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RESUMEN I

Resumen

Esta tesis doctoral se orienta al desarrollo de una estrategia de investigacion multi-
escala que emplea la simulacién molecular, la simulacién de procesos y la experimentacion
a escala de laboratorio para el diseno conceptual de aplicaciones industriales basadas en
liquidos i6nicos. Este procedimiento permite principalmente seleccionar y/o disenar liqui-
dos i6nicos con propiedades optimizadas para una tarea de interés, asi como establecer las

optimas condiciones de operacion de aquellos procesos en los que encuentran aplicacién.

El desarrollo y aplicacion de esta metodologia se realiza a través de un conjunto de
tareas, sistemas y procesos escogidos de forma intencionada para poner de manifiesto sus
principales desafios y ventajas. Para ello, (i) mediante simulaciéon molecular se analizan
las propiedades termodinamicas de mezclas acetona - liquido iénico y de mezclas multi-
componentes parafinas/olefinas - liquido i6nico, (ii) se simula la regeneracién del liquido
iénico de sus mezclas con otros disolventes, asi como un ciclo de refrigeracién por absor-
ciéon empleando amoniaco - liquido iénico utilizando un simulador de procesos comercial vy,
(iii) por ultimo, se aplica la estrategia multiescala en la seleccion del liquido i6nico éptimo

para el proceso de absorcién de tolueno.

XKk

Este trabajo se ha realizado en la Seccién de Ingenieria Quimica (Departamento de
Quimica-Fisica Aplicada) de la Universidad Auténoma de Madrid (Espana). Se ha de-
sarrollado en el marco del proyecto S2009/PPQ-1545(LIQUORGPAS) financiado por la
Comunidad de Madrid, y con la tutela de los directores de tesis Prof. Dr. Victor Ferro
Fernéandez y Prof. Dr. José Palomar Herrero. La formacion de la candidata a doctora
ha sido completada mediante una estancia de una semana en la empresa COSMOlogic
(Leverkusen, Alemania) bajo la supervisién del Dr. Andreas Klamt, un curso de simu-
laciéon dindmica de procesos con HYSYS y un curso sobre Visual Basic en la Facultad
de Quimicas (Ciudad Real, Espana) de la Universidad de Castilla-La Mancha bajo la
supervision del Prof. Dr. José Luis Valverde Palomino, dos cursos de entrenamiento en
Aspen Tech sobre el manejo de la herramienta Aspen Simulation Workbook celebrados

en Madrid bajo la direcciéon de Roly Pemberton, y una estancia de cuatro meses en el
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departamento de Chemical and Biomolecular Engineering de la University of California,
Berkeley (USA) bajo la supervisién del Prof. Dr. John M. Prausnitz.

Kokosk

El proyecto de investigacion en el que se incluye esta tesis tiene como objetivo el em-
pleo de liquidos iénicos como alternativa a los disolventes organicos en procesos avanzados
de separacion. La necesidad de implementar tecnologias mas limpias en la industria es
un hecho destacado en la actualidad. Muchas lineas de investigacién surgen con la idea
de ofrecer a la industria nuevos procesos o modificaciones de los ya existentes, planteando
otras opciones mas atractivas por ser menos contaminantes. El uso de los liquidos i6ni-
cos constituye una de las posibles alternativas a los compuestos organicos convencionales
mas contaminantes. Los liquidos iénicos poseen propiedades excepcionales, tales como
su baja volatilidad, su gran capacidad disolvente y su elevada estabilidad quimica y tér-
mica. Ademds, una gran ventaja es que segun la combinacion catién-anion se pueden
lograr numerosos liquidos iénicos con diferentes propiedades. Esto permite disenar liqui-
dos i6nicos con propiedades adecuadas para una tarea especifica. Sin embargo, muchos
de ellos poseen alguna propiedad poco deseable como su elevada viscosidad (que otorga
dificultades en los fenémenos de transporte) y, ademés, suelen ser caros. Esto dificulta su
investigacion y, por tanto, retrasa su implementacion a escala industrial. Para conseguir
un mayor rendimiento en la investigacién con liquidos iénicos, se podria limitar la experi-
mentacién solo a los candidatos mas apropiados para un proceso de interés. Esto implica
tanto conocer las propiedades termodinamicas de los liquidos i6nicos y sus mezclas con
todos los componentes del proceso, como evaluar a priori propiedades y comportamientos
en procesos que aun no se han llevado a la practica. Debido al elevado niimero de liquidos
ionicos posibles, los estudios de simulacion proporcionan informacién para elegir buenos
candidatos segun criterios relacionados con los datos de equilibrio entre fases, la entalpia
de exceso de una mezcla, la volatilidad relativa, el estudio cinético y termodindmico de
un determinado proceso, las condiciones de operacion o el rendimiento energético de un
proceso, incluyendo la estimacion de costes tanto operacionales como de inmovilizado.
La aplicacion de una estrategia multiescala que implica simulacién molecular - experi-
mentacion - simulacién de procesos, permite analizar con detalle el comportamiento de
los liquidos iénicos en un determinado proceso para disenar/seleccionar los que ofrezcan

propiedades optimizadas para su uso en una aplicacion industrial de interés.

Esta tesis se desarrolla a través de un conjunto independiente de casos que pretenden

ejemplificar la metodologia multiescala propuesta. Cada tema individual se explica en un
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capitulo por separado y se clasifican en tres bloques, de acuerdo con el caracter multidis-

ciplinar propio de la técnica empleada.

El capitulo I contiene una introduccién sobre los liquidos idénicos y las herramientas
utilizadas en la elaboracion de esta tesis, como son la simulacion molecular y la de procesos.
También presenta las ventajas de los simuladores de procesos de Aspen Tech para la
creacién de componentes (los liquidos i6nicos no se encuentran en las bases de datos
de los simuladores de procesos comerciales) y para la integracién de la herramienta de
modelizacién molecular utilizada. Al final del capitulo introductorio, se enumeran los

objetivos generales de esta tesis.

El capitulo IT explica detalladamente el fundamento de las herramientas de simulacion
molecular y de procesos. Se explica como a través del programa COSMOthermX se
pueden calcular propiedades termodinamicas tanto de liquidos iénicos como de su mez-
clas con otros compuestos organicos. También se presentan las ventajas que ofrece la
etapa de simulaciéon molecular en la herramienta multiescala. La principal es que permite
seleccionar un conjunto de liquidos i6nicos con propiedades termodinamicas adecuadas
para una tarea de interés. Después se explica la etapa de simulacion de procesos,
describiéndose la implementacién de los liquidos iénicos en el simulador Aspen Plus. Para
ello, es necesario aportar informacion acerca de cada uno de ellos y especificar el mod-
elo termodinamico adecuado para llevar a cabo la simulacion del proceso. Finalmente se
presentan las ventajas que ofrece esta etapa, siendo la principal la de establecer criterios
econdmicos y operacionales en la seleccion del liquido iénico 6ptimo para un proceso de

interés.

El primer bloque integra los capitulos III y IV centrados en la aplicacion de la
herramienta de simulacién molecular (COSMO-RS). Al principio de ambos capitulos, se
presenta una evaluacién de la capacidad predictiva del método. En el Capitulo III se lleva
a cabo un analisis de interacciones moleculares. Se utiliza el programa COSMOthermX
para calcular las entalpias de exceso de diversas mezclas acetona - liquido iénico. Este
estudio permite evaluar la fortaleza y el caracter predominante de las interacciones entre
los componentes de dichas mezclas. En el Capitulo IV, se presenta un trabajo de seleccion
de los mejores liquidos i6nicos para llevar a cabo la separacion de olefinas de parafinas
utilizando el método COSMO-RS. En este caso, el criterio de seleccion se basa en la
volatilidad relativa y la selectividad de mezclas parafina/olefina con un liquido iénico, de

tal forma que se optimice la separacién deseada.

Los capitulos V y VI se incluyen dentro del bloque en el que se utiliza la herramienta
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de simulacion de procesos. Al principio de ambos capitulos, se presenta una evaluacion
de la capacidad predictiva del método de integracion simulaciéon molecular el simulador
de procesos. En el capitulo V se estudia la separacién de mezclas liquido iénico - com-
ponente orgénico por destilacién como via para recuperar el disolvente (liquido i6nico).
Para seleccionar el liquido iénico éptimo en este proceso se establecen criterios basados en
la estimacion de costes. En el capitulo VI se lleva a cabo la simulacién de ciclos de refrig-
eracién por absorcién, utilizando el amoniaco como refrigerante y liquidos iénicos como
absorbentes. Mediante la simulacién del proceso, se realiza una evaluacion termodinamica

del ciclo y se establecen criterios de seleccion de liquido iénico basados en el rendimiento.

El tercer bloque comprende el Capitulo VII, donde se presenta la herramienta multi-
escala completamente desarrollada para resolver un problema especifico. Primero se utiliza
la simulacién molecular para elegir un conjunto de liquidos iénicos comerciales adecuados
para absorber un compuesto organico volatil contaminante, como es el tolueno. En este
caso, el criterio de seleccién se basa en la constante de Henry y la entalpia de exceso de
una mezcla tolueno - liquido iénico. En segundo lugar, se evalia experimentalmente la
termodinamica y la cinética del proceso de absorcién de tolueno con los liquidos iénicos
seleccionados. Estos ensayos se realizaron en los laboratorios de la Secciéon de Ingenieria
Quimica de la Universidad Auténoma de Madrid. Por ltimo, se utiliza el simulador de
procesos para evaluar la eficacia de la separacion utilizando liquidos iénicos como ab-
sorbentes en columnas de relleno y de platos, comparando los resultados con aquellos

utilizando disolventes organicos convencionales.

Finalmente, en el Capitulo VIII se presentan las conclusiones globales de esta tesis
doctoral y, ademas, se proponen perspectivas para continuar en esta linea de investigacion

en el futuro.
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Abstract

This PhD thesis is focused on the development of a multiscale approach using molecular
simulation, experimental measurements and process simulation for the conceptual design
of industrial processes based on ionic liquids (ILs). This procedure allows selecting ionic
liquids with optimized properties for a specific task, as well as establishing the operating

conditions of the IL-based processes.

The development and application of this methodology is carried out through a set
of particular tasks, systems and processes. To do that, (i) thermodynamic properties
are analyzed using molecular simulation for the acetone-IL binary mixtures and for the
paraffin/olefin multicomponent mixtures, (ii) the IL regeneration from their mixtures with
organic solvents coming from a separation process, and the absorption refrigeration cycle
using ammonia-IL as working pair are simulated using process simulation, finally (iii)
the multiscale approach is applied in the selection of the optimal ionic liquid for toluene

absorption.

XKk

This thesis has been carried out in Seccién de Ingenieria Quimica (Departamento de
Quimica-Fisica Aplicada) of Universidad Auténoma of Madrid (Spain). It has been devel-
oped in the framework of the project S2009/PPQ-1545(LIQUORGPAS) funded by Comu-
nidad de Madrid, and supervised by Prof. Dr. Victor Ferro Ferndndez and Prof. Dr. José
Palomar Herrero. The formation of the PhD candidate has been completed through sev-
eral visits and courses. Elia stayed one week in the COSMOlogic Company (Leverkusen,
Germany) under supervision of Prof. Dr. Andreas Klamt. She took lessons of dynamic
process simulation using HYSYS in Facultad de Quimicas (Ciudad Real, Spain) of Univer-
sidad de Castilla-La Mancha under supervision of Prof. Dr. José Luis Valverde Palomino,
two training courses of Aspen Tech on the handling of Aspen Simulation Workbook held
in Madrid taught by Roly Pemberton. The PhD candidate was visiting researcher for
four months in the Chemical and Biomolecular Engineering department of University of
California, Berkeley (USA) supervised by Prof. Dr. John M. Prausnitz.
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The aim of the research project including this PhD thesis is the use of ionic liquids
as an alternative to the organic solvents in advanced separation processes. The need to
implement cleaner technologies in the industry is a striking fact today. Many research lines
arise with the idea of providing the industry with new processes or changes to the existing
ones, proposing more attractive and less polluting alternatives. The use of ILs represents
one of the possible alternatives to the most polluting conventional organic compounds.
Ionic liquids possess exceptional properties such as their low volatility, potential solvent

capacity and high thermal and chemical stability.

These features have led to the great attention that the ILs research is receiving in the
last few years. However, a few ionic liquids have some undesirable property such as high
viscosity (hindering transport phenomena) and they may also be expensive. These facts
make the research with ILs difficult and, consequently, their implementation in industry
is delayed. A way to optimize the ILs research is to experiment only with the most
suitable ones for a process of interest. This implies both to know the thermodynamic
properties of ILs and their mixtures, as well as to evaluate a priori the behavior in
processes that have not yet been put into practice. Due to the large amount of possible ILs,
simulation studies allow to choose good candidates according to established criteria related
to phase equilibrium data, excess properties of mixture, relative volatility, kinetics and
thermodynamics of a specific process, and economics or energy performance taking into
account operating and fixed costs. This multiscale strategy involving molecular simulation
- experiment - process simulation enables to analyze the ILs behavior in a specific process
in order to design/select those providing optimized properties for their use in an industrial

application of interest.

This PhD thesis is developed through a set of independent cases that exemplify the
multiscale methodology proposed. Each individual topic is explained in a separate chapter.
The chapters are classified into three parts, according to the multidisciplinary nature of

the technique.

Chapter I introduces the ionic liquids and the tools used in the development of the PhD
thesis, such as the molecular and process simulation. It also presents the advantages of
using AspenTech process simulators for the creation of components (since the ionic liquids
are not available in commercial process simulators databases) and for the integration of
the molecular simulation results in process simulation. The scope of this PhD thesis is

presented at the end of the chapter where the overall objectives are listed.

Chapter II details the fundamental of the molecular and process simulation tools. The
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use of COSMOthermX for calculating thermodynamic properties of pure ILs and their
mixtures with other components is explained. The advantages of using molecular simu-
lation in the multiscale strategy are presented. The main advantage is that of selecting
a set of promising ionic liquids for a task of interest. Then, process simulation stage
is explained. The implementation of ILs in Aspen Plus process simulator is described.
Some information is required to create the ILs in the simulator as well as to fully spec-
ify the thermodynamic property package. Finally, the process simulation advantages are
presented. The goal of using process simulation is to establish economic and operating

criteria for selecting an optimal IL for a process of interest.

Part I integrate chapters I1I and IV focused on the application of molecular simulation.
Firstly, the predictive capacity of the COSMO-RS method is presented. In chapter III, an
intermolecular interaction analysis is carried out. The COSMOthermX program is used
to calculate the excess enthalpy of many acetone-IL binary mixtures. This study allows
for the strength evaluation and characterization of the main interactions established in
such mixtures. In Chapter IV, the selection of most promising ILs to separate different
paraffin/olefin systems using COSMO-RS is displayed. Here, the selection criterion is

based on the relative volatility and selectivity of paraffin/olefin-IL systems.

Part II includes the chapters V and VI where the process simulation tool is used.
Firstly, the predictive capacity is evaluated for the integration of molecular simulation
results in process simulation. In Chapter V, the IL-organic mixtures are separated using
flash distillation in the simulator as a way to simulate the IL solvent regeneration. In
order to select the optimal IL for this process, techno-economic criteria are established.
In chapter VI the absorption refrigeration chiller using ammonia as refrigerant and IL
as absorbent is simulated. IL selection criteria based on the cycle’s performance are

established using process simulation.

Part IIT comprises Chapter VII, where the multiscale approach is applied for a case
study. In a first step, a set of suitable ionic liquid for toluene absorption is selected using
molecular simulation. Here, the selection criterion is based on toluene Henry’s constant
and the excess enthalpy of IL-toluene mixtures. In a second step, thermodynamics and
kinetics of the toluene absorption process is evaluated through experimental measure-
ments. These assays were performed in the laboratories of Seccion de Ingenieria Quimica
of Universidad Auténoma of Madrid. Last, process simulation is used to evaluate the
efficiency of the separation using ILs as toluene absorbents in tray and packed columns.

The results are compared with those obtained conventional organic solvents.
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Finally, the overall conclusions of this PhD thesis are set forth in Chapter VIII. In

addition, general prospects for the future are announced in the last paragraphs.
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Chapter 1

Introduction

He use of clean technologies has become a major concern throughout both industry
T and academia. The search for alternatives to the most pollutant solvents has become
a high priority. Solvents are high on the list of damaging chemicals for two reasons: they
are used in huge amounts and they are usually volatile liquids that are difficult to contain.
Volatile organic solvents are useful because they can dissolve oils, fats, resins, rubber,
and plastics, and they represent the normal media for the industrial synthesis of organic
chemicals (petrochemical, chemical and pharmaceutical). However, the environmental
impact of these solvents is significant. The Montreal Protocol (Tripp, 1987)has resulted
in a compelling need to re-evaluate many chemical processes that have proved satisfactory
for much of this century. There are four strategies to avoid using conventional organic
solvents: the solvent-free synthesis, or the use of water, supercritical fluids, or ionic liquids

as solvents.

The easiest way to avoid problems with solvents is not to use them, an approach that
has been widely exploited in the paints and coatings industries. Cave et al. (2001) de-
scribed organic reactions that can be carried out merely by grinding the reagents together
with a catalyst, a process that is both cleaner and quicker than the conventional reac-
tions. Most reactions do, however, require a solvent, and a green chemical process must
necessarily involve an environmentally acceptable solvent (DeSimone, 2002). The use of
water can be advantageous but many organic compounds are difficult to dissolve in wa-

ter, and disposing of contaminated aqueous streams is expensive. Much current research
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focuses on supercritical fluids and ionic liquids as alternative solvents. Supercritical fluids
are gases that are nearly as dense as liquids (Jessop and Leitner, 2008). Because they
have both gas- and liquid-like properties, they are highly versatile solvents for chemical
synthesis (Poliakoff et al., 2002). Ionic liquids and supercritical fluids provide a range of
options to industrialists looking to minimize the environmental impact of their processes.

This thesis is focused in investigating the ionic liquids option.

1.1 Ionic Liquids

Tonic liquids are low-melting-point salts that are composed entirely of ions (Seddon, 1995).
Most of the ionic liquids appearing in literature are liquid at room temperature. The
liquid state is thermodynamically favorable in these electrolytes due to the large size and
conformational flexibility of the ions which leads to small lattice enthalpies and large
entropy changes that favor the liquid state (Krossing et al., 2006). They are typically
formed by a large organic cation and an organic or inorganic anion. Because of the huge
number of anions and cations, an extensive amount of different ionic liquids with potential

properties for specific applications can be achieved.

The field of ionic liquids began in 1914 with an observation by Paul Walden. He
reported the physical properties of ethylammonium nitrate (melting point of 12 °C),
which was formed by neutralization of ethylamine with concentrated nitric acid (Walden,
1914). The first industrial process involving ionic liquids was the BASIL™ (Biphasic
Acid Scavenging utilizing Ionic Liquids) process (Freemantle, 2003; Seddon, 2003; Rogers
and Seddon, 2003; Maase, 2005; Maase and Massonne, 2005). It was introduced to the
BASF site in Ludwisgshafen, Germany, in 2002. The BASIL™ process is used for the
production of the generic photoinitiator precursor alkoxyphenylhosphines. Athough the
BASIL™ process was the first publicly announced room-temperature ionic liquid process,
and was launched with a significant amount of publicity, Eastman Chemical Company had
been running a process for the isomerization of 3,4-epoxybut-1-ene to 2,5-dihydrofuran
since December 1996 (Falling et al., 2005; Holbrey et al., 2006). This was operated by the
Texas Eastman Division, in Longview until the end of 2004. Whereas Eastman Chemical
Company and BASF commercialized the first ionic liquid process, IFP was the first to
operate an ionic liquid pilot plant (IFP, 2004).

The reality is that ionic liquids have received much attention in the last few years. At

present there is a high interest in investigation of new ionic liquids and their industrial
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applications. One of the primary driving forces behind research into ionic liquids is the
perceived benefit of substituting traditional industrial solvents. However, ionic liquids
are not intrinsically “green” - some are extremely toxic - and they are quite expensive.
Interestingly they can be designed to be environmentally benign, with large potential

benefits for sustainable chemistry (Freemantle, 1998).

1.1.1 Physical and chemical properties of ionic liquids

Ionic liquids have remarkable properties that confer significant potential for industrial
application (Sheldon, 2001; Gordon, 2001). The main advantages of using a room-

temperature ionic liquid (RTIL) in an industrially relevant process are:

e Relatively high thermal stability in a wide range of temperatures. The thermal
decomposition of ionic liquids ranges between 300 and 400 °C, however a few of
them begin to decompose at c.a. 200 °C (MacFarlane et al., 2002; Fredlake et al.,
2004; Crosthwaite et al., 2005a; Meindersma and De Haan, 2012)

e High chemical stability. Most of RTILs are chemically inert and non-flammable.

e Negligible vapor pressure at near ambient conditions. Due to their ionic nature and
the fact that their chemical and thermal stability can be designed to be high, ionic
liquids possess negligibly small vapor pressures, even at high temperatures. Ionic
liquids cannot evaporate from the reaction vessel. Thus they may be used in high-
vacuum systems and eliminate many containment problems (Welton, 1999; Heintz,
2005; Rebelo et al., 2005). Nonetheless, Farle et al. (2006) reports that many ionic
liquids which had been believed to be nonvolatile (such as [C,mim|[NTf;]) can be
distilled without decomposition at high temperatures and low pressures (eg, 300°C
and 0.1 mbar). Moreover, many ionic liquids where the cation is protonated can be
distilled via neutral intermediates (Kreher et al., 2004; Yoshizawa et al., 2003). Thus,

ionic liquids can be designed to be volatile, if that offers a processing advantage.

e Low melting point. Ionic liquids have melting points below the room temperature,

being some of them fluid at temperatures as low as -100°C.

e Good electrochemical properties, such as high stability to oxidation/reductions re-

sisting a broad range of potentials, and highly conducting.

e Ionic liquids can solvate a wide range of species, such as organic and inorganic

compounds, or gases (CO2, SO9, NHj3, etc.)




1.1. Tonic Liquids

e RTILs are colourless and easily handled. Their density is higher than that of water
(ranging between 1.12 g/cm? and 2.24 g/cm?).

e lonic liquids are considered “design solvents” (Freemantle, 1998), i.e. depending on
the application, the ionic liquid can be designed for performance. Seddon and co-
workers (Abdul-Sada et al., 1995), and Wilkes and Zaworotko (1992) proved the
concept that the systematic alteration of the cation and the anion, respectively, can
be used to “fine-tune” the properties of an ionic liquid. The choice of the anion and
cation not only influences the physical properties, but also, if used as solvent, the
thermodynamics and the kinetics of a reaction. Thus, by optimizing the solvent, the
reaction outcome can be improved and controlled. At a zeroth level approximation,
the anion controls the chemistry, and the cation fine-tunes the physical properties
such as solubility, density, viscosity, etc. As an example, the nature of the anion
may determine if the ionic liquid will be hydrofilic (e.g., CI") or hydrophobic (e.g.,
[NTfs]"). Thus tuning the properties of the solvent to suit a particular application
is feasible (Holbrey and Seddon, 1999a). At least one million simple ionic liquids
and one trillion ternary ILs are potentially possible (Seddon, 1999). The first choice
is to control and define the chemistry. Then, a second ionic liquid may be added
to fine tune the physical properties of the system (viscosity, density or thermal
conductivity). Finally, a third cheaper (but inert) ionic liquid can be added to lower

the cost of the system.

Therefore ionic liquids offer a freedom and flexibility for process design previously un-
known (Seddon, 1995, 1997; Freemantle, 1998). However, some drawbacks limit the ex-
tensive and definitive application of ILs in industrial processes. Probably, their high
viscosity (from 10 to more than 105 ¢P) (Bonhote et al., 1996) is one of the most sig-
nificant practical disadvantages. Their viscosity exceeds that of conventional solvents.
Nonetheless, the viscosity of ILs strongly depends on the temperature, showing a typical

exponential decay for temperatures frequently used in common industrial applications.

1.1.2 Applications of ionic liquids

The ionic liquids were first synthesized for electrochemical purposes as battery compo-
nents (Wilkes, 2002). Because they were found to be useful as reaction media in both
chemical and biochemical processes, the study and development of new ionic liquids were

consolidated (Parshall, 1972b,a; Rogers et al., 2002). In recent years, ionic liquids have
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been used for a wide variety of applications (Rogers et al., 2002; Atkins et al., 2002), such
as the recovery of biofuels (Fadeev and Meagher, 2001) and the deep desulfurization of
diesel oil (Bosmann et al., 2001) by extraction of butanol or sulfur-containing compounds,
respectively, into the ionic liquid. Tonic liquids also have potential as lubricants (Ye et al.,
2001), in solar cells (Papageorgiou et al., 1996; Grétzel, 1995; Kubo et al., 2002), for heat
storage (Blake et al., 2002), in nuclear fuel processing (Thied et al., 1999; Jeapes et al.,
2000; Bradley et al., 2002), in membrane technology as a highly permeable and selective
transport medium (Koch et al., 1996; Doyle et al., 2000; Fuller et al., 1997), as sol-gel
templates (Rogers et al., 2002), and in the dissolution of cellulose (Swatloski et al., 2002).
Ionic liquids have also shown promise in some startling applications, such as embalming
and tissue preservation (Majewski et al., 2003). The [emim][NTf,] ionic liquids was stud-
ied as a propellant for colloid thrusters. These may become important for the positioning
of small satellites or space missions, where accurate location of the spacecraft is required
(Gamero-Castano and Hruby, 2001). ITonic liquids can form versatile biphasic systems for
separations (Gutowski et al., 2003), be media for a wide range of organic and inorganic
reactions (Zhang, 2006), or absorbents of refrigerants in absorption refrigeration cycles
(Yokozeki and Shiflett, 2010). The use of ionic liquids as media for CO, gas separations
appears especially promising, as CO, is more highly soluble than the rest of the gases (An-
thony et al., 2002; Bates et al., 2002; Bara et al., 2009a). Process temperature and the
chemical structures of the cation and the anion have significant impacts on gas solubility

and gas pair selectivity (Anthony et al., 2005).

Processes involving ionic liquids have to be designed and evaluated before changing
any other plant or implant a new one. Crucial to the implementation of ILs on a larger
scale is the knowledge of their physical properties. There is a continuous progress in the
experimental determination of thermophysical properties of ILs and their mixtures. This
information is compiled in databases such as the [UPAC lonic Liquid database (ILthermo,
2006; Dong et al., 2007) or the Dortmund Databank (Gmehling, 1985; (DDBSP GmbH,
1989). These databases provide up-to-date information on ILs publications with over
94600 and 112000 total data points at the moment, respectively. Because the experimen-
tal way to determine IL thermophysical properties is a large resource and time consuming
task, and many ILs are not even synthesized yet, there is a persistent lack of information
for tailoring task-specific ILs. The development of efficient predictive methods for thermo-
physical properties of ILs and their mixtures could be helpful to organize experimentation
(Rogers and Voth, 2007). Several methods have been applied to predict IL thermophysical

properties or the thermodynamic behavior of different compounds with ILs. They range
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from molecular dynamics (MD) using atomistic force fields, over quantitative structure-
property relationship (QSPR) models, to classical thermodynamic models, such as NRTL,
UNIQUAC or UNIFAC (Kato and Gmehling, 2005b). However most of the parameters of
these models must be determined from experimental data, and they are not available for
the vast majority of ionic liquids. The quantum chemistry based on the “conductor-like
screening model for real solvents” (COSMO-RS) method seems to be an attractive pre-
dictive way to the full range of ILs avoiding experimentation (Diedenhofen and Klamt,
2010). Supported by predictive methods, different computational approaches (Jork et al.,
2005; Lei et al., 2006; Palomar et al., 2008, 2009b) have been developed to design new
ILs with specific properties. It means that counterions (cation and anion) are combined

in such a way the properties of the IL correspond the target.

Process simulation could also be helpful to avoid some experimental work for the devel-
opment of new applications involving ionic liquids. The operating conditions, equipment
sizing, operational and fixed costs, performance or even the feasibility of a process can be
analyzed by process simulation. However, ionic liquids are not currently available in the
database of commercial process simulators. Achieving an insertion of these components
in a process simulator without needing experimental data would be a relevant step in the
research with ionic liquids.

There is much work to be done to advance in the burgeoning ionic liquids field of great
current importance. To convince the community that ionic liquids are powerful candidates
for their use in industry we should prove what they might offer. The next decade should
see ionic liquids being used in many applications where conventional organic solvents are
used today. Furthermore, ionic liquids will enable new applications that are not possible

with conventional solvents.

1.2 Molecular and process simulations

1.2.1 Introduction

Nowadays, molecular and process simulators play an important role in chemical engineer-
ing for the development of new processes. Molecular simulation encompasses all theoretical
methods and computational techniques used to model or mimic the structure of molecules.
On the other hand, process simulation describes processes in flow diagrams using different

models and methods for the calculation of properties. The goal of both kind of model-
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ing is to reproduce the real characteristics of a given pure component, multicomponent
mixture or process. In correspondence, the simulation allows finding optimal conditions
for a process of interest. The combined use of molecular and process simulation can be
helpful to create and evaluate new processes, such as in this particular case, the industrial

applications based on ionic liquids.

1.2.2 Molecular simulation involving ionic liquids

Ionic liquids are being investigated in a variety of fields involving chemistry, biochemistry,
engineering, pharmacology and many other areas. Depending on the chemical nature of
the IL and the other components in the fluid, different intermolecular interactions can
be established. The efficiency of several potential IL applications such as absorption,
distillation, liquid-liquid extraction and others, depends on these intermolecular interac-
tions (Anthony et al., 2005; Zhao et al., 2005; Seiler et al., 2004). Because of the tunable
properties of ILs (e.g. solvent capacity), the optimal anion-cation combination selected
among a huge number of ions is determinant in the development of potential IL-based
applications. However, the vast amount of possible ionic liquids hinders the availability
of experimental thermodynamic data for systematic analysis. In this context, molecular
simulation including computational predictive methods, such as the quantum-chemical
statistical thermodynamic approach COSMO-RS developed by Klamt (1995), is of great
utility.

COSMO-RS (Klamt and Schitiirmann, 1993) is a novel and efficient method for the a
priori prediction of thermophysical data of liquids. It is based on unimolecular quantum
chemical calculations combined with a statistical thermodynamics. Besides organic com-
ponents, the COSMO-RS method has been shown as a valuable method for predicting a
variety of thermodynamic properties of mixtures containing ILs. (Diedenhofen and Klamt,
2010; Manan et al., 2009; Ferreira et al., 2011; Lei et al., 2007; Verma and Banerjee, 2010).

Great advance in the understanding of ionic liquids - and the relationship between
their structure and their properties - has been achieved thanks to the molecular simulation
works (Jork et al., 2005; Lei et al., 2006; Palomar et al., 2008, 2009b). COSMOthermX,
the software implementing the COSMO-RS method, has greatly helped in understanding
the local structure, the transport and thermodynamic properties of pure ionic liquids or
their mixtures with other compounds (e.g. organic solvents, gases, etc.) (Palomar et al.,
2007b, 2010, 2011b; Navas et al., 2009). In addition, this software enables the property

screening of multiple mixtures at once. This makes molecular simulation a useful and
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powerful computational tool to design ILs with specific properties (Palomar et al., 2008,
2009b).

Therefore the COSMO-RS method is considered in this thesis to study both the ionic
liquids properties and their behavior in mixtures with other components. In this sense, the
molecular simulation is used in the multiscale approach to design/select a set of suitable

ionic liquids with optimized properties for a specific task.

1.2.3 Process Simulation involving ionic liquids

Process simulation is likewise a useful tool in the design, development, analysis, and
optimization of technical processes. Programs such as Aspen Plus, Aspen HYSYS, Chem-
Cad, Speedup, Promax, and UniSim are broadly used in the chemical engineering field.
In process simulation, the knowledge of thermophysical properties (Rhodes, 1996) of pure
components and mixtures is required. These inputs enable the calculation of a process
in computers once the mathematical models of the process operations are implemented.
The success of the process simulation relies heavily on the accessibility and accuracy of
physical and kinetic information for the components involved (Black, 1986; Arlt et al.,
2004; O’Connell et al., 2009; Hendriks et al., 2010).

Process simulation can be based on simple equations and correlations where parameters
are fitted to experimental data or on predictive methods where properties are a priori
estimated. The disadvantage of correlations comes from the need of getting a large amount
of experimental data to obtain reliable parameters. Commercial simulators contain very
large databases including this information for every databank component. Nonetheless
processes involving non-databank components are being increasingly developed, especially
in the fine chemical and pharmaceutical industries or in those opting for the incorporation

of new solvents (such as ionic liquids).

Fulfilling the process simulator databases using experimental data is a largely resource
and time-consuming task. This is a severe limitation and often hinders progress and the
exploration of unconventional strategies using non-databank components (Franke, 2007).
Theoretical methods seem to be suitable candidates to provide the information needed
in the implementation of non-databank components (Arlt et al., 2004; O’Connell et al.,
2009; Franke, 2007). It has been reported the ability of the COSMO-based methods
such as COSMO-RS (Klamt, 1995) and COSMO-SAC Lin and Sandler (2002a) to predict

thermophysical data for liquids without needing a extremely large number of experimental
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data. The integration of COSMO-based methodologies into commercial process simulators
for developing the conceptual design of new processes results a goal subject for many
researchers and engineers (Aspen Technology, 2004b, 2011b; Eckert et al., 2006; Eckert,
2007; Cadoret et al., 2009; Tian et al., 2010). aspenONE (Aspen Plus, 2010) has enabled
the incorporation of the COSMO-based methods to estimate activity coefficients through
the so-called COSMOSAC property model (Aspen Technology, 2004a). At present, it is
entirely possible to transit from molecular modeling to process simulation following the
route:

Quantum chemical calculations — COSMO-based estimates for fluid properties —
aspenONE process simulations. To our knowledge, only a few attempts have explored
this strategy (Eckert et al., 2006; Eckert, 2007; Cadoret et al., 2009; Tian et al., 2010).

Process simulation studies could be oriented towards the selection of suitable com-
ponents and conditions in IL-based applications. Since ionic liquids are not available in
the databases of commercial process simulators, they have to be created as non-databank
components providing some thermodynamic properties as input variables. However, the
models and computational routes implemented as default in process simulators to esti-
mate the properties of non-databank components have not been developed for ionic liquids.
The COSMO-RS method has been previously presented as a priori predictive method for
calculating ionic liquid properties. Because the equations of the COSMO-based method-
ologies are those including in the COSMOSAC property model, aspenONE seem to be a

promising option for implementing the ionic liquids in process simulation.

In this thesis, a new multiscale approach is developed using molecular and process
simulation tools in combination. Three stages comprise this strategy: molecular simula-
tion, experimental work and process simulation. Every step is required for achieving an
overall understanding of the examined process involving ionic liquids. However, a fine
tuning process is essential before extending this new technique: assessment of the ac-
tual functionality of the tools, implementation of efficient processes and result validations

comparing with experiment.
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1.3 Thesis scope and outline

The multiscale approach presented in this doctoral thesis is based on the use of two
commercial simulation tools: COSMOthermX and aspenONE; as well as on experimental
work. However, this thesis is mainly focused on the conceptual developement of the

strategy, i.e. an interim step between basic and applied research.

This PhD thesis has the following specific targets:

1. Evaluating the capability of the COSMO-RS method for predicting properties of

ionic liquids and their binary mixtures with organic compounds.

2. Using molecular simulation to analyze the intermolecular interactions of acetone -
ionic liquid binary mixtures. Comparing molecular simulation results with NMR

spectroscopic analysis.

3. Applying the COSMO-RS method in the selection of promising ionic liquids for

paraffin/olefin separation by absorption.

4. Implementing ionic liquids in Aspen Plus by transferring the information provided
by molecular simulation to the process simulator. Validating the transferability of
the COSMO-RS results to the Aspen Plus/Aspen HYSYS process simulators.

5. Simulating the regeneration of the ionic liquid from its mixture with an organic
solvent in Aspen Plus/Aspen HYSYS. Using process simulation results to select
ionic liquids for separation processes taking into account operational and economic

criteria related to their regeneration.

6. Simulating the absorption refrigeration cycle using ammonia - ionic liquid as working
pair. Using process simulation to select suitable ionic liquids as ammonia absorbents

in absorption chillers basing on cycle’s performance.

7. Applying the multiscale approach here developed to select ionic liquids with opti-

mized properties for toluene absorption.
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Chapter 2

Multiscale approach development

He multiscale tool proposed in this thesis is designed in order to select optimal ionic
liquids (ILs) and operating conditions for a process of interest. It is structured in
three stages: (1)- molecular simulation, (2)- experimental work and (3)- process simula-
tion. Every stage allows to accomplish a particular study (Figure 2.1) and is essential to
address any of the other two. The sequence can be modified but the stage 1 should remain
always as first step. Once the methodology is evaluated and fine tuning, the steps 1 and
3 may be performed before experiment to evaluate the viability of a proposed IL-based
process from the point of view of the conceptual design. Molecular simulation enables
to analyze and interpret the intermolecular interactions in IL-based systems, as well as
to predict their thermodynamic properties of mixture taking into account a wide range
of ILs. Thus we can select those cations and anions providing a priori an optimal IL
solvent for a specific task. The COSMOthermX commercial program is used in this stage
to support the thermodynamic and transport properties calculations. Experimental work
should be always performed to compare and validate the thermodynamic properties pre-
dicted by molecular simulation. In this thesis, thermal gravimetric analyses (TGA) with
ionic liquids are performed to provide information about the physical phenomena of gas-
liquid absorption. In addition, the presence or strength of interactions occurring between
the components of a mixture is studied using NMR spectroscopy. All these studies are
conducted only for some systems evaluated in this thesis. Finally, the third step implies
the conceptual design of the process of interest involving ILs using a process simulator.

This is one of the most significant contributions of this work since ionic liquids are not

11



available in the database of commercial process simulators. Molecular simulation supplies
the required information at the Simulation Basis Environment. This stage allows us to
take advantage of all the possibilities offered by a commercial process simulator for the
case of a process involving ILs, such as cost evaluation, operational details, performance
optimization, debottlenecking, etc. Thus technical and economic criteria can be estab-

lished to select the optimal IL for the considered application.

MULTISCALE APPROACH
(1) (2) (3)
Molecular Process

Simulation Experiment Simulation

COSMOthermX \ o+ - == B -
| >__@4 7

NEUTRALIZATION
Version C30_1201

SYSTEM

Ionic Liquid Selection

Figure 2.1: The three stages comprising the multiscale approach proposed.

A last step to complete the multiscale strategy should be to carry out experiments of
the designed operations at pilot plant scale. We were not able to cover this stage so far,
but this work is scheduled to be addressed in a short-term.

In this chapter, we provide a general view of the computational procedure used to
carry out both molecular and process simulation stages that are part of the development

of the presented multiscale approach.
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2.1 Molecular Simulation

2.1.1 Introduction to the “Conductor-like Screening Model for
Real Solvents” COSMO-RS

The “COnductor-like Screening MOdel for Real Solvents” COSMO-RS (Klamt, 1995) pre-
dicts thermophysical data of liquids without making an extensive use of experiments.
COSMO-RS provides information about molecular interactions in solution from quantum
chemical calculations on the chemical compounds. The condensed phase is characterized
by molecules that are strongly interacting with each other. Intermolecular interactions
are responsible of most of the properties (such as thermodynamic, thermophysical, trans-
port, etc.) that determine the physicochemical (macroscopic) behavior of fluids. In the
COSMO-RS approach the interaction energy between molecules in liquid phase is ex-
pressed by a generic functional of local surface descriptors. The descriptor used is the
local polarization charge density o (also called screening charge density), which would be
induced on the molecular surface if the molecule is embedded in an ideal conductor. o
is calculated at reasonable costs by quantum chemical programs using the COnductor-
like Screening MOdel (COSMO) (Klamt and Schiitirmann, 1993). The COSMO method
describes the screening charge density on the molecular surface through the so called o-
profile. Further, in the COSMO-RS method, the macroscopic properties of the fluid are
estimated from COSMO calculations by a statistical thermodynamic procedure that uses
the o-profile of the compound as binding element. In a series of publications (Klamt and
Eckert, 2000; Schifer et al., 2000; Klamt et al., 1998), it was shown that COSMO-RS
is a valuable tool for handling of chemical and engineering thermodynamics properties.
COSMO-RS is capable of predicting partition coefficients (Mokrushina et al., 2007), vapor
pressures (Eckert and Klamt, 2001), boiling points (Hervier and Klamt, 2006), solvation
free energies of neutral compounds (Klamt et al., 2009), pKa constants of acids (Klamt
et al., 2003). COSMO-RS is also capable to predict mixture thermodynamics (Klamt
and Eckert, 2000; Eckert and Klamt, 2001). Infinite dilution activity coefficients (Putnam
et al., 2003), vapor-liquid (Eckert and Klamt, 2001), liquid-liquid (Banerjee et al., 2007)
and solid-liquid (Klamt et al., 2002) binary phase equilibrium diagrams, excess properties
(COSMOlogic GmbH & Co. KG) and Henry’s constants (Schroder et al., 2010) can be
predicted for binary systems using the COSMO-RS model. In all these cases the cor-
respondence between experiment and the COSMO-RS predictions is qualitatively very
accurate (Eckert and Klamt, 2001; Klamt and Eckert, 2000; Klamt et al., 2010a).

13



2.1. Molecular Simulation

2.1.1.1 Fundamentals

COSMO (Klamt and Schiiiirmann, 1993) is a quantum chemical continuum solvation
model (CSM) for describing liquid phases. This model considers the molecule (the solute)
to be located within a molecular shaped “cavity” (Figure 2.2). Out of the cavity, the solvent
is represented as a continuum ideal conductor media with an infinite dielectric constant
e—oo(boundary condition in CSMs) (Andzelm et al., 1995). In such an environment,
the solute molecule induces a screening charge density ¢ on the interface between the
molecule and the conductor, i.e. on the inner surface of the cavity. These charges act back
on the solute and modify the charge distribution on the molecular surface with respect
to vaccum (Figure 2.2). In COSMO calculations both molecular and cavity surfaces are
discretized in segments to describe the local screening charge distribution. Each segment
i of the surface is characterized by its area a; and the screening charge density ;. Thus,
each segment of the molecular surface with a specific charge corresponds to a segment
in the solvent with opposite charge. The COSMO method calculates the proper charge
distribution that minimizes the energy (Klamt and Schiitirmann, 1993; Andzelm et al.,
1995; Klamt and Eckert, 2000). The calculations end when the optimal energy state of the
solute in the solvent is achieved. This is the ideal screening state, where the molecule is
ideally screened and a screening charge distribution on the molecular surface is obtained.
Then the COSMO-RS methodology develops a statistical-thermodynamic procedure to

calculate the chemical potential of the molecule.

Construct a molecular shaped Solvate in a conductor
cavity based on element. producing surface screening
specific atomic radii charges

Figure 2.2: Representation in the COSMO method of the cavity embedding the molecule
and the solute-solvent interactions in the COSMO method (Mullins et al., 2006).

The total intermolecular interaction energy E (0,07) (see next paragraph) in the liquid

14



2. Multiscale approach development

system depends on the screening charge density (o) and it is calculated by COSMO.
Once this energy is calculated, a statistical thermodynamic method is used to evaluate

the thermodynamics of the fluid. The equation used in this method, which is characteristic

of COSMO-RS, is:

js(0) = —R-T-In {/ps(a/) exp (“S(U/) _Z;?'E(“’ Ul)) —da’} (2.1)

where pug(o) is the chemical potential of the average molecular contact area (a.g) and
screening charge density o in the system S at temperature T. In fact, ug(o) is a measure
for the affinity of the system S to a surface of polarity . It is a characteristic function of
each system and is called “o-potential”. Thus the COSMO-RS representations of molecular
interactions, the o-profiles and o-potentials of compounds and mixtures, contain valuable

information qualitatively as well as quantitatively, respectively.

The chemical potential (the partial Gibbs free energy) of molecule X in system S is:

1yt = e + s (2.2)

where uC,SXi and uRyin are the combinatorial and residual contributions to the chem-
ical potential. The residual contribution is related to the energy and it is calculated by
integration of ug(o) over the entire surface of compound X;. The combinatorial term
is added to take into account size and shape differences of the molecules in the system.
This term depends on the area and volume of all compounds in the mixture and three

adjustable parameters.

Finally, once the chemical potential is calculated, a wide variety of thermodynamic

properties can now be calculated, e.g. the activity coefficient:

X _ X
X Hs — Hx
= 2.3
s exp( RT ) (2:3)

where pg¥ is the chemical potential of compound X in the solvent S, and ux™ is the

chemical potential of the pure compound X.

In summary, the stages carried out in the calculation of physical and chemical pro-
perties of compounds and their mixtures in liquid phase are two (Figure 2.3). First, the

COSMO (quantum chemical) calculations are computed to describe the solute-solvent

15



2.1. Molecular Simulation

interactions. Finally, the o-profile and the statistical thermodynamic procedure for the
molecular interactions (o-potential) are calculated to estimate fluid properties. This final
step provides the COSMO-RS results.

Start: Molecular Structure

‘ Quant. Chem. COSMO calculation

v

Ideally screened molecule:
Energy and screening ‘,\ Database
charge distribution on g‘a \ of
molecular COSMO-surface ™ COSMO-files

o-profiles of compounds

ONSO02

= Water

— Acetone

— Chloroform

Fast Statistical Thermodynamics
v

c-potential of the
mixture

SY-ONS0D

Results: Equilibrium data of the mixture:

. , i i
chemical potentials of all compounds, 1 & |
vapor pressures, solubilities, activity coefficients, by p
partition coefficients, excess energies/enthalpies, :

phase diagrams, ...

Figure 2.3: Flowchart of a property calculation using COSMO-RS (Eckert and Klamt,
2002).

2.1.1.2 The COSMO view of molecular interactions

The solute-solvent interaction energy is calculated by integrating over the total contact
area the energy needed to separate the segments o and ¢’ a distance where the electric
potential is computationally null (0'=-0). The interactions between molecules considered
in the COSMO method are (Klamt and Schiitirmann, 1993; Klamt, 1995; Andzelm et al.,
1995; Klamt et al., 1998; Klamt and Eckert, 2000):
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e Dispersive or Van der Waals (vdW) interactions: They are the most gener-
ally occurring class of intermolecular interactions in the condensed phase. Dispersive
interactions are short-range forces of molecular surfaces. They are the sum of two
parts: (1) an attractive part arising from the intermolecular correlation of the elec-
trons in the vicinity of the adjacent molecular surfaces; (2) a repulsive term arising
from the quantum chemical Pauli repulsion, which tends to restrict the interpene-
tration of the occupied molecular orbitals of different molecules. The vdW energy
is dependent only on the element type of the atoms that are involved in surface

contact. It is spatially non-specific.

e Misfit interactions: they are the electrostatic interactions between the charged
particles of the system (nuclei and electrons), between groups with permanent polar-
ity (dipole-dipole), and the induced electrostatic interactions (polarizability). The
energy of this interaction is the energy needed to remove the residual screening
charge density from the contact. Apparently, in the special situation of o=-0’,
there is nothing to remove and hence, the interaction energy is zero. However, in
the general case, there is some misfit of the partners, i.e. where o+0¢’ does not
vanish, the energy of removal is given by E,,;s:. The gain in electrostatic energy
strongly depends on the choice of the right partner of opposite polarity. Misfit in-
teraction energies are considered as long range and they are stronger than those of
the vdW ones.

e Hydrogen bonding (HB) interactions: they are presented in systems contain-
ing strongly positively polar hydrogen atoms as donors and negatively polar het-
eroatomic lone pairs as acceptors. Donors and acceptors may form a very short-
ranged and a directed pseudobond, the hydrogen bond. Hydrogen bonding strongly
depends on the right choice of the nearest neighbor contact partner and even on its
orientation. Thus, it is even more specific than the Misfit interaction. Hydrogen
bonding comes into play if two sufficiently polar pieces of surface of opposite polar-
ity are in contact. Because positive molecular regions get negative screening charge,

the negative o is now the donor part of the H-bond. The positive ¢ is the acceptor.

The interactions of molecular surfaces in COSMO-RS are given by the interaction

energy functional:

E(0,0") = Eyispir(0,0") + Egp(o,0’) (2.4)
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which does only depend on the screening charge densities of the interacting surfaces,
plus a vdW contribution which is subsumed in the reference state energy. Thus, the generic
interaction functional E(o,0”) has three adjustable parameters while the vdW term has
two adjustable parameter, one per element in contact. The screening charge densities and
parameterization depend on the element-specific radii used in the cavity construction.
Thus, there are three general parameters plus two parameters per element. This is almost
negligible compared to the several thousands of group interaction parameters needed for
the groups in UNIFAC (Fredenslund et al., 1975). The greatest advantage of COSMO-RS
is the fact that it is an a priori predictive method without needing an extensive amount
of experimental data. It only requires 5 intrinsic parameters regardless of the type of
compound, in fact, these parameters have been defined with database of more than 4000
compounds (Klamt et al.; 1998). This causes a rather general applicability to almost the

entire organic chemistry.

2.1.1.3 Calculation methodology

The COSMO-RS calculations required to addressee three successive stages:

1. Optimization of the molecular structure used to describe the compounds.
Once the molecular structure of a compound is defined, its molecular geometry
must be optimized. The geometry of a molecule determines many of its physical
and chemical properties. The objective of the geometry optimization is to find an
atomic arrangement which makes the molecule most stable at the considered condi-
tions (such as vacuum or solvent presence). The bond angles, bond distances, and
dihedral angles are, as a rule, modified in order to get an optimized geometry. The
molecular geometry optimization needs long time and hardware resource consump-
tion.

In this thesis, the molecular geometry of compounds are optimized at the B3LYP /6-
31++G** computational level in ideal gas phase using the quantum chemical Gaus-
sian03 package (Frisch et al., 2003). In addition, the optimization of the molecular
geometry can be subsequently performed to consider solvent effects. They are in-
corporated through the conductor-like polarizable continuum model (Klamt, 1995;
Tomasi et al., 2005) taking a hypothetical solvent having dielectric constant e—s o0
and using the Klamt atomic radii (Klamt et al., 1998) for all the atoms. This is the
geometry optimization used in the creation of the COSMOlogic TZVP database.

The type of geometry optimization directly influences in the accuracy of the prop-
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erty predictions.
Harmonic vibrational frequency calculations are performed on each optimized struc-
ture to establish the nature of the stationary points, i.e. to confirm the presence of

an energy minimum state.

. The quantum-chemical COSMO calculations. The ideal screening charge dis-
tribution on the surface of a molecule whose geometry has already been optimized is
calculated by the COSMO calculations. The quantum-chemical calculations (includ-
ing the geometry optimization and COSMO calculations) need hardware resource
consumption. However, the software implementing COSMO allows recording the
o-profile output in .cosmo files. Thus quantum chemical calculations have to be
performed only once for each molecule of interest. The COSMO model is avail-
able in several quantum chemistry program packages: Turbomole (Schifer et al.,
2000), DMOL3 (Andzelm et al., 1995; Delley, 2006), Gaussian (Frisch et al., 2003),
GAMESS-US (Baldridge and Klamt, 1997), PQS (Pulay et al., 2003), Molpro (Amos
et al., 2002), Columbus (Lischka et al., 2003) and ORCA (Neese, 2009).

In this thesis, Gaussian03 or Turbomole suit (v 3.1) quantum chemistry program
packages are used to accomplish the quantum-chemical calculations. The ideal
screening charges on the molecular surface for each species are calculated by the
continuum solvation COSMO model using BVP86/TZVP/DGAL1 level of theory.
This means that the COSMO calculations are computed with the BVP86 density
functional using the TZVP/DGA1 basis sets by the COSMO-RS self-consistent field
method (Klamt and Eckert, 2000).

. Thermodynamic properties calculations using the COSMO-RS method.
COSMOtherm (Eckert and Klamt, 2010, 2008; Diedenhofen et al., 2012) is a com-
mand line program that uses the COSMO-RS method to compute some thermody-
namic properties. It allows the calculation of any solvent or solvent mixture and
solute or solute system at variable temperature and pressure. COSMOtherm also
provides the smoothed o-profile and o-potential histograms of pure compounds.
COSMOthermX is the graphical user interface to the COSMOtherm code, devel-
oped by the COSMO and COSMO-RS authors and commercially distributed by
COSMOlogic GmbH & Co. KG. The required inputs in COSMOthermX to provide
the COSMO-RS results are the .cosmo files. These files can be selected from the
BP-TZVP-COSMO database developed by COSMOlogic, or they can be generated
as explained before. There are some other optional input files that may improve the
COSMO-RS predictions:
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- .energy files: contain the gas phase energy of the compounds. They are used to
estimate the vapor pressures of pure compounds.

- .vap files: read the experimental vapor pressures of molecules using coefficients of
empirical equations. They are not available for all compounds in the COSMOlogic
database.

The versions C21_0111 and C30_1201 of COSMOthermX were used in this thesis to
accomplish the thermodynamic properties calculations and to generate the o-profile
of the studied compounds. If several conformers are possible for a molecule, the con-
former treatment implemented in COSMOtherm is used for estimating their thermo-
physical properties. Because the quality, accuracy, and systematic errors of the elec-
trostatics resulting from the COSMO calculations depend on the quantum chemical
method as well as on the basis set, COSMOtherm needs a particular parameteriza-
tion for each method / basis set combination (COSMOthermX, 2011). According to
our selected quantum chemical method, the functional and the basis set level, we use
the corresponding parameterization (BP_TZVP_C21_0111 or BP_TZVP_C30_1201)
(Klamt et al., 1998) containing intrinsic parameters of COSMOthermX as well as

specific parameters.

2.1.1.4 Further developments of the COSMO-RS method

Some alternatives to the COSMO-RS method have been reported by other authors. The
major changes published in literature include (i)- the COSMO-SAC method developed by
Lin and Sandler (2002a) explained in next paragraphs; (ii)- the COSMO-RS (Ol) method
developed by Grensemann and Gmehling (2005) to better reproduce the hydrogen bonds
interactions (Mu et al., 2007a,b); and (iii) the reparameterization developed by Banerjee
et al. (2006) to improve the estimations of the liquid-liquid and vapor-liquid equilibriums.
These contributions have been developed using computational codes developed by the
authors, instead of using COSMOtherm (Eckert and Klamt, 2008).

The COSMO-SAC method is a modification of COSMO-RS (Lin and Sandler, 2002a;
Klamt, 2002; Mullins et al., 2006; Wang et al., 2007c; Sandler et al., 2008; Klamt and Eck-
ert, 2008). As in the COSMO-RS method, Lin and Sandler (2002a) consider the solute to
be embedded in a continuum solvent. However, COSMO-SAC is based on the Group Con-
tribution Solvation (GCS) model developed by Lin and Sandler (1999) It also defines the
combinatorial term in a different way to COSMO-RS and uses other adjustable parame-
ters (parameterization). In the COSMO-SAC method, the activity coefficient of a surface
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segment (Segment Activity Coefficient) is calculated for a solute molecule embedded in
a continuum solvent. As in the COSMO-RS method, the thermodynamic description of
the process only depends on the screening charge density distribution on the molecular
surface, but the combinatorial term of the chemical potential in COSMO-SAC is cal-
culated like in other classical activity models such as UNIQUAC or UNIFAC (Abrams
and Prausnitz, 1975; Fredenslund et al.; 1975). The COSMO-SAC method uses eight
adjustable parameters: (i) five elements for the element specific radii, (ii) a threshold
screening charge density to difference donor from acceptor groups in the hydrogen bond
interactions, (iii) a parameter related to the effective surface of a standard segment; and
(iv) a coefficient for segments capable of forming hydrogen bonds. The last two values
were obtained in the primary formulation of COSMO-SAC (Lin and Sandler, 2002a). The
remain parameters are those proposed by Klamt and Eckert (2000).

There is a controversial relationship between COSMO-SAC and COSMO-RS (Klamt,
2002; Klamt and Eckert, 2008) mainly based on three issues: (i)- the thermodynamic con-
sistence of the chemical potential in a surface segment, (ii)- the distinguishability of the
surface segment and, (iii)- the combinatorial term in the chemical potential. Nonetheless,
the COSMO-SAC method has received a remarkable relevance: the implementation of
the COSMO-based methodologies in the Aspen Technology as property package is gener-
ically called COSMOSAC (Aspen Technology, 2004a). Sandler et al. later developed a
modification of COSMO-SAC to improve the vapor pressure and enthalpy of vaporization
predictions in hydrogen-bonding systems (Lin et al., 2002). Since it modifies the hydrogen
bond (HB) term of the original COSMO-SAC equation (Lin and Sandler, 2002a), the de-
scription of strongly non-ideal systems seems to be improved. COSMOSAC implemented
in the Aspen Technology allows for the use of these three equations: COSMO-SAC (Lin
and Sandler, 2002a), COSMO-RS (Klamt, 1995) and the modification of COSMO-SAC
(Lin et al., 2002). There are some differences between these equations, but results are

generally quite similar.

2.1.2 Application of the COSMO-RS method to ionic liquids

In the introduction of this thesis, COSMO-RS has been presented as a useful and pow-
erful tool to a priori estimate the behavior of pure ionic liquids and their mixtures with
other compounds (e.g. organic solvents or gases). In addition, COSMOthermX allows
for the screening of thermodynamic properties of a big number of IL-based systems at

once in a short time. This method can be used to analyze intermolecular interactions of
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mixtures containing ionic liquids and to screen predictions of their thermodynamic pro-
perties. Moreover, the need of some thermodynamic and transport properties of pure ILs

in the process simulation step is complemented using the COSMOthermX software.

Molecular simulation is a determinant step in the designed multiscale approach. For
this reason, we decided to boot this strategy with the full knowledge of the IL-based
systems behavior to select suitable ILs for a specific application. A major highlight be-
fore using COSMOthermX is to decide the structure to model the IL. After that, the
type of geometry optimization and computational level have to be chosen to prepare the
COSMOthermX input files.

2.1.2.1 Calcualtion methodology: molecular model, geometry optimization
and computational level

As explained before, we have to define the molecular structure and optimize the geometry
of the compounds before performing the COSMO-RS calculations. In the case of ILs,
the molecular structure is not trivial as they are composed of ions. Two possible molec-
ular structures to simulate the IL solvents have been considered in our computational

approaches:

e The [C+A] model, where the IL is regarded as independent counterions. ILs are
treated as equimolar mixtures of cations and anions. The ions can be combined
as in a matrix to screen multiple ILs properties calculated by COSMOtherm. The
geometry optimization of an ion is faster and easier than that of the ionic liquid as

a neutral molecule. Thus the [C+A] model is recommended for screening purposes.

e The [CA] model, where the IL is considered as an ion-paired structure. Here the
cation-anion interactions are taken into account. Some studies reported that the
[CA] model is slightly more accurate than [C+A] to predict Henry’s constants of
solutes absorbed in ionic liquids (Fallanza et al., 2013; Palomar et al., 2011b). This
is because in the [CA] structure the ion character of the molecule is reduced re-
specting to the [C+A] structure, where the ions are presented as charged species in
an equimolar mixture. However, the geometry optimization of the [CA] IL struc-
ture can be complicated. In fact, sometimes, using the [CA] structural model, the
calculation of the geometry optimization considering solvent effects does not even
converge to the steady state. This may be due to the consideration of the cation-

anion interactions providing multiple possible conformers.
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The two structural models reflect the main trends of the thermodynamic behavior of
ILs and their mixtures. However, depending on the type of desired analysis, the considered
system or the property to be calculated using COSMO-RS, one model may offer more

advantages than the other.

According to the molecular model of the IL, as well as to the type of optimization
selected for its geometry, the COSMO-RS calculations have been performed in this thesis
using different IL databases. These IL databases are applied or developed by us, and they

contain the ILs inputs simulated by:

1. The [C+A] gas model. The molecular structures of the ions are defined following
the [C+A] model. The geometries of the ions have been optimized in ideal gas
phase.

2. The [CA] gas model. The molecular structures of the ILs are defined following the
[CA] model. The geometries of the ILs have been optimized in ideal gas phase.

3. The [C+A] solvent effects model. The molecular structures of the ions are defined
following the [C+A] model. The geometries of the ions have been optimized in
condensed phase considering the solvent effects. This is the TZVP-parameterized
ILDB-C21-0110 database developed and commercially distributed by COSMOlogic.

4. The [CA] solvent effects model. The molecular structures of the ILs are de-
fined following the [CA] model. The geometries of the ILs have been optimized in

condensed phase considering the solvent effects.

In the version C30_1201 of COSMOthermX some quantitative structure-property re-
lationships (QSPR) models has been implemented to predict thermo physical properties
of ionic liquids. These QSPR models have been designed for the ILDB-C21-0110 database
distributed by COSMOlogic, i.e. the [C+A] model solvent effects database. In summary,
one of the main advantages of the COSMO-RS method for estimating IL properties is
the multiple options offering to improve their predictions: the [CA] and [C+A] structural
models to simulate the ILs, and the two ways to optimize their geometry: ideal gas phase
and condensed phase considering solvent effects, all of them are valid to define the ge-
ometry of the molecules. After that, the standard procedure applied for the COSMO-RS

calculations are in the same way that explained before.
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2.1.2.2 Prediction of thermodynamic properties using COSMOthermX

Some of the thermodynamic properties calculated in this thesis using the COSMOthermX

program are introduced as follows:

1. Pure compounds

(a)

Vapor pressure

COSMO-RS allows for the estimation of pure compound vapor pressures at a
given temperature. The energy of the gas phase is required for the calcula-
tion of vapor prresures. It can be taken from a gas phase quantum chemical
calculation (recorded in the .energy file) or estimated by COSMOtherm. Va-
por pressures of ILs can be calculated using both the [CA] and [C+A] models.
It has been reported that COSMO-RS underestimates the vapor pressures of
[camim][NTfy] ionic liquids by roughly 0.5-4 log units dependent on the IL and
approach used (Diedenhofen et al., 2007).

Boiling point

This option enables the iterative optimization of the temperature at a vapor
pressure of 1 atm. The temperature of the system is varied and for each temper-
ature the vapor pressure is calculated. This is repeated until difference between
the COSMOtherm prediction of the total vapor pressure and 1 atm is below a
certain accuracy threshold. Boiling points of ILs can be calculated using both
the [CA] and [C+A] models. To our knowledge, no boiling points predictions
for ILs using COSMO-RS have been reported. Nonetheless, Diedenhofen et al.
(2007) showed that vapor pressures and enthalpies of vaporization predicted
by COSMO-RS reasonably reproduce the experimental data. These consider-
ations lead to the use of COSMO-RS in this thesis to estimate normal boiling
points (NBPs) of ionic liquids.

Density

The liquid density of a pure compound i (p;) is computed as:

MW
Vi-Ny

pi (2.5)

Where V; is the corrected molar liquid volume of the compound, MW is the

molecular weight of the compound and NA is Avogadros constant. The cor-
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rected molar liquid volume V; is computed from a QSPR model. The model
contains 7 parameters which can be read from the COSMOtherm parame-
terization file (CTDATA-file). Because density equation does not include a
temperature dependency term, these parameters are valid for room tempera-
ture data. Densities of ILs can be calculated using both the [CA] and [C+A]
models. Palomar et al. (2007b) showed that, regardless of the molecular model,

the COSMOtherm IL density predictions satisfactory agree the experiment.

Heat capacity

The heat capacity, Cp, of the ionic liquids at a given temperature is com-
puted using the QSPR model developed by Preiss et al. (2009) implemented in
COSMOthermX. The model uses two parameters and the molecular volume of
ions predicted with COSMO calculations. The parameters are obtained from
empirical equations and they depend on the temperature selected for the Cp
calculation. The parameters are valid for the ions available in the ILDB-C21-
0110 databank ([C+A] solvent effects).

Viscosity

The pure ionic liquid viscosity in dependence with a specified temperature is
another property that can be calculated from the two QSPR models devel-
oped by Eiden et al. (2010) and implemented in COSMOthermX. One of the
QSPR models allows for calculating the IL viscosity at 298 K and it contains
4 regression parameters from experimental data. The other QSPR method en-
ables the calculation of the IL viscosity at a specified temperature containing

6 regression parameters. The parameters are valid for the ions available in the
ILDB-C21-0110 databank ([C+A] solvent effects).
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2. Mixtures

(a)

Excess enthalpy
In COSMO-RS, the excess enthalpy of a binary mixture is calculated by the

algebraic sum of contributions associated with the three types of interactions,
thus
hE = hE(MF) + h®(HB) + h¥ (vdW) (2.6)

where MF, HB and vdW are the Misfit, hydrogend bond and van der Waals
interactions respectively. The summands of Eq.2.6 result from the contribution

of each component of the mixture to the interaction, so that

h® (Interaction) = x1[h¥ (Interaction)] + oY (Interaction)] (2.7)

The contributions of each summand in Eq.2.7 to the final values of h® are

obtained from the expression:
hE (Interaction) = hi Mizture (INteraction) — h; pure(Interaction) (2.8)

where the enthalpy of the compound i at a given mixture composition, h; wixture,
is computed as the expectation value of the partition sum of the microscopic
segment-segment interaction enthalpies (Klamt, 2005). The three contributions
to the total h® (hPyp, h¥yp and hP qw) are printed in the COSMOtherm table
and output files.

Henry’s law constant

The Henry’s law constant, H, for compound i is calculated from the activity

coefficient and the vapor pressure of the compounds.

H; = 2P, (2.9)

where P°; is the vapor pressure for compound i and ;> is the activity coef-
ficient at infinite dilution of the compound i in the mixture as predicted by
COSMOtherm. The ;> is calculated from the chemical potential of com-

pounds as shown in Eq.2.3.

There are several possibilities to calculate or approximate the vapor pressure of

solutes. In order to increase the accuracy, one of these options can be selected:
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e The use of the COSMOtherm approximation for vapor pressure, using the
approximated gas phase energy of the compound. This is the default and

requires no additional input.
e The use of the COSMOtherm approximation for vapor pressure, using the
exact gas phase energy of the compound, given via the .energy input file.
e The use of an empirical equation to compute the vapor pressure at the
given temperature. The parameters of the equation are given in the .vap

input file.

e Giving the exact value of the vapor pressure for this temperature via the

compound property options.

(c) Total pressure of mixture The binary option of VLE/LLE panel allows for
the automatic computation of phase diagrams of two component mixtures. The
program automatically computes a list of concentrations covering the whole
range of possible mole fractions of the binary mixture. For a given temperature,
COSMOtherm automatically calculates partial pressures for each compound
and the total pressure.

The total pressures used in the computation of a phase diagram are obtained

from

PTotal - ZPZOxzfyzoo - Z Pz (210)

P°; are the partial pressures of compounds. They are printed in the COSMOth-

erm table files.
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2.2 Process Simulation

2.2.1 The aspenONE Engineering

AspenTech has gathered its efforts on the cross-discipline integration of modeling tools.
The integration has caused a huge impact on the selection of the best design options,
the overall quality of the designs, and the safe and profitable operation of process plants.
AspenTech is a supplier of aspenONE software that optimizes process manufacturing
for industries involving chemical processes by increasing capacity, improving margins,
reducing costs, and becoming more energy efficient. It offers several products, among
which aspenONE Engineering is found. aspenONE Engineering is a suite of products
focused on process optimization and complements innovations in process engineering. It
implements the integrated conceptual engineering workflow, which involves the conceptual
design, basic engineering, detailed engineering and operations/maintenance stages (Figure
2.4).

e )
Analyze for Process Analyze Economic
COﬂfePfUG’ Safety & Control . Performance 4 2 Performance
Design / R&D " — - Modeling &Analysis | _
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Basic - - 3 Develop Basic P Analyze
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Detailed | Develop Detailed 1
Engineering ; Plant Design i
. Reuse Process Reuse Process
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e Models for Models for Revamp Costs
kMamtenance Operations Decisions Planning Decisions

Figure 2.4: aspenONE Engineering enables an integrated engineering solution for process
design and development (Aspen Technology).

The aspenONE Engineering suite of programs integrates (1)- Aspen Plus and (2)-
Aspen HYSYS process simulators. The suit also includes other programs for (3)- equip-
ment design (Aspen Exchanger Design and Rating), (4)- cost estimation (Economic
Evaluation), (5)- process optimization (Energy Optimization), (6)- increasing produc-
tivity and agility (Aspen Basic Engineering), (7)- using Microsoft Excel to generate

simulation results (Aspen Simulation Workbook), (8)- to continuously evaluate the
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process simulation by looking at energy economics and plant data (Activation), (9)-
to learn more about the products (Aspen Online Training), (10)- to improve process
safety (Aspen Flare System Analyzer) and (11)- to compare results to real-time data

on the simulation flowsheet (Enhanced Search) (Figure 2.5).
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Figure 2.5: aspenONE Engineering (Aspen Technology).

The core of the integrated workflow is process modeling (Aspen Plus and Aspen
HYSYS), which provides the capability to understand and predict process behavior and
optimize asset performance. Aspen Plus serves the needs of the chemical industry and
provides additional modules for polymer and custom modeling. Aspen HYSYS is aimed
at the energy industry and provides value-added modules for Petroleum Refining and
Upstream Oil and Gas. Aspen Plus and Aspen HYSYS both have capabilities to inte-
grate economic analysis, equipment modeling, sizing, detailed heat exchanger analysis and
economic analysis inside the simulation environment simultaneously. In addition, both
simulation products provide direct access to energy analysis so that promising concep-
tual options for energy saving can be identified during process design. It is possible to
screen multiple conceptual design alternatives quickly and reliably, resulting in capital

and operating cost savings (Kapavarapu and Kuwait Oil Company, 2011).

A very useful innovation introduced by AspenTech is the Aspen Properties enterprise

database which makes larger the set of thermo-physical properties accessible to modelers.
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This tool enables to read the experimental data inside the process modeling environment
by using the National Institute of Standards and Technology (NIST) database. It also
allows integrating a property database made by the user with the databases from Aspen-
Tech and NIST. Thus, Aspen Properties, serving both Aspen Plus and Aspen HYSYS
simulation software, has expanded its capabilities to cover over 4 million experimental
data points, 30,000 binary pairs of compounds and 24,000 pure components. Expanded
properties database reduces the time to develop physical properties from weeks to min-
utes.

Aspen HYSYS allows for importing property packages created in Aspen Plus. In this way,
the conceptual design can be performed in either of the two environments. This is very
important for the development of the simulations tackled in this thesis. Furthermore, the
results from steady-state models can be used in the dynamic modeling environment for
safety and controllability analysis.

Besides process simulators, some other products of the aspenONE Engineering suite of
programs are finally commented. The Aspen Simulation Workbook (ASW) enables to
work in Microsoft Excel to analyze what-if scenarios. ASW easily links process models
with Excel to enable operational decision support for the manufacturing staff (Gislason
et al., 2008; Schumann et al., 2009). The introduced Microsoft Excel-based export/import
facility in AspenTech creates fillable equipment and bulks lists that can be provided to
the fabricator and supplier to fill in and return to the estimator team for automated
loading into the estimating system. This tool allows saving time spent in re-typing and
checking this information. Aspen Search is an application working as an integral part
of Aspen Plus and Aspen HYSYS. It enables to quickly identify an appropriate model
available within the organization. This eliminates the need to develop a new model for
every project. Users can also link models to plant data and visualize the real-time data,
side by side the flowsheet inside the simulation environment. Conceptual designs from
Aspen Plus and Aspen HYSYS are brought into the basic engineering environment with
Aspen Basic Engineering. The economic analysis developed during the conceptual design
can be reused to develop detailed cost estimates during the basic engineering stage with

Aspen Economic Evaluator.

2.2.2 Strategies for integrating COSMO-based results in Aspen
Tech process simulators

Although COSMO-RS and COSMO-SAC are essentially similar in origin (Lin and San-
dler, 2002a; Klamt, 2002; Lin and Sandler, 2002b) they have had theoretical and com-
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putational developing trajectories rather different. Therefore, at present there are two
well-differentiated procedures to apply their results within process modeling and engineer-
ing simulations: using the CAPE-OPEN property package or the COSMOSAC property

model.

e CAPE-OPEN: The COSMOIlogic GmbH & Co. KG has developed the COSMOth-
ermCO (Eckert, 2007), a CAPE-OPEN (Barrett and Yang, 2005; CO-LaN) interface
between the COSMOthermX software and the CAPE-OPEN compliant process si-
mulators. The aim is to apply thermodynamical data computed by COSMOthermX
within process modeling and engineering simulations (Eckert et al., 2006; Eckert,
2007). Thus, activity coefficients calculated by COSMO-RS can be automatically
exported through the COSMOthermCO interface (Eckert and A.) to the property
packages created in a CAPE-OPEN compliant process simulator. This property
package can be finally imported from Aspen Plus using its Import/Export CAPE-
OPEN property package capabilities (Aspen Technology, 2010). In the bridging
role described before has been explored (Eckert et al., 2006; Eckert, 2007), the
free-on-charge CAPE-OPEN compliant steady-state simulation environment COCO
(CAPE-OPEN to CAPE-OPEN). This procedure works well (Eckert et al., 2006;
Eckert, 2007) if the considered components in the simulation are included in the
COCO database; however, it exhibits some limitations when non-databank compo-

nents, such as ionic liquids, have to be created.

¢ COSMOSAC: The COSMOSAC property model have been implemented in Aspen
Plus since its version 12.0 (Aspen Technology, 2004b). COSMOSAC includes the pri-
mary version of the COSMO-SAC method developed by Lin and Sandler (2002a).
Nevertheless two other equations are available in COSMOSAC: the COSMO-RS
method (Klamt, 1995) or the later modification of COSMO-SAC (Lin et al., 2002).
Using an option code the desired equation can be selected. In aspenONE v7.0 and
further versions, the VT Sigma Profile Database created by the COSMO-SAC for-
malism (Mullins et al., 2006, 2008; Virginia Tech, 2006) has been incorporated to
the Aspen Plus database of pure compounds (Aspen Technology, 2011b). However,
the COSMOSAC property model can be specified by the user giving both the molec-
ular volume and the o-profile of individual compounds. The COSMO-SAC o-profile
of compounds not included in the VT Sigma Profile Database can be generated
by the open Fortran program “Sigma-average.exe” available at the homepage (Vir-
ginia Tech, 2006). The computational support of the COSMOSAC method available
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for users in the web site (Virginia Tech, 2006) also includes the “COSMOSAC-VT-
2005.exe” code. This program uses the o-profiles of two components to calculate the
liquid-phase activity coefficients in solution. Hence, supplementary computational
codes are needed to calculate thermophysical properties of individual compounds
or equilibrium data, such as VLE, for mixtures. This is an instrumental limitation
when trying to integrate the COSMO-SAC results to process simulators for exten-
sive uses in process engineering, particularly when a set of properties should be
collected for creating non-databank compounds.

COSMOthermX has already been presented as a commercial program that calculates,
based on the COSMO-RS model, the o-profiles and the o-potentials of individual com-
pounds. This program can provide a set of thermophysical, equilibrium, and transport
properties of pure compounds and mixtures. Taking into account both circumstances
discussed above, a hybrid approach is applied in this thesis: the results of COSMO-RS
calculations are used to create non-databank components and to specify the COSMOSAC

property package in Aspen Plus.

2.2.3 Integration of the COSMO-based results in Aspen Tech
process simulators

The integration of COSMO-RS methodology into the Aspen Technology’s commercial

process simulators for designing a new process is organized in this work as follows:

1. First, the properties of the compound such as normal boiling point, molecular
weight, mass density, molecular volume and o-profile, are computed in COSMO-
thermX.

2. The calculated properties are required both to create non-databank pseudocompo-
nents in Aspen Plus (normal boiling point, molecular weight and mass density) and

to specify COSMOSAC as property model (molecular volume and o-profile).

3. Then, the COSMO-based property predictions in Aspen Plus/Aspen HYSYS are
compared with experiment whenever possible, or with other prediction models based
on experimental data (such as activity models or group contribution methods).
Unfortunately, experimental data on the thermophysical and equilibrium properties

of ionic liquids are not always available.
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4. Finally, the aspenONE Engineering suite of programs vs.7.3 is used to simulate a

specific process.

The use of COSMO-based outputs directly into process simulations was proved for

mixtures of organic compounds and water (Ferro et al., 2012) where non-databank com-

ponents were created in Aspen Plus. However, it should be demonstrated for systems

containing ILs. In this thesis, we focus on the integration of the COSMO-RS results

into the Aspen Technology’s commercial process simulators for designing new processes

involving ILs.

2.2.4 Implementation of Ionic Liquids in the Aspen Plus prop-

erty packages

The procedure developed in this thesis to implement the ionic liquids in process simulation

using the aspenONE suit of packages, involves the following stages:

1. The non-databank ionic liquids are defined in Aspen Plus as pseudocomponents.

As explained above, this type of components are specified with the normal boiling

point, molecular weight and mass density calculated in COSMOthermX.

. The COSMOSAC model is selected as property method. The parameters required
for the fully specification of COSMOSAC are the molecular volume and the o-profile

of the pure compounds.

. The components available in the Aspen Plus database are selected as conventional
components. There are some components available in the Aspen Plus database but
not available in the VT Sigma Profile Database (such as nitrogen). These compo-
nents are selected as conventional components from the Aspen Plus database adding
their o-profiles and molecular volumes calculated by COSMO-RS. The COSMOSAC
property model is simultaneously used in process simulations to calculate the activ-

ity coefficients in the liquid phase and to model the vapor phase.

. Additionally, the coefficients of the Andrade equation for the viscosity-to-temperature
dependency are usually specified depending of the simulation proposed. The An-

drade equation for liquid viscosity is:

Bi
Inn :Ai+T+C’ilnT for T) <T <T, (2.11)
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The temperature limits (T}, Ty,) are always interpreted in user input units (0, 500
by default). The Andrade coefficients can be regressed from experimental data or
from those calculated by the QSPR model implemented in COSMOthermX.

5. For improving the VLE description, we have found that the solute should be specified
as Henry component. For this purpose, the coefficients A, B and C are specified in

Aspen Plus following the equation:
B
H =exp (A%—T—l—C-lnT) (2.12)

where H is the Henry’s constant and T is the absolute temperature. These coeffi-

cients are regressed from experimental VLE (or H vs. T) data.

Once the basic specifications are fulfilled the remainder properties of pseudocomponents
are predicted by the corresponding methods, models, and calculation routes implemented
as default in Aspen Plus (v7.3).
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2.3 Statistical procedure for the evaluation of the
predictive tools

The thermodynamic properties calculated in this thesis are compared with experimental
data to evaluate the predictive capacity of the used method. The Absolute Average
Deviation (AAD), the Relative Absolute Average Deviation (RAAD), the Root Mean
Square Deviation (RMSD), or the Mean Relative Deviation (MRD) are employed for
quantifying the goodness of the predictions with respect to the experimental values. They

are computed as:

1 n
AAD = —. Cale. _ g Bop- 2.13
IR (213)

100 | xCalc o Eﬂ?ﬂ ’
RAAD(%) = Z g (2.14)

:L:l <$ZCalc. szIp )

RMSD = 2.15
— (2.15)

x_Calc._w_EZP- 2

?:1 ( - IEzpl- )
MRD(%) = 100 . (2.16)

n —
Calc.

where n is the total number of data used, x; is the considered variable calculated by
the predictive method and x;®* is the corresponding experimental value. In addition,
calculated and experimental data are fitted by linear regressions. The square correlation

coefficient R? and the standard deviation SD are presented to express the goodness of fit.
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2.4 Evaluation of the transferability of COSMO-RS
results to process simulation

The predictive capacity of the COSMO-RS method has to be evaluated for estimating
the ILs properties required as inputs in process simulation. Because of this, the estimates
of boiling point, density and viscosity are firstly validated in COSMO-RS. As a rule, the
models and methods used by Aspen Plus to calculate the properties of pure compounds
and mixtures in the Simulation Environment are different to those used in the Basis
Environment. Because of this, the properties of ionic liquids such as density or viscosity
are evaluated in Aspen Plus/Aspen HYSYS despite being inputs in the pseudocomponent

generation.

1. Boiling point
Normal boiling points of ionic systems are high because strong, long-range Coulomb
interactions prevent the particle’s separation into the gas phase. However, this is a
theoretical assumption because ILs decompose before achieving their boiling point
which hinders their study. Due to the thermal decomposition of ILs, their boiling
points cannot be directly determined by experiment but several methods have been
developed to estimate them. There are methods based on experimental properties
physically related to the boiling temperature. Rebelo et al. (2005) use densities and
surface tensions through the Eotvos and Guggenheim empirical equations. How-
ever, these predictions provide relatively lower boiling points with respect to other
methods (see Table 2.1). Zaitsau et al. (2006) uses experimental vapor pressures
and the Antoine equation to estimate the equilibrium temperature. The problem
is that they calculate boiling points at extremely low pressures, so then they have
to extrapolate at 101.3 kPa to get NBPs. This extrapolation between such dif-
ferent values of pressures may lead to important errors. Jones et al. (2007) apply
Trouton’s rule (Trouton, 1883, 1884) to calculate NBPs after estimating AHvap298.
They use the experimental enthalpies of vaporization (AHy,, (T,P)) obtained un-
der ultrahigh vacuum (Armstrong et al., 2007) to predict AH,,?*®. Trouton’s rule
may be a promising option due to the accuracy and quantity of AH,,, experimental
data for ILs (Armstrong et al., 2007; Deyko et al., 2009). In addition, enthalpy
of vaporization can also be estimated by theoretical methods based on molecular
dynamic (Kelkar and Maginn, 2007; Raabe and Kohler, 2008; Deyko et al., 2009)
or quantum chemical and statistical thermodynamics (Ludwig, 2008). However, the

Trouton’s rule is met in many fluids, but not in many others. Therefore this as-
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Table 2.1: Boiling point estimates of some ILs using the COSMO-RS calcu-
lations and those reported by other authors in literature. The optimization
and structural models for the ILs COSMO-RS calculations are [CA] gas and
solvent phases.

COSMO-RS COSMO-RS

Ionic Liquid I Im I 1v \Y% (CAlgas (CAJsolvent
[emim][NTf,] 725 660 806 907 910 998 859
[bmim][NTf] 646 607 852 933 910 1035 1086
[hxmim|[NTfy] 580 559 898 885 930 1070 1289
[omim|[NTf,] - - 954 857 990 1108 1485
[emim][CoH5SOy] - - 713 - 1070 908 -
[emim][BF ] - - 439 - - 914 2032
[bmim][BF 4] 744 695 495 - - 938 561
[hxmim|[BF,] - - 541 - - 970 688
[omim|[BF,] 616 594 576 - 1060 1016 -
[emim|[PFg] - - 509 - - 957 -
[bmim|[PFg] 712 661 555 @ - - 997 637
[hxmim][PFg| 665 630 600 - - 1025 -
[omim][CF3SO3] - - 799 - 1000 1080 -
[omim]|[Cl] 559 581 650 - - 933 -
[omim][Br] 514 478 - - - 945 -

I Rebelo et al. (2005)(Eotvos Eq.)

I Rebelo et al. (2005)(Guggenheim Eq.)
HI'Valderrama and Robles (2007a)

IV Zaitsau et al. (2006)

V Jones et al. (2007)

sumption cannot be applied for all ionic liquids without further analysis (Valderrama
and Robles, 2007b). Group contribution methods (GCMs) have also been used to
estimate boiling points of ionic liquids (Valderrama and Robles, 2007a). The use
of GCMs to calculate IL boiling points has been criticized by Jones et al. (2007).
However these methods allow fast and direct predictive calculations being accurate
enough for engineering calculations. Ludwig (2008) combined ab initio quantum
and thermodynamics-statistics methods to determine thermodynamic properties of
ILs using clusters of cations and anions. Nonetheless, these methods are demand-
ing of large computational resources. Diedenhofen et al. (2007) showed that vapor
pressures and enthalpies of vaporization predicted by COSMO-RS reproduce the
experiment. All these considerations lead to the use of COSMO-RS in this thesis to
estimate NBP of ionic liquids.
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The first question to be solved is related to the structural model to be used for
representing the IL in the NBP calculations. The NBP of [emim|[CyH5S504] was cal-
culated using different molecular structure models where C* and A~ were established
a different distances (Figure 2.6). Thus, intermediate states for the IL dissociation
[C...A] are considered between the [CA] and [C+A] molecular models. The boiling
points predicted for [emim][CyH5SOy4] were 916 K using the [CA] model, 1066 K
when d[C...A]=4.5 A, and 2267 K using the [C+A] model.
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Figure 2.6: Normal boiling points calculated by COSMO-RS for different agregates [C. . .A]
in [emim][CyH;550,].

The normal boiling points of 52 ILs have been calculated by COSMO-RS in this
work. When the [CA] structural model and their geometries optimized in gas or
solvent phases are used to estimate NBPs, our predictions are higher than those ob-
tained by the methods based on Edtvos and Guggenheim empirical equations, about
200 K higher than using GCMs, and similar to those obtained using the Trouton’s
rule. The predicted NBPs for this set of ILs are in the range of c.a. 800-1000 K using
the [CA] model. On the other hand, predictions using the [C+A] COSMO model are
always c.a. 2000 K, too far to the boiling temperatures predicted by other authors or
the [CA] model. Due to the large deviation obtained with the [C+A] model, we use
the [CA] structural model to calculate boiling points of ILs by COSMO-RS. Table

2.1 shows differences between NBP estimates for some ILs using different methods.
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It can be seen that estimates obtained by GCM and those based on the Trouton’s
rule are similar to the COSMO-RS predictions. These three methods show higher
NBPs if the alkyl chain of the cation increases. On the other hand, Rebelo et al.
(2005) and Zaitsau et al. (2006) report lower boiling points of ILs as increasing
the alkyl chain of cation. Since GCMs and Trouton’s rule seem to be consistent,
the COSMO-RS method can be validated for estimating NBTs. Other important
validation (not available on Table 2.1) is the one calculated for the [mmim|[SCN]
ionic liquid by Ludwig (2008). He obtained that Ty; = 940 K, relatively near to
the 979 K obtained in this work using the [CA] structural model and considering
gas phase optimization. However, it should be pointed out that COSMO-RS cal-
culations are faster and they consume less computational resource than ab initio
quantum-chemical and thermodynamics-statistics methods. The boiling point pre-
dictions obtained in COSMOthermX were compared with those calculated in Aspen
HYSYS. Relative differences between the boiling points calculated by both methods

were lower than 1% for all the studied ionic liquids.

. Density

Density is probably the most measured property of ILs. One reason is that its
determination is straightforward and can be very accurate if the appropriate equip-
ment, usually a pycnometer or densimeter, is used (Lazzis, 2010; Wasserscheid and
Welton, 2008). Different theoretical methods for IL density predictions have also
been successfully applied. Lazzis (2009) developed a model based on a QSPR that
involved 11 molecular descriptors for estimating IL densities. The obtained R? and
RAAD values are 0.93 and 2.0%, respectively. Valderrama and Zarricueta (2009)
used a simple and accurate model to predict the density of ionic liquids. They pro-
posed a model based on a generalized correlations to predict ionic liquid densities
where RAAD lies in the range (4-9)%. Ye and Shreeve (2007) proposed a method to
estimate volumetric properties of ILs based on group contribution methods. They
estimated the density of a small range of ILs with accuracy (AAD=0.007 g/cm?),
but its application is restricted to 298.15 K and atmospheric pressure. Gardas and
Coutinho (2008) proposed an extension of the Ye and Shreeve GCM for the esti-
mates of ILs densities. The presented new version allows not only the estimation of
densities over wide ranges of temperature and pressure, but also for a small range
of ILs. For the limited set of ILs they obtained RAAD of 1.5%. Valderrama et al.
(2009) used a hybrid procedure including GCMs and neuronal networks to predict
IL densities. RAAD found between predicted and experimental densities was 0.26%.
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Raabe and Kohler (2008) obtained very accurate density predictions using methods
based on molecular dynamic simulations. Palomar et al. (2007b) estimated density
of ionic liquids using COSMO-RS. They obtained R2>0.99 for the linear regression
between calculated and experiment and a standard deviation lower than 20 kg/m?
for 40 ILs using the [CA] COSMO model. In this thesis, the set of ILs is extended.
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Figure 2.7: Comparison between experiment and Aspen HYSYS predictions for the density
of ionic liquids at 298K. Solid line represents perfect agreement. The [CA] and [C+A]
models are used to simulate the ILs structures.

We calculate IL densities using the [CA] and [C+A] COSMO models (optimization
in solvent phase) for 50 and 75 ILs respectively (Figure 2.7). The calculations are
performed in the Aspen HYSYS process simulator. The RAAD are 2.1% using the
[CA] COSMO model and 2.5% using [C+A] to simulate the IL. Basing on these
results, the viability of using COSMO-RS to predict densities of ILs is remarkable.
Moreover, the relative differences between density calculated by COSMOtherm and
Aspen HYSYS are lower than 1%, so the transferability of the information gener-
ated in the molecular simulation step is well-founded. These calculations validate
the integration of the COSMO-RS results in the Aspen Plus/Aspen HYSYS process

simulators, i.e. the computational procedure as a whole.

3. Viscosity
The viscosity of ionic liquids is very sensitive to impurities as well as to the kind

of measurement. In addition, most of ILs show a great change in their viscosity at
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room temperature because this temperature is close to their melting point (Eiden
et al., 2010). Thus, great care has to be ensured when tempering the sample during
the measurement. Eiden et al. (2010) presented a QSPR method to describe the
temperature-dependent viscosities of a diverse set of ILs without needing input
of experimental data. The model is based on their correlation with the molecular
volume and additional physical observables that remove the anion dependence of the

original model (Krossing et al., 2006) and include temperature dependence. They
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Figure 2.8: Comparison between experiment and the predictions for the viscosity of ionic
liquids using COSMOthermX at 298K. Solid line represents perfect agreement. ([C+A]

model)

report a R? of 0.91 and RMSD of 0.17 for their considered set of ILs (Eiden et al.,
2010). This QSPR method is implemented in COSMOthermX. In this work, the
viscosities of 37 ILs are calculated at 298 K. The obtained AAD is 28.6 cP, RAAD is
27.0% and RMSD 44.8 cP. As depicted in Figure 2.8, the calculated viscosity values
follow the trend of the experimental data for the considered set of ILs, however
these results are less accurate than those reported by the authors of the method
(Eiden et al., 2010). The best estimates are obtained for those ILs showing the
lower viscosity values. We performed an additional validation of the QSPR model by
calculating the viscosity temperature-dependent of 3 ILs. These ILs show remarkable
different behaviors: (i) [1-ethyl-nicotinic acid ethyl ester][CoH5SO4] shows a large

viscosity at 293K but strongly decreases along with increasing temperature, leading
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to a reasonable viscosity value at a.c. 373 K; (ii) [emim|[DCN] is a low viscous IL
at low temperatures having a slight decrease of the viscosity with the temperature;
(ili) [omim]|[BFy] presents an intermediate behavior between two preceding ILs. As
can be seen on Figure 2.9, and as expected from previous results, the QSPR model
is not accurate for large viscosity values. The QSPR model is suitable to predict
viscosities of ILs showing an intermediate temperature-dependent viscosity behavior
(such as [omim|[BFy]). The uncertainty of the viscosity predictions obtained by
COSMOthermX led us to use viscosity experimental data whenever possible. If
they are available, the Andrade’s regression parameters from experimental data are
specified in Aspen Plus (see Eq. 2.11).
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Figure 2.9: Temperature-dependent viscosity behavior of (A) [1-ethyl-nicotinic acid ethyl
ester]|[CoH5S0y], (B) [omim][BF,], (C) [emim]|[DCN]. The symbols represent: (black) ex-
perimental data, and (white) the obtained calculations using COSMOthermX (QSPR
model).
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2.5 Concluding remarks

The multiscale approach presented for the conceptual development of a process involving
ionic liquids (ILs) implies three stages: molecular simulation, experimental work and
process simulation. In this chapter, molecular and process simulation were explained in
detail.

The COSMOthermX program based on COSMO-RS calculations is used in the molec-
ular simulation stage to predict thermodynamic properties of pure components (including
ILs) and IL-based systems. According to the requirement of the intended application,
COSMO-RS allows for multiple options to improve its predictive capacity. The method
can be reparameterized, different molecular structures ([CA] and [C+A] models in case of
ILs) and optimizations of the geometry (ideal gas phase or condensed phase considering
solvent effects) are possible for the COSMO calculations, and some experimental data can

be added as inputs.

The COSMO-RS calculations can be transferred to Aspen Tech’s process simulators for
both creating non-databank components and specifying the COSMOSAC property model.
The non-databank ionic liquids are implemented in the Aspen Plus process simulator. The
transferability of the COSMO-RS calculations of ILs properties into Aspen Plus/Aspen
HYSYS process simulators was achieved. We are able to operate with COSMO-supported
process simulation to design and develop new applications involving ionic liquids (Process

Simulation Stage).
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Chapter 3

Interactions of ionic liquids and
acetone: thermodynamic properties,
quantum-chemical calculations, and

NMR analysis

He interactions between ionic liquids (ILs) and acetone have been studied to ob-
T tain a further understanding of the behavior of their mixtures, which generally give
place to an exothermic process, mutual miscibility, and negative deviation of Raoult’s
law. COSMO-RS was used to systematically analyze the excess enthalpy of IL-acetone
systems, in terms of the intermolecular interactions contributing to the mixture behavior.
COSMO-RS results indicated that acetone, as a polar compound with strong hydrogen
bond acceptor character, generally establishes favorable hydrogen bonding with ILs. This
interaction is strengthened by the presence of an acidic cation and an anion with non-HB
acceptor character in the IL. COSMO-RS predictions indicated that gas-liquid and vapor-
liquid equilibrium data for IL-acetone systems can be finely tuned by the IL selection.
NMR measurements and quantum-chemical calculations by using molecular clusters pro-
vided additional evidence of the main role played by hydrogen bonding in the IL-acetone

systems.
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3.1 Introduction

The efficiency of several potential industrial applications (such as absorption, distillation,
liquid-liquid extraction, etc.) depends on the intermolecular interactions between com-
pounds in the liquid mixture (Anthony et al., 2005; Zhao et al., 2005; Seiler et al., 2004).
An outstanding variety of organic compounds (aliphatic, aromatic, alkanolic, ketonic,
etc.) has been studied in separation process involving ionic liquids (Han and Row, 2010).
The a priori knowledge of the organic-ILs interactions may help to design more efficient

processes.

Depending on the chemical nature of both the ionic liquid and the organic solvent,
specific intermolecular interactions such as hydrogen bonding (HB) are established in the
mixture fluid with more or less intensity. Other intermolecular interactions such as Van
der Waals (vdW) or electrostatic (Misfit) interactions are also presented in the mixture.
All these interactions affect to the thermodynamic behavior of the system, however HB
interactions are more determinants of certain properties. As explained in Chapter II,
HB interactions are presented in systems where two sufficiently polar pieces of different
polarity interact. ILs have acidic and basic sites on the cation and anion structures.
Because of this, HB interactions play an important role in pure ionic liquids and in their
mixtures with polar solvents presenting hydrogen bond donor (HBD) or acceptor (HBA)
character (Dong et al., 2006; Wang et al., 2010; Maugeri and de Marfa, 2012; Crosthwaite
et al., 2005b; Zhang et al., 2010; Gao et al., 2010b; Palomar et al., 2007a; Gao et al.,
2010a; Mellein et al., 2007).

The cation-anion interaction can modulate the interaction with another compound
(the polar solvent). It has been observed that relevant properties of mixtures including
HBD or HBA compounds and ionic liquids, such as phase equilibrium gas-liquid (GLE),
vapor-liquid (VLE) or liquid-liquid (LLE), can be drastically affected by the cation-anion
selection (Domanska and Marciniak, 2007; Bara et al., 2009b; Anthony et al., 2001; Nebig
et al., 2007). In order to study the IL-organic compound interactions (at molecular scale)
it is interesting to select an organic with remarkable defined polarity. This means to
study the IL contribution in a mixture with an organic with extremely basic, acidic or
amphoteric character. In this work we decided to study the IL interactions with an organic

compound with distinctly basic character.

Among the growing variety of mixtures studied in the last years formed by ionic
liquids and polar organic compounds with outstanding HBA character, those including

acetone present attractive applications in new processes. Thus, ionic liquids are being
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investigated for removing acetone from water (Izak et al., 2008), for improving the kinetic
and selectivity effects in heterogeneous hydrogenation of acetone (KKhodadadi-Moghaddam
et al., 2009), for analyzing the presence of acetone by microextraction-gas chromatography
(Carda-Broch et al., 2010), and for acting as an entrainer in ternary systems with acetone
(Orchillés et al., 2012, 2011; Doker and Gmehling, 2005; Orchillés et al., 2007). Acetone
can be used to reduce the viscosity of an ionic liquid, to reduce the ionic liquid consumption
in the solvent extraction (Li et al., 2011) or to enhance the kinetic and solvation effects in
the synthesis of imidazolium-based ionic liquids (Schleicher and Scurto, 2009). Moreover,
acetone has been successfully used as regenerating agent of exhausted adsorbents saturated
by ionic liquids (Palomar et al., 2009a; Lemus et al., 2012). As consequence, several
properties for the ionic liquid-acetone mixture have been measured, including volumetric
and excess properties, LLE and VLE data, etc. (Izdk et al., 2008; Pereiro et al., 2006, 2007;
Gonzalez et al., 2012). As remarkably property, acetone behaves as an almost universal
solvent for ionic liquids, dissolving as hydrophilic as hydrophobic ionic liquids, only being
reported a few cases of immiscibility with acetone (those based on sulfates or phosphate
anions) (Kato and Gmehling, 2005a; Iliev et al., 2011).

The excess enthalpy, hP, is a relevant property in thermodynamic studies of solutions.
This is of great utility when analyzing the nature of the molecular interactions in solutions;
therefore its knowledge is also interesting for IL-containing systems. The h® obtained by
experimentation is a consequence of the disruption of interactions in the pure compounds
and the establishment of new interactions in the mixture. Several research groups have
reported experimental excess enthalpies for systems containing ILs and organic solvents,
such as water, alcohols, ketones, etc. (Nebig et al., 2007; Garcia-Miaja et al., 2008; He
et al., 2010; Ortega et al., 2007, 2008; Navas et al., 2009; Vreekamp et al., 2011; Ren
et al., 2011; Ficke and Brennecke, 2010; Garcia-Miaja et al., 2009a; Rai and Kumar, 2011;
Porcedda et al., 2011; Garcia-Miaja et al., 2009b).

Ficke and Brennecke (2010) found both exothermic and endothermic behaviors for
water-IL systems depending on the IL counterions presented in the aqueous mixture,
which were attributed to the capability of the IL to form hydrogen bonds with water. In
this sense, Porcedda et al. (2011) found that IL-water interactions became less important
as the hydrophobic/hydrophilic ratio increased, along with the length of the alkyl chain
in the ILs. Navas et al. (2009) obtained that the hydrophobic [bmim|[PFs] (HBD solvent)
mixed endothermically with water and alcohols (polar HBD solvents), whereas a highly
exothermicity behavior is observed when ILs are mixed with acetone (HBA solvent), due

to favorable hydrogen-bonding interactions. These approaches suggest that h® is affected
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by the nature of both ionic liquid and solvent.

The mixture behavior is determined by the different interactions occurring in solution
(Ficke and Brennecke, 2010; Garcia-Miaja et al., 2009a,b). Nevertheless, considering the
huge amount of possible organic solvent-IL combinations, the available experimental h®
data are still limited for a systematic analysis. In this context, the COSMO-RS model,
capable of predicting thermodynamic data without needing previous experimental data,

is very helpful.

COSMO-RS has been shown as a valuable method for predicting a variety of thermo-
dynamic properties of ILs mixtures (Diedenhofen and Klamt, 2010; Manan et al., 2009;
Ferreira et al., 2011; Lei et al., 2007; Verma and Banerjee, 2010) providing a useful compu-
tational tool for designing ILs with specific properties (Palomar et al., 2008, 2009b). The
suitability of COSMO-RS to predict the h® of binary mixtures formed by the ionic liquids
1-butyl-X-methylpyridinium tetrafluoroborate (X=2, 3 and 4) with alkanols or water has
already been reported (Navas et al., 2009; Vreekamp et al., 2011).

An important feature of COSMO-RS is that it provides a description of the different
intermolecular interactions (electrostatic forces, hydrogen bonding and van der Waals
forces) contributing to the effects on the h¥ (Ortega et al., 2007). Furthermore, the gas-
liquid (GLE) (Palomar et al., 2011b; Gonzalez-Miquel et al., 2011; Palomar et al., 2011a;
Bedia et al., 2012), liquid-liquid (LLE) (Ortega et al., 2007; Vreekamp et al., 2011),
and solid-liquid equilibria (SLE) (Palomar et al., 2009a) have been successfully analyzed
using COSMO-RS description of the intermolecular interaction contributions to the excess

enthalpies for corresponding IL-based mixtures.

This chapter describes the interactions between ionic liquids and acetone by means of
computational and spectroscopic analysis. For this purpose, the COSMO-RS method was
applied to screen the h® predictions of 312 IL-acetone mixtures. The screening includes
different IL structures by varying the type of anions (12) and cations (26, including imi-
dazolium, pyridinium, pyrrolidinium, phosphonium, and ammonium). The contributions
to hP from the intermolecular interactions in liquid phase were also estimated. The cal-
culated h® values were related to other significant thermodynamic properties of mixture,
such as GLE and VLE data. Finally, molecular simulations and *H-NMR spectroscopic
measurements were performed to obtain further insights on the local interactions between

IL and acetone in the mixture.
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3.2 Computational details

3.2.1 COSMO-RS calculations

The molecular geometry of acetone and IL counterions was optimized at the
B3LYP/6-31++G** computational level in the ideal gas phase. The ideal screening
charges on the molecular surface for each species was calculated by the COSMO model
using BVP86/TZVP/DGAL1 level of theory. The molecular model of independent ions is
applied in the COSMO-RS calculations ([C+A] model).

3.2.2 Quantum-chemical description of the acetone-IL interac-
tions

The quantum-chemical calculations with molecular models including clusters of acetone
with the IL ions allow compute the interaction energies and bond distances between
mixed species. These data allow determinate the presence and strength of the hydro-
gen bonding interactions between species in mixture. Specifically, this technique allows
studying in detail the part of the molecules interacting with each other. Two models of
cationic structures were considered in cluster optimizations: the single 1- and the di 1,3-
substituted imidazolium cations, [eim|" and [mmim|", respectively, along with the [PF6]
anion. These molecular simulations consist of gas phase geometry optimizations at the
DFT computational level of different clusters composed of the IL ions and the acetone
molecule. The M05-2X density functional and the 6-314++G(d,p) basis sets have been
selected to perform these simulations. M05-2X functional is one of the newest DFT meth-
ods reproducing weak interactions (Zhao et al., 2006b). Harmonic vibrational frequency
calculations are always carried out on the optimized structures to establish the nature of

the stationary points.

3.3 NMR spectroscopic analysis procedure

NMR (nuclear magnetic resonance) spectroscopy is an analytical tool that exploits the
magnetic properties of certain atomic nuclei. This technique provides detailed informa-
tion about the structure, dynamics, reaction state, and chemical environment of molecules
in a liquid or a solid. Proton NMR (*H NMR) is the application of NMR. spectroscopy

respecting to the hydrogen-1 nuclei within the molecules of a substance. NMR spectra are
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recorded in solution, and solvent protons must not interfere. For this purpose, deuterated
solvents are preferred. 'H-NMR is one of the most used spectroscopic techniques to inves-
tigate 1-alkyl-3-methylimidazolium ionic liquids (Palomar et al., 2007a; Avent et al., 1992;
Giernoth et al., 2005). It allows obtaining a better understanding about the nature of
cation-anion or solvent-IL interactions appearing in solution. A previous 'H-NMR study
by Zhai et al. (2006) provided experimental evidence of the weakness of the cation-anion
interaction as a result of the acetone addition in some 1-alkyl-3-methylimidazolium [PFg|
and [BF4] ILs. In this work, the 'H-NMR spectroscopic measurements were performed for
selected IL-acetone mixtures at different concentrations. The acetone concentration in the
mixture was varied from 0 (neat IL) to 0.95 % mole. These analysis allow experimentally
demonstrate the role of hydrogen bonding on the properties of IL-acetone systems. The
"H-NMR spectra were obtained at room temperature with a Bruker DRX-500 spectrome-
ter (500 MHz), using TMS as calibration standard. Acetone-d6, (CD3)2,CO, was used as a
deuterated solvent for all the measurements. The selected ionic liquids for these analysis
were [eim]|[NTfy] and [bmim|[NTf,]. They are ionic liquid commercially distributed by

Tolitec.

3.4 Results

3.4.1 hP calculation in (organic + IL) mixtures

The COSMO-RS methodology was applied to predict the h® of the IL-organic compound
mixtures with experimental data reported in the literature. A sample of systems chosen
contains 49 mixtures and includes 7 different polar solvents (water, methanol, ethanol,
I-propanol, 1-butanol, acetone and 3-pentanone) and 20 different ILs with a variety of
cations and anions. Experimental and COSMO-RS values for the maximum (or minimum)
of h® curves are compared in Figure 3.1. As can be seen on the graph, an appropriate
goodness-of-fit is achieved for the wide range of h® values for IL-organic solvent mixture at
different temperatures. The linear fit between experimental and calculated data presents
the square correlation coefficient R*>=0.97 and standard deviation of 2 kJ/mol. Tt should
be remarked that the reported IL-molecular solvent mixtures present as endothermic and
as exothermic behaviors depending on the nature of the solvent and the IL forming the
mixture, which would determine the change of intermolecular interactions of the mixture
components with respect to the pure compounds. Some authors have explained the sig-

nificance of the h® in IL-organic systems in terms of preferential solvation effects between
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the molecules of the mixtures, for the case of polar compounds, such as water, alcohols,
or ketones (Mellein et al., 2007).
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Figure 3.1: Comparison of experimental and COSMO-RS calculated values for the maxi-
mum (or minimum) of h® curves of IL-organic compound mixtures at different tempera-

tures (ranging between 298.15 and 353.15 K). Water (white), alcohols (grey), and ketones
(black).

To anticipate the different solvation effects in the mixtures collected in Figure 3.1, we
can consider the empirical solvent scales of dipolarity (SAP), polarizability (SP), basicity
(SB) and acidity (SA) developed by Catalan (2009) whose normalized values for water,
acetone and alcohols are collected in Table 3.1.

Analyzing the water-IL mixtures in Figure 3.1, it was clear that the h® of the mixture
strongly depends on both the cation and the anion selected for the IL. This is the strength
of the interactions between water and IL species and the rupture of like forces in pure

compounds.

Water is an amphoteric compound, which presents high polarity (SdP=0.681 and
SP=0.997), high acidity/HBD character (SA=1.062) and weak basicity/HBA character
(SB=0.025) as solvent. As a result, the h® for the binaries containing water and ILs
with common cation (1-ethyl-3-methylimidazolium, [emim]|") goes from endothermic for
slightly hydrophobic anion, such as [BF4]" (Rai and Kumar, 2011), to strongly exothermic
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Table 3.1: Empirical Scales of Dipolarity (SAP), Polarizability (SP),Basicity (SB) and
Acidity (SA) for Organic Solvents, Developed by Cataldn (2009).

Solvent SdP SP SB SA
water 0.681 0.997 0.025 1.062
methanol 0.608 0.904 0.545 0.605
ethanol 0.633 0.783 0.658 0.4
1-propanol 0.658 0.748 0.782 0.367
1-butanol  0.674 0.655 0.809 0.341
acetone 0.651 0.907 0.475 0

for hydrophilic anion, such as [CF3CO,] or [CH3SO3] (Ficke and Brennecke, 2010).

Similar endothermic/exothermic behaviors are observed for mixtures of fixed alcohol
(also amphoteric polar compounds; see Table 3.1) with different ILs. On the other hand,
when the analysis is focused on one IL mixed with alcohols of increasing alkyl chain, it
is observed that the decrease of solvent polarizability of the alcohol (see SP values in
Table 3.1) implies lower exothermicity (or higher endothermicity) of its mixture with IL,
that is, less effective interactions between alcohol and IL species. Therefore, the mixing
enthalpies of the IL-organic solvent pairs also depends on the molecular structure of the

organic compound.

Remarkably, all the available h® data for IL-ketone systems evidenced an exothermic
mixture behavior, indicating favorable intermolecular interactions between IL and HBA
organic compounds, such as acetone. The solvent scale parameter of acetone indicates
its high polarity (SAP and SP in Table 3.1) and basicity (SB) associated with the HBA
carbonyl group of this compound, but negligible acidic character as solvent (SA in Table
3.1). These results suggest a different behavior of mixtures involving ILs and organic

solvents presenting remarkably HBA character, such as acetone.
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The COSMO-RS methodology provides the 3D polarized charge distribution (o) on the
molecular surface, easily visualized on the o-profile histogram function. This distribution
can be used to anticipate the possible interactions of a compound in a fluid. Figure 3.2
shows the o-profile for the molecular solvents collected in Figure 3.1: alcohol, water and

ketones.
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Figure 3.2: The o-profiles of pure compounds: methanol, acetone and water obtained by
COSMO-RS.

The o-profile of water is dominated by two peaks. One is presented in strongly negative
polar regions of the electron lone pairs of the oxygen atom (peak located at +0.018 eA_Q).
The other peak is located in strongly positive polar region of the hydrogen atoms (peak
located at -0.016 e/DX’Q). The presence of these two peaks agrees with the polar amphoteric
character of water (see SAP, SP, SB and SA parameters in Table 3.1).

The o-profile of methanol also corresponds to an amphoteric compound. However, in
this case, a higher amount of electronic density is located in the non-polar regions. It
accords with empirical solvent scale parameters where the polarity for methanol -or other
alcohol- is lower than water.

A different COSMO-RS description is shown for acetone. Acetone presents an oxygen
fragment in the polar positive region (peak at +0.013 eA_Q), some charge concentration
in the non-polar region, and the absence of atomic fragments with acidic character, antic-
ipating its HBA behavior and relative polarity, in good agreement with the solvent effects
measured for this compound (see SAP, SP, SB and SA parameters in Table 3.1). Further
analyses in this work were centered on studying the behavior of the IL-acetone solutions,

in order to understand the interactions between compounds.
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Figure 3.3 compares experimental h® points and those estimated by COSMO-RS at
353.15 K for the two cases of [L-acetone mixtures reported by Izdk et al. (2008).
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Figure 3.3: Experimental (white) and COSMO-RS (black) curves for excess molar en-
thalpy of (A) [bmim][NTf,;] + acetone and (B) [hxmim]|[NTfy] + acetone mixtures at
353.15 K.

As can be observed, COSMO-RS also provides a reasonable estimation of h® over
the whole range of acetone compositions in the mixture. This is comparable with the
predictability observed for other mixtures, such as those of ILs and alcohols (Ortega
et al., 2007; Garcia-Miaja et al., 2009a).

Figure 3.4 presents the screening of predicted h¥ at 298 K. Qualitatively, the mixing
process for the acetone-IL mixtures goes from slightly endothermic to highly exothermic
depending on the selection of both cation and anion constituting the IL. The exothermicity
of the binaries clearly increases by the presence of HBD groups linked to cation headgroup,
such as shown for the imidazolium-based series [eim|" > [e2mim|" > [emim]* > [emmim]™.
In this sense, for a common anion, it is generally observed more exothermic mixtures
in the order [pyrrolidinium]* > [pyridinium|* > [imidazolium|* > [phosphonium]* >

[ammonium]| ™, according to the acidic character of the cation family.

In addition, the selection of the anion also determines the excess enthalpy behavior
of the IL-acetone mixtures. It is observed that big anions with dispersed charge, lacking
the HBA ability, such as [C¢F1sP]", [FeCly]” or [NTfy]", are those giving the most negative
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values for excess enthalpies of IL-acetone mixtures; whereas anions with HBA groups,
such as [CH3503] and [CoH5SO4], are the ones providing endothermic systems. These
results suggest that the HBA character of these anions favors the anion-cation interaction,
restricting the possibility of another interaction (acetone-cation). As a consequence, the
most negative h® values for IL-acetone mixtures (the white and light areas on Figure
3.4), are found for ILs presenting a cation with strong HBD character, which favors
cation-acetone interactions, in combination with non-HBA anions, which are not able to

promote strong cation-anion hydrogen bonding.
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Figure 3.4: Screening of COSMO-RS predicted excess molar enthalpies h® (kJ/mol) for
312 equimolar acetone-IL mixtures at 298 K.
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3.4.1.1 Contributions to hF

To study in detail the intermolecular interactions established in IL-acetone mixtures, the
contributions to the h¥ of these systems due to electrostatic (Misfit), van der Walls and
Hydrogen Bond interactions, were calculated by using COSMO-RS. Figure 3.5 presents
the particular energetic contributions (MF), (HB) and (vdW) to the excess enthalpies for
equimolar mixtures of acetone with imidazolium-based ILs presenting the common anion
[NTf,]", as reference of weakly basic specie. As expected, hydrogen bond interactions
dominate the behavior of the mixtures, increasing the exothermicity with the acidity of
the cation. Polar misfit contributions are also relevant, nearly following the order of H-
bond interactions. The van der Waals interactions are negligible for these mixtures. It
should be pointed out that the IL containing an [eim]| cation shows the most negative
hE(HB) and h®(MF) values in its mixture with acetone. These contributions to the h¥
are responsible of the extremely exothermic behavior showed in the screening(Figure 3.4).

Figure 3.6 depicts the contributions of the intermolecular interactions to the excess
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Figure 3.5: Description of the cation effect on the excess molar enthalpy of the acetone-
[cation][NTf,] equimolar mixture in terms of the intermolecular interaction contributions

[hE (MF), h® (HB) and h® (vdW)] computed by COSMO-RS at 298 K.

enthalpy of mixtures with acetone and ILs including a common cation [eim]", which
presents a strong HBD character as already been discussed. The ILs containing anions
without HBA groups, such as [CgF1sP]", [FeCly]" or [NTfy|", provide highly exothermic

mixtures with acetone (where attractive cation-acetone HB interactions are significant).
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Figure 3.6: Description of the anion effect on the excess molar enthalpy of the acetone-
[eim][anion]| equimolar mixture in terms of the intermolecular interaction contributions

[hE (MF), h® (HB) and h® (vdW)] computed by COSMO-RS at 298 K.

On the contrary, as the anion basicity increases, the h(HB) contribution becomes less
relevant or even slightly endothermic. This means that cation-anion interactions compete

with acetone-cation interactions, decreasing the affinity of the IL for the solvent.

3.4.2 COSMO-RS description of acetone and ILs

The o-profiles provided by COSMO-RS shown in Figure 3.7 reveal that hydrogen-bond
interactions are possible between the acetone and the cations. The interaction is possible
through the =0 atom of the acetone (red part of its o-surface) and the acidic hydrogen
atoms of the cation (blue part of its o-surface). The screening results can easily be related
to the o-profiles and o-surfaces of acetone and selected cations mapped in ascending order

of a column and those anions located by shifting to the right in a row of Figure 3.4.

As previously shown in the screening, [eim]™ provides high exothermicity in its mixture
with acetone. Focusing on the o-profile of [eim]|* (Figure 3.7), the peaks located at lower
values than the cutoff -0.082 eA~2 are those related to the hydrogen atoms of the aromatic
ring. These fragments are responsible for HBD capability of cations (the blue part in the
o-surface). There is also a prominent peak with charge distribution in the non-polar
region, corresponding to the aliphatic and aromatic groups of the cationic alkyl chain and
headgroup. The acidic sites of [eim]™ can be observed in Figure 3.8. As can be observed
in the figure, the acidity trend of these sites increases as follow H3 > H2 > H4~H5 >
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H(CH3,CHs) (of the alkyl chain).
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Figure 3.7: o-profiles and o-surfaces obtained by COSMO-RS for the [eim]™ cation (blue
line) and acetone (red line).
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Figure 3.8: o-profile obtained by COSMO-RS for the [eim]|T cation. Labeled peaks corre-
spond to the acid sites of cations.

The o-profiles of selected cations from the screening are presented in Figure 3.9.
The selection was made based on the ascendant acidity trend of these cations ([eim]*
> [e2mim|T > [emim]" > [emmim]|"). There is a particular difference between them in
their o-profile. The peak located at -0.02 eA~2 in the o-profiles of [eim]" and[e2mim]*
(corresponding to the most acidic site of these cations) does not appear in the other two
distributions. This is because the replacement of H atoms by the -CHj groups eliminates

the acid groups in the [emim|" and [emmim]|* cations. These two cations show almost no
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deep blue part in their o-surfaces. The low acidity character of [emim]* and [emmim]*
hinders the interaction with acetone providing less exothermicity in their mixtures (dark

color regions in the screening).
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Figure 3.9: o-profiles and o-surfaces obtained by COSMO-RS for the [eim]|T (blue line),
[e2mim]T (black line), [emim]* (green line) and [emmim]|*™ (red line) cations.

On the other hand, focusing on the o-profiles of Figure 3.10, the role of the anion in
the IL-acetone interaction can be understood. It can be seen on the distribution, that
the [PF4]” and [BFy]" anions show their peaks at lower o position than acetone. The ILs
including these anions provide higher exothermicities in their mixtures with acetone (see
Figure 3.4). [PFg| and [BF,]" have not HBA atomic groups to compete with the basic
sites of acetone in the interaction with the cation. The [PFg]" does not contain any HBA
group (its o-surface is totally yellow). The o-profile of [BF4|" contains a peak located at
the negative polar region (0.011 eA‘z), which indicates a weak HBA group character (clear
orange appearing in its o-surface). The [CoH5SOy4]" anion shows a stronger HBA fragment
(-SO4 group, at 0.014 eA~2). A similar description can be done for the [CH3SOs3] anion,
but in this case, the anion contains a stronger HBA group. These last two anions contain
red parts in their o-surfaces evidencing the presence of strong HBA groups. These groups

may interact with the H of the cation, hindering the cation-acetone interaction.
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Figure 3.10: o-profiles and o-surfaces obtained by COSMO-RS for the [PF4] (blue solid
line), [BF4]" (green solid line), [CoH5SO4] (red solid line), [CH3SO;3]" (purple solid line)

anions and acetone (black dashed line)

3.4.3 Thermodynamic analysis of the Gas-Liquid and Vapor-
Liquid equilibria in terms of the IL-acetone interactions

Once h® values for the generally favorable IL-acetone mixtures have been analyzed in
terms of intermolecular interactions, the possible relationships to macroscopic proper-
ties of interest for these mixtures -such as GLE and VLE data- are evaluated. Previous
works showed that h® analysis by COSMO-RS can be successfully used to design ILs with
improved thermodynamic properties, for example, in certain processes, such as absorp-
tion (Palomar et al., 2011b; Gonzalez-Miquel et al., 2011; Palomar et al., 2011a; Bedia
et al., 2012), adsorption(Palomar et al., 2009a) and liquid extraction (Ortega et al., 2007;
Vreekamp et al., 2011) with the participation of ILs. As can be seen in Figure 3.11A, the

more exothermic the mixture is, the higher the solubility of the acetone gas in the liquid.

The VLE data are also relevant information for practical application as distillation in-
volving IL mixtures. Figure 3.11B relates the h® of mixing to the pressure ratio coefficient
(P mixture/Ppure acetone ). Considering the negligible partial pressure of the IL at these con-
ditions, Pmixture/P pure acetone 1 & parameter of reference for the volatility change of acetone

because of IL mixing. The curve shows that, while increasing the exothermicity of the
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Figure 3.11: Relationship between the h¥ of mixing and (A) the acetone Henry’s constant
in IL and (B) the vapor pressure ratio coefficient for all the studied acetone-IL systems,

computed by COSMO-RS at 298 K.

system, the pressure ratio tends to zero. This means that the favorable interactions with
ILs significantly decrease the partial pressure of acetone in the mixture. In contrast, when
acetone-IL interactions are weaker (hY values close to zero), the pressure ratio increases

toward Puixture/Ppure acetone Values higher than 1. This indicates that IL regeneration by

distillation is favorable in these systems.

3.4.4 Molecular overview of the acetone-IL interactions

To obtain further insights on the acetone-IL interactions, quantum chemical molecular
simulations including clusters of acetone and IL ionic species as well as spectroscopic

analysis based on 'H-NMR measurements were performed.

As we noted in the above, the o-profiles provided by COSMO-RS for the cations and
acetone reveal that HB donor/acceptor interactions are possible between the acetone and
the cations involving the =0 atom of the acetone and the -H atoms of the cations. This
conclusion can also be drawn from their o-surfaces shown before. The charge distribution
in the sigma surfaces suggests that where some potential HBD hydrogen are available, the
acidic character decreases in the sequence H3 > H2 > H4. This result is also supported
by the atomic Miilliken charges calculated for the gas phase optimized structures of the
cations (Figure 3.12). It is interesting to note that atomic charges at the H2 atom is
the same for both the [mmim]* and the [eim]* cations, advising that their HB donating
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properties are very similar.

[eim]" [mmim]" acetone

Figure 3.12: Miilliken atomic charges (calculated at M052X/6-311**G(d,p) computational
level) at some selected atoms of the [eim]*, [mmim|™ and acetone molecules.

The quantum-chemical optimization of clusters including acetone and IL species shows
that the total electronic energy of the overall system decreases with respect to that of
isolated molecules as a result of the [cation-acetone]™ complex formation (Figure 3.13).
This is coherent with the computed negative excess enthalpies for the mixtures of acetone
with ILs. Changes in the total electronic energy, AE, for the [cation-acetone|™ complex
formation are very similar, as expected, for [mmim]* and [eim]|T cations when the observed
HB interaction takes place with H2 proton involvement. Furthermore, the optimized -

H...O= non-bonding distances are close in both cases.

AE is less negative for [eim-acetone| complexes in the sequence H3>H2>H4, in good
agreement with the HBD character of these groups, previously discussed. Moreover,
the -H...O= distance is noticeable shorter in H3-complex (1.735 A) than in H2-complex
(2.041 A) It is important to underline that [eim-acetone]™ complexes through H4 proton
have not been obtained in molecular optimizations. The corresponding final optimized
structure in this case is the same to that obtained when acetone directly interacts with

H3 proton.

Optimized structures of the [eim][PFg] ion pairs (Figure 3.14) show that the [PFg]~
anion is roughly placed at the same cation positions that the acetone molecule in the
corresponding complexes (Figure 3.13). This means that the [PF6]~ anion and acetone
molecule compete for the same proton donor center at the [eim]™ in a [eim-PFg-acetone
mixture. Moreover, optimized structures of the [eim-acetone]™ complexes and the [eim-
PFg] ion pair show that cation-acetone interactions have a specific character, as correspond

to hydrogen bonding interactions.
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Figure 3.13: Optimized structures of the [cation-acetone|t complexes for both [mmim|*
and [eim]t cations at the MO052X/6-3114++G(d,p) computational level. ~Computed
non-bonding interatomic distances (A) and Miilliken atomic charges for some selected
atoms are also included. FEnergy differences correspond to the total electronic en-
ergy (E) being defined as AE=FEc ation-acetone-(EcationtFacetone) for the model process
[cation] T+ [acetone]’—s[cation-acetone] T
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Figure 3.14: Optimized structures of the [eim-PFg] ion pairs at M052X/6-311++G(d,p)
computational level. Computed non-bonding interatomic distances (A) and Miilliken
atomic charges for some selected atoms are also included. Energy differences correspond
to the total electronic energy (E) being defined as AE=Eicimprg)-(Efcim]+Epre)) for the
model process [eim]"+[PFg]”— [eim-PFg).
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Competence of the acetone molecules and the [PFg]~ anion by the acid centers at the
[eim]™ cation is likewise observed in the optimized structures of the [eim-PFg-acetone]
clusters. Figure 3.15 shows that acetone is able to displace the anion from its interactions

with the most acid H3 center.

[eim-PF -acetone]

@
v 91,790$\

‘ 0
j ' % 02 2229 .

AE =-102.1 kcal/mol

Figure 3.15: Optimized structures of the [eim-PFg-acetone] aggregates at M052X/6-
311++G(d,p) computational level. Computed non-bonding interatomic distances (A)
and Miilliken atomic charges for some selected atoms are also included. Energy dif-
ferences correspond to the total electronic energy (E) being defined as AE=E,gqgrcgate-
(EecationtEanion+ Eacetone) for the model process [cation]™+[anion] ™ +[acetone]’— [cation-
anion-acetone].

These theoretical results were finally contrasted with experimental observations made

on the IL-acetone systems. 'H-NMR spectra were obtained at room temperature for
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[bmim][NTf,]-acetone and [eim][NTf,]-acetone binary mixtures with different composi-
tions. Figure 3.16A shows "H-NMR spectra for [bmim|[NTf,], where most relevant peaks
are located between 6 and 10 ppm belonging to aromatic hydrogen atoms (see H2, H4, H5
in Table 3.2). As it can be observed, the value of 'H chemical shift of the most acidic ring
proton (H2) progressively increases with acetone concentration (Ad~1.5 ppm from neat
IL to 5% w/w of IL), assignable to the formation of local interactions (hydrogen bonding)
between the acetone’s carbonyl group and this cation-acidic hydrogen atom (Bara et al.,
2009Db).

_A) [bmim][NTT1,] B) [eim][NTT,]
[bmim*] . >
. Neat IL o leim*]  [H,]
[H,] [“le] [H,] : r
I S [Hz]
[Hs] [H;]
o
[I-II3] [Hsl 7[H4]
5% acetone
J
50% acetone
) | b I
95% acetone
J
— ) S SEN, SIS E—
12 10 8 6 12 10 8 6
ppm ppm

Figure 3.16: 'H-NMR spectra of (A) [bmim][NTf,] and (B) [eim|[NTf,]: pure IL and
[L-acetone mixtures with increasing mass concentration of acetone.

Figure 3.16B and Table 3.2 show similar displacement of the [H2] signal in [eim]|[NTf]
mixtures with acetone. However, a significantly larger displacement is observed for the
most acidic proton of the [eim]* cation, [H3]. When acetone concentration increases,
this chemical shift (Ad~2.8 ppm from neat IL to 5% w/w of IL) reveals stronger HB

interactions between acetone and the [eim]" cation than that with [bmim]|". This agrees
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with the conclusions achieved by COSMO-RS and cluster quantum-chemical simulations.

Table 3.2: Experimental "H-NMR chemical shifts (6, ppm) of neat [bmim|[NTf,] and
[eim][NTfy] and mixtures with acetone at increasing mass concentration of acetone.

[bmim|[NTfy] | [eim] [NT1s]
H-NMR H2 H3 H4 H5| H2 H3 H4 H5
neat IL 7.5 6.4 62| 75 10.5 6.4 6.3
5% acetone 7.6 6.5 64| 7.6 10.9 6.5 6.4
50% acetone 8.4 72 72| 85 12.7/125/123 7.3 7.2
95% acetone 9 7T 76| 9 133 /131 /129 77 7.7

To complete the analysis, Table 3.3 collects the difference between the computed 'H
and '"O NMR spectra of the complexes [cation-acetone]™ and the individual (cations
and acetone) species at GIAO/M052X/6-3114+4G(d,p) quantum-chemical level. The pre-
dicted displacements of the chemical shifts (Table 3.3) due to cation-acetone interactions
reproduce reasonably well the experimental trends, obtaining additional evidence of the
presence of hydrogen bonding between acetone and ILs, which was strengthened by the

presence of more acidic centers in the cation.

Table 3.3: Difference between 'H and 17O NMR chemical shifts (Ad) of [cation-acetone] "
complexes and individual species calculated at the GIAO/M052X/6-311++G(d,p) Level®.

Ad, ppm
H2 H3 H4 O
[mmim-acetone|* 2.8 -0.1  -96.9

[eim-acetone|t (-H2 ... 0=) 29 -0.2 -0.1 -98.2
[eim-acetone|t (-H3...0=) 03 6 -0.01 -131.1

2TMS and HyO are used as reference compound to obtain 'H and '"O NMR
AJ values, respectively.
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3.5 Concluding remarks

COSMO-RS was used as a suitable computational method to systematically analyze the

behavior of more than 300 IL-acetone systems in terms of their h¥.

These mixtures generally presented an exothermic behavior where acetone, as polar

compound with strong HBA character, establishes favorable HB interactions with ILs.

The HB interaction in IL-acetone mixtures takes place between the cation (HBD char-
acter) and acetone. This interaction is strengthened by the presence of an acidic cation

and an anion with dispersed charge and non-HBA character.

According to the chemical structure of the IL, the intermolecular interactions in the
acetone-1L liquid phase are different, affecting to the gas-liquid and vapor-liquid equilibria.
COSMO-RS predictions indicated that gas-liquid and vapor-liquid equilibrium data can
be finely tuned by the IL selection.

NMR measurements and quantum-chemical calculations by using molecular clusters
evidenced the main role played by the hydrogen-bonding interactions in the IL-acetone

mixtures.

The results of this work provide useful insights regarding the selection of ILs to design

new technological processes involving acetone-IL systems.
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Chapter 4

Separation of small paraffin-olefin
mixtures with an ionic liquid.
Thermodynamic study using

COSMO-RS

Onic liquids are nonvolatile solvents suitable for separation processes. Because the
I physicochemical properties of ILs can be tuned by different cation-anion combinations,
we use COSMO-RS to select promising ILs for paraffin/olefin separation by absorption
or extraction. We estimate Henry’s constants for ethane, ethylene, propane, propylene,
butane, butene, pentane, pentene, hexane and hexene using the [CA| and [C+A] structural
models. Both molecular models appear to be suitable for rough estimates of Henry’s
constants. We calculate relative volatility and selectivity for some paraffin/olefin systems.
We identify some promising ILs for separating ethane, propane, butane, pentane and
hexane from their corresponding olefins. This work has been carried out in the Energy
Biosciences Institute within the research team led by Prof. Dr. John M. Prausnitz
(University of California, Berkeley). This group is working on the separation of paraffins

from olefins by selective absorption using phosphonium-based ILs (Liu et al., 2013b,a).
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4.1 Introduction

Light unsaturated hydrocarbons play a significant role in the petrochemical industry. The
most widely used process for olefin production is cracking of C4-hydrocarbon fractions,
followed by dehydrogenation to produce an equimolar gas mixture of olefins and paraffins.
This mixture is difficult to separate because for a fixed carbon number, the properties of
paraffin are very similar to those of its corresponding olefin (Eldridge, 1993; Tsou et al.,
1994; Safarik and Eldridge, 1998). Absorption/extraction may provide a suitable process
for separation. However, traditional solvents often show low selectivity or low capacity
for paraffin/olefin separation. Because traditional solvents are volatile, solvent losses
may increase process costs. Most ionic liquids (ILs) have favorable properties such as
negligible vapor pressure and thermal stability for a broad range of liquid temperature.
The physicochemical properties of ILs can be tuned by combining different cations and
anions. These desirable properties make ILs potential solvent candidates for extraction
and absorption separation processes (Tokuda et al., 2004; Matsumoto et al., 2004; Zhu
et al., 2007; Bara et al., 2009¢; Yang et al., 2009; Palgunadi et al., 2010).

While many ILs can, in principle, replace conventional solvents for the separation of
any low-boiling alkane/alkene mixture (Krummen et al., 2002; Domanska and Laskowska,
2009; Blahut et al., 2010) some are much better than others. The aim of this chapter is to
provide a guide for selecting the IL that optimizes a particular paraffin/olefin separation.
For this purpose, COSMO-RS calculations were used to obtain Henry’s constants (H).

4.2 Thermodynamic analysis

For a binary mixture containing an olefin and a paraffin at a given temperature and

composition, the relative volatility is defined as:

_O)r (41)

where subscript p refers to paraffin and subscript o refers to olefin; y is the mole
fraction in the vapor and x the mole fraction in the liquid. We now consider a solution of

paraffin and olefin in an ionic liquid solvent. When the vapor phase is an ideal gas, the
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equations of equilibrium are:

YirP =iy B (4.2)

where i is paraffin or olefin, P°; is vapor pressure of pure liquid i and ~; is the activity

coeflicient of i dissolved in the IL solvent. Thus

a:_’pr; — ﬁ
Yoy Py

(4.3)

where s is the selectivity defined as the ratio of activity coefficients of the two hydro-
carbons in the IL at a fixed temperature and liquid-phase composition. We consider a
very dilute solution of the solute (paraffin or olefin) in the IL; then

T
== (4.4)
Yo
where superscript oo refers to infinite dilution.
For solute i, Henry’s constant is defined by
P
x;—0 x’i
where P;=y;P is the partial pressure of i.
Because
H; =, P (4.6)
it follows that
(Hi>p
a= (4.7)
(Hi)o

Considering the large variety of possible cation and anion combinations, computational
methods are useful for solvent screening. COSMO-RS provides a convenient method for
estimating Henry’s constants (Zhang et al., 2008; Manan et al., 2009; Klamt et al., 2010a;
Diedenhofen and Klamt, 2010; Sistla and Khanna, 2011; Sumon and Henni, 2011; Palomar




4.3. Computational method

et al., 2011a,b; Gonzalez-Miquel et al., 2011; Gonzalez-Miquel et al., 2012; Bedia et al.,
2012). In this work, we calculate Henry’s constant for some paraffins and olefins in IL
solvents using COSMO-RS and the [CA| and [C+A] structural models optimized in solvent
phase considering solvent effects. The [C+A] model allows faster and easier calculations
as it is the one implemented in the COSMOlogic database. For this reason, the [C+A]
model was chosen to calculate Henry’s constant for every solute in 646 ionic liquids at
298 K. Then, we calculate relative volatilities and selectivities using COSMO-RS. We
select promising ILs for a given paraffin/olefin separation. We compare our COSMO-RS

calculations with experiment whenever possible.

4.3 Computational method

All COSMO-RS calculations were performed using the program package COSMOThermX
version C30_1201 (Diedenhofen et al., 2012) developed and distributed by COSMOlogic
GmbH & Co. KG. The COSMOthermX calculations use the implicit BP_TZVP_C30_.1201
parameterization. Two models were considered to simulate the IL solvents for COSMO-RS

calculations:

e [C+A] solvent effects. COSMO files for the ions are taken directly from the
ILDB-C21-0110 (BP-TZVP-COSMO) database distributed by COSMOlogic. For
ions not available in the COSMO database, they are created using TURBOMOLE
suit (v 3.1) (Schéfer et al., 2000). Here, the molecular structure of the ions is opti-
mized at BVP-86/TZVP/DGA1 computational level considering solvent effects with
a hypothetical solvent having an infinite dielectric constant (e—o00) and Klamt

atomic radii. The COSMO file is generated at the same computational level accord-
ing to the COSMO-RS model developed by Klamt (1995).

e [CA] solvent effects. Molecular structures for the [CA] models are optimized at
the same computational level as that for individual ions using the TURBOMOLE
suit (V 3.1) of programs (Schifer et al., 2000). Vibrational frequency calculations
are performed to obtain an energy minimum. After optimization, the COSMO file
containing the ideal screening charges on the molecular surface is computed by the
COSMO methodology in a way similar to that for individual ions.

Henry’s constants can be directly calculated using the Henry Constant panel available

in COSMOthermX. The temperature is set for each mixture. The activity coefficient at

74



4. Separation of small paraffin-olefin mixtures with an ionic liquid.
Thermodynamic study using COSMO-RS

Table 4.1: Empirical equations used to calculate saturation vapor pressure of solutes at a
specific temperature.

Equation parameters
A B C D E F
Methane' 3.80 403.11 -5.48
Ethane! 3.94 659.74 -16.72
Ethylene' 3.87 584.15 -18.31
Propane® 4248 369.83 -6.72 1.33 -2.14 -1.39
Propylene* 4600 364.9 -6.64 1.22 -1.81 -2.48
Butane* 3796 425.12 -6.89 1.15 -2.00 -3.13
Butene* 4020 419.5 -6.88 1.27 -2.26 -2.62
Pentane®* 3370 469.7 -7.29 154 -3.08 -1.02
Pentene® 3560 464.8 -7.05 1.18 -2.45 -2.22
Hexane* 3025 507.6 -7.47 1.44 -3.28 -2.51
Hexene* 3210 504.0 -7.76 230 -4.44 0.90

Solute

1 Antoine: logig(P;%)=A-(B/(T+CQ))

2 Wagner: ln(PiS):ln(A)+1/(1—7) (CT+D7 5 +Er34F7%); r=1-(T/B)

infinite dilution is calculated for the output file. Vapor pressures P;° were estimated by
COSMOthermX, with no additional input, or obtained from experimental data (See Table
4.1). Where experimental Henry’s constants are available, errors in Henry’s constant
calculations using COSMO-RS were determined by the Root Mean Square Deviation
(RMSD).
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4.4 Results

4.4.1 Henry’s law constants calculation

We consider the separation of an olefin from its corresponding paraffin at 298 K. But
firstly, COSMO-RS was evaluated for predicting Henry’s law constants by comparison of
calculated and experimental data. The sample included 156 binary mixtures, with Henry’s
constants at different temperatures (303-333 K) of 7 solutes (methane, ethane, ethylene,
propane, propylene, butane or butene) and a variety of IL solvents (Liu et al., 2013b,a;
Lee and Outcalt, 2006).

200 200 N
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-+ methane (A) o cthane (B)
© cthane @ cthylene
Py 150 - @cthylene -~ 150 4 mpropane
] M propane [~+1 Opropylene
n-! ﬂ.‘ butane
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- 100 i butane ~ 100 i
A A butene A
L 2 4
50 “!o: o 50 a ¢
ﬁ R* =093 R*=0.96
SD =6.08 * SD =4.59
0 ) T T T 0 T T T
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Hcosmo-rs (MPa) Hcosmo-rs (MPa)

Figure 4.1: COSMO-RS calculated vs. experimental Henry’s constants for solutes in
numerous ILs at different temperatures. H are calculated using (A) COSMO-RS or (B)
experimental vapor pressures (see Table 4.1). The ILs were simulated by the [C+A]
solvent effect model.

Figure 4.1A compares H (experimental) and H (calculated) using vapor pressures
predicted by COSMO-RS. In this case, calculated Henry’s constants (using [C+A]solvent
effect model) are overestimated (R? = 0.93, SD = 6.08 MPa and RMSD = 1.63 MPa). In a
separate calculation, we calculated activity coefficients at infinite dilution and, to obtain
Henry’s constants, we used experimental vapor pressures (Table 4.1). This calculation
gave Henry’s constants in better agreement with experiment (R? = 0.96, SD = 4.59 MPa
and RMSD = 0.55 MPa) as shown in Figure 4.1B. The best estimates are obtained for

low Henry’s constants, i.e. large solubility.
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For ethane, ethylene, hexane and hexene in 646 different ILs at room temperature

Henry’s constants calculated by COSMO-RS were screened an reflected in maps.
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Figure 4.2: Screening of Henry’s constants (MPa) of A) ethane, B) ethylene, C) hexane
and D) hexene in ILs at 298 K computed by COSMO-RS using the [C+A] solvent effects
model.
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Figure 4.2 shows that the lowest Henry’s constants for alkanes in ILs can vary from
5 to 0.1 MPa, and those for alkenes from 5 to 0.05 MPa. Henry’s constants for olefins
are lower than those for the corresponding paraffin. Henry’s constants can change by one
order of magnitude by tuning the ions chemical structures of the IL. For example, H for
ethylene in [P(16)444][TMPP] is 4 MPa while in [choline][DCN] it is 42 MPa. Solubilities
of these gases are mainly influenced by the cation. Big cations with strongly aliphatic
character, such as [P(14)666]" or [N(1)888]*, provide the highest solubilities. However,
the anion can play an important role if the IL contains a cation favoring solubility. In this
case, big anions with disperse charge, e.g. [TMPP] and [NFBTFP|, enhance solubility.

A good solvent for all hydrocarbons, [P(14)666][TMPP], was given special attention.
Figure 4.3 shows that the paraffin or olefin solubility in this IL rises as the hydrocarbon
chain of the solute increases. For this solvent, H for paraffins is lower than that for the
corresponding olefin. Liu et al. (2013b) experimentally found that [P(16)444|[TMPP] IL
is the only IL where ethane is more soluble than ethylene.

Hexane
Hexene
Pentane
Pentene
Butane
Butene

Propane

“M”

Propylené
Ethane .
Ethylene .

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

HCOSMO-RS (MPa)

Figure 4.3: Solubility behavior of different hydrocarbons in [P(14)666][TMPP|. The
Henry’s constants are calculated from COSMO-RS using vapor pressures from experi-
mental data at 298 K. The IL was simulated by the [C+A] solvent effects model. Line
shows perfect agreement between calculated and experiment.
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4.4.2 Differences between [CA] and [C+A] models in Henry’s
constants calculation

Previous results (Fallanza et al., 2013) showed that deviations between calculated and
experimental Henry’s constants are lower using the ion-pair COSMO-RS model, [CA],
instead of the [C+A] model. However, Figure 4.4 shows that the [C+A] model generally
provides better results than the [CA] model. For the more favorable solvents (H from 0.6
to 5 MPa), the [CA] model is particularly more accurate. Details can be seen in Table 4.2,
where the [CA] model provides better results (AAD=0.48 MPa) than the [C+A] model
(AAD=1.43 MPa) for mixtures containing the [P(14)666][TMPP] ionic liquid solvent.
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Figure 4.4: Experimental vs. COSMO-RS Henry’s constants for paraffins and olefins in
ILs at different temperatures. The ILs were simulated by the [C+A] (black) and [CA]
(white) solvent effects models. Line shows perfect agreement between calculated and
experiment.

As shown in Figure 4.5, activity coefficients using the [CA] model are systematically
lower than those using the [C4+A] model, but they are similar for low Henry’s constants
(high solubilities).

4.4.3 Data for the ethane/Ethylene-IL systems

Figure 4.6 shows the experimental and calculated dehane/ethylene for several ILs studied
at 313.5 K using both [C+A] and [CA] models. Regardless of the model, COSMO-RS
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Table 4.2: COSMO-RS calculations for Henry’s constants of ethane, ethylene, propane
and propylene in [P(14)666][ TMPP] at 313.15 K.

Hcosmors (MPa)
Solute Hexp (MPa) [C+AJsolvent effects [CA]solvent effects
Ethane 1.9 3.9 2.4
Ethylene 2.6 5.2 3.8
Propane 0.6 1.2 0.7
Propylene 0.8 1.3 0.9
20 4
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Figure 4.5: Comparison between the [CA] and [C+A] models for estimating activity
coefficients at infinite dilution of some paraffins and olefins in ILs. Line shows perfect
agreement.

is suitable for predicting iethane/ethylene, particularly for the case of favorable ILs with
IoW Qiethane/ethylene Values. [P4444][TMPP] and [P(14)666][TMPP]| are the best solvents
for the separation, with Quethane/ethylene<<1, Where ethane is more soluble than ethylene.
Equation 4.3 shows that the relative volatility depends on both selectivity and on the
ratio of vapor pressures in the hydrocarbons. Table 4.3 shows the two terms contributing
tO Qiethane/ethylene fOr 4 ILs selected from the COSMO-RS screening (Figure 4.2). The
desired IL should provide tthane/ethylene much lower than 1.

As shown in Table 4.3, the P*ethane/Pethylene Tatio contributes favorably to the desired
separation because it is lower than 1. Since Qithane/ethylene decreases with Sethane/ecthylenes

lower values of Sethane/ethylene are desired. Table 4.3 shows that the the chemical structure
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Figure 4.6: Experimental (white bars) and calculated (dark bars) relative volatilities of
ethane/ethylene with ILs using vapor pressures from experimental data at 313.15 K. The
ILs were simulated by the [C+A] model (black bars) and by the [CA] model (grey bars).

of the IL plays a very important role in selectivity. Sethane/ethylene falls when increasing the
aliphatic character of the cation. Upon increasing the alkyl chain of the phosphonium

ion, v*° for ethane and > for ethylene decrease, leading to a desired lower values of

SeleCtl\”ty, Sethane/ethylene-
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Figure 4.7: Selectivity of the systems: ethane/ethylene (circle), propane/propylene
(square), butane/butene (triangle), pentane/pentene (asterisk) and hexane/hexene (dia-
mond), in different ILs simulated by the [C+A] model at 298 K.

Varying the cation structure, new ionic liquids similar to [P(14)666][TMPP| were pro-
posed for ethane/ethylene separation. We created cosmo files for [P(18)777], [P(19)888]
and [P(19)999] cations as they are not given in the COSMO-RS database optimizing the
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Table 4.3: Experimental vapor pressure ratio for different solutes. COSMO-RS calcula-
tions of selectivity and relative volatility for paraffin/olefin in different ILs at 298 K. The
ILs were simulated by the [C+A]solvent effects model.

Tonic Liquid Paraffin/olefin ~ P°,/P%, s a
[P (14)666][TMMP] 112 0.72
[lg)lél)ilﬂﬁ%/ll\idl\i]f’] ethane/ethylene 0.64 132 82;
[hmpy|[NTf,] 1.91 1.23
[P(14)666][TMMP] 116 0.96
[P444][TMMP] 129 1.07
P(1)444)[TMMP]  Propane/propylene 083 ) )
(hmpy] [NTH,] 2.02 1.67
[P(14)666][TMMP] 119 0.97
[P[(Pf)%lj]él[ﬁ%v[MMl\g’] butane/butene 0.82 1;;} 18;
[hmpy][NTf,] 1.98 1.62
[P(14)666][TMMP] 12 096
P444|'TMMP 1.32 1.05
[13[(1)441]4£][TMM]P] pentane/pentene  0.80 55 g
hmpy][NTH,] 199 1.59
[P(14)666][TMMP] 122 0.08
[ﬁfﬁiﬁiﬁ?;ﬁ%\i}?] hexane/hexene 0.81 }gi 11'018
[hmpy|[NTfs] 2.01 1.62

geometry in condensed phase - solvent effects (see Chapter II). Figure 4.7 shows that
Sethane /ethylene de€creases as the alkyl chain of the cation rises. [P(19)999][TMPP]| may be
the most promising IL for ethane/ethylene separation.

4.4.4 Data for the propane/propylene-IL systems

Figure 4.8 shows experimental and calculated cpropane/propylene for 5 ILs at 313.15 K. Re-
gardless of the model, COSMO-RS is again suitable for estimating oopane/propylene; Par-

ticularly for favorable ILs with low apropane/propylene Values.

Liu et al. (2013b) experimentally found that propane was more soluble in [P(16)444][TMPP]
IL than propylene. Both models show higher affinity of [P(14)666][TMPP] for propane

than for propylene. Table 4.3 shows the two terms contributing to apropane/propylene for 4 ILs
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Figure 4.8: Experimental (white bars) and calculated (dark bars) relative volatilities for

propane/propylene with ILs using vapor pressures from experimental data at 313.15 K.
The ILs were simulated by the [C4+A] model (black bars) and by the [CA] model (grey
bars).

selected from the screening using the [C+A] model at 298 K. Selection is based on the most
promising IL for the separation. The desired IL should provide oropane/propylene much lower
than 1 (see Figure 4.2. As shown in Table 4.3, the P®;opane /P propylene Tatio contributes fa-
vorably to the desired separation because « is lower than 1. However, this contribution to
relative volatility is less favorable than for ethane/ethylene where P®cihane/Pethylene 1S lower
thanP®,opane /P propylene: SINCE Qpropane/propylene decreases with selectivity, lower values of
Spropane/propylene are preferred. As for ethane/ethylene, studying selectivity can provide a
good tool for selecting the most promising IL for the paraffin/olefin separation. Table 4.3
shows that [P(16)444][TMPP] provides the lowest Spropane/propylene at 298 K. This is the
only IL where propane is more soluble than propylene. Because Spropane/propylene decreases
as the length of the alkyl chain on the cation increases, we evaluate the same ILs that we
propose for the ethane/ethylene separation. Figure 4.7 shows that a highly aliphatic IL
like [P(19)999][TMPP] is most promising for the propane/propylene separation.
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4.4.5 Data for the systems: butane/butene, pentane/pentene
or hexane/hexene with an ionic liquid

Figure 4.9 shows thutane/butene i the [bmim]|[NTf,] IL solvent as a function of temper-
ature. The [C+A] COSMO-RS model slightly overestimates the pytane/butene While the
[CA] model underestimates. Nevertheless, both models reproduce the relative volatility
decrease with rising temperature.
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Figure 4.9: Experimental (white bars) and calculated (dark bars) relative volatilities
for butane/butene with [bmim][NTf,] using vapor pressures from experimental data at
different temperatures. The ILs were simulated by the [C+A] model (black bars) and by
the [CA] model (grey bars).

Once COSMO-RS estimates are validated for several paraffin/olefin systems from 2 to
4 carbon atoms, we calculate o and s using the [C+A] model at room temperature for
butane/butene, pentane/pentene and hexane/hexene for 4 ILs (Table 4.3). The desired IL
should provide avparaffin/olein Much lower than 1. Table 4.3 shows that all P*,zagin/P®olefin Ta-
tios contributes favorably to the desired separation because they are different than 1. The
vapor pressure ratio is similar to P*,ropane/P®propylene; it does not change significantly when
increasing the alkyl chain of the paraffin and the olefin. P®hutane/Pbutene, Ppentane/ P pentene
and Phexane/PPhexene are similar. At room temperature, [P(16)444][TMPP] provides the

lowest (paraffin/olefin, and the only one where paraffin is more soluble than olefin.

As shown for ethane/ethylene and propane/propylene, lower sparaffin/olefin is favored
to obtain Qparaffin/olefin lower than 1. Table 4.3 shows that upon increasing the aliphatic
character of the IL, Sparaffin/olein decreases. As the IL chemical structure plays a very
important role in the selectivity for all studied systems, we evaluate the new ILs that

we propose for the ethane/ethylene and propane/propylene separation. Figure 4.7 shows
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that upon decreasing the alkyl chain of the solute in the IL, the selectivity paraffin/olefin
decreases, the affinity of the IL for the paraffin is higher. At the same time, upon increasing
the alkyl chain of the cation in the IL, the affinity of the IL for the paraffin also increases.
The selection of highly aliphatic ILs can provide better separations where the paraffin is
more soluble than the olefin. Hence, [P(19)999][TMPP] can be proposed as a suitable

ionic liquid for a paraffin/olefin separation.
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4.5 Concluding remarks

We report a comparison of experimental and estimated Henry’s constants for methane,
ethane, ethylene, propane, propylene, butane and butene in different ILs using COSMO-
RS and the independent-ion model, [C+A]. COSMO-RS overestimates H compared to
experiment when COSMO-RS is used to obtain vapor pressures for solutes. However, good
agreement with experiment was obtained when experimental vapor pressure for solutes
were selected for H calculations. We also consider the molecular ion-pair model, [CA],
to simulate the IL in COSMO-RS calculations. The [C+A] model in general provided
better estimations for Henry’s constants than the [CA] model. However, the [CA] model

provided quantitatively better estimations for low H.

Henry’s constants are screened by COSMO-RS for ethane, ethylene, hexane and hexene
in 646 ILs at room temperature using the [C+A] model. Big cation and aliphatic character
as in [P(14)666]" and big anions with disperse charge as [TMPP]" favor the solubility of
the hydrocarbon in the IL. Paraffin or olefin solubility in the IL rises upon increasing the

hydrocarbon chain of the solute.

Relative volatilities and selectivities for ethane/ethylene, propane/propylene and bu-
tane/butene calculated by COSMO-RS were compared to those obtained from experiment.
The better affinity of [P(14)666][TMPP] for paraffins instead of olefins is well reproduced
by COSMO-RS.

New phosphonium-based ionic liquids with highly aliphatic character were proposed for
the separation of paraffin/olefin systems. The [P(19)999][TMPP] ionic liquid is displayed

as a promising option for paraffin/olefin separations from a thermodynamic point of view.
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PROCESS SIMULATION
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Chapter 5

Tonic liquids design/selection for
separation processes based on
operational and economic criteria
through the example of their
regeneration

He integration of the COSMO-RS method in the Aspen Tech’s process simulators is
T used in this chapter to elaborate new criteria for designing/selecting ionic liquids for
specific applications. The pursued criteria for selecting suitable ionic liquids are related
to the operating conditions and energy consumptions. The predictive capacity of the
COSMO-RS method for predicting the vapor liquid equilibrium of (organic solvent + IL)
binary mixtures is previously assessed. The transfer of the COSMO-RS calculations to
Aspen Plus/Aspen HYSYS is tested by comparing calculated heat capacities and VLE
with experiment. The capability of this strategy is demonstrated through the example of

the IL regeneration from mixtures coming from separation processes.
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5.1 Introduction

The optimization criteria used in the design and selection of the IL for taking part in cer-
tain separation process are usually related to the equilibrium, i.e. to the thermodynamic
properties of the system: relative volatilities, solubilities, partition coefficients, selectivi-
ties, etc. However, the development of ILs with real applicability in industrial processes
needs a more complete and consistent set of criteria to optimize the ion selection. This
set of properties should include parameters related to the operating conditions, energy
consumption, operating and capital costs, etc. Thermodynamic and economic criteria
for a specific process or system do not often coincide. The information related to the

operating conditions and costs can be obtained via process simulation.

ILs have been evaluated in numerous separation processes as, for instance, the sepa-
ration of aromatic and aliphatic hydrocarbons, purification of gasoline octane boosters
and desulphurization processes (Meindersma, 2005; Meindersma et al., 2006; Meindersma
and de Haan, 2008; Pereiro and Rodriguez, 2010; Arce et al., 2006b, 2007). Furthermore,
ILs have exhibited high capacity as entrainers to separate azeotropic and/or close-boiling
mixtures containing alcohols, water, THF, ETBE, ethyl acetate, ketones, aromatic and
aliphatic hydrocarbons, hydrofluorocarbons, propene-propane so on (Jork et al., 2004;
Seiler et al., 2004; Shiflett and Yokozeki, 2006a; Pereiro and Rodriguez, 2009, 2008a;
Pereiro et al., 2010; Pereiro and Rodriguez, 2008b). ILs have also been considered for sep-
arating organic acids, phenols and aromatic amines, oil mixtures as well as biomolecules
(lipids, proteins, antibodies, etc.) from their growth and/or reacting media (Cascon et al.,
2011; Ruivo et al., 2010; Tomé et al., 2010; Dominguez-Pérez et al., 2010; Young et al.,
2010; Martinez-Aragén et al., 2009; Egorov et al., 2008; Martdk and Schlosser, 2007;
Matsumoto et al., 2004).

In any separation process the IL outflow should be regenerated and recycled to the
beginning of the process in order to reduce total costs (Fernandez et al., 2011). It is
known that the economy of the processes with solvents is determined by the supply of
fresh solvent. This is important for ILs, because they are particularly expensive. Their
price is estimated in 10-30 €/kg by the BASF, a major producer of imidazole, one of the
primary products used in the production of ionic liquids (Meindersma, 2005; Meindersma
and de Haan, 2008). Due to the high production costs, any extension of the ILs lifetime

by reuse and recycling is interesting (Fernandez et al., 2011).

Some authors have reported either the conceptual design of separation processes using
ILs (Meindersma, 2005; Meindersma et al., 2006; Meindersma and de Haan, 2008; Shiflett
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and Yokozeki, 2006a) and/or simulations of individual separation processes with ionic
liquid(Lei et al., 2006; Palomar et al., 2008, 2009b; Meindersma, 2005; Meindersma et al.,
2006; Meindersma and de Haan, 2008; Pereiro and Rodriguez, 2010; Arce et al., 2006b,
2007; Seiler et al., 2004; Shiflett and Yokozeki, 2006a; Pereiro and Rodriguez, 2009, 2008a;
Pereiro et al., 2010; Pereiro and Rodriguez, 2008b). Some of them present a matter
balance specifying the IL recovery. However, they do not solve the phase equilibrium
for the corresponding VL operation (Pereiro and Rodriguez, 2010, 2009, 2008a; Pereiro
et al., 2010; Pereiro and Rodriguez, 2008b). Then the regeneration is not simulated
(Meindersma, 2005; Meindersma and de Haan, 2008; Arce et al., 2006b).

Only a few works simulate the regeneration operation with shortcut distillation models
or equilibrium-based VL separators (Arce et al., 2007; Seiler et al., 2004; Shiflett and
Yokozeki, 2006a; Pereiro and Rodriguez, 2009). In most cases it has not been possible to
develop or optimize the complete process. This happens because of either severe errors
occurring in the flowsheet simulation (Meindersma, 2005; Meindersma and de Haan, 2008)
or the absence of information on the VL equilibrium, such as the heat capacities of the

ILs and their mixtures with conventional organic solvents (Arce et al., 2007).

In these simulations two conflicting issues come into view:

e Since ionic liquids are not available in the simulator (usually Aspen Plus or As-
pen HYSYS) databank, the values of parameters for several physical properties
of the ionic liquid are estimated, guessed or simply left out (Meindersma, 2005;
Meindersma and de Haan, 2008). The simulation crashes if the non-supply or non-
consistently estimated information of the pure components is demanded in any crit-

ical calculation step.

e The activity coefficients in these simulations are calculated using NRTL or UNI-
QUAC property models. The binary coefficients are regressed from experimental
LL or VLL equilibrium diagrams. Using NRTL and UNIQUAC activity models to
correlate experimental SL, LL, VL and VLL data for mixtures of conventional or-
ganic solvents and ILs is a common practice (Meindersma, 2005; Meindersma et al.,
2006; Meindersma and de Haan, 2008; Pereiro and Rodriguez, 2010; Arce et al.,
2006b, 2007; Jork et al., 2004; Kato et al., 2004; Shiflett and Yokozeki, 2006b). How-
ever, they are not physically consistent for electrolyte systems as ILs are (Simoni
et al., 2008; Chen et al., 2008). The good correlations for LL and VL equilibrium of
IL/organic solvent mixtures reached with these activity models have strictly statistic

but not predictive character. The inability of these equations to adequately repro-
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duce all the features of the physical behavior of this kind of systems along with the
strong system-dependent character of these models are, in several cases, the cause
of the simulation failures.

In correspondence, both a sufficient specification when creating non-databank IL com-
ponents and a predictive model for describing the VLE of IL/organic solvent mixtures are
needed to simulate the regeneration of ILs with the aim of using it in the theoretical de-
sign of new ILs with specific desired properties. The COSMO-RS model (Diedenhofen and
Klamt, 2010) has shown to yield good qualitative and satisfying quantitative predictions
for the activity coefficients of neutral compounds in ionic liquids and for mixtures of ionic
liquids and neutral solvents. Since this success was achieved without any special parame-
terization, COSMO-RS has become a widely used and efficient tool for the prediction and
screening of ionic liquid properties. COSMO-RS has been successfully applied in the pre-
diction of densities (Palomar et al., 2007b), vapor pressures and vaporization enthalpies
(Diedenhofen et al., 2007) of ILs, activity coeflicients at infinite dilutions (Diedenhofen
et al., 2003; Banerjee and Khanna, 2006) in mixtures of a hydrocarbon, an alcohol or a
polar compound in an IL, gas solubilities and Henry’s law constants (Manan et al., 2009;
Palomar et al., 2011a), LLE of binary and ternary mixtures of organic compounds and
ILs (Domanska et al., 2006; Freire et al., 2007; Banerjee et al., 2008; Freire et al., 2008),
VLE for binary mixtures including conventional organic solvents and ILs (Diedenhofen
and Klamt, 2010; Freire et al., 2007; Banerjee et al., 2008; Freire et al., 2008; Kato and
Gmehling, 2005b; Banerjee et al., 2006).

Banerjee et al. (2006) used a COSMO-RS variant, where the parameters of the model
were fitted to the VLE data of neutral systems. They used it for the VLE prediction of
13 IL systems [Cxmim|[NTf] (x = 1, 2, 4), [mmim|[CoHgPOy], [emim][CyH5SO4] with
benzene, cyclohexane, acetone, 2-propanol, water and THF. The authors used the ion-
pair [CA] model and achieved a good agreement with experiment for vapor pressure, with
a root mean square deviation of 6.6%. In a further work (Banerjee et al., 2008), they
reduced the RMSD of these predictions to 3.7% using the [C+A] model.

Freire et al. (2008); Freire et al. (2007) reported COSMO-RS predictions for the VLE
of [Cxmim|[NTf,] (x=2, 4, 6), [bmim]|[CsH;7SO,4] with ethanol, propanol, 2-propanol and
methanol, and [Cxmim]|[NTf] (x =2, 4), [bmim]|[I], [bmim]|[BF,], [Cxmim|[PF¢] (x =4, 8),
[mmim][CoHgPOy], [emim]|[CoH5SO,4] with water. They used the general parameterization
of COSMO-RS as implemented in the COSMOtherm program package. VLE predictions
using the electroneutral ion mixture [C+A] model, are better than that obtained for LLE
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on similar systems. For the alcohol/IL VLE, the correct temperature dependence of the
liquid phase non-ideality, and the positive deviation from Raoult’s law with decreasing
alkyl chain length, are properly described. An overestimation of the positive deviation of
Raoult’s law appears for very short chain alcohols, such as methanol. A better accurate
in the VLE estimation for the water/IL mixture is obtained when the IL contains a
hydrophobic anion, such as [NTf], instead of a more polar anion. The temperature

dependence of the pressure is described qualitatively.

Kato and Gmehling (2005b) used the COSMO-RS model modified by Grensemann and
Gmehling (2005) (COSMO-RS(01)) to predict the VLE and other thermodynamical pro-
perties of binary mixtures composed by cyclohexane, cyclohexene, methanol and ethanol
with [Cxmim|[NTfy| (x = 1, 2, 4, 6) ILs. The mean relative deviations between experiment
and the COSMO-RS(O1) predictions are 79.4%. They used the [C+A] model together
with DFT screening charges performed on ion structures optimized at semi-empirical

(AM1) gas phase computational level.

Diedenhofen and Klamt (2010) demonstrated that VLE for (fluorinated alkanes +
[bmim|[PFg]) and (ammonia + [hxmim][Cl]) mixtures can be reasonably well predicted
by the COSMO-RS method. This performance has supported the decision adopted in
this thesis related to the use of COSMO-RS to generate the information needed both for
creating IL non-databank components and for specifying COSMOSAC property model
(Lin and Sandler, 2002a) in Aspen Plus (Aspen Technology, 2004a) process simulator.

In this chapter the convenience of introducing operating conditions and economic cri-
teria for designing new ILs is discussed through the example of the IL regeneration in
separation processes. Operating conditions and economic evaluation of the IL regen-
eration are established by process simulations using COSMOSAC property package as

implemented in Aspen Plus.

Previously, the capacity of the COSMO-RS method for predicting the VLE of binary
mixtures of conventional organic solvents and ILs is discussed. The ILs are created as
pseudocomponents making use of the capabilities deployed in the aspenONE software
package and the information derived by COSMO-RS method. This work is organized in

four parts:

1. Firstly the predictive capacity of the COSMO-RS method with respect to the VLE

of binary mixtures composed by ILs and conventional organic solvents is analyzed.

2. Secondly, the transferability of the COSMO-RS results to the Aspen Plus process
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simulators is proven.

3. Afterwards, the IL regeneration from their mixtures with organic solvents of different
functionalities is simulated. The operating conditions and energetic consumptions
of the process are established and systematically studied as a function of the nature

of compounds.

4. Finally, the application of new criteria is discussed in the context of an overall

process like the separation of aliphatic and aromatic hydrocarbons with ILs.

5.2 Computational details

In this chapter the molecular structures of the considered ILs have been described us-
ing the ion-paired [CA] and the ion-separated [C+A] models. The ions and ion-paired
structures were optimized at the B3LYP/6-31++G(d,p) computational level in the ideal
gas-phase using the quantum chemical Gaussian03 package (Frisch et al., 2003). The
version C21_0111 of the COSMOthermX program package (Eckert and Klamt, 2010) and
its implicit (BP_TZVP_ C21_0111) parametrization was used to accomplish the calcula-
tions of the o-profiles and the physicochemical data (normal boiling temperatures and
densities) of ILs as well as the VLE of (organic solvent + IL) binary mixtures. The or-
ganic compounds were selected from the C21-0107-BP-TZVP-COSMO database created
by COSMOlogic GmbH & Co. KG.

In process simulations, ILs have been created as pseudocomponents in Aspen Plus
specifying their molecular weights, normal boiling temperatures and densities. The or-
ganic solvents were selected as conventional components from the Aspen Plus database.
The COSMOSAC property model as implemented by default in Aspen Plus was selected
to estimate the activity coefficients of the components in the mixtures. The molecular vol-
umes and the o-profiles of ILs were specified by the user whereas those corresponding to
the organic solvents were directly taken from the Aspen Plus database. The information
used for both creating IL pseudocomponents and specifying COSMOSAC was obtained
from the COSMO-RS calculations. The o-profile of ILs using the [CA] and [C+A] models
were considered in preliminary simulations to evaluate the transferability of the COSMO-
RS results to the process simulations. The property packages created in Aspen Plus were
imported in Aspen HYSYS. Aspen HYSYS supports the process simulations performed
in this chapter including heat capacity and VLE predictions. The version 7.3 of the
aspenONE program package (Aspen Technology, 2010) was used.
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5.3 Results

5.3.1 Prediction of VLE in the (organic solvent-IL) mixtures
using COSMO-RS

The vapor liquid equilibrium diagrams (VLE) of 62 (organic solvent + IL) binary mixtures
have been calculated in COSMOtherm using both [CA| and [C+A] COSMO models for
the IL structure optimized in gas phase. Some of them are shown in Figure 5.1 and Table
5.1
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Figure 5.1: VLE diagrams for (A) ethanol/[emim|[NTf,], (B) cyclohexane/[bmim|[NTf;],
(C) benzene/[bmim]|[BF,] and (D) acetone/[bmim|[NTf,]. Experimental data (black).
COSMO-RS calculations using the [CA] (white) and the [C+A] (yellow) models. Aspen
HYSYS calculations (red) using the COSMOSAC property model specified with properties
of ILs using the [CA] model.
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The binary systems are composed of 1-hexene, 1-octene, 1-propanol, 2-propanol, ace-
tone, benzene, cyclohexane, decane, ethanol, hexane, hexane, methanol, octane, THF,
thiophene or water and a very diverse set of ILs (such as immidazoliums or pyridini-
ums cations and [NTf|, [BF4], [PFg], [Cl], [CoH5SO4], [C4H1oPOy4], [CoHgPO,],
[CsH1sPO4]7, [CsH17SO,4] anions). The COSMO-RS predictions for VLE were validated
comparing with experiment (Nebig et al., 2009; Safarov et al., 2006; Verevkin et al., 2005;
Doker and Gmehling, 2005; Huo et al., 2009; Kato and Gmehling, 2005a; Calvar et al.,
2006; Zhao et al., 2006a; Wang et al., 2007a). The average MRD and RMSD computed
between prediction and experiment are, respectively, 32.6% and 56.9 mbar using the [CA]
structural model to simulate the ILs. The MRD and RMSD slightly decrease to 30.8%
and 44.0 mbar, respectively, using the [C+A] model.

Our results are similar to those obtained by Freire et al. (Freire et al., 2007), (Freire
et al., 2008). They are more accurate than those reported by Kato and Gmehling (2005b).
The cause of their less accuracy is probably related to the use of an insufficient compu-
tational level for the geometry optimization of the ionic liquids. It could also depend on
the re-implementation of the COSMO-RS method used by them. On the other hand, our
results are worse than those attained by Banerjee et al. (Banerjee et al., 2008, 2006).
It suggests that a reparameterization of the COSMO-RS model could be significant to
improve the predictive capacity in the VLE calculation.

The average deviations given before correspond to the 62 mixtures studied in this
work as a whole. However, the individual values significantly vary depending on the
considered system (Figure 5.2). For instance, methanol/[bmim|[NTf,] (MRD 118%),
methanol/[omim][BF,] (MRD 104%) and water/[bmim|[BF,] (MRD 211%) show the high-
est deviations of the set using the [CA] model. On the other hand, in several cases, the
mean relative deviations are appreciably low. For instance, ethanol/[bmim]|[Cl] (MRD
1.76%), ethanol/[emim][CoH5SO4] (MRD 1.33%) and water/[bmim]|[C]] (MRD 1.25%)
show the lowest deviations of the set using the [CA] model. Taking into account the
diversity of situations, an individual analysis should be recommended in order to study
in detail the VLE of IL-based mixtures.

These results should be accurately rationalized and the predictions improved. Nev-
ertheless, they reflect the main tendencies of the VLEs experimentally observed respect
to the nature of the IL and the organic solvents (Figure 5.1). In addition, some im-
provements can be achieved if selecting a suitable molecular structure for the IL ([CA]
or [C+A]) as well as a proper optimization for the molecular geometry (gas phase or sol-
vent effects). Basing on the VLE results, the COSMO-RS predictions can be screened for
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selecting /designing ILs with specific VLE properties.
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Figure 5.2: Mean relative deviations between COSMO-RS predictions and experimental
VLEs of (Organic solvent + IL) binary mixtures depending on the nature of the compo-
nents.
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5.3.2 Prediction of VLE in the (organic solvent-IL) mixtures
using Aspen HYSYS

The P-x data of mixtures containing ionic liquids pseudocomoponents were calculated

using COSMO-supported process simulation to evaluate its predictive capacity.

The MRDs between calculated (with Aspen HYSYS) and experimental VLEs of (or-
ganic compound + IL) binary mixtures (Table 5.1) are in the same order of magnitude
than those obtained with COSMOthermX. The predictions of Aspen HYSYS are even bet-
ter in the 50% of the considered systems. The present results validate the computational

procedure proposed in this chapter.

The models and computational routes employed by COSMOthermX and Aspen Plus/Aspen
HYSYS to compute the studied properties are not only different but also differently im-

plemented in both programs.

The process simulations where the COSMOSAC property model is specified using o-
profiles of the [C+A] IL structures are more deviated with respect to experiment than
those achieved with the [CA] model. Thus the following simulations of the IL regeneration

process were performed using the o-profiles of the [CA] IL models to specify COSMOSAC.

5.3.3 Prediction of ILs heat capacities using Aspen HYSYS

In this chapter, we simulate the IL regeneration from its mixture with an organic solvent.
The heat capacity of the IL is crucial to evaluate the energy consumption of this process,
therefore, to establish selection criteria. The capability for estimating the heat capacities
of several ILs in Aspen HYSYS is evaluated.

The heat capacities (Figure 5.3) calculated in Aspen HYSYS for 16 ILs show a mean
relative deviations respecting to experiment (ILthermo, 2006) of 12.0% and 18.6%. The
COSMOSAC property model was specified by the o-profiles obtained by the [CA] and the
[C+A] models for the ILs, respectively.
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Table 5.1: Mean relative differences (MRD, %) between the calculations of either COSMO-
RS or Aspen HYSY'S (using the information obtained in COSMO-RS) and the experimen-
tal VLE data for selected (organic solvent + IL) binary mixtures.

MRD %
Binary mixture N. points COSMO-RS Aspen HYSYS
[CA] [C+A] [CA] [C+A]
1-propanol/[bmim]|[NTf,] 13 10 11.3 - -
1-propanol/[omim|[BF] 6 9.7 8 - -
2-propanol /[bmim]|[NTf,] 32 109 131 113 248
2-propanol/[emim|[NT1;] 35 99 134 21 34.7
acetone/[mmim|[CoHgPOy] 32 19 144 36.9 39
acetone/[bmim][NTf,] 31 138 143 24 19.7
acetone/[emim]|[NTf,] 29 16.2 195 159 265
benzene/[bmim][BF ] 6 16.5 493 222 74.6
benzene/[bmim|[PFg] 7 292 221 6.9 25.8
benzene/[bmim|[NTf] 11 6.9 259 - -
benzene/[emim][NTf,] 38 75 275 52 18.8
benzene/[mmim|[NTf;] 35 83  35.7 - -
cyclohexane/[bmim|[NTf,] 36 24.1 5 19.7 227
cyclohexane/[hxmim|[NTf,] 12 31.9 11.6 259 12.9
cyclohexane/[mmim][NTf,] 31 27.8 206 - -
cyclohexane/[emim|[NTf,] 23 288 178 428 28.5
cyclohexane/[hxmim|[NTf,] 12 235 8.6 - -
ethanol/[bmim|[C]] (Tx)? 13 104 421 — -
ethanol/[emim|[CoH5SO4] 4 1.3 3.5 - -
ethanol/[emim][CoH5SO4] (Tx)? 15 1.9 2.5 - -
ethanol/[emim][NTf,] 28 7.7 7.4 16 28.9
ethanol/[hxmim]|[NTf,] 28 8.3 57 164  35.2
hexane/[hxmpyr][NTf,] 11 - 16.6 - -
hexane/[emim|[NT1;] 40 23.2 139 - -
methanol/[emim|[CoH5SOy] 14 9 9.7 1.8 6.8
methanol /[hxmim|[NTf] 30 234 138 45 19.5
methanol/[mmim|[CoHgPOy] 28 8.9 75 124 7.6
THF/[mmim][CHgP O, 33 ~ 62 455 524
THF /[emim][NT,] 37 129 68 349 349
thiophene/[bmim][BF,] 3 403 72 298 2938
thiophene/[bmim|[PFg] 4 24 142 187 194
water/[bmim][C]] (Tx)* 25 1.3 0.8 - -
water/[emim|[CoH5SO,] 4 109 3.6 - -
water/[emim|[NTfs] 6 86 376 7.5 2.2

aTsobaric Tx data.
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Figure 5.3: Experimental values and Aspen HYSYS calculations for Cp of ILs at 298.15
K (approx.) and atmospheric pressure. The [CA] (black) and [C+A] (white) o-profiles of
the ILs were considered to specify the COSMOSAC model.

5.3.4 Operating conditions and energy consumption of the IL
recovery

The conceptual designs developed for separation processes using ILs (Meindersma, 2005;
Meindersma et al., 2006; Meindersma and de Haan, 2008; Arce et al., 2007; Shiflett and
Yokozeki, 2006a) suggest that ILs could be regenerated from their mixtures with conven-

tional organic solvents by low-pressure evaporation or stripping of the organic solvent.

The viability of the vacuum distillation of ILs has been demonstrated (Taylor et al.,

2010) and employed in several applications using ionic liquids:

e The isolation of biaryl products obtained in a Suzuki cross-coupling reaction with
[bmim|[BF,] can be carried out at 80°C under vacuum permitting repetitive catalytic
runs (Mathews et al., 2000).
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e Some of the alcohols produced during the reduction of ketones in [bmim|[PFg] could
be removed under vacuum. This allowed the reuse of ILs for further reactions
(Howarth et al., 2001).

e In the field of enzymatic catalysis. After an application of lipases for an enantiose-
lective reaction in [bmim][NTf,], the removal of reactants and products was possible
at 0.006 kPa and 85°C (Schofer et al., 2001).

e In an application developed by BASF where ILs modified the equilibrium of several
azeotropic systems (Jork et al., 2004). The [emim|[MePhSO3] and [emim]|[CH3SO3]
ILs were separated from methanol at 5 kPa and 175°C. High vacuum distillation
(ca. 1.33-10°% kPa) at 120°C was needed to reach a moisture content below 10 ppm
in several hydrophobic ILs (Appetecchi et al., 2006).

The VL operation to regenerate the IL is evaluated considering that some ILs (Crosth-
waite et al., 2005a; Zaitsau et al., 2006; Heym et al., 2011) with organic solvents undergo
significant thermal decomposition at low temperatures. The operative conditions of the
IL recovery are limited to determine the pressure of the process for obtaining the IL with
a specified purity. Pressure is calculated using the one-stage equilibrium VL operation

(flash distillation). Thereby the thermal integrity of compounds is preserved.

We estimate the operating costs related to the energy consumption, but not the cap-
ital ones. In the sulfolane process, for example, for separating aromatic from aliphatic
hydrocarbons the major costs are related to the heating operations (Meindersma, 2005).
The VL separator should not cause an elevated cost. Then it could be neglected in the
operating costs. The heat duty to evaporate the organic solvent is required. In these
simulations the mechanical work consumed in both fluid transport and vacuum pump is
overlooked. The first contribution depends on the process line configuration being out of
the scope of this thesis, whereas the second one is relatively small if vacuum is got at low
temperatures. Vacuum pumps are expensive affecting the capital cost of the process but
they consume low electrical power. Then they provide a low impact on the total operating
cost. In this work the energy spending analysis is restricted to that of the fluid heating
and vaporization. We consider the major contribution to the total energy balance of the

process and the nature of the components to be separated.

Figure 5.4 shows the flowsheet proposed in this work for computing the heat require-

ment of the organic solvent vaporization and their contributions.
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Figure 5.4: Flowsheet and design specifications used in this work for computing the
heat duties (and their contributions: Qvap. and Qpeat) in the IL regeneration from their
mixtures with organic solvents. AP = 0 in equipments.
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The following design specifications are used in all simulations:

e The (organic solvent + IL) mixture is fed at room temperature. The mixture is

preheated to its bubble point. In this form, the total heating load is decomposed in

two contributions: Qgeat and Qvap.-

e The feed to the process has a 20% mole of the organic solvent.

e The recovered IL has a 99% mole of purity.

e The operating temperature of the VL separator is 150A°C to avoid the thermal
decomposition of compounds. The temperature for the IL decomposition strongly

depends on its nature lying in a wide interval. We considered 150A°C as limiting

situation.

e The pressure drop at the devices is set to 0. This means that the overall flowsheet

is at the operating pressure determined by the VLE condition.
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5.3.4.1 Operating conditions for the VL separator

According to our simulations, the IL regeneration in the considered systems is not achieved
at atmospheric pressure and 150°C. In most cases, the calculated operating temperatures
for the VL separator are higher than 250 — 300°C. As previously recommended (Meinder-
sma, 2005; Meindersma et al., 2006; Meindersma and de Haan, 2008; Arce et al., 2007;
Shiflett and Yokozeki, 2006a), vacuum distillation should be performed to preserve the
thermal integrity of the ILs. The pressure has to be reduced up to ca. 5-30 kPa to
maintain the operating temperature in the VL separator below 150°C. The calculated
pressures are in the same order of magnitude than those obtained in other works (Mein-
dersma, 2005; Meindersma et al., 2006; Meindersma and de Haan, 2008; Arce et al., 2007,
Shiflett and Yokozeki, 2006a) where process simulations are supported by NRTL using
binary coefficients regressed from experimental VLE data. Pressures also fit well with the
experimental results reported by Mathews et al. (2000); Howarth et al. (2001); Schofer
et al. (2001); Appetecchi et al. (2006).

The calculated operating pressure for the studied systems increases 2.5-3.0 times if
the temperature rises 1.1-1.3 times (from 150 to 200°C, for instance). This indicates that
a dependency between vapor pressure and temperature exists for the considered systems
and conditions. The more thermally stable ILs should significantly reduce the vacuum

requirements for their regeneration.

The bubble points of the (20% mole organic solvent + IL) mixtures lye in the interval
(31.0-76.8)°C at the corresponding operating pressures. These values are 10-65°C higher
than the corresponding boiling temperatures of the pure organic solvents at the same
pressure. This evidences the strength of the interactions between components in the

liquid phase.

The calculated operating pressures depend on the nature of both organic and IL. Due
to the difference of volatilities between the components in the mixture, the low-pressure
evaporation to regenerate the ILs is a peculiar condition of the VLE. The vapor generated
at the VL separator is, for all the studied cases, composed only by the organic solvent. A
comparison of the vapor pressure of organic compounds with that of their mixtures with
ILs should provide information about the influence of the organic solvent nature on the

operating conditions for the IL regeneration.

For the (organic solvent + 99% mole IL) considered mixtures, the vapor pressure of

the organic solvents falls approx. two orders of magnitude respect to the pure state as a
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consequence of the interactions in the liquid phase between both components. Moreover,
organic solvents undergo similar vapor pressure decreases in their mixtures with the ILs
of the same or even relatively different families. Figure 5.5 shows that operating pressure
also depends on the length of the alkyl chain in 1-alkyl-3-methyl imidazolium ILs.
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Figure 5.5: Effect of the length of the alkyl chain in 1-alkyl-3-methylimidazolium [NTfy]
on the operating pressure of the IL regeneration from mixtures with organic solvents.
Process involves vacuum evaporation of the organic solvent.

The pressure has to be reduced as the length of the alkyl chain increases. This behavior
is more acute in nonpolar organic solvents, such as benzene or cyclohexane, than in polar

solvents, such as ethanol and acetone.

Figure 5.6 show that operating pressure correlates with the nature of the anion in the
IL. This relationship is more general than that observed to the alkyl chain length, i.e.
it is significant not only with nonpolar solvents but also with polar ones. The integral
evaluation of the results shown in Figure 5.5 and 5.6 allows hypothesizing that shorter
chains of the 1-alkyl-3-methyl imidazolium [BF,] ILs should be regenerated at near-to-

atmospheric pressures from mixtures with benzene, for instance.
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Figure 5.6: Effect of the anion nature on the operating pressure of the IL regeneration
from mixtures with organic solvents. Process involves vacuum evaporation of the organic
solvent at 150°C.

In fact, our calculations conclude that [mmim|[BF,] could be completely recovered
from its mixtures with benzene at atmospheric pressure and temperature over 151.8°C.
This result suggests that the computational procedure proposed here is suitable to design

ionic liquids using criteria related to process operating conditions.

5.3.4.2 Energy consumptions of the IL recovery process

The energy consumption of the organic solvent vaporization (Qva.p in Figure 5.4) from
their mixtures with ILs are in the range 120-240 kJ /kg IL regenerated for the considered
systems. The duties of the preheating stage (Qpueat in Figure 5.4) fall in the interval
(5.0-65.0) kJ/kg (organic solvent + IL) mixture. The heat of vaporization of the organic
solvent from their mixtures with ILs (Qvap.) is higher than 70% of the total duty (Qvap. +
Queat) for the systems studied in this work. It shows an interesting correspondence with
the nature of the organic solvent. In fact, Qvap. is over 75% for polar solvents but rise to
approx. 90% when nonpolar solvents are mixed with the same IL. Qv depends on the

nature of both IL and organic solvent (Figures 5.7, 5.8 and 5.9).

Figure 5.7 shows that calculated heat of vaporization of the organic solvents from
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their mixtures with ILs are 6.2-14.2 times higher than the heat of vaporization of the pure
organic compounds at 150°C.
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Figure 5.7: The heat of vaporization of an organic solvent in mixture (organic solvent +
IL) versus the heat of vaporization of pure organic at 150°C.

This should be taken as a measure of the strength of interactions between ILs and
organic solvents in liquid phase. Figure 5.8 shows that Qvap. increases with the length of
the alkyl chain of cation in mixture. The average ratio is 10.4 kJ per -CH, added to the
alkyl chain of the cation in the mixtures of [C1,2,4 or 6)mim|[NTf,] and organic solvents

of different polarities.
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Figure 5.8: Dependence of the heat of vaporization (Qvap.) of the organic solvent with the
alkyl chain length of the cation in the (organic solvent + IL) mixtures.

This means that vaporization heat duty of the same organic solvent from its mixtures

106



5. Ionic liquids design/selection for separation processes based on
operational and economic criteria through the example of their regeneration

with [C1,2,4 or 6)mim]|[NTf,] ILs increase approx. 10 times if [hxmim]|[NTf,] is used
instead of [mmim|[NTfy]. The chain length effect is more acute in nonpolar organic
solvents (9.3 to 11.7 times) than that in polar ones (9 times).

Figure 5.9 shows that Qvap. depends on the nature of the anion in the IL-organic
solvent mixture. The heat spending in evaporating the organic solvent increases approx.
30% when it is mixed with [bmim]|[BF,] instead with [bmim][NTf,] being even higher
(approx. 50%) with [1-alkyl-3methyl imidazolium|[CyH;SO,] ILs.
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Figure 5.9: Dependence of the heat of vaporization (Qvap.) of the organic solvent with the
anion nature in the (organic solvent + IL) mixtures.

5.3.5 A case of study: the separation of aromatic/aliphatic hy-
drocarbons using ILs

The screening performed for selecting/designing suitable ILs for separating aromatic and
aliphatic hydrocarbons was based on the separation capacity of the extracting agent (Jork
et al., 2005; Palomar et al., 2009b; Meindersma et al., 2006; Meindersma and de Haan,
2008; Arce et al., 2007; Gonzalez et al., 2010). We reevaluate the IL selection taking
also into account the operating conditions and energy consumption needed to regenerate
the IL. Figure 5.10 shows the partition coefficients at infinite dilution calculated for the
distribution of benzene between cyclohexane and ILs using COSMO-RS. We consider the

partition coefficients as a separation capacity criterion.
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Figure 5.10: Comparison of some ILs as extracting solvents for separating a ben-
zene/cyclohexane mixture. The criteria selected for the comparison are (A) the separation
capacity, (B) the operating conditions and (C) the heat duties of the IL regeneration.

The computed solute distribution ratios for different ILs, such as [l-alkyl-3-methyl
imidazolium|[NTf,], [bmim]|[BF,] or [bmim|[PFs] and [emim]|[CoH5SO,], agree qualita-
tively with experiment (Gonzalez et al., 2010).

As can be seen in Figure 5.10, quantitative patterns for the three criteria considered
in this work (partition coefficient in the extraction, operating pressure and the heat duty

in the IL regeneration) do not match at all. For the considered systems:
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1. The [bmim][PF¢] IL ensures the highest aromatic/aliphatic separating capacity in

the extraction. (Separation capacity criterion).

2. The mildest operating pressure to achieve the IL regeneration is obtained when

[bmim]|[BFy] is selected as extractant solvent. (Operating condition criterion).

3. The lowest duty required to regenerate IL (by evaporating benzene from the IL-
benzene mixture) is achieved using the [mmim|[NTfy| IL solvent. (Heat duty crite-

rion).

From this, selecting the IL that optimizes the overall (extraction of the solute plus
regeneration of the extracting solvent) is not an immediate task. This analysis could turn
more complex if other criteria like selectivity of the separation, solvent consumption or

capital costs of the process are included.

Finally, we performed a preliminary economical evaluation of the IL regeneration for
this process. We considered (average values) Qvap. = 176 kJ /kg IL regenerated and Qpeat
= 30.9 kJ/kg IL regenerated. We used the conceptual process developed by Meindersma
(2005); Meindersma and de Haan (2008) for the extractive separation of aromatic com-
pounds from an aromatic/aliphatic mixture with an IL. The feed stream flow rate is 300
ton/h with a toluene composition of 10 wt%. The feed stream enters at the bottom of the
extraction column. The ionic liquid enters at the top of the extraction column with a flow
rate of 1600 ton/hr. The total regeneration of IL by the evaporation of toluene consumes
over 1.3 Mton/year of medium vapor pressure. This is approx. 11.4 M€ /year (the vapor
price is 8.8 €/ton and the capacity factor of the process is assumed to be 90%).
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5.4 Concluding remarks

The COSMO-based process simulation is supported by a reasonable predictive capacity of
the COSMO-RS method respect to VLE of mixtures (organic solvent 4 IL). Likewise, the
heat capacities of ILs and VLEs for (organic solvent + IL) binary mixtures computed with
Aspen HYSYS showed good agreement with experiment. Then a good transferability of
the COSMO-RS results into Aspen Plus/Aspen HYSYS process simulators was achieved.
This methodology provided results physically coherent and consistent with a molecular

interpretation of interactions between both components in liquid phase.

We simulated the IL regeneration from mixtures with conventional organic solvents
coming from previous separating processes. Aspen Tech’s process simulators allowed
for the calculation of operating conditions and heat requirement associated to the IL
regeneration. The technical and economic information derived from process simulation

could enrich the set of criteria used to select/design the most suitable IL for specific uses.

The regeneration of ILs from mixtures with organic solvents is possible by evaporation
of the volatile component under vacuum conditions (approx. 5-30 kPa). The heat require-
ment for this process was approx. 145-315 kJ/kg IL regenerated. The duty of distillation
increases with the alkyl chain length of cation in the 1-alkyl-3-methyl imidazolium ILs.
The average heat consume in distillation was 9.7 kJ per -CHy added to the cation chain,

and it also changes with the nature of the anion.
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Chapter 6

Evaluation of ionic liquids as
absorbents for ammonia absorption
refrigeration cycles using
COSMO-based process simulations

He COSMO-based process simulations using Aspen Plus/Aspen HYSYS are car-
T ried out to evaluate the performance of ammonia absorption refrigeration cycles
with ionic liquids. The [emim]|[CH3CO,], [emim|[CoH5S0,], [emim]|[SCN], [hxmim][Cl],
[choline][NTfy] and [OHemim|[BF,] ILs are considered as refrigerant absorbents. The
[choline|[NTf,] and [OHemim][BF,] ILs are evaluated by the first time (to our knowledge)
in absorption refrigeration after they were recommended as good ammonia absorbents.
COSMO-RS method is used for both creating ionic liquid non-databank components and
specifying the COSMOSAC property model in Aspen Plus. The COSMOSAC property
model gives at once reasonable good property predictions of the vapor (refrigerant) and
the condensed (ammonia + ionic liquid) phases. The cycle performances vary in relative
wide intervals depending on the ammonia concentration in the (refrigerant + absorbent)
solutions. IL mixtures allow not only the tailoring of the working concentration interval

of the cycle but also its performance.
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6.1 Introduction

The absorption refrigeration cycle (Figure 6.1) is an alternative to the commonly-employed
vapor-compression cycle. It uses a source of heat to provide the energy needed to drive
the cooling process rather than being dependent on electricity to run a compressor. The
system has low-work input requirement, and is fairly simple and economical to operate.
It is particularly attractive when an inexpensive source of energy, such as waste heat, is
available (Srikhirin et al., 2001; Kim and Infante Ferreira, 2008; Bogart, 1981; Erickson
et al., 2004).

QC QG

T !

L~ L~ ]

Condenser Generator

NH3

./
o

-

High pressure
region

:
K
I
I

/Refrigeran\

Weak-IL Solution
Strong-IL Solution

\ QX[

Y Y

Evaporator \ NHs X ( Absorber ]

1 ) N

T |

Qe Qa

Low pressure
region

Figure 6.1: Schematic representation of an absorption refrigeration cycle.

In these refrigerators, the gas refrigerant is absorbed in a liquid at relatively low pres-
sure and temperature. Further, a liquid pump drives the refrigerant-absorbent solution
to a refrigerant vapor generator. In the generator, a heating source provides the energy
required to operate at higher pressure and temperature. The refrigerant is then released

in gas phase.
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Some desirable properties for absorbent /refrigerant pairs include the following (Bogart,
1981):

e The refrigerant should exhibit high solubility in the absorbent.

e The difference in boiling points of refrigerant and absorbent should be large, or else

a certain amount of absorbent will contaminate the refrigerant gas produced.
e The heat of mixing of absorbent /refrigerant should be small.
e There should be no crystallization inside the system.
e The solution should not be corrosive.

e Thermal conductivity should be high and viscosity should be small to improve the

efficiency of heat transfer and pumping operations.

NH;/H>0 and HoO/LiBr are the best known absorption refrigeration systems up to
now. Typical commercially-available absorption systems use NH3/H,O for moderate-
temperature applications such as air conditioning. The HoO/LiBr systems are usually used
for low temperature applications such as refrigeration. In NHz /H5O systems some water is
evaporated with the ammonia due to their similarities in boiling points. Moreover, NHj is
toxic and flammable. On the other hand, the H,O/LiBr systems are limited to up to 0°C
to avoid freezing of the refrigerant, and the LiBr aqueous solutions are corrosive. Some
studies proposed absorbing fluoroalkane or supercritical COs refrigerants with organic
absorbents (Eiseman Jr, 1959; Mastrangelo, 1959; Jones), but problems of fire hazards or

gas refrigerant contamination with absorbent persist in using organic absorbents.

A promising option is using ionic liquids (ILs) as refrigerant absorbents (Holbrey and
Seddon, 1999b; Shiflett et al., 2006; Yokozeki and Shiflett, 2007a,b; Zhang and Hu, 2011;
Kim et al., 2012; Martin and Bermejo, 2010; Chen et al., 2012; Swarnkar et al., 2012). ILs
have favorable properties for absorption such as thermal stability and a broad range of
liquid temperatures. Their negligible vapor pressure prevents the refrigerant contamina-
tion at the generator. Other advantages of ILs are their high heat capacity, high density,
non-flammability, low-corrosive character and non-toxicity. They also have a large capac-
ity for dissolving gases such as NHj (Yokozeki and Shiflett, 2007a,b; Shiflett and Yokozeki,
2006b; Wang et al., 2007b; Palomar et al., 2011a; Bedia et al., 2012; Yokozeki and Shiflett,
2010; Li et al., 2010; Altamash et al., 2012). Shiflett et al. (2006) patented the application
of ILs as absorbents in refrigeration. They studied the NHj refrigerant with [emim][BF],
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[bmim][PF6], [hxmim][Cl], [emim]|[NTf,], [bmim][BF,], [emim|[CH3CO,], [emim]|[SCN],
[emim][CoH5S0,] and [DMEA][CH3CO,] (Yokozeki and Shiflett, 2007a,b).

Process simulation is a valuable tool for understanding and evaluating absorption
refrigeration systems (Shiflett et al., 2006; Yokozeki and Shiflett, 2007a,b; Zhang and Hu,
2011; Kim et al., 2012; Martin and Bermejo, 2010; Chen et al., 2012; Yokozeki and Shiflett,
2010; De Lucas et al., 2007; Imroz Sohel and Dawoud, 2006; Donate et al., 2006; Atmaca
et al., 2002; Vargas et al., 1998; Yang and Guo, 1987; Balamuru et al., 2000; Darwish
et al., 2008; Steiu et al., 2009; Somers et al., 2011). Furthermore, process simulation
can be helpful for selecting and/or designing ILs with optimized properties as refrigerant

absorbents.

The thermodynamic description of absorption refrigeration cycles has certain com-
plexity. For instance, the binary (refrigerant+absorbent) vapor liquid equilibrium (VLE)
has to be solved in order to establish temperature-pressure-composition and enthalpy-
temperature-composition relationships. One way is using equations of states (EOS) for
the vapor phase and activity models (NRTL or UNIQUAC) for the liquid phase (Bala-
muru et al., 2000; Steiu et al., 2009; Van Ness and Abbott, 1982). This way has several

limitations:

e EOS’s parameters are difficult to set up due to the non-volatile character of the ILs.
Hence, information about their critical properties and vapor-pressure data is scarce
(Yokozeki, 2005).

e The abundant experimental data on the VLE are also required for correlating the

binary parameters of the activity models.

e Activity models are frequently valid for temperatures below the refrigerant critical
temperature. Then, modeling (refrigerant + ILs) solutions at generator tempera-

tures would become challenging.

e Activity models are not physically consistent for electrolyte systems (Chen et al.,
2008; Simoni et al., 2008) as ILs are.

Yokozeki (2005) developed an EOS-type model (a cubic equation like a generic Redlich-
Kwong) for estimating the thermodynamical properties of binary (refrigerant + IL) mix-
tures. Yokozeki and Shiflett (2007b); Yokozeki (2005) successfully applied this formalism

to model NHj3/ILs absorption cycles. However, this procedure demands rigorous and
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somewhat large experimental data to regress the KOS parameters. It represents a practi-
cal limitation when trying to use process simulation for designing/selecting a priori new
ILs with optimized properties for absorption refrigeration cycles.

We have already successfully integrated COSMO-based methodologies into commercial
Aspen Tech process simulators in previous chapters. The COSMOSAC property model as
implemented in Aspen Plus is used to estimate the activity coefficients of components in
the liquid phase and, simultaneously, the properties of the refrigerant in the vapor phase.
COSMOSAC is specified using the results of COSMO-RS calculations. COSMO-RS is
used to create/specify the new non-databank IL components. The predicted properties
for NHs, ILs and their mixtures using COSMO-based Aspen Plus are compared with
experimental data reported in literature (Yokozeki and Shiflett, 2007a,b; Bedia et al.,
2012). The computed performances for some cycles are compared with those calculated
by Yokozeki and Shiflett (2007a); Yokozeki and Shiflett (2007b).

Several ILs are evaluated as absorbents in ammonia absorption refrigerant cycles: some
studied by Yokozeki and Shiflett (2007a); Yokozeki and Shiflett (2007b) ([emim|[CH3CO4],
[emim][CaH5S0,], [emim][SCN] and [hxmim][Cl]), and some proposed by us ([choline][NTf,]
and [OHemim|[BF4]). We selected the last two ILs after systematic computational and
experimental research on the ammonia solubility in ILs (Palomar et al., 2011a; Bedia
et al., 2012).

The stepwise strategy developed in this doctoral thesis, in the particular field of am-
monia absorption refrigeration cycles, would involve the following phases:
1. A COSMO-RS screening is performed in order to select ILs with potential capability

for ammonia absorption (Palomar et al., 2011a; Bedia et al., 2012).

2. The absorption refrigeration cycle performances for the selected ILs are evaluated

using process simulations supported by the COSMOSAC property model.

3. The experimental cycle performance with the optimized ILs is carried out.

The scope of this work implies the second stage of the presented approach.
The ILs considered in this work can be classified into two groups according to their

capacities for absorbing ammonia:

e The [choline][NTf,] and [OHemim|[BF 4] ionic liquids are considered strong-ammonia

absorbents. They are good absorbents of ammonia.
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e The [emim][CH3COs], [emim][CyH5SO04], [emim][SCN] and [hxmim][Cl] ionic liquids
are considered week-ammonia absorbents. They absorb the refrigerant lesser than
the former.

The mixtures of strong- and week- ammonia absorbent ILs are also evaluated bearing

in mind the possible improvement of the cycle’s behavior respect to individual ionic liquids.

6.2 Computational details

6.2.1 Quantum chemical calculations

The molecular structures of the selected ILs have been described by the ion-paired [CA]
model. These structures are obtained by geometry optimization at BP-TZVP compu-
tational level considering solvent effects through the COSMO-RS continuum solvation
model (Klamt, 1995; Andzelm et al., 1995) assuming a hypothetical solvent with e—o0.
Vibrational frequency calculations to confirm the presence of an energy minimum are
performed. The TURBOMOLE suit (V 3.1) of programs (Schifer et al., 2000) and the
program package COSMOthermX, version C30-1201 (Diedenhofen et al., 2012) are used,
respectively, in all the quantum chemical and COSMO-RS calculations. The COSMO-
thermX calculations use the implicit BP_TZVP_C30_.1201 parameterization.

6.2.2 Property package creation

The property packages are generated in Aspen Plus and exported to Aspen HYSYS.
ILs are created as pseudo-components specifying their molecular weights, normal boiling
temperatures and densities. Additionally, the coefficients of the Andrade’s equation for the
viscosity-to-temperature dependency are specified. These coefficients are regressed from
experimental data (ILthermo, 2006). Ammonia is selected as conventional component
from the Aspen Properties database. The COSMOSAC property model is selected to
estimate the activity coefficients of the components in the mixtures, in particular the
equation of Lin et al. (2002). Since it modifies the hydrogen bond (HB) term of the
original COSMO-SAC equation (Lin and Sandler, 2002a), the description of strongly non-
ideal systems is improved. Molecular volumes and o-profiles of the ILs needed to specify
the COSMOSAC model are provided by the user. Those corresponding to ammonia are
retrieved from the Aspen Properties database (Aspen Technology, 2011a).
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For some selected (NH3 + IL) binary mixtures (the selection criteria will be explained
in the next section), ammonia is specified as Henry component. The coefficients A, B
and C in the Equation 2.12 are specified in Aspen Plus. Coefficients are regressed from
experimental VLE (or H vs. T) data (Yokozeki and Shiflett, 2007a,b; Bedia et al., 2012; Li
et al., 2010). Table 6.1 shows the coefficients used in this work along with the statistical

information of the fittings.

Table 6.1: Coefficients used for describing the temperature dependence of the Henry’s
constant. Number of experimental points (n) considered in the regressions and their R?
values are also included.

Parameters
A B C
[emim][CoH5SO4] 5 0.9984 -69.3996  1003.3  11.6429
[emim][SCN] 5 0.9999 429148 -4214.34 -4.99362

Ionic Liquid n R?

6.2.3 Process simulations

Performance of the absorption refrigeration cycle is based on a simple ideal cycle shown
in Figure 6.2. The main specifications used in the simulations are also given. They are
similar to those obtained by Yokozeki and Shiflett (2007a); Yokozeki and Shiflett (2007b).

The refrigerant part of the circuit contains a condenser, an expansion valve and an
evaporator. The solution section consists of a vapor absorber, a gas generator, a heat
exchanger, a pressure control (reducing) valve, and a solution liquid-pump. To simplify,
the heat exchanger between the strong- and weak-IL solutions is modeled as two one-side

heat exchangers.

The specifications used in this chapter are:

e Temperatures at the generator (Tq), absorber (T, ), condenser (T¢) and evaporator
(Tg) are 100, 30, 40 and 10°C, respectively. Selected values of T and T correspond
to a refrigeration cycle which consumes low-quality heat (100°C) to produce (for

example) chilled water at 10°C.

e Streams S06 and S08 are ammonia saturated liquid (vapor fraction = 0) and vapor
(vapor fraction = 1). From these last two conditions, pressures at the condenser
(P¢) and the evaporator (Pg) are the corresponding ammonia VLE pressures: 0.6
and 1.6 MPa.
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Figure 6.2: Aspen HYSYS process flow diagram used in the current simulations for evalu-
ating the cycle’s performance. The main specifications for the Base Case simulations are
also included.

e Composition of the poor- (streams S01 to S04) or rich- (streams S09 to S11) IL
solutions (xa and xq, respectively) is the degree of freedom of the system directly
related to the nature of the (NH;z + IL) binary mixtures. x4 is specified taking into
account that limiting ammonia concentration in the poor-IL solution is that one
corresponding to the saturated (NHs + IL) solution at Py and Tx. Additionally,
xa and xg are associated by the VLE condition at the generator:

@TG’PG((I}A,mg) =0 (61)

As a result, x5 determines the “composition operating window” of the cycle. Its
selection should ensure simultaneously the refrigerant vaporization at the generator
and the absorption of the refrigerant at the absorber (S02 vapor fraction is set to 0)

under their respective operating conditions.
e Refrigerant mass flow at the generator (S05) is 3600 kg/h in all the simulations.

e Pressure drops in the connecting lines are neglected; therefore: P = Pg and Pg =
Pa.

e Stream S11 (strong-IL solution inlet to the absorber) is a solution at the bubble
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point specified with the absorber pressure (P,) and the solution concentration of

the generator (x¢).

The specification scheme used in this work has two important consequences:

(i) Stream S05 (condenser inlet) represents a superheated state of pure refrigerant at T
and Pg.

(ii) Stream S09 (generator liquid outlet) represents a subcooled quasi-pure ionic liquid

under the same conditions (Tg and Pg).

6.2.4 Evaluation of the cycle’s performances

The overall energy balance of the cycle is defined as:

Qe+ Qa+Wp=Qc+Qa (6.2)

where Qg and Qg are the heat required in gas generator and evaporator units respectively,
WP the power consumed by the pump and Q¢ and Qa the heat released in condenser

and vapor absorber units. Then, the system performance (n) is:

Qe

~Qa+Wr 63)

Ui

Solution pumping power, Wp, is usually much smaller than Qg, and it is customary to
use a COP (coefficient of performance) defined as just the ratio between Qg and Qg. For
evaluating absorption chillers it is also used the Solution Circulation Ratio, f, defined as
the ratio of the solution flow rate pumped and the refrigerant flow rate:

f=lao TG (6.4)

my Tg — XA

where m, (mgg; = 3600 kg/h) is the mass flow of refrigerant, and my (mgpg) is the total

SOQ) 802)

mass flow of the reach-IL solution in absorbent. x¢g (xi, and xa (XL, are the mass

fractions of the absorbent in the solution leaving the generator and absorber, respectively.
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6.3 Results

6.3.1 Prediction of pure component and (NHj3 + IL) binary mix-
ture properties

6.3.1.1 Prediction of ammonia properties

Calculated equilibrium temperatures at pressures between 5.5 and 20 bar lie in the range
of 6.8 to 49.5°C. Moreover calculated mean specific volumes of both saturated liquid and
gas at temperatures between 8 and 50°C are 0.0017 and 0.1509 m? /kg. The vaporization of
ammonia (between 8 and 50°C) is accomplished with mean enthalpy and entropy changes
of 1156 kJ/kg and 3.87 kJ/kg-°C. Table 6.2 shows that predictions match reasonably
well with experiment (Haar and Gallagher, 1978). The calculated RAAD for most of the
variables lies in the range of 0.08-0.56%, but it is higher for the specific volume of the
vapor. The accuracy for predicting superheated ammonia properties is slightly lower than
that at equilibrium conditions (RAAD 1.3-5.1%).

6.3.1.2 Prediction of IL properties

Densities, heat capacities and heat of vaporization of the considered ILs at 25°C and 1
atm are in the ranges 1043 - 1444 kg/m? (mean value 1204 kg/m?), 0.736 - 1.947 kJ /kg-°C
(mean value 1.153 kJ /kg-°C) and 170 - 236 kJ /kg (mean value 229 kJ/kg), respectively.
The estimated mean viscosity is 277 cP (from 32.4 to 988.1 cP) at same P, T conditions.
However, [hxmim][Cl] exhibits a viscosity above 18000 cP. Computed RAAD between
predicted IL properties and experiment (Wasserscheid and Welton, 2008; Seddon et al.,
2002; Liu et al., 2003; Comminges et al., 2006; Koddermann et al., 2008; Khupse and
Kumar, 2009) are lower than approximately 10% (Table 6.2). Current calculations also
reproduce the linear decrease of the density and the exponential decay of the viscosity

with the temperature observed experimentally for ionic liquids.
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Table 6.2: RAAD (in %) between calculated (using COSMSAC property model in Aspen
HYSYS/Aspen Plus process simulations) and experimental values for some termo-physical
and transport properties of pure ammonia and ILs.

Property Explored range N. points RAAD, %
Ammonia saturated liquid and vapor
TEquilibrium 5 - 20 bar 11 0.56
P Equilibrium 8 - 50°C 12 0.36
Viiquid 8 - 50°C 12 0.21
Vvapor 8 - 50°C 12 14.6
AHp, vy 8 - 50°C 12 0.08
ASy vy 8 - 50°C 12 0.08
Ammonia super-heated vapor

Molar volume 5 - 20 bar 134 5.1

8 - 50°C
AH 5 - 20 bar 134 1.3

8 - 50°C
AS 5 - 20 bar 134 1.4

8 - 50°C

Pure ionic liquids®

Density c.a. 25°C 14 2.50
Viscosity c.a. 25°C 15 2.34
Heat capacity c.a. 25°C 14 11.8
Heat of vaporization c.a. 25°C 16 8.30

“*Some other ILs of the same families are included in the present statistic.

121



6.3. Results

6.3.1.3 Density and viscosity of the (NH3 + IL) binary mixtures

Density and viscosity of the considered mixtures decrease with both the temperature and
the ammonia concentration (Figures 6.3 and 6.4). Densities and viscosities of mixtures
containing less than 10 wt% of ammonia are lower than those of pure ILs (density and
viscosity decrease 50% and 95% in relation to pure ILs).
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Figure 6.3: Densities of (NH3 + IL) binary mixtures calculated in Aspen HYSYS as
a function of: (A)- temperature (ammonia mass fraction = 0.05) and (B)- ammonia
concentration (T = 30°C). P = 1.1 MPa.

Furthermore, viscosity is similar (between 3 and 9 cP at 30°C) for all the mixtures

containing more than c.a. 4 wt% of ammonia. The combined effect of temperature and
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ammonia concentration on the viscosity of the mixtures is very acute: for temperatures
in the interval 60-100°C mixtures containing 2-3 wt% of ammonia have viscosities even
lower that 1 cP. These results agree with experiment (Yu et al., 2012; Valderrama and
Zarricueta, 2009; Jacquemin et al., 2008; Fredlake et al., 2004; Wasserscheid and Welton,
2008; Seddon et al., 2002; Liu et al., 2003; Comminges et al., 2006; Kéddermann et al.,

2008; Khupse and Kumar, 2009; Zhu et al., 2009; Rodriguez and Brennecke, 2006; Arce
et al., 2006a; Gonzélez et al., 2007).
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Figure 6.4: Viscosities of (NH3 + IL) binary mixtures calculated in Aspen HYSYS as
a function of: (A)- temperature (ammonia mass fraction = 0.05) and (B)- ammonia
concentration (T = 30°C). P = 1.1 MPa.
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6.3.1.4 Vapor-liquid behavior of (NH3; + IL) binary mixtures

Figure 6.5 shows that the COSMO-based property model reproduces the negative devia-
tion respect to the Raoult’s law experimentally observed (Yokozeki and Shiflett, 2007a,b;
Bedia et al., 2012; Yokozeki and Shiflett, 2010).
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Figure 6.5: Experimental (solid line) and calculated (dashed line) VLE for the (NH; + IL)
binary mixtures studied in this chapter. Calculations are performed using COSMOSAC
property model in Aspen Plus/Aspen HYSYS. In mixtures with [emim]|[CoH5;SO,4] and
[emim|[SCN] Henry components are specified for NH;. Temperatures are c.a. 300 K.

This model overestimates the vapor pressures of mixtures containing IL good ab-
sorbents of ammonia ([choline][NTf;] and [OHemim][BF4]) and underestimates the vapor

pressures of mixtures with IL poor absorbents of ammonia ([emim][CH3COs], [emim|[CoH5SO4],
[emim]|[SCN] and [hxmim][C]]).

The AADs between calculated and experimental equilibrium vapor pressures of the
(NH; + IL) mixtures are respectively, 0.101, 0.075, 0.182, 0.157, 0.065 and 0.063 MPa
for [choline|[NTf;], [emim|[CH3COs], [emim][C3H5SO4], [emim]|[SCN], [hxmim|[Cl] and
[OHemim|[BF,] for uncorrected (without Henry component specification) COSMOSAC
calculations in Aspen Plus/Aspen HYSYS. AADs is reduced to 0.058 and 0.062 MPa for

[emim]|[CoH5S0,] and [emim][SCN] when ammonia is specified as Henry component in
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the corresponding mixtures.

As reflected in VLE studies, the vapor pressure of the (NH3 + IL) mixtures increases
with both the operating temperature of the generator and the ammonia concentration
(Figure 6.6). The heat duties of the ammonia vaporization increase abruptly when am-
monia mass fraction is lower than 2 wt% (Figure 6.7) and increase with temperature.
Thus increasing the generator temperature from 100 to 120°C increases the heat of am-
monia vaporization over 7% in (NHz + [OHemim|[BF,]) mixtures. The low concentrations
(c.a. 10 wt%) of ammonia are responsible for both low vapor pressures and high heat va-
porization duties. Under low ammonia concentration (less than 10 wt%, for instance)
temperature growth has a low influence on the vapor pressure of the mixture (Figure 6.6).
On the other hand, the effect of IL nature on the refrigerant generation is less significant

for high (more than 50 wt%, for instance) concentrations of ammonia (Figure 6.7).

mass frac

X Ammonia’

Vapor pressure (M Pa)

Temperature (°C)

Figure 6.6: Vapor pressure of the (NH; + [emim][CH3CO;]) binary mixtures as a function
of both the temperature and the ammonia concentration. In these calculations vapor
fraction of the stream fed to the VL separator is set to 0 and the refrigerant flow rate
produced is constant (3600 kg/h).

High vapor pressures in addition to low heat requirements for ammonia vaporization
seem to optimize the generator operation but, nonetheless optimization of the generator

operation (including the IL selection) is not straightforward.
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Figure 6.7: Heat duty of ammonia vaporization from its mixtures with ILs as a function
of the ammonia concentration at 100°C. In these calculations vapor fraction of the stream
fed to the VL separator is set to 0 and the refrigerant flow rate produced is constant (3600

kg/h).

For the Base Case conditions, IL bad absorbents of ammonia yield at once the highest
vapor pressures and the lowest heats of vaporization. The picture is the opposite for

liquids with high absorption capacity of ammonia ([OHemim][BF,], for example).

The solubility of ammonia in the ILs under absorber conditions (30°C and 0.6 MPa)
ranges approximately from 0.15 to 0.28 (ammonia mass fraction) being [OHemim|[BF,]
the best absorbent.

In this work the operating concentration interval (windows) is defined as the ammonia
solubility difference under absorber (P5, Ta) and generator (Pg, Tg) conditions (Figure
6.8).

The good absorbents of ammonia ([OHemim|[BF,]) yield the widest operating con-
centration intervals for the ammonia absorption refrigeration cycles. However, strong-IL

solutions retain relatively elevated refrigerant concentrations.

The high solubility of ammonia in the selected ILs in these mixtures is related with
specific solute-solvent interactions in liquid phase like hydrogen bonding. The present
calculations find that mixtures of ammonia with [OHemim][BF,] and [choline|[NTf,] ILs
have the most negative calculated excess enthalpies (-1.9 and -0.9 kJ/mol, respectively, in

equimolar mixtures). Calculated excess enthalpies are -0.2 and -0.3 kJ/mol in 50 mol%
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Figure 6.8: Operating concentration intervals in ammonia refrigeration cycles using differ-
ent ILs as absorbents. Temperatures (Tx and Tq) and pressures (P, and Pg) correspond
to the Base Case considered in this work.

mixtures of ammonia with [emim|[CoH5SO4] and [emim|[SCN], respectively.

In summary, a reasonably good quantitative prediction is obtained for the properties
of the pure (NH3 and ILs) components and their binary mixtures using the COSMO-based
property models in the Aspen Plus/Aspen HYSYS process simulators.

Along with the physical consistency of the obtained results, the integration of the
COSMO calculations in the Aspen Tech commercial process simulations is validated for

studying the ammonia-IL absorption refrigeration cycles.

6.3.2 Cycle performance

6.3.2.1 Overall cycle’s results

Cycle performances obtained in this work (Table 6.3) reasonably agree with those pre-
viously obtained by Yokozeki and Shiflett (2007a); Yokozeki and Shiflett (2007b) for the

same systems and equivalent conditions.
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Table 6.3: Cycle’s performances calculated in this work and reported by Yokozeki and Shi-
flett (2007a); Yokozeki and Shiflett (2007b) (values in parenthesis). Process specifications:
Ta/Te/Ta/Tr=100/40/30/10°C are the same to those used in the cited works.

Ionic liquid f xg, IL wt%  xa@, IL wt% COP

[choline|[NTf] 9.66 94.3 84.6 0.668
femim][CH;COo]  11.08(12.55)  93.6(92.3)  85.0(85.0)  0.644(0.573)
femim][CoH;S0,]  21.24(17.55)  93.7(95.2)  89.8(89.8)  0.540(0.485)
lemim][SCN]  12.79(12.42)  92.4(92.7)  85.2(85.2)  0.592(0.557)

[OHemim)|[BF,] 12.34 87.1 80 0.668
hxmim][Cl]]  15.18(14.26) 93.4(93.9)  87.3(87.3)  0.595(0.525)

(@)x, values are specified by the user.

For the considered ILs and process specifications, the liquid stream in equilibrium
with the vapor refrigerant has xg (IL wt%) in the interval 87.1 - 93.7 when xa (ILs wt%)
is ranged between 80.0 and 89.8 (IL wt%). f ratio takes values between 9.6 and 21.2.
Heat duties in both the generator and the absorber (Qg and Qa, respectively) lie in the
intervals 1657 - 1879 kW (mean value 1770 kW) and 1579 - 2225 kW (mean value 1881
kW), respectively. Pump powers (Wp) are between 30.4 kW and 61.3 kW (mean value
41.4 kW) approx. 45 times lower than Qg. This result supports neglecting Wp in the
COP definition. Qg, as expected, is the same for all the binary (NHz + IL) mixtures
evaluated here: 1102 kW. This is also the specific cooling capacity (Qg/m,) of the cycles.
COP takes values in the range between 0.54 and 0.68.

The considered ILs can be roughly divided into two categories according to the cycle

performances (Table 6.3):

e ILs providing high COPs and low f ratios (like [choline|][NTf;] and [OHemim|[BF,])
simultaneously exhibit the best ammonia absorption capacities (x4 lies in the inter-
val 15 - 20 wt%). Liang et al. (2011) also suggest that the most favorable (refrigerant
+ IL) working pairs in absorption heat pumps or chillers are those showing the best
refrigerant absorption properties.

e ILs providing low COPs and high f ratios (like [emim|[SCN] and [emim|[CoH5SOy4]).

Interactions between these ILs and ammonia are weak in liquid phase.
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6.3.2.2 Optimizing cycle’s behavior

Cycle performances can vary in relatively wide intervals depending on the ammonia con-
centration in the (NHz + IL) solution (xa) fed to the generator (Figure 6.9). In fact,
the increase of ammonia mass fraction in these solutions provides higher COP values and

lower f ratios.
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Figure 6.9: (A)- f ratios and (B)- COP for ammonia refrigeration cycles with ILs as
absorbents versus ammonia concentration in strong-IL solutions. Remaining specifications
correspond to the Base Case of this study.

For instance, (NHs + [OHemim][BF,]) mixtures with ammonia mass fractions between
0.150 and 0.275 decreases 36.45 units for f ratio (from 42.4 to 5.98), whereas COP increases
8.1 percent units (from 59.8 to 67.9).

e For low ammonia concentration in the (NHz + ILs) mixtures (0.10 < Xammonia <
0.15), strong ammonia absorbent ILs provide lower COP and higher f ratio than
weak ammonia absorbent ILs. This is because former ILs have lower vapor pressures

and require higher duties at refrigerant generator than later ones.

e For high ammonia concentration (Xammonia > 0.20), ILs having elevated ammonia

absorption capacities provide the highest COP values and the lowest f ratios.

The cycle’s behavior likewise depends on the heat source temperature (Kim et al.,
2012; Yokozeki, 2005; Liang et al., 2011). The temperature of generator represents the

quality of the heat source used as driving force in the cycle operation. Figure 6.10 shows
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that both f ratio and COP decrease with the desorber temperature in the range 80 - 120°,
at considered conditions. Nevertheless, the shape of dependence is rather different: COP
decreases quasi-linearly with temperature, while the decrease of f ratio is exponential
showing an abrupt decay for relatively low temperatures depending on the nature and/or

concentration of the IL.
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Figure 6.10: Dependence of: (A)- f ratio and, (B)- COP with the cycle heat source (refrig-
erant generation) temperature for some ILs. Ammonia mass fractions are: 0.150 and 0.127
in mixtures with [emim][CH3CO;| and [hxmim][Cl], respectively. Xammonia (W/W) takes
values 0.15, 0.20 and 0.25 for mixtures with [OHemim]|[BF,]. Remaining specifications for
the cycle simulations correspond to the Base Case.

When some compositions are possible for the absorption system ([OHemim][BF,], for
instance, in Figure 6.10) the effect of the generation temperature on the cycle perfor-
mance can show significant differences ongoing from the lower to the higher ammonia

concentrations.

The (NHj3 + [OHemim|[BF,]) mixtures having high refrigerant concentrations (Xammonia
= 0.20 in Figure 6.10) behave similarly to the weak ammonia absorbents in spite of the
high absorption capacity of [OHemim]|[BF,]. High generation temperatures require high
ammonia concentrations to ensure refrigerant vapor generation (see data corresponding to
Mixtures Xammonia = 0.25 (w/w) with [OHemim|[BF,] in Figure 6.10A). Otherwise, vapor

is not produced in the generator.

As shown in Figure 6.11, the COP value slightly and linearly increases as the temper-
ature of the space to be refrigerated (Tg) becomes higher in the interval -5 to 10°C. On

the contrary, f ratio does not vary with T and depends only on the IL nature and/or
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concentration in the mixtures (Figure 6.9). Moreover, cycle’s performance descriptors (f

ratio and COP) are insensitive to changes in the temperature of the absorber (Ty).
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Figure 6.11: Dependence of COP with the temperature of the space to be refrigerated.
Ammonia mass fractions are: 0.150 and 0.127 in mixtures with [emim|[CH3COs] and
[hxmim][Cl], respectively. Xammonia (Wt/wt) takes values 0.15, 0.20 and 0.25 for mixtures
with [OHemim][BF,] IL. Remaining specifications for the cycle simulations correspond to
the Base Case.

Figures 6.8 and 6.9 suggest that using IL mixtures instead of pure ILs as refrigerant
absorbents could improve the cycle behavior. IL mixtures have already been thoroughly
investigated (Taylor et al.; 2010; Niedermeyer et al., 2012) and applied to separation
processes (Garcia et al., 2012) due to their enhanced properties in respect to individual

ionic liquids.

Figure 6.12 demonstrates that the mixtures of ILs having different ammonia absorp-
tion capacities ([OHemim|[BF,] and [hxmim|[Cl], for example) not only allow the tailoring
of the working concentration interval of the cycle (Figure 6.12A) but also its performances
(Figure 6.12B). The (NHz + [OHemim|[BF}]) mixtures containing 12.5 wt% of ammonia
could not be the strong-IL solution of an absorption cycle (Figure 6.8) since vapor gener-
ation at 100°C is not possible. However, mixtures with [hxmim][Cl] seem to be suitable
as refrigerant absorbents under these conditions. 50-wt% mixture of [OHemim|[BF,| with
[hxmim][Cl], for example, gives not only a higher COP but also a lower f ratio (Figure
6.12B) if compared with the systems studied here (Table 6.3).
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Figure 6.12: (A)- Operating concentration interval of mixtures of [OHemim][BF,4| and
[hxmim][Cl] used as absorbent in ammonia absorption cycles. (B)- Performance of ammo-
nia absorption cycles which use [OHemim|[BF,] and [hxmim|[Cl] mixtures as absorbents.
Operating conditions correspond to the Base Case considered in this work. x, = 0.125.

The presence of a maximum for COP as a function of the [OHemim|[BF,] concentration
in the IL-mixture is an outstanding and probably a particular feature of this system. This
maximum is related to the exothermic character of the ILs mixing (Niedermeyer et al.,
2012) which leads to a lesser external energy consumption (Qg) to produce the same
effect (Qr). In fact, our calculations show that the ternary (NHs + ([OHemim][BF,]
+ [hxmim|[C]]) mixtures have more negative HE than the corresponding (NHj3 + ILs)
binaries due to the negative HF of the binary (IL + IL) mixture. Negative excess enthalpies
for binary mixtures of ILs have been already described in the literature (Niedermeyer et al.,
2012). The presence (or not) of a COP maximum, its position and height depend on the

nature of the working pair and the operating conditions of the cycle.

It is important to consider that the heat rejected to the ambient at the absorber
(Qa) varies approx. 10% when the [OHemim]|[BF,| concentration in its mixtures with
[hxmim][C]] increases up to approx. 0.5 (mass fraction). Further increments of the
[OHemim|[BF,] cause an abrupt grow of Q. From this, it is evident the need of a

more complex thermodynamical second law analysis of the cycle’s performances.
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6.4 Concluding remarks

COSMO-based process simulations using Aspen Plus/Aspen HYSYS: (i)- adequately pre-
dict the properties (density, viscosity, heat capacity, VLE, etc.) of ammonia, ILs and their
mixtures and, (ii)- give a reasonably good estimation of the performances in ammonia ab-

sorption refrigeration cycles with ILs.

This approach also offers a physical consistent picture about the influence of the op-
erating conditions on the cycle’s behavior. Thus, it is a valuable tool in the ILs selec-

tion/design with optimized properties to this application.

Cycle’s performance depends on both operating conditions of the cycle and ammo-
nia concentration in the strong-IL solutions (x,). ILs showing low ammonia absorption
capacity (as, for example, [hxmim][Cl]) provide low f ratios and high COPs under low
ammonia concentrations (xa) in the strong-IL solution. However, high global ammonia
concentrations in the (NH3 + ILs) binary mixtures are not completely absorbed in the
absorber. If considering good ammonia absorbent ILs (like [OHemim][BF,]): low refriger-
ant concentrations are not enough to produce refrigerant vapor in the generator but give
the best performances and the lowest f ratios among the studied systems when ammonia

concentrations are increased.

The ammonia absorption capacity of ILs determines the operating concentration in-
terval of cycles. Using IL mixtures as refrigerant absorbents allow controlling both the
working concentration interval of cycle and its performance. These IL mixtures provide

new possibilities to optimize the IL selection/design for absorption refrigeration.
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Part 111

MULTISCALE APPROACH:
A case study
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Chapter 7

Optimized ionic liquids for toluene
absorption

He three stages of the multiscale approach, molecular simulation-experiment-process
T simulation, were addressed to select the optimal ionic liquid for toluene absorption.
The COSMO-RS method was used to analyze the solute-solvent interactions and to screen
Henry’s law constant for toluene in 272 ionic liquids (ILs). High-capacity absorbents were
selected for experimentation. Thermogravimetric experiments were carried out to evaluate
the toluene absorption in selected ILs at different temperatures and atmospheric pressure.
The experimental equilibrium data were compared with the COSMO-RS predictions. The
separation process rate-based simulation with selected ILs was modeled by the Aspen Plus
process simulator. This process was compared with the same one using organic absorbents.
Current computational-experimental research allowed selecting a set of suitable ILs for

toluene absorption.
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7.1 Introduction

Volatile organic compounds (VOCs) are organic substances characterized by their high-
vapor pressure at ambient temperature (Hunter and Oyama, 2000). They are involved in
atmospheric photochemical reactions and entail one of the most important groups of air
pollutants emitted from chemical, petrochemical, and allied industries, leading to serious
environmental problems (global warming, acid rain, and health hazard) and economical
losses. Due to this, legislations such as Clean Air Act Amendments or European Economic
Community (EEC) Directives limit the concentration levels for volatile organic compound
emissions into atmosphere. The current methods used in VOC abatement (destructive-
and recovery-based) include thermal or catalytic incineration, condensation, absorption,
adsorption, membrane separation, and biological treatments, each with particular advan-

tages and limitations (Rafson, 1998).

Selection of an efficient VOC abatement technique depends on the concentration and
the nature of the compound, the gas-stream flow rate, and other factors such as safety
and economic considerations. Thermal oxidizers, commonly used for the destruction of
VOCs, consume large amounts of natural gas to heat air and moisture, generating CO-
and NOX emissions, which have negative implications in global warming and air quality
(Milota et al., 2007). Catalytic oxidation processes (Bedia et al., 2010; Solsona et al.,
2011) reduce the fuel consumption but have the problem of catalyst deactivation. Fur-
thermore, the water vapor presents in most of the gas streams and/or generated from
VOCs oxidation frequently deactivates the inorganic catalytic systems. Biological treat-
ments can represent a cost-effective solution for VOC removal, but they are not suitable
when the microbial activity is limited by the slow VOC transfer from the gas phase to cell-
containing aqueous phase (Arriaga et al., 2006; Quijano et al., 2011). It is also necessary
to take into account that any destructive method eliminates the possibility of recovering
the VOC. Adsorption of VOCs on different porous materials, such as, activated carbons or
zeolites has been extensively studied in the literature (Chiang et al., 2001; Jarraya et al.,
2010) but its application may be limited because the moisture in the gas or the deposition
of other compounds could block the adsorption sites making difficult the regeneration of
the adsorbent. Absorption can provide an effective solution for VOC removal from gas
streams with further recovery. The key factor is the selection of an appropriate liquid
absorbent (Blach et al., 2008). For hydrophobic components, their low water solubility
limits the absorption capacity in aqueous phase (Wang et al., 2001). On the other hand,
organic solvents [e.g., hexadecane and di-(2-ethyl) hexyladipate (DEHA) previously stud-
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ied for toluene absorption (Quijano et al., 2011)] present the disadvantage of their not
negligible volatility. A strategy for improving the solute transfer to the aqueous phase is
the addition of a nonaqueous solvent with high affinity for the solute, being silicone oils,
n-alkanes, perfluorocarbons, and solid polymers widely used for this purpose (Darracq
et al., 2010).

Many of the requirements of VOC removal are fulfilled by an absorption system con-
taining room-temperature ionic liquids (ILs) (Milota et al., 2007; Quijano et al., 2011).
Because of their exceptional properties and the possibility of being designed with required
properties (Wasserscheid and Welton, 2008; Gonzalez et al., 1999; Palomar et al., 2010;
Giernoth, 2010), ILs have generated significant interest as absorbents in gas separation
processes,(Han and Armstrong, 2007; Han and Row, 2010) such as CO5 capture (Huang
and Riither, 2009; Bara et al., 2009a), absorption of SO, (Shiflett and Yokozeki, 2009;
Ren et al., 2010), NH3 (Yokozeki and Shiflett, 2007a; Palomar et al., 2011a; Bedia et al.,
2012), hydrofluorocarbons (Shiflett and Yokozeki, 2006¢; Shiflett et al., 2011), propy-
lene (Ortiz et al., 2010a,b), or VOCs as dimethylsulfide, dimethyldisulfide, and toluene
(Quijano et al., 2011; Ortiz et al., 2010b). In this last reference, the high affinity of
conventional imidazolium-based ILs for VOCs compounds was confirmed, being the par-
tition coefficients in [bmim|[PFg] and [bmim|[NTf,] comparable or higher than those of
typical organic solvents (Quijano et al., 2011). However, to the best of our knowledge,
no systematic investigations on VOCs affinity toward a wide variety of ILs have been
reported so far. Computational methods to estimate thermodynamic properties are of
great utility for selecting the best cation-anion combinations for absorbing a specific gas
(Palomar et al., 2011a). The COSMO-RS method developed by Klamt et al. (2010b) has
been demonstrated to be a valuable method for predicting the thermodynamic properties
of IL-based mixtures (Diedenhofen and Klamt, 2010), providing an unique a priori com-
putational tool for designing ILs with desired properties. In fact, the chapters III and
IV, and many publications show the general suitability of COSMO-RS method to reflect
the intermolecular interactions in the IL-organic mixtures and to predict the properties of
IL systems (Navas et al., 2009; Vreekamp et al., 2011), including solubilities and Henry’s
law constants of several gases in ILs (Palomar et al., 2011a; Bedia et al., 2012; Palomar
et al., 2011b; Gonzalez-Miquel et al., 2011). Indeed, ILs with optimum characteristics for
CO4 and NHj absorption were selected in previous works (Palomar et al., 2011a; Bedia
et al., 2012; Palomar et al., 2011b; Gonzélez-Miquel et al., 2011) on the basis of the ex-
cess enthalpy analysis and description of the intermolecular solute-IL interactions using

COSMO-RS.
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The aim of this work is to propose optimized ILs with high capacities and adequate
properties for absorbing toluene. To accomplish that, a research strategy based on a three-
step procedure was developed. First, a computational thermodynamic analysis using the
COSMO-RS method (molecular simulation) is performed among 272 ILs to select sol-
vents with suitable properties for toluene absorption. Second, experiments are conducted
to evaluate the thermodynamics and kinetics of toluene absorption. Thus, absorption-
desorption rate curves over selected ILs are obtained by thermogravimetric experiments
at different temperatures and atmospheric pressure. As a result, new thermodynamic
and kinetic experimental data of interest for toluene absorption by ILs, such as gas-liquid
equilibrium data and diffusivities, have been obtained and compared to the available data
and calculated values. Third, toluene absorption was modeled in Aspen Plus (2010) v 7.3
at the operating conditions experimentally tested by using equilibrium- and rate-based
columns (RADFRAC model). The Aspen Plus simulations of toluene absorption in se-
lected ILs and in other conventional toluene absorbents (such as hexadecane and DEHA)
are compared with our own experimental gas-liquid equilibrium and kinetic data. Then,
rate-based calculations are performed to estimate the absorption of toluene in tray and
packed columns at fixed gas/liquid mass ratio and operating conditions. The recovery of
toluene achieved using rate-based approach is compared to the separation obtained using
an ideal single equilibrium stage. Thus the importance of kinetics and thermodynamics

in the toluene absorption can be analyzed.

Following these steps, a set of optimized ILs are confidently evaluated as potential

candidates in the absorption processes for removal toluene from gaseous streams.
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7.2 Procedure

7.2.1 Molecular simulation: computational details of COSMO-
RS calculations

The molecular geometries of toluene, hexadecane, and ions of ILs were optimized at the
B3LYP/6-31++4G** computational level in the ideal gas phase using the quantum chemi-
cal Gaussian03 package (Frisch et al., 2003). A molecular model of independent counteri-
ons was applied in the COSMO-RS calculations, where the IL is treated as an equimolar
mixture of a cation and an anion. The version C21_0111 of the COSMOthermX program
package (Eckert and Klamt, 2010) and its implicit (BP_TZVP_C21_0111) parameteriza-
tion were used to accomplish the calculations of the o-profiles of pure compounds as well
as the thermodynamic properties (such as Henry’s law constants for toluene in ILs and

detailed contributions to excess enthalpies in equimolar toluene-IL mixtures).

7.2.2 Experimental section

7.2.2.1 Materials

Toluene (purity >99.8%) was purchased from Sigma-Aldrich and used without further pu-
rification. The ILs tested as absorbents were: [demim|[NTf], [omim|[NTf], [hxmim][NTf,]
[bmim|[NTf;], [emim]|[NTf;], [demim]|[BF,], [emim]|[CoH5SOy], and [bmim][BF4] supplied
by Tonic Liquid Technologies, in the highest purity available (purity >97-98%).All the ILs
were also used without further purification. Before each experiment, the ILs were dried
under vacuum (10-3 Torr) at 298 K over at least 24 h. This procedure ensures working
with ILs with very low water content (<250 ppm) (Palomar et al., 2011a; Bedia et al.,
2012). Therefore, the water should not significantly affect the absorption capacity, as we
have found. Table 7.1 collects the density and viscosity values reported in the literature
(Ahosseini and Scurto, 2008; Zhang et al., 2009; Jacquemin et al., 2006) for the different
ILs used in this work. As can be seen, the properties measured by us for the IL used

as reference [bmim|[BFy] (Palomar et al., 2011a) are fairly close to the reported by other
authors (Tokuda et al., 2004).
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Table 7.1: Density and viscosity of the ILs reported in literature.

IL T (K) p(kg/m?) pu (mPa-s) Reference

[demim][NTE,] 293! 1282 141
303 1278 84 Ahosseini and Scurto (2008)
313 1274 o4

[omim][NTf,] 293 1327 115
303 1320 71 Zhang et al. (2009)
313 1358 36

hxmim][NTf,] 293 1376 91
303 1367 56 Ahosseini and Scurto (2008)
313 1358 36

bmim|[NTf,] 293 1441 63
303 1432 40 Jacquemin et al. (2006)
313 1424 27

lemim][NTf,] 293 1524 41
303 1514 28 Ahosseini and Scurto (2008)
313 1506 20

[demim][BF,] 293 1072 928
303 1067 456 Ahosseini and Scurto (2008)
313 1060 248

lemim][C,H;S0,] 293 1241 111

303 1234 75 Jacquemin et al. (2006)
313 122 53

bmim][BF,] 293 1203 / 1208 123 / 107
303 -/ 1201 -/ 72 Palomar et al. (2011a)
313 1189 /1195 48 / 50 Tokuda et al. (2004)

7.2.2.2 Absorption/desorption experiment

Figure 7.1 shows a scheme of the setup used for toluene equilibrium and kinetic absorption
experiments. They were carried out in a thermogravimetric analyzer (TGA/SDTAS851e
Mettler Toledo International Inc.) at atmospheric pressure and temperatures of 293, 303,
and 313 K using around 20 mg of IL previously dried as described before. The balance has a
weight range of 0-1000 mg with a resolution of 0.1 ug. The temperature of the sample was
maintained constant with an external thermostatized bath (Huberminisat 125). Toluene
inlet concentration was set by saturation of a nitrogen flow through a saturator at a
controlled temperature. Gas-liquid equilibrium data of toluene in ILs were obtained by

setting the partial pressure of toluene in the toluene/N, gas flow (100 Nem?®/min) and
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monitoring the increment on weight of the sample. Blank experiments were carried out
with neat Ny gas and no weight increase of the IL samples was detected, consistently with
the reported negligible solubility of Ny in imidazolium-based IL (<107 molar fraction at
1 atm and 40°C) (Carlisle et al., 2008). It was considered that the IL and the gas have
reached equilibrium when at constant pressure no further weight change was observed on

time (weight change rate <0.001 mg ht).
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Figure 7.1: Schematic diagram of the atmospheric pressure system for toluene absorption.

The absorption-desorption rate curves were also obtained in the aforementioned ther-
mogravimetric system. Toluene absorption was performed at an inlet toluene partial pres-
sure of 2.0 kPa under continuous gas flow (100 Nem?/min) at 0.1 MPa. The increment
of weight was monitored, and once the IL and the gas seem to have reached equilib-
rium (weight change rate <0.001 mg h™'1), desorption was carried out at the absorption

temperature with continuous dry nitrogen flow (100 Nem?/min).

7.2.3 Process simulation details

In process simulations, IL new components were created as pseudocomponents in Aspen
Plus (v 7.3) specifying their molecular weights, normal boiling temperatures, and densities.
Additionally, the coefficients of the Andrade’s equation for the viscosity-to-temperature
dependency were specified. These coefficients were regressed from experimental data
(Palomar et al., 2011a; Ahosseini and Scurto, 2008; Zhang et al., 2009; Tokuda et al.,
2004). Toluene and nitrogen were selected as conventional components from the Aspen
Plus ASPV73 PURE25 database. The COSMOSAC property model (Aspen Technology,
2004a; Lin and Sandler, 2002a), as implemented by default in Aspen Plus was selected

143



7.2. Procedure

to estimate the activity coefficients of the components in the mixtures. The molecular
volumes and o-prof-profiles of the ILs, needed for specifying the COSMOSAC model,
were set by the user, whereas those corresponding to the organic solvents were directly
taken from the Aspen Plus database. The information used for both creating IL pseudo-
components (normal boiling temperature and densities) and specifying the corresponding
COSMOSAC property models were obtained from the previous COSMO-RS calculations
by the COSMOthermX (v C21.0111) program package assuming ion-paired structures
(molecular [CA] model) for the ILs. Toluene absorption was simulated with the RAD-
FRAC model of Aspen Plus. In rate-based absorption simulations:

e toluene + IL mixtures were considered as nonreacting systems.

e diffusivities of the toluene in the IL phase were calculated by the Wilke-Chang

equation as implemented in Aspen Plus (v 7.3).
e both trayed and packed columns were evaluated.

e dimensions of the tray and pack section were previously estimated by the tray- and

pack-sizing utilities available in Aspen Plus.

e correlations used by default in Aspen Plus (v 7.3) to calculate the mass- and heat-
transfer coefficients and interfacial areas in rate-based absorption simulations were

employed here.

Two rate-based absorption models have been used in this work:

1. One-Stage Contactor Column.It was considered for evaluating the absorptive
capacity of different ILs using a gas feed with inlet toluene partial pressure of 2.0 kPa.
In addition, it allows comparing the separation achieved using rate and equilibrium-
based approaches, to evaluate how the kinetics affects in the absorption process. In
addition, Murphree tray efficiencies were also evaluated. The feed flows of the IL
and gas were fixed at L=0.01 and G = 0.35 kmol/h, respectively. A G/L of 35 was
selected because it allows observing significant deviations of toluene recovery from
ideal equilibrium. The inlet streams were fed “on stage” according to the Aspen Plus

convention. Sieve tray dimensions were fixed at 0.3 m diameter and 0.15 m height.

2. Packed Bed Column. A more realistic absorption model of packed bed column

was also considered in this study for the selected IL [demim][NTf,] and commonly
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used conventional absorbents (DEHA and n-hexadecane). For the sake, comparison
in an industrial-like approach, a column size representative of a pilot plant unit (2
m height, 0.25 m diameter, and 15 mm ceramic Raschig rings) was selected. The
G/L molar ratio was chosen taking DEHA as reference solvent for 90% recovery.
The obtained G/L molar ratio (17) is in the range of values commonly used in aro-
matics absorption with conventional organic solvents (Heymes et al., 2006) and was
maintained for the other two IL-based systems.The height equivalent to a theoret-
ical plate (HETP) was calculated at those different conditions to characterize the

packing efficiency, determined by the rate of the absorption process.

The Height Equivalent per Theoretical Plate (HETP) for packed stages back-calculated
by Aspen Rate-Based Distillation from the converged vapor and liquid composition profiles

is defined as:

H

HETP =
NT(w

(7.1)

Where H is the height of packing included in the stage and NT,, is the average overall
number of transfer units given as (NT; + NTy +...+NT,)/n . These units are calculated
by

1 1 V 1

— +Ki‘_'
NT, NTUV L NTUL

(7.2)

NTUYV is the number of transfer units in the vapor phase. This number is calculated

by:
NTUV = BV

(7.3)

where V is the superficial vapor phase velocity (kmol/sec) and KV, is the average vapor

phase binary mass transfer coefficients (kmol/sec) calculated by

c, .. |
! V‘S_ht dK

where C, is the vapor mass transfer coefficient parameter, characteristic of the shape and

KV, = D} - Rey™ - S, (7.4)

structure of the packing, € is the void fraction of the packing, ar is the specific area of

the packing, h; is the fractional holdup:

12 - a2 - uk
hy = _Or1US (7.5)
P - g
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dy is the hydraulic diameter:
4 -
A = —° (7.6)

ap
DX & 1s the diffusivity of the vapor (calculated by the Wilke-Chang equation), Rey is the

Reynolds number for the vapor:

V.,V
ReV = DTS (7.7)
o ar
uY is the superficial velocity for the vapor:
v

where A, is the cross-sectional area of the column.

Scy, i is the Schmidt number for the vapor:

\%

M
SCV,i,K = v DV
Pt ik

(7.9)
NTUL is the number of transfer units in the liquid phase. This number is calculated

by:
KLaV

L
(
)

NTUL =

(7.10)

where L is the superficial liquid phase velocity (kmol/sec, KL,y is the average liquid

phase binary mass transfer coefficients (kmol/sec

. ok DL L
9 Py o167 i, K %5033
KL,y =0C (—— (= 7.11
v L ( L ) \/ i (aF) (7.11)

(', is the liquid mass transfer coefficient parameter, characteristic of the shape and struc-
ture of the packing. DfK is the diffusivity of the liquid phase (calculated by the Wilke-

Chang equation), ul is the superficial velocity for the liquid:

L
= o Ay (7.12)

K is the k-value for component i as defined in the Aspen Plus relative volatility calculation
methods.
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7. Optimized ionic liquids for toluene absorption

7.3 Results

7.3.1 COSMO-RS screening to select ILs for toluene absorption

It has been explained in Chapter II that the o-profile of a compound represents its molec-
ular surface polarity distribution obtained from quantum chemical calculations (Klamt
et al., 2010b). Figure 7.2 shows the o-profile of toluene and those belonging to some
conventional toluene absorbents. The histogram of toluene is dominated by a series of
peaks located at the nonpolar region (-0.0082<c<+0.0082 ¢/A2). The neutral character
of toluene anticipates predominant misfit (electrostatic) intermolecular interactions. The
o-profile of conventional toluene absorbents, as DEHA or hexadecane (Quijano et al.,
2011), is also dominated by peaks located at the nonpolar region (Figure 7.2). This

confirms the well-known solute-solvent affinity.

— Toluene — - n-hexadecane
80 1
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Figure 7.2: The o-profiles and polarized charge surfaces of toluene and different solvents
obtained by COSMO-RS.

Because the [bmim]|[P F| IL solvent was previously used as toluene absorbent (Quijano
et al., 2011), its o-profile was compared with those of the organics. The [bmim|[PF| IL
also shows a significant peak at the nonpolar region. However, it represents polarized
charge corresponding to the hydrogen groups of cation located at the hydrogen bond
donor region o < -0.0082 e/ AQ, and to the negative charge density of the anion located
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7.3. Results

in the hydrogen-bond acceptor region o >0.0082 e/ A2, This indicates the higher polar
character of IL relative to solvents like DEHA or hexadecane. This is consistent with
the experimentally measured higher solubility of toluene in those solvents compared to
[bmim|[P Fg).

In Chapter III, the COSMO-RS estimates for excess enthalpy, h%, of acetone-IL mix-
tures have been studied in terms of the misfit, hydrogen bonding, and van der Waals

intermolecular interactions.

hY = h®(HB) + h® (Misfit) + h" (vdW) (7.13)

In addition, the excess enthalpy predictions of acetone-IL mixtures were applied to
analyze their gas-liquid equilibrium data. In this chapter, the COSMO-RS estimates of
Henry’s law constants for toluene in DEHA, n-hexadecane, and [bmim]|[PFy| at 298 K
have been related to the interaction energy contributions to h¥ in toluene-solvent systems
(Figure 7.3). It is observed that a decrease of repulsive interactions (positive h¥ values)

accompanies an increasing gas solubility of toluene (decreasing H values).

OK (MF) mb (HB) mh° (VDW)

1.

—
1

hE (kJ/mol)

[bmim] [bmim] n-hexadecane DEHA
[PF¢] [NTH]
-1 4
5 Solubility Hypypen. * 10° (MPa)
1.80 0.73 0.70 0.37

Figure 7.3: Description of the solvent effect on Henry’s law constants of toluene at
298 K using the interaction energy contributions [electrostatic, h” (MF); van der Waals,
h®(VDW), and hydrogen-bonding, h (HB)] to the excess molar enthalpy of solute-solvent
mixtures computed by COSMO-RS.
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7. Optimized ionic liquids for toluene absorption

As can be seen, organic solvents present less repulsive interactions than the ionic liquid
[bmim|[PFg]. To design optimized ILs for toluene absorption, the COSMO-RS method is
applied for predicting Henry’s law constants (H) for toluene in 272 ILs at 298 K. Thus,
a computational screening was performed over ILs based on different cations and anions

being the H values mapped in Figure 7.4.
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Figure 7.4: Screening of predicted Henry’s law constants (-10> MPa) for toluene in 272
ILs at 298 K calculated by COSMO-RS.

It is observed that the toluene absorption capacity of ILs is determined by the selection
of both cationic and anionic structures. Regarding the cation family effect, and focusing

specially on the white region of the map (which corresponds to ILs whose toluene H values
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7.3. Results

fall in the order of the benchmark absorbent DEHA), long chain imidazolium cations and
tetra-substituted long chain phosphonium or ammonium cations seem to improve the
capacity for absorbing toluene. However, taking into account the higher viscosity of ILs
based on tetra-substituted long chain ammonium or phosphonium cations (Crosthwaite
et al., 2005a; Khupse and Kumar, 2009; Fraser et al., 2007) we decided to select ILs based
on imidazolium cations. On the other hand, Figure 7.4 indicates that highly halogenated
hydrophobic anions, such as [CgF1sP]~, [NT f5]~ and [FeCly]~, also improve the absorption
of toluene.

In the following, the computational analysis is focused on a set of commercially avail-
able imidazolium-based ILs with favorable thermodynamics for toluene absorption. Figure
7.5 compares excess enthalpy, h”, for equimolar toluene-IL mixtures with Henry’s law con-
stants for more than 200 different ILs (those with H<5-107® MPa), both estimated by
COSMO-RS. As a general trend, higher solubilities (decreasing H values) of toluene in

ILs are associated to lower endothermicity (decreasing h¥ values) of the mixtures.

3
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Figure 7.5: Excess molar enthalpies (h¥) of equimolar toluene-IL mixtures versus Henry’s
law constants (H) for toluene in >200 ILs, both computed by COSMO-RS at 298K.

Analyzing the computational results of Figures 7.4 and 7.5, it was able to choose five

selected ILs where the predicted values of toluene Henry’s constant are lower than those
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7. Optimized ionic liquids for toluene absorption

for previously studied ILs in bibliography as toluene absorbents (Quijano et al., 2011). In
addition, we decided to evaluate the suitability as toluene absorbent of an IL with relative
low cost, based on ethylsulfate anion [emim|[CoH5SOy]. Figure 7.6 allows analyzing the
absorption of toluene in selected ILs in terms of the contributions of intermolecular in-
teractions to the h¥ of toluene-IL mixtures. Electrostatic (Misfit) forces represent in this
system the main solute-solvent interactions. They enhance the solubility of toluene in IL

when the length of alkyl chain increases, that is, the nonpolar character of the solvent.

2 4 Oh*(MF) mh*(HB) ®h* (VDW)

he(kJ/mol)

[bmim][BF,]
[emim][NT£]
[demim][BF,] |
[bmim][NT£]
[hxmim][NTf,]
[omim][NTf]
demim][NTf]

[emim][C,H,SO,] |

Solubil?ly

242 1.81 1.10 0.83 0.73 0.60 0.50 0.40
H,,...10(MPa)

Figure 7.6: Henry’s law constants for toluene in ILs vs the excess molar enthalpies of
toluene-IL mixtures at 298 K calculated by COSMO-RS.

Toluene
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7.3.2 Toluene absorption experiments

From COSMO-RS computational analysis, we selected the commercially available ILs
[demim][NTfy], [omim][NTfy], [hxmim|[NTfy|, [emim|[NTf;], [demim|[BF,] and
[emim][CoH5S0O,] as promising potential solvents to be experimentally tested for toluene
absorption. The results will be compared with those reported with [bmim|[NTf;] (Quijano
et al., 2011) and the obtained with [bmim]|[BF,] as reference conventional IL. Figure 7.7
shows the results of absorption equilibrium experiments performed using toluene/Ny gas
mixtures and [demim][NTf,] (the IL with higher toluene solubility predicted by COSMO-
RS) at atmospheric pressure and temperatures of 293, 303, and 313 K.
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Figure 7.7: Equilibrium curves of toluene absorption on [demim|[NTf,] ILs measured at
293, 303 and 313 K and total 0.1 MPa.

For an initial toluene concentration of 20000 ppmv, [demim|[NTf,] absorbs at equilib-
rium a significant amount of 0.34 g of toluene per gram of IL at 293 K and 1 atm. Figure
7.7 confirms that, as expected, toluene solubilities increase with decreasing temperature
and increasing toluene partial pressure. The Henry’s law constant could be calculated

using the mole fraction of toluene in the IL and the equilibrium pressure, P, by:

P
HTol = lim

1ot =0 Lol

(7.14)

This expression is rigorously applied to the toluene gas phase in contact with the IL. In

our experimental conditions, we use a binary gas phase mixture of nitrogen and toluene.
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7. Optimized ionic liquids for toluene absorption

Table 7.2: Henry’s Law constant (H) for toluene absorption in [demim|[NTf,] estimated
from equilibrium experiments and predicted by COSMO-RS.

Temperature (K) Experimental H (MPa) COSMO-RS H (MPa)

293 0.0032 0.0031
303 0.0050 0.0049
313 0.0066 0.0078

However, taking into account the low solubility of Ny in imidazolium-based IL (<1073 mo-
lar fraction at 1 atm and 313 K) (Carlisle et al., 2008) and assuming a very low interaction
between nitrogen and toluene molecules, the effect of nitrogen in the toluene absorption
process is neglected. Furthermore, the relation between the equilibrium pressure and the
mole fraction of toluene is linear in the entire toluene mole fraction (Figure 7.7) at all
the temperatures tested, despite the high values of toluene mole fraction reached in the
IL. Considering these assumptions (Vuong et al., 2009; Brodkey and Hershey, 2003), the
slopes of linear fits of Figure 7.7 provide representative values of Henry’s Law constant for
toluene absorption in the selected IL [demim][NTf,]. The resulting H values from experi-
ment at different temperatures are in very good agreement with COSMO-RS predictions
(see Table 7.2).

Figure 7.8 shows the absorption-desorption curves of toluene in (a) ILs with [NTf)
anion and (b) other ILs, obtained by thermogravimetric measurements at 293 K and

atmospheric pressure and a toluene partial pressure of 2.0 kPa.
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Figure 7.8: Toluene absorption-desorption curves at 293 K and atmospheric pressure in
(a) ILs with [NTf;]" anion and (b) other ILs (toluene partial pressure of 2.0 kPa for
absorption).
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7. Optimized ionic liquids for toluene absorption

Similar curves were obtained at 303 and 313 K (Figures 7.9 and 7.10), decreasing the

absorption toluene with increasing temperatures for all the ILs analyzed, as expected.
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Figure 7.9: Toluene absorption-desorption curves at 303 K in (a) ILs with [NTf,]" anion
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and (b) other ILs (at a toluene partial pressure of 2.0 kPa for absorption).
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Figure 7.10: Toluene absorption-desorption curves at 313 K in (a) ILs with [NTf,]" anion
and (b) other ILs (at a toluene partial pressure of 2.0 kPa for absorption).

Figure 7.8a clearly shows a decrease in the amount of toluene absorbed at saturation
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7. Optimized ionic liquids for toluene absorption

as the length of the alkyl chain length of the imidazolium cation decreases. The lowest
toluene absorption capacities correspond to ILs with less hydrophobic anions and shorter
alkyl chains, [emim|[CoH5SO4] and [bmim|[BF,] ILs (Figure 7.8b). These ILs also provided
the highest values of the predicted Henry’s constants (7.6).

Figure 7.11 shows the good correlation between the COSMO-RS predictions and the
experimental toluene absorption capacities. This indicates the validity of H as thermody-

namic parameter of reference to select ILs for toluene absorption processes.
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Figure 7.11: COSMO-RS predicted H values at 298 K vs experimental toluene absorption
capacities (molar fraction) obtained at 293 K, atmospheric pressure and 2 kPa toluene
partial pressure.

Desorption of toluene from the saturated IL is a key issue regarding potential appli-
cations. The desorption curves under continuous bare Ny flow are included in Figure 7.8.
Desorption of toluene was complete in all the cases, that is, all the toluene absorbed was
desorbed at the absorption temperature, without the need of heating or vacuum which
has been reported with other ILs (Huang et al., 2008). Thus, the complete regeneration
would be possible by simple stripping at the same ambientlike absorption temperature.
To quantify the kinetics of toluene absorption in ILs, diffusion coefficients were estimated
by applying a simplified mass diffusion model previously used for CO, absorption in ILs
(Shiflett and Yokozeki, 2005; Crank, 1979; Hou and Baltus, 2007). The process may be

described by one-dimensional mass diffusion due to the local concentration difference. The
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toluene mass balance can be written as

oc - 9C

7% Pz (7.15)

with an initial condition C=0 when t=0 and 0<z<L and boundary conditions (i) C=Cs
when t>0 and z=0 and (ii) 9C/0z=0 at z=L. C is the concentration of toluene dissolving in
the IL as a function of time, t, and vertical location, z. L is the depth of IL in the container
(estimated for each case using the weight of IL in the sample pot and the corresponding
density reported in Table 7.1). D is the diffusion coefficient that is assumed constant. In
this work, D is as an effective diffusion coefficient since the toluene-IL mixtures cannot
be considered diluted solutions. The simplification of assuming diluted solutions has been
previously used by other authors working with CO.-ILs systems reaching even higher so-
lute concentration than ours (Shiflett and Yokozeki, 2005). The experimentally measured
toluene concentration (mass per unit volume) in IL at a given time corresponds to the

space-averaged concentration, C', at that time, which can be calculated from the equation:

_ 1 [F
C=- / cdz (7.16)
L 0
- = exp(—\2 Dt)
n=0 n

Although this equation contains an infinite summation, only the first four terms are suffi-
cient in practical applications. Fitting the experimental data to this equation, we obtained
the saturation concentration (Cg) and the diffusion coefficient (D) at given T and P. The
fitting was performed by nonlinear regression. Table 7.3 summarizes the values of the
effective diffusion coefficient of toluene in different ILs at the three absorption temper-
atures tested. The correlation coefficients (R?) show fairly good values in all the cases
(R*>0.99). For comparison purposes, the values of D were tentatively estimated by the
Wilke-Chang correlation, widely applied in bibliography to predict diffusion coefficients
(Wilke and Chang, 1955).

(¢-M1L)O'5T

D=74-10"8
prL Ve

(7.18)
where T is temperature (K), py, and Vo are, respectively, the viscosity of IL (Table 7.1)
and the molar volume of toluene at the corresponding temperature, My, is the molar mass
of IL and ¢ is the association parameter (with value of 1, considering in this case IL as
unassociated solvent).
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Table 7.3: Effective diffusion coefficients of toluene in ILs at different temperatures ob-
tained from absorption measurements and estimated by Wilke-Chang correlation.

IL Temperature (K) D-10'' (m?/s) R*  D-10'! (m?/s) (Wilke-Chang)

[demim][NTE)] 203 3.9 0.094 2.2
303 7.5 0.996 3.8

313 8.9 0.998 6.1

lomim|[NT1,] 293 3.8 0.994 2.6
303 7.2 0.998 4.3

313 9.0 0.992 6.8

[hxmim][NTH,] 203 3.9 0.992 3.1
303 7.1 0.995 2.2

313 10.1 0.998 8.1

[bmim][NTf,)] 203 4.6 0.998 43
303 7.8 0.995 7.0

313 10.6 0.993 10.5

[emim][NTE)] 203 5.5 0.996 6.3
303 8.1 0.996 9.5

313 10.7 0.992 13.6

[demim][BF,] 203 3.76 0.999 2.5
303 6.13 0.998 2.3

313 9.86 0.999 10.0

[emim|[CyH5S04] 293 6.5 0.998 1.8
303 10.2 0.999 2.8

313 11.0 0.995 4.1

[bmim|[BF,] 203 7.1 0.992 1.6
303 8.97 0.998 2.9

313 10.8 0.998 4.4

Table 7.3 shows a good agreement between D obtained from the absorption experi-

ments and those estimated by Wilke-Chang correlation. The diffusion coefficients increase

with the absorption temperature consistently with the decrease of the ILs viscosities (Ta-

ble 7.1). The effective diffusion coefficients increase when decreasing the length of the

imidazolium cation alkyl chain of ILs containing the [NTfy]" anion. The increase is in

agreement with the lower viscosity of the IL with shorter alkyl chain (Table 7.1). It

should be indicated that the D values obtained in this work for the absorption of toluene

in [bmim|[BFy] are in the order of magnitude of those previously reported for COy with
this IL (Shiflett and Yokozeki, 2005).
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7.3.3 Process simulation

In this section, the process simulator Aspen Plus v 7.3 was used for modeling and evaluat-
ing the absorption of toluene by ILs (favorable series with the [NTfy]" anion) in separation
columns of different types. First, the inclusion of ILs as new components in Aspen Plus
was checked by comparing the experimental values of density, viscosity, toluene diffusiv-
ity, and toluene absorption equilibrium data for the tested ILs with those predicted by
Aspen Plus and using COSMOSAC property model. Table 7.4 shows the good agree-
ment between experimental and simulated property values for the five IL-toluene systems

evaluated.

Table 7.4: Experimental and Aspen Plus simulated values for density, viscosity, toluene
diffusivity and toluene absorption equilibrium data for the five IL-toluene systems.

o T T R C T/ C R Y
Sim. Exp. Sim. Exp. Sim.  Exp. Sim. Exp.
[emim][NT1,] 293 1518 1524 40.3 41 6.8 5.5 0.0043 -
303 1511 1514 27.8 28 9.8 8.1 0.0071 -
313 1505 1506 19.8 20 139 10.7  0.0114 -
[bmim]|[NTfs] 293 1441 1441 655 63 4.4 4.6 0.0040 -
303 1434 1432 419 40 6.9 7.8 0.0066 -
313 1428 1424 279 27 10.3 10.6  0.0106 -
[hxmim|[NTfy] 293 1384 1376 90.6 91 34 3.9 0.0036 -
303 1377 1367 55.8 56 5.4 7.1 0.0060 -
313 1371 1358 358 36 8.4 10.1 0.0096 -
[omim][NTf,] 293 1333 1327 1234 115 2.7 3.8 0.0035 -
303 1327 1320 73.6 71 4.3 7.2 0.0057 -
313 1321 1307 459 46 6.9 9.0 0.0091 -
[demim][NTfp] 293 1288 1282 140.6 141 2.4 3.9 0.0033 0.0032
303 1282 1278 85.8 &4 3.9 7.5 0.0054  0.005
313 1276 1274 54.6 54 6.2 8.9 0.0086 0.0066
R? 0.997 0.9961 0.65 0.953
MRD 0.42% 2.31% 24.14% 11.23%

It demonstrates both the confidence of ILs implementation as pseudocomponents in
Aspen Plus and the capacity of the COSMOSAC property model for estimating ther-
mophysical and equilibrium properties of the (ILs + toluene) mixtures. The recovery
of toluene at given operating conditions (Croene in gas: 2000 ppmv; G/L=35 in mol,

298 K and 1 atm) was simulated in a single-stage contactor using both equilibrium-and
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7. Optimized ionic liquids for toluene absorption

rate-based approaches by RADFRAC in Aspen Plus.

Table 7.5 shows that using rate-based one-stage absorption, the toluene recovery fol-
lows the general trend of gas-liquid equilibrium data reported before:
DEHA > [demim|[NTfy] > [omim]|[NTf,] > n-hexadecane > [hxmim]|[NTf,] > [bmim|[NTf;]
> [emim][NTf,]. In addition, toluene separation in rate-based simulation is significantly
enhanced at lower-temperatures for all the considered solvents, in spite of the lower dif-
fusion coefficients (Table 7.3). These results suggest that thermodynamics prevails over
kinetics, thus being the determining factor in toluene absorption by the ILs tested under

experimental conditions of this work.

Table 7.5: Toluene recoveries (%) and Murphree tray efficiencies for the separation of
toluene by absorption with ILs and organic solvents in a one-stage contactor, using equi-
librium and rate-based models for separation column.

%Toluene recovery
Absorbent Rate-based model Equilibrium model Murphree Tray Efficiency
293 K 303K 313K 293K 303K 313K 293K 303K 313K

[demim][NTE] 523 400 296 670 501 354 078 080  0.84
lomim][NTf,] 483 363 265 619 450 312 078 081 085
[hxmim|[NTf,] 447 330 237 570 404 275 078 082  0.86
[bmim|[NTf,] 407 295 209 515 356 238 079 083 087
[emim][NTf,] 354 251 175 441 295 195 080 085  0.90

n-hexadecane  45.8 34.4 25.1 56.8 40.8 28.2 0.80 0.84 0.89
DEHA 64.7 52.6 41.0 81.0 66.3 50.2 0.78 0.80 0.82

Nevertheless, Figure 7.12(A), which compares the percentage of recovered toluene by
using rate- and equilibrium-based models for the IL series, suggests that the kinetics also

influences toluene absorption by ILs.

Remarkably, the more effective IL absorbents present the less favorable mass trans-
fer properties and, as consequence, lower Murphree tray efficiencies (Figure 7.12(B). This
clearly points to the convenience of taking into account kinetic considerations in the selec-
tion of both the IL solvent and the operating conditions. On the other hand, the one-stage
absorption results (Table 7.5 and Figure 7.12) indicate that the selected [demim|[NTf]
IL solvent could be a promising alternative to conventional organic absorbents, as n-
hexadecane or DEHA (Quijano et al., 2011). To evaluate this point, the absorption of

toluene gas has been simulated in a packed column using [demim][NTfy], n-hexadecane

161



7.3. Results

= _ : - (B
3 70. * [emllm][Nsz] 0.95 7 (B) .- 293
g 60, ® [bmim][NTf] 2 =303
5 ] A (xmimNT) 5 os] e
% s0{ ® [omim)NTL] L %—: - ~®-313
é 1 ® [demim][NTf ] A > e
é 404 B o s 0.85 L ®

4 At N s.
:) 304 Y A e § - TTHE-.
s e B o0s{ * R
ol : S
1 5 4
2 10 0.75 . . . . .
%}

(A) N @ W

Z —— @&0 Q\& @0 ®&Q @éb
: 0 10 20 30 40 50 60 70 & & & S
° % Toluene recovery (Equilibrium) & @6\ Q“"& \0@ \b&\

Figure 7.12: (A) Equilibrium- vs. rate-based toluene recovery values at 293 (black), 303
(red) and 313 (blue) K; and (B) Murphree tray efficiencies using different ILs at the
considered temperature.

and DEHA as absorbents, operating at 293 K and 1 atm with a molar G/L ratio of 17 and
with the column dimensions described in Process simulation details. The main results are

summarized in Table 7.6.

Table 7.6: Toluene recovery (%), toluene molar fraction in the exit gas [Vroluene(gas out)]
and height equivalent to a theoretical plate (HETP) in a 2 m height absorption packed
column at 293 K, 1 atm, G/L= 17 (in mol) and yroluene(gas in)=0.002, simulated by Aspen
Plus.

Absorbent  Toluene Recovery% in mol  yrolene (Gas out)in mol HETP (m)

DEHA 90 1.9-10 0.77
[demim][NTf,] 83 3.4-10™ 0.57
n-hexadecane 73 5.2-10% 1.36

Toluene recovery and concentration in the exit gas stream when using [demim|[NTfy]
as solvent present intermediate values to the conventional organic solvents, DEHA and
n-hexadecane. It should be pointed out that the mass transfer efficiency of the packed
column simultaneously depends on gas and liquid flow rate, density, viscosity, and diffu-
sivity (Table 7.7). Aspen Plus simulations show the lowest HETP value when using the

IL as absorbent. This implies higher mass transfer efficiency in the packed column, for
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7. Optimized ionic liquids for toluene absorption

the selected IL [demim][NTf,] than for the organic solvents DEHA and n-hexadecane.

Table 7.7: Aspen Plus simulated values of gas and liquid flow rate, density, viscosity and
toluene diffusivity for DEHA, [demim][NTf;] and n-hexadecane solvents at 293 K and 1
atm.

Gas Flow Liquid Flow

Absorbent rate (m®/h)  rate-10° (m?/h) plkg/m?)  p (cP) D-107M (m?/s)
DEHA 8.54 6.47 915 40.3 6.9
[demim][NTfy] 8.54 7.89 1288 138 2.42
n-hexadecane 8.54 5.46 772 3.4 57

163



7.4. Concluding remarks

7.4 Concluding remarks

Basing on the COSMO-RS thermodynamic properties predictions (Henry’s constant and
excess enthalpy) of more than 200 IL-toluene systems, the [demim|[NTf;], [omim]|[NTf;],
[hxmim]|[NTf,], [emim|[NTf;], [demim][BF,] and [emim][CyH;S0,] ILs were selected as

promising potential toluene absorbents.

Absorption tests confirmed that selected ILs present high absorption capacities for
toluene. Likewise, the experimental results reported a high absorption rate of toluene in
these ILs.

Process simulation allowed concluding that thermodynamics considerations prevail in
toluene absorption. Nonetheless, Aspen Plus evidenced the need of considering thermo-
dynamic and kinetics aspects in the IL selection and the design of IL-based separation

processes.

The results obtained for experimental thermodynamic and kinetic data were in good
agreement with theoretical predictions. Then, the computational-experimental strategy
research was successfully applied to select ILs with favorable properties for toluene ab-
sorption. Imidazolium-based ILs with the [NTf;]" anion and high length of the cation
alkyl chain are found suitable ILs for toluene absorption, considering both kinetic and

thermodynamic aspects.
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Chapter 8

Conclusions and prospects for the
future

The multiscale approach developed in this PhD thesis allows tackling the conceptual devel-
opment of different processes based on ionic liquids (ILs). The combined use of molecular
simulation, experimental work and process simulation is suitable to select/design ILs with
optimized properties for a specific task taking into account thermodynamic and kinetic

criteria, as well as techno-economic and operating aspects.

It has been demonstrated that COSMO-RS method is valid for predicting thermody-
namic properties of pure ILs and their mixtures, such as the acetone-IL binary mixtures

and the paraffin/olefin-IL multicomponents mixtures.

Molecular simulation allows for analyzing the intermolecular interactions established
in the acetone-IL mixtures. Basing on the molecular simulation results for excess enthalpy
of such mixtures, acetone generally forms hydrogen bonding with the most acidic part of

the cation. These results have been confirmed by NMR spectroscopy.

The COSMO-RS has been successfully applied for calculating Henry’s constants of dif-
ferent paraffin and olefins with ILs. From a thermodynamic point of view, new phosphonium-
based ILs with highly aliphatic character have been proposed as promising options the

for paraffin/olefin separation.

Ionic liquids have been implemented in the commercial process simulator chosen. Prop-
erty packages have been created in Aspen Plus containing the information required to
fully specify the ILs pseudocomponents and the COSMOSAC thermodynamic property
method. These specifications have been obtained using COSMOthermX program. The
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transferability of the COSMO-RS results to the Aspen Plus process simulator has been

demonstrated by comparison with experimental data.

The IL regeneration process from its mixture with an organic component has been
simulated in Aspen HYSYS. Based on process simulation results, the IL regeneration is
possible by flash distillation at near vacuum conditions. Using Aspen HYSYS, techno-
economic criteria have been established in the selection of the optimal IL as solvent to be

recovered from a separation process.

Likewise, an absorption refrigeration chiller using ammonia-IL as working pair has
been simulated in Aspen HYSYS. The cycle performance has been shown to be increased
by those ionic liquids having high absorption capacity of ammonia. This simulation has

enabled establishing new criteria for the IL selection based on the efficiency of the process.

The multiscale approach developed here has been successfully applied in the selection
of optimized ionic liquids for toluene absorption. Molecular simulation has been used to
identify a set of suitable commercial ILs for toluene absorption. The suitability of selected
ILs is confirmed with experimental work performed in the laboratories of Universidad
Autéonoma de Madrid. New thermodynamic and kinetic criteria established in Aspen
Plus have allowed identifying the most promising ILs for toluene absorption. According
to the multiscale results, those ILs formed by a long chain alkyl immidazolium cation and

[NTfs] anion, such as [demim][NTf,], are optimal for toluene absorption.

This PhD thesis propose a research strategy that allows designing new processes of
industrial interest based on ionic liquids. Once the procedure is developed, the implemen-
tation options are numerous. The multiscale approach can be applied in other systems,
new processes, using other components, other operating conditions, etc. We are able
to integrate new components in a commercial process simulator using COSMO-based
methodologies. Hereinafter, the estimate of properties required to create pseudocompo-
nents are desired to be improved, an IL database is intended to be developed for its use
in Aspen Plus, and other IL-based systems as well as other Il-based processes are being
considered to be studied. The aim of this research group is to develop new processes
of industrial interest (trying to bet on ionic liquids) taking into account theoretic and

experimental results.
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Conclusiones globales y perspectivas
para el futuro

La estrategia multiescala desarrollada en esta tesis doctoral permite abordar el desarrollo
conceptual de diferentes procesos de interés basados en liquidos iénicos (LIs). El uso
combinado de las etapas de simulaciéon molecular, experimentacion y simulacion de pro-
cesos resulta adecuado para buscar liquidos iénicos con propiedades optimizadas para su
uso potencial en una tarea determinada utilizando criterios tanto termodindmicos como

cinéticos, e integrando valoraciones técnico-econémicas y operaciones.

Se ha demostrado que el método COSMO-RS es valido para determinar propiedades
termodinamicas tanto de los liquidos iénicos puros como de las mezclas binarias LI-acetona

o multicomponentes parafina/olefina-LI.

El uso de la herramienta de simulaciéon molecular permite analizar las interacciones
intermoleculares establecidas en mezclas acetona-LI. Mediante el computo de las entalpias
de exceso de dichas mezclas, asi como de calculos quimico-cuanticos utilizando agregados
moleculares (clusters), se ha determinado que la acetona interacciona con la parte mas
acida del cation formando puentes de hidrégeno. Estos resultados han sido confirmados

mediante espectroscopia de RMN.

La simulacién molecular también se puede aplicar para estimar constantes de Henry
de diferentes parafinas y olefinas en sus mezclas con liquidos iénicos. Este estudio ha
permitido seleccionar y disenar LIs con propiedades optimizadas para desempenar la fun-
cion de agente separador de estas mezclas. Desde un punto de vista termodindmico, se
ha demostrado que los liquidos i6nicos basados en fosfonios con alto caracter alifatico son

adecuados para separar olefinas de parafinas mediante absorcion.

Los liquidos idnicos se han integrado en el simulador de procesos comercial elegido.
Se han creado paquetes de propiedades en Aspen Plus con las especificaciones necesarias

para cada liquido iénico eligiendo como paquete termodinamico el modelo COSMOSAC.
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La informacién requerida para la creacién de los liquidos iénicos como pseudocompo-
nentes, asi como para especificar COSMOSAC, se ha obtenido mediante el programa
COSMOthermX. La transferibilidad de los resultados de COSMO-RS a los simuladores
de procesos Aspen Plus y Aspen HYSYS se ha validado mediante comparacion con datos

experimentales.

Se ha simulado en Aspen HYSY'S la regeneracion del liquido iénico de mezclas con otros
disolventes organicos procedentes de un proceso de separacion. La regeneracion se puede
llevar a cabo mediante evaporacion del componente organico operando en condiciones
cercanas al vacio. Ademas de establecer las condiciones de operacion adecuadas en este
proceso, la simulacion ha permitido considerar aspectos técnico-econémicos en la seleccion

del liquido iénico éptimo.

También se ha simulado mediante Aspen HYSYS un ciclo de refrigeracién por ab-
sorcion que opera con amoniaco como agente refrigerante y con un liquido iénico como
absorbente del anterior. Se ha demostrado que el tipo de liquido iénico utilizado afecta al
rendimiento del ciclo, resultando como absorbente idéneo aquel que presente una mayor
capacidad de absorcion de amoniaco. Este estudio ha permitido establecer nuevos criterios

de seleccién de liquidos iénicos basados en la eficiencia del proceso.

La metodologia multiescala desarrollada se ha aplicado en la seleccién de liquidos i6ni-
cos con propiedades optimizadas para la absorcién del tolueno. La simulaciéon molecular
ha permitido identificar un set de liquidos iénicos comerciales con una adecuada capacidad
de absorcién del tolueno en estado gas. En los laboratorios de la Universidad Auténoma
de Madrid se han llevado a cabo estudios experimentales que corroboran la idoneidad de
los liquidos i6nicos previamente propuestos mediante simulacién molecular. Aspen Plus
ha permitido evaluar criterios termodinamico y cinéticos en el proceso de absorcién de
tolueno con liquidos iénicos. Teniendo en cuenta las tres etapas, se ha obtenido que los
liquidos i6nicos basados en cationes de larga cadena alquilica y aniones [NTfy]", como el

[demim][NTfy], son los que resultan éptimos para la captura del gas tolueno.

En definitiva, esta tesis doctoral ofrece una estrategia de investigacién que permite
disenar nuevos procesos de interés industrial basados en liquidos i6nicos. Una vez desar-
rollada la técnica, las opciones de aplicacion son numerosas, pudiéndose ampliar a otros
sistemas de estudio, otros compuestos, otros procesos, otras condiciones de operacion,
etc. Nos encontramos en capacidad de integrar nuevos componentes en un simulador de
procesos comercial aplicando las metodologias COSMO. En lo sucesivo, se desea mejorar

la estimacion de propiedades necesarias en la creacion de pseudocomponentes, se pre-
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8. Conclusions and prospects for the future

tende desarrollar una base de datos de liquidos iénicos en Aspen Plus, asi como ampliar
el nimero de casos de estudios tanto de simulacién como de experimentacion (nuevos
refrigerantes y/o absorbentes para los ciclos de refrigeracién por absorcién, otros sistemas
para procesos de separacion. ..). El objetivo de este grupo de investigacién es desarrollar
nuevos procesos de interés industrial (intentando apostar por los liquidos iénicos) teniendo

en cuenta tanto datos tedricos como experimentales.

finis operis, sed non quaerendum...
(Bernardo de Claraval)
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Appendix A

Acronyms for ionic liquids

Table A.1: Anions appearing in this PhD thesis.

Acronym Anion name
[AsFg] hexafluoro-arsenate
[BC4N,J tetracyanoborate
[BF,] tetrafluoroborate
[Br] bromide
[CoH5S04) ethylsulfate
[CoHgP Oy dimethylphosphate
[C4F9SO3] perfluorobutanesulfonate
[C4H10S04] diethyl sulfate
[C4N3] tricyanomethane
[C5H1106S] 2-(2-methoxyethoxy)ethylsulfate
[CeF1sP] tris(pentafluoroethyl)trifluorophosphate
[CsH14SO3N] cyclohexylamine ethylsulfonate
[CsH17S04] octylsulfate
[CsHisPOyJ dibutyl phosphate
[CF3CO,] trifluoroacetate
[CF3S03) trifluoromethanesulfonate
[CH3COg| acetate
[CH3SO3] methanesulfonate
[Cl] chloride
[DCNJ dicyanamide

Continued on next page
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Table A.1 — Continued from previous page

Acronym Anion name
[FeCly] tetrachloroferrate
[HoPOyJ dihydrogen-phosphate
[MePhSO3) 4-methylbenzenesulfonate
INFBTFP] tris(nonafluorobutyl)trifluorophosphate
INO3| nitrate
[INTf,) bis(trifluoromethanesulfonyl)imide
[PFg| hexafluorophosphate
[SCNJ thiocyanate
[TMPPJ bis(2,4,4-trimethylpentyl)phosphinate
[t0]-SO3] toluene sulfonate
Table A.2: Cations appearing in this PhD thesis.
Acronym Cation name
[1b3mpy|™ 1-butyl-3-methyl-pyridinium
[1b4mpy]|™ 4-methyl-1-butylpyridinium
[1e3mpy]|™ 1-ethyl-3-methylpyridinium
[1o3mpy] ™ 3-methyl-1-octyl-pyridinium
[lodmpy]* 4-methyl-1-octyl-pyridinium
[bbbb-N]* tetrabutyl ammonium
[bbbb-P]* tetrabutyl phosphonium
[bim]* 1-butyl-imidazolium
[bmim]|* 1-butyl-3-methylimidazolium
[bmmim]|* 1-butyl-2,3-dimethylimidazolium
[bmmm-N]* trimethylbutan amonium
[bmpyr]* 1-butyl-1-methyl-pyrrolidinium
[b-NJ*+ butyl ammonium
[bpyr|* 1-butylpyrrolidinium
[bzmim]* 1-benzyl-3-methyl-imidazolium
[cumim] ™t 1-n-alkyl-3-methylimidazolium
[choline] ™ (2-hydroxyethyl)-trimethyl ammonium

Continued on next page
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A. Acronyms for ionic liquids

Table A.2 — Continued from previous page

Acronym Cation name
[demim]* 1-decyl-3-methylimidazolium
[DMEA]* N,N-dimethylethanolammonium
[e2mim]* 1-ethyl-2-methylimidazolium
[eeee-N|* tetraethyl ammonium
[ecee-P]T tetraethyl phosphonium
[eim] T 1-ethylimidazolium
[emim| " 1-ethyl-3-methylimidazolium
[emmim]|* 1-ethyl-2,3-dimethylimidazolium
[empyr]™ 1-ethyl-1-methyl-pyrrolidinium
lepy]™ l-ethylpyridinium
[hmmim]|* 1-hexyl-2-3-methyl-imidazolium
[hmpy| ™ 1-hexyl-3-methypyridinium
[hxmim]* 1-hexyl-3-methylimidazolium
[hxmpyr|* 1-hexyl-1-methyl-pyrrolidinium
[hxpyr]|* 1-hexylpyrrolidinium
[N(1)888]* methyl-trioctyl-ammonium
[meO-emim]|* 1-methoxyethyl-3-methylimidazolium
[mim]* 1-methylimidazolium
[mmim]* 1,3-dimethylimidazolium
[mmpyr|* 1,1-dimethyl-pyrrolidinium
[m-N|* methyl ammonium
[mpy]™ 1-methyl-pyridinium
[OHemim]| ™" 1-(2-hydroxyethyl)-3-methylimidazolium
[OH-omim| " 1-(8-hydroxyoctyl)-3-methylimidazolium
[OH-prmim]* 1-(3-hydroxypropyl)-3-methylimidazolium
[OH-prpy]* 1-(3-hydroxypropyl)-pyridinium
[omim]* 1-octyl-3-methylimidazolium
[ommim]|* 1-octyl-2,3-dimethylimidazolium
[ompyr|™ 1-octyl-1-methyl-pyrrolidinium
[opy] ™ 1-octylpyridinium
[opyr|* 1-octylpyrrolidinium
[P(1)444]* triisobutyl-methyl-phosphonium
[P(8)111]* trimethyl-octyl-phosphonium

Continued on next page
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Table A.2 — Continued from previous page

Acronym

Cation name

[P(14)666]*
[P(18)777]*
[P(19)888]*
[P(19)999] +
[P4444])*
[phmpy] *
[pmmim]
[pppyr]*
[prmpyr]*
[py]*
[tetrademim] ™

+

trihexyl-tetradecyl-phosphonium
triheptyl-octadecyl-phosphonium
trioctyl-nonadecyl-phosphonium
trinonyl-nonadecyl-phosphonium
tetrabutyl-phosphonium
1-(phenylmethyl)pyridinium
1-propyl-2-3-methyl-imidazolium
1,1-dipropyl-pyrrolidinium
1-propyl-1-methylpyrrolidinium
pyridinium

1-tetradecyl-3-methyl-imidazolium
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