrate. In fact,
and as previously confirmed with other molecules, charged species
tend to migrate to less hydrophobic and more ionic and hydrated
rich phases [16,50]. However, low partition coefficients for chloro-
anilic acid were also observed in the aluminium-based salt ATPS
where the pH values are below the dye pKa1. Therefore, besides
IL]M and [salt]M) and pH values of the coexisting phases.

TLL

[salt]M [IL]salt [salt]salt pHsalt

10.16 6.86 31.31 7.87 51.83
10.48 4.19 20.90 7.01 82.57
19.01 3.75 32.42 6.85 61.59
10.08 1.91 23.97 5.85 59.51
10.03 7.87 20.29 6.87 38.65
10.56 4.48 20.52 7.16 79.63
10.43 2.23 29.05 7.10 66.62

9.94 9.96 24.78 7.92 49.81

L]M and [salt]M), and pH values of the coexisting phases.

TLL

[salt]M [IL]salt [salt]salt pHsalt

10.00 1.01 39.42 1.30 65.55
9.97 1.37 29.51 1.26 67.98
9.97 2.81 34.38 1.35 64.18
9.93 0.10 36.17 1.385 64.86
9.96 6.26 34.19 1.76 59.62
9.96 4.49 23.43 1.90 72.74
9.94 0.95 40.04 4.65 69.85

10.63 0.82 40.67 3.00 63.77



Fig. 4. Partition coefficients of choranilic acid in the studied ATPS at 25 �C.

Fig. 5. Partition coefficients of indigo blue in the studied ATPS at 25 �C. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 6. Partition coefficients of sudan III in the studied ATPS at 25 �C.

Fig. 7. Percentage extraction efficiencies of chloranilic acid, EECA%, in different ATPS
at 25 �C.

Fig. 8. Percentage extraction efficiencies of indigo blue, EEIB%, in different ATPS at
25 �C. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

A.M. Ferreira et al. / Separation and Purification Technology 128 (2014) 58–66 63
the pH effect, the IL chemical structure is also playing a fundamen-
tal role. In general, the more hydrophobic phosphonium-based ILs
lead to higher partition coefficients of chloroanilic acid when com-
pared with the imidazolium-based counterparts. All these features
also mirror that of the low affinity of the organic and more hydro-
phobic dyes for water and their preferential partitioning to organ-
ic-rich phases. The reported logKOW (octanol–water partition
coefficient) of choranilic acid, indigo blue and sudan III are 0.76
[49], 2.65 [49] and 7.47 [49], respectively. Thus, the lower partition
coefficient obtained with chloranilic acid seems to be further
justified.

Amongst the studied ILs, the phosphonium-based ILs are in gen-
eral more efficient in the extraction/removal of textile dyes from
aqueous media. Indeed, the imidazolium-based ILs are not able
to extract indigo blue - the reason why the respective data are
not presented in Fig. 5. With the imidazolium-based ATPS it was al-
ways observed the precipitated dye at the interface, while phos-
phonium-based ILs completely remove and dissolve indigo blue
from the opposite saline aqueous phase. This pattern reveals that
indigo blue cannot be dissolved by any of the aqueous phases
of the imidazolium-based systems. Nevertheless, it should be
highlighted that this precipitation trend can also be seen as a treat-
ment method itself for the removal of dyes from aqueous media
and as previously attempted by other authors [49].

In summary, both salts used are strong salting-out agents
according to the Hofmeister series (high-charge density anions
with an improved ability to create hydration complexes) [50] and
are able to further induce the partitioning of the dyes to the IL-rich
phase. Depending on the purpose and specific application, either
an inorganic salt used in water-treatment processes or a biode-
gradable and less toxic organic salt can be chosen.

For an easier interpretation of the partitioning data and to
ascertain on the potential of the investigated ATPS for scale-up,
the extraction efficiencies of the three dyes in the investigated sys-
tems are depicted in Figs. 7–9. It should be noted that a high par-
tition coefficient does not necessarily correspond to a high
extraction efficiency, or vice versa, since the first is dependent on
the volume/weight of the coexisting phases. The percentage
extraction efficiencies (EE%) are defined as the percentage ratio be-
tween the amount of dye in the IL-rich phase to that in the total
mixture.

The extraction efficiencies of the three dyes, in all ATPS investi-
gated, are always higher than 50%. Moreover, in most of the sys-
tems evaluated, the extraction efficiencies reach 100%. To the
best of our knowledge, we report here, for the first time, the
remarkable ability of IL-based ATPS to extract textile dyes in a sin-
gle-step procedure with extraction efficiencies up to 100%.
Although some data regarding the extraction of dyes are already
reported in the literature [26–29,32], with extraction efficiencies
ranging from 60–98% for the IL-rich phase, the extraction efficien-
cies achieved here are larger and were attained with water-miscible
ILs. It should be further remarked that the higher extraction
efficiencies previously reported in literature were achieved by



Fig. 9. Percentage extraction efficiencies of sudan III, EEsud%, in different ATPS at
25 �C.
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multiple extraction steps [27], by the optimization of additional
parameters, such as temperature, pH and addition of inorganic
salts [29,32], by coupling the extraction with the use of volatile
and toxic solvents [26], or by adding crown ethers with strong
complexation abilities with metal ions [28]. Furthermore, the ILs
used in literature works are usually fluorinated, and thus more
expensive, toxic and non-water stable [21,33,51]. For instance, tet-
rabutylammonium bromide in a methylene chloride solution was
employed for the liquid–liquid extraction of anionic dyes with a
maximum extraction efficiency of 98% (from a 50 mg�dm�3 dye
aqueous solution) [26]. Under the optimized conditions, 85–99%
of methyl orange, almost 100% of eosin yellow, and 69% of orange
G were transferred from an aqueous phase to hexafluorophos-
phate- and tetrafluoroborate-based water-immiscible ILs [29].
Improved results were also obtained with the hydrophobic meth-
yltrioctylammonium thiocyanate with extraction efficiencies of
89% and 64% for methyl orange and methylene blue, respectively
[32]. Using the water immiscible N-butyl-N-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide, extraction efficiencies up to
95% for azo dyes were achieved; yet, requiring two to three cycles
of fresh IL [27]. Therefore, the novel approach proposed here, based
Fig. 10. Extraction of choranilic acid (CA), indigo blue (IB) and sudan III (Sud) in the
ATPS composed of [P4444]Cl + potassium citrate at 25 �C.

Fig. 11. Scheme of the process used to recover
on ATPS composed of hydrophilic ILs, represents an alternative and
efficient strategy for wastewater treatment processes.

Finally, the use of phosphonium-based ILs to create ATPS aiming
at extracting dyes from aqueous media is recommended since they
allow higher extraction efficiencies than the imidazolium-based
compounds. Fig. 10 depicts one example of the visual identification
of the complete extraction behaviour observed with the ATPS con-
stituted by [P4444]Cl. Most studies comprising IL-based ATPS have
been focused on imidazolium-based ILs [36]. However, phospho-
nium-based ILs display additional advantages over the imidazoli-
um-based counterparts: they are less expensive and thermally
more stable [52,53]. Phosphonium-based ILs are also industrially
produced by Cytec, are available in a multi-ton scale and have been
used in industrial processes [52,53]. In addition, and unlike most
ILs, phosphonium-based ILs are less dense than water facilitating
therefore the use of conventional units designed for systems that
require the aqueous phase decantation [54,55]. Based on the
results demonstrated here and on the additional phosphonium-
based ILs advantages, they are particularly recommended for the
extraction/removal of textile dyes from wastewaters.

Aiming the development of a cost-effective and sustainable pro-
cess, additional experiments were carried out to evaluate the dyes
recovery possibility and the IL recyclability and reuse. Moreover, it
is of crucial importance to realize which is the saturation limit of
the IL-rich phase and in how many cycles it can be used in the
overall process.

The ATPS composed of [P4441][CH3SO4] and the organic salt was
selected as example and two approaches were tested. After the
complete removal of sudan III and indigo blue for the IL-rich phase,
each phase of the respective ATPS was carefully separated and then
the IL-rich phase was evaluated in what concerns the dye recovery
and possible IL recyclability. Either a slow-process of water evapo-
ration at 60 �C, to reduce the energetic input, or a reduction in tem-
perature (4 �C), were attempted. Both processes showed to induce
the dye precipitation. In the first method, water was further added
to regenerate the IL-rich phase, and in both examples the aqueous
solutions were filtered. The recovery of each dye was finally deter-
mined (by the quantification of each dye in the IL-rich phase after
filtration) and the respective values as well as a scheme of the
adopted procedure are depicted in Fig. 11.

After filtration, the IL-rich phase can be recovered and reused in
a new cycle. It should be remarked that the saturation limit of the
IL-rich phase is well above the saturation limit of each dye in water
meaning that the IL-rich phase can be reused in a large number of
cycles. In the experimental determination of the partition coeffi-
cients and/or extraction efficiencies, each dye in the overall ternary
mixture was at a concentration around 0.06 g/kg. This value leads
to a concentration at the IL-rich phase circa to 0.11 g/kg, for the
the dyes and to reuse the IL-rich phases.
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system composed of [P4441][CH3SO4] and the organic salt. The
saturation limit of this IL-rich phase with sudan III was found to
be 2.12 g/kg (by small additions of the dye and until the visual
inspection of the appearance of the first solid in solution at
25 �C). Furthermore, the saturation limit of sudan III in water is
0.002593 g/kg [49] revealing that the presence of the IL in aqueous
solution strongly increases the solubility of these highly hydrophobic-
type dyes in an IL-rich aqueous phase. All these values suggest
that the same IL-rich phase can be used up to 800 times without
reaching saturation.

4. Conclusions

In this work, the extraction of three textile dyes (chloranilic
acid, sudan III and indigo blue) from aqueous media using IL-based
ATPS was investigated. Besides the IL and salt effects, a slight pH-
dependent effect on the partitioning behaviour, in particular for
chloranilic acid, was also observed. In general, phosphonium-based
ATPS lead to higher partition coefficients and extraction efficien-
cies when compared with the imidazolium-based compounds.
Extraction efficiencies up to 100%, i.e. the complete removal of dyes
from aqueous solutions, were obtained in a single-step procedure
by a proper choice of the IL and salt nature. Furthermore, the dyes
recovery from the IL-rich phase to allow the IL reusability was also
experimentally demonstrated. These results suggest that IL-based
ATPS could be foreseen as alternative processes for the treatment
of wastewaters contaminated with textile dyes.
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