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Environmental problems arising from the release of dyes through industrial aqueous eﬄuents are an emerging
concern. To mitigate the problem, this work provides an experimental study on the use of aqueous two-phase
systems (ATPS) for the selective separation and posterior recovery of dyes. Additionally, the complete recycling
of the phase forming components is achieved. Azo dyes used in real textile industries, Direct Red 80 - DR80 and
Direct Yellow 86 - DY86, were used. An initial screening of the ATPS forming elements was performed and the
ATPS composed of 63 wt% acetonitrile (ACN) + 20 wt% cholinium bitartrate ([Ch][Bit]) + water at 25 °C were
selected. An extraction eﬃciency of around 91% of DY86 to the ACN-rich phase and of approximately 99% of
DR80 to the [Ch][Bit]-rich phase was obtained. The Kamlet-Taft parameters of the ATPS coexisting phases were
measured aiming to understand the partitioning mechanism, especially for the migration of DY86 to the ACNrich phase. The recovery of the DR80 from [Ch][Bit]-rich phase was of about 93% using a chitosan adsorbent
(1:75, m/v) under constant stirring and at 45 °C, while ACN was completely recovered by evaporation. It was
herein demonstrated that an ATPS based on a common organic solvent and a cholinium-based ionic liquid has
potential for the separation and recovery of textile dyes.

1. Introduction
Dyes are some of the most signiﬁcant aquatic pollutants discharged
by industry. Worldwide, it is estimated that more than 7 × 105 tonnes
per year of wastewater containing dyes are generated by industries
[1–3]. One of the main sources of dye-contaminated wastewater are the
textile industries, which involve the consumption of various types of
dyes [4–6]. Currently, there are more than 100,000 diﬀerent commercially available dyes [3,7]. Most of the textile dyes belong to the azo
group that accounts for 60–70% of all the dye groups [8,9]. In general,
azo dyes have a chromophoric azo group (−N=N−) attached to at
least one but usually two aromatic nucleus in their structure, making
them resistant to biodegradation [9,10].
An inadequate disposal of mentioned eﬄuents can have a signiﬁcant impact on the aquatic environment by altering their physical,
chemical and biological properties [11–14]. This has led to an increase
of stringent laws and regulations, forcing industries to ﬁnd eﬀective
treatments for their industrial eﬄuents before releasing them into the
environment [15–17]. Several physical, chemical and biological

⁎

treatment techniques have been proposed to remove residual dyes from
water [4,12]. These techniques include separation using membranes
[18,19], coagulation [20], oxidative processes [21], electrochemical
treatment [22] and biological methods [11]. However, most treatment
methods have limitations as the generation of hazardous waste, slow
degradation rates and high costs [23–26].
In this sense, aqueous two-phase systems (ATPS) arise as an alternative to treat wastewater contaminated with dyes. ATPS are described
as being an eﬃcient technique for the recovery of compounds from
both organic and inorganic origin [27,28]. Typically they are formed by
mixing aqueous solutions of two immiscible solutes such as
polymer + polymer, polymer + salt, salt + salt, short chain aliphatic
alcohols + salt and ionic liquid (IL) + salt [29–33]. Each phase of the
aqueous system is rich in one of the solutes, resulting in two aqueous
phases with diﬀerent chemical and physical properties. This leads to a
system that can be tailored according with the desired migration of the
compounds [34,35]. ATPS may be recyclable and economical viable,
they involve short processing times and are scalable for application in
industrial processes [36].
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prepared for the determination of the phase diagrams at 25 °C and at
atmospheric pressure. The systems compositions were determined by
weight quantiﬁcation of all components added considering an uncertainty of ± 10-5 g. The experimental solubility curves were correlated and evaluated using Eq. (1) [45]:

In recent decades, ATPS have been introduced as a promising alternative for the removal of dyes from aqueous matrices. Examples
include the removal of: Remazol Yellow Gold RNL using polyethylene
glycol (PEG) - ATPS [23]; Amaranth using deep eutectic solvents
([polypropylene glycol (PPG) 400]:[N4444]Br – ATPS) [37]; Sudan III,
Choranilic Acid and Indigo Blue using ATPS based on ILs ([P4444]Cl or
[P4444]Br) [38]; Malachite Green, Methylene Blue and Reactive Red
195 using polyethylene oxide (PEO) - ATPS [39]; Orange II and Remazol Brilliant Blue R ([C4bim][dca] or [C4bim]Br - ATPS) [40], and
Reactive Black 5 and Acid Black 48 using micellar-ATPS with Tween 20
[41]. In all cases, these systems have been optimized for individual dye
separation reaching extraction eﬃciencies ≥ 98%. However, in all
these works, when using two or more diﬀerent dyes in a mixture, the
selectivity of separation between the dyes is not observed using only
one step of the ATPS. In addition, most of ATPS studies use dyes as a
partition model only to understand the mechanisms of interaction and
partitioning between the system phases [34,42]. When considering the
development of greener cost-eﬀective processes, only a couple of works
managed to address the recycling of the ATPS components [35,38]. The
recyclability of the ATPS components can represent more than 50% of
the total process cost [43]. Consequently, we emphasize the importance
in ﬁnding suitable ATPS for the dyes and phase forming components
recovery, since still this is a challenging task towards the application
ATPS in industrial processing.
Therefore, the aim of the present work was to investigate the application of ATPS for the selective separation of two azo dyes used in
the dyeing process of the textile industry. An ATPS screening is initially
performed, followed by studies regarding the optimal separation
varying the IL anion, the solvent and the system composition. To understand the separation mechanism, the Kamlet-Taft solvatochromic
parameters are addressed. In addition, the complete recycling of the
phase forming components is investigated.

w1 = Aexp [(Bw20,5) − (Cw23)]

(1)

where w1 and w2 are the mass fraction percentages of the solvent and
the cholinium-ionic liquids, respectively; or of the polymer and the
sodium potassium tartrate, respectively. A, B and C are ﬁtting parameters obtained by least squares regression.
2.3. Dyes partition
The partition of the dyes Direct Yellow 86 (DY86) and the Direct
Red 80 (DR80) in ATPS was evaluated. The initial ATPS mixture
compositions were selected based on the phase diagrams determined in
this work (Fig. A.1 and Tables A.1, A.2 and A.3 in Supporting
Information) and reported in the literature (Table A.4) [33,46–53].
Diﬀerent combinations of ATPS phase-forming constituents were investigated (Table A.5). Each extraction system was prepared by adding
approximately 2 g.L-1 (considering the total mixture) of each dye into a
glass tube already containing the total mass of the ternary system of 5 g.
The ATPS was then allowed to equilibrate at 25 °C and atmospheric
pressure conditions during 24 h. The top and bottom phases were then
carefully separated, and the pH of both phases measured at 25 °C using
a DIGIMED DM-20 pH meter. The dyes were then quantiﬁed in both
phases through UV spectroscopy (wavelength: 397 nm for DY86 and
528 nm for DR80) using a HACH DR-5000 spectrometer. Possible interferences from the phase promoters (solvents and ILs) were taken into
account and found to be of no signiﬁcance at the dilution levels used.
Additionally, the inﬂuence of the presence of DY86 on the spectrophotometric analysis of DR80 was evaluated by analysing the concentration of DR80 in standard solutions containing diﬀerent amounts
of DY86. The inﬂuence of the presence of DR80 on the spectrophotometric analysis of DY86 was also assessed. The relative error associated with the quantiﬁcations was < 5%. At least three samples of
each extraction system were prepared, being the dyes precisely quantiﬁed in both aqueous phases. The partition coeﬃcients of both dyes
(KDR80orDY 86 ) were determined using Eq. (2):

2. Materials and methods
2.1. Materials
The present study was carried out using poly(ethylene glycol-ranpropylene glycol) monobutyl ether (UCON, average molar mass of
3900 g.mol−1 and composed of 0.50 ethylene glycol and 0.50 propylene glycol), diﬀerent polyethylene glycol polymers (average molecular
weight of 400, 1000, 1500, 2000 and 8000 g.mol−1, abbreviated as
PEG 400, PEG 1000, PEG 1500, PEG 2000 and PEG 8000, respectively)
and carbohydrates (sorbitol, xylitol, sucrose, fructose). Polymers and
carbohydrates were supplied by Sigma–Aldrich®. Salts [potassium citrate (C6H5K3O7), sodium potassium tartrate (KNaC4H4O6) and ammonium sulfate ((NH4)2SO4)], solvents [acetonitrile (ACN), 2-propanol,
1,3-dioxolane and tetrahydrofuran (THF)] and cholines [Cholinium
chloride ([Ch]Cl), cholinium bitartrate ([Ch][Bit]) and cholinium dihydrogencitrate
([Ch][DHCit])]
were
all
purchased
from
Sigma–Aldrich®, with purities higher than 98 wt%. The water used was
puriﬁed in a Milli-Q (Direct Q® 3UV) water puriﬁcation equipment. The
dyes Direct Yellow 86 (DY86, C.I. 29325) and Direct Red 80 (DR80, C.I.
35780) – chemical structure presented in Fig. 1 – were provided by a
textile manufacturer located in Estância, SE, Brazil. These dyes are used
during the dyeing process of the mentioned textile industry.

KDR80orDY 86 =

CT
CB

(2)

where CT and CB are the dye concentration in the top and bottom
phases, respectively.
The dye selectivities (S) were calculated by the ratio of the partition
coeﬃcients of each dye in the same system. In order to evaluate the dye
extraction eﬃciencies for top phase (EET, %) and bottom phase (EEB, %)
and the volume ratio (Rv) in each ATPS, the following equations were
used:

RV =

VT
VB

(3)

100

EET , % =

)

(4)

100
1 + RV × KDR80orDY 86

(5)

1+

(

1
RV × KDR80orDY 86

2.2. Experimental phase diagrams

EEB , % =

The phase diagrams of the ATPS composed of solvents (1,3-dioxolane or 2-propanol) + cholinium-based ionic liquids ([Ch]Cl, [Ch]
[DHCit] or [Ch][Bit]) + water or polymer (PEG 1500 or PEG
2000) + sodium potassium tartrate + water were determined using the
cloud point titration method [44]. Aqueous solutions at 90 wt% of
solvents, cholinium-ionic liquids solution at 30 wt%, polymer solution
at 50 wt% and sodium potassium tartrate solution at 30 wt% were

where V is the phase volume, and T and B refers to the top and bottom
phases, respectively.
2.4. Kamlet-Taft parameters
The solvatochromic probes N,N-diethyl-4-nitroaniline and 4-nitroaniline were used to determine the dipolarity/polarizability (π*) and
2
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Fig. 1. Chemical structure of the dyes: (a) Direct Red 80 and (b) Direct Yellow 86.

experiments were carried out to evaluate of recovery of the dyes and
phase forming components. The removal of the dye DR80 from the
ATPS phase after separation was performed through its adsorption onto
chitosan. The adsorbent was prepared with chitosan that was obtained
from crab shell according to the procedure reported by Barreto et al.
[54]. Adsorption experiments were realized with a solid–liquid ratio of
1:150 g.mL1 between chitosan (g) and the bottom phase (mL) of the
ATPS composed of 63 wt% of ACN + 20 wt% of [Ch][Bit] + 0.2 wt%
of each dye (DR80 and DY86) + water, at 25 °C. To evaluate the eﬀect
of agitation on the adsorption performance of DR80, experiments were
performed by three diﬀerent methods (lasting 60 h of analysis): constant stirring (at 250 rpm), vigorously stirring for 1 min (in vortex
mixer) and without agitation. The eﬀect of the adsorbent dosage was
studied by varying the solid–liquid ratio 1:300; 1:150; 1:100 and 1:75
g.mL−1 (250 rpm, 25 °C). Additionally, three temperatures (25, 35 and
45 °C) where investigated at a ﬁxed solid–liquid ratio (1:75 g.mL−1)
and at constant stirring 250 rpm. All experiments were made in triplicate and the data analysis was performed with the average experimental values.
The concentration of DR80 dye was determined by UV spectroscopy
using a HACH DR-5000 spectrometer, at the maximum absorption
wavelength of 528 nm. The dye removal percentage was calculated by
Eq. (10):

hydrogen-bond acceptor abilities (β), respectively, of the coexisting
phases of the studied ATPS at 25 °C. Small quantities of the probes
(≈0.30 mg) were added to each phase that were then stirred in a vortex
mixer, and scanned by a HACH DR-5000 spectrometer at 25 °C. The
longest wavelength absorption band of each probe in each phase was
determined. For each mixture, a total of three replicates were prepared.
The π* and β solvatochromic parameters were determined by the following equations:

π∗ =

β=

νN , N (phase) − νN , N (cyclohexane)
νN , N (DMSO) − νN , N (cyclohexane)

(ΔνN , N (phase) − ΔνN , N (cyclohexane) ) × 0.76
ΔνN , N (DMSO) − ΔνN , N (cyclohexane)

Δν = ΔνN , N − Δν4N
ν=

(6)

1
× 10−4
λmaxprobe

(7)
(8)

(9)

where ν is the the experimental wavenumber andλmaxprobe is the maximum wavelength of the probe, the subscripts N,N and 4 N represent the
solvatochromic probes N,N-diethyl-4-nitroaniline and 4-nitroaniline,
respectively; while cyclohexane and DMSO correspond to the values for
these standard solvents and phase to the value for the phase of ATPS
investigated.

Dyeremoval (%) =

2.5. Recovery of phase forming components

C0 − Ce
× 100
C0

(10)

where C0 and Ce are the initial and ﬁnal concentrations of the dye in the
liquid phase, respectively.

After achieving an eﬀective dyes separation using ATPS, additional
3
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Fig. 2. Screening of ATPS formed by the combination of several constituents (polymers, salts, carbohydrates, ionic liquids (IL) and solvents) in relation to the
partitioning of the dyes: Direct Red 80 (KDR80) and Direct Yellow 86 (KDY86).

3. Results and discussion

3.2. Dyes partition

3.1. ATPS screening for dyes separation

To identify and optimize the best conditions for the separation of
DY86 and DR80 textile dyes, three parameters were evaluated: IL anion,
solvent and system composition.

The ATPS separation eﬃciency depends on the properties of the
compounds to be extracted as well as on the properties of the compounds that form the ATPS [42,55,56]. Thus, a screening of constituents to form the ATPS, capable of selectively separate the two
textile dyes DR80 and DY86, was initially performed and is schematically represented in Fig. 2 and listed in Table A.5. In total, 27 diﬀerent
combinations of ATPS phase-forming components were investigated. A
volume ratio (RV) of approximately 1.00 ± 0.06 was used in all systems. The resultant volume ratios were compared, ensuring that similar
experimental conditions.
As shown in Table A.5, ATPS based on potassium, sulfate and sodium salts promoted the migration of both dyes into a single phase
(PEG or 2-propanol rich phase), due to their high salting-out capacity
[34,37]. Systems formed by acetonitrile and carbohydrates (sorbitol,
xylitol, sucrose or fructose), PEG and copolymer (UCON) or PEG and
cholinium-based ionic liquid were also not able to selectively separate
the dyes, even using polymers with diﬀerent molecular masses (400,
1000 and 8000 g.mol−1). Both dyes migrate for the more hydrophilic
phases rich in carbohydrate (acetonitrile-carbohydrates ATPS) [52,53]
and rich in PEG (PEG-UCON ATPS) [51]. These results may be explained by the similarity between the chemical structures of the dyes
(Fig. 1) and by their relative hydrophobicity, measured by the partition
in the 1-octanol/water system, log P, (-0.97 and −7.28 for DY86 and
DR80, respectively [57]). In systems formed by PEG and choliniumbased ionic liquids, the dye partition (DY86 and DR80) occurs not only
for the PEG phase (top phase), but also for the bottom phase when
choline chloride is used. In these systems, the migration of dyes is ruled
by forces that are not exclusively due to a hydrophobicity balance.
The selective separation of the investigated dyes was only possible
using ATPS based on organic solvents (ACN and 2-propanol) and ILs
(Fig. 2c and Table A.5). Among the many investigated ATPS, only those
can provide the most appropriate interaction mechanism for the separation. Is therefore a challenge to ﬁnd an ATPS capable of mediating
a selective separation process for these two dyes.

3.2.1. Eﬀect of the IL anion
First, ATPS composed of acetonitrile and cholinium-based ionic liquids were evaluated. In search of a better selectivity and dye partitioning, three diﬀerent ionic liquids ([Ch]Cl, [Ch][DHCit] and [Ch]
[Bit]) were investigated – Fig. 3. Partition coeﬃcients and extraction
eﬃciencies are shown in Table A.6 (Support Information). The initial
composition of the mixtures were selected taking into consideration the
biphasic regions of the phase diagrams for each cholinium-based ionic
liquid and acetonitrile at 25 °C previously reported by our research
group [49].
Fig. 3 (a) show that there is practically no change in the partitioning
of DR80 across the three ATPS investigated. DR80 partitions almost
completely to the more hydrophilic phase, the bottom phase (rich in IL,
KDR80 < 1). This is due to the strong hydrophilic interactions between
the dye and the cholinium-salts, as predicted by their distribution
coeﬃcients, log D (-4.6; −4.8; −3.1 and −6.9 for [Ch]Cl, [Ch]
[DHCit], [Ch][Bit] and DR80, respectively) [57]. In addition, according
to the pH of the phases and the DR80 speciation curve shown in the
Table A.7 and Fig. A.2 (Support Information), respectively, the DR80
dye remains ionized with the negative charge (-6) in all pH (3.69 to
4.46) investigated.
Although all cholinium-based ionic liquids studied have a hydrophilic character, as predicted by their distribution coeﬃcients, the
migration of the DY86 dye (log D −2.15) [57] is not mainly controlled
by the hydrophobic/hydrophilic balance of the phases, as showed in
Fig. 3 (b). Results show that the partition of DY86 (KDY 86 ) increases to
the acetonitrile-rich phase when the systems formed by [Ch][DHCit]
and [Ch][Bit] are used, from 0.04 ± 0.01 with [Ch]Cl, to 0.35 ± 0.01
and 2.24 ± 0.02 with [Ch][DHCit] and [Ch][Bit], respectively. Table
A.8 lists the DY86 speciation (Fig. A.3) between the phases of the different systems. It is possible to observe that the negatively charged dye
structures are reduced following the trend of [Ch]Cl > [Ch]
[DHCit] > [Ch][Bit]. Therefore, electrostatic interactions are expected
to be reduced, leading the DY86 partition to the more neutral (ACN4
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Fig. 3. Extraction eﬃciencies in the top phase (EET, % - represented by the bars) and in the bottom phase (EEB, % - represented by the bars) and partition coeﬃcient
(K - represented by the circles) of dyes (a) DR80 and (b) DY86 by applying ATPS composed of 63 wt% of ACN + 11 wt% of cholinium-based ionic liquids + 0.2 wt%
of dye + water, at 25 °C and atmospheric pressure.

the main ﬁxation mechanism of this type of dye on substrates [65].
Greater selectivity was observed for the system composed of [Ch][Bit]
when compared to those formed by [Ch]Cl or [Ch][DHCit] (Table A.6).
Despite these diﬀerences of the Kamlet-Taft parameters between the
coexisting phases of the investigated ATPS, the DR80 partitions almost
completely to the bottom (rich in IL, KDR80 < 1) in the three ATPS
investigated. This result supports the above observation that hydrophilic interaction was one of the main driving forces for the partition of
the DR80 dye.
ATPS constituted by cholinium-based ionic liquids and ACN show a
considerably broad variation of both non-speciﬁc and speciﬁc interactions, suggesting that this type of systems could be seen as a good option for the separation of molecules and compounds in which their
partition could be ruled by speciﬁc interactions. Furthermore, these
diﬀerences are strongly dependent on the anion of the ionic liquids
investigated suggesting that cholinium-based ATPS can be tuned for the
enhanced and selective extraction of a speciﬁc solute.

rich) phase. Thus, from the investigated ILs, the one that presents
greater selectivity for the DR80 and DY86 dyes is the [Ch][Bit] based
ATPS (Table A.6). To better understand the partition mechanisms, the
solvatochromic parameters of the phases of the studied systems are
analysed below.
3.2.1.1. Kamlet-Taft parameters. A commonly used scale to characterize
solvents in terms of solvatochromic parameters is the multiparameter
scale of Kamlet and Taft [58–60]. This approach consists on the use of a
set of solvatochromic probes which allow the assessment of diﬀerent
interactions for the same solvent, such as its dipolarity/polarizability
(π*) and hydrogen-bond acceptor abilities (β) [58–60]. This approach
has been successfully used for the description of solutes partition in
ATPS composed of polymers and salts [61–63], and salts and ionic
liquids [64].
Aiming to further understand the partition of dyes in the herein
studied ATPS, Kamlet-Taft parameters of the coexisting phases of 63 wt
% of ACN + 11 wt% of diﬀerent cholinium-ionic liquids + water were
determined. Inhere “solvent” refers to the global phase mixture, and not
to an individual component, such as water, ACN or ionic liquid. The
results obtained for π* and β are presented in Table 1.
From the results obtained it is possible to see that independently of
the IL used, the IL-rich phases always present higher dipolarity/polarizability values when compared to the ACN-rich phases. Furthermore,
in the IL-rich phase π* follows the trend [Ch][Bit] < [Ch]
[DHCit] < [Ch]Cl, while in the ACN-rich phase the opposite trend is
observed – Fig. 4. This behaviour seems to promote a larger partition of
DY86 dye into the top phase (ACN-rich phase).
By the other side, β of the IL-rich phase follows the trend [Ch]
[Bit] > [Ch][DHCit] > [Ch]Cl while in the ACN-rich phase it decreases in the same order (Table 1 and Fig. 4). Since the β parameter
describes the hydrogen-bond acceptor ability, this also seems to promote a larger aﬃnity of DY86 dye to the ACN-rich phase through the
formation of hydrogen bonds, since interactions by Van Der Waals are

3.2.2. Eﬀect of solvent
Due to the low viscosity of the phases that results in short time
separations, ATPS based on organic solvents have been nominated as an
eﬃcient alternative when compared to polymer-based ATPS
[36,66,67].
Among the ILs investigated, [Ch][Bit] was the one leading to higher
partition coeﬃcients (Fig. 3). Therefore, the solvent eﬀect in dyes
partition was evaluated using [Ch][Bit] combined with water and the
organic solvents 1,3-dioxolane, THF, 2-propanol and ACN.
The initial mixture compositions were selected taking into account
the phase diagrams reported in the literature [49,50] or herein measured (Table A.2 and Table A.3). The extraction results are presented in
Fig. 5. All partition coeﬃcients and extraction eﬃciencies of the dyes in
these ATPS are shown in Table A.9.
Solvents with heterocyclic structures, THF and 1,3-dioxolane, seem
to interact less strongly with the dyes evaluated in this work, as both

Table 1
Kamlet–Taft parameters between the coexisting phases of 63 wt% of ACN + 11 wt% of diﬀerent cholinium-based ionic liquids + water at 25 °C and atmospheric
pressure.
ATPS

Л*ACN

Л*IL

βACN

βIL

[Ch]Cl
[Ch][DHCit]
[Ch][Bit]

0.917 ± 0.016
0.857 ± 0.015
0.810 ± 0.007

1.076 ± 0.019
1.144 ± 0.002
1.200 ± 0.022

0.290 ± 0.023
0.389 ± 0.027
0.562 ± 0.017

0.585 ± 0.034
0.497 ± 0.026
0.283 ± 0.030
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Fig. 4. Kamlet-Taft parameters for ATPS composed of 63 wt% of ACN + 11 wt% of diﬀerent cholinium-based ionic liquids + water, at 25 °C and atmospheric
pressure: ACN-rich phase ( ); IL-rich phase ( ).

selectivity for the investigated dyes (Table A.9). Due to their physicochemical properties, such as low viscosity, high resolution and low
boiling point [69], ACN is one of the most preferred organic solvents for
use in various separations techniques, including ATPS applications
[49,70,71].

dyes preferentially partition to bottom phase (K < 1, IL-rich phase).
This is most evident for the partitioning of the DR80 dye (Fig. 5a),
which has a more hydrophilic character compared to DY86 (log P is
−0.97 and −7.28 for DY86 and DR80, respectively [57]). Besides the
hydrophilic interactions between the dyes and [Ch][Bit], entropic effects may also inﬂuence partition [68]. Despite the similarity between
the chemical structures of the two dyes, DR80 is larger when compared
to DY86 (1373 Da and 1066 Da, respectively) [57], what may decrease
its solubility in the linear solvents. This is evident, even for solvents
with diﬀerent chemical structures, such as 1,3-dioxolane (heterocyclic
structure) and ACN (linear structure), which have close hydrophilic
capacity (reﬂected by the polar surface area and log P data – Table
A.10), since an inversion of the partition of the DY86 from the bottom
(in 1,3-dioxolane-ATPS) to the top phase (in ACN-ATPS) is observed
(Fig. 5b).
Systems composed of solvents with linear structures, such as ACN
and 2-propanol, led to a more eﬃcient partition of DY86 dye to the
solvent-rich phase (KDY86 = 1.54
±
0.1 and EET,
DY86 = 88.63 ± 1.79 for 2-propanol; and KDY86 = 2.24 ± 0.2 and EET
, DY86 = 87.02 ± 0.12 for ACN) while DR80 dye partitions almost
completely to the bottom phase (IL-rich phase, KDR80 < 1).
As shown in Fig. 5 (a), in the ATPS composed of 2-propanol there is
a signiﬁcant partitioning of the DR80 for the top phase
(KDR80 = 0.12 ± 0.01), which reduces the selectivity (Table A.9).
Among the solvents evaluated, 2-propanol is the only that has hydrogen
bond donors in its structure [57], what leads to strong interactions
between 2-propanol and the two direct dyes, due to Van Der Waals
interactions [65].
In short, the ATPS based in ACN and [Ch][Bit] showed the highest

3.2.3. Composition of the system
ATPS based in [Ch][Bit] + ACN showed the greater selectivity for
the two textile dyes investigated (Table A.9). Thus, the next step is to
evaluate the eﬀect of phase forming components concentration. All
partition coeﬃcient and extraction eﬃciency data of the dyes in the
studied ATPS are shown in Table A.11 (in Support Information).
Fig. 6 (a) shows the eﬀect of ACN concentration (43–70 wt%) on the
partition coeﬃcient and extraction eﬃciencies of the dyes. As ACN
concentration increases from 43 to 63 wt%, KDY86 also increases from
1.31 ± 0.04 to 2.24 ± 0.02, and the EET of DY86 increases from
34.42 ± 2.66 to 87.02 ± 0.12. It is important to highlight that 63 wt
% ACN is the limit concentration at which one have the best DY86
partition in the top phase. At higher concentrations of ACN, water has
little eﬀect on hydrogen bond networks [72], which reduces its availability for the ACN-rich phase. Thus, a decrease in the migration of the
DY86 dye to the ACN-rich phase is expected.
To evaluate the eﬀect of concentration of [Ch][Bit] (7–20 wt%) on
dye partitioning, the concentration of 63 wt% of ACN in ATPS was
ﬁxed. Fig. 6 (b) shows that as the concentration of [Ch][Bit] increases
from 7 to 20 wt%, the KDY86 increases from 1.27 ± 0.08 to
3.43 ± 0.11, respectively. As expected, the increase in the concentration of [Ch][Bit] increased KDY86 and EET% of DY86 due to the
salting-out eﬀect [34,37]. For [Ch][Bit] concentrations above 20 wt%,

Fig. 5. Extraction eﬃciency in the top phase (EET, % - represented by the bars) and the bottom phase (EEB, % - represented by the bars) and partition coeﬃcient (K represented by the symbols) of dyes (a) DR80 and (b) DY86 by applying systems composed of 63 wt% of diﬀerent solvents + 11 wt% of [Ch][Bit] + 0.2 wt% of
dye + water, at 25 °C and atmospheric pressure.
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Fig. 6. Extraction eﬃciency in the top phase (EET, % - represented by the bars) and the bottom phase (EEB, % - represented by the bars) and partition coeﬃcient (K represented by the symbols) of dyes DR80 and DY86 by applying ATPS composed of: (a) diﬀerent ACN concentrations (43; 53; 63 and 70 wt%) + 11 wt% of [Ch]
[Bit] + 0.2 wt% of each dye + water and (b) 63 wt% of ACN + diﬀerent [Ch][Bit] concentrations (7; 11; 15 and 20 wt%) + 0.2 wt% of each dye + water, at 25 °C
and atmospheric pressure.

performance at all scales with a recovery medium yield of
91.58 ± 0.35% and 99.1. ± 0.06% for DY86 and DR80, respectively.
These ﬁndings modestly indicate that the systems under study have
considerable potential for use in extraction/puriﬁcation process at industrial scale.

the formation of ATPS does not occur due to the formation of a third
solid phase (IL precipitation in the system). Below 7 wt%, the system
enters the monophasic regime, as predicted by the binodal curve [49].
As previously discussed, DR80 has a strong hydrophilic character (log P
is −7.28 [57]) and therefore remained almost constant (in the bottom
phase) for all the concentrations evaluated.
The most eﬀective dye separation were obtained in ATPS composed
of 63 wt% of ACN + 20 wt% of [Ch][Bit] + water. This system has
potential in the separation process of textile dyes with a selective extraction of S = 1143.3 (Table A.11) and high extraction eﬃciencies:
EET of DY86 of 91.05 ± 0.16% to the ACN-rich phase, and EEB of DR80
of 99.09 ± 1.13% to the [Ch][Bit]-rich phase. Additionally, a fast
phase separation of approximately 23 s was observed with the ACNbased ATPS.
In addition, aiming to increase ATPS attractiveness at industrial
levels, their potential for scaling up was investigated. A scaling up from
5 to 100 g of total mass of the ATPS composed of 63 wt% of
ACN + 20 wt% of [Ch][Bit] + 0.2 wt% of each dye (DR80 and
DY86) + water was performed. Results are shown in Fig. 7 and the
partition coeﬃcient and extraction eﬃciency data listed in Table A.12.
The ATPS based on ACN and [Ch][Bit] was scaled up with the same

3.3. Recovery of phase forming components
Aiming at the development of a cost-eﬀective and sustainable process, additional experiments were carried out to evaluate the possibility
of dyes recovery and the recyclability of the phase forming components
([Ch][Bit] and ACN). After the complete partitioning of DY86 to the
ACN-rich phase and DR80 to [Ch][Bit]-rich phase, each phase was
carefully separated. For the top-phase (ACN-rich phase), it is here
proposed the recycling of the phase components by the evaporation of
acetonitrile. Acetonitrile has a high vapor pressure (97.1 hPa at 20.0 °C
[57]) that favours its recovery step, which requires approximately
5 min using a rotary evaporator at 40 °C. After the removal of the dye
from the solvent, the acetonitrile can be directly reintroduced in the
preparation of a new ATPS.
DR80 removal from the [Ch][Bit] rich phase was performed using a
chitosan adsorption process. Chitosan is a biocompatible and biodegradable polymer, used in a wide range of applications including dye
removal from industrial eﬄuents [73]. When selecting the experimental details, our ﬁrst criteria was to choose conditions with economic
industrial applicability. Thus, we evaluated: the stirring mode - experiments without agitation (to reduce large-scale costs) in comparison
with agitation at 250 rpm and vigorous agitation (in Vortex); the solid–liquid ratio (m/v) between adsorbent (g) and lower phase (mL) of
ATPS considering the maximum conditions of solid (adsorbent) saturation in the liquid (dye solution); the temperature variation between
25 and 45 °C, i.e., close to the ambient temperature. The results are
shown in the Fig. 8.
From Fig. 8 (a) it can be concluded that after 60 h the dye removal is
more eﬃcient when using constant agitation (250 rpm)
(82.5 ± 1.8%), when compared with vigorous stirring for 1 min
(55.0 ± 3.3%) or without agitation (42.2 ± 1.4%). During the agitation process the chitosan boundary-layer resistance decreases and the
system mobility increases, increasing the adsorption capacity [74].
Regardless of the ratio of adsorbent mass to dye volume, the adsorption
capacity of chitosan increases as a function of time in all cases - Fig. 8
(b). However, as the solid ratio in the liquid increases (maximum of
1:75, m/v), the percentage of dye removal increases corresponding to a
maximum of (93.2 ± 0.8%) recovery after 60 h and for 1:75 (m/v).
Such trend is mostly attributed to an increase in the adsorptive surface

Fig. 7. Scaling up from 5 to 100 g of total mass of the ATPS composed of 63 wt
% of ACN + 20 wt% of [Ch][Bit] + 0.2 wt% of each dye (DR80 and
DY86) + water, at 25 °C and atmospheric pressure.
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Fig. 8. %DR80 dye adsorption onto chitosan: (a) eﬀect of agitation, (b) eﬀect of solid–liquid ratio, (c) eﬀect of temperature, (d) IL-rich phase before and after the
removal of 93% of DR80 through its adsorption onto chitosan.
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Partnership Agreement.

area and the availability of more active adsorption sites [75]. The eﬀect
of temperature during the adsorption process was also evaluated. An
increase from 25 °C to 45 °C promotes an increase in dye removal from
77.6 ± 2.8% to 87.4 ± 1.4%, respectively, after 12 h with constant
stirring (250 rpm). This eﬀect is probably due to the increase of the
available space on the chitosan surface, thus providing additional active
sites for dye adsorption [76]. Overall, chitosan can be considered as an
aﬀective adsorbent to remove dye DR80. Thus, the ACN present in the
top phase and the IL present in the bottom phase can be reused for a
new application cycle, promoting a sustainable development of the
process.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.seppur.2020.117502.
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