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Résumé

Résumé

Ces dernieres années, les activités domestiques et industrielles ont entrainé un besoin croissant
en ressources fossiles alors que les réserves mondiales s’épuisent. De plus, les problemes
environnementaux liés a l'effet de serre deviennent prégnants. Par conséquent, l'efficacité
énergétique, la conservation et le développement de sources d'énergie alternatives comme
'énergie solaire connaissent un intérét croissant. A T'heure actuelle, la communauté scientifique
s’intéresse au développement d'équipements qui facilitent la récupération et I'utilisation
rationnelle de 1'énergie. Ainsi, la réutilisation des flux thermiques des chaleurs résiduaires
provenant des activités industrielles, telles que les centrales électriques, constitue une
alternative prometteuse. En effet, d'énormes quantités de chaleur a basse température (de 60 a

100°C) sont libérées dans 1'atmosphere par de nombreuses installations [1].

Les pompes a chaleur a absorption sont particuliecrement appropriées pour utiliser les chaleurs
fatales. Elles peuvent étre utilisées aussi bien pour le chauffage que pour le refroidissement (air
conditionné ou la réfrigération). De plus, il est possible de produire de la chaleur a haute
température (120 - 150°C) a partir d’une source de chaleur a température moyenne
(typiquement 60 - 80°C) en utilisant un type particulier de pompe a chaleur a absorption : le

thermo-transformateur de chaleur a absorption.

Malheureusement, des limitations techniques empéchent un plus grand développement de cette
technologie. Le mélange de travail utilisé dans le cycle est généralement constitué d'eau et de
bromure de lithium et impose ’utilisation de matériaux spécifiques afin d’éviter tout probléme
de corrosion. L’éventuelle cristallisation du bromure de lithium limite aussi les conditions de
fonctionnement. Le mélange eau/ammoniac peut aussi €tre utilisé, mais exige de travailler sous
haute pression. Ce systeme est toxique et peu respectueux de l'environnement. La volatilité
relative de ce mélange significativement supérieure a I’unité¢ implique la présence d’une étape

de rectification dans le cycle réduisant ainsi l'efficacité énergique du procédé.

La recherche de mélanges de travail alternatifs pour les pompes a chaleur a absorption a connu
de nombreux développement ces derniéres décennies. L’utilisation de mélanges binaires
constitués d’un liquide ionique et d’un solvant semble étre prometteuse en remplacement des

fluides de travail conventionnels ({H>O + LiBr} ou {NH3 + H,O}) [2-5].
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I/ Cycles a absorption

Les cycles 2 absorption ont été développés au cours du XIX®™ sigcle et ont recu une attention
importante ces dernieres décennies. Parmi les technologies récentes, on trouve les réfrigérateurs
a absorption ou refroidisseurs, les pompes a chaleur a absorption et les thermo-transformateurs
de chaleur a absorption. Les cycles a absorption permettent 1’échange de chaleur avec au
minimum trois sources a trois niveaux de température différents : faible, intermédiaire et
élevé. Quand un systeme a absorption est exploité comme un réfrigérateur ou une pompe a
chaleur, la chaleur motrice provient de la source haute température. Dans le cas du réfrigérateur,
le froid utile est produit a un niveau de température faible et de la chaleur est rejetée a un niveau
de température intermédiaire. L’environnement est ainsi utilis€ en tant que réservoir a
température intermédiaire. Dans le cas de la pompe a chaleur, la chaleur utile produite est a un
niveau de température intermédiaire et I’environnement est alors utilisé comme un réservoir a
basse température. Le thermo-transformateur de chaleur a absorption regoit quant a lui une
chaleur issue d’un réservoir a température intermédiaire et rejette de la chaleur a un niveau de
température faible (I'environnement). La sortie utile est obtenue a un niveau de température

plus élevé.

Malgré leur intérét évident, les thermo-transformateurs de chaleur a absorption sont rarement
utilisés dans la pratique car leurs performances restent faibles (seulement 30 a 50% de la chaleur
résiduaire est revalorisée). De plus, il existe des limitations techniques liées a la corrosion et au

risque de cristallisation, notamment lorsque le mélange {H>O + LiBr} est utilisé [6-7].

Qu'il s'agisse de réfrigérateur, de pompe a chaleur ou de thermo-transformateur, le mélange de
travail est constitué d’un composé léger : le réfrigérant (I’eau dans cette étude) et d’'un composé
moins volatil : ’absorbant (un liquide ionique dans cette étude). Le cycle a absorption est
schématiquement réalisé par 1’association d’une étape de séparation et d’une étape de mélange
réalisées a différentes pressions. On compte cinq composants principaux dans ce cycle :
I’évaporateur, le condenseur, le générateur (ou désorbeur), I'absorbeur ainsi que I’échangeur de

chaleur (ou économiseur).
I1/ Les liquides ioniques

Les liquides ioniques (LIs) sont des sels liquides se différenciant de 1’ensemble des sels fondus

classiques par une température de fusion inférieure a 100°C. La plupart d’entre eux sont liquides
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a température ambiante [1]. Les LIs sont constitués d’un cation le plus souvent organique,
associé a un anion organique ou inorganique. De plus, les combinaisons possibles entre cation
et anion sont trés nombreuses (>10°). Les cations rencontrés sont généralement volumineux et
dissymétriques. Les plus classiques sont des ammoniums, imidazoliums, pyridiniums,
pyrolidiniums, phosphoniums et sulphoniums (Figure 1). Les plus étudiés sont les sels
d’imidazoliums substitués sur les atomes d’azote et de carbone. Les chaines R1 et R2 sont le
plus souvent des chaines alkyles, cependant, il existe également des structures de liquides
ioniques sur lesquelles nous pouvons introduire des groupes fonctionnels particuliers tels que
des groupements amines [8], alcools [9-10], acides carboxyliques [11], thiols [12] et alcynes
[13] afin de définir des liquides ioniques a tiche spécifique ou des liquides ioniques

fonctionnalisés. La plupart des anions mis en ceuvre peuvent étre inorganiques comme le Fluor,

le Chlore, I'lode et le Brome ou organiques comme le tétrafluoroborate [BF,] , le

hexafluorophosphate [ PFg |~ ou bien les alkylphosphonates et les alkylsuphates.

Ra

. )\ . R1\N/R2
1 2
\N \’_{_‘/

\—/ Ry ;_;

Imidazlium Pyridinium Pyrolidinium
T4 R4 R4
|
Ry——N——Rg Ry——P——Rg g
| | Rz/ ~ Rs
Ro Ro
Ammonium Phosphonium Sulphonium

Figure 1: Cations des liquides ioniques.

Les LIs présentent de nombreuses propriétés physico-chimiques intéressantes qui en font une
classe de solvants verts trés prometteurs pour de nombreuses applications [14,15]. Notamment,
leur tres faible pression de vapeur saturante en font de bons candidats comme absorbants pour

les pompes a chaleur a absorption. Leurs caractéristiques physico-chimiques peuvent étre
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ajustées en jouant sur le choix de 1’anion et/ou du cation mais également en modifiant les
substituants sur le cation. La pureté du liquide ionique est aussi un facteur pouvant influencer

leurs propriétés de maniere significative [16].

L'objectif de cette thése est d’évaluer les performances de thermo-transformateurs de chaleur
d'absorption a l'aide de nouveaux fluides de travail {H>O + ILs} a 1’aide de propriétés

thermodynamiques mesurées expérimentalement.

Dans un premier temps, nous nous sommes intéressés a la présentation des cycles a absorption
et des liquides ioniques en insistant sur leurs définitions, leurs propriétés physico-chimiques et
leurs applications. Ensuite, une synthese bibliographique sur les données thermodynamiques de
systémes binaires constitués de liquides ioniques et d’eau en insistant tout particulierement sur
les équilibres liquide-vapeur, densité, capacité calorifique et les enthalpies d’exces est

présentée. Une liste de 35 mélanges potentiels issue de la littérature est alors proposée.

Apres cette syntheése bibliographique, une étude expérimentale sur les propriétés
thermodynamiques de 7 systemes binaires {H>O + LI} est effectuée. La liste des systemes
étudiés est donnée dans le tableau 1. Plus concretement, les objectifs concernent la
détermination des équilibres liquide-vapeur, des densités, des capacités calorifiques et des
enthalpies d’exces de tels systemes. Les équilibres liquide-vapeur (ELV) des systemes ont été
mesurés a 1’aide de deux dispositifs statiques isotherme et isobare. Les capacités calorifiques et
les enthalpies d’excés ont ¢t¢ déterminées a ’aide de deux calorimetres et les masses
volumiques ont été obtenues a I’aide d’un densimetre a tube vibrant. L’ensemble des résultats
expérimentaux ont été corrélés a 1’aide de modeles adaptés. Plus précisément, les ELV des
systemes binaires sont représentés a I’aide du modele thermodynamique NRTL. Les enthalpies
d’excés sont modélisées a I’aide d’un modele de type Redlich-Kister. Les densités ainsi que

les capacités calorifiques sont représentés a I’aide de modeles polynomiaux.
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Tableau 1: Liquides ioniques étudiés.

Propriétés [DMIM][MPh] [DMIM][MeSO4] [EMIM][MPh] [EMIM][MeSO4]
CH,
Ne - § = H_0 e
= Yed? -§- =\ w7 Iy ?
Structure I S ['T]» g g OChs H]CVN\?NiCHz He —OIF\O’ (NS S
CHy G
1,3-dimethylimidazolium | .. 13- L-ethyl-3- L-ethyl-3-
Nom methylnhosphonate dimethylimidazolium methylimidazolium methylimidazolium
yiphosp methyl sulfate methyl phosphonate methyl sulfate
Formule CeHiN:PO; CHNSSO, CHisN:PO; CHWNSSO,
Pureté (%) > 98 97 > 98 98
Source Solvionic Sigma-Aldrich Solvionic Sigma-Aldrich
Propriétés [EMIM][EPh] [BMIM][DCA] [BMIM][Ac]
— H 0 o =
I\ - N NI N
Structure HEC\/N\fN\CH] QHE_O/p\O— T \/N\ NN N )
N(CN) CHACO0
1-ethyl-3- 1-butyl-3- 1-butyl-3-
Nom methylimidazolium ethyl methylimidazolium methylimidazolium
phosphonate dicyanamide acetate
F 1
P CsHiN,PO; CioHisNs CioHisN0,
Pureté (%) > 98 99.5 > 98
Source Solvionic Solvionic Solvionic

La derniere partie de cette étude est consacrée aux calculs de performances des divers systemes
binaires envisagés dont les propriétés physico-chimiques proviennent de la littérature et/ou de
I’expérience. Les simulations numériques réalisées consistent en la résolution des bilans de
mati¢re et d’énergie au sein des différents appareils constituant un thermo-transformateur a
absorption simple-effet en régime permanent. Elles donnent acces a la connaissance des
propriétés du mélange en tout point du cycle et des flux de chaleur échangés. Les niveaux de
températures considérées sont de 20°C pour la source basse température, 80°C pour la chaleur
résiduaire et 130°C pour la chaleur revalorisée. Les criteres de performance retenue sont le
coefficient de performance (COP) qui représente le pourcentage de la chaleur résiduaire
effectivement revalorisée et le saut thermique maximal qui représente 1’élévation maximale de
température qu’il est possible d’obtenir. Les résultats de simulation montrent que les
performances des fluides de travail constitués de liquide ionique et d’eau sont proches de celles
du fluide de travail {H>O + LiBr}. On constate que les liquides ioniques constitués d’une chaine
alkyle courte conduisent a des COP plus élevés. Ces résultats sont en cohérence avec le fait que
la solubilit¢ de I’eau diminue lorsque la chaine alkyle greffée sur le cation (ou 1’anion)

augmente (voir figure 2).
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cor

Figure 2: Influence de la structure du liquide ionique sur le coefficient de performance.
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Introduction

INTRODUCTION

In recent years, industrial and domestic activities increased oil and fossil fuel demand while
fossil fuel supplies of the world are limited and the fuel reserves are getting depleted. Moreover,
environmental problems represented by the greenhouse effect and increasing CO2 emissions
have been rapidly thrust upon us. Therefore, we are observing a growing interest in energy
efficiency, increasing general interest in energy conservation and development of alternative
energy sources such as solar energy. At the present time, researchers are interested in
developing equipment that facilitate the recovery and efficient use of energy. Reusing thermal
waste heat streams from industrial activities, such as power stations, instead of discharging

them as thermal pollutant to air and water, receives considerable attention.

Recently, researchers have shown an increased interest in absorption heat pumps, which are
considered as a suitable solution for a rational use of waste heat. One of the most promising
devices for energy savings, which consume negligible amount of primary energy, is the
absorption heat transformer (AHT). In this field of application, absorption heat transformers
can use low temperature level heat (waste heat) to produce useful thermal energy at higher

temperature level to be recycled in industrial and domestic applications [1, 2, 3, 4].

Absorption cycles were first developed in the nineteenth century and have received much
attention in the last few decades. Among current absorption cycle technologies are absorption
refrigerators or chillers (AC), absorption heat pumps (AHP) and absorption heat transformers
(AHT). This last cycle is attractive because of its high primary energy efficiency compared to
other technologies, its ability to use environmentally benign refrigerants and since it allows to
decrease the amount of primary energy (i.e. fossil fuels) consumed. Nonetheless, AHT are
rarely used in practice. Their performances remain low (only 30 to 50% of the driving waste
heat is effectively upgraded to an interesting temperature level [4]).The commonly used
working fluids in AHT are {water + LiBr} and {ammonia + water}. However, these working
fluids have technical drawbacks such as corrosion and crystallization, while ammonia is toxic.
Those technical limitations lead to long payback periods. However, these problems can be
avoided if these working pairs are replaced with new alternatives. Essential efforts to propose

new working fluids or multistage structures have still not allowed to widespread this technology

[4].
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Following an idea suggested by several authors [5], mainly for absorption chillers [6, 7, 8], we
propose to use alternative working fluids composed of {water + ILs} as working fluids for the
absorption heat transformers (AHT). Few experimental works have been realized on this type
of absorption cycle. Consequently, the aim of this study is to build a database of new binary

systems {water + ILs} in order to evaluate their performance as working fluids in AHT.

Ionic liquids are salts in the liquid state having melting point below some arbitrary temperature,
such as 100°C (373 K). These solvents consist of an asymmetric, bulky organic cation and a
weakly coordinating organic or inorganic anion. A large number of possible combinations
enhance the ability to ‘fine tune’ the solvent properties for a specific purpose [9]. The attractive
physical and chemical properties of ionic liquids are influenced by the nature of the cation and

the nature of cation substituents as well as the polarity and the size of the anion.

ILs have unique properties such as negligible vapor pressure, non-flammability, nontoxicity,
good thermal stability, low melting points, wide range of liquid state from room temperature
up to 200 or 300 °C, and good solubility for many organic or inorganic chemicals. These
features infer to ILs numerous applications, in organic synthesis, separation processes and
electrochemistry [10]. For instance, many ILs are completely miscible with water, which
nominate them to be investigated as alternatives working fluids in absorption cycle. The use of
ionic liquids as absorbents in absorption cycle will enhance absorption of large amount of
refrigerant under low temperature conditions and hence, yield to high coefficient of

performance [11].

In order to optimize the use of ILs and design the desirable ILs, knowledge of their
thermodynamic and physical properties is of great importance. Physical properties such as
density and viscosity are related to the mechanical and engineering components associated with
a process. For academic research, thermodynamic and chemical properties are also essential to

validate the theoretical models.

The main aim of this thesis is to provide a data base of thermodynamic and physical properties
for binary systems composed of {water + ILs} by experimentally investigating new ILs and
through collecting data from literature for already published ILs properties. Based on the
database, the thermodynamic properties of ILs and the variations of properties with the change

of cations and anions are studied. Models with good correlation of thermodynamic data for all
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ILs are developed. Drawing upon these data, simulation of the performance of absorption heat
transformers using these binary systems {H>O + ILs} as working fluids is achieved. Simulation
results are compared to the already used working fluids in order to evaluate these binary systems
{H>O + ILs} for future use in absorption heat transformers. The present purpose is to examine
the feasibility of using water and ILs in an absorption heat transformer cycle and to show some

promising results for this application.

Outline of thesis chapters

Chapter one begins by laying out a full description of ionic liquids, history, their
thermodynamic properties and their industrial applications. In addition, the second part is
devoted to define the principle of absorption heat transformers. The final part is concerned with
presenting a review of thermodynamic properties of binary systems consisting of {water + ILs}
used in absorption cycle in particular absorption refrigeration cycle.

Chapter two presents in details the materials, the experimental methods and equipment used for
all measurements in this research. Additionally, a brief discussion on thermodynamic theories
and models including non-random two liquid (NRTL) model is described. Finally, the third
section presents experimental results for the selected binary systems.

Chapter three is devoted to simulate the performance of absorption heat transformers using the
new investigated binary systems based on the experimentally and literature thermodynamics
properties mentioned in both chapter one and two. In addition, evaluation of the simulation
results for all the systems investigated is provided. Finally, the conclusion gives a brief

summary and critique of the findings as it discuss recommendations for future work.
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Chapter One

CHAPTER ONE
STATE OF THE ART

I.1. Introduction

This first part of this chapter gives a full description of ionic liquids, their thermodynamic
properties and industrial applications. After, the second part describes the principle of
absorption cycle and absorption heat transformer. The last part is devoted to present a review

of thermodynamic properties of working fluids containing {ionic liquids + water}.

I.2. Ionic Liquids

One of the objectives of green chemistry is the design of new chemicals and methods in order
to reduce or eliminate the use of hazardous substances. Ionic liquids (ILs) are a new type of
environmentally-friendly solvents, which can be defined as the liquids which exclusively
consisting of ions (cations and anions), and have low melting point (below 100 °C). Ionic
liquids have attracted considerable attention due to their unique properties which distinguish
ionic liquids from conventional organic solvents. These are negligible vapor pressure, non-
flammability, good thermal stability, low melting points, wide range of liquid state from room
temperature up to 200 or 300° C and good solubility for many organic or inorganic chemicals.
Therefore, ILs have been proposed as effective substitute for common volatile organic
compounds (VOCs) for “green processing” which would inhibit a major source of
environmental pollution [1].

In the literature, ionic liquids sometimes are called liquid organic salts, fused or molten salts,
ionic melts, NAILs (nonaqueous ionic liquids), room-temperature molten salts, OILs (organic
ionic liquids) and ionic fluids [2]. Generally, ionic liquids are composed of a large bulky and
asymmetric organic cations and organic or inorganic anions. Asymmetry of the cation is
assumed to be the reason of the low melting points of ionic liquids, while the type of the anion
is believed to be responsible for many of the physical properties of ionic liquids such as their
miscibility with different solvents and hygroscopicity [3].

A major advantage of these solvents is that their physical properties (such as melting point,
viscosity, density, and hydrophobicity) can be tuned to design different ionic liquids, to be

applied in different applications by selection of different cation, anion, and substituents. Hence,
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ILs constitute a huge family of chemicals due to the infinite combinations of different cations

and anions [4]. Some commonly used ionic liquids (cations and anions) are listed in Table I.1.

Table I.1: Common ILs cations and anions.

Cation Abbreviation Name
Ry
Re— T+ R, Amm Tetra-alkyl ammonium
Rs
R4
Rl /
P Ph Tetra-alkyl phosphonium
/ N
R2
Me
/ N
{ + /) C.MIM 1-alkyl -3- methyl Imidazolium
N
R
""H\.\_\_‘_\-\-H-
B
I\ . Cqes
| Py N-Pyridinium
E
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N-alkyl-N-methylpiperidinium

+ PIP
/ ) \
Me R
Anion Abbreviation Name
o]
[ DMP dimethylphosphate
o—P—0
/ I N
CHj; o CH;
CN
]\L_ DCA dicyanamide
CN
H
CH:0 — P— MPh methylphosphonate
0

I.3. History and progress of ionic liquids

15

In 1914, Paul Walden [5, 6, 7] had synthesized the first low melting point ionic liquid
“ethylammonium nitrate ([EtNH3]*[NOs]")”, with melting point of 12 °C. Nevertheless, their
wide spread use as solvents in chemical and industrial processes for synthesis, separation
processes and catalysis has become lately significant. In 1940s, aluminium chloride based
molten salts were used for high temperature electroplating. Hurley and coworkers in 1951 [8]
synthesized an ionic liquid by warming a mixture of 1-ethylpyridinium chloride with

aluminium chloride for low-temperature electroplating of aluminium. During 1970s and 1980s,
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a thorough investigation on room temperature organic chloride-aluminium chloride was done
by Robinson ef al. [9] and Hussey et al. [10, 11, 12]. These solvents were used for
electrochemical applications in nuclear warheads batteries.

In the early 1970s, Wilkes [13] tried to develop better batteries for nuclear warheads and space
probes which required molten salts to operate. These molten salts were hot enough to damage
the nearby materials. Therefore, the chemists searched for salts which remain liquid at lower
temperatures and eventually they identified one which is liquid at room temperature. Wilkes
and his colleagues continued to improve their ILs for use as battery electrolytes and then a small
community of researchers began to make ILs and test their properties [14].

During the mid of 1980s, low melting point ionic liquids were used as solvents for organic
synthesis. The first major review about ionic liquids was written by Hussey in 1983 [10].
Afterwards, ionic liquids became one of the most promising chemicals as solvents. Generally,
ionic liquids such as organo-aluminate, have limited range of applications because they were
unstable to air and water. Moreover, these ILs were not inert towards different organic
compounds. In 1992, the first reports appeared about the synthesis and applications of water
and air stable ILs based on 1-ethyl-3-methylimidazolium cation [EMIM]* and different anions
such as tetrafluoroborate [BF4]™ and hexafluorophosphate [PFgs]” [7]. Few years later, Davis et
al. [15] prepared a new class of ionic liquids called "functional ionic liquids" based on cations
derived from the antifungal drug miconazole.

There are literally billions of different structures that may form an IL. The composition and the
specific properties of these liquids depend on the type of cation and anion in the IL structure.
By combining various kinds of cation and anion structures, it is estimated that 10'® ILs can be
designed [16]. Recently, interest in ionic liquids has been grown significantly in the scientific
community (both in academia and industry) with over than 8000 papers have been published in
the last decade. This growth can be observed in Figure 1.1 (number of publications per year),

where the number of publications and patents are increasing rapidly.
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Figure I.1: Growth rate of ionic liquid publications, 1999-2013 [SciFinder, 2014].

I.4. Classes of ionic liquids

Ionic liquids can be classified into three categories: First, second and third-generation ionic
liquids [6]. The first-generation of ionic liquids has been widely studied and is mainly
composed of bulky cations like 1, 3-dialkylimidazolium (or N, N'- dialkylimidazolium) or 1-
alkylpyridinium (or N-alkylpyridinium), and anions based mostly on haloaluminate (III). The
interesting property of these ionic liquids is their tunable Lewis acidity. Nevertheless, this
generation of ILs is sensitive towards water and it forms hydroxoaluminate (III) species with
the aluminium (III) chloride and hence the ionic liquid decomposes. The second-generation
ionic liquids are generally air and water stable and can be used on the bench-top. Nevertheless,
water-stability does not mean that there is no interaction with water at all. Second-generation
ionic liquids are usually hygroscopic and gradually absorb water from the atmosphere. The
third generation of ionic liquids has a functional group covalently attached to the cation or to
the anion or both. The advantage of introducing a functional group into ionic liquids is the fine-

tuning of their properties for a particular application [6, 7].
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L.5. Physico-chemical properties of Ionic liquids

I.5.1. vapor pressure

Ionic liquids have a negligible vapor pressure even at high temperature due to their ionic nature.
Thus, ILs tend not to give off vapors in contrast to traditional organic solvents such as benzene,
acetone, and toluene. Kabo et al. [17] evaluated the vapor pressure of [BMIM][PF¢] at 298.15
K around 107! Pa [16]. Hence, the impact on the environment and the process operation
personnel is minimal. Additional, advantage is that volatile products, and even products with

conventionally low vapor pressures, can be easily isolated from ionic liquids by distillation.

1.5.2. Activity coefficient for ionic liquids

Activity coefficients give information concerning the interaction between solute and IL. This
parameter describes also the degree of non-ideality for a species i in a mixture. The large dataset
of activity coefficients at infinite dilution published in the literature may be used to present a
general behaviour of solutes with ionic liquids [6, 7].

The values of activity coefficients at infinite dilution y* for n-alkanes increase with an increase
in carbon number. In most ionic liquids, the high y* values observed with n-alkanes indicate
their low solubility in ionic liquids. y* values of n-alkanes are higher than the values obtained
with cyclohexane, alkenes, alkynes and aromatics. Introduction of a double or triple bond in the

n-alkanes decreases the y* values.

Cyclization of the alkane skeleton reduces the value of y* in comparison to that of the
corresponding linear alkanes. Aromatics with their n-delocalized electrons have smaller y*
values, presumably because of the interaction with the cation species. Using computer
simulation, Lynden-Bell et al. [18] showed that the cations are found to interact predominantly
with the ring of the benzene while the anions interact with the ring hydrogens to a first

approximation.

In the series of chloromethanes, it is usually observed that y* values strongly increase from
dichloromethane to tetrachloromethane. This behavior observed with all types of ionic liquids
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indicates that polar compounds have better solubility in the ILs when attractive interaction
between polar molecules and the charged ions of the solvent is possible. The y* values for the
alcohols are relatively small (ranging between 1.2 and 4.6). The lone pair of electrons on the
oxygen atom could interact with the ionic liquid cation, and the acidic proton is attracted by
oxygen atoms in the cation. Y values of branched alkanol skeleton are smaller than y* values
of the corresponding linear alcohol. y* values of n-alkanols increase with increasing chain
length. y* values of ethers and amine are higher in comparison with those of the alcohols. For
most solutes, their solubility increase when the alkyl chain length grafted on the ionic liquid
increase. The behavior of solutes with ionic liquids is also strongly affected by the nature of the
chain grafted on the ionic liquids. For example, grafting a polar chain on the cation of
dicyanamide based ionic liquid increases strongly the interactions. Replacing the 1-ethyl-3-
methylimidazolium cation by 1-(3-cyanopropyl)-3-methylimidazolium in dicyanamide based

ionic liquids, the activity coefficients values of n-hexane are divided by two (241 to 111).

The alkoxymethyl-group grafted on the imidazolium cation makes the ionic liquid more polar
and with possible anti-microbial activities [19]. Domanska and Marciniak [20] studied the
interaction between organic compounds and 1-hexyloxymethyl-3-methyl-imidazolium
bis(trifluoromethylsulfonyl)-imide and 1,3-dihexyloxymethyl-imidazolium
bis(trifluoromethylsulfonyl)-imide. The authors found that ILs with two alkoxymethyl groups
in the cation reveals stronger interactions with solutes, e.g. additional interaction of the IL with
n-alkanes, alkenes and alkynes (i.e. Van der Waals interaction between alkane chains of the
solute and the cation), and also stronger interaction with aromatic hydrocarbons, thiophene and

alcohols (hydrogen bonding, n—m, or m—n interactions).

Revelli et al. [21] measured activity coefficients at infinite dilution of organic compounds in
the ionic liquid trihexyl(tetradecyl) phosphonium bis(trifluoromethylsulfonyl)imide. As
observed with imidazolium-based ionic liquids, cations with a long alkyl chain tend to increase
the solubility of most organic compounds in IL. The activity coefficients of 39 organic
compounds in this IL are below unity apart from the alkanes and alcohols indicating a strong
affinity of the solutes for the ionic liquid. The introduction of a cyanoalkyl chain dramatically
decreases the solubility of a polar compounds in ILs. Aromatics, alkenes and alkynes have
lower interactions with cyanoalkylimidazolium based ILs than dialkylimidazolium. There is a
lack of information concerning piperidinium based ionic liquids. In their recent study, Domanska

and Paduszynski, [22] demonstrate that 1-propyl-1-methylpiperidinium
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bis(trifluoromethyl)sulfonyl)imide behaves like the other measured ionic liquids based on

different cations.

1.5.3. Density

Ionic liquids are denser than water with values ranging from 1-1.6 g.cm™ and their densities
decrease with increase in the length of the alkyl chain in the cation. For instance, imidazolium
based ionic liquids coupled with [CF3SOs3] anion, the density has the following behavior
[EMIM]* > [EEIM]* > [BMIM]* > [BEIM]* with values 1.39 g.cm™, 1.33 g.cm?, 1.29 g.cm™,
1.27 g.cm™, respectively. This can be explained by the ability of the shorter alkyl chain to close-
packing and therefore achieve a higher density, whereas the bulkiness of the longer chain
derivatives leads to less efficient close-packing. The densities of ionic liquids are also affected
by the identity of anions. For example, the densities of [BMIM]* ionic liquid with different
anions, such as BFs , PFg , TFA and Tf;N are 1.12 g.cm™, 1.21 g.cm™, 1.36 g.cm™ and 1.43
g.cm™, respectively. Recently, it has been observed that phosphonium-based ionic liquids
possess very low densities: at 30° C, the density of trihexyl tetradecylphosphonium chloride

([Pes614][C1]) is 0.88 g.cm™, while that of the corresponding [BFs] was found to be 0.93 g.cm™
3
[6, 7].

I.5.4. Viscosity

Knowledge of the viscosity of ionic liquids is of great importance because it plays a key role in
stirring, mixing and pumping processes. In addition, viscosity affects other transport properties
such as diffusion and thermal conductivity as it affects heat and mass transfer. In general, ionic
liquids are more viscous than common molecular solvents and their viscosities are ranging from
10 mPa.s to about 500 mPa.s at room temperature. The viscosity of ionic liquids mainly depends
on van der Waals forces and hydrogen bondings. Both anions and cations have a strong
influence on the viscosity of ILs. Toduka et al. [23] and Chellappan [7] found that the alkyl
chain length and the nature of the anion have an important influence on the viscosity of ionic
liquids. The fluorinated anions such as [BF4] and [PFs] form viscous ionic liquids because of
the formation of complexes with hydrogen bonding donors. It was also found that the viscosity

of ionic liquids depends on the alkyl chain length of the cations. It is obvious that alkyl groups
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with short chain lengths have low viscosity. An increase of alkyl chains will increase the
viscosity due to the increased possibility of van der Waals forces which in turn increase the
energy needed for the molecular motions.

Impurities and moisture play a significant role on physicochemical properties of ILs. Seddon et
al. [24] have shown that the presence of even low concentration of halide (chloride) can increase
the viscosity significantly. The high viscosity of ILs reduces considerably their applications in

industry. One of the solutions is the addition of solvents in ILs in order to reduce the viscosity.

1.5.5. Surface tension

There is a lack of data for the surface tension of ionic liquids in literature. Values of surface
tension differs according to the ionic liquid (i.e. 33.8 N.m! for [OMIM][CI], 49.8 N.m'!
for[BMIM][PFs] and 54.7 N.m™!' for [BMIM][I]). The surface tension of ionic liquids were
found to be higher than that of conventional organic solvents such a methanol 22.07 Nm™,
acetone 23.5 Nm™' and those of n-alkanes (i.e. pentane 16.0 Nm™', dodecane 25.6 Nm!, while
it is lower than that of water (71.98. Nm™)) at 20° C. Freire et al. [25] investigated the effect of
cations, anions, water and temperature on the surface tension of ionic liquids. They stated that
both the cations and anions have an influence on the surface tension. In the case of imidazolium
based 1onic liquids, the increase in the cation alkyl chain length decreases the surface tension
values. Additionally, an increase of the size of the anion leads to a decrease in the surface
tension. They referred this behavior to the fact that an increase of the anion size decreases its
ability to form hydrogen bonds. The water content in the ionic liquids has little or no influence
on the surface tension values. Surface tension decreases linearly with an increase in

temperature.

1.5.6. Miscibility with water

Solubility of water in ionic liquids mainly depends on their structure and especially on the
nature of the anion. At room temperature, ILs based on [PFs] , [Tf2N] and [CF3SO2)2N] anions
are insoluble in water (Figure 1.2). Most of the ionic liquids based on anions such as ethanoate,

trifluoroacetate, nitrate, acetate, halides are fully miscible with water. Nevertheless, the water
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solubility in [BF4] and [CF3SO3] based ILs depends on the alkyl chain length grafted on the
cation. For instance, [EMIM][BF4] and [BMIM][BF4] are fully water miscible. However,
[CaMIM][BF4] ionic liquids with alkyl chain length higher than four (n > 4) are immiscible
with water. Hence, the anion has a key role on water miscibility and the cation a secondary
effect. It is well known that ionic liquids based on [PFs] and [Tf>N] are hygroscopic. However,
this is not in agreement with the literature results which shows that water saturation of
hydrophobic ionic liquids such as [C4sMIM][BF4] and [Cs.10MIM][PF¢] is a function of both
alkyl chain and the anion. Chellapan [7] stated that [PFs] based ionic liquids dissolve less water
in comparison to the [BF4] based ionic liquids and the water intake decreases as a the chain
length of the alkyl group increases. Seddon et al. [24] reported that the so-called hydrophobic
ionic liquids are in fact hygroscopic. They investigated the extent of hygroscopicity of
[OMIM][CI], [OMIM][NOs], [BMIM][BF4], and [BMIM][PFs]. Although the fully water-
soluble chloride and nitrate ionic liquids absorb much more water than the corresponding
hexafluorophosphate, an uptake of 1% w/w (0.16 mole fraction of water) over 3 hour is

significant.

Water Water
Immiscible » Miscible
[BF4]

- CHaCOa]
[PFe] [CF3S0s] [ ]
[IN(SO2CF3)2] [CH3S0:]
[BR1R2R3R4] - [NOs] -, [C1]-

Figure I.2: Commonly used anions and their miscibility with water.

1.5.7. Melting point

Both cations and anions have an impact on the low melting points of ionic liquids. The increase
in anion size leads to a decrease in melting point [6, 7]. For example, the melting points of 1-
ethyl-3-methylimidazolium type ionic liquids with different anions, such as [BF4] , [Tf2N] and
[C2HsSO4] are 15 °C, -3 °C and -20 °C, respectively. Melting points of some of the ionic

liquids is tabulated in Table 1.2. The cation size and symmetry also play an important role on
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the melting point of ionic liquids. Large cations and increased asymmetric substitution results

in a melting point reduction.

Table 1.2: Melting point data for different ionic liquids [6, 7].

Ionic liquids Melting point Ionic liquids Melting point
[EMIM][NOs] 38 [PMIM][PFs] 40
[EMIM][NO-] 55 [BMIM][CI] 41
[EMIM][TA] -14 [BMIM][I] -72
[EMIM][CH3CO2] 45 [BMIM][BF;] -81
[EMIM][PF¢] 58-60 [BMIM][PFs] 10
[EMIM][TfO] -9 [BMIM][T{O] 16
[EMIM][N{O] 28 [BMIM][NfO] 20
[EMIM][T:N] -3 [BMIM][Tf>N] -4
[HMIM][PF¢] -61

1.5.8. Thermal stability

Thermal stability of ionic liquids is one of the most important properties because it defines their
applications in processes. Low thermal stability may limit and decrease the performance in the
industrial application. Numerous studies [6, 7] have concluded that the thermal stability of ionic
liquids strongly depends on the nature of the anions. Ionic liquids containing nucleophilic and
coordinating anions such as halides [Cl] decompose at low temperature. Tonic liquids with poor
proton abstracting anions such as bis(trifluoromethylsulfonyl)amide [Tf2N] are more stable to
high-temperature decomposition. Types of cations also have an influence on the decomposition
temperature of ionic liquids. Chellappan [7] stated that ammonium-based ionic liquids have
lower stability if compared to imidazolium-based ionic liquids, whereas the thermal stability of
phosphonium based ionic liquids is better than of the ammonium-based ionic liquids. Moreover,
it was found that imidazolium based ionic liquids are thermally more stable than pyridinium
and tetra-alkyl ammonium-based ionic liquids. Chellappan [7] referred this to the presence of
methyl substitution on the C (2) of the imidazolium cation, which increases the thermal stability

due to the replacement of the acidic hydrogen. Then, it was observed that the chain length of

the alkyl group on the cation has low influence on the thermal stability of the ionic liquids.
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1.5.9. Flammability and corrosion

A large number of ionic liquids are combustible because of their positive heats of formation,
oxygen content and decomposition products. A study on the flammability of twenty ionic
liquids has shown that the rate of combustion depends on the nitrogen and oxygen content. [26]
Some of the ionic liquids burned for a short period of time and went out, others, after first

ignition, burned quickly to complete or nearly complete combustion (Figure 1.3).

Figure L.3: Ignition test of 1 g of protonated [1-Bu-3H-IM][NO3] [26].

In the literature, many publications describe the design of ionic liquids as energetic materials.
These ionic liquids are mainly prepared by the inclusion of energetic functional groups such as

NO2, CN, N3 [7].

The corrosivity of ionic liquids for a given metal is mainly depending on the chemical structure
of the IL cation and the nature of the anion. Strong corrosion were observed with ILs containing
tosylate [TOS] and dimethylphosphate [DMP] anions. Many researchers [27] referred this to
presence of water which could lead to hydrolysis of many anions used in ILs and then produce
acids (i.e. HF, HCI, H2SO4 or H3PO4). Furthermore, residual halide impurities from the
synthesis of the ionic liquid may corrode metal vessels. Perissi ef al. [28] investigated the
corrosion behavior of several metals and metal alloys (copper, nickel, AISI 1018 steel, brass,
Inconel 600) exposed to 1-butyl-3-methyl-imidazolium bis-(trifluoromethanesulfonyl) imide,
([BMIM][Tf2N]), by electrochemical and weight-loss methods. Low corrosion current densities
(0.1-1.2 pA/cm?) are observed with all the metals and alloys investigated. It was also
demonstrated that the corrosion current dramatically increased show with an increase of

temperature.
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1.5.10. Toxicity and human health

Due to their low vapor pressure, the risk of air pollution by ionic liquids is minimal and so, they
have low impact on the environment and human health. It should be noticed that an ideal green
solvent should also be non-toxic and not persist in the environment. Even if ionic liquids can
be used in large-scale in industrial applications, their entry to the aquatic environment through
accidental spills or as effluents is the most possible pathway for their contributing to
environmental hazards. Consequently, aqueous toxicology investigations are the most
important topic of interest concerning ionic liquids environmental safety. However, their
toxicology data have been very limited until now. Several authors [29-31] already mentioned
this lack of toxicological data in the literature. The eco-toxicological studies performed to
understand the effects of different ILs on enzymatic activities, cells and microorganisms mainly
use LCso levels (lethal concentration). Decreasing LCso values indicate higher toxicities
according to the toxicity classes of Hodge and Sterner scale [32]. This scale indicates that the
LCso value (in terms of mg/l) of 10 or less shows that the chemical is extremely toxic, LCso
value between 10 and 100 shows that chemical is highly toxic, LCso value between 100 and
1000 shows that chemical is slightly toxic, and finally LCso value between 1000 and 10,000

means that chemical is practically nontoxic.

Early studies suggested that quaternary ammonium and pyridinium ILs have significant toxic
effects on a variety of bacteria and fungi [7]. Bernot et al. [33] studied the toxicity of
imidazolium and pyridinium ionic liquids using fresh water snails. The toxicity was tested by
the LCso method. They observed that the alkyl chain length of the cation has a great impact on
the toxicity of the ionic liquids. The ionic liquids with a longer carbon chain (Cg) were found
to be more toxic than the alkyl chains with C4 and Ce¢. Maginn [34] presented the LCso levels
for two imidazolium-based ionic liquids with Daphnia magna. Daphnia are common fresh
water crustaceans (a large group of Phylum Arthropoda). The LCso values obtained for
[BMIM]" cations with [PFs] and [BF4] anions illustrated that these two ionic liquids are about
as toxic to Daphnia as benzene and are far more toxic than acetone (Table 1.3).

Mikkola et al. [35] investigated the toxicity of some promising amidinium, imidazolium, and
phosphonium based ILs toward two different cell lines, human corneal epithelial cells and
Escherichia coli bacterial cells. They found that the toxicity of the phosphonium ILs was highly

dependent on the longest linear chain of the IL as mentioned above. They referred this to the
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increasing hydrophobicity, with the long-chain phosphonium ILs which leads to toxicity. While
the shorter-chain versions were significantly less toxic or not toxic at all. Amidinium and
imidazolium ILs showed no significant effect on the cells, within the concentration range used.

Table 1.3: LCso values for Daphnia for certain solvents [34].

Compound LCso (mg/l)
[BMIM][PF¢] 250-300
[BMIM][BF;] 225-275

Acetone 30,642
Dichloromethane 310
Toluene 60-313
Benzene 203
Chlorobenzene 5-86
Phenol 5
Ammonia 0.53-4.94
Chlorine 0.028

I.6. Potential Applications of Ionic Liquids

Nowadays, ionic liquids have been investigated for a wide variety of potential applications such
as organic chemistry, biorefinery, supercritical fluid, desulfurization of petroleum oil but also
in solar cells, as lubricants, for heat storage, as working fluids in absorption cycles etc. Since
the interest in 1onic liquids has only increased after 1999, the development of ionic liquids 1s
still mostly in the research phase. Therefore, only few processes have reached
commercialization to date. [6, 7, 16]. However, there is a large field of potentially interesting

applications (Figure 1.4).
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Figure 1.4: Possible applications of ILs.
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The BASIL™ process: The first most successful commercial application of ionic liquids
recently is called the BASIL ™ (Biphasic Acid Scavenging utilizing Ionic Liquids) process [6,
7]1. The BASIL process is a general solution for all kinds of acid removal problems. The BASIL
process is used in a plant producing diethoxyphenyl phosphine, a photo initiator intermediate
prepared by the reaction of dichlorophenyl phosphene with ethanol. The reaction generates HCI1
as a byproduct, which must be removed to prohibit an unwanted side reaction. Originally in this
process, triethylamine was used to remove the acid but a byproduct formed of a dense
triethylammonium chloride, makes it difficult to handle the reaction. Thus, in order to solve
this problem BASF recently, adds 1-methylimidazole, which forms ionic liquid 1-
methyimidazolium chloride. Afterwards, two phases are formed which can be easily separated.
The upper phase is the pure product and the lower phase is the pure ionic liquid. The ionic liquid
formed can be reused after deprotonation (Figure 1.5). The BASIL process uses a much smaller
reactor than the initial process and the space—time yield for the formation of the product was
increased from 8 kg m >h™! to 690, 000 kg m>h™!. The yield increased from 50 % to 98 %. The
reaction is now carried out at a multi-ton scale, proving that handling large quantities of ionic
liquids is practical. Its success was almost immediately recognized: the process won the ECN

Innovation Award in 2004 [16].

pure liquid product

OR
O
@ /CI ROH \R'
P —_——
\
Rl

i T ionic liquid
N=/
Cl + (\N—
f recycle s/

Figure 1.5: The BASIL™ process [16].

Breaking azeotropes. Ionic liquids as entrainers, or separation enhancers, have been used to
break common azeotropes, such as water—ethanol and water—tetrahydrofuran. The costs of

separation and recycling of the entrainer are significantly reduced [16].
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IFP (Institut Francais du Pétrole) Axens: IFP was the first to run an ionic liquid pilot plant
described in Figure I1.6. The Dimersol process, based on traditional technology, consists of the
dimerisation of alkenes, typically propene (Dimersol-G) and butenes (Dimersol-X) to the more
valuable branched hexenes and octenes. The longer-chain olefins produced in the dimerisation
process are usually hydroformylated to alcohols (e.g. isononanols): isononanols are then
converted into dialkyl phthalates, which are used as poly (vinyl chloride) plasticisers. The
dimerisation reaction is catalysed by a cationic nickel complex of the general form
[LNiCH2Ro][AICI4](L= PR3) and is commonly operated without solvent. However, it has been
found that the catalyst shows greater activity when it is dissolved in undesirable aromatic or
halogenated hydrocarbons. The use of chloroaluminate (III) ionic liquids as solvents for these
nickel-catalyzed dimerisation reactions has been developed and pioneered at IFP (France),

especially by Nobel laureate Yves Chauvin and Helene Olivier-Bourbigou.

When the Difasol reactor, which involves the use of an ionic liquid, was added to the existing
Dimersol reactor, the process became much more efficient. The process uses a biphasic mixture
which results in a much better use of the catalyst, and therefore a reduced catalyst disposal cost,
and a better dimer selectivity. A higher yield into dimers can be achieved in a single step, even
with a low-concentration alkene feed, and from an engineering point of view, the reactor size
1s much smaller than in the homogeneous system. Moreover, this new process can be possibly

extended to higher, less reactive olefins [16].
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Figure 1.6: Process scheme integrating Dimersol and Difasol [16].
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Lithium-ion batteries: Degussa, has been investigating the use of ionic liquids in lithium
batteries as alternatives for volatile and flammable mixtures of organic solvents, i.e. ethylene

carbonate and dialkyl carbonates. This is a pre-commercial study, and results look promising

[16].

Air products: At the first International Congress on Ionic Liquids (COIL-1) in Salzburg, Dan
Tempel [16, 36] revealed a new Air Products technology which is based around entrainment by
the complexing of reactive gases in ionic liquids. It produces at least twice the performance of
the main rival process, which relies on the physical adsorption of gases on solids, and provides
a method to deliver these reactive and hazardous gases in a safe, effective, more easily handled
way, reducing both the risks and hazards in the work place — a true green chemistry success.
The gases can be stored and transported at sub-atmospheric pressure instead of the normal

pressurized cylinders, adding dramatically to safety.

IoLiTec: (Ionic Liquids Technologies) is an interesting new company specializing in marketing
1onic liquids. They have developed a practical and efficient technology to clean high value and
sensitive surfaces, using ionic liquids as antistatic cleaning agents. Conventionally, dilute
aqueous sodium chloride solutions have been used as the wetting agent, but the effect of
replacing this with an ionic liquid is dramatically demonstrated in Figure 1.7. IoLiTec has also
interests in the application of ionic liquids in medicine (coated implants), food analytics,
sensors, and heat pumps, and is currently involved in the development of various green
applications based on ionic liquids, e.g. electrolytes for dye-sensitized solar cells (Gratzel cells
or DSSCs) and phase change materials (PCMs) for the storage of solar energy and for sorption
cooling media for ‘‘solar cooling’’. Pilot installations for both DSSC and PCM applications are

currently being constructed [16].

Figure 1.7: A spray nozzle for aqueous solutions of sodium chloride (left) and a

hydrophilic ionic liquid (right), each after 10 h of operation (©IoLiTec 2007) [16].
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Table 1.4: Overview of industrial applications of ILs (Commercial/pilot plants) [6, 7].

Company Process Ionic liquids used Scale
e thome L Ligid s
Air products tl’rifluori de (BFs)) Gas ([BMIM][Cu2Cl3] for PH3 and Pilot
. [BMIM][BF4] for BF3)
compression
Arkema Fluorination Solvent Pilot
BASIL™ (Biphasic Acid
BASF Scavenging utilizing Ionic Auxiliary Commercial
Liquids)
BASF Chlorination Solvent Commercial
Extractive distillation (breaking
BASF water-ethanol and water- Extractant Pilot
tetrahydrofuran azeotropes)
BP Aromatic alkylation Catalyst (Chloroaluminate ILs) | Confidential
BP Ethylbenzene production Catalyst ([CnMIM][CI-AICI] Confidential
(n=2,4 or 8)
Sonogashira coupling reaction (to Catalyst ([Ps44 16][Br] /
Central Glass . X . .
Company prodgce pharrpaceutlcal tetraalkylphosphonium cation | Commercial
intermediates) based ILs)

Chevron Phillips Olefin oligomerization Catalyst Pilot
Degussa Hydrosilylation Solvent Pilot
Degussa Compatibilizer Performance additive Commercial

Eastman Chemical | Production of 2,5-dihydrofuran Catalyst [Psssis][1] Cuolﬁ?;égfl
Eli Lilly Cleavage of ethers Catalyst/reagent [Pyr][HCI] Pilot
IFP (Axens) Olefin dimerization (Dimersol Solvent (Chloroaluminate (I1I) Pilot

process) ILs)

Iolitec Cleaning fluid Performance additive Commercial

Linde Gas compression Liquid piston Pilot
. . Catalyst (Aluminium(III) .
PetroChina Alkylation ch%,ori de based ILs) Pilot
SASOL Metathesis and Olefin Solvent ([CxDMIM][NTf]) Pilot
trimerisation

Scionix Electroplating (Cr) chrﬁﬁfgﬁiilltle) (d(élrliovlclerclieILs) Pilot
University of Extraction Extractant Pilot

Twente

Absorption Heat Transformer: Numerous articles [1, 37, 38] published in the literature

demonstrated that working fluids containing ILs may be used in Absorption Heat Transformer.

It was found that the performance of some binary systems is close to the classical working fluids

used in the industry.
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I.7. General information about Absorption cycles

Most of industrial activities use a lot of thermal energy by burning fossil fuel to produce steam
or heat. After being used and degraded, heat is rejected to the surrounding as low grade waste
heat. Huge quantities of low temperature waste heat are released from many industrial plants to
the atmosphere at temperatures ranging from 60 to 100 °C on daily basis [39]. Amongst heat
driven devices are the absorption cycles which include absorption heat pump (AHP), absorption
chiller (AC), and absorption heat transformer (AHT). Absorption heat cycles become of great
interest since electrical energy is replaced with low grade or waste heat resulting in decreasing
the consumption of primary energy and increasing the energy efficiency [37]. Moreover,
absorption cycles preserve the atmospheric conditions by reducing the emissions of carbon
dioxide and the implementation of environmentally friendly working pair will reduce the

negative impact on the environment [39].

Absorption cycle early development dates back to the 1700’s. In 1810, ice was made from water
in a vessel, which was connected to another vessel containing sulfuric acid. As the acid
absorbed water vapor, causing a decrease of temperature, layers of ice were formed on the water
surface. The main problems of this system were corrosion and leakage of air into the vacuum
vessel. A real breakthrough was achieved in 1859 by Ferdinand Carre [40, 41] who introduced
a novel apparatus using {H>O + ammonia} as working fluids, which took out a US, patent in
1860. In 1852, Lord Kelvin [42] published a paper about absorption cycle (heat pump). He
illustrated that a heat pump could be used for heating and cooling. In spite of Kelvin’s early
work, the use of heat pumps for heating water or air was not seriously examined until the 1920s

and 30s. In 1922, Morley renovated Kelvin’s work [42, 43].

One of the key points of the performance of an absorption cycle is the working fluid used.
Nowadays, the most used binary systems in absorption heat cycle are { water + lithium bromide
(H20 + LiBr)} and {ammonium + water (NH3+H20)}. The commercial applications of the
{H>O + LiBr} absorption cycle have obtained great success and widely spread all over the

world [42-45]. Nevertheless, LiBr aqueous solution has some main drawbacks:

e Absorption heat pumps (AHP) cannot operate at an evaporation temperature below 0 °C
because of the use of water as refrigerant, which make it unusable for subfreezing
refrigeration or heating/domestic hot water (DHW) supplementation in cold regions.

e Crystallization of {H20 + LiBr} at high concentrations is a common problem.
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e High vacuum conditions should be preserved in the system for proper operation of the { H.O
+ LiBr} system; otherwise, the performance of the absorption cycle would be greatly
degraded [43].

e {H>0 + LiBr} is corrosive to metals [1, 37].

The working fluid {NH3+H2O} requires high working pressure and ammonia is toxic. Owing
to these disadvantages which have not been solved properly, the development and application
of {H>O + LiBr} absorption cycles were limited for a long time [1, 37, 46]. Therefore, heat
pump and absorption chiller technologies suffer from lack of suitable working pairs. Hence,
searching for new beneficial and reliable binary systems with excellent thermal stability, no
corrosion, no crystallization and environmentally friendly has become of great importance in

recent years.

Limited numbers of critical reviews have been published in the literature on the subject of
absorption technologies. In 2001, Srikhirin ef al. [43] reviewed various types of absorption
refrigeration cycles and working fluids. Performance improvement and enhancement of
absorption cycles were discussed. They concluded that double-effect absorption systems using
{H20 + LiBr} seem to be the only high performance system available commercially. Multi-
effect cycles show considerable promise for further application. A combined ejector-absorption
system is another possible option. This system can provide coefficient of performance (COP)
as high as a double-effect system with little increase in system complexity. A diffusion
absorption refrigeration system is the only true heat-operated refrigeration cycle. This system
has been widely used as a domestic refrigerator. However, it is only available with small cooling
capacity and its COP is low (0.1 to 0.2).

In 2012, Sun et al. [38] have shown that {H>O + LiBr} and {NH3; + H>O} mixtures with
different additives would play a much more important role for absorption cycles. However,
working fluids containing HFCs are more promising when absorption cycles will be employed

in special cases such as solar energy, ground heat and low grade heat in industrials.

ILs could be used as alternatives for most used toxic working fluids such as {NH3 + water} in
absorption cycles. Meanwhile, the ionic liquids have melting points below the lowest solution
temperature in the absorption system. They also remove the crystallization and metal-
compatibility problems of {water + LiBr} system [38]. Since many of ILs are highly
hygroscopic and miscible with water, this enhances analysis of binary systems composed of

{ILs + water} for this application [47, 48].
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Few ionic liquids have been investigated as potential absorbent for AHP. The different working
fluids containing ILs are divided into five series according to the nature of the refrigerant: NH3
series, H2O series, alcohol series, halogenated hydrocarbon series and other refrigerants.
Although many working fluids are proposed in the literature, there is not a complete review
with comparison of their properties and performances. Researchers focused on evaluating { HO
+ IL} systems for their potential use in absorption heat cycles.

The review of Khamooshi et al. 2013 [37] is focused on the performance of working pairs
containing ionic liquids in absorption cycles. The authors compared different working fluids
containing IL and different types of refrigerants in order to define the most suitable binary
system. The simulation of binary systems composed of {H>O + ILs} for absorption cooling
cycle shows their COP value is lower than {H20 + LiBr} by 7% but still higher than 0.7.

In 2014, Zheng et al. [47] present a compilation of thermodynamic properties of binary systems
containing {NH3 or HFCs or alcohols + ILs}. The simulation of IL working fluids for single
effect absorption cooling cycles shows that several binary systems have a real potential.

The researches on the development of working fluids and absorption cycles literature have
mainly focused on air conditioning and refrigeration. No previous review has comprehensively
summarized the studies and applications of absorption heat transformers using {H>O + ILs} as
working fluid.

This work is mainly focused on the study of binary systems {H2O + ILs} in absorption heat
transformers (AHT). The first part of the work shortly describes the absorption cycle. Then, the
thermodynamic and physical properties of the binary systems {H>O + IL} such as vapor
pressure, heat capacity, excess enthalpy, density, viscosity and thermal decomposition will be
summarized. In this section, the performance of the working fluids {H2O + IL} in absorption

heat cycle found in literature are also presented.

I.8. Classification of Absorption cycles

Absorption cycles exchange heat with three external reservoirs at low, intermediate, and high
temperature levels as shown in Figure 1.8. When an absorption system is operated as a
refrigerator or a heat pump, the driving heat is supplied from the high temperature reservoir.
Refrigeration effect is produced at a low temperature level and heat is rejected at an

intermediate temperature level. For a refrigerator, the useful heat transfer is at a low
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temperature. For the heat pump, the useful heat transfer is at an intermediate temperature.
Normally, the surroundings are used as a low temperature reservoir for a heat pump or as an

intermediate temperature reservoir for the refrigerator.

Another type of absorption cycle is known as “an absorption heat transformer”. This system is
driven by heat from an intermediate temperature reservoir and rejects heat out at a low
temperature level (normally to the surroundings). The useful output is obtained at the highest

temperature level.

Qa Qs &
Qe Q¢ QEE!V_ Qa
= Tu =1 [ Ty

Qe e

[T, | £ (1]

Refrigeration cycle Heat pump cvcle Heat transformers cyvecle
Ty moderate temperature level Q. heat load of absorber
Tx high temperature level Q¢ heat load of condenser
Tr low temperature level Qc heat load of generator

Qr heat load of evaporator

Figure 1.8: Absorption cycles.

The absorption cycles have five main components evaporator, condenser, generator, absorber
and solution heat exchanger (economizer). Figure 1.9 shows a schematic diagram of the cycle.
The basic principle of an absorption cycle is when high pressure liquid refrigerant from the
condenser entering the evaporator through an expansion valve which reduces the pressure of
the refrigerant to the low pressure level of the evaporator. The liquid refrigerant vaporizes in
the evaporator by absorbing heat from the reservoir needing to be cooled and the resulting low-
pressure vapor is circulated to the absorber, where the vapor is absorbed by the solution coming
from the generator (strong solution). The resulting low concentration solution (weak solution)
is pumped to the generator, where the refrigerant is boiled off. The strong solution flows back

to the absorber and, thus, completes the cycle [49].
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Figure 1.9: Schematic diagram of an absorption refrigeration cycle; A-

absorber, C-condenser, E-evaporator, G-generator, SHE-heat exchanger.

The performance of an absorption cycle mainly depends on the thermodynamic properties of

the binary system used. The most important requirements of these binary systems are [38]:

1. Binary system should have large boiling-temperature elevation and/or vapor pressure
depression than the pure refrigerant at the same pressure.

2. Refrigerant should have high latent heat and high concentration within the absorbent in
order to have low circulation ratio between the generator and the absorber.

3. Transport properties that affect heat and mass transfer such as viscosity, thermal
conductivity, and diffusion coefficient, should be the lowest as possible.

4. Additionally, both refrigerant and absorbent should be non-corrosive and have low cost.
Furthermore, working fluids should be environmentally friendly, have low global warming
potential (GWP) and zero ozone depletion potential (ODP).

The coefficient of performance (COP) describing the efficiency of the cycle is a measure of a

cycle's capability to transfer heat between different temperature levels [39]. The COP can be

defined according to the type of the Absorption cycle. Thus, COP for the absorption

refrigeration cycle is defined as the cooling capacity (Qg) divided by the energy input (Qg) [49]:
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cooling capacity obtained at evaporator (QE)

COP I.1)

- heat input for the generator (QG) +work input for the pump (W)

1.8.1. Absorption refrigerators (Chillers) (AC)

Any absorption refrigeration cycle exchanges heat with three external reservoirs: low,
intermediate, and high temperature levels (Figure 1.8). The driving heat is supplied from high
temperature reservoir, while refrigeration effect is produced at a low temperature level and
rejects heat out at an intermediate temperature level. As mentioned above, absorber, generator,
condenser and evaporator are the main components of the absorption refrigeration cycle. The

majority of studies on absorption technologies have focused on cooling and refrigeration cycle.

1.8.2. Absorption heat pumps (AHP)

Recently, absorption heat pump (AHP) has attracted considerable attention due to its ability to
use sustainable energy systems giving a high primary energy efficiency and low environmental
impact [42]. The driving heat source for AHP is various, such as hydrocarbon fuels, solar
energy, geothermal energy, district heating network or waste heat. Heated by the high-grade
driving source supplied to the generator the AHP can extract low-grade heat in the evaporator
side from low temperature sources, such as the ambient air, underground soil, surface water or
waste heat. Then, medium temperature hot water is produced in the condenser and absorber.
Because the heat supplied to the generator and evaporator is converted into the supplied hot
water, the heat quantity is increased [49].

The operating sequence of the basic AHP is explained as follows: refrigerant vapor is produced
in the evaporator which is heated by a low-medium grade heat source. The refrigerant vapor is
absorbed in the strong solution that enters the absorber and the resulting weak solution returns
back to generator. In the generator some refrigerant vapor is separated from the weak solution
to be sent to the condenser and therefore the strong solution from the generator is returned back
to the absorber. The vaporized refrigerant is condensed in the condenser then it is pumped to a
higher pressure level as it enters the evaporator. The waste heat given to the evaporator causes

its vaporization. Once again, the absorber absorbs the refrigerant vapor at a higher temperature.
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Hence, the absorption heat pump has the ability of raising the temperature of the solution above

the temperature of the waste heat source [37, 39].

1.8.3. Absorption heat transformers (AHT)

A different category of absorption cycle is known as “absorption heat transformer” or “reverse
absorption heat pump”. AHT operates in a cycle that is the reverse of the AHP. The basic AHT,
shown schematically in Figure 1.10, has similar components as a single-effect absorption cycle.
The difference is the inversion of pressure levels between generator/condenser and
evaporator/absorber. AHT also uses heat from an intermediate temperature reservoir as the
driving heat (generally an industrial waste heat) (Figure 1.8). The system rejects heat out at a
low temperature level (normally to the surroundings). The useful output is obtained at the
highest temperature level. The use of AHTs allow any waste heat to be upgraded to a higher

temperature level without any other heat input except some work required to circulation pumps.

Waste heat source Upgradecheat
(60-80 °C) (100-130 °C)
Qe Qa
4
EVAPORATOR + ABSORBER

A

"

»

WS, 6
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€

= (Low Pressure)

L]

CONDENSER =« GENERATOR
Waste heat source
O (60-80 °C)
Q¢

Figure 1.10: Schematic diagram of an absorption heat transformer; A-absorber, C-

condenser, E-evaporator, G-generator, SHE-heat exchanger, P1, P2-pump, v-valve.
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The generator is supplied with a relatively moderate temperature waste heat for refrigerant
separation as the usual method. Liquid refrigerant from the condenser is then pumped to the
evaporator operating at a higher pressure. In the evaporator, it is vaporized by using the same
moderate temperature waste heat used to drive the generator (absorption heat transformers are
usually operated so that the generator and evaporator temperatures are equal). The refrigerant
vapor is then absorbed into solution in the absorber, which rejects the useful heat out at a high
temperature level. The low-grade heat as solar energy [50] or industrial waste heat [51, 52, 53]
can be upgraded using AHT. Performance of an AHT with various working fluids such as
{water + LiBr} and {TFE + E181} were studied [1].

COP definition for absorption heat transformers is defined as the ratio of available heat output
of the absorber (Qa) to the total heat inputs of the system heat input of the generator (Qg) and

evaporator (Qg).

cop =24 (1.2)
Q¢+ Qf

This point will be discussed later herein.

1.9. Working fluids containing {water + ILs} for absorption cycles

Water can be considered as a green refrigerant, nontoxic, having high latent heat and excellent
thermal characteristics. If {H>O + ILs} are selected as the working fluids, the ILs selected

should be very hygroscopic and water stable.

It is well established that many ILs are completely miscible with water, especially imidazolium-

based ILs. Nevertheless, there is still a lack of thermodynamic data for IL and water systems.

1.9.1. {H>0O + Ionic liquids} binary systems in literature

Recently, many research groups have investigated {H>O + IL} as alternatives binary systems
in absorption cycle [49]. Numerous articles present thermodynamic studies of binary systems

containing water and IL. Annex I lists the most studied ILs in the literature and the thermo
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physical properties available. Alkylsulfate and alkylphosphaste based ILs are well known and
their performance as working fluids {H20 + IL} were evaluated in different absorption cycle
[46, 49, 54- 57].

Among others, the binary systems {H>O + [DMIM][DMP]} [46] was extensively studied by
different research groups. Kato and Gmehling [58] have measured the vapor-liquid equilibria
(VLE) of the {H,O + [DMIM][DMP]} system with a computer-driven static apparatus. He et
al. [57] measured the thermodynamic properties including VLE, density, viscosity, heat
capacity and excess enthalpy of this system. Wang et al. [S9] measured VLE for the same binary
system using a quasi-static ebulliometric method, while Dong et al. [46] simulated the
performance of absorption refrigeration cycle based on the measured data of VLE and heat
capacity of the same binary mixture. The simulation results show that the cycle performance of
{H.O + [DMIM][DMP]} is close to that of conventional working pair {H>O + LiBr}.
Nevertheless, using the {H>O + [DMIM][DMP]} system increases the operating temperature

range and stops crystallization and corrosion caused by {H>O + LiBr}.

Zhang and Hu [55]; Gong et al. [60]; Ren et al. [54]; and Wang et al. [61] have studied the
binary system {H>O + 1-Ethyl-3-methylimidazolium dimethyl phosphate [EMIM][DMP]}
using different techniques. Zhang and Hu [55] simulated the performance of the working pairs
{H20 + [EMIM][DMP]} in an absorption refrigeration cycle. The results of the simulation
show that the coefficient of performance (COP) of {H,0O + [EMIM][DMP]} is lower than { H.O
+ LiBr} but still higher than 0.7, while the generation temperature was lower than that for { H.O
+ LiBr}. Ren and his coworkers [54] stated that the binary system {H.O + [EMIM][DMP]}can
meet the basic requirements for working pairs and has potential to be new working pair for

absorption heat pump or absorption refrigeration.

The binary system {H20O + [EMIM][EtSO4] } was proposed by Ficke [49] and Zuo et al. [56]
as a working fluid in (AHP). They determined the basic thermodynamic properties such as
VLE, heat capacity and density of the binary system in a large range of temperature and
concentration. Their results indicate that this binary system can be considered as a potential
working fluid in AHP. Yokozeki and Shiflet [62] also examined the feasibility of this system
in an absorption cooling cycle and they found out that this system shows a promising result.
Romich et al. [63] measured the vapor liquid equilibrium, density, heat capacity and viscosity
of {H>O + I-ethyl-3-methylimidazolium acetate [EMIM][Ac]}. The viscosity of this system
was also measured by Fendt et al. [64]. Nie et al. [65] studied the binary system {H>O + 1-(2-
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hydroxyethyl)-3-methylimidazolium chloride [HOEtMIM][CI]} as a replaceable working pair
for AHP cycle. The VLE of the system show strong negative deviation from the Raoult’s law
which is a basic characteristic for the absorption working pairs. They found that density and
heat capacity data of the investigated system are quite low, which are beneficial to decrease

power consumption and improve the COP of the absorption heat pump cycle.

1.10. Thermodynamic properties of {H20 + IL}

The knowledge of thermodynamic properties, phase behavior, and safety/environmental
hazards of {H>O + IL} is required for the evaluation of this system in an AHT. The following
section presents the behavior of ILs in presence of water and the influence of their structure on

thermodynamic properties.

[.10.1. Thermodynamic model for the representation of binary system {H>O + IL}

Owing to the large number of possible combinations of binary mixtures {H>O + IL}, the
experimental evaluation of all of these systems is an important effort. Hence, several research
groups started to present modeling results characterizing the VLE of several {water + 1L}
systems. A large number of thermodynamic models have been used to modelize the VLE
properties of binary solutions, such as NRTL equation, UNIQUAC equation and UNIFAC
equation, among others. Some groups show that NRTL model can be successfully used to
represent thermodynamic properties of systems containing ILs [57]. Zhao et al. [66] correlated
the vapor pressure data of the binary system {water + [DMIM] [DMP]} by the non-electrolyte
NRTL equation. The calculated values are significantly consistent with the experimental data.
They found that the experimental activity coefficients are well correlated by the NRTL model
and the average relative deviations of the activity coefficients is lower than 2 %. For the work
of Dong [46] and his research group whom analyzed the same binary system {water + [DMIM]
[DMP]} their results were consistent with the data reported by Zhao et al. [66] and Wang et al.
[61], but have deviation with the data reported by He et al. [S7]. Their vapor pressure data have
been well correlated using the NRTL model, the average relative deviations for the vapor
pressure between experimental and calculated values are 1.44%. Zhang and Hu [55] used the

same approach for correlating VLE data of the binary mixture containing {H>O +
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[EMIM][DMP]}. Ren et al. [54] represent the VLE of {H,O + [EMIM][DMP] }using NRTL
model with the average relative deviation of 2% and show that this system can be predicted by
traditional non-electrolyte solution model. VLE of binary systems {H>O + [EMIM][Ac]} and
{H20 +[DEMA][OMs]} were correlated by Romich et al. [63] using activity coefficient
models. They correlated VLE data using NRTL model which showed consistency.

Alevizou et al. [67] also used the UNIFAC model to describe the phase equilibria of
solvent/ionic liquid systems. While the ionic liquids were based on an imidazolium cation and
a hexafluorophosphate anion, water was regarded as refrigerant. Two new main groups, the

imidazolium and the hexafluorophosphate groups, were introduced in UNIFAC.

Passos et al. [68] evaluate the PC-SAFT equation of state for the description of the pure-IL
density, water activity coefficients at 298.15 K, and the VLE the binary mixtures { water + IL}.
The PC-SAFT pure-component parameters and the independent temperature binary interaction
parameter were determined by a simultaneous fitting to the pure-IL densities, vapor-liquid
equilibria data and water activity coefficients. It was found that PC-SAFT equation allowed for
quantitative modeling the thermodynamic properties of {water + IL} systems. Moreover, PC-
SAFT is capable to satisfactorily predict water activity coefficients at infinite dilution for
systems where model parameters were adjusted to water activity coefficients at low IL
molalities. Chen et al. [69] measured the experimental VLE data of two binary mixtures {H20
+ [EMIM][SCN]} and {H2O + [DMIM][MPh]} at temperatures ranging from 283.15 to 298.15
K and the authors show that the PC-SAFT EOS were able to correlate with good accuracy these
data. Nann et al. [70] studied the ternary systems {1-butanol + water +IL}. In this work, the
binary interaction parameters were determined by fitting to the binary LLE data in {1-butanol
+ water} and {water + IL} mixtures. Without the introduction of any additional parameters or
the refitting of the existing PC-SAFT parameter sets, the LLE data of the ternary systems and
the 1-butanol distribution coefficients and selectivities over water were predicted in very good
agreement with the experimental data. This confirms the ability of PC-SAFT to model the
extraction behavior of IL systems based on limited experimental data for pure components and
binary systems. Llovel et al. [71] have shown that the soft-SAFT can be used to predict with
good accuracy the vapor-liquid equilibrium of water with dialkylimidazolium
bis(trifluoromethylsulfonyl) imide. Concerning liquid-liquid equilibria calculations, the
prediction without using binary parameters gives only qualitative agreement. Two adjustable

binary parameters are necessary to quantitatively reproduce this equilibrium.
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Cubic equations of state such as Peng-Robinson (PR), Soave-Redlich-Kwong are used mainly
to predict systems containing ionic liquids and gases (CO2, NH3, H2S). Yokozeki and Shiflett
[62] apply a modified Redlich-Kwong equation of state to predict the water solubility in various
ionic liquids ((BMIM][BF:], [EMIM][BF4], [DMIM][DMP], [EMIM][DMP], [EEIM][DEP],
[EMIM][DEP], [BMIM][DBP], [EMIM][EtSO4], [Choline][Gly], [Choline][Lac],
[Choline][MeSO3], [BMIM][I], and [EMIM][Tf2N]. Results indicate that this (EOS) can
correlate the VLE data successfully. Excess functions (Gibbs, enthalpy, and entropy) calculated
using the EOS are negative indicating that there exist some chemical complex formation

between water and IL molecules.

Shariati and Peters [72] have shown that PR EOS is capable to satisfactorily describe the
experimental bubble point data of the system {fluoroform + IL} and to qualitatively predict the
solubility of the ionic liquid in supercritical CHF3. Carvalho et al. [73-75] propose to use a
thermodynamic model based on the Peng—Robinson EOS with the Wong—Sandler/UNIQUAC
mixing rule. This approach was used with success in the correlation of the CO solubility in
ILs. The model provides a good description of the experimental data and the estimation of the
Henry's constants for these systems. Ren and Scurto [76] have measured the phase equilibria of
1, 1, 1, 2-tetrafluoroethane (R134a) with dialkylimidazolium based ILs. These systems are Type
V according to the classification scheme of Scott and van Konynenburg. In this case, regions
of multiphase equilibria exist at the higher temperatures (VLE, LLE and VLLE). The authors
propose to correlate experimental data with the Peng—Robinson equation of state. The bubble-
point data demonstrates excellent agreement with the model. However, the predicted
compositions of the VLLE transition to LLE are only satisfactorily predicted for all systems
using the interaction parameters regressed from the VLE data alone. The mixture critical point

pressure systematically under-predicted, however, close to the experimental value.

1.10.2. Experimental thermodynamic data of {H>O + IL}

1.10.2.1. Vapor liquid equilibrium (VLE)

The experimental techniques used for VLE measurements are boiling point technique [46, 56,

57], static apparatus [58] or quasi static ebulliometer method [59]. In the case of binary mixtures
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containing IL, the most widely used technique is the boiling point. Most of the articles related
to VLE measurements concerning the binary systems {H>O + IL} are listed in Annex I.
Activity coefficient can be calculated from VLE data. This parameter illustrating the deviation
from ideality of the mixture can be used to investigate the interaction between H>O and ILs.
Ficke [49] and Passos et al. [68] stated that the activity coefficient may be also related to the
hydrophilicity of the IL. Most of the ILs studied for absorption cycle are considered hydrophilic
since they are completely water-soluble but their hydrophilicity is not the same.

Morrissey and O’Donnell [77] have shown that working pairs with highly negative deviation
from Raoult's law produce the best results. The solvent vapor pressure decreases because the
solvent molecules in the liquid phase have strong affinity to the solute molecules. Negative
deviation to the ideal behavior (leading to activity coefficient values lower than unity) results
from the stronger [L—water interactions than the water—water. These stronger interaction forces
keep water molecules in the liquid phase, and higher potential is required to transfer water
molecules into the vapor phase. Therefore, the water boiling temperature will increase as
observed in the VLE experimental data. Moreover, this effect is stronger for the ILs with higher
interactions with water (higher hydrogen-bond basicity). Lungwitz et al. [78] have found a
relationship between IL’s ability to increase the water boiling temperature and their hydrogen-
bond basicity values determined by solvatochromic probes. ILs with higher hydrogen-bond
basicity values interact strongly with water and stronger IL-water interactions prevent the
evaporation of water molecules leading to higher boiling-point elevations and vapor-pressure
depressions.

It is noted that the activity coefficients of most of the investigated binary systems {water + ILs}
are lower than unity (Figure I.11 (a)), exhibiting a negative deviation from the ideal solution
behavior. The higher IL content is, the larger the deviation from the Raoult’s law, which is
indicated by the decreasing activity coefficients of solvent [57]. Ficke [49] stated that with
respect to the anion, the activity coefficients decrease as follows: [(CF3SO2)>N] > [BFs] >
[EtSO4] > [lactate]” > [CH3SO4] > [glycolate] > [(CH3)2PO4]".
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Figure I.11: Water activity coefficients, y%, as function of the water mole fraction in
binary solutions of {water (1) + IL (2)}: (a) ® [BMIM][Br], ® [BMIM][C1S03],
[BMIM][SCN]; (b) }: ® EMIM][(CF3:S0O2):N], ® [BMIM][(CF3S0.):N], ® EMIM][BF4].
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On the other hand, Kato and Gmehling [58] observed the presence of miscibility gap with {H,O
+ [EMIM][(CF3:S0O):N]} and { H2O + [BMIM][(CF3S02)>N]}. Thus, these two ionic liquids
exhibit positive deviation from Raoult's law and activity coefficient higher than unity (Figure
I.11 (b)).

The investigation of water sorption by ILs shows that ILs with shorter alkyl chain length on the
imidazolium ring have the higher water sorption capacity, e.g., imidazolium-based ILs with
anions [CI], [BF4] -, [Br] -, [Tf2N] -, [PFs] ~. Cao et al. [79] also compared ILs with different
cations such as [BMIM][Ac], [BPyl][Ac], [BMIM][BF4], [BPy][BF4], [BMIM][PFs],
[BPy][PFs], [BMIM][Br], [BPy][Br], and [Pess14][Br], and they found that ILs with an
imidazolium cation [BMIM]* can absorb more water than those with a pyridinium cation [BPy]
. Cao et al. [79] referred this behavior to the highest hydrophobicity of the pyridinium cation.
Cao et al. [79] also studied the anion effect on water sorption for nine ILs with [BMIM]™ cation
and they found that ILs followed this trend [Ac] > [Cl]” > [Br]” > [TFA] > [NOs] > [TFO] >
[BFs]" > [TfaN] > [CHO] > [PFs] . They stated that the largest difference in water sorption by
changing the anion was found to be about 15% higher than that by cation and alkyl chain length.
Binary systems {H2O + IL} found in the literature are listed in Annex I. We have correlated all
experimental data with NRTL model. All NRTL parameters and the average relative deviation
(ARD) on activity coefficients and pressure for each binary system are given in Table 1.5. The
average relative deviations on activity coefficient and pressure obtained with NRTL model
range between 0.01 and 3.5 %. All deviations for the 35 investigated systems are listed in Table
LI.5. The slightly worse correlation may be due to the fact that these ILs show a miscibility gap
in water which cannot be described by the NRTL model. With the exception of those systems
all other correlation results are within +1%. Through the number of investigated systems one
can see that NRTL-model can well represent {H>O + ILs} binary systems. The dataset show
that all ILs studied decrease the vapor pressure of the related aqueous mixtures in different
extents.

Passos et al. [68] have measured the VLE of 7 binary systems {H>O + IL} in which ILs studied
have a common cation [BMIM]*. Their experimental results indicate that the imidazolium-
based ILs cause boiling-point elevations of different degrees according to the interaction

strengths between water and the IL that mainly depends on the nature of the IL anion.
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Table 1.5: NRTL parameters of binary systems {H,O + ILs}.
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{Water (1) + ILs (2)} an az b1z b21 a (AP %)
{H,O + [DMIM][DMP]} -525.2989 -3700.8825 14.6673 -22.9459 0.3 1.41
{H>0O + [DMIM][CI1]} -23638.0556 -2679.9360 45.8488 -17.5904 0.3 2.20
{H,O + [DMIM][BF4]} 4775.9349 3876.5759 -2.9434 -23.6187 0.3 1.48
{H,O + [EMIM][DMP]} -962.1501 -7465.9491 23.9914 -14.6329 0.3 2.74
{H.0 + [EMIM][EtSO4] } 51456.5850 -44385.7299 | -127.1046 100.0735 0.3 9.08
{H,0 + [EMIM][DEP]} 0.9000 0.3652 -33.6042 -28.0207 0.3 1.51
{H20 + [EMIM][Ac]} -34.7593 -7807.9223 -34.5694 -8.5813 0.3 7.49
{H,0 + [EMIM][I]} 0.9689 1.1548 -8.2621 47.1505 0.3 13.81
{H20 + [EMIM][(CF3S02):N]} | -10481.0459 -1456.1633 63.3289 1.0287 0.3 1.27
{H20 + [EMIM][TFA]} 47.0157 -2166.1843 40.2699 -19.5073 0.3 2.34
{H,O + [EMIM][BF4]} 78.2628 248.7718 19.4310 -8.2595 0.3 1.35
{H,0 + [EMIM][Triflate]} 78.4993 242.7846 29.1640 -16.5453 0.3 0.69
{H20 +[HOEtMIM][CI]} -168.5612 -905.4486 28.5594 -26.5397 0.3 1.01
{H,O +[HOEtMIM][BF.]} 1999.1919 -602.1164 -0.8926 -13.4626 0.3 3.34
{H,O + [BMIM][DBP]} 52.6389 -5571.6625 -34.0172 -5.0443 0.3 0.41
{H20 + [BMIM][Br]} -23175.1749 4229.7304 65.3736 -25.4916 0.3 1.52
{H,O + [BMIM][BF.]} 1437.0274 -7894.3303 -9.8020 9.5830 0.3 3.99
{H,0 + [BMIM][MeSO4]} 8933.9651 223.1127 0.0003 1.6962 0.3 1.49
{H,O + [BMIM][SCN]} 17958.0434 1.0407 -67.2928 795.7874 0.3 0.01
{H,0 + [BMIM][TOS]} -318.8044 19270.2452 -38.6608 -65.6350 0.3 1.15
{H20 + [BMIM][CF5CO2]} 15872.5505 -9562.4848 -25.8048 5.8570 0.3 2.20
{H2O0+ [BMIM][C,SOs]} 9443.3815 -5721.7247 -1.4815 -13.2220 0.3 1.56
{H20 + [BMIM][C,CO,]} 0.8989 0.9340 -36.8681 -17.6819 0.3 13.94
{H,O + [DEMA][OMs]} 3552.2300 -5223.2310 1.8642 -10.2724 0.3 4.24
{H,0 +[BMIM][MeSO.]} 8933.9651 223.1127 0.0003 1.6962 0.3 1.49
{H20 + [BMIM][CF5S0s]} -3817.3847 -8923.7104 40.9752 9.2525 0.3 1.96
{H,0 + [BMIM][SCN]} 17958.0434 1.0407 -67.2928 795.7874 0.3 0.01
{H,0 + [BMIM][TOS]} -318.8044 19270.2452 -38.6608 -65.6350 0.3 1.15
{H20 + [BMIM][CF5CO2]} 15872.5505 -9562.4848 -25.8048 5.8570 0.3 2.20
{H20O + [BMIM][C;SOs]} 9443.3815 -5721.7247 -1.4815 -13.2220 0.3 1.56
{H20 + [BMIM][C;CO>]} 0.8987 0.9279 -36.8867 -17.6110 0.3 13.94
{H20 + [BMIM][(CF3S0,).N]} 42050.3031 1.0407 -59.3941 795.7874 0.3 6.55
{H20 + [BMIM][I]} 107632.0868 1.0407 -298.5630 795.7874 0.3 8.14
{H,0 + [BMIM][CI1]} 30802.2495 1.0407 -110.7024 795.7874 0.3 21.44
{H>O + [BMPIP][DCA]} 4706.2445 2992.7192 20.6703 -25.9038 0.3 0.76
{H.0 + [BMPYR][DCA]} 26507.5279 -137.8009 -18.9712 -30.2341 0.3 0.32

The influence of ILs on the boiling temperatures follows the order: [CF3SOs]” < [SCN] <
[CF3CO2] < [TOS] < [Br] < [CiSOs] < [CiCO2]". This work shows clearly that the observed

trend is related to the anion and to its capacity to interact with water. Other research groups

confirmed that anion has an essential role when aiming to lower the vapor pressure of water
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H>O. As an example, VLE of binary systems {H>O + [EMIM] [X]} where the anion X is
[DMP] or [EtSO4] or [Ac]” which are studied by Ren et al. [54] Zuo et al. [56] and Romich et
al. [63] respectively. It is found that ethylsulfate anion [EtSO4] corresponds to a moderate
decrease in vapor pressure of H,O while the dimethylphosphate anion [DMP]" leads to a
stronger attraction of the water molecules corresponding to a lower vapor pressure and hence
lower activity coefficient. Then, with increasing compactness of the anion, the vapor pressure
can be decreased more.

Zhao and his group [66] have shown that the effect of phosphoric based ILs on the vapor
pressure lowering of water follows the order [MMIM][DMP] > [EMIM][DEP] >
[BMIM][DBP]. It was noticed that ionic liquids with longer cation alkyl chain length cause a
larger solubility but lower dependence of the solubility on temperature [46, 54]. Thus, ionic
liquids with shorter cation alkyl chain are preferred ((DMIM]* > [EMIM]* > [BMIM]* >
[HMIM]*) due to more sensitive dependence of the solubility on temperature. The behavior of
binary systems { H-O + IL} strongly depends on the ionic sizes and to the ionic hydration ability
of ILs [66].

It can be good to note that some ILs such as acetate or chloride-based ionic liquids are not
suitable for absorptions cycles due to an insufficient stability and/or too high corrosion rates

[80].

1.10.2.2. Heat capacity

Heat capacity is an important thermodynamic property since it is related to temperature
derivatives of basic thermodynamic functions and, therefore, it is important for the calculation
of differences in these functions between different temperatures. This property also indicates
the ability of the substance to store heat; thus, it can be used to assess the efficiency of the

substance as a thermal fluid [81].

Only one theoretical model is proposed in the literature to predict the heat capacity of binary
systems containing ILs [80]. Lashkarbolooki et al. [82] evaluate the possible use of artificial
neural network model to estimate the binary heat capacities of the ILs mixtures. The error
analysis shows this approach leads to estimate the binary heat capacities of the ILs mixtures
with an average absolute relative deviation of about 1.60%. In most cases, heat capacity is

expressed using a temperature and composition dependent polynomial equation:
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Cp = Y3 ,(A;y B;iT)xmy' (1.3)

where C,, is the mass heat capacity in kJ.kg!. K'!, A; and B; are the regressive parameter, T is
the absolute temperature in K, and xm, is the mass fraction of ILs. We have correlated all heat
capacities data of {H>O +ILs} published in the literature using Eq. (I.3). The regressed

parameters determined by a least-squares method are listed in Table I.6.

Table 1.6: Mass heat capacity parameters of binary systems {H2O (1) + ILs (2)}.

{H20 (1)+ IIs (2)} Ao Al Az A3 Bo B: B: B3 (ACp %)

{H20 + [DMIM][DMP] } 3.7623 -1.7355 -5.5653 4.8733 0.0012 -0.0003 0.0147 -0.0142 0.23

{H20 + [EMIM][DMP] } -1.2394 -1.1119 -0.9982 -0.8977 0.0283 -0.0455 0.0545 -0.0185 2.11

{H20 + [EMIM][EtSO4] } -5.0559 | -13.9589 | 45.2418 | -25.4069 0.0954 -0.2163 0.1738 -0.0504 1.05

{H20 + [EMIM][Ac]} 4.1752 -1.9221 -1.7799 6.8077 0.0001 0.0027 0.0176 -0.0185 0.30

{H20 + [HOEtMIM][CI]} 3.1990 -6.1970 4.6065 -1.6142 0.0030 0.0106 -0.0132 0.0047 0.16

{H20 + [DEMA][OMS]} 4.7283 -6.1401 -0.1972 3.0274 -0.0018 0.0161 -0.0081 -0.0047 0.55

{H20 + [EMIM][Triflate] } 5.0135 -6.8405 2.6687 0.0509 -0.0027 0.0152 -0.0112 0.0004 0.21

{H20 + [BMIM][MeSO4] } 4.9273 -6.1129 0.3664 1.9235 -0.0028 0.0167 -0.0096 -0.0024 0.29

{H20 + [EMIM][TFA]} 2.0195 12.2695 | -32.6699 | 19.2440 0.0078 -0.0315 0.0639 -0.0381 5.72

{H20 + [BMIM]|[Triflate] } 5.9515 -9.0845 4.5266 -0.5061 -0.0039 0.0152 -0.0057 -0.0037 0.27

{H20 + [BMIM][BF4]} 0.2292 0.2292 0.2292 0.2292 0.0006 0.0006 0.0006 0.0006 0.17

{H20 + [EMIM][DEP]} 0.3292 0.3292 0.3292 0.3292 0.0006 0.0006 0.0006 0.0006 0.33

The mass excess molar heat capacity, Cp* is the difference between the mixture heat capacity

and the pure components:
Cp" = C,—Yxmi - Cp; (1.4)

where C,, is the mass heat capacity kJ.kg'.K™' of the mixture; Cp; is the mass heat capacity of
the pure compound; and xmi is its mass fraction. The values of C,” for the systems studied here
are very small, on the same order of magnitude as the experimental uncertainty, so no
significant analysis can be carried out. This means that an assumption of a linear decrease of

C, with the concentration of water (i.e., Cp® = 0) is a very good estimate [83].

49




Chapter One

For each IL, there is a small increase in heat capacity with increasing temperature. Ficke [49]
stated that the heat capacity should increase roughly linearly with increasing molar mass. This
is because of the fact that heat capacity is dependent on the number of translational, vibrational,
and rotational energy storage modes. Generally speaking, the mass heat capacity of the binary
systems {H20 + ILs} is quite small, which leads to diminish power consumption, is beneficial
to heat transfer and improves the COP in absorption cycle [46, 65]. While, C, values for ILs
are much lower than those for water. This means less energy will be required to produce a

certain temperature increase in a given mass of IL than in the same mass of water [83].

1.10.2.3. Excess Enthalpy (HF)

The search for ideal working pairs requires the knowledge of excess Gibbs free energies of
binary mixtures of refrigerants and absorbents, which is thermodynamically related to the
excess enthalpy (HE). Excess enthalpy HE is not only important for the calculation of the
coefficient of performance but it also gives insight into the interactions between the molecules.
Excess enthalpy describes the difference in the strength of molecular interactions between
unlike species (water-IL interaction) and like species (IL-IL and water-water interaction). The
excess enthalpies, HE, can be determined directly by using calorimetry. Garcia-Miaja et al. [84]
measured HF for the binary systems {H>O + [BMPyr][BF4]}, {H20 + [EMIM][EtSO4]}, {H.O
+ [BMIM][MeSO4]}, {H20 + [BMIM][Triflate]} and {H,O + [EMIM][Triflate]}. The HE data
of binary systems {H2O + ILs} measured by Garcia-Miaja et al. [84] as a function of the

composition are represented in Figure 1.12.

All systems studied have positive HE values except for sulfate-based ILs systems. Very high
HE values (up to 2500 J. mol ') were found for BF4 based systems and triflate-based ILs systems
show moderate positive HE values (about 1200 J. mol! at the maximum). Considering that
negative excess enthalpy involves a net creation of interactions upon mixing, the authors stated
that for tetrafluoroborate and triflate-based ILs the forces between the ions or molecules that
form the dissimilar species, (IL—water interactions), are weaker than between those of similar

ones (IL-IL and water—water interactions) [84].
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Figure 1.12: Excess enthalpy, HE for the binary mixtures {water (1) + ionic liquid

(2)} at T =298.15 K. Ionic liquids

[EMIM][Triflate],

= xmyxmy N, A;(2xm, — 1)1

[EMIM][EtSO4], ® [BMIM][MeSOu],
[BMIM][Triflate], ® [BMPy][BF,] [84].

literature. The regressed parameters are listed in Table 1.7.

HE was fitted to Redlich Kister polynomials [57] of the form:

(1.5)

where HE is the excess enthalpy in kJ.kg™!, A; is the regressive parameter, xm; is the mass

fraction of species i (i =1,2). We have used Eq. (I.5) to correlate all systems found in the

It is noticeable that there is a lack of data of HE for binary systems {H>O + ILs} in the literature.

Table 1.7: Excess enthalpy HE parameters of binary systems {H>O (1) + ILs (2)}.

{H20+ ILs} A1 Az A3 A4 (AHE %)
{H20 + [DMIM][DMP]} -417.8554 -660.8119 1552.7531 -1418.4957 0.27
{H20 + [EMIM][DEP]} -969.0601 2058.2864 -1939.5085 1.0056 1.64
{H20 + [EMIM][HSO4] } -1315.2862 3532.7673 -2774.4377 0.9851 0.98
{H20 + [EMIM][TFO]} 19.3366 184.7568 -331.6480 297.1489 0.52
{H20 + [EMIM][DMP] } 743.5477 -5271.0368 7551.6799 -3914.4565 1.42
{H20 + [EMIM][EtSO4] } -74.1197 -32.2087 -3.9332 24.1222 1.41
{H20 + [EMIM][TFA]} -182.7499 110.6168 4.6321 -265.9890 2.60
{H20 + [BMIM][BF4]} 113.3628 65.7448 47.2380 45.3341 4.66
{H20 + [BMIM][MeSO4] } -39.2160 -5.5123 -19.6878 9.3845 2.39
{H20 + [BMIM][Triflate] } 41.4860 101.3003 -145.8678 201.9100 1.06
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1.10.2.4. Density

The density is an important property due to the information obtained for moving a fluid around

in a process.

In practice, the density of working pairs is closely related to temperature and composition, so
the influence of the density change of a solution cannot be ignored when analyzing the
absorption heat transformer cycle. The density of IL depends on the type of anion and cation,

but the key parameter is the anion.

The most studied cation groups are those based on imidazolium and pyridinium. The density of
most imidazolium based ILs roughly ranges within 1.1 and 1.6 g.cm™. A wide range of
imidazolium-based ILs has been studied including many different anions in an effort to
demonstrate the potential to tailor specifically the properties of ILs for given applications.
Halide salts are hydrophilic and miscible with water. Dong et al. [85] demonstrated that
increasing the length of the alkyl chain for a series of 1-alkyl-3-methylimidazolium cations
increases the hydrophobicity and then the densities of the ILs decrease. While the simple halide
salts have significantly lower densities than the PFs based ILs.

An increase of the water content or temperature causes a decrease of the density in most of the
binary systems studied. Hence, physical properties of ILs can be adjusted to meet the needs of
applications for hydrophilic ILs by adding water or changing the temperature [85].

By keeping the cation, Dong et al. [85] found that the densities of the {H>,O + [EMIM][Br]}
substantially exceed those of the { H2O + [EMIM][BF4]} due to the greater mass of bromine
atoms. Similarly, for the [BMIM]" containing ILs aqueous solutions, the densities decrease as

follows [BMIM]([Br] > [BMIM][BF4] > [BMIM][Cl].

The literature shows that structural variations such as alkyl chain length grafted on the cation
and substituting the halides in the anion have a significant impact on the densities of the binary
systems of {H2O + ILs}. Adding CH> groups to the alkyl chain on the [C.MIM]" cation
decreases the density, and the density increases as the mass of the anion increases [60,85]. Gong
et al. [60] referred this behavior to the presence of electrostatic interaction among ionic species
in the IL. Hence, by comparing [BMIM][DMP] and [EMIM][DMP], it was found that
[EMIM][DMP] has a little higher density, which is likely due to the stronger electrostatic
interaction between the smaller cation [EMIM]* and the anion [DMP]", though the cation

[BMIM]" has a higher dispersion energy due to its longer alkyl substitute [60].
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The density data for the 19 investigated binary systems were regressed using Eq. (I.6) and listed
in Table 1.8.

p = Y3 (a;+ bT)x,! (1.6)

Where p is the density of the solution in g.cm™3, T is the absolute temperature in K, a; and

b; are the regression parameters, and x,' is the molar fraction of the ILs.

Table 1.8: Density parameters of binary systems {H>O (1)+ ILs (2)}.

{H20 (1) + ILs (2)} ao ai az a3 bo b1 b2 bs (p %)
{H20 + [DMIM][DMP]} 1.3609 0.2563 -0.0456 -0.1254 -0.0005 -0.0005 -0.0002 0.0005 0.05
{H20 + [EMIM][DMP]} 1.4137 0.1774 -0.0962 -0.1587 -0.0008 -0.0008 0.0018 -0.0008 0.00
{H20 + [EMIM][EtSO4]} 1.2936 0.4596 -0.2633 -0.0465 -0.0005 0.0000 -0.0010 0.0009 0.04

{H20 + [EMIM][Ac]} 1249.5004 171.0933 -106.8954 -145.5366 -0.6473 0.4439 -1.6273 1.6784 0.05
{H20 + [EMIM][Triflate] } 1.3060 0.6526 0.2328 -0.6067 -0.0008 0.0023 -0.0074 0.0053 0.92
{H20 + [EMIM][DEP]} 0.3364 0.3364 0.3364 0.3364 -0.0002 -0.0002 -0.0002 -0.0002 0.01
{H20 + [EMIM][TFA]} 1.1816 2.0379 -3.6392 1.9588 -0.0005 -0.0026 0.0052 -0.0029 0.97
{H20 + [EMIM][BF4]} 1.2883 0.0032 -0.4303 -0.0065 -0.0009 0.0045 -0.0073 0.0052 0.50
{H20 + [BMIM][BF.]} 1.4564 0.0025 -0.1654 -0.0107 -0.0010 -0.0004 0.0018 -0.0007 0.19
{H20 +[BMIM][C(CN)3]} 1.2499 0.0027 0.0025 -0.0102 -0.0008 0.0002 -0.0002 0.0001 0.02
{H20 + [BMIM][DMP]} 1.3660 0.0344 -0.0864 0.0457 -0.0009 0.0007 -0.0009 0.0004 0.11
{H20 + [BMIM][C(CN)2]} 1.2511 0.0028 0.0026 -0.0113 -0.0008 0.0003 -0.0002 0.0001 0.02
{H20 + [BMIM][HSO4]} 1.3503 0.0028 0.0004 -0.0132 -0.0014 0.0022 0.0021 -0.0037 0.96
{H20 + [BMIM][MeSO4]} 1.2391 0.4936 -0.3432 0.0014 -0.0007 0.0009 -0.0027 0.0019 0.57
{H20 + [BMIM][Triflate]} 1.3419 0.5432 -0.3695 0.0014 -0.0008 0.0009 -0.0027 0.0019 0.43
{H20 + [BDMIM][BF.]} 0.9975 1.0038 0.9930 1.0105 0.0001 -0.0009 -0.0071 -0.0016 0.52
{H20 + [HMIM][BF4]} 1.2365 0.0449 -0.1378 0.0750 -0.0008 0.0019 -0.0025 0.0012 0.18
{H20 + [HOEtMIM][C1]} 1.0828 0.9986 0.9965 0.9968 -0.0003 0.0027 -0.0318 0.0487 0.19
{H20 + [DEMA][OMs]} 1359.9578 -444.5775 1306.9943 -1105.3731 -1.0054 2.6277 -6.2798 4.8167 0.02
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Excess molar volume (VF) is a crucial thermodynamic property to represent the non-ideality
of a solution, which is defined as the difference of the molar volume between the real mixture
and an ideal solution at the same temperature, pressure, and composition [60]. Excess volume
VE is a reflection of the compromising effects among molecular sizes and various interactions
for a specific mixture and is dependent on the temperature and composition. It is obvious from
literature that the molar volumes Vi, of all mixtures increase linearly with the mole fractions of
IL. Gong et al. [60] found that the binary mixtures {H>O + [EMIM][DMP]} and {H20 +
[BMIM][DMP]} are close to the ideal solution behavior.

Gong et al. [60] referred negative excess volume to the stronger ion dipole interaction and
charge transfer complication between IL and the solvent molecules, as well as the interstitial
effect in molecular packing due to the differences in the size and shape of the component
molecules, by which the volume of the liquid mixture is suitable to be contracted and reaches
to the maximum at xp. = 0.3 for all of the systems they studied [60]. Lehmann et al. [86]
explained that, for aqueous systems, the increasing VE with increasing temperature may result
from the temperature dependence of the strength of hydrogen bonds. The excess molar volume
VE depends mainly on the intermolecular forces between components of the mixtures and on
the packing due to the differences in size and shape of molecules. The negative excess volumes
can be attributed to strong water-ionic liquid interactions and to an efficient packing of the

components in the mixture.

Gonzalez et al. [87] studied excess properties included VE for eight binary systems {H,O +
[BMIM][TFO], [BMPyr][TFO], [BMPy][TFO], [BMIM][DCA], [HMIM][DCA],
[BMPyr][DCA], [MPy][MeSOs], or [EEPY][EtSO4]) (Figure 1.13 (a-c)).

All of the binary systems studied in this work present asymmetrical curves. The binary systems
containing {H>O + dicyanamide-based ILs} show a wavy behavior at low temperatures, with a
minimum at high concentration of water that disappears when the temperature increases. The
binary mixtures with trifluoromethanesulfonate-based ILs show the same wavy shape at the
studied temperatures. This change from positive to negative in the VE behavior was also
observed in the literature (Garcia-Miaja et al. [84], Rodriguez and Brennecke [88], and Vercher
et al. [89]) with aqueous mixtures containing trifluoromethane sulfonate-based ILs. Concerning
pyridinium based ILs, Gonzalez et al. [87] found a wavy behavior with {H.O +
[MPy][MeSOs]} but negative VE values were obtained, over the whole composition range for
the system {H>O + [EEPy][EtSOa4]}. Negative VE values were also found in literature for the

aqueous system containing an imidazolium-based ionic liquid with the [EtSO4]™ as anion [90,
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91, 92]. These results indicate that cation has a low influence on the behavior of VE for the
binary systems {H>O + IL}. This observation is in good agreement with the results previously
published [87, 88]. In the case of dicyanamide-based ILs, it was found that an increase of the
alkyl chain length of the cation leads to smaller VE values which can be attributed to differences
in size and shape of the studied ILs and/or to different intermolecular interactions in the

mixtures.

Several papers containing VE data for binary mixtures containing water and other imidazolium,
pyrrolidinium, and pyridinium-based ILs can be found in the literature [87] in which the shape
of the VE values is mainly related to the anion.

Gonzalez et al. [87] stated that, although these systems show similar VE curves, since that all
mixtures contain ILs with the same anion, the VE values are different depending on the cation
present. It is found that VE for the ILs follow the trend:

VE (imidazolium) > V& (pyridinium) = VE (pyrrolidinium). This trend is in good agreement
with the work of Garcia-Miaja et al. [84] on the binary systems {H>O + [BMIM][BF4]} and
{H20 + [BMPy][BF4]}.
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Figure 1.13: Excess molar volumes, VE for the binary mixtures {H>O (1) + ILs (2)}
at T =298.15 K. Ionic liquids: (a) ® BMIM][DCA], ® [EEPy][EtSO4],
[BMIM][TFO]; (b) ® BMPy][DCA], ® [BMPyr][TFO], ® [BMPy][TFO]; (c) ®

[HMIM][DCA], ® [MPy][MeSO4] [87].
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1.10.2.5. Viscosity

Kim et al. [94] stated that higher viscosity ILs cause an increased pressure drop in the
compression loop, which would result in larger pumping power or larger pipes and system
volume. The viscosity increases with cation mass: EMIM << BMIM << HMIM. The viscosity
is more dependent on the anion with the following order: TH,N << BF4 << PF¢ [2]. However
Rodriguez and Brennecke [88] stated that ILs including the fluorinated [OTF]™ and [TFA]

anions lead to lower viscosities than the one with the non-fluorinated [EtSO4]  anion.

Gong et al. [60] mentioned that the viscosities of the ILs they studied are much higher, than

that of water, ethanol and methanol, and follows the order of:

[BMIM][DMP] > [EMIM][DMP] >> ethanol > water > methanol at any temperatures. They
referred the high viscosity of IL may be dominated by the “ionic” attributes of the liquid and
the strong Coulombic interaction among different ions and ionic clusters. The migration of an
IL entity, or an ionic pair, in the liquid will be strongly pulled by the surrounding ionic spheres
with equal but opposite charge and thus shows a strong drag force for the movement, resulting

in a high viscosity.

They also stated that the viscosity of the pure IL decreases drastically with the increasing
temperature, for example, the viscosity of [EMIM][DMP] decreases by 87 %, that is, from
378.818 mPa.s at 293.15 K to 48.503 mPa.s at 333.15 K (Figure 1.14), while the viscosity of
methanol decreases less, only 34 %, for the same temperature range. Thus the viscosity of IL
1s more sensitive to temperature than the conventional molecular solvents. Ayou et al. [95]
stated that viscosity of the ILs changes with alkyl chain length. The longer the alkyl chain length
is the higher the viscosity of the IL.

They also attributed the cause of the drastic decrease of viscosity of the mixture when adding
water to the following facts. First, since water has a much lower viscosity than the pure IL,
which reduces the bulk viscosity of the binary mixture greatly due to the diluting effect. Second,
when water is added to IL, the hydrogen bond between the anion and cation weakens, which
increases the mobility of ions and decreases the viscosity of IL [47]. Nevertheless, He et al.
[57] stated that since the absorber and generator temperatures of an absorption heat pump or
absorption heat transformer are usually high, the viscosity of the working pairs is expected to
be low. Thus, the high viscosity of the ionic liquid would not limit its use as a heat pump

transformer absorbent [57].
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Figure 1.14: Viscosity for the binary mixtures {water (1) + [EMIM][DMP] (2)} at
different temperatures and mole fractions of IL ® x2=0.2; ® x2 =0.4; ® x2 =0.6;

x2=0.8; ® x2 = 1 with solid lines to guide the eye [60].

1.10.2.6. Thermal decomposition

It is well-known that the decomposition temperatures are highest for ionic liquids containing
the [TFoN] anion [49]. Ficke [49] and Seiler et al. [80] declared that anion has an important
influence on the decomposition temperature of ionic liquids. [EMIM]* based ILs span in
temperature from 178 to 388 °C (Table 1.9). An increasing alkyl chains has little effect. For
example, [EMIM][EtSO4], [EMIM][MeSO4], and [EMIM][HSO4] the decomposition
temperature is 355, 362, and 359 °C, respectively. [EMIM][TFA] and [OHEMIM][TFA] show
even lower decomposition temperatures [80]. Huangfu et al. [96] examined the thermal
stability, of pure [BMIM][BF4] and [BMIM]>2[SOs4]. The temperature range of the respective
liquid state was found to reach from —36 to 475 °C and from —93 to 263 °C, respectively. Ficke
[49] stated that [EMIM][EtSO4] decomposes over time by reacting with water to form 1-ethyl-
3-methylimidazolium hydrogen sulfate, [EMIM][HSO4], and ethanol.
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Table 1.9: Decomposition temperature for miscible ILs.

IL Decomposition temperature (°C) References

[EMIM][TFA] 178 49
[OHEMIM][TFA] 187 49
[EMIM][EtSO4] 355 49
[EMIM][HSO4] 359 49
[EMIM][MeSO4] 362 49
[EMIM][TFO] 388 49
[EMIM][MeSOs] 335 49
[EMIM][SCN] 281 49
[EMIM][DEP] 273 49
[P2444][DEP] 314 49
[EMIM][CI] 285 6
[EMIM][I] 303 6
[EMIM][PFs] 375 6
[EMIM][BF4] 412 6
[EMIM][T£:N] 455 6
[BMIM][I] 265 6
[BMIM][ BF4] 403 6
[BMIM][PFs] 349 6
[BMIM][CI] 253 6
[BMIM][Tf:N] 439 6

Thermal decomposition could possibly be one of the most important properties to measure
during the initial screening of an IL, especially for the operating temperatures of the processes
related to this work.

Hence it is important to stress on the suitability of an ionic liquid in terms of stability cannot be
judged only on the basis of analytical thermogravimetric analysis (TGA) measurements of the
pure ionic liquid. Ideally, absorption cycle experiments are necessary to confirm the long-term
stability (thermal and chemical stability) of an ionic liquid based working pair. If these
absorption cycle trials cannot be accomplished due to complexity and/or cost reasons a method
needs to be arranged where (i) the ionic liquid is mixed with a representative water
concentration (i.e. 20 wt %), (ii) this mixture is reserved for a long period of time (several
months) at similar generator conditions (for example temperature 100 °C), (iii) samples are
finally taken from this mixture and analyzed for thermal and chemical stability using the reliable

analytical methods. This technique also was suggested by Seiler et al. [80].
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Chapter Two

CHAPTER TWO
THERMODYNAMIC OF BINARY SYSTEMS COMPOSED OF {WATER
+ IONIC LIQUID}

Thermodynamic and transport properties studies of binary systems provide information on the
nature of interactions in the constituent binaries [1]. To design any process involving ionic
liquids on an industrial scale, it is necessary to know a range of thermodynamic properties
including vapor liquid equilibrium, heat capacity and excess enthalpy. Physical properties such
as density are necessary for hydraulic calculations, fluid transport through pipes, mass and
energy transfers. The aim of this chapter is to contribute to these efforts by establishment of
various techniques as well as determination of thermodynamic and physico-chemical properties

from a continuously growing portfolio of ionic liquids.

In this work, thermodynamic properties are determined for seven new binary systems composed
of {H2O + ILs}. This chapter covers in details all materials, experimental methods and
equipment used during measurements. In addition, there is a brief discussion on thermodynamic
theories and models including non-random two liquid (NRTL) model. The results obtained for

each thermodynamic property are presented and discussed in detail.

I1.1. Experimental section

I1.1.1. Materials

The ILs used in this work can be classified as completely water miscible. The ILs were
purchased commercially from Solvionic and Sigma-Aldrich. The physical properties of the
studied ionic liquids are given in Table II.1. Chemicals such as n-hexane (purity > 99 %) and
n-heptane (purity > 99 %) used for the validation of the vapor liquid equilibria apparatus were
purchased from Sigma Aldrich. Tetrachloroethylene (purity > 99 %), n-undecane (purity >
99%) and n-dodecane (purity > 99 %) used as reference fluids for the densimeter were provided

by Acros Organics and Sigma Aldrich, respectively. Ultrapure water was provided by Purelab
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Ultra system (> 18 MQ-cm) (ELGA LabWater). Mercury with a purity of 99.99 % was
purchased from Sigma Aldrich. To remove traces of water and volatile compounds, each ionic
liquid was dried at moderate temperature (323.15 K) under vacuum during 24 h before all
measurements. In addition, the structure of ILs was characterized with '"H NMR (300 MHz,
(CH3)2CO, ppm) prior to experimentation. Water content (Table 1I.1) was determined with a
TIMS50 Karl Fischer volumetric titration (Titralab) using the HYDRANAL-Solvent E as
analyte (provided by Sigma-Aldrich).

I1.1.2. Vapor Liquid Equilibrium (VLE)

While binary systems {H>O + IL} are asymmetric systems, the boiling-point method is more
appropriate for VLE measurements of systems containing ILs [2-6]. In this work, two apparatus

were used in order to have VLE data in large ranges of temperature, pressure and compositions.
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Table II.1: Physical properties of studied ionic liquids.

Physical properties [DMIM][MPh] [DMIM][MeSO4] [EMIM][MPh] [EMIM][MeSQ4] [EMIM][EPh] [BMIM][DCA] [BMIM][Ac]
TH CHy T\ =
—_ H_ 0 + o D — H...0 S o \ AN X d
Structure A ¥ [Ng i HE M Noon. Heoo o- Ly odoon NP ¥ LS W T T L
He o, He—o g CHy s T Coy ! o, cH—0 o - CH,C00
1,3- 1,3- 1-ethyl-3- 1-ethyl-3- 1-ethyl-3- 1-butyl-3- 1-butyl-3-
Full name of IL dimethylimidazolium | dimethylimidazolium | methylimidazolium |methylimidazolium | methylimidazolium | methylimidazolium | methylimidazolium
methylphosphonate methyl sulfate methyl phosphonate methyl sulfate ethyl phosphonate dicyanamide acetate
Color glgdosch)ape (at Yellow Liquid Off-white Liquid Yellow Liquid Colorless Liquid Colorless Liquid Colorless Liquid Yellow Liquid
Molecular formula CcHi3N2POs3 CcH12N2SO4 C7H5N,PO; C7H14N>SO4 CgHi7N,PO3 CioHi5Ns Ci10HisN2O,
Purity (%) > 98 99 > 98 99 > 98 99.5 > 98
MOIZ“E:) lf‘l“flght 192.15 208.24 206.18 22226 2202 205.26 198.26
Melting point (°C) n.d n.d n.d n.d n.d -6 <-20
Density (g.cm™) 1.18 at 20°C n.d n.d n.d 1.13 at 20°C 1.06 at 25°C 1.02 at 25°C
Viscosity (cP) 50.3 at 25°C n.d 107 at 25°C n.d 140 at 25°C 39.14 at 20°C 440 at 25°C
Decomposition > 200 n.d n.d n.d n.d 300 220
temp. (°C)
Water content (ppm) 475.8 176.0 1161.3 133.0 704.4 1203.4 10056.4
Solubility in water Miscible Miscible Miscible Miscible Miscible Miscible Miscible
Solubility in ethanol Miscible Miscible Miscible Miscible Miscible Miscible Miscible
Solubility in acetone Miscible Miscible Miscible Miscible Miscible Miscible Miscible
Source Solvionic lo-li-tec Solvionic lo-li-tec Solvionic Solvionic Solvionic

oM 123dpy)
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II.1.2.1. Isobaric VLE apparatus

The apparatus for the VLE measurement is shown in Figure II.1. The apparatus mainly
consists of an equilibrium vessel (250 cm’), an oil bath, a condenser cooled by
refrigerant (glycol aqueous solution), a temperature sensor (T900 series) thermocouple
calibrated with high measuring accuracy (T900 £+ 0.03 °C), a pressure transducer
(Druck-PMP4010) with the accuracy of (+ 0.04 % FS BSL), a magnetic stirrer, and a
vacuum pump.

The sample solution with an approximate volume of 50 cm® was loaded into the
equilibrium vessel. The condenser is cooled with glycol solution to reach a sufficiently
low temperature (267.15 K) necessary to minimize the amount of water vapor lost
through the vacuum pump suction which could lead to variation of the initial
composition of the sample solution.

In order to confirm the measuring accuracy, the seal fittings in the device should be
kept in good connection to avoid air leakage. Vacuum is then established in the
apparatus with the pump and the pressure set to the desired value with the valve. About
15 min. after the heating has been turned on, the temperature of the solution is generally
stable and the vapor-liquid equilibrium is reached. By this means, a series of bubble
point temperature and their corresponding vapor pressure were obtained. In order to
check the reliability of the experimental apparatus, the bubble points of ultrapure water,
n-hexane and n-heptane were measured. Measurements were in good agreement with

the literature data.
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Figure II.1: Schematic diagram of isobaric VLE apparatus. 1. Temperature
transmitter; 2. Pressure transducer (Druck-PMP4010); 3. Condenser; 4. Refrigerator;
5. Temperature sensor (T900 series); 6. Equilibrium vessel; 7. Thermostatic bath; 8.

Magnetic stirrer; 9. Pressure buffer; 10. Vacuum control valve; 11.Vacuum pump.

This apparatus is not capable of measuring VLE in the IL rich composition range due
to temperature instability at lower water mole fractions. Therefore, another method for
VLE measurements adapted to the entire composition range is discussed in Section

I1.1.2.2.

11.1.2.2. Isothermal VLE measurement

The VLE measurements of binary mixtures have been performed in a glass cell by using
a static method. The apparatus is shown schematically in Figure II.2. This apparatus
can be applied for the measurement of reliable isothermal P-x data up to 323 K and 50
kPa. The experimental set up consists of a cell with an internal volume of about 15 cm?
kept at constant temperature using a thermostatic bath. The temperature inside the cell

is measured by a platinum resistance thermometer PT-100 with an accuracy of £ 0.1 K.
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The binary mixtures are weighted before introduction using an analytical balance with

a resolution of + 0.0003g.

The homogeneity of the composition of each phase is attained with a teflon coated
magnet in the cell during ten minutes before measurements. The vapor phase is
exclusively composed of the solvent. The equilibrium in the cell is a rapid process. The
pressure is monitored using a calibrated pressure sensor. The experiments were carried
out in the temperature range T = 298.15 to 323.15 K. In order to avoid corrections on
the liquid phase composition, the liquid volume of the binary mixture was much larger
than the volume of the vapor phase. The experimental pressure is assessed to be reliable
to within £1% according to the test measurements. In order to calibrate the thermometer
(T900) probe, a reference probe AVANTEC (Illkirch, France) was used. The (T900)
instrument was supplied with a 5 points certificate of calibration. Uncertainty for
pressure, temperature, weight readings and composition for VLE measurments are +

0.4 mbar, + 0.06 K, £ 0.0003 g and + 0.005, respectively.

X X PT100

(O]

Figure I1.2: Schematic representation of the VLE apparatus: VP: Vacuum Pump;
VT: Vacuum Trap; A: Magnetic Stirrer; C: Equilibrium Cell; PT: Platinum
resistance Thermometer (PT-100); T: Temperature Indicator; M: Calibrated

Pressure Sensor, P: Digital Pressure Indicator and TB: Thermostatic Bath.
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I1.1.3. Heat capacity (Cp)

Measurements were performed using a Differential Scanning Calorimeter (microDSC
III), manufactured by Setaram Co. (France), with Setsoft software data collection
(Figure I1.3). The heat capacity measurements were performed within temperatures
ranging from 294.15 K to 338.15 K. The binary mixtures were prepared by weighing a
precise amount of IL and water using a microbalance (Sartorius) with an uncertainty of
+10* g. Good mixing was ensured by magnetic stirring. A sample of about (200-400
mg) was placed in a Hastelloy pan with a lid of the same material, and hermetically

sealed (Figure 11.4).

Figure I1.3: Setaram microDSCIII Calorimeter.

Reference cell j | ﬁ/ Sample cell

Figure I1.4: MicroDSC III Hastelloy pans.
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All the samples were prepared immediately prior to the measurements to avoid
variations in composition due to evaporation or sorption of water. The heat capacity
was determined by differential scanning method which is used extensively in literature.
This method based on the comparison of the heat flow signal between the sample cell
and the reference cell. The scanning rate is set at 0.3 K min™!. The heat capacity of
ultrapure water was measured in the temperature range from 294.15 K to 338.15 K in
order to check the reliability of the experimental apparatus and experimental data were

compared with the literature.

I1.1.4. Density (p)

Experimental densities of the ILs were measured using an Anton Paar DMA 60 digital
vibrating-tube densimeter, with a DMA 512P measuring cell at temperature range from

293.15 to 323.15 K at atmospheric pressure.

The working principle of an oscillation-type densimeter is based on the law of harmonic
oscillation, in which a U tube is completely filled with the sample to be analyzed and
subjected to an electromagnetic force. The measurement of the frequency and duration
of vibration of the tube filled with the sample allows the determination of the density

value of the sample.

The U tube oscillates at its fundamental frequency, which is a function of the system
mass. If we suppose that the sample volume inside the cell is constant, it can be noticed
that the oscillation frequency is therefore a function of the sample density. The

oscillation period 7, is given by the following Eq.:

T =21 /@ IL1)

where p is the sample density, v the cell volume, m the cell mass and C the spring

2 2
constant. Applying the square of Eq. (Il.1) and substituting A = MTU and B = 4ncm
we find:

_ (@*-B) I1.2)
p="= (IL.
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Figure I1.5: DMA 512P measuring vibrating cell [7].

As shown in Figure IL.5, the measuring cell consists of an oscillator U-shaped
borosilicate glass tube that comprises about 0.7 ml of the sample. This tube has double
walls and the space between them is filled with a gas with high coefficient of thermal
conductivity. In that space is also placed a platinum resistance thermometer (PT-100)
with an accuracy of £ 0.1 K that allows the temperature measurement of the fluid during
the density measurement. Temperature of the cell is held constant to within + 0.1 K by
using a thermostatic bath with oil as the circulating fluid. The remaining
instrumentation consists of a system of electronic excitement and electrical component
that provide a signal transmission of the period for the processor unit, free of

interferences. The vibrating U tube technology determines the density of a sample by:

2=A.p—B (I1.3)

where p is density, T is oscillation period, A and B are temperature-dependent
coefficients determined by calibration using two substances of known densities. In this
work, n-Dodecane, n-Undecane and tetrachloroethylene were used as reference fluids
for the calibration of the vibrating-tube densimeter. The apparatus is precise to within

1x10-5 g-cm-3, and the uncertainty of the measurements was estimated to be better
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than £1x10-4 g-cm-3. The binary mixtures were prepared by weighing a precise amount
of IL and water using a balance (MettlerTC-204) with an uncertainty of + 10—4 g. Good
mixing was ensured by using Teflon coated magnet stirring for 15 min. Charging of
both pure compounds and mixtures into the vibrating tube is done carefully using a

syringe to avoid occurance of gas bubbles.

I1.1.5. Excess enthalpy (HF)

Excess enthalpy measurements of the ILs in water were obtained using the Calvet C80
calorimeter (Setaram Instrumentation). The apparatus operates between room
temperature and 573 K. The calorimeter is based on the differential heat flux principle
originally proposed by Tian and Calvet [8-10], which, under the correct setup, omits

the need of knowing the heat capacity of the mixture.

The C80 calorimeter consists of a barrel-shaped, insulated enclosure attached to a
base/console. The enclosure contains a large calorimetric block, within which two 12.5
cm? cylindrical wells are made for placement of the mixing cells. Highly sensitive heat
flow detectors in the form of thermocouples surround the outer walls of the wells. These
detectors send out signals upon detecting thermal exchanges between the cell and the
calorimetric block, such as those occur during mixing processes. Within the
calorimetric block, a Pt-100 platinum probe monitors the sample temperature, while a
Pt-200 platinum probe is used to control the temperature. This setup forms a compact
assembly heated by a peripheral resistor. A jacket surrounding the calorimetric block
allows the circulation of cool air initiating from the interior fan, for the purpose of
ventilation. The data signals are displayed in real time on a computer with the Setsoft

software (version. 2000, from Setaram Instrumentation).

In this work, we used the reversal mixing cells made of stainless steel or hastelloy
(Figure I1.6). The cell is designed such that the assembled cell, prior mixing, consists
of two liquid chambers, stacked on top of each other, with a button covering the top
chamber. Upon rotation, the entire stacked structure within the cell collapses, and the
two liquids contact. The higher density component (IL) is usually placed in the bottom
chamber. In addition, mercury was used to completely separate the two liquids prior to

mixing. The measurements were performed at atmospheric pressure for temperature
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(312.92 K) and over the whole range of mole fraction. The mixing occurred using
continuous reversal which consisted of rotating the entire cell 180°, the energy resulting
from the rotation of the liquids has been verified to be negligible. The bottom section
of the cell have a stainless steel lid that falls off with the 180° turn and serves as a

“stirrer”.

The experimental method included three steps: a dynamic segment ramping up to the
desired temperature; a one-hour isotherm prior to mixing followed by a two-hour
isotherm after mixing. An integration of the heat flow peak produces the excess
enthalpy, and each composition measured is repeated at least two times. The
experimental uncertainty associated with this method is estimated to be + 1%
considering the propagation of error and the ability to reproduce measurements with

different samples over time.

Figure I1.6: Schematic diagram of C80 reversal mixing cell. 1. body of the
stacked cell .2. vessel stopper .3. stainless steel stopper .4. Teflon O-ring .5. lid .6.

Teflon O-ring .7. bottom chamber .8. bottom compartments of the cell.
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I1.2. Results and discussion

I1.2.1. Vapor Liquid Equilibrium (VLE)

In order to check the reliability of the VLE measurement apparatuses, the vapor
pressure of ultrapure water was measured. An average relative deviation (ARD)
between the experimental data and those published in literature [11] were 0.35 %. These
results confirm that these apparatuses are reliable and applicable for the experimental

measurements (Table I1.2).

Table I1.2: Comparison of the saturated vapor pressure of pure water (P ")

measured in this work and those published (P '“) in the literature [11].

T (K) PP (kPa) | P (kPa) AP (%)
319.15 10.00 10.01 0.05
333.33 19.99 19.94 0.23
333.35 20.00 19.96 0.19
342.45 30.01 30.04 0.10
349.31 40.09 40.23 0.36
354.65 49.97 50.07 0.20
354.66 50.00 50.09 0.18
358.88 60.10 59.23 1.45
ARD 0.35

All ILs studied in this work are completely miscible with water. Methods used and
ranges of data at which the VLE of the 7 binary systems {H>O + ILs} were measured
are listed in Table II.3. All the experimental results are listed in Annex II. No VLE data

for the seven binary systems studied in this work were found in the literature.

For methylsulfate based ionic liquids, isobaric method was used in the range of mole

fractions of water from approximately 0.7 to 1 due to temperature instability of
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temperature at lower water mole fractions, likely due to higher viscosity of the more

concentrated IL and water mixtures [12, 13].

Table I1.3: Summary of VLE measurements for the studied binary systems {H>O (1) + ILs (2)}.

Range of data
Binary stsem Measuring method
T(K) P (kPa) x2

{H20 + [DMIM][MPh]} Isobaric 322.42-396.25 11.84-91.60 0.06-0.40
{H20 + [DMIM][MeSO4] } Isobaric & Isothermal 298.35-382.11 0.58-90.30 0.10-0.80
{H20 + [EMIM][MPh]} Isobaric 329.37-396.49 11.92-91.18 0.10-0.41
{H20 + [EMIM][MeSO4]} Isobaric & Isothermal 293.15-379.40 0.87-90.11 0.10-0.80
{H20 + [EMIM][EPh]} Isobaric 326.28-392.51 10.69-73.01 0.10-0.40
{H20 + [BMIM][Ac]} Isobaric 324.16-389.62 10.48-79.60 0.11-0.30
{H20 + [BMIM][DCA]} Isobaric 319.44-381.57 11.12-90.39 0.10-0.31

The data set shows that the vapor pressure of the binary system decreases when the IL
content increases in the mixture. The permanent ion—dipole interaction between the
ionic liquid and water evokes a strong ability to absorb water, which is a very important
property of a working pair for the absorption heat pump and absorption heat

transformers.

Several studies have suggested that the water activity coefficient y; may be related to
the ionic liquids hydrophobicity [12, 14]. All the studied ILs are considered hydrophilic

since they are fully soluble with water.
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Figure I1.7: Experimental y; values for the binary systems {H>O (1) + ILs (2)} as a
function of mole fraction of water (®){H20 + [DMIM][MPh]}; (®){H20 +
[EMIM][MPh]}; (®){H>0O + [EMIM][EPh]}; (®){H20 + [DMIM][MeSOs]}; (®)
{H>O + [BMIM][DCA]}; —, calculated by NRTL equation.

In this study, most of activity coefficients of the investigated binary systems are lower
than the unity indicating that these systems present a negative deviation from the ideal
solution behavior. This behavior was also found for various families of ILs in the
literature [3, 4]. The higher the content of IL is, the larger the deviation from the
Raoult’s law. The corresponding experimental activity coefficients of water as a

function of mole fraction are shown in Annex II. for all the binary systems.

The {water + alkylphosphonates based ionic liquids} systems have activity coefficients
of water smaller than unity over the entire composition range indicating stronger unlike

interactions (IL/water) than like interactions (IL/IL and water/water).

On the other hand, [BMIM][DCA] shows less negative behavior than the rest of the
investigated ILs (the maximum activity coefficient value is 1.17) (Figure I1.7). There
are two possible explanations for this behavior. The first reason may be the length of
the alkyl chain. This elongation gives rise to the increase in the degree of ion association
in the liquids, mainly caused by the van der Waals interactions between alkyl chains,
hence increasing activity coefficient of the mixture [12]. The second explanation may
be the presence of two cyanide groups [CN] in the IL anion. Therefore, this does not

enhance its ability to establish H-bonds with water but decreases its polarity [14].
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Passos et al. [14] reported a similar behavior in the water activity coefficient of aqueous
solutions of [BMIM][SCN]. They found that its activity coefficient is slightly positive
reflecting the weaker IL—water interaction. Similar behavior was observed by
Krolikowska et al. [15] for [BMPIP][DCA] IL and they referred this to increasing the
alkyl chain length in an IL which causes the IL to become more hydrophobic thus

increases the activity coefficient.

It was found that with respect to the anion, the activity coefficients and vapor pressure

decrease as follows:

ﬁ

Figure I1.8: The reduction trend of the activity coefficients and vapor pressure

with respect to the anion type.

This means that methylphosphonate anion leads to a greater interaction with water
molecules corresponding to a lower activity coefficient and lower vapor pressure.
Methylsulfate anion [MeSO4]" corresponds to a moderate decrease in vapor pressure of
H>0. Then, with increasing compactness of the anion (for example, [Ac]’) the vapor
pressure and activity coefficient can be lower. Furthermore, it was noticed that ionic
liquids with shorter alkyl chain have a stronger ability to decrease the vapor pressure
of water. This ability follows the order: [DMIM]* > [EMIM]* > [BMIM]*. This is
referred to the ability of ionic liquids with longer alkyl chain length to be soluble in
water but this solubility has low dependence on temperature. Therefore, ionic liquids
with shorter cation alkyl chain are more preferred due to their solubility dependence on
temperature. Representative results for each system studied are shown in Figures I1.9-

IL.12.
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The bubble-point pressure of a binary mixture may be estimated using the classical Eq.

(1.4):

sat sat
_P 'X1'Y1+P2 XY

P c c (IL4)
1 2
0" (T.P,y,.y,) 1o,

with G = z (T P_s;) 2 -exp ﬁjp VigdP | =12 (IL5)

where P is the vapor pressure of the pure component i at system temperature, x;

1

represents mole fraction of component i in the liquid phase,®,” is the fugacity

coefficient of component 1 in the gas phase, (p;k is the fugacity coefficient of pure

component 1 at the saturation and F, is the Poynting correction factor. Since the
pressures are sufficiently low, the fugacity coefficients may be taken equal to 1 and the

Poynting correction neglected.

Due to the low volatility of ionic liquids, we may assume that PZW is zero for the ionic

liquid and Eq (I1.4) is then reduced to:

P=P" -x,y, (IL6)

The activity coefficient of the solute in the mixture was correlated using the NRTL

model [16]:

2
Iny ™ = x2 721( G, j_'_ %G . (I1.7)
X, +X,G,, (x2 +x,G,)
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. _ _&—g; _Ag
with Gij =exp (_aijrij ) ) Tij - ? - E (IIS)

The NRTL parameters (gi2-g22, g21-g11) are those which minimize the following

objective function:

2
OF = ?’zl(yfalc — yiexp) (IL.9)

In order to consider temperature dependency, a linear temperature dependent relation

for the interaction parameters Agjj was used:

In this study, the non-randomness parameter o of the NRTL model was set equal to 0.3.
This means that a total of four parameters per system have to be fitted. The regressed
NRTL parameters (ai2, a1, biz, b21) are given in Table (I1.4) for each system. The
predicted bubble-point curves are in good agreement with experimental data. The
adjustable NRTL parameters were obtained by fitting the whole experimental vapor
pressure data for all experimental temperatures and composition range using the least
square method. The average relative deviations (ARD) for the 7 investigated systems
given in Table 1.4 indicate that NRTL model can be used to represent {HO + ILs}

binary systems with a good accuracy.

Table I1.4: NRTL parameters of the VLE data for {H>O (1) + IL (2)}.

Binary system a/(J.mol) | ax/(J.mol') | bi/(J.mol?) b21/(J.mol!) o (AP %)

{H2O + [DMIM][MPh]} -1442.2 -4996.0 20.6 -6.8 0.3 4.5
{H20 + [DMIM][MeSOq4]} 16520.4 -11074.1 -65.3 78.1 0.3 8.4
{H,0 + [EMIM][MPh]} 1.0 0.9 19.3 248 0.3 9.3
{H20 + [EMIM][MeSO4] } 100647.5 -15756.1 -319.8 47.0 0.3 9.6
{H,O + [EMIM][EPh]} -27575.3 -7654.0 74.0 1.8 0.3 4.0
{H,0O + [BMIM][AC]} 0.9 1.0 -39.0 -20.8 0.3 44
{H,O + [BMIM][DCA]} -12601.0 4341.8 85.1 -31.9 0.3 2.4
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Figure I1.9: Experimental VLE data for the investigated binary systems {H>O (1) +
IL (2)} symbols are experimental data for different mole fractions of ILs and —,
calculated by NRTL equation: (a) [DMIM][MPh] (®) x; =0.1; (®) x,=0.19; (®)
x2=0.3; (®) x2=0.4, (b) [EMIM][MPh] (®) x2 =0.1; (®) x,=0.2; (®) x,=0.29; (®)
x=0.4, (¢c) [EMIM][EPh] : (®) x2 =0.1; (®) x2=0.23; (®) x2=0.31; (®) x,=0.4.
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Figure I1.10: Experimental VLE data for the investigated binary systems
{H>O (1) + [DMIM][MeSOs4] (2)}: (a) Isobaric VLE data symbols are
experimental data at different mole fractions of [DMIM][MeSO4]: (®) x2
=0.1; (®) x2=0.2; (®) x2=0.25; —, calculated by NRTL equation, (b)
Isothermal VLE for: (®) T=298.15 K; (®) T=303.15 K; (®) T=308.15 K; (

) T=313.15 K; (®) T=318.15 K; —, calculated by NRTL.
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Figure II.11: Experimental VLE data for the investigated binary systems {H20 (1) +

[EMIM][MeSO4] (2)}: (a) symbols are experimental data for different mole fractions

of [EMIM][MeSOys]: (®) x> =0.15; (®) x2=0.25; (®) x»=0.35; —, calculated by NRTL

equation, (b) Isothermal VLE for: (®) T=293.15 K; (®) T=298.15 K; (®) T=303.15;
(®) T=308.15; (®) T=313.15K; —, calculated by NRTL.
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Figure II.12: Experimental VLE data for the investigated binary systems {H20 (1) +
IL (2)} symbols are experimental data at different mole fractions of ILs and —,
calculated by NRTL equation: (a) [BMIM][DCA]: (®) x2=0.1; (®) x,=0.2; (®) x» =0.3,
(b) [BMIM][Ac]: (@) x2=0.1; (®) x2=0.2; (®) x2 =0.3.
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I1.2.2. Heat capacity (Cp)

In order to check the reliability of the apparatus, heat capacity of ultrapure water was
measured and compared to literature. Experimental results listed in Table II.5 are in

good agreement with literature [4] within an ARD of 0.35%.

Table IL.5: Mass heat capacity comparison of ultrapure water [4].

T(K) G (J.g LK) Gt (J.g LK) A%
303.15 4.17 4.19 0.43
313.15 4.18 4.19 0.34
323.15 418 4.20 0.32
333.15 4.19 4.20 0.32

ARD 0.35

The molar heat capacities of the six investigated binary systems were measured at
temperatures ranging from 294.15 K to 338.15 K, under atmospheric pressure and over

the whole range of composition.

It can be observed from Annex II and Figures II.13-11.15 a slight increase of Cp with
increasing temperature. It is clear that the value of C,, for pure ILs is much greater than
that of water. This is expected since C, is dependent on the number of translational,
vibrational, and rotational energy storage modes in the molecule, and the molecular
weight of the ILs is much greater than water. The heat capacity of the mixtures
decreases with increasing water mole fraction. This trend agrees with those reported in
the literature [12, 17, 18]. For the purpose of evaluating the molar heat capacity of pure
ILs and their binary systems, the present Cp data were correlated as a function of

temperature and composition using the following polynomial Eq. [4]:

Cp = Xi_o(Aix BiT)x,! (IL11)

where Cp is the heat capacity in J.mol'.K™!, A; and B; are the regression parameters, T
is the absolute temperature in K, and x» is the mole fraction of IL. The regression

parameters were determined by a least-square method and are listed in Table II.6. The
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(ARD) between the experimental and calculated values ranges between 0.30 and 0.60
%. Based on the overall ARD% for the total data points, it can be said that polynomial

function (I.11) successfully correlated the Cp of the binary system studied in this work.

If molar heat capacity is converted into mass heat capacity, we will find that the C,
values for ILs are lower than those for water [12]. This means less energy will be
required to produce a certain temperature increase for a given mass of IL than for the
same mass of water. Generally speaking, the heat capacities for all the binary systems
studied are low, which is beneficial to heat transfer, reduce energy consumption and

improves the coefficient of performance in absorption heat transformer cycle [12].

Table I1.6: Parameters for the correlation of Eq. (IL.11).

LTy sySteg){}HZO M+IL | 4, At A As Bo Bi B: Bs | AC, %
{H:0 + [DMIM][MeSOsl} | 38.06 | 29305 | -6.40 8448 | 015 | 038 | 063 | 0.2 | 040
{H20 + [EMIM][MeSO4] } 8436 | 723 33624 | 7813 | 001 | 088 | -1.15 | 035 | 093

{H20 + [EMIM][EPh) 213.10 | -1324.07 | 349891 | 218760 | -048 | 553 | -1191 | 741 | 268
{H:0 + [BMIM][DCA]} 8270 | 7846 | 33732 | 22331 | 000 | 068 | -146 | 100 | 068

From heat capacity experimental data of pure IL and IL mixtures, the excess heat

capacities Cp" can be calculated by subtracting off the ideal mixture component:

CE = Cp - Zixi * Cp,i (1112)

C," were fitted to Redlich—Kister polynomials of the form:

Cp = 2% (1—x3) * XI'B;* (%1 — x) Y (IL.13)
where B; = a; + b; * T(K) (IL.14)
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CE is the excess heat capacity J.mol'. K'! of the mixture; x; is the mole fraction of
species i (where i = 1, 2), a; and b; are the regressive parameter, T is the absolute
temperature in K. The number of terms (Bi), in Eq. (II.14), which should be used to
represent Cg depends on the degree of complexity of the binary systems. In this work,
five terms in Eq. (I1.13) were found to satisfactory correlate the present measurements
as indicated by a reasonable overall ARD CE for the total data points (Table I1.7) . As
can be seen in Figures. I1.16-11.18, Eq. (II.13) successfully represented the temperature

and composition dependence of the excess molar heat capacity for the studied binary

systems.
Table I1.7: Parameters of Eq. (I.13).
Binary system a1 a2 as as as b1 b2 b3 b4 bs | AGE%
{H20 (1)+ [DMIM][MeSO4] - -
2)} 53.18 | 146.60 | 171.03 | 1875.07 | 161474 | -0.13 | -0.64 | 036 | 638 | -4.79 | 3439
{H20 (1) + [EMIM][MeSO4] | - - -
2)} 198.05 | 373.64 |521.69 | 1334.91 | 1835.79 | 0.57 | -1.15 | 2.26 | 443 | -6.75 | 2040
{H20 (1) + [EMIM][EPh (2)} -
63.89 | -249.93 | 585.71 | 1372.97 | 899.42 | -0.12 | 0.65 | -3.37 | 529 | -1.11 | 41.02
{H20 (1) + [BMIM][DCA]
2)} 9.00 | 11.72 | 90.32 |-383.40 | 212.95 | -0.05 | 0.19 | 0.02 | 1.07 | -0.88 | 16.53
450
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Figure I1.13: Heat capacities of {H>O (1) + ILs (2)} versus temperature at different mole
fractions of IL: (a) {H2O (1) + [EMIM][EPh] (2)} (®) x>=1; (®) x2=0.1; (®) x,=0.2; (®)
x2=0.3; (@) x2=0.48; (®) x2=0.87;—, calculated by polynomial equation (IL.11).
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Figure I1.14: Heat capacities of {H>O (1) + ILs (2)} versus temperature at different
mole fractions of IL: (a) {H20 (1) + [DMIM][MeSO4] (2)} (®) x2=1; (®) x,=0.1; (®)
x=0.2; (@) x2=0.3; (® ) x2=0.4; (®) x2=0.5 ; (®) x2=0.6; (®) x=0.7, (b) {H20 (1) +
[EMIM][MeSO4] (2)} (®) x2=1; (®) x2=0.1; (®) x2=0.2; (®) x=0.3; (® ) x2=0.4; (®)
x2=0.5; (©) x2=0.6; (®) x2=0.8; —, calculated by polynomial equation (IL.11).
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Figure I1.15: Heat capacities of {H20 (1) + [BMIM][DCA] (2)} versus temperature at
different mole fractions of the IL: (@) xo=1; (®) x2=0.1; (®) x,=0.2; (®) x2=0.3; (® ) x,=0.4; (®
) x2=0.5; (©) x2=0.6; (®) x2=0.7; (®) x2=0.86; —, calculated by polynomial equation (IL.11).
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Figure I1.16: Excess heat capacities of {H>O (1) + ILs (2)} versus x> of the IL at
different temperatures: {H>O (1) + [EMIM][EPh] (2)} (®) T=301.15K; (®)
T=303.15K; (®) T=321.15K; —, calculated by Redlich—Kister equation.
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Figure I1.17: Excess heat capacities of {H>O (1) + ILs (2)} versus x> of the IL at
different temperatures: (a) {H2O (1) + [DMIM][MeSO4] (2)} (®) T=301.15K; (®)
T=318.15K; (@) T=337.15K, (b) {H20 (1) + [EMIM][MeSO4] (2)} (®) T=301.15K; (

) T=318.15K; (®) T=337.15K; —, calculated by Redlich—Kister equation.
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Figure I1.18: Excess heat capacities of {H20 (1) + [BMIM][DCA] (2)} versus x> of
the IL at different temperatures: (®) T=301.15K; (®) T=303.15K; (®) T=321.15K;—,
calculated by Redlich—Kister equation.

The excess molar heat capacities Cg obtained in this work are shown in Figures II.16—
II.18. The sz;7 for all the studied {H20 + ILs} binary systems have both positive and
negative values with maxima at low and high ILs mole fractions and a minimum at
intermediate composition and a positive temperature dependence. The C{f values for
the {H>O + [EMIM][EPh]} binary system have also positive and negative values with
maxima at low (= 0.1) and intermediate IL mole fractions and a minimum at high IL

concentration.

It can also be observed that at the lower composition of both {H>O + [DMIM][MeSO4]}
and {H>O + [BMIM][DCA]} binary systems the Cz’f values increase with increasing
temperature while at the higher composition their values decrease with increasing
temperature. This behavior is similar to that observed in literature [19]. The possible
explanation for the negative values of the Cz’f may be due to the presence of IL/water
interactions which are stronger than the corresponding IL/IL and water/water

interactions in the aqueous mixtures while the positive values suggest the reverse.

96



Chapter Two

11.2.3. Density (p)

The density of the six binary mixtures are measured in the whole range of molar
concentration and in the range of temperature between 293.15 and 323.15K at the
atmospheric pressure. The uncertainty in the experimental measurements was less than
+0.0001 g.cm™ and the precision of the temperature was 0.1 K. Annex II presents the
density values of the binary systems measured. All data were regressed by Eq. (II.15)

[4].

p = Y3 .(a;+ bT)x,! (I1.15)

Where p is the density of the solution in g.cm™3, T is the absolute temperature in K,
a; and b; are the regression parameters, and x,! is the molar fraction of the ILs. The
regression parameters are adjusted by a least-square method and are listed in Table IL.8.
The ARD between the experimental and calculated values range between 0.06 and 0.23

% (Figures 11.20-11.22).

Table I1.8: Parameters for the correlation of Eq. (II.15).

57 syste?;){}HzO LY il ao a1 a2 as bo b1 b2 b3 Ap%
{H20 + [DMIM][MPh]} 1.3682 | 0.1342 -0.0543 -0.0592 -0.0010 0.0018 -0.0031 0.0018 0.23
{H20 + [DMIM][MeSO4] } 1.2556 | 0.8692 -1.0895 0.4893 -0.0005 -0.0002 0.0002 -0.0001 0.20
{H20 + [EMIM][MPh]} 0.3401 | 0.3401 0.3401 0.3401 -0.0009 0.0014 -0.0021 0.0010 0.18
{H20 + [EMIM][EPh]} 1.2843 | 0.0893 0.0046 -0.0586 -0.0007 0.0008 -0.0017 0.0010 0.16
{H20 + [EMIM][MeSO4]} 1.2237 | 1.0775 -1.6129 0.7918 -0.0004 -0.0013 0.0023 -0.0012 0.22
{H20 + [BMIM][DCA]} 1.2166 | 0.1235 -0.0526 -0.0499 -0.0007 0.0000 -0.0003 0.0004 0.06

The density values reported in the literature [20, 21, 22] for pure [DMIM][MeSO4],
[EMIM][MeSO4] and [BMIM][DCA] are consistent with data obtained in this work
(the difference between experimental data and those reported in literature are 0.06 %,
1.42%, 0.06, respectively). It is well known that impurities and water content of the ILs
have a great influence upon density. It is possible to observe that the density decreases

as the water content increases. Thus, the observed deviation between the results of this
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study and Wang et al. [21] for [EMIM][MeSO4] may be attributed to water contents of
ILs which are significantly different (133.69 ppm in this study, higher than 200 ppm in
Wang et al.).

Generally, the density values decrease with increasing temperature and decreasing 1Ls
molar fraction. As a whole, the density of the studied imidazolium based ILs roughly
ranges within 1.06 and 1.33 g.cm™. It was noticed that increasing the length of the alkyl
chain decreases the density of the IL. Hence, by comparing [DMIM][MPh] and
[EMIM][MPh], it was found that [DMIM][MPh] has higher density. The same behavior
is noticed for [DMIM][MeSO4] and [EMIM][ MeSO4], [DMIM][MeSQO4] has higher
density. A possible explanation for this can be the stronger electrostatic interaction
between the smaller cation [DMIM]* and the anions [MPh], [MeSO4], though the
cation [EMIM]" has a higher dispersion energy due to its longer alkyl substitute [23].
Similarly, for the [BMIM]* based ILs aqueous solutions, the density of [BMIM][DCA]
found to be the lowest among the studied ionic liquids. The observed low density can
be explained as follows, adding CH» groups to the alkyl chain on the [C.MIM]* cation

decreases the density, and the density decrease as the mass of the anion decrease.

The density of the investigated binary systems decrease according to the following

trend:
[DMIM] [EMIM] [DMIM] [EMIM] [BMIM]
[MeSO,] [MeSO,] [MPh] [EPh] [DCA]
1,3500
, o—
1,3000 ° ® —®
& 1,2500 —e¢ o o
£ 1,2000 o— - °
Eb 1,1500 *
21,1000
1,0500 g —————o— o
1,0000
290 300 310 320 330

T(K)

Figure I1.19: Trend of density of the investigated pure ILs (®) [DMIM][MPh]; (
®)[EMIM][MPh]; (®) [EMIM][EPh]; (®) [BMIM][DCA]; (®) [DMIM][MeSOu4];
(®) [EMIM][MeSO4] ; —, calculated by polynomial equation (II.15).
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Alkylsulfates based ILs have the highest density because of the alkyl chain on the

sulfate anion. [MeSOys] increases the density due to decreasing negative charges on the

oxygen atoms of the anions and increasing hydrophobicity [24].
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—~ 1,2500 *— —— °

31,2000 e —— — = .

K —e N ®

< 1,1500

1,1000

205 300 305 310 315 320 325

T(K)
(a)
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~ 11800 %
& 1,1600 ° °
S m
21,1400
Q
1,1200
1,1000
295 300 305 310 315 320 325
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' [ )
51,1200 ﬁ
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< 1,1000
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295 300 305 310 315 320 325
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Figure I1.20: Density of {H>O (1) + IL (2)} versus temperature at different molar
fractions of IL: (a) {H2O (1) + [DMIM][MPh] (2)} (®) xo=1; (®) x2=0.1; (®) x2=0.2; (
®) x,=0.3; (® ) x2=0.4; (® ) x2=0.5, (b) {H20 (1) + [EMIM][MPh] (2)} (®) x2=1; (®)

x2=0.1; (@) x2=0.2; (®) x2=0.3, (c) {H20 (1) + [EMIM][EPh] (2)} (®) x2=1; (®)
x2=0.1; (®) x»=0.2; (®) x>=0.3; —, calculated by polynomial equation (IL.15).
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Figure I1.21: Density of {H>O (1) + IL (2)} versus temperature at different molar
fractions of IL: (a) {H20 (1) + [DMIM][MeSO4] (2)} (®) x2=1; (®) x2=0.1; (®)
x2=0.2; (@) x2=0.3; (®) x2=0.4; (®) x2=0.5; (®) x2=0.6, (b) {H20 (1) +
[EMIM][MeSO4] (2)} (®) x2=1; (¥) x2=0.1; (®) x2=0.2; (®) x2=0.3; (®) x2=0.4; (@)
x2=0.5; (%) x2=0.6; () xo=0.7;—, calculated by polynomial equation (II.15).
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Figure I1.22: Density of {H>O (1) + [BMIM][DCA] (2)} versus temperature at
different molar fractions of [BMIM][DCA]: (®) x>=1; (®) x2=0.1; (®) x2=0.3; (©)
x2=0.5; (©) x2=0.7; —, calculated by polynomial equation (II.15).

11.2.3.1. Excess molar volume VE

Volumetric properties of binary mixtures depend not only on size, shape, and chemical
nature of the components of a mixture [23], but also on the (solute + solute, solvent +
solvent, solute + solvent) interactions and on structural effects occurring from
interstitial accommodation due to differences in molar volume and free volume between

solution components [25].

The experimental density data were used to calculate the excess molar volume VE by

using Eq. (II.16). These data are presented in Figures (I11.23-11.25).

VE = Vm - ZixiVi* (1116)

Where 1, is the molar volume of the mixture, and x; V;" represent the mole fraction

and the molar volume of component i, respectively.
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As it can be observed from the data, the six studied binary systems present asymmetrical
curves. This behavior is quite common with mixtures containing two components with
a large molar volume difference [25, 26]. The studied binary systems showed a wavy
VE shape with a minimum level at moderate (=~ 0.4) mole fraction of ILs. Negative VE
values are obtained for five studied binary systems with phosphonate based ionic
liquids and methylsulfates based ILs. Negative VE values were also found in literature
for the binary systems containing imidazolium-based ionic liquid [27]. The change
from negative to positive in the VE behavior was observed for four binary systems
[DMIM][MPh], [EMIM][EPh], [DMIM][MeSO4] and [EMIM][MeSOs]. These results
agree well with the behavior observed by Garcia-Miaja et al. [18], Rodriguez and
Brennecke [28], and Vercher et al. [29].

It is well known that the excess molar volume VE depends mainly on the intermolecular
forces between components of the mixtures and on the packing due to the differences
in size and shape of molecules. According to this, the dominant negative effect is due
to the association of the polar water molecules with the anions, either through H
bonding or through attraction of the polar water to a highly charged small ion.
Competition between these effects gives rise to the wavy curves and even in one case a
double humped curve [26].

Experimental measurements show that an increase of the alkyl chain length of the cation
leads to smaller VE values. This behavior was also observed by Garcia-Miaja et al.,
[18].

In contrast, the behavior of the system {H.O + [BMIM][DCA]} exhibits positive values
of the VE in the whole composition range. This trend is in accordance with results
published by Gonzalez et al [25]. A possible explanation for the dominant positive
effect might be due to the weakening of the (IL + IL) association in the rich IL region
and the dissociation of the H-bonded water network in the dilute IL concentration
region. Furthermore, VE depends mainly on the intermolecular forces between
components of the mixtures, and on the packing due to the differences in size and shape
of molecules. According to this, the positive VE values can be attributed to weak water-
ionic liquid interactions and to feeble packing of the components in the mixture.

Some authors [25, 26] stated that anions have great effect on VE. The anion can
influence the magnitude, shape and sign of the VE curves of binary mixtures {H>O +

IL}. We found that the anions containing oxygen atoms ([MPh], [MeSOs]) result in
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negative VE values especially at the lower temperatures while the more hydrophobic
anion [DCA] tend to result in positive VE values especially at high temperatures.

The decrease in the magnitude of the negative VE values and the increase in the
magnitude of the positive VE values with increasing temperature might be attributed to
the decreasing importance of hydrogen bonding with increasing temperature.
Furthermore, this behavior can indicate the occurrence of two very different processes.
At low IL concentrations, the negative VE values mean that there is an association
between IL and a large number of H>O molecules. This effect becomes weaker as the
temperature increases and as the concentration of the IL increases. At the other end of
the composition scale (x; tending toward 1), the VE values are positive and probably
due to the disruption of both or either of the self-association effects. This disturbance
is the principal feature in this region and is clearly more important than the (IL + H20)
association. Because of the difference of size between IL molecules and water and the
IL rich phase concentration, it suggests that this positive effect is due to the disruption
of the (IL + IL) association because any disruption of the water self-association would
hardly be noticed. At high and very dilute IL concentration ends, the VF data is not
temperature dependent [26].

All VE experimental data are correlated using the Redlich-Kister equation and
regression parameters are listed in Table I1.9. It is found that the calculated values are

significantly consistent with the experimental data (Figures 11.23-11.25).

Table I1.9: Redlich Kister parameters for the representation of VF of binary systems
{H20 (1) +ILs (2)}

Binary system a1 a2 a3 a4 as b1 bz b3 bs bs AVE %
{H20 + [DMIM][MPh]} -3.79 | -7.64 0.88 -12.72 1.20 0.00 0.01 0.02 0.03 2.10 12.12
{H20 + [DMIM][MeSO4]} | -1.96 | -4.08 -7.09 4.76 1.01 0.00 0.01 0.03 -0.01 0.27 26.41
{H20 + [EMIM][MPh]} -4.93 | -13.27 5.71 -9.75 1.15 0.00 0.03 -0.02 0.04 0.20 3.58
{H20 + [EMIM][EPh]} -2.81 |-12.02 | -38.25 36.29 1.03 -0.01 0.03 0.13 -0.13 0.59 24.19
{H20 + [EMIM][MeSO4]} | -3.67 | -6.74 -2.73 2.73 0.98 0.01 0.02 0.01 -0.01 0.16 31.40
{H20 + [BMIM][DCA]} =744 | -4.22 -2.27 -1.98 664.54 0.03 0.01 0.01 0.01 -2.12 7.83
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Figure I1.23: Experimental excess molar volume, VF against mole fraction of IL at
different temperatures, (a) {H2O +[DMIM][MPh]}: (®) T=293.15 K; (®) T = 303.15
K; (®) T=313.15K; (®) T =323.15 K, (b) {H20 +[EMIM][MPh]}: T: (®)
T=293.15K; (®) T=303.15K; (®) T=313.15K; (®) T =323.15K, (¢) {H20 +
[EMIM][EPh]}: T: (®) T=293.15K; (®) T=303.15K; (®) T=313.15K; (® T =
323.15 K; —, correlated by Redlich-kister equation.
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Figure I1.24: Experimental excess molar volume, VE against mole fraction of IL at
different temperatures, (a) {H2O + [DMIM][MeSO4]}: T: (®) T=293.15K; (®) T =
313.15 K; (@) T=323.15 K, (b) {H20 + [EMIM][MeSO4]}: T: (®) T=293.15 K; (@)
T=303.15K; (®) T=313.15 K; (®) T =323.15 K; —, correlated by Redlich-kister

equation.
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Figure I1.25: Experimental excess molar volume, VE against mole fraction of {H,O +
[BMIM][DCA]} at different temperature T: (®) T=293.15 K;(®) T=303.15K; (®) T
=313.15K; (®) T =323.15 K;—, correlated by Redlich-kister equation.

I1.2.4. Excess molar Enthalpy (HF)

In this work, the excess molar enthalpies, HE, of five binary systems are presented
(Figures I1.26-11.28) and are listed in Annex II. Although extensive research has been
carried out on ionic liquids binary systems with water, there is a lack of discussion
about excess enthalpy in literature. Negative enthalpies were found for all systems at T
=312.92 K. Therefore, negative values of the excess enthalpy suggest that the water/IL

interactions are stronger than the corresponding IL/IL and water/water interactions.

Effect of ILs cation: The effect of cation is less significant than the anion effect which
suggests that the major interactions between the water and the ILs takes place, at the
anions. It is interesting to note that both [DMIM]* based ILs show a slightly lower
negative excess enthalpy than [EMIM]* based ILs. It seems possible that these results
are due to the longer alkyl chain length in [EMIM]* which leads to a stronger
hydrophobic effect than the hydration effect. The increased repulsion of the water

molecules in such cations results in an increase in the energy of the system, hence
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leading the process to be more exothermic [30]. Thus, the magnitude of HE follows the
order: [EMIM]* < [DMIM]" (Figure 11.26).

It should be highlighted that similar phenomena was already discussed by Kurnia and
Coutinho [31], they observed the same behavior with [CeiQuin][SCN] and
[CsiQuin][SCN]. The authors suggested that this behavior may be due to the
enhancement of the favorable interaction between IL and water which leads to
increasing exothermic behavior with increasing the alkyl chain length. Nevertheless, it
is difficult to find if this is an unusual behavior related with the imidazolium and
quinolinium-based ILs or is just a problem associated with the limited experimental
data available. More data on these systems are required to establish the reason behind

this particular trend.
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Figure I1.26: Experimental excess molar enthalpy, HE against different mole fraction
x2 of: (®) [DMIM][MPh], (®) [EMIM]|[MPh], (b) (®) [DMIM][MeSO4], (®)
[EMIM][MeSO4] at 312.92 K (b) ; —, correlated by Redlich-kister equation.
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Effect of ILs anion: The experimental data available allow a comparison of the effect
of three ILs anions on the excess enthalpies of {H>O + IL} binary systems. For
[EMIM]* based ILs, the exothermic behavior of {H>O + IL} increases in the following
order: [MeSO4] < [EPh] < [MPh]. The same behavior was noticed for [DMIM]* based
ILs (Figure 11.27). The excess enthalpies decrease (become more negative) with the
increasing hydrophilicity of the anions or the hydrogen bonding acceptor ability. The
same trend is also observed with molecular simulation by Ficke and Brennecke [32]
and Kurnia and Coutinho.[31] Methyl sulfate anion [MeSO4] decreases the exothermic
effect due to decreasing negative charges on the oxygen atoms of the anions and
increasing hydrophobicity. All HE experimental data are correlated using the Redlich-
Kister equation and regression parameters are listed in Table 11.10. It is found that the
calculated values are significantly consistent with the experimental data (Figures 11.27-

I1.28).

Table I1.10: Redlish-Kister parameters for HE for {H,O (1) + ILs (2)}.

Binary system A1 Az Az A4 A%
{H,O + [DMIM][MPh]} -16582.69 10105.69 -12835.62 -3168.39 2.72
{H20 + [DMIM][MeSO4]} | -3304.76 3475.58 65.52 1591.83 2.20
{H,0 + [EMIM][MPh]} -20996.20 10554.39 -5769.54 7132.76 1.28
{H,O + [EMIM][EPh]} -19034.15 10205.39 -4611.32 6153.53 1.22
{H20 + [EMIM][MeSO4]} -3240.60 3522.29 -2319.36 -373.28 5.11
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Figure I1.27: Experimental excess molar enthalpy, HE against different
mole fraction xz of: (®) {H>O + [DMIM][MeSO4]}, (®){H20 +
[DMIM][MPh]} at 312.92 K; —, correlated by Redlich-kister equation.
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Figure I1.28: Experimental excess molar enthalpy, H against different mole fraction
x2 of: (®){H20 + [EMIM][MPh]}, (®){H20 + [EMIM][EPh]}, (®){H20 +
[EMIM][MeSO4]} at 312.92 K (b) ; —, correlated by Redlich-kister equation.
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CHAPTER THREE

PERFORMANCE SIMULATION (COP)

The aim of this chapter is to simulate the performance of absorption heat transformers using the
new seven working pairs {H>O + ILs} based on the experimentally measured thermodynamic
properties mentioned in chapter two and on the mass and energy balance for each component
of the system. In order to evaluate the new working pairs the simulation results are compared
with those of the already used {H>O + LiBr} working fluid and the simulation results for 11

binary systems found in the literature.

For sake of simplicity, the investigated binary systems are divided into 3 groups (Table III.1).
The first group (Group I) includes the seven binary systems investigated by our research group.
The second group (Group II) contains the binary systems for which a complete set of properties
was published in the literature. Group III gathers a series of {H>O + ILs} binary systems for

which thermodynamic properties data are mainly limited to VLE data.
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Table III.1: Thermodynamic properties of binary systems investigated in this work.

Groups

Binary system

Thermodynamic properties

VLE HE Gy p
{H,O + [DMIM][MPh]} Boiling P. method Calvet C80 MicroDSCIII Anton Paar DMA60
{H>O + [DMIM][MeSO4]} Boiling P. method Calvet C80 MicroDSCIII Anton Paar DMA60
{H20 + [EMIM][MPh] } Boiling P. method Calvet C80 MicroDSCIII Anton Paar DMA60
I {H20 + [EMIM][MeSO4]} Boiling P. method Calvet C80 MicroDSCIII Anton Paar DM A60
{H>O + [EMIM][EPh]} Boiling P. method Calvet C80 MicroDSCIII Anton Paar DMA60
{H20 + [BMIM][Ac]} Boiling P. method
{H,0 + [BMIM][DCA]} Boiling P. method MicroDSC Anton Paar
{H,O+DMIMDMP} Boiling P. method Adiabatic solution calorimeter Calvet BT2.15 Gravity balance
{H,O+EMIMDMP} Boiling P. method Adiabatic solution calorimeter Adiabatie solution Anton Paar
calorimeter
{H,O+EMIMDEP} Dual circulation Setaram C80 Mettler Toledo DSC Anton Paar DM A4500
{H.O+ [EMIM][AC]} (FTIR) spectroscopy n.d. DSC Pycnometer
{HO+[HOEtMIM][C1] } Boiling P. method n.d. Calvet BT2.15 Anton Paar DM A4500M
I Isoperibol solution
{H,O+[EMIM][EtSO4] } Boiling P. method Calvet microcalorimeter N specific gravity balance
{H,O+ [EMIM]|Triflate] } Fischer Labodest apparatus Calvet microcalorimeter MicroDSCIII Anton Paar DM A5000
{H,O+ [EMIM][TFA]} Fischer Labodest apparatus Setaram C80 Mettler Toledo DSC Anton Paar DM A4500
{H,O+[DEMA][OMs] } (FTIR) spectroscopy n.d. DSC Pycnometer
{H,O+ [BMIM]|[Triflate] } isobaric microebulliometer Calvet microcalorimeter MicroDSCIII Anton Paar DM A5000
{H,O+ [BMIM][BF.]} Boiling P. method Calvet microcalorimeter DSC Anton Paar DMA 5000

2241 [ 42]dvY)
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Groups Thermodynamic properties
Binary system
VLE HE GCp p
{H,O+ [DMIM][BF.4] } Boiling P. method n.d. n.d. n.d.
{H20+ [HOEtMIM][BF.] } Boiling P. method n.d. n.d. n.d.
{H,O+ [HOEtMIM][TFA]} Fischer Labodest apparatus n.d. n.d. n.d.
{H2O0+ [EMIM][BFE4]} Static method n.d. n.d. n.d.
{H,O+ [EMIM][I]} Static method n.d. n.d. n.d.
{H,O + [EMIM][Tf,N]} Static method n.d. n.d. n.d.
{H,O+ [EMIM][SCN]} Ebulliometric method n.d. n.d. n.d.
{H,0O + [EMIM][TOS]} Ebulliometric method n.d. n.d. n.d.
{H,0O + [BMIM][C;SOs3]} Isobaric microebulliometer n.d. n.d. n.d.
{H,O + [BMIM][CI]} Labodest apparatus n.d. n.d. n.d.
{H,O + [BMIM][Br]} Boiling P. method n.d. n.d. n.d.
1 {H,O + [BMIM][Ac]} Static method n.d. n.d. n.d.
{H,0 + [BMIM][CF5CO]} Isobaric microebulliometer n.d. n.d. n.d.
{H,0O + [BMIM][I]} Static method n.d. n.d. n.d.
{H>O + [BMIM][SCN]} Static method n.d. n.d. n.d.
{H2O + [BMIM][TOS]} Isobaric microebulliometer n.d. n.d. n.d.
{H>O + [BMIM][Tf:N]} Static method n.d. n.d. n.d.
{H>0O + [BMIM][MeSOs] } Labosdest app. n.d. n.d. n.d.
{H,O + [BMIM][DBP]} Ebulliometric method n.d. n.d. n.d.
{H,O + [BMPYR][DCA]} Dynamic method n.d. n.d. n.d.
{H>O + [BMPIP][DCA]} Ebulliometric method n.d. n.d. n.d.
{H2O + [HMIM][BF4]} Ebulliometric method n.d. n.d. n.d.

a4y J 423dvy)
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I11.1. Simulation of the AHT cycle performance

In order to determine the suitability of a working pair for an AHP cycle, performance
of such a cycle using this mixture has to be assessed by simulation or experiment. Some
researchers have carried out such works, but the main method is still limited to
simulation and analysis on the basis of thermo-physical properties of the IL. working
pairs. The published works mainly focus on single-effect absorption cooling cycle. This
work focuses on single effect absorption heat transformers (AHT) (Figure III.1). To
simplify simulation of the thermodynamic cycle performance of AHT using {H20 +

ILs} as working pairs, the following assumptions are made [1, 2, 3]:

Waste heat source Qg Upgraded heat source Q,
(Ty) (100-130 ° C)

_R() ©
(TM) (60-80 ° C) Sawrated refrigerant

0 vapor
Ts=Te=Tua
EVAPORATOR
Pure 2O l

L=Ts~Ta  ws. 5 10 -
Samrated refrigerant Saturated liquid mixture Tie=Te) | ligoid ;rrvapor
liquid 3 —
Ta=Tc=TL liquid mixture
Ts<Ta ¢ 9 To=Tc
feodicrmal pumping Frocots g) Isenthalpic expanding process Tsothermal pumping process
Saturated refrigerant liquid + vapor Ts=Te
liquid T;< Ty or
T=Tc=TL 2 liquid mixture S.S. Saturated liquid mixture
L :
1 f
CONDENSER GENERATOR
Fuxe O Over heated {H,0 +ILs}

refrigerant vapor
! Ti=Tec=Tn ﬁ

c ‘Waste heat source Qg
(Ty) 20°C) (Typ (60-80° C)

Figure III.1: Schematic diagram of an absorption heat transformer; Tv-medium

temperature, Tr-low temperature, Tu-high temperature, SHE-solution heat exchanger.

(1) The analysis is carried out under steady state conditions;

(2) The solutions leaving the generator and the absorber are saturated liquids;

(3) Liquid and vapor at the outlet of the condenser and the evaporator are saturated;
(4) Thermal and pressure losses during the whole cyclic process are neglected;

(5) The expanding process in the throttling valves is isenthalpic;
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(6) The minimum temperature difference between cold and hot streams in the solution
heat exchanger (SHE) is 5 K. The proposed value ensures a not too large SHE size and

the prevention of excessive energy loss.
(7) The mechanical energy consumed by the pumps is neglected;

(8) The pressures of the condenser and the generator are equal (p; = pc), and the

pressures of the absorber and evaporator are equal (p4 = pg);

It is essential to establish the mass and energy balance equations for each component

and get characteristics of the main state points in the cycle as follows:

The generator can be described by the overall and ionic liquid mass balances and heat

balance equations:

m;xt = mgxg' (1I1.2)
QG + Tfl7h7 - mghg - Thlhl = O (III3)

The strong solution at the outlet of the generator is a saturated liquid, so the pressure at

this point is the bubble pressure:

ps =p (T, xg") (11L.4)

Where Tg = T, and pg = p,

The condenser can be described by:

1y =1, = 13 = 1 kg.s7! (1IL5)
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mlhl - mzhz - QC == O (III.6)

For state point 2 (saturated liquid water at the condenser outlet), we have:

p2 = pc = p°(T¢) (I1L.7)

In the case of the evaporator:

mg == Th4 (III. 8)

Th.4_h4_ - m3h3 - QE = O (1119)

Vapor is saturated at the outlet of the evaporator, so for point 4, we have:

ps = pg = p°(Tg) (1IL.10)

Balance equations for the absorber give:

Ts X = 1ty X7 (IIL.12)
Th4_h4 + mlohlo - mshs - QA = O (11113)

State point 5 is described by equation (I111.14)

ps = p(Ts, x5") (111.14)
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Where Ts = T, and ps = pj

In the solution heat exchanger (SHE), the hot stream is the weak solution (point 5)
coming from the absorber and the cold stream is the strong solution (point 9) coming
from the generator. Since weak solution flowrate is higher than strong solution flowrate
and heat capacity of weak solution is higher than the one of rich solution (weak solution
contains more water than rich solution and water heat capacity is higher than IL’s), it

appears that:
mws . Cp ws > mss . Cp SS

Then, the minimal temperature approach is between hot inlet (point 5) and cold outlet

(point 10) streams:

Ts(hot inlet) — T,y (hot outlet) = 5K (IIL.15)

Heat balance on the solution heat exchanger can be written:

Th5h5 + mghg - Th’6h6 - mlohlo = O (11116)

Where 1m;, hy, x{" (i =1,2,3,...10) are respectively the mass flow rate (kg.s™), specific
enthalpy (kJ.kg') and mass fraction of absorbent (IL) of each stream. p*(T) is the
saturated vapor pressure of refrigerant H>O and p(T, x) the saturated pressure of the

working mixture {H>O + ILs}. They are obtained by the following relations:

p (T, x) = x1y1p1 (T) (IIL.17)

pS(T) = (Bxp (73.649 - 7258.2 / T - 7.3037 * In(T) + 4.1653 * 10 * (T?))/ 1000
(IIL.18)
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Where p is the total pressure, x4, y;and p; are the water mole fraction in the liquid
phase, water activity coefficient for the liquid phase, and saturated vapor pressure of

water, respectively.

Usually the temperature of the waste heat used to drive an absorption heat transformer
as well as the output temperatures are known for a given application, so the generator,
evaporator, condenser and absorber temperatures T, T, T¢ and T4 are known and taken

as independent variables in the present research.

The coefficient of performance, COP, is defined as the ratio of available heat output at

the absorber to the total heat input to the system Eq. (II1.19) [2].

cop=—24_ (II.19)
Q¢+ QE

Generally, the enthalpy of liquid mixtures can be expressed as follows:

where
1 T
hy = hpep + Y. (0= Preg) + Jr,, Cpa dT (IIL.21)
T
hy = hpep + P (0= Preg) + Jr,, CpadT (I11.22)

Where, h; and h, are the enthalpies of pure liquids H20 and IL, x{* and xJ* are the
mass fractions of H>O and IL, respectively, A,,;,h is the mixing enthalpy of the system
(it can sometimes be neglected). €, ; and C, , are the heat capacities of H>O and IL
respectively. The reference state for enthalpy calculations is defined T, hrr and pres
respectively its temperature, enthalpy and pressure. This parameters are chosen

arbitrarily as being:

href = 0
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prr = 101.325kPa

P1liq, Tyes and P2 iq, T,, ; are the densities of pure liquid water and pure IL at reference

temperature and pressure.

The concentration difference between strong and weak solutions A x, and gross

temperature lift At are defined as follows;

Ax™ = xJ' — xI' = x* — X} (1I1.23)

At= T, — T (I1.24)

The solution circulation ratio fis defined as the ratio of the mass flow rate of the strong

solution, produced in generator, per unit mass of refrigerant vapor formed in the

generator:
m7 X;n
= == —— 1I1.2
f My (xg" = xw) ( 3)

Meanwhile the available heat outputs q (kJ/kg) per unit mass of refrigerant can be

expressed as:

q=2 (I11.26)

One of the most important criteria for evaluating the absorption cycle is the circulation
ratio f. Through high f, the equipment costs, operating expenses and the energy

requirements of heating and pumping processes will increase accordingly. Circulation
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ratios in {H>O + LiBr} and {H>O+ NH3} systems usually are small, with typical values
being around f= 10 [4, 5].

II1.2. COP definition for an Absorption refrigeration cycle

Up to now, the performance of {H>O + ILs} as working fluids was evaluated for
absorption refrigeration cycle. Zhang and Hu [6] estimated the COP of {water +
[EMIM][DMP]} and {H>O + LiBr} mixtures under the same operating conditions. The
COP of the absorption chiller for {H>O + [EMIM][DMP]} was lower than that of { HO
+ LiBr} by 7% but still higher than 0.7. They observed that the generation temperature
for {H,O + [EMIM][DMP]} was lower than {H>O + LiBr}. Hence, this indicated that
absorption chiller using {H>O+ [EMIM][DMP]} as working fluid can be operated by
lower temperature level waste heat under the same operation conditions. Therefore,
they concluded that the {H.O + [EMIM][DMP]} binary system has a potential to be a
new working pair for the absorption chiller driven by low-grade waste heat or hot water
generated by common solar collector.

Kim et al. [7] estimated the COP for binary system consisting of {H.O +
[EMIM][BF4]} with evaporator and condenser temperatures being 25° C and 50° C,
respectively. Its value reaches 0.91. The authors stated that their studied binary system
leads to high COP because of the suitable compatibility of water with [EMIM][BF4]
and the superior properties of water as a heat transfer fluid, such as large latent heat of

evaporation, followed by extremely small refrigerant (water) flow rate.

Dong et al. [1] (Table 1I1.2) evaluated the cycle performance of a single-effect
absorption refrigeration cycle using {H20 + [DMIM][DMP]} system. The simulation
results show that the cycle performance of {H>O + [DMIM][DMP]} is close to that of
conventional working pair {H>O + LiBr}. However, the use of the {H.O +
[DMIM][DMP]} system, allows to extend the operating temperature range and to

overcome the disadvantages of crystallization and corrosion caused by {H2O + LiBr}.
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Table II1.2: COP of {H>O + absorbent} binary systems for absorption refrigeration

cycle found in literature.

Tc Tk Te Ta
T(K)
313.15 283.15 373.15 303.15
Refrigerant Absorbent CoP f Reference
H0 LiBr 0.78 4.08 8
HO [DMIM][DMP] 0.66 532 8
HO [EMIM][DMP] 0.69 8.66 8
HO [EMIM][BF4] 0.53 18.20 8
H,O [EMIM][EtSO4] 0.57 13.57 8
HO [EMIM][DEP] 0.59 7.75 8
HO [BMIM][BF4] 0.54 13.00 8
H,O [BMIM][I] 0.53 23.70 8
H,O [BMIM][DBP] 0.53 11.17 8
H,O [EEIM][DEP] 0.57 12.38 8
H,O [Choline][Gly] 0.45 4.79 8
H,O [Choline][MeSOs] 0.64 7.32 8
H,O [Choline][Lac] 0.66 7.79 8
Tc T Te Ta
T(K)
313.15 283.15 373.15 303.15
Refrigerant Absorbent Ccop f Reference

H,O LiBr 0.84 6.59 1
H,O [DMIM][DMP] 0.83 8.77 1
HO [DMIM][CI] 0.83 9.54 3

IT1.3.Absorption heat transformer

In this section, the thermodynamic performance of an absorption heat transformer
system using the new binary systems (Group I) as working fluids is numerically
evaluated.

To evaluate the performance of an AHT a VBA dedicated calculation code has been
developed (Figures III.2 and III.3). The simulation results for AHT using the new
working binary systems are compared to each other and to the data found in literature
for the classical working fluid {H>O +LiBr}. Results are also compared to simulation
results for binary systems of group II (see Table III.3). Deviations among the calculated

and literature results exist because different calculations are based on different property
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data, thermodynamic models, and operating conditions, e.g., heat source temperature.
In this work, evaporating temperature Tg, condensing temperature Tc, absorbing
temperature Ta and generator temperature Tg are set to 80 °C, 20 °C, 130 °C, and 80
°C, respectively. These values were modified inorder to study the influence of each

component temperature (Tg, Tk, Ta, Tc) on the performance of the AHT.

WS

SHE

SS

290 310 330 350 370 390 410
T(K)

Figure III.2: Thermodynamic cycle in absorption heat transformer (AHT).
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START

4

Input: Tk, Tg, Tc, Ta

T2=Tc, Ta= Tk, Ts= T, Ts= Ta

d

p2= p* (T2), pa=p° (T4)

- D

p1=p2=p7=Pps
P3=P4= Ps =P6= P9 = P10
Eqgs. (I1L.17, I11.18) assumptions (8)

o J

4

ps=p (Ts, x™s) Eqs. (I1L4),

x™Mg=x"; can be obtained by solving above Eqs. by
Newton method, similarly x™s=x™y can also be obtained
from Eqs. (I11.14)

4

hi =h(Ti) (i=1-10) Eqgs. (II1.20-II1.22) ]

J

1
[Qi @i=G, C,E,A) Eqs. (IIL.3, I11.6, II1.9, I11.13)
~
Calculating COP, Ax™, At, f and q based on
Eqgs. (IT1.19, 111.23, I11.24, 111.25, I11.26)

J

Outputting COP, Ax™, At,
fand q

g

END

Figure I11.3: Flow chart for COP simulation.
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Table II1.3: Calculated COP of {H>O + ILs} binary systems for absorption heat

transformer cycle compared to data found in literature™"".

Tc Te T Ta
T (K)
Groups 308.15 363.15 363.15 403.15
Refrigerant Absorbent cop x™ Ax™ f
Water [DMIM][MPh] 0.44 0.97 0.05 19.73
I Water [DMIM][MeSO4] 0.44 0.97 0.05 21.81
Water [EMIM][MPh] 0.44 0.96 0.07 13.55
Water [EMIM][EPh] 0.43 0.96 0.04 27.04
Water [EMIM][MeSO4] 0.43 0.97 0.04 22.76
Water [BMIM][DCA] 0.44 0.98 0.05 21.18
Water LiBr* 0.5 0.64 0.07 11
Ref.
TFE E181%* 0.42 0.9 0.1 9
Water [EMIM][DMP]* 0.48 n.d n.d n.d
Water [DMIM][DMP] 0.45 0.92 0.09 10.01
I Water [EMIM][DMP] 0.44 0.92 0.08 11.26
Water [EMIM][DEP] 0.44 0.92 0.07 13.54
Water [EMIM][AC] 0.44 0.87 0.08 10.54
Water [HOEtMIM][CI] 0.45 0.94 0.1 9.88
Water [EMIM][EtSO4] 0.41 0.97 0.03 38.21
Water [EMIM][Triflate] 0.42 0.99 0.02 41.34
Water [EMIM][TFA] 0.44 0.97 0.05 19.7
Water [DEMA][Oms] 0.44 0.95 0.08 12.63
Water [BMIM][Triflate] 0.36 0.99 0.01 71.56
Water [BMIM][BF4] 0.43 0.97 0.04 25.01
Tc Te T Ta
T (K)
298.15 353.15 353.15 403.15
Groups
Refrigerant Absorbent Ccop x™s Ax™ f
Water [DMIM][MPh] 0.41 0.98 0.03 35.68
I Water [DMIM][MeSOq4] 0.42 0.98 0.04 27.09
Water [EMIM][MPh] 0.43 0.97 0.05 21.8
Water [EMIM][EPh] 0.34 0.96 0.01 85.02
Water [EMIM][MeSO4] 0.42 0.98 0.04 2742
Water [BMIM][DCA] 0.42 0.98 0.03 31.22
Ref. Water LiBr#* 0.48 n.d n.d 9.51
Water [DMIM][DMP] 0.43 0.93 0.06 15.92
I Water [EMIM][DMP] 0.41 0.93 0.05 19.52
Water [EMIM][DEP] 0.42 0.92 0.04 21.06
Water [EMIM][AC] 0.43 0.87 0.05 17.98
Water [HOEtMIM][CI] 0.43 0.95 0.06 15.58
Water [EMIM][EtSO4] 0.14 0.97 0.01 172.47

128




Chapter Three

Tc Tk Te Ta
T (K)
s 298.15 353.15 353.15 403.15
Refrigerant Absorbent Ccop x™Ms Ax™ f
Water [EMIM]| Triflate] 0.38 0.99 0.01 69.49
1 Water [EMIM][TFA] 0.42 0.97 0.03 31.99
Water [DEMA][Oms] 0.43 0.96 0.05 21.07
Water [BMIM][Triflate] 0.27 0.99 0.01 140.5
Water [BMIM][BF4] 0.4 0.97 0.02 43.6
Tc Tk Te Ta
T (K)
Groups 293.15 353.15 353.15 403.15
Refrigerant Absorbent Ccop x™s Ax™ f
Water [DMIM][MPh] 0.42 0.98 0.03 29.26
I Water [DMIM][MeSO4] 0.43 0.99 0.04 22.7
Water [EMIM][MPh] 0.43 0.98 0.05 18.68
Water [EMIM][EPh] 0.39 0.96 0.02 49.89
Water [EMIM][MeSO4] 0.43 0.98 0.04 24.16
Water [BMIM][DCA] 0.42 0.99 0.04 27.48
Water [DMIM][DMP] 0.44 0.94 0.07 12.9
Water [EMIM][DMP] 0.42 0.94 0.06 15.09
II Water [EMIM][AC] 0.43 0.89 0.06 14.16
Water [EMIM][DEP] 0.43 0.88 0.93 17.71
Water [HOEtMIM][C]] 0.43 0.96 0.07 13.14
Water [EMIM][EtSO4] 0.35 0.98 0.01 74.48
Water [EMIM]|[Triflate] 0.39 0.99 0.02 60.08
Water [EMIM][TFA] 0.42 0.98 0.04 26.58
Water [DEMA][Oms] 0.43 0.97 0.06 17.3
Water [BMIM][Triflate] 0.32 0.99 0.01 108.71
Water [BMIM][BF4] 0.41 0.98 0.03 34.96

*Data found in literature [2]

**Data found in literature [9]

To illustrate how the AHT system main components temperatures affect the system
performance, the results are shown in Figures (II1.4, IIL.5, and II1.6). As can be seen
from Figure II1.4 (a,b), while the condenser temperature (T. = TL) increases at constant
generator (Tg), evaporator (Tg) and absorber (Ta) temperatures , the COP decreases.
Figure I11.4 shows a relatively high COP up to about 303.15 K followed by a sharp
decrease as the condenser temperature rises above 303.15 K. The variation of the
condenser temperature affects the concentration of refrigerant in the strong solution,

which can be approximated by the following Eq.
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SS DPc
= — 11.27
X8 YwbSet (Tg) ( )

where pc is the vapor pressure at the condenser and p*™ (Ts) is the saturation vapor
pressure at Ts, x3° and y,, are the mole fraction of ILs at point 8 (strong solution) and
activity coefficient of the refrigerant, respectively. As the temperature increases, the
system low pressure will increase and the ILs mole fraction in the strong solution will
decreases. Hence, the strong solution concentration will decrease, resulting in an
increase of the circulation ratio. It is found that the lower the condensing temperature
is, the higher the COP or available temperature lift will be. This is why the AHT is
more efficient during winter [2].The variation of the condenser temperature affects as
well the heat input of the evaporator Qg. From Eq. (II1.9) we can see that as T increase

h; increase, hence, Qg will decrease as well as COP.
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Figure II1.4: COP of binary systems {water + ILs} versus TL (Tc)

for single effect absorption heat transformer cycle.

On the other hand, when the evaporator and the generator temperatures increase (T =
Tc = Twm) at contant absorber and condenser temperatures, the COP of various binary
systems have the same behavior: COP sharply increases initially, then becomes stable,
and slightly declines finally as presented in Figure IIL.5. This is because when the
evaporator temperature increases, the system high pressure will increase and the weak

solution concentration will decrease.

The variation of the generator directly affects the concentration of refrigerant in the

weak solution, which can be approximated by Eq. (I11.28) [7].

ws PE
= — 1.2
Xs Ywb5at (Ts) ( 8)

where pE is the vapor pressure at the evaporator and p** (Ts) is the saturation vapor
pressure at Ts, x2’° and ¥, are the mole fraction of ILs at point 5 (weak solution) and
activity coefficient of the refrigerant, respectively. As the temperature increases, the
refrigerant mole fraction also increases which leads to decrease the concentration of the

weak solution. The circulation ratio of the solution will then vary accordingly.
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Consequently, the effect of the reduced circulation ratio and the increased enthalpy on

the heat input to the generator leads to an increase of the COP in Figure IIL5.
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Figure II1.5: COP of binary systems {water + ILs} versus Tm

(Te=Tg) for single effect absorption heat transformer cycle.

As the generator temperature reaches its minimum f tends toward infinity and so is the

required heat for the generator. Consequently, the COP of the cycle tends toward zero.
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With the increase of generator temperature f decreases, COP sharply increases and then

smoothens.

From Figure II1.6 (a,b), it can be seen that the COP of AHT for the working pairs will
decrease at different rate with the increase of the absorber temperature (Ta = Tn). This
behavior can be explained using Figure III.7 (a,b) that illustrates the concentration
variation of weak solutions with absorbing temperature Ta. The strong solution leaving
the generator has a concentration x™s, which is rich in absorbent more than the weak
solution, hence it can absorb refrigerant vapor easier. For given generator and
condenser temperatures, x"s does not vary with Ta, but x™y increases with Ta. The
higher the absorber temperature Ta or gross temperature lift At is, the higher the content
of IL in the weak solution is. This leads to the decrease of concentration difference Ax™
= x"s - x"y or to the increase of flow rate ratio f and mechanical power losses which is

the same behavior observed by Zhang and Hu. [2].
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Figure I11.6: COP of binary systems {water + ILs} versus Tu (Ta)

for single effect absorption heat transformer cycle.

1,10
© DMIMDMP
1,00 TTIT R e e ® EMIMDMP
v o
(%) B4 ° ° ® EMIMAc
0.90 §%.°
a § 8o HOEtMIMCI
3 0,80 s ® EMIME(SO4
s ® EMIMTriflate
0,70 o EMIMTFA
060 | o DEMAOMS
BMIMMeSO4
0,50 BMIMTriflate
360 410 460 510 560 BMIMBE4
Ty (THXK)

(a) Group II binary systems

134



Chapter Three

1,05
1,00 ¢ L
s % ® ®
[
0,95 ¢8 ses © DMIMMPH
i ® ® EMIMMPh
70,90
“ e EMIMEPh
0,85 . DMIMMeSO4
® EMIMMeSO4
0,80 ® ® BMIMDCA
075
350 400 450 500 550 600
Ty (TL(XK)

(b) Group I binary systems

Figure IIL.7: Effect of Ty on (x™w) weak solution concentration.

Table I11.4: The available heat output per unit mass of refrigerant (q) for AHT cycle.

Tc Te Tk Ta
293.15 353.15 353.15 403.15

Binary system (Group I) q (kJ.kg) | Binary system (Group II) | q (kJ.kg?)

{H,O+[DMIM][MPh]} 1836.87 {H,O+[DMIM][DMP]} 1982.31
{HO+[EMIM][MPh] } 1951.65 {H.O+[EMIM][DMP]} 1867.90
{HO+[EMIM][EPh]} 1633.61 {H,O+ [EMIM][AC]} 1953.77
{H.0+ [DMIM][MeSO4]} 1915.92 {H.0+ [EMIM][TFA]} 1871.63
{HO+ [EMIM][MeSO.]} 1896.56 {HO+[HOEMIM][CI]} 1974.05
{H.0+ [BMIM][DCA]} 1871.11 {H.O+[DEMA][OMs] } 1932.00
Tc Te Te Ta
308.15 363.15 363.15 403.15

Binary system (Group I) q (kJ.kg) | Binary system (Group II) | q (kJ.kg?)

{H,O+[DMIM][MPh]} 1944.11 {H,0+[DMIM][DMP]} 2028.68
{H,O+[EMIM][MPh]} 2012.93 {H,O+[EMIM][DMP]} 1950.12
{H,O+[EMIM][EPh]} 1868.75 {H,O+[EMIM][DEP]} 1971.25
{H,0+ [DMIM][MeSO.] } 1938.79 {H,0+ [EMIM][AC]} 2012.03
{H,0+ [EMIM][MeSO.]} 1924.76 {H,0+ [EMIM][TFA]} 1950.71
{H,0+ [BMIM][DCA} 1943.32 {H,O+[HOEtMIM][CI]} 2026.24
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The available heat output per unit mass of refrigerant (q) for the studied binary systems
was calculated and compared with Zhang and Hu.data [2] under the same conditions:
generation, evaporation, condensing and absorption temperatures are 363.15, 363.15,

308.15 and 403.15 K (Table 11L.4).

It is found that {H>O + [EMIM][MPh]} has the highest q value, 2012.93 kJ .kg'l, in the
investigated binary systems (Group I). Meanwhile, q value for {H-O +
[DMIM][DMP]} is 2028.68 kJ.kg! and {H>O + [HOEtMIM][CI]} is slightly less 2026
kJ.kg!. For the other binary systems q ranges between 1971 and 1527 kJ.kg™! (Table
I11.4). This is less than 2466 kJ kg™ for {H,O + LiBr}, but it is much larger than 311
kJ kg for {TFE + TEGDME}. So under the same available heat output conditions, the
amount of water cycled in the AHT will be much less than that of TFE. This will

decrease the mechanical power losses and the size of pipes and pumps.

The mass fraction of IL in the strong solution is exceeding 0.9 for most of the binary
systems studied, while it is only 0.64 for {H>O + LiBr} (Table III.3). Under the same
circulation ratio f condition the concentration difference for most of the binary systems
and {TFE + TEGDME} is larger than that of {H>O + LiBr}, which will enhance the

absorbing process in the absorber.

The simulation results show that the COP of the investigated binary systems are close
to that of conventional working pair {H20 + LiBr}. On the other hand, for the cycle
using {H>O + ILs} pairs, the operating temperature range can be extended and the

disadvantages of crystallization and corrosion caused by {H>O + LiBr} can be avoided.

Simulations for evaporating temperature Tk, condensing temperature Tc, absorbing
temperature Ta and generator temperature T set to 80°C, 20°C, 130°C, and 80 °C
respectively, showed that the COP values for the studied binary systems have the

following trend:
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Figure IIL.8: Simulation trend for the investigated binary systems

Group T (B) and 11 ().

Cations with shorter alkyl chains are preferred ((DMIM] > [EMIM] > [BMIM]) due to
more sensitive dependence of the solubility on temperature. Hence, we can conclude
that ionic liquids with short alkyl chains lead to higher COP values and lower
circulation ratio f.

Binary systems containing ionic liquids with small and compact anions such as acetate
or chloride based ionic liquids lead to high COP. Nie et al. [10] stated that
[HOEtMIM][CI] is a suitable alternative working pair for absorption heat pump.
Furthermore, Romich et al. [11] stated that [EMIM][Ac] and [DEMA][OMS] are
applicable in absorption cycles. However, Seiler ef al. [12] stated that neither acetate
nor chloride-based ionic liquids are suitable for AHT due to an insufficient stability
and/or too high corrosion rates.

It was noticed that binary system composed of {H>O + [BMIM][MeSOs]} exhibits
smaller At than the other investigated 17 systems. Its largest observed At is about 40 K
and the lowest is 30K. Simulation of binary system consisting of {H>O +
[BMIM][MeSOs]} is not promising maybe due to low solubility of IL in water or to
stability of the IL [13]. In contrast to the earlier findings, the two based sulfates ionic
liquids investigated by the authors (Group I) have high COP values and low circulation
ratio. A possible explanation for this might be the short alkyl chain length which results
in better affinity of IL with H>O.

In this work, only binary system VLE was measured for the {H>O + [BMIM][Ac]}
mixture. These data were correlated using NRTL and circulation ratio f has been

calculated. Simulation for this binary system was done for the same temperature
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conditions than for the rest of simulations. Results showed that this binary system
allows to reach a low f value of 19.14. In the light of these results, it would be highly
recommended to further investigate this binary system. Twenty three binary systems
are found to have only VLE data in literature (Group III) lacking other thermodynamic
properties. Using NRTL the VLE data of these 23 binary systems were correlated, and
f were determined. Simulation for these binary systems were done for the same
conditions. Simulation results showed that there are promising binary systems
exhibiting low f values such as [BMIM][C;SOs], [BMIM][I], [BMPyr][DCA] which
are 19.89, 16.96 and 17.25 respectively. In the light of these results, it would as well be
highly recommended to further investigate these binary systems.

In brief, seventeen binary systems consisting of {H>O + ILs} were studied as working
fluids for absorption heat transformers. Their basic thermodynamic properties including
vapor pressure, heat capacity, excess enthalpy, viscosity and density were analyzed.
The VLE values of these 17 binary solutions showed a considerable negative deviation
from Raoult’s law, which is an important characteristic for absorption working fluids.
The excess enthalpies data measured and found in literature for number of the binary
systems at different IL concentrations and at different temperatures were negative and
were correlated by Redlich—Kister-type equation. These results provided an insight into
the interactions of the absorbent and refrigerant, which is key information needed for
evaluating the performance of the new working pairs. Although viscosity of pure ILs
were high, but it would decrease sharply when the ILs were heated or mixed with water.
Since the absorption and generation temperatures of an absorption transformer are
usually high, the viscosity of the { H2O + ILs} pairs is expected to be low. Consequently,
the high viscosity of the ionic liquid would not limit its use as a heat pump absorbent.
Eventually, the simulation results show that the performance of the new binary systems
is close to that of conventional working pair {H20 + LiBr}. Nevertheless, for the cycle
using {H>O + ILs} systems, the operating temperature range has been extended and the

disadvantages of crystallization and corrosion caused by {H2O + LiBr} can be relieved.
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CONCLUSIONS AND PERSPECTIVES

This dissertation has proposed binary systems consisting of {water + ILs} as alternative
working fluids in absorption heat transformers in order to overcome the drawbacks of

the commonly used working pair {H>O +LiBr}.

In the present work, an extensive investigation of thermodynamic properties of binary
systems {H>O + ILs} was accomplished. Simulation of the performance of absorption
heat transformers using the new working pairs {H>O + ILs} was performed using
experimental thermodynamic properties and by solving the mass and energy balance

for each component of the system.

Experimental measurements of vapor-liquid equilibrium, heat capacity, density and
excess enthalpy were measured. The results of these investigation show that most of
the binary systems studied have activity coefficients lower than unity, results from the
stronger IL-water interactions than the water-water. The higher the content of IL is, the
larger the deviation from the Raoult’s law. This means that there is strong affinity
between ILs and water which is a very important property of a working pair for
absorption heat transformers. Generally, the heat capacities of {H>O + ILs} binary
systems are low, which is suitable for heat transfer, decreases energy consumption and
increases the coefficient of performance in absorption heat transformers. Excess
enthalpy for the investigated binary systems are negative. These results provide an
insight into the interactions of the absorbent (ILs) and refrigerant (water) which is a key
information for evaluation the potential of the new working pairs. Viscosity of pure ILs
are high, but it would reduce sharply when ILs are heated or water is added. As the
absorber and generator temperatures of an absorption heat transformers are usually
high, the viscosity of the {H,O + ILs} working pairs is expected to be low. Accordingly,

the high viscosity of the ionic liquid would not limit its use as an absorbent.

The simulation results of working fluids {H>O + ILs} show that the performance (in
term of coefficient of performance COP) of the new binary systems is close to that of
conventional working pair {H20 + LiBr}. Nevertheless, for the cycle using {H20 +
ILs} systems, the operating temperature range has been extended and the disadvantages

of crystallization and corrosion caused by {H>O + LiBr} can be relieved.

Finally, a number of important limitations need to be considered. Although many ionic

liquids became commercially available from companies such as Sigma-Aldrich, BASF,
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Fluka, Solchemar, Scionix, Solvent Innovation, Acros, etc., but still a lot of ionic liquids

are made primarily in laboratory scale quantities and sell for around €1-€10/g.

Additionally, impurities that may result from the synthesis process affects the transport
properties of the IL and IL mixtures. It has been shown that water impurities decrease
density and halide impurities affect the density values [1]. Thus, any known impurities
for an IL should be reported. The isobaric VLE experimental method was limited by
temperature instability which occurred at the ILs high composition range. This is due
to the elevated viscosity for this range of composition. Future research should therefore
concentrate on the investigation of VLE under higher temperatures in order to simulate
the conditions of the working fluids in absorption heat transformer. Moreover, both
isobaric and isothermal methods consume a long time to reach equilibrium. A
reasonable approach to tackle the VLE issue could be the implementation of static
headspace gas chromatography (GC). This method is faster and can be applied for the

entire range of composition [2].

In view of the promising simulation results of the investigated binary systems, it is

recommended that further research be undertaken in the following areas:

Our work shows that there are promising ILs, future research should therefore
concentrate on the investigation of corrosion of these ILs and their mixture with water.
Corrosion can be examined by electrochemical and weight loss methods through
exposing different metals and alloys (copper, nickel, etc.) to ILs for a definite time and

temperature.

One of the major areas that needs to be studied for the IL and water binary system is
the long term stability. Each IL of interest should be saturated with water and studied
at elevated temperatures for long periods of time. This will provide insights for the
behavior of the binary mixture and the probability of decomposition of ILs and the
result byproduct. Clearly, decomposition period must be taken into account when trying

to use ILs as absorbents in AHT.

There is a definite need for investigating the viscosity because this parameter affects

other transport properties such as diffusion and thermal conductivity as it affects heat
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and mass transfer. Full knowledge about the viscosity provide an insight into stirring,

mixing and pumping processes.

The questions of how ionic liquids are to be disposed and their effect on environment
should be fully discussed. Further research might explore toxicology and eco-
toxicology of the ILs of interest and their mixtures with water. Aqueous toxicology
investigations are the most important topic of interest concerning ionic liquids
environmental safety. Toxicity of the investigated ILs can be determined for Daphnia
magna. Its response to ionic liquids is, essential for evaluating how these new solvents

will impact an environmental ecosystem.

Furthermore, flammability of the investigated ILs and their mixture with water should

be examined.

Then, a predictive thermodynamic model based on group contribution could be a useful

tool to predict the performance of working fluids containing ionic liquids in AHT.

This work has focused only on single effect absorption heat transformers (AHT) and
completely miscible ionic liquids in water, it would be interesting to study partially
miscible ILs and different configuration of AHT such as absorption-demixing heat
transformer (ADHT) cycle, double stage and double effect absorption heat transformers

(DAHTS), or triple absorption heat transformer (TAHTS) [3, 4, 5].

In this dissertation, we studied binary systems {H>O + ILs} as alternative working
fluids for AHT cycle. The obtained results are promising but further studies on the
interaction  between ionic  liquids and other refrigerants such as
R134a/ethanol/methanol/HFO (HFO-YF1234) /CO; could be performed. A future
study investigating thermodynamic properties of imidazolium, piperidinium and
pyrrolidinium based ionic liquids with different anions such as alkylphosphonates,
dialkylphosphates, dicyanamide and acetate would be interesting. As a final step, a pilot
unit could be instructed in order to evaluate the performance of the investigated binary

systems and to improve the process.
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1.9.1. Annex

1.9.1. {H20 + Ionic liquids} binary systems in literature

Annexes

Table 1.1.: Binary systems composed of {water + ILs} were used in AH cycle.

ILs Refrigerant VLE methods Therm. Prop. Ref.
1,3-dimethylimidazolium Chloride
[DMIM][CI] H,O B. P. method p 1,2
1,3-dimethylimidazolium Tetrafluoroborate
[DMIM][BF:] H,O B. P. method 3
1,3-dimethylimidazolium dimethylphosphate Gy, p, HE,
[DMIM][DMP] H,O B. P. method Viscosity 4,56
1-(2-hydroxyethyl)-3-methylimidazolium
chloride [HOEtMIMI[CI] 10 B. P. method . p !
1-(2-hydroxyethyl)-3-methylimidazolium
Tetrafluoroborate [HOEtMIM][BF4] H.0 B. P. method 8
1-(2-hydroxyethyl)-3-methylimidazolium .0 Fischer Labodest HE 9
trifluoroacetate [HOEtMIM][TFA] 2 apparatus
1-ethyl-3-methylimidazolium .
tetrafluoroborate [EMIM][BF4] H:0 Static method p 10, 11
1-ethyl-3-methylimidazolium iodide .
(EMIMI[I] H,O Static method 10
1-ethyl-3-methylimidazolium C,, p, HE,
dimethylphosphate [EMIM][DMP] H:0 B. P. method Viscosity 12,13, 14
1-ethyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)imide 5E10) Static method 5,15, 16
[EMIM][T£:N] or [(CF3S0O,):N]
1-ethyl-3-methylimidazolium acetate . G, p,
[EMIM][Ac] H,O Dynamic method Viscosity 17, 18
1-ethyl-3-methylimidazolium hydrogen E
sulfate [EMIM][HSO4] H:0 H 19
1-ethyl-3-methylimidazolium ethyl sulfate B. p. method & static | ¢ " e
[EMIM][ESO:] H,O method & Fischer Viscosit 20, 21
¢ Labodest apparatus Y
1-ethyl-3-methylimidazolium diethyl . . . E
phosphate [EMIM][DEP] H,O Circulation still. H 9,22
1-ethyl-3-methylimidazolium Static method &
trifluoromethanesulfonate [EMIM][TFO] H,O Fischer Labodest Cp, p, HE 23,24
[Triflate] apparatus
1-ethyl-3-methylimidazolium trifluoroacetat Fischer Labodest E
[EMIM][TFA] H0 apparatus e p, H 20
1-ethyl-3-methylimidazolium thiocyanate Ebulliometric
[EMIM][SCN] H0 method 19,25, 26
1-ethyl-3-methylimidazolium E
methanesulfonate [EMIM][MeSOs] H0 H ?
1-ethyl-3-methylimidazolium tosylate H.0 Ebulliometric 27
[EMIM][TOS] ’ method
1-butyl-3-methylimidazolium H.0 B.P. method &Static Cp, p, HE, 8 25
tetrafluoroborate [BMIM][BF4] 2 method Viscosity ’
1-butyl-3-methylimidazolium Isobaric
trifluoromethanesulfonate H->O microebulliometer C,, p, HE 28
[BMIM][CFsSOs][TFO][triflate]
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ILs Refrigerant VLE methods Therm. Prop. Ref.
1-butyl-3-methylimidazolium .0 Isobaric 73
methanesulfonate [BMIM][C;SOs] 2 microebulliometer
1-butyl-3-methylimidazolium chloride
[BMIM][CI] H,O Labodest apparatus 28
1-butyl-3-methylimidazolium bromide B. p. method &
H>O Isobaric 28
[BMIM][Br] . .
microebulliometer
.. . Isobaric
1—butyl—3—mc[3}t3hl\§;lllll\n/}1](;zzccillum acetate H,O microebulliometer, 28
Static method
1-butyl-3-methylimidazolium trifluoroacetate 0 Isobaric 73
[BMIM][CF5CO;] 2 microebulliometer
1-butyl-3-methylimidazolium iodide .
[BMIM][I] H>O Static method 29
. . . Isobaric
l—butyl—3—me'[[lgﬁrlr;\1/?]?éoclgin thiocyanate H,O microebulliometer, 28,29
Static method
1-butyl-3-methylimidazolium tosylate .0 Isobaric 73
[BMIM][TOS] § microebulliometer
1-butyl-3-methylimidazolium dicyanamide . .
[BMIM][N(CN)] H,O p, viscosity 30
1-butyl-3-methylimidazolium . .
tricyanomethane [BMIM][C(CN)3] H0 p, viscosity 30
1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide H,O Static method VLE data 15, 31
[BMIM][Tf2N]
1-butyl-3-methylimidazoliumMethylsulfate E
[BMIM][MeSO.] H,O Labosdest app. Cp, p, H 23
1-butyl-3-methylimidazolium dibutyl .0 Ebulliometric 2
phosphate [BMIM][DBP] § method
diethylmethylammonium Methane Sulfonate .
[DEMA][Oms] H,O Dynamic method 17
1-butyl-1-methylpyrrolidiniumdicyanamide H.0 Ebulliometric 32
[BMPYR][DCA] § method
1-butyl-1 -methylpiperidinium dicyanamide 0 Ebulliometric 3
[BMPIP][DCA] : method
1-hexyl-3-methylimidazolium H.0 11
tetrafluoroborate [HMIM][BF.] 2 P
1-butyl-2,3-dimethylimidazolium H,0 0, viscosity 33

tetrafluoroborat [BDMIM][BF4]
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II. Annex

I1.2.1. Vapor Liquid Equilibrium (VLE)

Annexes

Table I1.1: Vapor-liquid equilibrium data of binary system {H>O (1) +

[DMIM][MPh] (2)}.

T(K) ‘ P (kPa) ‘ PNRIL (kPg) ‘ y19® Y1 NRTL
x1=0.94
322.42 11.84 10.78 1.06 0.98
329.68 15.36 15.37 0.97 0.98
336.91 20.90 21.50 0.94 0.97
340.75 25.74 25.53 0.98 0.97
346.42 31.19 32.63 0.93 0.97
350.24 36.68 38.30 0.93 0.97
353.45 42.05 43.69 0.94 0.96
356.48 46.88 49.35 0.93 0.96
358.50 50.21 53.45 0.92 0.96
360.85 55.67 58.57 0.93 0.96
364.64 66.70 67.71 0.96 0.96
366.03 71.38 71.34 0.98 0.96
366.87 71.70 73.61 1.03 0.96
x1=0.90
324.89 10.93 11.22 0.90 0.92
332.22 16.59 15.99 0.97 0.92
338.14 20.76 21.01 0.92 0.92
342.90 26.36 25.96 0.95 0.92
347.95 32.31 32.26 0.94 0.92
352.09 36.15 38.35 0.89 0.91
355.00 42.54 43.18 0.93 0.91
358.25 46.16 49.17 0.88 0.91
361.89 54.84 56.69 0.91 0.91
363.81 62.51 61.03 0.97 0.91
366.66 70.60 67.98 0.98 0.91
370.64 78.64 78.78 0.95 0.91
373.52 86.78 87.45 0.94 0.91
375.84 91.60 95.00 0.91 0.91
x1=0.80
330.88 11.36 11.46 0.79 0.79
347.03 20.27 24.05 0.69 0.80
350.70 24.90 28.15 0.73 0.80
353.54 29.71 31.71 0.77 0.80
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Uncertainty x1, T and y; are 0.005, 0.06 and 0.001, respectively.
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T(K) Pexp (kPa) PNRTL (kPa) ylexp leRTL
357.33 34.58 37.05 0.77 0.80
360.78 40.87 42.55 0.80 0.80
364.11 45.62 48.50 0.78 0.80
366.37 50.25 52.92 0.79 0.80
370.28 57.77 61.36 0.79 0.81
372.37 60.14 66.31 0.76 0.81
373.48 65.66 69.07 0.80 0.81
375.06 71.13 73.17 0.82 0.81
376.82 76.20 71.97 0.83 0.81
378.72 80.81 83.44 0.82 0.81
381.27 87.36 91.28 0.81 0.81
382.55 90.25 95.44 0.80 0.81

x1=0.70
335.89 11.04 10.58 0.70 0.69
357.37 26.39 27.53 0.67 0.71
360.75 32.30 31.62 0.72 0.71
363.13 35.80 34.80 0.73 0.71
369.82 47.76 45.20 0.76 0.72
372.48 50.33 50.00 0.73 0.72
376.22 56.68 57.47 0.72 0.72
379.67 66.70 65.16 0.75 0.72
383.21 71.27 73.93 0.71 0.73
384.80 75.11 78.17 0.71 0.73
386.93 81.84 84.17 0.72 0.73
387.73 84.22 86.52 0.72 0.73
x1=0.59

338.90 9.84 8.41 0.64 0.60
350.80 16.18 14.51 0.64 0.62
358.23 22.48 19.99 0.66 0.62
366.59 31.56 28.14 0.67 0.63
370.76 35.40 33.15 0.65 0.64
378.35 45.51 44.22 0.63 0.64
381.93 50.70 50.42 0.63 0.65
384.49 54.60 55.28 0.62 0.65
387.65 61.11 61.82 0.62 0.65
389.63 66.12 66.24 0.63 0.65
392.49 76.33 73.07 0.67 0.66
393.89 81.13 76.63 0.68 0.66
395.87 87.71 81.90 0.69 0.66
396.25 88.19 82.94 0.68 0.66

ARD 4.45
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Table I1.2: Vapor-liquid equilibrium data of binary system {H>O (1) +

[EMIM][MPh] (2)}.

T(K) ‘ Ppexp (kPa) I PNRTL (kPa) ‘ ylexp leRTL
x1=0.90
329.37 11.92 13.49 0.80 0.90
333.55 15.63 16.40 0.86 0.90
340.92 21.16 22.85 0.83 0.90
344.90 27.26 27.14 0.90 0.90
347.66 30.25 30.50 0.89 0.90
352.74 37.47 37.61 0.90 0.90
355.80 41.56 42.53 0.88 0.90
355.93 45.78 42.75 0.96 0.90
357.43 45.92 45.37 0.91 0.90
360.69 50.97 51.51 0.89 0.90
x1=0.80
338.98 13.70 15.22 0.66 0.73
339.28 13.73 15.42 0.65 0.73
342.25 15.85 17.57 0.66 0.73
347.61 20.78 22.09 0.69 0.73
347.97 20.83 22.42 0.68 0.73
353.88 26.69 28.58 0.69 0.73
354.10 26.80 28.84 0.68 0.73
356.99 30.50 32.35 0.69 0.73
357.29 30.49 32.74 0.68 0.73
361.59 37.99 38.69 0.72 0.73
x1=0.71
343.84 12.37 13.61 0.54 0.60
344.08 12.39 13.75 0.54 0.60
344.22 12.40 13.83 0.54 0.60
351.32 15.76 18.63 0.51 0.60
351.58 15.76 18.83 0.50 0.60
351.81 15.77 19.01 0.50 0.60
352.11 15.79 19.24 0.49 0.60
352.32 15.80 19.41 0.49 0.60
357.79 20.69 24.15 0.51 0.60
358.18 20.64 24.52 0.50 0.60
x1=0.60
350.43 10.53 11.50 0.42 0.46
350.64 10.52 11.60 0.41 0.46
350.91 10.58 11.73 0.41 0.46
350.98 10.59 11.77 0.41 0.46
351.07 10.60 11.81 0.41 0.46
360.04 15.81 16.88 0.43 0.46
360.33 15.92 17.07 0.43 0.46
360.24 15.93 17.01 0.43 0.46
365.55 20.70 20.82 0.45 0.46
366.27 20.77 21.39 0.44 0.46
ARD 9.34

Uncertainty x1, T and y; are 0.005, 0.06 and 0.001, respectively.
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Table I1.3: Vapor-liquid equilibrium data of binary system {H>O (1) + [EMIM][EPh]

(2)}.

T(K) P*® (kPa) l PMRTL (kPg) V1P leRTL

x1 =0.90
326.28 10.69 11.55 0.83 0.89
331.59 15.60 14.95 0.94 0.90
338.94 21.44 21.04 0.92 0.90
341.41 26.02 23.50 1.00 0.91
344.09 26.17 26.46 0.90 0.91
347.86 31.03 31.14 0.91 0.91
351.00 35.55 35.56 0.91 0.91
353.46 40.44 39.38 0.94 0.91
356.65 45.58 44 .85 0.93 0.92
360.43 51.38 52.14 0.91 0.92
362.02 55.48 55.49 0.92 0.92
362.78 60.55 57.15 0.98 0.92
364.21 65.62 60.39 1.00 0.92
367.47 71.18 68.37 0.96 0.92

x1=0.77
337.22 10.16 11.98 0.55 0.65
350.33 22.58 22.02 0.70 0.68
353.76 25.50 25.61 0.68 0.69
357.08 30.56 29.55 0.72 0.70
360.59 34.65 34.27 0.71 0.70
360.96 34.63 34.80 0.70 0.70
361.16 34.61 35.09 0.69 0.70
365.99 42.53 4277 0.71 0.71
367.03 45.03 44.60 0.72 0.72
370.18 50.25 50.55 0.72 0.72
373.50 55.15 57.53 0.70 0.73
376.64 60.98 64.86 0.69 0.74
379.23 65.03 71.49 0.68 0.74
381.33 73.63 77.28 0.71 0.75

x1 =0.68
341.32 10.37 9.98 0.53 0.51
34241 10.53 10.53 0.51 0.51
34991 15.96 15.08 0.56 0.53
356.27 20.92 20.19 0.57 0.55
360.96 25.54 24.85 0.58 0.56
365.47 30.43 30.18 0.58 0.58
370.02 35.11 36.53 0.57 0.59
373.96 40.47 42.92 0.57 0.60
377.07 45.36 48.61 0.57 0.61
379.53 50.50 53.56 0.58 0.62
380.26 57.32 55.11 0.65 0.62
381.70 62.16 58.28 0.67 0.63
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T(K) Ppexp (kPa) PNRTL (kPa) .ylexp .leRTL
383.06 65.94 61.41 0.68 0.63
384.51 70.05 64.91 0.68 0.63

x1=0.60

348.97 10.22 9.67 0.43 0.40
358.73 15.97 15.47 0.45 0.44
365.37 20.72 20.96 0.45 0.46
370.22 25.65 25.98 0.47 0.48
375.12 30.76 32.07 0.47 0.49
378.83 35.64 37.46 0.48 0.51
380.46 40.19 40.07 0.51 0.51
384.91 45.38 47.99 0.50 0.53
387.88 50.50 53.98 0.50 0.54
389.41 55.83 57.31 0.53 0.54
390.63 60.39 60.09 0.55 0.55
391.56 64.49 62.29 0.57 0.55
392.51 73.01 64.60 0.63 0.55

ARD 3.98

Uncertainty x1, T and y, are 0.005, 0.06 and 0.001, respectively.

Table I1.4: Vapor-liquid equilibrium data of binary system {H20 (1) +

[DMIM][MeSO4] (2)}.

T(K) P (kPa) ‘ PMRTL (KPa) ‘ V1o Y NRIL
x1=0.20
293.15 0.63 0.64 1.36 1.37
298.15 0.78 0.77 1.24 1.22
303.75 0.96 0.94 1.10 1.08
313.25 1.32 1.29 0.90 0.88
318.65 1.71 1.53 0.88 0.78
323.45 2.20 1.75 0.88 0.71
328.55 3.05 2.02 0.96 0.63
x1=0.34
295.65 1.04 0.87 1.12 0.93
298.15 1.09 0.97 1.01 0.90
303.25 1.29 1.23 0.89 0.85
308.15 1.52 1.53 0.79 0.80
313.15 1.77 1.89 0.70 0.75
318.15 2.12 2.33 0.65 0.71
323.15 2.70 2.83 0.64 0.67
328.05 3.48 342 0.65 0.64
328.15 3.49 343 0.65 0.64
x1 =0.50
306.25 1.85 2.14 0.73 0.85
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T(K) P (kPa) PMRTL (KPa) . Y WRIL
308.15 2.20 2.35 0.78 0.84
313.15 2.69 3.01 0.73 0.82
318.15 3.29 3.81 0.69 0.80
323.55 4.09 4.88 0.65 0.78
328.75 5.12 6.14 0.63 0.76

x1 = 0.60
293.75 1.44 1.34 1.00 0.93
298.15 1.84 1.73 0.97 0.92

303.65 2.38 2.34 0.91 0.90
308.15 2.87 2.98 0.86 0.89
313.25 3.51 3.87 0.79 0.87
318.85 4.41 5.11 0.74 0.86
323.85 5.40 6.48 0.71 0.85
323.95 5.41 6.51 0.71 0.85

x1 = 0.65

342.88 14.30 17.20 0.72 0.86
346.59 16.82 20.06 0.72 0.86
351.51 20.75 24.47 0.72 0.85
355.65 26.11 28.79 0.77 0.85
358.91 30.43 32.63 0.79 0.85
362.41 35.65 37.21 0.81 0.84
365.51 41.79 41.71 0.84 0.84
368.22 45.18 46.00 0.82 0.84
369.37 51.00 47.93 0.89 0.84
370.88 56.86 50.56 0.94 0.84
370.28 60.74 49.50 1.03 0.84
372.31 66.34 53.17 1.04 0.84

x1=0.70

331.75 10.70 11.82 0.82 0.91
343.20 17.17 19.56 0.79 0.90
349.81 21.86 25.73 0.76 0.89
353.75 25.69 30.13 0.76 0.89
360.33 33.88 38.89 0.77 0.89
360.79 35.34 39.57 0.79 0.89
363.74 39.87 44.21 0.80 0.89
366.62 45.62 49.16 0.82 0.88
369.92 49.66 55.39 0.79 0.88
370.96 55.40 57.49 0.85 0.88
373.04 61.22 61.87 0.87 0.88
373.40 64.51 62.66 0.91 0.88
376.02 71.97 68.64 0.92 0.88
377.56 75.20 72.37 0.91 0.88
379.22 78.60 76.58 0.90 0.88
380.23 83.12 79.23 0.92 0.88
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T(K) P (kPa) PMRTL (KPa) . Y WRIL
382.11 87.66 84.38 0.91 0.88
x1=0.70
293.15 1.49 1.56 0.91 0.96
298.35 1.96 2.12 0.88 0.95
303.15 2.47 2.79 0.83 0.94
308.35 3.11 3.71 0.78 0.93
313.45 3.88 4.86 0.74 0.93
318.15 4.80 6.18 0.72 0.92
323.15 6.01 791 0.70 0.92
x1 =0.74
330.28 11.33 12.12 0.88 0.94
343.82 18.60 22.12 0.78 0.93
346.40 20.85 24.66 0.78 0.93
353.50 28.29 32.95 0.79 0.92
355.23 30.57 35.29 0.80 0.92
359.42 36.60 41.55 0.81 0.92
361.40 40.39 44.82 0.83 0.92
364.91 45.75 51.13 0.82 0.92
367.70 49.57 56.66 0.80 0.92
369.45 55.80 60.38 0.85 0.92
37143 60.19 64.83 0.85 0.92
372.82 65.61 68.11 0.88 0.92
375.76 72.52 75.51 0.88 0.92
376.55 75.64 77.61 0.89 0.92
378.53 84.31 83.08 0.93 0.92
381.11 89.40 90.68 0.90 0.91
x1=0.79
325.82 10.43 10.74 0.93 0.96
337.04 16.91 18.08 0.90 0.96
344 91 22.64 25.47 0.85 0.95
346.98 25.45 27.79 0.87 0.95
351.80 30.74 33.89 0.86 0.95
355.58 35.44 39.43 0.86 0.95
358.70 40.11 44.56 0.86 0.95
361.48 45.17 49.59 0.87 0.95
363.90 50.45 54.34 0.88 0.95
366.51 55.43 59.89 0.88 0.95
369.04 60.98 65.71 0.88 0.95
370.61 65.17 69.55 0.89 0.95
373.58 69.70 77.33 0.85 0.95
374.46 75.10 79.77 0.89 0.95
374.59 75.00 80.14 0.89 0.95
375.54 79.10 82.85 0.91 0.95
376.58 82.40 85.91 0.91 0.95
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T(K) P (kPa) PMRTL (KPa) . Y WRIL
376.94 85.11 86.99 0.93 0.95
378.66 89.62 92.31 0.92 0.95

x1 =0.80
293.15 1.99 1.82 1.07 0.98
298.65 2.72 2.54 1.05 0.98
302.45 3.34 3.16 1.03 0.97
308.15 4.44 4.35 0.99 0.97
313.15 5.63 5.70 0.96 0.97
318.15 7.14 7.38 0.93 0.97
323.15 8.96 9.48 0.91 0.96

x1 =0.84
329.78 13.43 14.07 0.93 0.98
332.70 15.62 16.12 0.95 0.98
339.83 20.96 22.23 0.92 0.98
345.11 26.63 27.94 0.93 0.98
348.77 30.91 32.58 0.92 0.97
353.98 35.70 40.30 0.86 0.97
355.47 40.47 42.77 0.92 0.97
358.42 44.85 48.03 0.91 0.97
360.57 50.19 52.20 0.94 0.97
363.17 58.88 57.64 0.99 0.97
366.75 64.13 65.91 0.95 0.97
367.94 69.26 68.86 0.98 0.97
368.91 69.95 71.35 0.95 0.97
370.23 74.26 74.86 0.96 0.97
371.90 79.01 79.50 0.97 0.97
373.99 82.79 85.65 0.94 0.97

x1 =0.89
293.25 2.32 2.09 1.11 0.99
298.15 3.07 2.81 1.09 0.99
303.15 4.01 3.76 1.06 0.99
308.15 5.16 4.98 1.03 0.99
313.15 6.61 6.53 1.00 0.99
318.15 8.42 8.48 0.98 0.99
323.15 10.59 10.91 0.96 0.99
323.15 10.60 10.91 0.96 0.99

317.70 8.24 8.29 0.98 0.99
32191 10.40 10.27 1.00 0.99
330.78 15.85 15.77 0.99 0.99
337.24 21.06 21.21 0.98 0.99
341.44 25.74 25.55 1.00 0.99
345.80 31.60 30.82 1.01 0.99
350.10 36.17 36.89 0.97 0.99
353.51 40.65 42.39 0.95 0.99
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T(K) Pexp (kPa) PNRTL (kPa) ylexp leRTL
357.95 45.49 50.57 0.89 0.99
359.87 50.43 54.49 0.91 0.99
361.23 55.21 57.43 0.95 0.99
363.25 60.79 62.02 0.97 0.99
364.68 65.69 65.46 0.99 0.99
367.52 73.30 72.76 0.99 0.99
368.26 75.56 74.77 1.00 0.99
371.16 83.47 83.09 0.99 0.99
373.98 90.30 91.90 0.97 0.99

ARD 8.42
Uncertainty x1, T and y;are 0.005, 0.1 and 0.06, respectively.
Table I1.5: Vapor-liquid equilibrium data of binary system {H2O (1) +
[EMIM][MeSO4] (2)}.
T(K) l Pexp (kPa) ’ PNRTL (kPa) ‘ ylexp leRTL
x1=0.21
293.25 0.86 0.75 1.75 1.52
298.15 1.06 0.98 1.60 1.48
303.15 1.23 1.18 1.39 1.34
308.15 1.39 1.31 1.19 1.12
x1=0.32
293.15 1.09 1.11 1.47 1.50
298.15 1.34 1.43 1.34 1.43
303.15 1.60 1.73 1.19 1.28
308.15 1.87 1.95 1.05 1.10
313.25 2.23 2.09 0.95 0.89
x1=0.49
293.15 1.63 1.63 1.41 1.41
298.15 2.11 2.05 1.35 1.31
303.15 2.50 2.50 1.19 1.19
308.15 291 2.95 1.05 1.06
313.15 3.34 341 0.92 0.94
x1=0.64
293.15 1.80 1.91 1.21 1.29
298.15 2.28 243 1.13 1.20
303.45 2.85 3.05 1.04 1.11
308.15 3.46 3.71 0.97 1.04
313.05 4.17 4.51 0.89 0.97
327.55 8.89 8.23 0.90 0.84
329.15 9.02 8.80 0.85 0.83
331.75 10.43 9.79 0.87 0.82
346.99 20.37 18.52 0.86 0.78
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T(K) Pexp (kPa) PNRTL (kPa) ylexp leRTL
347.08 20.40 18.59 0.86 0.78
347.22 20.45 18.69 0.86 0.78
334.68 11.49 11.06 0.84 0.80
335.11 11.52 11.26 0.82 0.80
342.33 16.02 15.23 0.83 0.79
342.58 16.06 15.39 0.82 0.79
342.91 16.09 15.61 0.81 0.79
348.07 20.67 19.37 0.84 0.78
348.48 20.75 19.71 0.83 0.78
348.66 20.89 19.85 0.82 0.78
348.74 20.91 19.92 0.82 0.78
353.95 26.64 24.74 0.85 0.79
354.27 26.69 25.07 0.84 0.79
356.40 30.87 27.37 0.89 0.79
356.81 30.95 27.83 0.88 0.79
357.21 31.04 28.29 0.87 0.79
359.38 36.22 30.92 0.93 0.79
359.55 36.25 31.13 0.92 0.79
359.63 36.28 31.23 0.92 0.79
359.74 36.31 31.37 0.92 0.79

X1= 0.69
329.29 10.72 10.02 0.93 0.87
342.64 16.72 17.83 0.79 0.85
341.13 16.25 16.72 0.82 0.85
346.59 21.49 21.10 0.86 0.85
350.26 26.32 24.62 0.91 0.85
355.76 30.61 30.93 0.84 0.85
357.51 35.60 33.23 0.91 0.85
361.52 40.82 39.07 0.90 0.86
365.57 47.47 45.89 0.90 0.87
368.43 50.80 51.31 0.86 0.87
x1=0.74
323.67 9.24 8.71 0.98 0.93
32741 10.31 10.33 0.91 0.92
340.35 17.26 18.36 0.84 0.90
346.63 22.10 24.07 0.82 0.90
356.61 35.75 36.46 0.89 0.90
359.70 40.63 41.29 0.89 0.91
366.57 55.28 54.08 0.94 0.92
372.14 65.00 66.80 0.90 0.92
374.43 69.56 72.72 0.89 0.93
376.02 73.39 77.09 0.88 0.93
344.30 21.22 21.79 0.87 0.90
349.47 25.91 27.14 0.86 0.90
352.48 30.29 30.77 0.89 0.90
362.98 46.04 47.03 0.89 0.91
365.31 50.33 51.50 0.89 0.91
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T(K) Pexp (kPa) PNRTL (kPa) ylexp leRTL
367.40 55.28 55.83 0.91 0.92
370.35 61.10 62.46 0.90 0.92
375.29 70.60 75.06 0.87 0.93

x1=0.79
336.66 15.80 17.23 0.86 0.94
344.60 22.01 24.40 0.84 0.93
348.84 26.41 29.23 0.85 0.94
352.29 30.77 33.75 0.85 0.94
355.63 35.48 38.69 0.86 0.94
358.67 41.20 43.72 0.89 0.94
361.78 45.80 49.43 0.87 0.94
363.76 50.61 53.40 0.90 0.95
366.22 56.09 58.69 0.91 0.95
368.55 60.76 64.11 0.90 0.95
370.98 64.87 70.20 0.88 0.95
372.93 68.97 75.44 0.87 0.95
373.37 70.80 76.66 0.88 0.95
374.20 73.40 79.02 0.89 0.96
375.66 78.16 83.31 0.90 0.96
377.59 81.60 89.29 0.88 0.96
379.40 87.20 95.21 0.88 0.96
x1=0.84
323.39 11.08 10.24 1.05 0.97
334.90 17.49 17.56 0.96 0.97
338.78 21.01 2091 0.97 0.97
343.94 26.38 26.21 0.97 0.97
346.99 30.87 29.86 1.00 0.97
351.25 35.39 35.69 0.96 0.97
354.56 40.59 40.87 0.96 0.97
356.57 45.89 44.31 1.00 0.97
359.60 5041 49.97 0.98 0.97
361.58 55.52 53.98 1.00 0.97
363.68 60.09 58.54 1.00 0.97
365.91 64.83 63.72 0.99 0.97
368.26 70.30 69.60 0.99 0.98
370.37 76.35 75.26 0.99 0.98
373.49 80.00 84.32 0.93 0.98
373.73 85.09 85.05 0.98 0.98
375.25 90.58 89.82 0.99 0.98
x1=0.84
293.15 2.85 2.14 1.44 1.08
298.15 4.22 2.82 1.58 1.05
303.15 5.12 3.69 1.43 1.03
308.15 6.14 4.79 1.29 1.01
313.15 7.38 6.19 1.18 0.99
x1=0.90
322.69 12.79 10.69 1.18 0.99
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T(K) Pexp (kPa) PNRTL (kPa) ylexp leRTL
323.89 13.07 11.34 1.14 0.99
330.25 16.25 15.38 1.04 0.99
333.73 21.24 18.08 1.16 0.99
340.20 28.78 24.20 1.17 0.99
344.08 31.62 28.66 1.09 0.99
346.78 37.34 32.16 1.15 0.99
348.67 40.63 34.82 1.15 0.99
352.02 46.06 40.00 1.14 0.99
354.20 50.10 43.70 1.13 0.99
359.64 55.08 54.23 1.00 0.99
360.44 59.81 55.95 1.06 0.99
361.89 65.28 59.17 1.09 0.99
364.18 70.20 64.58 1.08 0.99
366.39 75.33 70.18 1.06 0.99
367.70 80.41 73.69 1.08 0.99
369.20 84.16 77.89 1.07 0.99
370.28 88.97 81.03 1.09 0.99
371.55 90.11 84.87 1.05 0.99

ARD 9.57

Uncertainty x1, T and y; are 0.005, 0.06 and 0.001, respectively.

Table I1.6: Vapor-liquid equilibrium data of binary system {H20 (1) +

[BMIM][DCA] (2)}.

T(K) ‘ P (kPa) ‘ PNRTL (kPg) ‘ Y ‘ Y, NRTL
x1=0.90
321.00 11.12 10.74 1.11 1.07
328.58 15.91 15.60 1.10 1.08
334.61 20.96 20.71 1.09 1.08
338.38 25.81 24.57 1.13 1.08
342.93 30.86 30.03 1.11 1.08
343.52 31.03 30.81 1.09 1.08
346.40 35.74 34.86 1.11 1.08
347.23 36.01 36.10 1.08 1.08
348.03 36.15 37.34 1.05 1.08
349.50 40.46 39.70 1.10 1.08
352.60 45.44 45.11 1.09 1.08
353.60 45.91 46.98 1.06 1.08
355.13 50.31 49.96 1.09 1.08
355.29 50.49 50.29 1.09 1.08
357.46 56.62 54.82 1.12 1.08
357.83 56.84 55.62 1.11 1.08
359.43 60.77 59.22 1.11 1.08
360.31 61.11 61.28 1.08 1.08

162




Annexes

T(K) Pex (kPa) PNRTL (kPa) ylexp leRTL
361.67 65.35 64.58 1.09 1.08
363.46 71.20 69.16 1.11 1.08
364.63 78.04 72.29 1.17 1.08
365.48 80.25 74.64 1.16 1.08
367.33 85.72 79.97 1.16 1.08
369.50 91.28 86.62 1.14 1.08

x1=0.85
319.44 9.44 9.60 1.09 1.10
322.46 11.36 11.18 1.12 1.10
323.15 11.43 11.57 1.09 1.10
329.52 15.80 15.76 1.11 1.10
335.23 20.79 20.56 1.12 1.10
335.56 20.85 20.87 1.10 1.10
341.02 26.53 26.62 1.10 1.10
344.13 30.61 30.46 1.11 1.10
344.42 30.65 30.84 1.10 1.10
347.69 35.54 35.42 1.11 1.10
348.96 35.64 37.34 1.05 1.10
351.85 40.66 42.05 1.07 1.10
352.35 40.74 42.92 1.05 1.10
355.14 45.28 48.01 1.04 1.10
357.91 49.88 53.56 1.03 1.10
360.99 55.26 60.35 1.01 1.10
362.71 61.36 64.44 1.05 1.10
364.72 65.48 69.51 1.04 1.10
366.41 72.61 74.03 1.08 1.10
367.19 75.14 76.20 1.09 1.10
369.60 81.07 83.22 1.07 1.10
370.07 86.93 84.65 1.13 1.10
373.01 91.25 94.07 1.07 1.10
x1=0.80
324.72 12.26 11.78 1.15 1.11
325.49 12.29 12.23 1.11 1.11
325.86 12.32 12.45 1.09 1.11
330.30 15.48 15.37 1.11 1.10
330.74 15.55 15.69 1.09 1.10
336.56 20.98 20.47 1.13 1.10
336.90 21.10 20.79 1.12 1.10
341.91 25.67 25.90 1.09 1.10
342.18 25.74 26.20 1.08 1.10
346.54 31.05 31.53 1.08 1.10
346.84 31.16 31.92 1.07 1.10
350.05 35.72 36.45 1.07 1.09
352.61 40.67 40.43 1.10 1.09
353.47 40.91 41.84 1.07 1.09
356.29 45.96 46.78 1.07 1.09
357.77 50.16 49.56 1.10 1.09
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T(K) Pex (kPa) PNRTL (kPa) ylexp leRTL
359.77 50.69 53.53 1.03 1.09
359.59 54.92 53.16 1.13 1.09
360.65 54.99 55.36 1.08 1.09
363.11 61.21 60.75 1.10 1.09
363.40 61.49 61.41 1.09 1.09
364.62 65.78 64.26 1.11 1.09
364.98 66.16 65.13 1.10 1.09
366.66 72.51 69.28 1.14 1.09
368.09 75.69 72.99 1.13 1.09
369.61 80.45 77.11 1.13 1.08
371.77 85.70 83.29 1.11 1.08
372.87 90.35 86.60 1.13 1.08
373.22 90.46 87.67 1.12 1.08

X1= 0.75
33391 15.84 16.60 1.03 1.08
340.07 21.13 21.80 1.04 1.07
345.36 25.66 27.29 1.00 1.06
350.26 30.92 33.36 0.98 1.06
353.12 35.21 37.39 1.00 1.06
356.07 40.78 41.97 1.02 1.05
358.13 45.48 45.44 1.05 1.05
362.25 52.46 53.09 1.04 1.05
363.48 55.71 55.57 1.05 1.05
365.03 61.28 58.83 1.09 1.05
365.98 61.41 60.90 1.05 1.04
368.05 65.78 65.63 1.05 1.04
371.50 71.86 74.18 1.01 1.04
373.38 75.20 79.20 0.99 1.04
374.79 80.50 83.16 1.00 1.04
375.88 86.18 86.32 1.03 1.04
377.05 90.04 89.82 1.04 1.03
x1=0.70
326.61 10.68 10.49 1.05 1.03
325.73 10.60 10.07 1.09 1.04
335.60 15.94 15.80 1.03 1.02
342.15 20.96 20.95 1.01 1.01
346.37 25.49 24.95 1.03 1.01
350.64 30.72 29.63 1.04 1.00
355.11 35.77 35.30 1.01 0.99
358.07 40.81 39.51 1.02 0.99
358.59 41.12 40.30 1.01 0.99
360.90 45.74 43.93 1.03 0.99
364.63 50.29 50.36 0.98 0.98
366.55 55.32 53.96 1.00 0.98
369.67 60.46 60.25 0.98 0.97
372.16 65.43 65.70 0.97 0.97
374.15 71.17 70.33 0.98 0.97
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T(K) Pex (kPa) PNRTL (kPa) ylexp leRTL
376.01 74.68 74.90 0.96 0.96
378.36 80.49 81.02 0.96 0.96
379.90 85.30 85.24 0.96 0.96
381.57 90.39 90.02 0.96 0.96

ARD 2.42

Uncertainty x1, T and y; are 0.005, 0.06 and 0.001, respectively.

Table I1.7: Vapor-liquid equilibrium data of binary system {H>O (1) + [BMIM][AC]

@}
T(K) ‘ P (kPa) ‘ PNRTL (kPa) ylexp leRTL
x1=0.90
324.16 12.81 10.33 1.11 0.89
326.89 12.86 11.81 0.97 0.89
327.47 12.88 12.14 0.95 0.89
327.67 12.90 12.26 0.94 0.89
330.02 15.45 13.72 1.00 0.89
330.76 15.48 14.20 0.97 0.89
33141 15.50 14.64 0.94 0.89
338.21 21.52 19.99 0.96 0.89
338.71 21.62 20.45 0.94 0.89
343.22 25.92 24.92 0.93 0.89
343.45 25.92 25.17 0.92 0.89
343.63 25.93 25.37 0.91 0.89
346.41 30.81 28.57 0.96 0.89
350.48 35.75 33.86 0.94 0.89
350.87 35.87 34.41 0.93 0.89
353.86 40.51 38.86 0.93 0.89
354.03 40.55 39.13 0.92 0.89
356.48 46.26 43.15 0.96 0.89
357.04 46.30 44.12 0.94 0.89
359.30 50.19 48.20 0.93 0.89
360.20 50.67 49.92 0.90 0.89
363.37 55.83 56.36 0.88 0.89
365.99 60.80 62.20 0.87 0.89
366.74 64.94 63.96 0.91 0.89
368.53 65.25 68.33 0.85 0.89
369.48 70.08 70.74 0.88 0.89
369.59 69.70 71.03 0.87 0.89
370.45 74.27 73.29 0.90 0.89
372.23 79.60 78.15 0.91 0.89
x1=0.79
337.82 14.12 13.65 0.72 0.69
338.06 14.15 13.80 0.71 0.69
339.93 15.24 15.00 0.70 0.69
340.15 15.31 15.14 0.70 0.69
340.50 15.31 15.38 0.69 0.69

165




Annexes

T(K) Pex (kPa) PNRTL (kPa) ylexp leRTL
347.57 21.10 20.84 0.70 0.69
347.71 21.14 20.97 0.70 0.69
352.96 26.11 26.04 0.70 0.69
353.04 26.43 26.12 0.70 0.69
353.06 26.41 26.14 0.70 0.69
355.92 30.53 29.32 0.72 0.69
356.64 30.61 30.17 0.70 0.69
357.52 30.71 31.24 0.68 0.69
359.02 31.08 33.13 0.65 0.69
360.20 35.66 34.68 0.71 0.69
361.17 35.90 36.00 0.69 0.69
363.65 40.25 39.58 0.71 0.69
363.97 40.32 40.06 0.70 0.69
364.89 40.40 41.47 0.68 0.69
367.05 45.03 44.95 0.69 0.69
367.28 45.05 45.33 0.69 0.69
370.76 51.12 51.49 0.69 0.69
371.13 51.05 52.19 0.68 0.69
371.23 51.20 52.38 0.68 0.69
373.09 56.52 55.99 0.70 0.69
373.30 56.58 56.41 0.70 0.69
374.04 60.99 57.92 0.73 0.69
375.13 60.97 60.20 0.70 0.69
376.51 60.92 63.18 0.67 0.69
377.11 61.02 64.52 0.66 0.69
377.33 61.02 65.02 0.65 0.69

x1=0.68

344.04 10.48 9.97 0.47 0.45
344.33 10.51 10.09 0.47 0.45
347.90 12.31 11.74 0.47 0.45
349.07 12.26 12.33 0.45 0.45
350.12 12.24 12.88 0.43 0.45
353.75 16.09 14.94 0.48 0.45
354.39 16.09 15.33 0.47 0.45
363.46 21.03 21.83 0.43 0.45
363.65 21.39 21.99 0.44 0.45
364.13 21.39 22.39 0.43 0.45
368.74 25.61 26.58 0.43 0.45
369.57 25.63 27.40 0.42 0.45
373.82 30.19 31.93 0.42 0.45
374.56 30.19 32.78 0.41 0.45
378.88 35.69 38.12 0.42 0.45
380.93 35.74 40.90 0.39 0.45
383.41 40.02 44.47 0.40 0.45
384.29 40.13 45.80 0.39 0.45
386.61 45.12 49.46 0.41 0.45
386.80 45.15 49.77 0.41 0.45
389.14 50.01 53.72 0.42 0.45
389.57 50.36 54.48 0.42 0.45
389.62 50.35 54.57 0.41 0.45

ARD 4.44

Uncertainty x1, T and y; are 0.005, 0.06 and 0.001, respectively.
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I1.2.2. Heat capacity (Cp)
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Table I1.8: Experimental molar heat capacity and excess molar heat capacity of the
binary system {H>O (1) + [EMIM][EPh] (2)}.

X2 0 | 012 | 019 | 03 | 04 [ 048 | 058 | 068 | 08 | 087 | 1
T(K) Cp (J.mol.K)

301.15 | 7534 | 11437 | 125.5 | 157.62 | 194.16 | 223.45 | 249.00 | 275.60 | 301.10 | 331.34 | 365.43
303.15 | 75.31 | 114.53 | 125.77 | 158.38 | 194.39 | 224.20 | 250.00 | 275.64 | 300.23 | 330.95 |368.43
305.15 | 75.29 | 114.71 | 12558 | 158.45 | 195.27 | 225.22 | 250.40 | 275.73 | 300.29 | 331.79 |372.63
308.15 | 75.27 | 115.01 | 125.98 | 159.47 | 194.91 | 225.26 | 257.02 | 276.30 | 300.52 | 330.62 |375.46
309.15 | 75.26 | 115.11 | 126.12 | 159.74 | 195.24 | 225.47 | 258.00 | 275.76 | 301.24 | 330.59 |376.41
313.15 | 75.24 | 11556 | 126.91 | 160.91 | 195.90 | 226.21 | 260.37 | 276.36 | 300.93 | 330.62 |379.75
317.15 | 75.24 | 115.90 | 127.21 | 161.94 | 196.29 | 227.21 | 261.81 | 276.84 | 301.40 | 330.82 |385.35
318.15 | 75.24 | 116.07 | 127.43 | 162.22 | 196.54 | 227.18 | 262.50 | 276.77 | 301.52 | 330.65 |385.45
321.15 | 75.24 | 116.40 | 127.89 | 163.17 | 197.01 | 228.15 | 264.06 | 276.80 | 301.88 | 330.42 |388.11
323.15 | 75.25 | 116.60 | 128.22 | 163.66 | 197.35 | 228.40 | 264.67 | 277.01 | 302.18 | 330.49 |388.56
325.15 | 75.25 | 116.77 | 128.45 | 164.29 | 197.66 | 229.01 | 265.22 | 277.16 | 302.42 | 330.49 |389.65
328.15 | 75.27 | 117.08 | 128.99 | 165.07 | 198.12 | 229.92 | 265.98 | 277.39 | 303.04 | 330.50 |390.49
329.15 | 75.28 | 117.19 | 129.14 | 165.35 | 198.21 | 229.97 | 266.53 | 277.47 | 303.01 | 330.61 |390.48
333.15 | 7531 | 117.62 | 129.74 | 166.5 | 198.86 | 230.97 | 266.79 | 277.81 | 303.44 | 330.43 |388.79
337.15 | 7535 | 118.01 | 130.39 | 167.62 | 199.48 | 231.93 | 266.46 | 278.12 | 303.86 | 330.58 | 386.23
T(K) C,* (J.mol LK)

30115 0 297 [ 356 | -6.05 | 354 | 886 | 468 | 291 | -6.03 | 508 | 0
30315 0 278 | -3.83 | 618 | 259 | 819 | 395 | 092 | -929 | 209 | 0©
30515 | 0 246 | 478 | 738 | 1.82 | 721 | 191 | -1.83 | -12.57 | 069 | 0
30815 | 0 243 | 488 | 721 | 035 | 590 | 689 | 319 | -146 | 432 | 0
309.15| 0 242 | 491 | 722 | 030 | 5.66 | 732 | 437 | -1464 | 517 | 0
31315 0 246 | 473 | 7106 | 036 | 481 | 775 | 604 | -17.61 | 802 | 0
31715 | 0 212 | 546 | 773 | 218 | 3.2 | 594 | 936 | -21.62 | -12.66 | 0
31815 | 0 227 | 526 | 748 | -1.97 | 304 | 656 | -9.50 | -21.58 | -1293 | 0
2115 0 227 | 530 | 734 | 257 | 273 | 657 | -11.28 | -23.35 | -1546 | 0
32315 0 241 | 505 | 699 | 24 | 277 | 691 | -11.38 | -23.40 | -1578 | 0
32515 0 243 | 503 | 670 | 253 | 285 | 6.83 | -11.97 | -24.03 | -1671 | 0
32815| 0 263 | 466 | -6.19 | 242 | 334 | 7.09 | -12.33 | 2410 | -17.44 | 0
32915| 0 273 | 451 | 591 | 233 | 340 | 7.64 | -1224 | 2412 [-1732 [ 0O
33315 0 335 | -3.63 | 427 | -1.03 | 5.9 | 888 | -10.76 | -22.34 | -16.04 | 0
337.15] 0 401 | 254 | 239 | 058 | 736 | 10.02 | -8.72 | -19.88 | -13.68 | 0
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Table I1.9: Experimental molar heat capacity and excess molar heat capacity of the
binary system {H2O (1) + [DMIM][MeSOs] (2)}.

X2 000 [ 010 [ 020 [ 030 | 040 [ 051 [ 060 [ 071 [ 1.00

T(K) C, (J.mol'.K1)

301.15 75.34 103.50 125.39 149.47 176.77 207.44 230.45 256.98 325.39

303.15 75.31 103.90 125.57 149.65 177.38 207.58 230.65 257.21 325.70

305.15 75.29 104.68 125.90 149.83 177.44 207.75 231.08 257.44 326.34

308.15 75.27 104.63 126.13 150.10 177.54 208.00 231.58 257.82 327.12

309.15 75.26 104.77 126.21 150.19 177.54 208.00 231.65 25791 327.14

313.15 75.24 105.30 126.52 150.56 178.01 208.41 232.48 258.56 328.54

317.15 75.24 105.78 126.89 150.92 178.44 208.68 233.18 258.69 329.58

318.15 75.24 105.85 126.99 151.01 178.51 208.76 233.36 258.81 329.87

321.15 75.24 106.23 127.35 151.28 178.58 209.14 233.88 259.16 330.73

323.15 75.25 106.51 127.48 151.47 178.74 209.29 234.50 259.54 331.63

325.15 75.25 106.71 127.67 151.65 178.97 209.41 234.73 259.68 331.94

328.15 75.27 107.02 127.96 151.92 179.09 209.66 235.25 260.03 332.79

329.15 75.28 107.18 128.05 152.01 179.23 209.70 23545 260.15 333.08

333.15 75.31 107.66 128.45 152.37 179.59 210.12 236.31 260.80 334.36

337.15 75.35 108.10 128.83 152.74 179.88 210.34 237.00 261.13 335.33

T(K) C,F (J.mol'.K™)

301.15 | 0.00 2.30 20.66 “1.36 0.23 4.47 4.86 5.16 0.00
303.15 | 0.00 2.70 0.52 126 0.73 4.47 4.88 5.17 0.00
305.15 | 0.00 3.43 0.31 125 0.55 432 4.94 4.96 0.00
308.15 | 0.00 3.32 0.22 120 0.35 4.19 4.97 4.79 0.00
309.15 | 0.00 3.46 0.13 111 0.35 4.18 5.03 4.87 0.00
313.15 | 0.00 3.87 20.09 1.16 0.26 3.89 5.03 4.55 0.00
317.15 | 0.00 425 0.07 1.10 0.28 3.63 5.11 3.94 0.00
318.15 | 0.00 4.29 0.11 1.10 0.23 3.56 5.12 3.85 0.00
321.15 | 0.00 4.58 0.30 “1.09 0.05 3.50 5.12 3.59 0.00
32315 | 0.00 4.76 0.24 118 0.26 3.19 5.19 3.35 0.00
325.15 | 0.00 491 0.36 1.10 0.16 3.15 5.3 3.26 0.00
328.15 | 0.00 5.12 0.46 1,10 0.40 2.95 5.23 3.00 0.00
329.15 | 0.00 5.24 0.49 1.10 0.37 2.84 5.26 291 0.00
333.15 | 0.00 5.56 0.61 1.15 0.56 2.59 533 2.65 0.00
337.15 | 0.00 5.86 0.76 1.10 0.69 2.30 5.43 2.29 0.00
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Table I1.10: Experimental molar heat capacity and excess molar heat capacity of the
binary system {H>O (1) + [EMIM][MeSO4] (2)}.

x2 000 | o011 | 020 | 031 | 040 | 050 | 060 | 081 | 1.00

T(K) C, (J.mol'L K1)

301.15 75.34 107.87 139.23 166.68 188.70 | 217.21 245.22 310.39 369.17

303.15 75.31 107.87 139.32 167.04 188.89 217.57 245.85 310.57 369.33

305.15 75.29 107.98 139.56 167.27 189.43 217.86 246.45 310.75 369.49

308.15 75.27 108.34 139.93 167.90 189.83 218.02 247.20 311.06 369.73

309.15 75.26 108.50 140.12 167.53 190.22 218.36 247.46 311.13 369.78

313.15 75.24 108.63 140.56 168.58 190.52 219.00 248.58 311.45 370.11

317.15 75.24 108.96 140.89 169.00 191.26 219.46 249.59 311.84 370.37

318.15 75.24 108.99 141.02 169.16 191.33 219.89 249.86 311.78 370.44

321.15 75.24 109.37 141.56 169.75 191.82 220.08 250.72 312.06 370.88

323.15 75.25 109.49 141.70 170.00 192.26 220.44 251.24 312.43 370.89

325.15 75.25 109.57 141.95 170.32 192.51 22091 251.73 312.51 371.01

328.15 75.27 109.96 142.22 170.75 193.00 221.21 252.46 312.78 371.36

329.15 75.28 109.98 142.52 170.91 193.22 221.30 252.73 312.87 371.43

333.15 75.31 110.30 143.02 171.69 193.79 222.09 253.79 313.16 371.57

337.15 75.35 110.67 143.57 172.24 194.55 222.65 254.95 313.60 371.98

T(K) CpF (J.mol.K1)
301.15 0.00 1.30 4.47 0.22 -4.26 -5.07 -6.77 -1.57 0.00
303.15 0.00 1.30 4.55 0.55 -4.11 -4.78 -6.22 -1.52 0.00
305.15 0.00 1.42 4.78 0.74 -3.63 -4.56 -5.72 -1.46 0.00
308.15 0.00 1.77 5.12 1.32 -3.31 -4.51 -5.10 -1.34 0.00
309.15 0.00 1.93 5.30 0.94 -2.94 -4.19 -4.86 -1.31 0.00
313.15 0.00 2.04 5.69 1.90 -2.76 -3.71 -3.94 -1.25 0.00
317.15 0.00 2.35 5.98 2.25 -2.11 -3.37 -3.08 -1.06 0.00
318.15 0.00 2.38 6.09 2.38 -2.08 -2.97 -2.85 -1.18 0.00
321.15 0.00 2.70 6.54 2.83 -1.77 -3.01 -2.26 -1.26 0.00
323.15 0.00 2.82 6.67 3.07 -1.34 -2.66 -1.75 -0.90 0.00
325.15 0.00 2.87 6.90 3.35 -1.14 -2.25 -1.34 -0.92 0.00
328.15 0.00 3.21 7.09 3.66 -0.80 -2.13 -0.81 -0.93 0.00
329.15 0.00 3.22 7.36 3.80 -0.60 -2.08 -0.60 -0.90 0.00
333.15 0.00 349 7.80 4.51 -0.11 -1.38 0.37 -0.72 0.00
337.15 0.00 3.78 8.24 4.90 0.46 -1.04 1.27 -0.63 0.00
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Table I1.11: Experimental molar heat capacity and excess molar heat capacity of the

binary system {H>O (1) + [BMIM][DCA] (2)}.

X2 000 | 011 | 020 | 030 | 039 | 049 | 061 | 070 | 086 | 1.00
T(K) Cp (J.mol.K")
301.15 | 7534 | 108.67 | 13532 | 160.99 | 181.53 | 202.88 | 230.92 | 255.83 | 301.26 | 336.73
303.15 | 7531 | 108.75 | 13544 | 161.17 | 181.77 | 202.94 | 231.26 | 256.09 | 301.37 | 337.18
305.15 | 75.29 | 108.86 | 135.55 | 161.34 | 181.84 | 203.00 | 231.61 | 256.38 | 301.74 | 337.63
308.15 | 7527 | 109.04 | 135.69 | 161.66 | 182.37 | 203.22 | 232.21 | 256.75 | 301.97 | 338.16
309.15 | 75.26 | 109.10 | 135.85 | 161.74 | 182.49 | 203.28 | 232.03 | 256.87 | 302.05 | 338.38
313.15 | 7524 | 109.38 | 136.00 | 161.99 | 182.79 | 203.62 | 232.87 | 257.36 | 302.31 | 339.38
317.15 | 7524 | 109.65 | 13622 | 162.43 | 183.26 | 203.78 | 233.28 | 257.64 | 302.68 | 340.54
318.15 | 7524 | 109.69 | 13630 | 162.52 | 183.38 | 203.95 | 233.53 | 257.87 | 302.78 | 340.75
32115 | 7524 | 109.85 | 136.45 | 162.70 | 183.85 | 204.19 | 233.83 | 258.05 | 303.15 | 341.04
323.15 | 7525 | 109.98 | 136.59 | 162.91 | 183.93 | 204.25 | 230.32 | 258.31 | 303.31 | 341.71
325.15 | 7525 | 110.11 | 136.70 | 163.09 | 184.16 | 204.39 | 234.41 | 258.69 | 303.49 | 342.04
328.15 | 7527 | 110.30 | 136.87 | 163.48 | 184.45 | 204.60 | 234.80 | 258.79 | 303.77 | 342.62
329.15 | 7528 | 110.33 | 137.03 | 163.49 | 184.62 | 204.67 | 234.86 | 259.10 | 303.87 | 343.13
333.15 | 7531 | 110.64 | 137.17 | 163.81 | 185.16 | 205.05 | 235.49 | 259.46 | 304.37 | 343.80
337.15 | 7535 | 110.87 | 137.40 | 164.16 | 185.56 | 205.22 | 236.02 | 259.63 | 304.65 | 344.78
T(K) C,* (J.mol'.K™))
30115 | 000 | 573 | 798 | 685 | 339 | 152 | 352 | 348 | 037 | 0.00
303.15 | 000 | 579 | 803 | 691 | 346 | -167 | 344 | 353 | 009 | 000
305.15 | 000 | 587 | 807 | 696 | 336 | -1.82 [ 335 | 355 | 007 | 0.00
308.15 | 000 | 601 | 812 | 713 | 370 | -1.84 | 307 | 354 | 0.5 | 0.00
309.15 | 000 | 605 | 825 | 715 | 374 | -1.88 | 338 | 358 | 025 | 0.00
31315 | 000 | 625 | 821 | 7.1 | 365 | 204 | 314 | 379 | 0.87 | 0.00
31715 | 000 | 641 | 821 | 721 | 368 | 244 | 343 | 431 | -148 | 0.00
31815 | 000 | 642 | 825 | 723 | 372 | 238 | 331 | 423 | <157 | 0.00
32015 | 000 | 655 | 833 | 733 | 407 | 228 | 319 | 426 | <145 | 0.00
32315 | 000 | 660 | 833 | 733 | 388 | 255 | 711 | 448 | -1.87 | 0.0
32515 | 000 | 669 | 837 | 740 | 398 | 258 | 322 | 433 | 197 | 000
32815 | 000 | 681 | 841 | 761 | 403 | 266 | 319 | 464 | 220 | 000
32915 | 000 | 677 | 847 | 746 | 400 | 2.85 | 345 | 470 | 254 | 0.0
333.15 | 000 | 698 | 845 | 756 | 425 | 282 | 323 | 481 | 262 | 000
337.15 | 000 | 707 | 845 | 758 | 424 | 315 | 332 | 535 | 319 | 0.00
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Table I1.12: Experimental densities (g.cm™) and excess molar volume of the binary
system {H>O (1) + [DMIM][MPh] (2)}.

x2 000 | 010 | 020 | 030 | 040 | 050 | 0.60 | 070 | 0.80 | 0.90 | 1.00
T(k) (g.cm™)
293.15 ] 0.9987 | 1.1383 | 1.1908 | 1.2151 | 1.2271 | 1.2337 | 1.2381 | 1.2407 | 1.2428 | 1.2440 | 1.2525
303.15 | 0.9956 | 1.1332 | 1.1850 | 1.2094 | 1.2213 | 1.2280 | 1.2324 | 1.2348 | 1.2371 | 1.2382 | 1.2464
313.15 | 0.9925 | 1.1273 | 1.1810 | 1.2048 | 1.2153 | 1.2233 | 1.2277 | 1.2299 | 1.2322 | 1.2331 | 1.2417
323.15 | 0.9880 | 1.1229 | 1.1740 | 1.1975 | 1.2092 | 1.2157 | 1.2199 | 1.2224 | 1.2249 | 1.2257 | 1.2334
T(k) VE (cm3.mol™?)
293.15 0.00 | -050 | -0.81 | -0.88 | -0.79 | -0.62 | -0.39 | -0.13 | 0.21 0.49 0.00
303.15 0.00 | 039 | -0.70 | -0.80 | -0.72 | -0.57 | -0.36 | -0.11 0.21 0.48 0.00
313.15 0.00 | -030 | -0.68 | -0.76 | -0.61 | -0.54 | -0.34 | -0.07 | 0.25 0.53 0.00
323.15 0.00 | -040 | -0.73 | -0.81 | 075 | -0.60 | -0.38 | -0.14 | 0.15 0.44 0.00
ARD% | 12.12
Table I1.13: Experimental densities (g.cm™) and excess molar volume of the binary
system {H>O (1) + [EMIM][MPh] (2)}.
x2 000 [ 011 [ 020 | 039 | 040 | 050 | 061 [ 070 | 0.81 | 0.90 | 1.00
T(K) (g.cm?)
293.15 [ 0.9973 | 1.1292 | 1.1636 | 1.1845 | 1.1850 | 1.1881 | 1.1895 | 1.1899 | 1.1903 | 1.1904 | 1.1906
303.15 | 0.9959 | 1.1238 | 1.1582 | 1.1792 | 1.1794 | 1.1828 | 1.1843 | 1.1850 | 1.1852 | 1.1853 | 1.1841
313.15 ] 09922 | 1.1173 | 1.1508 | 1.1717 | 1.1718 | 1.1754 | 1.1772 | 1.1778 | 1.1781 | 1.1782 | 1.1768
323.15 | 09879 | 1.1116 | 1.1450 | 1.1659 | 1.1662 | 1.1699 | 1.1717 | 1.1724 | 1.1729 | 1.1730 | 1.1717
T(k) VE (cm3.mol™?)
293.15 | 0.00 -0.82 -1.24 -1.40 -1.40 -1.27 -1.03 -0.81 -0.53 -0.27 0.00
303.15 | 0.00 -0.78 -1.23 -1.43 -1.42 -1.33 -1.13 -0.95 -0.69 -0.45 0.00
313.15| 000 | -0.76 | -1.19 | -1.40 | -1.39 | -1.31 | -1.14 | -095 | -0.71 | -0.48 0.00
323.15| 000 | -0.74 | -1.17 | -1.37 | -1.36 | -1.29 | -1.12 | -094 | -0.71 | -0.48 0.00
ARD% | 3.58
Table I1.14: Experimental densities (g.cm™) and excess molar volume of the binary
system {H>O (1) + [EMIM][EPh] (2)}.
x2 000 | 010 | 020 | 030 | 040 | 050 | 0.60 | 0.70 | 0.80 | 0.90 | 1.00
T(k) p (g.cm™)
293.15 |0.9976 | 1.1114 | 1.1362 | 1.1455 | 1.1487 | 1.1498 | 1.1498 | 1.1491 | 1.1485 | 1.1481 | 1.1503
303.15 0.9958 | 1.1050 | 1.1295 | 1.1392 | 1.1424 | 1.1433 | 1.1431 | 1.1423 | 1.1414 | 1.1410 | 1.1439
313.15 0.9922 | 1.0998 | 1.1241 | 1.1342 | 1.1373 | 1.1385 | 1.1385 | 1.1379 | 1.1373 | 1.1367 | 1.1376
323.15 0.9888 | 1.0930 | 1.1176 | 1.1280 | 1.1312 | 1.1323 | 1.1323 | 1.1317 1.1300
T(k) VE (cm3.mol™?)
293.15 0.00 -097 | -1.37 | -1.53 | -1.52 | -140 | -1.22 | -091 -0.66 | -0.42 0.00
303.15 000 | 086 | -1.22 | -1.34 | -1.30 | -1.13 | -0.88 | -0.50 | -0.16 | 0.11 0.00
313.15 000 | 086 | -1.24 | -1.40 | -1.39 | -1.24 | -1.06 | -0.74 | -049 | -0.14 | 0.00
323.15 000 | 083 | -1.24 | -145 | -1.47 | -1.36 | -1.20 | -0.90 0.00
ARD% | 24.19
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Table I1.15: Experimental densities (g.cm™) and excess molar volume of the binary
system {H20 (1) + [DMIM][MeSO4] (2)}.

x2 000 | 011 | 020 [ 030 [ 040 | 049 | 0.61 | 071 | 0.80 | 0.90 | 1.00
T(k) p (g.cm”)
293.15]0.9987 [ 1.1725 | 1.2282 [1.2627 | 1.2834 [ 1.2961 | 1.3082 | 1.3156 | 1.3215 | 1.3264 | 1.3302
303.15 [ 0.9956 [ 1.1669 | 1.2220 |1.2561 [ 1.2770 | 1.2898 | 1.3018 [ 1.3092 | 1.3150 | 1.3199 | 1.3235
313.15]0.9925 [ 1.1614 | 1.2161 |1.2500 | 1.2718 | 1.2845 | 1.2958 | 1.3028 | 1.3087 | 1.3136 | 1.3174
323.15[0.9880 | 1.1563 | 1.2093 | 1.2436 | 1.2668 | 1.2791 | 1.2893 | 1.2962 | 1.3019 | 1.3067 | 1.3109
T(k) VE (cm®.mol?)
293.15] 0.00 | 0.02 | -0.06 | -0.11 | -0.11 | -0.11 | -0.08 | -0.06 | -0.04 | -0.02 | 0.00
303.15] 0.00 | 0.06 | -0.02 | -0.07 | -0.09 | -0.09 | -0.08 | -0.06 | -0.05 | -0.04 | 0.00
313.15] 0.00 | 008 | 001 | -0.04 | -0.07 | -0.08 | -0.06 | -0.04 | -0.01 | -0.02 | 0.00
323.15] 0.00 | 009 | 004 | -0.02 [ -0.06 | -0.06 | -0.06 | -0.02 | 0.00 | 0.02 | 0.00
ARD% | 26.41
Table I1.16: Experimental densities (g.cm™) and excess molar volume of the binary
system {H20 (1) + [EMIM][MeSO4] (2)}.
x2 000 [ 011 [ 020 | 030 | 041 | 0.51 | 0.60 | 0.70 | 0.80 | 0.90 [ 1.00
T (K) p (g.cm™)
293.15| 0.9987 [1.1550]1.2056 | 1.2339 | 1.2507 [ 1.2612 [ 1.2683 | 1.2736 | 1.2780 | 1.2815 | 1.2843
303.15 | 0.9956 | 1.1490 | 1.1990 | 1.2273 | 1.2442 | 1.2547 [ 1.2618 [ 1.2672 | 1.2715 | 1.2751 | 1.2777
313.15| 0.9925 | 1.1433[1.1929 [ 1.2211 | 1.2381 | 1.2486 | 1.2558 [ 1.2612 | 1.2629 | 1.2690 | 1.2717
323.15| 0.9880 [1.1369]1.1862|1.2143 | 1.2316 | 1.2420 | 1.2484 | 1.2546 | 1.2589 | 1.2619 | 1.2651
T (K) VE (cm?.mol?)
293.15] 0.00 [ -0.09 | -022 | 027 | -027 | -0.25 [ -0.21 | -0.16 | -0.11 | -0.06 | 0.00
303.15] 0.00 | -0.03 [ -0.16 | 021 | -0.23 | -0.22 | -0.18 | -0.15 | -0.10 | -0.06 [ 0.00
313.15|  0.00 0.00 | -0.12 | -0.18 | -0.20 | -0.19 | -0.17 [ -0.14 -0.05 | 0.00
323.15| 0.00 0.02 | -0.09 | -0.16 | -0.18 | -0.18 | -0.17 | -0.14 | -0.10 | -0.06 | 0.00
ARD% | 31.40
Table I1.17: Experimental densities (g.cm™) and excess molar volume of the binary
system {H20 (1) + [BMIM][DCA] (2)}.
x2 0.00 | 0.10 | 0.20 | 0.30 | 0.40 | 0.50 | 0.60 | 0.70 [ 0.80 [ 090 | 1.00
T(K) p (g.cm™)
293.15 [0.9987 [ 1.0355]1.0446 ] 1.0508 | 1.0545 [ 1.0568 | 1.0585[1.0602 [ 1.0615] 1.0625 | 1.0636
303.15 [0.9956 |1.0293]1.0381 | 1.0444 | 1.0483 [ 1.0505 | 1.0523 [ 1.0542|1.0555] 1.0565 | 1.0576
313.15 [0.9925]1.02311.0320]1.0382|1.0421 [ 1.0446 | 1.0464 | 1.0483[1.0496[ 1.0506 | 1.0518
323.15 [0.9880]1.0162]1.0237 | 1.0311]1.0351[1.0380[1.0401[1.0417[1.0432[1.0442 [ 1.0457
T(K) VE (cm®.mol?)
293.15 | 0.00 | 0.03 | 0.06 | 008 | 0.11 | 0.12 | 0.11 | 0.10 | 0.07 | 0.05 0.00
303.15 | 0.00 | 0.10 | 0.14 | 0.16 | 0.18 [ 0.18 | 0.16 [ 0.12 | 0.09 [ 0.06 0.00
313.15 | 0.00 | 0.15 | 020 | 022 | 024 | 022 | 020 | 0.16 [ 0.12 [ 0.08 0.00
323.15 | 0.00 | 0.16 | 024 | 026 | 028 | 025 | 023 | 023 [ 0.15 | 0.11 0.00
ARD%| 7.83
VE,exp_VE,RK
A VE % =100 * 'VE—xp|
ARD = 1/n * yn 22P-VeT]

i=1

yEexp
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Table I1.18: Excess molar enthalpies at T =312.92 K for binary system {H>O (1) + ILs

)}
[DMIM][MPH] | [EMIM][MPH] [EMIM][EPH] | [DMIM][MeSO4] | [EMIM][MeSO4]
HF (J.mol™?)

X2 HE X2 HE X2 HE X2 HE X2 HE
0.10 | -2888.97 0.08 -2902.62 0.11 -3189.53 0.15 -812.44 | 0.11 -677.13
0.18 | -3983.14 0.14 -4123.91 0.25 -4798.76 0.16 -848.65 | 0.24 | -997.57
0.25 | -4620.02 0.24 -5324.67 0.36 -5171.67 0.24 -949.84 | 0.23 | -1002.30
0.37 | -4794.79 0.32 -5637.40 0.44 -5016.65 0.23 -940.29 | 0.22 | -1069.72
0.52 | -4302.44 0.51 -5201.96 0.55 -4521.59 0.55 -708.44 | 0.50 | -784.19
0.71 -3026.86 0.58 -4733.74 0.65 -3578.77 0.67 -459.77 | 0.74 | -384.21
0.88 | -1873.35 0.79 -2610.43 0.84 -1691.62 0.71 -478.27

0.65 -4051.51
0.86 -1542.90
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Abstract

Recently, the cost and use of energy continually rise. Hence, humans are close to face serious
environmental problems such as increasing CO; discharges. In this regard, global community
is to achieve the ambitious objective of reducing carbon footprint and to ensure that the heating
demand is covered in a sustainable manner. Since, enormous amounts of low-temperature waste
heat are released on daily bases from many industrial plants to the atmosphere at temperatures
between 60 - 100°C. Absorption heat transformers (AHT) are interesting because they can
recover low temperature waste heat from different industrial activities and renewable energy
sources such as solar and geothermal. AHT can be used to upgrade waste heat to produce useful
heat for heating and hot water supplies. Nowadays, the standard working pairs used for AHTs
are {ammonia + water} and {water + lithium bromide}. However, both of the working pairs
show questionable behavior such as toxicity, crystallization and corrosiveness. Therefore,
exploring new working pairs which do not exhibit limitations become of great importance. This
work includes an investigation to analyze the AHT systems using { water + ionic liquids} binary
systems as working fluids. First, basic thermodynamic properties including vapor pressure,
density, heat capacity as well as excess enthalpy of these binary systems were measured at
various temperatures with different ionic liquid concentrations. The thermodynamic properties
data were correlated by different equations, respectively. The correlated values were
significantly consistent with the experimental data. Next, simulation of the AHT performance
based on the thermodynamic properties of the new working pairs and on the mass and energy
balance for each component of the system were performed. Results show that the {H>O + ILs}
binary systems are promising alternatives to replace the already used {H>O + LiBr} working
pairs.

Résumé

Ces dernieres années, les colits et la demande en énergie n’ont cessé d’augmenter. Par
conséquent, I’humanité¢ fait face a de graves menaces environnementales telles que
l'augmentation des rejets de CO». A cet égard, la communauté internationale doit parvenir 2
réduire de son empreinte carbone et a veiller a ce que les besoins en énergie thermique soient
couverts de maniére durable. D’importantes quantités de chaleur résiduaire a basse température
(60 - 100°C) sont libérées quotidiennement dans I'atmosphere par de nombreuses installations
industrielles. Les thermo-transformateurs de chaleur a absorption constituent un outil
intéressant car ils peuvent revaloriser des chaleurs résiduaires pour produire de la chaleur utile
pour le chauffage et la production d’eau chaude. Actuellement, les mélanges de travail utilisés
dans les pompes a absorption sont les syst¢emes {ammoniac + eau} et {eau + bromure de
lithium}. Cependant, ces deux fluides de travail présentent certains inconvénients tels que la
toxicité, la cristallisation et la corrosivité. Par conséquent, il est important de rechercher de
nouveaux mélanges de travail. Cette étude a pour objectif d’évaluer I’intérét d’utiliser des
mélanges constitués de liquides ioniques et d'eau au sein de thermo-transformateurs a
absorption. Tout d'abord, les propriétés thermodynamiques de ces systémes binaires (pression
de vapeur, densité, capacité thermique et enthalpie d’excés) ont été mesurées dans un large
domaine de température et de composition. Ces données expérimentales ont été corrélées a
I’aide de modéles thermodynamiques adéquats. Ensuite, les performances de ces fluides de
travail ont été évaluées. Les résultats montrent que les systemes binaires {H,O + IlIs} sont une
alternative prometteuse aux fluides de travail traditionnels tels que {H>O + LiBr}.
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