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ABSTRACT

Aqueous Two-Phase Systems (ATPS) is a powerful separation technique for biotechnological compounds,
such as pigments, proteins and flavonoids. Nowadays, ATPS generally include dissolved salts, which cause
phase immiscibility and promote solute partition. Therefore, to accurately model the liquid-liquid equi-
libria (LLE) of these systems, specific terms for the long-range interactions in thermodynamic models are
needed. A well-known hypothesis for this purpose is the Pitzer-Debye-Hiickel (PDH) term, which requires
the knowledge of the closest approach parameter (p), i.e., an adjustable parameter. The aim of this work
was calculating this parameter supposing total dissociation of the salts in ethyl lactate-based ATPS. In
this new approach, p became specific for each chemical species and its physical meaning (related to the
distance between ions of different charges) was preserved. This method was applied in the LLE modelling
of 7 ethyl lactate + organic or inorganic salts + water systems measured by the group, using the PDH
term coupled with the UNIversal QUAsi-Chemical (UNIQUAC) model, whose junction is generally known
as PDH+UNIQUAC, and compared with classical UNIQUAC and with previous works. The new approach
accurately described the experimental liquid-liquid equilibria (LLE) data and presented smaller composi-
tion deviations than UNIQUAC.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

The chemical engineering industry involves several separation
processes which rely on diffusional operations, i.e., the net trans-
port of a solute through a solvent [1]. Therefore, it is crucial to
accurately estimate the fluid phase equilibria of the systems and
to apply this knowledge in optimizing processes and in adequately
designing unit operations [1,2]. To do so, generally two different
approaches can be taken: using models which express the mixture
excess Gibbs energy as a function of composition, such as the UNI-
versal QUAsiChemical (UNIQUAC) [1] model and the Non-Random
Two Liquid (NRTL) [3] model, or using equations of state, such as
the Perturbed Chain - Statistical Associating Fluid Theory (PC-SAFT)
[4] equation of state and the Cubic Plus Association (CPA) [5] equa-
tion of state.

Aqueous Two-Phase Systems (ATPS) constitute an efficient sep-
aration method for biotechnological materials, such as amino acids,
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pigments, proteins, vitamins and flavonoids [6]. It was first devel-
oped by the Swedish biochemist Per-Ake Albertsson in 1986 and
has become since a very common methodology for its efficiency
in extraction, simplicity, biocompatibility, which allows for pre-
serving the activity and properties of compounds such as antiox-
idants and vitamins, versatility and tunability, since a wide va-
riety of solutes can be extracted, and for its low cost and low
environmental footprint [6,7], which are mostly due to the high
water-content. Moreover, the ATPS technique presents some eco-
nomic advantages in downstream processing, since the involved
chemical species are inexpensive, since several process stages can
be reduced and substituted by ATPS, and since it is performed at
room temperature, making it an energy-efficient and cost-effective
alternative [6].

Conventional ATPS are formed with ternary mixtures of water,
salt and a polymer or water and two different polymers [8]. In re-
cent years, ATPS with green solvents, such as poly(ethylene glycol)
(PEG) [8] and ethyl lactate [7], and salts, such as potassium tar-
trate and sodium citrate [7], had a surge in use as replacements
for other less environmentally-friendly materials. After the appear-
ance of the two immiscible phases, which is generally promoted
by a salt, the biological material preferentially diffuses into the top



P. Velho, E. Gémez and E.A. Macedo

or bottom phase, which is usually referred to as liquid-liquid ex-
traction, solvent extraction or partition.

Ethyl lactate (EL) is a monobasic ester that can be produced
from corn fermentation. It has become a very relevant alternative
green solvent in ATPS because of its low toxicity and eco-toxicity,
non-corrosiveness and high solvent power [7]. So far, it has pre-
sented good results as extraction agent for different biomolecules,
such as flavonoids, antioxidants, vitamins and hydrocarbons [7].

The modelling of ATPS is highly relevant either for academic
and industrial purposes, but it is often complex due to the exis-
tence of two solvents and electrolytes in solution. In literature, dif-
ferent thermodynamic models and equations of state (EoS) have
been applied to ATPS with salts. Amongst the most used equations
of state are the Wilson EoS, the modified Wilson EoS [9,10] and
the Statistical Associating Fluid Theory (SAFT) EoS [11]. Concern-
ing excess Gibbs energy (GE) thermodynamic models, the UNIQUAC
Functional-group Activity Coefficients (UNIFAC), modified UNIFAC
[12], NRTL, modified NRTL [10,13], extended UNIQUAC (with the
Debye-Hiickel term) [12] and the extended Pitzer model are the
most preponderant [14].

The combination of the Pitzer-Debye-Hiickel (PDH) equation
[15] with the UNIQUAC [1] model is generally referred to as
PDH-+UNIQUAC and has successfully been applied to describe the
liquid-liquid equilibria (LLE) of different electrolytes [16]. In this
model, the UNIQUAC accounts for the short-range interactions,
whilst the PDH term describes the long-range interactions between
ions of opposite charges, considering the solvent as a dielectric
medium [16,17]. The PDH term requires the fitting of a parame-
ter called closest approach parameter (p), which is related to the
distance between the salt ions of opposite electronic charges. The
fitting of p is performed from 8 to 15 [15], regardless of the elec-
trolyte under study, so this process does not conserve the physical
meaning that the parameter should have. The calculation of this
parameter would preserve the specificity for each chemical com-
pound, decrease the total number of adjustable parameters and
ease the mathematical convergence of the models, which could
yield better modelling results.

The aim of this work was to evaluate the modelling perfor-
mance of the PDH+UNIQUAC model in 7 ethyl lactate-based Aque-
ous Two-Phase Systems (ATPS) comprising 3 inorganic (K;HPO,,
(NH4),S04 and NaH,PO4) and 4 organic salts (CgHsNa3 0 (sodium
citrate), CgH5K30; (potassium citrate), C4H4Na;0g (sodium tar-
trate) and KNaC4H406 (sodium potassium tartrate)). The novelty
of this work relies on calculating the closest approach parameter
(p) for the PDH term instead of considering it as an adjustable
parameter, which is the classical practice. The results were com-
pared with UNIQUAC and with PDH+UNIQUAC with fitted clos-
est approach parameter (p). Besides, the binodal curve and tie-line
compositions of {ethyl lactate (1) + K,CO3 (2) + water (3)} were
determined.

2. Experimental procedure
2.1. Chemicals and apparatus

The chemicals used can be seen in Table 1. All chemicals were
used without further purification steps.

Mass (m) was measured using a Mettler AXE 205 Delta Range
scale with an uncertainty in the measurement of + 3-10~* g. Den-
sity (p) was determined using an Anton Paar DSA-5000 M with
an uncertainty of + 3-10-5 g-cm3. The refractive index (np) was
measured using an Abbemat-HP Dr. Kernche with an uncertainty
of + 4-107°. Temperature (T) was kept at 25 °C using a PoliScience
thermostatic bath and a digital temperature controller ASL F20
with an uncertainty of + 0.1 K. pH was determined with a pHmeter
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Crison Basic 20 with uncertainties of & 0.01 in the pH and + 0.1 K
in the temperature.

2.2. Phase diagram determination

2.2.1. Binodal curve

The binodal curve or coexistence curve, which describes the
phase transition border in liquid-liquid equilibria (LLE), was de-
termined following the “cloud point” method [18] for the system
{ethyl lactate (1) + K,CO5 (2) + water (3)}.

In this method, first, a solution of the salt in water (50.40% wt)
was prepared close to maximum solubility, ensuring complete dis-
solution and homogeneity. Second, this solution was titrated with
pure ethyl lactate (EL) until phase separation was observed (instan-
taneous and persistent turbidity or “cloudiness”) and the composi-
tions were determined by gravimetry. Fourth, drops of pure water
were consecutively added until the solution became clear again.
This process, which can be observed in Fig. 1, was repeated until
enough data were obtained to properly comprehend the binodal
curve.

The obtained data were fitted using the Merchuck et al
[19] equation, shown by Eq. (1), which is commonly applied to de-
scribe the binodal curves in Aqueous Two-Phase Systems (ATPS) in
literature [17,20].

[EL] = A - exp (B[salt]*® — C[salt]’) (1)

where [EL] and [salt] are the ethyl lactate and salt compositions
in weight percentage, respectively, and A, B and C are adjustable
parameters.

2.2.2. Tie-lines

To experimentally determine the tie-lines, i.e., isothermal lines
which connect two corresponding phases, the procedure shown in
Fig. 2 was carried out. First, known ternary mixtures {ethyl lactate
(1) + salt (2) + water (3)} in the immiscible zone were prepared
in vials. After properly sealing to avoid moisture absorption, evap-
oration and eventual contamination, they were stirred for 6 h at
298.15 K and atmospheric pressure.

Then, they were left to settle overnight, which corresponds to
about 12 h, at 298.15 K and atmospheric pressure to ensure proper
phase separation of the Aqueous Two-Phase System (ATPS). From
each vial, samples of the ethyl lactate-rich phase (top) and salt-
rich phase (bottom) were carefully collected using a syringe and
without remixing the phases. Lastly, the composition of each sam-
ple was determined by crossing previously measured density (p)
and refractive index (np) isolines.

To define the property isolines, binary and ternary mixtures
with known compositions were used to cover the chosen misci-
ble region to describe the ATPS. Density and refractive index were
measured at 298.15 K and atmospheric pressure and a polynomial
expression following Eq. (2) was obtained for each property after
fitting the experimental data.

i=1 j=1

where PP is the physical property (o or np), n is the total number
of species in the ternary mixtures, A; are the adjustable parame-
ters, w; is the mass fraction of component i and m is the polyno-
mial degree.

3. Thermodynamic modelling
3.1. UNIQUAC

UNIversal QUAsiChemical (UNIQUAC) is a statistical mechanics-
based model which comes from generalizing the Guggenheim
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Table 1
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Chemicals used with respective commercial suppliers, purities, Chemical Abstracts Service

(CAS) number and abbreviation.

Chemical Supplier Purity @ CAS Abbreviation
Water
(H,0) VWR chemicals - 7732-18-5 -
(-) ethyl L-lactate
(CsH1003) Sigma-Aldrich > 98 wt% ° 97-64-3 EL
Potassium carbonate
(K,CO3) Sigma-Aldrich > 99 wt% ?  584-08-7 -
3 Provided by the supplier.
b wt% refers to weight percentage.
EL Phase Water Single
s::ﬂlrtaif:‘d - - transition > - - > phase
titration (turbidity) Determine titration (clearness)
compositions I
Fig. 1. Experimental procedure taken to determine the binodal curve.
Y, X
i - i z Composition
Ternary Sealing Stirring Turning off Settling Phase deterrnination
mixtures (6 h, 298.15 K) (12 h, 298.15 K) separation (®, o)

Fig. 2. Experimental procedure taken to determine the tie-lines.

method [1]. UNIQUAC is valid for polar and nonpolar solvents and
is capable of properly describing very asymmetrical mixtures in
size and shape. Even though it was developed to only account for
non-charged species, it has been successfully used in describing a
wide range of electrolytes [17,21], such as salts in Aqueous Two-
Phase Systems (ATPS) [17,20,22].

Since this model is well-reported in the literature, its equations
will not be discussed and can be read in a previous publication of
the group [17].

3.2. PDH+UNIQUAC

When dealing with charged species, long-range interactions be-
come dominant, and it is necessary to account for their pres-
ence. To do so, when determining the activity of a species, one
can consider the UNIQUAC thermodynamic model to account
for the short-range interactions and the Pitzer—Debye—Hiickel
(PDH) equation to describe the long-range electrostatic interac-
tions [15], as Eq. (3) shows. This junction is normally referred to
as PDH+UNIQUAC.

In (yz) — In (,yiUNIQUAC) + In (yiPDH) (3)

where y;UNIQUAC js the UNIQUAC activity coefficient contribution
and y;*PH is the PDH equation activity coefficient contribution.

The Pitzer-Debye-Hiickel activity coefficient contribution is ob-
tained by Eq. (4), in the symmetrical convention [17,23].

I
2 1+ pvIk 1- v
ln(ViPDH): —ZiZADH,x ;ln # /ILV + \/ET/A;K
X

(4)

where z; is the charge of the species and I refers to the mole ionic
strength, obtained by:

Nion

=05z
i=1

(5)

where Njo, refers to the number of different ions in solution and
z; is the ionic charge of ion i.

On the other hand, LV is the ionic strength of the pure salt,
which is given by Eq. (5) for monocharged electrolytes [23].

z

==L 6
=2 (6)

Appy.x is the so-called Debye-Hiickel parameter, which is calcu-
lated using:

15
1 ZNA e2 IOOO.S (7)
3 8w \ gk (eT)!1®

where Np is the Avogrado’s number, e is the electronic charge, &g
is the vacuum permittivity, k is the Boltzmann constant, pq is the
solvent’s density and ¢ is the solvent’s dielectric constant.

Generally, for solvents, Eq. (3) is reduced to Eq. (8) since they
are neutral species.

ADH.x =

2LVTx
DH,x.l T )O«/E

where p is the closest approach parameter.

Pitzer [15] presented the closest approach parameter (p) in
1980 as a dimensionless adjustable parameter and its values have
been assumed between 8 and 15 [15,24,25], generally being 14.9
for a wide variety of salts and for a wide range of temperatures
and pressures [26].

APDH) _

In (y; (8)
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Fanion
+ H

Feation

a

Fig. 3. Influence of solvation in the hard-core collision diameter (a). The red sphere
(+) represents the cation, the grey sphere (-) the anion and the blue ones (o) rep-
resent the solvent (water).

Yet, in its essence, the closest approach parameter (o) is related
to the distance between the centers of ions of opposite electronic
charges, which is generally approximated by the hard-core collision
diameter, so it should not be considered the same for very differ-
ent particles. Being so, in this work, it will be calculated following
the equation proposed by Pitzer and Simonson [27]:

1
2 . 2
p= a(—f/f NApl) ©
iEOI(ST
where p; is the density of the species i, M; is molecular mass of
the species i and a is the hard-core collision diameter.

The hard-core collision diameter or distance of closest approach
(a) [28] is the distance between the centers of ions of opposite
charges. It supposes both ions have rigid spherical shapes and ac-
counts for the contribution of the shape and size of the solvent
molecule.

The ATPS presented in this work are formed by strong organic
and inorganic salts, so these are assumed to be completely dis-
sociated. Therefore, both ions are surrounded by the present sol-
vents, in this case, they are solvated by water and ethyl lactate.
Being so, at least two solvent molecules exist between the ions, as
Fig. 3 illustrates. This situation corresponds to the minimum dis-
tance in which total dissociation occurs, which was supposed for
all the salts, as mentioned above. Although more than two solvent
molecules could exist between the salt ions, the goal is to evalu-
ate whether considering the PDH term would make the thermo-
dynamic modelling more accurate and whether the p parameter
could be effectively calculated, so it is not necessary to evaluate
the results with more than two solvent molecules.

For ethyl lactate-based ATPS, and for the systems studied in this
work, salt solubility in ethyl lactate is generally smaller than in wa-
ter. Moreover, the composition in water is sufficient in both phases
to completely dissolve the organic and inorganic salts. Hence, only
water will be considered as solvating agent. Therefore, the closest
approach parameter in this situation is obtained by:

a = Teation + 2 dwater + Tanion (10)

where dwater is the water molecule diameter and raon and Tapion
are the cation and anion radii, respectively.

In this work, the radius of each ion (r;,,) will be approximated
to the van der Waals radius, which will be calculated, supposing
a spherical shape, from the van der Waals volume, i.e., the vol-
ume occupied by each mole of the compound, which is considered
impenetrable to other molecules at ordinary temperatures [29], us-
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Table 2

Experimental binodal curve data for the ternary system {ethyl lactate
(1) + K,CO3 (2) + water (3)} determined at T = 298.15 K and p = 0.1 MPa
in weight percentage (w;) °.

WEL Wsalt WEL Waalt WEL Wsalt
86.6 0.9 443 8.1 34 28.9
79.2 1.7 354 10.8 1.9 34.1
69.9 2.6 29.2 133 1.9 49.4
63.4 35 253 14.7 1.6 49.6
59.6 44 15.9 19.9 1.1 38.9
53.3 5.7 9.6 23.2 1.2 44.2
51.2 6.4 5.8 26.0

2 Standard uncertainties, u, are: u(T) = 0.1 K, u(p) = 10 kPa, u(w) = 10",

90

80 -

70 4

60 -

50

EL / wt%

40 4

30

20

10 -

K,CO, / wt%

Fig. 4. Binodal curves and tie-lines for the ternary system {ethyl lactate
(1) + K,CO3 (2) + water (3)} at T = 298.15 K and atmospheric pressure. (o) feed
compositions, (X) binodal curve, (-) fit of the binodal data, (+) experimental tie-line
data and (A) literature-based binodal curve [34].

ing:

3V
rjongrwz y 4—7;\] (]1)
where 1y, stands for the radius of the cation/anion, ry for the van
der Waals radius and Vi, for the van der Waals volume.
The van der Waals volume will be calculated using the UNI-
QUAC volume structural parameter R, following equation [30]:

Vw=15.17 R (12)

The UNIQUAC structural parameters, R and Q, for each salt were
found in literature [7,22,31,32] or calculated using Bondi’s method
[33] and can be seen in the Supporting Materials, Table S1.

4. Results and discussion
4.1. Experimental ATPS determination

In this work, the binodal curve and the tie-line compositions
for {ethyl lactate (1) + K,CO3 (2) + water (3)} were determined.
The binodal curve, as mentioned earlier, was obtained following
the “cloud point method” and the results can be seen in Table 2
and Fig. 4.

In Fig. 4, it can be seen that the binodal curve of this system
has significant curvature and, consequently, a large biphasic area,
which will make the system {ethyl lactate (1) + K,CO3 (2) + water
(3)} suitable for a good phase separation.

The obtained binodal data were fitted according to Merchuck
et al. [19], Eq. (1), which was used to represent the coexistence



P. Velho, E. Gémez and E.A. Macedo

Table 3

Fitting parameters obtained for the Merchuk equation, Eq. (1), and stan-
dard deviation?® for the experimental binodal curve data for {ethyl lac-
tate (1) + K,CO3 (2) + water (3)} at T = 298.15 K and p = 0.1 MPa.

System A B C o

EL + K;CO; + water  121.648 - 0.342 7.15-1073 0.899

Ndata
2 Standard deviation; o ={Y ((Z — Zcaic))?/Ndata}/? (z and zy are

1
the values of the experimental and calculated property and ngy, is the
number of experimental data points).

curve in Fig. 4. This equation is one of the most applied in the
fitting of binodal curves and was successfully used for this system,
presenting a very small deviation. The respective fitting parameters
and deviation are presented in Table 3.

To determine the tie-lines composition, density and refractive
index of binary and ternary mixtures with known compositions
were determined at 298.15 K and atmospheric pressure, which can
be seen in Table S2, in the Supporting Information. Then, poly-
nomial expressions were obtained for each property, as Table 4
shows.

The polynomial expressions of Table 4, i.e., isolines, were
crossed for each phase sample, allowing for determining the phase
compositions. The composition results can be observed in Table 5
and Fig. 4, together with the respective tie-line lengths (TLL) and
tie-line slopes (STL), which are two common tools for the analysis
of the liquid-liquid equilibria (LLE) of the systems, as well as pH
measurements for both phases. TLL and STL were calculated fol-
lowing a previous work of the group [7].

As seen in Table 5, the pHs of all the studied bottom and
top phases are rather different: around 9 for top and 11 for bot-
tom phases. The pH of the phases is specific for each ATPS and
should always be reported in the liquid-liquid equilibria (LLE) stud-
ies, since this technique is majorly applied in the partition of
biomolecules such as vitamins and antioxidants, which can be very
unstable and even present different chemical structures (neutral
and ionic) in some pH values.

In future partition studies, tie-line number 5 should yield a bet-
ter extraction, since it has the largest tie-line length (TLL), which
implies a more significant difference between top and bottom
phase compositions. Regarding the tie-line slope (STL), it can be
seen that the same tie-line presents the biggest slope. Therefore,
this tie-line presents the most significant difference in ethyl lac-
tate composition between the two (top and bottom) corresponding
phases.

The binodal curve data was compared with the available litera-
ture [34], and very similar results were noticed, especially for high
salt mass fraction. However, in the ethyl lactate-rich region, signif-
icant deviations were visible, as shown in Fig. 4.

With the aim of comparing the results obtained in this work for
{ethyl lactate (1) + K,CO3 (2) + water (3)} with previous publica-
tions of the research group on ethyl lactate-based ATPS with salts
[7,17,22], Fig. 5 shows the comparison of the studied system with
other ATPS with inorganic (K;HPOg4, (NH4),SO4 and NaH,PO,4) and
organic salts (CgHsNa3;0; (sodium citrate), CgHsK507 (potassium
citrate), C4H4Nay0g (sodium tartrate) and KNaC4H4O0g (sodium
potassium tartrate)) reported in literature by the group [7,17,22].

From Fig. 5, it can be observed that the ATPS with (NH,4),SOy,,
K;HPO4, Nacitrate and Natartrate present the largest miscible
zones. Therefore, these systems are more favourable for extraction
processes, since a better separation is obtained. On the other hand,
the smallest miscible zones were noticed for Kcitrate, NaKtartrate
and K,COs. Being so, systems with sodium-based salts provide
more efficient separation media than potassium-based salts. More-
over, organic salts are, generally, more eco-friendly than inorganic
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(NH,),S0,
K,HPO,
Na,HPO,
Nacitrate
Kcitrate
Natartrate
NaKtartrate
—_—— ———— K,CO,

EL / wt%

10 \\Qi

Salt/ wt%

Fig. 5. Binodal curves of the ternary systems {ethyl lactate (1) + organic and inor-
ganic salts (2) + water (3)} determined at T = 298.15 K and atmospheric pres-
sure. Salts: line medium dash grey (NH4),SO4 [17]; line short-short pink K,COs3
(data presented in this work); line dash-dot-dot green K;HPO,4 [17]; line long dash
dark green NaH,PO,4 [17]; line short dash dark blue Nacitrate [7]; line dash-dot red
Natartrate [22]; line short dash orange Kcitrate [7] and line medium-dash black
NaKtartrate [22].

salts [7], so, from the studied salts, organic salts with sodium, such
as Natartrate or Nacitrate, should be preferred.

4.2. Modelling ATPS

As mentioned earlier, two thermodynamic models were
compared in the LLE description: UNIQUAC, which only ac-
counts for neutral molecules, and PDH+UNIQUAC, which con-
siders both short-range and long-range interactions. Regarding
the PDH+UNIQUAC model, it was used following two different
methodologies: one considering the closest approach parameter
(p) as an adjustable parameter between 8 and 15, as Pitzer [26,27]
defended; another calculating the p parameter (Eq. (9)) taking into
account solvation and ionic radii (Eq. (10)).

The objective function used in the thermodynamic modelling
for all the approaches is given by the following equation:

m n
OF. — Z Z [ln (ngcalyi;) _ ln(xg.calyiy)] (13)
i

where y stands for the activity coefficients.

In this work, for the organic salts (CgHsNa3O; (sodium cit-
rate), CgHsK507 (potassium citrate), C4H4Na,Og (sodium tartrate)
and KNaC4H40g (sodium potassium tartrate), the PDH+UNIQUAC
model was applied with both fitted and calculated closest ap-
proach parameters (p).

For the inorganic salts: (NH4),SO,4 (ammonium sulfate), K;HPO4
(dipotassium phosphate) and NaH,PO,4 (monosodium phosphate),
PDH+UNIQUAC with calculated p was applied and the results were
compared with data from literature [17] for PDH+UNIQUAC with
fitted p. The UNIQUAC model results were collected from literature
[7,17,22].

The thermodynamic modelling was performed after evaluating
hydrolysis of the present salts. Since very small concentrations of
the hydrolysed ions were obtained, only the predominant species
were considered (cation and anion of the added salt). Transes-
terification was also disregarded because of the low temperature
(298.15 K), mild pH values, absence of catalyst and alcohol scarce-
ness in the studied ATPS.

The goals were to study to what extent considering the Pitzer-
Debye-Hiickel term would be beneficial to the description of
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Table 4
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Polynomial expressions (isolines) for density and refractive index as function of the composition for the ternary system f{ethyl lactate

(1) + K,CO5 (2) + water (3)} at T = 298.15 K and p = 0.1 MPa.

p=0.1468w; +0.9944-w? - 0.1076:w; + 0.4819-w, + 1.7444-w3 +0.1285-w3

+0.1005- w3 + 1.0023-w3 - 0.1061-w3

np=0.0629-w; + 1.4335-w] - 0.0822w}

£0.0508 W, + 1.5005-w3 - 0.0199-w3 + 0.1740-w3 + 1.2470-w3 - 0.0894-w3

Table 5

Experimental phase equilibrium compositions (in weight percentage), together with their corresponding tie-line lengths (TLL) and tie-line slopes (STL), as well
as pH measurements of each phase, for {ethyl lactate (1) + K,CO3; (2) + water (3)} at T = 298.15 K and p = 0.1 MPa".

Tie-line Feed Top phase Bottom phase

TL STL TLL
(M) [EL] [salt] [EL] [salt] pH [EL] [salt] pH

TL1 25.6 19.0 75.4 1.1 9.12 39 26.6 10.92 —2.80 75.87
TL2 27.9 19.6 77.9 0.9 9.13 3.0 28.7 11.10 -2.69 79.90
TL3 29.2 20.6 79.6 0.9 9.12 2.7 30.8 11.14 -2.57 82.53
TL4 31.1 21.7 81.7 0.9 9.07 1.9 333 11.37 —2.46 86.14
TL5 32.8 225 83.8 0.8 9.00 13 35.8 11.39 -2.36 89.65

a Standard uncertainties, u, are: u(T) = 0.1 K, u(p) = 10 kPa, u(w) = 10~!, u(pH) = 10-2.

Table 6

Root mean square composition deviations from experimental data obtained for different ethyl lactate-
based ATPS with organic/inorganic salts using UNIQUAC (oyniquac) and PDH+UNIQUAC with fitted
(08 unquac) and calculated (0,538 yniquac) Closest approach parameter.

Salt OUNIQUAC Gf§1§H+UN1QUAc U[f[a)]I-CHUNlQUAC Type
Sodium citrate, CgHsNa30; 0.40 @ 0.00097 4 0.00062 ¢ Organic
Potassium citrate, C¢H5K307 0.48 @ 0.0024 ¢ 0.00033 ¢ Organic
Sodium tartrate, C4H4Na;0g 0.07 ® 0.0032 ¢ 0.0013 ¢ Organic
Sodium potassium tartrate, KNaC4;H40¢  0.05 ° 0.0053 ¢ 0.0012 ¢ Organic
Ammonium sulfate, (NH,),SO4 0.069 © 0.0092 © 0.0064 ¢ Inorganic
Dipotassium phosphate, K,HPO4 0.057 © 0.029 © 0.026 ¢ Inorganic
Monosodium phosphate, NaH,PO4 0.041 © 0.029 © 0.018 ¢ Inorganic
3 From ref. [7].
b From ref. [22].
¢ From ref. [17].
4 From this work.

Table 7

the liquid-liquid equilibria of ethyl lactate-based ATPS with or-
ganic/inorganic salts and to understand if calculating the closest
approach parameter (p) according to its physical meaning would
provide better results than adjusting it.

The composition deviations between the thermodynamic mod-
elling results and the measured/literature experimental data were
determined following Eq. (14).

m n-1 I.exp
Y (™ -

X:,jcal)2 + (xg,exp _ Xg,cal)2

ox= |100

2mn (14)

where m is the total number of tie-lines and n is the total num-
ber of components in the mixture. The superscripts I and II refer
to the top and bottom phase, respectively, and xf"p and xl.cal are
the experimental and calculated compositions in mole fraction of
component i, respectively.

Table 6 summarizes the composition deviations obtained using
the different approaches. All the deviations were obtained using
the same equation.

As Table 6 shows, PDH+UNIQUAC always presented smaller
composition deviations than UNIQUAC, so accounting for long-
range interactions, i.e., using the Pitzer-Debye-Hiickel term, is re-
quired for a better modelling of these systems.

For all the systems studied, PDH+UNIQUAC with a calculated
closest approach parameter presented smaller deviations than
PDH+UNIQUAC with fitted p. The PDH+UNIQUAC model is very
sensitive to variations in the value of this parameter, so calculating
it allows for easier minima search of Eq. (12) and provides more
reasonable values for the binary interaction parameters. The ob-
tained UNIQUAC binary interaction parameters for all the different

Fitted (0feq) and calculated (pcajculated) Closest approach parameters ob-
tained for different salts, from experimental data, using PDH+UNIQUAC.

Salt Pritted Pcalculated
Sodium citrate, CgHsNa30- 8.98 3.02
Potassium citrate, C¢H5K507 11.42 3.45
Sodium tartrate, C4H4Na;O¢ 8.82 3.44
Sodium potassium tartrate, 8.90 3.73
KNaC4H40¢6

Ammonium sulfate, (NH;),SO4 12.69 3.96
Dipotassium phosphate, K;HPO4 13.55 422
Monosodium phosphate, NaH,PO4 11.67 4.62

modelling methodologies performed in this work can be found in
Table S3, in the Supporting Information. The obtained binary inter-
action parameters presented reasonable results for all the models
used.

The fitted and calculated closest approach parameters are
shown in Table 7.

As seen in Table 7, adjusting the closest approach parameter
inside the 8 to 15 interval, as suggested by Pitzer [26,27], signif-
icantly overestimated the distance between the ions when com-
pared to the calculated values. Since this fitting interval has been
used independently of the size and shape of the molecules un-
der study, it has lost its physical meaning and has become only a
mathematical tool (an adjustable parameter). Table 7 also shows
that pgied aNd Pealculated d0 Dot follow a common trend, which
strengthens the point that the fitting hampers the establishment of
correlations between the chemical structure and the values of the
closest approach parameter. Therefore, calculating the value of the
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Fig. 6. Binodal curve and tie-lines for the ternary system {ethyl lactate
(1) + sodium potassium tartrate (2) + water (3)} at T = 298.15 K and atmospheric
pressure. (0) feed compositions [22], (-) fit of the binodal data [22], (e) experimen-
tal tie-line data [22], (-) experimental tie-lines, (M) calculated tie-lines data by the
UNIQUAC thermodynamic model and (...) respective tie-lines, (A) calculated tie-
lines data by the PDH+UNIQUAC thermodynamic model with calculated p and (---)
respective tie-lines.

parameter instead of fitting provides more accurate descriptions of
the systems and eases convergence.

Although the calculation of p only supposes two water
molecules between the salt ions, the difference between the ad-
justed and calculated values of the closest approach parameters
is too large to be explained solely by the existence of water
molecules, since this would imply the presence of so many water
molecules that long-range interactions would become weak. Ulti-
mately, this decrease in electrostatic forces would contradict the
relevance of the PDH term observed in Table 6.

The same results discussed above and shown in Table 6 can
be observed in Fig. 6, as example, which compares the LLE mod-
elling results of UNIQUAC and PDH+UNIQUAC for {ethyl lactate
(1) + sodium potassium tartrate (2) + water (3)}. The other fig-
ures can be observed in the Supporting Information, in Fig. S1.

5. Conclusions

The main goal of this study was to evaluate the performance
of PDH+UNIQUAC using a calculated closest approach parameter
(p) in the thermodynamic modelling of ethyl lactate-based Aque-
ous Two-Phase Systems (ATPS) with organic/inorganic salts.

Two different methodologies were used: one considering the
closest approach parameter (p) from the Pitzer-Debye-Hiickel
(PDH) term as an adjustable parameter between 8 and 15; another
calculating the p parameter considering solvation and ionic radii.
The results were compared with classical UNIQUAC.

The thermodynamic modelling was carried out supposing to-
tal dissociation of the salts and was performed for 7 ethyl lactate-
based Aqueous Two-Phase Systems (ATPS) with 4 organic and 3 in-
organic salts. The binodal curve and tie-lines composition of {ethyl
lactate (1) + K,CO3 (2) + water (3)} were experimentally deter-
mined using the “cloud point” method and by crossing density and
refractive index isolines, obtaining similar data to available litera-
ture.

The inclusion of the PDH term significantly reduced compo-
sition deviations when compared to UNIQUAC, so this additional
term should be considered in the modelling of ethyl lactate-based
ATPS with strong salts. It was also shown that calculating the

Fluid Phase Equilibria 556 (2022) 113389

closest approach parameter (p) provided more accurate modelling
than fitting it and that calculating p maintained its physical mean-
ing.
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