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Resumen

La creciente demanda por alternativas sostenibles a los disolventes organicos convencionales ha
incrementado el interés en los deep eutectic solvents (DES) debido a su baja toxicidad, biodegrad-
abilidad y propiedades ajustables. Sin embargo, la comprension integral de su comportamiento
termodindmico y estructural —especialmente en presencia de cosolventes, atin es limitada. Esta
tesis aborda esto mediante la integraciéon de ecuaciones de estado de base molecular y simula-
ciones moleculares para predecir y analizar las propiedades de equilibrio de fases y de interfase
de DES derivados de precursores verdes como cloruro de colina, betaina, glicoles y terpenos.

Se evaluaron las capacidades predictivas de la ecuacion de estado PC-SAFT para una amplia gama
de mezclas de DES, evidenciando las limitaciones del enfoque tradicional de componente pseudo-
puro en sistemas donde ocurre una fuerte asociacién cruzada con alcoholes. Se encontré que una
estrategia de modelado basada en los componentes individuales permite una mejor representacion
de las propiedades termodindmicas en exceso y de los equilibrios de fases. Ademas, se implement6
una nueva formulacién de la teoria del gradiente de densidad (DGT) combinada con PC-SAFT
para describir la tensién superficial utilizando tinicamente un parametro ajustado, lo que permiti6
analizar esta propiedad y el efecto del cosolvente.

Las simulaciones de dindmica molecular (MD) se emplearon para obtener informacién a nivel
molecular sobre los efectos del agua y de alcoholes de cadena corta en la estructura y propiedades
de DES hidrofilicos. Estas simulaciones revelaron la competencia entre interacciones por enlaces
de hidrégeno, dando lugar a una reorganizacién estructural del DES provocando cambios en den-
sidad, viscosidad y tension superficial. Paralelamente, se generaron datos experimentales origi-
nales para una serie de DES hidrofilicos, lo que permiti6 validar las predicciones tedricas y cubrir
vacios en la literatura, especialmente respecto al efecto del contenido de agua.

Adicionalmente, el estudio se extendié a DES hidrofébicos basados en mentol, timol y acido oc-
tanoico para la extraccién de alcohol furfurilico desde agua. Se midieron por primera vez datos
de equilibrio liquido-liquido para estos sistemas. Tanto PC-SAFT como simulaciones de MD con
modelos coarse-grained predijeron con éxito el comportamiento de fases, demostrando el poten-
cial del marco propuesto para el disefio de procesos de separacién basados en DES.

En conjunto, este trabajo contribuye al avance de modelos termodindmicos predictivos aplicados
a DES, ofreciendo herramientas para el disefio racional de disolventes sostenibles con aplicaciones
industriales y medioambientales, en apoyo a una quimica mas verde.
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Abstract

The growing demand for sustainable alternatives to conventional organic solvents has increased
interest in deep eutectic solvents (DESs) due to their low toxicity, biodegradability, and tunable
properties. However, a comprehensive understanding of their thermodynamic and structural be-
havior—especially in the presence of cosolvents—remains incomplete. This thesis addresses this
gap by integrating molecular-based equations of state and molecular simulations to predict and
analyze the bulk and interfacial properties of DESs derived from green precursors such as choline
chloride, betaine, glycols, and terpenes.

The predictive capabilities of the PC-SAFT equation of state were evaluated for a wide range of
DES mixtures, revealing the limitations of traditional pseudo-pure component approaches in sys-
tems where strong cross-association with alcohols occurs. An individual component modeling
strategy was found to better capture excess thermodynamic properties and phase equilibria. A
novel implementation of density gradient theory (DGT) combined with PC-SAFT was also devel-
oped to describe surface tension using only a single fitted parameter, enabling the analysis of DES
surface tension and how it is affected by cosolvent addition.

Molecular dynamics (MD) simulations were employed to provide molecular-level insights into
the effects of water and short-chain alcohols on the structure and properties of hydrophilic DESs.
These simulations revealed competition among hydrogen-bonding interactions, leading to a reor-
ganization of the DES structure and changes in density, viscosity, and surface tension. In parallel,
original experimental data were generated for a series of hydrophilic DESs, providing critical vali-
dation for the theoretical predictions and filling gaps in the existing literature, particularly regard-
ing the effect of water.

Additionally, the study was extended to hydrophobic DESs based on menthol, thymol, and oc-
tanoic acid for the extraction of furfuryl alcohol from water. Liquid-liquid equilibrium (LLE) data
for these systems were measured for the first time. Both PC-SAFT and coarse-grained MD simu-
lations (MARTINI 3) successfully predicted the phase behavior, demonstrating the potential of the
proposed framework for the design of DES-based separation processes.

Integrating these molecular modeling techniques advances the predictive capabilities of thermo-
dynamic models for DESs, offering valuable insights for the rational design and optimization of
sustainable solvent systems. These advancements contribute to the development of DES formu-
lations tailored for industrial and environmental applications, supporting the transition toward
greener chemical processes.
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1. Introduction

Precisely characterizing fluid systems, from pure substances to complex mixtures, is indispens-
able to optimize processes in laboratory experiments and large-scale industrial applications.
This significance is magnified when considering fluids composed of complex molecules, which
are becoming increasingly crucial in the ever-changing landscape of chemical manufacturing.
Deep eutectic solvents (DESs) exemplify this relevance, featuring diverse components that ex-
hibit unique phase behaviors and tunable properties for applications like green chemistry, energy
storage, and materials synthesis. Understanding the behavior of DESs is difficult because of the
complex interactions of their constituent molecules. Accurate DES characterization plays a cen-
tral role in harnessing their potential across various industries, underscoring the critical role of
fluid characterization in modern technology.

Many industrial processes involve fluids that experience physical and chemical transformations
and have different properties depending on the desired task. Traditionally, industrial processes
have widely used volatile organic compounds (VOCs), such as hydrocarbons, chlorinated sol-
vents, and aromatics. However, their high toxicity, environmental persistence, and contribution to
air pollution and human health risks have raised concerns about their sustainability [1, 2]. As a
result, accurately predicting thermophysical and transport properties along the phase equilibrium
diagram is crucial for industries seeking to enhance product yield, energy efficiency, and environ-
mental sustainability. In this context, understanding the thermodynamic principles governing
these transformations and their associated properties enables the design of new environment-
friendly and tunable solvents. This has become a central focus of green chemistry, driving the
development of the concept of a "green" solvent [3]. Two primary strategies for green solvent
development have been proposed: (i) substituting petroleum-derived solvents with those from re-
newable resources and (ii) replacing hazardous solvents with alternatives that exhibit improved
environmental, health, and safety properties [4].

Deep eutectic solvents (DESs) have emerged as a promising alternative in the search for new sol-
vents due to their versatility, as they can be tailored to specific applications [5]. They are prepared
by carefully selecting and mixing precursors, typically a hydrogen bond acceptor (HBA) and a
hydrogen bond donor (HBD), which are not necessarily liquids in their pure state [6, 7]. When
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mixed, strong hydrogen-bonding interactions between HBA and HBD cause a significant depres-
sion in the melting point of the mixture compared to the ideal behavior, forming a stable liquid
phase at the desired operating temperature [8, 9]. However, due to the expense and complexity
of measuring entire solid-liquid phase diagrams to confirm the negative deviations from thermo-
dynamic ideality that lead to this deep melting point depression [9, |10], many simple eutectic
mixtures are often (incorrectly) classified as DESs in the literature [11].

DESs offer several advantages, including low vapor pressure, chemical and thermal stability, non-
flammability, high tunability, and the ability to remain liquid at ambient temperature. In addition,
the selected precursors typically possess low toxicity and environmentally friendly properties and
are relatively inexpensive. For these reasons, DESs are often classified as "green solvents" [12-
16]. DES applications have been reported in biomass processing [17-24], bioprocesses [25-27],
gas capture [28-31], biocatalysis [32-36], metal processing [7, 37, 38|, pharmaceutical formulations
[39-41], and energy applications [42-44], among others. Despite growing interest in DESs, there
remains a significant gap in understanding their molecular interactions and physical properties
[13].

The wide range of DES applications stems from the extensive variety of DESs reported in the lit-
erature, resulting from numerous possible combinations of HBAs and HBDs. Initially, the term
DES referred exclusively to mixtures formed from quaternary ammonium salts and HBD [6, [45]].
However, it was eventually extended to encompass all eutectic mixtures exhibiting negative devi-
ations from the thermodynamic ideality. Nowadays, DESs are classified into five types based on
their precursors. Type I consists of quaternary ammonium salts and metal chlorides, while Type II
combines metal hydrates with quaternary ammonium salts. Type III, the most extensively studied
in the literature, is typically formed from quaternary ammonium salts and organic compounds
such as amides, carboxylic acids, alcohols, or polyols. Type IV consists of metal halides and or-
ganic HBDs, whereas Type V, introduced by Coutinho et al. in 2019 [46], consists of non-ionic
eutectic mixtures such as those based on phenolic compounds and monocarboxylic acids [47]. In
recent years, the search for greener solvents has intensified interest in natural deep eutectic sol-
vents (NADES), a subset of Type III or Type V DESs composed of natural metabolites, including
amino acids, organic acids, sugars, and choline derivatives [48].

The wide variety of DES is further increased by introducing an additional solvent along with the
original HBA and HBD constituents [11]. Motivations for this approach include intentionally mod-
ifying the properties of DES, such as lowering the viscosity [15] or reducing the melting point [49],
thereby enhancing their practical applicability. However, the presence of external compounds in
DES can sometimes be unintended, either due to DES hygroscopicity or other impurities [50, |51]].
Regardless of intent, adding an extra solvent or cosolvent increases the system’s complexity by in-
troducing additional intermolecular interactions, which must be carefully considered in the design
and application of DES.

Molecular modeling techniques provide a systematic approach to studying the effect of cosolvents
on DESs and understanding their influence at the molecular level [11]. Among these techniques,
molecular dynamics (MD) simulations [52, 53] stand out as a powerful tool, providing detailed in-
sight into how the addition of cosolvents affects the structural and thermodynamic characteristics
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of DES. Specifically, MD simulations enable a comprehensive analysis of intermolecular interac-
tions, hydrogen bonding networks, and physicochemical properties, shedding light on the molec-
ular organization and dynamics within these systems [54]. Several studies have successfully used
MD to explore DES properties, mainly without the addition of an external solvent. Perkins et al.
[55] calculated the thermophysical and transport properties of choline chloride (ChCl)-based DESs,
achieving good agreement with experimental thermophysical data, although predicting transport
properties remains challenging. Salehi et al. [56] utilized MD simulations, primarily with the
OPLS force field, to determine Hildebrand and Hansen solubility parameters. Shehata et al. [57]
investigated ChCl-urea DES through MD simulations, elucidating the impact of water content on
DES performance as reaction media. Similarly, Atilhan et al. [58] employed MD simulations to
evaluate the interactions between DES and nanomaterials, emphasizing the fundamental role of
hydrogen bonding in these mixtures. Naik et al. [59] also used MD to examine phase equilibrium
in phosphonium- and ammonium-based DESs, analyzing their structural and interaction proper-
ties in detail.

Quantum chemistry methods have further complemented these MD-based insights by providing
molecular-level clarity on hydrogen bonding and intermolecular interactions despite their much
higher computational cost. For example, Wang et al. [54] combined experimental analyses with
quantum chemistry techniques to study hydrogen bonding in mixtures of ChCl with polyols, re-
vealing the significant role of chloride-hydroxyl interactions. Ashworth et al. [60] employed ab
initio quantum chemistry methods to uncover the complex association patterns within ChCl-urea
DES, highlighting the diverse hydrogen bonding interactions that differentiate these mixtures from
traditional solvents. Similarly, Abranches et al. [39] studied the design of DESs for pharmaceutical
applications using COSMO-RS.

Molecular-based equations of state (EoS), particularly those from the Statistical Associating Fluid
Theory (SAFT) family, offer a faster alternative to computationally intensive methods such as MD
or quantum chemistry calculations. The SAFT family explicitly incorporates molecular interac-
tions, enabling robust and accurate predictions of phase equilibria and thermodynamic properties,
thus effectively bridging molecular-level insights with macroscopic system behavior. SAFT equa-
tions are grounded in Wertheim’s thermodynamic perturbation theory, effectively capturing the
association contributions due to hydrogen bonding interactions, which play a fundamental role in
the formation and behavior of DESs. In the literature, several studies have successfully applied
different SAFT variants to model DES properties. For example, PC-SAFT has been extensively
used to predict gas solubility in DES [61} 62], while soft-SAFT has also demonstrated its capability
to accurately model gas solubility and other thermodynamic properties of DES systems [63, 64].

1.1. Hypothesis

The thermodynamic and structural properties of DES can be accurately predicted using molecu-
lar modeling techniques, providing critical insights into their behavior in both pure and mixed
systems. In this sense, MD simulations combined with molecular-based equations of state (e.g.,
PC-SAFT) can show the presence of hydrogen bond networks, elucidating the structural ordering
introduced by cosolvent addition.
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1.2. Main Objective

Predict and analyze the structural and thermodynamic properties of DESs based on green precur-
sors (e.g., choline chloride, betaine, glycols, terpenes), with an emphasis on the effect of cosolvent
addition, utilizing MD simulations and molecular-based equations of state such as PC-SAFT.

Specific objectives

¢ Evaluate the accuracy and predictive capability of PC-SAFT, employing different parametriza-
tion strategies, to describe the phase equilibria and thermodynamic properties of the most
experimentally studied DESs, namely choline chloride-based DESs.

* Develop and validate a methodology coupling PC-SAFT to predict physicochemical proper-
ties such as viscosity and surface tension, and to quantify the effects of cosolvent addition
on these properties in various DESs based on green precursors with available experimental
data.

¢ Characterize the structural and thermophysical properties of choline chloride-based DES
mixed with short-chain alcohol (e.g., methanol) or water using MD simulations and eval-
uate the predictive performance of PC-SAFT.

* Apply molecular modeling techniques to investigate the behavior of hydrophobic DESs in
the extraction of furfuryl alcohol from water, with a focus on predicting liquid-liquid equi-
libria.



2. Molecular-based equation of state

This chapter will describe the fundamental framework of the Perturbed Chain - Statistical As-
sociating Fluid Theory (PC-SAFT) equation of state. As a crucial element in the comprehensive
modeling of Deep Eutectic Solvents (DESs), PC-SAFT offers a versatile and accurate tool for
understanding the complex thermodynamic behavior of these systems. This equation of state
provides a robust foundation for describing the intermolecular interactions governing the phase
behavior of DES systems. This chapter will explore the theoretical background, mathematical
formulations, and practical applications of PC-SAFT, paving the way for a deeper exploration
of DES modeling in subsequent sections of this thesis.

2.1. Introduction

Equations of state (EoS) are mathematical models that describe the relationships among key ther-
modynamic properties of a substance, such as pressure (P), volume (v), and temperature (T). They
are crucial in thermodynamics for predicting the behavior of fluids and gases under various con-
ditions and are widely used in chemical engineering, physics, and materials science to model fluid
properties and phase equilibria. Introduced in 1873, the van der Waals equation [65] was one of
the first EoS to account for the finite size of molecules and intermolecular attractions, improving
upon the ideal gas law. Since then, many cubic equations of state—such as the Redlich-Kwong
[66], Soave-Redlich-Kwong [67], and Peng-Robinson [68] equations—have been developed, pri-
marily to predict phase equilibria in mixtures [69]. As understanding of molecular behavior has
advanced, more elaborate equations have been formulated to better predict the behavior of real
gases and fluids.

In this context, the Statistical Associating Fluid Theory (SAFT) [70-73], which employs statisti-
cal mechanical methods, particularly Wertheim's first-order thermodynamic perturbation theory
(TPT1) [74-77]], represents a significant advancement in the equation of state modeling. SAFT is
designed to predict the thermodynamic properties of complex fluids with greater precision, partic-
ularly those involving molecular associations such as hydrogen bonding [78,|79]]. Unlike simpler
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EoS models, SAFT takes into account detailed molecular structures, specific interactions, and asso-
ciation effects, making it especially useful for modeling fluids with polar components, polymers,
and other complex systems, such as DESs and ILs.

In a typical SAFT-based EoS, the fluid is initially modeled as a collection of equal-sized hard
spheres to represent repulsive interactions. Attractive forces are then incorporated through an
additional dispersive potential, commonly a square-well or Lennard-Jones potential. To capture
molecules that can form chains, the spheres are connected via bonding sites. Specific interaction
sites are subsequently introduced along the chains to represent directional interactions such as
hydrogen bonding, typically modeled using square-well association potentials. Each of these con-
tributions (reference repulsion, dispersion, chain formation, and association) adds a corresponding
term to the residual Helmholtz free energy ("), as expressed in Eq.

s — 5 — ﬁid — %8 | ﬁchain | gassoc (2.1)

where 3°°¢ is the segment contribution to the Helmholtz free energy, including both the hard-
sphere reference and dispersion terms; 4" is the contribution from chain formation; and 3255°°
is the contribution from association. Additionally, i refers to the reduced Helmholtz energy of the
system, while 49 represents the contributions of the ideal gas.

Since Chapman developed the original SAFT model in the 1990s [70-73], several variations have
emerged, with the main differences lying in the reference fluid and the potential used to describe
it. One of the first modifications was introduced by Huang and Radosz (SAFT-HR) [80, 81], which
replaced the Lennard-Jones potential with a square-well potential. Since then, numerous adapta-
tions have been proposed, including SAFT-VR-SW [82, 83]], SAFT-VR-Mie [84], soft-SAFT [85, [86],
and PC-SAFT [87, 88], among others [89, 90]. Several reviews in the literature provide detailed
descriptions of each of these versions, highlighting their achievements and limitations [78, 91-93].

In this thesis, PC-SAFT (Perturbed-Chain SAFT) is used as the primary model to describe the
thermodynamic properties of DESs, due to its proven ability to accurately capture systems with
significant hydrogen bonding and complex molecular interactions such as ionic liquids (ILs) [94],
amino acids [95] and different osmolytes [96, 97]. Developed by Gross and Sadowski [87, [88],
PC-SAFT extends the original SAFT model by incorporating chain length effects and more refined
descriptions of molecular shape and size, making it particularly well suited for complex fluids, in-
cluding those with significant non-idealities, such as DES. Its ability to model associating and polar
fluids reliably provides a strong framework for capturing the unique interactions in DES system:s,
such as hydrogen bonding and other specific interactions between components. Furthermore, the
flexibility of PC-SAFT in handling mixtures with a wide range of molecular sizes and interactions
makes it an ideal choice for modeling DESs, where the molecular structures of both the HBD and
HBA critically influence thermodynamic behavior.
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2.2. PC-SAFT molecular model

In the PC-SAFT framework, unlike most SAFT versions, dispersive interactions are incorporated
into the chain contribution rather than the hard-sphere reference term. The pair potential between
segments in a chain is described using a modified square-well potential, as defined in Eq[2.2][98].

o r<(c—0.120)

—0.120) <
u(r) = 3¢ (c—0120)<r<co 2.2)
—€ 0<r<Ac

0 r> A0

Here, u(r) is the pair potential, r is the radial distance between two segments, ¢ is the temperature-
independent segment diameter, ¢ indicates the depth of the potential well, and A is the reduced
well width.

Based on the modified square-well potential defined in Eq. and employing perturbation the-
ory, the PC-SAFT EoS is described as a sum of energetic contributions to the reduced residual
Helmbholtz energy, as shown in Eq.

aes — 5 — ﬁid — ﬁhc + ﬁdisp | gassoc (2 3)
where @ is the reduced Helmholtz energy contribution of the hard-chain reference fluid, 4P
represents the contribution of the dispersive interactions, and 4%%°°° accounts for the association
between molecules.

All the contributions of the PC-SAFT EoS to the Helmholtz energy are illustrated in Figure
This figure shows how m spherical segments form covalent bonds, leading to the formation of
the hard-chain reference contribution. The hard-chain reference further accounts for the attractive
forces between segments through the dispersion contribution. Finally, if the molecule possesses as-
sociation sites where highly directional interaction forces can occur, these interactions are captured
by the association contribution.

The following sections describe each of these terms in detail.

2.2.1. Hard-Chain reference contribution

The hard-chain reference term in Eq. consists of two contributions: the hard-sphere contribu-
tion (#"%), which comes from the number of spherical segments in each molecule (171;), and the chain
contribution (#M?"), which results from the bonding of these segments within each molecule. This

is shown in Eq.

ﬁhc — ﬁ”lﬁhs + ﬁchain (24)
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FIGURE 2.1: Formation of a molecule in the PC-SAFT framework: (A) hard-sphere

molecules, (B) hard-chain molecules, (C) molecules with attractive forces due to dis-

persion, and (D) molecules with association sites exhibiting highly directional inter-
actions.

Here, 1 is the mean segment number in the mixture of n. components, as given by Eq.

n= iximi (2.5)

i=1

where x; is the mole fraction of the molecules of the component i.

The hard-sphere term is given by the expression developed by Boublik [99] and Mansoori et al.
[100], which reduces to the formulation proposed by Carnahan and Starling [101] for pure fluids.
This is shown in Eq.

~hs __ 1 62

3 )
RS ] s ((;3 Co) In(t @)} 26

where ¢, is defined by the number density of molecules, p,,;, in Eq.

TTOm <&
%inmid? n e {0,1,2,3} 2.7)

i=1

Cn =

where d; represents the temperature-dependent segment diameter of a component i, given by Eq.

8

d =0 [1 —0.12exp <— kEiT)} 2.8)
B

where kg is the Boltzmann constant.

The chain formation contribution is one of the fundamental terms in any SAFI-type EoS. This
contribution is derived from Wertheim’s first-order thermodynamic perturbation theory [74-77],



Chapter 2. Molecular-based equation of state 9

which assumes that the segments are tangentially bonded at a distance r = ¢. The resulting
expression is given in Eq.[2.9]

N¢
jchain _ E xi(1 — m;) In gii(0i) 29
i=1

Here, gii(0;;) is the radial distribution function (RDF), which describes how the particle density
in a system varies with the distance from a reference particle. PC-SAFT incorporates only the
zero-order RDEF, as determined by the Boublik [99] and Mansoori et al. [100] expression for a hard-
sphere segment, as shown in Eq.

o1 did; 3¢, did; \* 222
i) =gyt (dz- +dj> a—cr (dz- +dj) (=) 210

2.2.2. Dispersion contribution

After the hard-chain reference fluid has been defined, the perturbation theory developed by Barker
and Henderson is applied to account for the attractive part of the chain interactions [102, |103]].
This second-order perturbation theory expresses the Helmholtz free energy as the sum of first-
and second-order contributions, as shown in Eq.

aYP = 7, 4 a, (2.11)

Each contribution can be written in a simplified form, as shown in Egs. [87].

i = —2nplL(n, mym2ec3 (2.12a)
iy = —mpmCy L(n, m)ym2e2o3 (2.12b)

Here, I;(y7,/m) and L(,m) are integrals over the intermolecular potential defined in Eq2.2] and
the radial distribution function between segments. The analytical solution is approximated using
power series expansions in the reduced segment density (commonly referred to as the packing
fraction, 77, which is equal to ¢3 as defined in Eq[2.7), as given by Egs. [87],

6 .

L (n,m) =Y a;(m)y' (2.13a)
i=0
6 .

L (7,m) =) bj(m)ny' (2.13b)
i=0

where the coefficients a; and b; are given by Egs.
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m—1 m
a; (m) = ap; + =i+ as; (2.14a)

-1
bi (1) = boi + ———by; + —— —Dby; (2.14b)
m m m

The model constants introduced in these series (a;; and b;;) were fitted to the properties of pure
n-alkanes (vapor pressure and volumetric data) and can be found in the original publication [87].

In Eq. C; is an analytical expression related to the compressibility factor and can be calculated

using Eq. @

-1
_ 2 _ 2 3 _ 4
G = (1 + mu b1 — ) 20 = 2707 1207 — 27 > (2.15)

(1-1) [(1=n) 2=

The terms m2ec3 and m2e203 arise from applying the van der Waals one-fluid mixing rules to the
perturbation terms, resulting in Egs.

Ne N £
m2ec® =Y Y " xijxjmim; (ﬁ) crf’j (2.16a)
i=1j=1 B
el el e & \*
m2e20% =Y ° Y xpxjmim; T 013] (2.16b)
i=1j=1 B

The parameters for unlike segments are obtained using the conventional Berthelot-Lorentz com-
bining rules [104], as shown in Egs.

1
0ij = 5 (0i +0j) (2.17a)

where the binary interaction parameter k;; is introduced to correct the segment-segment interac-
tions between unlike chains.

2.2.3. Association contribution

The association term forms the foundation for SAFT-type EoS. This term, derived from Wertheim’s
first-order thermodynamic perturbation theory [74-77], accounts for highly directional interac-
tions, such as hydrogen bonding. It enables the accurate representation of associating fluids by
describing the specific interactions between molecules at the association sites. The contribution of
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the association term to the Helmholtz free energy, which reflects these interactions, is given by Eq.
2.18]

" Q] , G|
e =Y % Y SA In XA - = ¢ ] (2.18)
i=1 AeQ 2 2

Here, the sum is over the n, components in the mixture and their respective |()| possible associa-
tion sites in a set ) of different kinds of site. S4/ denotes the number of association sites of type
A on each molecule of component i, while X represents the fraction of molecules of component
i that remain unbonded at the site A.

For every molecule in the mixture, S4i should be known according to the defined association
scheme, while X' changes according to the thermodynamic conditions of the system and can
be obtained by solving the mass balance shown in Eq. [105].

-1
e |Q|

1 + o Z Xk 2 SBiXBjAAiBj
k=1  BeO,B#A

XA = (2.19)

Here, A8 is the association strength between the site type A in component i and the site type B
in component j, which can be obtained from Eq.

AN — o3 ohs ()i AiB el —1 2.20
- ]gz] UZ])K exp kBT ( )

where xi8j, the association volume, is a measure of the volume available for bondmg between

a site of type A in component i and a site of type B in component j, and ¢iBi, the association
energy, is the well depth of the site-site interaction potential. If the association is between the same
molecule, it is referred to as self-association; otherwise, it is a case of cross-association. Also, the
association interaction is symmetrical, which means ¢4iBi = ¢Bidi In the case where the association
site type A cannot associate with site type B, ei% = 0, which means A%4% = 0 by using Eq. -
Otherwise, the parameters for cross-association can be obtained using the mixing rules of Wolbach

and Sandler [106], as given by Egs.

1
B ; (AP 4 e48)) (2.21a)
3
;05
KAiBi — /K AiBixcAjBj (U”) (2.21b)
ij

Association schemes are used to represent or visualize how association occurs between molecules.
The association schemes used throughout the literature were originally proposed by Huang and
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Radosz [80]. In general, these schemes are simplified by recognizing that there are three types
of association sites: positive electron-accepting sites, negative electron-donating sites, and bipo-
lar (or bivalent) sites. Positive sites interact with both negative and bipolar sites, negative sites
interact with both positive and bipolar sites, and bipolar sites interact with all sites. Examples of
association schemes following this notation are shown in Figure

1A 2B 3B 4C

(A) (B) (©) (D)

FIGURE 2.2: Examples of association schemes based on Huang and Radosz notation
[80], considering three different types of sites: Bivalent (B), Positive (P), and Negative
(N). The association schemes shown are: (A) 1A, (B) 2B, (C) 3B, and (D) 4C.

2.3. PC-SAFT parametrization

Following the detailed discussion of the individual contributions in PC-SAFT, attention is now
directed toward the parametrization of the model, which requires the definition of its molecular
parameters. At least three parameters are necessary for defining a pure component: the effective
number of segments, m;, the segment diameter, ¢;, and the dispersive energy between segments,
g;. For molecules with association sites, two additional parameters are required: the association
energy, 8 and the association volume, x4"B’. These parameters are illustrated in Figure

The typical parametrization used for cubic EoS is usually not applied in SAFT-type EoS as these
models tend to overpredict the critical point. This limitation arises because SAFT models, like other
mean-field theories, cannot accurately account for long-wavelength density fluctuations unless
a crossover term is explicitly introduced [107-109]. Instead, it is common practice to perform
a regression to fit experimental data on density and vapor pressure, without considering data
around the critical point. However, for some molecules, this strategy is difficult to apply due to
the lack of experimental data. This is particularly the case for molecules that are usually solid
under atmospheric conditions or have very low vapor pressures, which makes it challenging to
obtain reliable experimental data. One solution is to perform the regression using data from a
reference mixture. For example, several osmolytes have been fitted using aqueous density and
osmotic pressure data [97,110].
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FIGURE 2.3: Illustration of PC-SAFT molecular parameters for pure components,
including the effective number of segments (11;), segment diameter (c;), dispersive

energy (¢;), and association parameters for molecules with association sites (e47B and
AiBi
KA,

2.4. Calculation of thermodynamic properties

The Helmholtz energy is a key thermodynamic potential in SAFT-type EoS, and its derivatives
provide access to various thermodynamic properties. For instance, the first derivative of the
Helmholtz energy with respect to density is related to the pressure, while its derivative with re-
spect to temperature is related to the entropy. Additionally, second derivatives are useful for calcu-
lating response functions such as isothermal compressibility and heat capacities. Thus, by taking
appropriate derivatives of the Helmholtz energy, a wide range of thermodynamic properties can
be obtained.

In the following, the expressions for the most commonly used properties are presented using the
reduced Helmholtz energy as a function of temperature T, molar density p, and the mole fraction
vector x.

2.4.1. Pressure and density
The pressure, P, can be obtained using Eq.
od

P (T,p,x) = RTp? (ap>T | (2.22)

where R is the ideal gas constant.

Additionally, the molar density at a target condition, (Ptarget, T, 5), can be determined by solving
the nonlinear equation P (T, 0, 5) — Prarget = 0, where P is calculated using Eq.
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The compressibility factor, Z, can be obtained using a similar derivative, as shown in Eq.

Z:1+p<agp )T (2.23)
Xi

2.4.2. Chemical potential and fugacity coefficient
The chemical potential of a component i in a mixture, y;, can be obtained using Eq.

" ) i e di
:a+Z+<) —Zx( (2.24)
RT axi T,p,x]'#i j=1 ! ax] T,P,xkyéi

The fugacity coefficient of a component i in a mixture, §;, can be obtained using Eq.

~res ne ~res
Ing; (P, T,x) = & + (Z — 1)+ (aa“ , ) ~ Yy (?) (2.25)
Xi Trplxﬁ&i j:l x] T,p,xk#i

The activity coefficient of a component i in a mixture, 7;, can be obtained using Eq.

¢ (P, T,x)
(P, T,x) = ~———""—— 2.26
7T = S 226)
2.4.3. Enthalpy
The residual molar enthalpy, H's, can be obtained using Eq.
Hres oa’es
RT = -T ( 5T >P/xi +(Z-1) (2.27)

2.5. Calculation of phase equilibrium

A mixture of chemical compounds can be distributed across multiple phases (solid, liquid, vapor),
with the exchange of components continuing until phase equilibrium is established. At equilib-
rium, intensive properties, such as temperature, pressure, density, and composition, remain con-
stant in all coexisting phases. Intensive properties are independent of the size, mass, or shape of
each phase. Equilibrium thermodynamics provides a mathematical framework to quantitatively
describe the relationships between these variables and the state of the system.

Phase equilibrium conditions are derived by applying a differential entropy balance within a
closed system [111]. Thus, for 7t phases in equilibrium, thermal, mechanical, and chemical equi-
librium conditions should satisfy the set of Egs.
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TI=T=.=T7 (2.28a)
pl=pll =  —p7 (2.28b)

The chemical potential condition, Eq. ensures that there is no net mass transfer between
phases. The chemical potential, j;, can be related to the fugacity, f;, a thermodynamic property
that accounts for deviations from ideal behavior in real systems. The relationship between the
chemical potential and the fugacity of the component i can be expressed by Eq.

ui =) — RTIn (f7) + RTIn (f;) = T°+ RTIn (x;$;P) (2.29)

where ‘u? and ]?iO are the reference chemical potential and fugacity, respectively, R is the universal
gas constant, and T is the temperature. At equilibrium, the fugacities of each component must be
equal across all phases,which can be written using the fugacity coefficient by Eq

gl =allglh = =x¢r ; i=1,.,n (2.30)

This equality of fugacities across phases provides a practical way to calculate phase equilibrium
in real systems, particularly for non-ideal mixtures. By using EoS or activity coefficient models,
fugacities can be computed and used to evaluate equilibrium conditions.

2.5.1. Phase stability analysis

A stability analysis in phase equilibrium is a method used to determine whether a system at a given
thermodynamic condition will remain in a single phase or split into multiple phases. The purpose
of the test is to assess the stability of a homogeneous phase by checking if the Gibbs energy can
be reduced by splitting the phase into two or more different phases. The tangent plane distance
(TPD) method, developed by Michelsen [112], is frequently used for this analysis. In this method,
the TPD function, Frpp, is defined as the distance between the Gibbs energy surface of the mixture
at a global composition z and that of a hypothetical mixture with composition w, which, in terms
of fugacity coefficients, is expressed in Eq.

Freo(w) = Y- ; (Inw; + In (@) — Inzi — Iny(2)) @31)
i=1

This function is minimized with respect to the phase composition w. If the value of Frpp at the
global minimum is negative, it implies that the phase is unstable at a global composition z and
should split into additional phases.
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2.5.2. The particular case of a solid-liquid equilibrium

The case of solid-liquid equilibrium (SLE) cannot be directly solved by applying the iso-fugacity
criterion (Eq. with an EoS, as these are typically designed for fluid phases (liquids and gases)
and do not adequately describe the solid phase. Under the assumption of a pure solid phase, the
fugacity of a component in the solid phase is often related to its melting properties [111]], resulting

in Eq. @

Ay H; < 1 1) AnCypi <Tm,i

Tm,i >
% \T, T = In 1 (2.32)

In(x;vi) = T T
where Ay, H; is the melting enthalpy, T, ; is the melting temperature, and A;,C,; is the heat capacity
change upon melting condition. Generally, the heat capacity term is negligible compared with the
enthalpic term [111, 113], obtaining Eq.

AnH; (1 1
In(rry) = 20 (- 1) 2.33)
m,i

The melting properties of each compound can be found in the literature or can be obtained using
group contribution methods [114].

2.6. Calculation of surface tension and viscosity

Surface tension and viscosity cannot be directly derived from an EoS because they primarily de-
scribe the thermodynamic equilibrium properties of a homogeneous system. However, the EoS
can be integrated into additional theoretical frameworks to estimate these properties. For exam-
ple, surface tension can be obtained using density gradient theory (DGT), which couples the EoS
with a spatial variation in density at the interfaces. Similarly, viscosity can be estimated using free
volume theory (FVT), where the EoS provides the necessary molecular parameters as well as the
dependence of molar density on thermodynamic conditions.

2.6.1. Density Gradient Theory

The formulation of DGT can be traced back to the works of van der Waals [115], later translated
by Rowlinson [116], and reformulated by Cahn and Hillard [117], in which arise its popularity in
modeling interfacial properties. In this approach, the local Helmholtz energy (A) of an inhomoge-
neous fluid is expanded by the Taylor series under the assumption that the molecular gradients are
negligible compared to the reciprocal of the intermolecular distances [118]. The Taylor series ex-
pansion is truncated after the second-order density gradient term, which results in the expression
of the local Helmholtz free energy as a sum of the Helmholtz free energy at some homogeneous
state and the inhomogeneity correction term; as shown in Eq.
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alp)= | <a0 (o) + % vy ciijin]) d&3r (234)

i=1j=1

where r is the position vector, ag (p) is the homogeneous Helmholtz free energy of the fluid at the
local composition, Vp; and Vp; are the local density gradients, and ¢;; is the matrix containing in-
fluence parameters, which are related to the molecular structure of the interface. These parameters
govern how the local density gradients, Vp;, respond to deviations in chemical potentials from the
homogeneous phase.

To determine the density distribution, the following assumptions can be made [118-121]:
* The interface is flat.
* The influence parameters are independent of the density.

By applying the minimum energy principle to Eq and considering these assumptions, the
equilibrium densities of the components, p;(z), are obtained by solving the system of Euler-Lagrange
differential equations, as shown in Eq

dzp] 0
Zcij—dzz = ui (p) — (2.35)
]

Here, j4; is the chemical potential, defined as y; = (dao/dp;) T,V pj " and 3 is the chemical potential
of component i in the homogeneous phase. Solving this system of equations provides the density
profile across the interface. The cross-influence parameters, c;;, needed for mixtures, are typically
calculated using the geometric mean combination rule [119], as shown in Eq.

i = (1 Bi) /a5 (2.36)

The asymmetry parameter f§;; is fitted to experimental surface tension data for each binary mixture.
When B;; is zero, the system simplifies, and the differential equations reduce to a set of algebraic
equations [118} 120, [122], as shown in Eq.

Vs (me— 1)) = Ve (ns— 1), k=12, ,s=1Ls+1,---,n (2.37)

In this expression, s represents the reference component, which typically has a monotonic density
profile across the interface. The least volatile component is often selected as the reference, although
this criterion may not always hold. If no component meets the monotonicity requirement, Eq{2.37]
must be solved using a path function, as proposed by Liang et al.[123]].

Once the density profiles are determined, the surface tension, v, can be computed using Eq.
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Nne M dz
i=1j=

From Egs. it is evident that the calculation of p;(z) and 7 requires knowledge of the
influence parameters c;; and the Helmholtz energy density of the homogeneous fluid, ay(p).

The exact determination of the influence parameters is challenging, as it involves estimating the
radial distribution function of pure substances in the homogeneous state [124,|125]. An alternative
approach is to use molecular models of the pure components, as described by Garrido et al. [126]].
Alternatively, the influence parameters can be obtained by fitting to experimental surface tension
data for each pure fluid.

2.6.2. Free Volume Theory

FVT was first proposed by Allal et al. [127] to model the viscosity of Newtonian fluids. The main
feature of FVT, compared to other viscosity models, lies in its incorporation of the free volume con-
cept, in conjunction with molecular diffusion models—specifically, the microscopic friction factor
[127]. This approach has gained significant attention in the scientific community due to its ability
to accurately model the viscosity of both low-density fluids (e.g., gases) and high-density fluids
(e.g., liquids) [128].

According to FVT, the dynamic viscosity # of a fluid can be expressed as the sum of two contribu-
tions, as shown in Eq.

1 =10+ Ay (2.39)

where 7 represents the viscosity of the dilute gas, and Ay accounts for the contribution from the
dense fluid.

For hard-sphere molecules of a pure component, the dilute-gas viscosity, 7o, is accurately described
by kinetic theory, as formulated by Chapman and Enskog [129]]. This theory considers the inter-
molecular forces influencing molecular behavior in low-density conditions. Chung [130] later ex-
tended this model to encompass molecules of varying shapes and anisotropic molecular forces,
providing a more generalized expression for 7, given by Eq.

5 /MwksT/(Nam)

=g eay k (2.40)

In this equation, N, is the Avogadro’s number, M, represents the molecular weight, ¢ is the col-
lision diameter, Q%2 is the collision integral, and F. is the correction factor accounting for the
effects of chain bonding, hydrogen bonding, and polarity. Q2 can be calculated by the empirical
equation proposed by Neufeld et al. [131], given by Eq.
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@2 _ W
0 (TadB> + exp(DT,q) T exp(FTaq) +GTyysin (STad H) (2.41)

where A = 1.16145, B = 0.14874, C = 0.52487, D = 0.77320, E = 2.16178, F = 243787, G =

—6.435 x 1074, H = 7.27371, S = 18.0323, and W = —0.76830. The dimensionless temperature T,q
is related to the potential energy parameter, ¢, by Eq.

Tyq = —2— (2.42)

The dilute-gas viscosity of a mixture, 7§, is typically calculated using the dilute-gas viscosities of

its n. components. A widely used mixing rule, proposed by Wilke [132], is shown in Eq.

e

- 7
no = 2 : (2.43)
11+ Z" 121 XiPij

In this expression, 77§ is the dilute-gas viscosity of component i, and ¢, is a function of the inter-
action between components i and j as a correction due to different molecular weight, given by Eq.

PELD

14 (%‘)% (M;;,)ir
h My,
(8) (1 38)°

In this work, the dilute-gas term is neglected, as its contribution is negligible for liquids [132].

(2.44)

$ij =

The dense fluid viscosity of a Newtonian pure fluid can be calculated through Eq.

2
A = Lu(P -+ ap? M) 2o { (P +p"§fTM ) ] (2.45)

where L, is an adjustable length parameter, P is the absolute pressure, a is an adjustable parameter
associated with the barrier energy that molecules must overcome to diffuse, p is the molar density,
and B is characteristic of the free-volume overlap, which is also an adjustable parameter. These
parameters can be fitted to the viscosity data of a pure component.

In this work, the dense fluid viscosity for a mixture of 1, components was calculated using the
same model described earlier. The approach follows that of other authors [127,[128] for the mixing
rule of FVT parameters, employing a simple mixing rule as shown in Egs. m
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¢
o =Y (2.46a)
i=1
. 1c
B™Y* = Z Bixi (246b)
i=1
. Tc
Lzﬂx = Z Lvlixi (246C)
i=1

It is important to note that only the parameters of the pure components are used to calculate the
viscosity of mixtures, which indicates that the model is predictive for mixtures.
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3. Fundamentals and computational methods of
molecular dynamics

This chapter presents the essential theoretical background of molecular dynamics (MD). This
powerful computational method is used to model the complex behavior of DESs in the context of
this thesis. MD offers a crucial framework for understanding molecular interactions, structural
properties, and thermodynamic behaviors in various systems. By delving into these fundamen-
tal concepts, the aim is to establish a robust foundation for subsequent analyses and insights
into the unique properties of DESs.

3.1. Introduction

Molecular simulation has become a powerful computational tool for understanding and predict-
ing the behavior of molecular systems [52, 53]. It provides insights into molecular-level phenom-
ena that are often inaccessible to experimental techniques. Using statistical mechanics principles,
molecular simulation bridges the gap between microscopic phenomena and macroscopic behav-
ior, facilitating the study of thermodynamic, structural, and transport properties [53]]. Since its
inception several decades ago, molecular simulation has become an indispensable tool in molec-
ular science [133]. During this period, advances in computational hardware and algorithms have
significantly expanded the scope and efficiency of simulations, making it possible to study increas-
ingly complex systems with remarkable accuracy and detail.

Among the most widely used molecular simulation techniques is molecular dynamics (MD), a
computational method that relies on mechanical principles derived from Newton’s laws of motion,
where the future state of the system can be predicted based on its current state [134]. In MD,
atoms are represented as mass points that interact through a specified force field. These force
tields simplify the calculations by ignoring the movement of electrons and instead treating the
energy of a system solely as a function of nuclear positions. By neglecting electron motion, MD
simulations compute results in much shorter time scales than quantum mechanics methods while
still achieving high accuracy when adequately calibrated.
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This chapter introduces the core concepts and methodologies central to MD simulations, aiming
to provide a clear understanding of the foundational principles and practical steps involved. Key
elements such as potential energy functions, force fields, and thermodynamic ensembles are dis-
cussed to establish the theoretical framework. In addition, the methodology used in MD simula-
tions is introduced, including system initialization, application of periodic boundary conditions,
and execution of the production phase. Special attention is paid to methodologies for calculating
key properties such as surface tension and viscosity.

3.2. Fundamental principles in molecular dynamics

3.2.1. Potential energy functions and force fields

MD simulation relies on statistical mechanical models to predict molecular geometry, energy, and
other properties based on physical interactions. In these models, molecules are represented as
systems of particles (e.g., atoms) connected by bonds and interacting through intramolecular and
intermolecular forces. Force fields describe these interactions mathematically, capturing bonded
interactions, such as variations in bond lengths and angles, as well as non-bonded interactions
like van der Waals forces and electrostatics. These interactions govern the dynamics of the system,
including rotation, vibration, and translation, resulting in energetically favorable conformations.

The typical potential energy in MD, U(ry, 1y, ..., 1y), can be expressed as a sum of energy contri-
butions, as shown in Eq.

u(rlr r,...,IN ) = Z uboncls + 2 uangles + Z utorsion + 2 unon—bonded (3 1)

which depends on the positions r; for the N particles in the system. The first term in Eq.
models the interaction between bonded atom pairs and how they stretch or compress relative to
a reference equilibrium state. The second term represents the energy caused by the angle motion
formed between three adjacent atoms. The third term is a torsional potential, which models how
the energy changes as the bond rotates. The fourth term represents the contribution of the non-
bonded or intermolecular interactions, calculated between all pairs of atoms across all molecules.
This last term typically uses the Coulomb potential for electrostatic interactions and the Lennard-
Jones potential for van der Waals interactions.

Force fields such as OPLS [135], CHARMM [136], and AMBER [137] parameterize these interac-
tions using empirical or quantum mechanical data to ensure accurate representations of molecular
systems. The choice of force field depends on the specific system under study, with each force
field optimized for particular types of molecules, such as proteins, small organic compounds, or
polymers.

MD simulations can adopt different levels of resolution to represent molecules with a particular
force field, ranging from all-atom models to coarse-grained approaches:

¢ All-atom models: These models explicitly represent every atom in the system, including hy-
drogen atoms, providing the highest level of detail. They are widely used for systems where
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precise interactions, such as hydrogen bonding and detailed electrostatics, are critical. How-
ever, the high level of detail makes all-atom models computationally expensive, especially
for large systems or long simulation times.

¢ United-atom models: In these models, groups of atoms, such as CHz, CH,, or CH, are treated
as single interaction sites [138]. This simplification reduces computational cost compared to
all-atom models while still capturing essential molecular features. United-atom models are
commonly used to simulate hydrocarbons, lipids, and other systems in which hydrogens
have a minimal impact on overall properties.

¢ Coarse-grained models: Coarse-graining further simplifies the system by grouping multi-
ple atoms into a single particle or “bead”. These models are particularly useful for studying
large-scale phenomena, such as protein folding, membrane dynamics, or polymer aggre-
gation, where fine atomic details are less critical. The MARTINI force field is a popular
example of a coarse-grained model [139, 140], optimized for biomolecular and material sim-
ulations. Coarse-grained approaches enable simulations of much larger systems over longer
time scales but sacrifice some accuracy in representing molecular interactions.

The choice of model resolution (all-atom, united-atom, or coarse-grained) depends on the research
question and the balance between computational efficiency and the level of detail required. Com-
bining these approaches in multiscale simulations can provide insights across different spatial and
temporal scales.

3.2.2. Finite difference methods and integration algorithms

Under the influence of continuous potentials such as Lennard-Jones, Coulomb, or Mie, the mo-
tion of particles in MD simulations is inherently coupled, resulting in a highly complex system
of equations. Analytical solutions for these equations are rarely possible, necessitating numerical
approaches. The finite-difference method is widely used for integrating the equations of motion in
MD simulations. The central idea of this approach is to discretize time into small intervals of fixed
length, At, typically on the order of femtoseconds (10~1° s). At each time step, the total force acting
on a particle is computed as the sum of the interactions with all other particles in the system. From
this force, the acceleration is determined using Newton’s second law of motion. The positions and
velocities of the particles at the next time step, t + At, are then calculated from their values at time
t, assuming that the force remains constant within the time step.

Various integration algorithms have been developed to solve the equations of motion in MD sim-
ulations. These algorithms are based on the Taylor series expansion of positions, velocities, or
accelerations over time, which aim to balance computational efficiency, accuracy, and physical fi-
delity. To ensure successful simulations, a desirable integration algorithm should [53]:

¢ Be computationally efficient, requiring minimal memory.
¢ Permit the use of sufficiently long time steps, At, without sacrificing accuracy.
¢ Accurately reproduce the classical trajectory of the particles.

¢ Conserve key physical quantities, such as energy and momentum, ensuring time-reversibility.



Chapter 3. Fundamentals and computational methods of molecular dynamics 24

* Be simple to implement and robust in application.

The Verlet algorithm [141] is perhaps the most widely known integration method in MD due to its
simplicity and numerical stability. It works by discretizing time into fixed steps, At, and calculates
new positions (r) and velocities (v) iteratively using the acceleration (a), according to the formu-
lation of equations for the integration of the equations of motion over a single timestep from ¢ to

t + At, as shown in Egs. 3.2¢]

v <t + ;At) =v(t)+ %Ata(t) (3.2a)
r(t + At) = r(t) + Atv (t + ;At) (3.2b)
vit+At)=v (t + %At) + %Ata(t + At). (3.2¢)

In the first step , the velocities are "half-advanced" to an intermediate time f + 3At using the
accelerations at time t. These intermediate velocities are then used in step to propagate the
particle coordinates from ¢ to t + At. Finally, the accelerations at the new positions are computed,
allowing the velocities to be fully updated in step (3.2d).

Other variations and improvements have been developed from this algorithm. A commonly used
algorithm is Leapfrog [142], which estimates velocities at half-time steps (t + %At) using the rela-

tions shown in Egs. [3.3a

1(t + At) = r(t) + Atv(t + %At) (3.3a)

v(t+ %At) = v(t — %At) + Ata(t) (3.3b)

The only difference between the Leapfrog algorithm and the Verlet algorithm is that the velocities
are not calculated at the same time as positions.

3.2.3. Constraint algorithms

In MD simulations, modeling some molecules requires maintaining fixed specific bond lengths and
angles, especially those involving hydrogen atoms, which have high frequencies and thus require
a small integration time step for correct sampling. Using constraint algorithms allows for larger
integration time steps, thereby improving computational efficiency.

The SHAKE algorithm, introduced by Ryckaert et al. [143], is a widely used method. Operat-
ing within the Verlet integration algorithm, SHAKE iteratively adjusts atomic positions to satisfy
bond length constraints. Initially, the algorithm computes unconstrained positions; it then applies
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corrections based on constraint forces to ensure that the bond lengths stick to the specified val-
ues. This iterative process continues until all constraints satisfy a predefined tolerance. However,
SHAKE'’s convergence can slow with increasing molecular complexity as the number of iterations
required increases with the number of constraints.

For systems involving water molecules, the SETTLE algorithm offers a more efficient alternative
[144]. Explicitly designed for rigid water models, SETTLE provides an analytical solution to the
constraints, allowing for quick and accurate enforcement of bond lengths and angles within water
molecules. This efficiency makes SETTLE particularly advantageous in simulations in which water
constitutes a significant portion of the system.

Another notable method is the LINCS (Linear Constraint Solver) algorithm [145], which resets
bond lengths after an unconstrained update. LINCS is non-iterative and generally more stable
and faster than SHAKE, but it can only be used with bond and isolated angle constraints. Because
of its stability, LINCS is especially useful for large molecules.

3.2.4. Periodic boundary conditions

Periodic boundary conditions allow simulations to be performed using a relatively small number
of particles, letting them experience forces as if in the bulk of the fluid. Replicating a cubic box
that contains particles in all directions creates a periodic arrangement. Figure [3.1illustrates a two-
dimensional example, where each box is surrounded by eight identical boxes (a three-dimensional
box would have 26). The figure shows how molecules enter or leave the box through any of its
faces.
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FIGURE 3.1: Two-dimensional representation of periodic boundary conditions.

As long as the potential is short-ranged, the minimum image convention can be adopted, where
each atom interacts with the nearest image in the periodic arrangement. Therefore, if a particle
leaves the box during a simulation, it is replaced by its image entering from the opposite face of
the box, as illustrated in Figure This keeps the number of particles in the central box constant.
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Care must be taken with long-range potentials, such as those for charged or dipolar systems, to
prevent molecules from interacting with themselves.

3.2.5. Neighbor searching

Calculating non-bonded interactions for interatomic forces in MD simulations involves many cal-
culations: each atom i interacts with every atom j, meaning that the separation r;; must be com-
puted. If short-range interactions are considered with a cutoff radius rcut, particles with r;; > eyt
can be omitted from the calculation, reducing the computational cost. However, examining all pair
separations for a system with N particles is proportional to the number of distinct pairs, 1 N(N — 1),
and for each pair, at least riz]- must be computed, which is still computationally expensive.
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FIGURE 3.2: Two-dimensional representation of the Verlet neighbor list in two differ-
ent snapshots: at the moment the list was created and several steps later.

A more efficient computational strategy is to use a list of the nearest atom pairs. Verlet proposed
this technique in 1967 to improve program speed, known as the Verlet neighbor list [146]. In this
technique, a cutoff sphere of radius r.,; around a particle is surrounded by a shell of radius 7,
as shown in Figure At the first simulation step, a list is constructed and stored for each atom,
indicating all neighbors within a separation of r;;;;. In subsequent iterations, force calculations are
only performed for atom pairs in the list, and the list is reconstructed periodically. The choice of 7;;s;
affects performance: longer lists need less frequent reconstruction but do not reduce computational
time as effectively as shorter lists.

3.2.6. Thermodynamic ensembles

Thermodynamic ensembles originate from the statistical mechanics theory, which serves as the
molecular foundation of thermodynamics. An ensemble is the set of all possible states and mi-
crostates consistent with the constraints that characterize the macroscopic system. There are three
typical ensembles:
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* Microcanonical: This ensemble consists of all states with fixed total energy E, fixed size
(number of particles N), and fixed volume V. It describes an isolated system with no inter-
action with the surroundings.

* Canonical: This ensemble consists of all microstates with a fixed number of particles N and
fixed volume V. The energy can fluctuate; however, the system remains in equilibrium while
being in contact with a heat bath at a fixed temperature T.

* Grand Canonical: This ensemble describes a system with a variable composition (allowing
the exchange of particles with the surroundings) that is in chemical and thermal equilibrium
with a thermodynamic reservoir. This reservoir has a fixed temperature T and a fixed chem-
ical potential u for various particle types at constant volume V.

3.2.7. Simulation controls: thermostats and barostats

MD simulations are traditionally performed in the microcanonical ensemble (NVE). However,
many applications require simulations in the canonical ensemble (NVT), which maintains a con-
stant temperature, or the isothermal-isobaric ensemble (NPT), which maintains constant temper-
ature and pressure. Depending on the purpose of the simulation, it may or may not be necessary
to generate the exact ensemble and to understand its characteristics rigorously. The following sec-
tions describe methods for controlling temperature and/or pressure during simulations using a
thermostat and/or a barostat, respectively.

Berendsen thermostat

The Berendsen thermostat [147] assumes that the system is immersed in a heat bath that main-
tains the temperature at a constant value, with energy exchange occurring gradually between the
system and the bath. The instantaneous temperature T; is gradually brought to the desired temper-
ature T, with the rate of change of the instantaneous temperature proportional to the temperature
difference, given by Eq.

4T, _T-T,
dt_ Tr

(3.4)

In this temperature relaxation process, the velocity v of each particle is scaled at every step by a
factor A, which is defined by Eq.

r= [ (2] 55

where At is the integration time step, and 7r is a time constant that determines the time scale to
reach the desired temperature T. The coupling strength between the heat bath and the system is
controlled by 7r. A smaller 77 value indicates stronger coupling and faster convergence to the
desired temperature, while a larger 7r value results in weaker coupling.



Chapter 3. Fundamentals and computational methods of molecular dynamics 28

Velocity rescaling thermostat

From the Berendsen thermostat (Eq. [3.5), two important cases for 7 can be noted. In the first case,
if Tr = At, the Berendsen thermostat is reduced to Eq.

A= (3.6)

=i

This equation corresponds to the velocity rescaling method [148], the most straightforward and
most commonly used approach to maintain constant temperature. In the second case, if 77 is very
large, then A = 1 decouples the system from the heat bath and reproduces the microcanonical
(NVE) ensemble.

Nosé-Hoover Thermostat

The Nosé-Hoover thermostat was proposed by Nosé [149] and later modified by Hoover [150].
This method modifies the system’s Hamiltonian () by introducing a heat reservoir and a friction
term into the equations of motion. The frictional force is proportional to the product of the velocity
of the particle and a friction parameter ¢. This parameter, a dynamic variable of the heat bath, has
its own momentum p; and equation of motion.

The particle equations of motion are modified as shown in Eq.
#ri(t) _ Fi  pedr

i T om Qdt 37)

where m; and F; are the mass and force applied to the particle, and the heat bath motion ¢ is
governed by a first-order differential equation, given by Eq.

dpe
—= =(T—-T .
Tl 0) 3.8)
Here, Tj is the reference temperature, and T is the instantaneous temperature of the system. The
coupling strength is determined by the parameter Q, often referred to as the mass parameter of the

reservoir, in combination with the reference temperature.

The extended Hamiltonian produced by the Nosé-Hoover thermostat is expressed by Eq.

Y p; pi
M= l; o T U2 ) £ 55+ Npks TG (3.9)

where N is the number of degrees of freedom.
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Berendsen Barostat

Similarly to the Berendsen thermostat, the Berendsen barostat [147] rescales the box vectors at each
step to maintain a constant pressure Py. A first-order coupling constant 7p controls the simulation
pressure P, as shown in Eq.

AP Py—P
dt B Tp

(3.10)

For isotropic scaling, the factor p by which the coordinates and box dimensions are scaled by Eq.

B.11

. KTAt
3Tp

u=1 (Po— P) (3.11)

where x7 is the isothermal compressibility of the system, and At is the integration time step.

This scaling ensures that the system’s volume changes in response to the pressure difference, fa-
cilitating the exponential pressure relaxation towards the reference value. These equations enable
the Berendsen barostat to effectively control system pressure by modulating volume. However,
it’s important to note that this method does not generate a correct statistical mechanical ensemble
and may not accurately reproduce pressure fluctuations.

Parrinello-Rahman Barostat

Unlike the Berendsen barostat, the Parrinello-Rahman barostat [151} |152]] accounts for system fluc-
tuations to provide a better sampling of the isothermal-isobaric ensemble. It uses a scheme similar
to the Nosé-Hoover thermostat, where the box vector lengths are governed by the Eq.

d*b Vv

=Wy (Py — P) (3.12)

where V is the box volume, b is the box vectors, and W is the matrix that determines the coupling
strength of the barostat.

3.3. Simulation methodology

MD simulations begin with the creation of an initial configuration, where particles are arranged
within a simulation box. The first step is to define the number of molecules and the dimensions of
the simulation box. A cubic box is typically used for homogeneous systems, with dimensions at
least twice the cut-off distance for molecular interactions to prevent self-interaction. An estimation
of the density of the system can be used either to calculate the number of molecules based on the
volume of the simulation box or to determine the box volume based on the number of molecules to
be inserted. Molecules are then placed randomly within the box, but care must be taken to avoid
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overlaps that can result in unrealistic, high-energy configurations, which is particularly challeng-
ing for complex systems. Packmol software is often used to generate the initial configuration by
packing molecules into defined spatial regions while ensuring minimal overlap to avoid short-
range repulsive interaction. Once the molecular positions are determined, initial velocities are
assigned according to a Maxwell-Boltzmann distribution at the desired temperature.

Once the initial configuration is prepared, the system needs to be energy minimized. This step
reduces the potential energy of the system by adjusting the atomic positions to resolve any physi-
cally unrealistic configurations, such as overlapping atoms or excessive bond distortions. Energy
minimization ensures mechanical stability and prevents numerical instabilities in subsequent sim-
ulation steps. For this purpose, algorithms like the steepest descent method or the more efficient
conjugate gradient method are commonly used. The result is a configuration with minimized po-
tential energy that provides a stable starting point for dynamic simulations.

Following energy minimization, the system enters the equilibration phase, which prepares it to
represent the desired thermodynamic state, such as a specific temperature or pressure. This phase
consists of thermal equilibration and, if necessary, pressure equilibration. The Berendsen thermo-
stat and barostat are excellent tools for quickly equilibrating systems to a desired temperature or
pressure. However, they do not accurately generate the correct thermodynamic ensembles, and
the data from this process should not be used for further analysis. Throughout this process, prop-
erties such as temperature, pressure, and energy are monitored until they stabilize, indicating that
the system is equilibrated.

The final phase of an MD simulation is the production run, during which the equilibrated system
is simulated over time to generate data for analysis. In this phase, the system evolves according to
Newton’s equations of motion, with minimal external interference, allowing the natural dynam-
ics of the system to unfold. Temperature and pressure can be controlled using the Nosé-Hoover
thermostat and the Parrinello-Rahman barostat, respectively. Both methods are more accurate for
ensemble generation, while the desired temperature and pressure are kept constant. Long simula-
tion times are often required during production to ensure that the results are representative of the
system’s equilibrium state and that the calculated properties converge statistically.

There are slight differences in the simulation methodology when dealing with inhomogeneous
systems to calculate surface tension and when performing non-equilibrium molecular dynamics
(NEMD) simulations to calculate viscosity. The details of these differences are discussed in the
following sections.

3.3.1. Viscosity calculation

For the viscosity calculation, the same methodology described previously can be applied. The
only distinction arises when using the NEMD approach, where an external force is periodically
applied during the production phase, typically in the x-direction [153]]. Although the liquid phase
is homogeneous and isotropic, the Cartesian coordinate system is used to define the direction of the
applied force and to resolve the resulting velocity field. This force induces a flow in the fluid, from
which the viscosity can be determined. To ensure consistency with periodic boundary conditions
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and to minimize local shear rates, both the acceleration and velocity profiles must be smooth and
periodic [153]. VLETherefore, Eq. is typically chosen to provide the external force a,(z):

ax(z) = Acos <2L7:Z) (3.13)

In this case, according to the Navier-Stokes equation, the generated velocity profile at equilibrium

is given by Eq.

U(2) = Ag (ZL;)ZCOS (2L7ZTZ) (3.14)

In Egs. and Ais the acceleration amplitude, which indicates the magnitude of the applied
force, p is the density of the liquid, 7 is the viscosity, and L, is the box length in the z-direction.

As shown in Eq. the velocity amplitude is proportional to the acceleration amplitude, and
both are related to the viscosity of the system. Furthermore, this procedure should be repeated at
different A values, ranging from 0.08 to 0.20 nm/ps?, to extrapolate the viscosity to zero accelera-
tion amplitude and obtain a more accurate estimate under equilibrium conditions.

3.3.2. Surface tension calculation

In the surface tension calculation, it is important to simulate the interface between the liquid and
vapor phases. Due to the low vapor pressure of DES, the vapor phase can be assumed to be a
vacuum. As illustrated in Figure the initial configuration must be an inhomogeneous system
where the simulation box for the liquid phase is extended along the z-axis (normal to the interface),
producing two liquid-vapor interfaces. The molecules are inserted only in the middle of the simu-
lation box. This configuration should be run in the NVT ensemble (without a pressure controller)
to avoid collapsing into a homogeneous phase.

z

oo
oo
oo
oo
oo
oo
oo
°

oo

°

°

°

°

°

°

°

°

°

°

°

°

°

°

°
©000000000000000000
©000000000000000000
©000000000000000000
©000000000000000000

vacuum liquid layer vacuum

FIGURE 3.3: Schematic representation of the initial configuration of an inhomoge-
neous system for surface tension calculation using molecular dynamics.

After the simulation runs for enough time, the surface tension can be computed using the inhomo-
geneity of the pressure tensor [116,154], as shown in Eq.
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L Pyx + P
T=7% (Pzz =% 5 » ) (3.15)

In Eq. and Pyy, Py, and P,; are the directional components of the pressure tensor.
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4. Estimation of thermodynamic properties and
phase equilibria of DESs using PC-SAFT

This chapter will explore two modeling strategies to study the capabilities and shortcomings
of the PC-SAFT equation of state applied to predict properties and phase equilibria in DES
systems. The first strateqy employs a pseudo-pure approach, treating the DES mixture as a
single, complex fluid with effective interactions. The second strategy adopts an individual com-
ponent approach, treating each component of the DES mixture separately and accounting for
their unique interactions. By comparing and contrasting these two approaches, this chapter
aims to provide valuable insight into DES modeling, contributing to a deeper understanding of
their complex thermodynamic behavior.

4.1. Introduction

DESs offer a nearly limitless range of combinations due to the flexibility to choose their compo-
nents: HBA and HBD [155]. This versatility expands further when DESs are mixed with additional
solvents, such as organic solvents (OS) or water, which are commonly used to reduce DES viscosity
while maintaining their desired properties [156| 157]. By adjusting the ratio of components, these
mixtures can be fine-tuned for specific applications, making them highly attractive for industrial
and environmental uses. However, to fully exploit their potential, it is crucial to develop a single,
unified model with a consistent parameter set capable of accurately predicting the behavior of DES
mixtures across a broad range of thermodynamic conditions. A model like this could facilitate its
implementation across different industries and enhance its integration into diverse technological
processes.

*This chapter is adapted with permission from:
E. Cea-Klapp, L. Polishuk, R. I. Canales, H. Quinteros-Lama, and J. M. Garrido, “Estimation of Thermodynamic Proper-
ties and Phase Equilibria in Systems of Deep Eutectic Solvents by PC-SAFT EoS”, Industrial & Engineering Chemistry
Research 59, 22292-22300 (2020). Copyright 2020 American Chemical Society.
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Despite the versatility of DES, relatively few studies have explored their behavior when mixed
with other solvents, such as OS or water. Most studies have concentrated on experimental vol-
umetric properties, particularly density and excess volume [157H170]. However, investigations
into other thermodynamic properties, such as excess enthalpy [156, 171, [172], are still limited. In
terms of phase equilibria, experimental data on vapor-liquid equilibrium (VLE) have mainly con-
centrated on gas solubility, such as CO,[29, 31, 173-176]. In addition, some studies have explored
the use of DESs in extraction processes, where liquid-liquid equilibrium (LLE) measurements are
available [177,178]. To address the current gaps in comprehensive data across a broader range of
thermodynamic and phase equilibrium properties, the development of a general predictive model
would be highly advantageous. Such a model could bridge the gap between experimental studies
and provide a more complete understanding of DES behavior in a wide range of applications.

In this context, SAFT EoS [70] are particularly promising for modeling DES and additional sol-
vent systems. The main advantage of SAFT-type EoS is their ability to account for various inter-
molecular interactions, such as hydrogen bonding and multipolar forces. Although SAFT has been
applied to LLE in some studies [179,|180], to our knowledge, these models have not been system-
atically applied to the excess properties of DES + OS mixtures. SAFT models typically regress the
parameters of pure compounds to experimental vapor pressures and saturated liquid densities.
However, multiple sets of parameters can produce equivalent results for pure compounds, while
yielding different predictions for mixture phase equilibria [181H184]. Moreover, conventional pa-
rameterization methods may not be well suited for DESs, as the available experimental data are
often limited to homogeneous liquid phases or vapor pressures [185].

Zubeir et al. [61] proposed two strategies to apply the PC-SAFT EoS [87, 88] to DES systems. In
the first approach, DESs are treated as pseudo-pure components, with model parameters fitted
to available density data. This approach, while simple, requires a unique set of parameters for
each HBD-HBA ratio and cannot describe solid-liquid equilibria (SLE), where eutectic composi-
tions may vary. The second and more realistic strategy treats DESs as a mixture of individual
components, allowing composition-independent molecular parameters to describe SLE, although
it requires temperature-dependent binary adjustable parameters [61, |63} 64, 88, 128, 186] and spe-
cific association schemas for HBD and HBA. Although molecular simulations [60, /187, 188] suggest
that DESs may require more than two association sites, increasing the complexity of the model does
not always improve accuracy [128]]. Furthermore, it is challenging to assess whether performance
gains are due to better molecular modeling or merely the introduction of additional substance-
specific parameters. As a result, the simpler 2B association scheme [80] is commonly used [61].

In this chapter, the predictive capabilities of the pseudo-pure and individual compound approaches
are evaluated by analyzing excess properties, solubility, and LLE of mixtures containing DESs com-
posed of choline chloride combined with levulinic acid, ethylene glycol, or phenol in a 1:2 molar
ratio, and mixed with water, n-alkanols, n-alkanes, CO,, and NHj3. To the best of our knowledge,
this is the first thermodynamic assessment using PC-SAFT that simultaneously addresses a broad
range of properties—including excess enthalpies—for these systems. The selected DESs were cho-
sen based on the wide availability of experimental data in the literature, allowing for a consistent
evaluation of their modeling across multiple thermodynamic properties and phase equilibria for a
consistent DES type.
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4.2. Modeling strategies

The PC-SAFT EoS is a widely used tool for modeling complex fluids, particularly those involving
associative interactions such as hydrogen bonding, and is especially suited to predict the phase
behavior of mixtures containing polar and associating molecules [87,88]. DESs, considered a com-
plex fluid, were modeled using two strategies with PC-SAFT EoS, as illustrated in Figure De-
tails about the PC-SAFT framework and its theoretical background can be found in Section 2]

(A)

FIGURE 4.1: Schematic representation of the modeling strategies: (A) DES modeled
as a pseudo-pure component and (B) DES modeled as mixture of its individual com-
ponents.

The first strategy, known as the pseudo-pure component approach, follows the method proposed
by Zubeir et al. [61]. In this approach, DESs are modeled as single pseudo-pure components, with
their average molar masses calculated based on the compositions of their constituent HBA and
HBD. The two-site association contribution (2B scheme of Huang and Radosz [80]) is applied to
model the self-association between HBA and HBD in all the DES systems considered. The relevant
molecular parameters of PC-SAFT are shown in Table 4.1]A. The &% /kp values for the DESs are
approximately two to three times higher than those of pure alkanols modeled with the same 2B
scheme [88]. Furthermore, the x5’ values for the DESs in the pseudo-pure approach are more
than ten times smaller than those for ethanol and propanol, and about 80 times smaller than those
for water.

The second strategy treats DESs as mixtures of independent components, requiring molecular pa-
rameters for both the HBA and the HBD. For choline chloride (ChCl), a common HBA, two asso-
ciation sites (one positive and one negative) is used to model the cation-anion interactions [61]].
Levulinic acid (LA) [189], ethylene glycol (EG) [190], and phenol (Ph) [191] are modeled using the
2B association scheme, which allows the treatment of hydroxyl groups in a manner similar to that
of 1-alkanols [88]. The molecular parameters for the DES precursors and other compounds are

presented in Tables and E.1C.
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TABLE 4.1: PC-SAFT molecular parameters used in this chapter. The [B, P, N] nota-
tion indicates the number of bivalent, positive, and negative association sites, respec-
tively, as defined in Figure

Compounds Mo m; o; e;/kp sA4i eAiBi [k x4B1 Sources
[g/mol] [A] K] [B,PN] [K]

(A) DES modeled as a pseudo-pure component

ChCLLA (1:2) 12395 3.4672 3.6847 4777234 [0,1,1] 4601.31 0.003000  [192]
ChCLEG (1:2) 87.92 35408 3.2782 4650741 [0,1,1] 4971.99 0.002110  [192]
ChCl:Ph (1:2) 109.28 2.6552 3.8998 490.6306 [0,1,1] 5209.00 0.001360  [192]

(B) DES modeled as an individual component

choline chloride 139.620 13.020 2.3680 228.0700 [0,1,1] 8000.00 0.200000 [61]
levulinic acid 116.120 2.0311 4.1241 266.4953 [0,1,1] 4578.37 0.017100  [189]
ethylene glycol 62.070 2.4366 3.2328 344.0600 [0,1,1] 2702.60 0.022160  [190]
phenol 94.110 2.6844 3.5660 250.3700 [0,1,1] 2827.60 0.086578  [191]

(C) Cosolvents and gases

ethanol 46.069 23827 3.1771 198.2400 [0,1,1] 2653.40 0.032384 [88]
1-propanol 60.096 29997 32522 2334000 [0,1,1] 2276.80 0.015268 [88]
1-butanol 74123 27515 3.6139 259.5909 [0,1,1] 2544.56 0.006700 [88]
2-butanol 74123 3.4400 3.3130 2242000 [0,1,1] 2067.63 0.010400  [193]
1-pentanol 88.150 3.6260 3.4508 247.2800 [0,1,1] 2252.10 0.010319 [88]
ammonia 17.031 1.4302 2.7927 145.0059 [0,1,1] 1600.00 0.221193 [194]
water 18.015 1.2046 o (T)" 353.9449 [0,1,1] 2425.67 0.045090  [195]
carbon dioxide 44.010 2.0727 2.7852 169.2100 [0,1,1] 0.00000 0.100000 [87]
n-hexane 86.177 3.0576 3.7983 236.7700 [0,0,0] - - [87]
n-heptane 100.203 3.4831 3.8049 238.4000 [0, 0,0] - - [87]

? Temperature-dependent function is given by ¢ [A] = 2.7927 4+ 10.11 exp (—0.01775T[K]) + 1.417 exp (—0.01146T[K]).



Chapter 4. Estimation of thermodynamic properties and phase equilibria of DESs using PC-SABT

4.3. Results

4.3.1. Density

Figure 4.2| shows the density modeling results using PC-SAFT for three ChCl-based DESs. The
pseudo-pure component approach accurately describes the atmospheric pressure densities of these
DESs, largely because the model was fitted to this thermophysical property. In contrast, the indi-
vidual component approach does not reproduce this property as accurately. However, when the
individual component approach incorporates the same experimental data for fitting, specifically
by adjusting the binary interaction parameters between the HBA and HBD, its accuracy in describ-
ing the temperature dependence of the density improves considerably. In this case, the PC-SAFT
EoS provides a linearly temperature-dependent binary interaction parameter, k;;, to correct the
dispersive energy in the mixture according to Eq. . These k;; values listed in Table are
all positive at 298.15 K, indicating a reduction in the effective dispersion interaction between the
components compared to the geometric mean approximation.

1- 16 | T BN T T | T |
.. @ chcilal2) |

: . @ ChCLEG(1:2)
~ S O chekPH@2)

20 40 60 80 100

T/°C
FIGURE 4.2: Densities at atmospheric pressure for ChCl-based DESs. Symbols are
experimental data [196-201]. Solid lines: pseudo-pure component approach. Dot-
dashed lines: individual component approach without fitted parameters. Dashed
lines: individual component approach with fitted k; values (Table[d.2).

TABLE 4.2: PC-SAFT binary interaction parameters, k;; = kij ; + kij r (T [K] — 298.15),
according to Eq. used in this chapter.

kija kijT
ChCI-LA 0.17491 -0.001090

ChCI-EG  0.09598 -0.001390
ChCI-PH 0.11675 -0.000144

Pair




Chapter 4. Estimation of thermodynamic properties and phase equilibria of DESs using PC-SAB§F

4.3.2. Excess properties

The excess thermodynamic properties of mixtures containing DESs with organic solvents and wa-
ter are analyzed in this section. igure[4.3|displays the excess molar volumes for systems composed
of ChCl-based DESs and various alcohols across the full composition range. Figure presents
the mixtures of three ChCl-based DESs with 1-butanol at 313.15 K [156], while Figure shows
the excess volumes of the DES ChCL:LA(1:2) mixed with the n-alkanol series at 298.15 K [157]. In
all cases, the excess molar volumes exhibit negative deviations from ideality, which are attributed
to strong specific interactions such as hydrogen bonding between the DES components and alco-
hol molecules. These interactions lead to structural rearrangement and volume contraction upon
mixing. The PC-SAFT equation of state, applied using both the pseudo-pure component and in-
dividual component approaches, qualitatively reproduces the negative excess volume behavior.
However, it tends to overestimate the magnitude of the deviations. Among the two modeling ap-
proaches, the individual component yields slightly better agreement with the experimental data.
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FIGURE 4.3: Excess volumes for mixtures of (A) ChCl-based DESs with 1-butanol at

313.15 K, and for mixtures of (B) ChCl:LA(1:2) with n-alcohols at 298.15 K. Symbols:

experimental data [156} [171]. Solid lines: pseudo-pure component approach. Dashed
lines: individual component approach with fitted kq, values (Table[4.2).

Figure 4.4{shows the excess enthalpies predicted for mixtures of ChCl-based DESs with 1-butanol
and water. The individual-compound approach provides a better prediction of the negative ex-
cess enthalpies in all cases compared to the pseudo-pure component approach [156, 171], con-
sistent with the exothermic nature of the mixing process. Although the pseudo-pure component
approach includes association sites, it treats the DES as a single, indivisible entity. As a result, the
model cannot capture the breaking or rearrangement of the original HBA-HBD hydrogen-bond
network to allow for cross-association with the cosolvent. This limitation prevents the model from
accurately representing the strong specific interactions (e.g., hydrogen bonding) that drive the
exothermic mixing behavior and the negative excess volume. In contrast, the individual compo-
nent approach explicitly considers the HBA and HBD as separate species, enabling the formation
of cross-association interactions with cosolvent molecules. However, in the case of 1-butanol, this
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approach tends to overpredict the magnitude of the negative excess enthalpy, likely due to an
overestimation of the cross-association strength between 1-butanol and the DES components.
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FIGURE 4.4: Excess enthalpies for mixtures of (A) ChCl-based DESs with 1-butanol
at 313.15 K, and for mixtures of (B) ChCL:EG(1:2) with water at 308.15 K. Symbols:
experimental data [[156} [172]. Solid lines: pseudo-pure component approach. Dashed

lines: individual component approach with fitted k1, values (Table .

The individual-compound approach allows for the exploration of DES behavior at different mo-
lar ratios of HBA and HBD using the same set of molecular parameters, which the pseudo-pure
component approach cannot do. Figure[£.5]illustrates the excess volumes and excess enthalpies of
the ChCL:EG and 1-butanol system in different molar ratios of HBA and HBD at 313.15 K. As the
amount of HBD in the DES increases, the excess volume and excess enthalpy become less negative.
This is because the HBD, in this case ethylene glycol, is an alcohol similar to 1-butanol, causing the
mixture to become more homogenous in its components.
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FIGURE 4.5: For mixtures of ChCL:EG with 1-butanol at 313.15 K at different HBA
and HBD molar ratios: (A) excess volumes and (B) excess enthalpies. Dashed lines:
individual component approach with fitted k1, values (Table .
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4.3.3. Phase equilibria

In the following discussion, the capabilities of the models in predicting phase equilibria for sys-
tems containing the studied DESs are examined. Figure shows the solubilities of CO, and
NH; in ChCl-based DES systems. Unfortunately, the available experimental data [29, 202-205] are
limited to a relatively narrow T-P range, which restricts a comprehensive comparison of the ap-
proaches. The VLE data were modeled by accounting for cross-association interactions between
DES and CO, through the lone pairs on one of the oxygen atoms. Thus, CO, was modeled with
two association sites (see Table ) [61], considering this induced association while neglecting the
self-association between CO, molecules. As shown, the pseudo-pure approach provides reason-
able predictions for CO; solubility in ChCl:LA(1:2) and ChCLI:EG(1:2) (Figure ,B). In contrast,
the individual-compound approach tends to overestimate the experimental solubility. For the sol-
ubility of CO, in ChCl:PH(1:2), both approaches perform poorly, with significant overpredictions.
In the case of NHj3, both models underestimate the solubility, although the individual component
approach provides closer estimates to the experimental data.

Figure shows the predictions for the available LLE in multicompound systems comprising
ChCl-based DESs, without the use of additional binary parameters. According to the pseudo-pure
component approach, these systems are treated as ternary, whereas the individual component ap-
proach treats them as quaternary. For simplification, the individual component approach assumes
that the 1:2 molar ratio remains constant in each phase. To achieve this, a chemical potential for
DES is defined as a function of the chemical potentials of the individual components, as shown in

Eq. (]

_ MHBA + SHHBD 4.1)

HDES 1+s

where s is the ratio between HBD and HBA, which remains constant, and ypp4 and pppp are the
chemical potentials of HBA and HBD, respectively, obtained directly from PC-SAFT. This defini-
tion ensures that the Gibbs energy calculated using the DES chemical potential is the same as that
obtained using the chemical potentials of its individual components. This transformation makes it
possible to solve the LLE as a ternary system for both approaches: treating the DES as a pseudo-
pure component or as individual components.

As seen in Figure the pseudo-pure compound approach fails to accurately predict the data,
resulting in a significant overestimation of phase splits in all the cases and concentration ranges
considered. In contrast, the predictions from the individual-compound approach are much more
realistic; however, they show a considerable amount of DES in the n-alkane-rich phase, which is
not observed experimentally.
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4.4. Conclusions

This study provides one of the first comprehensive assessments of the PC-SAFT equation of state
for ChCl-based DES, with a particular focus on its predictive performance across a diverse set of
thermodynamic properties. A key novelty of this work lies in the consistent use of the same set
of molecular parameters to model multiple properties—including excess volume, excess enthalpy,
gas solubility, and LLE. Notably, this includes the modeling of excess enthalpy, a property that is
experimentally available for only a few DES-containing systems and has rarely been addressed in
previous DES modeling studies.

Experimental data for DES with 1-alkanols/water clearly show a pronounced negative deviation in
both excess volume and excess enthalpy, suggesting a strong affinity between the DES precursors
and the added co-solvent. One the one hand, the pseudo-pure component approach qualitatively
described excess volume but poorly predicted excess enthalpies for mixtures of DES with 1-butanol
and water. This limitation is likely due to the inability of the 2B association scheme used for the
DES to capture the strong associative interactions with the co-solvents (1-alkanols or water). Since
the pseudo-pure approach treats the DES as a fixed molecular entity, it inherently assumes that the
HBA-HBD structure remains intact upon mixing. This prevents the model from accounting for
the breaking or weakening of HBA-HBD interactions in favor of new, stronger associations with
this types of co-solvents which can form new hydrogen bonds. On the other hand, the individual-
component approach, when employed with temperature-dependent binary interactions between
HBAs and HBDs, successfully captured the negative deviations in excess enthalpy. This reflects
its superior ability to model cross-association and competitive interactions between DES compo-
nents and co-solvents, providing a more realistic representation of the molecular reorganization
occurring in these mixtures.

Although the individual-component approach did not show a significant advantage in predicting
gas solubilities, it outperformed the pseudo-pure approach in estimating LLE in multi-component
systems containing alkanols and n-alkanes. These performance differences likely arise not only
from the different parameterization strategies, phase equilibrium data for the individual compo-
nent approach versus density data for the pseudo-pure approach; but also from the ability of the
individual component approach to represent molecular-level interactions more flexibly. In particu-
lar, it allows the weakening of original HBA-HBD associations and the formation of new hydrogen
bonds between the DES precursors and the co-solvents.
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5. Interfacial properties of DESs by density gra-
dient theory

In this chapter, the implementation of the density gradient theory (DGT) coupled with the
PC-SAFT equation of state is presented for the estimation of surface tension in DESs and their
mixtures. The combination of DGT with PC-SAFT provides a robust framework for capturing
the influence of molecular interactions and compositional inhomogeneities near interfaces. This
approach allows for a more accurate prediction of surface tension, which is a critical property in
the design and application of DES-based systems. The underlying theoretical principles, as well
as the computational methodology employed, are discussed in this chapter.

5.1. Introduction

Surface tension reflects the cohesive forces within a fluid and is defined as the energy required
to alter the surface area of a liquid [208]]. This property is pivotal in various processes, including
wetting [209], permeability [210], and lubrication [211]. In addition, surface tension significantly
influences the design and operation of mass transfer processes, such as distillation, absorption,
separation, and extraction [212]. In DESs, surface tension depends on the molar ratio of the HBA
and HBD, as well as the thermodynamic conditions. The literature reports various data for choline-
based DESs mixed with compounds such as D-fructose, D-glucose, malonic acid, glycerol, and
ethylene glycol, as well as for ternary systems including urea/glycerol and acetylcholine/urea
mixtures.

Modeling the surface tension of DESs has been approached in numerous ways, although many
are empirical. For example, Shahbaz et al. [213] correlated the surface tension of DES using the
Othmer equation, producing satisfactory results for specific systems. Ghaedi et al. [214] applied
polynomial expansions, though these exhibit limited transferability. A more advanced approach

*This chapter is adapted with permission from:
E. Cea-Klapp, N. Gajardo-Parra, P. Aravena, H. Quinteros-Lama, C. Held, R. I. Canales, and J. M. Garrido, “Interfa-
cial properties of deep eutectic solvents by density gradient theory”, Industrial& Engineering Chemistry Research 61,
25802591 (2022). Copyright 2022 American Chemical Society.
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by Haghbakhsh et al. [215, 216] utilized a corresponding states model, further refined through
a group contribution method for 112 DES. These models, though accurate and practical, remain
empirical and provide limited molecular-level insights, highlighting the need for theory-based
estimation methods.

In this regard, DGT offers a framework for the prediction of interfacial properties when coupled
with a robust equation of state (EoS) for the liquid phase [115]. SAFT equations, in particular, have
been successfully integrated with DGT to predict surface tension for various pure fluids [217, 218]
and mixtures [219-228]]. In DES applications, Lloret et al. [63] used the soft-SAFT model with DGT
for DESs of tetrabutylammonium bromide, producing accurate predictions but requiring unique
molecular parameters for each HBA /HBD ratio.

This work applies DGT coupled with the PC-SAFT model, introduced by Gross and Sadowski [87]],
to predict the surface tension of DESs, based on its demonstrated success in representing the bulk
properties of DES [61]. Specifically, the aim is to predict interfacial properties, including surface
tension, in DES-water and DES-organic solvent mixtures, focusing on ChCl-glycerol and ChCl-
lactic acid systems with solvents such as water, phenol, isopropanol, ethanol, ethyl acetate, and
acetone. The approach follows the individual property calculation approach of Zubeir et al. [61],
which enhances flexibility and broad applicability for various DES mixtures.

5.2. PC-SAFT Modeling

PC-SAFT EoS is applied as described in Section[2.2to model the thermodynamic properties of the
systems under investigation. Specifically, PC-SAFT is used with an individual approach, where
each precursors in the DES and cosolvent systems is treated independently. This approach ensures
an accurate representation of molecular interactions, phase equilibria, and other bulk properties of
the systems. As noted in Chapter ??, modeling DES as a mixture of their individual constituents
has been shown to accurately predict excess properties (such as volume and enthalpy), solubility
data, and liquid-liquid equilibria in ternary systems.

For surface tension modeling, an additional theoretical framework is required. As described in Sec-
tion[2.6.1} the DGT is employed, which requires an EoS such as PC-SAFT to evaluate the Helmholtz
free energy density in each homogeneous phase. In this work, the PC-SAFT parameters used the
individual component approach with parameters for the HBA and HBD precursors. However, a
key simplification is introduced to enable the application of DGT to DES: the molar ratio between
HBA and HBD is held constant across the interface. This constraint allows the DES to be treated
as a pseudo-pure compound within the interfacial region, while the bulk phases remain described
by the individual components.

Under this assumption, the DGT framework can be applied using a single influence parameter per
DES, which can be fitted directly to the available surface tension data. To make this formulation
consistent, a chemical potential for the DES is defined as a function of the chemical potentials of its
HBA and HBD components, which are directly provided by the individual component approach
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using PC-SAFT EoS. This hybrid approach maintains the physical realism of the individual com-
ponent description in the bulk phase while enabling a practical and robust implementation of DGT
for surface tension predictions.

The chemical potential of the DES, ypgs, is defined as the weighted average of the chemical poten-
tials of pppa and pppp, according to Eq.

_ MHBA + SUHBD

1+s 1)

UDES

where s = xygpp/Xupa is the molar ratio between the HBD and HBA constituents, which remains
constant. This definition is consistent with the work of Tan et al. [229]] and Shen et al. [225]], where
the ionic species were modeled using PC-SAFT.

In order to apply the modeling approaches outlined above, accurate PC-SAFT pure-component
parameters are essential for capturing the thermodynamic behavior of the systems. For the com-
pounds studied in this chapter, the molecular parameters were either regressed from experimental
vapor pressure and liquid density data or sourced from the literature. The complete set of PC-
SAFT parameters used in this study is presented in Table
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TABLE 5.1: PC-SAFT molecular parameters used in this chapter. The [B, P, N] nota-
tion indicates the number of bivalent, positive, and negative association sites, respec-
tively, as defined in Figure
Compounds My m; o; ei/kp sai e4iBi/kp k4B Sources
[g/mol] [A] K] [B,EN] [K]

choline chloride (ChCl) 139.62 13.0200 2.3680 228.07 [0,1,1] 8000.0 0.2000 [61]
tetrabutylammonium chloride (TBACI) ~ 277.92 17.0800 2.8040 159.51 [0,1,1]  5000.0 0.1000 [61]
tetrabutylammonium bromide (TBABr)  322.37  9.5840 3.4433 15027 [0,1,1] 5000.0 0.1000 [230]
thymol (Thy) 15022  4.0120 3.8160 29022 [0,1,1] 1660.0 0.0616 [47]
1,2-ethanediol 62.07 24366 3.2328 344.06 [0,1,1] 2702.6  0.0222 [190]
glycerol 92.05 51560 27380 247.65 [0,2,2] 1765.5 0.3018 [231]
1,4-butanediol 90.12 39030 3.1666 25250 [0,1,1] 3755.0 0.0187 [21]
lactic acid 90.08 4.0800 2.8510 27553 [0,1,1] 100.3 0.0010 [61]
diglycolic acid 134.09 29632 3.8071 390.43 [0,1,1] 950.0 0.0020 This work
methoxy-1,2-propanediol 106.12  6.6286 2.6757 231.36 [0,1,1] 1732.5 0.1330 This work
monoethanolamine 61.08 4.5354 2.6019 204.04 [0,2,1] 2383.5 0.1185 [232]
fructose 180.16 ~ 7.3870 2.8490 237.19 [0,5,5]  5000.0 0.1000 [233]
glucose 180.16  6.6260 2.9860 244.53 [0, 5,5] 5000.0 0.1000 [233]
triethylene glycol 150.17 3.1809 4.0186 333.17 [0,2,2] 2080.0 0.0235 [234]
octanoic acid 14421 7.0480 3.1360 234.36 [0,1,1] 1889.2  0.0200 [47]
decanoic acid 17226 7.1472 3.3394 24246 [0,1,1] 2263.0 0.0200 [235]
water 18.015 12046 o(T)* 353.95 [0,1,1] 24258 0.0451 [195]
ethanol 4607 23827 31771 19824 [0,1,1] 26534 0.0324 1881
2-propanol 60.10  3.0929 3.2085 20842 [0,1,1] 2253.9 0.0247 [88]
phenol 9411 3.5533 32747 30376 [0,1,1]  2497.5 0.0008 [236]
acetone 58.08 3.0925 3.0848 168.32 [0,1,1] 1321.2  0.9639 [237]
ethyl ethanoate 88.11 3.5375 3.3079 230.80 [0,1,1] 0.0 0.0100 [87]

? Temperature-dependent function is given by o [A] = 2.7927 +10.11 exp (—0.01775T[K]) + 1.417 exp (—0.01146T[K]).

b An induced association in mixtures with associating components is considered.
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5.3. Results

5.3.1. Density of DESs

An essential component of DGT is the thermodynamic model that accurately represents the bulk
density. This is why it is essential to calculate the binary interaction parameter, k;;, between HBA
and HBD to achieve precise modeling of thermophysical properties, as outlined by Zubeir et al.
[61]. The interaction parameters were fitted to DES density data and are summarized in Table
along with the Absolute Average Relative Deviation (AARD), calculated by Eq.

N exp (Scalc
AARD = 10y |

N L (5.2)

exp
z

where N is the data number, J; is the fitted property, and the superscripts exp and calc are the
experimental and calculated values, respectively.

TABLE 5.2: Binary interaction parameters, k;; = kjj, + kij 7 (T [K] — 298.15), for each
DES, along with the AARD for density with and without the binary interaction.

Pair ki N AARD  AARD Sources
kija kij,r Pky=0  Pk; fit

ChCl + 1,2-ethanediol 0.1029 -0.0016 48 1.15% 0.05% [15//156/[159/238+240]
ChCl + glycerol 0.0670 -0.0016 23 0.67% 0.05% [159/}1238)1241]
ChCl + 1,4-butanediol 0.0969 -0.0014 9 137% 0.02% [15]
ChCl + lactic acid 0.2234 -0.0018 14 3.74% 0.03% [242]
ChCl + diglycolic acid -0.3637 -0.0012 9 5.15% 0.01% [243]
ChCl + methoxy-1,2-propanediol ~ 0.1351 -0.0017 7 1.97% 0.02% [244]
ChClI + monoethanolamine -0.0899 -0.0008 28 1.93% 0.11% [245]
ChCl + fructose 0.0842 -0.0015 28 0.79% 0.63% [246]
ChCl + glucose 0.1910 -0.0017 28 2.20% 0.95% [247]
TBACI + 1,2-ethanediol -0.6449 -0.0003 21 941% 0.23% [248]
TBACI + glycerol 0.5045 -0.0014 21 11.04% 0.99% [248]
TBACI + triethylene glycol -0.1216 -0.0025 28 2.70% 1.04% [248]
TBABr + monoethanolamine -0.0423 -0.0010 28 1.68% 0.56% [245]
Thy + octanoic acid 0.0571 -0.0007 62 0.82% 0.18% [249]
Thy + decanoic acid 0.0598 -0.0006 51 0.82% 0.21% [249]
ChClI + water * -0.0584 0.0001 - - -
LA + water ? -0.0387 - - - -

? Binary interactions used that were retrieved from the original source [61]].

As shown in Table 5.2} PC-SAFT achieves high accuracy across all mixtures based on choline chlo-
ride (ChCl), tetrabutylammonium chloride (TBACI), tetrabutylammonium bromide (TBABr), and
thymol (Thy). Additional visual comparisons with literature data are provided in Figures -
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where the PC-SAFT calculations incorporate the fitted binary interaction parameters. In most
cases, the same binary interaction parameter for the HBD and HBA successfully reproduces the

temperature dependence between different ratios between the HBD and HBA.
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FIGURE 5.1: Temperature dependence of density for ChCl-based DES. Symbols are
experimental data. Solid lines represent the PC-SAFT calculations.
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5.3.2. Surface tension of DESs

With the accuracy of PC-SAFT results for bulk density established, the surface tension can be cal-
culated. First, the influence parameters must be estimated. Using surface tension data from the
available literature on DES, the influence parameter for each DES was determined by fitting exper-
imental surface tensions across the temperature ranges of the data, approximately spanning from
293 to 343 K. All the influence parameters obtained are summarized in Table along with the
AARD for the surface tension. As previously mentioned, the DGT framework is applied using a
pseudopure approach, even though the PC-SAFT parameters correspond to the individual com-
ponents of each DES. Consequently, each specific HBD-HBA ratio in a DES requires a particular
influence parameter.

The influence parameters presented in Table|5.3|show an approximate linear relationship with the
mole fraction of the HBA in each DES family, as illustrated in Figure A similar trend can be
observed when considering the DES molecular weight, which is linearly correlated with the mole
fraction. Notably, Lloret et al. [63] previously discussed this linear relationship in TBACl-based
mixtures using the pseudopure compound approach in conjunction with the DGT and soft-SAFT
EoS.
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FIGURE 5.4: Observed relationship between influence parameters and the mole frac-
tion of HBA.

The accuracy of the DGT framework, coupled with PC-SAFT, in capturing the temperature depen-
dence of the surface tension for the available DESs is analyzed in Figures|5.5|- In each case, an
excellent agreement with experimental data is observed, displaying a consistent linear dependence
on temperature. Overall, these results indicate that the PC-SAFT+DGT model can be applied to cal-
culate the surface tension of different molar ratios of HBDs and HBAs without sacrificing accuracy.
This analysis highlights the current form of PC-SAFT+DGT, using the chemical potential of indi-
vidual components as expressed in Eq. substantially improves the description of experimental
data compared to the pseudo-component approach previously applied to TBACl-family DESs [63],
as shown in Figure[5.7A-C. Additionally, the individual-component approach accurately captures
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the thermal properties of hydrophobic DESs (Figure [5.6), where interfacial properties are critical
for water-immiscible extractants. To the best of our knowledge, this represents the first application
of a thermodynamic model, either empirical or molecular-based, to this class of eutectic solvents.
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FIGURE 5.5: Temperature dependence of surface tension for ChCl-based DES. Sym-
bols are experimental data. Solid lines represent the PC-SAFT+DGT calculations.

To evaluate the overall performance of the proposed model and to complement the AARD val-
ues for surface tension in Table a parity plot comparing all experimental data and theoretical
predictions is included for a visual evaluation. Figure 5.8/shows that the PC-SAFT+DGT model re-
mains within the region defined by 8% error lines, representing the maximum observed deviation.
Notably, the model achieves an overall average deviation of just 1.26%, indicating a significantly
improved performance over models in the literature, as seen in the parity plots for models pro-
posed by Haghbakhsh et al. [215| 216]. Although these models exhibit deviations above the 8%
error threshold, they still demonstrate the utility of atomistic and group contribution methods for
obtaining preliminary surface tension estimates.

It is seen that the proposed model for DESs is not only more accurate than other available cor-
relations and models [63} 215], but is also broader in terms of applicability range and mixture
conditions. Indeed, although the correlation of Haghbakhsh et al. [215| 216] may provide surface
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tensions in different DESs, it does not provide detailed information along the interfacial region.
Furthermore, these kinds of correlations cannot evaluate the effect of cosolvents on interfacial be-
havior. These handicaps make a theoretical estimation of PC-SAFT+DGT even more significant.
The critical evaluation of this proposed model and the development of new DESs are undoubtedly
highly desirable goals. Therefore, obtaining an accurate description of the interfacial behavior (i.e.,
density profiles, surface tension, Gibbs adsorption, among other properties) is a key step toward a
better understanding of the physics of the macroscopic behavior of DES and cosolvents.
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5.3.3. Surface tension of DESs + cosolvent mixtures

In the following, a preliminary assessment of the adequacy of the PC-SAFT+DGT model in de-
scribing the vapor-liquid surface tension in mixtures of water and organic solvents with DESs is
presented. In order to extend further its theoretical capabilities in the calculation of interfacial
properties, the geometric mixing rule of Eq. was used between the DES and cosolvents. In
addition, B;; has been set to zero, thus making the calculation of interfacial properties fully predic-
tive.

ChClilactic acid(1:2) and ChCl:glycerol(1:2) with various cosolvents—water, ethanol, 2-propanol,
phenol, ethyl acetate, and acetone—are examined here. The influence parameter for each cosolvent
must be fitted to apply the mixing rules. These values are summarized in Table and their
effectiveness in modeling the temperature dependence of surface tension is shown in Figure
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FIGURE 5.9: Temperature dependence of surface tension for cosolvents. Symbols are
experimental data. Solid lines represent the PC-SAFT+DGT calculations.

The resulting descriptions for DES + cosolvent mixtures are compared with existing experimental
data [252-255] for ChCl:glycerol(1:2) and ChCl:lactic acid(1:2), as shown in Figure and B,
respectively. As illustrated, these data align well with the predictions from the PC-SAFT+DGT
model. Specifically, DES surface tension increases with the addition of water and decreases with
adding organic solvents.

From another perspective, Figures A and B show that the effect of adding DESs on the surface
tension is stronger in water than in other solvents. In both mixtures, since water has a much higher
surface tension than these DESs, the initial decrease in surface tension can be explained by the
migration of water into the bulk phase, which promotes a rearrangement of the DES components,
leading to a reduction in surface tension. This is particularly evident in the subsequent increase in
surface tension observed for the ChCl:lactic acid (1:2) system, which results in a minimum known
as an aneotrope [256]. This behavior can be attributed to the existence of a critical concentration of
water that can be incorporated into the bulk; beyond this point, additional water tends to segregate
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at the interface. As noted, the PC-SAFT+DGT framework is not capable of predicting this type of
behavior in this DES.

For ChCl:glycerol (1:2), Ferreira et al. [257] showed that water interacts simultaneously with ChCl
and glycerol through hydrogen bonds up to a mass concentration of 11% (xyater = 0.42), where
water acts as a "glue" between the HBA and HBD. Beyond 11 wt%, water molecules begin to
solvate the ChCl and glycerol individually, weakening the hydrogen bond network that forms the
DES [258, [259]]. This continues until around 35 wt% (xyater = 0.76), where the DES structure is
disrupted, and the system transitions into a DES-in-water solution. Also, the study by Ferreira et
al. [257]] showed that water addition up to this limit (35 wt%) leads to a pronounced decrease in
shear viscosity, without strongly compromising the DES properties arising from its nanostructural
organization—in this case, the surface tension.

In contrast, for mixtures of DESs with organic solvents, a more straightforward behavior is ob-
served. Despite the fact that the pure organic solvents have lower surface tension than both DESs,
the addition of these solvents results in a monotonic decrease in surface tension. This trend sug-
gests the absence of a complex interfacial restructuring as seen with water. The observed behavior
can be attributed to weaker or less directional hydrogen bonding interactions between the organic
solvents and the DES components, which do not lead to pronounced nanostructural rearrange-
ments at the interface.
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FIGURE 5.10: Effect of water and organic solvents on the surface tension of (A)
ChCl:glycerol(1:2) and (B) ChCl:lactic acid(1:2) at 293.15 K. Symbols are experimental
data [252-255]. Solid lines represent the PC-SAFT+DGT predictions.

A deeper analysis of interfacial properties can be obtained through density profiles across the inter-
face. Figure and 5.12]show the density profiles for ChCl:glycerol(1:2) and ChCl:lactic acid(1:2)
at different mole fractions of various cosolvents. As shown in Figure and [5.12B, water den-
sity profiles follow the traditional hyperbolic tangent shape behavior [115, 117]. Additionally,
density profiles of ethanol, 2-propanol, phenol and acetone exhibit positive surface activity (i.e.,
dp;/dz = 0; d®p;/dz? < 0). This positive surface activity reflects adsorption (or accumulation) of
the organic solvent in the interfacial region of ChCl:glycerol(1:2) or ChCl:lactic acid(1:2). On the
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one hand, density profiles of ethanol and 2-propanol display strong positive surface activity in the
interfacial region, which decrease as the mole fraction of cosolvent increases. On the other hand,
although phenol presents a positive surface activity for ChCl:glycerol(1:2) mixtures, it is much
lower than ethanol and 2-propanol. It is possible to conclude that components with lower surface
tension (i.e., ethanol and 2-propanol) accumulate at the interfacial zone. Overall, the behavior of
density profiles suggests that the surface is enriched with DES components for the DES + water
mixtures. In contrast, it is enriched with diluent for the other ternary systems (ethanol, 2-propanol,
and phenol). It is important to remark that all the characteristics described by density profiles con-
sidered the DES to be pseudopure. In order to make this framework fully universal and capable
of predicting the entire set of thermophysical properties in different DES, the correlation must be
coupled by a full description of HBDs and HBAs from a molecular viewpoint.
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TABLE 5.3: Influence parameters, cpgg, for each DES used in this chapter and AARD

of surface tensions .

DES XHBD cpes X 10 AARD Sources
[J m®/mol?] vy

ChCl:1,2-ethanediol(1:2) 0.67 13.76 24 1.08% [238}[240)1250}1251]
ChCl:glycerol(1:2) 0.67 23.76 25  0.99% [14})241}250,252]
ChCl:1,4-butanediol(1:3) 0.75 2848 6 0.14% [200]
ChCl:lactic acid(1:2) 0.67 25.77 14  1.20% [242}252]
ChCl:diglycolic acid(1:1) 0.50 3212 5 2.74% [243]
ChCl:methoxy-1,2-propanediol(1:2) ~ 0.67 2283 4 0.85% [244]
ChCl:monoethanolamine(1:5) 0.83 1217 7 1.69% [245]
ChCl:monoethanolamine(1:6) 0.86 1230 7 1.68% [245]
ChCl:monoethanolamine(1:7) 0.88 1248 7  1.72% [245]
ChCl:monoethanolamine(1:8) 0.89 1255 7 1.63% [245]
ChCl:fructose(2.5:1) 0.29 59.62 7  257% [246]
ChCl:fructose(2:1) 0.33 56.84 7  294% [246]
ChCl:fructose(1.5:1) 0.40 5438 7 3.53% [246]
ChCl:fructose(1:1) 0.50 4753 7 3.49% [246]
ChCl:glucose(2.5:1) 0.29 76.62 7 0.85% [247]
ChCl:glucose(2:1) 0.33 70.05 21  0.66% [238}247}1250]
ChCl:glucose(1.5:1) 0.40 7190 7 0.54% [247]
ChCl:glucose(1:1) 0.50 7046 7 0.10% [247]
TBACI:1,2-ethanediol(1:2) 0.67 2378 6 0.24% [248]
TBACI:1,2-ethanediol(1:3) 0.75 1581 6 0.24% [248]
TBACI:1,2-ethanediol(1:4) 0.80 1234 6 0.06% [248]
TBACl:glycerol(1:3) 0.75 12048 6  0.66% [248]
TBACl:glycerol(1:4) 0.80 89.26 6  0.64% [248]
TBACl:glycerol(1:5) 0.83 7051 6 091% [248]
TBACl:triethylene glycol(4:1) 0.20 27291 6 0.43% [248]
TBACl:triethylene glycol(3:1) 0.25 23693 6 0.32% [248]
TBACl:triethylene glycol(2:1) 0.33 195.72 6  0.52% [248]
TBACl:triethylene glycol(1:1) 0.50 13222 6 0.71% [248]
TBABr:monoethanolamine(1:3) 0.75 5746 7  2.67% [245]
TBABr:monoethanolamine(1:4) 0.80 4189 7 2.85% [245]
TBABr:monoethanolamine(1:5) 0.83 3359 7 3.02% [245]
TBABr:monoethanolamine(1:6) 0.86 2834 7  3.08% [245]
Thy:octanoic acid(2:1) 0.33 53.10 12 0.24% [249]
Thy:octanoic acid(1:1) 0.50 4936 25 0.53% [249]
Thy:octanoic acid(1:2) 0.67 46.09 25 0.64% [249]
Thy:decanoic acid(2:1) 0.33 63.65 13  0.23% [249]
Thy:decanoic acid(1:1) 0.50 6493 19  0.60% [249]
Thy:decanoic acid(1:2) 0.67 65.87 19  0.56% [249]
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TABLE 5.4: Influence parameters, C.osoivent, fOr €ach cosolvent used in this chapter
and AARD of surface tensions 7.

Cosolvent ~ ‘cosoivent X 10% N AARD

[J m®/mol?] v
water 1.06 17 0.51%
ethanol 841 7 1.34%
2-propanol 548 7 243%
phenol 1824 7 0.56%
acetone 2254 7 1.63%
ethyl acetate 1384 7 1.06%
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FIGURE 5.11: Density profiles of species, p;, along the interfacial region, z, for
ChCl:glycerol(1:2) systems at different mole fractions of cosolvent. Cosolvents: (A,
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5.4. Conclusions

In this chapter, the interfacial behavior of DES systems has been studied using DGT in combi-
nation with the PC-SAFT EoS, where each HBA and HBD is described using its own molecular
parameters to represent the bulk phase. Under the assumption that the DES molar ratio remains
constant at the interface, the PC-SAFT+DGT framework reliably describes the surface tension of
DESs as a function of the HBA/HBD composition and temperature, and it enables at least qual-
itatively accurate predictions of surface tension in DES + cosolvent mixtures. It was found that
the influence parameter used in the DGT framework can be correlated with the mole fraction of
HBA for each DES, allowing interpolation of this parameter for molar ratios without requiring
experimental surface tension data.

The methodology yields an average absolute relative deviation of 1.29% and a maximum deviation
of 8.0% compared with experimental data. DGT, when coupled with the individual approach of
PC-SAFT, allows for the modeling of solvent-DES mixtures and provides detailed insights into the
interfacial region, making the evaluation of cosolvent effects on interfacial behavior a promising
research direction.

The small addition of ChCl:glycerol (1:2) or ChCl:lactic acid (1:2) to water significantly decreases
the surface tension of water. The density profiles obtained from the PC-SAFT+DGT approach
show that this decrease is caused by the accumulation of DES at the interface, which disappears
with further DES addition. For organic solvents such as ethanol, 2-propanol, phenol, and acetone,
the opposite effect is observed. This means that the addition of these organic solvents to each DES
decreases the surface tension of the DES. In the cases analyzed, all of these organic solvents exhibit
noticeable surface activity at different concentrations, although the effect slightly diminishes with
further addition.
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6. Hydrogen bond influence on viscosity and den-

sity in choline chloride-based DESs with methanol

This section investigates the influence of hydrogen bonding on the viscosity and density of
choline chloride-based DES, using glycerol and 1,2-ethanediol as HBD and methanol as cosol-
vent. Both PC-SAFT modeling and MD simulations were employed to analyze how the hy-
drogen bonding between choline chloride, acting as the HBA, and the selected HBDs affect the
key thermophysical properties of the mixtures. By focusing on viscosity and density, the study
provides a detailed understanding of the impact of molecular interactions within the system,
offering insights into the behavior of these DES-methanol mixtures]]

6.1. Introduction

Molecular modeling techniques can contribute to both macroscopic and microscopic insights into
the behavior of fluids, particularly new solvents. In DESs, hydrogen bonds and their interactions
have a strong impact on phase behavior and transport properties [54]. Besides, EoS have been
essential thermodynamic tools for more than a century, since the model proposed by van der Waals
acquired a usable form [1154117]. Despite this, in DESs, more sophisticated models are required
due to their short range-strong interactions. SAFT family EoS [70, 72,84, 87, 88], which come from
the Barker and Henderson perturbation theory [102,|103] and Wertheim’s theory of association [74-
77], solve the above problem, including a direct contribution of these interactions. Additionally,
integrating computational techniques with theoretical modeling tools addresses another critical
challenge in DES modeling: the limited reliability of experimental data, especially for mixtures
involving water and organic solvents.

Alkhatib et al. [260] provided guidelines for DES modeling, outlined the current challenges, and
suggested pathways for future developments. Perkins et al. [187] employed simulation techniques

*This chapter is adapted with permission from:
E. Cea-Klapp, J. M. Garrido, and H. Quinteros-Lama, “Insights into the orientation and hydrogen bond influence on
thermophysical and transport properties in choline-based deep eutectic solvents and methanol”, Journal of Molecular
Liquids 345, 117019 (2022). Copyright 2022 Elsevier B.V.
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to compute thermophysical and transport properties of choline chloride (ChCl)-based DESs (1,2-
ethanediol, glycerol, and malic acid), obtaining good agreement with experimental data for ther-
mophysical properties, though predictions of transport properties proved more challenging. Salehi
et al. [56] computed the Hildebrand and Hansen solubility parameters using the OPLS force field
by molecular dynamics (MD). Wang et al. [54] experimentally analyzed and applied quantum
chemistry techniques to the hydrogen-bonding behavior of ChCl with polyols, showing that the
stronger interaction in these mixtures is the association between the chlorine (Ch) cation and the
hydroxy group. Gonzélez de Castilla et al. [155] explore the possibilities of DES modeling using
excess models, EoS, and MD, emphasizing equilibrium predictions. Shehata et al. [57] analyze
the hydration effect in ChCl plus urea DES by MD and its influence on the DES performance as
reaction media.

In the same line, Abranches et al. [39] applied COSMO-RS to design DESs for pharmaceutical
applications. Atilhan et al. [261] used MD simulations to analyze interactions at the interfaces
between DESs and nanomaterials, demonstrating the critical influence of hydrogen bonds on mix-
ture behavior. Naik et al. [59] explored phase equilibria of phosphonium- and ammonium-based
DESs, providing analyses of coordination numbers (CN) and radial distribution functions (RDFs).
Ashworth et al. [60] employed ab initio quantum chemistry methods to characterize complex
association behaviors in ChCl and urea systems, identifying diverse hydrogen-bond interactions
distinct from the homogeneous short-range interactions typical of traditional solvents. Baz et al.
[262] examined aqueous mixtures of ChCl:glycerol (1:2) using MD simulations and modeling, con-
firming structured hydrogen-bond networks characterized by substantial ordering interactions.
They observed that water, when introduced into DESs, integrates into this network, significantly
reducing viscosity while preserving solvent characteristics. Furthermore, the formation and stabil-
ity of DESs were linked to both the quantity and spatial arrangement of hydrogen-bond donor and
acceptor groups. Triolo et al. [263] recently conducted MD studies on natural DESs composed of
ChCl and water, revealing the structural importance of choline cations in organizing the aqueous
environment and highlighting the significant role of hydrogen bonding among water molecules
and between water and anions.

This chapter aims to link the thermophysical properties from experimental data, molecular simula-
tions, and theoretical modeling using SAFT EoS, emphasizing the hydrogen-bonding interactions
of ChCl:1,2-ethanediol(1:2) and ChCl:glycerol(1:2) plus methanol. The above work is performed by
all-atoms MD simulations of thermodynamic and structural properties and contrasting the results
with predictive modeling using the PC-SAFT EoS [87, 88] together with the free volume theory
(FVT) for viscosity. The subsequent sections include detailed simulation and modeling method-
ologies, results and discussions, and concluding remarks.

6.2. Molecular modeling

6.2.1. PC-SAFT modeling

The PC-SAFT EoS is applied using the individual component approach outlined in Chapter ??. In
this chapter, ChCl and methanol (MOH) are modeled with the 2B association scheme [61} 88]. In
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contrast, to examine the association capabilities of hydrogen bond donors, 1,2-ethanediol (EG) and
glycerol (G) are represented by both 2B and 4C association schemes [61} 231, 264]. A summary of
the pure-component parameters used is provided in Table

TABLE 6.1: PC-SAFT molecular parameters used in this chapter. The [B, P, N] nota-
tion indicates the number of bivalent, positive, and negative association sites, respec-
tively, as defined in Figure

Compounds My, m; o; ¢ /kp sAai eiBi [kg k4B Sources
[g/mol] [A] [K] [B,EN] [K]
choline chloride (ChCl) 139.62 13.0200 2.3680 228.07 [0,1,1] 8000.0 0.2000 [61]
1,2-ethanediol (EG-2B) 62.07 24366 3.2328 344.06 [0,1,1] 2702.6 0.0222 [190]
1,2-ethanediol (EG-4C) 1.9090 3.5910 325.23 [0,2,2] 2080.0 0.0235 [264]
glycerol (G-2B) opo5 20070 38150 43082 [0,1,1] 46335 00019  [97]
glycerol (G-4C) 51560 27380 247.65 [0,2,2] 17655 03018  [231]
methanol (MOH) 32.04 15255 3.2300 188.90 [0,1,1] 2899.5 0.0352 [88]

An additional framework is required for viscosity modeling. As outlined in Section the FVT
is applied for this purpose. The FVT utilizes molecular parameters and density models, which are
provided by a molecular EoS such as PC-SAFT. The FVT parameters are shown in Table

TABLE 6.2: FVT parameters used in this Chapter.

Compounds o B x 103 L, Sources
[J m%/(mol kg)] [A]

ChCl 190.54 6.520  0.0878 [186]
EG-2B 379.34 2434  0.0330 [186]
EG-4C 379.34 2934 0.0017 This work
G-2B 267.90 7.701  0.0025 [186]
G-4C 267.90 7.595 0.0030 This work
MOH 312.00 1.574  0.0886 This work

6.2.2. Molecular dynamics details

MD simulations were performed using the GROMACS 5.1.4 program package [265] to simulate
the homogeneous systems. Force field parameters for choline chloride, 1,2-ethanediol, and glyc-
erol were described using the all-atom optimized potential for liquid simulations (OPLS-AA) de-
veloped by Doherty and Acevedo [266], while OPLS-AA potential from Jorgensen et al. [135] was
used for methanol. Cubic boxes were constructed using the Packmol package [267], containing
choline chloride pairs with the ratio of 1,2-ethanediol, glycerol and the proper mole fraction of
methanol (xp0y). Table lists the number of HBD, HBA, and methanol molecules included in
each simulation box for the 1,2-ethanediol- and glycerol-based DES systems.
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TABLE 6.3: Number of molecules for each DES + methanol system at different
methanol mole fraction (xp0g). Choline and chloride are abbreviated as Ch and
Cl, respectively.

xmorn Necn Ng Nusp  Nuon

0 500 500 1000 0
0.1 450 450 900 150
0.2 400 400 800 300
03 350 350 700 450
0.4 300 300 600 600
05 250 250 500 750
0.6 200 200 400 900
0.7 150 150 300 1050
0.8 100 100 200 1200
0.9 50 50 100 1350

1 0 0 0 1500

Periodic boundary conditions were employed with the short-range electrostatic cutoff set to 1.6
nm. Long-range electrostatics were treated with Particle-Mesh Ewald (PME) summations [268,
269] with a PME-order of four. Minimization of each box was performed using a steepest-descent
algorithm for at least 5000 steps. Temperature ranges were held constant using a velocity rescaling
with a stochastic term [148]], and the pressure was maintained at 1.0 bar using the Berendsen cou-
pling method [270] during an isothermal-isobaric ensemble for 10 ns of equilibration. Equations
of motion were integrated with the leapfrog algorithm [142] using a time step of 1 fs. The LINCS
method [145| 271] constrained all covalently bound hydrogen atoms with an order of four. The
number of iterations to correct for rotational lengthening in LINCS was set to two. Production
runs were carried out for an additional 50 ns by using the Parrinello-Rahman barostat [151} (152]
by isotropic coupling with a coupling constant of 7p = 2 ps. The trajectory of the last 25 ns was
used for the calculation of thermodynamic and structural properties using the GROMACS analysis
tools.

Additional independent simulations were performed for another 10 ns to compute the viscosity at
selected concentrations of methanol. The approach, based on the perturbation method proposed
by Hess [153] and described in Section was applied in this chapter.

6.3. Results

6.3.1. Thermophysical and transport properties

Density, excess volume, and viscosity were determined by computational methods and theoretical
prediction at 308.15 K and atmospheric pressure, and the results are summarized in Table
Following the idea of Zubeir et al. [61], to obtain a more accurate result, a linear temperature-
dependent binary interaction parameter, k;;, between ChCl and HBDs was fitted using density
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data. It is important to mention that they were not adjusted to experimental data obtained for the
DES + methanol mixtures. Thus, PC-SAFT does not require any calibration for methanol mixtures
and was applied in a fully predictive manner. The interaction parameters optimized to the density
data [186] for each associative scheme are listed in Table [6.5

TABLE 6.4: Density, excess volume, and viscosity of the DESs + methanol mixtures
at 308.15 K and atmospheric pressure from MD calculations.

ChCL:EG(1:2) + methanol ChCl:G(1:2) + methanol
P U vt P U vt
XMOH 3 3 3 3
[g/cm”] [mPa s] [cm®/mol] [g/cm?] [mPa s] [em®/mol]

0 11238 + 1e-3 353 =+ 54 0 11919 + 2e3 2358 <+ 10.1 0

0.1 11085 =+ 1e3 265 =+ 32 -029 + 002 1.1803 =+ 1e-3 1344 =+ 104 -062 =+ 0.19
0.2 1.0917 + 1e3 202 + 39 -059 =+ 0.08 1.1626 =+ 23 853 =+ 108 -093 =+ 0.13
0.3 1.0725 + 1e3 170 =+ 31 -086 =+ 001 1.1419 =+ 23 591 =+ 103 -122 =+ 0.11
0.4 1.0498 + 2e3 126 =+ 46 -1.08 + 021 1.1174 =+ 2e3 485 =+ 69 -145 =+ 0.01
0.5 1.0231 + 2e3 120 + 29 -123 + 012 10882 =+ 2e3 247 =+ 55 -164 =+ 0.07
0.6 09916 =+ 23 50 + 21 -132 =+ 037 10523 =+ 2-3 146 =+ 37 -174 =+ 0.19
0.7 09533 + 1e-3 38 + 13 -129 =+ 0.02 1.0076 =+ 2e-3 93 + 39 -172 + 0.04
0.8 09068 =+ 23 19 =+ 07 -113 =+ 023 09509 =+ 2e-3 42 + 12 -154 =+ 0.06
0.9 0.8489 =+ 23 06 + 02 -075 + 039 08771 =+ 23 12 + 04 -109 =+ 0.10
1 07748 =+ 1e-3 05 =+ 02 0 0.7748 =+ 1le-3 05 = 02 0

TABLE 6.5: Binary interaction parameters, kj; = ki, + kj; 7 (T [K] — 298.15), for each
DES, along with the AARD for DES density at a molar ratio of 1:2, with and without
binary interaction.

) kij AARD AARD
Pair N Sources

kija kij, Pkg=0 Pk fit

hCl + EG-2B 102! -0.001 1.15% .05% ]

ChCl + EG 0.1029 -0.0016 48 5% 0.05 (5] 156 159 238.240]
ChCl + EG4C -0.0109 -0.0013 0.64%  0.05%

ChCl + G-2B 0.2064 -0.0015 23 297%  0.05% (159 238 241

ChCl + G-4C 0.0670 -0.0016 0.67%  0.05%

Figure shows the density and excess volume of both mixtures at 308.15 K and atmospheric
pressure, comparing experimental data from the literature [272] with results from MD simulations
and PC-SAFT calculations. For density, the average absolute relative deviations (AARD) with MD
are 0.641% and 0.532% for the ChCL:EG(1:2) plus methanol and the ChCl:G(1:2) plus methanol
mixtures, respectively. In contrast, the predictive PC-SAFT model, with both associative models
for the HBDs, yields more minor deviation. It is interesting to note that 2B and 4C models for the
HBDs are in close agreement.
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FIGURE 6.1: For DES plus methanol at 308.15 K and atmospheric pressure: (A) den-

sity and (B) excess volume. Circles represent experimental data [272], while stars

indicate MD calculations. Solid lines show PC-SAFT predictions with the 2B associ-

ation scheme for the HBD component, and dashed lines represent PC-SAFT predic-
tions using the 4C association scheme for the HBD component.

Figure shows that the HBDs form non-ideal mixtures with methanol, exhibiting negative ex-
cess volumes across the entire concentration range. MD simulations and PC-SAFT calculations are
in fair agreement with the experimental data reported by Wang et al. [272]. The observed nega-
tive excess volume indicates stronger interactions between DESs and methanol, primarily due to
the formation of new hydrogen bonds in the mixture. From a microscopic perspective, the self-
association between individual species (DES or methanol) is weaker than the hetero-association
between DES and methanol molecules, which explains the contraction in volume. This behavior
is consistent with previous volumetric studies on ChCL:EG [15, [165] and ChCl:G [169], where neg-
ative excess volumes were also reported. Experimental evidence suggests that this trend is similar
across various alcohols [15, 164]; however, the magnitude of volumetric contraction decreases as
the alkyl chain length of the alcohol increases. This can be attributed to the growing steric hin-
drance and reduced polarity with increasing chain length, which limit the ability of longer-chain
alcohols to engage in strong, directional hydrogen bonding with the DES components—thus di-
minishing the extent of volume contraction upon mixing.

The viscosity values at 308.15 K for the ChCL:EG(1:2) plus methanol and the ChCl:G(1:2) plus
methanol mixtures are shown in Figure Despite the MD values having more discrepancy with
the experimental data, their uncertainty is higher, and the approach also implies more dispersion.
The accuracy of the method is compromised in the middle range of concentrations, despite the pro-
cedure having a good performance in the pure compound limit [266]. However, it is well-known
that macroscopic viscosity is strongly linked with the behavior of hydrogen bonds in the mixture
due to the viscosity being an indicator of the resistance of the fluid to flow [273,274]. Therefore, the
viscosity directly correlates with the strength of the hydrogen bonds [54]. The viscosities of DESs
plus alcohols are reported in the literature at different molar ratios [274, 275]. The aforementioned
effect can be explained by changing the association strength between DESs and methanol in the
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mixture. MD calculations yield AARD of 34.52% and 30.72% for ChCL:EG(1:2) and ChCL:G(1:2),
respectively.
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FIGURE 6.2: Viscosity of DES plus methanol at 308.15 K and atmospheric pressure.

Circles represent experimental data [272], while stars indicate MD calculations. Solid

lines show PC-SAFT predictions with the 2B association scheme for the HBD com-

ponent, and dashed lines represent PC-SAFT predictions using the 4C association
scheme for the HBD component.

Further, both association schemes give similar AARD for both DESs, with values of 9.31% and
16.99% for ChCl:EG(1:2) and ChCl:G(1:2) plus methanol, respectively. Consequently, in the mid-
dle range of the mixture, the self-association of methanol gets weaker, and the cross-association
between DESs and methanol is promoted. The effect described above is challenging to predict
accurately and quantitatively. In the present case, the behavior is found qualitatively and overes-
timated. The accurate prediction of viscosity and other properties is a solid reason to accurately
model and understand in detail the influence of molecular behavior and the hydrogen-bonding
networks. The FVT, together with PC-SAFT EoS, which has proven to be a solid framework to
predict viscosity [192], is applied to predict the viscosity of the mixture. In both combinations of
association schemes, the results can be considered satisfactory. However, the quality of the predic-
tion of the FVT varies in the middle range of concentrations, given the convoluted behavior of the
molecules in the mixture. Alternatives to FVT coupled with different EoS are the friction theory
[276] and the entropy scaling [277, 278]. For the sake of ensuring the predictability of the viscos-
ity using the FVT, there are no additional parameters fitted. Parameters for ChCl were sourced
from Crespo et al. [186], while those for methanol and the HBDs were fitted using DIPPR data.
Although FVT can account for water content, the comparison with experimental data in this work
was conducted under the assumption of negligible water content in the system. This assump-
tion simplifies the analysis but overlooks the critical role of water, which significantly impacts the
transport properties of DESs due to their hygroscopic nature [15, 279].
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FIGURE 6.3: Center-of-mass RDFs for ChCL:EG(1:2) plus methanol at different
methanol mole fraction.

6.3.2. Structural behavior

Radial distribution functions

Figure shows the center-of-mass RDFs for ChCl:EG(1:2) plus methanol at different methanol
mole fractions. The largest peaks are associated with interactions involving the chloride anion,
excluding its self-interaction. This prominence can be attributed to the Cl anion’s negative charge
and high electronegativity, enabling it to act as an HBA for hydroxyl groups in the mixture. Ad-
ditionally, the CI anions are smaller than the other components, facilitating its accumulation in the
first solvation shell of hydroxyl groups, resulting in higher peak intensities for Cl-related interac-
tions than other hydrogen-bonding interactions.

0

|
|
|
|

Beyond Cl-related interactions, Figure[6.3|also displays a clear first peak for interactions involving
hydroxyl-containing compounds, albeit with smaller heights (approximately 2). The positions of
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these peaks are influenced by steric effects. For instance, the MOH-MOH interaction, involving
smaller and less sterically hindered molecules, exhibits a peak closer to the center of mass (around
0.5 nm). Conversely, the Ch-Ch interaction is significantly impacted by steric hindrance due to
the larger, bulkier structure of Ch, leading to a peak shift to greater distances (beyond 0.6 nm),
reflecting spatial constraints in accommodating these molecules.

Interestingly, the addition of methanol does not significantly affect the RDFs involving 1,2-ethanediol,
as the peak positions and heights remain nearly unchanged. Rather than displacing 1,2-ethanediol
in its interactions with Ch, methanol primarily interacts with Ch, weakening Ch-Ch interactions.
This is evidenced by a decrease in the intensity of the first peak in the Ch-Ch RDF with increasing
methanol concentration. Meanwhile, the consistent shape and intensity of the Ch-EG and Ch-
methanol RDFs indicate that methanol integrates seamlessly into the hydrogen-bonding network,
mimicking 1,2-ethanediol’s behavior. This suggests that methanol serves as a competitive HBD
within the DES + methanol mixture.

A similar conclusion can be drawn for ChCl:G(1:2) plus methanol mixtures, as can be seen in Fig-
ure|A.1/in the Appendix|Al In these mixtures, the addition of methanol also affects the interactions
between DES components. However, a notable difference is observed in the self-interaction of
glycerol molecules. As methanol concentration increases, the self-interaction of glycerol (G-G) be-
comes more pronounced, as indicated by a rise in the intensity of the first RDF peak. This increase
is likely due to the redistribution of Cl ions, driven by the formation of MOH-CI interactions.
Methanol interacts strongly with Cl anions, reducing their availability to participate in glycerol-
related hydrogen bonding. Consequently, glycerol molecules tend to self-associate more strongly
in the presence of methanol, compensating for the weakened interactions with Cl.

Thus, methanol acts both as an additional HBD and as a modulator of the hydrogen-bonding
dynamics within the DES mixture. It selectively weakens specific interactions, such as Ch-Ch and
Cl-G, while maintaining or emulating others, such as Ch-HBD. In the case of ChCl:G(1:2), methanol
also indirectly enhances the glycerol self-interaction by reducing the Cl-mediated cross-interaction.
This dual role highlights methanol’s competitive and complementary effects in reshaping the DES
structure, with subtle differences depending on the specific HBD used in the system. Also, it
shows why the modeling and prediction of this type of system continue to be a challenge due to
the complexity of the association behavior of these mixtures.

Hydrogen bonds behavior

The number of hydrogen bonds is calculated under the simulated conditions using a geometrical
criterion to complete the structural description of the systems [280} 281]. This approach considers
the maximum distance and angle between donor-acceptor and hydrogen-donor-acceptor groups.
Figures [6.4| and present the combined distribution functions correlating these radial and an-
gular distributions for ChCI:EG(1:2) plus methanol and ChCl:G(1:2) plus methanol, respectively.
These plots elucidate the average orientation at different methanol concentrations for hydrogen
bond formation. Across all cases, a high occurrence of interactions is observed at distances be-
low 0.35 nm and angles below 40°, indicating the presence of a well-structured hydrogen-bonding
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network. This network involves HBA-HBD interactions (e.g., Ch or Cl as HBA), HBA-HBA inter-
actions (between Ch and Cl), and HBD-HBD interactions.
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FIGURE 6.4: Combined distribution functions for ChCL:EG(1:2) plus methanol at dif-

ferent methanol mole fraction. The plot illustrates the relationship between the angle

and distance for interactions involving the choline oxygen atom (Opp), the chloride
anion (Cl), and the HBD oxygen atom (Oggp).

It is particularly interesting that interactions involving chloride ions are highly oriented around
the hydroxyl groups. This confirms that the small size of the chloride ion enables it to achieve a
higher degree of ordering within the hydroxyl groups. The addition of methanol to the system
only slightly affects Ch—Cl interactions, as the distribution becomes more diffuse with respect to
distance while maintaining a high intensity. This behavior reflects the affinity of methanol for
Ch, leading to a subtle reorganization of chloride ions around choline and a compact structural
arrangement.

For interactions involving the HBD, the addition of methanol does not appear to disrupt the
hydrogen-bonding network significantly. The combined distribution functions for these interac-
tions remain largely unchanged, suggesting that methanol integrates into the network without
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breaking significantly the hydrogen bonds between the hydroxyl groups of 1,2-ethanediol or glyc-
erol. These interactions are more diffuse compared to others, a result of the multiple hydroxyl
groups present in both HBDs. For instance, in the case of 1,2-ethanediol, when one hydroxyl
group forms a hydrogen bond, the second hydroxyl group remains in close proximity due to in-
tramolecular interactions, though its orientation appears more diffuse.

From the selection of the geometrical criterium, some specific structural properties can be calcu-
lated. One of them is the fraction of molecules involved in self-association, defined as the ratio
between the number of molecules involved in a hydrogen bond (at least once) with itself and the
total number of the same molecules. It is worth noticing that this structural property can be com-
pared independently from the calculation from Wertheim’s thermodynamic perturbation theory
[282] into PC-SAFT EoS. The latter turns out to be a useful additional feature of the new theory in
developing more realistic models of the hydrogen-bonding interaction in DES.

As can be seen in Figure ChCl decreases monotonically, while methanol interaction increases.
In both cases, the 2B associative model qualitatively reproduces the behavior. An interesting case
occurs for both HBDs. While the 2B associative model shows that almost linearly 1,2-ethanediol
and glycerol decrease their interaction, MD results show that the addition of methanol in the sys-
tem is not affected by nearly 30% of methanol concentration. When the methanol content is higher
than 30%, the methanol begins to create a network of hydrogen bonds with the components of the
mixture. Therefore, the networks among Ch, Cl, 1,2-ethanediol, and glycerol are disrupted. It is
important to remark that this effect is most evident in 1,2-ethanediol, and also, the 4C associative
model represents this behavior qualitatively.

81-5 81-5|'|'|'|'|'|
0 0 g T X S (B)
2512 2512 L R .
2509 2F09
5 5 5 8
c £ 06 c 06
53 5 3
g > 0.3 g >0.3
“ g “ g

0O 02 04 06 08 1 0O 02 04 06 08 1
Xyion / Mol- mol Xyion / Mol- mol

FIGURE 6.5: Fraction of molecules involved in self-association at 308.15 K and at-

mospheric pressure for: (A) ChCL:EG(1:2) plus methanol and (B) ChCL:G(1:2) plus

methanol. Stars represent MD results, while solid lines indicate PC-SAFT predic-

tions using the 2B association scheme and dashed lines show PC-SAFT predictions
with the 4C association scheme for HBDs.

Additional insights can be gained by comparing the number of hydrogen bonds obtained through
MD simulations and the PC-SAFT model. As shown in Figure the contribution of hydro-
gen bonds reaches a maximum at approximately 60% mole fraction of methanol. Beyond this
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point, methanol-methanol hydrogen bonds begin to dominate over HBD-HBD and HBD-methanol
bonds. Among the cross interactions, the methanol-HBA interactions are the most significant,
confirming the trends observed in the previous sections. These methanol-HBA interactions are
likely the primary cause of the negative excess volume behavior observed. Overall, these findings
align qualitatively with results obtained in aqueous solutions using vibrational spectroscopy [283],
which provide insights into similar types of interactions.
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FIGURE 6.6: Normalized number of hydrogen bonds at 308.15 K and atmospheric

pressure for: (A, B) ChCLEG(1:2) + methanol and (C, D) ChCL:G(1:2) + methanol.

Stars represent MD results, while solid lines indicate PC-SAFT predictions using the

2B association scheme and dashed lines show PC-SAFT predictions with the 4C as-
sociation scheme for HBDs.
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6.4. Conclusions

This chapter has been devoted to the study of the thermophysical, transport, and microstructural
properties of the ChCL:EG(1:2) plus methanol and ChCl:G(1:2) plus methanol mixtures. For both
systems, properties, such as density, excess volume, and viscosity, were determined using MD sim-
ulations and predicted using the PC-SAFT EoS with two different association schemes. On the one
hand, good agreement is observed between MD, PC-SAFT predictions, and experimental data for
those properties, demonstrating the robustness of the PC-SAFT EoS in capturing key trends. On
the other hand, some discrepancies between MD calculations and experimental data remain, at-
tributed to the complexity of the associative behavior in these mixtures and the strong interactions
between methanol and the DES components.

Regarding structural behavior, the RDFs and hydrogen bond features were analyzed in detail. The
results highlight consistent characteristics of short-range intermolecular forces across the studied
systems. Both ChCI:EG(1:2) and ChCl:G(1:2) form solvation shells with methanol that differ from
those observed in the pure DES. The incorporation of methanol into the mixtures does not sub-
stantially alter the orientation of the original DES precursors but has a pronounced impact on the
prominence of HBA interactions. Methanol acts as an additional HBD within the system, leading
to changes in the hydrogen-bonding network and modulating the interactions within the mixture.
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7. Investigating the physicochemical properties
of DESs made by choline chloride or betaine,
and low molecular weight glycols

This chapter presents a comprehensive study of the thermophysical properties of selected DESs

and their mixtures with water. Density, viscosity, and surface tension were experimentally
measured for DESs comprising choline chloride or betaine as the HBA and various HBDs, in-
cluding 1,2-ethanediol, 1,2-propanediol, 1,3-propanediol, and 1,4-butanediol, across different
HBA:HBD molar ratios, temperatures, and water contents. Experimental data were comple-
mented by including the PC-SAFT EoS, coupled with the Free-Volume Theory and Density
Gradient Theory, as well as MD simulations. By integrating experimental measurements with
thermodynamic modeling and MD simulations, this chapter reveals the impact of HBA type,
HBD chain length, temperature, and water content on the properties of glycol-based DESs,
offering valuable insights to facilitate their design and application.

7.1. Introduction

DESs exhibit remarkable versatility in their physical properties, which can be tailored by adjust-
ing the combinations of HBAs and HBDs, varying molar ratios, controlling water content, and
optimizing operating temperatures [8, (14, 284]. Despite this adaptability, there is a notable lack
of reliable physicochemical properties data, particularly for DES mixtures with water or other sol-
vents. Such data are critical for determining the parameters required for designing efficient chem-
ical and biological processes [258]. For instance, the high viscosity of some DESs can hinder their
practical use but may be mitigated by small water additions or by increasing process temperatures

*This chapter is adapted with permission from:
P. Aravena, E. Cea-Klapp, N. E. Gajardo-Parra, C. Held, J. M. Garrido, and R. I. Canales, “Effect of water and hydrogen
bond acceptor on the density and viscosity of glycol-based eutectic solvents”, Journal of Molecular Liquids 389, 122856
(2023). Copyright 2023 Elsevier B.V.
P. Aravena, E. Cea-Klapp, N. F. Gajardo-Parra, A. F. Olea, H. Carrasco, J. M. Garrido, and R. I. Canales, “Influence of
hydrogen bond acceptors and water content on surface tension in glycol-based eutectic mixtures”, Industrial & Engi-
neering Chemistry Research 63, 11184-11195 (2024). Copyright 2024 American Chemical Society.
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[14, 15| 285]. This highlights the urgent need for comprehensive studies of their physicochemical
properties.

Although experimental measurements are essential for studying DESs, they must be comple-
mented with modeling techniques to optimize solvents for specific applications. This is partic-
ularly important given the practically infinite combinations of HBAs and HBDs. For example,
machine learning, coupled with group contribution methods [286], has shown superior perfor-
mance in predicting density compared to conventional atomic and group contribution approaches
[216]. However, its limitations include challenges in providing physical insights into cosolvents
under varying thermodynamic conditions.

Among the commonly used thermodynamic modeling tools, the PC-SAFT EoS is particularly well-
suited for describing the thermodynamic properties of DESs. It captures both macroscopic and
molecular-level features and has been applied to study phase behavior, predict phase diagrams,
and investigate properties such as density and heat capacity [235, 258]. Nevertheless, the ability
of PC-SAFT to model molecular-level and structural features is restricted. To address this, compu-
tational chemistry techniques such as MD simulations provide deeper insights into the structural
and dynamic properties of DESs. MD simulations offer a detailed view of atomic and molecular-
scale behavior, including solvation and dynamic properties, which are challenging to obtain exper-
imentally [287-292]. These methods have been widely applied to DESs containing diverse HBAs
(e.g., choline chloride, betaine) and HBDs (e.g., urea, glycerol, ethylene glycol) to determine prop-
erties such as phase equilibrium, density, viscosity, and diffusion coefficients [289,292]. Integrating
these computational approaches with experimental data enables a comprehensive understanding
of DESs, facilitating their optimization for various applications.

This chapter presents a comprehensive study of the density, viscosity, and surface tension of ChCl-
based and betaine-based DESs. The selection of these HBAs, which share similar molecular struc-
tures (see Figure[7.1)), enables the evaluation of the effect of distinct functional groups in the HBA
structure. These HBAs were combined with various glycols with low molecular weight, for the
investigation of the impact of alkyl chain length in the HBD. In addition, the DESs were studied
at different HBA:HBD molar ratios, temperatures, and water contents. The PC-SAFT equation of
state was employed to model density, while the FVT and DGT were coupled with PC-SAFT to
describe viscosity and surface tension, respectively. To gain deeper molecular-level insight, MD
simulations were conducted to predict these properties and analyze structural organization. This
work seeks to bridge experimental data, thermodynamic modeling, and molecular simulations to
enhance the understanding of these complex solvents and support their rational design.

CH, CH,
NQ_/\ NQ_/\
™/ OH e/ OH
H;C H,;C
Choline chloride Betaine

FIGURE 7.1: Molecular structure of choline chloride and betaine.
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7.2. Experimental section

7.2.1. Materials

The specifications of chemicals used in this work are shown in Table|7.1} which contains their CAS
number, source, and purity.

TABLE 7.1: Specifications of chemicals used in this work.

Compounds CAS Supplier Purity
choline chloride (ChCl)  67-48-1  Acros Organics >0.990
betaine (Bet) 107-43-7  Acros Organics >0.980
1,2-ethanediol (EG) 107-21-1  Acros Organics >0.998
1,2-propanediol (12P) 54-55-6  Sigma Aldrich >0.980
1,3-propanediol (13P) 504-63-2  Sigma Aldrich >0.980
1,4-butanediol (14B) 110-63-4  Sigma Aldrich >0.990
water 7732-18-5 Merck LC-MS Grade

7.2.2. DESs and DES + water mixtures preparation

ChCl and Bet were used as HBAs, while 1,2-ethanediol (EG), 1,2-propanediol (12P), 1,3-propanediol
(13P), and 1,4-butanediol (14B) were used as HBDs. DESs with ChCl as the HBA and different gly-
cols as HBDs were prepared with molar ratios of 1:3, 1:4, 1:5, and 1:6. However, for Bet-based DESs,
only a subset of these ratios was prepared, as lower amounts of HBD resulted in non-homogeneous
mixtures. For instance, the DES composed of Bet and 14B formed a homogeneous liquid only at a
molar ratio of 1:6 at 20 °C.

Before the preparation of the DESs, HBAs were dried under a high vacuum in a Schlenck line
for three days at 10~ mbar and 50 °C to reduce their water content. For the same purpose, non-
anhydrous HBDs were placed under molecular sieves for three days. Then, DESs were prepared
by weighing the respective components in a vial using an analytical balance (Practum 224-1s Sar-
torius, Germany, uncertainty + 0.1 mg). The vials were promptly sealed to prevent the rising in
the water concentration of the DESs. The HBA and HBD precursors were mixed in two steps; first,
the samples were placed under magnetic stirring at 50 °C for one hour; then, they were mixed in a
sonicator (iSonic P4862-IT, Australia) at 40 °C for 15 minutes to ensure proper mixing and prevent
bubble formation. After this procedure, DESs showed the aspect of a homogeneous clear liquid.
The water content of each DES was measured in triplicate using a Karl Fisher (831KF Metrohm,
Switzerland) Coulometer. Table shows the prepared DESs with the respective abbreviation,
HBA:HBD molar ratio, molar mass, and their average water content after preparation.

DESs used for DES + water mixtures were prepared with an HBA:HBD mole ratio of 1:3 for ChCl-
based DESs and 1:6 for Bet-based. To evaluate the effect of water, DESs were mixed with water at
molar percentages of 5%, 10%, 30%, 50%, 70%, 90%, and 95%. To prepare DES + water mixtures,
both components were mixed in a vial using a vortex, and then the mixture was sonicated (iSonic
P4862-IT, Australia) at 40 °C for 10 minutes. The water content of the mixture was measured twice
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in a volumetric Karl Fischer Titrino Plus (870 Metrohm, Switzerland). Table [B.2] shows DES +
water mixtures prepared, including the HBA:HBD molar ratio, molar mass, and average molar
water content.

7.2.3. Density and viscosity measurements

Density (p) and dynamic viscosity (r7) were measured for each Bet-based DES. For comparison,
ChCl-based DESs with HBA:HBD molar ratio 1:3 were measured, while information for other mo-
lar ratios was retrieved from Gajardo-Parra et al. [15]. Also, the same properties were measured
for all the prepared DES + water mixtures. An Anton Paar DMA4500 Densimeter (Graz, Austria)
and an Anton Paar Lovis 2000ME micro viscometer (Graz, Austria) were used in an integrated
system to measure density and viscosity simultaneously at a pressure of 101.3 kPa and tempera-
tures between 20 - 60 °C. The densimeter uses a vibrating U-tube technology with a repeatability of
0.00001 g - cm 3. The temperature inside the tube was measured using a Pt-100 thermometer with
an uncertainty of 0.01 K. The viscometer used was a rolling-ball type; steel balls and calibrated
glass capillaries with internal diameters of 1.59 mm and 1.80 mm were used for the analyses.
Considering manufacturer information and according to the author’s previous measurements, the
repeatability and accuracy of the instrument are approximately 0.2% and 3%, respectively, depend-
ing on the capillary type employed. Also, to avoid contamination, the densimeter and viscometer
were thoroughly cleaned with distilled water twice and methanol once, and subsequently, they
were dried using air for a few minutes.

7.2.4. Surface tension measurements

Surface tension () was measured using a Kruss K9 tensiometer through the Du Noiiy ring method.
The tensiometer was equipped with a heating jacket (water as service fluid), and the temperature of
the sample was measured using a Pt-100 thermometer with an accuracy of 0.01°C. Values measured
by the tensiometer were corrected using the expression proposed by Zuidema et al. [293] according
to Eq. which includes an equipment correction factor (F,;), experimentally obtained employing
water, EG, 12P, 13P, and 14B measurements at the temperature range of 25-60°C.

(7.1)

0.00363 o~ 1679
y=Fy- 0" (0.725 + - r>

——— +0.04534 —
(”Rring)zAP

In Eq. o* is the uncorrected measured interfacial tension value (in mN - m™1), Rying is the mean
ring radius (0.9545 cm), r is the radius of the wire cross-section (0.0185 cm), Ap is the density differ-
ence between phases (in g - cm ) and F,, is the experimentally determined equipment correction
factor (fixed value of 1.031). Considering Eq. it is worth to mention that in a Du Noiiy ring
tensiometer the surface tensions are not measured directly. Consequently, the uncertainties of <y
are influenced by the temperature, pressure, density difference, the experimental reproducibility
of v itself, and its standard uncertainties. To quantify these effects in the expanded or combined
relative uncertainty of vy, the following relationship has been used:
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where 6P, 6T and dAp correspond to the standard uncertainties in pressure, temperature and den-
sity, respectively. ¢ () is the standard deviation of 7, which has been directly estimated from
experimental measurements along with the maximal values of partial derivatives of v by T. The
instrument standard uncertainty for the interfacial tension is + 0.1 mN - m~! and the average

combined expanded uncertainty (0.95 level of confidence, k = 2) for u, () is 0.2 mN - m~1.
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Before each measurement, the platinum-iridium ring and glassware were thoroughly cleaned with
distilled water and ethanol to avoid contamination. Later, the ring was flamed to remove any trace
of solvent. Surface tension measurements were performed three times for each sample, and liquid
temperature was measured before and after surface tension measurement, reporting the mean
values.

7.3. Molecular Modeling

7.3.1. PC-SAFT Modeling

PC-SAFT EoS, detailed in Section is utilized to describe the thermodynamic behavior of the
investigated DESs. Each component within the DES and water are modeled individually, enabling
a precise representation of molecular interactions. Table shows all the PC-SAFT parameters
used in this Chapter.

TABLE 7.2: PC-SAFT molecular parameters used in this chapter. The [B, P, N] nota-
tion indicates the number of bivalent, positive, and negative association sites, respec-
tively, as defined in Figure

Compounds My, m; o; &i/kp g4 eAiBi [k xAIBI Sources
[g/mol] [Al  [Kl [B,PN] I[KI

choline chloride (ChCl) 139.62 13.0200 2.3680 228.07 [0,1,1] 8000.0 0.2000 [61]
betaine (Bet) 11715 8.4660 2.5470 266.59 [0,1,1] 2541.6 0.0384 [97]
1,2-ethanediol (EG) 62.07 24366 3.2328 344.06 [0,1,1] 2702.6 0.0222 [190]
1,2-propanediol (12P) 76.09 42084 2.9015 247.46 [0,1,1] 21744 0.1199 [21]
1,3-propanediol (13P) 76.09 3.0120 3.2481 280.29 [0,1,1] 3575.6 0.0190 This work
1,4-butanediol (14B) 90.12 39030 3.1666 252,50 [0,1,1] 3755.0 0.0187 [21]
water 18.02 12046 o(T)* 35395 [0,1,1] 2425.8 0.0451 [195]

? Temperature-dependent function is given by ¢ [A] = 2.7927 4+ 10.11 exp (—0.01775T[K]) + 1.417 exp (—0.01146T[K]).

PC-SAFT was applied using a binary interaction parameter, k;;, fitted to the experimental density
measured in this work for each HBA-HBD pair. Accurately reproducing density is fundamental for
reliable modeling of viscosity and surface tension, especially when coupling with other theories.
Table 7.3 lists the binary interaction parameters for each pair of DES components, including those
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involving water. On the one hand, the k;; parameters for HBA-water systems were retrieved from
the literature [61} 97]. On the other hand, the k;; parameters for HBD-water interactions of EG and
13P were set to zero, while the parameters for 12P and 14B were fitted to vapor-liquid equilibrium
data from the literature [294-297]. This adjustment was necessary to prevent the prediction of
unrealistic liquid-liquid equilibrium in mixtures of HBD and water involving these glycols.

TABLE 7.3: PC-SAFT binary interaction parameters, k;; = kij , + kij r (T [K] — 298.15),
used in this work.

Pai kij
air

kija kijT
ChCl + EG 0.0969 -0.00151
ChCl + 12P 0.0368 -0.00144

ChCl + 13P 0.0757 -0.00154
ChCl + 14B 0.0997 -0.00166

Bet + EG 0.1179 -0.00129
Bet + 12P 0.0762 -0.00151
Bet + 13P 0.0911 -0.00144
Bet + 14B 0.1340 -0.00193
ChCl + water® -0.0584 -0.00010
Bet + water? -0.0922 0
12P + water?  -0.0484 0
14B + water’  -0.0266 0

? Binary interactions used that were retrieved from the original source [61}[97].

b Fitted to isobaric [294}[296] and isothermal [295}297] vapor-liquid equilibrium.

The viscosity of the DES systems is calculated using the FVT in combination with the PC-SAFT
EoS, as detailed in Section This method integrates molecular-level descriptors and thermo-
dynamic properties, such as density, derived from PC-SAFT, to predict the viscosity. The param-
eters of the FVT model, shown in Table were fitted independently to the literature viscosity
for each HBD [15| 298-306] and water [307]]. In contrast, each HBA was fitted implicitly using the
DESs viscosities measured in this work.

The surface tension of the DES systems is determined using DGT in combination with the PC-
SAFT EoS, as detailed in Section DGT calculates surface tension based on density profiles
across interfaces, obtained through energy minimization of the Helmholtz energy provided by the
PC-SAFT model for each bulk phase. For DESs, as shown in Chapter |5, DGT is applied using a
pseudo-pure component approach, where the influence parameters are fitted independently for
each DES at a particular molar ratio. Interestingly, these influence parameters tend to exhibit a
linear relationship with the mole fraction of the HBA, where the intercept corresponds to the case of
the pure HBD, which can also be fitted independently. Table[7.5| presents the influence parameters
for each HBD, along with the linear relationship used to determine each DES at any molar ratio.
It was observed that the slope of these relationships also follows a linear trend with the molecular
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TABLE 7.4: Molecular parameters for PC-SAFT + FVT used in this work.

Compounds « B x 10° L,

[J m3/(mol kg)] [A]
ChCl 381.3441 3.2081 0.044242
Bet 380.4809 4.0818 0.055774
EG 401.9910 24252  0.021870
12P 379.1580 3.6194 0.018220
13P 379.3350 3.1372  0.038050
14B 379.3390 3.7175  0.032950
water 406.8630 1.5787  0.009530

TABLE 7.5: Influence parameters of HBDs and DESs fitted in this work.

Compounds or DES c;i x 1020
[J m®/mol?]
EG 7.4580
12P 9.8875
13P 17.8077
14B 26.9288
ChCl:HBD” cupp + (66.5658 — 6.2620 - My, D) - XHBA
Bet:HBD? cusp + (59.7050 — 6.6960 - Mw,HBD) - XHBA
ChCl:12P c12p + 13.4077 - xyBA
Bet:12P c1op + 6.8799 - xypa
water 1.0624

7 Only for the 1,2-alkanediol family as HBD.

weight of the 1,2-alkanediol HBD family (My,xgp), which could be valuable for extrapolating to
other HBDs in this family.

The Absolute Average Relative Deviation (AARD) was used to quantify the deviation between
calculated and experimental values. The AARD equation is shown in Eq.

100 &
%AARD = —
'y

i=1

5P _ scealc
i i
exp
51’

(7.3)

where 7 is the total number of experimental points, J; is the property (density, viscosity or surface
tension), and the superscripts exp and calc are the experimental and calculated values, respectively.
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7.3.2. Molecular dynamics details

MD simulations were carried out to gain a more comprehensive understanding of the molecular
level for DES and DES + water mixtures. For 12P, 13P, and 14B, the mixed OPLS-AA force field
was used [308], and for ChCl and EG, the OPLS-DES force field was used [266]]. The Bet was
modeled with the OPLS-AA considering the modification developed by Monteiro et al. [287]. The
TIP4P /2005 force field was used for water molecules [309]. These non-polarizable force fields
describe electrostatic and van der Waals interactions with Coulomb potential and Lennard Jones
potential, respectively. The nonbonded interactions were calculated with the cut-off distance set
to 1.9 nm. The long-range electrostatic interactions were handled using the Particle-Mesh Ewald
technique with a fourth-order interpolation [268]]. All the equations of motion were integrated
with the leapfrog algorithm [142] using a time step of 1 fs.

PACKMOL was used to generate a random initial configuration for each simulation box [267],
according to the number of molecules shown in Table[7.6]for a desirable mole fraction of water. The
simulations of ChCl-based DESs were only conducted at a molar ratio of 1:3, while Bet-based DESs
were only simulated at a molar ratio of 1:6 to reduce the number of systems to run. The prepared
systems were energy minimized using the steepest descent algorithm for 5000 steps. After that, the
system was equilibrated using the NPT ensemble for 10 ns, which allowed the temperature and
pressure of the system to reach a stable state. The temperature was kept constant using velocity
rescaling with a stochastic term [148], and the pressure was kept constant using the Berendsen
barostat [147]. The equilibrated system was simulated in the NPT ensemble for 50 ns. During the
production simulation, the temperature was controlled using the Nose-Hoover thermostat [149,
150] with a coupling constant of 1 ps, and the pressure was controlled using the Parrinello-Rahman
barostat [151} 152] with a coupling constant of 5 ps. The trajectory of the last 25 ns was employed
to calculate thermodynamic and structural properties, where the error estimation was done using
the average over 10 blocks. GROMACS 2022.1 [310] was used as a molecular dynamics package to
run all the simulation steps, and its analytical tools were used to process the information.

TABLE 7.6: The number of molecules in the simulation boxes for the systems
ChCL:HBD (1:3) + water and Bet:HBD (1:6) + water.

ChCI:HBD(1:3) + water Bet:HBD(1:6) + water
Xwater Nwater NCh = NCZ NHBD Nwater NBet NHBD

0 0 250 750 0 190 1140
0.1 100 225 675 140 180 1080
0.3 360 210 630 504 168 1008
0.5 800 200 600 1120 160 960
0.7 1400 150 450 1960 120 720
0.9 2880 80 240 3780 60 360

1 4000 0 0 4000 0 0

The viscosity was calculated using NEMD method, where an external force was applied periodi-
cally to the liquid phase in the x-direction [153, |266| 1311]], as described in Section Basically,
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the external force will generate a velocity profile in the fluid that can be related to the viscosity.
In this work, the acceleration amplitude (A) was set at a different value from 0.08 to 0.20 nm/ p52
to enable extrapolation of the viscosity to zero acceleration amplitude, thereby improving the ac-
curacy of the estimate. Each perturbation was simulated by extending the production run of the
homogeneous phase by 10 ns.

Independent simulations were conducted for each system to obtain the surface tension values.
The simulation box dimensions were set to 4.8 nm x 4.8 nm x L, where L, represents the box
length in the z-direction (normal to the interface), ranging from 7 to 10 nm depending on the
density of each system. Molecules were randomly placed forming homogeneous phases, with
the number of molecules consistent with those listed in Table The prepared systems were
energy minimized using the steepest descent algorithm for 5000 steps. Next, the homogeneous
system was equilibrated using the NP,, AT ensemble for 20 ns, during which the temperature, the
normal pressure, and the interfacial area reached a stable state while L, was changing. To keep
constant the temperature and pressure, the velocity rescaling with a stochastic term [148] and the
Berendsen barostat [147] were used, respectively. Each equilibrated system was extended in the z-
axis by a factor of five to produce two liquid-vapor interfaces. These inhomogeneous simulations
were run for 200 ns in the NVT ensemble, where the temperature was controlled using the Nose-
Hoover thermostat [149, |150] with a coupling constant of 1 ps. The procedure was repeated in
three independent simulations to obtain an error estimation for the surface tension. The surface
tension was computed using the inhomogeneity of the pressure tensor [154, 312], where the last
100 ns were considered.

7.4. Results

7.4.1. Thermophysical properties of glycol-based DES

The experimental density, viscosity, and surface tension were studied at atmospheric pressure and
temperatures ranging from 20 °C to 60 °C for all prepared DESs. For Bet-based DESs, the measured
properties are provided in the Appendix[B|(Table[B.3). For ChCl-based DESs, density and viscosity
data were obtained from Gajardo-Parra et al. [15], while the surface tension measured in this work
is presented in Table All these data are compared with the PC-SAFT modeling results in
Figure B.4 for densities, Figure [B.5/for viscosities, and Figure [B.6|for surface tension. The excellent
agreement with experimental data, quantified by the AARD values in Table is expected, as
part of the experimental data was used to fit the parameters reported previously.

The following sections provide a detailed analysis of each property, taking into account the differ-
ent behaviors of each HBA and HBD.

Density

For Bet-based DESs measured in this work, a comparison with literature data is shown in Figure
[313-325]. The available data for Bet-based DESs are limited, and only a few systems allow for
a fair comparison, as several studies report DESs with a higher mole fraction of HBA than those
in this work. Specifically, the literature often describes DESs with an HBA:HBD molar ratio of
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TABLE 7.7: AARD of density, viscosity and surface tension obtained through PC-
SAFT for each DES family

AARD AARD AARD AARD AARD AARD

P Ul Y P Ul Y
HBD ChCl-based DESs Bet-based DESs
EG 0.05% 6.36% 0.55% 0.10% 3.49% 0.32%
12P 0.05% 538% 057% 0.06% 7.92% 0.44%
13P 0.08%  5.53% 057% 0.08% 2.72% 0.48%
14B 0.16%  3.86% 0.44% 0.31% 1.90%  0.52%

1:3, compared to the 1:4 ratio predominantly used in this study. Consequently, DESs reported in
the literature generally exhibit higher densities. However, excluding data for different HBA:HBD
molar ratios, as well as the densities published by Mulia et al. [313| 322] and Zahrina et al. [321],
the average deviation does not exceed +0.5%.

The density at atmospheric pressure and various temperatures was also simulated using MD for
the glycols and DESs at different mole ratios, as shown in Figure|7.2| (ChCl-based) and Figure
(Bet-based). While the simulated densities underestimate the experimental values, they provide
qualitatively accurate trends in all cases, demonstrating the reliability of the selected force field. As
expected, nearly linear trends are observed for density as a function of temperature for each DES.
At all studied temperatures, the DESs exhibit higher densities than the pure HBDs used to produce
them. This behavior can be attributed to the reduction in free volume caused by the formation of
a strong hydrogen-bond network between the HBA and HBD [326| 327].
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FIGURE 7.2: Densities at atmospheric pressure for ChCl-based DESs formed with

different glycols: (A) as a function of the HBD mole fraction at 40°C, and (B) as a

function of temperature for an HBA:HBD molar ratio of 1:6. Symbols except for stars:
experimental data. Stars symbols: MD simulations.

In all these systems, it is observed that density decreases with increasing HBD chain length, which
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is consistent with the density decrease observed for pure HBDs. This trend aligns with the density
reduction caused by longer alkyl chains in organic acids [294], likely explained by the increased
free volume associated with the less efficient packing of longer chains or steric effects. Specifically,
for 12P- and 13P-based DESs, at the same HBA:HBD molar ratios and temperatures, the higher
density of 13P-based DESs compared to 12P-based DESs is attributed to differences in their molec-
ular packing behavior. These differences arise from the more extended and linear structure of 13P,
which facilitates stronger intermolecular hydrogen bonding and more efficient packing compared
to the compact structure of 12P. This behavior is analyzed in the following sections from a molec-
ular perspective.

I ' I
B8 chCl-based

12 ———
i [ Bet-based |

plg-cm3

EG 12P 13P 14B

HBD

FIGURE 7.3: Experimental densities at atmospheric pressure and 40°C for DESs at a
molar ratio of 1:6, comparing HBAs and HBDs.

To examine the effect of the HBA on density, Figure[7.3|presents experimental data for ChCl-based
and Bet-based DESs, both with an HBA:HBD molar ratio of 1:6 and at a temperature of 40 °C.
Despite their similar chemical structures, Bet-based DESs exhibit higher densities under the same
temperature and HBA:HBD ratio compared to ChCl-based DESs. This trend is consistently ob-
served across other HBA:HBD molar ratios and temperature as well. A plausible explanation is the
stronger HBA-HBD interactions in Bet-based DESs, likely resulting from the carboxylate groups in
Bet, which enhance hydrogen bonding, compared to the hydroxyl groups in ChCL

Viscosity

A comparison between viscosity values measured in this work for Bet-based DESs and values
reported in the literature [3134315, 317319 [321 [324, 325] are shown in Figure Although de-
viations seem very high, only some of the literature data are comparable with values measured in
this work because several authors do not report the water content of their DESs. Water content
is relevant because a small amount strongly reduces the viscosity in DESs 279]. Addi-
tionally, DESs reported in the literature exhibit higher mole fractions of HBA than DESs reported
in this work. In this matter, a higher mole fraction of HBA strongly increases the viscosity, as
it has been reported by Gajardo-Parra et al. for ChCl-based DESs. However, the measured
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data agree with the literature, except for the data published by Kucan et al. [318], which shows
significant deviations in temperature trends.

As expected, viscosity decreases exponentially with increasing temperature due to enhanced molec-
ular mobility and the weakening of attractive interactions in the DES, as shown in Figure DES
viscosities are higher than those of pure HBDs at all temperatures, which can be attributed to the
strong hydrogen bonding between the HBA and HBD. This also explains why an increase in HBA
concentration leads to higher viscosity, as previously reported in the literature [15].

At the same temperature and HBA:HBD molar ratios, the viscosity of the DESs in this study in-
creases with the HBD chain length, as shown in Figure following a similar trend observed
for pure HBDs. Interestingly, this HBD trend is opposite to that of density, even for the specific
case of 12P-based and 13P-based DESs. Although 12P exhibits less efficient packing compared
to 13P (which explains its lower density for the same molecular chain length), the intermolecu-
lar interactions are stronger in 12P (resulting in higher viscosity). This can be attributed to the
closer proximity of the two hydroxyl groups in 12P, which create steric hindrance that disrupts
packing efficiency but simultaneously enable cooperative interactions through hydrogen bonding,
strengthening the intermolecular network.

80 I T I T I T I
B chCl-based
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EG 12P 13P 14B

HBD

FIGURE 7.4: Experimental viscosities at atmospheric pressure and 40°C for DESs at a
molar ratio of 1:6, comparing HBAs and HBDs.

Figure|7.4{also compares experimental data for both HBAs with each HBD under identical condi-
tions to analyze the effect of the HBA on viscosity. Although ChCl and Bet share similar chemical
structures, Bet-based DESs consistently exhibit higher viscosities under the same conditions. This
behavior can be attributed to the stronger hydrogen bond network formed by the carboxylate
groups in Bet, compared to the hydroxyl groups in ChCl. This stronger network not only increases
viscosity but also reduces free space, leading to higher densities.

Surface Tension

Surface tensions of glycols and DESs measured in this work are compared with values reported
in the literature [7, 156, 200, 207, 240, 248, 252, 319, 328-343] in Figure ChCLEG(1:2) was
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measured and included in the comparison as a benchmark system because its surface tension is
the most frequently reported. It is worth noticing that some of the literature data correspond
to different HBA:HBD molar ratios or temperatures, requiring careful analysis. The comparison
reveals that the values obtained in this study are consistent with previously reported results, except
for those by Kityk et al. [338]], which show significant deviations in their temperature-dependent
trends.

As shown in Figure the results demonstrate a nearly linear decrease in surface tension with
increasing temperature, a common behavior observed in liquids. This trend arises from the weak-
ening of intermolecular forces as temperature increases. For DESs, the surface tensions are higher
than those of pure HBDs at the same temperature. This can be attributed to the robust hydrogen-
bonding network formed between the HBA and HBD components in DESs, which creates a denser
interfacial region with stronger cohesive forces. These enhanced interactions increase the energy
required to disrupt the liquid phase, resulting in higher surface tension.

60 I T I T I j I
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FIGURE 7.5: Experimental surface tension at atmospheric pressure and 40°C for DESs
at a molar ratio of 1:6, comparing HBAs and HBDs.

To better understand the impact of HBAs and HBDs on surface tension, Figure 7.5 presents exper-
imental data for ChCl-based and Bet-based DESs with an HBA:HBD molar ratio of 1:6 at 40 °C for
each HBD. On the one hand, the surface tensions of DESs decrease as the chain length of the HBD
glycols with alcohol endpoints increases. This behavior aligns with the surface tensions observed
for the pure HBDs. Among the DESs studied, those based on 12P exhibit lower surface tensions
than DESs containing other glycols. This is likely due to the unique location of the hydroxyl groups
in 12P, which creates two well-defined polar and apolar regions, making the molecule behave sim-
ilarly to a typical surfactant. On the other hand, despite the similar chemical structures of the
HBAs, Bet-based DESs consistently display lower surface tensions than ChCl-based DESs under
the same temperature and HBA:HBD molar ratio conditions.
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TABLE 7.8: AARD of density, viscosity and surface tension obtained through PC-
SAFT for DES + water mixtures for each family

AARD AARD AARD AARD AARD AARD
4 Ui Y 4 Ui Y
HBD ChCl-based DESs Bet-based DESs

EG 0.58% 27.96%  1.07%  0.77% 20.38%  1.32%
12P 0.57% 36.37%  3.20%  0.65% 34.55%  4.39%
13P 0.55% 3212% 1.40%  0.66% 30.19%  1.80%
14B 0.43% 41.46%  2.50%  0.35% 40.68%  2.55%

7.4.2. Effect of water in glycol-based DESs

In addition to the previously discussed experimental data, density and viscosity were measured
at temperatures between 20 and 60 °C across the full range of water content. These data are re-
ported in Table (for density) and Table (for viscosity) for each DES studied. Furthermore,
surface tension was measured across the full range of water content but only at 40 °C, with the
results reported in Table All these data are modeled using PC-SAFT in a predictive manner,
as none were included in the fitting procedure. For instance, the density modeling as a function of
temperature and water content is compared with experimental data in Figure A similar plot
for viscosity is shown in Figure The predictive capability can be evaluated using the AARD
for each DES family, as reported in Table

Density

To the best of our knowledge, densities of Bet-based DES + water mixtures have not been exten-
sively reported in the literature. Barzegar-Jalali et al. [323] studied DES + water mixtures with
Bet-EG (1:3) and Bet-12P (1:5) in all ranges of water content at temperatures between 15 °C and 45
°C and they correlated their results with several models suggesting that the DES acts as a structure-
maker in the presence of water. Fuad et al. [325] also studied different Bet-based systems (i.e. with
glycerol 1:2, 12P 1:4, and lactic acid 1:2) at ambient temperature and water content range of 0-50
wt%. Meanwhile, ChCl-based DES + water mixtures have been extensively reported in the litera-
ture (i.e with glycerol 1:2 [272, 335]], urea 1:2 [335, 344], EG 1:2 [272} 290} 335], malonic acid [345],
glutaric acid [345]]). As expected, a non-linear decay in the density upon water addition is observed
due to hydrogen bond network disruption after water solvates the DESs structure (i.e. both HBA
and HBA). Particularly, Li et al. [346] and Nowosielski et al. [347] reported other DES + water
mixtures that show an increase in density with an increasing water content at low water content.

Figure|7.6/shows the density behavior as a function of water content for both ChCl-based and Bet-
based DESs. The figure also includes the PC-SAFT predictions alongside the MD results. On the
one hand, compared to the experimental data for DESs, the PC-SAFT predictions for DES + water
mixture densities are slightly underestimated, which could be improved by incorporating addi-
tional binary interaction parameters. On the other hand, while MD results also underestimate the
experimental values, they provide qualitatively accurate trends, achieving a total average AARD
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of 0.64% and a maximum average AARD of 1.28% (for the Bet:13P family). The AARD values from
MD obtained for each DES family are summarized in Table
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FIGURE 7.6: Density at 40°C as a function of the mole fraction of water in mixtures

with (A) ChCl-based DESs and (B) Bet-based DESs. Symbols except for stars: experi-

mental data. Stars symbols MD simulation results. Solid lines represent the PC-SAFT
using parameters reported in Tables[7.2land

The density exhibits non-ideal behavior in DES + water mixtures, with experimental densities
exceeding those expected for an ideal mixture. The degree of non-ideality increases with the HBD
chain length, resulting in deviations from ideality that are particularly pronounced for 14B-based
DESs with both HBAs. This trend is shown in Figure where the addition of water to each DES
does not significantly change the density at low water content. This effect becomes more evident
as the HBD chain length increases.

Viscosity

To the best of our knowledge, only Fuad et al. [325] have done an exhaustive study of the viscosity
of different Bet-based (i.e. with glycerol 1:2, 12P 1:4 and lactic acid 1:2) DES + water mixtures at
ambient temperature and water content range of 0-50% (m/m). Also, the viscosity as a function
of the water content of ChCl-based [272] 290, 1348] and other HBA-based [335| 346, 1347, 349, |350]
DES + water mixtures also have been reported. As expected, the viscosity of DES + water mixtures
decrease with increasing water content similar to the results obtained in this work.

The PC-SAFT + FVT framework for viscosity prediction of DES + water mixtures underestimates
the observed values, likely due to the propagation of errors from the density input, which is a
critical parameter in the FVT framework. Viscosity at 40 °C was also simulated using MD for all
DESs with an HBA:HBD molar ratio of 1:3 (for ChCl-based) or 1:6 (for Bet-based). The MD results,
along with experimental data and PC-SAFT predictions, are shown in Figure The AARD
values obtained from MD for each DES family are summarized in Table with a total average
AARD of 111.78% and a maximum average AARD of 228.28% (for the ChCl:12P family).
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FIGURE 7.7: Viscosity at 40°C as a function of the mole fraction of water in mixtures

with (A) ChCl-based DESs and (B) Bet-based DESs. Symbols except for stars: experi-

mental data. Stars symbols MD simulation results. Solid lines represent the PC-SAFT
+ FVT using parameters reported in Tables and

The viscosity of all the DES + water mixtures decreases exponentially with temperature, as previ-
ously reported for glycols and DESs. Also, the viscosity decrease is nearly linear with increasing
the water content until approximately xyyter = 0.5. Over xyarer = 0.5, the viscosity decreases expo-
nentially, approaching water viscosity. Unlike the density of DES + water mixtures, the viscosity is
barely influenced by the HBD, as water plays the dominant role in reducing viscosity, making the
HBD'’s effect negligible.

Surface Tension

The surface tension of DES + water mixtures has not been extensively studied in the literature.
Chen et al. [252] studied the surface tension of DES + water mixtures of ChCl:lactic acid (1:2 and
1:4), ChCl:glycerol (1:2) and BET:lactic acid (1:2) at 20°C and all ranges of water content; Fuad and
Nadzir [325] studied different BET-based (i.e. with glycerol 1:2, 12P 1:4 and lactic acid 1:2) DES +
water mixtures at ambient temperature and molar water content range of 0-50%; and Al-Murshedi
et al. [335] studied different ChCl-based (with glycerol 1:2, urea 1:2 and EG 1:2) DES + water
mixtures at ambient temperature and molar water content range of 0-20%. Their results show a
constant surface tension for low water content that increases exponentially at high water contents
until the surface tension of water. An interesting result was presented by Chen et al. [252] for
ChCl:lactic acid DESs prior to the exponential increase at high water content, its surface tension
slightly decreased around xater = 0.9.

Figure [7.8 shows the surface tension as a function of water content for both ChCl-based and Bet-
based DESs, comparing experimental measurements with predictions from PC+DGT and results
from MD simulations at 40°C. For each DES + water mixture, accurate predictions are obtained
by PC-SAFT + DGT with a total average AARD and maximum average AARD of 2.28% and
2.39%, respectively. The surface tensions from MD have a total average AARD and maximum
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FIGURE 7.8: Surface tension at 40°C as a function of the mole fraction of water in

mixtures with (A) ChCl-based DESs and (B) Bet-based DESs. Symbols except for

stars: experimental data. Stars symbols MD simulation results. Solid lines represent
the PC-SAFT + DGT using parameters reported in Tables and

average AARD of 12.09% and 24.61%, respectively. Clearly, the EG-based DESs (ChCl:EG(1:3) and
BET:EG(1:6)) and 14B-based DESs (ChCl:14B(1:3) and BET:14B(1:6)) show qualitatively accurate
results with respect to experimental data in comparison with the other DESs.

The surface tension of each mixture remains relatively constant at low water content. However,
as the water content increases and approaches pure water, the surface tension rises significantly,
ultimately reaching the value characteristic of pure water. This increase becomes more pronounced
with a longer HBD chain in the DES, leading to a steeper slope in the surface tension curve. From
the perspective of water, this steeper slope reflects a greater reduction in its surface tension caused
by the addition of a small amount of DES. These trends are not only observed experimentally but
are also well captured by both PC-SAFT calculations and MD simulations.

7.4.3. Molecular insights in glycol-based DESs
Hydrogen Bonds

An essential characteristic of DES is the hydrogen bond network between HBA and HBD. From
MD simulations, the number of hydrogen bonds between molecule i and j is quantified for the
different molecule pairs, which can establish this kind of interaction. Figure[7.9|(for ChCl-based at
the molar ratio of 1:3) and Figure (for Bet-based at the molar ratio of 1:6) show the hydrogen
bonds between molecule i and j per molecule i as a function of water content.

The number of hydrogen bonds per molecule in the HBA-HBD pair of ChCl-based DESs (Figure
or[7.9D) decreases with increasing water content across all DESs. This behavior is expected,
as water promotes hydrogen bond formation with both HBA and HBD, as shown by the trends
in Figures and . A similar trend is observed for Bet-based DESs, where water reduces
the number of hydrogen bonds in the HBA-HBD pair (Figure or B.I0D). When comparing
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FIGURE 7.9: Number of hydrogen bonds between molecule i and j per molecule

i (HBj; /Nj) as a function of the water mole fraction at 40°C for ChCl-based DESs

obtained through MD. Molecule pairs i-j: (A) HBA-HBA, (B) HBA-HBD, (C) HBA-

water, (D) HBD-HBA, (E) HBD-HBD, (F) HBD-water, (G) water-HBA, (H) water-HBD
and (I) water-water.

different HBDs, EG interacts more easily with the HBA due to its smaller size, which facilitates
closer packing with the HBA. Conversely, increasing the HBD size decreases the number of hydro-
gen bonds in the HBA-HBD pair. Interestingly, 12P-based DESs exhibit a distinct trend depending
on the HBA. In ChCl-based DESs, the HBA-HBD hydrogen bonds per molecule are fewer than in
14B-based DESs, while for Bet-based DESs, the hydrogen bond numbers are nearly identical.

Although the smaller size of EG allows for a more compact structure, Figures and show
that at high water content, EG-based DESs have fewer hydrogen bonds per HBD molecule be-
tween HBD and water compared to other linear glycols. This behavior can be attributed to the
proximity of EG’s two hydroxyl groups, which enables a single water molecule to interact with
both hydroxyl groups simultaneously. A similar trend explains why the HBD-water interactions
per HBD molecule are lower for 12P-based DESs than for 13P-based DESs; however, the values
for 12P-based DESs are not as low as those for EG-based DESs, due to the larger size of 12P
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molecules compared to EG. Interestingly, despite differences in the number of HBD molecules
between ChCl-based and Bet-based DESs, both exhibit nearly identical HBD-water interactions
per HBD molecule.

The behavior of HBD-HBD hydrogen bonds per molecule as a function of water content is slightly
different between ChCl-based DESs (Figure [7.9E) and Bet-based DES (Figure [B.10E). The ChCl-
based DESs only notoriously decrease their interactions per molecule once xyu.r = 0.3 and even
show a maximum for the case of DES-A4 at this water content. Meanwhile, the Bet-based DESs
show a more evident decrease in their HBD-HBD hydrogen bonds per molecule in all water con-
tents. Regarding the HBD effect, results for ChCl-based DESs reveal a decreasing number of hydro-
gen bonds per molecule for HBD-HBD interactions as the HBD chain length decrease, meanwhile,
a similiar behavior is observed for Bet-based DESs. On the other hand, 12P-based DESs show
HBD-HBD interactions closer to EG-based DESs than 13P-based DESs for both HBA. The fact that
EG-based DESs and 12P-based DESs show a lower number of hydrogen bonds per molecule is
explained by the proximity of the two OH groups in EG and 12P that allow the possibility of the
interaction of both OH groups with another OH group at the same time.

Even though the number of HBA molecules, which limits the possible HBD-HBA hydrogen bonds,
is higher for ChCl-based DES; the Bet-based DESs show more interaction per molecule between
HBA and HBD. This result can be attributed to the fact that ChCl can self-associate (cf. Figure
because the Ch structure has a hydroxyl group (hydrogen bond donor) and it is a salt, so its
constituents (Cl and Ch ions) are separated in solution. This self-association reduces the possibility
of interactions between HBD and HBA. On the other hand, Bet molecules can not establish self-
association due to their hydrophobic carboxylate molecule, as is shown in Figure This can
explain that, at the same state and composition, the density and viscosity of Bet-based DESs are
higher than ChCl-based DESs, although the molecules have a similar structure.

Molecular arrangement

The RDFs and coordination numbers (CNs) for each molecular pair were calculated from MD
simulations to investigate the structure of DESs. The Appendix [B| provides RDFs between the
centers of mass of each molecule for all possible pair combinations as a function of water content,
covering ChCLEG (1:3) (Figure [B.11), ChCL:12P (1:3) (Figure [B.12), ChCl:13P (1:3) (Figure [B.13),
ChCl:14B (1:3) (Figure [B.14), Bet:EG (1:6) (Figure [B.15), Bet:12P (1:6) (Figure [B.16), Bet:13P (1:6)
(Figure [B.17), and Bet:14B (1:6) (Figure[B.18). A key observation is the reduction in peak intensity
in most RDFs with increasing water content, indicating that water interacts with all molecules in
the mixtures and diminishes specific pair interactions. The subsequent discussion will explore into
specific features of particular molecular pairs in the RDFs.

The RDFs for Cl-Cl reveal the appearance of a second peak at approximately 0.5 nm, emerging
immediately with the addition of small amounts of water. This second peak indicates that the
Cl ions adopt shorter interionic distances, forming structures distinct from those in ChCl-based
DESs without water. Notably, the appearance of the second peak in CI-Cl RDFs is related to the
Cl-water RDF peak located at approximately 0.3 nm across all water contents. This distance is
shorter than the CI-Cl second peak and the first coordination shells of CI-HBD and Cl-Ch pairs.



Chapter 7. Investigating the physicochemical properties of DESs made by choline chloride or

betaine, and low molecular weight glycols 9

For instance, Figure illustrates this behavior for ChCI:EG(1:3), which is also observed in other
ChCl-based DESs studied here (see Figures [B.12HB.14). This phenomenon arises because two Cl
ions can simultaneously interact with a single water molecule, with each Cl ion associating with
one proton, thereby reducing the distance between the Cl ions.
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FIGURE 7.10: Center-of-mass RDFs as a function of water content for ChCl:EG(1:3) +
water mixtures, showing the pairs: (A) Cl-Cl and (B) Cl-water.

Another behavior is observed in the RDFs for HBD-HBD interactions. These RDFs show a nearly
constant peak intensity at low water content until approximately X ater = 0.3, after which the in-
tensity decreases. This behavior is related to changes in the HBD-HBD hydrogen bonds as the
water content increases, as discussed in the previous section. To understand this behavior more
deeply and to examine how the molecular liquid structure evolves with varying water content, it
is necessary to analyze the CNs using water as a reference. Figure presents these CNs for the
EG-based DESs as an example; similar behavior is observed in the other DESs, as shown in Figure
The CNs reveal that water molecules are primarily surrounded by HBA and HBD in the first
solvation shell, maintaining a nearly constant conformation until a water content of approximately
Xwater = 0.75 (most notably with HBD in most DESs). Similar behavior has been reported for dif-
ferent DESs in the literature [272} 287]]. Beyond this water content, water molecules preferentially
surround themselves, causing the conformation with HBA and HBD to change abruptly, forming
an aqueous solution of HBA and HBD.
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FIGURE 7.11: First coordination numbers (CN;) obtained for different molecular
pairs in water mixtures of (A) ChCl:EG(1:3) and (B) Bet:EG(1:6) as a function of the
water content.

An interesting relationship between the Ch-Cl RDFs and Ch-water RDFs emerges with increasing
water content for all the ChCl-based DESs. The peaks for both molecular pairs are double and
overlap at similar distances. As the water content increases, the intensity of both peaks diminishes;
however, the first peak decreases more rapidly with water addition compared to the second. This
behavior is illustrated in Figure for ChCLEG(1:3) and is consistent across the other ChCl-
based DESs (see Figures [B.12HB.14). This phenomenon suggests that at higher water content, the
coordination pattern preferentially stabilizes the arrangement corresponding to the second peak
[288].
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FIGURE 7.12: Center-of-mass RDFs as a function of water content for ChCl:EG (1:3)
+ water mixtures, showing the pairs: (A) Ch—Cl and (B) Ch-water.
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Related to the HBD effect, the CI-HBD RDFs exhibit distinct coordination patterns for each HBD,
as shown in Figure [7.13| without water content. It is evident that EG and 12P display a single clear
peak, while 13P and 14B exhibit two peaks. This difference is attributed to the proximity of the OH
groups, as a single Cl ion can simultaneously interact with both OH groups in the case of EG and
12P, as discussed earlier in Section|/.4.3
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FIGURE 7.13: Center-of-mass RDFs for the pairs ClI-HBD in the ChCl-based DESs
without water content.

To determine how water molecules solvate the HBA of each DES, the spatial distribution func-
tions (SDFs) for the EG-based DES at different water contents were calculated from the trajectories
using the TRAVIS package [351]. The distribution of molecules around the HBA is not signifi-
cantly influenced by the HBD involved, making the findings applicable to the other DESs. As
shown qualitatively in Figure in both HBAs, HBD molecules approach the nitrogen atom as
closely as possible due to its positive charge, creating three voids aligned with the N-methyl group
axis [263]. However, the addition of water causes a rearrangement of the molecules around both
HBAs, particularly around the nitrogen atom, to the point where the HBD molecules that form the
DES structure are completely displaced. When the HBD molecules are mostly replaced by water
molecules, it clearly indicates that the DES structure is no longer preserved and that the system
behaves as a simple solution of HBA and HBD.
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FIGURE 7.14: Spatial distribution functions of each HBA at different water contents,
using ChCLEG (1:3) and Bet:EG (1:6) as representative systems. For clarity, chloride
ions have been omitted.

For a more quantitative comparison of the water effects on each HBA, Figure shows the SDF
projection on the XY plane for the water molecules around each HBA at 50% water content. The
differences in the SDFs are attributed to the varying functional groups of Ch and Bet, with Bet
being more extensively solvated due to its delocalized negative charge. The carboxylate group
of Bet exhibits greater affinity than the hydroxyl group of Ch. This is consistent with the higher

number of HBA-water hydrogen bonds observed for Bet-based DESs in Section
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FIGURE 7.15: SDFs projection in the plane XY of (A) Ch and (B) Bet surrounded by

water in EG-based DESs at 50% water content. The origin is placed in the nitrogen

atoms of each HBA, and the positive Y-axis is placed in the functional group direc-
tion.
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Density profiles along the interface

Density profiles for each compound in the DES + water mixture were calculated using PC-SAFT
+ DGT and MD simulations to provide insights into the interfacial region. Figure [7.16]shows the
density profiles of DES and water as a function of water content for EG-based DES + water mix-
tures. The corresponding density profiles for other DES + water mixtures are very similar and are
provided in the Appendix B| (Figures and [B.22). For this comparison, it is necessary to define
the DES density profile in the MD simulation as the sum of the HBA and HBD density profiles,
since PC-SAFT + DGT can only provide the density profile of the DES as a pseudo-pure approach.
The PC-SAFT + DGT results show good agreement with the MD results, showing interface adsorp-
tion (or accumulation) of the DES at high water content. This accumulation becomes increasingly
pronounced with increasing water content and aligns well with the reduction in water surface
tension observed with a small addition of DES, as previously shown in Figure
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FIGURE 7.16: Density profiles at 40°C along the interfacial region (z) of (A)
ChCL:EG(1:3) in its mixtures with water, (B) water in its mixtures with ChCLEG(1:3),
(C) Bet:EG(1:6) in its mixtures with water, and (D) water in its mixtures with
Bet:EG(1:6). Symbols represent MD simulation results, while solid lines correspond
to the PC-SAFT + DGT calculations using parameters reported in Tables
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Figure illustrates the density profiles of DESs at high water content (Xwater = 0.9), highlight-
ing the effect of HBD structure on ChCl-based and Bet-based DESs. The PC-SAFT + DGT results
reveal a clear trend: the maximum adsorption of DES at the interface increases with HBD chain
length. This increased adsorption corresponds to a greater reduction in water’s surface tension,
consistent with previously observed trends at high water content. For isomeric HBDs (12P and
13P), the PC-SAFT + DGT results show that 12P-based DESs exhibit higher adsorption compared
to 13P-based DESs. This difference is attributed to the molecular structure of 12P, where the hy-
droxyl groups are positioned to create a molecule with distinct polar and apolar regions. Such a
configuration enhances its surfactant-like behavior, with polar regions favoring the liquid phase
and apolar regions favoring the vapor phase. Consequently, the higher adsorption of 12P aligns
with its greater ability to reduce water’s surface tension. MD simulation results also support these
findings, showing adsorption trends consistent with PC-SAFT + DGT. However, the difference in
adsorption between 12P- and 13P-based DESs is less pronounced in MD simulations, making the
distinction in surface tension behavior between the two isomers less perceptible.
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FIGURE 7.17: Density profiles of DESs with xwater = 0.9 at 40°C along the interfacial
region, z, for: (A) ChCl-based and (B) Bet-based DESs. Symbols represent MD simu-
lation results, while solid lines correspond to the PC-SAFT + DGT calculations using

parameters reported in Tables and

While PC-SAFT + DGT effectively represents surface tensions and density profiles of DES + wa-
ter mixtures with lower computational cost and time compared to MD simulations, it treats DESs
as pseudo-pure components in the interfacial region. As a result, MD simulations provide valu-
able complementary insights by accounting for the contributions of individual precursors. Fig-
ure shows MD density profiles for ChCl:EG(1:3) and Bet:EG(1:6) DESs at high water content
(xwater = 0.9). Similar trends are observed for other DES + water mixtures, as illustrated in the
Appendix [B| (Figures and B.24). The previously observed DES adsorption behavior (Figure
is predominantly attributed to the HBD component. Notably, the density profiles of HBDs
exhibit stronger positive surface activity, with accumulation closer to the air interface. In contrast,
the HBA density profiles show a monotonic decrease from the liquid to the air interface. These
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results highlight that the DES molar ratio changes along the interface due to the distinct interfacial
behaviors of their precursors, with HBDs playing a dominant role in surface activity.
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FIGURE 7.18: Density profiles of each compounds with Xyater = 0.9 at 40°C along
the interfacial region, z, for: (A) ChCl:EG(1:3) + water and (B) Bet:EG(1:6) + water.
Symbols represent MD simulation results.
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7.5. Conclusion

Density, viscosity, and surface tension of Bet-based and ChCl-based DESs with glycols (EG, 12P,
13D, and 14B) as HBDs were studied at various molar ratios, temperatures, and water contents to
gain molecular-level insight into these properties. These investigations aim to support the rational
design of DESs through a deeper understanding of how structural and compositional factors influ-
ence their behavior. The PC-SAFT equation of state, along with FVT and DGT, was used to model
the density, viscosity, and surface tension of glycols and DESs, and to predict the same properties
for DES + water mixtures. This theoretical framework achieved average absolute relative devia-
tions (AARDs) of 0.11%, 4.65%, and 0.49% for the density, viscosity, and surface tension of glycols
and DESs, respectively, and 0.57%, 32.97%, and 15.03% for DES + water mixtures.

Increasing temperature, HBD content, and water content were found to decrease the density and
viscosity of DESs. Meanwhile, surface tension decreases with temperature but increases with wa-
ter content. Additionally, increasing the HBD chain length generally leads to lower density and
surface tension but higher viscosity. However, DESs based on 12P deviate from this trend in terms
of surface tension. This deviation is attributed to the molecular structure of 12P, where the two
hydroxyl groups are closely positioned on a short apolar backbone. This configuration enhances
interfacial activity, promoting accumulation at the interface and resulting in a stronger effect on
surface tension, resembling the behavior of a surfactant. Furthermore, Bet-based DESs exhibit
higher density and viscosity and lower surface tension than ChCl-based DESs.

MD simulations were performed to calculate the same properties for selected DESs and for all DES
+ water mixtures. These simulations supported the experimental observations through the anal-
ysis of hydrogen bonding, RDFs, SDFs, and CNs between DES components. The intricate mixing
behavior observed in DES + water systems arises from a complex interplay of competitive hydro-
gen bonding and differing electrostatic affinities between the components. Water molecules com-
pete with HBDs for interactions with the HBA, often disrupting the original HBA-HBD hydrogen-
bonding network that stabilizes the DES structure. As water content increases, it can progressively
displace HBD molecules around the HBA, leading to a partial or complete breakdown of the eu-
tectic structure. Additionally, electrostatic interactions play a critical role: water exhibits strong
affinity for highly polar or charged moieties such as chloride ions or the carboxylate group of
betaine, further altering the microscopic arrangement of the system. This competition and prefer-
ential solvation result in non-ideal mixing behavior, structural reorganization, and the emergence
of interfacial layering phenomena, as evidenced by the density profiles. Therefore, understanding
both the macroscopic properties and the molecular-level interactions is essential for accurately de-
scribing DES—-water systems and for enabling their effective design and application in industrial
processes.
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8. Separation of furfuryl alcohol from water us-
ing hydrophobic DESs

This chapter explores the separation of furfuryl alcohol from water using hydrophobic DESs,
highlighting their potential as an environmentally friendly alternative to conventional volatile
organic solvents. By examining three DES formulations — thymol + octanoic acid (1:2), men-
thol + octanoic acid (1:2), and thymol + menthol (1:1) — this work evaluates their efficacy
in liquid-liquid extraction processes. Through experimental liquid-liquid equilibrium measure-
ments, PC-SAFT modeling, and MD simulations, the study provides a comprehensive assess-
ment of the separation performance, emphasizing the role of DES in sustainable chemical pro-
cesses. This chapter highlights the synergy between experimental and predictive modeling ap-
proaches for optimizing solvent systems in the context of FA extraction]]

8.1. Introduction

Lignocellulosic biomass, especially from inedible agricultural sources, is a promising feedstock for
obtaining chemical compounds using environmentally friendly processes. Furfuryl alcohol (FA) is
an important organic product from biomass, mainly used to produce furan resins with varied prop-
erties, such as plasticizers, solvents, and sustainable aviation fuels (SAF) [352-355|]. Furthermore,
FA aqueous solutions are present in a wide range of industrial applications such as dyes, synthetic
fibers, rubber, and pesticides [356, 357]. However, FA is considered environmentally unfriendly,
may cause adverse human health effects, and forms oligomers in the aqueous phase, compromis-
ing the FA capability to be converted into valuable products [358]. Purifications, separations, and
solvent recoveries determine the economic feasibility of the FA production processes. The isola-
tion of this component is the main challenge in the production of new raw materials. Until now,
steam stripping and liquid-liquid extraction with Volatile Organic Solvents (VOCs) have been the
most commonly applied isolation methods [359-361]]. Steam stripping is highly energy-intensive

*This chapter is adapted with permission from:
E. Cea-Klapp, A. F. Arroyo-Avirama, S. Ormazabal-Latorre, N. F. Gajardo-Parra, C. Pazo-Carballo, H. Quinteros-Lama,
T. Marzialetti, C. Held, R. I. Canales, and J. M. Garrido, “Separation of furfuryl alcohol from water using hydrophobic
deep eutectic solvents”, Journal of Molecular Liquids 384, 122232 (2023). Copyright 2023 Elsevier B.V.
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and problematic due to the presence of an azeotrope [362]]. The effectiveness of liquid-liquid ex-
traction depends on the solvent selection. For a rational solvent selection, the following properties
should be considered: distribution ratio, selectivity, density, recoverability, environmental impact,
viscosity, toxicity, flammability, and thermal and chemical stability.

A few research studies have been published on separating FA from aqueous systems, and a scarce
amount of hydrophobic extracting solvents have been reported. Some of the main solvents in-
vestigated for removing FA from aqueous solutions are: ethyl acetate, methyl isobutyl ketone,
2-furaldehyde, and 1-butanol [359]]; methyl tert-butyl ether, isopropyl ether, methylene chloride,
and 4-methyl-2-pentanol [360]; 1-pentanol and n-propyl acetate [361]. However, a systematic sol-
vent selection and better insights into the thermodynamics of the separation are necessary for the
optimal solvent choice. Moreover, recent research on new extracting agents is focused on pursuing
safer and more environmentally friendly solvents that not only improve the selectivity of the target
solute but are recyclable and support the sustainability of the process [363-365].

Hydrophobic DESs have recently received attention due to their ability to extract polar compounds
from aqueous mixtures [366|]. The application of hydrophobic DES as an extraction medium has
been reported to extract flavonoids, phenolic acids, polyphenols, and other bioactive compounds
from biomass [367]. The first hydrophobic DES was developed by the group led by Marrucho using
menthol as HBA, and natural organic acids as HBD [368]. The extraction potential of these DESs
was validated by recovering several model biomolecules from aqueous phases [369, 370]. Despite
the number of possible DESs combinations being very large due to their tailor-made nature, the
study of the thermodynamic properties of target DESs can help to use these mixtures in specific
applications and understand their extraction mechanisms for generating greater affinity with the
substances. Thus, studying the thermodynamic behavior of FA when mixed with water and a
hydrophobic DES is essential for designing separation processes of biomass-derived molecules
that have some affinity with water [369].

Predictive theoretical models are essential for reducing the experimental effort, especially when
compounds studied present scarce physicochemical and thermodynamic information in the lit-
erature [371]. Methods such as MD simulations, classical thermodynamic models, and quan-
tum chemical calculations are strong tools for performing such predictive calculations [365, 372].
Specifically, PC-SAFT can predict the physicochemical properties and phase equilibria of many
compounds and mixtures by directly including molecular interactions. Also, Coarse-grained (CG)
models have become increasingly popular as an alternative to all-atom models by enhancing the
time scale of the simulation [373]. A significant increase in computational speed can be achieved
by converting atomic clusters, also known as CG beads, into functional interaction sites. The Mar-
tini force field is considered one of the most well-known examples of a CG model [140]. This force
field has been successfully utilized in research on several biologically significant systems[373]],
and more recently, in extraction using DESs [374] and ionic liquids [375]. The high applicability of
Martini force fields can be attributed partly to the top-down process used to parameterize it; that
is, matching thermodynamic parameters for providing a level of transferability [376]. Therefore,
the common use of thermodynamic modeling with molecular dynamics generates the necessary
information to study the properties of novel solvents such as DESs [28].
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Unlike the ChCl- and betaine-based DESs discussed in previous chapters, terpene- and carboxylic
acid-based DESs exhibit a hydrophobic character, making them particularly well-suited for use as
extractants in aqueous systems. The primary objective of this chapter is to enhance the understand-
ing of FA extraction from water using hydrophobic DESs. In this study, DESs based on menthol,
thymol, and octanoic acid were selected as extractants. Thus, the LLE for the pseudo-ternary sys-
tems composed of water + FA + hydrophobic DES at 313.15 K and 101.13 kPa are presented as the
model mixtures for the extraction process. The DESs considered in this work are thymol + octanoic
acid (1:2), menthol + octanoic acid (1:2), and thymol + menthol (1:1). The extraction performance
of DESs is compared in terms of partition coefficients, selectivities, and density profiles. PC-SAFT
and MD coarse-grained simulations were used to model and simulate the LLE, respectively, to
obtain an accurate description of the experimental results. This approach generates a platform for
reducing experimental measurements using predicted thermophysical properties, which is helpful
for further selecting solvents that could be candidates for the FA extraction process.

8.2. [Experimental

8.2.1. Materials

The compounds for preparing hydrophobic DESs, such as thymol, I-menthol, and octanoic acid,
were supplied by Acros Organics B.V.B.A., whereas FA was acquired from Sigma-Aldrich. All of
them were used without an additional purification stage. Table[8.1shows the specifications of each
compound used in this study, such as molar mass, CAS number, source, and purity.

TABLE 8.1: Specifications of chemicals used in this work.

Compounds CAS Supplier Purity
water 7732-18-5 Sigma Aldrich LC-MS Grade
thymol 89-83-8  Acros Organics >99.0
I-menthol 2216-51-5 Acros Organics >99.5
octanoic acid 124-07-2  Acros Organics >99.0
furfuryl alcohol ~ 98-00-0  Sigma Aldrich >98.0

8.2.2. Preparation of DESs

Each DES was prepared by mass using an analytical balance (Practum 224-1s Sartorius, Germany,
uncertainty 0.1 mg). The components were added to a vial and quickly closed with a septum
cap. The mixture was placed in a sonicator (iSonic P4862-IT, Australia) at 323.15 K until a homo-
geneous liquid was formed. The water content was measured using a Karl Fischer Coulometer
(831KF Metrohm, Switzerland). The LLE measurements were set up immediately after the DESs
preparation. Table 8.2 shows the components (HBA and HBD), the molar ratio (HBA:HBD), and
the water content for each DES prepared in this work.
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TABLE 8.2: Abbreviation, components, mole ratio, and water content (wt.%) of DES
used in this work.

Abbreviation HBA HBD Mole ratio water content
HBA:HBD (wt.%)
Thy:OctA(1:2)  thymol octanoicacid  1:1.9969 0.190
Men:OctA(1:2) I-menthol octanoicacid — 1:1.9992 0.441
Men:Thy(1:1)  I-menthol thymol 1:0.9872 0.043

8.2.3. Liquid-liquid equilibrium measurements

LLE measurements were performed inside a homemade jacketed glass cell with known feed com-
positions. All the mixtures were prepared using an analytical balance (Sartorius Practum 224-1s,
Germany) with an accuracy of 0.1 mg. A thermoregulated water circulator kept the temperature
constant during the experiment, and an RTD platinum thermometer (VWR® Traceable®, + 0.1 K) in
the top of the cell, measured the temperature in the liquid mixture. The mixture was stirred inside
the equilibrium cell with a magnetic bar and a stirring plate for 4 h, then settled for at least 12 h to
reach two clear liquid phases. For each phase, approximately 0.5 mL samples were collected with
a syringe, weighted, and dissolved with a known mass of ethanol before being analyzed.

The samples were analyzed with a volumetric Karl Fischer (Metrohm 870 KF Titrino plus) for de-
termining the water content and a gas chromatograph (Shimadzu Nexis GC-2030) equipped with
a flame ionization detector, split-splitless injector, and an Elite 1 capillary column 100% dimethyl
polysiloxane (30 m x 0.53 mm x 3.0 um) with a flow rate of 15 cm®-min~! of nitrogen used as car-
rier gas. The temperature program included an isothermal analysis at 370 K, which lasted 3 min.
Then, the first ramp of 60 K- min~! was used to increase the temperature to 445.80 K, the second
ramp of 0.1 K- min~! increased the temperature to 446.00 K, and the final ramp of 80.00 K- min~?
brought the temperature up to 523.00 K. The standard external method was used to quantify the
amount of each compound in the mixture. The analysis was performed at least three times for
three samples taken from each liquid phase. A Nuclear Magnetic Resonance (NMR) study was
done to study the possibility that DESs were present in the water-rich phase. A Bruker Advance
400 Mhz Spectrometer was used to perform the 'H-NMR analyses (Massachusetts, USA). Before
'H-NMR analysis, samples were dissolved in deuterated water.

8.3. Molecular modeling

8.3.1. PC-SAFT modeling

PC-SAFT has already been described in the previous Section The parameters used in this
chapter are shown in Table [8.3|and were mainly retrieved from the literature. The FA parameters
were fitted in this work using experimental density and vapor pressure data from the literature
[377,1378]. It was not necessary to use binary interaction parameters for the modeling approach, so
the model is fully predictive.
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TABLE 8.3: PC-SAFT molecular parameters used in this chapter. The [B, P, N] nota-

tion indicates the number of bivalent, positive, and negative association sites, respec-
tively, as defined in Figure

Compounds My, m; o; ¢i/kp sai eAiBi [kg AP Sources
[g/mol] [A] (Kl [B,PN] [K]

thymol 150.220 4.0120 3.8160 290.22 [0, 1,1] 0.0616 1660.00 [47]

I-menthol 156.270 4.1520 3.9030 262.40 [0,1,1] 0.0996 1785.60 [47]

octanoic acid 144.210 7.0480 3.1360 23436 [0,1,1] 0.0200 1889.20 [47]

furfuryl alcohol ~ 98.100 4.3611 3.0048 218.34 [0,1,2] 0.1462 1834.33 This work

water 18.02 1.2046 o(T)* 35395 [0,1,1] 24258  0.0451 [195]

* Temperature-dependent function is given by o [A] = 2.7927 +10.11 exp (—0.01775T[K]) + 1.417 exp (—0.01146T[K]).

8.3.2. Molecular dynamics details

Coarse-grained simulations of the liquid-liquid phase equilibrium were carried out at the same
experimental conditions (313.15 K and 101.13 kPa). The simulations were carried out using the
direct coexistence technique in the NP, AT ensemble [379]. In this ensemble, the volume in the
simulation box is varied by changing its z-dimension (L,), with the z-axis chosen perpendicular
to the planar liquid-liquid interface. At the same time, while the number of molecules (N), the
normal pressure (P,), interfacial area (A = L, x L), and temperature (T) remain constant.

The initial configuration for each phase was generated independently using PACKMOL [267],
placing molecules aleatory in a box with dimensions of Ly = L, = 8 nm and L, ~ 10 nm. The
boxes are prepared using as initial values for composition the predictions obtained from the PC-
SAFT calculation at the same thermodynamic conditions for each phase. Then an energy min-
imization using the steepest descent algorithm with 10000 steps was performed. After that, an
equilibration routine in the NP, AT ensemble using four different time steps, 1 fs, 2 fs, 10 fs, and
20 fs, was realized for 80 ns in total. This equilibration procedure has been utilized in the past
for hydrophobic DES systems employing the Martini 3 force field [374]. When both phases were
equilibrated, the inhomogeneous system was ensembled along the z direction, joining an aqueous
phase at each interface with the DES-rich phase, as is shown in Figure Subsequently, the same
energy minimization and equilibration procedures were realized. Finally, the production was run
for 1 ps in the NP, AT ensemble with a time step of 20 fs, where the last 500 ns were used for
statistical analysis.

AllMD simulations were carried out using GROMACS version 2021.2 [310,|380], and the equations
of motion were integrated using the leap-frog algorithm [142]. The cut-off radius for electrostatic
and van der Waals interactions was set to 1.1 nm, and periodic boundary conditions were used
in all directions. Electrostatic interactions were computed using the reaction-field approach [381].
A velocity rescaling thermostat [148] with a time constant of 7 = 1 ps was used to keep the
system temperature constant. In the equilibration stage, the pressure was kept constant using the
Berendsen barostat [147] with a time constant 7p = 2 ps. During the production, the Parrinello-
Rahman barostat [151} [152] was used with a time constant 7p = 12 ps. The system was divided
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FIGURE 8.1: Density profile example for the system water + furfuryl alcohol + DES

TABLE 8.4: The logarithm of the water—octanol partition coefficients obtained with
Martini 3 (log Pyp) and experimental data (log Ppxp) at 298.15 K and 101.13 kPa.

Compounds log Pvp log Pexp Source
menthol 3.02£0.02 3.85+0.11
octanoic acid 3.43 +£0.03 3.03
thymol 2.76 £ 0.01 3.15+0.09

furfuryl alcohol 0.64 £0.02 0.724+0.02 This work“

?Standard uncertainties u are u(T) = 0.05 K, u(P) = 1 kPa. Relative standard uncertainty in our measure is u,(w;)= 0.06.

into 250 slabs along the z-axis to make the density profiles. The mass fraction in each phase was
found by taking the average density profiles for each phase, as shown in Figure[8.1}

Martini 3 was used as the force field , and the parameters for each molecule are shown in
the Appendix [C] (see Tables -[C.8). The I-menthol parameters were retrieved from the work
of Vainikka et al. [374], and the others were obtained following the strategy for small molecules
proposed by Alessandri et al. [376]. Water-octanol partition coefficients (log P values) at 298.15 K
were computed and compared to experimentally determined values to validate the new parame-
ters, as shown in Table The log P value for each simulated molecule was obtained using the
thermodynamic integration described elsewhere [374].
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8.4. Results

LLE data of water + FA + DES, measured at 313.15 K and 101.13 kPa, are shown in Table [8.5
and Figure in mass fraction. As seen in Table the DES-rich phase, for each water + DES
system, contains a small amount of water (below 2 wt.%). Therefore, there is a wide miscibility gap
between water and all the considered DESs, as shown in Figure allowing the FA to separate
at almost any initial condition of the FA + water mixture. In order to study the stability of the
obtained solvents and to check that there is not a complete solubilization of HBD and HBA in
the aqueous phase, a small amount for each system was analyzed by 'H-NMR. The results in the
Appendix [C] (see Figures [C.2] - verify the stability and immiscibility of all solvents in water,
detecting a negligible quantity of DESs in the water rich-phase for all the studied systems. It
should be noted that the accuracy of the integrals for specific peaks, either of DESs or of starting
compounds, is not high enough to determine the solubility quantitatively. As shown in Table
gradually adding FA grows its mass fraction in both phases. Also, the FA mass fraction in the DES-
rich phase is significantly larger than in the aqueous phase. Therefore, a considerable immiscibility
gap is reached as expected for extraction purposes. Thus, selected DESs can be an alternative to
the organic solvents used in the literature. [359-361].

All the LLE systems were modeled with PC-SAFT with molecular parameters reported in Table
Cross-interaction parameters were not fit and PC-SAFT was used as a predictive tool. Results
are presented in Figure in which a qualitative description was obtained using PC-SAFT, where
the model could reproduce the miscibility gap for all the systems under consideration. All the tie
lines obtained from PC-SAFT are mainly parallel to the experimental one. Nevertheless, PC-SAFT
predicts a phase separation between water and FA that has not been observed experimentally.

In addition, the results were complemented with MD simulations using the Martini 3 Coarse-
Grained force field. Table[8.7]collects the MD results for the LLE for the water + FA + DES mixtures
at the same experimental conditions. Those results are in good agreement with the experimental
tie lines. However, an increasing excess of FA is observed in the DES-rich phase when the concen-
tration of this solute is higher.

In order to assess the PC-SAFT and MD performances, the corresponding root-mean-square devi-
ations (RMSD) values are calculated with Eq. (8.1).

N - (,eXP . ocal\2
RMSD — \/ Lim1 (wlN w”) 8.1)

where w; " is the experimental mass fraction of each species, w¢" is the mass fraction calculated
either with PC-SAFT or MD, and N is the compared number of points. All RMSD values were less
than 0.05 (see Table . The lowest values were obtained with PC-SAFT, as also can be seen in
Figure However, the MD results are directly related to the initial configuration used, which
could be improved iteratively to match the experimental tie line. These results support that the
PC-SAFT EoS and Martini 3 force field adequately describe these systems.
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TABLE 8.5: Experimental LLE data for the water + furfuryl alcohol + DES systems
at 313.15 K and 101.13 kPa. The distribution coefficient, D, and selectivity, S, are

calculated using Egs. [8.2land [8.3] respectively.

Tie DES-rich phase Aqueous phase
line Wl Why Whps Wihye W whpg D 5
DES: thymol + cctanoic acid (1:2)
TLB 0.018 - 0.982 1.000 - 0.000 - -
TL1 0.050 0.066 0.884 0983 0.017 0.000 391 77.1
TL2 0.076 0213 0711 0949 0.051 0.000 4.16 517
TL3 0122 0.310 0.568 0.929 0.071 0.000 4.36 33.2
TL4 0.165 0427 0408 0.897 0.103 0.000 4.13 224
TL5 0.150 0512 0339 0.885 0.115 0.000 444 26.2
TL6 0.284 0.619 0.097 0.829 0.171 0.000 3.61 10.5
DES: menthol + octanoic acid (1:2)
TLB 0.018 - 0.982 1.000 - 0.000 - -
TL1 0.030 0.001 0970 0999 0.001 0.000 741 2453
TL2 0.050 0.175 0.775 0975 0.025 0.000 7.04 1364
TL3 0.085 0.358 0.557 0963 0.037 0.000 9.73 110.3
TL4 0.143 0.521 0.337 0945 0.055 0.000 945 62.6
TL5 0.238 0.633 0.129 0937 0.063 0.000 10.09 39.7
TL6 0.201 0.618 0.182 0919 0.081 0.000 7.66 351
DES: menthol + thymol (1:1)

TLB 0.021 - 0.979  1.000 - 0.000 - -
TL1 0.030 0.050 0.920 0987 0.014 0.000 3.70 121.5
TL2 0.042 0.138 0.821 0978 0.022 0.000 6.17 1444
TL3 0.060 0.242 0.698 0970 0.030 0.000 8.07 131.6
TL4 0.098 0332 0570 0962 0.038 0.000 870 85.7
TL5 0.140 0463 0.397 0961 0.039 0.000 11.87 81.5
TL6 0.234 0.543 0.223 0926 0.074 0.000 7.34 29.1

?Standard uncertainties u are u(T) = 0.05 K, u(P) = 1 kPa. Relative standard uncertainties u,(w;)= 0.01.

The w refers to the mass fraction and the superscripts I and 11 indicate the DES-rich phase and the aqueous phase.

TABLE 8.6: Root-mean-square deviations (RMSD) for the PC-SAFT EOS and MD cal-
culations of the LLE of water + furfuryl alcohol + DES compared with experimental
data.

DES

RMSDpc.sarr  RMSDwmp

Thy:OctA(1:2)
Men:OctA(1:2)
Men:Thy(1:1)

0.0227
0.0208
0.0187

0.0482
0.0417
0.0462




Chapter 8. Separation of furfuryl alcohol from water using hydrophobic DESs

111

0.0 02 0.4 06 08 1.0

water water

0.0 02 04 0.6 08 1.0

water
FIGURE 8.2: Phase diagram for the water + furfuryl alcohol + DES systems at 313.15
Kand 101.13 kPa. DES: (A) Thy:OctA(1:2), (B) Men:OctA(1:2), and (C) Men:Thy(1:1).
Circles: experimental data. Stars: MD simulation. Squares and solid lines: PC-SAFT
calculations.
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8.4.1. Distribution coefficient and selectivity

The distribution coefficient, D, and selectivity, S, are calculated using the mass fraction in the
equilibrium with Egs. [8.2land 8.3} respectively.

D = wis/wy (8.2)
S= (wllfA/wgﬁl) / (wx{vater/w\%ater) (83)

Here, the superscripts I and II denote the DES-rich phase and the aqueous phase, while the sub-
scripts stand either for FA or water.

12 I T I T I T 400 T I T I T I T
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FIGURE 8.3: (A) Distribution coefficient and (B) Selectivity of furfuryl alcohol plotted

against the mass fraction of furfuryl alcohol in the aqueous phase at 313.15 K and

101.13 kPa. Circles: experimental data. Stars: MD simulation. Solid lines: PC-SAFT

calculations. Error bars are shown only for the experimental data, calculated using
error propagation with a relative standard uncertainty of u,(w;) = 0.01.

Figure shows the D and S values obtained from the experiments (also in Table , PC-SAFT,
and MD simulations. PC-SAFT exhibits excellent agreement with experimental data, whereas the
MD simulations slightly overestimate the selectivity. For all the systems, the values of D and S are
greater than unity, reflecting the potential of the three hydrophobic DESs to extract FA from aque-
ous media. From the experimental data, it becomes clear that selectivity strongly decreases with
increasing FA concentration. In contrast, distribution coefficients of FA are relatively constant upon
increasing FA concentration. The maximum distribution coefficient is obtained by Men:Thy(1:1)
at 3.9 wt% of FA in water. Thus, a cleaner raffinate of FA is achieved. At the same concentration,
the trend is followed by Men:OctA(1:2) and Thy:OctA(1:2). From a thermodynamic point of view,
PC-SAFT and MD results reveal that DESs are very appropriate for extracting FA from water at
low FA concentrations. Overall, the predictions are consistent with the experimental values when
considering the relatively high uncertainty in the data due to error propagation. Although the
experimental values of the D are not matched precisely, the qualitative trend of the S is accurately
captured.
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TABLE 8.7: LLE data for water + furfuryl alcohol + DES systems at 313.15 K and

101.13 kPa from MD.

Tie

line

DES-rich phase Aqueous phase

I

Wyvater

I I I 11 11
Wep WpEs Wyater Wep WpEs

DES: Thymol + Octanoic acid (1:2)

TLB
TL1
TL2
TL3
TL4
TL5
TL6

0.0187(1)
0.0229(1)
0.0378(1)
0.0498(1)
0.0718(1)
0.0848(1)
0.1091(1)

- 0.9813(1) 0.9983(1) - 0.0017(1)
0.0654(1) 0.9117(1) 0.9855(2) 0.0125(1) 0.0020(1)
0.2307(1) 0.7315(1) 0.9553(2) 0.0429(1) 0.0018(1)
0.3264(1) 0.6238(1) 0.9380(2) 0.0598(3) 0.0022(1)
0.4744(2) 0.4538(2) 0.9138(4) 0.0842(2) 0.0020(1)
0.5440(1) 0.3712(1) 0.9037(5) 0.0945(3) 0.0018(1)
0.6299(1) 0.2610(1) 0.8856(4) 0.1122(3) 0.0022(1)

5.23(1)
5.37(1)
5.45(1)
5.63(1)
5.76(2)
5.61(2)

225.2(7)
135.9(2)
102.8(2)
71.7(2)
61.3(2)
45.6(1)

DES: Menthol + Octanoic acid (1:2)

TLB
TL1
TL2
TL3
TL4
TL5
TL6

0.0225(1)
0.0228(1)
0.0333(1)
0.0525(1)
0.0955(2)
0.1230(2)
0.1532(7)

- 0.9775(1) 0.9983(1) - 0.0017(1)
0.0017(1) 0.9755(1) 0.9981(2) 0.0003(1) 0.0016(1)
0.1582(3) 0.8085(2) 0.9646(2) 0.0336(1) 0.0018(1)
0.3364(1) 0.6111(1) 0.9301(2) 0.0678(1) 0.0021(1)
0.5581(2) 0.3464(2) 0.8931(4) 0.1052(2) 0.0017(1)
0.6483(1) 0.2287(2) 0.8760(7) 0.1224(5) 0.0016(1)
0.7267(4) 0.1201(4) 0.8600(5) 0.1384(4) 0.0016(1)

5.67(6)
4.71(1)
4.96(1)
5.31(1)
5.30(2)
5.25(1)

248.3(9)
136.4(4)
87.9(2)
49.6(1)
37.7(2)
29.5(2)

DES: Menthol + Thymol (1:1)

TLB
TL1
TL2
TL3
TL4
TL5
TL6

0.0121(1)
0.0111(1)
0.0152(1)
0.0208(1)
0.0291(1)
0.0540(1)
0.0944(1)

- 0.9879(1) 0.9989(2) - 0.0011(1)
0.0541(1) 0.9348(1) 0.9824(2) 0.0163(1) 0.0013(1)
0.1225(1) 0.8623(1) 0.9645(2) 0.0339(1) 0.0016(1)
0.2011(1) 0.7781(1) 0.9472(2) 0.0510(1) 0.0018(1)
0.2890(1) 0.6819(1) 0.9273(2) 0.0710(1) 0.0017(1)
0.4700(2) 0.4760(2) 0.9022(3) 0.0962(1) 0.0016(1)
0.6271(1) 0.2785(1) 0.8797(4) 0.1185(2) 0.0018(1)

3.32(1)
3.61(1)
3.94(1)
4.07(1)
4.89(1)
5.29(1)

293.7(8)
229.3(5)
179.6(3)
129.7(3)
81.6(2)
49.3(1)

The number in parentheses gives the uncertainty in the last digit; that is, 0.0187(1) means 0.0187 & 0.0001.
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The distribution coefficient and selectivity for FA with hydrophobic DESs and organic solvents
used in the literature are compared in Figure These parameters depend on the amount of FA,
so the figure shows the range of values available. As shown in Figure [8.4A, hydrophobic DESs
used in this work obtain the highest distribution coefficients, except for Thy:OctA(1:2), which be-
haves like the other organic solvents. Figure shows that the highest selectivities are found for
diisopropyl ether (DIPE) and methyl tertbutyl ether (MTBE). Nevertheless, the selectivity using
DESs is comparable to that found in n-propyl acetate or ethyl acetate and superior to other tradi-
tional organic solvents, such as 1-pentanol and n-butanol. Even though selectivity and distribution
coefficient are not the only variables affecting the process’s efficiency, the results with hydropho-
bic DESs are promising. Indeed, these solvents could replace classical organic solvents due to their
low costs and toxicity, making them suitable alternatives for separating FA.

MIBC MIBC | &
MTBE — o (A) MTBE | (B)
DIPE — DIPE — [ = |
n-propyl-acetate n-propyl-acetate |
1-pentanol 1-pentanol -{
n-butanol — n-butanol &
furfural — furfural
ethylacetate —| ethylacetate —|
MIBK — MIBK —
Thy:OctA — Thy:OctA —
Men:OctA — Men:OctA —
Men:Thy Men:Thy — b
. r . r .
0 2 4 6 8 10 12 0 150 300 450
D/- S/-

FIGURE 8.4: (a) Distribution coefficient and (b) selectivity of furfuryl alcohol com-
pared to different solvents from the literature. The bars reflect the highest and min-
imum values reported, while the stars are the averages. Sources: methyl isobutyl
ketone (MIBK), ethyl acetate, furfural, and 1-butanol from Wongsawa et al. at 298.2
K [359]; 1-pentanol and n-propyl acetate at 303.2 K, 313.2 K and 323.2 K from Han
et al. [361]; diisopropyl ether (DIPE), methyl tert-butyl ether (MTBE), and methyl
isobutylcarbinol (MIBC) at 298.2 K from Dong et al. [360].

8.4.2. Interfacial phenomena provided by the molecular dynamics

In addition to the mass fractions in the bulk phase, MD simulations provide a route to explore
interfacial properties using the density profiles in the normal direction to the interface (p-z pro-
jections). Figure 8.5 shows the simulation results for FA density profiles for different amounts of
FA according to Table The results evidence surface activity or absolute adsorption of FA in
the interfacial region. This surface activity is not exhibited for water and DES components. Figure
demonstrates that as the amount of FA increases, the maximum density decrease. When the
surface activity of FA in different DES is compared, it is clear that Thy:Men(1:1) has the highest
adsorption, while Thy:OctA(1:2) and Men:OctA(1:2) seem similar. The same trend is also found in
the selectivity of FA using these solvents.
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(A) [ (B)

z/ nm

FIGURE 8.5: Furfuryl alcohol density profiles from Martini 3 simulations. Thy:OctA
(A), Men:OctA (B) and Men:Thy (C). Each simulated tie line is represented as follows:
TL1 (=), TL2 (=), TL3 (=), TL4 (-—), TL5 (—), TL6 (—).

In order to quantify the interfacial phenomena, the relative adsorption of FA to water can be ex-
pressed in terms of an integral equation, as shown in Eq. (8.4).

o () —p} (z) — p}
oY = — (oba—oth) [ (p W BB ) g (54)
—eo \ Pw ~ Pw Ora — Pra

where py (z), p}, pl! represent the density profile, the density in the bulk (phase I and II) for a
component k, where k can be water or FA.

Figure [8.6|demonstrates that mixtures with Men:Thy(1:1) have more FA in the interface than those
with Thy:OctA(1:2) or Men:OctA(1:2). Also, it is possible to observe that with increases in the
concentration of FA in water, the relative adsorption reaches a maximum value. The same behavior
is displayed for all the systems. The maximum in the relative adsorption reflects two opposite
effects related to interfacial width and the maximum density. When the concentration of FA in
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water increases, the interfacial width increases, allowing more FA in the interface. However, the
maximum density in the interface decreases when the amount of FA in the aqueous phase increase.
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FIGURE 8.6: Relative adsorption of furfuryl alcohol with respect to water from Mar-

tini 3 simulations. Thy:OctA (%), Men:OctA (), Men:Thy (3%).

8.5. Conclusion

In this work, the hydrophobic DESs Thy:OctA(1:2), Men:OctA(1:2), and Men:Thy(1:1) were in-
vestigated to extract FA from water at 313.15 K and 101.13 kPa. Three approaches were used:
experimental LLE measurements, theoretical modeling with PC-SAFT, and MD with Martini 3.
These three approaches have been applied to provide a complete and unified description of the
liquid-liquid extraction process.

On the one hand, the experimental determination of the LLE displays that the selectivity of all the
DESs presented in this work (e.g., Thy:OctA(1:2), Men:OctA(1:2), and Men:Thy(1:1)) has values
comparable to those found in n-propyl acetate or ethyl acetate and superior to other traditional
organic green solvents, such as 1-pentanol and n-butanol. On the other hand, high distribution
coefficients were obtained for Men:OctA(1:2) and Men:Thy(1:1), whereas Thy:OctA(1:2) behaves
like the other organic solvents in the literature. The combination of a molecular-based EoS (i.e.,
PC-SAFT) provides an adequate route to model the experimental data of ternary mixtures with-
out interaction parameters. As a complement, MD simulations report moderate deviation for the
LLE but complementarily to molecular-based calculations based on PC-SAFT. They allow us to
describe the structure along the interfacial liquid-liquid region, providing some insights into the
effectiveness of DES in process extraction. Indeed, MD simulations evidence a surface activity
or absolute adsorption of FA in the interfacial region. When the surface activity of FA in differ-
ent DES is compared, it is clear that Men:Thy(1:1) has the highest adsorption, correlated with the
higher distribution coefficients and selectivities.
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9. Conclusions and Outlook

9.1. Dissertation conclusions

Molecular modeling techniques have provided a powerful framework for understanding the ther-
modynamic and structural properties of DESs. In this thesis, the PC-SAFT EoS and MD simu-
lations were successfully applied to predict and analyze DES behavior in both pure and mixed
systems, offering valuable insights into their complex interactions. The work addressed both hy-
drophilic and hydrophobic DESs, primarily derived from green and bio-based components, pro-
viding novel insights into how cosolvent addition modulates their behavior in both bulk and in-
terfacial regimes. The thesis not only expanded the application scope of PC-SAFT and MD but also
generated new experimental data for validation, ultimately offering a multiscale framework that
bridges molecular-level mechanisms with macroscopic thermodynamic predictions.

Initially, the study in Chapter {4| focused on evaluating the predictive capabilities of PC-SAFT us-
ing two common strategies: modeling DESs as pseudo-pure components or as mixtures of their
precursors (the individual component approach). Through comparative analysis across multiple
binary and ternary systems involving ChCl-based DESs, it was demonstrated that the pseudo-
pure approach lacks the flexibility to account for the formation of new hydrogen-bonding interac-
tions between cosolvents and DES constituents. In contrast, the individual component approach
captured these effects more accurately, particularly in systems exhibiting strong cross-association,
such as those with alcohols. This modeling insight was supported by analyses of excess volumes,
excess enthalpies, and phase equilibria, where the individual component approach yielded supe-
rior agreement with experimental data.

Building on this foundation, a novel implementation of DGT was proposed to describe surface
tension in DES systems using the PC-SAFT EoS in Chapter 5| This study introduced a hybrid
treatment, previously used in the literature for ionic liquids, where PC-SAFT molecular param-
eters were applied to each DES precursor using the individual component approach for model-
ing the bulk phase, while the interface was treated using a pseudo-pure DES chemical potential
derived from the molar contributions of the HBA and HBD. This method, which maintains ther-
modynamic consistency, enabled surface tension predictions with a single adjustable influence
parameter, under the assumption that the molar ratio between HBA and HBD remains constant
along the interface. This simplification allows the temperature dependence of surface tension to
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be described with a single adjustable parameter for most DESs with available experimental data,
and also provides accurate predictions of the effects of solvent addition on surface tension.

The application of molecular dynamics simulations played a key role in elucidating the structural
rearrangements induced by cosolvent addition. In particular, ChCl-based and betaine-based DESs
mixed with methanol (in Chapter [6) or water (in Chapter [/) were investigated to understand the
effects of hydrogen-bonding competition on macroscopic properties such as density, viscosity, and
surface tension. MD simulations confirmed that cosolvents disrupt the internal hydrogen-bond
network of DESs, leading to significant molecular reordering. This molecular reordering is espe-
cially pronounced in water-containing mixtures, where it becomes evident that the DES can be
completely disrupted into its HBA and HBD components—essentially resulting in an aqueous so-
lution of the individual constituents.

The thesis also included two chapters containing new experimental work. In Chapter |/} the den-
sity, viscosity, and surface tension of a wide range of hydrophilic DESs were measured across
varying compositions, temperatures, and water contents. These data filled a gap in the literature,
where previous measurements largely excluded water as a component, and also helped to validate
the models used throughout the thesis. In Chapter |8} the first experimental LLE data for furfuryl
alcohol extraction using hydrophobic DESs were reported. These DESs, based on menthol, thymol,
and octanoic acid, were selected for their sustainability and potential relevance in green separa-
tion processes. Notably, both PC-SAFT and coarse-grained MD simulations (using the MARTINI 3
force field) showed excellent agreement with the LLE data, demonstrating the applicability of the
modeling framework to complex, water-immiscible systems.

Across all chapters, PC-SAFT consistently provided a robust description of bulk-phase behav-
ior and interfacial properties, while MD simulations offered molecular-level insights unattainable
through the EoS alone. The integration of these methods enabled both accurate property predic-
tion and a deeper mechanistic understanding of DES systems. This multiscale approach marks a
significant step forward in the predictive modeling of DESs and their mixtures with cosolvents.
Overall, this thesis advances the state of the art in DES thermodynamics by integrating novel ex-
perimental data, rigorous thermodynamic modeling, and molecular simulations. It establishes a
validated, flexible, and scalable framework for investigating DES systems relevant to sustainable
chemical processes, particularly under conditions where experimental measurements are limited
or challenging.
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9.2. Outlook

While the approaches applied in this thesis have significantly advanced the understanding and
predictive modeling of DESs, several promising directions remain for future research. One such
avenue is the integration of machine learning (ML) techniques into the parameterization and re-
finement of molecular-based models such as PC-SAFT. Data-driven strategies can uncover struc-
ture—property relationships across a wider spectrum of DESs, particularly in systems with limited
experimental data. In this regard, the high-quality experimental data generated in this work offers
a reliable foundation for training ML models, which critically depend on consistent and accurate
datasets. Furthermore, ML-assisted parameter estimation could streamline model calibration, en-
abling faster and more robust screening of novel DES formulations.

Another opportunity lies in bridging molecular-level modeling with process-scale applications.
The thermodynamic and structural insights gained from PC-SAFT and MD simulations provide a
sound basis for designing DES-based separation processes. However, this translation requires the
evaluation of additional properties relevant to process design—such as phase equilibria, transport
properties (e.g., diffusivity and thermal conductivity), and separation metrics like selectivity and
regeneration energy. These properties can be obtained through advanced molecular simulations
or estimated via validated empirical correlations.

Coupling thermodynamic models with process simulation tools (e.g., Aspen Plus or gPROMS)
would further enable the evaluation of DESs under realistic process conditions, allowing for com-
prehensive techno-economic and environmental assessments. This integration would bridge the
gap between molecular insights and industrial implementation, facilitating the rational design and
optimization of DESs for targeted applications.

Continued refinement of thermodynamic models, molecular simulations, and experimental vali-
dation strategies will be essential to fully realize the potential of DESs as sustainable, tunable, and
high-performance solvents for green chemical processes.
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FIGURE B.1: Percentage deviations %ARD = 100 * (0exp — prit)/Pexp Of the experi-

mental density data (p.xp) measured in this work, from the literature values (p;;;) of

Bet-based DESs and (A) EG, 13P or 14B and (B) 12P. Literature data was reported

for Bet:EG (red) [313-318], Bet:12P (blue) [313, |318-325] , Bet:13P (green) [313], and
Bet:14B (gray) [313].
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FIGURE B.2: Percentage deviations %ARD = 100 * (1fexp — 11it)/exp Of the experi-
mental viscosity data (77.xp) measured in this work, from the literature values (1;;;)
of Bet-based DESs and (A) EG, 13P or 14B, or (B) 12P. Literature data were reported

for (i) Bet:EG(1:5) (®) by Mulia et al. [313] (water concentration no reported), and

Hou et al. [314] (water concentration of 0.4% w/w); (ii) Bet:EG(1:4) (©) by Mulia et
al. [313], water concentration no reported), Hou et al. [314], water concentration of
0.4% w /w reported), Rodrigues et al. [315], (HBA:HBD molar ratio of 1:3 with water
concentration of 1.2% w/w reported), Andelovic et al. [317] (HBA:HBD molar ratio
of 1:3 with water concentration no reported), and Kucan et al. [318] (HBA:HBD mo-

lar ratio of 1:3 with water concentration no reported); (iii) Bet:12P(1:6) (®) by Chen
et al. [319] (water concentration no reported), and Zahrina et al. [321] (water con-

centration of 3.5% w/w reported); (iv) Bet:12P(1:5) (®) by Chen et al. [319] (water
concentration no reported), Mulia et al. [313] (water concentration no reported), and

Rogosic et al. [324] (water concentration no reported); (v) Bet:12P(1:4) (©) by Chen
et al. [319] (water concentration no reported), Fuad et al. [325] (water concentration
of 0.4% w/w reported), Mulia et al. [313] (water concentration no reported), Kucan
et al. [318] (HBA:HBD molar ratio of 1:3.5 with water concentration no reported),
and Rogosic et al. [324] (water concentration no reported), Zahrina et al. [321]] (water

concentration of 5% w/w reported); (vi) Bet:13P(1:4) (O) by Mulia et al. [313] (water

concentration no reported); and (vii) Bet:14B(1:5) (O) by Mulia et al. [313] (with water
concentration no reported).
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FIGURE B.19: First coordination number (CN;) obtained for different molecules
pairs from MD simulations of ChCl:12P(1:3)(A), Bet:12P(1:6) (B), ChCl:13P(1:3) (C),
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FIGURE B.21: Density profiles (p) along the interfacial region (z) of (A) ChCl:12P(1:3)
in its mixtures with water, (B) water in its mixtures with ChCL:12P(1:3), (B)
ChCl:13P(1:3) in its mixtures with water, (D) water in its mixtures with ChCl:13P(1:3),
(E) ChCl:14B(1:3) in its mixtures with water, and (F) water in its mixtures with
ChCl:14B(1:3) at a temperature of 40°C and a pressure of 101.3 kPa. Symbols: MD
simulation results. Lines: PC-SAFT + DGT model results using parameters reported

in Tables 2, 3 and 4.
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FIGURE B.22: Density profiles (o) along the interfacial region (z) of (A) Bet:12P(1:6)
in its mixtures with water, (B) water in its mixtures with Bet:12P(1:6), (B) Bet:13P(1:6)
in its mixtures with water, (D) water in its mixtures with Bet:13P(1:6), (E) Bet:14B(1:6)
in its mixtures with water, and (F) water in its mixtures with Bet:14B(1:6) at a tem-
perature of 40°C and a pressure of 101.3 kPa. Symbols: MD simulation results. Lines:
PC-SAFT + DGT model results using parameters reported in Tables 2, 3 and 4.



Appendix B. Appendix 169
1.0 T | T | T 1-0 T T I I T
ol ® o ] ol ® : o ]

(3] ————-—-—’. * d B 3] s cl B
'E o ° water 'E ° ° water
£ 06 | ; . £0.6 . .
; L | . ¢ |
204+ = 204 .
6 8 6 8
1-0 T I T T T
08 | © Con o8 [ @ Con
° | °
N')E Fessosarmmms o \?vater N')E ) o \?vlater
5 0.6 R o - 5 0.6 -.. .
204 - 204 ~ -
4 QU :o. 4
- 0.2 poms o, .
0.0 = i
6 8 4 6 8
z/nm z/nm
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Xwater = 0.9 at 40°C and 101.3 kPa.
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FIGURE B.24: MD density profiles (o) along the interfacial region (z) of (A)
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at 40°C and 101.3 kPa.
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Tables

for each DES used in this work.

TABLE B.1: Abbreviation, components, molar ratio, molar mass and water content

Abbreviation HBA HBD Mole ratio Mpgs  Water content
[HBA:HDB] [g/mol] [ppml]

ChCLEG(1:6) ChCl EG 1:6.02 73.11 740
ChCLEG(1:5) ChCl EG 1:5.00 75.00 729
ChCLEG(1:4) ChCl EG 1:4.00 77.58 737
ChCLEG(1:3) ChCl EG 1:3.02 81.36 782
ChClL:12P(1:6) ChCl 12P 1:6.01 85.15 765
ChCl:12P(1:5) ChCl 12P 1:5.00 86.68 567
ChCl:12P(1:4) ChCl 12P 1:4.00 88.79 695
ChCl:12P(1:3) ChCl  12P 1:3.00 91.96 1039
ChCIL:13P(1:6) ChCl 13P 1:6.01 85.15 2258
ChCl:13P(1:5) ChCl  13P 1:5.00 86.67 2224
ChCl:13P(1:4) ChCl 13P 1:4.02 88.74 2345
ChCl:13P(1:3) ChCl  13P 1:3.01 91.93 1998
ChCl:14B(1:6) ChCl 14B 1:6.01 97.18 210
ChCl:14B(1:5) ChCl 14B 1:5.03 98.33 236
ChCl:14B(1:4) ChCl 14B 1:4.00 100.02 166
ChCl:14B(1:3) ChCl 14B 1:3.00 102.49 149
Bet:EG(1:6) Bet EG 1:6.07 69.86 320
Bet:EG(1:5) Bet EG 1:5.00 71.25 891
Bet:EG(1:4) Bet EG 1:4.00 73.08 363
Bet:12P(1:6) Bet 12P 1:6.00 81.96 654
Bet:12P(1:5) Bet 12P 1:5.00 82.93 744
Bet:12P(1:4) Bet 12P 1:4.00 84.29 670
Bet:13P(1:6) Bet 13P 1:6.00 81.96 2475
Bet:13P(1:5) Bet 13P 1:5.01 82.93 2566
Bet:14B(1:6) Bet 14B 1:6.00 93.98 720

Combined expanded uncertainty U, (mole ratio) = 0.005 with a 0.95 level of confidence. Relative standard uncertainty u,(ppm) = 0.04.
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TABLE B.2: Nominal water content, molar ratio, molar mass and water content for

each DES + water mixture prepared in this work.

Nominal water Mole ratio Mpixure Real water Mole ratio  Mpjxure Real water
[% mol/mol] [HBA:HBD] [g/moll [% mol/mol]l [HBA:HBD] [g/mol]l [% mol/mol]
ChCL:EG(1:3) + water Bet:EG(1:3) + water
0 1:3.02 81.13 0.4 1:6.07 69.80 0.1
5 1:3.00 78.42 48 1:6.01 67.36 49
10 1:3.00 74.95 10.3 1:6.01 64.72 10.0
30 1:3.00 61.40 31.6 1:6.01 54.35 30.0
50 1:3.00 48.29 52.3 1:6.01 43.95 50.0
70 1:3.00 37.13 69.9 1:6.01 33.61 70.0
90 1:3.00 24.39 90.0 1:6.01 23.21 90.0
95 1:3.00 21.18 95.0 1:6.01 20.61 95.0
ChCl:12P(1:3) + water Bet:12P(1:3) + water
0 1:3.00 91.74 0.3 1:6.00 81.77 0.3
5 1:3.01 88.40 48 1:6.01 78.54 53
10 1:3.01 84.75 9.7 1:6.01 75.21 10.5
30 1:3.00 69.13 30.9 1:6.01 62.69 30.1
50 1:3.00 55.03 50.0 1:6.01 49.78 50.3
70 1:3.00 40.26 69.9 1:6.01 37.21 70.0
90 1:3.00 2543 90.0 1:6.01 24.40 90.0
95 1:3.00 21.72 95.0 1:6.01 21.22 95.0
ChCl:13P(1:3) + water Bet:13P(1:3) + water
0 1:3.01 91.18 1.0 1:6.00 81.24 1.1
5 1:3.00 88.18 5.1 1:6.00 78.26 58
10 1:3.00 84.36 10.3 1:6.00 75.09 10.7
30 1:3.00 69.60 30.2 1:6.00 62.52 30.4
50 1:3.00 54.94 50.1 1:6.00 49.81 50.3
70 1:3.00 40.21 70.0 1:6.00 37.14 70.1
90 1:3.00 25.37 90.1 1:6.00 24.45 89.9
95 1:3.00 21.72 95.0 1:6.00 21.26 94.9
ChCl:14P(1:3) + water Bet:14P(1:3) + water
0 1:3.00 102.42 0.1 1:6.00 93.70 0.4
5 1:3.00 96.44 7.2 1:6.00 90.23 49
10 1:3.00 92.47 11.9 1:6.00 86.18 10.3
30 1:3.00 76.19 31.1 1:6.00 71.08 30.1
50 1:3.00 60.09 50.2 1:6.00 56.00 50.0
70 1:3.00 43.23 70.2 1:6.00 40.89 69.9
90 1:3.00 26.11 90.4 1:6.00 25.65 90.0
95 1:3.01 21.81 95.5 1:6.00 21.85 95.0
ChCL:EG(1:6) + water
0 1:6.00 70.01 5.7
10 1:6.00 67.27 10.7
30 1:6.00 56.43 30.3
50 1:6.00 45.54 50.1
70 1:6.00 34.09 70.8
90 1:6.00 23.67 89.8
95 1:6.00 20.77 95.0

Standard uncertainty u are u(% real water content) = 0.5. Combined expanded uncertainty U, (mole ratio) = 0.005 with a 0.95 level of

confidence.



Appendix B. Appendix 173

TABLE B.3: Experimental densities, viscosity and surface tension of Bet-based DESs
at different temperatures.

T p Ul i p U v p Ul i

[°C] [g/em3] [mPas] [mN/m] [g/cm3] [mPas] [mN/m] [g/cm3] [mPas] [mN/m]
Bet:EG(1:6) Bet:EG(1:5) Bet:EG(1:4)

20 1.12716 46.55 1.12794 54.71 1.13222 68.50

25 1.12396 36.92 1.12445 43.30 1.12885 54.93

30 1.12072 29.75 49.8 1.12091 34.61 50.4 1.12543 43.27 50.8

35 1.11748 24.31 1.11744 28.13 1.12198 35.11

40 1.11424 20.14 49.1 1.11403 23.26 49.6 1.11861 28.83 50.0

45 1.11099 16.96 1.11058 19.44 1.11529 24.03

50 1.10774 14.29 48.1 1.10723 16.39 48.6 1.11187 20.24 49.0

55 1.10447 12.19 1.10394 13.97 1.10855 17.21

60 1.10119 10.54 47.3 1.10081 11.97 47.8 1.10523 14.76 48.4
Bet:12P(1:6) Bet:12P(1:5) Bet:12P(1:4)

20 1.06249  125.59 1.06653  144.79 1.07253  183.09

25 1.05913 91.37 1.06322  104.99 1.06933  132.04

30 1.05572 67.82 37.3 1.05986 77.84 37.8 1.06602 97.16 38.3

35 1.05229 51.44 1.05648 58.90 1.06269 73.09

40 1.04884 39.72 36.9 1.05308 45.34 372 1.05936 55.94 37.6

45 1.04537 31.26 1.04967 35.53 1.05601 43.59

50 1.04189 2491 35.8 1.04625 28.21 36.3 1.05265 34.52 36.7

55 1.03837 20.20 1.04280 22.76 1.04928 27.78

60 1.03484 16.55 35.3 1.03934 18.54 35.6 1.04589 22.66 36.1
Bet:13P(1:6) Bet:13P(1:5) Bet:14B(1:6)

20 1.07708 91.89 1.08090  103.01 1.04224 14296

25 1.07395 72.42 1.07785 80.18 1.03926  109.88

30 1.07075 57.10 49.1 1.07481 63.32 49.7  1.03627 85.70 459

35 1.06754 45.91 1.07177 50.65 1.03328 67.62

40 1.06429 37.43 48.3 1.06872 41.04 48.7 1.03027 54.07 45.2

45 1.06103 30.78 1.06568 33.66 1.02728 43.66

50 1.05779 25.72 471 1.06263 27.92 479 1.02427 35.58 443

55 1.05433 21.62 1.05958 23.38 1.02124 29.31

60 1.05108 18.32 464 1.05652 19.76 46.8 1.01819 24.31 43.3

Standard uncertainties u are u(T) = 0.01 K, u(P) =1 kPa , u(p) = 0.0005 g - cm™3, u;(17) =0.02 and u(y) =0.1 mN - m~L.
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TABLE B.4: Experimental surface tension of ChCl-based DESs and glycols at different

temperatures.
HBD T Mole ratio ChCI:HBD
[°C] (L:¢) (1:6) (1:5) (1:4) (1:3) (1:2)
30 477 510 515 522 531 555
EG 40 469 505 50.8 51.6 522 546
50 46.1 495 50.1 509 51.8 54.0
60 451 488 494 502 51.0 534
30 359 386 389 396 404
12P 40 354 379 38.0 388 39.7
50 345 370 373 382 39.1
60 336 364 366 375 384
30 478 500 504 510 51.8
13P 40 470 493 49.6 50.1 513
50 459 483 485 494 503
60 450 473 476 48.6 49.6
30 448 465 468 473 480
14B 40 443 457 462 464 472
50 434 448 452 456 464
60 426 439 443 448 455

Standard uncertainties u are u(P) = 1 kPa and u(y) = 0.1 mN -m~1.
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TABLE B.5: Experimental densities (g/ cm?) of DES + water mixtures at various tem-
peratures and water mole fractions.

T ChCLEG ChCLEG ChCL12P ChCL:13P ChCL14B  Bet:EG Bet:12P Bet:13P Bet:14B
ecl M (1) (1:3) (1:3) 1:3) (1:3) (1:6) (1:6) (1:6) (1:6)
005 111601 111767  1.07169  1.08103  1.05289 1.12655 1.06305 1.07749 1.04244
010 111492 111669  1.07182  1.08080  1.05305 1.12525 1.06347 1.07725 1.04277
030 110959 111178  1.07202  1.07910  1.05361 111909 1.06480 1.07599 1.04411
20 050 110023 110268  1.07060  1.07497  1.05314 110846 1.06481 1.07210 1.04490
070 108161  1.08470  1.06382  1.06456  1.04859 1.08773 1.05989 1.06150 1.04181
090 1.03895  1.04187  1.03521  1.03275  1.02644 1.04125 1.03288 1.03044 1.02286
095 1.01862  1.02280  1.01896  1.01755  1.01401 1.02186 1.01744 1.01576 1.01175
005 110987 1.11178  1.06561 107556  1.04745 112004 1.05635 1.07150 1.03658
010 110887  1.11089  1.06576  1.07532  1.04764 1.11888 1.05676 1.07128 1.03692
030 110350  1.10596  1.06595  1.07365  1.04814 111274 1.05803 1.06993 1.03819
30 050 1.09428  1.09702  1.06451  1.06955  1.04754 110220 1.05801 1.06619 1.03883
070 107600 1.07933  1.05783  1.05930  1.04295 1.08192 1.05325 1.05585 1.03575
090 1.03480  1.03774  1.03059  1.02870  1.02195 1.03706 1.02811 1.02631 1.01827
095 101521  1.01938  1.01538  1.01426  1.01049 1.01849 1.01383 1.01253 1.00822
005 110370 1.10596  1.05954  1.07008  1.04203 1.11361 1.04953 1.06550 1.03072
010 110279 110509  1.05969  1.06985  1.04220 111243 1.04992 1.06528 1.03104
030 1.09734  1.10017  1.05980  1.06816  1.04263 110629 1.05113 1.06388 1.03221
40 050 1.08821  1.09128  1.05830  1.06403  1.04188 1.09583 1.05104 1.06011 1.03265
070 1.07019  1.07379  1.05161  1.05378  1.03718 1.07586 1.04637 1.04997 1.02950
090 1.03015 1.03314  1.02551  1.02418  1.01705 1.03236 1.02282 1.02168 1.01319
095 1.01120 1.01533 101116  1.01031  1.00634 101444 1.00956 1.00858 1.00402
005 1.09751  1.10017  1.05344  1.06464  1.03663 110712 1.04264 1.05947 1.02486
010 109650  1.09930  1.05359  1.06439  1.03680 110595 1.04301 1.05924 1.02515
030 1.09113  1.09436  1.05360  1.06265  1.03709 1.09977 1.04411 1.05776 1.02618
50 050 1.08203  1.08547  1.05199  1.05842  1.03616 1.08933 1.04391 1.05393 1.02637
070 106418  1.06809  1.04525  1.04819  1.03128 1.06963 1.03930 1.04388 1.02310
090  1.02505  1.02815  1.02007  1.01924  1.01175 1.02719 1.01709 1.01658 1.00768
095 100651 1.01059  1.00638  1.00579  1.00163 1.00978 1.00465 1.00399 0.99920
005 109129  1.09439  1.04733  1.05917  1.03126 110059 1.03566 1.05340 1.01898
010  1.09028  1.09350  1.04765  1.05891  1.03140 1.09940 1.03599 1.05316 1.01922
030 1.08486  1.08852  1.04736  1.05711  1.03154 1.09317 1.03697 1.05158 1.02002
60 050 1.07572  1.07957  1.04558  1.05274  1.03038 1.08273 1.03667 1.04761 1.01999
070 1.05798  1.06222  1.03874  1.04242  1.02525 1.06317 1.03205 1.03757 1.01651
090 101951  1.02277 101424 101379  1.00595 1.02158 1.01095 1.01085 1.00176
095 100132  1.00257  1.00106  1.00062 099615 1.00458 0.99918 0.99885 0.99382

Standard uncertainties u are u(T) = 0.01 K, u(P) = 1 kPa and u(p) = 0.0005 g - cm 3.
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TABLE B.6: Experimental viscosities (mPa-s) of DES + water mixtures at various tem-

peratures and water mole fractions.

T ChCLLEG ChCL:EG ChCl:12P ChCl:13P ChCl:14B Bet:EG Bet:12P Bet:13P Bet:14B
ecl T 1) (1:3) (1:3) 1:3) (1:3) (1:6) (1:6) (1:6) (1:6)
0.05 25.93 36.51 87.34 66.00 10339 4351 12242  91.89 13958
0.10 24.39 33.98 80.67 61.22 96.16 3958 110.67  79.40  130.01
0.30 18.01 23.85 52.76 43.40 6857 2635 6670 5631  92.46
20 050 10.79 13.24 31.29 2730 4105 1416 3452 3158 5155
0.70 5.58 6.39 12.18 12.15 17.95 653 1349 1208  20.57
0.90 2.10 213 3.04 2.80 353 217 3.8 297 3.96
0.95 1.55 1.50 1.83 1.75 2.04 1.52 1.92 1.83 2.17
0.05 17.74 2478 52.34 4317 6518 2781 6613 5710  83.49
0.10 16.71 23.12 4825 40.20 60.69 2550  60.33 4978  77.76
0.30 12.56 16.45 3237 28.73 4345 1748 3784 3525 5543
30 050 7.61 9.34 19.75 18.39 26.59 963 2088 2045 3157
0.70 4.08 4.69 8.16 8.21 1237 468 8.67 819 1348
0.90 1.61 1.65 224 211 2.58 1.66 236 2.20 2.83
0.95 1.20 1.18 1.40 1.36 1.55 1.18 1.45 1.40 1.62
0.05 12.78 17.70 33.12 29.71 4335 1888 3868 3743 5264
0.10 1217 16.53 31.00 2731 4038 1749 3558 3268  49.06
0.30 9.15 11.25 21.25 20.04 2907 1168 2328 2332 3518
40 050 5.59 6.87 13.36 13.00 1821 687 1267 1403  20.61
0.70 3.10 3.57 5.75 5.59 834 349 5.90 5.82 8.75
0.90 1.28 132 1.72 1.65 1.97 131 1.77 1.69 2.11
0.95 0.97 0.95 1.11 1.08 124 095 1.13 1.10 1.26
0.05 9.38 13.18 22.33 20.95 3012 1348 2430 2572 34.83
0.10 8.38 12.43 20.68 19.56 2815 1204 2247 2250  32.48
0.30 6.40 8.39 14.15 14.14 20.41 843 1429 1588 2351
50 050 425 522 8.91 8.96 12.52 5.09 8.57 965 1359
0.70 243 2.80 423 422 587  2.69 422 429 6.22
0.90 1.04 1.08 1.36 132 1.55 1.06 1.44 135 1.63
0.95 0.79 0.79 0.90 0.89 1.01 0.79 091 0.90 1.01
0.05 6.86 9.85 15.79 15.52 21.82 992 1624 1832  24.05
0.10 6.39 8.93 14.65 14.49 20.38 881 1393 1615 2247
0.30 493 6.77 10.17 10.53 14.98 6.30 978 1138 1645
60 050 333 4.09 6.79 6.75 9.16 3.89 6.08 7.06 9.60
0.70 1.95 225 3.26 3.28 443 213 3.15 327 459
0.90 0.87 091 1.11 1.12 1.28 0.89 1.12 1.10 1.30
0.95 0.67 0.67 0.75 0.75 084 066 0.76 0.75 0.83

Standard uncertainties u are u(T) = 0.01 K and u(P) = 1 kPa. Relative standard uncertainty u,(7) = 0.02.
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TABLE B.7: Experimental surface tension (mN/m) of DES + water mixtures at 40°C

and various water mole fractions.

Xwater

ChCLEG ChCl:12P ChCl:13P ChCl:14B Bet:EG Bet:12P Bet:13P Bet:14B

(1:3) (1:3) (1:3) (1:3) (1:6) (1:6) (1:6) (1:6)
0.05 52.9 39.7 50.9 47.3 48.0 36.8 48.4 45.1
0.10 53.0 39.7 51.0 47.3 49.1 37.0 48.4 45.2
0.30 53.1 40.1 51.4 47.4 50.0 37.5 49.0 45.4
0.50 54.0 404 51.7 47.6 51.5 38.6 49.7 45.7
0.70 55.7 42.1 53.4 48.5 54.3 40.6 519 46.6
0.90 61.0 50.5 57.4 52.5 60.8 48.7 57.1 51.6
0.95 63.9 56.0 61.3 56.3 64.1 54.7 60.8 55.6

Standard uncertainties u are u(P) = 1 kPa and u(y) = 0.1 mN -m~1.

TABLE B.8: AARD of density, viscosity and surface tension obtained through MD for

DES + water mixtures for each family

AARD AARD AARD AARD AARD AARD

P

U

v

0 U

v

HBD

ChCl-based DESs

Bet-based DESs

EG

12P
13P
14B

0.29%
0.27%
0.53%
0.25%

21.42%
228.27%
274.05%
143.41%

7.24%
24.85%
16.71%

7.44%

1.15% 40.08%
0.82% 71.11%
1.28% 75.19%
0.54% 40.69%

5.40%
24.61%
16.24%

8.73%
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TABLE B.9: Density, viscosity and surface tension of DESs + water mixtures at 40°C

and a pressure of 101.3 kPa from MD calculations.

Xwater P Ui Y [ n Y
[g/cm3] [mPa s] [mN/m] [g/em®] [mPa s] [mN/m]
ChCLEG(1:3) + water Bet:EG(1:6) + water

0.0 1.0956 =+ 1le4 2230 4.09 583 09 1.0913 le-4 620 =+ 048 527 =+ 0.7

0.1 1.0969 + 1le4 1946 =+ 276 587 =+ 0.6 1.0908 =+ 1le4 579 + 047 530 =+ 05

0.3 1.0957 + 1le4 1332 =+ 152 584 =+ 0.6 10889 =+ 1le4 529 =+ 034 534 =+ 05

0.5 1.0896 =+ 1le4 865 + 066 573 =+ 05 10833 =+ 1led4 446 =+ 022 542 =+ 04

0.7 1.0746 =+ 1le4 465 + 016 582 =+ 04 10687 =+ 1le4 303 =+ 0.07 560 = 03

0.9 1.0323 + 1le4 151 + 004 611 =+ 02 1.0283 =+ 1le4 133 + 001 597 =+ 02

1.0 09903 + 1le4 069 = 001 646 =+ 01 09903 =+ 1le4 069 =+ 001 646 =+ 0.1
ChCl:12PD(1:3) + water Bet:12PD(1:6) + water

0.0 1.0563 + 1le-4 16190 =+ 28.09 497 + 1.7 1.0398 + 2e4 6531 =+ 13.03 474 =+ 18

0.1 1.0567 =+ 1le-4 14990 =+ 2258 - 1.0407 =+ 3e4 5882 =+ 1051

0.3 1.0580 =+ 1le4 8278 =+ 11.33 - 1.0426 + 2e-4 4812 =+ 5.57 -

0.5 1.0563 =+ 1le-4 4207 =+ 542 507 =+ 15 1.0429 =+ 1le4 2803 =+ 225 493 =+ 12

0.7 1.0489 =+ 1le4 1200 = 1.01 1.0375 + le4 946 =+ 031

0.9 1.0207 + 1le4 209 + 0.04 - 1.0148 + 1le4 193 =+ 0.04 -

1.0 09903 =+ 1le4 069 = 001 646 = 01 09903 =+ 1le4 069 =+ 001 646 =+ 0.1
ChCl:13PD(1:3) + water Bet:13PD(1:6) + water

0.0 1.0591 + 2e4 159.17 2523 624 + 1.8 1.0464 2e-4 6416 + 396 585 =+ 1.1

0.1 1.0603 =+ 2e-4 14178 =+ 1341 1.0475 + 1le4 6375 =+ 517

0.3 1.0619 + 2e4 9981 =+ 846 - 1.0480 =+ 1le4 50.82 =+ 3.8

0.5 1.0602 =+ 2e4 4690 =+ 315 613 =+ 1.0 1.0467 =+ 1le4 2828 =+ 139 588 =+ 07

0.7 1.0504 =+ 1le4 1315 =+ 0.81 - 1.0382 + 1le4 926 =+ 021

0.9 1.0191 =+ 1le4 203 + 0.04 - 1.0127 + 1le4 183 =+ 0.03 -

1.0 09903 + 1le4 069 = 001 646 =+ 01 09903 =+ 1le4 069 =+ 001 646 =+ 0.1
ChCl:14BD(1:3) + water Bet:14BD(1:6) + water

0.0 1.0337 + 2e4 12333 1435 495 + 13 1.0183 2e-4 59.87 + 527 486 + 14

0.1 1.0358 + 1le4 12221 =+ 16.89 - 1.0202 + 1le4 5834 =+ 549

0.3 1.0392 + 2e4 8620 =+ 898 - 1.0250 + 1le4 5735 =+ 587 -

0.5 1.0420 + 1le4 4990 =+ 472 511 =+ 1.0 1.0285 =+ 1le4 3695 =+ 231 498 =+ 1.0

0.7 1.0391 + 1le4 1689 =+ 1.60 - 1.0274 + 1le4 1392 =+ 041

0.9 1.0163 =+ 1le4 251 + 0.06 - 1.0096 =+ 1le4 238 =+ 0.03 -

1.0 0.0010 + 1le-4 069 = 001 646 =+ 01 09903 =+ 1le4 069 =+ 001 646 =+ 0.1
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C. Appendix

Coarse-grained force field

Furfuryl alcohol Octanoic acid

Thymol

FIGURE C.1: Coarse-grained (CG) mappings for furfuryl alcohol, octanoic acid, thy-
mol and menthol.
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Furfuryl alcohol

TABLE C.1: Bead types and masses of furfuryl alcohol.

Number Beadtype Mass
1 TP1 31.03
2 TC5 25.03
3 TC5 26.04
4 TN2a 16.00

TABLE C.2: Bonded interactions parameters of furfuryl alcohol.

Bonded interactions func. type Reference Force constant
Bond stretching 1-2 1 0250 nm 5000 kJ mol! nm2
Constraint distance 2-3 1 0.260 nm
Constraint distance 3-4 1 0.240 nm
Constraint distance 2-4 1 0.240 nm
Angle vibration ~ 1-2-3 2 130° 1000 kJ mol™

Octanoic acid

TABLE C.3: Bead types and masses of octanoic acid.

Number Bead type Mass
1 P2 59.02
2 SC1 42.08
3 SC1 43.09

TABLE C.4: Bonded interactions parameters of octanoic acid.

Bonded interactions

func. type Reference

Force constant

Bond stretching
Bond stretching
Angle vibration

1-2
2-3
1-2-3

1
1
2

0.340 nm
0.380 nm
140°

5000 k] mol™! nm2
5000 k] mol™! nm
100 kJ mol!
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Thymol
TABLE C.5: Bead types and masses of thymol.
Number Bead type Mass
1 SN6 42.0
2 SC3 40.0
3 TC5 25.0
4 sC2 43.0
TABLE C.6: Bonded interactions parameters of thymol.
Bonded interactions func. type Reference Force constant
Bond stretching 1-4 1 0.350 nm 5000 kJ mol! nm2
Constraint distance 1-2 1 0.320 nm
Constraint distance 1-3 1 0.275 nm
Constraint distance 2-3 1 0.290 nm
Angle vibration 2-1-4 2 100° 250 kJ mol™
Angle vibration 2-3-4 2 145° 250 kJ mol
Menthol

Parameters retrieved from Vainikka et al. [374]

TABLE C.7: Bead types and masses of menthol.

Number Bead type Mass

1 SC3 39.0
2 TC3 27.0
3 SP1 44.0
4 SC2 43.0
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TABLE C.8: Bonded interactions parameters of menthol.

Bonded interactions func. type Reference  Force constant
Bond stretching 2-4 1 0.365nm 5000 kJ mol! nm

Constraint distance 1-2 1 0.250 nm

Constraint distance 1-3 1 0.300 nm

Constraint distance 2-3 1 0.320 nm
Angle vibration 1-2-3 1 60° 100 kJ mol! rad?
Angle vibration ~ 1-3-2 1 50° 200 kJ mol™! rad
Angle vibration 4-2-1 1 125° 250 k] mol™! rad?
Angle vibration ~ 4-3-1 1 110° 250 kJ mol™! rad

1H-NMR spectrum analysis

9.17
—4.70
—3.84

~3.67
—3.40

L e e e e e B L e L S o B e
125 115 105 95 90 85 80 75 70 65 60 S5 50 45 40 35 30 25 20 15 10 05 00 -1.0
(ppm)

FIGURE C.2: 'H-NMR spectra for the binary system composed of furfuryl alcohol
(FA) + water.
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FA + Water + Thy:0ctA

7.37
630
4.66
—071

T
5 50 45
f1 (ppm)

FIGURE C.3: 'H-NMR spectra for detecting DES in the aqueous phase of the ternary
system composed of furfuryl alcohol (FA) + water + Thy:OctA(1:2) at equilibrium
conditions.
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FA + Water + Men:OctA e g
3 ¢
J’JA’UJM
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12,5 11.5 10.5 95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05 00 -1.0
f1 (ppm)

FIGURE C.4: 'H-NMR spectra for detecting DES in the aqueous phase of the ternary
system composed of furfuryl alcohol (FA) + water + Men:OctA(1:2) at equilibrium

conditions.
FA + Water + Men:Thy 3 BEANE & 2 8 2 Sge R8P
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A NN | [ 2NN NI
125 115 10.5 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0 -1.0
f1 (ppm)

FIGURE C.5: 'H-NMR spectra for detecting DES in the aqueous phase of the ternary
system composed of furfuryl alcohol (FA) + water + Men:Thy(1:1) at equilibrium
conditions.
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Water + Men:OctA
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FIGURE C.6: 'H-NMR spectra for detecting DES in the aqueous phase of the binary
system composed of water + Men:OctA(1:2) at equilibrium conditions.
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FIGURE C.7: 'H-NMR spectra for detecting DES in the aqueous phase of the binary
system composed of water + Men:Thy(1:1) at equilibrium conditions.
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