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A B S T R A C T

The application of new aqueous two-phase systems (ATPS) composed by a hydrophilic green solvent, ethyl
lactate, and two low environmental impact salts: sodium and potassium citrate have been studied for the re-
covery of two flavonoids from aqueous solutions. First, to understand the phase formation process of the ATPS,
binodal curves and tie-lines and their respective slopes and tie-line lengths were determined at T = 298.15 K and
atmospheric pressure. The degree of consistency of the tie-lines was evaluated using Othmer-Tobias and Bancroft
equations. Moreover, the influence of the change of the salt cation on the phase behaviour has been assessed.
Furthermore, the UNIversal QUAsiChemical (UNIQUAC) thermodynamic model was applied to describe the
phase equilibria presented in this work. Furthermore, the partitioning of two flavonoids, rutin and quercetin, in
these ATPS {ethyl lactate (1) + citrate salts (2) + water (3)} was measured at T = 298.15 K and atmospheric
pressure. Finally, the obtained results were compared with those found in literature.

1. Introduction

Since Albertsson in 1986 proposed for the first time the use of
aqueous two-phase systems (ATPS) as a suitable alternative to con-
ventional liquid–liquid extraction techniques to recover and purify
several biomolecules such as proteins and nucleic acids [1], this se-
paration technique has gained a great interest in the field of the se-
paration and purification of a broad variety of biomolecules like: pro-
teins, enzymes, drugs, and other added-value compounds [2–7].

ATPS are composed by two liquid phases that are immiscible from a
critical composition. Some of the compounds used on the ATPS for-
mation are polymers (polyethylene glycol, dextran…), salts (phos-
phates, carbonates…), carbohydrates (glucose, lactose…) or ionic li-
quids [4]. This separation technique presents many advantages over
other conventional extraction processes like: simplicity, biocompat-
ibility, low cost or being an environmentally friendly separation tech-
nique due to its high water content. However, their industrial im-
plementation is still scarce due to the lack of knowledge of the
mechanisms that rule the partition of biomolecules in this kind of sys-
tems [4,7–9].

In the last years, a large amount of researches has focused on the
application of ionic liquid-based ATPS in the extraction of biomolecules
such as amino acids, proteins, enzymes, among others [2,4,10].
Nevertheless, the most used ionic liquids are toxic and poorly

biodegradable and biocompatible [11]. Moreover, inorganic salts
(phosphate, carbonate or sulphate salts) in the ATPS formation are
widely employed as salting out agents [2,8,9] and the use of these kind
of salts at large scale may cause environmental distress. For these
reasons, the search of solvents and salting out agents to ATPS formation
with better performance regarding environmental and toxicity issues is
required.

In view of this, ethyl lactate (EL), a monobasic ester that can be
produced from bio-renewable sources as corn fermentation [12,13], has
garnered interest as an alternative green solvent in the last years, due to
its favourable properties such a low toxicity, high biodegradability, low
eco-toxicity, non-corrosiveness or harmless to ozone shield [14,15].
Moreover, several studies reported in literature have presented good
results as extraction agent for different biomolecules as caffeine, fla-
vonoids, phenolic compounds or hydrocarbons [16–21].

Regarding the selection of the salting-out agent, recent studies point
out the use of organic salts like citrates or tartrates as sustainable al-
ternatives to inorganic salts [22–24]. In this work, two citrate salts,
sodium and potassium citrate, were selected, according to their bio-
degradable and nontoxic nature, as well as, being used as additive for
food (E331 sodium citrate and E332 potassium citrate).

Therefore, the extraction of two flavonoids from aqueous solutions
using aqueous two-phase systems involving ethyl lactate and the or-
ganic salts, sodium and potassium citrate, is presented in this work with
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the aim of getting a more healthful and sustainable separation process.
Flavonoids are a family of antioxidant biomolecules present in

colourful fruits and vegetables compounds. This type of phenolic
compounds is being increasingly demanded due to its regularly con-
sumption, which has been associated with the reduction in the in-
cidence of different diseases [25,26]. The selected flavonoids, rutin and
quercetin, are two of the most representative ones and are widely used
in food supplements and cosmetics [27].

For this, the knowledge of the biphasic region of the ATPS, the in-
itial mixture composition and the composition of the individual phases
at equilibrium is crucial to any extraction process and to predict the
mechanism behind to the partitioning of a solute between the two
immiscible aqueous phases. Binodal curves and tie-lines compositions
for the ATPS {EL (1) + sodium citrate (2) + water (3)} and {EL
(1) + potassium citrate (2) + water (3)} were experimentally de-
termined at T = 298.15 K and atmospheric pressure. Merchuk equation
[3] was used to fit the binodal curves and the degree of consistency of
the obtained tie-lines was tested using the Othmer-Tobias [28] and
Brancoft [29] equations. With these systems, it is possible to analyse the
influence of the change of the cation of the citrate salt on the phase
separation behaviour. Additionally, the experimental data were com-
pared with that found in literature. To our knowledge, only data for the
ATPS involving sodium citrate as salting out agent are available to date
[20]. Finally, experimental liquid–liquid equilibria data were corre-
lated using the Universal Quasichemical (UNIQUAC) [30] thermo-
dynamic model.

Furthermore, to evaluate the ability of the new ethyl lactate-based
ATPS for extraction, partitioning of two flavonoids, rutin and quercetin,
was carried out. With these systems, it is possible to analyse the in-
fluence of the salt cation on the partitioning and compare the extraction
results of the two different flavonoids.

2. Experimental

2.1. Chemicals

(-) Ethyl L-lactate (C5H10O3) with mass fraction purity higher than
0.98 was purchased from Sigma-Aldrich. Citrate salts: sodium citrate
tribasic dihydrate (Na3C6H5O7·2H2O) and potassium citrate tribasic
monohydrate (K3C6H5O7·H2O), with mass fraction purity higher than
0.99 were acquired from Sigma-Aldrich. All chemicals were used
without any further purification.

Flavonoids: rutin hydrate (C27H30O16·xH2O) and quercetin
(C15H10O7) were purchased from Sigma-Aldrich with mass fraction
purity higher than 0.94. The flavonoids were used without further
purification and were stored at T ≤ 281.15 K in order to prevent their
thermal degradation.

2.2. Apparatus

Solutions used in the experimental procedure were prepared by
weighing with double distilled water. Their concentrations were ob-
tained gravimetrically on a Mettler AX-205 Delta Range balance with
an uncertainty in the measurement of ± 3·10−4 g. The physical prop-
erties, density (ρ) and refractive index (nD), of the binary and ternary
mixtures were measured using an Anton Paar DSA-5000 M digital vi-
brating tube densimeter with an uncertainty in the measurement
of ± 3·10−5 g·cm−3 and an automatic refractometer Abbemat-HP Dr.
Kernchen with an uncertainty in the measurement of ± 4·10−5, re-
spectively. The equilibrium temperature was maintained at
T = 298.15 K using a PoliScience thermostatic bath with a digital
temperature controller ASL model F200 with an uncertainty in the
measurement of ± 0.01 K. The pH measurements of the phase equili-
bria were determined using a pHmeter Crison Basic 20 with an un-
certainty in the measurement of pH and temperature of ± 0.01
and ± 0.1 K, respectively. Moreover, the absorbance measurements

involved in the partitioning studies were performed using an UV–Vis
spectrophotometer Thermo Scientific Varioskan flash with an un-
certainty of measurement of ± 10−4.

2.3. Phase diagrams determination: binodal curves and tie-lines

2.3.1. Binodal curves
Aqueous solutions of salt (sodium or potassium citrate) of known

composition (30.52 wt%, weight percentage, for sodium citrate and
26.98 wt%, weight percentage, for potassium citrate) were prepared by
weight. These concentrations were chosen to obtain the maximum so-
lubility of salt in water, which ensures that the mixture is homo-
geneous. Then, they were placed into glass tubes and titrated with ethyl
lactate (EL) until the phase transition (slight turbidity) in the mixtures
was observed. The composition of the mixtures was determined by
weighting. Afterwards, water was added dropwise to the cloudy mix-
tures to get clear homogeneous mixtures again, and this procedure was
repeated until enough data was obtained to cover the binodal curve.
The method follow for the determination of the compositions of the
binodal curves has been described in detail in a previous work [31].

In order to ensure that the whole range of compositions was cov-
ered, a known amount of ethyl lactate was titrated with the corre-
sponding salt solution. The measured experimental data were put to-
gether to build the complete solubility curve. The equation given by
Merchuk et al. [3] was used to fit the binodal curves:

=[EL] A·exp[B·[salt] C·[salt] ]0.5 3 (1)

where [EL] and [salt] are the ethyl lactate and salt compositions in
weight percentage, respectively, and A, B and C are the temperature-
dependent adjustable parameters obtained by nonlinear least squares
regression.

2.3.2. Tie-lines
For the experimental determination of tie-lines compositions,

ternary mixtures with known compositions, within the immiscible re-
gion, were gravimetrically prepared in glass cells and sealed with si-
licon covers to avoid losses by evaporation or moisture absorption.
Then, they were placed into a thermostatic bath at T = 298.15 K and
were vigorously stirred for 6 h to allow an intimate contact between the
two phases. Thereafter, they were left to settle overnight to guarantee
the achievement of the equilibrium. After the phase separation, samples
of both phases were taken with syringes and their compositions were
determined through the measurement of both density and refractive
index at T = 298.15 K and atmospheric pressure.

To estimate the tie-lines compositions, a method based on a pre-
vious determination of the isolines of the physical properties of density
and refractive index was carried out. For this purpose, different binary
and ternary mixtures with known composition were prepared within
the miscible region of the corresponding phase diagram. The compo-
sitions of these samples were calculated paying close attention to have
enough points well distributed covering all the miscible region of the
phase diagram to best characterize the ternary system. Density and
refractive index of each miscible sample were measured at
T = 298.15 K and atmospheric pressure and a polynomial expression
for each physical property versus mixtures composition was obtained as
follows:

=
= =

Q A w
i

n

j

m

ij i
m

1 1 (2)

where: Q is the physical property (ρ or nD), n is the number of com-
ponents of the ternary mixtures, m is the polynomial degree, wi is the
mass fraction of component i and Aij are the adjustable parameters.

Therefore, the tie-lines compositions were obtained from the mea-
surement of density and refractive index of the top and bottom phases
for each tie-line by crossing the two corresponding polynomial
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expressions (Eq. (2)).
Two important characteristics of the tie-lines are the tie-line length,

TLL, and tie-lines slope, STL, that can be calculated using the following
expressions:

= +w w w wTLL ( ) ( )EL
top

EL
bot 2

salt
top

salt
bot 2 (3)

= w w w wSTL ( )/( )EL
top

EL
bot

salt
top

salt
bot (4)

where the subscripts EL and salt denote ethyl lactate and salt compo-
sitions in mass fraction and the superscripts top and bot refer to the top
and bottom phases, respectively.

Moreover, the degree of consistency of the obtained tie-lines was
tested using the equations proposed by Othmer-Tobias (Eq. (5)) and
Brancroft (Eq. (6)) which are the most widely used in this kind of
systems [28,29]:

= +w
w

w
w

log 1 K n·log 1EL
top

EL
top 1

salt
bot

salt
bot (5)

= +w
w

w
w

log 1 K r·log 1water
bot

salt
bot 2

water
top

EL
top (6)

where wwater
top and wwater

bot are the mass fraction of water in the top and
bottom phases at equilibrium, respectively and where wEL

top and wsalt
bot

stand for the compositions, in mass fraction, of EL in the top phase and
salt in the bottom phase, respectively.

pH of the two equilibrium phases (top and bottom phases) were
measured to check for possible changes of this property, which can lead
to different structures of the flavonoids.

2.4. Partitioning of flavonoids

In order to study the influence of the tie-line length (i.e., the con-
centration of ethyl lactate and salt on the feed) of the ATPS, three tie
lines of the ATPS studied in this work were chosen to carry out the
partition studies of the rutin and quercetin. These were the tie-line
which has the lowest content of ethyl lactate (TL1), one with an average
content of ethyl lactate (TL3) and the tie-line with the highest content
of ethyl lactate (TL6).

Aqueous solutions of flavonoids of concentration 0.48 g/l for rutin
and 0.09 g/l for quercetin were prepared. Three ternary mixtures with
the same composition of the tie-line determination were selected, and
1 ml of stock solution of flavonoid was added to each ternary mixture.
All mixtures were prepared by weight with an uncertainty of ± 3·10
− 4 g. Each mixture was shaken vigorously for 6 h and to ensure

complete separation, the samples were kept in a water bath at
T = 298.15 K. After a careful separation of both phases, samples of
each phase were withdrawn and the flavonoid quantification was car-
ried out using a UV-spectroscopic at a wavelength of 368 nm for rutin
and 324 nm for quercetin. Calibration curves for rutin and quercetin
previously established were used, the range of the calibration was: from
0 to 0.0001185 g/mL for the rutin and to 0.0000117 g/mL for the
quercetin.

To check for possible interferences of both ethyl lactate and organic
salts, blank samples (with the same composition of tie-line but without
flavonoid) were prepared and their absorbance measured in the same
wavelength. No interference was found neither for ethyl lactate or for
organic salts in the two wavelengths used.

The partition coefficients of rutin and quercetin, Kflav, are defined as
the ratio of the concentration of the each flavonoid in the top phase
(ethyl lactate-rich phase) and bottom phase (organic salt-rich phase)
according to Eq. (7):

=K
C

Cflav
flav
top

flav
bottom (7)

where Cflav
top and Cflav

bottom are the concentration (g/l) of each flavonoid in

the top and in the bottom phases, respectively.
The percentage extraction, E %flav , of flavonoid is defined as the

percentage ratio between the amount (grams) of flavonoid in the top
phase, g ,flav

top and in the total mixture, g :flav
total

=E % 100·
g
gflav

flav
top

flav
total (8)

3. Results and discussion

3.1. Phase diagrams: Binodal curves and tie-lines

Binodal curves for the aqueous two-phase systems containing ethyl
lactate and the organic salts, sodium citrate and potassium citrate, have
been experimentally determined at T = 298.15 K and atmospheric
pressure. Experimental phase diagrams are displayed in weight per-
centage in Fig. 1 and presented in Table 1. It should be noted that the
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Fig. 1. Binodal curves of the ternary systems {ethyl lactate (1) + citrate salts
(2) + water (3)} determined at T = 298.15 K and p = 0.1 MPa. Symbols
represent the experimental data and the line corresponds to the fit by Eq. (1).
(●) sodium citrate (this work); (○) sodium citrate [reference [20]] and (■)
potassium citrate (this work).

Table 1
Binodal curve data (weight percentage, wi) for the ternary systems {EL
(1) + salts (2) + water (3)} determined experimentally at T = 298.15 K and
p = 0.1 MPa.a

w1 w2 w1 w2 w1 w2

{EL (1) + sodium citrate (2) + water (3)}
1.9 34.0 20.9 13.1 50.6 3.7
2.9 29.1 24.0 11.7 58.1 2.1
3.4 27.4 24.5 11.5 61.6 1.7
8.4 22.2 29.8 9.6 64.4 1.4
11.0 19.6 30.8 9.2 68.2 1.0
13.4 17.7 32.7 8.7 72.2 0.7
16.1 15.9 34.6 8.1 84.2 0.3
18.9 14.0 46.9 4.5
{EL (1) + potassium citrate (2) + water (3)}
4.0 35.8 24.2 15.7 54.1 5.1
5.6 31.8 26.3 14.5 59.8 3.7
8.3 27.6 32.1 12.1 60.8 3.4
11.1 24.0 32.8 12.0 62.2 3.2
11.5 23.9 37.6 10.2 64.2 2.8
12.2 23.2 40.2 9.2 73.6 1.7
13.3 21.7 42.8 8.3 79.6 1.3
19.0 18.1 47.0 7.0
21.9 16.5 52.7 5.4

a Standard uncertainties, u, are: u(T) = 0.2 K, u(p) = 10 kPa, u(w) = 10−1.
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calculations of salt compositions were carried out taking into account
the additional water included in their corresponding commercial form
and hence added to water composition of each phase diagram.

The adjustable parameters calculated using the Merchuk equation
(Eq. (1)) together with the standard deviations are summarized in
Table 2. From Fig. 1, it can be visually checked the good fit of Merchuk
equation to experimental data for both ternary systems studied in this
work. Additionally, the reported data for the ternary system {ethyl
lactate (1) + sodium citrate (2) + water (3)} by Kamalanathan et al.
[20] are also plotted in Fig. 1. As it can be observed, the experimental
data for the ATPS involving sodium citrate presented in this work are in
good agreement with the values reported in the literature.

Moreover, it is possible to analyse the influence of the salt cation on
the binodal curve with experimental data drawn in Fig. 1. The system
containing sodium citrate exhibits larger biphasic region than the ATPS
involving potassium citrate. Hence, the salting-out ability of the studied
citrate salts follows the order: Na+ > K+ which is in accordance with
the well-known Hofmeister series [32] and the results reported by other
authors in ionic liquid-based ATPS [2,10,33].

As it has been commented in the previous section, the tie-lines
compositions were calculated using a method based on the determi-
nation of the physical properties of mixtures within the miscible region
of the corresponding phase diagram. These experimental data were
fitted to a polynomial expression for each physical property versus
composition using Eq. (2) and the obtained adjustable are shown in
Table 3.

Feed and tie-lines compositions are depicted in Fig. 2 and shown in
Table 4 together with the calculated slopes, lengths of the tie-lines and
values of pH for top and bottom phases.

As it can be inferred from Table 4 and Fig. 2, a higher content of
ethyl lactate in the initial composition of the tie-line gives rise to higher
ethyl lactate and salt concentration in the top and bottom phases, re-
spectively. Therefore, the top phase is the ethyl lactate-rich phase and
the bottom one is the salt-rich phase for both studied ATPS. Tie-line
lengths (TLL) and tie-line slopes (STL) were calculated from tie-lines
compositions. Higher TLL values mean higher degree of separation, that
is to say, larger differences between the compositions of top and bottom
phases. The highest values of TLL were obtained for the ternary system
involving potassium citrate. Regarding the slope of the tie-lines, the
slightly difference between the STL values show that the tie-lines are
practically parallel and the steeper slopes were obtained for the system
{ethyl lactate (1) + sodium citrate (2) + water (3)}.

The consistency of the tie-lines was satisfactorily ascertained using
the Othmer-Tobias (Eq. (5)) and Bancroft (Eq. (6)) equations [28,29]
and the obtained adjustable parameters and the correlation coefficients
are presented in Table 5. The values of pH for the top and bottom
phases are very similar for both studied systems. Therefore, the struc-
tures of rutin and quercetin remain the same in both liquid phases and
the partition coefficients measured correspond to the values for quer-
cetin and rutin.

Finally, a comparison of the calculated tie-line data for the system
{ethyl lactate (1) + sodium citrate (2) + water (3)} with values

reported in literature [20] was carried out. As it can be observed in
Fig. 3 a good agreement is observed between our data and those re-
ported by Kamalanathan et al. [20].

3.2. Thermodynamic modelling

There are not studies about the thermodynamic modelling of ATPS
with ethyl lactate, although correlation and prediction of experimental
data are fundamental to apply the APTS process in the industry because
it is impossible to cover the phase behaviours of all conditions through
experiments.

For this reason, in this work UNIQUAC [30] thermodynamic model
was adopted to describe the liquid–liquid equilibrium phase diagrams.
This model was selected since it keeps the simplicity of the Wilsońs
equation [34] and allows to extrapolate for multicomponent mixtures
of immiscible liquids. Even though this model was not originally de-
veloped for systems containing electrolytes, it has provided very ade-
quate correlating ability for aqueous two-phase systems involving ionic
liquids or deep eutectic solvents with organic or inorganic salts [35–41]
and was also widely used in modelling LLE of polymer-salt systems. The
required van der Waals parameters, ri (volume) and qi, (surface area)
for ethyl lactate and water were taken from literature [42] and for
organic salts were calculated in this work. Their values are: r ethyl laca-

tate = 4.4555, r water = 0.9200, r Nacitrate = 6.0872, r Kcitrate = 6.8702

Table 2
Adjustable parameters (A, B and C) obtained by Merchuk equation (Eq. (1)) and
standard deviation for the experimental binodal curves data.

System A B C σa

{EL (1) + sodium citrate (2) + water
(3)}

101.115 −0.374 7.64·10-5 0.971

{EL (1) + potassium citrate (2) + water
(3)}

116.409 −0.346 4.61·10-5 0.956

a Standard deviation; = z z n(( )) /
i

ndat
cal dat

2
1/2

(z and zcal are the values

of the experimental and calculated property and ndat is the number of experi-
mental data points)
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Fig. 2. Binodal curves and corresponding tie-lines for the ternary systems
containing ethyl lactate, salt and water at T = 298.15 K and p = 0.1 MPa. (○)
feed compositions, (X) binodal curve, (–) fit of the binodal data, (●, grey) ex-
perimental tie-line compositions and (□) calculated tie-lines compositions
using the UNIQUAC model. (a) {EL (1) + sodium citrate (2) + water (3)}; (b)
{EL (1) + potassium citrate (2) + water (3)}.)
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and q ethyl lactate = 3.9280, q water = 1.3997, q Nacitrate = 5.7890 and q
kcitrate = 6.5780. The six binary adjustable parameters of the UNIQUAC
model, Δuij, together with the values of the root-mean-square deviation
of the composition, σx, are shown in Table 6. The root-mean-square
deviation, σx, were ascertained as follows:

=
+

x
x x x x

mn
100

( ) ( )
2

i
m

j
n

ij ij ij ij
1 I,exp I,cal 2 II,exp II,cal 2

(9)

where m is the number of the tie-lines and n is the number of compo-
nents in the mixture. The superscripts I and II refer to the top and
bottom phase, respectively, xi

exp and xi
cal are the experimental and

calculated composition in mole fraction of component i in both phases,
respectively. Taking into account the values of the deviations obtained,
it can be inferred that the UNIQUAC model describe accurately the
experimental data. The high quality of the correlation can also be vi-
sually confirmed in Fig. 2, where the experimental and calculated tie-
lines using the UNIQUAC model are displayed.

3.3. Partitioning of rutin and quercetin

In order to explore the applicability of the ATPS proposed in the
biotechnology industry, the partitioning of two flavonoids: rutin and
quercetin in the {ethyl lactate (1) + sodium citrate or potassium citrate
(2) + water (3)} ATPS at T = 298.15 K and atmospheric pressure was
carried out.

The results of the values of the partition coefficients,
K , and percentage extraction, E %,flav flav together the TLL values are
shown in Table 7. Table 7 presents the distribution coefficients for two
flavonoids in the two ATPS studied, which are higher than one.

The obtained values reveal that the results of the separation of the
rutin and quercetin depend on the composition of ethyl lactate and
organic salts present in the ATPS. In our essay, the two flavonoids

studied showed higher affinity for the ethyl lactate-rich phase. The
flavonoids preferentially migrate to the EL-rich phase, showing that the
ethyl lactate-based ATPS are new possibilities for the extraction of rutin
and quercetin.

Since the value of K strongly depends on the ATPS composition, the
representation of the logarithm of the partition coefficient against tie-
line length must be linear. Logarithm of the partition coefficient versus
TLL of the two flavonoids in the two systems studied is shown in Fig. 4.
As can be seen, there is a linear relationship between the logarithm of
the partition coefficient and the value of the TLL, which is according to
the following equation:

=Ln K ·TLLflav (10)

where α is a constant value which depends on the ATPS composition.
The values of the α together with the squared correlation coefficient,
R2, of the two flavonoids on the two studied ATPS were the following:
for quercetin on {ethyl lactate + sodium citrate + water}, α = 0.417
and R2 = 0.9667; for rutin on {ethyl lactate + sodium ci-
trate + water}, α = 0.589 and R2 = 0.9928; for quercetin on {ethyl
lactate + potassium citrate + water}, α = 0. 372 and R2 = 0.9803 and
for rutin on {ethyl lactate + potassium citrate + water}, α = 0.480

Table 3
Polynomial expressions for the density and refractive index as function of composition for the studied ternary
systems.

{EL (1) + sodium citrate (2) + water (3)}

= + + + + + +w w w w w w w w w0.0185· 1.0792· 0.0190· 0.2607· 1.6766· 0.2607· 0.0607· 0.9817· 0.0455·1 1
2

1
3

2 2
2

2
3

3 3
2

3
3

= + + + + +n w w w w w w w w w0.0061· 1.4665· 0.0413· 0.0252· 1.5414· 0.0036· 0.1495· 1.2431· 0.0609·D 1 1
2

1
3

2 2
2

2
3

3 3
2

3
3

{EL (1) + potassium citrate (2) + water (3)}
= + + + + +w w w w w w w w w0.0892· 1.0905· 0.0436· 0.3334· 1.6399· 0.3009· 0.0073· 1.0151· 0.0120·1 1

2
1
3

2 2
2

2
3

3 3
2

3
3

= + + + + + + +n w w w w w w w w w0.0476· 1.4474· 0.0167· 0.0760· 1.4907· 0.1628· 0.0009· 1.3268· 0.0041·D 1 1
2

1
3

2 2
2

2
3

3 3
2

3
3

Table 4
Experimental phase equilibria compositions (in weight percentage), together with their corresponding tie-line length (TLL), tie-line slope (STL) and pH values for the
systems {EL(1) + citrate salts (2) + water (3)} at T = 298.15 K and p = 0.1 MPa.a

N° TL feed top phase bottom phase TLL STL

[EL]feed [salt]feed [EL]top [salt]top pH [EL]bot [salt]bot pH

{EL (1) + sodium citrate (2) + water (3)}
TL1 30.0 11.0 51.7 3.0 7.00 16.0 15.7 6.98 37.85 −2.81
TL2 32.0 11.4 57.5 2.0 6.98 12.3 18.5 6.96 48.18 −2.74
TL3 34.3 11.7 61.5 1.4 6.98 9.8 20.7 6.97 55.17 −2.68
TL4 36.5 12.1 65.0 1.0 7.00 7.9 23.0 7.00 61.17 −2.59
TL5 38.5 12.3 67.7 0.7 6.98 6.8 24.7 6.97 65.44 −2.54
TL6 40.6 12.6 70.1 0.5 6.98 5.5 26.6 7.00 69.68 −2.48
{EL (1) + potassium citrate (2) + water (3)}
TL1 35.5 12.6 57.9 3.9 7.21 15.0 20.3 7.39 45.91 −2.62
TL2 37.5 13.0 61.7 3.4 7.22 11.5 23.2 7.41 54.02 −2.54
TL3 39.2 13.5 67.4 2.1 7.19 9.1 25.8 7.37 62.96 −2.46
TL4 41.1 13.9 70.4 1.6 7.23 7.5 28.2 7.41 68.28 −2.37
TL5 43.0 14.3 73.6 1.1 7.12 6.0 31.0 7.39 73.92 −2.27
TL6 44.6 14.8 75.8 0.9 7.22 5.2 33.1 7.43 77.66 −2.19

a Standard uncertainties, u, are: u(T) = 0.2 K, u(p) = 10 kPa, u(w, weight percentage) = 10-1, u(pH) = 10−2.

Table 5
Parameters obtained using Othmer-Tobias equation (Eq. (5)) and Brancroft
equation (Eq. (6)) with correlation coefficients.

ATPS Othmer-Tobias Bancroft

n K1 R2 r K2 R2

{EL (1) + sodium citrate +
(2) + water (3)}

1.186 −0.895 0.999 0.720 0.681 0.999

{EL (1) + potassium citrate +
(2) + water (3)}

1.272 −0.889 0.994 0.688 0.629 0.994
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and R2 = 0.9927.
Furthermore, the extraction potential of the two proposed ATPS was

evaluated thought the percentage extraction of the rutin and quercetin.
In Fig. 5, the values of the percentage extraction as function of TLL for
the two flavonoids obtained on the two ATPS are shown.

With the systems chosen, the study of the influence of salt cation on
APTS in the separation of flavonoids can be carried out. As can be seen

from Fig. 4, Fig. 5 and Table 7, higher Kflav and Eflav% values were
achieved for the two flavonoids studied in the ATPS containing sodium
citrate as salt, in addition, higher partition coefficient and percentage
extraction values were obtained for quercetin than for the routine in
both ATPS.

Table 6
UNIQUAC parameters, Δuij, and deviation, σx, obtained from LLE data corre-
lation.

i-j Δuij/(kJ·mol−1) Δuji/(kJ·mol−1) σx

{EL (1) + sodium citrate (2) + water (3)}
1–2 3127.0 10,000 0.40
1–3 7883.2 8650.0
2–3 820.00 16,500
{EL (1) + potasium citrate (2) + water (3)}
1–2 2889.4 17,580 0.48
1–3 7860.9 717.71
2–3 352.00 18,925

% sodium citrate
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Fig. 3. Comparison of tie-line compositions obtained in this work (black) and
tie-line compositions reported by Kamalanathan et al. [20] (grey) for the
ternary system {ethyl lactate (1) + sodium citrate (2) + water (3)}. Symbols:
(□) feed compositions, (X) binodal curve, (●) tie-line data and (–) fit of the
binodal data by eq.1 at T = 298.15 K and p = 0.1 MPa.

Table 7
Partition coefficients (K) and percentage of extraction (% E) of flavonoids (rutin and quercetin) in ATPS containing ethyl lactate and sodium citrate or potassium
citrate at T = 298.15 K and p = 0.1 MPa.a

N° TL [EL]feed [salt]feed TLL Cflav
top (g/mL) Cflav

bottom (g/mL) Kflav Eflav %

Quercetin in ATPS: ethyl lactate + sodium citrate + water
TL1 10.96 30.04 37.85 1.98E−05 2.62E−06 7.53 83.97
TL3 11.68 34.31 55.17 1.71E−05 1.23E−06 13.93 93.29
TL6 12.58 40.55 69.98 1.58E−05 6.10E−07 25.91 97.26
Rutin in ATPS: ethyl lactate + sodium citrate + water
TL1 10.96 30.04 37.85 9.38E−05 2.09E−05 4.49 75.72
TL3 11.68 34.31 55.17 8.89E−05 1.29E−05 6.87 87.28
TL6 12.58 40.55 69.98 8.36E−05 6.57E−06 12.72 94.56
Quercetin in ATPS: ethyl lactate + potassium citrate + water
TL1 12.56 35.53 45.91 1.66E−05 3.20E−06 5.19 83.88
TL3 13.50 39.20 62.96 1.58E−05 1.74E−06 9.07 91.65
TL6 14.81 44.64 77.66 1.48E−05 1.02E−06 14.47 95.63
Rutin in ATPS: ethyl lactate + potassium citrate + water
TL1 12.56 35.53 45.91 8.14E−05 2.49E−05 3.27 76.60
TL3 13.50 39.20 62.96 8.11E−05 1.61E−05 5.04 85.89
TL6 14.81 44.64 77.66 8.00E−05 1.08E−05 7.41 91.80

a Standard uncertainties, u, are: u(T) = 0.2 K, u(p) = 10 kPa.
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Fig. 4. Logarithm of the partition coefficients of the flavonoids versus tie-line
length for: (○) quercetin on {EL (1) + sodium citrate (2) + water (3)}, (□)
quercetin on {EL (1) + potassium citrate (2) + water (3)}, (●) rutin on {EL
(1) + sodium citrate (2) + water (3)}, (■) rutin on {EL (1) + potassium citrate
(2) + water (3)} and (—) fits from equation (10) at T = 298.15 K and at
p = 101.3 kPa.
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Fig. 5. Extraction percentage, Kflav % of the flavonoids for the three tie-lines. (
) quercetin on {EL (1) + sodium citrate (2) + water (3)}, (■) quercetin on {EL
(1) + potassium citrate (2) + water (3)}, ( ) rutin on {EL (1) + sodium citrate
(2) + water (3)}, ( ) rutin on {EL (1) + potassium citrate (2) + water (3)}.
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4. Conclusions

In this work, aqueous two-phase systems (ATPS) with ethyl lactate
and two organic citrate salts were studied. In order to understand the
phase formation process of the ATPS, binodal curves, tie-lines and their
respective tie-line lengths and slope tie-line were determined at
T = 298.15 K and atmospheric pressure. Besides, Othmer-Tobias and
Bancroft equations were using to fit the tie-line compositions. The ex-
traction potential of these new ethyl lactate-based ATPS in the se-
paration of two flavonoids: rutin and quercetin was evaluated through
the determination of the partition coefficients and percentage extrac-
tion at T = 298.15 K and atmospheric pressure. Furthermore, the
UNIQUAC model was used to correlate the liquid–liquid equilibria ex-
perimental data and the results from the modelling are in good agree-
ment with the experimental data.

The ability of phase splitting of ATPS follows the order: sodium
citrate > potassium citrate, the ATPS with ethyl lactate and sodium
citrate showed to have higher biphasic region that system with po-
tassium citrate.

The results obtained for the partitioning of the rutin and quercetin
showed that an increase in the value of the tie-line length leads to an
increase of the K and percentage extraction values. Besides, the highest
distribution coefficients were obtained for the quercetin on the two
ATPS studies and on the ATPS involving the organic salt sodium citrate.

The applicability of the ethyl lactate-organic citrate salts ATPS for
the separation of rutin and quercetin may be a green approach for the
extraction of the biotechnological industry.

CRediT authorship contribution statement

Pedro Velho: Writing - review & editing. Patricia F. Requejo:
Writing - review & editing, Visualization. Elena Gómez: Writing - re-
view & editing, Conceptualization, Supervision, Validation. Eugénia A.
Macedo: Conceptualization, Supervision.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

This work is a result of project “AIProcMat@N2020 - Advanced
Industrial Processes and Materials for a Sustainable Northern Region of
Portugal 2020”, with the reference NORTE-01-0145-FEDER-000006,
supported by Norte Portugal Regional Operational Programme (NORTE
2020), under the Portugal 2020 Partnership Agreement, through the
European Regional Development Fund (ERDF); Associate Laboratory
LSRE-LCM-UID/EQU/50020/2019 - funded by national funds through
FCT/MCTES (PIDDAC). Elena Gómez thanks funding support from
Stimulus of Scientific Employment, Individual Support 2017,
CEECIND/02646/2017, FCT. Patricia F. Requejo is grateful to the Xunta
de Galicia (Spain) for her scholarship (ED481B-2017/019).

References

[1] P.A. Albertsson, Book Reviews, third ed., Wiley, New York, 1986 doi:10.1002/
cbf.290050311.

[2] M.G. Freire, A.F.M. Cláudio, J.M.M. Araújo, J.A.P. Coutinho, I.M. Marrucho,
J.N.C. Lopes, L.P.N. Rebelo, Aqueous biphasic systems: a boost brought about by
using ionic liquids, Chem. Soc. Rev. 41 (2012) 4966–4995, https://doi.org/10.
1039/c2cs35151j.

[3] J.C. Merchuk, B.A. Andrews, J.A. Asenjo, Aqueous two-phase systems for protein
separation studies on phase inversion, J. Chromatogr. B Biomed. Appl. 711 (1998)
285–293, https://doi.org/10.1016/S0378-4347(97)00594-X.

[4] M. Iqbal, Y. Tao, S. Xie, Y. Zhu, D. Chen, X. Wang, L. Huang, D. Peng, A. Sattar,
M.A.B. Shabbir, H.I. Hussain, S. Ahmed, Z. Yuan, Aqueous two-phase system

(ATPS): an overview and advances in its applications, Biol. Proc. Online 18 (2016)
1–18, https://doi.org/10.1186/s12575-016-0048-8.

[5] S. Shahriari, L.C. Tomé, J.M.M. Araújo, L.P.N. Rebelo, J.A.P. Coutinho,
I.M. Marrucho, M.G. Freire, Aqueous biphasic systems: a benign route using cho-
linium-based ionic liquids, RSC Adv. 3 (2013) 1835–1843, https://doi.org/10.
1039/c2ra22972b.

[6] J.A. Asenjo, B.A. Andrews, Aqueous two-phase systems for protein separation: a
perspective, J. Chromatogr. A. 1218 (2011) 8826–8835, https://doi.org/10.1016/j.
chroma.2011.06.051.

[7] E. Huenupi, A. Gomez, B.A. Andrews, J.A. Asenjo, Optimization and design con-
siderations of two-phase continuous protein separation, J. Chem. Technol.
Biotechnol. 74 (1999) 256–263, https://doi.org/10.1002/(SICI)1097-
4660(199903)74:3<256::AID-JCTB27>3.0.CO;2-8.

[8] W.N. Phong, P.L. Show, Y.H. Chow, T.C. Ling, Recovery of biotechnological pro-
ducts using aqueous two phase systems, J. Biosci. Bioeng. 126 (2018) 273–281,
https://doi.org/10.1016/j.jbiosc.2018.03.005.

[9] A.L. Grilo, M.R. Aires-Barros, A.M. Azevedo, Partitioning in aqueous two-phase
systems: fundamentals, applications and trends, Sep. Purif. Rev. 45 (2016) 68–80,
https://doi.org/10.1080/15422119.2014.983128.

[10] M.G. Freire, Ionic-liquid- based aqueous biphasic systems fundamentals and ap-
plications, 2016. doi:10.1007/978-3-662-52875-4.

[11] M. Petkovic, K.R. Seddon, L.P.N. Rebelo, C.S. Pereira, Ionic liquids: a pathway to
environmental acceptability, Chem. Soc. Rev. 40 (2011) 1383–1403, https://doi.
org/10.1039/c004968a.

[12] P. Delgado, M.T. Sanz, S. Beltrán, Pervaporation study for different binary mixtures
in the esterification system of lactic acid with ethanol, Sep. Purif. Technol. 64
(2008) 78–87, https://doi.org/10.1016/j.seppur.2008.08.002.

[13] S. Aparicio, R. Alcalde, The green solvent ethyl lactate: an experimental and the-
oretical characterization, Green Chem. 11 (2009) 65–78, https://doi.org/10.1039/
b811909k.

[14] C.T. Bowmer, R.N. Hooftman, A.O. Hanstveit, P.W.M. Venderbosch, N. van der
Hoeven, The ecotoxicity and the biodegrability of lactia acid, alkyl lactate esters
and lactate salts, Chemosphere 37 (1998) 1317–1333, https://doi.org/10.1016/
s0045-6535(98)00116-7.

[15] J.J. Clary, V.J. Feron, J.A. Van Velthuijsen, Safety assessment of lactate esters,
Regul. Toxicol. Pharmacol. 27 (1998) 88–97, https://doi.org/10.1006/rtph.1997.
1175.

[16] G. Vicente, A. Paiva, T. Fornari, V. Najdanovic-Visak, Liquid-liquid equilibria for
separation of tocopherol from olive oil using ethyl lactate, Chem. Eng. J. 172 (2011)
879–884, https://doi.org/10.1016/j.cej.2011.06.077.

[17] M.S. Manic, D. Villanueva, T. Fornari, A.J. Queimada, E.A. MacEdo, V. Najdanovic-
Visak, Solubility of high-value compounds in ethyl lactate: measurements and
modeling, J. Chem. Thermodyn. 48 (2012) 93–100, https://doi.org/10.1016/j.jct.
2011.12.005.

[18] D.V. Bermejo, P. Luna, M.S. Manic, V. Najdanovic-Visak, G. Reglero, T. Fornari,
Extraction of caffeine from natural matter using a bio-renewable agrochemical
solvent, Food Bioprod. Process. 91 (2013) 303–309, https://doi.org/10.1016/j.fbp.
2012.11.007.

[19] M.E. Zakrzewska, M.S. Manic, E.A. Macedo, V. Najdanovic-Visak, Liquid-liquid
equilibria of mixtures with ethyl lactate and various hydrocarbons, Fluid Phase
Equilib. 320 (2012) 38–42, https://doi.org/10.1016/j.fluid.2012.02.004.

[20] I. Kamalanathan, Z. Petrovski, L.C. Branco, V. Najdanovic-Visak, Novel aqueous
biphasic system based on ethyl lactate for sustainable separations: phase splitting
mechanism, J. Mol. Liq. 262 (2018) 37–45, https://doi.org/10.1016/j.molliq.2018.
03.119.

[21] I. Kamalanathan, L. Canal, J. Hegarty, V. Najdanovic-Visak, Partitioning of amino
acids in the novel biphasic systems based on environmentally friendly ethyl lactate,
Fluid Phase Equilib. 462 (2018) 6–13, https://doi.org/10.1016/j.fluid.2018.01.
016.

[22] J. Gao, L. Chen, Z. Yan, Phase behavior of aqueous biphasic systems composed of
ionic liquids and organic salts, J. Chem. Eng. Data. 60 (2015) 464–470, https://doi.
org/10.1021/je500419b.

[23] K. Wysoczanska, E.A. Macedo, Effect of molecular weight of polyethylene glycol on
the partitioning of DNP-amino acids: PEG (4000, 6000) with sodium citrate at
298.15 K, Fluid Phase Equilib. 428 (2016) 84–91, https://doi.org/10.1016/j.fluid.
2016.07.009.

[24] S. Ghaffari, J. Rahbar Shahrouzi, F. Towfighi, A. Baradar Khoshfetrat, Partitioning
of cefazolin in aqueous two-phase systems containing poly (ethylene glycol) and
sodium salts (citrate, tartrate, and sulphate), Fluid Phase Equilib. 488 (2019)
54–61, https://doi.org/10.1016/j.fluid.2019.01.010.

[25] G.R. Beecher, Overview of dietary flavonoids: nomeclature, occurence and intake,
J. Nutr. 133 (2003) 3248–3254, https://doi.org/10.1093/jn/133.10.3248S.

[26] Q. Liu, W. Cai, X. Shao, Determination of seven polyphenols in water by high
performance liquid chromatography combined with preconcentration, Talanta 77
(2008) 679–683, https://doi.org/10.1016/j.talanta.2008.07.011.

[27] C. Faggio, A. Sureda, S. Morabito, A. Sanches-Silva, A. Mocan, S.F. Nabavi,
S.M. Nabavi, Flavonoids and platelet aggregation: a brief review, Eur. J. Pharmacol.
807 (2017) 91–101, https://doi.org/10.1016/j.ejphar.2017.04.009.

[28] D.F. Othmer, P.E. Tobias, Liquid -liquid extraction data -toluene and acetaldehyde
systems, Ind. Eng. Chem. 34 (2005) 690–692, https://doi.org/10.1021/
ie50390a011.

[29] G. Tubío, L. Pellegrini, B.B. Nerli, G.A. Picó, Liquid−liquid equilibria of aqueous
two-phase systems containing poly(ethylene glycols) of different molecular weight
and sodium citrate, J. Chem. Eng. Data. 51 (2006) 209–212, https://doi.org/10.
1021/je050332p.

[30] J.M. Abrams, D.S. Prausnitz, Statistical thermodynamics of liquid mixtures: a new

P. Velho, et al. Separation and Purification Technology 252 (2020) 117447

7

http://refhub.elsevier.com/S1383-5866(20)31921-3/h0005
http://refhub.elsevier.com/S1383-5866(20)31921-3/h0005
https://doi.org/10.1039/c2cs35151j
https://doi.org/10.1039/c2cs35151j
https://doi.org/10.1016/S0378-4347(97)00594-X
https://doi.org/10.1186/s12575-016-0048-8
https://doi.org/10.1039/c2ra22972b
https://doi.org/10.1039/c2ra22972b
https://doi.org/10.1016/j.chroma.2011.06.051
https://doi.org/10.1016/j.chroma.2011.06.051
https://doi.org/10.1002/(SICI)1097-4660(199903)74:3<256::AID-JCTB27>3.0.CO;2-8
https://doi.org/10.1002/(SICI)1097-4660(199903)74:3<256::AID-JCTB27>3.0.CO;2-8
https://doi.org/10.1016/j.jbiosc.2018.03.005
https://doi.org/10.1080/15422119.2014.983128
https://doi.org/10.1039/c004968a
https://doi.org/10.1039/c004968a
https://doi.org/10.1016/j.seppur.2008.08.002
https://doi.org/10.1039/b811909k
https://doi.org/10.1039/b811909k
https://doi.org/10.1016/s0045-6535(98)00116-7
https://doi.org/10.1016/s0045-6535(98)00116-7
https://doi.org/10.1006/rtph.1997.1175
https://doi.org/10.1006/rtph.1997.1175
https://doi.org/10.1016/j.cej.2011.06.077
https://doi.org/10.1016/j.jct.2011.12.005
https://doi.org/10.1016/j.jct.2011.12.005
https://doi.org/10.1016/j.fbp.2012.11.007
https://doi.org/10.1016/j.fbp.2012.11.007
https://doi.org/10.1016/j.fluid.2012.02.004
https://doi.org/10.1016/j.molliq.2018.03.119
https://doi.org/10.1016/j.molliq.2018.03.119
https://doi.org/10.1016/j.fluid.2018.01.016
https://doi.org/10.1016/j.fluid.2018.01.016
https://doi.org/10.1021/je500419b
https://doi.org/10.1021/je500419b
https://doi.org/10.1016/j.fluid.2016.07.009
https://doi.org/10.1016/j.fluid.2016.07.009
https://doi.org/10.1016/j.fluid.2019.01.010
https://doi.org/10.1093/jn/133.10.3248S
https://doi.org/10.1016/j.talanta.2008.07.011
https://doi.org/10.1016/j.ejphar.2017.04.009
https://doi.org/10.1021/ie50390a011
https://doi.org/10.1021/ie50390a011
https://doi.org/10.1021/je050332p
https://doi.org/10.1021/je050332p


expression for the excess Gibbs energy of partly or completely miscible systems,
AIChE J. 21 (1975) 116–128, https://doi.org/10.1002/aic.690210115.

[31] E. Gómez, P.F. Requejo, E. Tojo, E.A. Macedo, Recovery of flavonoid using novel
biodegradable choline amino acids ionic liquids based ATPS, Fluid Phase Equilib.
493 (2019) 1–9, https://doi.org/10.1016/j.fluid.2019.03.024.

[32] F. Hofmeister, Zur Lehre von der Wirkung der Salze, F. Arch. f. Exp. Pathol. u.
Pharmakol. 24 (1888) 247–260, https://doi.org/10.1007/BF01838161.

[33] S. Shahriari, C.M.S.S. Neves, M.G. Freire, J.A.P. Coutinho, Role of the Hofmeister
series in the formation of ionic-liquid-based, J Phys Chem B. 116 (2012)
7252–7258, https://doi.org/10.1021/jp300874u.

[34] G.M. Wilson, A new expression for the excess free energy of mixing, J. Am. Chem.
Soc. Am. 86 (1964) 127–130, https://doi.org/10.1021/ja01056a002.

[35] P.F. Requejo, E. Gómez, E.A. Macedo, Partitioning of DNP-amino acids in new
biodegradable choline amino acid/ionic liquid-based aqueous two-phase systems, J.
Chem. Eng. Data. (2019), https://doi.org/10.1021/acs.jced.9b00052.

[36] B. Guo, L. Chen, Y. Liu, Z. Yan, Modification of the extended UNIQUAC model to
study the phase behavior of the [Bmim]Cl–K2HPO4 aqueous two phase system at
298.15 K, J. Solution Chem. 46 (2017) 1059–1067, https://doi.org/10.1007/
s10953-017-0622-y.

[37] E. Suarez Garcia, C.A. Suarez Ruiz, T. Tilaye, M.H.M. Eppink, R.H. Wijffels, C. van
den Berg, Fractionation of proteins and carbohydrates from crude microalgae ex-
tracts using an ionic liquid based-aqueous two phase system, Sep. Purif. Technol.
204 (2018) 56–65, https://doi.org/10.1016/j.seppur.2018.04.043.

[38] A. Haghtalab, A. Paraj, B. Mokhtarani, [1-Ethyl-3-Methyl-Imidazolium]
[EthylSulfate]-based aqueous two phase systems: New experimental data and new
modelling, J. Chem. Thermodyn. 65 (2013) 83–90, https://doi.org/10.1016/j.jct.
2013.05.026.

[39] M.T. Zafarani-Moattar, S. Hamzehzadeh, Liquid-liquid equilibria of aqueous two-
phase systems containing 1-butyl-3-methylimidazolium bromide and potassium
phosphate or dipotassium hydrogen phosphate at 298.15 K, J. Chem. Eng. Data. 52
(2007) 1686–1692, https://doi.org/10.1021/je700077f.

[40] M.T. Zafarani-Moattar, S. Hamzehzadeh, Effect of pH on the phase separation in the
ternary aqueous system containing the hydrophilic ionic liquid 1-butyl-3-methyli-
midazolium bromide and the kosmotropic salt potassium citrate at T=298.15K,
Fluid Phase Equilib. 304 (2011) 110–120, https://doi.org/10.1016/j.fluid.2011.01.
023.

[41] F.O. Farias, F.H.B. Sosa, L. Igarashi-Mafra, J.A.P. Coutinho, M.R. Mafra, Study of
the pseudo-ternary aqueous two-phase systems of deep eutectic solvent (choline
chloride:sugars) + K2HPO4 + water, Fluid Phase Equilib. 448 (2017) 143–151,
https://doi.org/10.1016/j.fluid.2017.05.018.

[42] C. Puentes, X. Joulia, P. Paricaud, P. Giampaoli, V. Athès, M. Esteban-Decloux,
Vapor-liquid equilibrium of ethyl lactate highly diluted in ethanol-water mixtures
at 101.3 kPa. Experimental measurements and thermodynamic modeling using
semiempirical models, J. Chem. Eng. Data. 63 (2018) 365–379, https://doi.org/10.
1021/acs.jced.7b00770.

P. Velho, et al. Separation and Purification Technology 252 (2020) 117447

8

https://doi.org/10.1002/aic.690210115
https://doi.org/10.1016/j.fluid.2019.03.024
https://doi.org/10.1007/BF01838161
https://doi.org/10.1021/jp300874u
https://doi.org/10.1021/ja01056a002
https://doi.org/10.1021/acs.jced.9b00052
https://doi.org/10.1007/s10953-017-0622-y
https://doi.org/10.1007/s10953-017-0622-y
https://doi.org/10.1016/j.seppur.2018.04.043
https://doi.org/10.1016/j.jct.2013.05.026
https://doi.org/10.1016/j.jct.2013.05.026
https://doi.org/10.1021/je700077f
https://doi.org/10.1016/j.fluid.2011.01.023
https://doi.org/10.1016/j.fluid.2011.01.023
https://doi.org/10.1016/j.fluid.2017.05.018
https://doi.org/10.1021/acs.jced.7b00770
https://doi.org/10.1021/acs.jced.7b00770

	Novel ethyl lactate based ATPS for the purification of rutin and quercetin
	Introduction
	Experimental
	Chemicals
	Apparatus
	Phase diagrams determination: binodal curves and tie-lines
	Binodal curves
	Tie-lines

	Partitioning of flavonoids

	Results and discussion
	Phase diagrams: Binodal curves and tie-lines
	Thermodynamic modelling
	Partitioning of rutin and quercetin

	Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	References




