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In this work, three Aqueous Two-Phase Systems (ATPS) involving ethyl lactate and the inorganic salts
(NHy4)2S04, KoHPO4 and NaH,;PO4 have been studied. To analyse the separation process, binodal curves and tie
lines were experimentally determined at T = 298.15 K and atmospheric pressure. The experimental binodal data
were successfully fitted using several empirical equations: Merchuk et al., Hu et al., Han et al. and Jayapal et al.,
and the degree of consistency of the tie line compositions was evaluated using Othmer-Tobias and Brancoft

equations. The liquid-liquid equilibria were fitted using the Pitzer-Debye-Hiickel + UNIQUAC and the UNIQUAC
thermodynamic models. For all systems, the modelled tie lines were very similar to the experimental ones, but
the first model presented somewhat smaller deviations, which allows to conclude that long-range forces present
in these systems with strong salts should be considered.

1. Introduction

Aqueous Two-Phase Systems (ATPS) is a separation technique based
on the formation of two immiscible phases by mixing different water-
soluble compounds [1]. Due to the high water-content in both immis-
cible phases and to the use of non-toxic chemical compounds, this
technique provides a suitable environment to separate different bio-
molecules without modifying their chemical structure and, at the same
time, preventing their denaturation. This fact is a crucial advantage of
the ATPS, since the conventional liquid-liquid extraction presents
serious drawbacks such as long residence times, high temperatures and
pressures, as well as the presence of toxic organic solvents, which could
irreversibly damage the bio-compounds [1-3].

The most common ATPS are based on two polymers, on a polymer
and a salt or on an ionic liquid and a salt [1,2,4,5]. With the need to find
new green chemical compounds capable of forming biphasic aqueous
systems, in this work, ethyl lactate (EL) has been chosen as component
for the formation of ATPS, since it is a biodegradable solvent which can
be produced from bio-renewable sources as corn fermentation [7].
Therefore, it is a promising solvent due to its attractive chemical and
physical properties, such as low toxicity [6], low corrosivity, high
biodegradability and good solvent power [8].

* Corresponding authors.

Besides, several reported studies show promising results in the
application of ethyl lactate as extraction agent for different biomolecules
[9-13]. In a previous work [14], the separation of flavonoids with ATPS
formed by ethyl lactate and organic salts was studied, and good parti-
tioning results were obtained. Hence, in this work, new ATPS formed
with ethyl lactate and inorganic salts are studied with the aim of ana-
lysing their behaviour and suitableness to future applications in the
extraction of biomolecules.

The knowledge on how biomolecules are distributed in the two
phases of the ATPS is still scarce, so the study of the LLE is essential,
and it usually relies on understanding the influence of the hydropho-
bicity of the ATPS-forming compounds and the influence of tempera-
ture [2,1,15-17]. Hydrophobicity is an especially important factor in
the partitioning of biomolecules such as proteins and the salting-out
effect is believed to heavily influence the hydrophobic interactions
[5]. The addition of a salt composed by ions of different hydropho-
bicity to a system leads to a preferential distribution of the bio-
molecules from the salt-rich phase to the solvent-rich phase
(partitioning) [5,15].

Therefore, the experimental determination of ATPS is necessary to
better understand the extraction process, to develop predictive models
for the mechanisms involved in the partitioning of biomolecules and
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thus to be able to select the most suitable ATPS based on the physico-
chemical properties of a specific biomolecule.

In this way, binodal curves and tie lines for three ATPS containing
ethyl lactate and one inorganic salt (ammonium sulphate, (NH4)2SO4, or
di-potassium hydrogen phosphate, KoHPO4, or sodium dihydrogen
phosphate, NaH2PO4) have been measured at T = 298.15 K and atmo-
spheric pressure. The binodal curves were fitted using several equations
widely used in this kind of systems [19-22] and the degree of consis-
tency of the tie line compositions was evaluated using Othmer-Tobias
[23] and Brancoft [24] equations.

Furthermore, the thermodynamic modelling of the studied ATPS was
performed using two different approaches: the Pitzer-Debye-Hiickel +
UNIQUAC (PDH + UNIQUAC) and the UNIQUAC models. As UNIQUAC
was not originally developed for electrolytes, the salts were considered
as if they were in their molecular and neutral form and only short-range
interaction forces were accounted for (three different chemical com-
pounds in the system). However, it is known that strong salts dissociate
when mixed with some solvents, namely water. Therefore, the PDH +
UNIQUAC model was adopted in this study to describe long-range in-
teractions.. In this model, salts are considered as fully dissociated (four
different chemical species in the system). Although very good results
were obtained for both models, it is worth mentioning that PDH +
UNIQUAC provides calculated tie lines that are in slightly better
agreement with the experimental ones. This means that the assumption
that the salt is dissociated is more realistic.

2. Experimental section
2.1. Chemicals

Ethyl lactate with purity higher than 0.99 in mass fraction was
purchased from Sigma-Aldrich and it was used without any further
purification. Inorganic salts: ammonium sulphate, (NH4)2SO4, di-
potassium hydrogen phosphate, KoHPO4, and sodium dihydrogen
phosphate, NaH2PO4, were procured from commercial suppliers with
purities greater than 0.98 in mass fraction in all cases. All salts are
anhydrous species and they were used after drying with heating in order
to prevent water adsorption. A summary of purities and suppliers of all
chemicals employed are listed in Table 1.

2.2. Apparatus

Aqueous solutions used in the experimental procedure were pre-
pared by weighing using a Mettler AX-205 Delta Range scaler with a
measurement uncertainty of + 3-10~* g. The physical properties, density
(p) and refractive index (np) of the binary and ternary mixtures were
measured using an Anton Paar DSA-5000 M digital vibrating tube
densimeter with a measurement uncertainty of + 3-10™° g-cm ™ and an
automatic refractometer Abbemat-HP Dr. Kernchen with an uncertainty
in the measurement of + 4-107°, respectively. The equilibrium tem-
perature was maintained at T = 298.15 K using a PoliScience thermo-
static bath digital temperature controller. The temperature was
controlled with a digital thermometer ASL model F200 with an uncer-
tainty of £+ 0.01 K. The pH measurements of both phases in equilibrium
were measured at T = 298.15 K and atmospheric pressure using a
pHmeter Crison Basic 20 with a measurement uncertainty of pH and

Table 1

Purity and suppliers of pure compounds used in this work.
Compound Supplier Purity”
(-) Ethyl L-lactate Sigma-Aldrich > 99%
Ammonium sulphate Sigma-Aldrich > 99%
di-Potassium hydrogen phosphate Scharlau > 98%
Sodium di-hydrogen phosphate Panreac > 99%

2 purity given by the suppliers.
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temperature of + 0.01 and + 0.1 K, respectively. pH standard solutions
(pH = 4.01, 7.00 and 9.21) were used for pHmeter calibration prior to
measurements.

2.3. Binodal curves

Binodal curves of the ternary systems {ethyl lactate (1) + inorganic
salt (2) + water (3)}, being the inorganic salts: (NH4)2SO4, KzHPO4, and
NaH,PO4, were experimentally determined at T = 298.15 K and atmo-
spheric pressure using the cloud point method [18]. This technique has
been extensively used for the measurement of ATPS, namely those
containing ethyl lactate and different organic salts, and has already been
thoroughly described [14]. So, to build binodal curves, drops of pure
ethyl lactate were added to a known amount of the corresponding
aqueous salt solution until a turbid mixture was reached. Composition of
cloudy mixtures was reached by weighing. Afterwards, drops of water
were added until one homogeneous mixture was observed. This pro-
cedure was repeated until enough data was obtained. In a similar way, to
cover the whole range of compositions of the solubility curve, a known
amount of ethyl lactate was titrated with the corresponding aqueous salt
solution, following the abovementioned procedure.

Pure ethyl lactate and aqueous salt solutions of (NH4)2SO4 (40.88 wt
%), KoHPO4 (50.00 wt%) and NaH,PO4 (44.44 wt%) were used in the
preparation of ATPS. These compositions correspond to the maximum
solubility of the corresponding salt in water at room temperature (stock
solutions).

2.4. Tie lines

The experimental determination of tie lines of the three aqueous two-
phase systems {ethyl lactate (1) + (NH4)2SO4/KoHPO4/NaHyPO4 (2) +
water (3)} was undertaken at T = 298.15 K and atmospheric pressure.
Ternary mixtures of the studied components within the immiscible re-
gion were prepared by weighing and were placed into glass cells sealed
with rubber covers to avoid moisture absorption. Then, they were
vigorously stirred for 6 h to achieve a good contact among the two
phases and they were allowed to settle overnight to ensure a complete
phase separation. Both stirring and settling were carried out in a ther-
mostatic bath with temperature control. After equilibrium was reached,
samples from both phases were withdrawn to measure their
concentrations.

The composition of the tie lines was calculated through a method
based on the measurement of two physical properties: density (p) and
refractive index (np) at T = 298.15 K and atmospheric pressure. First,
binary and ternary mixtures with known composition were gravimetri-
cally prepared. Second, mixture compositions were carefully chosen
within the miscible region of the corresponding phase diagram to
homogenously cover it. Then, density and refractive index were
measured for each mixture at T = 298.15 K and atmospheric pressure.
Experimental data of both physical properties were fitted to a poly-
nomial expression that relates the corresponding physical property to
mixture composition, as follows:

m

0= Z > Ay ¢h)
=1 j=1

where Q is the physical property (p or np), n is the number of compo-
nents of the ternary mixtures, m is the degree of polynomial expression,
w; is the mass fraction of component i and Ay are the fitting parameters.

Following a very common approach [14], the compositions of the tie
lines were calculated by combining the two polynomial expressions (eq.
(1)) with the experimental data of density and refractive index measured
for the corresponding phases of each tie line.

To assess the behaviour of the tie lines, the tie line length (TLL) and
the tie line slope (STL) were calculated using the following expressions:
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where the subscripts EL and salt denote ethyl lactate and salt composi-
tions in mass fraction and the superscripts top and bot refer to the top
and bottom phases, respectively.

The degree of consistency of the composition of the phases in equi-
librium was ascertained through the equations proposed by Othmer-
Tobias (Eq. (4)) and Brancoft (Eq. (5)) [23,24]:

1— W“’P 1 — whot
log{ - EL} =K, +n-log {75““} @
Wit Wi
1— Wbol 1— WlUP
10 water — K r.‘lO water 5
e[ ] = e riee ©

are the mass fractions of water in the top and

bottom phases in equilibrium, respectively, and where wyf and wbS are
the compositions, in mass fraction, of ethyl lactate in the top phase and

salt in the bottom phase, respectively.

A(
Where W\S%l:lcl’ and WE/(;[ICI’

3. Results and discussion
3.1. Phase diagrams: Binodal curves and tie lines

3.1.1. Tests of ATPS formation

Prior to the experimental determination of the presented phase di-
agrams, a preliminary study of the formation of ATPS containing ethyl
lactate and different inorganic salts (KHyPO4, NagPO4, NayHPOy,
KHCO3, NayCO3, NaHCO3, NH4CL, K2SO4 and CaSO4) at T = 298.15 K
and atmospheric pressure was performed. Table 2 displays a summary of
the obtained results. These tests showed that ethyl lactate can form ATPS
with the following salts: K3PO4, KoHPO4, NaH2PO4, and (NH4)2SO4.
Ethyl lactate also forms two immiscible phases with NazPO4, however,
due to the very low salt solubility in water (10.5 wt%), the phase dia-
gram is very reduced.

Conversely, ethyl lactate is not able to generate ATPS with the
inorganic salts: KHPO4, NapHPO4, KHCO3, NapCO3 and NaHCO3 due to
the salt precipitation in the whole range of compositions. With the salts:
K2SO4, CasSO4 and NH4Cl, the phase splitting is not produced
throughout the range of compositions.

These results agree with previous works related to ATPS formation
with PEG and ionic liquids with different salts [1,25-27]. Moreover, the
contribution of the salt anion is more important than that of the cation in
the phase splitting. Besides, trivalent anions (trivalent) are more effec-
tive in inducing phase separation than divalent ones, and these are
stronger than monovalent anions. These assessments are in accordance
with the widely known Hoffmeister series, which is a classification of
ions based on the salting-out capability [28].
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3.1.2. Phase diagrams: Binodal curves and tie lines

The phase diagram is very specific to a system under detailed con-
ditions and shows the potential working area of the ATPS. The analysis
of the binodal curves and tie lines provides important information about
the concentration of components for two phase formation and the
composition of the top and bottom phases [1,5].

In this work, the binodal curves for the ATPS containing ethyl lactate
and the salts: (NH4)2SO4, KoHPO4 and NaH,PO4 were experimentally
determined at T = 298.15 K and atmospheric pressure. Experimental
binodal curve data are drawn in Fig. 1. Besides, the reported data for the
ternary system {ethyl lactate (1) + KoHPO4 (2) + water (3)} by Kama-
lanathan et al. [13] are also plotted in Fig. 1. As it can be observed, the
experimental data from this essay for the ATPS involving KoHPO4 agree
with the values reported in the literature, within the errors associated
with the cloud point method.

As shown in Fig. 1, the binodal curves of the systems exhibit a very
similar behaviour, indicating that these three salts have a similar phase-
forming ability. This trend is in accordance with the well-known Hof-
meister series [28] and the results reported by other authors for IL-based
ATPS [29-39].

Experimental binodal data of {ethyl lactate (1) + (NH4)2SO4/
KoHPO4/NaHyPO4 (2) + water (3)} were fitted using the following
equations proposed by Merchuk et al. [19] (Eq. (6)), Hu et al. [20] (Eq.
(7)), Han et al[21] (Eq. (8)) and Jayapal et al [22] (Eq. (9)),
respectively:

[EL] = A-exp(B[salt]™> — C[salt]*) 6)

20

80 (NHL),S04

B K,HPO4

A Nal,PO,

60 1 B K,HPOj (reference 13)

70 4

50 1

40 -

% ethyl lactate

30 -

20 4

10 A

% salt

Fig. 1. Binodal curve of the studied ternary systems {ethyl lactate (1) + salt
(2) + water (3)} determined at T = 298.15 K and atmospheric pressure. The
symbols represent the experimental data and the line corresponds to the best fit
obtained for each system. Salts: (©) (NH4)2SO4, () K2HPO,4 and (A) NaHPO4
(data presented in this work) and (")) K;HPO, (reference [13]).

Table 2
Study of the ATPS formation in the ternary systems {ethyl lactate (1) + inorganic salt (2) + water (3)} at T = 298.15 K and p = 0.1 MPa".
Salt ATPS Salt ATPS salt ATPS
K3PO4 ¢ KH,PO4 Precipitation Na,HPO4 Precipitation
K,HPO, Ve NagPO, NaH,PO,4 A
Na,COs Precipitation (NH4)2S04 VA NH,4CI x
KHCO3 X NaHCO3 Precipitation K2SO4 X
CayS04 X

4/ denotes ATPS can be formed by EL and salt.

x denotes ATPS cannot be formed by EL and salt.

Precipitation denotes EL and salt generates precipitation.
# Standard uncertainties u are u(T) = 0.01 K and u(p) = 1 kPa.
b denotes ATPS experimental data reported [13].
¢ denotes ATPS experimental data presented in this work.
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[EL] = A + B[salt]® + C[salt] + D[salt]? @
[EL] = exp(A + B[salt]3 + C[salt] + D[salt]z) (8)
[EL] = A + B[salt]> + C[salf] ©)

where [EL] and [salt] are the compositions of ethyl lactate and salt in
weight percentages, respectively, and A, B, C, and D are the adjustable
parameters. Although the most common equation for the fitting of the
binodal curves is equation (6), other equations have also been applied
for fitting of binodal data of aqueous two-phase systems involving
polymers, ionic liquids and salts [40-44]. Being so, the fitted parameters
obtained for each ternary system with the corresponding standard de-
viations (o) of Egs. (1), (2), (3) and (4) are given in Table 3 and the best
fit for each ternary system is presented in Fig. 1, with the objective of
comparing their performance in the description of the experimental
data. Based on the values of o, it can be concluded that Eq. (7) shows a
better fit for the systems involving the inorganic salts: (NH4)2SO4 and
KoHPO4 whereas for the ATPS containing NaH,PO4 the best result is
obtained with Eq. (8). As can be seen in Table 3, Merchuk’s equation
does not convey the smallest deviations for any of the studied systems.

Experimental feed and tie lines’ compositions, as well as their cor-
responding length (TLL) and slopes (STL), are shown in Table 4. The tie
lines’ compositions were calculated using the method based on the
measurement of the physical properties density and refractive index
previously described. The adjustable parameters of the polynomial ex-
pressions (Eq. (1)) for each physical property are presented in Table 4.

The tie line length (TLL) is a widely used parameter to study aqueous
two-phase systems since it gives relevant information on the broadness
of the two-phase region in the phase diagram [45]. As it can be inferred
from Table 5, an increase of ethyl lactate composition in the feed leads to
an increase in the concentration of EL and salt in the top and bottom
phases, respectively, and higher TLL values. Hence, the top phase is the
EL-rich phase whereas the bottom phase is the salt-rich phase. The TLL

Table 3
Fitting parameters obtained with egs. (6), (7), (8) and (9) and standard deviation
for the experimental binodal curves data®.

System A B C D ¢

Merchuk et al. equation (6)

EL + (NH4)2SO04 + 122.383  —-0.457 8.79107° — 1.203
water

EL + K,HPO,4 + 108.762 —0.393 8.76.107° — 1.317
water

EL + NaH,PO4 + 112.874  —0.412 5.83107° — 1.279
water

Hu et al. equation (7)

EL 4 (NH4)2S04 + 112.077  —-37.344 3.181 -4.16-10*  0.603
water

EL + K;HPO4 + 100.945 —29.030 1.820 6.52.1073 0.719
water

EL + NaH,PO,4 + 102.263  —30.314 2.177 2.42.1073 0.780
water

Jayapal et al. equation (8)

EL + (NH4)2S04 + 111.970 -37.218  3.149 — 0.603
water

EL + K,HPO4 + 103.829  -32.053 2.499 — 0.901
water

EL + NaH,PO,4 + 103.287  —-31.350 2.412 — 0.795
water

Han et al. equation (9)

EL + (NH4)2S04 + 4.725 —0.342 —0.027 -1.26107°  0.666
water

EL + K,HPO4 + 4.586 —0.252 —0.033 -1.23107°  0.998
water

EL + NaH,PO4 + 4.614 —0.280 —0.029 —9.07-10~* 0.773
water

1/2

@ Standard deviation; ¢ = {Z'{‘“‘“((zfzm) )2 /ndm} (z and z., are the

values of the experimental and calculated property and ng, is the number of
experimental data points)
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Table 4
Polynomial expressions for density and refractive index as function of the
composition for the studied ternary systems.

{EL (1) + (NH4)>SO4 (2) + water (3)}

p = 0.0870-w; + 1.0699-w? — 0.1218-w3 + 0.0704-w, + 1.5542-w3 — 0.0046-w3 +
0.2363-w3 + 0.9010-w} — 0.1412-w3

np =—0.0108-w; + 1.4281-w} — 0.0050-w; + 0.0123-w; + 1.4857-w3 — 0.0588-w3 —
0.0051-w3 + 1.3371-w# + 0.0002-w}

{EL (1) + K;HPO4 (2) + water (3)}

p = 0.0458-wy + 1.0209-w? — 0.0322-w3 -+ 0.2598-w» + 1.7563-3 + 0.5306-w3 —
0.0172:w3 + 1.0476-w} — 0.0340-w}

np = 0.0240-w; + 1.4562-w? — 0.0668-w} + 0.0446-w; + 1.5012-w} — 0.0301-w3 +
0.1635-w3 + 1.2407-w} — 0.0724-w3

{EL (1) + NaH,PO, (2) + water (3)}

p = —0.0125-w; + 1.0734-w? — 0.0245-w3 + 0.3395-w, + 1.7041-w + 0.1201-w3 +
0.0404-w3 + 0.9951-w% — 0.0391-w}

np = —0.0114-w; + 1.4429-w? — 0.0171-w$ — 0.0423-w, + 1.4786-w3 + 0.0953-w3 +
0.0519-w3 -+ 1.3030-w3 — 0.0234-w3

values obtained were similar for the four ternary systems presented in
this work. Regarding the tie line slopes (STL), a slight variation is
observed between the STL values, which means that the tie lines are
almost parallel. The steepest STL values among the studied systems were
obtained for the ATPS formed by the salt (NH4)2SO4.

Finally, the degree of consistency of the tie lines was confirmed using
the Othmer-Tobias (Eq. (4)) and Brancoft (Eq. (5)) equations [23,24].
The adjustable parameters and their calculated coefficient of determi-
nation (R2) values are given in Table 6.

Table 5 also shows the pH values of the top and bottom phases. The
knowledge of the pH values of phases is very important to choose an
adequate ATPS for the partition of a specific biomolecule. Different pH
values may alter the charge and surface properties of the solute, which
affects the partition of biomolecule [1,2]. The pH values of both phases are
very similar for the ATPS based on the salts (NH4)2SO4, KoHPO4 and
NaH,PO,, being the mean values around 8, 5 and 4, respectively. There-
fore, considering that the behaviour of the phase diagrams of the ternary
systems involving the inorganic salts (NH4)2SO4, KoHPO4 and NaHoPO4 are
similar, the corresponding TLL are comparable for the three ATPS. A first
selection of the most suitable ATPS to separate a specific biomolecule be-
tween the systems presented in this work would depend on the pH range at
which the biomolecule to be separated is chemically stable.

3.2. Thermodynamic modelling

Thermodynamic modelling of phase equilibria is very important
since it allows to accurately predict the composition of the different
phases and since it can be useful as a support for the design and simu-
lation of unit operations [46]. So far, for ATPS, salts have been modelled
in their neutral molecular form and there is a lack of studies considering
them as ionised species. Therefore, two different approaches were used
to represent the tie lines composition of the studied ATPS: the PDH +
UNIQUAC and the UNIQUAC models. In the literature, no previous
works were found concerning the application of thermodynamic models
in the description of these particular ATPS.

UNIversal QUAsi-Chemical (UNIQUAC) [47] is an excess Gibbs free
energy equation widely used in the modelling of non-charged species.
Although it was not developed for electrolytes, it has been successfully
applied in vapor-liquid equilibria (VLE) and liquid-liquid equilibria (LLE)
systems involving organic and inorganic salts [5,48], which are considered
in their molecular form, since the model only accounts for short-range
interaction forces. UNIQUAC requires two structural parameters for each
pure component: the volume, r;, and the surface area, g These were
calculated by summing the structural parameters of the ions that constitute
them, which can be observed in Table 7. Following this approach (equa-
tions for the UNIQUAC model are not given here, as they are well known),
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Table 5
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Experimental phase equilibrium compositions (in weight percentages), together with their corresponding tie line lengths (TLL) and tie line slopes (STL) for the systems
{EL(1) + inorganic salt (2) + water (3)} as well as pH measurements of each phase at T = 298.15 K and p = 0.1 MPa".

Tie line (TL) Feed Top phase Bottom phase STL TLL
[EL]feed [salt]feeq [EL]t0p [saltliop PHiop [EL]pot [saltlpot PHbpot
{ethyl lactate (1) + (NH4)2SO4 (2) + water (3)}
TL1 30.0 12.0 63.6 1.3 4.89 10.5 18.3 4.62 -3.14 55.75
TL2 33.0 12.6 68.9 0.9 4.95 7.2 21.1 4.77 —-3.06 64.95
TL3 36.0 13.2 72.4 0.7 4.96 5.9 23.9 4.90 —2.86 70.36
TL4 39.0 13.8 75.6 0.5 5.04 3.9 26.7 4.69 —2.73 76.33
TL5 41.9 14.6 78.3 0.4 5.06 2.6 30.0 4.72 —2.55 81.25
TL6 45.0 15.2 81.3 0.2 4.94 2.3 32.8 4.73 —2.42 85.41
{ethyl lactate (1) + K>HPO4 (2) + water (3)}
TL1 30.0 12.0 50.8 3.0 8.17 12.0 19.0 8.39 —2.44 42.00
TL2 33.0 12.6 59.3 1.9 7.90 7.5 22.8 8.23 —2.48 55.89
TL3 36.0 13.2 64.1 1.4 8.12 4.6 25.8 8.60 —2.43 64.30
TL4 39.0 13.9 69.1 0.9 7.79 3.3 29.0 8.40 —-2.35 71.53
TL5 41.9 14.5 73.0 0.7 8.08 2.0 32.0 8.48 —-2.27 77.67
TL6 45.0 15.2 76.8 0.6 7.93 0.8 35.2 8.66 —-2.20 83.51
{ethyl lactate (1) + NaH,PO4 (2) + water (3)}
TL1 29.95 12.00 55.0 2.9 4.07 13.37 18.19 3.96 —2.72 44.35
TL2 33.02 12.59 61.0 1.9 4.17 10.01 21.59 3.98 —2.60 54.69
TL3 35.99 13.18 65.9 1.4 4.15 7.73 24.80 3.79 —2.48 62.66
TL4 38.94 13.88 70.1 1.0 4.13 4.80 28.15 3.81 —2.40 70.68
TL5 41.95 14.50 73.5 0.7 4.12 3.51 31.41 3.93 —2.28 76.41
TL6 45.01 15.24 76.9 0.5 4.1 2.69 35.11 3.64 —-2.14 81.86

@ Standard uncertainties, u, are: u(T) = 0.2 K, u(p) = 10 kPa, u(w, weight percentage) = 1071, u(pH) = 1072,

Table 6
Parameters obtained using Othmer-Tobias Eq. (3) and Brancroft Eq. (4) with the
correlation coefficients.

Table 8
UNIQUAC parameters (aij and aji) and deviation obtained from LLE modelling,
OX.

ATPS Othmer-Tobias Brancroft i-j a;/K a;/K ox”
n K; R? r K, R? {ethyl lactate (1) + (NH4)2SO4 (2) + water (3)}
1-2 ~154 247 6.910°2
{ethyl lactate (1) + 1.128 —0.984 0.997 0.790 0.805 0.995 13 _169 696
\(AII\LI;I;: 2(Zc))}4 @ 2-3 —-754 —413
thyl lactate (1) + KoHPO, (2 ter (3
{ethyl lactate (1) + 1.371 -0.883 0.999 0.625 0.594  0.998 ﬁz yl lactate (1) +8;0 +(2) + water ( ‘gl 5.7.10-2
KoHPO, (2) + water 1-3 619 549
% 2-3 775 897
{ethyl lactate (1) + 1.124  —0.824 0999 0782 0.670  0.998 - N -
NaH,PO, (2) " {ethyl lactate (1) + NaH,PO,4 (2) + water (3)}
(5 2P04 (2) + water 12 619 381 411072
' 1-3 511 410
2-3 —1201 —1432
Table 7 b The results were obtained minimising the function described by equation
UNIQUAC volume, r;, and surface area, g;, structural parameters. (12).
Ton” r Q References
K+ 0.437 0.578 [54] where m is the total number of tie lines and n is the total number of
Na® 0.176 0.315 [54] components in the mixture. The superscripts I and II refer to the top and
+ . o .
1:1;18 L 2‘2?2 (1)"2132 Egi% bottom phase, respectively, and x;"* and x{* are the experimental and
4 . . I g . . . .
H,PO; 2.408 1.206 [55] calculated compositions in mole fraction of component i, respectively.
S03~ 1.328 1.284 [55] The objective function used for both approaches is given by the

b The structural parameters of each molecule were calculated by summing the
ones of the ions present.

the six adjustable parameters, a;;, which appear in the t parameter of the
UNIQUAC model, as Eq. (10) shows, and their respective root-mean-square
deviation of the molar composition, ox, are given in Table 8.

7 = exp(-20) 10)

The root-mean-square deviations were determined using Eq. (11):

(XI_Zexp _ x?}cal)2 + (xg,exp _ XE;'Ca])Z

(€8]

2mn

following equation:
OF. = i ”Z’ [ln <xf:,i”lyij) —1In (xg’ca]yg) ] 12)

where y stands for the activity coefficients.

On the other hand, to account for salt dissociation and consequent
long-range interactions among the chemical compounds, the UNIQUAC
model combined with a Pitzer-Debye-Hiickel (PDH) [49] term was
applied. Hence, four species were considered to be present in the system
(EL, cation, anion and water). Based on the assumption that the sym-
metric molar excess Gibbs free energy for the system (G) is given by Eq.
(13), the rational symmetric activity coefficient of all the chemical
species (solvents or ions) is given by Eq. (14):

G = GETNIQUAC + G}EDH 13)
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where Gpxiquac is the molar excess Gibbs free energy determined by the

UNIQUAC model and G5y is the molar excess Gibbs free energy ob-
tained by the PDH term.

In(y)=In(y; " *"%) + In(7™") a4
where y; is the activity coefficient of the i species, y?NIQUACthe UNIQUAC
contribution for the activity coefficient and y¥° is the PDH term
contribution for the activity coefficient.

As mentioned above, the UNIQUAC method [47] is well reported in
the literature. To what concerns the PDH contribution of the activity
coefficients, it is given for ions, in the symmetric convention, as pre-
sented by this group [52]:

2 (1+byI 1= 1/1Y
() = A | 2 LEAVE ) g L LY 15
n(r™) Ziftom 30 1+, /17 VI 1+ bVI (15

where i is the ion being studied, b is a model parameter related to short-
range interactions which is normally fitted, I, is the ionic strength, I} is
the ionic strength of the pure salt, and Apy . is a composition-dependent
parameter which is obtained from Eq. (16):

1 3Ws (ﬁ>1.5 2

Apits = 3
P38 \eok)  (e1)?

(16)

where N, is the Avogadro’s number, e is the electronic charge (C), k is
the Boltzmann constant (J"L-K1), g is the vacuum permittivity
(C2~J’1~m’1), ¢ is the dielectric constant of the solvent and p, is the
molar density of the solvent (mol/m?).

The ionic strength, which appears in Egs. (15) and (16), is deter-
mined using Eq. (17).

1 Niong
=5 > ax a7)
i=1
where Njop is the total number of ions, z; is the ionic charge of ion i and x;
is its mole fraction.
However, for solvents, since no charges are accounted, Eq. (15) is
reduced to [50]:

PDH 21}°
ln(7m ) :ADH.XWI—

where m refers to the solvents under study.

The particular PDH expression used in this work was first written by
Achard et al. [51] having in consideration the modified concentrations
after salt dissociation. Moreover, the density of the solvent mixture (EL
and water) was calculated according to the works by Sander et al. [52]
and Macedo et al. [53]. Following this second approach, the twelve a;
parameters needed, as well as the parameter b and the respective root-
mean-square deviation of the mole fractions (ox), are given in Table 9.
The b parameter was fitted in the theoretical range from 8 to 15, as
suggested by Pitzer [49].

Comparing the results for the UNIQUAC equation, displayed in
Table 8, with the ones obtained for the PDH + UNIQUAC model,
observed in Table 9, it is clear that the deviations are smaller for the
latter approach in the three ATPS systems. Hence, the inclusion of a term
accounting for long-range interactions (caused by charged components)
provided a better fitting of the experimental results. This supports the
assumption of the dissociation of the salt.

In Fig. 2, the binodal curves and tie lines for the ternary systems
studied can be seen, as well as the predicted tie lines (values converted
into mass fraction) for each of the thermodynamics models applied.
Once again, the tie lines predicted by PDH + UNIQUAC are the closest to
the experimental results, even generally overlapping them.

(18)
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Table 9
PDH + UNIQUAC parameters (a;;, a;; and b), and deviation obtained from LLE
modelling, ox.

i a;/K ai/K b ox”
{ethyl lactate (1) + (NH4)2SO4 (2) + water (3)}

1-2 ~502 ~502 12.69 9.2.1073
1-3 —264 —496

1-4 —497 —951

2-3 —495 —498

2-4 —-1097 —915

3-4 —514 —490

{ethyl lactate (1) + KxHPO, (2) + water (3)}

1-2 667 658 11.70 57103
1-3 427 592

1-4 577 651

2-3 588 644

2-4 474 —1208

3-4 688 —1353

{ethyl lactate (1) + NaH,PO4 (2) + water (3)}

1-2 656 616 11.67 1.8:1072
1-3 406 619

1-4 615 645

2-3 542 644

2-4 442 —1304

3-4 692 —1483

b The results were obtained minimising the function described by Eq. (12).
4. Conclusions

A successful liquid-liquid-equilibria study was performed in three
novel ethyl lactate/inorganic salts-based ATPS for future applications in
extractive processes. Binodal curves and tie lines were experimentally
determined at T = 298.15 K and atmospheric pressure.

The results for one of the ternary systems, {ethyl lactate (1) +
KoHPO4 (2) + water (3)}, were compared with data from the literature
and they were considered very consistent. The capability of phase sep-
aration follows the order: (NH4)2SO4 -~ KoHPO4 > NaH,POg4. Several
equations were applied to fit the experimental binodal curves, and the
best results were obtained with the equation proposed by Han et al. for
the ATPS containing NaH,PO4 and for the other two ATPS the best fit
was achieved using the equation proposed by Hu et al. Merchuk’s
equation did not present the best description of the experimental data
for any of the studied systems.

Two different approaches were used to model the tie lines compo-
sition of the studied ATPS: the UNIQUAC model, which considers salts as
neutral and molecular species, and the PDH + UNIQUAC model, which
considers them as fully dissociated (anion and cation). Both models
successfully predicted the phase distribution of the components, but the
PDH + UNIQUAC model obtained slightly smaller deviations between
the experimental results and the calculated molar concentrations in the
three studied systems. Being so, the additional term accounting for long-
range interactions improved the predictions of the systems composi-
tions. Therefore, the PDH + UNIQUAC model should be preferred in
systems in which electrolyte species are present.
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Fig. 2. Binodal curves and tie lines for the ternary systems composed of {ethyl lactate (1) + salt (2) + water (3)} at T = 298.15 K and atmospheric pressure. (o) feed
compositions, (-) fit of the binodal data, (ll) experimental tie line data, (Jll) calculated tie lines data by the UNIQUAC thermodynamic model and (...) respective tie
lines, (A) calculated tie lines data by the PDH + UNIQUAC thermodynamic model and respective (---) tie lines. (a) {EL + (NH4)2SO4 + water}, (b) {EL + K;HPO,4 +
water} and (c) {EL + NaH,PO,4 + water}.
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