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Knowledge on phase equilibria is of crucial importance in
designing industrial processes. However, modeling phase
equilibria in liquid-liquid two-phase systems (LLTPS) containing
electrolytes is still a challenge for electrolyte thermodynamic
models and modeling still requires a lot of experimental input
data. Further, modeling electrolyte solutions requires account-
ing for different physical effects in the electrolyte theory,
especially the change of the dielectric properties of the medium
at different compositions and the related change of solvation
free energy of the dissolved ions. In a previous work, the Born
term was altered by combining it with a concentration-depend-
ent dielectric constant within the framework of electrolyte
Perturbed-Chain Statistical Associating Fluid Theory (ePC-SAFT),

Introduction

Mixed-solvent aqueous electrolyte solutions or even non-
aqueous electrolyte solutions are gaining increasing importance
for innovative industrial applications. Non-aqueous electrolyte
solutions are used as working fluids in reverse electrodialysis,"
for the production of rechargeable lithium-based batteries”
and as substitute of aqueous salt solutions for the production
of absorption refrigeration machines and heat pumps.”
Furthermore, feedstocks originating from fermentation proc-
esses (fermentation broth) for the production of biomass-
derived chemical products are aqueous-based; however, they
usually contain a huge number of different organic components
and salts, where the latter can be already present in the system
or might be intentionally added to change the phase
equilibrium.*¥ Knowledge of liquid-liquid phase equilibria (LLE)
in presence of salts and mixed solvents is crucial for designing
liquid-liquid two-phase systems (LLTPS) used for separation
processes to extract the target component from the fermenta-
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and hence called ‘ePC-SAFT advanced’. In the present work,
ePC-SAFT advanced was validated against liquid-liquid equili-
bria (LLE) of LLTPS water -+ organic solvents+alkali halides as
well as aqueous two-phase systems containing the phase
formers poly (propylene glycol) and an ionic liquid. All the ePC-
SAFT parameters were used as published in the literature, and
each binary interaction parameter between ion-solvent was set
to zero. ePC-SAFT advanced allowed quantitatively predicting
the salt effect on LLTPS without adjusting binary interaction
parameters, while classical ePC-SAFT or meaningless mixing
rules for the dielectric constant term failed in predicting the
phase behavior of the LLTPS.

tion broth. Knowledge and modelling of the phase behavior of
mixed-solvent electrolyte solutions is also important for the
design of salt-containing extractive distillation”® and extractive
crystallization® processes.

Salting-in or salting-out effects on macromolecules in
solution are historically assessed based on the so-called
‘Hofmeister series™'”. According to Hofmeister ions with a very
high charge density will tend to induce much stronger salting-
out effects (i.e., they will displace macromolecules) than ions
with a low charge density, whereas presence of some salts will
result in salting-in (i.e. they show stabilization effects toward
macromolecules in solution). The usual classification divides the
salts in “kosmotropes” and “chaotropes”. That is, there are salts
that tend to strengthen structure in the water thereby inducing
salting-out, whereas others tend to disrupt the water structure
thereby inducing salting-in."'"

Among the LLTPS, there are several types of possible
mixtures such as aqueous/organic mixtures. Further, there are
aqueous two-phase systems (ATPS), which contain a high
amount of water (usually more than 40%) in each of the two
liquid phases."? ATPS are usually formed by combining
aqueous systems of two polymers, of one polymer and one
salt,"™ or even of two salts."*" Liquid-liquid phase separation
can be induced, for instance, by introducing a salting-out agent
into a water-polymer solution, or by mixing two aqueous
solutions of incompatible polymers, or even adding an ionic
liquid (IL) to such a solution. Because of the high water content
within ATPS, they are in general biocompatible media for
biologically active substances" and therefore have been
proposed as substitute of traditional aqueous/organic LLTPS for
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the recovery and purification of biomolecules."*'® Most of the
used ATPS phase formers are nonvolatile and biodegradable,
and thus environmental friendlier than traditional solvents. Poly
(alkylene glycol)s such as polyethylene glycol (PEG) or poly-
propylene glycol (PPG) are widely used as phase formers due to
their biodegradability, low volatility, low viscosity and relative
low cost."*?” Several advantages are reported upon substituting
inorganic salts with IL as salting-out agents in polymer-salt
based ATPS. Due to the possibility to design ILs with defined
properties, polymer-IL based ATPS can be optimized to meet
specific requirements. The polarity of the IL-rich phase can be
adjusted to tune the partition coefficient of selected biomole-
cules. Addition of IL to ternary systems polymer-salt-water was
also studied.?" Since many ILs are liquid at room temperature,
such ATPS do not suffer from the risk of IL crystallization.'!
Depending on the chosen IL and the type of polymer, ILs can
act either as salting-in agents (they promote dissolution) or
salting-out agents (they promote phase separation). Because of
the large number of polymer-IL combinations, there is an
urgent need for reliable predictive models which can help
reducing the experimental effort needed to design such
systems.

Unfortunately, while the development of processes mainly
based on aqueous electrolyte systems can be considered as
well-optimized, water-poor electrolyte systems still require a lot
of data and of understanding thermo-physical behavior at
different conditions (solvent composition, kind and concentra-
tion of dissolved electrolytes). Modeling the phase behavior of
electrolyte systems has been performed by different groups;
these already included the Born theory into thermodynamic
models e.g., the electrolyte Cubic-Plus-Association (eCPA),?*2¥
Peng-Robinson®?® and Soave-Redlich-Kwong®? models and
electrolyte Perturbed-Chain Statistical Associating Fluid Theory
(ePC-SAFT)?#4 3s well as the most recent version, ‘ePC-SAFT
advanced'”™ In that work the Born term was altered by a
concentration-dependent dielectric constant. This allowed for a
more predictive treatment of binary data (activity and osmotic
coefficients) and for calculation of transfer properties (Gibbs
free energies of solvation and transfer)"*,

In the present work, ‘ePC-SAFT advanced’ which includes an
altered Born term™ was further investigated for predicting LLE
of mixed solvents containing dissolved electrolytes. Further-
more, the role of an appropriate expression of the dielectric
constant as function of the system composition was studied
with respect to the impact on the quality of the predicted LLE.
As pointed out by different authors® the dielectric constant
is among the most important factors for modeling multi-
component electrolyte systems at high salt concentration.
Different attempts to model the dielectric constant of pure
fluids and fluid mixtures have been made since the beginning
of the last century. The most notable of them is the framework
developed by Onsager®” and Kirkwood®™ for predicting the
relative dielectric constant of a compound from its molecular
properties, and its extension to fluid mixtures®*? and electro-
lytic systems.®® It is important to note that the aim of this work
is to show the potential of modeling improvement by
accounting for the change of the dielectric properties of the

medium under different conditions rather than to provide a
phenomenological description of the dielectric constant of
complex systems.

Thermodynamic framework

Liquid-liquid equilibria. According to the necessary and suffi-
cient criterion for thermodynamic equilibrium, a system at
given pressure and temperature is stable only if the Gibbs
energy of this system reaches its global minimum. This state
might be reached by splitting into two phases, which results
from the complex interplay of all intermolecular interactions as
function of temperature, pressure, type of components, and
type and concentration of additives such as salts.

In this work, phase equilibria calculation was accomplished
by exploiting the isofugacity criterion (Eq. (1)), which states that
at thermodynamic equilibrium the fugacity of each component
i=1,..,Nis equal in all the phases j=1,.. m:
fl=F=.=f (1)

In order to avoid convergence to the trivial solution,
minimization of the Gibbs energy was performed before
imposing the isofugacity criterion. For the calculation of the
fugacities, the so-called “q-¢” criterion was used. The fugacity
of each component in both phases was expressed using the
respective fugacity coefficient ¢ according to Eq. (2).

= @’x’ %)

L1,,L1

q}i XI

For dissociated salts, the fugacity coefficient was calculated
from the fugacity coefficient of the anion and the cation
according to Eq. (3).

1

@i = (@)™ 3)

One possibility to obtain fugacity coefficients is to derive
them by Helmholtz-energy models (i.e, equations of state)
using Eq. (4).

e /(i)

It can be seen that residual properties are required for the
modeling. Among such models that allow calculating the
missing derivatives in Eq.(4) is ePC-SAFT. The most recent
version is called ‘ePC-SAFT advanced’, and it contains the Born
term altered by a concentration-dependent dielectric
constant.”® The theory is briefly discussed in the following.

ePC-SAFT advanced. Among the different classes of thermo-
dynamic models, SAFT-based models represent a family of
equations of state (FoS) developed by Chapman in 1989.¥
SAFT-based EoS are known to be able to represent the
thermodynamic behavior of complex mixtures, such as those
formed by chain-like, polar or associating molecules. PC-SAFT
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was first published by Gross and Sadowski in 2001 and was
developed by applying the second-order perturbation theory of
Barker and Henderson®**” directly to a hard-chain reference
fluid.®® Thus, a more realistic dispersion potential has been
developed, which implicitly takes into account the non-
spherical shape of the molecules. Later, PC-SAFT was extended
to include electrostatic interionic interactions®® and to account
for the change of the dielectric constant at different
concentrations.®” Recently, an altered Born term was intro-
duced within ePC-SAFT,¥ which accounts for electrostatic
interactions between charged components and their surround-
ing medium. The resulting residual Helmholtz energy is given
as the sum of all contributions according to Eq. (5).

ares _ ahc + adisp 4 aassoc + GDH 4 aBom (5)

‘ePC-SAFT advanced’ falls back to ‘ePC-SAFT revised’ if
a®" =0 and if the dielectric constant is not treated as a function
of the salt concentration. ‘ePC-SAFT advanced’ requires five
pure-component parameters for each associating component i:
the segment diameter o;, the number of segments mi®, the
dispersion-energy parameter u;, the association-energy parame-
ter ¢*® and association-volume parameter x*®. Furthermore, a
binary interaction parameter k; is required for each pair of
components i and j to correct for the deviation of the dispersion
energy from the chosen mixing rule (Eq. (7)), as well as the
dielectric constant of the pure component at the given temper-
ature T and pressure p. Two more interaction parameters /; and
k,'.]?” can also be introduced (Eq.(6) and (8)), for instance, to
accurately describe phase equilibria of mixtures of highly
asymmetric components.*? Mixture properties are calculated
according to the combining rules of Berthelot-Lorentz (Eq. (6-
8)).

—_

05 =5 (o;+0)(1—1y) (6)
uy = /Gt (1~ ky(T) ?)

AB; AB;
AiBj _ %(1 _ kf]b) (8)

The binary interaction parameter k;(T) is described as a
linear function of the temperature according to Eq. (9).
ki(T) = Kya0815¢ + kyr(T/K —298.15 K) 9)

Each of the contributions in Eq. (5) requires one or more
pure-component parameters: the hard-chain and dispersion
terms are function of segment diameter o;,, segment number m;
and dispersion-energy parameter u; as well as their binary
interaction parameters (Eq. 6-7), the association term is
function of segment diameter o, association-energy £**' (and
the binary interaction parameter given by Eq. (8)) and associa-
tion-volume parameter ¥*® and the Debye-Hiickel and Born
terms are described by the segment diameter g;, ion valence z;
and the relative dielectric constant ¢,. The parameters in Eq. (6—

9) were inherited from literature for the pairs water/organic
solvent and anion/cation. No such binary parameters were
applied for the pair solvent/ion since electrostatic ion-solvent
interaction are now explicitly described by the Born term as
explained in the next section.

The Born term and the concentration-dependent dielectric
constant. The Born Term is a contribution to the residual
Helmholtz energy that accounts for the electrostatic interac-
tions of ionic compounds with their surrounding medium.
Differently from neutral species, ionic compounds interact via
ion-ion interactions with other ions but also through strong
dipole-ion interactions with all the other compounds in the
system. The latter interactions are more pronounced when ions
are immersed in a highly dipolar solvent, such as water, rather
than in a non-polar solvent such as hexane. The presence of
ions causes water molecules to reorient around the ions and to
shield their electrostatic field. Those dipole-ion interactions can
be explicitly accounted for, using for instance the non-primitive
MSA,©52 or implicitly using the other physical terms of the
equation of state. The latter strategy was adopted in the
previous version of ePC-SAFT where the dispersion energy
between ions and water were adjusted using binary interaction
parameters (which are set to zero in the present work). The
Born term accounts for those interaction by treating the
surrounding medium as a continuum, where the relative
dielectric constant of the system is the macroscopic property
which accounts for the dipolar nature of the medium. The Born
contribution to the residual Helmholtz energy can be derived as
the work required to discharge the ions in the vacuum (with
dielectric constant ¢ = ;) and recharging them in the system (
& = gy¢,). Each ion is treated as a charged sphere characterized
by its diameter o; and valence z.*® The final expression a®™ is
given by Eq. (10):

2

Born __ € _ l XI_ZIZ
ar= 4greaky T (1 e,) Z a; (10)

In Eq. (10), e represents the elementary charge. Within this
work, the segment diameter o; is used as the pure-component
parameter in the hard-chain a"™, Debye-Hiickel a® and Born
a®™ terms. Since the dipolar character of the medium is
captured by its relative dielectric constant ¢,, an expression for
the concentration-dependence of the relative dielectric con-
stant on the concentration in Eq. (10) is crucial for the correct
representation of the electrostatic contribution to the solvation
energy by means of the Born term. Maribo-Mogensen et al.’*”
highlighted the importance of the static permittivity, and they
proposed a physical model for its calculation of a solvent
mixture,”” even in electrolyte solvent mixtures.”® Vincze et al.”*”!
and Valiské et al.* showed the importance of the concen-
tration dependence of the dielectric constant, coupled with the
Born term and a term for ion-ion interactions, which explains
the non-monotonic behavior of mean ionic activity coefficients
(MIACs) of alkali halides in water. In the present work, the
treatment of the dielectric constant was extended to multi-
component mixtures by introducing a mass-fraction based
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mixing rule. More specifically, four strategies for phase

equilibria calculations in LLTPS were compared:

- Strategy 1: without Born term including the concentration-
dependent dielectric constant, which is treated by a mole-
fraction based mixing rule (theory from ref.®%);

- Strategy 2: with altered Born term including the concen-
tration-dependent dielectric constant, which is treated by a
mole-fraction based mixing rule (theory from ref.*);

- Strategy 3: with altered Born term including the concen-
tration-dependent dielectric constant, which is treated by a
mass fraction-based mixing rule (theory from this work);

- Strategy 4: with altered Born term including the concen-
tration-dependent dielectric constant, which is treated by a
combined mixing rule, where the dielectric constant of the
solvent is calculated according to the mass-fraction mixing
rule and the influence of dissolved salts according to the
mole-fraction based mixing rule (theory from this work).

The three employed mixing rules are depicted respectively

in Eq. (11-13).

N
& = Z ErXj an
j=1

Ne

&=y &, (12)
j=1

e M
& = (Z e,J.mxjf”) Xeol + Y €% (13)
j=1 j=1

In Eq. (11-13) x; and w; denote the mole fraction and mass
fraction of the generic component j, respectively. wj°’ in Eq. (13)
is the mass fraction of solvent component j in the salt-free
solvent, x,, is the (overall) solvent mole fraction in Eq. (13). N,
NZ"’, N’C are the total number of components, the total number
of components in the salt-free solvent and the total number of
ionic components, respectively. The mass-fraction based mixing
rule (Eq. (12)) is expected to give better results than the mole-
fraction based rule (Eqg.(11)) in describing the dielectric
constant of multicomponent mixtures with components of very
different molecular masses, which is also confirmed by
experiments®® (see Figure 1).

The reason of using the third mixing rule (Eq.(13)) is the
success of the mole-fraction based mixing rule to account for
the salt-concentration dependence of the dielectric constant;
this was observed in previous work.?**! The implementation of
a concentration-dependent dielectric constant requires calculat-
ing the partial derivative of the respective expression and
inserting them in the Debye-Hiickel and Born terms. The whole
procedure is explained in Biilow et al*%. Since the Born term is
employed, electrostatic interactions of ions with their surround-
ing medium are considered explicitly. All the binary interaction
parameters between ions and any solvent were set to zero, i.e.
‘ePC-SAFT advanced’ was used as a fully predictive tool. It was
found that previously determined ion parameters using data

80 : :
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Figure 1. Relative dielectric constant of the mixture water-poly
(ethylene glycol)400 as function of the water mole fraction
(triangles) and of the water weight fraction (stars). Experimental
data from Mali et al.® . The dashed line represents the calculation
of the relative dielectric constant using the weight-fraction based
mixing rule (Eq. (12)).

from aqueous solutions only®’*® gave excellent results when

used with the Born term in non-aqueous media. Therefore, the
literature pure-ion ePC-SAFT parameters from the version ‘ePC-
SAFT revised’ from 2014%” were used in this work without re-
parametrization.

Results and Discussion

Model parameters used in this work. Within this work, the LLE
of different LLTPS containing salts was modeled using single-
ion parameters of the alkali-halide salts fitted exclusively to
aqueous solutions as published in ‘ePC-SAFT revised’ from
2014, whereas single-ion parameters of the ionic liquid were
fitted to pure-component density data in previous works.®*’%
Water and the organic solvents were modeled as associating
fluids with a “2B association scheme”. According to this
association scheme, the components are assigned two associa-
tion sites, which model anisotropic short-range interactions
(such as hydrogen bonding). The pure-solvent parameters are
listed in Table 1, the single-ion parameters and all the binary

Table 1. Pure-component parameters of water and organic
solvents used in this work. All components have a 2B association
scheme.

Organic m* alh  u/ke/K EK i Ref.
Solvent

Water 1.2047 * 353.95 24257 0.04509 [40]
1-Butanol  2.751 3.6139 259.59 254456 0.0067 [31]
1-Pentanol 3.6260 3.4508 247.28 2252.1 0.010319 [71]
MEK 3.0748 3.3932 25227 O 0.01 [72]
MIBK 3.3628 3.6799 25989 O 0.01 [73]
PPG Mppg: 3.35 19049 1749.0 0.0298 [74]

0.0363

*o=2.7927 + (10.11 - e 0077 T _ 1 417 . ¢7001146T)
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interaction parameters are listed, respectively, in Tables 2-4.
The success of the transferability of the single-ion parameters
to model MIACs and solubility in pure alcohol solvents was
shown in previous work. The focus of the present work lies on
solvent mixtures based on water+organic solvent, which
additionally contain dissolved salt or ionic liquid. Aqueous
solution properties (solution density, osmotic and activity
coefficients) were used to adjust single-ion parameters in ‘ePC-
SAFT revised’ from 2014,%” which is a model without the Born
term. In order to fit experimental data up to high ion
concentrations, binary interaction parameters had to be
included in the ‘ePC-SAFT revised’ model. These parameters
were inherited in the present work. In contrast, interaction
parameters between ions and water were not inherited from
‘ePC-SAFT revised’, but all ion-solvent interaction parameters
were set to zero in the present work.

The relative dielectric constants of the pure components
investigated in this work, are listed in Table 5. These were used
to describe the mean relative dielectric constant of the mixtures
under study according to the used mixing rules in Eq. (11-13).

Experimental data. As model systems to validate the new
methodology, five binary systems water+ organic solvent and
their combination with different salts were chosen. Five solvents
used as extraction agents in the chemical and pharmaceutical
industry were chosen: the ketones methyl ethyl ketone (MEK)

Table 2. ePC-SAFT pure-ion parameters from ref.*” Segment
number is unity for all ions. k; between ions and water is set to
zero.

lon m/- oA u;/ke/K Ref.
Na ‘% 1 2.8232 230.00 [67]
K+ 1 3.3417 200.00 [67]
dn 1 2.7560 170.00 [67]
Br @ 1 3.0707 190.00 671
Ac ™ 3.7266 3.5605 533.1138 [70]
C,mim*® 2.4805 3.6371 218.1441 [69]

[a] ion-ion dispersion allowed only between cation-anion;
diameter d =\sigma is independent of temperature; [b] ion-ion
dispersion allowed; diameter d(T) is temperature-dependent.

Table 3. ePC-SAFT binary interaction parameters k; between
halide anions and alkali cations.®”

ktat, an Na * K+
ar 0317 0.064
Br- 0.290 —0.102

Table 5. Relative dielectric constants for solvents and salts used in
this work. T in Kelvin.

Component Relative dielectric constant Ref.
Water —105.2InT + 677.480 [75]
1-Butanol —0.1077T + 49.723 This
Work[76—78]
1-Pentanol 73.397 — 0.28165T + 2.8427—107*T* [79]
MEK 18.389 — 0.1025(T — 298.15) This
Work[so]
MIBK 36.341 — 0.09712T + 6.1896—10°T> [79]
PPG (298.15K)  92.483(M,,)*** This
Work[sﬂ
Alkali halides 8 a)
[C,;mim][Ac] 11 b)

a) All alkali halides were modeled with a relative dielectric
constant that is a mean of available experimental data.*”
b) For the IL, a relative dielectric constant of 11 was chosen
according to a previous work.®*

Table 6. Investigated LLE data (at 298.15 K and 1 bar) with the
number of data points (NP) used in this work to test the different
modeling strategies.

System NP Ref
Water + 1-butanol + KBr 10 [86]
Water + 1-butanol + NaCl 10 [86]
Water + 1-pentanol + KCl 10 (871
Water + MEK + KBr 10 [86]
Water + MEK +KCl 10 [86]
Water + MEK + NaCl 10 [86]
Water + MIBK 4 NaCl 10 [32]
Water + PPG725 + NaCl 8 [88]
Water + PPG400 + [C,mim][Ac] 10 [89]

and methyl isobutyl ketone (MIBK), the aliphatic alcohols 1-
butanol and 1-pentanol and the polymer PPG. Table 6 provides
an overview of the studied systems, the temperature, and the
reference of the used experimental data. In order to obtain
good predictions in the phase equilibria calculation of multi-
component systems, it is important to accurately model each of
the binary sub-system, as already demonstrated in previous
works. 2238381 Binary interaction parameters between organic
solvent and water are available for most of the studied water+
organic solvent mixtures, see Table 4. However, binary parame-
ters for water+MEK and water+PPG were missing in the
literature and were fitted in this work to LLE data of binary
mixtures with water.

Table 4. ePC-SAFT binary interaction parameters K; »s 151, Kj;7, l;and k;" between water and the investigated organic solvents.
1-Butanol 1-Pentanol MEK MIBK PPG

K 208,15 -0.102 0.016 —0.2719 —0.055 —0.167

ki 2.94%107* 0 427x107* 0 6.67x107*

I —0.0044 0 0.0579 0 0

ki 0.026 0 0 0.097 0

Ref. [31] [71] This work [32] This work
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Effect of the Born term and of different treatments of the
dielectric constant in the mixture on the accuracy of the predicted
LLE of LLTPS. Table 7 gives an overview of the performance of
the different modeling strategies employed in this work. The
modeling results are evaluated by two measures, AAD (Eq. (14))
and ARD (Eg. (15)) according to:

Malc
1—-——_

| - 100%

(14)

1 NP Nc

k=1 i=1

NP Nc

1 X|
AAD = i D D | =i

k=1 i=1

(15)

In Eq. (14-15) both sums are made over the number of data
points (NP) and the number of components (N¢) for each data
point. It is important to state that the AAD and ARD refers to all
data points in both phases for all components, respectively. As
it can be seen, strategy 1 (without the Born term) predicts that
four of the nine studied system are LLTPS, while the other five
systems were predicted to be homogeneous mixture at the
experimental conditions. Including the Born term with a mole-
fraction based concentration dependence of the dielectric
constant (strategy 2) partially improves the predictive capability.
However, for three systems out of the nine systems under study
strategy 2 did not predict phase separation, while still high AAD
and ARD values remain. A remarkable improvement can be
observed by combining the Born term with either the mass-
fraction based mixing rule (strategy 3) or the combined mixing
rule (strategy 4) to described the dielectric constant of the
mixture. Strategies 3 and 4 allow reducing the ARD and AAD
values, in average, by one order of magnitude compared to
strategy 2. That is, not only the Born term itself is important for
the successful modeling of electrolyte systems, also taking into
account the dependence of the dielectric constant on salt
concentration is a very sensitive property that has to be
included consistently in any electrolyte model. This answers
partially also the main questions from recent literature.**?"

Figure 2 compares experimental LLE data and modeling
results for the system water + MEK 4 NaCl and provides insights

into the physical meaning of each used strategies and mixing
rules within the ePC-SAFT framework. The results shown are
representative for all the investigated LLTPS water + organic
solvent+salt. The binary system water+MEK shows partial
miscibility at 298.15K and 1 bar, with the organic phase
containing a water mass-fraction of 0.12 and the aqueous phase
containing a MEK mass-fraction of 0.25. Addition of NaCl leads
to a strong salting-out of MEK from the aqueous phase and of
water from the organic phase. At the same time NaCl prevails in
the aqueous phase and is almost absent in the organic phase.
In the following, the results using the different modeling
strategies 1-4 are discussed.

Strategy 1 without using the Born term (Figure 2a)
predicted phase diagrams that are fundamentally wrong.
Instead of an enlargement of the miscibility gap (salting-out), a
salting-in effect is predicted manifested in an increasing mutual
solubility between MEK and water with increasing salt concen-
tration. Furthermore, the partition of salt is predicted qualita-
tively incorrect, i.e. strategy 1 predicts that salt partitions
preferentially to the organic phase. This is in contradiction to
the experimental data. This misprediction is due to incomplete
theory of ‘ePC-SAFT revised'. On the one hand, according to the
Debye-Hiickel theory, decreasing the dielectric constant leads
to a weaker screening of the ions electrostatic fields and
therefore to stronger ion-ion interactions. On the other hand,
according to the Born term increasing the dielectric constant
leads to a stronger electrostatic ion solvation, and the impact of
this effect on the residual Helmholtz energy is in general much
greater than non-electrostatic or ion-ion electrostatic
contributions® (at least for ions with high charge density).
Thus, neglecting explicitly electrostatic ion-solvent interactions
within a modeling framework is the cause of the wrong
prediction observed in LLE calculations with dissolved salts
using the previous ‘ePC-SAFT revised’ version.®**¥ The only
way to compensate for the misprediction is to adjust the
dispersion energy between ion-solvent, which resulted in very
high absolute numbers of the binary interaction parameters;
alternatively,  introducing  solvent-dependent  pure-ion
parameters“? was applied, which is not the best (and also not a
pragmatic) solution.

Table 7. Comparison of the predictive modeling results for the different strategies used in this work, evaluated as ARD and AAD (overall
composition within both phases) to predict LLE of different LLTPS. No value means that the strategy within the ePC-SAFT framework did
not predict a phase split into two liquid phases at the experimental conditions.
System Strategy 1 Strategy 2 Strategy 3 Strategy 4

ARD/% AAD/- ARD/% AAD/- ARD/% AAD/- ARD/% AAD/-
Water + 1-butanol 4+ KBr 306 0.0648 196 0.0554 15 0.0073 12 0.0066
Water + 1-butanol + NaCl 1021 0.0974 494 0.1270 23 0.0089 19 0.0089
Water + 1-pentanol + KCI 3356 0.0665 455 0.0162 28 0.0088 29 0.0086
Water + MEK + KBr - - - - 15 0.0074 9 0.0078
Water + MEK+ KCI - - 1604 0.0897 14 0.0137 10 0.0097
Water +MEK+ NaCl - - 269 0.0626 20 0.0073 15 0.0043
Water + MIBK+ NaCl 3764 0.0774 150 0.0054 28 0.0013 21 0.0010
Water + PPG725 + Nacl - - - - 74 0.1216 69 0.0710
Water + PPG400 + [C,;mim][Ac] - - - - 203 0.3761 - -
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Figure 2. Comparison of the different modeling strategies used to predict LLE of the LLTPS water + MEK+ NaCl at T=298.15 K and 1 bar.
Grey circles and solid lines are experimental tie-lines (refs. in Table 6), white circles with dashed lines are ePC-SAFT predicted tie-lines: a.)
Strategy 1, b.) Strategy 2, c.) Strategy 3, d.) Strategy 4. All strategies were applied using the same parameters listed in Tables 1-4.

In other words, in all recent ePC-SAFT works, strong ion-
solvent interactions were corrected by fitting binary interaction
parameters to experimental LLE data. Certainly, this made ePC-
SAFT a strong correlative tool with high accuracy and the ability
to extrapolation (to a certain extent). However, reliable
predictive capability could not be achieved so far by ePC-SAFT
modeling.

By introducing the Born term with a mole-fraction based
mixing rule for the dielectric constant in mixtures (Figure 2b),
LLE modeling could be improved, but the results are still far
away from being in agreement with the experimental LLE data.
Although the tie-line slope (i.e. the partitioning of NaCl
between both phases) is predicted qualitatively correct, still the
salting-out effect could not be predicted.

Qualitative and quantitative agreement of LLE prediction
with experiments could only be achieved using strategy 3 and 4
(i.e. using the Born term with a mass-fraction based rule or a
combined mixing rule for the dielectric constant), cf. Figure 2c
and Figure 2d. These results emphasize the importance of using
an accurate value for the relative dielectric constant for
modeling complex electrolyte systems combined with the
altered Born term. The weight-based mixing rule (in Eq. (12))
used to calculate the relative dielectric constant in strategy 3
represents a much more physically sound approach than using,
for example, the pure-component relative dielectric constant of
one of the solvent components or a mole-fraction based mixing
rule (see Figure 1). Below a certain salt concentration, a mole-

fraction based mixing rule between salt and solvent®**’

allowed describing solvent-salt interactions meaningfully. Thus,
a combined approach for taking into account the dependence
of the dielectric constant of a mixture salt-solvent was also
confirmed; that is, ARD and AAD values slightly decreased when
strategy 4 is used instead of strategy 3. The only exception
remains the mixture water+ PEG400+ [C,mim][Ac]. Only strat-
egy 3 allowed predicting the phase equilibrium in this ATPS. It
cannot be excluded that the mole-fraction based mixing rule
fails to capture the real dependency of the relative dielectric
constant on concentration, caused by a complex interaction
interplay between the IL and the solvent components. Further,
the used mixing rule in strategy 4 (Eq.(13)) is of empirical
nature.

Figure 3 presents a comparison between experimental and
calculated partition coefficients K of salt, expressed as mass-
fraction ratio (i.e., w,,, in the aqueous phase related to w,,, in
the organic phase), for four of the investigated systems. As the
figures show, the correct order of magnitude of the salt
partition coefficient could be predicted only using strategies 3
and 4, whereas the partition coefficients are heavily under-
estimated using the strategies 1 and 2. Partition coefficients of
the salts KClI and KBr in water-MEK (Figure 3c.) and d.) could
also be predicted, using strategies 3 and 4, in very close
agreement to the experimental data. Results show that without
the Born term (strategy 1) K values are below one, i.e. strategy
1 predicts that the salt is mainly present in the organic phase.

Z. Anorg. Allg. Chem. 2021, 1305-1314 www.zaac.wiley-vch.de

1311 © 2021 The Authors. Zeitschrift fiir anorganische und allgemeine Chemie

published by Wiley-VCH GmbH.


http://orcid.org/0000-0003-1074-177X

Journal of Inorganic and General Chemistry

/AAC

Zeitschrift fir anorganische und allgemeine Chemie

ARTICLE

: — —
100 a) 3
F %o ° - :
N 0 :
=
2 10F E
@ £ ]
v 2SN ]
L ‘~o~‘\ i
oo
Tk E
EAA __ A 7
C 1 1 1 I 1 I 1 I 1 ]
0.0 0.1 0.2 0.3 04 0.5
WKBr,aq / 9'9-1
1000 £ . c) |
E o) ) E
- o ® ;
- 100 & E
o g 3
(o)) L 3]
g ME e 3
1L y
Eap--A--8 3
01 [ 1 | 1 | 1 ]
0.0 0.1 0.2 0.3
WicClaq/ 997

10000

1000 £ oo

UmERLL
@
v
v
1l

100

Kyaci/ 9-9”

10

TR

-
oF T T T

A—AaA

01 1 | 1 1 1

o
=)
o
-
=
[
o
w

1000

100 8 © o

10

Kigr / 997

<
Ll

.....,..,
[
Lol

01 1 | 1 | 1 I L
0.0 0.1 0.2 0.3

o
~

WKBr,aq / 9'9_1
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water + MEK+ KCl, d.) water + MEK+ KBr. Symbols are partition coefficients calculated from experimental data (full circles), predictions
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The conclusion from this is that the Born term is crucially
required to obtain the correct partitioning of a salt between an
aqueous phase and an organic phase without fitting unreason-
able model parameters.

Conclusion

Within this work ‘ePC-SAFT advanced’ was used to predict LLE
of mixed-solvent systems containing dissolved salts, using
different mixing rules for the dielectric constant into the Born
and the Debye-Hiickel contributions to the residual Helmholtz
energy. The importance of an altered Born term was demon-
strated in two previous works for calculating MIACs and solid-
liquid equilibria of alkali halides in alcoholic solvents. In the
present work, first an appropriate expression of the concen-
tration-dependence of the dielectric constant for mixtures
containing water+ organic solvent+salt was suggested. The
vital importance of the dielectric constant was already
discussed by Maribo-Mogensen et al., which proposed a new

modeling approach taking into account hydrogen bonding of
associating fluids” and phenomena like dielectric saturation.“®
However, by using a simple mass-fraction based mixing rule for
the dielectric constant quantitative prediction of ternary LLE
was possible for almost all the studied systems, without using
any binary interaction parameters. The combined mixing rule
seems to perform slightly better than the pure mass-fraction
based rule, except for the system containing an ionic liquid.
Using the previous version ‘ePC-SAFT revised from 2014
(without the Born term) did not allow any predictions, and LLE
of electrolyte systems could only be correlated. The Born term
and a concentration-dependent dielectric constant enhance the
predictive capability of ‘ePC-SAFT advanced’ and improve its
correlative capability. This work doesn't aim, however, at
underemphasize the importance of rigorous modeling of the
dielectric constant of electrolyte systems: because of the
empirical nature of the used expression, correctness cannot be
guaranteed for all the systems and at all existing conditions,
which should be investigated in future works. Furthermore, the
performance of the Born term with a concentration-dependent
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dielectric constant should be tested for multivalent electrolytes
(Mg?*, Ca’*) and for ions which deviate from the spheroidal
form (CH3COO™, SO,*~, PO,*") assumed within the Born term.
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