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I 

Resumen 
 

a tesis doctoral cuya memoria representa este 

documento se ha desarrollado en la Sección 

Departamental de Ingeniería Química de la Universidad 

Autónoma de Madrid en la línea de investigación de líquidos 

iónicos y simulación liderada por los profesores Dr. José 

Palomar Herrero y Dr. Víctor Ferro Fernández.  

La formación del candidato a doctor se ha complementado 

con dos estancias de investigación. La primera con una 

duración de 45 días se realizó en la Universidad de Manchester 

(Reino Unido), bajo la supervisión de la profesora María 

González-Miquel, en el que se estudiaron las propiedades y 

aplicaciones de compuestos zwitterionicos en comparación con 

los líquidos iónicos. La otra estancia tuvo una duración de 100 

días en la Pontificia Universidad Católica de Chile bajo la 

supervisión del profesor Roberto Canales, en el que se realizó 

un amplio estudio sobre la aplicación de los líquidos iónicos en 

procesos de separación de mezclas de compuestos aromáticos-

alifáticos mediante extracción líquido-líquido 

--------------------------------------------------------------- 

La presente tesis doctoral se enmarca en el contexto del 

estudio de los líquidos iónicos y de las limitaciones que se 

presentan en los estudios experimentales. Los líquidos iónicos 

son compuestos relativamente recientes que han despertado 

un gran interés en la comunidad científica por las propiedades 

exhiben. El número de líquidos iónicos sintetizables es 

extraordinario y las aplicaciones propuestas, así como su 

viabilidad, dependen de las propiedades que cada líquido iónico 

presenta, por tanto, a la vez que se realiza y mejoran las 

medidas experimentales para la determinación de propiedades, 

se han ideado alternativas computacionales para este objetivo 

y para la modelización de procesos y, con ello, poder evaluar 

las aplicaciones potenciales de los líquidos iónicos. 

L 



Resumen 
  

II 

La presente tesis supone una puesta a punto y 

refinamiento de una metodología desarrollada por los 

profesores Víctor Ferro y José Palomar en el que se utiliza el 

método COSMO-RS para la estimación de propiedades de 

líquidos iónicos y sus mezclas y la implementación del mismo 

en los simuladores de procesos químicos con objeto de evaluar 

el comportamiento de los líquidos iónicos como disolventes a 

escala de proceso. Esta tesis supone una continuación de la 

línea investigadora tras las anteriores tesis elaboradas por los 

Dres. Elia Ruiz y Juan de Riva. En la primera, se presentaba la 

herramienta multiescala de integración de simulación 

molecular y de procesos, así como diferentes aplicaciones a la 

investigación en líquidos iónicos con resultados satisfactorios. 

La tesis del Dr. de Riva estaba enfocada hacia el diseño 

conceptual y evaluación técnico-económica de diferentes 

procesos químicos basados en líquidos iónicos, utilizando 

dicha metodología computacional multiescala para tal fin. 

En la presente tesis se amplía el alcance de la metodología 

de simulación multiescala COSMO/Aspen, así como se evalúan 

sus limitaciones y posibles aspectos de mejorar para el futuro. 

Además, se recopila toda la información y experiencia de la 

línea de investigación en una base de datos, de libre acceso 

para la comunidad científica. Asimismo, se sistematiza la 

aplicación de la metodología COSMO/Aspen para la selección 

de líquidos iónicos considerando aspectos termodinámicos, 

cinéticos, técnicos, económicos, y se aborda la viabilidad de las 

aplicaciones de líquidos iónicos como alternativa a los 

disolventes convencionales mediante la modelización de 

procesos a escala industrial. 
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A modo de resumen, en el Capítulo 1 se estudia 

sistemáticamente la capacidad predictiva del modelo COSMO-

RS para describir sistemas basados en líquidos iónicos en 

función de la aproximación computacional usada (nivel 

químico-cuántico, modelo molecular, parametrización). En el 

análisis se incluye un amplio conjunto de propiedades 

(coeficiente de actividad, datos de equilibrio líquido-vapor y 

líquido-líquido) y datos experimentales (>40.000). Se concluye 

que el método COSMO-RS presenta una buena capacidad 

predictiva, exponiéndose una serie de recomendaciones de uso 

en función de las aplicaciones de interés. 

El Capítulo 2 es un estudio de colaboración con el grupo 

liderado por la profesora Emilia Tojo, de la Universidad de Vigo 

(España), en el que se utiliza el modelo COSMO-RS para la 

predicción de propiedades termodinámicas y de equilibrio de 

fases de unos líquidos iónicos diseñados por el grupo de la 

Universidad de Vigo para mejorar los procesos de extracción de 

compuestos nitrogenados de fracciones petrolíferas mediante la 

incorporación de distintos grupos funcionales en su estructura. 

Se realizaron estudios teóricos y experimentales, obteniéndose 

una excelente predicción de los datos de extracción y 

aportándose conclusiones sobre las características que debe 

reunir un líquido iónico para la desnitrogenación de gasolinas 

mediante operaciones de extracción líquido-líquido. 

El Capítulo 3 es el trabajo realizado en la estancia de 

colaboración con la profesora González-Miquel de la 

Universidad de Manchester, en el que se utiliza COSMO-RS 

para una extensa evaluación de propiedades termodinámicas y 

de transporte de compuestos zwitteriónicos. Estos compuestos 

han sido muy poco descritos en la bibliografía y, por tanto, hay 

un desconocimiento de sus propiedades y aplicaciones 

potenciales. En este trabajo se describen las propiedades de los 

zwitteriones y se comparan con las de los líquidos iónicos. 

Finalmente se proponen potenciales aplicaciones en procesos 

de separación, donde los compuestos zwitteriónicos presentan 

propiedades favorables. 
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En el Capítulo 4 se introduce la implementación de los 

métodos predictivos (en este caso los modelos basados en 

COSMO) en simuladores de procesos comerciales. En el 

capítulo se presenta la metodología para la creación de una 

base de datos libre de 100 líquidos iónicos comunes para ser 

utilizada en los simuladores de procesos comerciales Aspen 

Plus y Aspen Hysys. Además, de manera similar al Capítulo 1, 

se evalúa la capacidad predictiva de la metodología 

computacional COSMO-based/Aspen tanto en propiedades del 

compuesto puro (como densidad, viscosidad, capacidad 

calorífica y tensión superficial) como en datos de mezcla 

(coeficiente de actividad, equilibrio líquido-vapor y equilibrio 

líquido-líquido). El trabajo relacionado con este capítulo 

supone una transferencia de conocimiento adquirido por los 

miembros de la línea de investigación para lograr que otros 

grupos, en el ámbito de la investigación sobre líquidos iónicos, 

puedan evaluar las potenciales aplicaciones de estos 

compuestos a escala de proceso. 

Tras esto, el Capítulo 5 y 6 son aplicaciones de la 

metodología COSMO-based/Aspen que ponen de manifiesto la 

utilidad de disponer de una amplia base de datos como ILUAM 

en la investigación básica sobre líquidos iónicos. En el Capítulo 

5, se utiliza la herramienta para entender y mejorar los ciclos 

de refrigeración por absorción utilizando líquidos iónicos como 

absorbentes. Para ello se utiliza COSMO-RS para entender, 

desde un punto de vista termodinámico y químico, el 

comportamiento de las mezclas refrigerantes/líquidos iónicos. 

Tras la selección y discusión de los pares refrigerantes/líquidos 

iónicos óptimos, se procedió a la simulación del proceso global 

para el cálculo de rendimientos termodinámicos y a la 

comparación entre sistemas. Finalmente, y como aporte 

especialmente novedoso, se propuso la selección de pares 

refrigerante-líquidos iónicos óptimos según las condiciones de 

refrigeración deseadas. 
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En el último Capítulo 6 se combina la herramienta 

predictiva COSMO-based/Aspen, junto con la experimentación 

(en colaboración con los compañeros del laboratorio de líquidos 

iónicos de Ingeniería Química), para la evaluación de 50 

líquidos iónicos comerciales, con propiedades termodinámicas 

y cinéticas marcadamente diferentes, para la captura de CO2 

mediante absorción física. Se demuestra la importancia de las 

limitaciones de la cinética de transferencia de materia en las 

operaciones de absorción de CO2 con líquidos iónicos en 

columnas de relleno comerciales. Se confirma que el alto peso 

molecular de los líquidos iónicos supone una desventaja, a la 

vez que se establece que la solubilidad en términos molares no 

es un parámetro apropiado para la selección de los líquidos 

iónicos como absorbentes. Se comprobó que la viscosidad del 

líquido iónico determina la eficiencia de la captura de CO2 en 

la columna de absorción, concluyendo que los líquidos iónicos 

con bajo peso molecular y baja viscosidad minimizan los costes 

del proceso. Además, se compararon los líquidos iónicos con 

otros absorbentes físicos convencionalmente utilizados en la 

industria, observando que los líquidos iónicos no presentan 

rendimientos superiores a éstos. 
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Abstract 
 

he PhD thesis whose memory represents this document 

has been developed in the Departmental Section of 

Chemical Engineering of the Universidad Autónoma de 

Madrid, in the ionic liquids and simulation research team led 

by professors Dr. José Palomar Herrero and Dr. Víctor Ferro 

Fernández. 

Two research stays have complemented the training of the 

PhD candidate. The first, lasting 45 days, was held at the 

University of Manchester (United Kingdom), under the 

supervision of Prof. María González-Miquel, in which the 

properties and applications of zwitterionic compounds were 

compared to ionic liquids and studied. The other stay lasted 

100 days at the Pontificia Universidad Católica de Chile under 

the supervision of Prof. Roberto Canales, in which an extensive 

study was carried out on the application of ionic liquids in 

processes of separation of mixtures of aromatic-aliphatic 

compounds by liquid-liquid extraction. 

--------------------------------------------------------------- 

The present doctoral thesis is framed in the context of the 

study of ionic liquids and the limitations presented in the 

experimental studies. Ionic liquids are relatively recent 

compounds that have produced a great interest in the scientific 

community due to the properties they exhibit. The number of 

synthesizable ionic liquids is extraordinary and the proposed 

applications, as well as their feasibility, depends on the 

properties that each ionic liquid presents. Therefore, while the 

experimental measurements for the determination of properties 

are performed and improved, several computational 

alternatives have been formulated to support the determination 

of the properties and thereby evaluate the potential 

applications of ionic liquids. 

T 
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This thesis supposes a tuning and refinement of the 

methodology developed by Professors Víctor Ferro and José 

Palomar in which the COSMO-RS method is used for the 

estimation of properties of ionic liquids and their mixtures, and 

their implementation in the simulators of chemical processes 

in order to evaluate the behavior of ionic liquids as solvents at 

the process scale. This thesis is a continuation of the research 

line after the previous theses reported by Drs. Elia Ruiz and 

Juan de Riva. In the first, the multiscale tool for the integration 

of molecular and process simulations was presented as well as 

different applications for the ionic liquid research with 

satisfactory results. The Dr. de Riva’s thesis was focused on the 

conceptual design and technical-economic evaluation of 

different chemical processes based on ionic liquids, using this 

computational multi-scale methodology for this purpose. 

In this thesis, the scope of the COSMO-based/Aspen 

multiscale methodology is extended, as well as its limitations 

and possible aspects of improving for the future. In addition, all 

the information and experience of the research line is collected 

in an ionic liquids database, freely accessible to the scientific 

community. Likewise, the application of the COSMO/Aspen 

methodology for the selection of ionic liquids is systematized 

taking into account thermodynamic, kinetic, technical and 

economic aspects, and the viability of ionic liquid applications 

is addressed as an alternative to conventional solvents by 

means of process modeling on an industrial scale. 

As summary in Chapter 1, the predictive capacity of the 

COSMO-RS model is systematically studied to describe systems 

based on ionic liquids in function of the computational 

approach used (chemical-quantum level, molecular model, 

parametrization). The analysis includes a broad set of 

properties (activity coefficient, vapor-liquid and liquid-liquid 

equilibrium data) and experimental data (> 40,000). It is 

concluded that the COSMO-RS method presents a good 

predictive capacity, exposing a series of recommendations for 

use depending on the applications of interest. 
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Chapter 2 is a collaborative study with the group led by 

Professor Emilia Tojo, from the University of Vigo (Spain), in 

which the COSMO-RS model is used for the prediction of 

thermodynamic and phase equilibrium properties of some ionic 

liquids designed by the group of the University of Vigo to 

improve the processes of extraction of nitrogen compounds 

from petroleum fractions by incorporating different functional 

groups in their structure. Theoretical and experimental studies 

were carried out obtaining an excellent prediction of the 

extraction data and providing conclusions about the 

characteristics that an ionic liquid must have for the 

denitrogenation of gasolines through liquid-liquid extraction 

operations. 

Chapter 3 is the work carried out in Manchester in 

collaboration with Prof. González-Miquel of the University of 

Manchester, in which COSMO-RS is used for an extensive 

prediction of thermodynamic and transport properties of 

zwitterionic compounds. These compounds have been poorly 

described in the literature and, therefore, there is a lack of 

knowledge of the properties and potential applications. In this 

work, the properties of zwitterions are described and compared 

with those of ionic liquids. Finally, potential applications in 

separation processes are proposed. 



Abstract 
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Chapter 4 introduces the implementation of predictive 

methods (in this case COSMO-based models) in commercial 

process simulators. The chapter presents the methodology for 

the creation of a free access database of 100 common ionic 

liquids to be used in the commercial process simulators Aspen 

Plus and Aspen Hysys. In addition, similar to Chapter 1, the 

predictive capacity of the COSMO-based/Aspen methodology is 

evaluated both in properties of the pure compound (such as 

density, viscosity, heat capacity and surface tension) and in the 

mixing properties (activity coefficient, vapor-liquid and liquid-

liquid equilibrium). The work related to this chapter involves a 

transfer of knowledge acquired by the members of the research 

line to ensure that other groups, in the field of ionic liquid 

research, can evaluate the potential applications of these 

compounds at the process scale. 

After this, Chapter 5 and 6 are applications of the COSMO-

based/Aspen methodology that show the utility of having a 

broad database such as ILUAM in the basic research on ionic 

liquids. In Chapter 5, the tool was used to understand and 

improve absorption refrigeration cycles using ionic liquids as 

absorbers. For this, COSMO-RS is used to understand, from a 

thermodynamic and chemical point of view, the behavior of the 

ionic liquid/refrigerant mixtures. After the selection and 

discussion of the optimal refrigerant/ionic liquid pairs, we 

proceeded to simulate the whole process for the calculation of 

thermodynamic performances and the comparison between 

systems. Finally, and as a particularly novel contribution, the 

selection of optimal refrigerant/ionic liquid pairs was proposed 

according to the desired cooling conditions. 
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XI 

In Chapter 6, the COSMO-based/Aspen predictive tool is 

combined with the experimentation (in collaboration with the 

partners of the ionic liquids team laboratory) for the evaluation 

of 50 commercial ionic liquids, with completely different kinetic 

and thermodynamic properties, for the capture of CO2 by 

physical absorption. The significance of the limitations of the 

mass transfer kinetics in the CO2 absorption operations with 

ionic liquids in commercial packed columns is demonstrated. 

It is confirmed that the high molecular weight of ionic liquids is 

a disadvantage, while it is established that the solubility in 

molar terms is not an appropriate parameter for the selection 

of ionic liquids as absorbents. It was verified that the viscosity 

of the ionic liquid determines the efficiency of the CO2 capture 

in the absorption column, concluding that the ionic liquids with 

low molecular weight and low viscosity minimize the costs of 

the whole process. In addition, ionic liquids were compared 

with other physical absorbers conventionally used in the 

industry, resulting that the ionic liquids do not present higher 

performances than conventional solvents. 
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Introduction 
 

I. Ionic Liquids Research 

onic liquids are defined as salts with a melting temperature 

lower than 100°C and formed entirely by ions. In this sense, 

they differ from the molten salts in the temperature range 

in which they are in liquid phase. Normally, ionic liquids are 

formed by organic cations of very different nature (aromatics 

such as imidazoliums and pyridiniums, simple rings such as 

pyrrolidiniums and piperidiniums or chains attached to a 

phosphorus, nitrogen or sulfur heteroatom such as 

phosphonium, ammonium and sulfonium cations). Anions can 

range from simple inorganic monoatomic such as Cl-, Br- or I-, 

to complex organic structures [1].  

Because ionic liquids are formed by these asymmetric and 

high molecular volume ions, attractive cation-anion forces are 

weaker in the ionic liquids than the forces exhibited by 

conventional ionic salts (e.g., NaCl). Unlike a common ionic 

compound, when the ions of an ionic liquid interact they do not 

achieve a level of packing that allows them to form crystalline 

structures (at room temperatures or below 100ºC). In this 

sense, we can differentiate ionic liquids that are liquid at room 

temperature (usually called RTIL, Room Temperature Ionic 

Liquids) with those that require slightly higher temperatures to 

be in liquid phase [2]. 

Historically, it seems that the first reported synthesis of a 

compound of these characteristics was given in 1914 by Paul 

Walden [3], in which the author exposed the synthesis of the 

compound ethylammonium nitrate ([N2HHH][NO3] see ionic 

liquid nomenclature, Appendix A pag. 225) however, no 

applications or novel properties were described at that time. 

I 
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It was really from the 80's that some new ionic liquids were 

synthesized and authors proposed possible practical 

application for them [4-6]. Subsequently, RTILs based on 

imidazolium cations were synthesized and attracted the 

attention of chemists for their properties [7]. After the works of 

Seddon and Welton [1, 2, 8] and the notice to the community 

thanks to Freemantle [9] that scientists noted the properties 

and potential applications of ionic liquids in many different 

areas. 

The properties described by different authors that have 

obtained relevance at the scientific level have been: 

1. The main characteristic is that, since they are salts, 

their volatility is negligible, i.e., the vapor pressure 

of the ionic liquids is extremely low [2]. 

2. Good thermal stability, the majority has a high 

thermal stability, which allows to easily reach 

temperatures above 100ºC in almost all cases or 

even 300-400ºC in many ionic liquids [10, 11]. In 

addition, they are not usually flammable. 

3. High viscosity: due the high ionic interactions the 

viscosity of the ionic liquids is higher than the 

traditional organic compounds, covering a range of 

between 20-1000 cP [12]. 

4. High affinity: ionic liquids may have favorable 

interactions with compounds of very different 

chemical nature [8, 13]. 

5. Ionic liquids are considered as design solvents [9, 

14, 15] due to the high number of possible 

combinations of cations and anions available to form 

an ionic liquid (500 cations and 100 anions already 

reported). In addition, the properties of the ionic 

liquid are significantly influenced by the ions that 

contain it [7, 16, 17]; by this reason, in fact the 

properties can be modulated or “tuned” for different 

interests. 
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Due to these characteristics, ionic liquids have been 

proposed and studied in applications of very diverse nature. 

Initially these studies were focused on electrochemical 

applications [18, 19] by their ionic structure and conductivity 

[20]. After that, applications appeared in the chemical reaction 

and catalysis fields [2, 21 ]. Subsequently, the ionic liquids were 

proposed as solvents [1, 8] and separation agents [22] while 

increasing the number of known cations and anions, it was 

interesting to know the properties of the synthesizable 

compounds [13, 16, 17, 23-25]. Successive applications were 

as lubricants [26, 27], solar cells [28] refrigeration systems [29], 

analytical techniques [30, 31]  and many others. 

Among all the proposed applications, the use of ionic 

liquids in separation operations stands out from the point of 

view of chemical engineering because their unique properties 

allow to overcome physicochemical limitations in the design 

and operation of new processes or as substitutes for traditional 

compounds [14, 32]. In this regard, many applications of ionic 

liquids have been proposed, in liquid-liquid extraction 

processes [22, 24, 33], rare earth separation and purification 

[34], separation of pollutants in fuels [35-37], aromatic-

aliphatic separation [38, 39] cellulose processing [40, 41], 

azeotrope breaking [42] and natural compounds extraction 

[43]. In gas-liquid applications [44], CO2 capture [45, 46], 

mercury capture [47, 48], volatile organic compounds (VOCs) 

[49-51] gas drying [52]. Even some of these processes have 

already been implemented on an industrial scale [53] being the 

first industrial process involving ILs was the BASIL (Biphasic 

Acid Scavenging utilizing Ionic Liquids) process [54] is used to 

produce diethoxyphenylphosphine using 1-methylimidazole 

instead of triethylamine to neutralize HCl, forming [mim][Cl].  

The wide variety of applications proposed is based on the 

variability of properties exhibited by ionic liquids. As previously 

mentioned, theoretically, about 1018 ionic liquids can be 

created as a combination of available cations and anions [8]. Of 

these, there are approximately 1000 commercially available. 

Selecting an ionic liquid among the large number of compounds 
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available for each application is not an easy task. Also as a key 

feature in ionic liquids is the ability to modulate the synthesis 

of the ionic liquid for each use. In this aspect, task-specific ionic 

liquids (TSILs) [55] are defined as ionic liquids created and 

designed for optimize various properties thinking in the 

application. 

Therefore, it is necessary to use procedures that support 

the selection and design of the cation and the anion since it is 

a fundamental stage in the research based on ionic liquids.[56]. 

In this sense, the world of the ionic liquids is characterized by 

the lack of experimental data as a result of the miscellany of 

the fields of knowledge where ionic liquids are studied (different 

applications, different focus or objective properties). In support 

of this work, large databases have been generated, including 

ILthermo [57] (a project of IUPAC) for the compilation and free 

access of experimental data on systems with ionic liquids. At 

this time, this database contains 561388 data number 

including properties of pure ionic liquid (such as density, 

viscosity, heat capacity or surface tension among others) as 

data of binary and ternary mixtures (data of liquid-vapor and 

liquid-liquid equilibrium, viscosity, density, etc.). With all this, 

there are only data of 1752 different ionic liquids after decades 

of research since it is expensive and very time-consuming [24, 

58].  

With the aim of overcoming these limitations, several 

computational methods have been developed that allow the a 

priori design of ionic liquids with specific properties, thus allow 

decreasing the costs of synthesis and properties description 

associated with experimental research. We can distinguish 

different types of methodologies based on extrapolation or a 

priori methods. The first are based on the fitting of some specific 

property to a limited set of experimental results available to 

create an empirical adjustment to be applied for other data not 

available [59-61]. These models present serious disadvantages 

because when they are introduced to systems for which they 

were not regressed, they present significant deviations and 

uncertainties. 
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A priori methods are general applicable (not only for ionic 

liquids) and that allow the modeling of very diverse properties, 

pure compound and mixtures. Within the classic 

thermodynamic models, due to its wide use in chemical 

engineering, the UNIFAC is the main approach for the 

prediction of binary interaction coefficients that can also be 

used in other models such as UNIQUAC or NRTL [62]. However, 

this methodology has the virtue of being based on the idea of 

contribution of groups, in which it is assumed that the 

properties depend on the groups that form the molecules 

involved in the mixture. On the other hand, for the correct 

adjustment of these interactions between groups, large 

experimental databases are required. In the case of ionic 

liquids, it is also added that it is not easy to model the cation-

anion interaction as a contribution group and therefore this 

description is outside the original formulations of UNIFAC. To 

counteract this, modifications of UNIFAC have been proposed 

for ionic liquids, but as the same, large amount of experimental 

data are required [63, 64]. Other more recent thermodynamic 

models that have gained special interest are the PC-SAFT [65] 

and similar that allow the prediction of mixing data from the 

adjustment of several physical parameters of the pure 

compounds [66, 67] with enough success [68, 69]. 

The methods based on quantum chemistry are focused on 

the calculation of molecular energy and electronic properties 

for the calculation or description of properties, [70] for example; 

the calculation of the vibrational frequencies, the caloric 

capacity, the molecular volume, the density can be estimated. 

Methods based on molecular dynamics are remarkable for the 

estimation of transport properties and the understanding of 

phenomena at a molecular scale [71, 72]. Other properties, 

however, are not direct to predict and in this case, an 

adjustment of the properties to molecular descriptors using 

Quantitative Structure-Property Relationship (QSPR) methods 

is carried out. For ionic liquids, a large amount of QSPR 

approaches has been developed [70, 73] that allows the 
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estimation of pure properties (melting point [74], viscosity [75], 

toxicity [76], etc.) and mixtures [77]. 

From a mixture of a classical activity model and a 

quantum-chemical method. The idea of the COSMO-RS method 

developed by Klamt [78] in 1995 was born. COSMO-RS [79, 80] 

is a model based on the fundamental idea that the interactions 

between systems are produced by the charge interactions of the 

different molecules. With this starting hypothesis, Klamt 

developed a method that, bond the idea of group contribution 

(given that each group has a similar molecular description in 

terms of charge and polarity) allowing to transfer from purely 

molecular information to an activity model by means of 

statistical thermodynamics. 

II. COSMO and COSMO-RS 

COSMO-RS (Conductor-like Screening Model for Real 

Solvents) [78, 79] is a method for the a priori prediction of 

thermodynamic properties of liquids.  It is based on the 

combination of molecular information with statistical 

thermodynamics. COSMO-RS is an a priori model since for the 

prediction of thermodynamic properties it is only necessary to 

know the molecular structure of the compounds. From a 

theoretical point of view, the model starts from the following 

premises, (i). Liquids (or condensed phase) are incompressible. 

(ii). Gases have an ideal behavior (there is no interaction 

between molecules of the gas phase, and therefore the fugacity 

of the gases is 1). (iii). Macroscopic properties of the condensed 

phase are governed by the intermolecular interactions, and this 

interaction is fundamentally due to interactions between the 

electron densities of each atom that forms the molecule [80]. 

COSMO-RS uses the charge of the molecule on the surface 

as a descriptor. To generate this information, a spherical 

surface is generated on each atom with a determined and 

previously optimized radius, which is then smoothed and 

triangulated to cover the total surface of the molecule. This 

surface really assumes, and is thus defined, as a cavity where 
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the molecule is imbibed [81]. To describe these interactions of 

the molecule with the environment, COSMO model is used [82]. 

COSMO is a continuous solvation model like the famous PCM 

models, but which have the advantage of being a simpler model 

when interpreting molecule-solvent interactions in a generic 

way for all systems since, unlike other continuous solvation 

models, the COSMO solvent is defined as a homogeneous 

continuous medium with an infinite dielectric constant. After 

this, the concept of distribution of charges (σ) is defined. σ-

charges are calculated on the surface of the cavity at each point 

to compensate for the electronic interaction of the molecule 

with the cavity. To represent the reciprocal polarizing action 

between the solute and the solvent, the COSMO methods 

iteratively solve the equations that describe the interaction up 

to a consistent state that represents the energy optimum of the 

solute molecule in the solvent, with respect to the distribution 

of the electronic density [83]. 

Subsequently -and this is the atypical idea of the COSMO 

method- the charge density of the cavity (σ-surface) is 

discretized in small segments and it is used as a descriptor, 

(not using the σ-surface) calculating a histogram of the 

probability of finding a value of sigma (y axis) against the size 

and charge of the segment (σ). With this, the sigma histogram 

is a description of the charge density of the molecule 

eliminating the spatial component of it. Because of this, 

COSMO-RS assumes that the interactions between the 

molecules results as interactions between segments (σ and σ’) 

and that each segment of the molecule can interact with any 

segment of the other. 
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In COSMO-RS, there are three types of interactions, the 

electrostatic type (Misfit), hydrogen bond (HB) and van der 

Waals interactions (vdW). The first are between groups of 

permanent polarity (dipole-dipole) and by the polarization effect 

of the molecules (dipole-induced dipole) are strong interactions 

of the order of 20-30 kJ/mol. In COSMO-RS, the interaction 

between a pair of segments (σ-σ´) is represented as: 

𝐸𝑀𝐼𝑆𝐹𝐼𝑇(𝜎, 𝜎´) = 𝑎𝑒𝑓𝑓

∝′

2
(𝜎 + 𝜎´)2 eq.I.1 

Where 𝑎𝑒𝑓𝑓 and ∝´ are adjustable parameters of the model. 

Hydrogen bond interactions occur between systems 

containing hydrogen atoms with a high positive charge density, 

and groups with electronegative atoms such as nitrogen, 

oxygen, or halogen atoms. It is a relatively weak interaction 

(between 5-20 kJ/mol). Since the σ-profile is a descriptor of 

charge-density polarization, it is very advantageous to analyze 

possible HB interactions, by this; groups with σ < 0.082 will 

form HB interactions with acceptor HB groups (σ > 0.082). The 

expression that allows estimating the HB interactions is: 

𝐸𝐻𝐵 = 𝑎𝑒𝑓𝑓𝐶𝐻𝐵  min (0; min(0; 𝜎𝑑𝑜𝑛𝑜𝑟 + 𝜎𝐻𝐵 ) max(0; 𝜎𝐴𝐶𝐶𝐸𝑃𝑇𝑂𝑅 − 𝜎𝐻𝐵)) eq.I.2 

Where 𝐶𝐻𝐵   and 𝜎𝐻𝐵 are adjustable parameters and 𝜎𝑑𝑜𝑛𝑜𝑟 and 

𝜎𝐴𝐶𝐶𝐸𝑃𝑇𝑂𝑅 are the HB σ-moments. 

The van der Waals interactions are the weakest of all and 

the most frequent in the condensed phase. Physically it has 

four contributions, (i). Induction (also known as polarization), 

which is the attractive interaction between a permanent 

multipole on one molecule with an induced multipole on 

another. (ii). A contribution of repulsive nature resulting from 

the Pauli Exclusion Principle between electrons that limits the 

overlap of occupied orbitals belonging to different molecules. 

(iii). Attractive or repulsive electrostatic interactions between 

permanent charges and permanent multipoles. (iv). Dispersion 

(usually named London dispersion), which is the attractive 

interaction between any pair of molecules, including non-polar 
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atoms, arising from the interactions of instantaneous 

multipoles. 

In COSMO-RS van der Waals interaction are represented 

as: 

𝐸𝑣𝑑𝑊 = 𝑎𝑒𝑓𝑓(𝜏𝑣𝑑𝑊 + 𝜏𝑣𝑑𝑊
´ ) eq.I.3 

𝜏𝑣𝑑𝑊 and 𝜏𝑣𝑑𝑊
´  are adjustable parameters. Note that this 

expression is purely empirical (any physical parameter) since 

these interactions depend only on the atoms. The parameters 

have been optimized for hydrogen, nitrogen, oxygen, fluorine, 

chlorine, bromine, and iodine atoms. 

Using 𝐸(𝜎,𝜎′)=(𝐸𝑀𝐼𝑆𝐹𝐼𝑇(𝜎,𝜎′)+𝐸𝐻𝐵(𝜎,𝜎′)+𝐸𝑣𝑑𝑊(𝜎,𝜎′))/𝑎𝑒𝑓𝑓, the 

chemical potential of a surface segment with σ is given by: 

𝜇𝑠(𝜎) = −
𝑅𝑇

𝑎𝑒𝑓𝑓
ln [∫ 𝑝𝑠(𝜎´)𝑒

(
𝑎𝑒𝑓𝑓

𝑅𝑇
[𝜇𝑠(𝜎´)−𝐸(𝜎,𝜎´)])

𝑑𝜎] eq.I.4 

𝜇𝑠(𝜎) is a measure for the affinity of the system 𝑆 to a 

surface of polarity σ. It is a characteristic function of each 

system and is called “σ-potential”. Eq. I.4 is an implicit 

equation. It must be solved iteratively. This is done in 

milliseconds on any computer. 

The chemical potential (the partial Gibbs free energy) of 

compound i in system S is available from integration of the σ-

potential over the surface of i expressed in terms of the 

unnormalized σ-profile 𝑝𝑖(𝜎): 

𝜇𝑖
𝑆 = 𝜇𝑖

𝐶,𝑆 + ∫ 𝑝𝑖(𝜎) 𝜇𝑠(𝜎) 𝑑𝜎 eq.I.5 

𝜇𝑖
𝐶,𝑆 is a combinatorial contribution to the chemical 

potential. This contribution is related to interactions of the 

entropic type due to volume differences or the presence of rings 

in the molecules.  
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In the original formulation of Klamt [78] this term was 

calculated in a similar way to the UNIQUAC models, with an 

expression of the type Staverman-Guggenhein type [84]. In 

recent versions a generic expression for the combinatorial 

contribution to the chemical potential from the derivation of the 

combinatorial free energy is: 

𝜇𝑖
𝐶,𝑆 = 𝑅𝑇 [(𝜆0 − 𝜆1) ln  (𝑟𝑖) + 𝜆1 ln (1 −

𝑟𝑖

𝑟
+ ln (

𝑟𝑖

𝑟
)) + 𝜆2 ln (1 −

𝑞𝑖

𝑞
+ ln (

𝑞𝑖

𝑞
)) − 𝜆3) ln (𝑟𝑖)] eq.I.6 

In this case 𝜆0, 𝜆1, 𝜆2 and 𝜆3 are adjustable parameters. 

As it is observed, the formulation of the COSMO-RS model 

requires a parameter adjustment from experimental data. 

Focusing the explanation on the particularities of the method, 

the different equations on which the method is based have 

adjustable and empirical parameters (∝´, aeff, CHB, σHB, λ0, λ1, 

λ2, λ3 and the van der Waals parameters of the atoms H, C, N, 

O, F, S, Cl, Br and I). This leads to the contradiction that 

although it is not necessary to have experimental data to 

perform the COSMO-RS calculations, they are necessary for the 

correct parameterization of the model. This is the reason why 

the model is continuously being updated (re-parametrized) and 

new versions and parameterizations are published over time. 

However, this fact does not imply a loss of predictability since 

the parameters are generated for all types of systems. 

Focusing on the practical part of the model for the 

prediction of thermodynamic properties using COSMO-RS, only 

“.cosmo” files containing the geometry, the electronic energy 

and σ-surface of the molecule are required. This can be 

generated with a large amount of software available such as 

Gaussian [85], Turbomole [86], Dmol3, etc. Additionally, there 

are large databases available with “.cosmo” files of organic 

compounds and ionic liquids.  
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In general, the procedure of the COSMO-RS method is: 

1. Molecular geometry optimization: Since molecules 

are usually in the lowest energy state, the best 

description is found if the molecular geometry is 

optimized to find the minimum of electronic energy. 

This can be done in any software and any quantum 

chemical method but it is recommended [87] to use 

calculations at the DFT level with the BP [88, 89] 

method and TZVP basis set [90, 91] incorporating 

the COSMO solvation model [82]. 

2. Creation of the “.cosmo” files: For this, using the 

COSMO model, the cavity is created and the charge 

densities (σ) are calculated on the surface of the 

cavity. The resulting “.cosmo” files are stored, and by 

this reason, only is needed to calculate them once 

for each system [80]. 

3. Use COSMOtherm software [83, 92, 93] for the 

estimation of thermodynamic properties: In addition 

to the prediction of properties of mixtures based on 

the prediction of the activity coefficient, (e.g. LLE, 

VLE, Henry’s Law constant, etc.), COSMOtherm 

incorporates different QSPR for the prediction of 

other properties based on COSMO descriptors 

(density, viscosity, surface tension, etc.) 

Other methods have been proposed based on the COSMO-

RS method. It stands out, for its relative extensive use in the 

bibliography, and for its implementation in the AspenTech 

process simulators [94], the COSMO-SAC method. COSMO-

SAC was born in 2002 by Lin and Sandler [95], with 

considerable controversy, since it is a modification of the 

development of the COSMO-RS method. The main differences 

are in the thermodynamic consistency of the expression of the 

chemical potential of a segment of COSMO-RS method. 

COSMO-SAC uses another procedure for the evaluation of the 

adjustable parameters of the expressions of the method 

(parameterization).  
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The starting point of the COSMO-SAC method is the group 

contribution solvation model (GCS) proposed by Lin and 

Sandler [96], which develops an expression for the calculation 

of the activity coefficient at infinite dilution, combining the 

UNIQUAC model of activity and the quantum mechanical 

method of continuous solvation. The COSMO-SAC method 

focuses on the calculation of the activity coefficient of the 

segment (Segment Activity Coefficient) of a solute molecule in a 

solvent medium. The COSMO-SAC model has been evolving 

and improving over the years independently of the COSMO-RS 

model [97-99]. 

The COSMO-RS method has been used successfully in 

many studies with ILs. In 2003, Diedenhofen proposed the 

prediction of activity coefficients of conventional compounds in 

ionic liquids [100]. In addition, in this paper he compared the 

results using different computational approaches. Jork et al. 

[24] used COSMO-RS to carry out an extensive analysis and 

preselection of a set of ionic liquids to be used as entrainers in 

the distillative separation applications. COSMO-RS has been 

used mainly for the prediction of pure or mixing properties and 

to study the feasibility of different applications for the ILs. In 

addition, one of the advantages presented by COSMO-RS is 

that it allows performing massive screenings in order to search 

ionic liquids with more suitable properties for a specific 

application, as well as to interpret the behavior of the results 

from a thermodynamic and chemical point of view. It should be 

noted applications in fields as: alkaloids [101] reactions [102, 

103] screening and selection of ILs [104-113] cellulose [114-

116] understanding and fitting IL properties and interactions 

[13, 24, 117-123] new chemical processes with ILs [32, 124-

128], extraction and recovery of solutes [129-132], absorption 

[52, 133-136]. 

COSMO-RS, and in general the COSMO-based methods, 

have also been used as support and as thermodynamic models 

in process simulation. The main attraction of this fact is they 

allow the modeling of processes in which there are no 

experimental data of one or several compounds of the system. 
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III. COSMO-based process simulation 

Nowadays, process simulation is an important tool for the 

development of new processes. In correspondence, process 

simulators development companies employ a large amount of 

resources in the improvement and innovation of their products 

to cover the design of complex operations, based on research or 

directly specialized in a specific commercial sector. This leads 

to the fact that the process simulators have robust 

thermodynamic models that allow the modeling of all types of 

operations; in addition, these simulators have large closed 

databases with which to adjust the different models. The 

success of the process simulation depends largely on the 

accessibility and accuracy of physical and kinetic information 

for the chemicals involved [137, 138]. This, however, is not 

always possible due to the scarcity of experimental data, either 

due to the novelty of the process or the difficulty of measuring 

the necessary properties required by the process simulators. 

Although in this thesis the case of ionic liquids is presented, 

there are other systems in the same situation (e.g. 

pharmaceutical industry, drug design, processes with 

unknown intermediates, etc.) [139]. 

Ionic liquids represent an extremely complex challenge for 

the process simulation because: 

1. Ionic liquids are not available in the databases of 

commercial simulators and therefore there is no 

information in the extensive calculation routes of the 

process simulator to calculate/estimate properties 

[140]. Therefore, they must be created as 

compounds by the user, which represents a special 

problem due to the scarcity of data, and the 

properties required for its creation, which may even 

be immeasurable for ionic liquids (e.g. heat capacity 

of the vapor phase, critical temperature, vapor 

pressure, etc.) [141, 142].  
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2. In the case of ionic liquids, the mixing properties 

(density, viscosity, etc.) are very influenced by the 

interactions between molecules and therefore they 

tend to have a strong deviation from ideality. This 

assumes that mixing rules based on ideality cannot 

normally be applied and experimentation is 

necessary for the correct adjustment of non-ideal 

models. 

3. As in the previous section, the scarcity of 

experimental data of ionic liquids with other 

compounds (or even with other ionic liquids) make 

the binary interaction parameters of conventional 

activity models unknown. In addition, the predictive 

methods that incorporate process simulators such 

as UNIFAC are not useful for ionic liquids (as 

previously explained in the problem of ionic liquids) 

This has not made the process simulation with ionic liquids 

non-viable, but it has limited its study. In 2006 Shiflett and 

Yokozeki publish the first study of the use of ionic liquids for 

separation of difluoromethane and pentafluoroethane 

adjusting the VLE to experimental data by means of the model 

NRTL using Aspen Plus process simulator [143]. Lately, 

Meindersma and de Haan used the same methodology for the 

conceptual design of an aromatic/aliphatic extraction using 

ionic liquids [38]. In 2010, Shiflett conducted a comparative 

study between the chemical absorption of CO2 with MEA vs 

using [bmim][MeCOO]. In this study, he concludes that the 

process with ionic liquids is more advantageous from the 

energy and economic point of view. The simple modeling of the 

system ignores problems derived from the bad adjustment of 

the properties of the ionic liquids that were revealed later. 

Thereby, Shiflett ignores the effect of the viscosity of the ionic 

liquid on the absorption of CO2 using the ionic liquid [bmim] 

[MeCOO] (very viscous), reaching unexpected conclusions from 

the reality [144]. 
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The solution to avoid these problems, and (it is the most 

important contribution) to be able to model processes with 

systems not yet studied in the bibliography, is to incorporate 

predictive methods based on molecular information with 

process simulation. 

Different methodologies have been proposed [32, 52, 145], 

but due to their relevance in the bibliography, two types of 

methodologies based on COSMO stand out: 

1. The first is to regress the data predicted by COSMO-

RS (or COSMO-SAC) using a conventional 

thermodynamic model. This proposal has been 

widely studied by Zhang et al. [32]. They were able 

to simulate the following processes, (i). The 1,3-

butadiene extraction [124], decarboxylation of shale 

gas [146] and extractive desulfurization processes 

[147]. 

2. The second, proposed by Ferro et al. [126] it is based 

on using specifically the COSMOSAC model 

implemented in Aspen for the calculation of the 

activity coefficients. In addition, he develops the idea 

of the multiscale methodology to initially evaluate 

the systems through calculations in COSMOtherm, 

and using them for the creation of the pure 

component in the process simulator. 

Ferro's COSMO-based multiscale methodology supposes a 

computational advantage in time and resources since it is not 

necessary to carry out the binary adjustment of all the 

compounds of the systems (also avoiding regression errors), at 

the same time it allows multi-component VLE and LLE 

calculations without the need of extra information [148]. It 

allows evaluating and optimizing thermodynamics, kinetics, 

technic, energetic and economically the process, as well as to 

propose alternatives and new conceptual designs.  
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This COSMO-based/Aspen methodology has been 

successfully used by our group in the Chemical Engineering 

Section of UAM in several studies of different application with  

ionic liquids, including the evaluation of existing processes and 

the design of new chemical processes involving ionic liquids as; 

(i) VOCs absorption [51, 149], (ii) IL regeneration by distillation 

[149], aromatic/aliphatic separation by liquid-liquid extraction 

[148, 150], (iii) absorption refrigeration cycles [151] and CO2 

capture by physical [144, 152, 153] and chemical [152] 

absorption.  

Other authors have used this methodology for the 

evaluation of processes, Garcia-Gutierrez et al. [128] carried 

out an evaluation of the use of ionic liquids in the CO2 capture 

of natural gas streams. Diaz et al. [127] simulated an extractive 

distillation operation using ionic liquids with complex 

hydrocarbon mixtures optimizing energy consumption. They 

also carried out the same study in parallel, fitting experimental 

data to the NRTL model, obtaining the same results and 

conclusions; consequently, they concluded that the COSMO-

Aspen methodology offered satisfactory results in the LLE and 

VLE. Finally Larriba et al. [154] used the methodology for the 

evaluation of the aromatic/aliphatic extraction process of a 

pyrolysis gasoline including the three regeneration stages of a 

mixture of two ionic liquids and the presentation of a novel 

process [155] for the elimination of aromatics, nitrogenous and 

sulfur compounds of gasolines. 

With all this, we can observe the interest and potential that 

the process simulation with ionic liquids using this 

COSMO-based/Aspen multiscale tool generates in the ionic 

liquid research, due it allows the selection of the optimal ionic 

liquid and the subsequent evaluation of its capacity with 

respect to available technologies or processes. 
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Thesis scope 
 

This PhD thesis is essentially dedicated on the application, 

validation and refinement of the COSMO-RS and COSMO-

based methods with ionic liquids system and its use for 

properties estimation and as predictive thermodynamic method 

in commercial process simulators, allowing with this to carry 

out process simulation with ionic liquids, being able to evaluate 

performances, costs, equipment sizing, etc.  

The development of this work has led to the consolidation 

of the research line of process simulation with ionic liquids in 

Chemical Engineering Department of the Universidad 

Autónoma de Madrid. 

This PhD thesis has the following specific objectives: 

 Evaluating and validating the predictive capacity of the 

COSMO-RS model to describe IL-based systems through an 

extensive study comparing the different models and 

methods used in the literature by comparison to a large 

sample of experimental data of properties 

 Using the predictive COSMO-RS model to design new ionic 

liquid products in the separation of nitrogen compounds of 

fuels by liquid-liquid extraction and comparing the results 

with experimental measurements. 

 Using quantum-chemical to predict and COSMO-RS 

method and discovering several unknown properties of 

zwitterionic compounds, evaluating and proposing different 

applications and uses of these novel (and hardly studied) 

compounds and comparing their performances with that of 

similar ionic liquids. 
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 Developing and publishing a free ionic liquid database to 

be used in the commercial process simulator Aspen Plus 

and Aspen Hysys. Presenting and extending the use of the 

COSMO-based/Aspen methodology with common ionic 

liquids to be easily used by other research groups for the 

in-depth study of the use of ionic liquids in process scale 

operations.  

 Using the COSMO-based/Aspen methodology to select ILs 

and understand the absorbent performances in absorption 

refrigeration cycles. Evaluating and comparing the 

thermodynamic behavior of the several refrigerant/ILs 

pairs and proposing optimized refrigerants/ILs systems to 

be applied in function of the refrigeration needed. 

 Employing experimental measurements and the COSMO-

based/Aspen methodology with ILUAM database in the 

study of using the ionic liquids as physical absorbents of 

CO2 postcombustion streams.  Evaluating the absorbent 

performance in CO2 capture operation in commercial 

packed columns, analyzing the role of thermodynamic and 

kinetics in separation efficiencies and equipment sizes. 
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Chapter 1.  
On the predictability of 

COSMO-RS method 
 

This chapter shows a comprehensive and systematic evaluation of the 

predictive capacity of the COSMO-RS model with ionic liquids 

systems. An extensive experimental database was compiled of activity 

coefficients at infinite dilution (γ∞) and phase equilibrium data (both 

liquid-liquid and vapor-liquid). We studied the effect of the molecular 

model of the ionic liquid (independent ions or ion pair), the version or 

parameterization of the COSMO-RS model (from the original to the 

most recent) as well as the calculation level (TZVP and TZVPD-fine). 

The predicted results were compared with the experimental ones and 

statistical analysis performed, to evaluate the predictive capacity of 

COSMO-RS both qualitatively and quantitatively. Finally, based on 

the results and our experience, possible aspects of improvement for 

the future are presented.
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1.1. Introduction 
 

he separation and purification of specific substances has 

become a multidisciplinary task in which the design and 

optimization of processes and operations is a key aspect, 

as well as the selection and design of the compounds used for 

that purpose (product design) [156, 157]. In this context, ionic 

liquids (ILs) are considered as a real alternative to conventional 

organic solvents. They have been proposed in many application 

fields: synthesis [158], catalysis [159], analysis [31], 

refrigeration [29], electrolytes, fuel cells [160], lubricants [27] 

and many others [53]. Essentially, ILs are organic salts with 

melting temperatures below 100 °C, formed exclusively by ions 

[2, 8, 21, 161]. The main properties that have attracted high 

interest by the scientific community are their low vapor 

pressure (zero volatility) that avoid solvent losses and also 

facilitates the recovery and regeneration of the IL (both 

energetically and technologically) [25], and the high affinity of 

IL to the substance to be separated thanks to its easy tunability 

(ability to design an ionic liquid for a specific application as a 

combination of cations and anions of interest) [44]. This 

tunability of ILs comes from the fact that the combination of 

cations and anions makes the number of synthesizable ILs 

exceptionally high, which makes possible to optimize the design 

of the IL for each proposed application. However, the large 

number of feasible systems can be a disadvantage since 

experimental essays for screening of properties and 

applications can be expensive and time-consuming [109]. 

Many approaches have been proposed for the study and 

prediction of the properties of ILs. The traditional methods used 

in thermodynamics and engineering based on group 

contribution (GMCs) have some limitations due to the necessity 

of creating new contribution groups for the case of ILs and the 

need to have experimental data for the correct adjustment of 

the binary interaction parameters. On the other hand, methods 

based on molecular dynamics can be suitable for the estimation 

of properties of ILs, but they are too demanding of calculation 

T 
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time, even larger than experimentation [70]. In this scenario, 

and because of the intrinsic nature of ILs, methods based on 

quantum-molecular information have proved interesting in the 

description of various properties of ILs [105]. These methods 

are characterized by the relative short time of calculation and 

they have demonstrated to provide useful information to the 

experimentation, being able to help in the selection from a large 

set of ILs those with the best properties for a given application. 

From these computational methods, the one that has obtained 

the most relevance among ILs researchers is the COSMO-RS 

method (Figure 1.1), mainly due to the predictive capacity of 

the model, which does not require any experimental data and 

its reduced computation time [24, 100, 106]. 

The COSMO-RS method has been used successfully in 

many studies with ILs, mainly for the prediction of properties 

of pure compounds and their mixtures and to study the 

feasibility of different applications for the ILs. In addition, one 

of the advantages presented by COSMO-RS is that it allows 

performing massive screenings in order to look for ionic liquids 

with suitable properties for a specific application, as well as to 
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Figure 1.1 Publications with the tag “Ionic Liquids” and “COSMO” or 

"COSMO-RS" in recent years (Source: Web of Science) 
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interpret the behavior of the results from a thermodynamic and 

chemical point of view. It should be noted applications in fields 

as: alkaloids [101], reactions [102, 103], screening and 

selection of ILs [104-113], cellulose [114-116], understanding 

and fitting IL properties and interactions [13, 24, 117-123], 

evaluation and proposal of new chemical processes with ILs 

[32, 124-128], extraction and recovery of solutes [129-132] and 

gas absorption [52, 133-136]. Attending to the theory of 

COSMO-RS model, COSMO-RS (COnductor like Screening 

MOdel for Real Solvents) is a chemical-quantum method 

capable of predicting the chemical potentials of pure 

compounds and mixtures. Therefore, with this approach, 

COSMO-RS can predict the activity coefficients of mixtures by 

applying statistical thermodynamics [78-80, 83]. COSMO-RS 

uses exclusively the quantum-chemical information of the 

molecule (more details are presented in the introduction of this 

thesis). However, COSMO-RS model formulation contains  

some  adjustable parameters (α, aeff, CHB, λ0, λ1, λ2, λ3 and the 

van der Waals parameters of the atoms H, C, N, O, F, S, Cl, Br 

and I), which are defined by fitting to experimental data. 

Therefore, validating and evaluating the predictability capacity 

of COSMO-RS for ionic liquid-based systems is a must, in this 

aspect the main efforts have being made in validate properties 

such activity coefficient [100, 162-166], phase equilibrium data 

[167-172] or vaporization enthalpies [173, 174], among others. 

Since the original version proposed by Klamt in 1995 [78] 

several improvements, refinements and reparametrizations 

have been published [79, 80]. The most notable are those 

proposed by the Andreas Klamt company COSMOlogic (which 

has been formed directly for the distribution of the software 

“COSMOtherm” [93] and others COSMO-based tools, 

containing the COSMO-RS model implemented for the 

calculation of several properties). 
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The COSMOtherm program incorporates different models 

based on the method used to perform the quantum-chemical 

calculations. In this sense, COSMOlogic has published five 

types of models, two currently obsolete; based on calculation 

programs such as Gaussian (G98) or DMol3 (Dmol3), another 

based on low level quantum chemical calculations (SVP_AM1) 

and finally, the BP_TZVP and the BP_TZVPD-fine l models that 

differ in higher levels of quantum chemical calculations as well 

as in the case of the TZVPD-fine is based on the improvement 

of the algorithm for generating the “fine” cavity [175]. In 

addition, TZVPD-fine generated files use larger basis sets (def2-

TZVPD), while the original COSMO-RS model has also been 

modified including new HB terms [176]. 

Finally, in the case of ionic liquids, the molecular 

description of the ionic liquid is an added difficulty. Based on 

the state of aggregation of ILs in the medium, ILs may be 

forming aggregate structures or clusters or in dissociation. Due 

to this uncertainty, ILs can be represented in different ways in 

the molecular simulations. Some authors have calculated ILs 

as a single molecular specie, which is usually called ion-pair 

model (henceforth CA model), or they can be described as a 

mixture of independent ions (hereafter C+A model) [100].  

Figure 1.2 σ-surface of dibutylphthalate computed using old cavity 
generation algorithm (left) and TZVP basis set compared with “fine” 

algorithm (right) performed with TZVPD basis. 
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Therefore, it is not easy to measure or distinguish how the 

ions are statistically bonded or if the ions are solvated by the 

environment (it also depends on the IL and the operating 

conditions), so the selection between one molecular model and 

another is not simple [17]. There are other aspects influencing 

the selection; the C+A model requires two independent 

quantum-chemical calculations, while the CA model performs 

a single quantum-chemical calculation of the cation-anion 

cluster at the same time. However, calculation of the CA model 

have a high number of atoms and it is necessary to consider 

cation and anion orientation (presence of conformers) [177], 

making CA model significantly more time consuming and 

demanding.  Despite that, both models have been widely 

studied in bibliography for studies of very diverse nature 

obtaining satisfactory results [32, 100, 118].   

In the context presented above, it can be observed how the 

predictive capacity of the COSMO-RS model can depend on 

many factors such as the results of the quantum chemical 

calculation, the software used to perform the calculation, the 

parameterization used (version), the calculation level used 

(TZVP or TZVPD-fine), as well as the molecular model of ionic 
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Figure 1.3 Comparison of the σ-profiles of the different IL molecular 

models; ion pair (CA model) and independent ions (C+A model) 
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liquid used. In bibliography, it is extremely difficult to compare 

results since the authors use the different computational 

approaches indistinctly and therefore the conclusions are not 

evident. In this chapter, a systematic study of the predictive 

capacity of COSMO-RS with systems containing ionic liquids is 

presented, evaluating the different computational approaches. 

The aim is that the results of this work will serve as an 

introduction and validation of the deviations and the predictive 

capacity of COSMO-RS that is the model used in this thesis. 
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1.2. Computational details 
 

First stage in COSMO-RS calculations was to create and 

optimize the chemical structure of ILs and all the solutes 

(conventional compounds) that are not available in 

COSMOtherm [93] databases. For this purpose, TURBOMOLE 

v7.2 [86] (with TmoleX v4.3.2 graphic interface) software was 

used to model the ILs structures both using C+A and CA model. 

After that, quantum chemical calculations were carried out to 

optimize the molecular structures and, then, to generate a 

“cosmo” file with the molecular information. Standard method 

used in COSMOtherm is DFT with B88-P86 [88, 89] (BP) 

functional and TZVP basis [91] with RI approximation [90], 

using the COSMO solvation model to perform the quantum-

chemical calculations. For the calculation of properties in the 

gas phase, molecular optimizations were also carried out 

without taking into account the COSMO model [82] (gas-phase) 

to generate the energy file containing the gas phase energy as 

well as the molecular geometry. To use the TZVPD-fine model, 

the “cosmo” “energy” structures at the BP/def2-TZVPD level 

and using the “fine” cavity construction algorithm were created 

performing a single point calculation on the structure optimized 

with the BP_TZVP method. When the COSMOtherm conformer 

treatment is not used, the lower energy conformer is used. 

In the present study, we used the most recent 

COSMOtherm version software (C30_18.0) [93]. Following the 

usual instructions in this type of calculations, the mole fraction 

of the IL mixtures was defined as a function of the IL molecular 

model selected. Using CA model the composition of the mixture 

is the same as used in experimental terms, so these 

compositions were compared directly. In the case of the C+A 

model, due to the IL definition, the mixture is formed by a 

pseudo-mixture of ions, in this case the compositions were 

corrected as explained in the COSMOtherm manual. 
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The statistical comparisons were carried out using three 

reference parameters, the slope and the R2 coefficient of the 

experimental vs calculated correlation and the absolute average 

deviation or AAD defined according to equation 1. 

𝐴𝐴𝐷 =  
∑  |𝑥𝑖

𝐶𝑎𝑙𝑐 − 𝑥𝑖
𝐸𝑥𝑝|𝑖

𝑛
 (eq. 1.1) 

Finally, the experimental data were collected from ILthermo 

website [57].  
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1.3. Results and discussion 

1.3.1. Activity coefficient at infinite dilution (γ∞) 

For this analysis, 31968 data of activity coefficients of 

different solutes in ionic liquids were collected. In total, 78 

cations with 33 anions and 139 solutes at different 

temperatures between 288 and 438K were found. In order to 

differentiate and classify the set of systems collected, the figure 

2A presents the groups of solutes by chemical nature and the 

number of mixture points collected by group, where it is found 

a representative sample of alkane, alkene, alkynes, aromatic, 

hydrogen bond donor and acceptor compounds, and, in a less 

extent, halogenated hydrocarbons. 

The Figure 1.4B shows the thermodynamic behavior of the 

mixtures included in the analysis. A significant part of the 

collected mixtures has a behavior close to ideality (γ∞ ≈ 1), 

according to Raoult's Law. This type of behavior is obtained for 

solutes of all chemical natures, but especially with solutes with 

donor groups or hydrogen bond acceptors. Considering that the 

cations or anions that form the ILs usually have donor or 

acceptor HB groups, this phenomenon can be understood by 
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molecular similarity. Moreover, systems such as alkanes have 

a very low attraction (γ∞>>1) with the IL due to the high polarity 

difference between the compounds and ions. This can be 

explained because of the repulsive intermolecular interactions 

in the mixture, causing that these mixtures are normally 

immiscible [51]. Finally, mixtures with negative deviation from 

Raoult’s Law (γ∞< 1) have favorable thermodynamic mixture 

properties. This is directly attributed to the donor or acceptor 

HB groups of the polar solutes that interact very favorably with 

the HB groups of the ionic liquid. 

In Figure 1.5 are depicted the predictions data for the entire 

collected set to compare between two available calculation 

levels. These calculations have been performed using the C+A 

model. Figure 1.5A contains the results of the TZVP level. The 

observed experimental vs COSMO-RS calculated trend exhibits 

a high correlation coefficient (R2 > 0.8) and relatively good 

experimental tendency vs calculated with a slope of 0.87 and 

an absolute average error (AAD) of 14.8 units, which means 

that at this standard calculation level the results are a priori of 

good quality. Figure 1.5B contains the results of the TZVPD-

fine Comparing to Figure 1.5A, better results are obtained 

using the TZVPD-fine level, with higher correlation coefficient 

(0.885), a slope closer to 1 (0.97), and a lower AAD (10.7 units). 

Figure 1.5 Experimental vs predicted activity coefficients at infinite 
dilution (γ∞) using C+A model and (A) BP_TZVP_C30_18 or (B) 

BP_TZVPD fine_C30_18 level. 
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However, as in the TZVP level there are points with high activity 

coefficients (ln γ∞ > 7), in which there is a large experimental-

calculated deviation.  

Following, we compared the current results with those 

obtained using older parametrization versions in 

COSMOtherm. Observing Figure 1.6A, TZVP level have been 

improved in recent years. Therefore, the most recent versions 

provide better predictions with slopes closer to 1 and higher 

coefficients of correlation (R2). In the case of TZVPD-fine level 

(Figure 1.6B), newer versions also provide more predictive 

results. Finally, the best results observed in Figures 6A and 6B 

were obtained using the TZVPD-fine level with C30_1601 

parametrization.  

To extend the quantitative analysis of the results presented, 

Figure 1.7 shows a histogram of deviations of the results of 

Figure 1.5. Almost 50% of the data have an AAD under 1 units 

of the activity coefficient. In addition, the highest deviations 

obtained are only for high values of activity coefficient. Very 

similar results have been obtained in other studies of this type 

[166]. 
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fitting for different COSMO-RS published parameterizations by 
COSMOlogic using the molecular model C+A at the level (A) TZVP and 

(B) TZVPD-fine 
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The same analysis was performed using the CA molecular 

model. The results are summarized in Table 1.1 (see Figure 1.8 

for details). In general, it is confirmed that COSMO-RS predicts 

quantitatively well the activity coefficients of the mixtures with 

ionic liquids using both molecular models (R2> 0.8). However, 

it has been verified that the CA model reproduces the 

experimental activity coefficients qualitatively correctly but 

quantitatively worse compared to the C+A model, attending to 

the R2, slope and AAD statistical parameters.  

Table 1.1 Statistical results of experimental-calculated γ∞ comparison 

Parameter IL model TZVP TZVPD-fine 

R2 
C+A 0.812 0.885 

CA 0.797 0.841 

Slope 
C+A 0.873 0.973 

CA 0.708 1.175 

AAD 
C+A 14.8 10.7 

CA 15.2 23.1 
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Comparing the molecular models (Table 1.1), it can be seen 

that the slope of the regression has a value of 0.71 compared 

to 0.88 of the C+A model. The correlation coefficient R2 of the 

CA method is 0.797 very close to 0.812 of the C+A model. 

Graphically (Figure 1.5 and Figure 1.8) it can be observed 

as the error of the C+A model TZVP increases in a general way 

when increasing the value of the activity coefficient; while in the 

CA model, this error seems to be more constant throughout the 

interval. If the TZVPD-fine level is used, better results are 

obtained than using TZVP. However, the predictions are worse 

than using the C+A model. Therefore, it has not been proven 

that the CA model improves in any way the limitations of the 

C+A model in this comprehensive and extent analysis. 

The same comparison as the C+A model was carried out of 

the results obtained by the parameterizations according to the 

version (Figure 1.9). Similar to C+A molecular model, better 

results are obtained with the most recent versions. It is worth 

to note a very significant change in the slope of the adjustment 

in recent versions (from 0.62 in C30_1401 to 1.05 in 

C30_1601). 

 

Figure 1.8 Experimental vs predicted activity coefficients at infinite 
dilution (γ∞) using (A) CA model and BP_TZVP_C30_18 level and (B) 

BP_TZVPD-fine_C30_18. 
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 To complement this analysis of the predictive capacity of 

COSMO-RS, Figure 1.10 shows the results obtained for each 

group of solutes using C+A model and BP_TZVPD-fine_C30_18 

COSMOtherm level. In addition, Table 1.2 collects the 

statistical parameters (R2, slope and AAD) calculated by groups 

and molecular model. In general, description of activity 

coefficients fit the global trend for all the groups (high R2 and 

slopes close to 1). Generally, it can be noted that the errors for 

the groups are lower than the overall, being the highest errors 

present in alkanes and alkenes (high γ∞ values), which are the 

main contributors of the overall error. 

Table 1.2 Main statistical results comparing IL molecular models by 
group of solutes at the calculation level BP_TZVPD-fine_C30_18 

 
IL 

model 
Overall Alkane 

Alkene 
Alkyne 

Aromatic 
HB 

donor 
HB 

acceptor 
Halogen-

HC 

R2 
C+A 0.88 0.82 0.87 0.83 0.75 0.88 0.68 
CA 0.84 0.78 0.81 0.69 0.48 0.79 0.72 

Slope 
C+A 0.97 1.01 0.96 1.03 0.94 0.87 1.11 
CA 1.17 1.27 1.19 1.13 0.82 1.06 1.36 

AAD 
C+A 10.7 33.6 9.0 2.0 0.5 3.1 2.0 
CA 23.1 67.4 23.7 8.1 1.9 4.8 6.1 
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Figure 1.9 Results of the statistical adjustment for different COSMO-
RS published parameterizations by COSMOlogic using the molecular 

model CA at the level (A) TZVP (B) TZVPD-fine 
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To analyze the suitability of COSMO-RS to adequately 

describe the effect of the structure of the IL on the activity 

coefficient at infinite dilution,  we grouped ILs according to the 

Figure 1.10 Experimental vs predicted activity coefficients at infinite 
dilution (γ∞) using C+A model and BP_TZVPD-fine_C30_18 
COSMOtherm level. The gray points are the set of all the data and the 

black points are each individual group. 
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chemical family of the anion, since in general, the anion has a 

more apparent influence on the properties of the ionic liquid 

[32, 119, 178].  

The results are found in Table 1.3. In general, the quality 

of predictions are good for most of the groups studied: 

substituted anions (BF4, PF6, FeCl4...), carboxylates (MeCOO...), 

low polar anions (NTf2, FEP...), S-based and P -based anions, 

with correlation coefficients R2> 0.90 and slopes very close to 1 

in most cases. However, ionic liquids based on amphoteric 

anions (protic anions), when mixed with aliphatic compounds, 

lead to mixtures with a very high activity coefficient and, hence 

lower quality of predictions (absolute deviation). Finally, the 

worst accuracy of COSMO-RS predictions is obtained with 

halide anion-based ionic liquids, with a R2 of 0.73 and a slope 

of 0.78.  The presence of halogen atoms (F, Cl, Br, I), either 

forming part of the ionic liquid (the anion) or the organic 

compound, increasing the error in the predictions.  

Table 1.3 Main statistical results comparing IL molecular models by 
group of anions at the calculation level BP_TZVPD-fine_C30_18 

 IL  
model 

Substituted 

(BF4, PF6, 

FeCl4) 

Halides 
(Cl, Br, I) 

Carboxylates 
(MeCOO, 

EtCOO, TFA) 

Low Polar 
(NTf2, FEP, 

BETI) 

R2 
C+A 0.88 0.73 0.95 0.90 

CA 0.90 0.68 0.81 0.85 

Slope 
C+A 0.97 0.78 1.06 0.94 

CA 1.28 0.91 1.25 1.15 

AAD 
C+A 11.9 10.8 12.0 3.4 

CA 26.9 11.6 25.1 8.3 

 IL  
model 

SOX 
(MeSO4, 

EtSO4, 

MeSO3) 

CN 
(DCN,TCM, 

B(CN)4) 

PO4 
((Me)2(PO4, 

(Bu)2PO4) 

Amphoteric 
(MeHPO3, 

HSO4) 

Other 
(TMPPh, 

NO3) 

R2 
C+A 0.91 0.91 0.94 0.89 0.92 
CA 0.88 0.83 0.83 0.86 0.94 

Slope 
C+A 1.02 0.86 1.15 1.30 0.98 
CA 1.13 1.04 1.38 1.54 1.04 

AAD 
C+A 10.2 10.8 18.4 21.1 7.8 
CA 15.3 17.8 26.1 27.7 10.1 
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In general, results indicate that C+A molecular model 

provides very good quality predictions, qualitatively (R2) and 

quantitatively (slope and average error). This, and with the fact 

that C+A model is a simpler model to apply (the quantum-

chemical calculation time of the CA model is significantly 

higher), concluded that the C+A model is more suitable for 

generally predicting mixing data of molecular solutes at infinite 

dilution in ionic liquids. It is necessary to note that the CA 

model can be more representative in other types of mixtures 

with ILs [43], since the activity coefficient at infinite dilution is 

not a direct observable measurement. 

Finally, with the aim of improving the COSMO-RS 

predictions with the C+A IL model, different ways of obtaining 

better results are going to be proposed. 

First, as commented in Table 1.3, particularly low 

descriptions have been obtained in the case that a halide atom 

forms the anion. Some authors have proposed modifying the 

van der Waals parameters of these atoms obtaining 

significantly better results [179]. Possibly the problem of these 

atoms is the description of the σ-profile due to the radius of the 

different atoms defined in the quantum chemical calculation. 

In fact, to illustrate this idea, we have modified the radii of the 

COSMO cavity for the Cl and Br atoms (since they form mono-
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Figure 1.11 Comparison of experimental and calculated γ∞ using (A) 

the original Cl radii and (B) Cl radius as a result of our optimization. 
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atomic anions). We have calculated in what manner the radius 

of the cavity affects the results and we have smoothly optimized 

these parameters to see if the results can significantly improve 

As shown in Figure 1.11 for Cl (and analogously in Figure 

S. B-I (pag 239 in Appendix B for Br), the radius of the cavity is 

a very significant parameter when making predictions with 

COSMO-RS. We optimize the radius of the cavity using as 

experimental data of adjustment, those in which the Br and Cl 

are anions of the ionic liquid exclusively. To validate these 

results, optimized radius were used to create the COSMO files 

of the solutes containing Cl and Br (Halogen-HC). Figure 1.12 

shows how the results improve compared to the originals.  

Therefore, we conclude that this should be an improvement 

strategy for COSMOlogic in future versions to improve the 

prediction quality in this type of systems.  
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Figure 1.12 Comparison of experimental and calculated γ∞ for 
halogen-HC systems using (A) the original Cl and Br radii and (B) our 

optimized radius. 
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Another thing that has been discussed enough is the use of 

different conformers to improve COSMO-RS predictions. 

Essentially this is related to the cases of compounds that can 

present different relatively stable geometries (with very similar 

energies), and it may be that the more stable (the lowest energy 

geometry) is not the most representative of the system. A 

characteristic example of this type of system is glycerol.  

To check the effectiveness of including different conformers 

in the COSMO-RS calculations, all the mixtures data have been 

recalculated (using C+A model at the TZVPD-fine level) 

including a maximum of 10 conformers for each compound. 

This in practice means that for a mixture, conventional + cation 

+ anion, it is possible that there are 30 different molecules to 

represent the mixture, COSMOtherm must iterate to find the 

most representative mixture of the system, which significantly 

increases the calculation time. The conformers of all the 

compounds (conventional, cation and anion) were built using 

the COSMOconf software and calculated in Turbomole (in the 

same way as described in the computational details).The Figure 

1.13 shows the result of all points calculated at level 

BP_TZVPD-fine and C+A IL model using conformer treatment. 

To compare Figure 1.13A is included, in which the results are 

shown using only the most stable compound for both the 

conventional compound and for the ions.  



Section I: Molecular simulation 
 

44 

In Figure 1.13B the same points have been represented but 

including in the calculation all the available conformers of all 

the compounds. As you be seen, the results are very similar. 

Considering the correlation coefficient R2, in general, the 

predictive capacity is reduced. 

Almost 50% of the data improves with respect to not using 

conformers, however, if we compare the points that improve 

with the conformer treatment, Figure 1.13C and Figure 1.13D, 

both graphs and statistical results, it can be observed how the 

differences are very slight. Taking into account on the one hand 

Figure 1.13 Results of the activity coefficient prediction at the level 
BP_TZVPD-fine and C+A IL model using (A) the most stable conformer 
(B) including all conformers. (C) and (D) are analogous to (A) and (B) 
but only the points where the conformer treatment improves the 

results are shown. 
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the computational effort of each quantum-chemical calculation 

for the creation of the conformers and the COSMOtherm 

calculation time increase, the use of conformers for the 

improvement of the results in the estimation of the properties 

does not seem helpful.  

Therefore, in view of the results presented, in the rest of the 

study, only the lowest energy conformer will be used for all 

calculations. 
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1.3.2. Vapor-Liquid equilibrium 

We collected 11490 vapor/gas liquid equilibrium points. 

Specifically, solute composition in the liquid phase data at 

specific pressure and temperature conditions. The equilibrium 

data includes 47 solutes of different nature (Figure 1.14) and 

123 ionic liquids with a combination of 52 cations and 36 

different anions. We found data of systems that present 

chemical absorption of the solute in the IL (systems such as the 

well-known carboxylate-CO2) that have been excluded from the 

rest of the study due to their nature. For the physical 

absorption data, the range of temperatures studied is between 

273 and 421K. The experimental pressures are in the range of 

very low vacuum to pressures higher than 200 bar. 

First, it is necessary to explain how COSMO-RS calculates 

the vapor-liquid equilibrium (VLE) of a mixture. COSMO-RS is 

a model based on the condensed phase and assumes the 

ideality of gases. Hence, the fugacity of the gases are discarded 

and equilibrium can be described as equation 1.2. 

𝑃𝑇𝑜𝑡𝑎𝑙 =  ∑ (𝑃𝑖
0 · 𝑥𝑖 · 𝛾𝑖 )𝑖   (eq. 1.2) 
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Due to the negligible vapor pressure that ionic liquids 

present, the binary equilibrium is simplified to equation 1.3. 

𝑃𝑇𝑜𝑡𝑎𝑙 =  𝑃𝑠𝑜𝑙𝑢𝑡𝑒
0 · 𝑥𝑠𝑜𝑙𝑢𝑡𝑒 · 𝛾𝑠𝑜𝑙𝑢𝑡𝑒   (eq. 1.3) 

Where the total vapor pressure (PTotal) at the specified 

temperature is a function of the vapor pressure of the pure 

solute (P0) as well as the activity coefficient of the solute (γi) in 

the mixture at composition xi. COSMOtherm solves iteratively 

eq. 1.3 for the composition that satisfies the resulting pressure 

as PTotal. 

Generally, the vapor pressure of the pure compound is 

known and easily obtainable, so COSMOtherm allows to 

choose, when calculating the liquid-gas equilibrium, the use of 

experimental vapor pressures or in the case that they are not 

available, to estimate them. For this, there are two different 

ways, the first is to use the so-called "energy file" which is a file 

that contains the gas phase energy of the molecule (as a result 

of a parallel quantum chemical calculation). With this 

information, COSMOtherm is able to estimate the difference 

between the chemical potential of the gas phase and the 

condensed phase, and thereby COSMO-RS predicts gas 

properties such as vapor pressure or enthalpies of vaporization. 

With this same idea, the second way: COSMOtherm estimates 

the energy of the gas phase molecule from a COSMOlogic own 

correlation, in which they regressed the molecular energy of the 

COSMO phase versus gas phase energy. 

Given the diversity of choices that the user can decide when 

estimating the VLE equilibrium in systems with ionic liquids, 

the different approaches were evaluated. 

Figure 1.15 collects the results for predictions made using 

experimental vapor pressure and C+A model. The results 

obtained using COSMO-RS approaches to estimate the vapor 

pressure of the solute can be found in Figure S. B-II, pag 239 

in Appendix B.  
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Finally, Table 1.4 includes all the statistical parameters 

resulting from comparing all the different computational 

approaches (source of vapor pressure, molecular model and 

calculation level). 

Table 1.4 Comparison of the statistical results (R2/slope of 
experimental vs calculated data) considering the solute vapor 
pressure source and the COSMO-RS calculation level. 

Vapor 
pressure source 

C+A TZVP CA TZVP 
C+A 

TZVPD-fine 
CA 

TZVPD-fine 

Experimental 0.867/1.23 0.870/1.16 0.901/1.16 0.864/1.04 

Energy file 0.579/1.09 0.561/1.03 0.705/1.13 0.641/1.02 

Estimated 0.590/1.11 0.575/1.06 0.689/1.17 0.638/1.07 

 

From Table 1.4, it can be seen, that there is a significant 

difference between specifying the experimental vapor pressure 

and estimating it by COSMOtherm. There is a huge dispersion 

of the results when COSMOtherm estimates the vapor pressure 

of the solute. The error calculating the vapor pressure of the 

solutes significantly affects the solubility calculations. In 

addition, there are few differences between estimating the 

energy of the molecule in gas phase by the “energy file” or the 

correlation (Figure S. B-III, pag 240 in Appendix B).  

Figure 1.15 Experimental vs predicted gas mass solubilities   using 
experimental solute vapor pressure and C+A model at level 

BP_TZVP_C30_18 (A) and BP_TZVPD-fine_C30_18 (B). 
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In view of the obtained results, it seems unquestionable 

that using experimental vapor pressure of the compounds 

provides better VLE predictions. 

Comparing calculations levels, better results are obtained 

using the TZVPD-fine level instead of the TZVP for all the 

systems studied (Table 1.4). Regarding the molecular model, in 

general, CA model (Table 1.4) predicts solubility values slightly 

lower than that of the C+A model. This comes from the 

overestimation in the activity coefficients of CA model compared 

to the C+A model. Nevertheless, there are no significant 

differences between both models. In qualitative terms, the C+A 

model better represents the trend of the experimental data 

(slope near to 1) than the CA model. 

Similar to previous analysis of the activity coefficient, the 

results were divided by solute families in Figure 1.16. As can 

be seen, the description of the solubility of alkanes, alkenes and 

alkynes has a very good quality both quantitatively and 

qualitatively. The group of gases contains most of the data 

collected for this study (as shown in Figure 1.10), this group 

presents a good experimental-calculated trend in general, 

obtaining reasonable predictions qualitatively (R2 = 0.93) and 

quantitatively (mean absolute error of 0.05 in the calculated 

mole fraction). 
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1.3.3. Liquid-liquid equilibrium  

After compiling and performing a statistical treatment of 

the data collected, we have obtained 6977 liquid-liquid 

equilibrium (LLE) data of traditional compounds and ILs. 

Among the compounds studied in the ternary mixtures, there 

are alkanes, alkenes and alkynes, aromatics, HB-donors and 

HB-acceptors. Taking into account the ILs, we found 144 

different ionic liquids with a combination of 54 cations and 28 

anions of different chemical nature. As in previous parts of this 

present work, an analysis of the collected data will be 

presented. 

Table 1.5 Description of the LLE systems involving ILs included in 
current analysis. 

Comp. 
Group* 

Alkanes 
Alkenes 
Alkynes 

Arom. 
HB 

donor 
HB 

acceptor 
Total 

Alkanes 9 113 131 12 133 398 

Alkenes 
alkynes 

49 109 0 0 0 158 

Aromatic 3668 378 222 0 12 4280 

HB  
donor 

579 92 24 709 427 1831 

HB 
acceptor 

168 21 0 121 0 310 

Total 4473 713 377 842 572 6977 

*Rows shows the solutes and the columns the feed solvent of the 

binary mixture. 

The Table 1.5 shows a matrix with the type of mixture 

studied. As can be seen, most of the mixtures are related to 

aromatic-alkane extractions, because ILs have been widely 

studied as extracting agents of petroleum fractions that are 

modeled with this type of compounds [32, 35, 38, 180, 181]. 

Exclusively, LLE data measured at atmospheric pressure 

have been chosen for this study, because COSMO-RS does not 

distinguish from pressures in the LLE calculation. COSMO-RS 

allows calculating the existence of LLE or VLLE, and then the 

multicomponent distribution between phases of a specific 

mixture. In this study, we evaluated the predictive capacity of 
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COSMO-RS in LLE both in the ability to predict the existence 

of LLE (EQ. Calc) and the concentrations of each compounds in 

the organic-reach and ionic liquid-reach phases. 

The results of the statistical study for each model and 

parameterization are shown in Table 1.6 and Table 1.7. 

Table 1.6 Statistical results of the phase equilibrium comparing 
experimental and calculated by COSMO-RS using C+A IL model. 

Level C+A TZVP C+A TZVPD-fine 

Phase* X1
I  X2

I  X1
II X2

II X1
I  X2

I  X1
II X2

II 

R2 0.933 0.921 0.821 0.778 0.943 0.928 0.793 0.758 

Slope 0.967 0.959 0.895 0.886 0.973 0.960 0.792 0.745 

AAD 0.039 0.042 0.051 0.036 0.041 0.044 0.074 0.045 

EQ 
Calc. 

82.3% 95.2% 

Table 1.7 Statistical results of the phase equilibrium comparing 
experimental and calculated by COSMO-RS using CA IL model. 

Level CA TZVP CA TZVPD-fine 

Phase* X1
I  X2

I  X1
II X2

II X1
I  X2

I  X1
II X2

II 

R2 0.931 0.918 0.847 0.650 0.929 0.917 0.674 0.623 

Slope 0.927 0.922 0.908 0.697 0.962 0.951 0.750 0.595 

AAD 0.043 0.044 0.050 0.053 0.049 0.050 0.095 0.058 

EQ 
Calc. 

82.9% 94.9% 

* Compounds: 1= solute, 2 = feed solvent. 

Phases: I = organic-rich phase, II = IL-rich phase 

As shown in Table 1.6 and Table 1.7, the COSMO-RS 

capacity to predict the presence of LLE in a mixture is higher 

using TZVPD-fine model with independence to the molecular 

model used (C+A or CA). In any case, the predictive capacity of 

COSMO-RS has been able - regardless of the computational 

approach chosen - to predict the existence of an LLE in more 

than 80% of the mixtures studied (95% with TZVPD-fine 

approach).   
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To analyze the ability of COSMO-RS to describe the 

distribution of each component in the two immiscible phases, 

we can study the results of Table 1.6 and Table 1.7. In addition, 

we have represented the results of the comparison in Figure 11 

and 12. 

A good description of the compositions in the organic-reach 

phase is observed (raffinate, phase I), obtaining correlation 

coefficients and slopes better than 0.9 in all approaches and 

AAD less than 5% in compositions. This correct description of 

the organic phase can be due to the fact that in this phase 

(normally binary since IL is not found) is determined by the 

unfavorable interaction between the feed solvent and the ionic 

liquid (to achieve immiscibility γ>> 1) and the relative error of 

this high activity coefficient does not affect too much the high 
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composition of the feed solvent in this phase. While in the IL-

rich phase is a ternary mixture with attractive interactions 

between the solute with the ionic liquid and with the feed 

solvent [182]. Despite very similar results between the models, 

TZVPD-fine model describes these results more accurately. In 

this case, it seems indistinct to use any computational 

approach, but it is necessary to remind that the TZVPD-fine 

model is able to describe the existence of LLE in a higher 

percentage of cases and therefore it might seem better option. 

In the case of IL-rich phase (extract, phase II), worse 

predictions is observed. The correlation coefficients in these 

cases are between 0.7 and 0.8. Even in the best case, using 

C+A/TZVP, we have calculated R2 of 0.77 and 0.82 and slopes 

of 0.88 and 0.89 for compounds 2 and 1 respectively.  

0.0 0.5 1.0
0.0

0.5

1.0

C
a
lc

. 
c
o
m

p
. 

a
t 

p
h

a
s
e
 X

II 2

Exp. comp. at phase X
II

2

D)

0.0 0.5 1.0
0.0

0.5

1.0

C
a
lc

. 
c
o
m

p
. 

a
t 

p
h

a
s
e
 X

II 1

Exp. comp. at phase X
II

1

C)

0.0 0.5 1.0
0.0

0.5

1.0

C
a
lc

. 
c
o
m

p
. 

a
t 

p
h

a
s
e
 X

I 2

Exp. comp. at phase X
I

2

B)

0.0 0.5 1.0
0.0

0.5

1.0

C
a
lc

. 
c
o
m

p
. 

a
t 

p
h

a
s
e
 X

I 1

Exp. comp. at phase X
I

1

A)

Figure 1.18 Partition composition using C+A IL model and TZVPD-

fine COSMO-RS computation level 
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This implies a decrease in the reliability of the results. In 

addition, comparing models, it is obtained that the TZVPD-fine 

level describes worse the behavior of extract phase with 

independence of the molecular model used (Figure 1.18). For 

this reason, we consider that in general TZVPD-fine model is 

not suitable to describe distribution composition accurately in 

the LLE. Therefore, the discussion is to compare between the 

models of ionic liquid, C+A and CA, to know differences in the 

results for each type of mixture.   

In Table 1.8 and Table 1.9, we present the statistical results 

of analyzing the experimental vs predicted results for the IL-

rich phase (since this is the worst described phase).  

Table 1.8 Statistical results (R2, slope and AAD) of C+A/TZVP 
approach comparing by chemical nature of organic compounds.  

Comp.* Param. Alkanes 
Alkenes 
Alkynes 

Arom. 
HB 

donor 
HB 

acceptor 

Alkanes 
R2 

Slope 
AAD 

- 
0.961 
0.664 
0.00 

0.651 
0.49 
0.02 

0.993 
0.486 
0.06 

0.167 
0.166 
0.08 

Alkenes 
alkynes 

R2 
Slope 
AAD 

0.239 
0.785 
0.03 

0.923 
0.744 
0.01 

- - - 

Aromatic 
R2 

Slope 
AAD 

0.735 
0.796 
0.06 

0.790 
0.865 
0.05 

0.372 
0.41 
0.08 

- - 

HB donor 
R2 

Slope 
AAD 

0.916 
1.021 
0.04 

0.829 
1.247 
0.08 

- 
0.754 
0.757 
0.03 

0.897 
0.888 
0.05 

HB 
acceptor 

R2 
Slope 
AAD 

0.906 
0.975 
0.06 

0.993 
1.048 
0.02 

- 
0.151 
0.683 
0.05 

- 

*Rows shows the solutes and the columns the solvent feed of the mixture. 

As can be seen (Table 1.8 and Table 1.9), for some types of 

mixture there are significant differences in the results 

comparing the IL models (mixtures of alkanes with alkenes or 

alkynes, alkanes with HB donor groups compounds). Mixtures 

of alkanes with compounds with HB acceptor groups are poorly 

described, either by the model or by experimental measures, 

since a very low correlation is obtained in both models.  
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Table 1.9 Statistical results (R2, slope and AAD) of CA/TZVP 
approach comparing by chemical nature of organic compounds 

Comp.* Param. Alkanes 
Alkenes 
Alkynes 

Arom. 
HB 

donor 
HB 

acceptor 

Alkanes 
R2 

Slope 
AAD 

- 
0.940 
2.408 
0.02 

0.773 
0.981 
0.02 

0.995 
0.958 
0.1 

0.173 
0.188 
0.09 

Alkenes 
alkynes 

R2 
Slope 
AAD 

0.688 
0.688 
0.01 

0.863/ 
2.1 
0.02 

- - - 

Aromatic 
R2 

Slope 
AAD 

0.823 
0.91 
0.05 

0.678 
0.856 
0.07 

0.506 
0.646 
0.07 

- - 

HB donor 
R2 

Slope 
AAD 

0.904 
0.997 
0.04 

0.798/ 
1.029 
0.06 

- 
0.690 
0.789 
0.06 

0.889 
0.778 
0.06 

HB 
acceptor 

R2 
Slope 
AAD 

0.906 
0.966 
0.06 

0.999 
0.96 
0.02 

- 
0.682 
0.993 
0.06 

- 

*Rows shows the solutes and the columns the other compound of the 

mixture. 

As a summary of the statistical results of each mixture 

studied, a recommendation is presented for the selection of the 

optimal model for each type of mixture: 

 For mixtures with alkanes as feed solvent, the CA 

model provides better results than the C+A model. 

 For mixtures alkenes and alkynes as a feed solvent 

and alkanes, alkenes, alkynes and aromatics as a 

solute, C+A is better, obtaining better results with 

the CA model if the solutes have acceptor groups or 

hydrogen bridge donors. 

 Using aromatics as a feed solvent, better results 

were obtained using the CA model with all the 

solutes for which experimental data were available.  
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1.3.4. Conclusions and future considerations 

An extensive and comprehensive analysis of the predictive 

capacity of the COSMO-RS model is presented. We have 

evaluated a wide-ranging set of experimental data of different 

mixing properties at different temperature and/or pressures. 

The effect of quantum chemical calculations in the 

molecular model of the ionic liquid (C+A and CA) has been 

evaluated, concluding that although both models can be 

interesting in different cases, the C+A model exhibit an 

excellent predictive capacity in all the properties studied. Due 

to the C+A model is a significantly undemanding computational 

model, we consider them as the default model to perform 

COSMO-RS calculations with ionic liquids. We studied the 

effect in the results of including different conformers of both 

the conventional compounds and the ions in the COSMO-RS 

calculations, obtaining that there was no interesting 

improvement in them. 

The effect of the different parametrizations published by 

COSMOlogic (and available in COSMOtherm) were studied to 

know the grade of improvement and the impact of each 

parameterization. It was concluded that higher quality results 

are obtained using the most recent versions. 

Finally, the level of calculation in the results was evaluated. 

The higher quality levels TZVP and TZVPD-fine were 

considered. The results using the new TZVPD-fine model are of 

higher quality in the activity coefficient and the vapor-liquid 

equilibrium (where it was also verified that it is required to 

include the experimental vapor pressures for a good prediction). 

When studying the liquid-liquid equilibrium, it was obtained 

that the TZVPD-fine model showed significant deviations from 

the experimental data in the results of the compositions of the 

IL-rich phase. Therefore, until this problem is solved, it is 

recommended to avoid the use of this model, obtaining with the 

TZVP model reasonably good results both qualitatively and 

quantitatively. 
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Based on the results and our experience, we propose a 

series of possible aspects to take into account for the 

improvement of results. First, we strongly recommend with new 

systems to study the effect of all computational approaches 

(although there is no previous experimental data) in order to 

see the observable differences and thereby, draw conclusions. 

The problem of conformers (although we believe that 

theoretically is a good idea to improve results) is that they 

suppose an increase of the time of calculation, as much in the 

creation of the geometries as in COSMOtherm and no 

significant improvements were observed in the predictions 

obtained 

We hope that with the computational advances, the 

parametrizations of COSMO-RS should be carried out using 

higher quality methods. We also recommend reconsidering the 

atom radii of the COSMO model. Although this is potentially 

dangerous (because it would generate two types of COSMO 

files) possibly with the amounts of experimental data currently 

available and the calculation power is interesting to at least 

study the possibilities. 

Finally, and as a conclusion of this work, thanks to the 

good quality results obtained, it is demonstrated that the 

COSMO-RS predictive model is interesting as support in 

experimental groups to understand the results, and at the 

same time to focus the experimental tasks with an a priori 

criterion. Not only in the ionic liquids field (where it has turned 

out to be of special interest despite not being designed for these 

compounds) but in any field in which the experimental data are 

scarce or difficult to obtain, being of particular interest in 

complex multicomponent mixtures. 
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Chapter 2.  
Product design using 

COSMO-RS method:  
Ionic liquid application 

to gasoline 
denitrogenation 

 

New functionalized 1-butyl-3-Xpyridinium dicyanamide ionic liquids 

(ILs) were proposed by adding groups (X = cyano, amino, chlorine, 

alkyl) with different substituent effects. Computational analyses were 

performed to evaluate the role of the pyridinium substituent on IL 

solvent properties, particularly as an extracting agent of pyridine from 

fuels. Quantum chemical calculations and NMR measurements 

indicated that the hydrogen bond (HB) donor character of the cation 

was successfully tuned by an adequate substitution. The COSMO-RS 

study showed that pyridine produces exothermic mixtures with these 

ILs, mainly due to favorable HB interactions. However, the mixture 

behavior was found to be controlled by entropy. Experimental and 

calculated Liquid−Liquid Equilibrium (LLE) data of pyridine-heptane-

IL mixtures revealed that the new functionalized ILs present favorable 

partition coefficients and selectivity for extracting N-compounds from 

aliphatic mixtures. It was possible to enhance the solvent 

performance by using tetraalkyl substituents, which increases the 

entropy of the system. Finally, these conclusions were verified with a 

collaboration with an experimental group.
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2.1. Introduction 
 

he presence of nitrogen compounds in diesel and 

gasoline leads to emission of greenhouse gases (NOx), 

which contributes to acid rain, global warning, and 

destruction of the ozone layer. In addition, NOx is linked with 

a number of adverse effects on the human respiratory system. 

Consequently, current legislation has set very strict limits to 

the content of nitrogen compounds in fuels [183, 184]. The 

nitrogen compounds present in fuels are mainly amines, 

nitriles, and heterocyclic aromatic compounds, as pyrrole or 

pyridine [185, 186]. At an industrial level, the conventional way 

for reducing this N-content is hydrodenitrogenation (HDN), a 

reduction reaction at high pressure and temperature 

(300−450°C) in the presence of hydrogen and catalysts to 

produce NH3 [187, 188]. This process is extremely expensive, 

and although it works for aliphatic N compounds, it is 

inefficient in the reduction of aromatic compounds, that even 

in small amounts may saturate the catalyst surface decreasing 

the HDN process effectiveness [33]. For all these reasons, the 

development of new approaches to reduce the N content in fuel 

oils is needed.  

Since liquid−liquid extraction operates at mild conditions 

and does not change the chemical constituents of the species 

involved, it is a promising method that can be used for 

desulfurization and denitrogenation of gasoline and diesel fuels 

[107, 189]. However, the greatest difficulty is to find an 

adequate extractive solvent, very selective for the extraction of 

N-compounds (without affecting the olefin content) and easy to 

be recovered after the extraction step. The possibility of using 

ionic liquids (ILs) as solvents for “clean” liquid−liquid extraction 

was proposed in 1998 by Huddleston et al. [22], who found that 

these liquid salts may be a suitable media for the design of 

novel liquid−liquid extraction systems. Their unique properties 

such as a negligible vapor pressure, good thermal stability, 

wide liquid range, ability to dissolve a wide range of materials, 

and the possibility of designing their structures for each 

T 
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specific application make them an excellent choice to get more 

efficient and environmentally friendly separation processes 

[190, 191]. Since then, the use of ILs as solvents in liquid 

extraction has been applied to separate different aromatic 

compounds, including nitrogen compounds [35-37, 192-198]. 

Recent Aspen Plus supported conceptual design of 

aromatic−aliphatic separation from naphtha indicated 

favorable performance of ILs as extracting solvents. This allows 

obtaining aliphatic and aromatic products with high purity and 

low energy expenses, which is mainly related to the very low 

vapor pressure of ILs and their easy regeneration by flash 

distillation [148, 150]. Regarding the separation of nitrogen 

compounds, some of the most recent and significant 

contributions are the following. Anantharaj and Banerjee [107] 

carried out a computational screening of 168 potential ILs for 

the removal of aromatic nitrogen, concluding that the presence 

of N and O into the cations combined with anions incorporating 

S and F atoms greatly improves the hydrogen bonding with the 

aromatic nitrogen compound, thereby increasing selectivity.  

In 2013, the studies developed by Gabrić et al. [189] 

indicated that the pyridinium-based IL (1-hexyl-3,5-

dimethylpyridinium bis-(trifluoromethylsulfonyl)imide, 

[35mhxpy][NTf2]) was an effective selective solvent for 

denitrogenation of model diesel. Chen et al. [199] demonstrated 

that some acidic ionic liquids are capable of extracting cyclic N-

compounds, and Hizaddin et  al. [200] reported that some 

sulfate-based ILs are also highly effective solvents for use in 

extractive denitrogenation of diesel for both 5-membered and 

6-membered nitrogen compounds. More recently, other ILs 

containing imidazolium / morpholinium / pyridinium / 

quinolinium / isoquinolinium cations were proposed as 

solvents to extract pyridine and its derivatives from fuels oils 

[201-205]. The influence of anion nature on pyridine separation 

capacity and selectivity has been also evaluated [35, 204]. This 

available experimental evidence indicates that the selection of 

both cation and anion plays a main role in the IL solvent 

properties for extracting cyclic N-compounds from aliphatic 
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hydrocarbons. Aromatic and protic cations, as imidazolium and 

pyridinium, are favorable selections to increase the separation 

capacity, while adding alkyl or benzyl substituents to the cation 

structure enhances the selectivity for pyridine [35, 204, 205]. 

Furthermore, the use of small and polar CN-functionalized 

anions, as dicyanamide [DCN] or tricyanomethanide [TCM], 

significantly improves the N-compound extracting properties of 

ILs [35, 202, 204]. Recent works by Domanska et al. [202, 206] 

revealed that the presence of the −CN group at the pyridinium 

cation confers promising properties to ILs for the separation of 

sulfur or nitrogen compounds, enhancing the transport 

properties of the solvent and the solute−solvent interaction. 

Abro et al. [37] has recently published a review on the extractive 

denitrogenation of fuel oils using ILs. 

In order to explain the interaction between ILs and nitrogen 

compounds, computational studies via quantum chemical 

methods were also conducted [207-210]. Density functional 

theory (DFT) calculations revealed that the predominant 

cation−anion interaction was not destroyed by the presence of 

pyridine, indicating the prevalence of ion-pair structures in the 

IL-pyridine solution [207, 208]. Hydrogen bonding denotes 

crucial interactions between the IL and pyridine, which are not 

present in IL-aliphatic hydrocarbon mixtures, explaining the 

high denitrogenation capacity of ILs [207, 208]. The COSMO-

RS method [79, 83, 211] was successfully applied to predict 

liquid−liquid equilibrium data of IL/N-compound/aliphatic 

hydrocarbon ternary systems, screening over a wide variety of 

cations and anions to select the best ILs for extracting N-

heterocyclic compounds [107, 209, 210, 212].  

The general recommendation was to select ILs with an 

aromatic cation, combined with small and polar anions (as 

ethylsulfate or acetate) to increase the extraction capability 

with heterocyclic nitrogen compounds at 298.15K [107, 209, 

210, 212]. However, the molecular interaction mechanisms 

involved in these extractions are not yet fully understood and 

more research is needed. There is controversy over the 

occurrence of π−π or CH-π interactions between the cation ring 
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and pyridine ring [207, 209] . Although anions or cations based 

on the −CN functional group were not included in the reported 

theoretical analysis, it has been experimentally stated that it 

enhances the extraction properties of ILs. In addition, whereas 

the above computational studies were focused on the 

interaction energies, the entropic contribution to the mixture 

behavior was not considered. However, recent experimental 

evidence indicated that they may be relevant in IL-N-

heterocyclic compound mixtures [209].  

With the aim of providing a better understanding of the 

interaction mechanisms between ILs and N-compounds in 

fuels, in this work a series of ILs derived from 1-

butylpyridinium cations substituted with different electron 

donor and withdrawing groups were tested as potential solvents 

to extract N-heterocyclic compounds from fuel oils. Heptane 

and pyridine were selected as representative of aliphatic and 

basic N-compounds, respectively. Taking into account the good 

results previously obtained with the [DCN] anion [204], this one 

was selected. Five 1-butylpyridinium based ILs with different 

functional groups (−CN, −Cl, −NH2, and two different alkyl-

chains) on position C-3 were proposed:  

Table 2.1 New functionalized pyridinium cations for this study 

Name Abbreviation 

1-butyl-3-cyanopyridinium dicyanamide [3CNbpy][DCN] 

1-butyl-3-chloropyridium dicyanamide [3Clbpy][DCN] 

3-amino-1-butylpyridium dicyanamide [3NH2bpy][DCN] 

1-butyl-3-methylpyridinium dicyanamide [3mbpy][DCN] 

1-butyl-3,5-dimethyl-2-pentyl-pyridinium 

dicyanamide 
[2pn35mbpy][DCN] 

 

A detailed computational analysis based on density 

functional theory (DFT) was performed to evaluate the effect of 

the added functional groups on molecular and solvent 

properties of these ILs. In addition, the thermodynamics of the 

corresponding pyridine-IL and heptane-IL binary mixtures was 

studied by means of the quantum chemical founded COSMO-
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RS method, obtaining deeper insight into the interaction 

energy, enthalpy, entropy, and free energy of these systems.  

Then, the liquid−liquid equilibrium data for heptane + 

pyridine + ionic liquid ternary mixtures were experimentally 

and theoretically determined at T = 298 K and at atmospheric 

pressure. All experimental measures were carried out in 

collaboration with the research group of the University of Vigo 

led by Dr. Emilia Tojo. They also synthesized the ionic liquids. 

The compositions of all the collected samples were determined 

employing 1H NMR spectroscopy [213]. The analysis of the 

integration of the heptane, pyridine and ILs characteristic 

signals, allowed obtaining their respective molar fractions in 

each of the collected samples. A 400 MHz Bruker ARX 

spectrometer was employed. CDCl3 and DMSO-d6 were used as 

deuterated solvents for hydrocarbon and IL phases 

respectively. The extractive denitrogenation ability of the new 

1-butylpyridinium based ILs with different functional groups 

was analyzed in terms of the estimated values of partition 

coefficient and selectivity. Finally, the quality of the COSMO-

RS predictions was analyzed, comparing with the experimental 

data. 
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2.2. Computational details 

2.2.5. Quantum chemical calculations 

The molecular geometry of ILs was obtained with 

TURBOMOLE v7.0 [214] software with an optimization energy 

calculation applying the COSMO solvation model [82]. Molecule 

energy is optimized by solving the quantum chemical equation 

with an ionic-pair [CA] model and an independent ions [C+A] 

model. The method used is DFT using the B88-P86 (bp) [88, 89] 

functional and TZVP basis with RI approximation [90, 91]. As 

result of these calculations, a COSMO file is created containing 

energies, geometries, and polarization charge of the σ-surface. 

Vibrational frequency calculations were performed in each case 

to confirm the presence of an electronic energy minimum. NMR 

calculation was carried out using B3LYP/6-31++G** in 

Gaussian09 software [85].The GIAO method is applied, and 

TMS reference is used to analyze and compare NMR 

experimental data.  

2.2.6. COSMO-RS Calculations 

COSMO files were used by COSMOtherm to apply the 

COSMO-RS method to calculate ionic liquid and solute 

properties. BP_TZVP_C30_1601 parametrization is selected in 

COSMOtherm [215]. The software allows knowing the different 

contributions to the excess enthalpy, hydrogen bond (HB), 

misfit (MF), and van der Waals (vdW). COSMOtherm uses 

COSMO-RS theory for the prediction of Gibbs free energy and 

the thermodynamic equilibrium partition constant allowing 

resolving the liquid−liquid equilibria of different 

multicomponent mixtures. In order to compare the 

experimental results with those estimated by COSMO-RS, the 

liquid−liquid extraction calculations were carried out by solving 

the points of experimental mixtures 

.  
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2.3. Results and discussion 

2.3.7. Molecular characterization 

NMR analysis allows obtaining a molecular-based 

understanding of the structural features of the IL and the 

interactions between a cation and anion [216, 217]. Table 2.2 

collects the 1H NMR data of the synthesized pyridinium-based 

ILs for the hydrogen located in pyridinium position 2 (H-2).  

Table 2.2 Comparison of experimental and calculated 1H NMR data 
and bond distances. 

ILs 

1H NMR δ (ppm) 
C-2H-2···N(CN)2  

distance (Å) Hydrogen 
Position 

Exp. Calc. 

[3NH2bpy][DCN] H-2 8.0 8.5 3.02/2.00* 

[2pn35mbpy][DCN] H-6 8.3 11.7 2.3 

[3mbpy][DCN] H-2 8.8 11.4 3.27 

[3Clbpy][DCN] H-2 9.0 11.9 1.91 

[3CNbpy][DCN] H-2 9.8 12.5 2.15 

* First [3NH2bpy][DCN] distance is referred to H-2 to DCN nitrogen 

distance and the second distance is the NH2 to DCN.  

As it can be seen, the experimental 1H NMR chemical shift 

of H-2 moves to a lower field following the order −CN > −Cl > 

−CH3 > −NH2. Quantum chemical calculations, performed by 

the GIAO method at the B3LYP/6-311++G** computational 

level, show good agreement with the experimental trend. These 

results indicate stronger hydrogen bond interaction between a 

cation and anion when the pyridinium ring presents electron 

acceptor substituents with high inductive field effects (as −CN 

or −Cl, see Taft’s substituents parameters in Table S. C-I (pag. 

241 of the Appendix C). This is ascribed to the higher acidic 

character of pyridinium H-2 when −CN or −Cl are located in 

ortho position. In contrast, electron donor groups, such as 

−NH2, decrease the cation−anion hydrogen bond strength with 

respect to the benchmark case with only a butyl substituent. It 

should be noted, however, that the hydrogen atoms of −NH2 

may form strong hydrogen bonds with the anion, attending to 
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the higher 1H NMR chemical shifts in Table 2.2. The 

substitution with additional alkyl groups in the pyridinium ring 

(see [2pn35mbpy][DCN] in Table 2.2) does not imply strong 

effects in the 1H NMR signal of pyridinium H-2; therefore, there 

are not expected strong differences between the behavior of this 

IL and that used as reference [3mbpy][DCN]. Table 2.3 depicts 

the ion-paired structures of studied ILs, optimized at the B88-

P86/TZVP quantum-chemical approach.  

Table 2.3 Optimized structures of the different ion pairs at B88-
P86/TZVP computational level. 

[3NH2bpy][DCN] [2pn35mbpy][DCN] [3mbpy][DCN] 

   

[3Clbpy][DCN] [3CNbpy][DCN] 

  
 

The calculated cation−anion distance, illustrated by the 

C2−H2···N(CN)2 hydrogen bond length (Table 2.2), supports that 

the cation−anion interaction strength is stronger in 

[3CNbpy][DCN] and [3Clbpy][DCN] than in [3mbpy][DCN] and 

[2pn35mbpy][DCN]. In the case of [3NH2bpy][DCN], it should be 

noted that the [DCN] anion interacts more favorably with 

hydrogen atoms of the −NH2 group than with H-2 of the 

pyridinium head group, which confers an additional acidic 

character to the [3NH2bpy] cation. 
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2.3.8. COSMO-RS Analysis of IL solvent 
properties 

The COSMO-RS method is a valuable computational tool to 

analyze the thermodynamic behavior of fluid mixtures 

containing ILs and aromatic compounds [148, 149, 218-220]. 

COSMO-RS provides the polarized charge distribution (σ) of the 

individual compounds, easily visualized by the σ-profile 

histogram, whose qualitative analysis allows anticipating its 

behavior as a component in a mixture. 

The Figure 2.1A collects the σ-profile of the independent 

[DCN]- anion and [3mbpy]+, [2pn35mbpy]+, [3Clbpy]+, [3NH2bpy]+, 

and [3CNbpy]+ cations. This anion presents a characteristic 

peak at 0.016 e/Å2, the high polarity region (above the cut off 

σH-Bond > 0.0085 e/Å2); therefore, [DCN]− can be considered as a 

hydrogen bond acceptor (the σ-surface of Figure 2.1A reveals 

that the basic groups are the central nitrogen and cyano 

nitrogen atoms).  The pyridinium cation presents distribution 

of charge densities around zero (−0.0085 e/Å2 < σ < 0.0085 

e/Å2), corresponding to the nonpolar alkyl and aromatic 

groups. In addition, all pyridinium cations show unresolved 

peaks of low intensity at values below the cut off σH‑Bond < 

−0.0085 e/Å2. As it can be seen, the polarized charge of these 

acidic groups is displaced toward a more negative polar region 
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Figure 2.1 (A) σ-profiles and (B) σ-potentials of different cations and 

the DCN anion obtained by COSMO-RS using the [C+A] model. 
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in the order −NH2 > −CN > −Cl > −CH3. These signals are mainly 

associated with the C2/H-2 hydrogen bond donor group of the 

pyridine and, for the [3NH2bpy]+ case, also with the hydrogens 

of the −NH2 group. The COSMO-RS method also provided the 

σ-potential of the ions (Figure 2.1B), which describes their 

interaction energy with compounds with a charge density [pX(σ)] 

with polarity σ.  Attending   COSMO-RS theory, [DCN]− will 

present attractive interactions with acidic groups and repellent 

ones with basic groups. In contrast, the pyridinium cation will 

promote exothermic and endothermic mixtures with 

compounds presenting, respectively, hydrogen bond acceptor 

and donor groups.  

The σ-potentials clearly indicated that the functionalization 

of pyridinium ring increases the acidic character of the cation 

in the order [3NH2bpy]+ > [3CNbpy]+ > [3Clbpy]+ > [3mbpy]+ ∼ 

[2pn35m2bpy]+. These results are consistent with the 

cation−anion hydrogen bond strength revealed above from 

spectroscopic and computational molecular data. Previous 

COSMO-RS studies found in bibliography revealed that a 

molecular model of ion-pair (CA) for IL (as those optimized 

structures in Table 2.3) may provide more accurate predictions 

of solvent properties than the model of independent ions (C+A) 

[51, 148, 221, 222].  

The analysis of the σ-profiles and σ-potentials of the ion-

paired IL structures (see Figure S. C-I pag. 241 in Appendix C) 

provides a similar description of the studied ILs: amphoteric 

solvents able to efficiently solvate polar acidic compounds 

(thanks to the hydrogen bond nature of [DCN]- anion) and, in a 

minor extent, polar basic compounds  (thanks to  the  

increasing acidic character of C2/H-2  in the  series [3CNbpy]+ 

> [3Clbpy]+ > [3mbpy]+ ∼ [2pn35m2bpy]+ and the hydrogens of 

−NH2 in the [3NH2bpy]+ cation. 

The aim of this work was to evaluate the role of the 

functionalization of the pyridinium ring on the IL ability to 

separate N-aromatic compounds from fuel mixtures. For this 

purpose, COSMO-RS was applied to analyze the mixing 
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properties of the pyridine-IL and heptane-IL binary systems. 

Figure 2.2 presents the σ-profile and the σ-potential of the 

pyridine and heptane molecules. 

Based on COSMO-RS information, heptane is a nonpolar 

compound (with its polarized charge located at 0.0085 e/Å2 < σ 

< 0.0085 e/Å2 region), presenting strong repulsive interactions 

with both positive and negative polar groups. Pyridine also 

presents strong nonpolar fragments associated with its 

aromatic ring; however, it also shows a polarized charge above 

the cut off σH-Bond > 0.0085 e/Å2, corresponding to the nitrogen 

group of the heterocyclic, which presents a strong hydrogen 

bond acceptor character.  As a result, pyridine will present 

attractive interactions with acidic species as functionalized 

pyridinium cations. 

A quantitative  analysis of the behavior of  pyridine-IL and  

heptane-IL mixtures can  be achieved predicting the excess 

enthalpy (hE),  entropy (sE), and free energy (gE) by COSMO-RS 

(Figure 2.3 and Figure 2.4). In addition, COSMO-RS provides 

the contribution of the different intermolecular interactions 

hydrogen bond (HB), misfit-electro- static (MF), and van der 

Waals (vdW) to the excess enthalpy, contributing to 
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Figure 2.2 (A) σ-profiles and (B) σ-potentials of n-heptane and 

pyridine obtained by COSMO-RS. 
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understanding the thermodynamics of the system from a 

microscopic point of view [221, 223, 224].  

Clearly, heptane presents no favorable mixtures with the 

studied ILs, being a phenomena controlled by the endothermic 

mixing enthalpy (Figure 2.3), consistently with the high 

immiscibility of these mixtures. The repulsive heptane-IL 

interactions become stronger with the inclusion of polar 

functional groups in the pyridinium ring, increasing in the 

order [3CNbpy]+ > [3Clbpy]+ > [3mbpy]+ > [2pn35mbpy]+  (Figure 

2.2A).  
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Figure 2.3 Description of the cation effect on (A) hE, sE, and gE values 
of heptane+IL equimolar mixture. (B) Excess enthalpy of heptane−IL 
equimolar mixtures in terms of the intermolecular interaction 
contributions [hE (MF), hE (HB) and hE (vdW)] computed by COSMO-RS 

at T = 298K. 
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In contrast, the systems formed by pyridine and 

functionalized pyridinium-based ILs present a very different 

behavior. Exothermic mixtures are obtained when increasing 

the acidic character of the cation by functionalizing with 

adequate functional groups (Figure 2.4A).  

It should be remarked that, in general, the mixtures of 

aromatic compounds and ILs are endothermic, governed by 

repulsive electrostatic interactions [218, 219]. The favorable 

hydrogen bonding explains the high solubility of the N-aromatic 

compounds in pyridinium-based ILs comparing to other 

aromatic compounds [206]. Therefore, the increased acidity of 

functionalized ILs [3CNbpy][DCN], [3NH2bpy][DCN] and 

[3Clbpy][DCN], would anticipate improved solvent properties for 

extracting pyridine solute. However, unexpectedly, COSMO-RS 

calculations reveal that the mixtures of pyridine and each of 

these ILs are phenomena driven by the decreasing entropy 

(Figure 2.4A). This behavior may unfavorably affect the 
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Figure 2.4 Description of the cation effect on (A) hE, sE, and gE values of 
pyridine+IL equimolar mixture. (B) Excess enthalpy of pyridine−IL 
equimolar mixtures in terms of the intermolecular interaction 
contributions [hE (MF), HE (HB), and HE (vdW)] computed by COSMO-
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suitability of new synthesized ILs as extracting agents in 

pyridine separation from aliphatic compounds. In  contrast,  

the tetraalkyl substituted pyridinium based IL 

[2pn35mbpy][DCN] presents negative values of excess free 

energy, mainly due to the entropy increase in the mixture with 

pyridine (Figure 2.4A). 

2.3.9. Liquid-liquid equilibrium and extracting 
ability analysis 

The ability of the synthesized ILs as solvents for the 

extraction of pyridine from heptane was determined by 

predicting with COSMO-RS and compared with experimental 

measurements. The experimental and calculated LLE data for 

the ternary systems are given in Table S. C-II-Table S. C-VI (in 

Appendix C pag. 242-243) 

The obtained LLE data shows a favorable extractive 

capacity of the ILs (higher pyridine molar fraction in the extract 

phase than in raffinate), low solubility of the aliphatic 

compound in the IL-reach phase (i.e., high selectivity for 

pyridine solute), and non-detectable solubility of the IL solvent 

in the aliphatic-reach phase. Consequently, the IL 

concentration in the aliphatic product is nearly negligible, as it 

was recently demonstrated in a similar aromatic-aliphatic IL-

based separation by process simulation studies [148, 150]. 

The experimental compositions of each compound in the 

organic and in the IL phase were compared with those 

calculated using COSMO-RS. This serves as validation of the 

COSMO-RS calculations presented previously while also allows 

to know the predictive capacity of COSMO-RS as a support tool 

in research tasks to select the systems with the more 

appropriate properties for a proposed application as a previous 

step to experimentation.  
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Figure 2.5 shows that COSMO-RS provides reasonable 

predictions of LLE data for both phases in the whole range of 

compositions, with a relative deviation (MAPE) lower that 4%.  

Partition coefficients (β, eq. 2.1) of solute between IL-rich 

and aliphatic rich phases and selectivity (S, eq. 2.2) are 

commonly analyzed as thermodynamic efficiency parameters 

for liquid−liquid extraction separation. These parameters were 

calculated as: 

𝛽 =  
𝑥2

𝐼𝐼

𝑥2
𝐼  eq. 2.1 

𝑆 =  
𝑥2

𝐼𝐼 · 𝑥1
𝐼

𝑥2
𝐼 · 𝑥1

𝐼𝐼 eq. 2.2 

Where 𝑥1
𝐼  and 𝑥2

𝐼  are the mole fractions of heptane and 

pyridine, respectively, in the alkane-rich phase (upper phase); 

and 𝑥1
𝐼𝐼 and 𝑥2

𝐼𝐼 are the mole fractions of heptane and pyridine, 

respectively, in the IL-rich phase (lower phase). 

Table S. C-II-Table S. C-VI collect the estimated β and S 

values from experimental and calculated tie-line compositions. 
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For comparison purposes, β and S values for the system 

studied were estimated at fixed pyridine composition in the 

heptane-rich phase of 𝑥2
𝐼  = 0.02 and 0.10 (Figure 2.6 and Figure 

2.7), by interpolation from tie-lines LLE data in Table S. C-II-

Table S. C-VI.  

As can be seen, all pyridinium-based [DCN] ILs present 

high partition coefficients (β ≫1), confirming their adequate 

solvation properties for pyridine extraction. The separation 

capacity is clearly higher for the tetraalkyl substituted 

pyridinium based IL [2pn35mbpy][DCN], indicating that LLE is 

controlled by entropic effects. Consistently, the β value slightly 

decreases in the order [2pn35mbpy][DCN] > [3mbpy][DCN] > 

[3NH2bpy][DCN] > [3Clbpy][DCN] > [3CNbpy][DCN], in agreement 

with the decreasing entropy of pyridine-IL binary mixtures 

(Figure 2.4B).  

At more concentrated pyridine mixtures, the partition 

coefficient value decreases, obtaining closer results when using 

the different functionalized pyridinium-based ILs. On the other 
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Figure 2.6 Partition coefficient (β) for different pyridine compositions 

(A) 0.02 and (B) 0.10 in the heptane-rich phase (𝑥2
𝐼 ). Experimental 

and COSMO-RS results. 
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hand, all studied ILs present remarkably higher selectivity for 

pyridine with respect to the heptane compound (Figure 2.7). 

In this case, the increasing acidity of the pyridinium cation 

by incorporation of polar functional groups generally improves 

the extracting properties of ILs (S increasing in the order 

[2pn35mbpy][DCN] < [3mbpy][DCN] < [3NH2bpy][DCN] < 

[3Clbpy][DCN]), since it promotes lower solubility of heptane in 

ILs. As expected, the selectivity of ILs decreases with the 

content of pyridine in the mixture, and the solvent behavior 

differences between the studied ILs are minor. Experimental S 

values for [3CNbpy][DCN] solvent are deviated from the general 

trend and from COSMO-RS calculations, probably due to the 

difficulties found in LLE measurements. For this kind of 

systems, the compositions of heptane in the IL-rich are very low 

(Table S. C-II-Table S. C-VI), and a small change in these values 

strongly affects the selectivity values. For that, the 

experimental S values reported in this work should be 

interpreted as a range, especially in those systems with the 

lowest values.  
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Figure 2.7 Selectivity (S) for different pyridine compositions (A) 0.02 

and (B) 0.10 in the heptane-rich phase (𝑥2
𝐼 ). Experimental and 

COSMO-RS results. 
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2.4. Conclusions  
 

Different functional groups (X = cyano, amino, choro, alkyl) 

were added to the 1-butyl-3-Xpyridinium cation, with the aim 

of synthesizing new dicyanamide-based ILs with modified 

solvent properties. Polarity and hydrogen bond donor character 

of these ILs were found shifted by the functional group nature, 

increasing in the order [3CNbpy][DCN] > [3Clbpy][DCN] > 

[3NH2bpy][DCN] > [3mbpy][DCN] > [2pn35mbpy][DCN] based on 

experimental and computational analysis. COSMO-RS 

methodology was applied to evaluate the excess properties of 

heptane-IL and pyridine-IL binary mixtures. It was obtained 

that the mixing phenomena were enthalpically and entropically 

unfavorable for heptane-IL mixtures. In contrast, attractive 

hydrogen bond interactions occur in pyridine-IL mixtures. It is 

also possible to favor the thermodynamics of the mixing 

phenomena by using polyalkyl-substituted pyridinium cations, 

increasing the entropy of the system. LLE measurements and 

COSMO-RS calculations demonstrated that the new 

functionalized 1-butyl-3-Xpyridinium dicyanamide (X = cyano, 

amino, choro, alkyl) ILs present good performance as extracting 

agents of N-compounds from fuel. High partition coefficients 

and selectivity for pyridine extraction from heptane were 

achieved, being the separation improved when using tetraalkyl-

substituted pyridinium ILs, due to favorable entropic effects.  

Finally, COSMO-RS has confirmed to be a remarkable tool 

from the applied point of view for the design of new compounds 

for application in the chemical industry, since it allows the 

study of pure and mixing properties of new compounds not 

synthesized without the need of experimental data. The results 

of this chapter conclude the effectiveness of COSMO-RS in the 

product design as a previous step to the experimentation. 
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Chapter 3.  
Molecular properties 
of zwitterions vs ionic 

liquids:  
Computational analysis 
to develop separation 

processes 
 

Zwitterions ionic liquids (ZIs) are compounds in which both 

counterions are covalently tethered, conferring them with unique 

characteristics; however, most of their properties are still unknown, 

remaining a bottleneck to exploit practical applications. Herein, 

molecular and fluid properties of ZIs and their mixtures are explored 

by means of quantum chemical analysis based on density functional 

theory (DFT) and COSMO-RS method, and compared against 

homologous ILs, to provide a comprehensive overview on the effect of 

the distinct structures on their physicochemical and thermodynamic 

behavior. Overall, ZIs were revealed as compounds with higher 

polarity and stronger hydrogen bonding capacity, implying higher 

density, viscosity and melting point, and even lower volatility than 

structurally similar ILs. Phase equilibrium of binary and ternary 

systems support stronger attractive interactions between ZIs and 

polar compounds, whereas higher liquid-liquid immiscibility with 

non-polar compounds may be expected. Ultimately, the performance 

of ZIs in the wider context of separation processes is illustrated, while 

providing molecular insights to allow their selection and design for 

relevant applications.
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3.1. Introduction 
 

onic liquids (ILs) are a broad category of organic salts 

consisting entirely of ions, which present melting points 

below 100° C -although are typically liquid at room 

temperature- and display unique properties including 

negligible volatility, non-flammability, high ionic conductivity 

and thermal stability [158]. Additionally, their physicochemical 

properties can be fine-tuned by appropriate selection of the 

counterions structure, allowing the design of task-specific ILs 

for target applications. As a result of such exceptional 

properties, ILs are considered designer solvents for a variety of 

chemical and industrial processes [53], including 

environmentally benign alternatives to conventional organic 

compounds in separation technologies. For instance, ILs have 

proved promising in gas absorption applications [178], such as 

carbon capture [46, 119, 225] and acidic gas removal [226]. 

Ionic liquids have been proposed as sustainable solvents for 

extraction [227], including as azeotrope breakers [228], as 

separating agents in refinery related processes [39], and for 

dissolution and recovery of bio-derived materials [40, 43]. Other 

areas where ILs have gained increasing attention includes 

organic synthesis and catalyst [229-231] as well as 

electrochemical applications and energy storage [160, 232]. 

Recently, IL mixtures have been proposed as an efficient 

strategy to control the physicochemical properties and 

thermodynamic behavior of ILs containing systems; however, 

ion exchange upon mixing may affect their solution properties 

hindering their practical applications [233, 234].  

Since Ohno and co-workers pioneered the synthesis of new 

zwitterionic-type molten salts (ZIs), in which cation are anion 

are tethered together in intramolecular form, hence avoiding 

the formation of undesired ion pairs, new avenues were opened 

for material design and applications [235]. In particular, they 

synthesized a series of imidazolium cations containing 

covalently-bounded anionic sites (i.e. sulfonate or sulfonamide 

groups) displaying remarkable ion conductive properties while 

I 
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preventing ion migration under the influence of electrical 

potential gradient. Moreover, these compounds acted as 

excellent ion conductive materials upon mixing with other 

salts, particularly lithium bis(trifluoromethanesulfonyl)imide 

(LiTFSI), for which were proposed as a medium for selective 

target ion transport [236, 237]. This motivated further research 

on ZI/Li salt mixtures to better understand the role of the 

structural factors on relevant properties including ionic 

conductivity and Li transference numbers for electrochemical 

applications [238]. Furthermore, addition of ZIs to mixtures 

composed of ILs and Li salts was demonstrated to improve 

mass transport limitations, increasing the rate of lithium-metal 

deposition/dissolution while enhancing the reversibility of the 

process, which is promising in developing more efficient and 

safer rechargeable lithium-metal batteries [239]. Later studies 

were devoted to further explain the zwitterionic effects on IL/Li 

salts mixtures and their electrochemical properties for battery 

applications [240]. 

Apart from their well reported use in electrochemistry, 

zwitterionic compounds have been also proposed as suitable 

additives for systematically controlling the water content of 

hydrophobic ILs [241], setting the ground for novel enzymatic 

reactions and product separation processes of target water-

soluble compounds including proteins. In particular, it has 

been reported that the saturated water content of the 

hydrophobic IL [bmim][NTf2] can be modified by addition of 

suitable zwitterions (i.e. 3-(1-butyl-3-imidazolio) propane-

sulfonate, C4Im3S), accomplishing the dissolution and 

stabilization of model heme proteins such as Cytochrome c 

(cyt c); moreover, IL recycling and protein recovery was 

performed by addition of excess water. Having demonstrated 

the potential of ZI-water systems as efficient media for isolation 

of target compounds, the synthesis of new types of ZIs and their 

affinity with water was further studied. For instance, new 

hydrophobic phosphonium phosphonate-type ZIs displaying 

lower critical solution temperature (LCST) phase behavior were 

developed, in which the hydrogen bonding ability could be 



Chapter 3. Molecular Properties of Zwitterions vs Ionic Liquids 

87 

finely tuned by temperature-induced changes in the presence 

of water [242]. Afterwards, novel thermoresponsive systems 

consisting on a series of ammonium-based ZIs were proposed, 

where dynamic phase transitions showing both lower critical 

solution temperature (LCST) and upper critical solution 

temperature (UCST) behavior were accomplished by ZIs 

mixtures having suitable hydrophilicity–hydrophobicity 

balance over a narrow temperature range [243]. Such ZI-water 

mixtures showing unique characteristics may have great 

potential in interface science and could act as platform for 

dissolution and extraction of biomolecules and other valuable 

solutes. Recently, the ability of water soluble ammonium-based 

ZIs to form aqueous biphasic systems (ABS) in presence of salts 

have been reported [244], showing a thermoreversible behavior 

at near room temperature that can be tuned from UCST to 

LCST by modifying the length of the ZI alkyl chains, which 

proved useful in the separation of amino acids mixtures. Lately, 

amino acid derived imidazolium-based and ammonium-based 

ZIs have been reported for the green synthesis of ILs via 

hydrothermal decarboxylation, with potential application as 

sustainable solvents in the Heck reaction and cellulose 

dissolution [245, 246]. 

Up to date, most research studies on zwitterionic materials 

focus on their physicochemical characterization, mainly 

thermal properties and conductivity [247, 248], melting point 

[249] and behavior in aqueous solution [250]. However, a 

comprehensive overview of relevant molecular and 

thermodynamic properties of zwitterions, as well as an 

illustrative comparison with their ionic liquid counterparts, still 

needs to be provided for a better understanding of the effect of 

their distinct structures on their physicochemical and 

thermodynamic performance. Likewise, as described above, the 

applications of zwitterionic compounds have been mainly 

limited to electrochemistry and design of thermoresponsive 

systems, with just a few proof of concept studies demonstrating 

their feasibility as separating agents of target bio-derived 

materials; however, the potential applications of zwitterionic-
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type molten salts in the wider context of relevant separation 

processes, including gas absorption, extraction of aromatic 

hydrocarbons and separation of zeotropic mixtures, need to be 

further explored.  

In this regard, the application of predictive tools that enable 

fast and reliable screening of solvents for specific applications 

is of great interest, for which quantum chemical calculations 

based on continuum solvation model have been widely used to 

model solvent effects and describe the intermolecular 

interaction of systems [251, 252]. In particular, the quantum 

chemical approach COSMO-RS (Conductor like -

Screening MOdel for Real Solvents) developed by Klamt and co-

workers [78-80], which computes the screening charge density 

(σ) on the molecular surface as the basis to calculate the 

chemical potential (µ) of each specie in solution and derived 

thermodynamic properties, has been remarkably recognized as 

an efficient method to describe the equilibrium 

thermodynamics of fluids while providing molecular insights. 

Over the last years, the suitability of COSMO-RS to predict the 

performance of ionic liquid-type novel solvents has been 

broadly reported [169]. For instance, COSMO-RS has proven to 

be useful for predicting pure compound properties of ILs 

including densities [253] and polarities [117].  

In addition, COSMO-RS has been successfully applied to 

understand the thermodynamic behavior of binary systems 

containing ILs for CO2 capture [118, 123, 254, 255], NH3 

absorption [108] and separation of volatile organic compounds 

(VOCs) [51]; to predict the phase equilibria of systems 

composed of alcohol-ILs [256] and water-ILs [257]; to describe 

the miscibility trends of IL mixtures [222]; to explain the 

thermodynamic properties of mixtures containing ILs and 

organic solvents [177]; and for the interpretation of the 

solvation behavior of biomolecules in ILs, such as cellulose 

[258], alkaloids [259] or polyphenols [260].  

Likewise, COSMO-RS has been used to compute the LLE 

and VLE of ternary systems involving ILs to separate 
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petrochemical fractions with high commercial value, including 

olefins/paraffins [110] or aromatics/aliphatics [261], as well as 

for modelling the solubility of CO2 in toluene + IL mixtures to 

induce liquid phase split after extraction [262]. Recently, the 

ternary VLE data of systems containing alcohol + water + 

piperazine-based zwitterionic Good’s buffer were predicted 

using COSMO-RS for the selection and design of suitable mass 

separating agents for azeotropic mixtures [263]. 

Under this scenario, herein we propose the application of 

quantum chemical and COSMO-RS methods to unveil the 

mechanisms responsible of the distinct behavior of structurally 

homologous ILs and ZI compounds, while predicting important 

physicochemical and thermodynamic properties for target 

practical applications. Overall, this paper provides a further 

understanding of the molecular and thermodynamic behavior 

of zwitterions in comparison with their conventional ionic liquid 

counterparts, while proposing a comprehensive roadmap for 

developing advanced separation strategies based on novel ionic 

liquids and zwitterionic-type molten salts and materials. 

3.2. Computational details 

-Quantum chemical calculations: ZIs and ILs geometries 

were optimized using Turbomole v.7.1 software [264]. A 

molecular model of ion-pair was selected to describe de IL 

compounds [118] since some of the quantum chemical 

properties can only be calculated with this model (e.g. dipole 

moment). Optimizations were carried out using COSMO 

solvation model [82] and DFT calculations with B88-P86 (bp) 

functional [88, 89] and TZVP basis set with RI approximation 

[90, 91]. Vibrational frequencies were calculated to ensure the 

existence of a minimum of electronic energy. Because of this 

calculation, a COSMO file is created with energies, geometries 

and polarized charge of the σ-surface. Gas-phase (energy) files 

needed to estimate gas properties with COSMO-RS were 

created at the same computational approach but using gas-

phase environment instead of COSMO solvation model.  
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Dipole moments and NMR data were calculated using 

Gaussian v09 E.01 software [85]. In this case, single point DFT 

calculations using previously optimized geometries were 

carried out at B3LYP/6-311++G** computational level. NMR 

calculations were performed using GIAO method and TMS 

B3LYP/6-311+G** GIAO reference is used to analyze and 

compare NMR experimental data. 

-COSMO-RS calculations: COSMO and Energy files created 

by TURBOMOLE were used by COSMOtherm C30_1601 

software [215] to perform COSMO-RS calculations using 

BP_TZVP_C30_1601 parametrization. COSMO-RS theory [78-

80, 83] was used to predict the thermodynamic properties of 

the systems involving ZIs and ILs at 25 ºC: vaporization 

enthalpy of neat compounds and activity coefficients, excess 

properties and liquid-liquid equilibria of the studied solutions. 

In addition, COSMO-RS method provides the contributions of 

the different intermolecular interactions [hydrogen bond (HB), 

polar-misfit (MF) and van der Waals (vdW)] to the excess 

enthalpy of the studied mixtures, allowing the analysis of the 

ZI/IL system behavior from a molecular point of view. Density 

and viscosity calculations were performed using the QSPR 

approaches implemented by default in COSMOtherm, which 

uses COSMO-based descriptors [215].  

3.3. Results and discussion 

3.3.10. Pure compound analysis 

-Molecular structures: Table 3.1 collects the optimized 

molecular structures of a representative sample of zwitterionic 

compounds synthesized by different authors [241-243, 247-

249]. These ZIs -presenting remarkable structural differences 

and a variety of functional groups- were selected with the aim 

of covering a wide range of molecular and solvent properties.  
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Table 3.1 Zwitterions and ionic liquids structure 

Table S. D-I (pag. 225 in Appendix D) collects other 16 

zwitterionic compound included in this study, previously 

reported in bibliography. For comparison purposes, the 

available ZIs are grouped according to structural similarity.  

Table 3.1 also presents the optimized geometries of the 

proposed homologous ILs, designed using anions and cations 

commonly employed in commercial ILs. The main difference 

between the most stable structure of the ZI and its homologous 

IL is the presence of local interactions between the hydrogen 

bond acceptor groups of the anion and the hydrogen atoms of 

ZI structure IL structure 

 
3c 

 
[omim][propenoate] 

 
C1im3S 

 
[emim][MeSO3] 

 
C1(C2O)2im3S 

 
[C1(C2O)2im][MeSO3] 

 
N555C3S 

 
[N5552][MeSO3] 

 
P6C2P 

 
[P6662][EtPO3] 
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the cation, whereas such kind of interactions are sterically 

impeded in the case of ZIs. 

3.3.11. COSMO-RS analysis 

Quantum-chemical founded COSMO-RS method has been 

widely used to analyze the solvent/solute nature of chemical 

compounds [253, 265, 266] and to predict the thermodynamic 

properties of mixtures containing ILs [107, 109, 149, 194, 196, 

221, 267]. COSMO-RS theory allows calculating the 

thermodynamic properties of fluids only using the 3D polarized 

charge distribution (σ-surface) of individual molecules, which 

is collected in 2D histogram named σ-profile. Therefore, the σ-

profile histogram provides valuable information on the polarity 

of a compound and the potential interactions with surrounding 

molecules in the fluid media. Figure 3.1compares the σ-profiles 

and σ-surface of 3c ZI and its homologue IL [omim][propenoate].  

Figure 3.1 Comparison between σ-profile of zwitterion 3c and 

its homologue ionic liquid [omim][propenoate] 
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The σ-profile represents the polarized charge density pX(σ) 

of these compounds in the field of polarity σ and it can be 

divided into three different regions according to the following 

criteria: the hydrogen bond (HB) donor region (σ < −0.0082 

e/Å2), the HB acceptor region (σ > +0.0082 e/Å2) and the 

nonpolar region (−0.0082 < σ < +0.0082 e/Å2). As can be seen, 

the charge density of these compounds is mainly located in the 

non-polar region of σ-profile, ascribable to their alkyl groups 

and N-heterocyclic ring (green color in σ-surface).  However, 

both structures present functional groups (carboxylate) with 

negative charge (red color in σ-surface) shifted to the positive 

pole of the field σ. Remarkably, these peaks in 3c ZI are located 

at higher positive values of polarity, indicating stronger HB 

acceptor character of carboxylate group than in the 

homologous IL.  

In addition, both structures present hydrogen atoms in 

imidazolium ring (blue color in σ-surface) with polarized charge 

located in the HB donor region, but again ZI is described as a 

more acidic compound than the corresponding IL. In sum, 

COSMO-RS describes 3c ZI as a more polar structure with 

stronger HB donor and HB acceptor groups than the 

homologue IL [omim][propenoate]. This is easily explainable 

analyzing the molecular structures in Table 3.1 and the 

corresponding σ-surface in Figure 3.1 and Figure 3.2: the 

strong local interaction between the counterions in 

[omim][propenoate] implies charge compensation, diminishing 

the HB donor and HB acceptor capacity of cation and anion, 

respectively. These differences are less pronounced when the 

ZIs present weaker polar basic groups (for example, sulfonate 

group in C1im3S ZI) or weaker polar acidic groups (for instance, 

hydrogen atoms of alkyl chain in ammonium or phosphonium 

structures of, respectively, N555C3S and P6C2P ZIs), as can be 

seen in Figure 3.2. In these cases, the σ-profiles of ZIs and their 

homologue ILs are more similar, even when the charge density 

of ZIs still cover a wider range of polarity, what implies slightly 

higher polarity in ZI compounds than in ILs.  
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Similar conclusions are reached when analyzing σ-profile 

and σ-surface of other ZIs reported in In general, the selected 

zwitterions are described as compounds with a broad non-polar 

region formed by aliphatic or aromatic groups, presenting weak 

acidic cations (ammonium, phosphonium, and imidazolium) 

and very electronegative and basic anions (carboxylate, 

sulfonate, phosphate, etc.). Complementary information is 

provided by the σ-potential calculated by COSMO-RS method, 

which describes their interaction energy with compounds 

displaying a charge density [pX(σ)] with polarity σ.  

Figure 3.2 Comparison between σ-profile of zwitterions and their 
ionic liquids analogues. (A). ZI/IL: C1im3S / [emim][MeSO3]. (B). 
ZI/IL: C1(C2O)2im3S / [C1(C2O)2im][MeSO3]. (C). ZI/IL: N555C3S / 

[N5552][MeSO3]. (D). ZI/IL: P6C2P / [P6662][EtPO3]. 
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Figure 3 compares the σ-potential of zwitterion 3c and its 

homologous IL [omim][propenoate] 

The main difference is the higher capacity of ZI to establish 

attractive interactions with molecules presenting polar HB 

donor groups; i.e. 3c ZI is again described as a compound with 

stronger HB acceptor character than [omim][propenoate]. On 

the other hand, 3c presents slightly less endothermic behavior 

with polar HB acceptor molecule, ascribable to the more acidic 

hydrogen atoms of imidazolium ring, which are free of cation-

anion local interactions. In sum, attending to COSMO-RS 

analysis, it is expected stronger intermolecular interactions of 

ZI with polar compounds (whether acid or basic) than in the 

corresponding IL.  

Regarding the potential interactions with non-polar 

solvents, there are no significant differences between 3c ZI and 

[omim][propenoate] IL. Other ZIs in Table 3.1, including weaker 

HB donor and acceptor groups, present more similar σ-

potential to their homologues ILs, only evidencing less repulsive 

interactions with molecules presenting polar basic groups.  

Figure 3.3 σ-potential of zwitterion 3c compared with its 

homologous IL 
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Similar differences in behavior are found in other 

zwitterions reported in bibliography (see Figure 3.4), observing 

that zwitterionic structures preserve the interaction capacity of 

strong polar functional groups, whereas competitive effects 

related to cation-anion interactions decreases the polarity of 

the IL, in good agreement with the relatively low dielectric 

constant of ILs reported in the bibliography [71].  

 

 

Figure 3.4 Comparison between σ-potential of zwitterions and their 
ionic liquids analogues. (A). ZI/IL: C1im3S / [emim][MeSO3]. (B). 
ZI/IL: C1(C2O)2im3S / [C1(C2O)2im][MeSO3]. (C). ZI/IL: N5553S / 

[N5552][MeSO3]. (D). ZI/IL: P6662 / [P6662][EtPO3]. 
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COSMO-RS method also provides the statistical similarity 

of the σ-profile and σ-potential (Table 3.2 and Table S. D-IV pag. 

252 in Appendix D) and the hydrogen-bond σ-moments (Table 

3.3 and Table S. D-V pag. 253 in Appendix D) of ZIs and ILs. 

The analysis of this electronic information supports the above 

conclusions: In ZI, the charged groups are covalently 

separated; then, the similarity with the homologue IL decreases 

(Table 3.2) when the cation-anion interactions are stronger, 

because of both the higher HB donor and HB acceptor capacity 

of the cation and anion, respectively (Table 3.3).  

Table 3.2 COSMOtherm similarity of σ-profile and σ-potential of 
zwitterion and homologue IL 

Zwitterion Ionic Liquid 
σ-profile 

[p(σ)] 
σ-potential 

[kcal/mol·Å2] 
3c [omim][propenoate] 0.52 0.14 

C1im3S [emim][MeSO3] 0.59 0.22 
C1(C2O)2im3S [C1(C2O)2im][MeSO3] 0.63 0.49 

N555C3S [N5552][MeSO3] 0.78 0.58 
P6C2P [P6662][EtPO3] 0.71 0.53 

A subsequent conclusion is that these ZIs present higher 

HB acceptor and HB donor capacity compared to the 

homologue ILs, due to the absence of HB cation-anion 

interactions. Higher HB σ-moments values imply greater 

attractive interactions with molecules having opposing groups. 

Table 3.3 COSMOtherm hydrogen bond (HB) σ-moments of 
zwitterions and homologue IL 

Zwitterion 

HB  

bond 
acceptor 

HB  

bond 
donor 

Ionic Liquid 

HB 

bond 
acceptor 

HB 

bond 
donor 

3c 31.8 2.0 
[omim] 

[propenoate] 
14.6 0.3 

C1im3S 26.9 2.2 [emim][MeSO3] 18.5 0.4 

C1(C2O)2im3S 28.9 2.6 
[C1(C2O)2im] 

[MeSO3] 
20.3 0.5 

N555C3S 25.6 0.1 
[N5552] 
[MeSO3] 

19.5 0.00 

P6C2P 32.5 0.04 [P6662] [EtPO3] 20.9 0.00 
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 As seen in Figure 3.1 and Figure 3.2, [EtPO3] anion peak 

is more basic than the other anions (>σ values), and for this 

reason it is the anion with stronger HB bond acceptor 

interactions. On the other hand, from Table 3.3 COSMOtherm 

hydrogen bond (HB) σ-moments of zwitterions and homologue 

IL, it is seen that large cations such as phosphonium and 

ammonium have weak interactions with the anion; therefore, 

there is less competition between anion and solute as 

illustrated by the fact that the differences in HB acceptor 

moment are lower than with compounds where strong cation-

anion interactions may exist.  

Finally, the hydrogens of the ZIs have greater capacity to 

form hydrogen bond because they are outside the interactions 

of the anion, thus being more acidic (i.e. H-2 of the imidazolium 

ring or hydrogens near the P or N atom of phosphonium or 

ammonium cationic sites). 

3.3.12. NMR analysis 

Nuclear magnetic resonance (NMR) technique has been 

widely used for obtaining a molecular-based understanding of 

the structural features of the IL and the interactions between 

cation and anion [16, 17, 221, 268, 269]. Table 3.4 collects the 

experimental [241-243, 248, 249] and calculated 1H NMR data 

of the most acidic hydrogen atoms of the studied ZI and 

homologue ILs.  

As can be seen, quantum chemical calculations, performed 

by the GIAO method at the B3LYP/6-311++G** computational 

level, show general good agreement with the experimental 

trend. For the case of imidazolium-based compounds, 

homologue IL present higher values 1H NMR chemical shifts of 

heterocyclic H atoms than the corresponding ZI. These results 

indicate stronger hydrogen bond interactions between the 

cation and the anion in the neat imidazolium-based IL fluid, 

which are sterically hindered in ZIs. In addition, the differences 

in 1H NMR ZI/IL signals diminish from 3c to P6C2P, in 

agreement with the conclusion of higher similarities between 
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both compounds when the cation and/or anion do not present 

strong HB donor or acceptor groups.  

Table 3.4 Experimental and theoretical 1H NMR signals 

 

3.3.13. Dipole moment 

Table 3.5 (and Table S. D-VI pag. 254 in Appendix D) 

compares the calculated dipole moments of ZIs with homologue 

ILs. Remarkably, the dipole moment of zwitterionic compounds 

is very high, practically twice than its analogous ionic liquids. 

This is because the charges in ZIs are more separated in space, 

without possibility of interacting with each other [270]. 

Therefore, a major expected difference will be the higher 

polarity of the ZIs respect to ILs with similar structure.   

Zwitterion Signal Exp. Theo. Ionic Liquid Theo. 

3a 
H-2 7.9 7.2 [bmim] 

[propenoate] 
14.9 

H-4 7.2 7.0 7.0 

3c 
H-2 8.0 7.3 [omim] 

[propenoate] 
14.9 

H-4 7.2 7.0 7.1 

C1im3S 
H-2 8.8 7.9 

[emim] 
[MeSO3] 

13.1 
H-4 7.5 7.2 7.8 
H-5 7.5 7.6 7.8 

C11im3S 
H-4 7.3 7.2 [emmim] 

[MeSO3] 
6.9 

H-5 7.5 7.3 7.2 

C1(C2O)2im3S 
H-2 9.1 7.8 [C1(C2O)2im] 

[MeSO3] 
12.5 

H-5 7.8 7.7 7.2 

N555C3S 
N/A 3.7 3.3 

[N5552] 
[MeSO3] 

5.7 
5.7 

N/A 3.2 2.9 
2.8 
3.0 

P6C2P 

N/A 
3.9 
4.0 

3.4 
4.3 

[P6662] 
[EtPO3] 

7.5 

N/A 2.5 
2.5 
2.6 

5.8 
5.9 

N/A 
2.3 
2.4 

1.6 
1.9 

3.9 
3.9 
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Table 3.5 Calculated dipole moment of zwitterions and homologue 
ionic liquids 

 

3.3.14. Density and molecular volume 

COSMO-RS has been successfully used to predict the 

density of ILs with very different nature [253]. Table 3.6 (Table 

S. D-VII pag. 255 in Appendix D) collects the calculated density 

and molecular volume of studied zwitterionic and IL. 

Table 3.6 Calculated density and molecular volume of zwitterions and 
ionic liquids at 298 K by COSMO-RS.   

As can be seen in Figure 3.5, ZIs present similar but slightly 

higher density (<10%) than the homologue ILs. Based on 

COSMO-RS analysis, the fluid density of these compounds is 

mainly determined by their molecular volume, which is lower 

in ZIs than in homologue ILs because the counterions are 

linked by intramolecular bonds. In addition, the higher dipole 

moment (Table 3.4) and stronger HB donor and acceptor groups 

in ZIs imply higher attractive intermolecular interactions, with 

the consequent volume contraction and higher density of the 

fluid. 

Zwitterion 
Dipole 

moment 

[Debye] 

Ionic Liquid  
Dipole 

moment 

[Debye] 

3c 24.6 [omim][propenoate] 13.0 
C1im3S 29.4 [emim][MeSO3] 15.2 

C1(C2O)2mim3S 30.0 [C1(C2O)2mim][MeSO3] 15.1 
N555C3S 26.5 [N5552][MeSO3] 16.0 

P6C2P 20.6 [P6662][EtPO3] 14.6 

Zwitterion 
ρ 

(g/ml) 

Mol. 
Vol. 
(Å3) 

MW Ionic Liquid  
ρ  

(g/ml) 

Mol.  
Vol.  
(Å3) 

MW 

3c 1.05 417 264 
[omim] 

[propenoate] 
0.99 446 266 

C1im3S 1.32 257 204 [emim][MeSO3] 1.24 277 206 

C1(C2O)2im3S 1.21 401 292 
[C1(C2O)2mim] 

[MeSO3] 
1.18 414 294 

N555C3S 1.01 576 350 [N5552][MeSO3] 0.97 603 352 
P6C2P 0.98 719 423 [P6662][EtPO3] 0.96 736 425 
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3.3.15. Viscosity 

COSMOtherm allows estimating the room temperature 

viscosity of compounds by using a Quantitative Structure 

Property Relationship (QSPR) method based on COSMO-RS 

molecular descriptors. Unfortunately, the quantitative 

predictability of this model is low compared to other 

thermodynamic properties predicted by COSMO-RS theory. 

However, based on the favorable qualitative prediction trends 

obtained in previous studies on ILs, COSMO-RS estimations 

are used herein to explore the qualitative differences of viscosity 

in ZIs and ILs (Figure 3.6, Table 3.7 and Table S. D-VIII pag. 

256 in Appendix D). It should be noted, anyhow, that some of 

the ZI compounds in Table 3.8 are solid at 298K. 

Table 3.7 Zwitterion and ionic liquid viscosity estimated by COSMO-
RS at 298K. 

Zwitterion 
Viscosity 

[cP] 
Ionic Liquid 

Viscosity 

[cP] 

3c 84316 [omim][propenoate] 613 
C1im3S 6076 [emim][MeSO3] 259 

C1(C2O)2im3S 108948 [C1(C2O)2im][MeSO3] 1925 
N555C3S 9093 [N5552][MeSO3] 810 

P6C2P 37685 [P6662][EtPO3] 1665 
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Figure 3.5 Comparison of zwitterions and ionic liquids densities (A) 

and molecular volume (B).  
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COSMO-RS results indicate very high viscosity of the 

studied zwitterionic compounds, in agreement with previous 

evidences of organic ZIs [240, 247, 248, 271].  

In fact, estimated viscosities of ZIs are one to twice order 

magnitude higher than those of the homologue ILs. Taking into 

account the relatively high viscosity of ILs compared to 

conventional organic solvents, current results present ZIs 

based on IL counterions as new kind of fluids presenting very 

high viscosity among the known solvents (Figure 3.6). The 

viscosity of a liquid at a fixed temperature can be expected to 

depend on molecular properties as molecular volume, molar 

weight, polarizability and dipole moment [272].  Analyzing 

reported values of these properties (Table 3.3 and Table 3.4), it 

is concluded that the viscosity of both ZIs and ILs generally 

Figure 3.6 Experimental and calculated by COSMOtherm viscosities 

for a representative set of organic compounds, ILs and ZI. 
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increases in a similar trend as dipole moments; these results 

evidence a main intrinsic characteristic of zwitterionic 

compounds based on IL counterions: their higher polarity and 

viscosity as solvents.  

3.3.16. Melting points 

One of the critical points in selecting ILs for practical 

applications is the melting temperature, since it determines the 

operating liquid window. Table 3.8 collects the experimental 

melting points of all the compounds studied in this work. 

Unfortunately, reliable COSMO-RS predictions of melting 

points for these compounds were not obtained. Anyhow, 

attending to the available experimental values, it can be 

concluded that zwitterionic ILs clearly present higher melting 

point than the structurally similar ILs, what is assignable to 

their higher polarity and stronger HB donor/acceptor groups.  

Table 3.8 Comparison of experimental melting temperatures of 
zwitterions and homologue ILs 

Zwitterion 

Melting 
temperature  

[K] 
Ionic Liquid 

Melting 
temperature 

[K] 

3c 314 [omim][propenoate] unknown 
C1im3S 489 [emim][MeSO3] 308 

C1(C2O)2im3S 
liquid at room 
temperature 

[C1(C2O)2im] 
[MeSO3] 

unknown 

N555C3S 430 [N5552][MeSO3] unknown 
P6C2P 441 [P6662][EtPO3] unknown 
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3.3.17. Enthalpy of vaporization 

Vaporization enthalpy calculations were carried out for the 

studied ZIs and homologues ILs applying COSMO-RS theory 

(Table 3.9 and Table S. D-IX pag. 257 in Appendix D); this 

methodology has already been validated for ILs, providing 

satisfactory results [173, 174]. It is generally observed higher 

enthalpies of vaporization in ZIs than in structurally similar 

ILs, in coherence with the higher polarity of earlier compounds: 

greater cohesive forces between the different molecules are 

expected in ZIs and, consequently, more energy is required to 

vaporize the compound.  

In sum, these new kind of ZIs are described as compounds 

with high polarity, high viscosity and very low volatility, even 

lower than those of ILs with similar structural features. 

Table 3.9 Comparison of calculated enthalpy of vaporization of 
zwitterions vs homologue ILs   

Zwitterion 
H.vap. 

[kJ/mol] 
Ionic Liquid 

H.vap. 

[kJ/mol] 

3c 268 [omim][propenoate] 151 
C1im3S 190 [emim][MeSO3] 148 

C1(C2O)2im3S 210 
[C1(C2O)2im] 

[MeSO3] 
173 

N555C3S 203 [N5552][MeSO3] 172 
P6C2P 181 [P6662][EtPO3] 172 
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3.3.18. Binary mixture analysis 

To evaluate the general thermodynamic behavior of the 

studied ZIs as solvents, COSMO-RS was used to obtain the 

activity coefficient at infinite dilution of conventional chemical 

compounds in ZIs and the homologues IL solvents. This 

approach has been previously used to classify the interactions 

between ILs and common compounds attending to their 

chemical nature [51].  

As can be seen in Figure 3.6, the mixtures involving the 

studied ZIs present a wide variety of thermodynamic behaviors: 

from nearly ideal mixtures (ZI/IL+NH3, CO2 or propanone: γi~1) 

to systems with strong positive deviation (ZI/IL+ aromatic or 

aliphatic compounds: γi>1) or strong negative deviation 

(ZI/IL+water, alcohol or chloroform: γi<1) from ideality given by 

Raoult’s law. 

Similar results were found with the corresponding mixtures 

involving the homologue ILs (Figure 3.7), but in this case the 

competitive cation-anion interactions seem to decrease the 

range of γi =1 values; this is, ZI mixtures with common chemical 

compounds present stronger deviation from ideality than those 

Figure 3.7 Comparison of activity coefficients at infinite dilution of a 

diverse set of solutes in zwitterions and its analogous ionic liquid. 
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formed by ILs. The activity coefficient is directly related to the 

excess Gibbs free energy and, consequently, to the enthalpic 

and entropic terms of equation 3.1). 

Figure 3.8A presents the excess Gibbs free energy and 

enthalpy of the equimolar mixtures of ZI+common chemical 

compound, calculated by COSMO-RS at 298 K. The excess 

properties of the mixtures involving the analogue ILs present a 

very similar trend (Figure 3.8B). It is concluded that the mixing 

behavior of these systems is mainly governed by the enthalpy; 

i.e., determined by the intermolecular interactions between the 

mixture components. 

The mixing phenomena evolves from endothermic to 

exothermic depending on both structures of ZI/IL and common 

compound. The entropy of the system generally decreases with 

the mixture, reaching to gE less negative or more positive. 

Figure 3.9A illustrates more clearly the structural effects on the 

mixture excess properties for the cases of zwitterion 3c and IL 

[omim][propenoate].  

𝑔𝐸

𝑅𝑇
= ∑ 𝑥𝑖 ln 𝛾𝑖 =

ℎ𝐸

𝑅𝑇
−

𝑠𝐸

𝑅
𝑖

 eq.3.1 

Figure 3.8 Excess Gibbs free energy and excess enthalpy calculated 
for a representative set of solutes and zwitterions (A) or ionic liquids 
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As can be seen, polar compounds with HB donor character 

(as water, methanol and chloroform) present strong exothermic 

mixtures with 3c, determining the negative gE values, even 

when entropic contribution decreases the spontaneity of the 

mixture. COSMO-RS provides the contributions of the different 

intermolecular interactions to the hE, (Figure 3.9B), which is a 

valuable information contributing to understand the mixing 

phenomena at molecular level [118, 149, 221, 222, 267]. 

Current results indicate that thermodynamically favorable 

mixtures are related to attractive HB interactions between the 

acidic groups of the common chemical component (as water, 

methanol or chloroform) and the HB acceptor groups of the ZI 

3c, described in previous section. In contrast, nonpolar solutes 

(as n-heptane) have unfavorable mixtures with ZI 3c with 

positive gE, with a mixing behavior dominated by the 

endothermicity of the mixture, ascribable to repulsive 

electrostatic interactions between components and the loss of 
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Figure 3.9 a) Calculated excess properties (enthalpy, entropy and 
Gibbs free energy) of equimolar mixtures of common chemical 
compounds and zwitterion 3c (left bar) or IL [omim][propenoate] (right 
bar) by COSMO-RS at 298 K. b) Description of the excess enthalpy of 
equimolar mixtures of common chemical compounds and zwitterion 
3c (left bar) or IL [omim][propenoate] (right bar) in terms of the 
intermolecular interaction contributions [hE (MF), hE (HB), and hE 

(vdW)] computed by COSMO-RS at 298K. 
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HB interactions within the mixture, and the decreasing of the 

entropy. On the other hand, mixtures of ZI 3c with polar 

compounds containing moderately weak HB acceptor groups 

(as propanone or NH3) present hE and sE values close to zero, 

describing a nearly ideal mixture behavior.  

In order to analyze the effect of the ZI structure on the 

mixture behavior, the excess properties of equimolar mixtures 

of different ZIs (and the homologue ILs) were calculated with 

water (polar acid-amphoteric compound, Figure 3.10), 

ammonia (polar basic compound, Figure 3.11) and n-heptane 

(non-polar compound, Figure 3.12). For the case of mixtures 

with water, a strong dependence of excess properties on the 

zwitterionic structure is observed. Clearly, the presence of 

strong HB acceptor groups in the ZI (as phosphonate in P6C2P 

or carboxylate in 3c) promotes attractive interactions with 

water, which determine the mixing properties of these systems. 

Other ZIs with weaker basic polar groups (as sulfonate in 
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Figure 3.10 Calculated excess properties (enthalpy, entropy and 
Gibbs free energy) of equimolar mixtures of water and zwitterions (left 
bar) or ILs (right bar) by COSMO-RS at 298 K. b) Description of the 
excess enthalpy of equimolar mixtures of water and zwitterions (left 
bar) or ILs (right bar) in terms of the intermolecular interaction 
contributions [hE (MF), hE (HB), and hE (vdW)] computed by COSMO-

RS at 298K. 
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C1im3S or N555C3S) present mixtures less exothermic, due to 

the weaker HB interactions between ZI and water. 

The mixtures of water with the homologue ILs show similar 

trends, but weaker interaction are generally found. Only the 

compound 3c presents remarkably stronger HB attractive 

interactions with water than the corresponding IL 

([omim][propenoate]), due to the presence of competitive HB 

cation-anion interactions in the IL, which it is not present in 

zwitterionic structure. 

In the case of mixtures of ZIs with polar basic compounds 

(as ammonia, Figure 3.11), the values of excess properties are 

remarkably lower, mainly due to the similar kind of interactions 

happening in mixture and pure compounds (as we noted above, 

the studied ZIs are also polar basic compounds). Thus, we can 

see in Figure 3.11B that small values of excess enthalpy in 

these mixtures are related to slight changes in different 

intermolecular interactions (van de Waals, HB, polar-misfit) 

Figure 3.11 Calculated excess properties (enthalpy, entropy and 
Gibbs free energy) of equimolar mixtures of ammonia and zwitterions 
(left bar) or ILs (right bar) by COSMO-RS at 298 K. b) Description of 
the excess enthalpy of equimolar mixtures of ammonia and 
zwitterions (left bar) or ILs (right bar) in terms of the intermolecular 
interaction contributions [hE (MF), hE (HB), and hE (vdW)] computed 

by COSMO-RS at 298K. 
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from pure to mixture fluid. The mixtures of ammonia with the 

corresponding IL present very similar behavior.  

As we noted, the mixtures of ZIs with non-polar compounds 

(as n-heptane, Figure 3.12) are not thermodynamically favored; 

in other words, the appearance of two immiscible liquid phases 

may be expected. The positive gE values are mainly determined 

by the endothermic behavior of the mixture and, interestingly, 

increase with the dipole moment of ZI compound (Table 3.5). 

Attending Figure 3.12B, the unfavorable mixing behavior of n-

heptane+ZI is related to repulsive electrostatic interactions (MF) 

between the non-polar compound and the strongly polar ZI 

and, in a minor extent, to the loss of hydrogen bonds in the 

mixture. 

Based on current COSMO-RS analysis, zwitterionic 

solvents present high capacity to separate acidic polar 

compounds with ability to form hydrogen bonds. Therefore, 

they can be very interesting in applications to separate acid 
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Figure 3.12 Calculated excess properties (enthalpy, entropy and 
Gibbs free energy) of equimolar mixtures of n-heptane and zwitterions 
(left bar) or ILs (right bar) by COSMO-RS at 298 K. b) Description of 
the excess enthalpy of equimolar mixtures of n-heptane and 
zwitterions (left bar) or ILs (right bar) in terms of the intermolecular 
interaction contributions [hE (MF), hE (HB), and hE (vdW)] computed 

by COSMO-RS at 298K. 
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gases (as H2S) or volatile organic compounds (as methanol) by 

absorption process. In addition, the high polarity of ZIs will 

promote high immiscibility with non-polar solvents as aliphatic 

hydrocarbons. Based on these characteristic, ZIs may be 

solvents with enhanced properties (respect to structurally 

similar ILs) to be used in liquid-liquid extraction to separate 

polar solutes from reach-aliphatic mixtures.   

3.3.19. Ternary mixture analysis 

IL have been extensively investigated as extracting agents 

to separate different compounds from aliphatic mixtures by 

liquid-liquid extraction [42, 180, 204, 213, 273]. Examples of 

solutes of industrial interest successfully separated by ILs are 

aromatic compounds (as toluene) [180], S-heterocyclic 

compounds (as thiophene) [213], N-heterocyclic compounds (as 

pyridine) [204] and alcohols (as ethanol) [42, 273]. In this study, 

COSMO-RS method was used to evaluate the performance of ZI 

as extracting agents by comparison to the results obtained 

using structurally similar ILs.  

For this purpose, COSMO-RS was applied to describe the 

liquid-liquid equilibria of ternary mixtures composed by n-

heptane, ZI/IL and different solutes, including toluene (Figure 

3.14), thiophene (Figure 3.15A), pyridine (Figure 3.15) and 

ethanol (Figure 3.16) at 298K. Previous studies with these 

compounds support the ability of COSMO-RS to describe their 

LL equilibria with ILs [171, 261, 267, 274]. In addition, 

thermodynamic parameters commonly used to select an 

adequate extracting solvent were calculated by COSMO-RS: i) 

partial miscibility of ZI/IL in aliphatic phase, partition 

coefficient (β) of the solute between extract and raffinate phases 

and high selectivity (S) for the solute respect to the aliphatic 

compounds.  

Table 3.10 (and Table S. D-X pag.258 in Appendix D) 

collected the solubility of above studied ZI/IL compounds in n-

heptane. In addition, the figures Figure 3.14, Figure 3.15 and 

Figure 3.16 report the partition coefficient () and selectivity 



Section I. Molecular Simulation 

112 

(S) of solutes at infinite dilution for ZI/IL based systems 

calculated by COSMO-RS at 298K. These figures also include 

the results obtained with sulfolane (Tetrahydrothiophene 1,1-

dioxide) as benchmark solvent used in the industry to separate 

the aromatic compounds, S- or N-heterocyclic compounds and 

alcohols from aliphatic mixtures [275]. 

Table 3.10 Calculated values of ZI/IL solubility (mol fraction) in n-

heptane and the solute distribution ratio (β) and selectivity (S) at 
infinite dilution, T = 298.15K and atmospheric pressure for heptane-
toluene-ZI/IL systems compared with sulfolane as solvent. 

Compound 

Zwitterion Ionic Liquid 

Solub. 

[mol frac] 
β∞ S∞ 

Solub. 

[mol frac] 
β∞ S∞ 

3c 0.05 0.5 11.8 0.21 1.3 8.4 
C1im3S 0.01 0.4 27.5 0.02 0.6 25.4 

C1(C2O)2im3S 0.01 0.3 27.1 0.05 0.8 16.6 
N555C3S 0.11 0.8 8.1 0.35 1.9 5.9 

P6C2P 0.29 1.3 5.1 1-phase - - 
sulfolane 0.04 1.2 17.7 - - - 

 

ILs or mixtures of ILs have been proposed as solvents with 

enhanced properties to separate aromatic compounds from 

fuels (as alternative to volatile organic compounds as sulfolane) 

[181, 276]. One main advantage of ILs is their extremely low 

volatility, which avoids solvent loss and facilitates the 

regeneration stage in the process. As we noted, ZIs present even 

lower vapor pressure than ILs. Other important characteristic 

of ILs to be used in aromatic-aliphatic separation by liquid-

liquid extraction is the high immiscibility of ILs in aliphatic 

compounds.  
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As shown Table 3.10, the solubility of ZI 3c in n-heptane 

are even lower than that found for the corresponding 

homologue IL [omim][propenoate]. Remarkably, the solubility of 

n-heptane in zwitterion-reach phase is also lower than in IL-

reach phase. This is an important factor, since the recovery of 

aliphatic compounds from extract stream is a difficult issue 

that determines the expense of the process and the quality of 

the aromatic products [150]. 

Table 3.10, Figure 3.13 and Figure 3.14 present an 

overview of the thermodynamic performance in toluene-n-

heptane separation of the ZIs studied in this work, including 

the liquid-liquid equilibrium ternary systems and the values of 

β∞ and S∞, compared to that of the homologue ILs and the 

benchmark solvent sulfolane.  

Taking into account that the solvent performance increases 

with extraction capacity and selectivity (higher β∞ and S∞ 

values), sulfolane is a preferred extracting agent to IL solvents 

and these to ZIs. Of course, several ILs and mixtures of ILs - 

using different anions and cations than in this work- have been 

reported with enhanced properties than sulfolane to separate 

aliphatic-aromatic mixtures [154, 180, 261, 276].  
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Figure 3.13 Tie-lines for the LLE for the ternary mixtures: (A) 
heptane(1) + toluene(2) + zwitterion 3c(3); and (B) heptane (1) + 

toluene(2) + IL [omim][propenoate] calculated by COSMO-RS at 298K. 
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Nevertheless, current results indicate that ZIs are not 

particularly good candidates for this extraction, unless the 

selectivity was a determinant factor. These results are easily 

understood attending to the unfavorable intermolecular 

interactions observed between ZIs and non-polar compounds 

as toluene. 

 The analysis of LLE data for the ternary systems (Figure 

3.15) composed by S-heterocyclic (thiophene) and N-

heterocyclic (pyridine) compound + n-heptane + ZI/ILs provide 

similar conclusions. 

Zwitterionic solvents allow obtaining lower partial 

miscibility of both raffinate (aliphatic-reach) and extractant 

(zwitterion-reach) phases, but at the expense of lower 

extraction capacity. In the case of pyridine, the main role played 

by the entropic contribution in these systems [267] seems to 

introduce an additional difference between ZIs and ILs, again 

unfavorable for ZI selection in this particular application. None 

Figure 3.14 Theoretical selectivity (S) and partition coefficient (β) at 
infinite dilution for heptane-toluene ZI/IL systems and compared 

with sulfolane as reference solvent. 
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of the studied ZIs and ILs can be considered clear alternative to 

sulfolane solvent. 

The case of alcohol extraction from aromatic mixture using 

zwitterionic compound is remarkably different. Figure 3.16 

show that zwitterionic solvents present HB acceptor groups 

that increase the selectivity of ethanol separation up to one 

order of magnitude respect to the homologue ILs, but 

remarkably, also increases the extraction capacity by a 

maximum factor of three respect to the corresponding ILs. 

The comparison to the performance of the industrial 

solvent sulfolane presents ZIs as even more promising 

candidates to separate polar HB donor compounds (as ethanol) 

from aliphatic mixtures (n-heptane); for instance, the ZI 3c -

which is liquid at nearly room temperature- presents both 

partition coefficient (β∞) and selectivity (S∞) one order of 

magnitude higher than those obtained with sulfolane. 
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Figure 3.15 Selectivity (S∞) and partition coefficient (β∞) at infinite 
dilution calculated by COSMOtherm for (A) heptane-thiophene ZI/IL 
and (B) heptane-pyridine systems and compared with sulfolane as 

reference solvent. 
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 Analogously to ionic liquids, it is possible -due to the 

diversity of results among the zwitterions studied- to select a 

binary mixture of zwitterions as extractor agent. We have 

proposed a mixture between a zwitterion that presents high 

selectivity (3a) with a zwitterion with a high extractive capacity 

(P6C3P). The results obtained for mixtures between 0-1 of the 

zwitterion 3a mass fraction are shown on Figure 3.16 with a 

line on the figure. The behavior of the mixture is not linear, 

which means that this zwitterions mixture has a non-ideal 

behavior (which may be related to the different polar and non-

polar groups of each molecule). 

Figure 3.16 Selectivity (S∞) and partition coefficient (β∞) at infinite 
dilution calculated by COSMOtherm for heptane-ethanol ZI/IL 
systems and compared with sulfolane as reference solvent. Black 
dash lines refers to the S∞ and β∞ for a mixture between zwitterions 

3a and P6C3P. 
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In Figure 3.17 is depicted the partition coefficients and 

selectivities vs the composition of the zwitterion solvent 

mixture. 

Figure 3.17 shows a linear behavior in the partition 

coefficient as a function of the composition of the zwitterion in 

the solvent, while the selectivity has a non-linear behavior, 

which is why it is the parameter most sensitive to the 

composition of the mixture. Finally as in the ionic liquids, the 

extractive properties of the solvent formed of two (or more) 

mixed zwitterions can be tuned by modifying the composition 

of the zwitterion mixture. 
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Figure 3.17 Ethanol partition coefficients (β∞) and selectivity (S∞) of 
the pseudoternary system (1) n-heptane + (2) ethanol + (3) ZI 3a + (4) 

ZI P6C3P as a function of 3a molar fraction in the ZI mixture. 
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3.4. Conclusions 

A quantum chemical analysis based on density functional 

theory (DFT) and COSMO-RS approach has been performed to 

evaluate the solvent and mixing properties of zwitterions (ZIs), 

using analogous ionic liquids (ILs) for comparison purposes. 

Computational results described this new kind of ZI materials 

as compounds with high polarity, high viscosity and very low 

volatility, even lower than those of ILs with similar structural 

features. As a result of the intramolecular covalent tethering of 

the cationic and anionic sites, ZIs display stronger hydrogen 

bond (HB) donor or acceptor character than their ILs 

counterparts; accordingly, ZIs provide higher separation 

capacity for polar organic compounds and lower miscibility 

with non-polar compounds, since their thermodynamic mixing 

behavior is largely driven by enthalpic changes. Consequently, 

favorable applications of ZIs in relevant separation processes 

involving gas-liquid or liquid-liquid immiscible phases have 

been further explored. For instance, it was revealed that 

extraction of alcohols from aromatic mixtures using ZIs with 

HB acceptor groups increased the ethanol selectivity by one 

order of magnitude and the extraction capacity threefold in 

comparison with homologous ILs. Interestingly, both partition 

coefficient and selectivity of ethanol in ZIs are one order of 

magnitude higher than in the industrial solvent sulfolane, 

widely used to separate alcohols from aliphatic mixtures. 

Additionally, thanks to the COSMO-RS model, it has been 

possible to analyze the effect of the zwitterion mixture in the 

extraction of compounds of interest, obtaining two possible 

zwitterions whose binary mixture allows the optimization of the 

extraction parameters. 

Overall, this study provides a comprehensive molecular 

and thermodynamic understanding of novel zwitterionic-type 

molten salts while revealing their performance in relevant 

absorption and extraction operations, envisaging their 

promising application in advanced separation processes. 
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Chapter 4.  
ILUAM:  

A COSMO-based/Aspen 
database of ionic 

liquids to be used in 
AspenOne simulators 
 

An enterprise database of pure ionic liquids (ILs) for its use in the 

AspenONE programs is presented. The database is identified as 

ILUAM and the first version (ILUAM01) contains 100 ILs composed by 

30 cations and 23 anions. The IL components were introduced in 

Aspen Properties as pseudocomponents using information from the 

computational COSMO-RS method and from experimental viscosity 

data. ILUAM database was created for its use along with the 

COSMOSAC property model implemented in Aspen Plus, allowing 

evaluating IL process performance without needing further 

experimental data. Some validation tests were carried out to 

demonstrate the successful incorporation of ILs in the Aspen Plus 

property system. Then, the performance of ILUAM01 database in 

thermodynamic property predictions of mixtures involving ILs and 

conventional chemical compounds was revised in terms of activity 

coefficients at infinite dilution and phase equilibrium data. The 

property description of pure ILs and IL mixtures with conventional 

chemical compounds using COSMO-based/Aspen Plus approach was 

found with the accuracy level required in the conceptual design of 

new processes. ILUAM database offers the opportunity of performing 

systematic evaluation of potential industrial applications of ILs and 

their competitiveness as alternative to conventional solvents. 
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4.1. Introduction 

onic liquids (ILs), with remarkable physicochemical and 

solvent properties, have powerfully attracted the attention 

of the scientific community as potential alternative to 

organic solvents in industrial chemical processes [15, 21]. A 

main advantage of this class of compounds is that the cation 

and the anion can be selected among a huge diversity to obtain 

a proper IL for a specific purpose. Therefore, ILs are known as 

“designer solvents” [14, 277]. However, the practical application 

to industrial processes of a large number of ionic liquids is yet 

limited by different reasons [53, 278], including that they are 

still expensive and some of them exhibit unfavorable transport 

properties. Thus, the future application of the ILs at industrial 

scale will be severely determined by the quality and solidity of 

the process developments that have to be made. This includes 

the technical soundness as well as the energetic and economic 

viability of the proposals [32, 126].  

In the complex scenario depicted above, process simulation 

should play a determinant role because its support to the 

synthesis and the analysis of the new processes comprising the 

use of ILs, but also because it can contribute to conform 

multifactorial and consistent sets of criteria (thermodynamic, 

kinetic, technical, energetic and economic) for selecting the ILs 

with optimized properties for an specific application [144, 279]. 

Nevertheless, modeling industrial processes with ILs using 

commercial process simulators is not at all a simple and 

straightforward question. Firstly, they are not conventionally 

included in the databases of the commercial process 

simulators, but besides not enough experimental information 

is already available to do that for a significant number of these 

compounds. Secondly, using regressive thermodynamic models 

in property estimations is severely limited by the lack of 

experimental information noted before to regress the model 

parameters. This also happens with the predictive UNIFAC 

model for which, the available set of “conventional” groups and 

their corresponding parametrizations are not still sufficient for 

I 



Section II. Process Simulation 

126 

reproducing the structural and behavior diversity of the ILs. 

Thirdly, at the present, the acceptation of the ILs as promising 

products for industrial applications, demands massive system 

(solvents, reaction media, etc.) and process alternative 

evaluations. In this regard, it can be said that an important 

breakup between the current rhythm of the experimental data 

acquisition and the times for the definitive acceptance of the 

ILs as confident candidates for industrial processes exists. The 

massive character of these searches is related to the designer 

nature of the ILs. The number of ions explored for producing 

ILs results in a huge amount of compounds to be considered. 

Furthermore, the question is not limited to the number of 

already known ion combinations but includes the increasing 

quantity of new cations and anions are being added 

continuously.  

An affordable solution, in the current state of the art, is to 

combine predictive methods to estimate the properties of the 

ILs and their mixtures [70] with the process simulation [32]. 

Several research groups in different application fields and using 

rather dissimilar strategies have addressed this solution [32, 

124, 128, 143, 168, 280-283]. In particular, our group has 

worked on the integration of the molecular modeling and the 

process simulation via the COSMO-based  methods [126, 139] 

taking benefit from the two following individual issues: (i) 

COSMO-RS/SAC [78, 95] models have been proved to be a 

valuable tool for predicting thermodynamic properties of 

mixtures composed of molecular solvents and ionic liquids [70, 

169] and even ionic liquid mixtures [123, 154, 222]. (ii) 

COSMO-type approaches have been implemented in Aspen 

Plus as property model, under the denomination of 

COSMOSAC, since version 12.1. 

More recently, thanks to the recent integration of the Aspen 

Plus and Aspen HYSYS process simulators at the AspenONE 

suite, the COSMOSAC property model can also be used in 

Aspen HYSYS by importing or selecting Aspen Properties fluid 

packages. The COSMOSAC property model is actually the 

implementation of three different COSMO-based equations: i) 
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the original COSMO-SAC model proposed by Lin and Sandler 

[95] ; ii) the original COSMO-RS model proposed by Klamt [78]; 

and iii) the modification to the Lin and Sandler model developed 

by P. Mathias and co-workers [97]. Aspen Plus uses by default 

the Lin and Sandler COSMO-SAC approach. The user can 

specify the COSMO equation when the COSMOSAC property 

model is selected through the option codes in the Gamma 

calculations (Properties/Methods/Selected methods). For more 

details, see the Solution ID-37674 at the Aspen Tech Support 

Web page [94]. 

We have successfully applied COSMO-based/Aspen Plus 

(Aspen HYSYS) procedure to the design and analysis of new 

different processes using ILs: absorption of toluene in 

packed/tray columns [149], absorption refrigeration cycles 

[151, 284], aromatic−aliphatic separation by liquid−liquid 

extraction [148, 150, 154], extractive distillation [127], 

acetylene purification [285] and CO2 capture by physical 

absorption [144, 153]. In addition, the technical and economic 

impact of the solvent regeneration by distillation [126] in 

different processes was evaluated.  

From these works, three main results should be 

highlighted: (i) COSMO-based/Aspen Plus (or Aspen HYSYS) 

approach providing reasonably property predictions for ILs and 

their mixture with conventional chemical compounds [126, 

148, 151, 154, 284]; (ii) the competitiveness of the equipment 

designs reached compared to those supported by regressive 

thermodynamic models like NRTL [127] (which involves a 

previous fitting of the model parameters); and (iii) the high 

capacity of the procedure to deal with multicomponent 

mixtures and complex process models [144, 148, 150]. 

In summary, it is technically and methodologically possible 

both to create non-database IL components and to specify the 

COSMOSAC property model, solely using the information 

generated by a priori computational methods, in order to carry 

out process simulations and optimizations capable to solve the 

typical problems at the initial stages of the process engineering 
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with adequate level of accuracy. However, doing that every time 

(for each individual process simulation) is a large-time-

consuming task and a clear source of errors by the data 

manipulation. For this reason, we decided creating a pure 

component type Enterprise Database of ILs to be used with the 

programs of the AspenONE suite. Along with this, the 

COSMOSAC property model to calculate the activity coefficients 

of the components in a mixture was selected. This database was 

named ILUAM.  

In this introductory chapter, the ILUAM database contents 

and its creation process are described. Details on the (i) 

compound identification, (ii) IL pseudocomponent creation in 

Aspen Properties and COSMOSAC property model 

specification, and (iii) computational and experimental data 

used in the database creation. Furthermore, it was verified the 

correct incorporation of the ILs as new components in the 

Aspen Properties environment (database validation). For this, 

the values of some selected properties for the pure ILs were 

calculated by Aspen Plus simulations and compared to the 

experimental values obtained under the same operating 

conditions. In these simulations, IL components were selected 

from the ILUAM database after being properly registered as a 

new Aspen Physical Property Database in Aspen Properties. The 

properties tested were chosen according to their importance in 

the calculations corresponding to the Conceptual and Basic 

Engineering: density, surface tension, heat capacity, and 

thermal conductivity. Later, the performance of the ILUAM01 

database to describe the thermodynamic properties of mixtures 

including ILs and common chemical compounds was 

overviewed attending to available vapor-liquid, and 

liquid-liquid phase equilibrium data (654 points) and the 

activity coefficients at infinite dilution of 11 remarkably 

different solutes in ILs (780 points).  
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4.2. Database description 

4.2.1. Generalities 

The first version of the Enterprise Ionic Liquids Database 

(ILUAM01) contains 100 common ILs (Table 4.1), composed by 

30 cations and 23 anions with different structures. It has been 

created using information mainly obtained by a priori 

computational approaches based on COSMO and COSMO-RS 

methods. The database contains four separated databanks 

(Table 4.2) combining two different criteria: i) the molecular 

model used to describe the IL compounds in COSMO and 

COSMO-RS calculations. Ion pair (CA) and independent ions 

(C+A) structures have been considered [169] and, ii) the 

inclusion (or not) of the experimental viscosity-to-temperature 

dependence through Arrhenius equation [12], which improves 

the component definition in the case of rate-controlled 

operations. ID tags (CA) and (C+A) account for the molecular 

model to describe the IL components whereas EQ and RB labels 

indicate the use of the corresponding databank appropriate for, 

respectively, equilibrium or kinetic mass transfer controlled 

process simulations.  

EQ-labeled databases include only computational COSMO 

and COSMO-RS information for creating the IL 

pseudocomponents and, correspondingly, they are 

recommended only for equilibrium-based calculations. RB-

targeted ones contain the parameters of the Andrade´s equation 

following the Aspen Properties protocol, being suitable for rate-

based calculations where the effect of the fluid transport 

properties is determinant [144, 149, 153] as will be observed in 

chapter 6 of this thesis.  
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Table 4.1 List of ILs included in ILUAM01 database with the assigned 
ID and common IL nomenclature. 

# IL ID Name  # IL ID Name 
1 C105A104 [mmim][NTf₂]  51 C145A101 [1b2mmim][BF₄] 

2 C105A203 [mmim][MeCOO]  52 C145A104 [1b2mmim][NTf₂] 
3 C105A70B [mmim][MeSO₄]  53 C202A70B [mpy][MeSO₄] 

4 C106A101 [emim][BF₄]  54 C203A104 [epy][NTf₂] 
5 C106A104 [emim][NTf₂]  55 C203A703 [epy][TfO] 

6 C106A107 [emim][FEP]  56 C203A70C [epy][EtSO₄] 
7 C106A203 [emim][MeCOO]  57 C205A101 [bpy][BF₄] 

8 C106A501 [emim][SCN]  58 C205A104 [bpy][NTf₂] 

9 C106A502 [emim][DCN]  59 C205A703 [bpy][TfO] 
10 C106A503 [emim][TCM]  60 C207A104 [hxpy][NTf₂] 

11 C106A504 [emim][B(CN)₄]  61 C209A101 [opy][BF₄] 
12 C106A603 [emim][(Me)₂PO₄]  62 C209A104 [opy][NTf₂] 

13 C106A604 [emim][(Et)2PO₄]  63 C20BA104 [3mepy][NTf₂] 
14 C106A60D [emim][MePO₃]  64 C20BA70C [3mepy][EtSO₄] 

15 C106A703 [emim][TfO]  65 C20CA101 [3mbpy][BF₄] 

16 C106A70B [emim][MeSO₄]  66 C20CA104 [3mbpy][NTf₂] 
17 C106A70C [emim][EtSO₄]  67 C20CA502 [3mbpy][DCN] 

18 C106A712 [emim][OcSO₄]  68 C20CA503 [3mbpy][TCM] 
19 C108A001 [bmim][Cl]  69 C20DA104 [3mhxpy][NTf₂] 

20 C108A101 [bmim][BF₄]  70 C20FA101 [3mopy][BF₄] 
21 C108A102 [bmim][PF₆]  71 C20FA104 [3mopy][NTf₂] 

22 C108A104 [bmim][NTf₂]  72 C212A104 [(EtOH)py][NTf₂] 

23 C108A105 [bmim][BETI]  73 C218A104 [(PrOH)py][NTf₂] 
24 C108A203 [bmim][MeCOO]  74 C22FA104 [dcpy][NTf₂] 

25 C108A20B [bmim][TFA]  75 C303A606 [empyr][EtPO₃] 
26 C108A211 [bmim][BzCOO]  76 C304A104 [prmpyr][NTf₂] 

27 C108A501 [bmim][SCN]  77 C305A104 [bmpyr][NTf₂] 
28 C108A502 [bmim][DCN]  78 C305A107 [bmpyr][FEP] 

29 C108A503 [bmim][TCM]  79 C305A502 [bmpyr][DCN] 

30 C108A504 [bmim][B(CN)₄]  80 C305A503 [bmpyr][TCM] 
31 C108A703 [bmim][TfO]  81 C305A607 [bmpyr][BuPO₃] 

32 C108A70B [bmim][MeSO₄]  82 C305A703 [bmpyr][TfO] 
33 C108A712 [bmim][OcSO₄]  83 C305A70B [bmpyr][MeSO₄] 

34 C10AA001 [hxmim][Cl]  84 C307A608 [hxmpyr][HxPO₃] 

35 C10AA002 [hxmim][Br]  85 C309A609 [ompyr][OcPO₃] 
36 C10AA101 [hxmim][BF₄]  86 C501A104 [Choline][NTf₂] 

37 C10AA102 [hxmim][PF₆]  87 C51EA104 [N1114][NTf₂] 
38 C10AA104 [hxmim][NTf₂]  88 C523A104 [N2226][NTf₂] 

39 C10AA107 [hxmim][FEP]  89 C52CA104 [N2225][NTf₂] 
40 C10AA502 [hxmim][DCN]  90 C531A104 [N1444][NTf₂] 

41 C10AA504 [hxmim][B(CN)₄]  91 C534A104 [N2228][NTf₂] 

42 C10AA70B [hxmim][MeSO₄]  92 C536A104 [N222,12][NTf₂] 
43 C10CA001 [omim][Cl]  93 C53DA104 [N1888][NTf₂] 

44 C10CA101 [omim][BF₄]  94 C607A70B [P1444][MeSO₄] 
45 C10CA102 [omim][PF₆]  95 C611A001 [P666,14][Cl] 

46 C10CA104 [omim][NTf₂]  96 C611A002 [P666,14][Br] 
47 C10EA104 [dcmim][NTf₂]  97 C611A104 [P666,14][NTf₂] 

48 C115A101 [(EtOH)mim][BF₄]  98 C611A107 [P666,14][FEP] 

49 C115A104 [(EtOH)mim][NTf₂]  99 C611A502 [P666,14][DCN] 
50 C144A104 [1m2mprim][NTf₂]  100 C612A002 [P8888][Br] 
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4.2.2.  IL identification 

Creating a database of pure ILs for Aspen Properties entails 

a formal challenge related with the component identification. 

The IUPAC name of these compounds is, usually, very large and 

cannot be hosted in the eight alphanumeric characters 

FORTRAN format used by Aspen Properties to identify the 

components. Alternative nomenclature employed with ILs is 

somewhat confuse and arbitrary and, finally, abbreviations 

used to designate them is not unique. Thus, the unequivocal 

identification of these components in the ILUAM01 database 

demanded an alternative solution. Each IL included in the 

current database has its own and characteristic ID, composed 

by four characters for the individual ions (cation and anion).  

The first letter indicates the cation (C) or the anion (A), the 

second character represents a general classification of the 

compound in different families (see Table 4.2), and the last two 

characters correspond to a hexadecimal number (see Appendix 

A). The identification information (ID, IUPAC name and 

abbreviations) can be read in Aspen Plus when both the 

components are selected and the stream compositions are 

specified. 

Table 4.2 Ion identification in the ILUAM01 database 

Cations Anions 

ID Family ID Family 

1 Imidazolium 0 Halide 

2 Pyridinium 1 Fluorinated 

3 Pyrrolidinium 2 Carboxylate 

4 Piperidinium 3 Metal 

5 Ammonium 4 AHA 

6 Phosphonium 5 CN-based 

7 Sulfonium 6 P-based 

8 Morpholinium 7 S-based 

9 Quinolinium 8 Amino-acid 

F Other F Other 

 



Section II. Process Simulation 

132 

4.2.3. IL pseudocomponent creation and 
COSMOSAC property model specification.  

IL new components have been generated as 

pseudocomponents through Aspen Plus specifying their 

molecular weights, normal boiling temperatures (NBP) and 

densities (at 60 ºF). The remaining physical and 

thermodynamic properties, necessary to completely define the 

IL components, were automatically estimated using the API-

recommended procedures plus Aspen Physical Property System 

modifications (Aspen Tech and API procedures) as implemented 

by default in the Aspen Plus [286]. In order to support 

COSMOSAC property calculations, six additional parameters 

for every individual IL were added: the molecular volume and 

the sigma-profile (which collects the polarized charge by the 

effect of a conductor, describing the chemical nature of IL and 

anticipating its behavior as component in a mixture) values, 

separated in five sets of 12 points each: CSACVL and SGPRF1 

to SGPRF5, respectively, according to the Aspen Property 

nomenclature. Normal boiling temperatures, densities, 

molecular volumes and sigma-profiles were obtained by 

COSMO-RS calculations (see “Computational data” section). 

The ILUAM01-(CA)-RB and ILUAM01-(C+A)-RB databanks also 

include information on the experimental viscosity-to-

temperature dependence, specified by using a two-parameter 

(Arrhenius type) Andrade’s equation fitted to available 

experimental data (see “Experimental data” section). Figure 4.1 

shows the information flow used in this work to both create 

non-databank IL components and specify the COSMOSAC 

property model. 

 

 

 



Chapter 4. ILUAM: A COSMO/Aspen Database of Ionic Liquids 

133 

4.2.4. Computational data.  

The molecular geometries of the ionic pairs [CA models] and 

the corresponding individual ions [C+A models] were optimized 

at the BP86/TZVP [88-91] computational level considering 

solvent interactions through the COSMO continuum solvation 

method [82] as default way proposed by COSMOlogic [80, 169]. 

Independent ions [C+A model] and ion pair [CA model] 

structures were optimized. Because in Aspen Properties the ILs 

are created as single compounds, the C+A model refers to using 

the COSMO information relative to the independent ions 

calculation in COSMOtherm (as explained in the chapter 1 of 

this thesis) and to defining the σ-profile as the sum of the σ-

profile of the ions. Conformer with the lowest electronic energy 

were selected for each IL to be included in ILUAM01 database. 

Vibrational frequency calculations were performed in all the 

cases to confirm the presence of an energy minimum. The 

polarized charge distribution on the molecular surface was 

saved after optimization in a .cosmo file. All the quantum-

chemical calculations as well as the .cosmo file generation were 

done using Turbomole 7.2 software [86]. COSMOtherm program 

package version C30_1201 [287] with BP_TZVP_C30_1201 

parametrization was used to perform COSMO-RS calculations 

based on finding that the best results are obtained with this 

version of the software, obtaining the required NBP, density, 

molecular volume and the sigma-profile values in Figure 4.1. 
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4.2.5. Experimental data.  

The experimental viscosity database for regressing the 

parameters (A and B) of the Andrade’s equation was obtained 

from the NIST Standard Reference Database ILthermo [57]. All 

the data collected were filtered prior to the statistical fitting in 

order to ensure information of liquid phase measurements in a 

pressure range between 50 and 150 kPa (almost atmospheric 

pressure). Viscosities for the whole temperature range available 

for each IL were taken. In order to obtain reliable viscosity-to-

temperature data a statistical refining was done following the 

procedure described below.  

COSMO-RS (using COSMOtherm)

MW NBP Density CSACVL SGRPRF1-5

Pseudocomponent
COSMOSAC 

Property method

ASPEN

PROPERTIES

Experimenal viscosity vs temperatura data

Andrade’s equation (A and B) parameters

MOLECULAR STRUCTURE

Quantum Chemical calculations

Only RB-database

Figure 4.1 Information flow used in the IL pseudocomponent creation 

and the COSMOSAC property model specification 
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First, all data for each IL were fitted to Andrade’s equation 

reduced to two parameters (A and B), Arrhenius type, equation. 

When fulfilling the two criteria of having five or more points (N) 

and R2 equal to or greater than 0.98, the parameters A and B 

for the equation were saved. When R2 was lower than 0.98, 

confidence bands (with α=0.05) were built and all the outliners 

were rejected (viscosity values discarded) from the data set and 

a new fitting with the “inside data” was done. In case that no 

outliners were discarded but R2 remained below 0.98 (Nf = Ni), 

the adjustment could not be further improved, so the data set 

was discarded. This procedure was applied iteratively until the 

acceptation conditions were fulfilled or the data set was 

rejected. After refining, 2634 data points (taken from 198 

references) were preserved and included in RB-databanks of 

ILUAM01. Experimental data for other properties (density, 

surface tension, heat capacity and thermal conductivity) of 

pure ILs -used in this work for validating the adequate 

incorporation of the ILs, through ILUAM01 database, as 

components in AspenONE process simulators- were also 

collected (and adequately filtered) from the ILthermo. The 

experimental database managed in this work is summarized in 

Table 4.3.  

Table 4.3 Number of experimental data points/ ILs/ references 
included in ILUAM01 database validation. 

Density 
Heat 

capacity 
Surface 
tension 

Thermal 
cond. 

Viscosity 

8378/99/546 4132/59/68 2257/71/100 318/33/11 3761/100/278 
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4.3. ILUAM01 database validation 

In order to check the successful incorporation of the IL 

components in AspenOne process simulator through ILUAM01 

database, simple simulations were carried out using Aspen 

Plus to calculate thermo-physical and transport properties of 

the pure ILs. The properties tested were density, surface 

tension, heat capacity and thermal conductivity; all of them 

commonly used in process simulations corresponding to 

Conceptual and Basic Engineering. Regarding these properties, 

it should be remarked that their Aspen Plus calculations are 

merely predictive, since (unlike the viscosity) no experimental 

information was used. In the validations, the calculated values 

were compared to the available experimental data (see 

“Experimental data” section and Table 4.3) at atmospheric 

pressure and temperatures in the interval 0-100 ºC. 

Table 4.4 Mean absolute error (MAPE) of property predictions for pure 
ILs in ILUAM01 database using COSMO-based/Aspen Plus Approach 
at 25 ºC 

MAPE (%) 

ILUAM01 
Databank 

Density 
(N=99)* 

Heat 
capacity 
(N=59)* 

Thermal 
conductivity 

(N=33)* 

Surface 
tension 
(N=71)* 

Viscosity 
(N=100)* 

(CA)-EQ 1.6 13.7 12.8 57.3 8·1014 

(CA)-RB 1.6 13.7 12.8 57.3 0.0 

(C+A)-EQ 1.7 19.2 13.4 51.1 4·109 

(C+A)-RB 1.7 19.2 13.4 51.1 0.0 
* N: number of used experimental data 

Table 4.4 collects the mean absolute errors (MAPE, %) of 

the COSMO-based Aspen Plus predictions using the different 

ILUAM01 databanks at 298 K. As can be seen, with 

independence of the computation approach used, errors are low 

for density, reasonable for heat capacity and thermal 

conductivity but somewhat elevated for surface tension.  
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In this regard, it should be indicated that several authors 

reported the remarkable experimental dispersion of available 

data for heat capacity and, particularly, thermal conductivity 

and surface tension of ionic liquids, due to sample impurity and 

other factors [25, 288]. In the particular case of the surface 

tension, it should also be considered that the model used by 

default in Aspen Plus has shown low predictability for common 

chemical compounds as discussed elsewhere [289]. On the 

other hand, small differences were observed when using (CA) 

and (C+A) molecular models to describe the IL compound (Table 

4.4); being obtained that (CA) model provides more accurate 

predictions of pure IL properties, with the exception of the 

surface tension. As expected, introducing experimental 

viscosity-to-temperature dependence in IL component 

definition (RB databanks) does not affect the predictions of 

density, heat capacity, surface tension and thermal 

conductivity, since the property models used to describe these 

properties do not depend on viscosity. Table 4.4 also includes 

the viscosity estimations of ILs by COSMO-based/Aspen Plus 

approach using EQ-based databanks. The unacceptable error 

obtained demonstrate the need of using experimental-based 

viscosity definition included in RB-labeled databanks when 

ILUAM01 is used in rate-controlled operations.  
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Figure 4.2 compares the experimental and calculated 

property values of pure of ILs at 298 K obtained with COSMO-

based/Aspen Plus approach using ILUAM01-(CA)-EQ 

databank. For density and heat capacity, the different families 

of ILs with common anion follow a similar trend (linear 

regression of calculated-experimental data close to 1), 

observing higher dispersion for heat capacity values, in 

concordance with the higher mean absolute error of Table 4.4.  

In the case of thermal conductivity, higher dispersion is 

observed, particularly for the cases of ILs with anion based on 

cyano functional group ([DCN]- and [B(CN)4]-), which are clearly 

overestimated. As expected, the data dispersion for surface 

tension is high and no clear experimental-calculated linear 
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Figure 4.2 Comparison of experimental property values of IL at 298 K 
to those calculated by COSMO-based/Aspen Plus approach using 

ILUAM01-(CA)-EQ databank. 
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relationship is found, obtaining high mean absolute errors 

(Table 4.4). Figure 4.3 presents the MAPE values of IL property 

values calculated by COSMO-based/Aspen Plus approach 

using ILUAM01-(CA)-EQ databank in function of temperature 

(0-100 ºC). As can be seen, the accuracy of COSMO-

based/Aspen Plus predictions is not strongly affected by 

temperature.  

In sum, the validation performed demonstrates that the 

ILUAM01 database (including four databanks) can be 

successfully used in Aspen Plus, obtaining a description of the 

IL components with adequate level of accuracy to be used in 

simulations for the conceptual design of new processes based 

on ILs. This conclusion can be extended to Aspen HYSYS 

calculations, where the database ILUAM01 and the 

COSMOSAC model can be selected from the Aspen Property 

system thanks to its integration at the AspenONE suite. 

The performance of COSMO-based/Aspen Plus (Aspen 

HYSYS) methodology to describe the thermodynamic behavior 

of multiphasic systems involving ILs and conventional chemical 
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Figure 4.3 Mean absolute percentage errors (MAPE) of COSMO-
based/Aspen property predictions using ILUAM01-(CA)-EQ in 

function of operating temperature 
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compounds has been evaluated in previous works. The 

obtained predictability of COSMO-based/Aspen Plus (Aspen 

HYSYS) approach for phase equilibrium data of IL mixtures is 

illustrated in Table 4.5, including gas-liquid (GLE), vapor-liquid 

(VLE) and liquid-liquid (LLE) cases. It is observed that this 

computational approach provides reasonably property 

predictions for ILs and their mixture with conventional 

chemical compounds, at least with the level of accuracy 

required for first stage of process development. As can be seen, 

the obtained mean absolute percentage error (MAPE) depends 

on both the type of phase equilibrium system and the molecular 

model used to describe the ILs [VLE: 13% (CA), 22% (C+A); LLE: 

11% (CA), 21% (C+A); GLE: 24% (CA)], in general obtaining 

better results with ion-pair structures (CA) than with 

independent ions (C+A) model. 
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Table 4.5 MAPE of calculated phase equilibrium data for IL mixtures 

 

 

In order to perform a wider evaluation of COSMO-

based/Aspen Plus (Aspen HYSYS) performance to describe the 

thermodynamics of IL mixtures, Figure 4.4 compares the 

experimental (from ILthermo database) and predicted values 

(780 data points) of activity coefficient at infinite dilution (γ∞) of 

11 representative chemical compounds (benzene, toluene, 

Reference/ 
Equilibrium 

phase 
Components 

Temp. 
(ºC) 

# 
points 

MAPE (%) 

CA C+A 

[126, 127, 
150] 

 
Vapor-
Liquid 

equilibrium 

Water/[emim][NTf2] 80 6 7.5 2.2 

Methanol/[emim][EtSO4] 30 14 1.8 6.8 

Methanol/[hxmim][NTf2] 30 30 4.5 19.5 

Methanol/[mmim][Me2PO4] 30 28 12.4 7.6 

Ethanol/[emim][NTf2] 70 28 16.0 28.9 

Ethanol/[hxmim][NTf2] 70 28 16.4 35.2 

2-propanol/[bmim][NTf2] 80 32 11.3 24.8 

2-propanol/[emim][NTf2] 80 35 21.0 34.7 

Acetone/[bmim][NTf2] 80 31 2.4 19.7 

Acetone/[emim][NTf2] 80 29 15.9 26.5 

THF/[emim][NTf2] 40 37 34.9 34.9 

Thiophene/[bmim][PF6] 80 4 18.7 19.4 

Benzene/[bmim][PF6] - 7 6.9 25.8 

Benzene/[bmim][NTf2] - 38 5.4 - 

Benzene/[emim][NTf2] - 38 5.2 18.8 

Benzene/[mmim][NTf2] - 35 19.7 22.7 

[127, 148] 
 

Liquid-
liquid 

equilibrium 

Hept/Tol/[emim][NTf2] 25 10 6.5 - 

Hex/Benz/[emim][NTf2] 25 9 21.0 - 

Hex/Benz/[emim][NTf2] 40 9 21.5 - 

Hex/Benz/[bmim][NTf2] 25 12 9.3 - 

Hex/Benz/[omim][NTf2] 25 9 10.0 - 
Hept/Tol/[emim][TfO] 40 14 2.8 - 

Hept/Tol/[4mbpy][BF4] 40 14 10.1 - 

Hept/Tol/[4mbpy][BF4] 75 13 6.5 - 

Hex/Ben/[4mbpy][BF4] 40 8 12.3 - 

Hex/Benz/[4mbpy][BF4] 60 8 11.0 - 

Oct/Et.benz/[4mbpy][BF4] 40 8 8.8 - 

[144] 
 

Gas-liquid 
equilibrium 

CO2/[bmim][BF4] 9-75 36 26.5 - 
CO2/[bmim][PF6] 10-75 36 36.9 - 
CO2/[hxmim][NTf2] 8-75 36 15.9 - 
CO2/[hxmim][FEP] 25-70 12 18.2 - 
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heptane, 1-heptene, dibutylether, pyridine, formaldehyde, 

acetone, acetic acid and water) in several ionic liquids at 

different temperature (293-373 K), for the case of using 

ILUAM01-(CA)-EQ databank and COSMO-SAC equation (Code 

1) of COSMOSAC property model (Figure S. E-II and Figure S. 

E-I pag. 259 in Appendix E for other cases).  

Table 4.6 collects the results of statistical analysis from 

fitting calculated to experimental γ∞, using different molecular 

models and COSMO-based equation of COSMOSAC property 

model. As can be seen, COSMO-based/Aspen Plus (Aspen 

HYSYS) approach predicts reasonably -without using 

experimental data- the thermodynamic behavior of mixtures 

including ILs, describing as positive as negative deviations from 

ideality and also ideal behaviors. Even when the average error 

of predicted activity coefficient of γ∞ at infinite dilution (Table 

4.6) are larger than those error found for GLE, VLE and LLE 

data of real IL mixtures (Table 4.5), COSMO-based/Aspen Plus 

(Aspen HYSYS) methodology successfully describes the effect of 

the chemical nature of the components on IL mixture 

properties, fact of great interest in the selection of IL as 

adequate solvent is new chemical processes.      
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Figure 4.4 Activity coefficient at infinite dilution (γi
∞) of conventional 

chemical compounds in ILs at 293-373K temperature range predicted 
by COSMO/Aspen methodology using COSMO-SAC equation  (code 

1) with ILUAM CA-EQ (A) and C+A-EQ (B) databases.  
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Table 4.6 Statistical results from comparing experimental and 
calculated activity coefficients at infinity dilution values (780 data 
points) of  11 solutes in 21 ILs at 293-373 K temperature range by 
using ILUAM databanks in COSMO-based/Aspen Plus approach. 

  Linear regression  

Equation IL model Slope Intercept R2 MAPE (%) 

COSMOSAC 
(Code 1) 

CA 0.49 -0.10 0.892 45.5 

COSMO-RS 
(Code 2) 

CA 0.32 -0.34 0.850 57.4 

Lin & Mathias 
(Code 3) 

CA 0.44 -0.17 0.911 50.6 

COSMOSAC 
(Code 1) 

C+A 0.70 0.087 0.845 51.9 

COSMO-RS 
(Code 2) 

C+A 0.44 -0.256 0.816 50.8 

Lin & Mathias 
 (Code 3) 

C+A 0.62 -0.053 0.870 44.2 

 

4.4. Conclusions 

As we noted, COSMO-based/Aspen Plus (Aspen HYSYS) 

approach has been already successfully applied to the study of 

several processes involving ILs, mainly centered on separations 

of mixtures. Simulations were performed without problems of 

consistency related IL incorporation as pseudocomponent. 

Furthermore, using COSMOSAC property model allows 

describing the thermodynamics of the mixtures with ILs 

without calculation errors. As a result, COSMO-based/Aspen 

Plus (Aspen HYSYS) simulations were perform to design 

individual operation units (mixers/splitters, separator, 

exchangers, pressure changers, columns, etc.) with systems 

including ILs using the available models in AspenONE process 

simulators. It should be emphasized that such previous studies 

were always done including a limited number of ILs, mainly 

selected attending to their separation capacity. ILUAM01 

database offers the opportunity of performing systematic 

evaluation of potential industrial applications of ILs. 
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Chapter 5.  
Absorption 

refrigeration cycles 
with ionic liquids 

 

The COSMO-based/Aspen HYSYS methodology has been used to 

perform an extensive thermodynamic evaluation of the application of 

ionic liquids (ILs) in absorption refrigeration cycles. Applying this 

methodology, 7200 systems formed by 900 ILs and 8 refrigerants, 

representative of commercial ILs and refrigerant, were evaluated, 

which would be otherwise unviable due to the lack of experimental 

data. Firstly, a COSMO-RS analysis was carried out for the 

preliminary selection of suitable ILs as absorbents for each system, 

by means of predicted values of Henry’s constants of refrigerants in 

ILs. Selected ILs were introduced in Aspen HYSYS simulator by using 

the molecular information by COSMO-RS. The reliability of COSMO-

based/Aspen HYSYS calculations was successfully validated by 

comparison to experimental data (> 2700 points) of pure and mixture 

properties of IL-refrigerant systems. Then, the performance of selected 

ILs (and other proposed in the bibliography) in absorption 

refrigeration cycles was evaluated by process simulations (> 230 

refrigerant/IL pairs studied at 60 different operating conditions) using 

COSMO-based/Aspen HYSYS methodology. Cycle efficiency was 

analyzed in terms of the coefficient of performance (COP), solution 

circulation ratio (f ) and the total mass flow required, a new parameter 

proposed to compare the results with different refrigerants. COSMO-

based/Aspen HYSYS methodology allowed the selection of adequate 

refrigerant-absorbent pairs (refrigerant with high cooling capacities 

and IL with absorption capacity) competitive to conventional systems 

as H2O/LiBr or NH3/H2O. Furthermore, the analysis of operating 

condition effects by COSMO-based/Aspen HYSYS methodology allows 

selecting refrigerant/IL pairs with maximum efficiency in the cycle for 

a fixed cooling  temperature, revealing additional advantage of the 

applications of IL in absorption refrigeration technologies
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5.1. Introduction: 

owadays, cooling systems are an essential technology 

in the domestic and industrial sectors, such as food 

preservation, air conditioning, air separation, natural 

gas liquefaction, ice production [290]. The two most common 

refrigeration systems used in domestic and industrial 

applications are compression and absorption refrigeration 

systems. In compression cycles, an electrical compressor is 

used to increase the pressure of refrigerant. In contrast, in 

absorption refrigeration systems, the refrigerant is absorbed in 

another fluid (absorbent) and pumped to the condenser 

pressure [291]. In the generator Figure 5.1, a heating source 

provides the energy required to vaporize the refrigerant. 

Because of this, the main energy consumption of an absorption 

cycle is cheaper than the electric power used in compression 

cycles. In absorption refrigeration, the use of thermal energy to 

generate the refrigerant vapor allows the use of residual energy 

(e.g. combustion gases, low quality steam, etc.) and renewable 

energy (solar, geothermal) [292, 293]. For this reason, 

absorption refrigeration cycles are becoming an attractive 

alternative to compression cycles. 

N 

Figure 5.1 Flowsheet of a single effect absorption refrigeration cycle. 
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Regarding the fluids involved in absorption refrigeration 

system, the refrigerant selection is crucial because it 

determines the operating conditions and cycle performance 

[294, 295]. Water is a good refrigerant because it presents high 

enthalpy of vaporization and low molecular weight; 

consequently, water presents high cooling capacity per mass 

unit of refrigerant. Water is a nontoxic, nonflammable 

compound; however, it has a high triple point temperature (0°C) 

and the requirement to operate at pressures below atmospheric 

due to its low vapor pressure are the main disadvantages of 

using water as refrigerant [294]. Absorption refrigeration cycles 

using H2O as refrigerant and LiBr as absorbent present high 

performance, due to the high solubility of H2O in the LiBr 

mixture and the high water mass cooling capacity (high 

vaporization enthalpy). The main disadvantages of H2O-LiBr 

systems are the crystallization of the mixture in the rich-

absorbent solution at low temperatures, the low-pressure of the 

system and the impossibility to work at temperatures below 

0°C. As alternative refrigerant/absorbent pair, NH3/H2O 

system can work at temperatures below 0°C. In fact, NH3/H2O 

absorption system is used in refrigeration applications at -77°C 

and NH3 as refrigerant allows working at pressures near 4-20 

bar [296]. The main problem with mixture is the small 

difference in volatility between the compounds, which may 

imply the use of a rectifier to prevent the presence of absorbent 

into the evaporator [297]. Other compounds evaluated as 

refrigerant in absorption cycles are alcohols with short alkyl 

chains (methanol, ethanol) and fluoroalcohols, which work at 

low pressures. Examples of fluoroalcohols used as refrigerants 

are 2,2,2-trifluoroethanol (TFE), 2,2,3,3-tetrafluoropronanol 

and hexafluoroisopropanol, which are non-corrosive and non-

combustible and have appropriate characteristics [295]. On the 

other hand, hydrofluorocarbons (HFCs) are widely used in 

compression refrigeration systems since they have good 

technical properties allowing moderate operating pressures but 

these compounds contribute to global warming.  
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The selection of the refrigerant can also influence the 

required operations involved the refrigeration cycle. In fact, 

using water as refrigerant involves working at temperatures 

above 0°C and negative system pressure; in addition, 

water/LiBr crystallization must be prevented. If the selected 

refrigerant is ammonia, depending on the chosen absorbent a 

rectifier may be necessary. Regarding the properties of the 

absorbent, it should be a fluid with a low vapor pressure to 

prevent its evaporation in the generator, thermally and 

chemically stable with a low freezing temperature and low 

viscosity to reduce the transport energy expenses and improve 

the mass and energy transfer. In addition, the refrigerant must 

present high solubility in the selected absorbent to minimize 

the operating and investment costs. In sum, it is well stated 

that the adequate selection of both the refrigerant and the 

absorbent are crucial for the suitable performance of the 

absorption refrigeration system [291, 294, 295, 298].  

Consequently, the research in this field is focused on 

finding more efficient and environmentally friendly absorption 

refrigeration compounds, searching for alternative 

refrigerant/absorbent pairs with improved properties [29, 297, 

299]. Ionic liquids (ILs) are potential candidates to replace 

traditional absorbents, due to their high absorption capacity of 

the common refrigerants, very low vapor pressure and good 

thermal stability [1, 299-301]. The low volatility of ILs allows for 

a good refrigerant/absorbent separation in the generator, so 

advanced separation equipment is not necessary to achieve the 

separation of the pure refrigerant [50]. In this regard, Shiflett 

and Yokozeki patented the application of ILs as absorbents in 

absorption refrigeration systems [29]. They proposed using 

Freon, H2O, NH3 or CO2 as refrigerants and ILs, such as 

H2O/[emim][BF4] [302], NH3/[N11H(EtOH)][MeCOO] [50], as 

absorbents (see Appendix A in page 225 for IL nomenclature). 

These studies included the evaluation of the thermodynamic 

performance of the absorption refrigeration cycles in terms of 

the solution circulation ratio (f ratio) and the coefficient of 

performance (COP) as common thermodynamic efficiency 
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parameters of the cycle usually used. The results revealed that 

the selection of the IL had a significant influence on the 

performance of the system. Finally, they compared their results 

with conventional system and founded that the COP was 

slightly lower that the H2O/LiBr system, concluding that ILs 

may be good absorbents for refrigeration systems. Kim et al. 

[23] evaluated additional refrigerant/IL working pairs for 

absorption refrigeration cycles and heat pumps, proposing 

TFE/[bmim][Br] and TFE/[bmim][BF4] systems as adequate 

candidates. The analysis of these two systems related their 

good refrigeration cycle performance to the favorable 

intermolecular interactions between the refrigerant and 

absorbent IL. Lately, Wang et al. [303] considered the 

absorption cycles using TFE as refrigerant and [bmim][Br] as 

absorbent, modeling a parallel double effect absorption cycle. 

Martin et al. [304] discussed the potential use of ILs with CO2, 

analyzing the thermodynamic behavior of the absorption 

refrigeration cycle in terms of COP value related to the phase 

equilibrium data of the system. However, due to the necessity 

to operate at a higher circulation ratio, the COP was lower than 

the conventional NH3/H2O system value. Zhang et al.[305] also 

simulated the thermodynamic performance of a heat pump 

using H2O/[emim][(Me)2PO4] and H2O/[mmim][(Me)2PO4] 

systems as working pairs, and compared the results with the 

H2O/LiBr system. The results indicated that the COP of 

H2O/[emim][(Me)2PO4] and H2O/[mmim][(Me)2PO4] systems 

were slightly lower than that of the H2O/LiBr system. 

The Rovira i Virgili University team led by Prof. Coronas 

researched the NH3/ILs refrigeration systems resulting in a 

doctoral thesis in where different ILs were evaluated (including 

[EtOHmim][BF4]) adjusting experimental measurements to the 

NRTL thermodynamic model and simulating the refrigeration 

cycle in Aspen Plus process simulation software to calculate the 

efficiency parameters [306]. Other authors followed similar 

methodologies to simulate absorption refrigeration or heat 

pump cycles with ILs using equation of state (EOS) or activity 

models such as NRTL [295, 298, 307-314]. 
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Boman et al. [315] made an extensive and remarkable 

study, in that work, they used a large amount of experimental 

data of several refrigerants with traditional absorbents and 

ionic liquids and evaluated to evaluate and discuss the 

thermodynamics and performance of the systems. Despite the 

above pioneer studies on the application of ILs to absorption 

refrigeration cycles, the number of investigated ILs as the 

potential absorbent is still scarce considering to the increasing 

number of cation-anion combinations commercially available. 

In this context, the application of consistent theoretical 

methods for the prediction of the thermodynamic properties of 

refrigerant/IL absorbent systems is of great interest. First, fast 

and reliable calculations would allow performing systematic 

studies to evaluate both refrigerant and absorbent effects on 

the cycle performance as well as to compare the behavior of the 

refrigerant/IL absorbent pair with traditional systems. Second, 

predictive methods would provide a preliminary selection of 

adequate refrigerant/IL absorbent pairs to perform the required 

experimental studies, minimizing the time and economic costs.  

In this field, COSMO-based methods, such as COSMO-RS 

[78, 80, 83] and COSMO-SAC [95], have been well established 

as an affordable approach to predict the thermophysical 

properties of IL-containing systems, on the basis of quantum 

chemical calculations. The COSMO-based methods are a priori 

methods that predict thermodynamic properties of fluid 

mixtures by solely using the molecular surface polarity 

distributions of the individual compounds. COSMO-RS 

methodology has been successfully used to study the 

absorption of various compounds in ILs such as NH3 [108, 151], 

CO2 [118, 119], toluene [149], acetone [221], alkenes [110, 285] 

and other volatile organic compounds [51]. In fact, several 

publications have shown the general suitability of the COSMO-

RS method to predict the solubilities and Henry’s law constants 

of several gases in ILs [32]. An important feature is that the 

different intermolecular interactions (electrostatic forces, 

hydrogen bonding and van der Waals forces) between the 

mixture components can be quantified by COSMO-RS, 
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contributing to the interpretation of gas solubility in ILs from a 

molecular point of view [32, 51, 108, 109]. In particular, 

COSMO-based methods have been successfully applied to 

predict the absorption isotherms and other thermophysical 

properties of the mixture formed by NH3 as refrigerant and ILs 

as absorbent [108, 109, 151]. In these works, COSMO-RS 

analysis was successfully used as a guide for driving a rational 

selection of two task-specific ILs [EtOHmim][BF4] and 

[choline][NTf2] [151], which promotes solute-solvent hydrogen 

bond interactions, correspondingly enhancing the gas solubility 

in the IL. Kurnia et al. [316] used COSMO-RS to perform a 

detailed thermodynamic study of water-IL systems, involving 

several ILs; as a result, they proposed [P4444]2[Ox] and others di-

cationic ILs as absorbents showing strong interaction with 

water.  

On the other hand, nowadays, process simulation plays an 

important role in the development of new chemical processes. 

In fact, it has been demonstrated a valuable tool for 

understanding and evaluating absorption refrigeration systems 

based on conventional solvents [317-320]. However, the 

success of the process simulation relies on the accessibility and 

accuracy of physicochemical, thermodynamic and kinetic 

information for the chemicals involved. Additionally, process 

simulators could be helpful for selecting and/or designing ILs 

with optimized properties as refrigerant absorbents, taking into 

account not only thermodynamics, but also kinetic, technical 

and economic criteria [126, 150, 151]. Commercial simulators 

have large databases; however, ILs are not conventionally 

included in the databases of the commercial process simulators 

[321]. This is a severe limitation and often hinders progress and 

the effective exploration of unconventional strategies based on 

ILs [32]. 

As presented in the previous chapter, our group has 

developed a multiscale computational tool, based on the 

integration of COSMO-based molecular methods and 

AspenONE professional process simulators, for developing new 

separation processes based on ILs [126, 127, 144, 148, 150, 
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151, 153, 154, 285]. This approach allows modeling individual 

units and entire processes at different operating conditions, 

providing thermodynamic behavior evaluations, kinetic mass 

transfer control assessments, energy balance and economic 

estimations, which introduce new criteria for the best IL 

selection and allows comparing the performance to 

conventional technologies. Recently, a free access database 

(ILUAM01) of 100 common ILs to be used in AspenONE process 

simulators was published and is free accessible [321]. In a 

previous work, COSMO-based process simulations using Aspen 

Plus were successfully applied to evaluate the performance of 

NH3 absorption refrigeration cycles with ILs at different 

operating conditions [151]. It was concluded that ILs with 

higher NH3 absorption capacity provide better cycle’s 

performances and allow working with wider NH3 concentration 

range in the refrigerant-absorbent solutions.  

In this chapter, the developed multi-scale methodology is 

used to perform a systematic analysis of the potential 

applicability of ILs in absorption refrigeration cycles, involving 

an extensive set of refrigerant-absorbents pairs and 

establishing relationships between the thermodynamic 

properties and process performance as well as comparing the 

process behavior of different refrigerant-absorbent pairs. 

Firstly, COSMO-RS molecular simulations is performed to 

evaluate the absorption phenomena and the intermolecular 

interactions in refrigerant-absorbent systems. For this 

purpose, Henry’s constant is used as thermodynamic key 

parameter to assess the potential absorption of the refrigerant 

in the ILs [108-110, 151, 255], performing COSMO-RS 

screenings of this property for several refrigerants [water, 

ammonia, methanol, 2,2,2-trifluoroethanol (TFE), 1,1,1,2-

tetrafluoroethane (HFC-134a), 1,1,1,2,2-pentafluoroethane 

(HFC-125), 1,3,3,3-tetrafluoropropene (HFO-1234(ze))] over a 

wide number of IL (900). This study allows revealing the effect 

of the cation and the anion on the refrigerant gas solubility, 

providing a preliminary selection of ILs with adequate phase 

behavior as absorbents for each refrigerant. In addition, 
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COSMO-RS method is applied to analyze the refrigerant-

absorbent interactions that determine the gas solubility. The 

advantage of this methodology is that 7200 systems with 900 

ionic liquids and 8 refrigerants have been studied, something 

utterly impossible without a predictive tool. This relevant 

information, together with the analysis of pure refrigerant 

properties, allows classifying the properties of the refrigeration 

cycle systems based on ILs from a thermodynamic perspective, 

proposing a rational selection of refrigerant-IL samples with 

favorable properties for further analysis. The second step is 

focused on modeling the absorption refrigeration cycles for the 

selected refrigerant-IL absorbent systems. The predictability of 

COSMO-based/Aspen HYSYS approach was firstly validated by 

comparing theoretical and experimental thermodynamic data. 

In addition, the reliability of current computational approach is 

validated by comparing the obtained cycle performance 

parameters to those previously reported in the literature. Then, 

the influence of the properties of the refrigerant and the IL on 

the cycle performance is systematically analyzed by evaluation 

of COP, f ratio, mass cooling capacity (MCC) and the total mass 

flow required in the process, which directly affects in the cost. 

Finally, the effect of operating conditions (evaporator and 

generator temperature) on the thermodynamic cycle behavior is 

studied for the best refrigerant-IL pairs selection. Thus, an 

additional contribution of COSMO-based/Aspen HYSYS 

methodology is the possibility to select and define refrigerant/IL 

pairs with maximum efficiency in the cycle for different cooling 

temperatures. 

5.2. Computational details: 

5.2.1. Quantum chemical calculations 

The first stage in COSMO-RS calculations was to create the 

chemical structure of ILs and all the components that are not 

available in COSMOtherm [215] databases (HFC-134a, HFO-

1234(ze), 2,2,2-trifluoroethanol). TURBOMOLE v7.02 (with 

TmoleX v4.2.1 graphic interface) [214] software was used. Two 

different molecular models, ion-pair [CA] and independent ions 
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[C+ A], were used to describe the molecular structures of ILs. 

Ion-pair model [CA] optimizes the cation and anion structure 

as a whole while independent ion model [C+A] optimizes the 

structure of the cation and the anion individually, where the IL 

is treated as an equimolar mixture of cation and anion. After 

that, quantum chemical calculations were carried out to 

generate a COSMO file. The standard method used in 

COSMOtherm is B88-P86 [88, 89] (bp) functional and TZVP 

basis with RI approximation [90, 91] using COSMO solvation 

model [82]. As a result of these quantum chemical calculations, 

a COSMO file was created containing energies, geometries and 

polarization charge of the σ-surface. 

5.2.2. COSMO-RS calculations 

The COSMO-RS method with BP_TZVP_C30_1201 

parametrization was used in COSMOtherm software [287]. In 

this work, COSMO-RS method was applied with two objectives. 

First, a COSMO-RS analysis was carried out to calculate 

molecular properties of the pure compounds as the σ-profile/σ-

potential, and mixture properties such as Henry’s Law constant 

(KH) of refrigerant in ILs; additionally, COSMO-RS allowed to 

evaluate the different intermolecular interaction contributions 

to the excess enthalpy [hydrogen bond (HB), misfit (MF) and 

van der Waals (vdW)] in refrigerant/ILs equimolar mixtures. 

Based on our previous experience, [C+A] model can be 

efficiently used to screen Henry’s Law constants (and activity 

coefficients) of different solutes (refrigerants) in a wide number 

of cation-anion combinations (900 ILs as absorbent) since it 

allows minimizing the computation time. On the other hand, 

COSMO-RS information was used to create ILs 

pseudocomponents into Aspen Properties. Previous studies 

[150, 154] and the previous chapter of this thesis have shown 

that the [CA] model of IL describes more accurately the vapor-

liquid and liquid-liquid equilibria of different solutes in ILs 

using COSMO/Aspen methodology. COSMOtherm was used to 

carry out the normal boiling point (NBP), density, σ-profile and 

COSMO-volume calculations (the last two to use the 
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COSMOSAC model from Aspen Properties). The data exported 

to the simulator can be found in Table S2 of the supplementary 

material. 

5.2.3. Creating IL property package in the 
process simulator 

To implement ILs into ASPEN HYSYS v9.1 simulator, a 

property package was created in Aspen Properties v9.1. ILs 

were defined as pseudocomponents. NBP, density and 

molecular weight was the required information imported from 

COSMOtherm needed to create the pseudocomponent. 

COSMOSAC model was selected as thermodynamic model and 

gamma method was modified to use COSMOSAC-Mathias 

modification [70]. In our previous work [37], the liquid-vapor 

equilibria were adjusted to the experimental data by Henry 

component specification. In the present work, this approach 

was not performed because there is not enough available 

experimental information for the wide number of the 

refrigerant-IL systems included. Therefore, since the objective 

of this work was to systematically analyze the thermodynamic 

behavior of absorption refrigeration systems using ILs, we have 

applied a COSMO-based/Aspen HYSYS approach as explained 

in the previous chapter of this thesis, which does not need from 

any experimental data to achieve the complete prediction of the 

mixing properties of the refrigerant-IL system. σ-profile was 

specified as pure component properties SGPRF1-5 and 

COSMO-volume as CSACVL component parameter. Property 

package was generated in Aspen Plus and exported to Aspen 

HYSYS.  

5.2.4. Validation of properties and COSMO-
based/Aspen HYSYS approach 

COSMO-based/Aspen HYSYS predictability was evaluated 

by two procedures. First, the available vapor-liquid equilibria 

experimental data of pure refrigerant and refrigerant/IL 

mixtures were used for validating the current predictive 

methodology. Second, the refrigeration cycle efficiency 
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parameters (COP and f) available in the bibliography for ILs 

with refrigerants were compared to the values calculated in this 

work at the same operating conditions. In all these cases, the 

relative deviation (mean absolute percentage error) was 

calculated as eq.5.1: 

𝑀𝐴𝑃𝐸 =  
100

𝑛
· ∑

|𝑥𝑖
𝐶𝑎𝑙𝑐−𝑥𝑖

𝐸𝑥𝑝
|

𝑥
𝑖
𝐸𝑥𝑝𝑖   (eq. 5.1) 

 

5.2.5. Process simulation 

The single-effect absorption refrigeration cycle modeled by 

Aspen HYSYS process simulator is depicted in Figure 5.1, 

containing the main units of a single absorption refrigeration 

cycle: (i)- condenser, (ii)- expansion valves, (iii)- evaporator, (iv)- 

absorber, (v)-pump, (vi)- generator and (vii)- heat exchanger to 

recover energy. The main specifications used in the simulation 

of the base case were the temperature at the generator (TG), 

absorber (TA), condenser (TC) and evaporator (TE): 100°C, 30°C, 

40°C and 10°C, respectively. These values were chosen based 

on previous studies [151, 302, 307] and these temperatures 

were based on a refrigeration cycle that consumes low-quality 

heat (100°C) and with a moderate cold source (10°C). Pressures 

at the condenser (PC) and the evaporator (PE) correspond to 

refrigerant saturated pressures at the fixed temperatures. A 

countercurrent type heat exchanger was modeled to recover the 

heat from the liquid stream at the generator outlet in order to 

preheat the input mixture stream to the generator and to 

reduce the generator heat duty (QG). The heat exchanger 

effectiveness is the parameter selected to calculate the 

temperatures of the exchanger output streams (S2 and S4). The 

maximum possible heat transfer is represented as eq. 5.2. 

𝑄𝑀𝐴𝑋 = 𝑚3 · 𝐶𝑃 · (𝑇3 − 𝑇1) (eq. 5.2) 

The heat exchanged between the currents in each case is 

calculated as: 

𝑄 = 𝜀 · 𝑄𝑀𝐴𝑋 (eq. 5.3) 
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Where  is the effectiveness of the heat exchanger, which in 

all cases we have taken a conservative value of 0.65 [294, 296, 

310, 311] was selected in all cases. Streams S7 and S9 is 

refrigerant at saturated conditions, which implies vapor 

fraction equal to 0 and 1, respectively. The composition of the 

poor- (streams SMIX to S2) or rich- (streams S3 to S5) IL solutions 

(xA and xG, respectively) was a degree of freedom of the system. 

xA was specified for this study as saturated concentration of 

refrigerant in the IL at absorber conditions (to avoid the 

possibility of vapor refrigerant in the pump). Additionally, xA 

and xG were associated with VLE condition at the generator. 

Lastly, pressure drops in the equipment are ignored, therefore: 

PC = PG and PE = PA. A screenshot of the simulation in Aspen 

HYSYS is attached (Figure S. F-III pag. 264 in Appendix F). 

5.2.6. Absorption thermodynamic and cycle 
efficiency parameters 

As a result of the COSMOtherm screening, Henry’s law 

constants of the different refrigerant in ILs with different 

cations and anions were represented on a contour map. Henry’s 

law constant is a typical design parameter of absorption 

operations because it is related to the volatility of the solute and 

takes into account the solute-absorbent interactions. Henry’s 

law constant can be defined as the product of the activity 

coefficient of refrigerant in IL at infinite dilution by the vapor 

pressure of pure refrigerant at the temperature of the system 

(eq. 5.4).  

𝑝𝑖 = [𝛾𝑖
∞ · 𝑃𝑣] · 𝑥𝑖 = 𝐾𝐻 · 𝑥𝑖 (eq.5. 4) 

Activity coefficients less than 1 indicate negative deviations 

from Raoult’s law that favor solute absorption due to attractive 

molecular interactions. It was intended to find those ILs that 

have low Henry’s law constant since the absorption will be 

favored. 
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Within the absorption refrigeration process, 

thermodynamic efficiency parameters were deducted from the 

mass and energy balance of the refrigeration cycle. The overall 

energy balance of the cycle is:  

𝑄𝐺 + 𝑄𝐸 + 𝑊𝑝 = 𝑄𝐶 + 𝑄𝐴 (eq. 5.5) 

Where QG, QE, QC and QA were the heat duties of generator, 

evaporator, condenser and absorber, respectively and WP was 

the pump power. The pump powers required as the product of 

the pressure difference between condenser and evaporator were 

calculated by the volumetric flow rate of the pump inlet stream. 

In all our calculations, the power of the pump was negligible 

with respect to the heat of the generator. Therefore, the 

Coefficient of Performance (COP) was defined as: 

𝐶𝑂𝑃 =  
𝑄𝐸

𝑄𝐺
 (eq. 5.6) 

In the most unfavorable cases the differences between the 

COP taking into account the power of the pump is less than 

1%. 

To evaluate the absorption operation, the Solution 

Circulation Ratio (f ratio) was used. It is defined as the mass-

flow-ratio between the absorber solution (mS) and the pure 

refrigerant stream (mR). 

 𝑓 =
m𝑆

m𝑅
 (eq. 5.7) 

A useful parameter to compare different refrigerants is the 

mass cooling capacity:  

𝑀𝐶𝐶 =
𝑄𝐸

𝑚𝑅
 (eq. 5.8) 

As an alternative efficiency parameter to compare the use 

of chemicals and the equipment size for the different systems, 

we defined the total mass flow pumped from the absorber to the 

generator as reference parameter. 
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5.3. Results and discussion: 

5.3.1. Molecular simulation analysis 

A desirable property in refrigerants is that they have a 

vapor pressure at the evaporator and condenser conditions as 

close as possible to atmospheric pressure. The difference in the 

volatilities of the proposed refrigerants is very significant (Table 

5.1). There are refrigerants like water, methanol or 

trifluoroethanol that require high vacuum conditions in the 

cycle to operate. From a strictly technical point of view, this 

means that special equipment designs will be required to 

operate with that pressure change with respect to atmospheric 

pressure, which leads to higher costs. Refrigerants used and 

proposed in compression cycles such as ammonia, HFC-125 or 

HFC-134a and HFO-1234(ze) reverse this problem and work at 

higher pressures than atmospheric in all parts of the cycle. 

Finally, pentane has been selected from hydrocarbons as a 

refrigerant, taking into account their operating pressures, 

which are relatively close to atmospheric pressure, which 

implies non-excessively high vacuum pressures. 

Table 5.1 Classification of refrigerants and a comparison of their 
experimental properties. 

Type Compound MW 
PVAP 10°C 

(kPa) 
PVAP 40°C 

(kPa) 

HVAP. 

25°C 
(kJ/kg) 

Inorganic 
H2O 18 1.2 7.4 2441 

NH3 17 613 1550 1166 

Hydro-
carbons 

n-Pentane 72 38 116 366 

Hydrofluoro-
carbons 

HFC-125 120 908 2010 112 

HFC-134a 102 414 1016 180 

Hydrofluoro-
olefins 

HFO-
1234(ze) 

114 305 760 170 

Alcohols Methanol 32 7.3 35.4 1169 

Fluoro-
alcohols 

TFE 100 3.7 21.7 435 

 

One relevant property with high relevance in the selection 

of refrigerants is the enthalpy of vaporization, as it directly 
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affects the mass cooling capacity term and, therefore, the flow 

requirement in the refrigeration system. Analyzing Table 5.1, it 

is evident that the vaporization enthalpy strongly depends on 

the nature of the refrigerant and its molecular weight. In 

general, as the molecular weight of refrigerant decreases, the 

vaporization enthalpy (mass basis) increases. Among the 

common refrigerants considered, water has the highest 

enthalpy of vaporization since it establishes intermolecular 

hydrogen bonds and due to its low molar weight. Ammonia and 

methanol are also refrigerants characterized by their high 

enthalpy of vaporization.  

In order to analyze the refrigerant compounds as part of a 

fluid mixture, the polarized charge density histogram (σ-profile) 

generated by COSMO-RS is an interesting tool, since it 

illustrates the polarity of the compound and allows anticipating 

the behavior of the compound in a liquid mixture environment. 

The COSMO-RS method also provides the σ-potential of the 

compounds, which describes the interaction energy with other 

compounds with a charge density [pX(σ)] with polarity σ. Figure 

5.2 presents the σ-profile and σ-potential provided by COSMO-

RS of representative examples of the refrigerants included in 

this work. 
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Figure 5.2 σ-Profile (A) and σ-potential (B) of the refrigerants used in 

this study. 
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Regarding the inorganic refrigerants, it can be observed 

that water presents polarized charge peaks in the high positive 

polarity region (above the cut off σH‑Bond > 0.0085 e/Å2) and, 

also, negative polarity region (below the cut off σH‑Bond < -0.0085 

e/Å2); i.e., water presents strongly acceptor and donor 

hydrogen bond (HB) groups. Consequently, its -potential 

indicates that water would promotes exothermic mixtures with 

compounds presenting functional groups with polarized charge 

in the acceptor and donor HB polar regions. In sum, water is 

described by COSMO-RS as an amphoteric compound that 

interacts attractively with polar compounds presenting both HB 

donors and acceptor groups. Ammonia has a strongly basic 

behavior, presenting peaks in the -profile in the area of 0.02 

<σ <0.03 and a σ-potential showing strong attractive 

interactions with acidic groups. Regarding the organic 

refrigerants, the alcohols are distinguished by having the OH 

group with a strongly acidic hydrogen and a slightly basic 

oxygen. As can be seen in the σ-potentials, the strength of 

interactions with HB donor groups follows the order methanol> 

water > TFE; whereas interactions with HB acceptor 

compounds follows the order TFE > water > methanol, since the 

substitution of hydrogen by fluorine atoms strongly increases 

the acidic character of TFE. In contrast, the HC (as n-pentane), 

HFC (as HFC-125) and HFO (as HFO-1234(ze)) are mainly non-

polar compounds with a distribution of charge around σ = 0 

and repulsive interactions with either basic or acidic polar 

compounds. However, in HFCs, the high electronegativity of F 

atoms causes a charge defect on the hydrogen atoms, giving the 

compound more polar character; this effect is more evident in 

HFC-125, the most F substituted in HFCs refrigerant among 

those studied. 

Consequently, COSMO-RS analysis indicates that each 

refrigerant will interact differently with the IL absorbent 

depending on its nature. This implies that the IL absorbent 

should be specifically designed for each refrigerant to promote 

favorable intermolecular interactions and to increase the 

absorption capacity. The advantage of ILs is that there are a 
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large number of cations and anions with remarkably different 

structure and, consequently, chemical nature. Figure 5.3 

presents a representative selection of five cations and five 

anions to observe the significant differences in their σ-profile 

and σ-potential. 

Thereby, the σ-profile reveals slightly polar cations like 

[P2224]+ or very polar like [EtOHmim]+ whose OH presents an 

amphoteric character. Consequently, the -potential shows 

that [P2224]+ presents strong repulsions with polar acidic and 

basic groups whereas [EtOHmim]+ presents strong attraction 

with HB acceptor groups. Regarding anions, [NTf2]- is described 

as a low polar specie with weak attractive interactions with HB 

-3 -2 -1 0 1 2 3
0

10

20

30

p
 (

)

 (e/nm
2
)

A)

-3 -2 -1 0 1 2 3
0

10

20

30

p
 (

)

 (e/nm
2
)

B)

-3 -2 -1 0 1 2 3

-2

-1

0

1


 (
k
c
a
l/

m
o
l·
Å

2
)

 (e/nm
2
)

 EtOHmim

 3mbpy

 P
2224

 emim

 omim

C)

-3 -2 -1 0 1 2 3

-2

-1

0

1


 (
k
c
a
l/

m
o
l·
Å

2
)

 (e/nm
2
)

 BF
4

 Cl

 MeCOO

 MeSO
4

 NTf
2

D)

Figure 5.3 σ-Profile of cations (A) and anions (B), σ-potential of 

cations (C) and anions (D) of a representative group of ILs. 
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donor groups; in contrast, [MeCOO]- anion presents a peak in 

the strong HB acceptor zone of the -profile and, as a 

consequence, remarkably strong attractive interaction with HB 

donor compounds (see its -potential in Figure 5.3). Other 

anions, as [MeSO4]- or [BF4]-, present intermediate behaviors. 

COSMO-RS analysis reveal, therefore, that ILs present a 

remarkably versatility as absorbents since the cation and the 

anion can be selected to selectively absorb each specific 

refrigerant. To select and design optimized ILs for a specific 

solute absorption, COSMO-RS method has been widely applied 

for predicting the Henry’s law constants (KH) of the solute in the 

IL, as thermodynamic parameter of reference for gas solubility.  
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Figure 5.4 Screening of Henry’s law constants of water (A), ammonia 
(B), R-134a (C) and n-pentane (D) refrigerants at 298K in 900 ILs 

calculated by COSMO-RS using [C+A] molecular model. 
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Therefore, COSMO-RS was here applied to calculate the 

Henry’s law constant and activity coefficients at infinite dilution 

of studied refrigerants in the 900 ILs at 298 K. Figure 5.4 

presents the COSMO-RS screening of Henry’s law constants of 

4 representative refrigerants in 900 ILs using [C+A] model to 

perform COSMO-RS calculations (Figure S. F-I pag. 262 in 

Appendix F collects the corresponding COSMO-RS screening 

for the rest of refrigerants). 

In the case of water (like methanol and TFE), the KH values 

are clearly governed by anion effects, increasing the refrigerant 

solubility with ILs that promote HB interactions between the 

basic groups of the anion (such as acetate, phosphate or 

chloride) and the acidic OH group of the refrigerant. Regarding 

the cation, a low influence in the KH values is observed, 

obtaining that less polar cations mean weaker cation-anion 

interaction and, consequently, stronger refrigerant-anion 

interactions are allowed. The strong basic character of 

ammonia makes it strongly interact with acidic protic cations, 

such as [EtOHmim]+ or [choline]+. The anion also plays an 

important role for ammonia refrigerant, being the more 

favorable cases those anions with low polarity such as [NTf2]- 

since it avoids that the HB interaction of cation-anion competes 

with the refrigerant-cation HB interaction. In fact, anions with 

strong HB acceptor groups, such as [MeCOO]- generate ILs with 

low ammonia gas solubility. It should be remarked that the 

higher KH in ammonia than in water are also related to the 

higher intrinsic volatility of ammonia (higher vapor pressure in 

Table 5.1) attending to KH definition in eq. 5.4.  

Regarding HFCs, the KH screening of HFC-134a refrigerants 

reveals a general lower gas solubility in ILs than water and 

ammonia, where both anion and cations affect the KH values, 

increasing the absorption with ILs formed by anions presenting 

HB acceptor character, due to the slightly acidic character of 

this refrigerant. Cations with acid groups decrease solubility 

since they promote competitive cation-anion HB interactions. 

In contrast, pentane is a totally non-polar compound. 

Consequently, the refrigerant-IL interactions are not favorable 
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and the calculated KH values are higher than in previous 

refrigerants, even when pentane presents a relatively low vapor 

pressure (see Table 5.1 and Figure 5.4). For this refrigerant, the 

cation plays a major role in gas solubility behavior: ILs formed 

by non-polar aprotic cations with long alkyl chain presents 

lower KH.  

In previous studies, COSMO-RS method has also been used 

to analyze the interactions and solubilities of different gases in 

ILs in terms of excess enthalpy of solute-solvent mixtures [51, 

108, 118, 149, 221, 267]. Figure 5.5 depicts the excess 

enthalpy and free energy of equimolar refrigerant-IL mixtures 

selected by the high refrigerant solubility in IL. The excess 

enthalpy is described in terms of the different intermolecular 

interactions [electrostatic (MF), hydrogen bond (HB) and van 

der Waals (vdW)] contributing to the calculated values.  

Figure 5.5 Excess enthalpy (hE) and Gibbs free energy (gE) of selected 
refrigerant-IL mixtures in terms of intermolecular interaction 

contributions. 
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As can be seen in Figure 5.5, mixing phenomena generally 

present an exothermic enthalpy, with the exception of pentane.  

Clearly, TFE presents an extraordinary thermodynamically 

favored mixing behavior with ILs, due to favorable HB and 

electrostatic interaction between solute and solvent respect to 

pure compounds, whereas ammonia, HFC-134a, water, HFC-

125, methanol and HFO-1234(ze) present intermediate excess 

enthalpy values between TFE and pentane. From a qualitative 

point of view, HB interactions are dominant in TFE, ammonia 

and water, whereas HFC-125, HFC-134a and HFO-1234(ze) 

present higher contribution of electrostatic (MF) than HB 

interactions to excess enthalpy. Van der Waals interactions 

seem to play a minor role in refrigerant-IL mixing behavior. 

Finally, pentane gives unfavorable interactions with most of the 

ILs, mainly due to the electrostatic repulsions between the non-

polar aliphatic solute and the IL solvent. ILs with better 

properties as absorbent of pentane are less polar and present 

long alkyl chains such as phosphonium or ammonium cations 

with anions [FEP] or [NTf2]. 

Attending to the results obtained in the above COSMO-RS 

analysis, a set of ILs were selected as adequate absorbents for 

each refrigerant, due to their higher absorption capacities 

(Table 5.2), in order to be tested in the simulation of the 

absorption refrigeration process.  

Table 5.2 Selected ILs with higher absorption capacity for each group 
of refrigerants 

Refrigerants Absorbents 

Water, methanol and TFE 
[emim][MeCOO], [mmim][Cl] 
[emim][Cl], [hxmim][MeCOO], 

[hxmim][Cl], [P2224][Cl] 

Ammonia 
[EtOHmim][BF4], [EtOHmim][NTf2], 

[EtOHmim][FEP] 

 HFC-134a 
 HFC-125 

 HFO-1234ze 

[P2224][Cl], [P2224][MeCOO] 
[emim][MeCOO], [emim][Cl], 

[mmim][Cl] [hxmim][MeCOO], 
[hxmim][Cl] 

Pentane 
[P666,14][FEP], [P666,14][NTf2], 

[P2224][FEP] 
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As a summary of the thermodynamic properties of selected 

systems, Table 5.3 presents the Henry’s law constant of each 

refrigerant-IL pair with the most favorable gas solubility (lowest 

KH), described by the terms of eq. 4: activity coefficient at 

infinite dilution of refrigerant in IL () and the vapor pressure 

of refrigerant at absorber temperature (283K) calculated by 

COSMO-RS.  

Table 5.3 Gas-Liquid solubility parameters for the refrigerant-IL pairs 
obtained with highest solubility from COSMO-RS calculations at 
283K 

Solubility 

behavior 
System 

KH 

(bar) 

 Vapor 
pressure        

(bar) 

Gamma at 

infinite 

dilution () 

Low KH 

TFE 
[mmim][Cl] 

1.1E-05 
 

0.04 3.1E-04 

Water 
[mmim][Cl] 

6.5E-04 
 

0.01 0.052 

Methanol 
[mmim][Cl] 

3.4E-03 
 

0.07 0.047 

Average KH 

HFO-1234(ze) 
[mmim][Cl] 

3.9E-02 
 

3.05 0.013 

HFC-125 
[mmim][Cl] 

4.4E-02 
 

9.08 0.005 

NH3 
[(EtOH)mim][BF4] 

7.0E-02 
 

6.13 0.011 

HFC-134a 
[P2224][Cl] 

9.3E-02 
 

4.14 0.023 

High KH 
Pentane 

[P666,14][FEP] 
2.1E-01 

 
0.38 0.548 

 

As can be seen in this table, the systems using water, 

methanol and TFE as refrigerant present the lowest KH, i.e. the 

higher gas solubility, as a consequence of both low volatility of 

refrigerant (low PVAP values) and favorable refrigerant-IL 

intermolecular interactions (low ). The opposite behavior is 

found when n-pentane is used as refrigerant, observing a low 

absorption capacity due to an intermediate volatility but 

unfavorable refrigerant-absorbent intermolecular interactions. 

Other cases present an intermediate behavior, such as HFC-

125 and ammonia, where the high vapor pressure of the 

refrigerant is compensated by the high chemical affinity 



Chapter 5. Absorption Refrigeration Cycles with Ionic Liquids 

169 

between refrigerant and absorbent (low ); or the cases of HFO-

1234(ze) and HFC-134a with intermediate vapor pressure and 

activity coefficient values.  

5.3.2. Process simulation of absorption 
refrigeration cycles 

Firstly, the results of the COSMO-based/Aspen HYSYS 

approach were compared to experimental data available for 

refrigerants and ILs. As can be seen in Table 5.4, the vapor 

pressure of the refrigerants are well described since they are 

conventional compounds in the Aspen Properties databases. 

Table 5.4 Mean absolute percentage error (MAPE) in the estimation 
of the vapor pressure of pure refrigerant 

Refrigerant 
T. range 

(K) 
MAPE 

(%) 

Water 273 - 646 0.2 

Ammonia 196 - 404 0.1 

Methanol 176 - 511 0.4 

TFE 199 - 339 <0.1 

HFC-125 272 - 498 <0.1 

HFC-134a 170 - 375 0.3 

HFO-1234(ze) 130 - 423 0.1 

n-pentane 143 - 470 0.4 

 

 Pure properties that will be of importance in the simulation 

of the absorption refrigeration process are refrigerant vapor 

pressure and ILs properties such as density (ρ) and heat 

capacity (CP). Other properties such as viscosity or vapor 

pressure of the IL (whenever negligible at operating 

temperatures) present minor effects on this type of 

thermodynamic calculations. In the previous chapter the 

COSMO-based/Aspen methodology -used in this work- was 

extensively validated against experimental data. The estimation 

of IL density as a function of temperature was obtained with an 

error lower than 3% due to the high accuracy of the COSMO-

RS method in the estimation of density [253]. Regarding the 

heat capacity, it was verified that the presented methodology 
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provides a reasonable estimation (no experimental data is 

added) with an average error of less than 15% that decreases 

when increasing temperature. To validate the COSMO-

based/Aspen HYSYS methodology for the prediction of 

solubility values of the different refrigerants in ILs, extensive 

experimental and calculated equilibrium vapor pressures have 

been compared at fixed refrigerant composition, using the 

experimental data available in ILthermo database for a wide 

number of ILs and refrigerants at different temperatures [57]. 

Table 5.5 collects the statistical results of experimental vs 

calculated VLE data (slope and square correlation of linear 

regression and MAPE values) for each specific refrigerant, 

together with the number of data points (> 2500) and different 

ILs (>50) included in the analysis. No experimental data on 

pentane/IL mixtures have been found, so a similar compound 

such as butane (same chemical nature, same interactions and 

similar number of atoms) has been selected to verify the 

description of the COSMO-based/Aspen HYSYS methodology. 

Table 5.5 MAPE results of experimental vs calculated heat capacity 
values for pure IL using COSMO-based/Aspen HYSYS methodology. 

MAPE (%) 

IL 
Temperature (K) 

298,15 313,15 333,15 373,15 Average 

[bmim][BF4] 1.4 3.7 6.6 11.7 5.8 
[bmim][Br] 11.4 9.2 6.5 1.9 7.3 
[bmim][I] 21.2 18.3 14.7 8.3 15.6 
[bmim][PF6] 5.6 1.6 3.7 13.8 6.3 
[emim][(Me)2PO4] 17.9 14.4 9.8 0.9 10.8 
[emim][BF4] 1.9 4.3 7.3 12.6 6.5 
[emim][MeCOO] 5.6 2.1 2.4 11.3 5.5 
[emim][NTf2] 32.3 29.1 24.9 17.2 26.0 
[emim][SCN] 15.1 11.6 7.5 0.8 8.8 
[hxmim][NTf2] 19.5 16.9 13.7 8.0 14.6 
[mmim][(Me)2PO4] 8.1 4.8 0.8 5.6 4.8 
[mmim][MeSO4] 6.6 7.6 8.9 11.4 8.6 
[P666,14][FEP] 6.0 8.5 11.5 17.0 10.7 
[P666,14][NTf2] 6.3 8.6 11.4 16.4 10.6 

Average 11.2 9.8 8.8 8.9 9.7 
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As illustrative cases, Figure 5.6 and Figure S. F-II (pag. 263) 

presents experimental vs calculated VLE values for H2O-IL and 

methanol-IL systems. 

As can be seen in those figures, reasonable predictions of 

absorption equilibrium values are obtained for the case of 

highly soluble compounds in IL, as water and alcohols (see 

Table 5.6: slope close to 1 and R2 >0,97; MAPE <20 % and 

absolute deviation of equilibrium pressure < 5 kPa). 

Table 5.6 Statistical results of experimental vs calculated VLE values 
for refrigerant-IL mixtures using COSMO-based/Aspen HYSYS 
methodology and the coefficients of the lineal regression. 

Refrigerant 
# 

points 
# 

ILs 
Slope 

Correlation 
R2 

MAPE 
(%) 

Abs 
deviation 

(kPa) 

Water 1356 30 0.997 0.98 17.6 1.6 
Ammonia 100 4 0.661 0.82 46.2 170.3 
Methanol 750 17 0.981 0.98 16.6 2.9 
TFE 50 2 0.869 0.98 12.8 3.9 
HFC-134a 167 7 0.780 0.99 32.5 96.5 
HFC-125 89 4 0.695 0.99 32.0 108.4 
HFO-1234(ze) 182 4 0.219 0.72 84.4 187.0 
Butane 16 1 0.657 0.98 55.2 58.8 
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Figure 5.6 Comparison of experimental VLE data to calculated values 
using COSMO-based/Aspen HYSYS methodology for (A) H2O-IL and 

(B) methanol-IL pairs. 
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In the case of fluorocarbons and hydrocarbons, 

experimental and calculated VLE data also present reasonable 

linear relationship (see Table 5.6: slope close to 1 and R2 >0,95) 

with the exception of HFO-1234(ze)), where the prediction error 

is larger (MAPE >30 % and absolute deviation of equilibrium 

pressure >100 kPa), generally ascribable to the overestimation 

of the low gas solubility of non-polar solutes in ILs by the ion-

pair molecular model (CA) used to describe the ILs in the 

COSMO-based/Aspen HYSYS approach. Ammonia-IL systems 

present a worse description of VLE data by this computational 

approach, which may be related to the dispersion of 

experimental data, generally centered on high hygroscopic ILs. 

In summary, the COSMO-based/Aspen HYSYS methodology 

has been revealed to be a suitable computational approach to 

predict VLE data from refrigerant/IL systems, at least with the  

required accuracy for the initial stages of the conceptual design 

of chemical processes and for the purpose to distinguish the 

role of the cation and anion in the selection of appropriate 

absorbent for refrigerants of different chemical nature as in 

other previous works published by our group [126, 127, 144, 

148-151, 153, 154, 285].  

To further validate the proposed COSMO-based/Aspen 

HYSYS methodology, the absorption refrigeration systems were 

modeled using the ILs and operating conditions reported in the 

bibliography. Then, the COP and f efficiency parameters of 

absorption refrigeration cycles for 22 refrigerant-IL systems 

were estimated and compared in Figure 5.7 to those values 

available values in previous studies (data collected in Table S. 

F-I pag. 261 in Appendix F). It is important to mention that 

most of available COP and f values from the literature are not 

directly obtained from experimental results, but they are also 

results of thermodynamic calculations or simulations. As can 

be seen in Figure 5.7, the presented approach provides COP 

values very close to those reported for a wide number of 

refrigerant-IL systems. The quality of the estimate of f ratio 

values is also reasonable, with the exception of mixtures with 



Chapter 5. Absorption Refrigeration Cycles with Ionic Liquids 

173 

ammonia, since the methodology overestimates the solubility of 

this compound in the ILs (Table 5.6). 

In sum, current results indicated that the COSMO-

based/Aspen HYSYS methodology provides predictions with 

the accuracy required for the conceptual design of chemical 

process and with good qualitative results, making this 

computational approach suitable to compare the performance 

of different refrigerant-IL systems in absorption refrigeration 

cycles, which is the objective of this work. 

Once the methodology was validated, the absorption 

refrigeration cycle was modeled using the same operating 

conditions in all cases, corresponding to the base case: TA: 

30°C; TG=100°C; TC=40°C; TE=10°C for a wide set of ILs that 

include those studied previously in bibliography and those 

selected as favorable using COSMO-RS analysis (Table 5.2) by 

their high absorption capacity values. The COP results of the 

systems are compared to the solubility of the refrigerant in the 

IL at the operating conditions of the absorber in Figure 5.8. 
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Figure 5.7 Comparison of COP (A) and f ratio (B) calculated using 
COSMO-based/Aspen HYSYS methodology with the data calculated 

by other authors. Data collected in Table S. F-I (pag. 261 Appendix F) 
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Since ILs generally have a high molecular weight, the mass 

solubility of low molecular weight refrigerants (water, methanol 

and ammonia) can be considerably lower than the molar 

solubility due to the difference in molecular weights, for this 

reason high IL-solute mass ratios may be required [144, 153]. 

As can be seen in this figure, COP energy efficiency parameter 

is successfully related to the absorption capacity of the 

refrigerant-absorbent pair, observing higher cycle yields when 

increasing the mass solubility of the refrigerant in the IL, since 

it means lower mass flows of refrigerant and IL and, therefore, 

lower heats requirements in the generator to separate the 

mixture. It can also be observed how a maximum COP value is 

reached for each refrigerant. This maximum COP is a function 

of the nature of the refrigerant and its properties such as heat 

capacity and vaporization enthalpy. The refrigerant with the 

highest maximum COP is water, with a value near 0.8 in the 

H2O-[mmim][Cl] mixture. In addition, TFE and ammonia 

Figure 5.8 COP calculated for each refrigerant/IL pair versus the 
saturation composition (mass fraction) in the absorber, calculated for 
the base case operating conditions of absorption refrigeration cycle. 
Filled symbols correspond to proposed refrigerant-IL pairs in this 

work. 

0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

0.
7

0.
8

0.
9

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

 C
O

P

Refrigerant mass fraction in absorber

H
2
O

NH
3

Methanol

TFE

HFC-134a

HFC-125

HFO-1234(ze)

Pentane



Chapter 5. Absorption Refrigeration Cycles with Ionic Liquids 

175 

present maximum COP higher than 0.6. In contrast, 

refrigerant-IL systems based on fluorocarbons HFO-1234(ze), 

HFC-134a and HFC-125) show significantly lower maximum 

COP, near to 0.4. These two different performances may be 

related to the vaporization enthalpy of the refrigerants: higher 

vaporization enthalpy causes lower refrigerant mass flows 

required in the evaporator to obtain the same cooling power in 

the evaporator. Therefore, the flow of refrigerant/IL in the 

generator is higher and consequently, requires more energy 

input to separate them. Finally, hydrocarbons such as pentane 

have a very low maximum COP due to the combination of two 

effects: a relatively low vaporization enthalpy (although higher 

than the fluorocarbons) and a low mass solubility of aliphatic 

compounds in the IL. The low solubility causes very high flow 

rates of absorbent required which increases energy costs 

(Figure 5.8). 

To further examine the idea of COP dependence with the 

refrigerant properties, Figure 5.9 compares the calculated COP 

to the Mass Cooling Capacity (MCC) of refrigerants. It is 

observed that maximum values of COP generally increase with 

the mass cooling capacity of the refrigerant except for NH3 and 

pentane. In the case of hydrocarbon, this is due to the low 

solubility of the compound in the ILs. In the case of NH3, it is 

quite possible that the description of solubility with the 

methodology is of lower quality than in the rest of compounds 

(as can be seen in Table 5.6). It is also clearly visible how the 

proper selection of the absorbent significantly affects the 

performance of the cycle. ILs with higher solubilities are the 

most energy-efficient systems. 
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In addition to COP, f ratio is generally proposed as a 

reference parameter for the selection of a refrigerant-absorbent 

pair. It is necessary to remind that the f ratio simply indicates 

the amount of absorbent required per mass unit of refrigerant 

(eq. 5.7), but it is not a reference to the absolute flow rate, and 

hence to the mass and energy requirements associated with the 

pumping of that flow rate. Figure 5.10 compares the total mass 

flow of refrigerant/absorbent mixtures in the pump feed 

(streams S1 and S2 of Figure 5.1) to the f ratio calculated for 

the different systems studied. A linear relationship is observed 

between the f values and the flow of refrigerant/IL comparing 

various refrigerants, decreasing the f ratio when increasing the 

absorption capacity of IL for each specific refrigerant (this effect 

can be confirmed by observing eq. 5.7). On the other hand, the 

slope of this linear relationship is determined by the nature of 

the refrigerant, decreasing in the order water < methanol  

ammonia < TFE < pentane < HFC-134a  HFO-1234(ze) < HFC-

125, since greater MCC minimizes the required flow in the cycle 

as we evidenced above.  

Figure 5.9 COP calculated for each refrigerant/IL pair versus the 
mass cooling capacity (MCC) calculated for the case base operating 
conditions of absorption refrigeration cycle. Filled symbols 

correspond to selected refrigerant-IL pairs in this work. 
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According to Figure 5.10, it can be concluded that f ratio is 

not an adequate efficiency parameter to evaluate the 

refrigeration cycle performance when different refrigerants are 

compared. For this reason, to compare systems, we consider 

more useful to evaluate the total mass flow (refrigerant+IL) that 

circulate in the absorber-pump-generator area. The required 

refrigerant flow in the cycle is a function of the power of the 

evaporator (QE) and the properties of the selected refrigerant 

(MCC).Figure 5.11 shows how the flow rate in the pumping 

stage for all systems varies according to the refrigerant MCC. It 

shows that the flow rates required at this stage vary 

significantly between the different ILs because lower solubilities 

will imply higher IL flow rates and higher recirculation flow 

rates at the generator outlet. On the other hand, when 

comparing refrigerants, it is exposed that higher cooling 

capacities require lower flow rates. The systems formed by each 

refrigerant with its best absorbent have the lowest flow rates 

but this minimum flow rate decreases as the MCC of the 

refrigerant increases. 
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the systems studied, calculated for the case base operating 
conditions of absorption refrigeration cycle. Filled symbols 
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As a summary, Figure 5.12 presents the total mass flow of 

refrigerant and absorbent per evaporator power and the 

estimated COP values for the best refrigerant-IL pairs (Table 

5.2) and the systems traditionally used like the H2O/LiBr and 

the NH3/H2O (the data have been taken from the references 

[302] and [307] respectively). It is concluded that, at the 

operating condition of refrigeration cycle base case, water 

(compound with the highest enthalpy of vaporization in Table 

5.2) is the refrigerant that provides best results, since: i) it 

requires the lowest flow of refrigerant/IL and, therefore, the 

energy consumed in the pumping, the size of the installation 

and the amount and IL consumption is the minimal; ii) the COP 

of the water-IL system is the highest among the systems 

selected, which means that the energy costs to carry out the 

separation of the compounds in the generator is minimal; and 

iii) presents a relatively low f ratio, indicating the favorable 

absorbent used due to the high capacity of selected ILs to 

absorb water. 

Figure 5.11 Total amount of flow needed per unit of power in the 
evaporator for the refrigerant-IL systems studied, calculated for the 
case base operating conditions of absorption refrigeration cycle. 
Filled symbols correspond to selected refrigerant-IL pairs in this 

work. 
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 Regarding other cases, methanol, TFE and ammonia 

constitute a group of high-performance refrigerants based on 

the results of Figure 5.12. Methanol provides similar cycle 

performance than water but its lower enthalpy of vaporization 

leads to lower yields. Ammonia has a relatively high 

vaporization enthalpy similar to methanol. The results of the 

systems using ammonia as a refrigerant indicate lower 

performance than methanol systems because of the lower 

solubility of the refrigerant in the IL. TFE has good mixing 

properties due to the strong interactions with ILs; however, it 

has a substantially lower vaporization enthalpy. HFCs are 

compounds that have a lower enthalpy of vaporization and, 

consequently, the required flow rates in the absorber are 

higher. Furthermore, these refrigerants have lower COP values, 

Figure 5.12 Results of the main efficiency parameters of absorption 
refrigeration cycle for each pair refrigerant-IL selected attending 
highest absorption capacity. Traditional pairs as H2O/LiBr and 

NH3/H2O are included to compare. 
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so it can be concluded that these compounds are not 

appropriate to be used in absorption refrigeration cycles under 

these conditions, although they may be of interest in hybrid 

compression-absorption systems [295]. Finally, currents 

results indicate that hydrocarbons are not suitable to be used 

as refrigerants in refrigeration cycles absorption, obtaining 

clearly unfavorable cycle efficiency parameters, due to the 

relatively low mass cooling capacity and the very low solubility 

in ILs. 

When we compare the results of the ILs-based systems with 

traditional refrigerant/absorbent mixtures, we found that the 

H2O/LiBr and H2O/[mmim][Cl] result in very similar COP, as 

when comparing the NH3/H2O system with 

NH3/[EtOHmim][BF4]. However, since the mass solubility is 

lower in the case of IL absorbents (the IL molecular weights are 

higher than traditional absorbers such as LiBr, H2O or LiNO3), 

systems based on ionic liquids require greater mass flow (f 

ratios are higher), However, it must be reminded that the main 

advantage of ILs in this process is to avoid the technical 

problems associated with traditional absorbents such as 

crystallization, loss of absorbent or the requirement of a 

rectifier. 

Next, the influence of the operating conditions in 

absorption refrigeration cycles is evaluated for the optimized 

refrigerant-IL pairs selected in Table 5.2. The variables to be 

studied are the generator temperature, since it is important to 

know the efficiency and the capacities when using heat sources 

of different temperatures and qualities, and evaporator 

temperature, which is the temperature of the desired 

refrigeration application. 
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Generator temperature: The behavior of the variables of the 

refrigeration cycle has been studied by modifying the 

temperatures of the heat source. We have chosen generator 

temperatures between 60°C and 150°C since these are typical 

ranges of residual heats in the process, as hot waters or low 

quality vapors. All the other variables of the absorption 

refrigeration cycle remain constant with the same specifications 

as in the base case analysis. Regarding the COP (Figure 5.13), 

an initial increase of the COP can be observed for all the 

refrigerants with the increase of the temperature of the 

generator, to later stabilize and decrease slightly. Except for 

pentane, the other systems have maximum COP around 70-

90ºC, in the case of pentane it is around 100ºC. 
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Figure 5.14A shows that increasing the temperature 

decreases the f ratio, since higher temperatures favor the 

separation between compounds and minimize the amount of 

required refrigerant/IL.  

For the same reason, if the refrigerant-IL mass flow pumped 

is compared (Figure 5.14B), a decrease in the mass flow 

pumped is observed as the generator temperature increases. 

For some mixtures as water and methanol, temperatures 

around 80ºC involve working at maximum COPs and low mass 

flow, others, such as the TFE or ammonia, the 

refrigerant/absorbent mass flow trends the minimum around 

105ºC. A different behavior is observed in the mixtures with the 

HFC and HFO, where due to their lower enthalpy of 

vaporization the mass flows are always higher than in the cases 

presented previously, and in addition, the generator 

temperatures that make the minimum refrigerant/IL mass flow 

required are quite different from the temperatures at which the 

COP is maximum.  
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Figure 5.14 f ratio (A) and required total mass flow rate in the 

absorber (B) vs generator temperature 
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Evaporator temperature: The study of the evaporator 

temperature is fundamental because it is the cooling 

application temperature of the system. Cooling temperatures 

between -20°C and 15°C have been chosen to cover the 

operations ranges such as freezing and food preservation, 

refrigeration and conditioning of environments and the 

obtaining of refrigerated water, among others. All other 

variables remain constant as in the base case analysis. The 

effect of the evaporator temperature on the energy 

requirements is depicted in Figure 5.15A, observing that 

calculated COP value decreases with lower evaporator 

temperature. It should be remembered that a diminution of the 

evaporator temperature implies decreasing the evaporator and 

absorber pressure (Figure 5.15B) which results in a lower 

absorption capacity of the refrigerant in the IL. The lower 

solubility of the refrigerant at lower evaporator temperatures 

implied the necessity of increasing the flow of IL to absorb the 

same amount of refrigerant, resulting in higher flows of 

refrigerant/IL fed to the generator and an increase of the energy 

duties.  
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   Figure 5.16 presents the calculated f ratio (A) and the 

total refrigerant/IL mass flow pumped (B) with respect to the 

variation of the evaporator temperature. When the cooling 

temperature decreases, the mass flow needed in the system 

increases exponentially. Comparing refrigerants, the pentane 

undergoes a very significant variation of f ratio and total mass 

flow pumped compared to the rest of refrigerants due to its 

limited absorption in the IL. The opposite behavior is observed 

for refrigerants with high molar weight such as TFE and HFO-

1234(ze). 

It should be reminded that water-based systems cannot 

operate at temperatures below 0 °C because of the triple point. 

Water is precisely the refrigerant with the lowest total flows 

required between 5°C and 15°C and it presents the highest 

COP. Therefore, it is particularly interesting to compare the 

systems below 0°C. In such temperature range, methanol (due 

to its high refrigerating capacity, as mentioned above) requires 

lower used flows compared to other refrigerants. TFE requires 

lower mass flow than methanol at temperatures below -5°C, 

mainly due to the decreasing pressures in the evaporator that 

appreciably decreases absorption capacity of methanol in the 

IL. These results indicate that, at temperatures below -10 °C, 

TFE has better performance (higher COP and lower mass flows 

required) than methanol as refrigerant. For temperatures below 
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-10ºC COP are relatively low. Refrigerants that have better 

performance (both COP and low mass flow) at these low 

temperatures are HFO-1234 (ze) and HFC-125. 

In view of these results, it can be argued that, for 

refrigeration applications using IL as absorbents, the 

refrigerants should be selected depending on the desired 

refrigeration temperatures. For evaporator temperatures higher 

than 0 °C, the optimum refrigerant is water, since it requires 

the lowest flow rates in the system and promotes the highest 

energy yields. For temperatures between -5 and 5 °C, methanol 

is a coolant with good performance that can compete with TFE. 

For lower temperatures, the use of TFE gives higher yields due 

to its higher solubility at lower operating pressures; however, 

the operating pressures are quite low which implies higher 

capital costs with better airtight insulation to prevent air 

ingress. Ammonia has operating pressures above atmospheric 

pressure and COP and yields slightly lower than TFE, which 

may be a technical alternative for absorption refrigeration 

cycles based on ILs. Finally, the HFC and HFO compounds are 

competitive at lower temperatures.  
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5.4. Conclusions 

The successful integration of molecular (COSMO-RS) and 

process (AspenONE) simulations tools has allowed performing 

a systematic thermodynamic analysis of a wide sample of 

commercial refrigerant/IL liquid systems and evaluating the 

performance in absorption refrigeration cycles. By applying this 

a priori methodology, it has been possible to study the efficiency 

of refrigeration cycles with a large variety of 7200 system 

formed by 900 ILs and 8 refrigerants at 60 different operating 

conditions, which would be otherwise unviable due to the lack 

of experimental data. An extensive validation of the COSMO-

based/Aspen HYSYS approach has been carried out comparing 

the predictions of relevant properties of pure compounds and 

mixtures to the available experimental data, obtaining accuracy 

at the level required in the conceptual design of chemical 

processes and with the correct qualitative description of IL 

effects on refrigerant absorption extent. In addition, calculated 

cycle efficiency parameters were compared to those previously 

reported in the bibliography for several refrigerant-IL systems, 

demonstrating an adequate level of accuracy for the conceptual 

design of industrial processes. 

Molecular simulations illustrate that refrigerant/IL phase 

behavior is determined by the intrinsic volatility of the 

refrigerant and the chemical nature of both refrigerant and 

absorbent. Therefore, the selection of an adequate IL absorbent 

for each refrigerant was successfully conducted to enhance the 

absorption capacity by promoting favorable solute-solvent 

intermolecular interactions. As a result, a sample of refrigerant-

IL systems was proposed as potential good candidates for 

absorption refrigeration cycles, which cover a wide range of 

mass cooling capacities, mixing properties and gas solubilities.  

Process simulations of the absorption refrigeration system 

using several refrigerant-IL pairs (more than 230 refrigerant/IL 

pairs studied selected in this work as a result of the COSMO-

RS analysis or proposed previously in the bibliography at 60 

different operating conditions) demonstrated that the selection 
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of the refrigerants is key to reaching high refrigeration 

capacities with low costs associated to pumping, equipment 

size and operating cost among others. In addition, the selection 

of the adequate IL to promote high absorption capacity for each 

refrigerant has a drastic impact on cycle performance. It was 

found that higher cycle energy efficiency (described in terms of 

COP parameter) is determined by both higher mass cooling 

capacity of refrigerant and higher absorption capacity of the 

selected IL. The amount of IL needed (described in terms of total 

mass flow pumped per evaporator power) was also decreased 

when increasing the gas solubility of refrigerant in IL and the 

refrigerant mass cooling capacity. Remarkably, the analysis of 

operating condition effects on cycle performance revealed that 

the variation of the evaporator temperature represents a 

meaningful change in the refrigerant absorption capacity of the 

IL. In fact, this means that optimum refrigerant-absorbent 

pairs should be selected depending on the cooling temperature. 

Water has been shown to have excellent thermodynamic 

characteristics to be used as refrigerant in absorption 

refrigeration cycles based on ILs, because of its high enthalpy 

of vaporization as well as its affinity for ILs. Since their 

applicability is limited to temperatures above 0°C, methanol 

and ammonia have proved to be good refrigerants for cooling 

temperatures between -5°C and 5°C, whereas TFE based 

systems have better properties at lower temperatures. 

Hydrocarbon and fluorocarbon refrigerants demonstrated to 

present less favorable properties to be used in absorption 

refrigeration cycles, mainly due to their low mass cooling 

capacity which results in a decrease in energy yield and high 

flow rates of refrigerant/IL compared to the others systems 

unless working at very low application temperatures, which 

means relatively low yields. The group of alkanes (n-pentane) 

has the lowest yields of all systems, which is ascribable to the 

unfavorable intermolecular interactions with the ILs because of 

their low polarity.
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Chapter 6.  
Deepening on the 

property keys of the CO2 
capture by physical 

absorption in ionic 
liquids 

 

A comprehensive study of over 50 ionic liquids (ILs) -integrating 

molecular simulation, gravimetric experiments and process analysis- 

has been conducted to evaluate the role of thermodynamics and 

kinetics on the physical absorption of CO2 by these widely researched 

solvents. It has been demonstrated the importance of mass transfer 

kinetic in the absorption of CO2 in all the ILs. Despite the common 

view, CO2 molar gas solubility is found as a misleading criterion to 

select the adequate IL for being used as CO2 absorbent in commercial 

separation columns, due to the strong kinetic control of the operation 

and the wide range of molecular weights presented by ILs, according 

to their cation/anion structure and functionalization. In contrast, low 

viscosity and molar weight are demonstrated to be key parameters to 

minimize solvent consumption, energy duty and equipment size. 

Short-chain imidazolium-based ILs with tetracyanoborate, 

tricyanomethanide, and dicyanamide anions are proposed as 

adequate CO2 absorbents with favorable transport and 

thermodynamic properties. In addition, current results indicate that 

ILs do not exhibit better absorbent performance in the CO2 capture 

unit than conventional organic solvents (such as glymes, components 

of Selexol) already used in the industry. IL regeneration stage need to 

be considered in future studies in order to state the promising 

advantages of IL absorbents in terms of thermal stability, energy 

consume and economy. 
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6.1. Introduction 

he development of more energetically efficient and clean 

technologies for CO2 capture is receiving increasing 

attention from academy and companies [322, 323]. 

Absorption [324, 325] and adsorption [326, 327] with new 

separating agents are being extensively evaluated, searching 

alternatives to CO2 chemical absorption by aqueous amine 

solutions or CO2 physical absorption by organic solvents, 

technologies currently applied in industrial processes [328] 

In this context, ionic liquids (ILs) have been widely 

considered promising CO2 absorbents due to their low volatility, 

tunable solvent capacity and high chemical and thermal 

stability [225, 279]. A key role in the application of ILs to CO2 

physical absorption has been the high molar gas solubility 

[329], which can be enhanced by the proper selection of the 

anion and cation constituting the solvent [136]. In fact, 

thermodynamic criteria from gas-liquid equilibria (GLE) - such 

as Henry’s Law constant- have been mainly established to 

propose potentially favorable ILs as CO2 physical absorbents 

[330]. It is well stated that both anion and cation structures 

determine the CO2 molar gas solubility in the IL [331]; in 

general, increasing for bulky ionic species, with long alkyl 

chains and polyhalogenated groups [332], being ascribed to the 

intermolecular free volume [333] or van der Waals interactions 

[118]. However, such thermodynamic criteria is subject of 

controversy: on the one side, it has been demonstrated that the 

CO2 solubility in ILs with high molar weight is not particularly 

high in mass or volume units compared to conventional organic 

solvents [330, 334, 335]; on the other side, it was recently 

reported that CO2 physical absorption by ILs in commercial 

packing column may be strongly kinetically controlled, being 

the CO2 recovery at fixed operating conditions also determined 

by the transport properties of IL solvent [144, 153]. 

The CO2 absorption rates in ILs have been scarcely 

experimentally evaluated [135, 336, 337], even when diffusion 

measurements revealed that thermodynamics and kinetics of 

T 
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CO2 absorption phenomena in ILs do not follow the same trend 

[119]. Above evidence mean revising the property impacts of the 

CO2-IL mixture on CO2 capture efficiency [338]. To this respect, 

the evaluation of IL solvent performance at pilot plant [339] or 

industrial scale by modeling with professional process 

simulators has allowed considering a more consistent set of 

criteria (thermodynamic, kinetic, technical, energetic, and 

economic) for selecting the ILs with optimized properties for 

CO2 capture [32, 128, 321]. 

In this work, the multiscale research methodology [108, 

126, 149, 285, 321] has been applied for overviewing the role 

of gas solubility and diffusivity on the CO2 capture by physical 

absorption with ILs, evaluating the process efficiency and 

comparing to the performance of conventional absorbents.  For 

this purpose, molecular simulations were firstly conducted for 

a preliminary evaluation of thermodynamic and kinetic 

properties of 50 CO2-IL systems using COSMO-RS, based on its 

reasonable predictions in IL-based systems [70, 133, 169]. 

From this computational screening, a representative sample of 

10 ILs was experimentally evaluated by gravimetric 

measurements using a high-pressure sorption analyzer with 

magnetic suspension balance [123, 340], obtaining CO2 

solubility and diffusion coefficients at temperatures of 301.5, 

316.5 and 331.5 K, and pressures of 1, 3 and 6 bar. The same 

experiments were also carried out using tetraglyme (TGM) as 

conventional absorbent benchmark. Obtained results were 

analyzed in the light of available gas-liquid equilibrium and 

kinetic experimental data [44] and estimations by empirical 

models [341]. Experiments confirmed the existence of a group 

of ILs, so far scarcely examined, presenting both high CO2 

absorption capacity and rates. Then, the CO2 capture process 

in commercial packing column was modeled by including the 

50 ILs above studied in Aspen Plus simulator [127, 151, 284]. 

Process calculations were also performed using three organic 

physical absorbents (diglyme, triglyme, tetraglyme: 

components of selexol, used as industrial CO2 absorbent) used 

industrially [342, 343]. Rate-based and equilibrium-based 
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column models [144, 153] were applied to evaluate separately 

and systematically the influence of thermodynamic and kinetic 

properties on CO2 recovery at fixed operating conditions. 

Finally, the solvent flow and column size required for 90% of 

CO2 recovery were calculated for all the considered systems, in 

order to illustrate the influence of IL selection on operating and 

investment costs of CO2 capture unit.      

6.2. Computational and experiments details 

6.2.3. COSMO-RS calculations 

Firstly, the geometry of gaseous compounds, 50 ILs and 

glyme-based organic solvents involved in the work were 

optimized at BP86/TZVP computational level [88-91] with 

solvent effect through the COSMO continuum solvation method 

[82]. A molecular model of ion-pair was used to describe the IL 

compound. Once all the molecules were optimized until its 

minimum energy level, the polarized charge distribution on the 

molecular surface -obtained by a COSMO single point 

calculation- was saved in a .cosmo file. All these quantum-

chemical calculations and .cosmo file generation were carried 

out in Turbomole 7.0 software [214]. COSMOtherm program 

package (version C30_1701) and its parametrization 

BP_TZVP_C30_1701 was used [344], afterward, for the 

COSMO-RS [78, 79] calculations of Henry’s Law constants of 

CO2 in ILs and TGM. In order to accomplish the kinetic 

screening among the 50 ILs, the diffusion coefficient (D) of CO2 

in ILs was estimated by a modified Wilke-Chang correlation for 

ILs [135]: 

𝐷𝐶𝑂2 = 7.4 · 10−8 ·
𝜙0.5 · 𝑀𝐼𝐿

𝐴 · 𝑇

𝜇𝐼𝐿
𝐵 · 𝑉𝐶𝑂2

0.6  eq.6.1 

Where 𝜙 is the association parameter obtained for ILs 

(𝜙=0.14), 𝑀𝐼𝐿 is the molar weight of ILs, T is temperature (K), 𝜇𝐼𝐿 

is the experimental viscosity of ILs, VCO2 is the molar volume of 

CO2 (calculated by COSMOtherm) and A=0.67 and B=0.58 are 
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regressed parameters obtained by fitting eq. 6.1 to available 

experimental data. 

6.2.4. Experimental measurements 

The experimental measures related to this chapter were 

carried out in the laboratories of the Chemical Engineering 

Section of the Universidad Autónoma de Madrid 

experimentalist researchers. The ILs were supplied by Iolitec 

with a minimum purity of 95%. Tetraglyme [TGM] solvent (99 

%) was supplied by Sigma-Aldrich. Carbon dioxide and nitrogen 

were supplied by Praxair, Inc., with a minimum purity of 

99.999 %. Before the absorption experiments, all the 

absorbents (ILs and TGM) were dried and degassed at 333 K 

under vacuum (10-3 mbar) during 24 h to ensure a water 

content lower than 200 ppm. The measurements of CO2 

solubility in ILs were performed in a gravimetric high-pressure 

sorption analyzer (ISOSORP GAS LP-flow, Rubotherm) 

equipped with a magnetic suspension balance (MSB). More 

details can be founded in [123, 340] 

6.2.5. Component Definition and Property 
Model Specification in Aspen Plus 

In process simulation, the ILs are created as pseudo-

components in Aspen Plus v8.8 using the ion-paired model 

(CA). For this purpose, molecular weight, normal boiling point 

and density (at 60 ºF) predicted by COSMOtherm were used to 

define IL as pseudo-component in Aspen Plus property system. 

In addition, to complete the component definition, the viscosity-

to-temperature dependence was specified, using an Arrhenius 

type equation, employed by default in Aspen Plus [12]. The 

experimental viscosity-to-temperature data was first regressed 

and then refined in a previous publication carried out by our 

group [321]. The gaseous compounds of the work (CO2, N2, O2 

y H2O) were included in the simulation as conventional 

compounds, and their parameters and properties were loaded 

from Aspen Plus database. The COSMOSAC property model 

was selected to estimate the activity coefficients using the 
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original COSMO-SAC model proposed by Lin and Sandler [95]. 

The COSMOSAC property model in Aspen Plus needs the 

following additional molecular information of the compounds 

provided by COSMOtherm, required to complete the 

specifications of the compounds: COSMO cavity volumes and 

σ-profiles. This information is included in the simulator in six 

parameters: CSACVL (COSMO cavity volumes in Å3) and 

SGPRF1 to SGPRF5 (five sigma profile parameters, each 

containing 12 segments of the σ-profile). More information on 

this computational approach was reported in the chapter 3 and 

in the ILUAM database documentation, which has been 

published with information available for 100 common ILs [321]. 

6.2.6. CO2 absorption process simulation 

The CO2 capture by physical absorption with ILs and 

glymes solvents was modeled using the RADFRAC column 

model implemented in Aspen Plus v8.8, employing equilibrium 

and Rate-Base modes. The gas inlet was fed with an initial 

composition of 13% mol of CO2 (typical CO2 composition of 

post-combustion flue gas from the coal-fired power plant) and 

a constant gas flow of 1000 kmol/h. The inlet temperature and 

pressure of the gas and absorbent streams were 298 K and 20 

bar, respectively. Different simulation cases were developed to 

analyze the absorption stage:  

Case 1. Simulations of CO2 capture from N2 using 

RADFRAC column model in equilibrium mode at fixed absorbent 

molar flow. In this case, 1000 kmol/h of each IL solvent were 

introduced to the absorber. The composition of the modeled 

feed gas was CO2 (13 mol%) and N2 (87 mol%). In the equilibrium 

mode, mass transfer kinetic models are not considered and only 

the thermodynamic equilibrium is taken into account: 10 

equilibrium stages were used in RADFRAC column. 

Considering flows and stream compositions obtained in the 

column simulation, the percentage of CO2 captured was 

calculated for each IL absorbent.  
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Case 2. Simulations of CO2 capture from N2 using 

RADFRAC column model in equilibrium mode at fixed absorbent 

mass flow. Identical simulations than in Case 1 were performed 

but fixing the mass flow of the solvent to 300 ton/h. We have 

decided to introduce a constant IL mass flow to objectively 

evaluate the IL capacity to capture CO2 from an industrial 

point of view. Simulations using diglyme, triglyme, and 

tetraglyme as solvents were also carried out in Cases 1 and 2 

to be used as benchmarks.  

Case 3. Simulations of CO2 capture from N2 using 

RADFRAC model in Rate-base mode. To evaluate the kinetics 

role in the CO2 capture by physical absorption with the 50 ILs 

and the three glymes, the RADFRAC model operating in Rate-

Base mode was employed using the same operating variables 

than in Case 2 but fixing 400 ton/h of mass flow absorbent (to 

compensate the loss of absorption efficiency related to kinetic 

control). A Flexiring random packing (0.625 inches) was 

selected as adequate packing to perform the CO2 capture using 

ILs in absorber column [144]. A fractional capacity of 62%, a 

column height of 1 m and 10 equilibrium stages were fixed in 

all simulations to ensure a similar fluid dynamic behavior. The 

estimation of diffusion coefficients values was carried out by 

using the Wilke-Chang equation implemented in Aspen Plus 

software and changing the viscosity exponent to 0.58 (as 

default the viscosity exponent of the Wilke-Chang equation in 

Aspen Plus is 1, but better results when ILs are used as 

absorbents are obtained with 0.58 [135]). The percentage of 

CO2 absorbed was calculated for each solvent.  

Case 4. Simulations of CO2 capture from flue gas using 

RADFRAC model in Rate-base mode. Finally, the simulation of 

CO2 capture from a real flue gas using 50 ILs and diglyme, 

triglyme, and tetraglyme was done. In the simulations of the 

Case 4, 1000 kmol/h of a flue gas composed of: CO2 (13.4 

mol%), N2 (74.2 mol%), O2 (5.0 mol%), and H2O (7.4. mol%), 

which corresponds to flue gas obtained in a coal-fired power 

plant [19]. SO2 was not considered in the treated flue gas 
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because the desulphurization unit is usually preceding to the 

CO2 absorption unit. The Flexiring random (0.625 inch) was 

employed as packing with a height of 23.2 m and 20 stages, 

according to the values proposed by Shiflett et al. [282] in their 

work on the simulation of CO2 capture using ILs. In Case 4 

simulations, the required solvent mass flow was calculated to 

achieve the 90 % of CO2 recovery. In addition, the diameter of 

the column was estimated to maintain a fractional capacity of 

62 % in the absorber column. 
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6.3. Results and discussion 

6.3.1. Ionic liquid selection by molecular 

simulation 

As prospective analysis, the thermodynamics and kinetics 

of CO2 physical absorption in ILs are evaluated by means of 

COSMO-RS molecular simulations, at conditions of solute 

infinite dilution and 298 K, using a representative sample of 50 

ILs (containing 24 different cations and 20 anions). It includes 

some ILs previously proposed as adequate physical absorbents, 

due to the high molar CO2 solubility [345, 346], and other with 

low molar weight and viscosity [12, 347]. Figure 6.1A compares 

the experimental viscosity of neat ILs at 298 K –as a reference 

transport property- to the calculated Henry’s Law constant of 

CO2 in ILs -as thermodynamic parameter of reference- at 298 

K. Alternatively, Figure 6.1B shows the estimated diffusion 

coefficient (from eq. 6.1) related to the gas solubility (in mass 

units) of CO2 in IL calculated by COSMO-RS at 298 K and 1 

bar.  

Figure 6.1(A). Experimental IL viscosity (μ) vs COSMO-RS calculated 
Henry’s Law constant of CO2 in 50 ILs at 298.15 K. (B) Estimated 
diffusion coefficient (D) vs gas solubility of CO2 in 50 ILs at 298.15 K 
and 1 bar (Black and numbered points are the ILs studied 

experimentally in this work, Table 6.1). 
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Several ILs present similar values of CO2 Henry’s Law 

constant but with remarkable different diffusivity range. 

However, some ILs largely proposed in the bibliography as 

promising CO2 physical absorbents (for example, those with 

bulky cation or anion) exhibit low solubility (in mass units) and 

unfavorable transport properties. These considerations would 

imply higher solvent consumes and low absorption rates due to 

the high molar weight and viscosity of these ILs, in agreement 

with previous considerations by Carvalho et al. [330] and Riva 

et al. [144]. In contrast, it exists a group of ILs with favorable 

CO2 solubility (in mass units) and diffusivity: those formed by 

B(CN)4, DCN, TCM and SCN anions and imidazolium-based 

cations with short alkyl chain; some of them already proposed 

as optimal CO2 physical absorbent in literature [330, 337, 341], 

which present competitive absorbent properties respect to 

tetraglyme (TGM) as benchmark solvent (Table 6.1).  

Table 6.1 Physicochemical and thermodynamic properties of the 
selected 10 ILs and TGM in this work. 

 
# IL/TGM MW 

Dens.b Visc.b 𝐾𝐻𝑒𝑛𝑟𝑦
𝐶𝑂2 a Solub.a 

 (g/mL) (cP) (bar) (mol/kg) 

G
ro

u
p
 I
 

1 
[hxmim] 
[B(CN)4] 

282 0.98 53.1 7.8 0.520 

2 
[bmim] 
[TCM] 

229 1.04 27.4 11.3 0.422 

3 
[bmim] 
[DCN] 

205 1.13 32.5 13.6 0.386 

4 
[emim] 
[DCN] 

177 1.19 20.8 16.0 0.375 

5 
[bmim] 
[SCN] 

197 1.15 55.5 19.8 0.269 

G
ro

u
p
 I

I 

6 
[emim2] 

[Co(SCN)4] 
400 1.28 129.5 20.0 0.132 

7 
[bmim] 
[NTf2] 

419 1.47 50.9 28.4 0.087 

8 
[hxmim] 

[NTf2] 
447 1.40 73.2 27.6 0.084 

9 
[bmim] 
[FAP] 

584 1.63 60.7 27.2 0.065 

10 
[emim] 
[NTf2] 

391 1.56 32.3 31.7 0.083 

 11 TGM 222 1.02 4.1 26.1 0.179 
aCalculated by COSMO-RS at 298.15 K. bObtained at 298.15 K from 

ILthermo web site. 
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In Figure 6.1, 10 selected ILs in this work are remarked to 

perform gravimetric experiments, with the aim of characterizing 

their absorbent performance at identical operating conditions. 

Two solvent groups are distinguishable (Table 6.1): Group I) ILs 

with both advantageous kinetic and thermodynamic properties 

(ILs 1-5 in Figure 6.1B), and Group II) ILs largely proposed in 

literature (based on NTf2 or FAP anions) with relatively favorable 

transport properties, but moderate CO2 gas solubility in mass 

units.  

Figure 6.2 describes the clear relationship between the IL 

viscosity and the CO2 diffusivity in IL. It is demonstrated that 

the 10-selected ILs in this work are among those with most 

favorable CO2 absorption kinetics.  

  

Figure 6.2 Values of experimental diffusivity of CO2 in ILs (D) vs 
viscosity (μ) (A). Black symbols correspond to 10 ILs selected in this 

work and white symbols to ILs reported in previous works. 
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For further comparison, Figure 6.3 presents experimental 

and calculated data of Henry’s constant and diffusivity 

coefficients of CO2 in the 10 selected ILs and others previously 

reported. The reasonable agreement between measured and 

predicted values emphasized the usefulness of employing the 

COSMO-RS method for screening purposes and the 

consistency of results.  

The Figure 6.4 shows that the 5 selected ILs of Group I 

(Table 6.1) present, simultaneously, favorable thermodynamic 

(in mass units) and kinetic properties for CO2 physical 

absorption (ascribable to their low molar weight and viscosity), 

confirming the hypothesis established by molecular 

simulations. It contrasts to the experimental results of ILs 

included in Group II (Table 6.1), previously proposed in 

bibliography [123, 135], which present remarkably lower CO2 

diffusivities and similar or lower CO2 solubilities in mass terms. 

 

 

 

Figure 6.3 Values of experimental and predicted diffusivity of CO2 in 
ILs (D) (A) and experimental vs predicted Henry constant at 298-303 

K (B).  
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6.3.2. Experimental validation and analysis 

Following the proposed research methodology, the 50 ILs 

above considered were included as pseudo-component in the 

compound database of the professional process simulator 

Aspen Plus [126, 321], to perform thermodynamic calculations 

using COSMOSAC property model. Predictions by current 

COSMO-based/Aspen Plus approach were conveniently 

validated comparing them to available experimental data. 

Figure 6.5A shows a comparison of the measured CO2 solubility 

of the 10 selected ILs and TGM to the calculated values by 

Aspen Plus at the studied temperatures and pressures. 

Generally, reasonable predictions of GLE data are observed, 

describing qualitatively the experimental trends, with an 

absolute mean deviation of CO2 mole fraction of ± 0.02. It 

should be reminded that COSMO-based/Aspen Plus 

methodology presented in this thesis, is an a priori approach, 

which does not use experimental data-regressed parameters of 

the CO2-IL mixture.  

Figure 6.4 Experimental diffusivity vs solubility on CO2 obtained for 

the 10 ILs tested in this work at 301.5 K and 1 bar. 
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As shown, the CO2 solubility in [SCN] and in [DCN]-based 

ILs are overestimated by the COSMO-SAC model implemented 

in Aspen Plus. Diffusivity of CO2 in the previously listed 

solvents was also calculated by the COSMO-based/Aspen Plus 

integrated tool at the different temperatures and compared to 

experimental values obtained at 1 bar (Figure 6.5B). Again 

reasonably predictions are obtained, adequately reproducing 

the experimental, but with DCO2 values slightly underestimated, 

with an absolute mean deviation of ± 710-10 m2/s. Other 

properties estimated by COSMO-based/Aspen Plus 

methodology, as density and specific heat capacities, were 

successfully validated as was verified in the previous chapters 

of (4 and 5) of this thesis (see Figure 4.2) obtaining reasonable 

experimental-calculated linear relationship and relatively low 

mean deviation (28 kg/m3 for density, 63 kJ/kmolK for specific 

heat capacity).  

In sum, the property description of CO2-IL mixtures using 

COSMO-based/Aspen Plus approach is found with the 

accuracy level required in the conceptual design of new 

processes [128, 144, 341]. 

 

Figure 6.5 Experimental solubility (A) and diffusivity (B) of CO2 in ILs 
vs predicted values by COSMO-based/Aspen Plus approach. Symbols 

indicate the anion forming the IL. 
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6.3.3. Solvent performance evaluation at 
process scale 

Then, CO2 capture by physical absorption with IL was 

modeled by Aspen Plus using, first, RADFRAC model in 

equilibrium mode to evaluate the thermodynamics role on 

separation efficiency. For this purpose, a gas mole flow of 1000 

kmol/h and 13% of CO2 was treated by using a fixed solvent 

mole flow of 1000 kmol/h in a column of 10 stages at 298K and 

20 bar (Case 1), performing the simulations for the 50 ILs 

studied in this work and three glyme-based solvents (diglyme, 

triglyme, and tetraglyme).  

Figure 6.6A presents the percentage of CO2 captured for 

each case against the solvent molar weight. It is generally 

observed that the CO2 recovery increases when increases the 

molar weight of both cation and anion structures. In fact, the 

[P666,14][Cl], [P666,14][NTf2], [P1i4i4i4][TSO], and [bmim][OcSO4] 

exhibited percentage of CO2 captured higher than all the glyme-

based organic absorbents.  Hence, only attending the molar-

based CO2 absorption capacity, some ILs would be revealed as 

better solvents than those industrially used for CO2 physical 

absorption. 

Figure 6.6 % of CO2 captured by ILs and glymes as a function of the 
solvent molar weight in an equilibrium RADFRAC model. A) Solvent 
flow = 1000 kmol/h (Case 1) ; B) Solvent flow = 300 ton/h (Case 2). 

Symbols indicate the glyme or the anion forming the IL. 
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However, Figure 6.6B depicts the results obtained in the 

same simulation of CO2 capture but fixing the mass absorbent 

flow at 300 ton/h for all studied solvents (Case 2). Notoriously, 

the CO2 recovery seems to decrease when increasing the solvent 

molar weight. In fact, the glymes show more efficient CO2 

separation than any of 50 ILs. Among the ILs, [emim][SCN] and 

[mmim][(Me)2PO4] exhibited the highest values of percentage of 

CO2 recovery, being greater than 95 % and close to the values 

for the glymes.  

It is remarkable the case of [NTf2]-based ILs: they exhibited 

CO2 capture capacities similar to glymes using a constant mole 

absorbent flow, but significant lower values of CO2 absorption 

when using constant mass flow, as a result of their large molar 

weights, in good agreement with the conclusion of Carvalho et 

al. [330], who proposed that comparative evaluation between 

ILs in CO2 physical absorption should be made in mass-based 

terms. 
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Since previous works indicated that the CO2 physical 

absorption by ILs in mainly controlled by the mass transfer 

kinetic [144, 153], the CO2 capture simulations by ILs were also 

performed using the RADFRAC model in Rate-base mode, 

which includes kinetic models to describe the mass transfer 

rates in the separation in each stage. Thus, a gas mole flow of 

1000 kmol/h and 13% of CO2 was treated by using a fixed 

solvent mass flow of 400 ton/h (slightly increased due to the 

separation efficiency loss) in a packing column of 1 m and 10 

stages at 298 K and 20 bar (Case 3).  Figure 6.7 reveals a nearly 

perfect linear relationship between the percentage of CO2 

absorbed and the solvent dynamic viscosity at 298 K for the 50 

ILs and the 3 glymes.  

  

Figure 6.7 % of CO2 captured by ILs and glymes in a packing 
absorption column as a function of the viscosity, using a Rate-base 

RADFRAC model and a solvent mass flow of 400 ton/h (Case 3).  
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The wide range of absorbents studied allow concluding that 

the CO2 capture by physical absorption with ILs, at common 

operating conditions, is kinetically controlled and mainly 

determined the rates of gas-liquid absorption phenomena. In 

good agreement with above molecular simulations and 

experimental results, the most promising ILs for the CO2 

physical absorption are [emim][TCM], [emim][B(CN)4], 

[emim][DCN], and [emim][SCN], confirming that low viscosity 

and molar weight are more adequate criteria to select the IL 

absorbent than the CO2 molar gas solubility, mostly used in 

bibliography [136, 279, 330, 345].  Of course, current results 

are subject to the uncertainty of process simulations by 

COSMO-based/Aspen Plus approach. However, paying 

attention to the case of IL particularly well described by 

calculations ([emim][NTf2] at 301 K and 1 bar -XCO2 

experimental vs predicted: ± 0.002 mean absolute deviation; 

DCO2 Experimental vs predicted: ± 110-10 m2/s mean absolute 

deviation)- it seems clear that the CO2 recovery of IL (5 % in 

Figure 6.7) is remarkably lower than that obtained with TGM 

(46 %), even when the IL presents higher CO2 solubility in mass 

units (Table 6.1) and the CO2 diffusivity in TGM is more 

underestimated by simulations (Figure 6.5B).   

For a more realistic analysis, the CO2 physical absorption 

from a flue gas (1000 kmol/h: 13.4 mol% CO2, 74.2 mol% N2, 

5.0 mol% O2 and 7.4 mol% H2O) was evaluated in a packed 

column of 23.2 m at 298 K and 20 bar, using RADFRAC model 

in Rate-base mode in Aspen Plus (Case 4). The aim of these 

simulations was to calculate the required solvent mass flow to 

achieve a 90 % of CO2 recovery in the absorber. This objective 

was accomplished for 35 of the 50 tested ILs, being impossible 

to capture the 90 % of the CO2 from the flue gas using ILs with 

dynamics viscosities higher than 300 cP at operating conditions 

fixed in Case 4. 
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 In Figure 6.8A and Figure 6.8B, mass flows needed to 

achieve a 90 % of CO2 absorbed are plotted. As seen, the 

viscosity is strongly related to the required flow of solvent 

because the mass transfer kinetics of CO2 in the IL is 

controlling the process. Among the ILs, the [emim][TCM], 

[emim][B(CN)4] and [emim][DCN] required the lowest flows, 

since these ILs exhibited the lowest dynamic viscosities. Using 

these three cyano-based ILs, the needed flows were between 

473 and 564 ton/h, being this value more than double than 

those required for the diglyme, triglyme, and tetraglyme (167-

205 ton/h).  

Figure 6.8 (A and B) Solvent flow and (C) column diameter needed to 
reach a 90 % of CO2 captured by the solvent from a post-combustion 
gas formed by N2, CO2, H2O, and O2 as a function of the viscosity of 

the solvent in a Rate-base RADFRAC model (Case 4).  
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In order to extend the analysis to different gas stream 

conditions of interest (postcombustion, precombustion, 

oxycombustion, biogas purification, etc.), Figure 6.9 presents 

the required solvent mass flow to achieve a 90 % of CO2 

recovery in the absorber using gas feed with different CO2 

partial pressures for four representative solvents. As expected, 

the absorbent consume decreases at higher CO2 partial 

pressures, but the CO2 recovery is controlled by mass transfer 

kinetics in the whole pressure range. Therefore, ILs provide 

lower separation efficiency than TGM, even when testing IL 

mixtures with reported favorable CO2 absorbent properties 

[123].   

As additional information, the designed diameter to 

maintain a reasonable fractional capacity of 62% in the 

absorption column is depicted in Figure 6.8C. Remarkably, the 

lowest values of required column volume were achieved for the 

less viscous absorbents, because the required solvent flow 

decreased as the viscosity did. Therefore, selecting IL 

absorbents with lower viscosity would imply to decrease 

Figure 6.9 Solvent flow needed to reach a 90 % of CO2 captured by 
the solvent as a function of the CO2 partial pressure of gas feed 

calculated by Rate-base RADFRACmodel (Case 4). 
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operating (solvent and energy expenses) and investment 

(column size) of CO2 capture unit. Summarizing, current 

process simulation analysis shows that ILs do not seem to 

present better absorbent properties in CO2 capture stage than 

traditional organic solvents as glymes (components of Selexol). 

It should be pointed that the viability analysis IL application to 

CO2 capture by physical absorption should consider solvent 

regeneration stage and many other aspects of the process, in 

order to state the promising advantages of IL absorbents. 
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6.4. Conclusions 

A multiscale research strategy, integrating quantum-

chemical calculations, experiments and process simulation, 

was successfully applied to evaluate the CO2 physical 

absorption of a representative sample of 50 ILs. COSMO-RS 

molecular simulations were carried out as a preliminary 

screening of thermodynamic and kinetic properties of studied 

CO2-IL systems. As a result, a representative sample of 10 ILs 

was selected due to their favorable transport properties and 

CO2 gas solubility in mass units, expecting competitive 

absorbent behavior respect to industrial solvents, as glymes, 

components of Selexol. Equilibrium and kinetic CO2 absorption 

experiments were carried out with the selected 10 ILs and 

tetraglyme (as benchmark absorbent) at different temperatures 

and pressures using a microbalance. In good agreement with 

the computational hypothesis, the selected ILs present high 

CO2 solubility in mass terms, and diffusivity, expecting better 

absorbent behavior than those ILs previously selected only 

attending to GLE data. Systematic process simulations, using 

equilibrium and rate-base absorption column models were 

performed with the 50 ILs included in this study and three 

glymes conventional organic solvents to evaluate the 

thermodynamics and kinetics role of CO2 capture. It was 

concluded that the CO2 physical absorption by ILs in 

commercial columns is strongly kinetically controlled, 

establishing viscosity as the key parameter for absorbent 

selection. ILs based on tetracyanoborate, tricyanomethanide, 

and dicyanamide anions allowed minimizing solvent, energy 

and equipment costs, due to their favorable transport 

properties and low molar weight. ILs did not exhibit better 

absorbent performance in CO2 capture unit than industrial 

organic solvents as glymes. More complete studies of the 

process (including regeneration stage, life cycle analysis, etc.) 

are needed to explore the advantages of ILs (low volatility, high 

thermal stability, selectivity) in CO2 capture application to 

different systems (postcombustion, precombustion, 

oxycombustion or natural gas/biogas purification). 
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Thesis Conclusions 
 

he results and ideas related to the research presented in 

this thesis contribute to the use and application of 

predictive computational methods (and specifically 

COSMO-based models) in the design of new chemical processes 

and products based on ILs. In addition, its use has allowed 

evaluating the IL solvent performance at process scales, 

considering a multicriteria approach and evaluating the 

thermodynamic performances, mass kinetic limitations, costs 

and technical viability, which open new opportunities in future 

research on ionic liquids and increases the perspective of 

potential industrial applications of new solvents as ionic 

liquids. 

As main contribution of this PhD thesis, a free database of 

ILs has been developed and successfully implemented in the 

commercial process simulators Aspen Plus and Aspen Hysys. 

The publication of the free ILUAM database is also a possibility 

to reproduce and complement our work more easily; 

additionally, it also allows the progress in the ionic liquids field 

by other research groups. 

Next, the main conclusions of this PhD thesis are divided 

by chapters: 

In Chapter 1, an extensive analysis of the predictive 

capacity of COSMO-RS with ionic liquid mixtures is presented, 

involving thousands of experimental data of the activity 

coefficient, the vapor-liquid and liquid-liquid phase 

equilibrium. The effect of different computational approaches 

available in COSMOtherm software was evaluated, and it was 

proved that the ion independent C+A model is able to reproduce 

the experimental data with generally lower mean deviation than 

ion-pair CA model. It was shown that better results are 

obtained using the recent parametrizations, and in particular, 

it was demonstrated that the TZVPD-fine calculation level 

T 
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describes the mixing data with higher precision, although it 

should be improved in liquid-liquid equilibrium calculations. 

In Chapter 2, COSMO-RS is used for the design, proposal 

and evaluation of new ionic liquids to be used as extractants 

for nitrogenous compounds of fuels. It was observed that the 

mixture phenomenon was clearly determined by entropic 

contributions. For this reason, an ionic liquid based on poly-

substituted cations with long alkyl chains was proposed as 

optimal for this application, which was subsequently confirmed 

experimentally in collaboration with the experimental group of 

Prof. Tojo (Universidad de Vigo). 

Chapter 3 is an application of predictive tools, such as 

quantum-chemical calculations and COSMO-RS method, for 

the estimation of unknown properties of zwitterions. The 

results show that liquid zwitterions are more polar molecules 

than ionic liquids and, for that reason; zwitterions have a 

higher viscosity and melting temperature compared to ionic 

liquids. After the analysis of the mixing properties with 

compounds of different chemical nature, a possible application 

of zwitterions was suggested as extracting agents of aliphatic-

alcohol mixtures (or very polar compounds), finding zwitterions 

(among those already synthesized) that presented higher 

extraction capacities and selectivities than ionic liquids. 
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Chapter 4 details the development and validation of a free 

database containing 100 ionic liquids (called ILUAM) for the use 

of COSMO/Aspen methodology in AspenOne process 

simulators. To assure this purpose, properties of the pure 

compound (density, viscosity, heat capacity and surface 

tension) were validated, and it was found that the errors were 

less than 15% in all properties (except surface tension) using 

the CA databank. In addition, comparing the experimental and 

calculated results of mixing properties, a sufficiently good 

prediction was obtained (both qualitatively and quantitatively) 

for the conceptual engineering stage of chemical processes 

based on ionic liquids. The application of the ILUAM database 

process simulators open new research opportunities in the field 

of ionic liquids for academic and industrial groups. 

In Chapter 5, absorption refrigeration cycles were studied 

both at the molecular and in the process simulator using the 

COSMO-based/Aspen multiscale methodology presented in 

Chapter 4. From the properties estimation, several refrigerant-

ionic liquids pairs were proposed among a huge amount of 

available systems attending to optimized properties. The best 

pairs were evaluated by simulating the whole absorption 

refrigeration process, calculating thermodynamic performance, 

and comparing to conventional systems commonly used in the 

industry. For the first time, it was concluded with a proposal 

for the selection of refrigerant-absorbent pairs as a function of 

cooling temperatures and applications. 
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The last Chapter 6 is a deepening study and demonstration 

of the potential power of the ILUAM database in Aspen Plus, 

which combines experimental essays and predictive properties 

methods with rigorous operations unit models for the overview 

the ionic liquid performance as physical absorbents in CO2 

capture. 50 ionic liquids with significantly different properties 

were evaluated, and we concluded with the key variables that 

most influence the real separation performances of ionic liquids 

used in commercial packed columns. It was demonstrated that 

the high viscosity of ionic liquids is a disadvantage to be applied 

in real devices on an industrial scale. Consequently, it was 

concluded that ionic liquids with low molecular weight and low 

viscosity behave better as CO2 physical absorbents. From the 

comparison with the conventional organic compounds 

currently used in the industry, it was found that the ionic 

liquids absorption performances were lower, but the differences 

in the regeneration of the solvent or the complete process were 

not still studied. Therefore, this point must be the next step in 

the study of CO2 physical capture with ionic liquids. 

With everything presented above, I believe that this thesis 

implies a further development in the application of the 

multiscale simulation methodology by the group of the 

Universidad Autónoma de Madrid in the study of ionic liquids 

as solvents in new separation processes. In addition, it 

supposes a refinement, as well as an expansion and 

understanding of the predictive COSMO-based models to be 

used by research groups in Chemical Engineering. 
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Conclusiones 
 

os resultados e ideas relativas a la investigación que se 

presentan en esta tesis contribuyen al uso y aplicación 

de los métodos computacionales predictivos (y 

concretamente de los modelos basados en COSMO) en el diseño 

de nuevos procesos químicos y productos basados en líquidos 

iónicos. Además, su uso ha permitido evaluar diferentes 

ejemplos de procesos químicos con líquidos iónicos a escala 

industrial, considerando un enfoque multicriterio y evaluando 

los rendimientos termodinámicos, las limitaciones cinéticas de 

la transferencia de materia, los costes y la viabilidad técnica, lo 

que abre nuevas oportunidades en futuras investigaciones 

sobre líquidos iónicos y aumenta la perspectiva de las 

potenciales aplicaciones industriales de nuevos solventes como 

los líquidos iónicos 

Como principal contribución de esta tesis doctoral, se ha 

desarrollado e implementado con éxito una base de datos de 

acceso libre de líquidos iónicos para ser utilizados en los 

simuladores de procesos comerciales Aspen Plus y Aspen 

Hysys. La publicación de la base de datos ILUAM también es 

una posibilidad de reproducir y complementar nuestro trabajo 

más fácilmente; adicionalmente, también permite el progreso 

en el campo de los líquidos iónicos por parte de otros grupos de 

investigación. 

A continuación, se van a desglosar por capítulos las 

principales conclusiones: 

En el Capítulo 1, se presenta un extensivo análisis de la 

capacidad predictiva del COSMO-RS con sistemas basados en 

líquidos iónicos abarcando miles de datos experimentales del 

coeficiente de actividad, el equilibrio de fases líquido-vapor y 

líquido-líquido. Se evaluó el efecto diferentes aproximaciones 

computacionales disponibles en el software COSMOtherm y se 

comprobó que el modelo de líquido iónico de iones 

L 
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independientes (C+A) consigue reproducir los datos 

experimentales con una desviación media generalmente más 

baja que el modelo basado en el par iónico (CA). Se probó que 

usando las parametrizaciones recientes se obtienen mejores 

resultados, y en concreto se demostró también que el nivel de 

cálculo TZVPD-fine describe con mayor precisión los datos de 

mezcla, si bien se debe mejorar con los cálculos de equilibrio 

líquido-líquido. 

En el Capítulo 2, COSMO-RS se utiliza para el diseño, 

propuesta y evaluación de nuevos líquidos iónicos para 

emplearlos como agentes extractores de compuestos 

nitrogenados de fueles. Se observó que el fenómeno de mezcla 

estaba claramente determinado por contribuciones entrópicas. 

Por ello, se propuso un líquido iónico basado en cationes poli-

sustituidos con cadenas alquílicas largas como óptimo para 

esta aplicación, lo cual fue posteriormente confirmado 

experimentalmente en colaboración con el grupo experimental 

de la Dra. Emilia Tojo (Universidad de Vigo). 

El Capítulo 3 es una aplicación de las herramientas 

predictivas como los cálculos químico-cuánticos y el método 

COSMO-RS, para la estimación de propiedades desconocidas 

de zwitteriones. Los resultados demuestran que los zwitteriones 

líquidos son moléculas más polares que los líquidos iónicos y, 

por esa razón, presentan una alta viscosidad y mayor 

temperatura de fusión en comparación con los líquidos iónicos. 

Tras el análisis de las propiedades de mezcla con compuestos 

de diferente naturaleza química se propuso una posible 

aplicación de los zwitteriones como agentes extractores de 

mezclas alifático-alcoholes (o compuestos muy polares) 

encontrando zwitteriones (entre los ya sintetizados) que 

presentaban mayores capacidades de extracción y 

selectividades que los líquidos iónicos 
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El Capítulo 4 detalla la información de la publicación de 

una base de datos de 100 líquidos iónicos de libre acceso 

(llamada ILUAM) para su uso e implementación en simuladores 

de procesos AspenOne. Para garantizar este objetivo, se 

validaron propiedades del compuesto puro (densidad, 

viscosidad, capacidad calorífica y tensión superficial), y se 

comprobó que los errores eran menores del 15% en todas las 

propiedades (salvo la tensión superficial) utilizando la databank 

CA. Además, al comparar los resultados experimentales y 

calculados de las propiedades de mezcla, se obtuvo una 

predicción razonablemente buena (tanto cualitativa como 

cuantitativamente) para la etapa de ingeniería conceptual de 

procesos químicos basados en líquidos iónicos. La aplicación 

de los simuladores del proceso de la base de datos ILUAM abre 

nuevas oportunidades de investigación en el campo de los 

líquidos iónicos para grupos académicos e industriales. 

En el Capítulo 5, se estudiaron los ciclos de refrigeración 

de absorción tanto usando simulación molecular como en el 

simulando el proceso utilizando la metodología multiescala 

COSMO-based/Aspen presentada en el Capítulo 4. A partir de 

la estimación de propiedades, se propusieron varios pares de 

refrigerantes-líquido iónico atendiendo a propiedades 

optimizadas. Los mejores pares se evaluaron simulando el 

proceso completo de refrigeración por absorción, calculando el 

rendimiento termodinámico y comparando con los sistemas 

convencionales comúnmente utilizados en la industria. Por 

primera vez, se concluyó con una propuesta para la selección 

de pares refrigerante-absorbente en función de las 

temperaturas y aplicaciones de refrigeración. 
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El Capítulo 6 es un estudio de profundización y 

demostración del potencial de la base de datos de ILUAM en 

Aspen Plus, que combina ensayos experimentales y métodos 

predictivos junto con modelos rigurosos de unidades de 

operaciones para la descripción del rendimiento del uso de los 

líquidos iónicos como absorbentes físicos en la captura de CO2. 

Se evaluaron cerca de 50 líquidos iónicos con propiedades 

significativamente diferentes, y concluimos con las variables 

clave que más influyen en el rendimiento de la separación real 

utilizando líquidos iónicos en una columna de relleno 

comercial. Se demostró que la alta viscosidad de los líquidos 

iónicos es una desventaja para su aplicación en dispositivos 

reales a escala industrial. Además, se concluyó que los líquidos 

iónicos con bajo peso molecular y baja viscosidad tienen un 

mejor comportamiento como absorbentes físicos de CO2. A 

partir de la comparación con los compuestos orgánicos 

convencionales utilizados actualmente en la industria, se 

manifestó que los rendimientos de absorción de los líquidos 

iónicos eran más bajos, pero las diferencias en la regeneración 

del disolvente o el proceso completo aún no se han estudiado. 

Por lo tanto, este punto debe ser el siguiente paso en el estudio 

de la captura física de CO2 con líquidos iónicos. 

Con todo lo presentado anteriormente creo que esta tesis 

doctoral supone un mayor desarrollo en la aplicación de la 

metodología de simulación multiescala por parte del grupo de 

la Universidad Autónoma de Madrid en el estudio de líquidos 

iónicos como solventes en nuevos procesos de separación. 

Además, supone un refinamiento, así como una expansión y 

comprensión de los modelos predictivos basados en COSMO 

para ser utilizados por grupos de investigación en Ingeniería 

Química. 
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Appendix A. Ionic liquids nomenclature 

 

Table S. A-I List of cations with ILUAM ID, name and abbreviation 

ID ABB NAME 

C101 mim 1-methylimidazolium 

C102 eim 1-ethyl-imidazolium 

C103 Bzim 1-benzylimidazolium 

C104 dcim 1-decylimidazolium 

C105 mmim 1-3-dimethylimidazolium 

C106 emim 1-ethyl-3-methylimidazolium 

C107 prmim 1-propyl-3-methylimidazolium 

C108 bmim 1-butyl-3-methylimidazolium 

C109 pnmim 1-pentyl-3-methylimidazolium 

C10A hxmim 1-hexyl-3-methylimidazolium 

C10B hpmim 1-heptyl-3-methylimidazolium 

C10C omim 1-octyl-3-methylimidazolium 

C10D nmim 1-nonyl-3-methylimidazolium 

C10E dcmim 1-decyl-3-methylimidazolium 

C10F (dce)mim 1-dodecyl-3-methylimidazolium 

C110 (dcb)mim 1-tetradecyl-3-methylimidazolium 

C111 (dchx)mim 1-hexadecyl-3-methylimidazolium 

C112 eeim 1-3-diethylimidazolium 

C113 eprim 1-ethyl-3-propylimidazolium 

C114 prprim 1-propyl-3-propylimidazolium 

C115 (EtOH)mim 1-(2-hydroxyethyl)-3-methylimidazolium 

C116 (PrOH)mim 1-(3-hydroxypropyl)-3-methylimidazolium 

C117 (DcOMe)im 1-decyloxymethylimidazolium 

C118 2mmim 1-2-dimethylimidazolium 

C119 vinylmim 1-vinyl-3-methylimidazolium 

C11A 2meim 1-ethyl-2-methylimidazolium 

C11B propargylmim 1-methyl-3-propargylimidazolium 

C11C allylmim 1-methyl-3-allylimidazolium 

C11D vinyleim 1-vinyl-3-ethylimidazolium 

C11E (EtCN)mim 1-ethylnitrile-3-methylimidazolium 

C11F (PrCN)bim 1-propanenitrile-3-butyl imidazolium 

C120 (PrCN)dcim 1-propanenitrile-3-decyl imidazolium 

C121 vinylprim 1-vinyl-3-propylimidazolium 

C122 allyleim 1-allyl-3-ethylimidazolium 



Appendix 

226 

ID ABB NAME 

C123 i-butenyl-mim 1-isobutenyl-3-methylimidazolium 

C124 i-bmim 1-isobutyl-3-methylimidazolium 

C125 (propargyl)2im 1-3-dipropargylimidazolium 

C126 (vinyl)2im 1-3-diallylimidazolium 

C127 (PrCN)mim 1-propylnitrile-3-methylimidazolium 

C128 vinylbim 1-vinyl-3-butylimidazolium 

C129 allylmim 1-allyl-3-methylimidazolium 

C12A allylprim 1-allyl-3-propylimidazolium 

C12B i-pnmim 1-isopentyl-3-methylimidazolium 

C12C beim 1-butyl-3-ethylimidazolium 

C12D (MeOEt)mim 1-(methoxyethyl)-3-methylimidazolium 

C12E (EtOEt)mim 1-(ethoxyethyl)-3-methylimidazolium 

C12F (BuCN)mim 1-butylnitrile-3-methylimidazolium 

C130 (EtF3)mim 1-trifluoroethyl-3-methylimidazolium 

C131 vinylpnim 1-vinyl-3-pentylimidazolium 

C132 Bzmim 1-benzyl-3-methylimidazolium 

C133 2eBzim 1-benzyl-2-ethylimidazolium 

C134 (PrCN)2im 1.3-dibutylnitrileimidazolium 

C135 (PrOMe)2im 1-3-di(propyloxymethyl)imidazolium 

C136 (BuOMe)2im 1-3-di(butyloxymethyl)imidazolium 

C137 (Bz)2im 1-3-dibenzylimidazolium 

C138 (PnOMe)2im 1-3-di(pentyloxymethyl)imidazolium 

C139 (HxOMe)2im 1-3-di(hexyloxymethyl)imidazolium 

C13A (HpOMe)2im 1-3-di(heptyloxymethyl)imidazolium 

C13B (OcOMe)2im 1-3-di(octyloxymethyl)imidazolium 

C13C (dco)mim 1-octadecyl-3-methylimidazolium 

C13D 1dc2mdcim 1-3-didecyl-2-methylimidazolium 

C13E 1m4mmim 1-3-dimethyl-4-methylimidazolium 

C13F 1m2meim 1-2-dimethyl-3-ethylimidazolium 

C140 1e5mmim 1-ethyl-3-5-dimethylimidazolium 

C141 1e2mmim 1-ethyl-2-3-dimethylimidazolium 

C142 1e4mmim 1-ethyl-3-4-dimethylimidazolium 

C143 1e2m4mim 1-ethyl-2-4-dimethylimidazolium 

C144 1m2mprim 1-2-dimethyl-3-propylimidazolium 

C145 1b2mmim 1-butyl-2-3-dimethylimidazolium 

C146 1hx2mmim 1-hexyl-2-3-dimethylimidazolium 

C147 1o2mmim 1-octyl-2-3-dimethylimidazolium 

C148 (4mBz)mim 1-(4-methylbenzyl)-3-methylimidazolium 
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ID ABB NAME 

C149 (4mBz)eim 1-(4-methylbenzyl)-3-ethylimidazolium 

C14A (EtOEt)eim 1-ethoxyethyl-3-ethyl-imidazolium 

C14B (2MeOPr)mim 
1-(2-methoxypropyl)-3-methyl-
imidazolium 

C14C dceim 1-decyl-3-ethylimidazolium 

C14D hxeim 1-hexyl-3-ethylimidazolium 

C14E (OcOH)mim 1-(8-hydroxyoctyl)-3-methylimidazolium 

C14F Phmim 1-phenyl-3-methylimidazolium 

C150 (4mPh)mim 1-(4-methylphenyl)-3-methylimidazolium 

C151 (4mPh)2im 
1-(4-methylphenyl)-3-(4-
methylphenyl)imidazolium 

C152 (dc)2im 1,3-didecyl-1H-imidazol-3-ium 

C153 (dce)2im 1,3-didodecylimidazolium 

C154 (dcm)mim 3-methyl-1-undecyl-1H-imidazol-3-ium 

C155 (EtCN)hxim 
1-(2-cyanoethyl)-3-hexyl-1H-imidazol-3-
ium 

C156 (EtCN)oim 3-(2-cyanoethyl)-1-octyl-1H-imidazolium 

C157 (EtCN)omim 
3-(2-cyanoethyl)-1-octyl-1H-imidazol-3-
ium 

C158 (HxOH)bim 
1-butyl-3-(6-hydroxyhexyl)-1H-
imidazolium 

C159 (HxOH)eim 
1-ethyl-3-(6-hydroxyhexyl)-1H-
imidazolium 

C15A (HxOH)im 1-(6-hydroxyhexyl)imidazolium 

C15B (HxOH)mim 3-(6-hydroxyhexyl)-1-methylimidazolium 

C15C (PrNH2)mim 
1-(3-aminopropyl)-3-methyl-1H-
imidazolium 

C15D bbim 1,3-dibutyl-1H-imidazolium 

C15E Bim 1-butylimidazolium 

C15F bpnim 1-butyl-3-pentylimidazolium 

C160 hphpim 1,3-diheptyl-1H-imidazol-3-ium 

C161 hxhxim 1,3-dihexyl-1H-imidazol-3-ium 

C162 im 1H-imidazolium 

C163 nnim 1,3-dinonyl-1H-imidazol-3-ium 

C164 ooim 1,3-dioctyl-1H-imidazol-3-ium 

C165 pnpnim 1,3-dipentyl-1H-imidazol-3-ium 

C201 py pyridinium 

C202 mpy N-methylpyridinium 

C203 epy N-ethylpyridinium 

C204 prpy N-propylpyridinium 

C205 bpy N-butylpyridinium 
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ID ABB NAME 

C206 pnpy N-pentylpyridinium 

C207 hxpy N-hexylpyridinium 

C208 hppy N-heptylpyridinium 

C209 opy N-octylpyridinium 

C20A 3mmpy N-methyl-3-methylpyridinium 

C20B 3mepy N-ethyl-3-methylpyridinium 

C20C 3mbpy N-butyl-3-methylpyridinium 

C20D 3mhxpy N-hexyl-3-methylpyridinium 

C20E 3mhppy N-heptyl-3-methylpyridinium 

C20F 3mopy N-octyl-3-methylpyridinium 

C210 3mnpy N-nonyl-3-methylpyridinium 

C211 3prnpy N-nonyl-3-propylpyridinium 

C212 (EtOH)py N-(2-hydroxyethyl)pyridinium 

C213 2CNepy N-ethyl-2-cyanopyridinium 

C214 3CNepy N-ethyl-3-cyanopyridinium 

C215 4CNepy N-ethyl-4-cyanopyridinium 

C216 (EtOMe)py N-(ethoxymethyl)pyridinium 

C217 (MeOEt)py N-(2-methoxyethyl)pyridinium 

C218 (PrOH)py N-(3-hydroxypropyl)pyridinium 

C219 2mepy N-ethyl-2-methylpyridinium 

C21A 4mepy N-ethyl-4-methylpyridinium 

C21B 2mprpy N-propyl-2-methylpyridinium 

C21C 3mprpy N-propyl-3-methylpyridinium 

C21D 4mprpy N-propyl-4-methylpyridinium 

C21E 2mbpy N-butyl-2-methylpyridinium 

C21F 4mbpy N-butyl-4-methylpyridinium 

C220 2pn35mepy N-ethyl-3,5-dimethyl-2-pentylpyridinium 

C221 2pn35mhxpy N-hexyl-3,5-dimethyl-2-pentylpyridinium 

C222 235mhxpy N-hexyl-2,3,5-trimethylpyridinium 

C223 2e35mhxpy 2-ethyl-N-hexyl-3,5-dimethylpyridinium 

C224 235mbpy N-butyl-2,3,5-trimethylpyridinium 

C225 (EtOEt)py N-(2-ethoxyethyl)pyridinium 

C226 (MeOPr)py N-(3-methoxypropyl)pyridinium 

C227 3CNbpy N-butyl-3-cyanopyridinium 

C228 4CNbpy N-butyl-4-cyanopyridinium 

C229 3(CF3)epy N-ethyl-3-(trifluoromethyl)pyridinium 

C22A 4(CF3)epy N-ethyl-4-(trifluoromethyl)pyridinium 

C22B 3(EtOCOO)epy 
N-ethyl-3-ethoxy methoxy carbonyl 
pyridinium 
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ID ABB NAME 

C22C 35mhxpy N-hexyl-3,5-dimethylpyridinium 

C22D 4(Me2N)hxpy N-hexyl-4-(dimethylamino)pyridinium 

C22E 4CNopy N-octyl-4-cyanopyridinium 

C22F dcpy N-decylpyridinium 

C230 3(BuOCOO)bpy 
N-butyl-3-buthoxy methoxy carbonyl 
pyridinium 

C231 (dchx)py N-hexadecylpyridinium 

C232 npy N-nonylpyridinium 

C233 (dce)py N-dodecylpyridinium 

C234 3Clbpy N-butyl-3-chloropyridinium 

C235 3Fbpy N-butyl-3-fluoropyridinium 

C236 3(NH2)bpy N-butyl-3-aminopyridinium 

C237 3(NO2)bpy N-butyl-3-nitropyridinium 

C238 3(MeO)bpy N-butyl-3-methoxypyridinium 

C239 3(MeS)bpy N-butyl-3-thiocarbonatepyridinium 

C23A 4(Me2N)bpy N-butyl-4-dimethylammoniumpyridinium 

C23B 4(Me2N)epy N-ethyl-3-dimethylammoniumpyridinium 

C23C 4(Me2N)hxpy N-hexyl-3-dimethylammoniumpyridinium 

C23D 4mhxpy N-hexyl-4-methylpyridinium 

C23E 4mopy N-octyl-4-methylpyridinium 

C240 (dcb)py (tetradecyl)pyridinium 

C241 (dco)py (octadecyl)pyridinium 

C242 3m4(Me2N)hxpy 
N-hexyl-3-methyl-4-
(dimethylamino)pyridinium 

C243 2pr35mhxpy N-hexyl-2-propyl-3,5-diethylpyridinium 

C23F (MeCOOEt)py 1-(2-ethoxy-2-oxoethyl)-pyridinium 

C244 23mbpy 1-butyl-2,3-dimethylpyridinium 

C245 2eepy 1,2-diethylpyridinium 

C246 2empy 2-ethyl-1-methylpyridinium 

C247 2pn35mbpy 1-butyl-3,5-dimethyl-2-pentylpyridinium 

C248 35mbpy 1-butyl-3,5-dimethylpyridinium 

C249 35mopy 3,5-dimethyl-1-octylpyridinium 

C24A 3CNhxpy 3-cyano-1-hexylpyridinium 

C24B 4CNhxpy 1-hexyl-4-cyanopyridinium 

C301 pyr pyrrolidinium 

C302 mmpyr N,N-dimethylpyrrolidinium 

C303 empyr N-ethyl-N-methylpyrrolidinium 

C304 prmpyr N-propyl-N-methylpyrrolidinium 

C305 bmpyr N-butyl-N-methylpyrrolidinium 
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ID ABB NAME 

C306 pnmpyr N-pentyl-N-methylpyrrolidinium 

C307 hxmpyr N-hexyl-N-methylpyrrolidinium 

C308 hpmpyr N-heptyl-N-methylpyrrolidinium 

C309 ompyr N-octyl-N-methylpyrrolidinium 

C30A 2mprpyr N-propyl-2-methylpyrrolidinium 

C30B (EtOH)mpyr N-hydroxyethyl-N-methylpyrrolidinium  

C30C (secb)mpyr N-methyl-N-secbutylpyrrolidinium 

C30D 2mbpyr N-butyl-2-methylpyrrolidinium 

C30E dcmpyr N-decyl-N-methylpyrrolidinium 

C30F 2(O)mpy N-methyl-2-oxopyrrolidinium 

C310 nmpyr N-nonyl-N-methylpyrrolidinium 

C311 hxpyr N-hexylpyrrolidinium 

C312 opyr N-octylpyrrolidinium 

C313 (EtOEt)mpyr N-(ethoxyethyl)-N-methylpyrrolidinium 

C314 bpyr butylpyrrolidinium 

C315 (MeOEt)mpyr 
1-(2-methoxyethyl)-1-
methylpyrrolidinium 

C316 (MeOMe)mpyr 
1-(methoxymethyl)-1-
methylpyrrolidinium 

C317 bepyr 1-butyl-1-ethylpyrrolidinium 

C318 pyrrolidonium pyrrolidonium 

C401 empip N-ethyl-N-methylpiperidinium 

C402 prmpip N-propyl-N-methylpiperidinium 

C403 bmpip N-butyl-N-methylpiperidinium 

C404 hxmpip N-hexyl-N-methylpiperidinium 

C405 ompip N-octyl-N-methylpiperidinium 

C406 (MeOEt)mpip 1-(2-methoxyethyl)-1-methylpiperidinium 

C501 Choline (2-hydroxyethyl)-trimethyl ammonium 

C502 N11H(EtOH) N,N-dimethylethanolammonium 

C503 NH4 ammonium 

C504 HNH4 ammonium humate 

C505 N1HHH methylammonium 

C506 N2HHH ethylammonium 

C507 N3HHH propylammonium 

C508 N4HHH butylammonium 

C509 N11HH dimethylammonium 

C50A N111H trimethylammonium 

C50B NHHH(EtOH) hydroxy-ethylammonium 

C50C N1111 tetramethylammonium 
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ID ABB NAME 

C50D N22HH diethylammonium 

C50E N221H diethyl-methylammonium 

C50F N221(MeOEt) 
diethyl-methyl-(2-methoxyethyl) 
ammonium 

C510 N13HH methylpropylammonium 

C511 NHHH(MeOEt) 2-methoxyethylammonium 

C512 NHHH(PrOH) 2-hydroxypropylammonium 

C514 N5HHH pentylammonium 

C515 N1112 trimethyl-ethylammonium 

C516 N111allyl trimethyl-allylammonium 

C517 N1113 trimethyl-propylammonium 

C518 N222H triethylammonium 

C519 N114H dimethyl-butylammonium 

C51A N114(EtOH) 
(2-hydroxyethyl)-butyl-dimethyl 
ammonium 

C51B NHH(EtOH)2 bis(hydroxyethyl)ammonium 

C51C NHHH(EtOEtOH) 2-(2-hydroxy-ethoxy)-ethylammonium  

C51D NHC caprolactam 

C51E N1114 trimethyl-butylammonium 

C51F N1i3i3H diisopropyl-methylammonium 

C520 NH1(EtOH)2 bis-(2-hydroxyethyl)methylammonium  

C521 N2222 tetraethylammonium 

C522 N2224 triethyl-butylammonium 

C523 N2226 triethyl-hexylammonium 

C524 N2i3i3H diisopropyl-ethylammonium 

C525 N112(EtOH) 
(2-hydroxyethyl)-ethyldimethyl 
ammonium 

C526 N111Ph trimethyl-phenylammonium 

C527 N1116 trimethyl-hexylammonium 

C528 N333H tripropylammonium 

C529 N3333 tetrapropylammonium 

C52A acetylcholine acetylcholine 

C52B N1117 trimethyl-heptylammonium 

C52C N2225 triethyl-pentylammonium 

C52D N1118 trimethyl-octylammonium 

C52E N111,16 trimethyl-hexadecylammonium 

C52F N444H tributylammonium 

C530 N222Bz triethyl-benzylammonium 

C531 N1444 tributyl-methylammonium 
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C532 N2227 triethyl-heptylammonium 

C533 N111,10 trimethyl-decylammonium 

C534 N2228 triethyl-octylammonium 

C535 N4444 tetrabutylammonium 

C536 N222,12 triethyl-bihexylammonium 

C537 N4446 tributyl-hexylammonium 

C538 N4447 tributyl-heptylammonium 

C539 N4448 tributyl-octylammonium 

C53A N5555 tetrapentylammonium 

C53B NH(i-oc)3 triisooctylammonium 

C53C N6666 tetrahexylammonium 

C53D N1888 trioctyl-methylammonium 

C544 N1125 
N,N-dimethyl-N-ethyl-N-
pentylammonium 

C545 N113H N,N-dimethylpropan-1-aminium 

C546 N116(EtOH) hexyl(2-hydroxyethyl)dimethylammonium 

C547 N1H(EtOH)2 
2-hydroxy-N-(2-hydroxyethyl)-N-
methylethanaminium 

C548 N1HH(EtOH) N-methyl-2-hydroxyethylammonium 

C549 N2117 N-ethyl-N,N-dimethylheptanaminium 

C54A N222,10 N,N,N-triethyl-1-decanaminium 

C54B N222,14 N,N,N-triethyltetradecan-1-aminium 

C54C N223H N,N-diethylpropan-1-aminium 

C53E N8884 trioctyl-butylammonium 

C53F N7777 tetraheptylammonium 

C540 N8888 tetraoctylammonium 

C541 N10,10,10,10 tetradecylammonium 

C542 EDA ethylenediamine 

C543 N1142 butyl-ethyl-dimethyl-ammonium 

C601 P1116 trimethyl-hexylphosphonium 

C602 P222(MeOMe) triethyl-methoxymethylphosphonium 

C603 P222(EtOMe) triethyl-methoxyethylphosphonium 

C604 P1118 trimethyl-octylphosphonium 

C605 P1888 trioctyl-methylphosphonium 

C606 P2225 triethyl-pentylphosphonium 

C607 P1444 tributyl-methylphosphonium 

C608 P1i4i4i4 Tri(isobutyl) methylphosphonium 

C609 P2228 triethyl-octylphosphonium 

C60A P2444 tributyl-ethylphosphonium 
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C60B P4444 tetrabutylphosphonium 

C60C P444(PrNH2) tributyl-(3-amino-propyl)phosphonium 

C60D P4446 tributyl-hexylphosphonium 

C60E P222,12 triethyl-bihexylphosphonium 

C60F P4448 tributyl-octylphosphonium 

C610 P444,14 tributyl-tetradecylphosphonium 

C611 P666,14 trihexyl-tetradecylphosphonium 

C612 P8888 tetraoctylphosphonium 

C613 P666,15 trihexyl-pentadecylphosphonium 

C614 P666,16 trihexyl-hexadecylphosphonium 

C615 P777,18 triheptyl-octadecylphosphonium 

C616 P888,19 trioctyl-nonadecylphosphonium 

C617 P999,19 trinonyl-nonadecylphosphonium 

C618 P2224 triethyl-butylphosphonium 

C619 P222,10 decyl-triethyl-phosphonium 

C61A P2221 triethyl-methyl-phosphonium 

C61B P2222 tetraethyl-phosphonium 

C61C P2223 triethyl-propyl-phosphonium 

C61D P3333 tetrapropyl-phosphonium 

C61E P5555 tetrapentyl-phosphonium 

C61F P666,10 trihexyl-decyl-phosphonium 

C620 P666,12 trihexyl-dodecyl-phosphonium 

C621 P666,18 trihexyl-dodecyl-phosphonium 

C622 P6661 trihexyl-methyl-phosphonium 

C623 P6663 trihexyl-propyl-phosphonium 

C624 P6664 trihexyl-butyl-phosphonium 

C625 P6666 tetrahexyl-phosphonium 

C626 P6667 trihexyl-heptyl-phosphonium 

C627 P6668 trihexyl-octyl-phosphonium 

C701 S111 trimethylsulfonium 

C702 S112 ethyldimethylsulfonium 

C703 S11,propargyl dimethylpropargylsulfonium 

C704 S122 methyldiethylsulfonium 

C705 S222 triethylsulfonium 

C706 S133 methyldipropylsulfonium 

C707 S233 ethyldipropylsulfonium 

C708 S144 methyldibutylsulfonium 

C709 S244 ethyldibutylsulfonium 
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C70A S444 tributylsulfonium 

C801 emmor N-ethyl-N-methylmorpholinium 

C802 bmmor N-butyl-N-methylmorpholinium 

C803 hxmmor N-hexyl-N-methylmorpholinium 

C804 ommor N-octyl-N-methylmorpholinium 

C901 bQ butylquinolinium 

C902 hxQ hexylquinolinium 

C903 oQ octylquinolinium 

C904 2hxQ 2-hexylisoquinolinium 

C905 2oQ 2-octylisoquinolinium 

CA01 (Me)6Gu hexamethylguanidinium 

CA02 (Me)4Gu 1,1,3,3-tetramethylguanidinium 
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Table S. A-II List of anions with ILUAM ID, name and abbreviature 

ID ABB NAME 
A001 Cl chloride 
A002 Br bromide 
A003 I Iodide 
A004 ClO4 perchloric acid 
A005 Br3 tribromide 
A006 ICl2 dichloro-iodide 
A007 IBr2 dibromo-iodide 
A008 F fluoride 
A101 BF4 tetrafluoroborate 
A102 PF6 hexafluorophosphate 
A103 MeBF3 methyltrifluoroborate 
A104 NTf2 bis(trifluoromethylsulfonyl)imide 
A105 BETI bis(pentafluoroethylsulfonyl)imide 
A106 NfO perfluorobutanesulfonate 
A107 FEP tris(pentafluoroethyl)trifluorophosphate 
A108 FSI bis(fluorosulfonyl)imide 
A109 BF3CF3 (trifluoromethyl)trifluoroborate 
A10A bFEP tris(nonafluorobutyl)trifluorophosphate 
A10B NNf2 bis(nonafluorobutylsulfonyl)imide 
A10C CTf3 tris(trifluoromethylsulfonyl)methide 
A201 MeOCOO methylcarbonate 
A202 CHOO formate 
A203 MeCOO acetate 
A204 EtCOO propionate 
A205 PrCOO butanoate 
A206 BuCOO pentanoate 
A207 PnCOO hexanoate 
A208 HxCOO heptanoate 
A209 HpCOO octanoate 
A20A nCOO decanoate 
A20B TFA trifluoroacetate 
A20C PrF7COO heptafluorobutanoate 
A20D K-salt nitrodithioacetate 
A20E EDTA ethylenediaminetetraacetate 
A20F COOCNpyr 2-cyanopyrrolidine-1-carboxylate 
A210 (Me)2NCOO dimethylcarbamate 
A211 BzCOO benzoate 
A212 (dcm)COO dodecanoate 
A213 (EtOH)COO 2-hydroxypropionate 
A214 gly glycolate 
A215 lac lactate 
A216 NH2COO ammonioacetate 
A217 iPrCOO isobutyrate 
A218 BuF9COO perfluoropentanoate 
A219 PhO phenolate 
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ID ABB NAME 
A301 WF7 heptafluorotungstenic 
A302 AsF6 hexafluoroarsenic 
A303 SbF6 hexafluoroantimony 
A304 AlCl4 tetrachloroaluminate 
A305 FeCl4 ferric chloride 
A306 Fe0.5Ga0.5Cl4 chloride-ferric chloride-gallium 
A307 WOF5 oxypentafluorotungstate 
A308 TaF6 hexafluorotantalum 
A309 Zn2Cl5 Zn2Cl5 
A30A UF6 hexafluorouranate 

A30B Co(SCN)4 
tetrathiocyanatocobaltate;tetra-
thiocynateCobalt (II) 

A30C AlBr4 Tetrabromoalumanuide 
A401 CNpyr 1-cyanopyrrolide  
A402 2CNpyr 2-cyanopyrrolide  
A403 2Mepyr 2-methylpyrrolide  
A404 pyr pyrrolide 
A405 Inda indazolide 
A406 Triaz triazolide 
A501 SCN thiocyanate 
A502 DCN dicyanamide 
A503 TCM tricyanomethanide 
A504 B(CN)4 tetracyanoborate 
A505 dtmn dithiomaleonitrile 
A506 TCA 1,1,3,3-tetracyanoallyl 
A507 Me-TCA 2-methyl-1,1,3,3-tetracyanoallyl 
A508 PCA 1,1,2,3,3-pentacyanoallyl 
A601 H2PO4 dihydrogenphosphate 
A602 MeHPO4 methylphosphate 
A603 (Me)2PO4 dimethylphosphate 
A604 (Et)2PO4 diethylphosphate 
A605 (Bu)2PO4 dibutylphosphate 
A606 EtPO3 ethylphosphite 
A607 BuPO3 butylphosphite 
A608 HxPO3 hexylphosphite 
A609 OcPO3 octylphosphite 
A60A TMPPh bis(2,4,4-trimethylpentyl)phosphinate 
A60B (2EtHx)2PO4 bis(2-ethylhexyl)phosphate 

A60C TMPTPh 
bis(2,4,4-
trimethylpentyl)thiophosphinate 

A60D MePO3 Methylphosphite 
A60F BuHPO4 Butylphosphate 
A610 EtHPO4 Ethylphosphate 
A611 HxHPO4 Hexylphosphate 
A612 OcHPO4 Octylphosphate 
A701 dtc diethyldithiocarbamate 
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ID ABB NAME 
A702 MeSO3 methanesulfonate 
A703 TfO trifluoromethanesulfonate 
A704 EtF4SO3 1,1,2,2-tetrafluoroethanesulfonate 
A705 BS benzenesulfonate 
A706 dbsa dodecylbenzenesulfonate 
A707 TSO tosylate; p-toluenesulfonate 
A708 DMBS dimethylbenzenesulfonate 
A709 TMBS trimethylbenzenesulfonate 
A70A HSO4 hydrogen sulfate 
A70B MeSO4 methylsulfate 
A70C EtSO4 ethylsulfate 
A70D PrSO4 propylsulfate 
A70E BuSO4 butylsulfate 
A70F PnSO4 pentylsulfate 
A710 HxSO4 hexylsulfate 
A711 HpSO4 heptylsulfate 
A712 OcSO4 octylsulfate 
A713 Ace acesulfamate 
A714 (EtOEt)SO4 ethoxyethylsulfate  
A715 (dce)SO4 dodecylsulfate 
A716 SBA sulfobenzoate 
A717 N(EtOH)2EtSO3 Dihydroxyethylamineethanesulphonate 
A718 Me(EtOH)2SO4 2-(2-methoxy-ethoxy)-ethylsulfate 
A719 sac saccharinate 
A71A (Oc)2succ dioctysulfosuccinate 
A71B (NH2Et)SO3 2-aminoethanesulfonate 
A71C DcSO4 decylsulfate 
A802 glyN glycinate 
A804 ala alaninate 
A805 ser serinate 
A806 pro prolinate 
A807 asn asparaginate 
AF01 BH4 tetrahydrogenborate 
AF02 NO3 nitrate 
AF03 N3 azide 
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Appendix B. Supplementary material of Chapter 1 
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Figure S. B-I Comparison of experimental and calculated γ∞ using (A) 

the original Br radii and (B) Cl radius as a result of our optimization. 
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Figure S. B-II Experimental vs predicted mass gas solubilities using 
C+A model BP_TZVPD-fine_C30_18 level and (A). Vapor pressure of 
solutes estimated using “energy file” (B). Vapor pressure of solutes 

estimated using COSMOlogic correlation. 
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Appendix C. Supplementary material of Chapter 2 

 

Table S. C-I Calculated parameters for the cation studied. 
Resonance effect (𝝈𝑹+), inductive field (𝝈𝑭) effect and 
polarizability effect (𝝈𝜶 ) of the substituent of Taft and Topsom 

-R 𝜎𝑅+ 𝜎𝐹 𝜎𝛼 
-NH2 -0.52 0.14 -0.16 
-CH3 -0.08 0.00 -0.35 
-H 0.00 0.00 0.00 

-CN 0.00 0.60 -0.46 
-Cl -0.17 0.45 -0.43 
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Figure S. C-I (A) σ-Profiles of different cations and DCN anion obtained 
by COSMO-RS using ion-pair molecular model. (B) σ-Potentials of 
different cations and DCN anion obtained by COSMO-RS using ion-

pair molecular model. 
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Table S. C-II Experimental liquid-liquid equilibrium data in mole 
fraction, and experimental and calculated values of the solute 
distribution ratio (β) and selectivity (S) for the ternary systems 
(heptane (1) + pyridine (2) + [3mbpy][DCN] (3)) at T = 298.15 K and 
atmospheric pressure. 

Alkane 
rich phase (I) 

IL rich phase 
(II) 

Exp. Calc. 

x1 x2 x1 x2 β S β S 
0.986 0.014 0.016 0.112 8.00 493.00 5.58 260.62 
0.967 0.033 0.014 0.208 6.30 435.36 5.34 233.60 
0.955 0.045 0.014 0.281 6.24 425.96 5.15 212.08 
0.947 0.053 0.014 0.317 5.98 404.58 5.05 197.55 
0.923 0.077 0.013 0.380 4.94 350.39 4.82 177.78 

Table S. C-III Experimental liquid-liquid equilibrium data in mole 
fraction, and experimental and calculated values of the solute 
distribution ratio (β) and selectivity (S) for the ternary systems 
(heptane (1) + pyridine (2) + [3Clbpy][DCN] (3)) at T = 298.15 K and 
atmospheric pressure. 

Alkane 
rich phase (I) 

IL rich phase 
(II) 

Exp. Calc. 

x1 x2 x1 x2 β S β S 
0.987 0.013 0.013 0.102 7.85 595.70 4.85 528.11 
0.973 0.027 0.012 0.179 6.63 537.55 4.78 460.58 
0.961 0.039 0.011 0.242 6.21 542.10 4.55 392.46 
0.934 0.066 0.011 0.346 5.24 445.13 4.25 326.43 
0.890 0.110 0.012 0.464 4.22 312.85 3.96 233.19 
0.839 0.161 0.011 0.564 3.50 267.19 3.69 173.46 
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Table S. C-IV Experimental liquid-liquid equilibrium data in mole 
fraction, and experimental and calculated values of the solute 
distribution ratio (β) and selectivity (S) for the ternary systems 
(heptane (1) + pyridine (2) + [3NH2bpy][DCN] (3)) at T = 298.15 K and 
atmospheric pressure. 

Alkane 
rich phase (I) 

IL rich phase 
(II) 

Exp. Calc. 

x1 x2 x1 x2 x1 x2 x1 x2 
0.984 0.016 0.016 0.120 7.50 461.25 5.52 491.6 
0.974 0.026 0.016 0.204 7.85 477.63 5.30 463.8 
0.968 0.032 0.015 0.218 6.81 439.63 5.17 413.2 
0.943 0.057 0.014 0.371 6.51 438.41 4.79 316.3 
0.904 0.096 0.015 0.483 5.03 303.22 4.45 233.7 
0.858 0.142 0.016 0.581 4.09 219.41 4.14 169.7 

Table S. C-V Experimental liquid-liquid equilibrium data in mole 
fraction, and experimental and calculated values of the solute 
distribution ratio (β) and selectivity (S) for the ternary systems 
(heptane (1) + pyridine (2) + [3CNbpy][DCN] (3)) at T = 298.15 K and 
atmospheric pressure. 

Alkane 
rich phase (I) 

IL rich phase 
(II) 

Exp. Calc. 

x1 x2 x1 x2 x1 x2 x1 x2 
0.985 0.015 0.018 0.098 6.53 357.52 3.42 1667.04 
0.970 0.030 0.016 0.173 5.77 349.60 3.31 1576.75 
0.941 0.059 0.014 0.251 4.25 285.95 3.16 1458.95 
0.934 0.066 0.012 0.267 4.05 314.87 3.11 1427.38 
0.849 0.151 0.017 0.423 2.80 139.90 2.85 808.44 

Table S. C-VI Experimental liquid-liquid equilibrium data in mole 
fraction, and experimental and calculated values of the solute 
distribution ratio (β) and selectivity (S) for the ternary systems 
(heptane (1) + pyridine (2) + [2pn35mbpy][DCN] (3)) at T = 298.15 K and 
atmospheric pressure. 

Alkane 
rich phase (I) 

IL rich phase 
(II) 

Exp. Calc. 

x1 x2 x1 x2 x1 x2 x1 x2 
0.992 0.008 0.082 0.112 14.00 169.37 7.92 37.03 
0.982 0.018 0.059 0.208 11.56 192.33 7.29 34.51 
0.973 0.027 0.060 0.263 9.74 157.96 7.23 34.59 
0.962 0.038 0.057 0.319 8.39 141.68 6.85 32.98 
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Appendix D. Supplementary material of Chapter 3 

 

Table S. D-I Zwitterions and ionic liquids 3D structure used in this 
work 

Zwitterion Ionic Liquid 

 
3a [bmim][propenoate] 

 
3b [hxmim][propenoate] 

3c [omim][propenoate] 
 

3d [dcemim][propenoate] 
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Zwitterion Ionic Liquid 

3e [omim][propenoate] 

C11im3S [emmim][MeSO3] 

C1im3S 
 

[emim][MeSO3] 

C2im3S [eeim][MeSO3] 
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Zwitterion Ionic Liquid 

C33im3S [prpremim][MeSO3] 

C4im3S [beim][MeSO3] 

C1(C2O)2im3S [C1(C2O)2im][MeSO3] 

N555C3S [N5552][MeSO3] 
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Zwitterion Ionic Liquid 

N666C3S [N6662][MeSO3] 

P6C2P [P6662][EtPO3] 

P6C4S [P6663][MeSO3] 
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Zwitterion Ionic Liquid 

P8C2P [P8882][EtPO3] 

P8C4S [P8883][MeSO3] 
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Table S. D-II Atomic distance between the main atoms 

Compound 
d. C-H 

(Å) 

d. C/S/P-O 

(Å) 

d. Cation-

Anion 
(Å) 

3c 1.084 1.274/1.269 - 
[omim] 

[propenoate] 
1.110 1.275/1.273 1.88 

C1im3S 1.084 
1.521/1.521/

1.52 
- 

[emim][MeSO3] 1.097 
1.519/1.521/

1.526 
1.98 

C1(C2O)2mim3S 1.084 
1.52/1.52/ 

1.521 
- 

[C1(C2O)2mim] 
[MeSO3] 

1.099 
1.519/1.521/

1.527 
1.96 

N555C3S 1.097 
1.52/1.52/ 

1.52 
- 

[N5552][MeSO3] 
1.1/1.099/ 

1.097 
1.521/1.522/

1.522 
2.29 

P6C2P 1.101 
1.538/1.539/

1.685 
- 

[P6663][EtPO3] 
1.107/1.107/

1.01 
1.54/1.54/ 

1.69 
2.18 
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Table S. D-III Mulliken charges of the main atoms 

Comp. C2 H2 
C 

(anion) 
O1 O2   

3c 0.150 0.216 -0.106 -0.439 -0.405   

[omim] 
[propenoate] 

-0.388 0.534 -0.099 -0.420 -0.442   

Comp. C2 H2 
C 

(anion) 
S O1 O2 O3 

C1im3S -0.087 0.211 -0.788 0.288 -0.346 -0.326 -0.343 

[emim] 
[MeSO3] 

-0.308 0.463 -0.488 0.104 -0.400 -0.430 -0.276 

Comp. C2 H2 
C 

(anion) 
S O1 O2 O3 

C1(C2O)2mim3S -0.161 0.201 -0.832 0.284 -0.337 -0.347 -0.325 

[C1(C2O)2mim] 

[MeSO3] 
-0.420 0.440 -0.516 0.102 -0.395 -0.385 -0.264 

Comp. N C1 
C 

(anion) 
S O1 O2 O3 

N555C3S 0.462 -0.348 -1.170 0.345 -0.308 -0.276 -0.303 

[N5552] 
[MeSO3] 

0.365 0.164 -0.465 -0.058 -0.337 -0.334 -0.234 

Comp. P C1 C2 
P 

(anion) 
O1 O2 

C 

(anion) 

P6C2P -0.427 -0.192 -1.014 0.536 -0.347 -0.341 -0.573 

[P6663] 
[EtPO3] 

-0.316 -0.306 -0.590 0.434 -0.493 -0.484 -0.716 
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Table S. D-IV COSMOtherm similarity of σ-profile and σ-potential of 
zwitterion and homologue IL 

Zwitterion Ionic Liquid σ-profile [p(σ)] 
σ-potential 

[kcal·mol-1·Å-2] 

3a 
[bmim] 

[propenoate] 
0.447 0.121 

3b 
[hxmim] 

[propenoate] 
0.488 0.128 

3c 
[omim] 

[propenoate] 
0.524 0.138 

3d 
[dcemim] 

[propenoate] 
0.583 0.147 

3e 
[omim] 

[propenoate] 
0.629 0.178 

C11im3S [emmim][MeSO3] 0.798 0.325 

C1im3S [emim][MeSO3] 0.586 0.225 

C2im3S [eeim][MeSO3] 0.615 0.284 

C33im3S 
[prpremim] 

[MeSO3] 
0.800 0.430 

C4im3S [beim][MeSO3] 0.625 0.444 

C1(C2O)2im3S 
[C1(C2O)2im] 

[MeSO3] 
0.634 0.495 

N555C3S [N5552][MeSO3] 0.784 0.585 

N666C3S [N6662][MeSO3] 0.803 0.616 

P6C2P [P6662][EtPO3] 0.711 0.532 

P6C4S [P6663][MeSO3] 0.767 0.640 

P8C2P [P8882][EtPO3] 0.750 0.588 

P8C4S [P8883][MeSO3] 0.801 0.674 
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Table S. D-V COSMOtherm hydrogen bond (HB) σ-moments of 
zwitterions and homologue IL 

Zwitterion 
HB 

acceptor 
HB 

donor 
Ionic Liquid 

HB 
acceptor 

HB 
donor 

3a 31.78 2.04 
[bmim] 

[propenoate] 
14.49 0.32 

3b 31.79 2.02 
[hxmim] 

[propenoate] 
14.38 0.32 

3c 31.83 2.00 
[omim] 

[propenoate] 
14.58 0.31 

3d 31.85 2.00 
[dcemim] 

[propenoate] 
14.82 0.31 

3e 27.22 1.50 
[omim] 

[propenoate] 
14.58 0.31 

C11im3S 26.78 0.46 [emmim][MeSO3] 22.46 0.32 

C1im3S 26.91 2.20 [emim][MeSO3] 18.47 0.40 

C2im3S 26.86 2.11 [eeim][MeSO3] 18.89 0.38 

C33im3S 26.67 0.56 
[prpremim] 

[MeSO3] 
23.50 0.31 

C4im3S 26.99 2.12 [beim][MeSO3] 18.06 0.38 

C1(C2O)2im3S 28.93 2.58 
[C1(C2O)2im] 

[MeSO3] 
20.26 0.49 

N555C3S 25.62 0.10 [N5552][MeSO3] 19.54 0.00 

N666C3S 25.90 0.12 [N6662][MeSO3] 20.04 0.00 

P6C2P 32.52 0.04 [P6662][EtPO3] 20.90 0.00 

P6C4S 28.65 0.05 [P6663][MeSO3] 20.58 0.00 

P8C2P 32.41 0.03 [P8882][EtPO3] 20.83 0.00 

P8C4S 28.73 0.02 [P8883][MeSO3] 20.70 0.00 
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Table S. D-VI Calculated dipole moment of zwitterions and 
homologue ionic liquids 

Zwitterion 
Dipole 

moment 
[Debye] 

Ionic Liquid 
Dipole 

moment 
[Debye] 

3a 24.38 
[bmim] 

[propenoate] 
12.95 

3b 24.55 
[hxmim] 

[propenoate] 
12.89 

3c 24.65 
[omim] 

[propenoate] 
13.02 

3d 24.71 
[dcemim] 

[propenoate] 
13.04 

3e 18.04 
[omim] 

[propenoate] 
13.02 

C11im3S 28.98 [emmim][MeSO3] 19.15 

C1im3S 29.41 [emim][MeSO3] 15.16 

C2im3S 29.73 [eeim][MeSO3] 14.68 

C33im3S 29.38 
[prpremim] 

[MeSO3] 
21.03 

C4im3S 30.03 [beim][MeSO3] 15.07 

N555C3S 26.52 
[C1(C2O)2im] 

[MeSO3] 
16.00 

N666C3S 26.60 [N5552][MeSO3] 16.02 

P6C2P 20.65 [N6662][MeSO3] 14.60 

P6C4S 34.65 [P6662][EtPO3] 18.04 

P8C2P 20.66 [P6663][MeSO3] 14.67 

P8C4S 34.66 [P8882][EtPO3] 17.05 

  



Appendix 

255 

Table S. D-VII Calculated density (ρ) and molecular volume (Vol.) of 
zwitterions and ionic liquids at 298 K by COSMO-RS. 

Zwitterion 
ρ 

(g/ml) 
Vol. 
(Å) 

MW Ionic Liquid 
ρ 

(g/ml) 
Vol. 
(Å) 

MW 

3a 1.14 305 208 
[bmim] 

[propenoate] 
1.04 336 210 

3b 1.09 361 236 
[hxmim] 

[propenoate] 
1.01 392 238 

3c 1.05 417 264 
[omim] 

[propenoate] 
0.99 446 266 

3d 1.01 529 320 
[dcemim] 

[propenoate] 
0.96 557 323 

3e 1.06 416 264 
[omim] 

[propenoate] 
0.99 446 267 

C1im3S 1.32 257 204 [emmim][MeSO3] 1.24 277 206 

C11im3S 1.27 286 218 [emim][MeSO3] 1.21 301 220 

C2im3S 1.28 284 218 [eeim][MeSO3] 1.17 312 220 

C33im3S 1.16 393 274 
[prpremim] 

[MeSO3] 
1.12 411 276 

C4im3S 1.20 340 246 [beim][MeSO3] 1.13 364 248 

C1(C2O)2im3S 1.21 401 292 
[C1(C2O)2im] 

[MeSO3] 
1.18 414 294 

N555C3S 1.01 576 350 [N5552][MeSO3] 0.97 603 352 

N666C3S 0.98 660 392 [N6662][MeSO3] 0.95 687 394 

P6C2P 0.98 719 423 [P6662][EtPO3] 0.96 736 425 

P6C4S 0.99 712 423 [P6663][MeSO3] 0.96 738 425 

P8C2P 0.95 886 507 [P8882][EtPO3] 0.94 902 509 

P8C4S 0.95 882 507 [P8883][MeSO3] 0.93 907 509 
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Table S. D-VIII Zwitterion and ionic liquid viscosity estimated by 
COSMO-RS at 298 K. 

Zwitterion 
Viscosity 

[cP] 
Ionic Liquid 

Viscosity 
[cP] 

3a 18377 [bmim][propenoate] 193 

3b 40092 [hxmim][propenoate] 342 

3c 84316 [omim][propenoate] 613 

3d 345481 [dcemim][propenoate] 1954 

3e 14498 [omim][propenoate] 613 

C1im3S 6076 [emmim][MeSO3] 259 

C11im3S 1917 [emim][MeSO3] 736 

C2im3S 7219 [eeim][MeSO3] 259 

C33im3S 4900 [prpremim][MeSO3] 969 

C4im3S 16902 [beim][MeSO3] 436 

C1(C2O)2im3S 108948 [C1(C2O)2im][MeSO3] 1925 

N555C3S 9093 [N5552][MeSO3] 810 

N666C3S 25323 [N6662][MeSO3] 1964 

P6C2P 37685 [P6662][EtPO3] 1665 

P6C4S 38979 [P6663][MeSO3] 2694 

P8C2P 222669 [P8882][EtPO3] 9446 

P8C4S 217467 [P8883][MeSO3] 15108 
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Table S. D-IX Calculated enthalpy of vaporization of zwitterions vs 
homologue ILs 

Zwitterion 
H.VAP 

[kJ·mol-1] 
Ionic Liquid 

H.VAP   
[kJ·mol-1] 

3a 252 [bmim][propenoate] 136 

3b 260 [hxmim][propenoate] 143 

3c 268 [omim][propenoate] 151 

3d 283 [dcemim][propenoate] 166 

3e 212 [omim][propenoate] 151 

C11im3S 199 [emmim][MeSO3] 148 

C1im3S 190 [emim][MeSO3] 148 

C2im3S 184 [eeim][MeSO3] 145 

C33im3S 199 [prpremim][MeSO3] 150 

C4im3S 190 [beim][MeSO3] 157 

C1(C2O)2im3S 210 [C1(C2O)2im][MeSO3] 173 

N555C3S 203 [N5552][MeSO3] 172 

N666C3S 215 [N6662][MeSO3] 183 

P6C2P 181 [P6662][EtPO3] 172 

P6C4S 317 [P6663][MeSO3] 178 

P8C2P 208 [P8882][EtPO3] 197 

P8C4S 339 [P8883][MeSO3] 202 
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Table S. D-X Calculated values of ZI/IL solubility (mol fraction) in n-

heptane and the solute distribution ratio (β) and selectivity (S) at 
infinite dilution, T = 298.15K and atmospheric pressure for heptane-
toluene- ZI/IL systems compared with sulfolane as solvent. 

Compound 

Zwitterion Ionic Liquid 
Heptane 
Solub. 
[mole 
frac] 

𝛽∞ 𝑆∞ 

Heptane 
Solub. 
[mole 
frac] 

𝛽∞ 𝑆∞ 

3a 0.02 0.42 17.84 0.08 0.94 15.05 

3b 0.03 0.46 14.61 0.14 1.15 10.86 

3c 0.05 0.54 11.77 0.21 1.34 8.43 

3d 0.10 0.72 8.17 0.38 1.61 5.90 

3e 0.08 0.69 9.46 0.21 1.34 8.43 

C11im3S 0.03 0.71 19.34 0.03 0.59 22.54 

C1im3S 0.01 0.35 27.50 0.02 0.61 25.39 

C2im3S 0.01 0.31 25.41 0.04 0.77 19.11 

C33im3S 0.04 0.59 15.72 0.09 0.95 11.76 

C4im3S 0.01 0.28 22.67 0.07 0.90 14.44 

C1(C2O)2im3S 0.01 0.25 27.09 0.05 0.84 16.64 

N555C3S 0.11 0.78 8.09 0.35 1.58 5.91 

N666C3S 0.15 0.91 6.87 0.46 1.72 4.98 

P6C2P 0.29 1.26 5.07 1-phase 1.86 3.87 

P6C4S 0.18 1.08 6.69 0.49 1.75 4.62 

P8C2P 0.42 1.51 4.10 1-phase 2.06 3.12 

P8C4S 0.30 1.38 5.19 1-phase 1.99 3.61 

sulfolane 0.04 1.16 17.73 - - - 
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Appendix E. Supplementary material of Chapter 4 
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Figure S. E-II Activity coefficient at infinite dilution (γi
∞) of 

conventional chemical compounds in ILs at 293-373K temperature 
range predicted by COSMO/Aspen methodology using the original 
COSMO-RS equation  (code 2) with ILUAM CA-EQ (A) and C+A-EQ (B) 

databases. 
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Figure S. E-I Activity coefficient at infinite dilution (γi
∞) of 

conventional chemical compounds in ILs at 293-373K temperature 
range predicted by COSMO/Aspen methodology using the Lin and 
Sandler’s HB-modificated COSMO-SAC equation  (code 3) with ILUAM 

CA-EQ (A) and C+A-EQ (B) databases. 
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Appendix F. Supplementary material of Chapter 5 

 

Table S. F-I Bibliography results of several absorption refrigeration 
systems with ionic liquids and the results of this work at the same 
conditions. 

System # fREF COPREF fCALC COPCALC Ref. 

HFC-125+[bmim][PF6] 1 16.5 0.1280 8.1 0.1745 [29] 

HFC-134a+[bmim][PF6] 2 10.7 0.2540 5.9 0.2956 [29] 

Ammonia+[emim][EtSO4] 3 17.6 0.4850 8.6 0.6169 [307] 

Ammonia+[hxmim][Cl] 4 14.3 0.5250 8.2 0.5948 [50] 

Water+[bmim][(Bu)2PO4] 5 11.2 0.5320 9.9 0.5607 [302] 

Water+[bmim][I] 6 23.7 0.5340 14.6 0.7653 [302] 

Ammonia+[emim][SCN] 7 12.4 0.5570 6.4 0.6122 [307] 

Ammonia+[bmim][BF4] 8 13.0 0.5570 7.3 0.6107 [50] 

Water+[eeim][(Et)2PO4] 9 12.4 0.5650 11.2 0.6951 [302] 

Water+[emim][EtSO4] 10 13.6 0.5690 12.0 0.7236 [302] 

Ammonia+[emim][MeCOO] 11 12.6 0.5730 8.5 0.6089 [307] 

Ammonia+[bmim][PF6] 12 17.3 0.5750 7.8 0.6148 [50] 

Water+[emim][(Et)2PO4] 13 7.8 0.5880 10.4 0.7097 [302] 

Ammonia+[emim][NTf2] 14 24.6 0.5890 10.0 0.6235 [50] 

Water+[mmim][(Me)2PO4] 15 5.3 0.6620 8.5 0.7549 [302] 

Water+[emim][(Me)2PO4] 16 8.7 0.6910 9.1 0.7373 [302] 

Water+[mmim][Cl] 17 9.5 0.6910 7.1 0.8307 [302] 

TFE+[bmim][BF4] 18 6.1 0.7800 6.0 0.6772 [303] 

Methanol+[mmim][(Me)2PO4] 19 5.3 0.7930 4.3 0.7500 [348] 

TFE+[emim][BF4] 20 5.3 0.7970 6.5 0.6694 [303] 

TFE+[bmim][Br] 21 4.4 0.8070 3.4 0.7415 [303] 

Water+[mmim][(Et)2PO4] 22 8.8 0.8290 15.5 0.7767 [302] 
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Figure S. F-III Process diagram modeled in Aspen Hysys which the 

simulations of this work were carried out. 
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