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Resumen

La creciente preocupacién ambiental asociada a hidrofluorocarbonos (HFC) de alto potencial de ca-
lentamiento global ha impulsado acuerdos internacionales para su eliminacién progresiva. Dado
su amplio uso en sistemas refrigerantes, diversas estrategias se han ideado para su recuperacion.
Entre ellas, la destilacion extractiva es una alternativa prometedora, pues permite recuperar com-
ponentes refrigerantes para usos alternativos. En este contexto, los liquidos iénicos y los solventes
eutécticos han despertado interés como solventes de arrastre debido a sus propiedades termofisi-
cas y versatilidad molecular. Sin embargo, el vasto espacio quimico y complejos fenémenos fisicos
asociados a estos dificultan su disefio racional, resaltando la necesidad de enfoques tedricos pre-
dictivos que fundamenten la toma de decisiones en torno a nuevas tecnologias de separacion.

El modelo de solvatacion COSMO-RS y las simulaciones por dindmica molecular proveen un
marco robusto para estudiar el efecto de caracteristicas microscépicas sobre el comportamiento
termofisico de solventes eutécticos fluorados. Estos enfoques demuestran que la solubilidad de
HEFCs es influenciada por interacciones localizadas soluto—solvente y por la disrupcién de aglom-
eraciones de soluto en la fase liquida. La informaciéon molecular obtenida permite identificar cri-
terios especificos para el desarrollo de solventes avanzados destinados a la recuperacién de HFCs.

En una escala mds amplia, ecuaciones de estado basadas en SAFT proporcionan modelos robus-
tos para caracterizar equilibrios de fases relevantes para la absorbcién de HFCs. Los modelos
termodindmicos empleados permiten evaluar liquidos iénicos basados en fosfonio y solventes de
eutéctico profundo de tipo III como solventes de arrastre para mezclas refrigerantes en un amplio
rango de condiciones operacionales. Su desempefio, cuantificado en torno a métricas de selectivi-
dad, permite identificar candidatos para la recuperacion de HFCs desde mezclas comerciales.

Los modelos termodindmicos generados son integrados en simulaciones de proceso y anélisis de
ciclo de vida para evaluar su desempefio ambiental en la recuperacién de mezclas refrigerantes
mediante destilacién extractiva. Este proceso constituye una alternativa viable a las rutas de
tratamiento basadas en destruccién quimica, siempre que la demanda por compuestos recuper-
ados permita reemplazar su produccién virgen. La evaluacién de cadenas de suministro destaca
la importancia de adoptar tempranamente esta tecnologia, con tal de reducir la huella de carbono
asociada a futuros escenarios de eliminacién de HFCs.

En conjunto, la integraciéon multiescala de enfoques computacionales constituye una metodologia
efectiva para el desarrollo de tecnologias basadas en solventes avanzados orientadas al tratamiento
sostenible de gases fluorados.
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Abstract

The increasing environmental concern associated with high-GWP hydrofluorocarbons (HFCs) has
propelled international agreements for their progressive phase-out. Given the widespread use
of these compounds in refrigeration applications, considerable efforts have been devoted to the
development of strategies for their recovery. Extractive distillation has emerged as a promising
route, as it enables the recovery of refrigerant constituents for their use in alternative applications.
In this context, ionic liquids and eutectic solvents have attracted growing interest as entrainers
due to their suitable thermophysical properties and molecular tunability. However, the vast chem-
ical space and complex physical phenomena associated with these solvents hinder their rational
design, highlighting the need for predictive theoretical approaches aimed at supporting decision-
making in the implementation of novel separation technologies.

The COSMO-RS solvation model and molecular dynamics simulations provide a powerful frame-
work to study the effect of microscopic features in the thermophysical behavior of fluorinated
eutectic solvents. These approaches demonstrate that HFC solubility is strongly influenced by lo-
calized solute-solvent interactions and disruption of solute clustering in the liquid phase. The ob-
tained molecular-level insights highlight specific design criteria for the development of advanced
solvents for HFC recovery.

At a broader scale, SAFT-based equations of state provide robust mathematical models to char-
acterize phase equilibria in systems relevant to HFC absorption. The employed thermodynamic
models allow to evaluate phosphonium-based ionic liquids and type III deep eutectic solvents as
entrainers for refrigerant blends over a wide range of operational conditions. The performance of
these solvents, quantified through selectivity metrics, is assessed to identify promising candidates
for the recovery of HFCs from commercial mixtures.

The generated thermodynamic models are integrated into process simulation and life cycle assess-
ment frameworks to evaluate their environmental performance in the reclamation of refrigerant
blends. HFC recovery based on extractive distillation provides a viable alternative to destruction-
oriented management routes, subjected to the extent to which recovered components displace fresh
production. Furthermore, supply chain assessments highlight the importance of early deployment
of this technology in reducing the carbon footprint of phase-out scenarios for HFCs.

Overall, the multiscale integration of computational approaches provides an effective framework
for the development of technologies based on advanced solvents aimed at the sustainable man-
agement of fluorinated gases.
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1. Introduction

Hydrofluorocarbons (HFCs) have been widely adopted in the refrigeration industry as replace-
ments for ozone-depleting substances, yet their high global warming potentials have triggered
their phase-out under the Kigali Amendment to the Montreal Protocol. This problem has posed
the need for effective HFC phase-out strategies, in order to facilitate the transition toward next-
generation refrigerants. Among the available alternatives, the selective recovery of HFC-based
blends through extractive distillation represents a promising route to support a circular econ-
omy framework. In this context, ionic liquids and eutectic solvents have emerged as attractive
entrainers due to their tunable physicochemical properties. Nevertheless, the vast chemical space
and molecular complexity associated with these compounds demands the use of theoretical ap-
proaches rooted in microscopic physical phenomena to support the decision-making toward their
implementation.

Anthropogenic impacts on environment have evolved from a primarily scientific concern to one
of the defining challenges of the 21%' century [1, 2]. Their significance lies in the magnitude of
their effects on Earth’s ecological balance, including the increased frequency of heatwaves [3],
ocean acidification [4], biodiversity loss [5], and accelerated cryospheric melting [6]. The diversity
of these phenomena, distinct in their underlying mechanisms, motivated the development of the
planetary boundaries assessment [7]. This framework defines nine Earth-system processes, whose
disruption beyond critical thresholds may lead to changes beyond the planet’s self-regulating ca-
pacity. These processes are: climate change, rate of biodiversity loss, disruption of nutrient (nitro-
gen and phosphorus) cycles, stratospheric ozone depletion, ocean acidification, global freshwater
use, change in land use, atmospheric aerosol loading, and chemical pollution.

Since the planetary boundaries framework was first proposed, several of these thresholds have
already been transgressed [8, 9], with ocean acidification recently exceeding its safe boundary [10].
As expected from Earth-system processes, these boundaries are tightly coupled [7]], meaning that
the disruption of one process can compromise the stability of others. Among them, anthropogenic
emission of greenhouse gases (GHGs) is the primary driver of global warming, i.e., the ongoing
increase in global average temperature, and therefore a paramount driver of climate change [11]].
The importance of greenhouse forcing is reflected in the international treaties established over the
past decades, most notably the United Nations Framework Convention on Climate Change [12],
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followed by the Kyoto Protocol [13], and the Paris Agreement [14]. Despite substantial interna-
tional efforts aimed at reducing GHG emissions, atmospheric concentrations of these compounds
have continued to rise [2], accompanied by increasing global temperatures. Moreover, recent evi-
dence further suggests that the 1.5°C target established in the Paris Agreement may already been
temporarily exceeded [15].

Regarding atmospheric concentrations, the most relevant GHGs are carbon dioxide, nitrous ox-
ide, and methane [2], and most mitigation strategies have historically focused at these compounds
[16]. However, fluorinated gases (F-gases), despite accounting for less than 3% of total GHG emis-
sions [17], are a particularly concerning class of compounds due to their exceptionally high global
warming potentials (GWPs). Owing to the high stability of the carbon—fluorine bond, these com-
pounds exhibit low reactivity and thus long atmospheric lifetimes. Furthermore, the strong in-
frared absorption associated with fluorinated functional groups further increases their radiative
forcing. As a result, F-gases can exhibit GWPs several orders of magnitude above those of con-
ventional GHGs [18]. Among F-gases, hydrofluorocarbons (HFCs) constitute the most important
family from an industrial perspective. These compounds were conceived as alternatives to chlo-
rofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) as working fluids for refrigeration
systems [19]. Their adoption was largely driven by the phase-out of CFCs and HCFCs under the
Montreal Protocol on Substances That Deplete the Ozone Layer [20], following the demonstration
of their ozone-depleting effects [21} 22].

At present, HFCs, also referred to as third-generation refrigerants, remain among the most used
compounds in refrigeration and air-conditioning equipment [19], creating a particularly concern-
ing combination with their high GWPs [23]. Examples of this are difluoromethane (R32), 1,1,1,-
trifluoroethane (R143a), 1,1,1,2-tetrafluoroethane (R134a), and pentafluoroethane (R125), with re-
ported GWPs of 677, 4800, 1300, and 3170, respectively [11]. Details on the nomenclature system
for these compounds can be found elsewhere [19]. The widespread use of HFCs generates a posi-
tive feedback mechanism, in which increasing global temperatures intensify the demand for cool-
ing technologies, subsequently increasing the potential release of high-GWP refrigerants through
equipment leakage and inadequate end-of-life management [23]. In the absence of effective con-
trol measures, projections indicate a significant contribution of HFCs to climate forcing, with global
emissions reaching up to 5.3 GtCOye-yr~! by 2050 [18, 24].

This issue was formally addressed through the Kigali Amendment to the Montreal Protocol [25]
in 2016, which established, for the first time, a global framework to decrease HFC emissions. Rel-
ative to previously defined consumption baselines, adhering countries committed to a stepped
reduction schedule, aiming at final reductions of 85% for developed countries by 2036 and 80%
for developing countries by 2045. In this context, major economies such as China, the European
Union, and the United States have implemented stringent HFC regulations through the National
Plan on the Implementation of the Montreal Protocol [26], the European Environmental Agency
[27], and the U.S. Environmental Protection Agency [28], respectively. These measures include leak
prevention and repair protocols, mandatory reporting of HFC production and trade activities, and
sectorial bans on high-GWP refrigeration equipment. Within this new scenario, the transition to-
ward next-generation refrigerants has become unavoidable.
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The transition to low-GWP refrigerants has been largely dominated by hydrofluoroolefins (HFOs),
i.e., fluorocarbons containing carbon—carbon double bonds. Compared to HFCs, the unsaturation
of HFOs enhance their atmospheric reactivity, significantly reducing their atmospheric lifetimes
and consequently their GWPs [19]. One of the earliest examples in this regard was the introduc-
tion of 2,3,3,3-tetrafluoropropene (R1234yf) as a replacement for R134a in automobile refrigerant
systems [22]. Despite the promising environmental characteristics of HFOs, their increased reactiv-
ity has also raised concerns in terms of persistent degradation products, toxicity, and flammability.
In this context, blends combining HFOs with HFCs, particularly R32 and, in some cases, R134a,
have emerged as a rational compromise between GWP, operational safety, and refrigeration per-
formance [29].

The continued incorporation of HFCs into refrigeration equipment highlights the importance of
reevaluating their industrial management. While lower-GWP HFCs remain valuable as compo-
nents in next-generation refrigerant blends, higher-GWP compounds, such as R143a and R125, are
expected to be progressively phased-out from refrigeration equipment. However, rather than be-
ing used as pure working fluids, these compounds are commonly incorporated into commercial
refrigerant blends such as R410A (50 wt.% R32 + 50 wt.% R125) and R404A (44 wt.% R125 + 52 wt.%
R143a + 4 wt.% R134a) [19]. Analogously to the historical phase-out of CFCs and HCFCs, one of
the most widespread strategies for eliminating high-GWP HEFCs is their chemical destruction [30].
Due to the chemical inertness of fluorinated compounds, highly energy-intensive methods are
usually required, with thermal oxidation representing one of the most common alternatives [31].
Although emerging technologies aim to reduce the environmental footprint of HFC destruction
processes [32], the lack of dedicated infrastructure in developing regions continues to limit their
implementation on a substantial scale [30].

As aless energy-intensive and more readily deployable alternative, HFC reclamation, i.e., recycling
and reprocessing of HFCs to meet characteristics close to virgin refrigerants, has gained increasing
attention [30]. By enabling the reuse of still-permitted HFCs in refrigeration equipment, reclama-
tion provides a pathway toward a circular economy framework for HFCs. However, business-as-
usual (BAU) reclamation strategies remain severely limited in the case of refrigerant mixtures, as
they are generally incapable of recovering individual HFC constituents from these systems. This
limitation originates from the thermodynamic behavior targeted in refrigerant blend design, which
involves small temperature glides [33], i.e., small differences between dew- and bubble-point tem-
peratures at constant pressure, or azeotropy [34], i.e., identical vapor and liquid concentrations at
certain temperature and pressure. Consequently, conventional distillation methods employed in
BAU reclamation are generally unable to selectively separate higher-GWP HFCs from still-viable
refrigerant components [35]], restricting the management of these blends to destruction-based ap-
proaches.

To enable a circular economy framework for refrigerant mixtures, regardless of their composition,
the selective separation of HFCs becomes a fundamental requirement. In this regard, extractive
distillation is among the leading technologies for the separation of azeotropic mixtures [36]. In
this process, an additional component, known as entrainer, is added to the system to modify the
relative volatility of the mixture by preferentially interacting with one or more species. In a con-
ventional extractive distillation, the entrainer is fed near the top of a distillation column, while
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the mixture to be separated is incorporated a certain amount of stages below. Subsequently, the
entrainer carries one or more of the species to the bottom of the equipment, while the now light
key component is obtained overhead as a relatively pure distillate. Finally, the bottoms of the
column are further fed to another unit operation, usually a flash vessel or second column, to sep-
arate the entrainer from the remaining components. This allows to recycle the entrainer back to
the column, and to recover the absorbed volatile components, free of the distilled compound [35].
When applied to refrigerant blends, extractive distillation enables the recovery of low-GWP re-
frigerants, analogously to BAU reclamation, while also allowing for isolating higher-GWP compo-
nents for their use in alternative applications, such as feedstock for fluoropolymer production [31,
37]. However, for the process to be technically feasible, the entrainer must meet particular char-
acteristics, including complete miscibility with the mixture, high selectivity between components,
and sufficiently low volatility to minimize losses to the vapor phase [36, 38].

Among entrainer alternatives for the separation of refrigerant blends, ionic liquids (ILs) and eutec-
tic solvents (ESs) have been increasingly investigated as remarkable alternatives [39} 40]. ILs are
salts with melting points typically below 100°C that can be tailored, by tuning cation-anion pairs,
to reach properties such as negligible vapor pressure, high thermal stability, and non-flammability
[41} 42]]. Besides such advantageous thermophysical properties, this tunability has been used to
synthesize ILs aimed at the extractive distillation of HFC-based mixtures [43], with emphasis on
the role of ionic structure and functionalization [44]. From a different approach, eutectic solvents
(ESs) exploit the melting point depression in binary mixtures, enabling the use of compounds that
are normally solid at common operating conditions. Deep eutectic solvents (DESs), a subgroup
of ESs with substantial deviations from ideal solution behavior [45], develop even wider liquidus
gaps. This feature has expanded the pool of available compounds as liquid solvents, especially
related to low costs, biodegradability, negligible vapor pressures, and simple preparation of their
mixtures [46]. Historically, these deviations from ideality were attributed to hydrogen bonding,
which motivates the classification of the components of an ES as hydrogen bond acceptor (HBA)
and donor (HBD) [47]. Like ILs, ESs offer broad molecular tunability, allowing properties to be
tailored for specific tasks by selecting different HBA-HBD combinations. However, their use as
entrainers for HFC-based blends has not been as widely explored as for ILs, being restricted to
studies on particular DESs [48].

The remarkable tunability of ILs and DESs also presents a major challenge in the identification of
suitable entrainers for HFC-based blends. In the case of ILs, the wide variety of possible cation—
anion combinations, together with the various possible functionalizations in each ion, renders the
number of possible compounds virtually unlimited [43]. Analogously, DESs are nowadays clas-
sified into five main types depending on the nature of their comprised HBA and HBD. Type III
DESs, the most extensively studied in the literature, are typically formed from quaternary ammo-
nium salts and organic compounds such as amides, carboxylic acids, alcohols, or polyols. More
recently introduced in 2019 [49], Type V DESs consist of non-ionic eutectic mixtures such as those
based on phenolic compounds and monocarboxylic acids [47]. The continuously expanding chem-
ical space associated with ILs and DESs heavily hinders a definitive experimental characterization
of feasible solvents for F-gas recovery. In this context, predictive theoretical approaches, capable
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of relating molecular structure and physical interactions with macroscopic thermophysical infor-
mation, arise as promising tools for the rational design of these compounds for HFC absorption.

Equations of state (EoSs) constitute one of the most direct approaches to process design, as they
relate the phase behavior of multicomponent mixtures with operating thermodynamic variables
using explicit mathematical relations [50]. Their relevance in industry is evidenced by the ex-
tensive range of systems and thermodynamic conditions successfully modeled though these ap-
proaches. Particularly, molecular-based EoSs derived from the Statistical Associating Fluid The-
ory (SAFT) [51] incorporate physically meaningful parameters, associated with molecular size and
intermolecular interactions [52]. The empirical fit of these parameters allow to reliably depict
the thermodynamic behavior of complex fluids, while correlating this behavior with molecular-
level phenomena. SAFT-based EoSs have been successfully employed to model the absorption
of gaseous solutes in ILs and ESs [44] 53], providing a computationally efficient framework for
predicting relevant thermophysical properties. Nevertheless, despite their rigorous statistical me-
chanical foundations, these approaches provide a limited physical interpretation of the mecha-
nisms governing HFC absorption. Thus, their applicability in the search for suitable solvents for
refrigerant mixtures is mostly restricted to translating experimental observations into highly pre-
dictive thermodynamic models for process design and evaluation.

A more detailed physical interpretation of HFC absorption in complex solvents can be achieved
through molecular simulations. Particularly, molecular dynamics (MD) simulations constitute a
fundamental tool for understanding the microscopic phenomena underlying the macroscopic be-
havior of condensed systems, as they derive macroscopic thermophysical properties directly from
the statistical averaging of molecular trajectories [54]. Despite their high computational cost rela-
tive to SAFT-based approaches, MD simulations have become an important complement to empir-
ical observations and thermodynamic modeling [55]]. In the context of F-gas absorption, this is evi-
denced by studies characterizing the effect of intermolecular interactions, solvation environments,
and liquid structure in the thermodynamic performance of novel solvents [56]. Furthermore, the
development of increasingly transferable models for MD simulation has substantially improved
the predictive capability of this approach for complex solvents [57-59], where new insights can
provide information on desirable molecular features for entrainers.

Within a predictive framework, quantum chemical (QC) methods provide access to molecular elec-
tronic structure from first principles, allowing to characterize intermolecular interactions directly
from chemical structure [60]. Among these approaches, the conductor-like screening model for
realistic solvents (COSMO-RS), rooted in continuum solvation theory, has gained considerable
attention due to its ability to connect electronic structure calculations with fluid-phase thermo-
dynamics [61]. This model is also characterized by its efficiency, requiring the computationally
demanding QC calculations to be performed only once per compound. Consequently, COSMO-RS
has enabled the exploration of large chemical spaces with minimum dependence on empirical pa-
rameterizations [62]]. In the search for suitable entrainers for HFC-based blends, COSMO-RS has
been used in the evaluation of ILs and ESs in terms of Henry’s law constants, excess thermody-
namic properties, and phase equilibria [63| 64]. Although the resulting predictions are generally
qualitative in nature, the highly predictive character of COSMO-RS makes it a valuable screening
tool for identifying promising solvents for a further, more detailed, analysis.
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The conjunction of above computational approaches defines a powerful framework for the study
and design of solvents for HFC absorption and recovery processes. Nevertheless, a comprehen-
sive assessment of such technologies requires a broader perspective than an evaluation of their
feasibility in terms of material and energy requirements [65]. In this regard, the decision-making
around the deployment of IL- or ES-based processes can be supported through methods of life
cycle assessment (LCA). By quantifying environmental impact indicators across multiple areas of
protection for sustainable development, LCA offers a valuable insight of the feasibility of novel
solvents beyond their thermodynamic performance [66, 67]. This is especially relevant for ESs,
which are frequently coined as green alternatives to conventional solvents and ILs [68]], despite
such claims often neglecting the environmental burdens of the supply chain that yields to their
synthesis [45]. In this regard, the holistic perspective of LCA, capable of encompassing stages
from raw material extraction to end-of-life management, offers an essential contribution to the
development of sustainable solvent-based technologies for HFC recovery and separation.
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1.1. Hypothesis

A computational strategy comprising reliable thermodynamic models allows to define a set of
environmentally feasible solvents to separate and recover F-gases. The characterization of these
solvents can be studied by understanding its behavior at a molecular level, with aims to holistically
extend this approach to process design and life cycle assessment.

1. It is possible to find a selection of appropriate eutectic solvents according to the required
objective, enhancing the life cycle of the process either from an environmental, economic, or
energetic perspective.

2. Itis possible to reduce the environmental impact of separation processes of F-gases by find-
ing alternative solvents to traditional compounds.

3. The characterization of ESs can be studied and enhanced though the understanding of their
behavior at a molecular level with aims to the macroscale. Molecular modeling tools are
nowadays ready to grant key information to be used in the search for the most appropriate
solvent.

1.2. Main Objective

Provide a holistic theoretical framework, based on a methodology combining molecular modeling
techniques with process simulation, to evaluate new absorption units for the recycling of F-gases
using eutectic solvents.

Specific objectives

¢ Analyze the performance of COSMO-RS as a predictive model for the selection of solvents
in the capture of F-gases, evaluating their absorption capabilities through the characteriza-
tion of their phase equilibrium and relating predicted molecular features with macroscopic
observables.

* Characterize the behavior of systems formed by F-gases and eutectic solvents by SAFT-based
equations of state and MD simulations, evaluating the impact of solvent structure and inter-
molecular interactions in the thermophysical behavior of the system.

e Study the feasibility of selected solvents based on criteria of selectivity and regeneration
performance for their use in the proposed reclamation process by extractive distillation.

e Evaluate the performance of the extractive distillation of refrigerant blends using eutectic
solvents by means of process-related parameters, such as purity of recovered gases, and en-
vironmental markers relative to current phase-out strategies.



2. Fundamentals of COSMO-RS

This chapter presents the fundamental theoretical background of the continuum solvation model
for realistic solvents (COSMO-RS). Based on continuum solvation models, the development of
COSMO provided a stable, accurate, and simple numerical approach to characterize solvation
phenomena. However, the further development of COSMO-RS triggered its wide use due to its
remarkable predictive qualities for thermophysical characterization. Relying on statistical ther-
modynamics applied to electronic distributions, COSMO-RS provides access to a wide variety
of thermodynamic properties. Thus, its use in the screening and predictive evaluation of novel
solvents serves as a promising tool to assess DESs for HFC absorption.

2.1. Introduction

Understanding and predicting the behavior of complex fluid mixtures is a central concern in chem-
ical thermodynamics. In this regard, the availability of experimental data serves as the foundation
for model development, while also enabling the validation of existing theories related to thermo-
physical characterization. However, as increasingly complex compounds are proposed to address
current technological and environmental challenges [69, 70], the accessible chemical compound
space continues to expand [71]. With an increased pool of available compounds, comprehensive
experimental characterization is hindered [72], thus challenging the traditional paradigm of ther-
modynamic model development [71, 73].

This shift motivated, among other approaches, the elaboration of ab initio-based methods. Instead
of relying on system-specific parameterizations, quantum chemistry (QC) methods describe com-
pounds in terms of their molecular structure to characterize their electronic behavior [60]. In this
context, continuum solvation models (CSMs) have gained wide acceptance by incorporating sol-
vent effects into molecular calculations, which are known to strongly influence molecular behavior
[74]. Within these models, the solvent environment of a given molecule is simplified to a dielectric
medium, reducing the degrees of freedom of the problem while providing a realistic description
of solvation effects. This approach has proven successful in describing various concepts such as
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conformational changes, reaction mechanisms, and association equilibria [75]. However, macro-
scopic thermodynamics lies out of the scope of these methods, resulting in a breach with concepts
essential for engineering applications [62].

The conductor-like screening model for realistic solvents (COSMO-RS) provides a framework to
bridge this gap, establishing a pathway from quantum chemistry to thermophysical properties
[61]. Within this formalism, molecules are represented by their surface screening charge density
distribution, and their interactions are evaluated through a statistical thermodynamic treatment of
pairwise surface contacts [76]. This method enables the prediction of thermophysical properties
with minimal reliance on experimental data, making it suitable for exploring large and continu-
ously expanding chemical compound spaces. The success of COSMO-RS also lies in its compu-
tational efficiency, as the most demanding step of molecular structure optimization must be per-
formed only once per compound [77]. Thus, both pure and multicomponent systems, formed by
various sets of chemical species, can be readily defined to construct phase equilibrium diagrams,
screen novel solvents, and compute partition coefficients, among other applications [61]].

In this chapter, the theoretical foundations of COSMO-RS are introduced, and the methodology
adopted in this work is described. The chapter begins with a conceptual overview of the COSMO
approach, followed by the statistical thermodynamic formulation of COSMO-RS, and concludes
with the methodological details employed throughout this thesis.

2.2. Theoretical background

COSMO belongs to the more general CSMs, which find their basis on the Onsager reaction field
model [78]. Here, a single solute molecule is immersed in an infinite solvent reservoir, represented
as an unstructured dielectric continuum with electrical permittivity €. The segregation between
solute and solvent is done by defining a void cavity surrounding the solute. Two characteristics
are assumed for this cavity: it physically excludes the solvent medium and the entire electronic
charge distribution of the solute, oy, lies within it [75]].

The size and shape of this solute cavity must be selected in a physical consistent manner, excluding
the least amount of solute—solvent charge distribution overlap while retaining a size that doesn’t
conflict with the exclusion of the solvent. The most implemented definition consists on super-
posed atomic spheres with radii near their van der Waals values [75]. Radii proposed by Pauling
[79], Bondi [80], and Klamt et al. [81] are commonly employed to ensure a coherent compromise
between physical consistency and computational efficiency [75].

Once the method for the construction of the solute cavity is defined, the foremost problem of CSMs
is tackled. Here, gj polarizes the dielectric continuum, which in turn polarizes ¢p;. This problem,
electrostatic in nature, is formalized by applying the Poisson equation to the so called reaction field
potential, @ [75]. This is shown in Eq.

JRVERS (1) = {énQM (r) within solute cavity, 2.1)

outside solute cavity,
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where r is vector of spatial coordinates, and @ is the sum of the potentials generated by on1, P,
and by the polarization of the dielectric medium, ®g, as shown in Eq.

b = O + Dy, (2.2)

where ®g is also denoted as reaction potential. Although ®y; is directly obtained by knowing g, the
reaction potential is a priori unknown, as it depends on the response of the dielectric environment
to the solute electronic field. Moreover, said response modifies 9, demanding a self-consistent
process to obtain a correct characterization of the solute in the solvent environment. Numerous
approaches have been proposed in the literature to solve this problem, including apparent surface
charge (ASC), multipole expansion (MPE), and generalized Born approximation (GBA) [74].

COSMO belongs to the ASC methods. These are characterized by defining an auxiliary variable,
such that its integration over the solute cavity surface, Y, yields ®r. This auxiliary variable is
commonly expressed as a surface charge density, o, which takes non-zero values only in the set of
coordinates s € Y. Thus, the reaction potential can be obtained following Eq.

o(s)
y [l —s|

PR (1) = (2.3)

As seen from Eq. the advantage of ASC methods lies in that the problem of characterizing the
response of the infinite dielectric medium is reduced to the more simple problem of integrating ¢
over a closed surface. This calculation is more commonly performed by approximating Y as a set
of n, finite elements. Following this, the integration of ¢ (s) over Y is simplified to the sum over all
n, elements as shown in Eq.

Dp (1) ~ Zq:

Z; -y (2.4)

||r zH

where 0; is the surface charge density of element 7, S, ; its area, and g¢; its associated point charge.
The only remaining problem is the computation of ¢, such that the boundary conditions of the
electrostatic problem are reproduced. Following the original ASC method, the polarizable contin-
uum model (PCM) [82], o (s) is directly calculated from the polarization condition on the cavity

surface, following Eq.
T ()
4t \on/y,

where 7 is the unit vector normal to the cavity surface and pointing outward, and the subindex
in the potential derivative indicates that the differentiation is performed at the inside limit of the

cavity.

o(s) =

(2.5)




Chapter 2. Fundamentals of COSMO-RS 11

In the above scheme, the local values @ (s), required to define ¢ (s), also depend on the whole set
of surface charge densities. Thus, an iterative procedure can be applied to yield a self-consistent
solution for o) and o. Although straightforward, this approach increases the computational cost
of quantum chemical calculations, which are already iterative.

Considering this, COSMO was proposed to yield an approximate solution of Eq. by adopt-
ing an ideal conductor boundary condition [83]. Here, the dielectric constant of the medium is
replaced by that of a conductor, i.e., € — co. Under this condition, the solute experiences a perfect
screening from the conductor environment, thus conceptually replacing the discretized surface
charge densities, 0;, by screening charge densities (SCDs). The SCDs exactly compensate for the
electronic contribution of the solute, such that the reaction field potential to vanish at Y according

to Eq.[2.6,
D(s)=0. (2.6)

The boundary condition supplied in Eq. when applied to all SCDs in vector ¢ € IR", generate
a system of linear equations that relate interactions of segments with g1 and between each other.
The shape of the Y surface must be taken into account, and COSMO utilizes a formalism based on
Green’s functions to solve the electrostatic problem for arbitrarily shaped cavity surfaces. Finally,
the solution to this problem is summarized by the calculation of the set of point charges in the

cavity surface, g € R™, by solving Eq.

q=-A"Bq,, 27)

where A € IR"*" represents the electrostatic potential between surface segments, B € R"M*"
represents the electrostatic interaction between the solute charge distribution and the surface seg-
ments, and g, € R"™" is the vector containing the 1, charges from the solute charge distribution.
Expressions for matrices A and B are given in Egs.

A Jlsi—silI7t i#], (2.83)
4ne | 107v4rs, ! i=j, '
Bjj -1

proill Tt 1 B (2.8b)

where 1; represents the position of point charge gu;, and € is the electrical permittivity in the
vacuum. Furthermore, to recover the effects of a finite dielectric constant, computed SCDs are
multiplied by a factor of (¢ — 1) - (¢ + 0.5) .

The solution of Eq. 2.7 provides a direct solution of the set of SCDs within the molecular calcula-
tions for the solute. This allows the computation of solvation energies and molecular equilibrium
geometries through a stable, accurate and simple numerical approach, given the simplicity of the
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operators A and B. This has ensured the presence of COSMO in a wide variety of quantum chem-
ical packages [62]. The COSMO cavity construction is represented in Figures and for
an ethanol molecule. Here, the QC calculation yields both an equilibrium geometry under sol-
vation conditions and a cavity surface characterized by SCDs ¢ representing the response of the
conductor medium.

Despite its remarkable contribution, the most noticeable impact of COSMO is the development of
COSMO-RS [76,81], which links the quantum chemical output of COSMO with the computation of
thermodynamic properties. For an arbitrary system composed by an arbitrary number of species,
this is achieved by first characterizing its interaction energy difference with respect to a reference
COSMO state, AEiy;. In the initial state of the system, each molecule is represented by its solute
cavity surrounded by an infinite conductor medium. Thus, their SCDs and conformation energies
can be precisely obtained from a COSMO calculation. Subsequently, an ensemble of molecules can
be generated by placing the respective COSMO cavities separated by conductor surfaces. As these
dividing surfaces serve as a perfect conductor, they perfectly screen all cavity surfaces, thereby
canceling any electrostatic difference with respect to the previous step. Finally, to approach the
real system, the hypothetical conductor surfaces must be removed. This further generates a contact
between cavity surface segments, characterized by an effective contact area, a.¢, assumed constant
across the ensemble.

To model the contact of two surface segment with SCDs of ¢ and ¢, an equivalent segment with a
SCD of — (¢ + ¢’) is added to the system. Then, the energy difference due to the generation of the
segment contact is obtained by computing the self-energy of the inserted segment [81], given by

Eq.

o+0')?
Emisfit (O-r OJ) = fpol D‘;nisﬁt (2) ’ (29)

where f, is the polarizability correction factor, arising from the adjustment of the wavefunction
of molecules due to the change in their electrostatic medium, i.e., the removal of the conductor
surface. Considering typical electronic polarization values for organic solvents, a value of f,, =
0.6 is commonly assumed [81]. Moreover, in Eq. the a/ . . constant is given by Eq.

03 12
Bisfit = ?anf/f . (2.10)
Eq.[2.9]is commonly coined as misfit energy, as it arises from the deviation from the ideal contact of
SCDs, i.e., the case where ¢ = —¢”. In addition to this energy correction, COSMO-RS includes the
formation of hydrogen bonds between segment pairs with a sufficient polarity difference. Thus,
the energy contribution from the hydrogen bonding between two segments with SCDs of ¢ and ¢’

is computed using Eq.

eus (0,0') = cup min (O, oo’ — 012{3) , (2.11)
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where cyp is a temperature-dependent coefficient that accounts for the entropy loss due to the
formation of the hydrogen bond [61], and the threshold value oip limits the accounting for epp only
between sufficiently polar surface segments [62]. Considering this, the problem of characterizing
AE;y: from all molecules in the system is replaced by finding the interaction energy among all 7,
surface contact interactions. Thus, the interaction energy difference, compared to the reference
COSMO state, is computed following Eq.

Ny Ng
AEine = et Y _ €int (07,07) = deft Y, [emistit (07, 07) + ens (0, 07)] - (2.12)
i=1 i=1

To obtain the total energy of the system, this quantity is added to the reference energy, which
encompasses two contributions that are independent from individual surface contacts. The first
one is the energy from the initial screened state, Ecosmo, which is directly obtained from COSMO
calculations. The second one is the contribution due to the attractive dispersion interactions, Eyq4w,
which, as done in other CSMs [75]], is computed as a first order expression as shown in Eq.

el

Evaw = Y Tedw,i Svdw,i , (2.13)
i=1

where ng is the number of elements in the system, 7,4y ; is an element-specific adjustable param-
eter for atom i, and S,qw ; its corresponding COSMO surface area.

Considering the fluctuating nature of fluid phases, Eq. can be treated by calculating instead
the ensemble average of the total energy of the system from a statistical thermodynamic approach.
Thus, an integration of the surface contact-dependent energy must be carried out to characterize
the thermodynamic properties of the system. However, this demands knowledge on all surface
contacts i occurring in the ensemble, which translates into the need of all possible mutual arrange-
ments among molecules, generating prohibitive calculations when trying a proper thermodynamic
sampling [62]].

To treat this scenario, COSMO-RS introduces a fundamental approximation: geometrical con-
straints in Eq. can be decoupled from the analysis, and only the information on all interacting
0; — 0] pairs is required. It is assumed that all patches form pairs, thus representing a condensed
medium where no free surface exists in the bulk. From this, the initial ensemble of molecules is
replaced by the corresponding ensemble of pairwise interacting surface segments [62].

Since each patch can be uniquely described by their corresponding SCD, the new ensemble is suf-
ficiently characterized by the distribution function ps (), commonly referred to as o-profile. This
profile describes the probability of finding, within a given molecule, a surface segment with a mean
SCD of o [81]. o-profiles constitute the central molecular descriptors in COSMO-RS, encoding the
surface charge density distribution of a molecule and allowing their treatment from a statistical
thermodynamic perspective. Moreover, they serve as a common basis to recognize the chemical
nature of compounds. As schematized in Figure for ethanol, regions given by o < 0 are cor-
related with electrophilic trends, characterized by a hydrogen bond donor nature. In turn, o > 0
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FIGURE 2.1: Schematic representation of the COSMO-RS workflow for ethanol.

(a) Optimized molecular geometry within the COSMO boundary conditions. (b)

COSMO cavity generated and colored according to the local SCD ¢. (c) Correspond-

ing o-profile, ps (0), (left axis, colored solid line) and o-potential, yg (¢), (right axis,

black solid line) employed in COSMO-RS. The s (¢) = 0 line is included (right axis,
dashed line).

values represent nucleophilic and hydrogen bond acceptor trends. Regions around ¢ = 0, such as
alkyl groups, are related to a low polarity.

A pure system of species i is characterized the o-profile of a single molecule of this species, ps ; (7).
In turn, in a system of 1, components, the net o-profile is given by Eq.

ps (o) = Z xi ps,i (0) , (2.14)
i=1

where x; denotes the mole fraction of component i.

From the above change, the problem of characterizing the ensemble average is equivalent to find-
ing the chemical potential of an additional patch with a SCD of ¢ in one mole of patches, s (0),
which can be computed by solving the self-consistent relation given in Eq.

/ ps (0') exp

where the integration is carried out over all neighboring o — ¢’ pairs [61]. This chemical poten-
tial is more commonly referred to as the o-potential of the system, and serves as an indicator of
interaction preferences with surface segments of polarity ¢. Thus, as schematized in Figure 2.1k,
us (o) < 0values in the o < 0 region represent preferential interactions with hydrogen bond-donor

us (0) = k T (Ej_nt (0,0") —us ((7’))} do’, (2.15)
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compounds, while yg () < 0 values in the o > 0 region represent preferential interactions with
hydrogen bond acceptor compounds.

For non-Gaussian o-profiles, Eq. must be solved iteratively, commonly considering an initial
value of yis (0') = 0 on the right-hand side, which ensures a rapid convergence [76]. Then, the
chemical potential of compound i, y;, can be obtained by integrating ys (c) over the surface of said
compound [62], as shown in Eq.

Hi = /Ps,z‘ (0) ps (0) do + kT In (X; + Xcomb,i) - (2.16)

The first term of the right-hand side of Eq. arises from the direct solute-solvent interactions,
namely the residual part of the total chemical potential. The second term incorporates the trivial
kgT Inx; term, as well as the combinatorial contribution, X.omb i, Which describes the solute size
dependence. This is incorporated in the COSMO-RS formalism by using the molecular surface
areas and volumes, computed from the previous COSMO calculation [61].

Eq. is the central equation in COSMO-RS. It provides the energetic characterization of an
arbitrary solute, and extends the solvation foundings of the model by giving access to almost the
entire fluid phase equilibrium thermodynamics [61]. This is done in the basis of computing the
activity coefficient of component i in the mixture, 7;, directly computed from Eq.

i —

, 2.17

Invy; =

where 11 is the chemical potential of species i in its pure state, and R is the ideal gas constant.

2.3. Implementation of COSMO-RS

The COSMO-RS implementation available in the BIOVIA COSMOtherm package [84] was em-
ployed for all phase equilibrium calculations. Here, a geometry optimization of the molecular
structure, considering the COSMO solvation model is used as the starting point to generate the
molecule cavity with its SCD. The TURBOMOLE package [85] is employed to perform the re-
quired QC calculations. The results of geometry optimizations are summarized in a .cosmo file,
containing the molecular geometry, the discretized molecular cavity, the ¢ values associated to
each surface segment, and the COSMO energy of the molecule. Subsequently, SCDs contained in
the . cosmo file are used to construct the corresponding ps (¢) of the molecule, allowing the com-
putation of yg (0) through Eq. Furthermore, a .energy file, containing the gas-phase energy
of the molecule, is obtained by the above procedure.

The BP-TZVP parameterization (version BP_TZVP_2024) of the COSMO-RS empirical parameters
was employed for all calculations. In this parameterization, DFT calculations at the BP86/def-
TZVP level of theory are used to optimize the molecular geometry of the studied species.
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A wide variety of calculations related to phase equilibrium can be performed. However, for the
evaluation of absorption of gaseous solutes in non-volatile solvents, two main concepts are consid-
ered. In the first place, the equilibrium pressure of the system, P, which characterizes solubility
isotherms, is computed following Eq.

¢
PRt =Y PPy, (2.18)
i=1

where P! is the saturation pressure of species i. As COSMO-RS does not directly compute ther-
mophysical properties in the gas phase, complementary alternatives must be supplied for the es-
timation of P*'. The employed approach consists on its estimation using the gas-phase energy
provided in the .energy file.

Finally, effective Henry’s constants [86] of species i in the mixture, Kgfi, is computed assuming an
incompressible liquid phase, thus following Eq.

Kif; = 7P}, (2.19)

1

where 7° is the activity coefficient of species i at the limit of infinite dilution.
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3. Fundamentals and computational methods of
molecular dynamics

This chapter describes the essential theoretical background of molecular dynamics (MD). With
robust statistical mechanics foundations, MD simulations offer a powerful framework to under-
stand the influence of microscopic phenomena on thermophysical behavior. When applied to the
systems of interest, MID simulations enable the study of solvation characteristics related to the
performance of novel solvents for HFC absorption.

3.1. Introduction

Molecular simulation has become a powerful computational tool for understanding and predict-
ing the behavior of molecular systems [54, 87]]. 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 [87]. Since its
conception several decades ago, molecular simulation has become an indispensable tool in molec-
ular science [88]. 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 mo-
tion, where the future state of the system can be predicted based on its current state [55]. In MD,
atoms are represented as mass points that interact through a specified force field. These force fields
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 simula-
tions compute results in much shorter time scales than quantum mechanics methods while still
achieving high accuracy when adequately calibrated.

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
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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. Methodologies for calculating viscosity, diffusivity are
included, and computation of free energies, of paramount importance in the characterization of
solvation behavior, is discussed.

3.2. Fundamental principles in molecular dynamics

3.2.1. Potential energy functions and force fields

MD simulation relies on statistical thermodynamics to predict molecular geometry, energy, and
other properties based on physical interactions. To do so, molecules are represented as systems of
particles (e.g., atoms) connected by bonds and interacting through intramolecular and intermolec-
ular forces. Force fields (FFs) are the explicit representations of these interactions, and are defined
by mathematical expressions involving the particle positions of the system. This formalism con-
siders 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, 15, ..., 1y), can be expressed as a sum of energy contri-
butions, as shown in Eq.

u (I]: ... /IN) = Z Ubonds T Z Uangles + Z Utorsion 1 Z Unon-bonded » (3.1)

which depends on the positions r; for the N particles in the system. In the right-hand side of Eq.
the first term models the interaction between bonded atom pairs and how they stretch or com-
press 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 (L]) potential for van der Waals interactions.

Force fields such as OPLS [89], CHARMM [90], and AMBER [91] parameterize these interactions
using empirical or quantum mechanical data to ensure accurate representations of molecular sys-
tems. 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 poly-
mers.

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 [54]:



Chapter 3. Fundamentals and computational methods of molecular dynamics 19

¢ 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
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 CH3z, CH,, or CH, are treated
as single interaction sites [92]. 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 hydrogen
atoms 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 [93, 94], optimized for biomolecular and material simu-
lations. 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 [87]:

¢ Be computationally efficient, requiring minimal memory.

¢ Permit the use of sufficiently long time steps, At, without sacrificing accuracy.
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¢ Accurately reproduce the classical trajectory of the particles.
¢ Conserve key physical quantities, such as energy and momentum, ensuring time-reversibility.
* Be simple to implement and robust in application.

The Verlet algorithm [95] 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 iteratively
calculates new positions, r, and velocities, v, using acceleration, a. This is done following the
formulation of equations for the integration of the equations of motion over a single timestep from
t to t + At, as shown in Egs.

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 ¢ + At using the
accelerations at time ¢. 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 (3.29).

Other variations and improvements have been developed from this algorithm. A commonly used

algorithm is Leapfrog [96], which estimates velocities at half-time steps (t + %At) using the rela-
tions shown in Egs.

r(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.
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The SHAKE algorithm, introduced by Ryckaert et al. [97], 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
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
[98]. 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 Linear Constraint Solver (LINCS) algorithm [99], 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 [3.1]illustrates 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



Chapter 3. Fundamentals and computational methods of molecular dynamics 22

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.
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 riZj 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 [100]. In this
technique, a cutoff sphere of radius r.,; around a particle is surrounded by a shell of radius 7y,
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 ;;;;. In subsequent iterations, force calculations are
only performed for atom pairs in the list, and the list is reconstructed periodically. The choice of r;;5
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 [101] 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.
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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 [102], 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 [103] and later modified by Hoover [104].
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.
#r(t) _ Fi  pedy

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 [101] 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 [105| |106]] 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 [107] is often used to generate the initial configu-
ration 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 performing non-equilibrium
molecular dynamics (NEMD) simulations to calculate viscosity. The details of these differences
are discussed in the following sections.

3.3.1. Calculation of transport properties

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 [108]. 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
and to minimize local shear rates, both the acceleration and velocity profiles must be smooth and
periodic [108]. Therefore, Eq. is typically chosen to provide the external force a,(z):
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a,(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.

AL 2
[ 27
Ux(Z) = AF <27‘[> COs (LZZ) (3.14)

In Egs. and A is the acceleration amplitude, which indicates the magnitude of the ap-
plied force, ﬁL is the liquid mass density, 17L is the liquid viscosity, and L, is the box length in the
z-direction. As shown in Eq. the velocity amplitude is proportional to the acceleration am-
plitude, 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 acceleration amplitude and obtain a more accurate estimate under equilibrium conditions.

Equilibrium MD simulations can be used to compute self-diffusivity of species i, D;, which make
use of the autocorrelation function formalism [87]. In the first place, system-size corrections are
recommended to be included [109], considering the expression proposed by Yeh and Hummer

[110], as shown in Eq.

kgT¢
= ——2 1+ Doppci, 3.15
= Ly + Drpc,i (3.15)
where L, is the length of the cubic simulation box, ¢ = 2.837297, and Dppc; is the self-diffusion of
i in a simulation with periodic boundary conditions. This term can be computed via the Einstein’s

equation following Eq.

1 d
Dppc,i = 3 tlgg E< [r:(t) — 1,01 ), (3.16)

where [r;(t) — 14 (O)]2 is the mean-squared displacement (MSD) of i, which can be directly obtained
from available MD simulation software. Thus, D; is finally obtained as the slope of a linear fit for
MSD, performed at a sufficiently long simulation time, depending on the analyzed system.

3.3.2. Free energy calculations

Free energy calculations enable the determination of free energy differences associated with nu-
merous physical processes [111]. Particularly for homogeneous fluid phases, they allow the char-
acterization of solvation through the calculation of the excess chemical potential of species i in a
mixture, p>.

Among the routes to compute free energy differences from MD simulations, free energy pertur-
bation (FEP) formalism is the oldest and one of the most versatile approaches [111]. As in all
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applications of perturbation theory, FEP represents the system of interest with respect to an initial,
unperturbed, state. Thus, the solvation of species i can be characterized by the free energy dif-
ference between systems containing and not containing this species. In the case of considering a
single molecule of species i, this free energy difference yields p>.

Despite this direct approach, free energy differences are highly dependent on the phase-space
overlap between both systems. Thus, the consideration of only two states will yield inconclusive
and inefficient energy differences [112]. Both states can be formally bridged using alchemical free
energy calculations. This formalism establishes 1, intermediate states through the parametric vari-
able A € [0, 1]. The initial and final states are represented by values of A of 0 and 1, respectively,
while all intermediate states lie within both limits. This parameterization is applied to the FF of
the target molecule by scaling its non-bonded parameters as a function of A. Thus, the gradual
decoupling of the molecule from the system is modeled through a continuous pathway connect-
ing the fully interacting and decoupled states. Conversely, the coupling of the molecule can be
characterized following the reverse path.

Using the above approach, p$* is evaluated from differences in the Hamiltonian of the system #,
between different alchemical states. This is exemplified by Eq. [111,1113],

e _n];lln<exp [_ H(Aj11) —H(?\j)b , (3.17)

where (...); denotes the ensemble average over configurations sampled over alchemical state ;.

Eq. also referred to as Zwanzig relationship [114], is the basic free energy estimator, and
computes y* through ensemble averages of Hamiltonian differences between neighboring states.
More recent estimators have been defined to yield a higher statistical efficiency. This is the case for
the Bennett acceptance ratio (BAR) estimator [115], which draws data from two different states to
compute free energy differences while minimizing the variance of the estimation. A further exten-
sion of this method was achieved with the multistate Bennett acceptance ratio (MBAR) estimator
[116]. Here, samples from all thermodynamic states are simultaneously considered to yield the free
energy estimation, also providing a direct computation of uncertainties. Provided that sufficient
alchemical states are considered, the MBAR estimator has shown better statistical performance and
lower bias than other FEP-based estimators [117, |118]], thus representing one of the most widely
applied estimators in free energy calculations.

A defining factor in obtaining reliable free energy estimates is the phase-space overlap between
states, i.e., the degree to which an energetically favorable configuration can be observed in two
states [117]. For species with complex chemical structures, maintaining sufficient phase-space
overlap is computationally expensive due to the need of longer simulation runs, required to obtain
a comprehensive sample of each alchemical state. To tackle this problem, the Hamiltonian replica
exchange (HREX) method [119] serves as a powerful sample accelerator. Within this approach,
all alchemical states are simulated in parallel. At regular time intervals, the configurations of two
states, or replicas, are exchanged if the exchange acceptance probability, determined from both
Hamiltonians, satisfies the Metropolis criterion [120].
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4. Molecular-based equations of state

This chapter describes the fundamental framework of the Statistical Associating Fluid Theory
(SAFT) and two of its variations, namely the soft-SAFT and PC-SAFT equations of sate. The
robust statistical thermodynamic framework of these models gives them a particularly predic-
tive character for complex solvents where strongly directional interactions appear. Applied to
the assessment of HFC absorption, SAFT-based formalisms yield a reliable assessment of novel
solvents.

4.1. Introduction

Prediction and modeling of thermophysical properties, such as phase equilibria and transport
properties, are essential for the development and evaluation of chemical processes [121]. Reliable
process design requires thermodynamic models capable of describing the behavior of complex flu-
ids over wide ranges of operation conditions in an accurate and computationally efficient manner
[50].

Equations of state (EoSs), i.e., mathematical models that describe the relationship between ther-
modynamic properties such as pressure, volume, and temperature, represent one of the most
influential approaches to this problem. Their origin can be traced back to the seminal work of
Johannes Diderik van der Waals, who in 1873 introduced a framework to describe real fluids by
incorporating the effect of finite molecular size and intermolecular attraction [122]. This formu-
lation constituted a significant improvement over the ideal gas law, providing the first theoretical
basis for describing vapor-liquid equilibrium through a simple cubic expression in molar volume.
This equation laid the foundation for the refinement of numerous cubic EoSs to better reproduce
experimental data [123]], with the most industrially prominent being the Redlich-Kwong EoS [124],
its further modification by Soave [125], and the Peng-Robinson EoS [126]. At the same time, van
der Waals” EoS motivated the development of more advanced models aimed at describing more
complex fluids, where molecular structure and specific interactions lead to deviations from the
behavior predicted by classical cubic EoSs [127].

Chemical association differs from dispersion interactions due to its highly directional nature, lead-
ing to specific phenomena such as hydrogen bonding and formation of clusters and dimers [128].
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To explicitly include these complex effects in fluid phase calculations, the Statistical Associating
Fluid Theory (SAFT) [51, 129-131] arguably represents the most successful approach [52]. While
SAFT relies on more computationally demanding formulations than cubic EoSs, it improves the
description of complex fluids by incorporating a physically meaningful parameterization. Start-
ing from a reference fluid, molecules are represented as chains of spherical segments, and their
interactions are decomposed into distinct contributions, including dispersion, chain formation,
and association. The first SAFT-based EoS was proposed by Chapman et al. [51, [131], who incor-
porated Wertheim's first-order thermodynamic perturbation theory (TPT1) [132-135] to describe
directional interactions. This formulation proved highly suitable in modeling both simple and
complex systems, for pure substances and mixtures, and established the basis for further develop-
ments. Since its introduction, several SAFT-based EoSs have been proposed, mainly differing in
the choice of the interaction potential used to describe the reference fluid. Particular examples in-
clude SAFT-VR-SW [136) [137], SAFT-VR-Mie [138]], soft-SAFT [139, 140], and PC-SAFT [141, 142].
Several reviews in the literature provide detailed descriptions of each of these versions, highlight-
ing their advantages and limitations [52, |143-145].

In this chapter, the theoretical foundations of the SAFT framework are presented. As both the soft-
SAFT and PC-SAFT models were employed in this thesis, details of their specific formulations are
provided. Additionally, parameterization strategies for pure fluids and mixtures are introduced,
followed by the procedures for the calculation of thermodynamic properties and the formulation
of the phase equilibrium problem within the SAFT framework.

4.2. SAFT-based molecular models

Within the SAFT formalism, fluids are initially modeled as a collection of equal-sized spheres (or
segments) to represent repulsive interactions, usually via a hard-sphere (HS) model. Attractive
forces are then incorporated by including a dispersive potential, commonly a square-well (SW) or
L] potential. Molecular structure is accounted for via a coarse grained framework, where segments
are connected by covalent bonds to form chains. Finally, specific interaction sites are introduced
along the chains to represent directional interactions, typically modeled using SW association po-
tentials. Each of these contributions (reference repulsion, dispersion, chain formation, and associ-
ation) adds a corresponding term to the residual Helmholtz free energy of the fluid, 4", as shown

in Eq.

~res
a

—i— a~id — %8 | ﬁchain . gassoc , (4_1)
where 7°°% is the segment contribution to the Helmholtz free energy, including both the HS refer-
ence and dispersion terms; 4" is the energy contribution due to chain formation; and #5°° is
the contribution from chemical association. Additionally, 4 refers to the reduced molar Helmholtz
energy of the system, i.e., the Helmholtz free energy of the system divided by a factor of RT, where
R is the ideal gas constant and T the absolute temperature. Moreover, 49 represents the contribu-
tion of the ideal gas, which, for a system consisting on 7. components, can be expressed through

Eq.A2
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e
d4 =Y [xiInx]+In (pA%) -1, (4.2)
i=1
where x; is the mole fraction of component i, p is the number density of the system, and A =

1

27th - (mekpT) ™2 is the thermal de Broglie wavelength, with 7 being the reduced Planck constant
and m. the mass of the electron.

The most distinguishable feature of all SAFT-based EoSs is the association term, 3°°¢, from Eq.
This contribution, derived from Wertheim’s TPT1 [132-135], enables the accurate representa-
tion of associating fluids by describing the specific interactions between molecules at association
sites. The contribution of the association term to the Helmholtz free energy, which reflects these
interactions, is given by Eq.

e =Y x Y s [m XA - T+ ] . (4.3)
i=1 AeQ 2 2

Here, the sum is performed over the 1. components in the mixture and their respective || possible
association sites in a set Q) of different kinds of site. S4/ denotes the number of association sites
of type A on each molecule of component i, while XA represents the fraction of molecules of
component i that remain unbonded at site A.

For every molecule in the mixture, SA4 should be known according to the defined association
scheme, while X4 changes according to the thermodynamic conditions of the system and can
be obtained by solving the mass balance shown in Eq. [146],

-1
¢ |Q|

1 +pm Z Xy Z SBiXBjAAiBf
k=1 BeO),B#A

XA = (4.4)

Here, A% is the association strength between the site type A in component i and the site type B in
component j, whose expression is derived depending on the utilized SAFT variation. Its general
functional form is given by Eq.

AB; _  AB el
Al/ocxl/[exp(k T)—l], (4.5)
B

where «4i8i the association volume, is a measure of the volume available for bonding between
a site of type A in component i and a site of type B in component j, and ¢/, the association
energy, is the well depth of the site—site interaction potential. If the association occurs within the
same molecule, it is referred to as self-association; otherwise, it is a case of cross-association. The
association interaction is symmetrical, which means gAiBj B

i = ¢Bili. In the case where the association
site type A cannot associate with site type B, 4% = 0, which means A%/ = 0 by using Eq.
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1A 2B 3B 4C

FIGURE 4.1: Examples of association schemes based on the Huang and Radosz no-
tation [148], considering three different types of sites: Bivalent (B), Positive (P), and
Negative (N).

Otherwise, the parameters for cross-association can be obtained using the mixing rules proposed
by Wolbach and Sandler [147], as given by Egs.

1
eAiBi — 5 (gAiBz' + gAfo) , (4.6a)
3
xAiBi = \/xAiBixcAjBj ((;'ZU]) . (4.6b)
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
Radosz [148]. 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 .1}

By defining proper association schemes and thus the solution of the bonding type, SAFT-based
EoSs directly incorporate highly directional interactions in the thermodynamic behavior of the
system. The remaining contributions to the overall Helmholtz free energy are obtained depending
on the utilized SAFT-based EoS.

4.2.1. The soft-SAFT equation of state

In the soft-SAFT EoS [139, |140], a given species i is modeled as a homonuclear chain of segments,
whose repulsive and attractive interactions are modeled through a Lennard-Jones (L]) potential,
as shown in Eq. 4.7

o =10 [(2)"- (2)]. w

r
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where ukl is the pair potential, r is the radial distance between two segments, and ¢;; and ¢;; are the
collision diameter and depth of the potential well of species i, respectively.

For a mixture of n, components, analytical expressions developed for pure L] fluids are extended
though the definition of a pseudofluid with collision diameter ¢;, and depth of the potential well
em. This hypothetical fluid represents the multicomponent system by weighting the contribution
of each independent species. Within the soft-SAFT approach, these required parameters are com-
puted using the van der Waals one-fluid theory [149] as shown in Eqgs.

¢ N

2 Zl mimjxixjai?;-
P R (4.8a)
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(4.8b)
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where 0;; and ¢;; are the crossed collision diameter and well depth between species i and j, which
are computed using the Lorentz-Berthelot mixing rules [150} [151] following Egs.

oij = (1—1;j) T’ (4.9a)

Gi]' = (1 — k”) A /€1'1'€]']' ’ (49b)

where the binary parameters /;; and k;; can be fit to empirical data to enhance the thermodynamic
description of multicomponent mixtures.

The contribution of L] segments, 4°¢, is obtained using the EoS proposed by Johnson, Zollweg and
Gubbins [152]. This equation was fit to molecular simulation data, developed to model the thermo-
dynamic behavior of the L] fluid in a wide range of temperatures and densities. This is achieved
by the temperature-dependent set of parameters @“S and b“C, and the density-dependent set of
parameters G'“C. Thus, the segment contribution to the Helmholtz free energy is expressed as in

Eq. 410

8 g)%C i & 26 176
a%% = Z ZT (pa%) + Z b{ GZ]. . (4.10)
i=1 i=1
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The expressions of parameters al“C, B'“C, and G'#© are provided in the original work by the au-
thors [[152].

The energy contribution due to chain formation, a'®", is based on the expression independently
derived by Wertheim [153, [154] and Chapman et al. [129} 130] Here, a system of chain molecules
is obtained from a system of spherical segments with compatible association sites. By setting the
fraction of monomers equal to zero, i.e., in the limit of complete polymerization, the total energy
of formation of chains is obtained. For a system of Lennard-Jones segments, this is quantified in

Eq. (£ 1T}
achain — ZC: X (1 _ mi) lngb] (Um) , (411)
=1

1=

where the general expression is constrained by setting the bond lengths between adjacent segments
equal to the L] collision diameter of the pseudofluid, ¢;,. The pair distribution function required
in Eq. is simplified to the pair distribution function between non-bonded L] segments of the
pseudofluid defined by Egs. evaluated at its collision diameter, g,l;f (o). Similarly to a°%8, an
empirical function, fit from molecular simulations of the Lennard-Jones fluid [155], is applied to
obtain this otherwise unavailable analytical function. Thus, a polynomial expansion on density
and temperature is applied, as shown in Eq.

1y 5 O gzG (- avi (ksT\'"
glom) =1+ Z Z Ci]. (pam) <s ) , (4.12)
i=1j=1 m

where the set of fit parameters C'“© is available in the original work by the authors [155].

Within the soft-SAFT formalism, association in a species i is modeled by incorporating a SW po-
tential inside the L] sphere of one of its segments. This potential has a collision diameter of
"W = 0.20;;, and its origin is located at a distance of 0.20°"V from the origin of the L] potential
of the segment. Subsequently, the association strength between sites A and B in species i and j,
respectively, is evaluated through Eq.

8141'3]'
AAiB — 4711cAiB; [exp ( > — 11 W, (4.13)
kT

where 75V is a dimensionless integral defining the non-zero site-site associations for the intro-
duced SW potential, obtained from Eq.

W = 71 i i aMG (pc73 )i (kBT)j (4.14)
3.84 - 104 by gl " em )’ '

M

where the set of parameters aM is provided in the original work of the derivation of Z5W [156].
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4.2.2. The PC-SAFT equation of state

In the PC-SAFT framework, unlike most SAFT versions, dispersive interactions are incorporated
into the chain contribution rather than the HS reference term. For a species i, the pair potential
between segments in a chain is described using a modified SW potential, u™W, as defined in Eq.

ii
[157],

00 r < (o;; —0.120y),
LW () — e (0ii — 0.1203) < r < 03, (4.15)
—&;i 05 <1< AyiiCii, '
0 r 2> AgiiGii -

Here, r is the radial distance between two segments, 0;; is the temperature-independent segment
diameter, ¢;; indicates the depth of the potential well, and A ;; is the reduced well width.

Based on the modified SW potential defined in Eq. and employing perturbation theory, the
PC-SAFT EoS is described as a sum of energetic contributions to the reduced residual Helmholtz

energy, as shown in Eq.

G — 5 ﬁid _ ﬁhC + ﬁdisp | gassoc (4_16)

where 4" is the reduced Helmholtz energy contribution of the hard-chain reference fluid, and 79'P
represents the contribution of the dispersive interactions.

The hard-chain reference term in Eq. consists of two contributions: the HS contribution (&),
which comes from the number of spherical segments in each molecule (1 ,), and the chain con-
tribution (#°h"), which results from the bonding of these segments within each molecule. This is

shown in Eq.

ﬁhc — ﬁ’lsﬁhs + ﬁchain ) (4.17)

Here, 11, is the mean segment number in the mixture, as given by Eq.

=

C

ms = XiMg ;. (4.18)

Il
—_

The HS term is given by the expression developed by Boublik [158] and Mansoori et al. [159],
which reduces to the formulation proposed by Carnahan and Starling [160] for pure fluids. This is

shown in Eq.

P = o [ g+ (-0 -6 (4.19)
T Hl-&) | T ni-nr \a8 3| .
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where ¢, is defined by the number density of molecules, p, in Eq.

TP &
&= s Y xmgd!, ne{0,1,2,3}, (4.20)
i=1

1=

where d; represents the temperature-dependent segment diameter of a component 7, given by Eq.

d = o, {1 —0.12exp (—3 i )} : (4.21)
kg

For the chain formation contribution, it is assumed that the segments are tangentially bonded at a
distance r = ¢j;, resulting in the expression given in Eq.

¢
ﬁcham — Z Xl'(l _ ms,i) In g%}s(%’) . (4.22)
i=1

Here, gﬂs(aﬁ) is the zero-order RDF, as determined by the Boublik [158] and Mansoori et al. [159]
expression for a HS segment, as shown in Eq.

hse oy 1 did; 3¢, did; \* 222
i) =gt (di +d]-> A (di +d]-> d_cp (*.23)

After the hard-chain reference fluid has been defined, the perturbation theory developed by Barker
and Henderson [161} 162] is applied to account for the attractive part of the chain interactions.
This second-order perturbation theory expresses the Helmholtz free energy as the sum of first-
and second-order contributions, as shown in Eq.

P — Gy +d,. (4.24)

Each contribution can be written in a simplified form, as shown in Egs. [141],

iy = —2mph(ny, mym2ec3, (4.25a)
iy = —mpmCy L(n, m)ym2e203 . (4.25b)

Here, I;(17,1m) and (1, 1) are integrals over the intermolecular potential defined in Eq 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/4.20), as given by Egs. [141],
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6 .

L (7,m) =Y _a;i(m)n', (4.26a)
i=0
6 .

L (y,m) =Y bi(my', (4.26b)
i=0

where the coefficients 4; and b; are given by Egs.

m—1 m
a; (1) = ag; + ———a1; + —— s, (4.27a)
m m

bi(m):b()i+m__1b1i+m_ m_ by; . (4.27b)
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 [141]].

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

-1
_ 72 _ 2 3 _ n,4
C = (1 4O T2 (g gy 200 2 12 2 ) . (4.28)

(1-7n) (=) @-n)]

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

Nne N e

m2ec® =Y Y " xjxjmim; <ﬁ> 0“3 , (4.29a)
i=1j=1 B
Ne Nc g 2

m2e20% =Y ") xixjmim; <ﬁ> 05. (4.29b)
i=1j=1 B

The parameters for unlike segments are obtained using the conventional Lorentz-Berthelot com-
bining rules [150, [151], as shown in Egs.

Finally, the association strength is computed following Eq.

AB; h AB; i
AAiB; — @%gijs(gif)K ibj [exp (kBT) — 1] . (4.30)
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It is important to note that, while the PC-SAFT EoS defines the association volume, k4B as a

dimensionless quantity, the soft-SAFT EoS defines this parameter in units of volume, as inferred

from Eq.

4.3. SAFT parametrization

Summarizing the discussion on individual contributions of SAFT-based EoSs, reduced Helmholtz
free energy relies on at least three molecular parameters for each species i: the effective number of
segments forming the molecular chain, m;,;, the segment diameter, ¢;;, and the dispersive energy
between segments, ¢;. For species containing association sites, two additional parameters are
required: the association energy, ¢4iBi | and the association volume, ¥%%. 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 un-
less a crossover term is explicitly introduced [163-166]. 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. This procedure results effective in the modeling of gaseous solutes such
as CO; and F-gases, easily characterized through their vapor-liquid coexistence curves. However,
species that are solid under atmospheric conditions or have a negligible volatility, such as ILs and
precursors for ESs, demand alternative procedures for a reliable fit of their molecular parameters.
A direct approach for species with negligible volatility is the fit to liquid density data, as this is
an easily accessible property for most solvents. However, it can rapidly lead to parameter degen-
eracy, due to the fit of five different molecular parameters to a single thermodynamic property.
Thus, alternative approaches considering additional properties or mixture data can be applied.
For species that remain solid at room temperature and pressure, the regression of molecular pa-
rameters to mixture data, such as aqueous density and osmotic pressure, is a widely employed
approach [167,168].
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FIGURE 4.2: Illustration of SAFT molecular parameters for pure compounds, includ-
ing the effective number of segments (11, ;), segment diameter (¢7;), dispersive energy
(¢5;), and association parameters for molecules with association sites (k4iBi and e4iBi),

4.4. Calculation of thermodynamic properties

The Helmholtz energy is the key thermodynamic potential in SAFT-type EoSs, and its deriva-
tives 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
respect to temperature is related to the entropy. Additionally, second derivatives are useful for cal-
culating 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 absolute temperature T, molar density g, and the mole
fraction vector x.

4.4.1. Pressure and density
The pressure, P, can be obtained using Eq.
~ o (0d
P(T,5,x) = RTP* (=) . (4.31)
ap T,xi

Additionally, the molar density at a target condition, (Ptarget, T, )_(), can be determined by solving
the nonlinear equation P (T, §,x) — Prarget = 0, where P is calculated using Eq.
The compressibility factor, Z, can be obtained using a similar derivative, as shown in Eq.
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Z:1+ﬁ<a§ﬁ )T . (4.32)

4.4.2. Chemical potential and fugacity coefficient

The chemical potential of a component i in a mixture, y;, can be obtained using Eq.
Hi i i i
—:a+Z+<—) - % ( : (4.33)
RT axi Tp.xj i =1 Bx]- T, %z

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

n a~res ¢ a"‘res
lnqbi(T,P,K):ﬁres—}—(Z—l)—F < E;l ‘ > —Zx]- <§) . (4.34)
Xi T,ﬁ,x]-#i j:l x] T,ﬁ,xk#i

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

¢i (T, P, x)
i (T,P,X) = ———F7———. 4.35
i ( Xx) ¢: (T, P, x; = 1) ( )
4.4.3. Enthalpy
The residual molar enthalpy, H™, can be obtained using Eq.
Hres oares )
RT = —T( oT ), +Z-1). (4.36)

4.4.4. Entropy

The residual molar entropy, 5™, can be obtained, under conditions of constant temperature and

pressure, using Eq.

S~res _ 7 (aﬁres

= o ) — @ +InZ. (4.37)
PXi

4.5. Calculation of phase equilibrium

A mixture of chemical compounds can be distributed across multiple phases (solid, liquid, va-
por), with the exchange of components continuing until phase equilibrium is established [121]]. At
equilibrium, intensive properties, such as temperature, pressure, density, and composition, remain



Chapter 4. Molecular-based equations of state 41

constant 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 [169]. Thus, for 7t phases in equilibrium, thermal, mechanical, and chemical equi-
librium conditions should satisfy the set of Eqs. [4.38}

Th=Tl= .. =TT, (4.38a)
pl=pll—=_=pr, (4.38b)

Pyl = — oy . i=1,..n,. (4.38¢)
Hi = K Hi

The chemical potential condition, Eq. ensures that there is no net mass transfer between
phases. The chemical potential, y;, 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 (f°) + RTIn (f;) = I°+ RTIn (x;¢:P) , (4.39)

where p*f and fl.ref are the reference chemical potential and fugacity, respectively. At equilibrium,
the fugacities of each component must be equal across all phases,which can be written using the

fugacity coefficient by Eq

Pyl = . = 4T 5 i=1,..,n,. (4.40)

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.

4.5.1. 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 [170], 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 concentration z and that of a hypothetical mixture with concentration w,
which, in terms of fugacity coefficients, is expressed in Eq.
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FTPD(H) = Z w; (ln w; + In @Z(ZU) —Inz; — In gﬁl(Z)) . (441)
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.

4.5.2. Characterization of solubility

Besides the computation of solubility isotherms directly from the VLE of a solute-solvent system,
other parameters are useful in characterizing solubility. The thermodynamic excess property re-
lated to extensive property M, M, can be computed following Eq.

N
Mex — Mres _ ZM;es , (4‘42)
i=1

M® denotes the residual molar property of pure compound i.

The effective Henry’s constant [86] of species i, Kfif, can be computed following the phase equilib-
rium at infinite dilution conditions [171], as shown in Eq.

. Psat AV
Kt = Tim (y"’> , (4.43)

x;i—0 X

where P denotes the saturation pressure of the system, y; the mole fraction of i in the vapor
phase, and @Y its vapor-phase fugacity coefficient.

Computing effective Henry’s constants for various species enables the computation of ideal selec-
tivity of species i over species j in a given liquid phase, «;/;, given by Eq.

_ CHj (4.44)

which, as can be seen, is valid at conditions of infinite dilution of species i and j. A further assess-
ment can be made by computing competitive selectivity of i over j, S;/;, given by Eq.

Yj xi

, (4.45)
Yi Xj

Si/j =

which demands the computation of the VLE for the multicomponent system, rather than the di-
luted conditions considered for a;/;. Thus, S;/; allows to assess selectivity in a system when con-
sidering the interaction between species i and j.
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Finally, dissolution enthalpy, AH%®, offers information concerning the strength of solute-solvent

interactions [172], and can be computed through the Clausius-Clapeyron expression following Eq.
4.4

sat
dInP ) (4.46)

AHdiS — —RT2 (
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4.6. Calculation of viscosity using Free Volume Theory

Transport properties cannot be directly derived from an EoS, because they primarily describe the
thermodynamic equilibrium properties of an homogeneous system. However, EoSs can be inte-
grated into additional theoretical frameworks to estimate these properties. For example, viscosity
can be estimated using Free Volume Theory (FVT), where the EoS provides the necessary molecu-
lar parameters as well as the dependence of molar density on thermodynamic conditions.

FVT was first proposed by Allal et al. [173] 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
[173]]. 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) [174].

According to FVT, the dynamic viscosity of a fluid, 1, can be expressed as the sum of two contri-
butions, as shown in Eq.

n=rto+An, (4.47)

where 1o 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, 7, is accurately described
by kinetic theory, as formulated by Chapman and Enskog [175]. This theory considers the inter-
molecular forces influencing molecular behavior in low-density conditions. Chung [176] later ex-
tended this model to encompass molecules of varying shapes and anisotropic molecular forces,
providing a more generalized expression for 7y, given by Eq.

. i\/kaBT/(NATC)
=16 202

F.. (4.48)

In this equation, N4 is the Avogadro’s number, M, represents the molecular weight, ¢ is the col-
lision diameter, Q)22 is the collision integral, and F. is the correction factor accounting for the
effects of chain bonding, hydrogen bonding, and polarity. Q>? can be calculated by the empirical
equation proposed by Neufeld et al. [177], given by Eq.
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A C E kgT1W
Q(Z'Z):< >+ + + GTE sin( S [} —HJ, (4.49)
TaB exp(DT,q) exp(FT,q) ad 3
where A = 1.16145, B = 0.14874, C = 0.52487, D = 0.77320, E = 2.16178, F = 2.43787, G =

—6.435-107%, H = 7.27371, S = 18.0323, and W = —0.76830.

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 [178], is shown in Eq.

¢

mix 176
i — ! (4.50)
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In this expression, 7§ 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.

(.51

N=

o1 2
MONCN
(5) (1)

In this work, the dilute-gas term is neglected, as its contribution is negligible for liquids [178].

(4.51)

$ij =

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

3
) / P+ ap*My \ >
Ay = Ly(P + ap”My) eXP [ ( ART ’ (4.52)

where L, is an adjustable length parameter, P is the absolute pressure, « is an adjustable parameter
associated with the barrier energy that molecules must overcome to diffuse, g 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 n, components was calculated using the
same model described earlier. The approach follows that of other authors [[173}|174] for the mixing
rule of FVT parameters, employing a simple mixing rule as shown in Egs.
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¢
™™ =Y "wx;, (4.53a)
i=1
. 1c
B™X = Z Bixi ’ (453b)
i=1
. 1
L;mx = Z Lv,ixi . (453C)
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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5. Theoretical and methodological framework of
life cycle assessment

This chapter presents the general theoretical background and methodological implementation
of life cycle assessment (LCA). Within the dimension of environmental assessment, this method
allows to compare different alternatives from an environmental perspective. Moreover, it perme-
ates into the decision-making level by evaluating the environmental capabilities of the proposed
DES-based processes. Within the evaluation of processes using novel chemicals, LCA enables a
holistic view in their evaluation.

5.1. Introduction

Sustainable development was defined in 1987 by the United Nations” World Commission on Envi-
ronment and Development as a development that meets the needs of the present without compro-
mising the ability of future generations to meet their own needs [179]. This concept is supported
by environmental, economic, and social pillars, which have been further articulated through the
establishment of the 2015 Sustainable Development Goals [1]. Within the framework of Chemical
Engineering, the design and implementation of chemical processes within a sustainable frame-
work is a key factor in achieving these objectives [65]. In this regard, a wide variety of chemical
compounds and technologies have been proposed to deploy new processes or improve existing
ones, often claiming an enhanced operational performance together with improved sustainability
(69,180, [181].

However, the development of such technologies rarely extends beyond process design [65], and
their environmental performance is often inferred from previous studies. Alternatively, environ-
mental impacts can be assessed based on isolated indicators, such as energy consumption or direct
emissions. While useful as quantitative measures, these metrics do not account for the broader
chain of activities associated with a given process, including upstream resource extraction and
downstream processing [182]. Thus, decisions aimed at advancing toward sustainability require
a holistic approach, capable of evaluating environmental impacts across different scenarios and
interconnected activities.
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Life cycle assessment (LCA) is a methodology capable of generating such comprehensive environ-
mental evaluations. It was initially conceived in the 1960s, where it emerged as an approach for
material and energy accounting, focusing on inventorying energy and resource use, emissions, and
waste generation across the industrial processes characteristic of the life cycle of products [183]].
Since the late 1990s, LCA has evolved into a standardized and harmonized framework, used to
quantify the impact potentials associated to complex process chains. LCA evaluates the environ-
mental load of a product or process in a holistic manner, encompassing all stages from raw material
extraction to end-of-life treatment [184]. From an environmental perspective, this provides a basis
for identifying critical stages, as well as for contrasting alternative scenarios within a consistent
framework [182]. In this sense, LCA is inherently a comparative methodology, as its results are
only truly meaningful when used to compare alternative products, processes, or scenarios, rather
than as absolute measures of sustainability [185].

In this chapter, the theoretical foundations and methodological framework of LCA are presented.
The chapter begins with an overview of the mathematical formulation of LCA, and follows with
its general implementation structure, including goal and scope definition, inventory analysis, and
impact assessment.

5.2. Theoretical background

The LCA framework is essentially divided into two steps. First, the life cycle inventory (LCI) is
performed, where the considered product or process is modeled by the aggregation of all unit pro-
cesses involved in its realization. This set of interconnected unit processes is defined as the product
system [185]]. Subsequently, the impact potential of the product system is assessed by translating
all process exchanges into a manageable set of environmental impact categories. This process is
denoted as the life cycle impact assessment (LCIA), and provides a simplified and practical repre-
sentation of the overall environmental burden, which can be further used to compare alternative
product systems.

As process exchanges span widely different natures depending on their associated unit processes,
e.., materials, wastes, substances, and energy, a consistent method is required to represent the LCI
within an unified framework among different LCAs. Moreover, in product systems involving mul-
tiple interconnected unit processes, the quantification of the various process exchanges becomes
complex. Given these considerations, the LCI is formulated as a multidimensional linear problem
[186]. Here, a unit process is represented by a n-dimensional vector in a linear space. The basis
of this space consists on the 7y flows that act as inputs or outputs for each unit process. Thus, a
product system is represented by its process matrix, P € R"/*", obtained by the juxtaposition
of the 7, unit process vectors. As a convention, negative and positive values for each element Pij
indicate an input or output of flow i from process j, respectively.

Within the LCA framework, processes are conceptually divided into two domains: the techno-
sphere and the ecosphere. The technosphere contains all human-made processes, such as pro-
duction of substances and disposal of equipments, while the ecosphere represents all exchanges
with the natural environment, such as emissions and resource extractions. In the mathematical
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formulation, each flow i of process j, P;;, represents either an exchange between unit processes
or an exchange between a unit process and the environment. Consequently, P is partitioned into
the technology matrix, which describes exchanges within the technosphere, and the intervention
matrix, which accounts for exchanges with the ecosphere. This partition is shown in Eq.

A
P = (B) , (5.1)

where A € R"*" and B € R™*" represent the technology and intervention matrices, respec-
tively. Accordingly, n; and n;, represent the number of flows allocated to the technosphere and
ecosphere, respectively.

Additionally, an integral part of the LCI is the definition of the system boundaries, which deter-
mine the process flows contained within the product system, and thus the numbers 7, and 7.
The definition of the system boundary is directly related to the stages of the product life cycle
considered in the assessment [182]]. Three key stages are usually distinguished: the cradle, which
represents the extraction of natural resources for the manufacturing of the reference product; the
gate, which corresponds to the point at which the reference product leaves the production system;
and the grave, which encompasses the end-of-life activities [187]. Several system boundaries can
be established by the conjunction of these stages, including:

¢ Cradle-to-gate, which encompasses all processes from raw material extraction to production
of the reference product.

¢ Gate-to-grave, which includes the use-phase and end-of-life management of the reference
product.

* Cradle-to-grave, which represents the most comprehensive type of LCA, as it covers the
complete life cycle of the product system, from resource extraction to end-of-life.

The outcome of the LCI is controlled by the definition of the functional unit (FU). The FU is one of
the key concepts within the LCI, as it provides a quantitative description of the function delivered
by the product system. It is generally represented by the " flow, corresponding to the activity to
be finally assessed. Within the LCI linear formalism, the final demand vector, y € R™, is used to
express the FU by having the reference flow y, as its only non-zero element.

The LCI problem consists in determining the amount of each unit process j required to yield the
FU. This is achieved by computing the set of scaling factors, s € IR", for which the unit processes
in A satisfy the final demand vector. In this formulation, it is assumed that each process j is a
linear technology, such that their output scale proportionally with the increase or decrease of their
associated flows. Thus, the LCI inventory problem is expressed as a system of linear equations,
which can be solved as shown in Eq.

™
[l

Hﬁk‘

=

(5.2)
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The effect of scaling the technology matrix by the vector s must be assessed in the intervention ma-
trix. From the assumption of linear technologies, the exchanges with the ecosphere are computed
in an analogous manner, as expressed by Eq.

g =Bs, (5.3)

where g € R is the vector of environmental interventions, whose elements represent the aggre-
gated flows exchanged with the biosphere across the product system.

The formalism of Eq. is only valid when \A is square and invertible. That is, a unique corre-
spondence between technosphere unit processes and flows is assumed. However, this is not the
general case, where multifunctional processes, recycling loops, or co-products can be present in
the product system. Different approaches, such as partitioning and substitution methods, can be
applied to yield an invertible technology matrix [186]. Irrespective of the applied method, Eq.
can be solved to quantify the configuration of the product system in order to supply the flow, and
its quantity, given by the FU.

Once the LCI problem is solved, the LCIA can be performed. To translate the above results into
environmental impact indicators, the LCIA is based on characterization factors that quantify the
contribution of a given environmental intervention to a specific environmental impact category.
Assuming that 1, environmental impact categories are selected, the impact vector h € R" is de-
fined to represent the environmental performance of the product system. This vector is computed

following Eq.

h=Qg, (5.4)

where @ € R"*" denotes the characterization matrix, such that Q;; quantifies the contribution
of environmental intervention j to impact category i.

The computation of h is the starting point of the cause—effect chain in LCA, which represents the
pathway from the raw elements of g to impact scores understandable for decision making. The re-
sulting impact scores are referred to as midpoint impact indicators. These indicators aggregate the
different environmental interventions into groups representing a specific environmental problem.
Furthermore, a higher level of aggregation can be achieved by using endpoint indicators, which
translate midpoint indicators into more general classifications, such as human health and ecosys-
tem quality. These generalized groups are related to areas of protection, of interest in the decision
making around the product system.

Several methodologies have been developed to establish the cause—effect chain, as various possi-
bilities exist around the definition of characterization factors and impact categories. Consequently,
a variety of LCIA methodologies are currently available, including CML 2001 [188]], IMPACT 2002+
[189], and ReCiPe 2016 [190].
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5.3. Methodology

To ensure a standardized methodology and compatibility among studies, the ISO 14040 standard
[191] establishes the general framework that every LCA must follow.

In the first step, the goal and scope definition, the product system is defined in terms of the system
boundaries and the FU [182]. Moreover, the scope of the environmental impacts of importance
for the study can also be defined, before being formally defined in further steps. Furthermore,
the perspective to apply in the study is also decided, i.e., the definition of an attributional or con-
sequential LCA. In the first perspective, the environmental burdens associated with the product
system are assessed. The second perspective offers a broader scope for the study, assessing the
expected consequences of choosing the product system.

Once the above terms are defined, the second step of a LCA consists of solving the LCI problem
of Eq. Thus, all unit process vectors in the P matrix must be known. The dimension and
elements associated to these vectors must be obtained from comprehensive databases, comprising
process exchanges within the technosphere and ecosphere as detailed as possible. Several available
databases can be implemented for the LCI, with ecoinvent [192], GaBi, and SimaPro [193] being
among the most widely used sources of inventory data.

In the third step, the LCIA assessment is performed by solving Eq. Analogously to the re-
quirement of process exchanges in the LCI, the LCIA requires a comprehensive coverage of the
characterization factors in the @ matrix. Among the different LCIA methods, ReCiPe 2016 [194]
offers a comprehensive list of characterization factors, defining a total of 18 midpoint and 3 end-
point impact indicators. Moreover, this approach also considers different perspectives in the as-
sumptions used for environmental impact calculation, i.e., the individualistic, hierarchist, and egal-
itarian approaches. The individualistic approach is based on short-term interest, with optimistic
assumptions regarding technology on human adaptation. The hierarchist perspective represents
a baseline time horizon, considering plausibility of impact mechanisms. Finally, the egalitarian
approach takes into account the longest time frame and all impact pathways for which data is
available [190].

Within the development of this thesis, the ReCiPe 2016 method using the hierarchist approach
was considered. The midpoint impact indicators of interest are presented in Table Further-
more, within the hierarchist approach, endpoint indicators are derived from these quantities and
grouped into the categories of ecosystem quality (EQ), human health (HH), and use of natural
resources (NR), each one with units of species-yr, DALYs, and USDyq;3, respectively.

Once the LCIA is performed, the last step in the LCA is the interpretation of the results, aimed
at evaluating the significance of the results with respect to the defined goals. Depending of the
objective of the performed LCA, the main drivers of environmental impact can be identified.
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TABLE 5.1: Overview of the considered midpoint impact categories from the ReCiPe
2016 LCIA methodology [194].
Impact category Indicator Midpoint  characteriza- Unit
tion factor
Climate change Infra-red radiative forcing Global warming potential  [kgco,el
increase (GWP)
Terrestrial acidification Proton increase in natural Terrestrial acidification po- [kgso,el
soils tential (TAP)
Human toxicity Risk increase of non-cancer Human toxicity potential [kgi4-pcBel
disease incidence (HTP)
Ozone depletion Stratospheric ozone de- Ozone depletion potential [kgcrciiel
crease (ODP)
Water use Increase of water con- Water consumption poten- [m3]
sumed tial (WCP)
Fossil resource scarcity Upper heating value Fossil fuel potential (FFP) [kgoill
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6. Unveiling Molecular Features Controlling the
Solubility of Hydrofluorocarbons in Fluorine-
Based Eutectic Solvents

In this chapter, the solubility and solvation mechanisms of HFCs in fluorine-based eutectic
solvents (FESs) is investigated using COSMO-RS and MD simulations. Three FESs based on
perfluoropentanoic acid (PFPA) as the hydrogen bond donor were evaluated to understand how
ionic and molecular hydrogen bond acceptors influence the absorption of R32, R134a, and R125.
Results for solubility isotherms, structural features, and interaction enerqy show that solubility
can be enhanced by disrupting the HFC cluster formation in the liquid phase. This effect is
less marked for fluorinated ethanes, related to a lower free volume and lesser van der Waals
interactions in solvents with non-voluminous components. Results from this approach suggest
the importance of localized interactions in the solubility of HFCs, and provides a rational basis
for designing advanced solvents for the recovery of HFCs[]

6.1. Introduction

Molecular tailoring of ILs and IL-based DESs has enabled the study of solvents with highly specific
thermophysical properties. This can be primarily exemplified by fluorinated ionic liquids (FILs),
i.e., ILs bearing perfluorinated alkyl chains containing four or more carbon atoms. FILs nanoseg-
regate into polar, apolar, and fluorinated domains [195], a feature that has been associated with
enhanced solubilization of fluorinated solutes, particularly HFCs [196, 197]. Sosa et al. [198] re-
ported the absorption of R32, R134a, and R125 in FILs, showing that fluorinated alkyl chains in the
anion reduce Henry’s constants compared to conventional ILs, suggesting increased solubilities
at lower pressures. The authors attributed this behavior to the larger free volume and potential
F-H interactions provided by fluorinated domains. In parallel, quaternary phosphonium-based

*This chapter is adapted with permission from:
B. Gonzalez-Barramufio, E. Cea-Klapp, N.F. Gajardo-Parra, R.I. Canales, H. Quinteros-Lama, and J.M. Garrido, “Un-
veiling Molecular Features Controlling the Solubility of Hydrofluorocarbons in Fluorine-Based Eutectic Solvents”, In-
dustrial & Engineering Chemistry Research 64, 46, 22400-22412 (2025). Copyright 2025 American Chemical Society
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ionic liquids (PILs) have emerged as promising candidates for HFC absorption. Compared with
ammonium-based ILs, PILs exhibit higher thermal stability [199] and enhanced robustness under
nucleophilic or basic conditions [200]. Although they remain less studied, recent experimental
studies have reported promising HFC absorption capabilities in selected PILs [44, 201].

Despite the favorable absorption properties of FILs, the incorporation of C-F bonds in their chem-
ical structure may increase their melting temperatures beyond typical absorption operating condi-
tions [202]. To overcome this limitation, Castro et al. [203] mixed FILs with perfluorinated acids
to synthesize fluorinated eutectic solvents (FESs). By measuring the absorption of R32, R134a,
and R125 in these mixtures, the authors reported remarkable solubilities, reaching HFC liquid
mole fractions of up to 0.6 under the studied conditions for R32, R134a, and R125. The forma-
tion of these FESs establishes cooperative effects between its constituents, where free volume and
strong electrostatic interactions may enhance the solubility of HFCs. On the other hand, quater-
nary phosphonium-based DESs have demonstrated promising gas absorption capabilities for com-
pounds such as CO; [204] and SO, [205]. In particular, tetrabutylphosphonium bromide ([P4444]Br)
forms DESs with several acids and glycols [206-208], which have been predominantly investigated
for extraction and absorption processes [204, 208]. However, despite the growing interest in PIL-
based ESs, their application to HFC absorption has not yet been systematically studied.

To understand how the molecular architecture of FIL- and PIL-based ESs influence HFC solubil-
ity, predictive theoretical tools are required to feasibly characterize their thermophysical behav-
ior. In this chapter, COSMO-RS and MD simulations are employed to study three FESs based
on perfluoropentanoic acid (PFPA) as the HBD. The first and second FESs, already experimen-
tally synthesized [203], comprise 1-ethyl-3-methylimidazolium heptadecafluorooctanesulfonate
([Comim][HDEFS]) and tetrabutylammonium nonafluorobutanesulfonate ([Ny444][NFS]) as HBAs.
Furthermore, motivated by the potential of PILs for HFC capture, [P444]Br was selected as the
HBA for a third FES due to its simplicity and current use as a precursor in DES synthesis. Since
the eutectic behavior of [P4444]Br:PFPA has not been experimentally validated, an initial assess-
ment was performed by analyzing the deviation of activity coefficients from ideality. After effec-
tively confirming the non-ideal character of these systems through the employed computational
approach, HFC absorption was characterized by computing solubility isotherms and transport
properties. Finally, MD simulations provided molecular-level insights into solvation environments
and their relationship with HFC solubility.

6.2. Molecular modeling

A collaborative approach of COSMO-RS and MD simulations was used to assess the absorption of
HEFCs in [Comim][HDFS]:PFPA, [Ny444][NFS]:PFPA, and [Py444]Br:PFPA. The chemical structures
of the compounds comprising all studied solvents are presented in Table
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TABLE 6.1: Molecular structure of the compounds forming the considered solvents.

Name Structure Abbreviation
~
hyl hylimidazoli \NO
1-ethyl-3-methylimidazolium \_-N - [C,mim][HDFS]

heptadecafluorooctane-1-sulfonate

tetra-n-butylammonium ~ T N~ [N4444][NFS]
4444

nonafluorobutane-1-sulfonate

tetra-n-butylphosphonium P*

bromide T~ N [P4444]Br

HO
perfluoropentanoic acid . PFPA

6.2.1. COSMO-RS modeling

COSMO-RS [81] was employed to corroborate the non-ideal behavior of the considered FESs, and
to compare their performance in the absorption of R32, R134a, and R125. The COSMOTherm pack-
age [84], with the BP-TZVP parameterization (see Section [2.3), was utilized to model all species
and to perform thermodynamic equilibrium calculations. To model the ILs serving as HBAs in
each solvent, the independent-ion, or C+A, approach was adopted. Here, the cation and anion are
treated as two distinct species within the mixture, thereby defining the FES as a ternary system,
where both ionic species are present in an equimolar ratio. Given the molecular complexity of the
considered ions, this approach was preferred over the combined CA approach, in which both ionic
species are combined in a unique optimized structure, requiring a more computationally demand-
ing conformational sampling and joint optimization.

Once the o-profiles, ps (0), of each species were obtained, their c-potentials, ys (0), were computed
for all studied FESs to analyze the predicted nature of their absorption mechanisms. Moreover, de-
viations from ideal solution behavior were studied by computing the activity coefficient of PFPA,
YuBD, in [Comim][HDFS]:PFPA, [N4444][NFS]:PFPA, and [P4444]Br:PFPA as a function of the liquid
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mole fraction of HBA, xppa, at 303.15 K and 1 bar. A range of xypa covering the HBA:HBD mole
ratios of 1:2, 1:1, and 2:1, previously assessed as eutectic concentrations for [N4444][NFS]:PFPA and
[Comim][HDFS]:PFPA [203]], was considered for all studied FESs. Once the deviations from ideal
solution behavior were quantified, effective Henry’s constants [86] and solubility isotherms for
R32, R134a, and R125 were computed in each solvent.

6.2.2. MD simulations details

MD simulations were performed to study the capability of molecular mechanics models to predict
non-ideal behavior in the considered FESs, along with characterizing the absorption of HFCs in
them. All MD simulations were carried out using the GROMACS (version 2022.1) suite [209],
considering homogeneous systems of FES and HFC + FES.

Molecular mechanics force fields

To model the chemical structures presented in Table all-atoms FFs were employed. The CL&P
FF [57], based on the optimized potentials for liquid simulations (OPLS) [89], was chosen to rep-
resent the HBAs comprising the FESs. This FF was developed to model families of ILs, rather
than specific cation—anion combinations, allowing to assemble ILs from any available parameter-
ization. Thus, its transferability to the studied HBA ILs is regarded suitable for the considered
approach. Among the ionic species of interest, [Ny444]*, [Comim]*, [Pg444]", Br~, and [NFS]~ count
with available parameters from the CL&P FF [210-213]. Only [HDFS]~ has not been previously
parameterized, and both bonded and non-bonded parameters were directly transferred from the
parameterization for [NFS]™ [213].

The remaining species, i.e., PFPA, R32, R134a, and R125, were modeled using available parameters
based on the OPLS FE. For PFPA, parameters from OPLS-based FFs for perfluoroalkylated sub-
stances [214] were directly transferred. On the other hand, for HFCs, proper models for R32 and
R134a have already been reported in the literature [215, 216] and were directly applied in this work.
In the case of R125, where no OPLS-based parametrization is available, a FF model was developed
analogously to the work of Peguin et al. for R134a [216]. Details regarding the implementation
and validation of this approach are presented in Appendix|A} where results for the computed VLE
of R125 show acceptable correspondence with available experimental data.

Consistently with the OPLS methodology [89], 1-2 and 1-3 non-bonded interactions were ex-
cluded, while 1-4 interactions were scaled by a factor of 0.5 for L] and electrostatic interactions.
Long-range electrostatic interactions were treated using the fast-smooth particle mesh Ewald method
[217], and analytical dispersion corrections were applied to the L] potential for the computation
of energy and pressure, provided that all considered systems were simulated as homogeneous
phases. A cutoff radius of 1.2 nm was used in all cases for L] and short-range Coulomb inter-
actions. Neighbor lists were constructed using the Verlet scheme [100] with a tolerance of 10~
kJmoll-ps™ and a neighbor cutoff radius of 1.2 nm. Periodic boundary conditions were imple-
mented in all directions. During all production and equilibration runs, bonds involving hydrogen
atoms were constrained using the LINCS algorithm [99], whereas all bonds were constrained dur-
ing energy minimization runs.
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To handle polarization effects, point charges for ionic species were scaled by a factor of 0.8 to en-
hance the gas diffusivity in the liquid phase and obtain faster dynamics [218]]. It is worth noting
that, to represent this effect more explicitly, more sophisticated approaches are available [219]. Par-
ticularly, the CL&P FF has already been extended to account for polarization, which has been used
to compute effective Henry’s constants of F-gases in ILs [56]. Although with better results regard-
ing dynamics, these models, based on classical Drude oscillators [220], rely on a substantially high
computational cost. As free energy calculations performed in this work depended on paralleliza-
tion to achieve a correct sampling and reliable results, the inclusion of these novel models was
considered prohibitive for the studied systems. Thus, the scaling of point charges was considered
as a reasonable compromise between computational cost and accuracy of results.

FFs for species comprising the studied FESs were validated by comparing the predicted liquid
mass density, ﬁL, with available experimental data for PFPA [221], [Comim][HDFS]:PFPA [203],
and [Ny444][NFS]:PFPA [203]. Details and results of MD simulations in each case are presented
in Appendix [Bl In the case of PFPA, results showed an appreciable overestimation of p-. Thus,
following a previously validated procedure [222], L] parameters for PFPA were scaled to minimize
deviations with respect to experimental density. In this case, the collision diameter and dispersion
energy for all sites in the molecule were scaled by 1.04 and 0.89, respectively. As shown in Figure
deviations from experimental data were reduced, thus validating the scaled model of PFPA for
its use in liquid phase computations. For [Comim][HDFS]:PFPA, a similar procedure was required
to refine the modeling of pL. Considering [HDFS]~ was parameterized by merely transferring
the parameters of [NFS], its L] parameters were modified analogously to PFPA. Thus, collision
diameter and dispersion energy of every site of [HDFS]~ were scaled by 1.04 and 0.97, respectively.
As shown in Figure the small shift in these parameters allow for a better correspondence with
experimental data. Moreover, Figure also provides results for [N4444][NFS]:PFPA, which didn’t
require any modification to achieve acceptable correspondence with experimental data.

MD simulations of FESs

Deviations from ideal solution behavior were studied using MD simulations by computing yupp
at different HBA:HBD mole ratios. This activity coefficient was obtained following the expression
proposed by Hempel et al. [223], as shown in Eq.

X ex,0
o W=y
'yl—exp( RT >

where 1 is the excess chemical potential of component i in the mixture, and g is the mole density
of the system. The superscript 0 stands for properties at the pure state of component i.

, (6.1)

_bé"bz

Eq. requires the computation of ufjpp, from simulations for both pure PFPA and FESs. In
this work, this was achieved through free energy calculations using the FEP method. The MBAR
estimator, incorporated in the Alchemlyb software [224] 225], was used to compute free energy
differences across the different states. Considering the structural complexity of the studied sol-
vents, the HREX method was employed as a sample accelerator to overcome the deterioration of
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energetic sampling due to slow dynamics or insufficient simulation time. Further details can be

found in Section[3.3.2]

NPT HREX MD simulations were performed to compute " and yypp at 303.15 K and 1 bar. Since
PFPA is the only FES precursor that remains liquid at these conditions, the HBA:HBD mole ratios
were selected such that all simulated systems stayed in the liquid phase. Thus, HBA:HBD mole
ratios of 1:9, 1:6, 1:4, 1:3, and 1:2, were considered, respectively covering concentrations ranging
from near-pure PFPA to one of the experimentally reported concentrations of the FESs [203]. Ac-
cordingly, 100 ionic liquid pairs were inserted into each simulation box, in addition to 900, 600, 400,
300, or 200 molecules of PFPA, for each respective mole ratio. Initial configurations were generated
by randomly inserting the desired molecules using the PACKMOL software [107]. An energy min-
imization was first run on every configuration to ensure the absence of overlaps between atoms.
The steepest descent algorithm was utilized in all cases, applying a tolerance of 10 k]-mol™-nm™'.
Upon reaching a minimum energy configuration, systems were subjected to two successive NPT
equilibration runs. First, a 0.25 ns run was performed using the Berendsen barostat [101], with a
time constant of 2 ps, to bring the system to the desired pressure. Then, a 10 ns run was performed,
using a Parrinello-Rahman barostat [105] with a time constant of 2 ps and a liquid compressibil-
ity of 45107 bar!. For both simulations, a timestep of 1 fs was used, and equations of motion
were integrated using the stochastic dynamics Leapfrog integrator [226], coupled with a Langevin
thermostat [227] with a time constant of 1 ps. Once the systems were equilibrated at the desired
conditions, the FEP was performed by decoupling the interactions of one PFPA molecule in the
course of 24 intermediate states, attempting exchanges between replicas every 2000 steps. Each
simulation was run for 50 ns, and all configurations related to their controllers were considered
equivalent to the ones of the second equilibration run. Finally, u{jzp was computed consider-
ing the last 30 ns of each one of the 24 runs. Moreover, an analogous simulation of 1000 PFPA

molecules was performed to compute the required #*° and p°.

1

MD simulations of HFC + FES systems

Solubility isotherms of HFCs in each FES were obtained at 303.15 K following the expression pro-
posed by Wang et al. [228], shown in Eq.

M 25D (Vo 9skpT
e
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where ¢5(T) is the single-molecule ideal-gas partition function, (V); is the mean volume of the
system along the simulation time, A; is the thermal de Broglie wavelength for component i, N*
is the number of molecules of component i in the liquid phase, P, is a reference pressure, P is
the equilibrium pressure of the system, and ¢! is the vapor-phase fugacity coefficient for i. Con-
sidering the inherent low volatility of the studied FESs, ¢¥ was computed as the pure fugacity
coefficient of each HFC, rather than considering its VLE with the solvent. Thus, the dependence
of ¢ on T and P was accounted for by using the soft-SAFT EoS. Previously optimized parameters
for R32, R134a, and R125 [229, 230] were directly applied to obtain their fugacity coefficients, and
the applied molecular parameters are presented in Table
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TABLE 6.2: Molecular weight and soft-SAFT molecular parameters for the considered
HFCs. The notation of Huang and Radosz [148] is used to denote the association
scheme in each case.

Compound My, My i o eii/kg  €YBi/kp k4B Assoc. scheme Source
[g-mol™] [A] [K] (K] [A%]

R32 52.00 1.321 3.529 144.40 1708 24050 2B [229]

R134a 102.03 1.392 4.166 166.60 1862 24050 2B [230]

R125 120.02 1.392 4.242 148.80 1685 24050 2B [229]

The excess chemical potentials of R32, R134a, and R125 in the studied FESs were computed via
NPT HREX MD simulations at 303.15 K and 1 bar as the reference pressure. Considering the
obtained results for non-ideality of the considered solvents (see Section [6.3.2), only the solubility
of HFCs in FESs with an HBA:HBD mole ratio of 1:2 was studied. Therefore, 250 ionic liquid pairs
and 500 PFPA molecules were inserted into simulation boxes. Different amounts of HFC were
added to the system based on their desired mole fraction in the liquid phase, xyrc. Thus, 133, 322,
and 614 HFC molecules were included to ensure xgrc values of 0.15, 0.30, and 0.45, respectively.
Then, the same procedure applied to the computation of ujj, was performed, considering the
decoupling molecule to one molecule of R32, R134a, or R125, depending on the case. Effective
Henry’s constants of HFCs into the analyzed solvents were estimated by fitting the computed
solubility curves to a corresponding polynomial function and extrapolating its slope to xprc = 0.

Molecular insights for the absorption of HFCs in FESs were also obtained from MD simulations,
which were conducted at 303.15 K and at the previously computed equilibrium pressures. The
same configurations as the ones for absorption isotherm simulations, i.e., 250 ionic liquid pairs, 500
PFPA molecules, and 133, 322, or 614 HFC molecules, were utilized in this case. Upon inserting
the required molecules using the PACKMOL software [107], an energy minimization by steepest
descent with a tolerance of 10 k]-mol™!-nm~! was run. Then, a NPT equilibration run, analogous
to the first equilibration run for the computation of yf*, was performed to rapidly achieve the
desired pressure. A subsequent 30 ns NPT equilibration was run, using the Berendsen thermostat
[101] and the Parrinello-Rahman barostat [105] with time constants of 1 ps and 2 ps, respectively.
Finally, a 20 ns NPT production run was performed to extract the required structural information.
A Nosé-Hoover thermostat [104] and a Parrinello-Rahman barostat [[105]], with time constants of
1.5 ps and 3.5 ps, respectively, were used to generate the ensemble. The liquid compressibility for
all the implemented barostats was chosen as 45107 bar!. In all cases, a 1 fs timestep was used,
and, except for the first equilibration run, equations of motion were integrated using the Leapfrog
algorithm [231]. Finally, radial distribution functions (RDFs) between the centers of mass (COMs)
of HFCs and the different species of the FESs were computed using the last 18 ns of the production
run. Additionally, spatial distribution functions (SDFs) and angle-distance distributions (ADDs)
were computed from the same time interval using the TRAVIS software [232, 233]. Furthermore,
an interaction energy analysis was performed in the same time interval to quantify the Coulomb
and L] contributions to the overall internal energy.
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Transport properties in HFC + FES systems, at 303.15 K, were studied given their industrial impor-
tance in the implementation of ESs as absorbent agents. Shear liquid viscosity, - was computed
from NEMD simulations (see Section [3.3.1) at xgypc = 0 and xgrc = 0.45. MD simulations at am-
plitudes of A € {0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.40, 0.50} were considered for each viscosity
calculation. An initial configuration was defined for each one of the eight runs by extracting dif-
ferent frames from the 30 ns NPT equilibration run from the molecular insights MD simulations.
Snapshots were extracted from the trajectory every 500 ps, starting from the last frame. To ensure
that every amplitude run had the same volume, the dimensions of the extracted configurations
were rescaled to meet the mean volume of the system, computed from the last 15 ns of the above
equilibration run. Following this approach, 7% could be computed close to VLE by the obtained
solubility isotherms. To stabilize the systems to their new volumes, these were subjected to an en-
ergy minimization, analogous to the previously done, and a NV T equilibration run of 1 ns, using a
Nosé-Hoover thermostat [104] with a time constant of 1.5 ps. Then NV T NEMD simulations were
run for 20 ns at their corresponding A values, using the same thermostat. All simulations were
run using a 1 fs timestep, and equations of motion were integrated using the Leapfrog algorithm
[231]]. Viscosity values were extracted from the last 18 ns of the trajectory.

Self-diffusivity of HFCs in the HFC + FES systems, Dyrc, was analyzed at xgrc = 0.45, in order
to relate its results with #~. Computations were done using Einstein’s equation with system-size
corrections (see Section [3.3.1). Analogously to previous NEMD simulations, four runs were per-
formed for each measured value of Dygc to reduce the uncertainty of results. These runs were also
obtained by extracting and scaling different snapshots from the aforementioned NPT equilibration
run. After a minimization and an NV T equilibration run, analogous to the ones performed for the
computation of 7%, a 30 ns NVT production run was done using the same thermostat. MSD data
was extracted at the entire trajectory, and Dyrc was obtained as the slope of a linear fit performed
for a time interval from the 10 ns to 25 ns of simulation time.

6.3. Results and Discussion

6.3.1. HFC absorption insights from COSMO-RS

Figure presents the computed ps (0) for the studied FESs at 303.15 K, 1 bar, and a fixed
HBA:HBD mole ratio of 1:2. As can be seen, all FESs present a widely spread charge distribution,
roughly ranging from —2.5 enm to 2.0 enm™2. A marked region in the neutral-charge region is
observed, which is associated to the presence of carbon atoms. Moreover, this central peak extends
to the positively charged region (¢ < 0) for all three FESs. Given the stronger presence of hydro-
gen atoms in [Nyg44][NFS]:PFPA (1:2) and [Ps444]Br:PFPA (1:2), these FESs are characterized by a
marked left shoulder in their ps (¢), compared to [Comim][HDFS]:PFPA (1:2). For the negatively
charged region (¢ > 0), [N4444][NFS]:PFPA (1:2) and [Comim][HDFS]:PFPA (1:2) yield similar o-
profiles, given by the structural similarity in their anions. However, [P4444]Br:PFPA (1:2) displays
a different behavior in this region, characterized by a narrow peak at about 1.8 enm, due to its
atomic Br~ anion with a highly localized charge.
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FIGURE 6.1: o-profiles, ps(0), (a) and o-potentials, pg(c), at 303.15 K (b), obtained

using COSMO-RS at the BP-TZVP parameterization, for [Comim][HDFS]:PFPA (1:2)

(—), [N4444][NFS]:PFPA (1:2) (—), and [P4444]Br:PFPA (1:2) (—). The y = 0 line is
included in (b) (—) for guiding purposes.

To relate the above structural characteristics with the preferential absorption of solutes, ug (0) were
computed and are shown in Figure [6.Tb. [Ny444][NFS]:PFPA (1:2) and [Comim][HDFS]:PFPA (1:2)
present virtually equal ys(c), characterized by markedly negative values at both negative and pos-
itive regions of o. This suggests solvation preferences toward both electrophilic and nucleophilic
solutes, respectively [234], with a stronger preference for the latter due to more negative ys(c) at
o > 0. A different behavior is observed for [Ps444]Br:PFPA (1:2), with much more negative ps(c)
values in the ¢ < 0 region. At the same time, a lower affinity for nucleophilic solutes, compared
to the above FESs, is developed, with more positive values for ys(c) at the ¢ > 0 region. This can
be related to the Br~ anion, which concedes the solvent a stronger affinity for electrophilic solutes
though its more localized negative charge. Considering this, [P4444]Br:PFPA should present a dif-
ferent solvation behavior than [N4444][NFS]:PFPA and [Comim][HDFS]:PFPA, oriented toward the
acceptance of hydrogen atoms from the solute.

Energetic characteristics of the solvation of HFCs were studied by computing thermodynamic ex-
cess properties. Figure |6.2] presents the excess Gibbs energy, G, and excess enthalpy, H®, for
HEFC + FES mixtures at xgrc = 0.15. As can be seen, [Py444]Br:PFPA (1:2) provides more negative
values of G for all considered HFCs, suggesting a more favorable absorption of these gases. This
can be attributed to the more nucleophilic nature of the FES, as assessed from its ps(c). When
comparing[Ny444][NFS]:PFPA (1:2) and [Comim][HDFS]:PFPA (1:2), both FESs show a similar ab-
sorption behavior, with the former presenting more favorable interactions in all cases.

A more detailed understanding of the solvation mechanism was obtained by analyzing the in-
dividual contributions to the total excess enthalpy, i.e., van der Waals (H®,,), hydrogen bond-
ing (Hgf), and electrostatic misfit (Hy) interactions. As shown, van der Waals contributions
are consistently negligible or slightly positive, indicating weak or unfavorable dispersion inter-
actions across all systems. In contrast, electrostatic interactions dominate enthalpic stabilization
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FIGURE 6.2: Excess Gibbs energy, G (I ), and enthalpy, H® (¢ ) for HFC + FES

mixtures at 303.15 K and xprc = 0.15, obtained using COSMO-RS at the BP-TZVP

parameterization. Detailed contributions to excess enthalpy, namely A%, ((3), HES
(Hm), and H® (Hl), are included.

in [Comim][HDFS]:PFPA (1:2) and [Ng444][NFS]:PFPA (1:2) for all studied HFCs. This effect is
less pronounced in [Py444]Br:PFPA (1:2), where hydrogen bonding is more relevant. Overall, these
results highlight the importance of electrostatic interactions in the studied solvents, with hydro-
gen bonding providing better affinities between HFCs and [Py444]Br:PFPA (1:2). This is especially
marked for R125, whose single hydrogen atom creates a highly localized HBD (o < 0) region with
a strong affinity toward the bromide-containing solvent.

6.3.2. Thermodynamic and transport properties assessed from COSMO-RS and MD
simulations

To validate the feasibility of COSMO-RS and the implemented FFs in the description of the studied
FESs, ﬁL and ypgp were computed. Results are presented in Figure as a function of xyga,
at 303.15 K and 1 bar. Compared with experimental data [203], the utilized FFs yield reliable
liquid densities at all analyzed HBA:HBD mole ratios, only generating an appreciable deviation
for [Comim][HDFS]:PFPA at its highest xypa value. Results for oL at other temperatures, presented
in Figure B.2also yield good correspondence with available data.

Results for yppp from MD simulations and COSMO-RS predictions are presented in Figure [6.3p.
As can be seen, its depression at higher values of xypa agrees with the expected negative deviations
from ideal solution behavior (ypgpp = 1). Moreover, results between both approaches qualitatively
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FIGURE 6.3: Liquid mass density, oY, (a) and activity coefficient of PFPA, yugp, (b)
in [szim][HDFS]ZPFPA (—), [N4444][NFS]ZPFPA (—), and [P4444]BI‘:PFPA ( )
at 303.15 K, 1 bar, and different liquid mole fractions of HBA, xypa. Results from
COSMO-RS (—) and MD simulations ( []) are shown and compared with available
experimental data ( O ) [203]. Error bars are included for MD simulations results.

agree, showing a more pronounced decay of yupp for [Pgsss]Br:PFPA. This strong non-ideality
suggests a significant depression of the melting point with respect to the pure HBD, consistent
with the formation of a stable liquid at the studied composition, as typically observed in eutectic
systems. For MD simulations results, yppp show a less reliable behavior when approaching to the
pure HBD, even showing positive deviations from ideality. This was associated to the increasing
module of the error in the computation of ujp, where an increase in the size of the system may
be necessary to get more consistent results.

Overall, the combined evidence from COSMO-RS and MD supports that all three mixtures should
remain liquid at the experimentally available HBA:HBD ratio of 1:2. This includes [P4444]Br:PFPA,
for which experimental validation is not yet available. Considering this, along with a reliable
modeling of liquid density, the prediction of HFC absorption was assessed using a fixed mole
HBA:HBD ratio of 1:2 for all considered FESs.

Figurepresents the results for effective Henry’s constants, K¢ff, and solubility isotherms for R32,
R134a, and R125 in the studied FESs. COSMO-RS results for K§if show good agreement with avail-
able experimental data [203] for [Comim][HDFS]:PFPA (1:2) and [N4444][NFS]:PFPA (1:2), confirm-
ing that its predictive features [235] are well fit for the studied systems. In all cases, R32 exhibits
the highest I(Ie{ff values, and thus the lowest solubilities at diluted conditions, consistent with above
results regarding its lower affinity for the studied FESs. For the screened solvent, [P444]Br:PFPA
(1:2), COSMO-RS predicts significatively lower K¢if values for all studied HFCs, and thus higher
solubilities at diluted conditions. This is more clearly shown in the computed solubility isotherms,
where this solvent develops the highest HFC absorption through all the analyzed concentration
range, consistently with the analyzed excess properties in Figure Moreover, comparison with
experimental data [203] yields good agreement with solubility isotherms of [Comim][HDFS]:PFPA
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FIGURE 6.4: Effective Henry’s constants, K?_{f, and solubility isotherms for differ-

ent HFCs in [Comim][HDFS]:PFPA (1:2) (—), [Ny444][NFS]:PFPA (1:2) (—), and

[P4444]Br:PFPA (1:2) (—) at 303.15 K. Results from COSMO-RS at the BP-TZVP pa-

rameterization (Il , —) and MD simulations ( [J) are shown and compared with
available experimental data [203] (O ).

(1:2) and [N4444][NFS]:PFPA (1:2). Larger deviations are observed at higher values of liquid HFC
mole fraction, xprc, consistently with the limitations of COSMO-RS at non-diluted conditions.
These deviations are more pronounced for R125, suggesting that its affinity for the solvents, al-
though reasonably predicted at lower xpgrc values, is overestimated at higher HFC concentration.
Still, COSMO-RS reproduces the reported solubility trends with satisfactory accuracy, supporting
its use in the screening and design of fluorinated solvents for HFC absorption.

K¢t values computed from MD simulations agree with COSMO-RS predictions for R134a and R125
in [Comim][HDFS]:PFPA (1:2) and [Ny444][NFS]:PFPA (1:2). However, an opposed behavior is ob-
served for [Py444]Br:PFPA (1:2), where all HFCs show similar or higher Kf_ff values, relative to the
other two FESs. Additionally, Kﬁf for R32 in [Comim][HDFS]:PFPA (1:2) is clearly overpredicted,
reflecting its underestimated solubility shown in Figure Although [Ny444][NFS]:PFPA (1:2)
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FIGURE 6.5: Shear liquid viscosity, 17L, (a) and HFC diffusivity, Dygc, (b) for HFC

+ FES mixtures, computed from MD simulations at 303.15 K and xppc = 0.45 for

[Comim][HDFS]:PFPA (1:2) ( Bl ), [N4444][NFS]:PFPA (1:2) (), and [Py444]Br:PFPA
(1:2) (=3).

presents a comparable overestimation, this deviation is less pronounced due to its less steep solu-
bility at lower xpyrpc values, obtained from the fitting of the computed solubilities. Higher agree-
ment with experimental data [203] is observed for solubility isotherms of R134a and R125.

Despite the observed deviations, MD simulations results reproduce the qualitative behavior of
experimental data for [Comim][HDFS]:PFPA (1:2) and [N4444][NFS]:PFPA (1:2), displaying similar
solubilities for all HFCs in them. Consistent with COSMO-RS, HFC solubilities in [Py444 Br:PFPA
(1:2) are invariably enhanced in all cases, most notoriously for R32. These results suggest that the
employed molecular mechanics models are feasible to study these systems in deeper detail, partic-
ularly regarding the interactions governing HFC solvation. This allows for a qualitative compari-
son among the three considered FESs, aligned with previous observations that solubility trends of
F-gases in ionic solvents can be assessed from a qualitative standpoint using MD simulations [56].
Numerical values of saturation pressures computed from MD simulations are presented in Table
6.3]

Figure (6.5 presents results for 7 and Dypc from MD simulations. In the absence of HFC ab-
sorption, [N4444][NFS]:PFPA (1:2) displays the highest viscosities from the three considered FESs,
surpassing ;" values of 1000 cP. In the case of [Comim][HDFS]:PFPA (1:2) and [P4444]Br:PFPA (1:2),
both solvents show nearly equal viscosities within the estimated error. However, at concentrations
of xprc = 0.45, MD simulations predict a sharp decrease in 17L, reaching roughly 10 cP for all FESs.
This decrease is proportional to pure solvent viscosities, proven by the generally higher viscosities
in the HFC + [Ny444][NFS]:PFPA (1:2) system. On the other hand, D3, yields higher values for all
FESs compared to R134a and R125, as expected from its lesser steric impediments. This generally
agrees with results for 71, where a higher viscosity is related to a lower diffusion of solute within
the estimated uncertainty. As the considered molecular mechanics models yield qualitative results
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TABLE 6.3: Saturation pressures (in MPa), computed from MD simulations at 303.15
K, for the different studied HFC + FES mixtures.?

[Comim][HDFS]:PFPA (1:2) [Nugas][NFS]:PFPA (1:2) [Paaaa]Br:PFPA (1:2)

XHEC = 0.15
R32 0.437(8) 0.376(6) 0.270(4)
R134a 0.158(4) 0.113(2) 0.096(2)
R125 0.162(4) 0.107(3) 0.088(2)
XHEC = 0.30
R32 1.21(2) 0.84(1) 0.620(9)
R134a 0.345(8) 0.244(5) 0.211(5)
R125 0.40(1) 0.303(7) 0.247(6)
XHEC = 0.45
R32 1.73(3) 1.56(3) 1.16(2)
R134a 0.45(1) 0.412(9) 0.351(7)
R125 0.57(1) 0.52(1) 0.432(9)

?The values in parenthesis denote the accuracy of the last decimal, i.e., 0.437(8) denotes 0.437-0.008.

for these systems, it is expected that the obtained insights may guide the design of separation pro-
cesses utilizing the studied FESs. Particularly, the use of [N444][NFS]:PFPA (1:2) for the capture of
HFCs seem restrictive, due to its higher viscosity in comparison with the studied alternatives.

6.3.3. Molecular insights from MD simulations

To analyze the solvation of HFCs in the different FESs, molecular insights were obtained from MD
simulations at 303.15 K, xgrc = 0.45, and the corresponding saturation pressures from solubility
calculations. Results are presented in Figure 6.6, where COM—-COM RDFs between HFCs and ionic
components of the FESs are shown. Moreover, Figure [6.6|also presents COM—-COM self-RDFs for
HEFCs in the liquid phase. As can be seen, [N4444][NFS]:PFPA (1:2) and [Comim][HDFS]:PFPA (1:2)
exhibit similar solvation behavior, with comparable first peaks in their HFC—anion RDFs. Like-
wise, [Py444]Br:PFPA (1:2) and [N4444][NFS]:PFPA (1:2) show analogous HFC—cation RDFs, with
first peaks appearing closely after those of their corresponding anions. In contrast, the [Comim]*
cation displays a wide first peak, appearing along with the first peak of the HFC-HFC RDF and
extending beyond the first solvation shell of other components, thus suggesting a delocalized HFC-
[Comim]* interaction.

As observed from the HFC-HFC RDFs, marked peaks before distances of 0.5 nm suggest the forma-
tion of HFC clusters in the liquid phase, which are slightly more marked for R32. Said interactions
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show to be more correlated than the interactions between HFCs and the ionic species from the
FESs, as seen from the less marked first peaks in the HFC-[X] RDFs. However, this is not the case
for the HFC-Br~ RDFs, which show a highly localized interaction between both molecules, sur-
passing the maximum value observed for the HFC-HFC RDFs. This is more marked for R32, and
suggests that Br~ disturbs the formation of HFC clusters in the liquid phase, enhancing solute—
solvent interactions and thus their solubility. This can be directly attributed to the smaller size of
this anion, compared to the bulkier structures of [NFS]™ and [HDFS]~, which allows closer inter-
actions with the hydrogen atoms of the HFCs without steric impediments. Accordingly, results
also show that [P444]Br:PFPA (1:2) slightly weakens the HFC-HFC correlation, as evidenced by
the slightly lower first peak of their RDFs.

For R134a, the above behavior is less marked than for R32 and R125. As shown in Figure the
first peak of the R134a-Br~ RDF is only moderately more prominent than the rest of components,
and also less marked than the first peak of the R134a—R134a RDF. This shows an opposed behavior
than the R32—- and R125-Br~ RDFs, suggesting that the Br~ anion yields a less important interaction
with R134a when compared to R32. This can be explained purely on the chemical structure of
R134a, where both the presence of steric effects, due to the CF; group, and two hydrogen atom:s,
able to interact with Br~, hinder the solvation mechanism of [Py444]Br:PFPA (1:2). Although R134a
and R125 are structurally similar, a sharper first peak in the R125-Br~ RDF is observed, suggesting a
more localized interaction analogously to R32. This agrees with the presence of a single hydrogen
atom in R125, allowing for a higher affinity with the Br~ anion, as also concluded from Figure
Moreover, this cluster disruption is achieved to a lesser extent than for R32, highlighting the
presence of steric impediments in R125 in a similar way than for R134a.

To further understand the degree of localization of the different molecular interactions, SDFs were
also computed. Considering that [Comim][HDFS]:PFPA (1:2) and [N4444][NFS]:PFPA (1:2) display
similar solubilities and correlation functions for all analyzed HFCs, only the results for the for-
mer FES, along with [P4444]Br:PFPA (1:2), are herein presented. This is also justified in the higher
viscosities predicted for [N4444][NFS]:PFPA (1:2), which make this FES a less desirable solvent for
HEFC absorption. Results for SDFs are shown in Figure where SDFs for cations, anions, PFPA
and HFC are compared within each selected FES. At first glance, a clear distinction is observed in
the loci where the cation, anion and PFPA exert their influence on the HFCs. As can be seen, HFC—-
cation interactions are invariably set toward the more fluorinated zone of the solute. Oppositely,
both anions and PFPA orient toward the hydrogen atoms of the HFC. This is an expected behav-
ior, given the strong Coulomb interactions arising from the higher charge difference between the
anion’s functional groups and the hydrogen atoms in the HFC. Moreover, SDFs suggest that elec-
trostatic interactions between anions and PFPA produce a similar locus of solvation. Additionally,
PFPA only acts at higher distances from the HFCs when compared with both anions. This sug-
gests that, compared to the ionic components of the FESs, the PFPA contributes more as a solvent
environment than in the direct solubilization of HFCs.

From R32-R32 SDFs, a clear distinction is seen between both FESs. For [Comim][HDFS]:PFPA (1:2),
the R32-[HDFS]~ SDF clearly positions at a higher distance from the COM of the HFC, compared
to the R32-R32 SDEF. Thus, a marked R32 clustering is observed between the R32 molecule and
the rest of SDFs, suggesting a hindered interaction with the components of the FES. On the other
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FIGURE 6.6: COM-COM RDFs, g, of HFCs in HFC + FES mixtures, computed from
MD simulations at 303.15 K, xgrc = 0.45, and the corresponding saturation pressure.
Results shown for [Comim][HDFS]:PFPA (1:2) (—), [Ng444][NFS]:PFPA (1:2) (—),
and [Pgqqq]Br:PFPA (1:2) (—). Functions for cations (—) and anions (- - -) are dis-
played for HFC-[X] systems.
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hand, for [P4444]Br:PFPA (1:2), a different behavior is shown. In this case, the R32-Br~ SDF forms
at a closer distance from the HFC molecule, weakening the R32-R32 SDF. Again, this confirms that
Br~ is able to penetrate more closely into the solvation environment of the HFC, disturbing the
formation of R32 clusters. Considering that R32 solubilities for this FES were the highest, results
suggest that a more localized Coulomb interaction, achieved through less voluminous anions, can
enhance its solubility.

The same effect of the Br~ anion regarding cluster interruption is observed for R134a and R125.
However, this effect shows little impact in the solubilities of these HFCs in [Py444]Br:PFPA (1:2),
as presented in Figure In this regard, steric hindrance, due to the presence of two fluoroalkyl
groups in the solute, may hinder the interactions with the solvent, even when HFC clustering is
interrupted by the Br~ anion. Thus, results suggest that the formation of R134a and R125 clusters in
the liquid phase is not as detrimental for solubility as for R32. Moreover, SDFs of these HFCs with
cations and PFPA are slightly more marked in the case of [Comim][HDFS]:PFPA (1:2), suggesting
the role of structure and free volume in the liquid phase in the absorption of R134a and R125.
Indeed, the atomic structure of the Br~ anion hinders the occurrence of van der Waals interactions
with the FES, which has shown to be an important part in the general solvation mechanism of
F-gases [56].

The importance of energetic interactions in the solvation of HFCs was further assessed by an inter-
action energy analysis. Results are shown in Figure Here, Lennard-Jones interaction energies
correlate well with the predicted solubility trends, showing similar values between R134a and
R125, and less negative values for R32. Furthermore, [P444]Br:PFPA (1:2) consistently displays
more positive Lennard-Jones interactions, suggesting hindered interactions with the HFCs. Its
lower free volume, due to its lack of a voluminous anion, can be seen as a counter effect for its
capability of strong directional interactions. Thus, this lack of structure within the liquid phase
may offset the enhanced interactions from the Br~ anion, specially in fluorinated ethanes such as
R134a and R125, where said interactions contribute less to the overall internal energy. Moreover,
the fact that R32 interacts more strongly with polar regions of the solvent agrees with previously
reported observations in other ILs [218]. This also suggests that a better treatment of charges in
the molecular mechanics model for the HBAs, such as polarizable models [236], would enhance
solubility predictions for this HFC.

Finally, to study HFC-anion interactions in deeper detail, normalized ADDs were computed for
the HFC—anion pairs in [Comim][HDFS]:PFPA (1:2) and [P4444]Br:PFPA (1:2). To select the involved
atoms in the analysis, it was assumed that they acted through a similar interaction than that of hy-
drogen bonding. Thus, hydrogen donor and acceptor atoms, D and A, respectively, were defined
for each HFC-anion pair, defining the D-A distance, rp_a, and the H-D-A angle, 6y1-p-a. For R32,
D was defined as the central carbon atom, while for R134a and R125 the carbon atom containing
hydrogen was selected, labeling it in both cases as C1. The acceptor atom, A, was defined as one of
the oxygen atoms of the SOz functional group of the [HDFS]™ anion, O1, or as Br~, depending on
the case. Results are presented in Figure|6.9, where the hydrogen atom involved in the interaction,
H1, represents any of the hydrogen atoms present in the HFC.
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FIGURE 6.7: SDFs of HFCs in HFC + FES mixtures, computed from MD simulations
at 303.15 K, xgrc = 0.45, and the corresponding saturation pressure. Functions be-
tween HFC and cations (), anions ( ), PFPA ([ ), and HFC ( (3 ) are shown.
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FIGURE 6.8: Coulomb (a) and Lennard-Jones (b) interaction energies for HFC + FES

mixtures, computed from MD simulations at 303.15 K, xgpc = 0.45, and the corre-

sponding saturation pressure. Results shown for [C,mim][HDFS]:PFPA (1:2) (I ),
[N4444][INFS]:PFPA (1:2) ( B3 ), and [Pg444]Br:PFPA (1:2) ( ).

For all HFCs, ADDs are characterized by a strongly localized probability region, ranging between
0.3 nm and 0.4 nm for rc1_01. Interactions with the [HDFS]~ anion are less centered than for Br,
as seen by a generally homogeneous ADD at a wide portion of the considered space. Moreover,
HFC-[HDEFS]~ ADDs are characterized by a marked probability at 7ci_01 ~ 0.6 nm, associated to
the other two oxygen atoms in the SO3 functional group. ADDs for R134a show a generally higher
homogeneity than for R32, given the presence of steric effects that prohibit both anions to access
the hydrogen atoms of R134a from a narrower variety of angles and distances. For R125, ADDs
present considerable probabilities at more constrained distance-angle combinations, compared to
R32 and R134a. This is due to its single hydrogen atom, which restricts its directional interaction
with the anions to a smaller set of the considered space. It is worth noting that the HFC-[HDFS]~
ADD does not meet the common hydrogen bonding criteria of distances and angles [237], i.e.,
rp-a < 0.35 nm and 0x_p-a < 30°. Thus, according to MD simulations results, hydrogen bonding
can be discarded as part of the solvation mechanism of HFCs in this FES.
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6.4. Conclusions

COSMO-RS and MD simulations were employed to investigate the absorption of HFCs in three
FESs: [Comim][HDFS]:PFPA, [Ny444][NFS]:PFPA, and [Pg444]Br:PFPA. First, the thermophysical
behavior of these solvents was assessed by computing the PFPA activity coefficient in each sol-
vent using both approaches. In all cases, strong negative deviations from ideal solution behavior
were observed, suggesting significant melting point depressions relative to their precursors. These
findings agree with previous data for [Comim][HDFS]:PFPA and [N4444][NFS]:PFPA, and further
suggest a similar behavior for [Py444]Br:PFPA, for which no experimental validation is yet avail-
able.

Following this validation, the solubility of R32, R134a, and R125 in the considered FESs was com-
puted and compared with available experimental data. COSMO-RS yield reliable results in the
computation of solubility isotherms for the selected systems, despite its common limitations as-
sociated with non-diluted mixtures. For MD simulations, deviations from trends in Henry’s con-
stants were observed, and solubility of R32 was underestimated. However, the reproduced trends
of solubility isotherms for all considered HFCs showed a qualitative agreement within all studied
approaches, suggesting that R32, R134a, and R125 exhibit increased solubility in [P4444]Br:PFPA
(1:2). MD simulations were also performed to compute HFC diffusivity and viscosity of the FESs.
Results regarded [Ny444][NFS]:PFPA (1:2) as the least feasible solvent for its use as an absorber
medium, due to its high viscosities and lower HFC diffusivities.

To explain the observed trends in solubilities from MD simulations, molecular insights were ob-
tained from radial and spatial distribution functions, and complemented by an interaction en-
ergy analysis. HFC-Br~ interactions were the most prominent, showing stronger correlations than
HFC-HEFC distribution functions. These interactions were related to the feature of Br~ disrupting
the formation of HFC clusters in the liquid phase, which may be a contributing factor in enhancing
its solubility. The aforementioned behavior was observed for R32, but showed a less marked effect
on R134a and R125, related to the lower free volume and structured liquid phase of [P444]Br:PFPA,
given by its non-voluminous anion compared to [Comim][HDFS]:PFPA and [Ny444][NFS]:PFPA.
Results from this analysis suggest the importance of localized interactions in the solubility of flu-
orinated methanes, along with the need for free volume and cavities in the solvent in the case of
fluorinated ethanes.
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7. Selective Recovery of Fluorinated Gases from
Commercial Refrigerants Using Phosphonium-
Based Ionic Liquids

In this chapter, the absorption of six F-gases in three quaternary phosphonium-based ILs is
studied for the first time using the soft-SAFT EoS. COSMO-RS is employed to analyze charge
distributions and guide the description of cation—anion association within the SAFT framework.
The resulting model is used to assess solubilities and predict Henry’s constants, enthalpy of dis-
solution, and ideal and competitive selectivities. Competitive absorption from four commercial
refrigerant blends is further assessed over a range of temperatures and pressures. Among the
examined ILs, [Pgss 14][ TMPP] shows potential as an entrainer for R410A, whereas [Pegg14]CI
provides a viable separation route for the R451A blend[]

7.1. Introduction

Although quaternary phosphonium-based ionic liquids (PILs) remain less explored as other struc-
turally tailored IL families, they exhibit a significant potential as entrainers for the separation
of HFC-based blends. Besides their high thermal stability compared to their ammonium- and
imidazolium- based counterparts [199, 238], PILs can be tailored to develop, compared to other
ILs, lower regeneration energy, high gas solubilities, and lower viscosities [239]. These properties
have propelled their use as gas absorbents and entrainers [200], making PILs a considerable alter-
native in the phase-out of refrigerant blends. Moreover, the use of PIL-based DESs in extraction
and absorption processes [204, 208] suggests an unexplored potential in the design of novel DESs.

“This chapter is adapted with permission from:
B. Gonzélez-Barramuifio, H. Quinteros-Lama, ].M. Garrido, F. Llovell, and S.B. Rodriguez-Reartes, “Selective Recovery
of Fluorinated Gases from Commercial Refrigerants Using Phosphonium-Based Ionic Liquids”, Industrial & Engineer-
ing Chemistry Research (2026). Copyright 2026 American Chemical Society
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Indeed, the potential of PILs as entrainers for refrigerant blends has been experimentally as-
sessed in the literature. Baca et al. [240] studied the separation of the R410A blend using var-
ious ILs, regarding trihexyl(tetradecyl)phosphonium chloride ([Pgs6,14]Cl) as a promising candi-
date. Further experimental assessments have shown the potential of this same PIL [201] and of tri-
hexyl(tetradecyl)phosphonium bis(2,4,4-trimethylpentyl)phosphinate ([Pees,14][TMPP]) [241] 242]
in the absorption of HFCs and HFOs and the separation of their blends.

In order to reduce experimental efforts in the characterization of PILs, different theoretical ap-
proaches have been employed in the literature. In a variety of contributions, experimental stud-
ies have been complemented with DFT calculations to predict intermolecular interactions and
molecular geometries [243, 244]. On the other hand, COSMO-RS has been used as a screening
tool for the solubilization of F-gases using PILs. In this regard, Sosa et al. [235] assessed tri-
hexyl(tetradecyl)phosphonium glycinate ([Pgs6,14][GLY]) with notable absorption capabilities of
R32 and R134a, compared to a wide variety of other screened ILs.

The numerical and versatile advantages of SAFT-based EoSs have been used in the study of PILs.
The PC-SAFT EoS [141]] has been used to describe the solubility of CO; in some of these ILs [245,
246]. Moreover, the electrolytic extension of this model, the ePC-SAFT EoS [247, 248], has been
used to study PILs based on the trihexyl(tetradecyl)phosphonium cation ([Pese,14]7) [249]]. In this
regard, the soft-SAFT EoS stands out in its consistent use in the assessment of HFC absorption in
ILs [44]. Despite having been used to study the absorption of CO; and SO, in PILs [250, 251, this
EoS haven’t been implemented to asses the absorption F-gases in these solvents.

To assess the capabilities of PILs as selective solvents for F-gases, the development of EoS mod-
els for the design of extractive processes is a key step. The complex chemical structures in these
systems mandate a holistic approach, in order to capture key physical information that can be
translated to reliable thermophysical properties. Particularly, previous work applying soft-SAFT
models to PILs develops a combined strategy with COSMO-RS [250, 251], allowing the transfer
of detailed chemical interactions to simplified coarse grained models. In this chapter, new soft-
SAFT molecular models for [Peeg 14]Cl, [Pess,14][GLY], and [Pegp14][TMPP] are generated. Since
these PILs are modeled for the first time using the soft-SAFT EoS, a quantum chemical modeling
method based on DFT calculations is used as a complementary tool to optimize association param-
eters. [Pees,14]Cl was considered as a benchmark for comparison purposes, using the molecular
parameters fit from previous work [250]. Following this parameterization, the solubility of HFCs
and HFOs is assessed from binary and ternary mixtures, finally examining their performance to
separate commercial refrigerant blends.

7.2. Molecular modeling

The absorption of HFCs and HFOs in [P666114]Cl, [P666114][GLY], and [P666,14][TMPP] was assessed
using the soft-SAFT EoS. The chemical structures of the studied PILs are presented in Table
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TABLE 7.1: Molecular structures of the species conforming the studied PILs.

Name Structure Abbreviation
/\/\Aw A/\/\
trihexyl(tetradecyl)phosphonium -~ [Pess,14]*

o _H
N
glycinate I}AH [GLY]
o
e
bis(2,4,4-trimethylpentyl)phosphinate \\O [TMPP]~

7.2.1. Procedure to define soft-SAFT molecular models for PILs

To generate proper molecular parameters for the studied PILs, first a specific association scheme
and chemical association parameters must be defined from a coherent approach. The association
schemes for [Pegg 14][GLY] and [Pgse,14][TMPP] were determined using COSMO-RS [81]. For this
purpose, the COSMOTherm package [84] with the BP-TZVP parameterization was used to opti-
mize the molecular structures and generate the corresponding ps ().

Figure [7.1| presents the ps (0) for the cation and anion in each analyzed PIL. As can be seen, the
[Pes6,14]" cation is characterized by a wide charge distribution around the ¢ = 0 region. This
suggest that most of the molecule’s surface is neutrally charged, something expected given the
large presence of alkyl chains in its structure. Moreover, a subtle peak, extending into the ¢ < 0
region, indicates a trend toward a positive net charge, caused by a localized charge around the P
atom. The computed ps (o) agrees with previously published results for [Pegg 14]Cl [250]. On the
other hand, all considered anions show a clear charge population in the ¢ > 0 region. CI~ develops
a highly localized peak, characteristic of monoatomic species. As for [GLY]™ and [TMPP]" anions,
wide peaks extend through the ¢ > 0 region, showing charge delocalization in the IL. [TMPP]"
concentrates an important part of its charge distribution around neutral values of ¢, meaning that
part of this species does not contribute to the cation—anion interaction.

Considering the above, [Psss,14][GLY] and [Pegg 14][TMPP] were modeled with two association
sites, D and N. The former is dual-like site, also present in the model of [Pges,14]Cl, and represents
the main cation—-anion interactions. The latter site is added to account for the negative charge delo-
calization. Within the deifned association scheme, D-D and D-N interactions are allowed, while
N-N interactions are forbidden, i.e., APPi £ 0, APNi £ 0, and ANNi = 0. Moreover, D and N
are assumed to have the same association energy and volume, reflecting that electronic density is
delocalized across all sites.
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FIGURE 7.1: o-profiles, ps(c), (left axis) and o-potentials, pug(c), at 303.15 K

(—, right axis) obtained using COSMO-RS at the BP-TZVP parameterization, for

[Pees,141C1 (), [Pees,14][GLY] (b) and [Peeg,14][TMPP] (c). Profiles for the [Pees 14]"

cation (—) and the respective anions (—) are shown. The y = 0 line is included in
the secondary axis (- - -) for guiding purposes.

The values for association energy, e4iBi and volume, k48, for [Pess,14][GLY] and [Pegs,14] [ TMPP]
were elucidated following a previously defined methodology [250], selected to reduce the num-
ber of adjustable parameters while keeping the physical significance of the model. Thus, DFT-D3
[252] calculations were done for each PIL at the B3LYP/def2-TZVP level of theory using the ORCA
software [253]. First, a geometry optimization was performed for all ionic species to obtain their
minimum energy conformation. Subsequently, each PIL was obtaining by adding their two respec-
tive molecular structures and performing a second geometry optimization. In all cases, frequency
calculations were performed to ensure that the true energy minima were reached. Additionally,
to reduce the computational cost of the above calculations, the [P 14]" cation was replaced by
[P3333]", thus disregarding the effect of alkyl chain length in the computed association parameters.

Once the minimum energy chemical structures were obtained for each PIL, cation-anion interac-
tion energy, Eca, and distance, rca, were computed to respectively estimate ¢i% and x4Bi. To
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handle the basis set superposition error [254], Ei,+ were obtained using the counterpoise correction
[255] as shown in Eq.

Eca = Eif (IL) — EG (O) — EA (A) — (E& (IL) — E& (O) + EX (IL) — EX (A)) (7.1)

where EY (Z) denotes the single-point energy of species X, evaluated at the optimized geometry
Y, and using the Z basis set. Additionally, rca, was defined as the distance between the P atom
in the [P3333]" cation and the center of mass of the functional group of the anion. Once cation—
anion interaction energy and distance was computed for each PIL, their respective ¢//% and x4:i
were obtained by linearly scaling the association parameters of [P3333]Cl, assumed equal to those
of [Pess,14]Cl, by the same Eca and rca ratios.

soft-SAFT molecular models for HFCs and HFOs were directly transferred from previous contri-
butions [229,230]. For all F-gases, the dipole moment is mimicked by using two association sites,
P and N, that interact with each other. Thus, for each F-gas molecule, a site of type N, of the same
nature as the one defined in the PILs, and a site of type P are defined. Only N-P interactions are
allowed, i.e., ANii £ 0 and APPi = 0.

7.3. Results and Discussion

7.3.1. Preliminary molecular insights from COSMO-RS

In addition to granting insights into association schemes, COSMO-RS was used as a screening tool
to assess the nature of interactions between F-gases and the studied PILs. The o-potential, ys (0),
for each solvent was computed at 303.15 K, and is included in Figure [7.1| besides pg(c). In all
cases, positive s (0) are obtained in the ¢ > 1 eenm, indicating low affinity for solutes with a
hydrogen-bond acceptor character [234]. In the intermediate charge region, i.e., -1 enm™= < ¢ <
1 enm™, all us (c) become slightly negative, suggesting a moderate affinity for apolar and hy-
drophobic solutes, attributable to the long alkyl chains of the [Pggs14]* cation. Finally, in the o <
1 enm™2 region, o-potentials sharply drop to more negative values, with [Pgs,14]Cl showing the
least pronounced decay. This suggests an increased affinity for hydrogen-bond donor solutes, par-
ticularly for [Pees 14][GLY] and [Pgs6,14][TMPP], due to the marked charge delocalization observed
in their o-profiles.

To assess the affinity of the studied F-gases in the above PILs, a similar analysis involving ps (0)
and pus (0) was performed for selected HFCs and HFOs. Results are shown in Figure where
all compounds exhibit a similar o-profile, with prominent peaks in the central region and charge
delocalization toward negative ¢ values. In addition, all F-gases display a negative s (¢) in the
apolar region, suggesting some affinity for apolar solvents. However, they generally show posi-
tive ys () in both polar regions, implying weak interactions with solvents characterized by charge
delocalization. Interestingly, R125 behaves differently: it exhibits a negative yg(c) in the o > 1
e-nm~ region, indicating a favorable interaction with negatively delocalized solvents. This behav-
ior may be attributed to its unique hydrogen atom, which enhances its ability to engage in specific
hydrogen bonding interactions. Thus, although this hydrogen does not lead to a visible charge
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TABLE 7.2: Cation—anion interaction energy, Eca, and distances, rca, computed from
DFT-D3 single-point calculations at the B3LYP/def2-TZVP level of theory, and soft-
SAFT association parameters for the considered PILs.

PIL Eca TCA SAiBi/kB wcAiBi
[kcalmol™!]  [A] K] [A3]

[P3335]C1* 93426 3374 3500 2000
[P3333][GLY] 94552 3415 3500 2000
[Passs][TMPP] 96577  3.688 3600 2200

?Association parameters taken from [250]

delocalization in its ps (), it may still play a significant role in shaping the molecule’s interaction
profile with solvents.

7.3.2. Fit of soft-SAFT molecular models for PILs

Association parameters obtained from DFT calculations are presented in Table As similar
cation—anion interaction energies and distances were obtained for all PILs, their corresponding
eiBi /kp and k4B do not deviate from the reference values of [P3333]Cl. Only Eca for [P3333][TMPP]
presents a notably higher value, which can be attributed to steric effects from the larger structure
of the [TMPP]™ anion.

Once the association scheme and parameters were defined for each PIL, non-associating param-
eters were fit to available liquid density data, as typically done with ILs [256]. The soft-SAFT
parameters for all studied PILs are presented in Table As shown in Figure the employed
parameterization for [Pese14][GLY] and [Pegs 14][TMPP] results in an acceptable description of their
liquid densities, obtaining average absolute deviations (AADs) of 0.23% and 0.77%, respectively.
Moreover, the considered F-gases were selected based on the availability of experimental solubility
data, and are also included in Table

7.3.3. HFC and HFO solubility in PILs assessed from the soft-SAFT EoS

The HFC and HFO absorption capacity of the considered PILs was modeled using the soft-SAFT
EoS. Given the deviations from classic Lorentz-Berthelot mixing rules in the considered binary sys-
tems, F-gas—PIL binary interaction parameters were considered. Thus, a temperature-dependent
energy binary parameter was employed for specific mixtures following Eq.

kij = ki) + k)T (7.2)

As particular care must be taken to avoid losing the predictive character of the model, temperature
dependence on k;; was only considered when a clear improvement with experimental data was ob-
served. The set of binary interaction parameters is reported in Table A temperature-dependent
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TABLE 7.3: Molecular weight and soft-SAFT molecular parameters for the considered

PILs, HFCs, and HFOs.
Compound My, Mg i ;i eii/kg  ediBi/kg k4B Assoc. sites Source
[gmol™] [Al (K] K] [A  (OEN)
[Pes6,141C1 51931 11231 4323 38625 3500 2000  (1,0,0) [250]

[Pess,14][GLY] 557.92 11460 4376 37592 3500 2000 (1,0,1)  This work
[Pess,1a][TMPP] 77328 13518 4.653 379.69 3600 2200 (1,0,1)  This work

R32 52.00 1.321  3.529 14440 1708 24050 0,1,1) [229]
R152a 66.05 1.392  4.007 170.90 1885 24050 0,1,1) [230]
R134a 102.03 1392 4166 166.60 1862 24050 0,1,1) [230]
R125 120.02 1392  4.242 148.80 1685 24050 0,1,1) [229]
R1234yf 114.04 1136  4.808 173.40 1909 24050 0,1,1) [230]
R1234ze(E) 114.04 1.079 4891 186.50 1990 24050 0,1,1) [230]

k12 was required for [Pggp,14]Cl only in its mixtures with HFOs. In contrast, [Pgse,14][TMPP] required
temperature-dependent ki, for its mixtures with all the considered HFCs. In all cases, the mean
values of ki, exhibit values lower than zero, suggesting an underprediction of dispersion interac-
tions in the considered systems. The accuracy of this parameterization is checked in Figures
and|7.5, where the solubility of HFCs and HFOs is compared with available experimental data.
Table [7.5| summarizes the quantitative agreement with these experimental data by presenting the
AAD with soft-SAFT EoS calculations.

Figure present the solubility isotherms of HFCs and HFOs in [Pggg 14]Cl over the temperature
range from 283.15 K to 343.15 K. While the soft-SAFT EoS describes the general behavior of these
systems, some discrepancies can be observed, particularly for HFCs. The model overpredicts the
sensitivity of solubility with temperature at higher liquid mole fractions of solute, x;, underesti-
mating and overestimating the saturation pressure at lower and higher temperatures, respectively.
The required inclusion of the binary size parameter, /15, suggests that this problem arises from a
waek prediction of entropic effects. Despite these discrepancies, overall AADs remain within a
reasonable 10%. Interestingly, HFO solubility in this PIL is better reproduced, with only a slight
decrease in accuracy at lower temperatures and higher values of x;. Here, it is important to re-
call that, for HFO + [Pgg,14]Cl mixtures, a temperature-dependent ki, is used, while /1, was fixed
to zero. This approach reduces AADs for solubility isotherms of R1234yf and R1234ze(E) from
11.49% and 12.00% to 5.82% and 3.13%, respectively.

Results for the solubility of R32 and R134a in [Pgse,14][GLY] are presented in Figure In this
case, a better agreement is found between the soft-SAFT EoS and experimental data, offering a
good description of the VLE over the available concentration range. Finally, Figure [7.5 presents
the solubility isotherms of different HFCs in [Pggs,14][TMPP]. For these mixtures, the soft-SAFT
EoS offers a remarkable modeling of the VLE upon the consideration of a temperature-dependent
k1. Entropic effects are satisfactorily modeled, as can be seen by the quantitative agreement with
experimental data. Consequently, AADs remain below 5% for all HFCs. It can be noted that,
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TABLE 7.4: Binary interaction parameters, ki, and /1, for the considered F-gas (1) +
PIL (2) mixtures.

R32 R152a R134a R125 R1234yf R1234ze(E)

[Pse6,141C1
K9 0227 0295 0242 0363  —0.405 -0.423
kD103 0000 0000 0000 0000 05787 0.6385
I 0064 -0018 -0.054 -0110  0.000 0.000
[Pe66,141[GLY]
K9 -0.263 - 0183 - - -
K103 0.000 - 0.000 - - -
Iy -0.096 - —0.056 - - -
[Pe66,14 [ TMPP]
K 0168 -0348 0231 -0482 - -
KD10° 04317 09458 04644 0.8837 - -
Iy 0.000  0.000 0.000  0.000 - -

“Not fit due to lack of experimental data for the mixture.

TABLE 7.5: Average absolute deviation, AAD%, for the solubility isotherms obtained
from the soft-SAFT EoS compared to available experimental data.”

R32 R152a R134a R125 R1234yf R1234ze(E)

[Psss,14]C1 1123 12.09 1029 756  5.83 3.13
[Pees,14][GLY] 910 P 9.28 - -~ -
[Pegs,14][TMPP]  3.26 313 140  4.87 - -

AAD computed as AAD = (100/N) £, (|PF*F — PEoS|/pP).

? AAD not computed due to lack of experimental data for the mixture.
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FIGURE 7.2: Liquid mass density, pL, of [Pgee,14][GLY] (—) and [Pgee,14] [TMPP] (—)
at 1 bar. Results from the soft-SAFT EoS (—) are shown and compared with avail-
able experimental data (O ) [257, [258].

when temperature dependence of ki, is omitted, AADs for computed saturation pressures for R32,
R152a, R134a, and R125 increase to 5.07%, 12.15%, 6.26%, and 10.39%, respectively.

To gain insights into the predicted solvation features in each analyzed mixture, excess molar en-
thalpy and entropy were computed following Eq. Results are presented in Figure where
the excess Gibbs energy, G = H® — TS5, is also included. As can be seen, [Pegg 14]Cl exhibits
the most favorable interactions with the studied HFCs, particularly with R152a, as indicated by its
lower values for G¢¥. In this PIL, R125, R1234yf, and R1234ze(E) show more negative values for Hex
than for G, highlighting that the energy interactions are the key drivers in the absorption of these
gases. Moreover, for both HFOs, TSex displays notoriously negative values, suggesting that spatial
reordering in these systems weakens the overall affinity with the solvent. For [Pegg 14][GLY], the ex-
pected behavior, i.e., positive S and negative H¢e, is observed for its mixture with R32. However,
for R134a, a positive H®* is present, generating a near-zero G and thus indicating a low affinity
with the solvent. Finally, for [Peeg 14][TMPP], negative Sex appear for all HFCs, as a consequence
of the steric effects from the size of the [TMPP]™ anion. This is partially compensated by markedly
negative H® values, especially for R125. This suggests a higher affinity for the absorption of this
gas into the solvent, granted by preferable HFC-PIL interactions.

From the previous solubility results, effective Henry’s constants [86] of HFCs in HFC (1) + PIL (2)
mixtures were computed using Eq. Results of this analysis are shown in Figure where
comparison with available experimental data shows that the soft-SAFT EoS satisfactorily model
the slightly non-linear behavior of effective Henry’s constants with temperature. This results is
expected, considering the model was fit to reproduce the entire experimental range of solubility
isotherms. Comparison among the considered PILs show the generally superior absorption capa-
bility, at diluted conditions, of [Pees 14]Cl over [Pegs 14 [TMPP], especially for R152a.

In addition to effective Henry’s constants, dissolution enthalpy, AHS, was computed for F-gases
in F-gas (1) + PIL (2) mixtures following Eq. A temperature of 323.15 K was considered, along
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FIGURE 7.3: Solubility isotherms of F-gas (1) + [Pgs6,14]Cl (2) mixtures at different
temperatures. Results from the soft-SAFT EoS (—) are shown and compared with
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FIGURE 7.4: Solubility isotherms of HFC (1) + [Pggg,14][GLY] (2) mixtures at different
temperatures. Results from the soft-SAFT EoS (—) are shown and compared with
available experimental data [235] ( O ).

with two different F-gas liquid mole fractions to represent diluted (x; = 0.001) and concentrated
(x1 = 0.500) systems. Results from this analysis are shown in Table In general, AHY < 0
is observed for all studied PILs, with more negative values indicating stronger preferences of the
F-gas for the solvent. Thus, for [Psss,14]Cl under diluted conditions, the most favorable interac-
tions occur with R152a and both considered HFOs. Upon increasing x1, a slight increase in AFdis
is observed for R152a and R1234ze(E), whereas a decrease is noted for the remaining F-gases. For
[Pe6s,14][GLY], R134a shows a more notorious decrease of AHYS at concentrated conditions, com-
pared to R32. This suggests a higher affinity for the former HFC in this PIL at higher solubility
conditions. Finally, for [Pegs 14][TMPP], interactions are more favorable with R152a and R125, at
both diluted and concentrated conditions, while R32 is the least favored HFC for solubilization. In
summary, results for dissolution properties indicate a solvation preference for R152a in [Peg 14]Cl
and [Pgge,14][TMPP], whereas [Pgg6,14][GLY] exhibits similar interactions for R32 and R134a.

7.3.4. F-gas absorption competition assessed from ternary mixtures

The soft-SAFT models for binary F-gas + PIL mixtures, validated against experimental data, were
further used to characterize the absorption of blends in the studied solvents. When considering
systems composed of two or more F-gases, selectivity is essential to determine the feasibility of the
entrainer [43} 261]. Thus, competitive selectivities of species i over species j, S;/; were computed
following Eq. .45 S;/; allows to characterize the preferential absorption in refrigerant blends,
where values deviating from unity indicate higher separation capacities for the solvent.

Considering that [Pgss14][GLY] was parameterized for its binary mixtures with R32 and R134a,
the first step in this analysis was to study the ternary VLE of PILs with both HFCs. Indeed, the
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FIGURE 7.5: Solubility isotherms of HFC (1) + [Pggg 14][ TMPP] (2) mixtures at differ-
ent temperatures. Results from the soft-SAFT EoS (—) are shown and compared

with available experimental data [241}242] (O ).
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FIGURE 7.6: Excess Gibbs energy,f?ex (), enthalpy, H®* (¢ ), and entropy multi-
plied by absolute temperature, TS, () for F-gas (1) + PIL (2) mixtures at 303.15
Kand x; = 0.15, computed using the soft-SAFT EoS.

TABLE 7.6: Dissolution enthalpy, AH dis (in kJ-mol™), for F-gas (1) + PIL (2) mixtures
at 323.15 K, computed using the soft-SAFT EoS. Conditions of low (x; = 0.001) and
high (x; = 0.500) F-gas liquid mole fraction are considered.

PIL X1 R32 R152a R134a R125 R1234yf R1234ze(E)
[mol-mol™]
0.001 -1447 -23.21 -17.74 -16.13 -21.56 —24.31
[Pe66,14]1C1
0.500 -16.23 -2295 -1930 -17.93 2259 —24.29
0.001 -15.57 A -15.90 - - -
P, GLY
Pooo1llCLYT 0 5 1746 - -1841 - ] -
0.001 -15.69 -23.39 -19.17 -22.90 - -
[Pe66,14] [ TMPP]
0.500 -16.89 -25.24 -20.87 -23.06 - -

“Not computed due to lack of experimental data for the mixture.
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FIGURE 7.7: Effective Henry’s constants, Ky, of HFCs in HFC + PIL mixtures at dif-
ferent temperatures. Results from the soft-SAFT EoS (—) are shown and compared
with available experimental data ( O ) [241) 242].
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separation of R32 from R134a is of interest, given that they form part of the common R407 refrig-
erant blends (R32 + R125 + R134a). In each case, the ternary system is characterized using the
previously obtained HFC-PIL binary parameters. No binary parameters are required for the R32
+ R134a mixture to yield an accurate description of its VLE, as shown in Figure Given quan-
titative discrepancies in the description of F-gas solubility in [Pgee,14]Cl at higher pressures, the
study was carried out at a moderate pressure of 0.5 MPa, considered as the upper bound to ensure
reliable predictions.

Ternary VLE diagrams for the R32 (1) + R134a (2) + PIL (3) mixtures are presented in Figure
with z; representing the global mole fraction of component i in the mixture. As expected, the VLE
is characterized by a vapor phase lacking PIL regardless of the working temperature. Further-
more, the slope of the saturated liquid curves indicates the preference of the PIL to solubilize one
HEFC over another. In addition, the selectivity towards R134a over R32, Sgi34a/r32, has been com-
puted along the equilibrium curve for each system, and the conditions where its maximum value
is reached at each temperature is pointed.

As evidenced by the slope of the saturated liquid curves, [Pegp 14]Cl exhibits both the highest sol-
ubility and selectivity towards R134a, reaching a maximum value of Srissa/r32 = 2.21 at 323.15
K. Across each isotherm, Sgi34a/r32 invariably increases as the global mole fraction of R134a, z5,
decreases, reaching its maximum at the limit of infinite dilution of this HFC. [Pgss14][GLY] dis-
plays a remarkable solubility for both HECs, resulting in lower selectivities compared to [Pggg,14]Cl.
For this PIL, the maximum value of Sgrizsa/r32 Occurs at lower temperatures, with R32 being
the more diluted component. This behavior is reversed at temperatures above 323.15 K. Finally,
[Peos,14[TMPP] shows the lowest solvent capacity, although its selectivity towards R134a is slightly
higher compared to [Pegs,14][GLY]. Moreover, its selectivity behavior is qualitatively analogous to
that of [Pgse,14]CL. Overall, [Peeg 14][GLY] is the most attractive PIL for the simultaneous absorption
of R32 and R134a, while [Pgg6,14]Cl seems the best option for the separation of this mixture.

7.3.5. Assessment on the recovery and separation of commercial refrigerant blends

Considering the developed soft-SAFT molecular models for PILs are able to provide information
on their capabilities of F-gas absorption and separation, different binary commercial refrigerant
blends were studied. These blends are: R410A (50 wt.% R32 + 50 wt.% R125), R451A (10 wt.%
R134a + 90 wt.% R1234yf), and R454A (35 wt.% R32 + 65 wt.% R1234yf). For the first blend, both
[Pe66,14]Cl and [Pegs,14][TMPP] have been evaluated as potential entrainers. On the other hand,
only [Pgss,14]Cl was applied to HFO-based blends, as is the only PIL where the required validation
for binary HFO + PIL systems has been carried out.

The soft-SAFT EoS has already been used in previous contributions to describe the solubility of
the R410A blend [229]. Thus, the available binary interaction parameter kgrsyrizs = 0.045 was
directly transferred to the corresponding systems. Similarly, the R134a + R1234yf blend has been
previously modeled at the specific concentration of the R513A blend (44 wt.% R134a + 56 wt.%
R1234yf), incorporating a binary parameter of kr134a,r1234yt = 0.040 [262]. Binary parameters for the
rest of studied blends was fit to available experimental VLE data, as depicted in... Thus, parameters
of kr3z,r1234yf = 0.097 were considered. Moreover, the R134a + R1234yf mixture was evaluated over
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FIGURE 7.8: Ternary VLE of R32 (1) + R134a (2) + PIL (3) mixtures at 0.5 MPa and dif-

ferent temperatures, computed using the soft-SAFT EoS for [Pggg,14]Cl, [Pses,14][GLY],

and [Pgs6,14][TMPP]. Thick lines depict saturated liquid curves, while thin lines cor-

respond to vapor-liquid tie lines. Liquid-phase concentrations at which Sgr1344 /R32

reaches its maximum value at each temperature are also shown ( Q). Symbol sizes

are scaled relative to the maximum selectivity among all systems and temperatures
(Sr134a/R32 = 2.21, for [P666,14]C1 at 323.15 K).
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FIGURE 7.9: Ternary VLE of R32 (1) + R125 (2) + PIL (3) mixtures at 0.5 MPa
and different temperatures, computed using the soft-SAFT EoS for [Pgee,14]Cl and
[Pees,14][TMPP]. Thick lines depict saturated liquid curves, while thin lines corre-
spond to vapor-liquid tie lines. The concentration curve of the R410A blend is in-
cluded (- - -). Liquid-phase concentrations at which Srip5,r32 reaches its maximum
value at each temperature are also shown (). Symbol sizes are scaled relative to
the maximum selectivity among all systems and temperatures (Sriz5/r32 = 2.21, for
[P666’14][TMPP] at 303.15 K).

the entire mole fraction range to ensure the validity of the transferred binary parameter across
all concentrations. Once the binary interactions among all species in the studied systems were
assessed, different ternary VLE diagrams were constructed at 0.5 MPa and temperatures ranging
from 303.15 K to 343.15 K.

Figure compares the VLE of the R32 (1) + R125 (2) blend with [Pgss,14]Cl and [Pgee,14][TMPP].
Results reveal that [Pgss,14]Cl yields higher solubilities for both HFCs compared to [Pegg 14][TMPP].
Furthermore, both PILs exhibit a similar selectivity toward R125. While Sgis5/r3, invariably de-
creases with temperature for both solvents, some remarkable differences have been found. For
all temperatures, [Pegg 14]Cl achieves the highest R125 selectivity at intermediate concentrations.
On the other hand, [Pggs,14][TMPP] reaches maximum R125 selectivities at the infinite dilution of
this HFC. However, at temperatures higher than 323.15 K, this maximum selectivity displaces to
intermediate concentrations of the system. Interestingly, at 343.15 K, Sgiz5/r3, reaches its maxi-
mum value near the global concentration of the R410A blend, suggesting an interesting feature of
[Pees,14][TMPP] as an entrainer for this refrigerant. Among both systems, and for all considered
temperatures, a maximum value of Sgip5/r3; = 2.21 is obtained for [Pgss,14][TMPP] at 303.15 K.

Ternary VLE diagrams of the R134a + R1234ze(E), R134a + R1234yf, and R32 + R1234yf blends with
[Pee6,14]Cl1 are presented in Figure As can be seen, a notorious R134a selectivity is predicted
from its mixture with R1234yf. Curiously, the replacement of this HFO with its isomer R1234ze(E)
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yields lower R134a selectivities, as observed in Figure [7.10a. This is confirmed by the reported
maximum selectivities for each system, obtaining maximum values of Sgri34a/R12342¢8) = 1.29, at
333.15 K, and Sgriz4a/r1234yf = 2.25, at 343.15 K. However, it is worth noting that the global con-
centration of the R451A blend is nearly at the minimum value of Sri34a/r1234yf =, highlighting an
undesirable operating condition in this case. Although this is not the case for the R32 + R1234yf
mixture, generally low selectivities are obtained for this system, with a slightly stronger affinity for
R1234yf. Still, the maximum selectivity value of Srizsaye/rs2 = 1.41 at 303.15 K evidences a poor
separation capacity by [Pegg 14]CL

The thermophysical information given by the above ternary VLE diagrams can be extended by
studying S;/; at different temperatures and pressures. Thus, flash calculations were performed to
compute competitive selectivities along the concentration curve of the above commercial blends.
Low to moderate pressures, ranging from 0.0 MPa to 0.5 MPa, were addressed to represent ab-
sorption and desorption operating conditions. Results of this calculation are presented in Figure

711l

Figures and[7.11pb present Sgr15,r3 at the concentration of the R410A blend for [Peg6,14]Cl and
[Pe66,14][TMPP], respectively. [Pees14]Cl develops R125 selectivities consistently above 1.5, with a
slight increase at higher pressures. In contrast [Pgs 14][TMPP] shows a negative effect of pressure
and a stronger dependence on temperature, reaching selectivities up to 2.2. This aligns well with
above observations on dissolution and excess properties, where R32 is the least favored HFC for
absorption in this PIL. These results lie within the reported values for imidazolium-based ILs,
showing ideal selectivities of approximately 2.0 and 1.8 for [Comim][CF3503] [198] and [Comim]Cl
[263], respectively. However, these values are still below the higher selectivities of 5.0 obtained
using [Comim][dca] [264].

Figures and|7.11d present Sri34a/R1234yf aNd Sr1234yf/R32, using [Pees,14]Cl, at the concentration
of the R451A and R454A blends, respectively. The highest selectivities are obtained for the R451A

blend, reaching values up to 1.8 at higher temperatures and pressures. For the R454A blend, on the
other hand, results show that a decrease in temperature and pressure can appreciably increase the
R1234yf selectivity. This grants additional insights to the previously studied ternary VLE, show-
ing an increased potential of [Pggs 14]Cl as an entrainer for this blend. Compared to the literature,
other imidazolium-based ILs have been reported to reach higher selectivities for similar refriger-
ant blends. For instance, [Co,mim][dca] shows consistently higher HFC/HFO ideal selectivities
accross different blends [201], while [Comim][SCN] achieves values of approximately 4.5 and 9.0
for ari34a/R1234yf aNd AR32/R1234y¢, Tespectively [44]. In addition, enhanced values of aRr134a/R1234yf
have been reported for other imidazolium-based ILs [44].

It is important to note that above literature values correspond to ideal selectivity, derived from infi-
nite dilution or Henry’s constants. In contrast, the computed selectivities are obtained under finite
concentration conditions. Therefore, direct quantitative comparison should be made with cau-
tion, as competitive selectivities inherently account dor non-ideal interactions and mixture effects,
providing a more realistic representation of the separation performance. By explicitly capturing
HFC-HFC and HFC-HFO interactions, this approach enables the identification of operating con-
ditions under which enhanced selectivities can be achieved.
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FIGURE 7.10: Ternary VLE of R134a (1) + R1234ze(E) (2) + [Pgs6,14]C1 (3) (a), R134a
(1) + R1234yf (2) + [P666,14]C1 (3) (b), and R32 (1) + R1234yf (2) + [P666,14]C1 (3) (C)
mixtures at 0.5 MPa and different temperatures, computed using the soft-SAFT EoS.
Thick lines depict saturated liquid curves, while thin lines correspond to vapor—
liquid tie lines. The concentration curves of the R450A (a), R451A (b), and R454A
(c) blends are included (- - -). Liquid-phase concentrations at which Sri34a/R1234z¢(F)
(a), Sr134a/R1234yf (), and Sgri23ayf/r32 (€), reach their maximum values at each tem-
perature are also shown (). Symbols sizes are scaled relative to the maximum
selectivity among all temperatures for each system (Sri34a/R12347¢(F) = 1.29 at 333.15
K, SR134a/R1234yf = 2.25at 343.15 K, and SR1234yf/R32 = 1.41 at 303.15 K)
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7.4. Conclusions

In this work, a computational approach was used to describe the thermodynamic behavior of PILs,
and to assess their capability as entrainers for refrigerant blends comprising HFCs and HFOs. To
provide a physically meaningful association scheme for PILs, COSMO-RS and DFT calculations
were used to define the association scheme and to compute association parameters, respectively.
Subsequently, molecular models of the soft-SAFT EoS for three PILs, [Pegs 14]Cl, [Poss,14][GLY],
and [Pegp,14][TMPP], were obtained. These models were used to describe the phase equilibrium
between these PILs, HFCs, and HFOs.

For [Pgs6,14]Cl, results for the absorption of the HFOs R1234yf and R1234ze(E) were in reliable
agreement with available experimental data, only requiring corrections for the cross-dispersive
energy of the binary systems. The description of HFCs in this PIL showed higher uncertainties
across the analyzed mole fraction range, although it still captured the behavior of these mixtures.
Results for [Pees 14][GLY] and [Pges,14][TMPP] were accurate, describing the solubility of HFCs at
different isothermal conditions in very good agreement with the available experimental data.

Based on above results, different ternary mixtures were analyzed to study the behavior of the
selected PILs with refrigerant blends. Ternary VLE diagrams and selectivity calculations granted
insights into the capabilities of the PILs for separating and recovering refrigerant blends. This
analysis revealed insights on the behavior of selectivity along the ternary VLE, with maximum
values arising from the interplay between the components in the blend and the PIL.

Finally, competitive selectivities at low to moderate pressures and different temperatures were
computed from flash calculations to evaluate the performance of the PILs as entrainers for com-
mercial refrigerant blends. Results show a high sensitivity of selectivities at lower temperatures.
Notably, [Pses,14][TMPP] demonstrates a good performance in the separation of the R410A blend,
achieving the highest computed selectivities among all studied systems. Additionally, [Pees 14]Cl
grants a feasible separation of the R451A an R454A blends.

These findings provide the basis for further process-level analysis, required to assess the practical
feasibility of the studied solvents. In particular, considerations such as transport limitations, espe-
cially under the characteristic high viscosity of ILs, must be carefully evaluated through rate-based
modeling, as these effects may significantly limit mass transfer and, consequently, the overall sep-
aration performance.
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8. Thermophysical Characterization of a Sustain-
able Hydrofluorocarbon Separation Utilizing
Type III Deep Eutectic Solvents

In this chapter, the absorption and separation potential of type III DESs is investigated for se-
lected HFCs (R32, R143a, R134a, and R125), using new experimental solubility measurements
and the soft-SAFT EoS. DESs based on choline chloride ([ChICI) and tetramethylammonium
chloride ([N11111Cl), as HBAs, combined with ethylene glycol (EG) and glycerol (GL), as HBDs,
are considered. The thermodynamic model is used to describe pure-DES density and viscosity,
guas solubility, effective Henry’s constants, dissolution enthalpy, and selectivity. Among the
studied systems, R32 shows the highest affinity toward the DES, followed by R134a, R143a,
and R125, whereas [N1111]:EG exhibits the highest absorption capacity for all HFCs. In addi-
tion, [N1111]:GL and [Ch]CI:GL + 10 wt.% H>O show promising a selectivity for separating
HFC blends, particularly those containing R32, suggesting their potential application in the
recovery of commercial refrigerant blends such as R410A and R407F[]

8.1. Introduction

Among the different DES families, type III DESs, comprised of quaternary ammonium salts as
HBAs, are the most widely studied in the literature [47]. Their popularity stems from the availabil-
ity of inexpensive precursors, and the large number of non-toxic organic compounds that can act
as HBDs [46]. Thus, type III DESs have been used in practically all areas related to DESs, including
drug solubilization, reaction media, and CO, capture [47, [265].

Considering their widespread application and suitable properties as entrainers, type III DESs
demonstrate an important potential for the recovery of HFCs. Previous work has addressed this

“This chapter is adapted with permission from:
L.V.I.D. Alencar, B. Gonzalez-Barramufio, S.B. Rodriguez-Reartes, H. Quinteros-Lama, J.M. Garrido, V. Codera, J.O.
Pou, EW. Tavares, R. Gonzalez-Olmos, and F. Llovell, “Thermophysical Characterization of Sustainable Pathways for
Hydrofluorocarbons Separation Utilizing Deep Eutectic Solvents”, Journal of Industrial and Engineering Chemistry 146,
788-799 (2025). Copyright 2025 Elsevier B.V.
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issue, demonstrating that DESs based on choline chloride ([Ch]Cl) exhibit promising selectivities
toward commercial HFC blends [67, 266]. Thus, the evaluation of DESs comprising different com-
mon HBAs represents an attractive pathway for the further exploration of novel solvents for this
application.

In this work, the absorption potential of four representative HFCs, namely R32, R143a, R134a, and
R125 in selected type III DESs is evaluated. Moreover, new experimental measurements of HFC
solubility are reported for DESs based on tetramethylammonium chloride ([N1111]Cl). The soft-
SAFT EoS was used to model the thermodynamic behavior of the considered HFC + DES mixtures,
given its demonstrated capabilities in related systems [267-271]. Using the predictive capabilities
of this thermodynamic model, the separation capabilities of the studies DESs were analyzed under
operational conditions of interest for the extractive distillation process.

8.2. Materials and methods

A combination of experimental measurements and thermophysical modeling based on the soft-
SAFT EoS was employed to study the HFC absorption in type III DESs. The chemical structures of
the considered DES precursors are presented in Table

8.2.1. Materials

Glycerol (99% purity) and ethylene glycol (99% purity) were acquired from ITW Reagents. Tetram-
ethylammonium chloride (97% purity) was purchased from Thermo Fischer Scientific, and it was
heated at 343.15 K under vacuum conditions for 15 h for further purification. The HFCs utilized
in all experiments were R32, R143a, R134a, and R125, all sourced from GRIT, Gases, Research,
Innovation & Technology S.L.U, with a purity level of at least 99.5%.

The DESs experimentally characterized in this study were prepared following the methodology
used by Codera et al. [266]. In particular, tetramethylammonium chloride ([Ni111]Cl) was com-
bined with ethylene glycol (EG) or glycerol (GL) in an HBA:HBD mole ratio of 1:3. During the
preparation of DESs, [Ch]Cl and [Ny111]Cl HBAs were placed in a vacuum oven at 343.15 K before
use. After the drying process, they were stored in a drying system containing phosphorus pentox-
ide to avoid any further hydration. The standard procedure established by Moradi et al. [272] and
Nkosi et al. [273] was followed in all cases. DESs were prepared in a beaker using a Mettler Toledo
PM2000 balance with an uncertainty of & 0.01 g and heated at 338.15 K for 1 h with continuous
stirring until a uniform, transparent liquid was formed. The beaker was sealed during the DES
preparation. In the particular case of the aqueous [Ch]CL:GL (1:3) system, water was added to the
DES and controlled gravimetrically, until reaching a 10 wt.% content.

8.2.2. Methods

Determination of DESs density and viscosity

The density and viscosity of DESs were measured using a digital densimeter and viscometer over
a temperature range of 293.15 K to 343.15 K, in 5 K increments, under atmospheric pressure. Two
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TABLE 8.1: Molecular structures of the considered type III DES precursors.

Name Structure Abbreviation
| or
choline chloride //N ~ on [Ch]Cl1
| cr
. . JE— N+ _
tetramethylammonium chloride ‘ [N1111]C1
OH
H O/\/
ethylene glycol EG
OH

glycerol HO\)\/OH GL

measurements were performed for each DES and property, and the results are expressed as the
average, with a measurement uncertainty of 0.0001 g-cm™ for density and +0.1 mPa-s for viscosity.
Detailed information regarding the experimental equipment and setup for density and viscosity
measurements can be found in previous work [266].

Determination of hydrofluorocarbon solubility

HEFC solubility was determined using an isochoric saturation analytical method with a custom-
built apparatus. A known amount of DES (£0.01 g) was introduced into the equilibrium cell, and
the entire system was evacuated for 2 h at 300.15 K using a vacuum pump (COMECTA - IVYMEN,
model 5900621). Meanwhile, HFC from the commercial bottle was introduced into the gas cylinder
of the system, with the temperature set at 300.15 K. Once equilibrium was reached, the vacuum
was stopped, and the gas from the cylinder was swiftly transferred into the cell while stirring,
causing an initial pressure increase. The system was maintained at 300.15 K, digitally recording the
pressure inside the equilibrium cell every second until complete absorption occurred, evidenced
by a stable equilibrium pressure persisting for at least 30 min. The uncertainty of gas solubility
measurements on a mole fraction basis was determined to be +5-107%.

Thermophysical molecular modeling

All considered species were modeled using the soft-SAFT EoS [139,|140] to characterize their ther-
modynamic behavior. For DESs, the individual component approach [274] was employed, thus
requiring independent molecular models for HBAs and HBDs. Following previous works [274,
275], [Ch]CI and [Ni111]Cl were modeled as associating compounds with two association sites
each, one positive and one negative, simulating the cation—anion interaction. EG and GL were also
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TABLE 8.2: Molecular weight and soft-SAFT molecular parameters for the considered
DESs and HFCs. The notation of Huang and Radosz [148] is used to denote the
association scheme in each case.

Compound My, M ; 0ji eii/kg  e4Bi/kp k4B Assoc. scheme Source
[g/mol] [A] [K] (K] [A%]
[Ch]C1 139.63 5.096 3.401 428.40 3384 2100 2B [274]
[N1111]1C1 109.60 3.818 3.413 360.80 3384 2100 2B [275]
EG 62.07 1.751  3.668 326.05 4384 4195 2B [276]
GL 92.09 2.397 3.638 392.95 4945 2250 2B [174]
H,O 18.02 1.000 3.154 365.00 2388 2932 4C [277]
R32 52.00 1.321 3.529 144.40 1708 24050 2B [229]
R143a 84.04 1.392 4103 149.00 1717 24050 2B [278]
R134a 102.03 1.392 4.166 166.60 1862 24050 2B [230]
R125 120.02 1.392 4.242 148.80 1685 24050 2B [229]

modeled following the same association scheme, to mimic the hydroxyl groups present in these
molecules [174, 275| 276]. Moreover, water was also included within the analyzed species, given
its presence in the [Ch]Cl: GL (1:3) + 10 wt.% HO DES. In this work, water is modeled using
four association sites, two positive and two negative, parameterized to preserve the tetrahedral
structure of the molecule when hydrogen bonding occurs [277].

All HFCs were described as homonuclear chains with two association sites each, one positive and
one negative, simulating the dipole moment caused by the electronegativity of the molecule. This
model has shown the best performance when describing interactions with ILs and DESs [267, 268]].
The complete set of parameters for all compounds is taken from previous works [174, 229, 230,
274-278] and is presented in Table 8.2 for completeness.

Liquid shear viscosity, 7%, of the considered DESs was modeled using the Free Volume Theory
(FVT). The required parameters for [Ch]Cl, EG, GL, and H,O were previously obtained using the
spider-web methodology and employing the soft-SAFT EoS for the required modeling of density
[274]. Within this approach [279], FVT parameters of pure compounds are regressed through mix-
tures between them, allowing to parameterize species which are not liquid at normal temperature
and pressure conditions, such as [Ch]CIL. The combined use of FVT and the soft-SAFT EoS demon-
strated reliable results for the modeling of viscosity in type III DESs, and thus was extended to
derive the corresponding parameters for [N1111]Cl. In this work, this HBA was modeled by apply-
ing the spider-web methodology to the [N1111JCLEG (1:3) and [N1111]CL:GL (1:3).

8.3. Results and Discussion

8.3.1. Thermophysical characterization of DESs

Experimental measurements of liquid mass density, p*, and liquid shear viscosity, -, for the stud-
ied [N1111]CLEG (1:3) and [Ny1111]CL:GL (1:3) DESs, along with available experimental data for
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FIGURE 8.1: Liquid mass density (a) and liquid shear viscosity (b) of the considered
DESs at different temperatures. Results from the soft-SAFT EoS (—) are shown and
compared with available and measured experimental data ( O ) [67,[266].

[Ch]CLEG (1:3) and [Ch]CL:GL (1:3) + 10 wt.% H,O, are illustrated in Figure As observed,
P exhibits a consistent linear decrease with temperature in all cases, consistently with previous
reports [67, 266]. Among the evaluated systems, [Ch]CL:GL (1:3) + 10 wt.% H,O displays the high-
est density, although very closely followed by [N1111]CL:GL (1:3). Moreover, DESs comprising EG
show lower densities, especially for [N1111]JCL:EG (1:3). This trend underscores the influence of the
DES precursors on density variations, mostly related to molecular size, which is well correlated
with pt. Concerning the HBA influence, [Ch]Cl-based DESs provide higher densities than their
[N1111]Cl-based analogues, although to a lesser extent than HBDs.

The performance of the soft-SAFT EoS in describing the density of the investigated DESs is illus-
trated in Figure[8.Ta. To address the minor discrepancies in mixture density predictions from pure
compound parameters, binary size parameters of Ipa-_pgp = —0.023 for both [Nj111]Cl-based DESs
were incorporated to the model. This minor correction, with a temperature-independent common
coefficient, ensures quantitative agreement across the studied DESs. In general, results from soft-
SAFT EoS demonstrate acceptable agreement with experimental data, with an AARD% values of
1.16%, 1.12%, 1.13%, and 1.51% for [Ch]CLEG (1:3), [Ch]CI:GL (1:3) + 10 wt.% H,O, Nj111]JCLEG
(1:3), and [N1111]CL:GL (1:3), respectively.

In the case of 17L, noticeable differences among DESs were observed. Notably, [N1111]CL:GL (1:3)
exhibited the highest viscosity, surpassing 250 cP. This rise in viscosity is attributed to the more ele-
vated number of hydroxyl groups of GL compared to EG, facilitating enhanced hydrogen bonding
interactions with the HBA and, consequently, leading to higher viscosities.

The utilized FVT parameters, including the values for [Ni111]Cl regressed in this work, are pre-
sented in Table As seen from Figure [8.1b, an excellent agreement with viscosity data was
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TABLE 8.3: FVT parameters for the DES precursors considered in this work.

Compound % B-10?>  L,10? Source
[J-m3-mol! -kg‘1 ] [A]

[Ch]C1 374.58 0.6867 0.0170 [274]

[N1111]C1 379.55 0.7920 0.0042 This work

EG 356.55 0.0911 8.5466 [274]

GL 335.74 0.2794  2.9452 [274]

H,O 485.21 0.1001 1.4239 [274]

found, with an AARD% of 8.11% across all DESs. Consistently with previous works [274, 280], the
employed approach offers a poorer performance at low temperatures, which is attributed to the
difficulty in capturing the sharp exponential increase in viscosity. However, these deviations only
occur at high viscosity values, in a region with lower interest for practical applications. Otherwise,
the description of aqueous DESs is remarkable, reconfirming the high versatility of the followed
approach in achieving a reliable description of this property at different conditions [274].

8.3.2. Modeling of HFC solubility in type III DESs

Upon characterizing the liquid-phase behavior of the investigated DESs, their capacity to absorb
R32, R134a, R143a, and R125 was studied. Solubility isotherms were measured at 300.15 K at
pressures up to 6 bar, not to surpass the saturation pressure of R134a, which stands at 7.0 bar at
this temperature. The experimental solubility data for the two [Nj;11]Cl-based DESs studied in
this work are provided in Table

Figure[8.2] presents the solubility isotherms, at 300.15 K, as a function of the liquid mole fraction of
HEFC (xprc) in each studied DES, including the previous results obtained for [Ch]Cl-based DESs
[67,266]. A comprehensive analysis of the results demonstrates a relatively low solubility of HFCs
for all investigated DESs, which can be attributed to the absence of fluorine atoms in their chemical
structure. Previous works on the solubility of HFCs in fluorinated ILs [66] and DESs [203] has sug-
gested that the presence of fluorine atoms can enhance the F-gases solubility by forming hydrogen
bonds (H-F-H). However, this high degree of absorption comes at a cost of a nearly null capacity
to selectively separate these HFCs.

In the DESs under investigation in this work, it appears that the primary influence lies on a weak
physical absorption dominated by entropic effects, where the volume of the HFC molecules plays
a key role. Indeed, R32, the smallest HFC among those studied, being the only single-carbon
compound, exhibits the highest solubility. Concerning the two-carbon refrigerants, it may be noted
that the amount of fluorine atoms in HFCs do not consistently correlate with enhanced solubility.
For instance, while R134a, containing four fluorine atoms, ranks as the second compound with the
highest solubility, R125 (with five fluorine atoms) and R143a (with three fluorine atoms) exhibit
similar and lower solubility levels compared to other HFCs. In this case, two different effects play
a role. On one hand, R125 has a low solubility due to the presence of five fluorine atoms, forming
a relatively stable structure of a certain size and leaving low allocation for strong interactions with
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TABLE 8.4: Measured solubility isotherms the considered HFCs in [N1111JCLEG (1:3)
and [N1111]CL:GL (1:3) at 300.15 K.

XR32 p XR143a r XR134a p XR125 p
[mol'mol™!] [MPa] [molmol™] [MPa] [molmol™?] [MPa] [molmol!] [MPa]

[Nllll]CIZEG (123)
0.016 0.064 0.005 0.090 0.013 0.069 0.005 0.089
0.035 0.105 0.010 0.174 0.027 0.131 0.011 0.168
0.053 0.147 0.015 0.258 0.040 0.194 0.016 0.256
0.071 0.196 0.019 0.344 0.054 0.261 0.022 0.336
0.086 0.237 0.026 0.427 0.056 0.271 . -
[N1111]C12GL (13)
0.006 0.086 0.002 0.096 0.002 0.064 0.001 0.100
0.022 0.145 0.003 0.193 0.004 0.091 0.003 0.193
0.026 0.222 0.005 0.284 0.006 0.183 0.004 0.255
0.043 0.287 0.007 0.482 0.012 0.274 0.005 0.382
0.053 0.362 0.010 0.579 0.016 0.358 0.006 0.481

the DESs. Conversely, the asymmetric R143a, with three fluorine atoms at the same molecule
end, exhibits a high dipole moment [281], but lacks the previously mentioned H-F-H structure,
resulting in a lower solubility. In any case, this variation in solubility among these HFCs represents
an advantage for their separation. Specifically, it suggests that R125 and R143a could potentially
be readily separated from mixtures of HFCs containing R134a and R32.

Although qualitative behavior among DESs is similar, it is notable that [N1111JCLEG (1:3) exhibits
a slightly higher absorption capacity, followed by [Ch]CLEG (1:3), [Ch]CL:GL (1:3) + 10 wt.% H,O,
and finally [N1111]JCL:GL (1:3). The latter seems to be clearly affected by its higher viscosity, possibly
affecting mass transfer. In any case, no substantial differences are appreciated among all DESs,
suggesting that the influence of the DESs structure on the solubilities of the considered HFCs
appears to be modest.

As shown in Figure the soft-SAFT EoS provides good agreement with experimental data.
Molecular parameters provided in Table|8.2|are used for multicomponent calculations, where each
HFC-DES combination is treated as a ternary mixture, except for systems containing [Ch]CL:GL
(1:3) + 10 wt.% H,O, which are treated as quaternary mixtures. In this regard, binary interaction
parameters for dispersive energy, k;j, where employed to correct deviations arising from predic-
tions of HFC solubility. A summary of the utilized values is provided in Table

Some remarkable trends emerge from analyzing the values of these parameters and their relevance
to the interactions within the mixture. Notably, most cases exhibit k;; < 0, indicating that classical
Lorentz-Berthelot combining rules underestimate the cross-dispersive energy of the considered
systems and suggesting potentially missing interactions within the model. Additionally, consistent
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TABLE 8.5: Regressed binary interaction parameters for dispersive energy, k;; for the
soft-SAFT EoS.

i i kij

[Ch]C1 R32 -0.2998
[ChICI R143a -0.1374
[Ch]C1 R134a -0.1450
[Ch]Cl R125 -0.2103
[Ch]Cl H,O -0.0450
[N1111]C1 R32 -0.3000
[N1111]C1  R143a -0.0477
[N1111]C1  Ri134a -0.0577
[N1111]C1  R125 -0.1278
EG HFCs -0.1008
LA HFCs -0.2338
GL HFCs -0.0532
R143a H,O 0.1500
R134a H,O 0.1500

Transferred from previous work [273].

kusp-rrc could be obtained across all systems, suggesting that the parameter can be transferred
among HFCs if no experimental data are available. For the case of [Ch]CI:GL (1:3) + 10 wt.% H,0O,
a kichjc-n,0 = —0.045 parameter was transferred from previous work [273]]. In contrast, binary
parameters of R32, R143a, and R134a with water were optimized and fixed at kgrc-n,0 = 0.150.
Overall, soft-SAFT EoS effectively describes the solubility of each HFC in the examined DESs,
showing good agreement with experimental data.

Finally, dissolution enthalpies of each HFC in HFC + DES mixtures, AHYS were computed from
Eq. Calculations were performed at 300.15 K and xgrc = 0.0001, and results are presented
in Table As can be seen, R32 develops the most negative values of AH%S, implying that all
investigated DESs have a clearly higher affinity for R32 than for the rest of HFCs.

TABLE 8.6: Dissolution enthalpy, AHYS (in kJ-mol™), for HFCs in HFC + DES mix-
tures at 300.15 K and xgpc = 0.0001, computed using the soft-SAFT EoS.

DES R32 Rl143a R134a R125
[Ch]CLEG (1:3) -21.51 -11.28 -17.28 -11.60
[Ch]CL:GL (1:3) + 10 wt.% H,O -37.05 -30.00 -3490 -30.58
[N1111]CLEG -21.60 -11.06 -17.13 -11.17

[N1111]CL:GL -1415 -8.00 -1135 -7.55
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8.3.3. HFC selectivity in type III assessed from multicomponent mixtures

Figure present effective Henry’s constants, Kﬁff, and ideal selectivities, «; Jjs of different HFCs
in the studied DESs, computed using Egs. and respectively. Values for K¢if are directly
linked to results regarding solubility isotherms. [N1111]JCLEG shows the lowest Henry’s constants
among DESs, indicating the highest absorption capacities. Additionally, it can be noted that R32
shows the lowest Kgf values in all DESs, followed by R134a, R143a, and R125. This is directly
related to values of «;/;, displayed for different HFC combinations. Despite lower absorption ca-
pacities compared to fluorinated eutectic solvents [203], the studied DESs exhibit commendable
selectivities for given HFC mixtures. The highest «;/; values are obtained for the R32/R125 com-
bination, with [N1111]CL:GL (1:3) showing the highest ideal selectivity. In turn, for R134a/R143a,
ideal selectivity reaches its highest value with [Ch]CLEG (1:3).

Finally, competitive selectivities, S; Jir related to the commercial blends R410A (50 wt.% R32 + 50
wt.% R125), R407F (30 wt.% R32 + 30 wt.% R125 + 40 wt.% R134a), and R404A (44 wt.% R125 + 52
wt.% R143a + 4 wt.% R134a) were computed. Eq. [4.45|can be directly applied for the binary R410A
blend. However, an expression for the competitive selectivity of an HFC in ternary blends, such as
R407F and R404A, must be proposed in an analogous manner. In this work, selectivity of species i
from its mixture with species j and k is expressed using Eq.

(Yt X
Si/(j+k) —( m > (xj+xk> : (8.1)
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Required liquid and vapor mole fractions in the multicomponent systems comprising HFC blends
and DESs were obtained through flash calculations at 300.15 K and different pressures. Moreover,
the global mole fraction of DES was fixed at a value of zpgs = 0.7.

Results are illustrated in Figure where the separation of R410A, R407F, and R404 was assessed
through the selectivities SR32/R125/ SRSZ/(R125+R134a)/ and SR134a/(R125+R143a)1 respectively. The analy-
sis reveals a high thermodynamic efficiency in the separation of the R410A for the studied DESs,
particularly for [N1111]JCL:GL (1:3). For the separation of R32 from the R407F blend, the same
sequence of DES selectivities is obtained, although with generally lower values than those re-
lated to R410A. Finally, no significant differences are observed between selectivities for R134a in
R404A among the studied DESs. With the lowest values within the considered refrigerant blends,
[Ch]CLEG (1:3) shows the best performance in this case.

The effect of different pressures in selectivity can also be observed from Figure[8.4} highlighting the
alignment with ideal selectivities at conditions of low pressure. While these conditions enhance
separation performance, this comes at the cost of a reduced absorption capacity, as presented in
Figure On the other hand, conditions of higher pressures do not seem attractive, as they
almost invariably lead to lower selectivities. Therefore, according to this analysis, operating under
moderate pressure is advisable for an efficient HFC separation.
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8.4. Conclusions

In this work, the solubility of four common HFCs (R32, R143a, R134a, and R125) was investigated
using four type III DESs, based on [Ch]Cl and [N1111]Cl as HBAs and employing ethylene glycol
and glycerol as HBDs. New experimental data for density, viscosity, and HFC solubilities were
measured for the [N1111]Cl-based DESs, at a HBA:HBD mole ratio of 1:3. Subsequently, the soft-
SAFT EoS was used to generate molecular models for the considered systems. Moreover, this EoS
was combined with FVT to correlate the measured viscosity of [N1111]Cl-based DESs, demonstrat-
ing an acceptable performance.

Solubility trend across the DESs was observed as R32 > R134a > R125 > R143a, with [N1111]CLEG
(1:3) showing a higher solubility capacity. Despite a relatively low absorption, the investigated
DESs exhibited promising selectivity for separating HFCs mixtures, particularly those containing
R32, thereby suggesting potential applications in separating commercial blends like R410A and
R407F.

The detailed thermodynamic modeling further supports the applicability of the soft-SAFT EoS
in accurately describing these systems, facilitating the prediction of various crucial properties for
process design and scale-up, including density and viscosity of pure DESs, dissolution enthalpy,
effective Henry’s constants, as well as ideal and competitive selectivity. In particular, the soft-SAFT
EoS allowed to study the behavior of competitive selectivity under various operational conditions.
This analysis enabled the identification of suitable DES candidates for recovering R32 and R134a
from commercial refrigerant blends.

These findings offer a valuable insight into the thermodynamic behavior in mixtures comprised of
HEFCs and type III DESs. However, the comprehensive development and implementation of an ef-
ficient separation process for the recovery of these gases should include additional considerations,
such as recycling stability, economic evaluation and life cycle assessment.
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9. Assessing the Phase-out of R410A Using Deep
Eutectic Solvents

In this chapter, extractive distillation using the [ChJCI:EG DES is evaluated as an alternative
reclamation route for the R410A refrigerant blend, combining process simulation with life cycle
assessment and supply chain optimization within a multiscale framework. The environmental
performance of DES-based reclamation is compared with conventional treatment pathways, and
its system-level impact is assessed through multiregional projections of R410A consumption
and end-of-life management from 2025 to 2050. The environmental advantages of DES-based
reclamation depend on the extent to which recovered components supply their demand over fresh
production. Moreover, the implementation of DES-based reclamation can reduce cumulative
use- and disposal-related COje emissions by 45% relative to destruction-oriented scenarios,
with earlier deployment being key to accomplish larger avoided emissions. Emissions associated
to the use phase remain a dominant contributor to the overall carbon footprint, limiting the
relative benefit of the proposed process.

9.1. Introduction

The limitations of business-as-usual (BAU) reclamation of refrigerant blends is exemplified by
R410A. As this equimass blend of R32 and R125 exhibits near-azeotropic behavior, the recovery
of its individual components by common distillation methods is heavily impeded [282]. Widely
adopted as a replacement for chlorodifluoromethane (R22) [283,[284]], R410A remains prevalent in
modern refrigeration systems, especially in developing countries. However, its high GWP of 1924
[11] ensures its inclusion in the phase-out schedule of the Kigali Amendment of the Montreal Pro-
tocol (KA), demanding the cease of production, consumption, and in-stock quantities in the near
future. Thus, to enable a circular management of R410A, the selective recovery of their constituents
via extractive distillation emerges as a promising route from an environmental viewpoint.

Type III DESs reported particularly high affinities for R32, with selectivities up to 10 for its sepa-
ration from R125 [285]. In particular, a DES composed of choline chloride ([Ch]Cl) and ethylene
glycol (EG) in a 1:3 molar ratio, [Ch]CLEG (1:3), has shown to yield the selective separation of these
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components [266]. Thus, the use of this DES as an entrainer for the separation of R410A emerges
as a promising alternative for the phase-out of this blend.

DESs are frequently described as green solvents, one of their most attractive features compared
to ILs [265]. However, this characterization is highly dependent on the considered application, as
well as the production process of its constituents [68]. In this context, life cycle assessment (LCA),
as a tool for evaluating and comparing the environmental impacts associated with different process
alternatives [185]], provides valuable information regarding the sustainability of emerging solvents
such as DESs. Previous contributions have applied LCA to the HFC recovery using ILs [66] and
DESs [67]], based on process simulation as a reliable source of material and energy requirements.
In both cases, the studied process was reported to achieve reductions of around 90% in the overall
carbon footprint compared to the BAU production of the considered HFCs. In particular, Clinjk et
al. [67]] evaluated a DES composed of [Ch]Cl and lactic acid for the recovery of R125 from R410A,
highlighting this approach as an effective pathway to replace conventional production routes from
this blend. These results highlight the importance of further evaluating DES candidates for the
reclamation of pure HFCs from refrigerant mixtures. However, within the ongoing phase-out of
R410A, DES-based reclamation has yet to be assessed as an effective end-of-life alternative, both
relative to BAU treatment pathways and in terms of the environmental implications associated
with its deployment.

In this chapter, treatment of R410A by DES-based reclamation, using [Ch]CL:EG (1:3), is assessed as
an alternative route to support the phase-out of this refrigerant blend. The environmental impacts
associated to this process are compared to those of chemical destruction as an end-of-life treatment.
Moreover, the effect of its deployment are evaluated by incorporating DES-based reclamation into
projections of multi-regional consumption and treatment routes of R410A. To this end, a supply
chain model is developed to identify environmentally favorable combinations of supply and end-
of-life alternatives under different scenarios. Process simulations of DES-based reclamation are
used to estimate the material and energy requirements of this technology, relying on previously
parameterized thermodynamic models [168, 286, 287|] and considerations for transport properties.
The provided multiscale framework proved effective for evaluating DES-based reclamation from
process to supply chain level, providing insights into the role of novel solvents in a cleaner phase-
out of high-GWP refrigerants.

9.2. Methods

The framework applied in this work involves the combined use of the PC-SAFT EoS, process sim-
ulation, LCA, and supply chain analysis to holistically study the performance of this DES in the
recovery of R32 and R125 from the R410A refrigerant blend.

9.2.1. Thermophysical modeling

The PC-SAFT EoS [141} 142] was selected as the thermodynamic model in this work, given its ro-
bust framework and wide implementation in process simulation software. To model the [Ch]CLEG
(1:3) DES, available molecular parameters for [Ch]Cl and EG were directly applied [168|[286]. Each
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FIGURE 9.1: Liquid mass density of ChCL:EG (1:3) at different temperatures (a) and
solubility isotherms of R32 and R125 in ChCLEG (1:3) (b). Results from the PC-SAFT
EoS are shown (—) and compared with available experimental data ( O ) [266].

compound is considered to present a 2B association scheme [148]. The thermodynamic characteri-
zation of the solvent mixture was completed by including a [Ch]CI-EG binary interaction param-
eter, kjchjci-gG, previously optimized to experimental density data [288]. Although this parameter
was originally fit to [Ch]JCL:EG at a 1:2 mole ratio, direct transfer to the studied 1:3 ratio yields
a convincing depiction of available liquid density data, as shown in Figure [9.1a. Values for this
binary parameter are presented in Table

For R32 and R125, previously optimized, non-associating, parameters were directly applied [287]].
Although these parameters are precise in the modeling of pure HFCs, its phase equilibrium with
the considered solvents require additional information due to the polarization in the liquid phase.
These effects were considered by including cross-association between the HFCs and the DES pre-
cursors. This was achieved by fixing the association energy, €%, to zero for both HFCs, while
considering an association volume of ki = 0.1 for these species. The association scheme for both
HFCs was set to 2B, in order to mimic the generated dipole moment. Additionally, different k;;
values were fit to available experimental solubility data, and are presented in Table As can be
seen from Figure 9.Tp, a good depiction of solubility isotherms is provided by the PC-SAFT EoS.
Moreover, a R32-R125 binary interaction parameter, also presented in Table was included to
correctly represent the azeotrope of the R410A blend.

For BAU reclamation, the original PC-SAFT model for decane [141] was used as a surrogate for
heavy oils present in used R410A, recovered from refrigeration equipment. No binary interaction
parameter was fit in this case. As for R410A destruction, reactants and products of the incinera-
tion were obtained from reported combustion schemes for HFCs [289, [290]. Thus, besides R410A,
oxygen, water, hydrogen fluoride, carbon monoxide, and carbon dioxide were considered for this
process. Water was modeled after the work of Cameretti and Sadowski [291], where a temperature-
dependent segment diameter, o ;;, was fit to describe its density at low temperatures. In order to
transfer this water model to Aspen Plus simulations, where only scalar segment diameters are
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TABLE 9.1: Binary dispersion interaction parameters, k;j, between species related to
the DES-based reclamation process.

i j ki
[Ch]CI EG a
[Ch]Cl R32 -0.05199
[Ch]Cl R125 -0.08581

EG  R32 0.06489
EG  RI25 0.07261
R32  RI125 0.00649

A temperature dependent binary parameter of
ki]- = 0.5169 — 0.001397 - T [ K] was used [288].

allowed, a mean value was computed following Eq.

71 7k dT 9.1
o = or;idT . :
i1 Tl — TO /2981( T,ii ( )

On the other hand, oxygen, carbon monoxide, and carbon dioxide were modeled after their origi-
nal PC-SAFT parameters [141], while hydrogen fluoride was modeled based on the work by Towne
et al. [292]. All parameters for these additional species are presented in Table

Transport properties, required for rate-based modeling of the distillation column, were included
based on models available in the Aspen Plus suite. Namely, the liquid-phase behavior of viscos-
ity, thermal conductivity, and surface tension must be correlated or predicted to include transport
limitations in the absorption process. The DIPPR family of models was used to correlate available
experimental data for [Ch]JCL:EG (1:3) and its mixture with R32 and R125. While parameters are
available for EG and both HFCs, no parameters are available for [Ch]Cl, as it is not a liquid at at-
mospheric conditions. To tackle this problem, DIPPR coefficients for [Ch]CI were regressed based
on reported data on viscosity [266], thermal conductivity [293]], and surface tension [294] for the
[Ch]CLEG DES. Resulting parameters are presented in Table

For pure species i, liquid viscosity, 77~ and surface tension, ¢;, where computed following Egs.
and 0.3} respectively.

Cyi .
Inygk =Cy, + 72 4+ Cy;InT + Cy ;TS ; T € [Tmin, Trmax] - 9.2)

Ing; = 1In (Cyi[1 = T,1) (Casi + C3,;Tyi + Cai T2 + Cs,T2;) 5 T € [Tmins Toman] - 9.3)

Moreover, liquid thermal conductivity, A} was computed from two different available correlations.
For HFCs and DESs precursors, A was computed from Egs. [9.4/and respectively.
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TABLE 9.2: Molecular weight and PC-SAFT molecular parameters for the considered
DES, HFCs, and compounds related to R410A destruction and BAU reclamation.

Compound My ;i o eii/kg  ediBi/kg k4B Assoc. scheme Source
[g-mol™] [A] (K] (K]
[Ch]Cl 139.63 13.020 2.368 228.07 8000.00 0.20000 2B [168]
EG 62.07 2.437 3.233  344.06 2702.60 0.02216 2B [286]
R32 52.00 2.554 2.781  181.28 0.00 0.10000 2B [287]
R125 120.02 3.052 3.148 158.12 0.00 0.10000 2B [287]
Decane 142.29 4.6627 3.8384 243.87 0 0 - [141]
Water 18.02 1.205  2.790" 353.94 2425.67  0.04509 2B [291]
Carbon dioxide 28.01 2.0729 27852 169.21 0 0 - [141]
Carbon monoxide 44.01 1.3097 3.2507 92.15 0 0 - [141])
Hydrogen fluoride 20.01 1.821 2.278 117.8 1791 3.0749 2B [292]

?A mean value for the temperature-dependent collision diameter was used.

Al = Cpi+ Coi T+ C3,T* + Cyy T? + C5,;T*; T € [Timin, Trmaxl, 94)

)\I‘ = Cl,i (1 —+ CZ,iTrl,l'/3 + C3/iTr2,z/3 + C4,iTr,i> . (95)

Subsequently, liquid viscosity, surface tension, and liquid thermal conductivity of mixtures were
obtained following the default models of mixing rules available in Aspen Plus.

9.2.2. Process simulation of the treatment routes of R410A

DES-based reclamation

DES-based reclamation was modeled as the extractive distillation of R410A to obtain high-purity
R125, followed by solvent regeneration to obtain high-purity R32, allowing to reuse the DES in
a new absorption cycle. The algorithm proposed by Finberg and Shiflett [282] was employed to
optimize distillate and bottoms purity obtained from the distillation column. The height of this
equipment was constrained to a maximum of 40 stages. Moreover, although DESs are coined with
high thermal stability and negligible volatility, previous studies have expanded on the measurable
volatility for ethylene glycol-based solvents [45]. As the temperature stability of DESs is inherently
lower than ILs previously studied for this application [282], the process was simulated considering
a maximum bottoms temperature of 80°C. The distillation column was represented by a rate-based
RADFRAC model, with reboiler and condenser, thus accounting for mass transfer limitations in the
DES. A packed column was considered, with Sulzer Mellapak 125X structured packing installed
in the mass transfer section of the column, i.e., between stages 2 and Nt — 1. The packing bed was
represented using a height of 0.5 m per theoretical plate and a column diameter of 0.2 m.
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TABLE 9.3: Parameters for DIPPR correlations for liquid viscosity, 17}, surface tension,
Gi, and liquid thermal conductivity, /\iL, for the species considered in this work.

Property i Cyi Gy Csi Cy,i Csi  Tmin Tmax
[K] K]

[Ch]Cl  47.6293  -1.0518-1072 -7.546 —9909-10% 1 27315 400.00

nk EG -158.162 10210 22.26 -1.1281076 6  260.15 470.38
[cP] R32 -10.8152 850.20 1.060 -1.172-10718 7 137.00 343.15
R125 6.09322 513.94 -1.717 0 0 17015 333.19

[Ch]C1 106.119 0.64808 1.525 1.090-102 0 27315 400.00

Gi EG 50.6810 -0.51224 1.484 0. 0. 260.15 719.00
[MN-m™'] | R32 69.3620 1.2273 0. 0. 0. 13695 351.26
R125 53.6790 1.2463 0. 0. 0. 170.15 339.17

[Ch]Cl  -0.594231 —2.9568 -1.845 3.966 0 27315 400.00

Ak EG 0.179780 —6.8432 19.54 -12.88 0 26015 647.10
[W-m1.K1] | R32 0.149778  -6.4173-10% 2.215-107 0 0 13695 302.56
R125 7.0622:102 -3.652410*  1.962-1078 0 0 17015 333.15

In the optimized process, a flow of 10 kg of R410A at 300.15 K and 2 MPa enters the distillation
column on its 14'" stage, while 42 kg of [Ch]JCLEG (1:3), at the same temperature and pressure,
enters through the 2" stage of the equipment, taking advantage of its low vapor pressure. From
the top of the column, R125 is obtained at 99.6% purity and 15°C, while at the bottoms a mixture
of [Ch]CLEG (1:3) and R32 at 70°C is brought to a heat exchanger to lower its temperature to 15°C.
A flash vessel, operated at 0.01 MPa and 15°C, is used to regenerate the solvent, allowing to obtain
R32 with a 99.5% purity and recovering the DES from the liquid phase. The regenerated solvent is
transported to a pump to restore its initial pressure and then re-entered to the distillation column.
The resulting process is presented in Figure

BAU reclamation

BAU reclamation was modeled as a conventional distillation-based purification process. A feed
stream of R410A containing 1 wt.% decane as an impurity is introduced into a distillation col-
umn simulated using the RADFRAC model with equilibrium considerations only. A total of 10
equilibrium stages were considered, operating at 1.5 MPa as a common operation condition for
the effective separation of heavy components. Thus, decane is recovered in the bottoms stream,
while R410A is obtained as the distillate with a mass purity of 99.9%. The process was designed to
deliver a distillate flow rate of 100 kg-h—! of purified R410A.

R410A destruction

R410A destruction was modeled as high-temperature thermal oxidation, based on the wider avail-
ability of this technology compared to emerging pyrolysis-based alternatives [295]. Based on es-
tablished reaction schemes [289, 290], the process feed consists of R410A, air (21 wt.% Oy, 79 wt.%
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FIGURE 9.2: Extractive distillation process for separating R410A with [Ch]CLEG (1:3)
as entrainer.

N»), and water, while the main reaction products are assumed to be hydrogen fluoride, carbon
monoxide, carbon dioxide, and water. The reactants are fed into a thermodynamic equilibrium
reactor, represented by a RGIBBS model, with a feed of 1 kg-h™' of R410A, 0.2 kg-h™! of water to
promote a complete conversion to hydrogen fluoride, and excess air. The reactor operates at 1500
K and 0.01 MPa, representing common operation conditions of high temperature and negative
pressure.

9.2.3. Environmental assessment

To quantify the environmental impact of the treatment of R410A by different routes, a consequen-
tial LCA was performed following a cradle-to-grave approach with a cutoff approach, under the
1SO14040/44 framework [191]. The goal was to compare the treatment of R410A by destruction
and DES-based reclamation. To this end, the functional unit was defined as the treatment of 1 kg
of used R410A. All computations were performed using the Brightway?2 [296]] suite.

Life cycle inventories (LCIs) for the foreground system were generated from the background data
available in the ecoinvent v3.9 database [192]. DES-based reclamation activity is generated by first
applying BAU reclamation to obtain a flow of R410A free of impurities. Then, the clean R410A
flow is separated into R32 and R125, both with at least a 99.5% purity, by azeotropic distillation
using [Ch]CL:EG (1:3) as entrainer. The generation of these HFCs was accounted for by crediting
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TABLE 9.4: Geographic regions considered in this work, along with their Kigali
Amendment consumption baselines and group type.

Region Abbreviation KA consumption baseline Group type
[Mtco,el

European Union EU 184.2 non-A5

China CN 813.0 A5, group 1

United States uUsS 302.5 non-A5

their avoided BAU production, for which previously reported inventories [66, 67] were directly
applied. The production process of [Ch]Cl was directly taken from the work of Zaib et al. [68],
while production of EG was directly taken from the ecoinvent database. For R410A destruction,
it was considered that all obtained hydrogen fluoride was converted to fluorine-based salts by
using calcium hydroxide at the outlet of the system [290]. The recovery of hydrogen fluoride
was accounted for by crediting the avoided production of this compound. The constructed LClIs
for R410A destruction, BAU reclamation, and DES-based reclamation are presented in Tables

and respectively.

The life cycle impact assessment (LCIA) was done following the ReCiPe 2016 v1.03 methodology
[194]. Using the hierarchical approach, six environmental midpoint categories were considered,
i.e., global warming potential (GWP), terrestrial acidification potential (TAP), human toxicity po-
tential (HTP), ozone depletion potential (ODP), water consumption potential (WCP), and fossil
fuel potential (FFP). Moreover, the tree general endpoint categories, i.e., ecosystem quality (EQ),
human health (HH), and natural resources (NR), where also considered.

Uncertainty in environmental impacts was assessed by performing a Monte Carlo sampling of
1200 background inventories. This sampling was stochastically generated from the probability
distribution functions characterizing the uncertainty of LCI parameters [297], allowing to deter-
mine the frequency, f, of runs related to a given quantity on each environmental impact. For each
impact category i, the difference between the score of DES-based reclamation and destruction,
AEl;, was computed at each respective run. Then, the probability of burden shifting in DES-based
reclamation was estimated as the fraction of runs where AEI; > 0 [298].

9.2.4. Supply chain analysis

To quantify the environmental impact associated to the deployment of DES-based reclamation, the
consumption and disposal of R410A was modeled across three geographical regions, namely the
European Union, China, and United States, given the availability of supply data. A time horizon
of 40 years was considered, spanning from Yy = 2010 to Y> = 2050. To this end, the KA phase-
down schedule for each region was first determined based on the consumption baselines reported
in Table According to the group type of each region, different reduction steps on R410A con-
sumption were applied [299].
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Regional HFC consumption over this period was then compiled from available historical data
and projections [27,299-302]]. For regions lacking full time-series projections, future consumption
was estimated by scaling the mean consumption of the last available KA phase-down step, e.g.,
2019-2023 for non-A5 regions, according to the phase-down trajectory. In cases where region-
specific projections of total HFC demand were unavailable, total HFC consumption was assumed
to follow the KA schedule proportionally, using the consumption baseline as reference.

Finally, R410A consumption was derived by assuming that its share of total HFC consumption,
expressed in tco,e, decreases to zero by year Y, consistent with a complete phase-out of high-GWP
refrigerants. A linear decrease scheme was adopted as a simple model to represent the progressive
reduction in its use, in the absence of region-specific measures. The parameter f5-, with a reference
global value of 0.30, was defined as the initial share of R410A in total HFC consumption, evaluated
at the last year prior to KA-driven consumption reduction in each region.

Based on the computed R410A consumption projections, annual emissions, in-use stocks, and re-
coverable end-of-life masses were computed based on the 2006 and 2019 IPCC Guidelines [303,
304], which have proven feasible in the modeling of usage trends for fluorocarbons [299,305-308].
As a main assumption, initial R410A stocks were considered to be zero, thus ignoring previous
years of demand for this compound in the comparative analysis. R410A stocks at year y; and in
region r;, ST; ;, were computed according to Eq.

ST = 1. S 0.6
STi1;+Cij—EM;; ,i>1,

where C;; and EM;; are the R410A consumption and emissions at year y; and in region r;, re-
spectively. R410A consumption is divided into initial, C}f}it, and servicing, C?sr", contributions,
which respectively represent the consumption related to initial charging and servicing of equip-
ment. These quantities follow the relationship given by Eq.

Cij = Cl + Co. 9.7)

In this work, it was assumed that at the initial year, Yy = 2010, and in all considered regions,
R410A consumption is given solely by initial servicing, and that the fraction of this flow from the
total consumption decreases linearly until reaching zero at the year Y**V = 2040. Consequently,
the share of servicing demand in the R410A consumption is assumed to grow linearly until rep-
resenting all R410A demand by year Y*¢V. On the other hand, R410A emissions were computed

following Eq.

EM,; = EM{® + EM{PS + EM{ 9.8)

ij ’

where EMf?a, EM?;‘3 ¢, and EM?}S are the emissions related to the charging, operation, and disposal

of the refrigeration equipment, respectively. The charging emissions are computed as shown in

Eq.0.9
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EMhe = eha Cint 9.9)

L] 7

where ¢ is the emission factor for the charging operation. On the other hand, operational and

end-of-life emissions are dependent of the retiring fraction of equipment after i years of use, fFO.
As done in previous contributions [306], a Weibull distribution function was used to model this

fraction, presented in Eq.
i\ P! i\ P
=t () e (1)
; T\ exp [ 1 , (9.10)

where A and f are the scale and shape parameters of the function, respectively, and were fit to
data reported by Chen et al. [307] of disposal patterns of commercial air conditioning equipment.
Thus, values of A = 14.73 and B = 13.96 were used as default in the model. It is worth noting that,
although these values are China-specific, they were applied to all considered regions, in order to
define a base-case retirement of R410A-based equipment.

Upon defining the R410A retired fraction for each year, operational emissions were computed as
the surviving equipment at each year following Eq.

e (1 - fFOL) Q ,i=0

i i i—k ope , 9.11
e (1= T e 1 (1- R (@) iz O
k=0 k=1 1=0

ope __
EM; P =

where Q;; = C;; — EMf,}]-“‘1 and €°P¢ is the emission factor of the operation of refrigeration equip-
ment. In turn, disposal emissions are computed as the non-recoverable fraction of the total end-of-
life R410A, EOL,; ;, following Eq.

EM;?}}S = (1 —4")EOL;;, (9.12)

where 777¢ is the recoverable fraction of the end-of-life refrigerant. The EOL;; flow is directly

obtained from the retirement distribution as shown in Eq.

L Qi ,i=0

EOL;; = Lo .
fFO Qo+ kE FE (Quy —EMP ) Li>1.
=1

(9.13)

Thus, besides disposal emissions, the recoverable end-of-life, EOLfI‘”}C was computed from Eq.

EOLI = 7™ EOL; ;. (9.14)
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All emission factors and recovery efficiency were fixed to the recommended values from the IPCC
Guidelines [304], and thus e = 0.05, ¢°P¢ = 0.10, and n'¢ = 0.90.

Once all required flows were obtained, a supply chain optimization model was constructed to
satisfy the projected R410A consumption and manage the end-of-life R410A, for all yearsy; > Y7 =

2025 and regions r;. Thus, R410A supply was established as a combination of fresh production,
F;;, BAU reclamatlon RBAU imports, I; ; v, and exports, I; s ;, while end-of-life corresponds to either

venting, V; Jr destructlon D;, BAU reclamation, RB]AU or DES-based reclamation, RDE'S For each
optimization run, the overall global warming impact, GWI (expressed in tco,e), was minimized
subject to the mass balance and capacity constraints, allowing to identify the most environmentally
favorable allocation of supply and end-of-life treatment pathways.

The optimization problem is formulated in Eq. Here, the I; j  matrix defines the imports, at
year y;, from region rj to region r;, simultaneously defining exports from region r; to region r;. The
characterization factors, cf, for each flow were obtained directly from the performed LCA, and are
presented in Table The characterization factor for trade flows was computed considering the
transport of R410A by sea, and using the mean distance across all regions. Moreover, all decision
variables were constrained to be non-negative.

ny n, ny Ny
min Z Z GWIi,j = Z Z ch Fij+ chzBAU REJAU
i=1j=1 =1j=1

ny
 cfRPES RDES +cfPDij+cf Vii+ Y. ijI,j' Lijy
=1

1y

st Cij—Fij— ), (T —Tiy)) =R =0, y =Ny
J’:nlr

OKA _F, j;l (L — L) >0, y=2YVi (915
I,;; =0, y =Y, Vj
FOLEY Dy, KA RO =0, /2%,
FISPEOLEE (@ +¢" ") —Dy; >0, y =Y,V
fIFREOLEE (14 ) —RPAU > 0, y 2,9
RBES o, y; < YRDESO v

ijC,R EOLzr',c}'c ((1 + é’)yi—YRDES’O) fRDES _ R;)jEs >0, y> YRDESO Vj

In Equation the first constraint ensures that R410A consumption is satisfied through pro-
duction, net trade (imports minus exports), and BAU reclamation. The second constraint lim-
its production plus net trade according to the maximum allowed consumption under the Kigali

Amendment, G)Z g for each year and region. The third constraint prohibits trades within the same
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TABLE 9.5: Characterization factors for each flow considered in the supply chain
model.

Flow F I RBAU  RDES D \Y

cf / kgco,ekgratoa™ 8986 0.083 2454 -8.402 4.294 2254

TABLE 9.6: Parameters related to the supply chain model for the multi-regional use
and treatment of R410A.

Parameter Definition Reference value Uncertainty

fBL Share of R410A of the total HFC con- 0.30 +0%
sumption, in tCOye, in the last year with-
out consumption reduction according to
the KA (2018 for A5 regions, 2024 for
non-Ab regions)

f] ICD Initial capacity, relative to the total recov- 0 200' 1((31((;2_5;56 ior;(s);s) 4 ;;03/5 (/;(()ff Ar5e io?(s);s)
erable end-of-life R410A at year Y7, of de- & ’ &
struction for region j

f/ ICR Initial capacity, relative to the total re- 0 500' 1(?1((;::_5 Af 5e ioril(s);s) I ;603/5 (/;(()ff Ar; g;leorilg;s)
coverable end-of-life R410A at year Y7, of & ’ &
BAU reclamation for region j

¢ Annual growth rate of end-of-life tech- 0.05 +30%

nologies (destruction, BAU reclamation
and DES-based reclamation)

region. The fourth constraint represents the mass balance for the recoverable end-of-life R410A,
distributing this flow among destruction, venting, BAU reclamation, and DES-based reclamation.

The fifth and sixth constraints describe the available treatment capacities for destruction and BAU
reclamation. The parameters f].IC’D and f].IC’R represent the fractions of recoverable end-of-life
R410A that can be treated via destruction and BAU reclamation in the initial year Y;, respectively.
To model the development of these technologies over time, both capacities were assumed to in-
crease according to a given compound annual growth rate, ¢.

The seventh constraint introduces the parameter YRPESO, representing the year of initial deploy-
ment of DES-based reclamation. Finally, the eight constraint models the capacity growth of this
technology, analogously to the other end-of-life treatments, and includes the parameter fRPES,
which defines the initial capacity of DES-based reclamation relative to the BAU reclamation capac-
ity. The reference values for all the considered parameters are listed in Table

Two main scenarios, namely the baseline and proposed scenarios, were defined by respectively
prohibiting and allowing the deployment of DES-based reclamation in the supply chain model.
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The global warming impacts at year y; and region r; for each case, GWI; |5 .. .and GWI, ;| oposed”

were then used to compute the multi-regional relative reduction in cumulative carbon footprint at
year y;, AGWI,;, as shown in Eq.

ny
Y GWI — GWI
1

AGWI,; = 1= - . 9.16)
Z GWIi:j |Baseline
=1

ij |Proposed i,j |Base1ine

Moreover, reduction in carbon footprint including system-level emissions, E; j, was also considered
by defining AGWTI; by Eq.

Ny
) GWI — GWI
AGWI, = =

i ‘Proposed i ’Baseline

(9.17)

1y

GWI +EM;;
=1

i,j ‘ Baseline

]

A sensitivity analysis was performed to quantify the uncertainty associated to the parameters pre-
sented in Table which are related to the deploy and growth of destruction and BAU reclama-
tion. The assumed share of R410A of the total HFC consumption, f BL ' demonstrated no effect on
the relative difference AGWI, and thus was not varied across the different runs. A Monte Carlo
analysis was done by conducting a latin hypercube sampling to generate different samples from
the combination of these parameters, which were varied according to the different standard devi-
ations also presented in Table The minimization problem from Equation was solved for
both scenarios and for the 2000 iterations to generate a distribution for AGWI; and AGWI;. Un-
certainty in each one of these computed quantities was then assessed by obtaining the 2.5"-97.5
percentile range in each case. Additionally, the 25"-75™ percentile range was also computed to
obtain information on the shape of the obtained distributions.

9.3. Results and Discussion

9.3.1. Environmental impacts of HFC reclamation

Figure[9.3|compares the GWP of destruction and DES-based reclamation (RDES) as two alternative
end-of-life treatments for R410A. As shown, the lower carbon footprint of DES-based reclamation
suggests a remarkable potential as a preferable end-of-life route for the studied refrigerant. Addi-
tionally, for both processes, fugitive emissions account for an important part of the global warm-
ing impact. For destruction, these emissions account for more than half of the overall GWP, with
the remaining environmental impact primarily being associated to lime production and heat re-
quirements. On the other hand, the positive GWP contributions of DES-based reclamation can be
roughly divided into fugitive emissions, BAU reclamation, production of [Ch]CL:EG (1:3), and heat
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FIGURE 9.3: GWP associated to the treatment of 1 kg of R410A for alternative end-

of-life routes. Contributions of individual processes () and total GWP ( @) are

presented. Error bars represent the 51-95% percentile range from Monte Carlo sim-
ulations.

requirements. Figure [9.3|also includes the main contributions for the GWP of BAU reclamation
(RBAU), showing that its carbon footprint is almost completely controlled by fugitive emissions.
Importantly, the avoided production of R32 and R125 is what enables the DES-based reclamation
to reach a lower GWP than destruction. This suggests that the environmental benefit of this end-
of-life route is subjected to its capacity to displace conventional production of these HFCs, and
thus to the existing demand for these compounds.

To evaluate the presence of burden shifting in DES-based reclamation, different midpoint and end-
point indicators were also compared with the destruction treatment. Figure 9.4 summarizes the
distribution of impacts of the two end-of-life routes over the sampled background scenarios. The
difference between the environmental impact of DES-based reclamation and destruction, 6EI is
also shown to directly point the probability of burden shifting. Within the uncertainty range, most
midpoint categories display a lower environmental impact for DES-based reclamation, suggesting
that no marked burden shifting is present. The exception to this is the human toxicity potential
category, for which a markedly low environmental impact is observed for the destruction process,
while DES-based reclamation shows a higher uncertainty and burden shifting in 75% of the runs.
As for the endpoint indicators, human health is the only one displaying an important probability
of burden shifting, with a 50%. These results highlight that, within the uncertainty range, there is a
non-negligible probability of burden shifting towards health-related impacts upon the implemen-
tation of DES-based reclamation.

9.3.2. Implementation of DES-based reclamation

Upon assessing the environmental impacts associated to the DES-based reclamation process, its
impact in the carbon footprint of R410A usage over time was studied by performing a supply
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FIGURE 9.4: Distributions of midpoint and endpoint environmental categories from
the ReCiPe 2016 v1.03 methodology [194], obtained from Monte Carlo simulations,
for the treatment of 1 kg of R410A via DES-based reclamation and destruction. Dif-
ferences between both routes are also shown, and the cases where DES-based recla-
mation leads to higher impacts are highlighted in red. The probability of burden
shifting is reflected by the fraction of the difference distribution exceeding zero [298].
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chain analysis. This effect was assessed by comparing the two considered scenarios, i.e., the base-
line scenario, where no DES-based reclamation is allowed, and the proposed scenario, where this
technology is implemented. Figure [9.5/shows the results of the minimized carbon footprint for
both studied cases, reporting the different pathways for the end of life and supply of R410A, and
additionally displaying the relative reduction in the overall global warming impact. Figures
and compare the end-of-life treatment in both scenarios, first showing that early years are
characterized by higher venting rates, consistently with a lower development of phase-out tech-
nologies. With the progressive reduction of end-of-life R410A, and the increase in destruction and
reclamation capacity over time, both scenarios show a shift to a more environmentally friendly
treatment of this refrigerant. In the baseline scenario, it can be seen that, at the end of the con-
sidered time period, a shift to the destruction of R410A is observed, driven by the drop in R410A
consumption, shown in Figure[9.5c. On the other hand, for the proposed scenario, the addition of
DES-based reclamation mainly reduces the share of R410A venting, and its development yields to
almost the total replacement of destruction by the end of the period.

The distribution of consumption of R410A in both scenarios is almost unchanged, and is shown
in Figure for the baseline scenario. As can be seen, an important part of the demand is sup-
plied by fresh production, given that projected R410A consumption is lower than maximum con-
sumption allowed by the Kigali Amendment in all considered regions. Fresh R410A production
is mainly controlled by China, given its historical role as the main producer of this refrigerant.
Additionally, projections also show that a faster development of BAU reclamation is a key feature
to reach lower a carbon footprint in the worldwide supply of R410A. For both scenarios, a full
deployment of BAU reclamation for the end-of-life treatment of R410A in early years could en-
sure that around two thirds of the R410A demand is reached from a circular economy framework,
avoiding larger amounts of fresh production. As previously observed [307], the underdevelop-
ment of reclamation, especially in China, is a key barrier in the reduction of GHG emissions in
the following years. By the end of the analyzed time period, and across all considered regions,
R410A consumption and end-of-life management yield a total of 1.16 GtCO,e and 0.79 GtCOze in
the baseline and proposed scenarios, respectively. On the other hand, system-level emissions yield
a total of 2.43 GtCOze, and its aggregation by equipment charging, operation, and disposal over
time and across all regions is presented in Figure Here, it is clear that operational emissions
are the main contributors to this net value, highlighting the importance in the management of the
use phase of R410A in the relative impact of deploying DES-based reclamation.

Finally, Figure compares the relative reduction in global warming impact, AGWI, between
both scenarios. To observe the avoided GHG emissions with respect to the overall usage of R410A,
this avoided impact was computed including and omitting emissions steaming from charging,
use, and disposal of refrigeration equipment. Thus, AGWI and AGWT', respectively defined in
Equations and are simultaneously presented. As can be seen, avoided GHG emissions
can amount for almost the half of the emissions steaming from the baseline scenario, with a steep
early drop related to the start of the deployment of DES-based reclamation. Computed uncertainty
in this case is relatively high, suggesting that relative differences at the end of the period can
vary from 18.4% to 66.7%, with a mean value of 45.4%, and with a distribution suggesting a shift
into lower values of AGWI. On the other hand, the reduction in carbon footprint relative to the
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FIGURE 9.5: Projected evolution of recoverable end-of-life, consumption, and rela-
tive reduction in cumulative global warming impact associated to the use of R410A
across all considered regions, under baseline and proposed scenarios. (a) Contri-
butions to the projected recoverable end-of-life in the baseline (no DES-based recla-
mation allowed) scenario. (b) Contributions to the projected recoverable end-of-life
in the proposed (DES-based reclamation allowed) scenario. (c) Contributions to the
projected consumption. (d) Relative reduction in global warming impact of the pro-
posed scenario compared to the baseline scenario, with and without accounting for
system-level emissions; light- and dark-shaded areas represent the 2.51-97.5" and
25th-75th percentile ranges, respectively, obtained from Monte Carlo simulations.
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FIGURE 9.6: Aggregation of system-level emissions related to the use of R410A across
the considered regions.

whole emission scheme is considerably lower and less uncertain, with reductions between 6.5%
and 18.8%, with a mean value of 12.5%, by the end of the period. This estimation corroborates that
the climate benefits steaming from implementing DES-based reclamation are greatly influenced by
the characteristic emissions of refrigeration equipment.

To explore the effect of different deployment schemes of DES-based reclamation, a sensitivity anal-
ysis conveying the year of initial implementation, YRPFS0, and relative initial capacity, fRPFS, was
performed. Results are presented in Figure where the relative difference in carbon footprint
between both scenarios without system-level emissions, AGWI, is shown for different combina-
tions among these parameters. As expected, higher initial capacities, coupled with an earlier im-
plementation, are the ideal cases for a lower environmental impact. Moreover, the mitigation by
DES-based reclamation is strongly influenced by this latter parameter, showing that deploying this
technology later than 2040 heavily hinders reductions in carbon footprint, Thus, relative initial ca-
pacity shows an overall lesser influence in GWI reductions, suggesting that a higher mitigation
can be achieved by prioritizing an early deployment of DES-based reclamation. More precisely,
implementation in early years with the same initial capacity as the BAU reclamation can reduce
emissions in about a 36%, while doubling this capacity yields reductions of a 61%.

The influence of alternative phase-out schemes for R410A on avoided GHG emissions was as-
sessed by varying the scale, A, and shape, B, parameters of the retirement function defined in
Equation[0.10] Here, A governs the timing of equipment retirement, shifting decommissioning to-
wards earlier or later years of operation, while p represents the spread of retirement over time,
with lower values indicating more gradual phase-out profiles. For each A- combination, AGWI,
as defined in Equation was evaluated. Additionally, the change in total system-level emis-
sions over the 2025-2050 period, EM, was analyzed by computing their relative difference with
respect to the base case (A = Ay = 14.73, B = By = 13.96) as

EM (1, 8) — EM (Ao, fo)

A) gEM =
o EM (/\Q, :BO)

(9.18)
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BAU reclamation, f RDES f DES-based reclamation in the relative reduction in global
warming impact of the proposed scenario compared to the baseline scenario.

Moreover, as initial capacities for destruction and BAU reclamation were defined as fixed shares
of the end-of-life R410A flow (parameter fBL in Table , they were additionally constrained to
avoid unrealistically large values under scenarios of increased end-of-life flows. Thus, for each
A—B combination, capacities were limited to the minimum between the scaled end-of-life flow and
their correspondent base case value (Ao, o).

Results for the avoided carbon footprint due to DES-based reclamation are shown in Figure [9.8p.
Here, larger relative reductions in carbon footprint are obtained by combinations of larger A with
lower 8 values, corresponding to higher equipment mean lifetimes and more gradual retirement
profiles, respectively. Under these conditions, the model predicts potential relative reductions of
up to 56.4%, equivalent to a net reduction of 0.43 Gtco,.. The mechanisms underlying this behavior
are illustrated in Figure 9.9}, which reports the contributions to the end-of-life R410A over time for
the case of A = 24 and = 5. In this system, the delayed phase-out of R410A allows end-of-life
technologies to progressively scale up before peak flows are reached. The deployment of DES-
based reclamation is further enhanced by this, thus amplifying the reduction in overall carbon
footprint.

Results for the relative difference in system-level emissions are presented in Figure[9.8p. In contrast
to the trends observed for AGWI, shorter equipment lifetimes (lower A values) consistently lead
to lower cumulative emissions compared to the base case. Moreover, the largest reductions are
obtained for lower  values, reaching relative differences of up to 78.4% (equivalent to 1.91 Gtco,e).
This behavior can be explained by the contributions to system-level emissions over time presented
in Figure For a fixed B, increasing A leads to higher emissions related to equipment use,
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highlighting that operational emissions dominate the emissions of the system.

These results highlight the trade-off between system-level emissions and the avoided carbon foot-
print associated to the implementation of DES-based reclamation. Equipment mean lifetime is the
dominant parameter, and exhibits opposite effects on the two metrics. While longer lifetimes en-
hance the reduction in GWI by enabling a higher deployment of management technologies, they
also increase emissions due to prolonged use-phase operation. The magnitude of the increase on
potential emissions suggests that strategies promoting shorter equipment lifetimes are more effec-
tive for reducing the overall environmental impact than those aimed at optimizing the deployment
of DES-based reclamation.

9.4. Conclusions

In this work, a combined methodology of LCA and supply chain analysis was applied to study
the reach of DES-based reclamation of R410A. Process simulations of destruction, BAU reclama-
tion, and DES-based reclamation of R410A were performed to obtain the material and energy
requirements in each case, considering for the latter the characteristic transport limitations in the
absorption capabilities of the considered solvent.

LCA of the considered end-of-life routes for R410A showed that DES-based reclamation is a feasi-
ble alternative to reduce the carbon footprint of the treatment of this refrigerant, serving as a route
to avoid the fresh production of R32 and R125. Following the ReCiPe methodology, midpoint and
endpoint indicators were computed to corroborate burden shifting in the proposed process. As
could be seen, the only observed burden shifting is related to human toxicity potential and general
human health, which, within the observed uncertainty, yields a non-negligible overlap between
both treatment options, suggesting possibly higher values for DES-based reclamation.
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A further assessment of the proposed reclamation process was performed by creating a supply
chain model for the multiregional usage of R410A over time. A comparative between scenarios
with and without the deployment of DES-based reclamation showed that GHG emissions related
to the use and disposal of R410A could be reduced between 18% and 67% by 2050 with an early im-
plementation of this technology. However, emissions related to charging, operation, and disposal
of refrigerant equipment heavily influence the overall carbon footprint, bringing the reductions in
carbon footprint of DES-based reclamation between 7% and 19%. The R410A supply route with
lower environmental impact showed a strong tendency to fresh production, given that projections
for consumption generally satisfied the consumption limits given by the Kigali Amendment to the
Montreal Protocol. As expected, China arises as the most critical region in the management of
R410A stocks, given its higher volume of consumption and thus end-of-life flows.

A sensitivity analysis of year of initial implementation and relative initial capacity of DES-based
reclamation showed that the latter parameter effects a lower influence on the avoided GWI, high-
lighting its secondary role in the climate benefits of the proposed technology, subjected to the year
of initial implementation. Similarly, the analysis of different phase-out schemes shows the trade-
off between higher available end-of-life R410A for DES-based reclamation and higher emissions
due to a prolonged use-phase.

This work assesses the importance of a modeling of the general usage of R410A in the framework
of its certain future phase-out. While DES-based reclamation is a promising solution to tackle
both the end-of-life treatment of this compound and the supply of its constituents to the market,
emissions steaming from the use-phase of R410A exert a heavy influence on the overall carbon
footprint. The proposed multiscale approach to the use of DESs for R410A separation grants a
feasible route for the search of pathways in the phase-out of refrigerant mixtures with high global
warming potentials.
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10. Conclusions and Outlook

10.1. Dissertation conclusions

The multiscale framework developed in this thesis has provided a comprehensive strategy in the
understanding of eutectic solvents applied to the separation and recovery of fluorinated green-
house gases. The integration of COSMO-RS, molecular dynamics simulations, and SAFI-based
equations of state allowed to connect molecular insights with desirable thermophysical behavior
for the absorption of hydrofluorocarbons (HFCs). The integration of process simulation coupled
and life cycle assessment revealed further insights into the decision-making for the implementa-
tion of extractive distillation utilizing novel solvents.

The study in Chapter [6| focused on fluorinated eutectic solvents, in an attempt to understand the
molecular features driving their high HFC solubility capacities. The suitability of COSMO-RS
and MD simulations in the study of these solvents was assessed by characterizing their devia-
tion from ideal-solution behavior. Results showed a qualitative correspondence between both
theories and the expected behavior of eutectic solvents, validating their use for the considered
systems. COSMO-RS reproduced experimental solubility trends with reasonable accuracy, while
MD simulations provided qualitative predictions of the phase equilibrium. Further microscopic
insights were obtained from MD simulations, and were used to explain the observed behavior on
HEFC absorption. Results revealed the importance of multiple physical effects on the solvation of
the considered gases, including localized solute—solvent interactions, dispersive forces, and the
disruption of HFC clusters in the liquid phase. In particular, solvents containing Br~ showed a
marked affinity for reducing R32 aggregation and increasing its solubility with respect to solvents
based on bulkier ionic precursors. However, for fluorinated ethanes such as R134a and R125, van
der Waals interactions became more relevant in the solvation process.

In Chapter [/, quaternary phosphonium-based ionic liquids (PILs) were evaluated as potential en-
trainers for the separation of commercial refrigerant blends. Using [Pgs6,14]Cl as a reference, new
soft-SAFT molecular models were developed for [Pgss,14][GLY] and [Pegs,14][TMPP]. COSMO-RS
and DFT calculations were used to define the association scheme and derive its parameters for
these solvents, reducing the empirical parameter degeneracy. The resulting soft-SAFT parameteri-
zation yield an accurate modeling of solubility isotherms for HFCs and hydrofluoroolefins (HFOs),
particularly under low-pressure conditions. The subsequent extension to ternary vapor-liquid
equilibria allowed to evaluate the performance of PILs for the separation of HFC- and HFO-based
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blends. The effect of temperature, pressure, and the interaction between solutes showed important
effects on selectivity, granting insights of suitable conditions for an enhanced separation. Particu-
larly, [Pess,14][TMPP] showed potential as entrainer for R410A, while [Pgg6,14]C1 proved feasible for
the treatment of R451A. Thus, obtained results provided insights for the design of PIL-based DESs
for separation applications.

Chapter || further expanded the analysis toward type III deep eutectic solvents (DESs), based on
quaternary ammonium salts and polyol hydrogen bond donors. New experimental HFC solubility
data was generated for DESs based on [N1111]Cl, complementing previous information for [Ch]Cl-
based DESs. The soft-SAFT equation of state provided accurate representations of solvent density
and solubility isotherms through the individual-component approach applied to DES precursors.
Moreover, its combination with Free Volume Theory enabled the characterization of viscosity. The
thermodynamic evaluation of these solvents, through the calculation of Henry’s constants and dis-
solution enthalpies, evidenced a particular affinity for R32, leading to favorable ideal selectivities
for this HFC. This potential was subsequently analyzed by the characterization of competitive se-
lectivity at non-diluted conditions and different pressures. Results revealed that the separation
capabilities of the considered solvents is not reduced under less favorable conditions for selective
absorption. Thus, type III DESs provide suitable thermodynamic characteristics for the extractive
distillation of commercial refrigerant blends such as R410A and R407F.

Finally, DES-based reclamation of refrigerant blends was evaluated at a process- and system-level
in Chapter[9] Extractive distillation of R410A, the [Ch]CL:EG (1:3) DES, was modeled using process
simulation. The quantified material and energy requirements were used to compare the environ-
mental impact of DES-based reclamation against the conventional destruction route. Results from
process simulation showed that R32 and R125 are obtained at high purities, even when considering
characteristic transport limitations of DESs. Furthermore, the life cycle assessment (LCA) demon-
strated that DES-based reclamation can reduce the carbon footprint of the end-of-life treatment of
R410A by replacing fresh production of R32 and R125. However, burden shifting in impact indi-
cators related to human toxicity was also observed, highlighting the need for further uncertainty
assessment in the considered environmental impact categories. The environmental effects of the
deployment of DES-based reclamation were analyzed through a supply chain model for the mul-
tiregional usage of R410A over time. Carbon footprint results revealed that cumulative emissions
related to the use and disposal of this refrigerant blend could be greatly reduced by 2050 with an
early implementation of this technology. Nevertheless, emissions associated with the use-phase of
R410A remain a dominant contributor to the overall carbon footprint, limiting the relative effec-
tiveness of DES-based reclamation. Therefore, an adequate management of R410A supply can be
achieved only if a circular economy framework is complemented by improvements on operational
emissions.

Across Chapters this thesis demonstrates that multiscale solvent design is a robust framework
for developing separation technologies for refrigerant blends. The characterization of microscopic
solvation phenomena towards the design of new absorption units proves the effectivity of molec-
ular modeling techniques in this application. Further considerations for the development of SAFT
models yields predictive models capable of granting key thermodynamic information to evalu-
ate the reliability of new absorption units. Moreover, LCA provides fundamental information
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in the decision-making of these new processes, highlighting the potential and limitations of new
technologies. The integration of these computational tools establishes a scalable methodology for
identifying promising solvents, evaluating their thermodynamic performance, and assessing their
contribution to the phase-out of high-GWP fluorinated greenhouse gases.

10.2. Outlook

Although the methodology developed in this thesis provides a strong basis for the design of sol-
vents for F-gas recovery, several opportunities remain for future research. First, additional exper-
imental measurements of properties relevant to process design are required to validate promising
solvent candidates. This need is particularly evident for eutectic solvents and ionic liquids, which
often exhibit high viscosities that limit their performance in separation applications. Furthermore,
properties such as thermal conductivity, heat capacity, and surface tension are essential for process
simulations involving rate-based modeling. Thus, a comprehensive characterization of thermo-
physical properties beyond thermodynamic equilibrium constitutes a mandatory step toward the
rational design of novel entrainers.

Second, the solvent design space should be expanded toward emerging formulations of deep eu-
tectic solvents. In particular, Type V eutectic solvents, formed from non-ionic precursors, repre-
sent a promising alternative from an environmental perspective. The insights and methodological
framework developed throughout this thesis can serve as a basis for the screening and evaluation
of these systems. This includes localized interactions, free volume, and competitive selectivity.

Third, theoretical developments not considered within the scope of this thesis may provide power-
ful tools for the study of advanced entrainers. In the first place, the implementation of polarizable
force fields in molecular dynamics simulations can provide a more accurate description of inter-
molecular interactions, especially considering the well documented polarity of fluorinated gases
in liquid phases. Moreover, these approaches improve the prediction of transport properties in
transport-limited systems, without requiring corrective strategies such as the rescaling of point
charges. In the second place, machine learning techniques, now a considerably expanding topic in
the literature, can be integrated with all computational techniques employed in this thesis. Poten-
tial applications include the use of COSMO-derived descriptors for an extensive exploration of the
chemical space, the parameterization of SAFT models and molecular simulation force fields, and
the prediction of life cycle inventory data for novel compounds not included in common databases.
The combined implementation of both theoretical developments offers promising routes toward a
more comprehensive and precise exploration of solvents.

Finally, future studies should combine life cycle assessment with techno-economic analysis to eval-
uate the practical deployment potential of new reclamation technologies. By incorporating an eco-
nomic dimension, an additional balance between alternative end-of-life management routes for
refrigerant blends can be included. Such analysis could provide a more realistic assessment of the
opportunities and limitations of a large-scale implementation of separation approaches based on
emerging solvents.
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A. Parameterization of molecular dynamics force
field for R125

Parameterization of R125 for MD simulations was done on the basis of its similarity with R134a,
which only replaces one fluorine atom for a hydrogen atom in its chemical structure. All bonded
and non-bonded parameters for R125 were directly transferred from the work of Peguin et al. on
R134a [216]. To represent the charge transfer across the molecule, upon the replacement of one
hydrogen atom for a fluorine atom, point charges were recalculated using the CHELPG scheme
[309, 310]. A geometry optimization using the MP2/6-31+g(d,p) level of theory was performed
to obtain a minimum energy structure for R125. Then, a single point calculation at the MP2/aug-
cc-pVTZ level of theory was done to generate the required wave function information and the
subsequent CHELPG calculation. All computations were done using the ORCA software [253],
and obtained charges are listed in Table

To validate the obtained FF for R125, its phase equilibrium was characterized using the direct
coexistence method at three selected temperatures of 250 K, 280 K, and 300 K. In this method,
the VLE condition is emulated by joining two separate homogeneous simulations representing
the liquid and vapor phases, whose sizes and number of molecules are set to meet the expected
equilibrium densities at each temperature. Box length in the x and y axes were set to Ly = L, =
5.0 nm, to avoid finite-size effects in the computation of equilibrium properties [311]. Meanwhile,
box lengths in the z axis were set to L, = 12.5 nm, to ensure a sufficiently elongated initial box for
both phases. Thus, at each considered temperature, the number of R125 molecules in the liquid,

TABLE A.1: Computed point charges for the different sites in R125.

Atom q
[e]

C,CF; 0.5322
C,CFH 0.2993
F -0.1935
H 0.1360
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TABLE A.2: Initial configuration of the considered systems for the computation of
the VLE of R125.

T TZL nV Psat
(K] [bar]

250 2230 30 3.00
280 2010 95 847
300 1810 170 14.61

nt, and vapor, nV, phases were computed from available conditions of phase equilibrium [312].
Initial configurations for the studied systems are summarized in Table

R125 molecules were randomly inserted in each simulation box using PACKMOL [107], and an
energy minimization was performed to eliminate possible overlaps between atoms. Then, NP, AT
equilibration runs were performed for each phase, running for 30 ns and 10 ns for the liquid and
vapor phases, respectively. The Berendsen thermostat and isotropic barostat [101] were used to
respectively fix the desired temperature and saturation pressures, the latter being obtained from
available VLE data [312]. Time constants for the thermostat and barostat were set to 1.5 ps and
2.5 ps, respectively. All force field configurations were analogous to those of systems studied in
Chapter|[6} After properly equilibrating both phases, the configuration of the liquid phase was put
between two copies of the vapor phase, explicitly defining the interface of the system. Then, a
60 ns NVT production run was performed using the Nosé-Hoover thermostat [104] with a time
constant of 1.5 ps.

To compute the surface tension, <y, of each system, the Irving-Kirkwood relationship [313] was
directly applied following Eq.

L Pyx + P,
7:22<Pzz_xx2 yy)/ (A1)

where Py, Py, and P, are the diagonal components of the pressure tensor. Thus, in each case,
was obtained by the averaging of the last 30 ns of the production run.

Density of each phase was computed from density profiles, obtained using the same time inter-
val. Results are shown in Figure where it is clear that the parameterized model for R125 is
able to follow the behavior of both the coexistence curve and interfacial tension at the intended
temperatures.
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FIGURE A.1: Vapor-liquid coexistence curve (a) and surface tension, v, as a function
of temperature (b) for R125. MD simulation results ([J) are shown and compared
with available data from NIST (—) [312].



156

B. Validation of molecular dynamics force fields
for FESs

The employed MD FF for PFPA was validated by computing its liquid mass density, p*, at 1 bar and
temperatures of 303 K, 313 K, and 333 K, selected based on available experimental data [221]. 1000
PFPA molecules were inserted in cubic simulation boxes of dimensions L, = Ly = L; = 6.5 nm
using PACKMOL [107]. A further energy optimization run was performed to eliminate possible
overlaps between atoms. A subsequent 0.5 ns NPT equilibration run was performed to bring
the system at the desired conditions. The Berendsen thermostat and isotropic barostat [101] were
employed, with coupling constants of 1.5 ps and 2.5 ps, respectively. All force field configurations
were analogous to those of systems studied in Chapter[f] Finally, a 5 ns NPT equilibration run
was performed to compute the density of the system. The Nosé-Hoover thermostat [104] and
Parrinello-Rahman barostat [105] were applied with coupling constants of 1.5 ps and 3.5 ps.

The last 3 ns of each production run were used to compute p-. Results are shown in Figure
where it is clear that the parameters transferred from the models for perfluoroalkylated species
[214] yields an overestimation of density. To enhance the capability of the model to depict the
density of PFPA, the procedure proposed by Zhang et al. [222] was employed. Here, L] parame-
ters for all sites present in the molecule are scaled by empirical factors, allowing to optimize the
description of target properties. Thus, simulations for liquid density at the three selected tempera-
tures were performed at varying scaling factors of collision diameter and dispersive energy in the
PFPA molecule, allowing to find the combination yielding the lowest deviation from experimental
densities. Scaling factors for collision diameter and dispersive energy of 1.04 and 0.89 were able
to minimize such deviations, as shown in Figure Values of these factors suggest an overesti-
mation of dispersive energy upon transfer of the more general parameters for perfluoroalkylated
species [214].

Upon validating the model for PFPA, the performance of the FFs for FESs was assessed by com-
puting " at 1 bar, different temperatures, and different HBA:HBD mole ratios. Based on available
experimental data [203]], temperatures of 293.15 K, 303.15 K, and 313.15 K were considered, along
with HBA:HBD mole ratios of 2:1, 1:1, and 1:2. For each simulation, the number of HBA molecules
was fixed to 400, i.e., 400 cation and anion components. Thus, the number of PFPA molecules was
set in each case to the value required to obtain the proper ratio between both components. For
initial configurations, simulation boxes of 7.0 nm were used in all cases. An analogous procedure
than that of MD simulations of PFPA was followed for every system. Results of these calculations
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from MD simulations with unscaled () and scaled () Lennard-Jones parameters
are shown and compared with available experimental data ( O ) [221]].

are presented in Figure where it can be seen that the considered molecular dynamics models
are able to reproduce the behavior of density of the studied FESs. It is important to note that the
[HDEFS]™ cation required a scaling of its L] parameters to yield a better correspondence with exper-
imental data. For this species, collision diameter and dispersive energy of every site were scaled
by 1.04 and 0.97, respectively. This represents a small correction for the deviations due to the direct
transfer of its parameters from the [NFS]™ model.
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FIGURE B.2: Liquid mass density, g, for the considered FESs at different tempera-
tures and HBA:HBD mole ratios. MD simulation results ([ ) are shown and com-
pared with available experimental data ( O ) [203].
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C. Modeling of F-gases using COSMO-RS and
SAFT-based EoS

Different HFCs and HFOs were characterized using COSMO-RS, implemented in the COSMOth-
erm software [84]. Analogously to other studied species, the BP-TZVP parameterization was se-
lected to optimize their molecular structures and obtain their respective ps (¢) and ys (). Results
of this analysis are presented in Figure for selected HFCs (R32, R152a, R134a, and R125) and
HFOs (R1234yf and R1234ze(E)).
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D. Life cycle inventories for environmental as-
sessment

TABLE D.1: LCI for the destruction of 1 kg of R410A by incineration.

Activity Amount Unit Location
market for water, deionised 0.200 [kg] RoW
market for lime, hydrated, packed 1403 [kg] RoW
market for heat, district or industrial, natural gas 9.052 [M]] RoW
market for chemical factory, organics 10712 [unit] GLO
market for limestone residue -1.403 [kg] RoW
hydrogen fluoride production -0.758 [kg] RER
oxygen emission 1.659 [kg] -
nitrogen emission 7900 [kg]l -
carbon dioxide emission 0790 [kg] -
carbon monoxide emission 2:107° kgl -
water emission 0.050 [m?] -
R32 emission 0.001 [kg] -
R125 emission 0.001 [kg] -
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TABLE D.2: LCI for the reclamation of 1 kg of R410A by conventional distillation.
Activity Amount  Unit  Location
market for heat, from steam, in chemical industry 0549 [MJ]] RoW
market for electricity, high voltage 0.105 [kw:h] CH
treatment of waste mineral oil, hazardous waste incineration 0.007 [kg] RoW
transport, freight, aircraft, all distances to generic market for transport, 0.100 [tkm] GLO
freight, aircraft, unspecified
market for chemical factory, organics 1072 [unit] GLO
R32 emission 0.001 [ke] -
R125 emission 0.001 [kg] -
TABLE D.3: LCI for the treatment of 1 kg of R410A using extractive distillation with
[Ch]CLEG (1:3) as entrainer. Inventories for the production of [Ch]Cl, R32, and R125
were obtained from previous work [66-68].
Activity ‘ Amount Unit Location
refrigerant R410A obtained from BAU reclamation 1.000 [ke] RoW
choline chloride : ethylene glycol (1:3) production 0.211 [ke] RoW
market for heat, from steam, in chemical industry 0.649 [MJ]] RoW
market for electricity, high voltage 0.183 [kw-h] CH
transport, freight, aircraft, all distances to generic market for transport, 0.100 [tkm] GLO
freight, aircraft, unspecified
market for hazardous waste, for incineration 0.211 [kg] RoW
market for chemical factory, organics 1072 [unit] GLO
refrigerant R32 production -0.500 [kg] RoW
refrigerant R125 production -0.500 [ke] RoW
R32 emission 0.001 [kg] -
R125 emission 0.001 [kg] -
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