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Necessity is the mother of invention 

Proverb 
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Résumé 
 

L’objectif de ces travaux était de synthétiser, caractériser et étudier le potentiel 

d’une sélection de liquides ioniques, pour la séparation de l’éthane et de l’éthène. 

L’influence dans l’absorption de l’éthène de la présence de trois cations métalliques, 

le lithium (I), le nickel (II) et le cuivre (II) dans un liquide ionique était également 

étudiée. 

Les liquides ioniques sélectionnés sont basés sur le cation imidazolium 

contenant des groupes fonctionnels au niveau de la chaine alkyle latérale. Les 

anions choisis sont le bis(trifluorométhylsulfonyl)imide, [NTf2], la dicyanamide, [DCA] 

et le méthylphosphite, [C1HPO3]. 

Sachant qu’un solvant de séparation idéale doit avoir une capacité 

d’absorption et une sélectivité de séparation élevées, une faible viscosité, une haute 

stabilité thermique et une cinétique d’absorption rapide pour le gaz sélectionné. Pour 

évaluer ces propriétés  pour les  milieux sélectionnés, plusieurs paramètres ont été 

déterminés la densité et la viscosité des liquides ioniques  ainsi que  l’absorption de 

chaque gaz dans les liquides ioniques. 

L’absorption de l’éthane et de l’éthène dans les liquides ioniques purs ainsi 

que dans les solutions de liquide ionique + sel métallique a été mesurée dans une 

gamme de températures comprises entre 303.15 K et 353.15 K et pour des pressions 

proches de l’atmosphérique. La sélectivité idéale des liquides ioniques pour 

l’absorption de l’éthane par rapport à l’éthène a ainsi pu être déterminée. 

La détermination de l’absorption en fonction de la température a permis 

d’accéder aux propriétés thermodynamiques de solvatation de ces gaz  dans des 

liquides ioniques et à comprendre la manière dont les liquides ioniques interagissent 

avec ces solutés comment les liquides ioniques se structurent autour de ces 

molécules. 

 

Mots clefs: liquides ioniques, absorption de gaz, séparation d’hydrocarbures gazeux, 

synthèse de liquides ioniques, éthane, ethène, sels métalliques 
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Abstract 
 

The goal of this research was to synthesize, characterize and study the 

potential of selected ionic liquids as solvents for the separation of ethane and ethene. 

The influence on ethene absorption of the presence of three different metallic cations, 

lithium (I), nickel (II) and copper (II) in an ionic liquid was also studied. 

The selected ionic liquids are based in the imidazolium cation containing a 

functionalization in the alkyl side chain. The chosen anions were the 

bis(trifluorosulfonyl)imide, [NTf2], the dicyanamide, [DCA] and the 

methylphosphite, [C1HPO3]. 

Several parameters were taken into account for this primary evaluation, such 

as measurements of density, viscosity and absorption of each gas in the ionic liquids, 

since an ideal separation solvent should have a high absorption capacity and gas 

selectivity, low viscosity, high thermal stability and fast absorption kinetics for the 

selected gas.  

The absorption of the 2 gases in the pure ionic liquids and ionic liquid + 

metallic salt solutions was measured in the temperature range between 303.15 K and 

353.15 K and for pressures close to atmospheric. The ideal selectivity of the ionic 

liquid for the absorption of ethane compared to ethene was determined. 

The determination of the gas solubility in function of the temperature allowed 

access to the thermodynamic properties of solvation of the gases in the ionic liquids, 

and a deeper understanding of the gas-ionic liquid interactions and the structure of 

the solution. 

 

 

 

Keywords: ionic liquid, gas absorption, hydrocarbon gas separation, synthesis of 
ionic liquids, ethane, ethene, metallic salts 
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The interest of using ionic liquids for a potential industrial application in gas 

separations is related to their negligible vapor pressure and their ability to selectively 

dissolve certain families of gases. Furthermore, it is generally accepted that ionic 

liquids preferentially absorb an unsaturated gas hydrocarbon compared with its 

saturated counterpart1,2,3,4 The goal of this work is to use physicochemical 

characterization, gas solubility and thermodynamic properties of solvation to propose 

ionic liquids to optimize an alternative gas separation process. Since most of the 

alternative processes proposed in the literature comprise the use of a transition metal 

that selectively reacts with a gas, the combination of a transition metal salt with ionic 

liquids will also be explored.5,6,7,8,9 

Therefore interdisciplinary collaborations were essential in this work and the 

combination of skills of the laboratory TIM at ICCF in the field of physicochemical 

properties and solubility experiments and the expertise of C2P2 in the synthesis of 

ionic liquids and the use of NMR techniques is essential to characterize the molecular 

interactions involved. 

Chapter 1 consists of a review of the experimental data on the absorption of 

ethane, ethene, ethyne, propane, propene and propyne in ionic liquids. The influence 

of the different cations, anions and their size and/or functionalization was analyzed. 

The ideal separation selectivity for ethane/ethene, ethene/ethyne, propane/propene 

and propene/propyne, for the reviewed ionic liquids was calculated and, whenever 

possible, related to the structure of the ions. In chapter 2 the synthesis and 

characterization of several ionic liquids and of different solutions of metal salts in 

ionic liquids are described. The syntheses were performed in one or two steps and 

the ionic liquids were characterized by NMR and HRMS. The density and viscosity of 

the ionic liquids and of the solutions of metal salts in ionic liquid were measured. In 

chapter 3, the solubility of ethane and ethene solubility in selected ionic liquids and 

metallic salt-ionic liquid solutions is reported. The influence in ethane and ethene 

solubility of the length and functionalization of the alkyl side chain of the cation and 

the use of a phosphite based anion was studied. The thermodynamic properties of 

solvation of each gas in each solvent were determined and compared. Chapter 4 

consists of an overview of conclusion of the present work and of the perspectives it 

offers for future development. 
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Separation explores differences in properties of the species, either molecular 

(molar mass, van der Waals volume or dipole moment), thermodynamic (vapor 

pressure or solubility) or transport (diffusivity). Common separation techniques rely 

on creating or adding a new phase, on introducing a barrier or a solid agent, or on 

using a force field or a gradient.1  

Distillation, crystallization, liquid-liquid extraction and absorption are the most 

common examples of separation techniques based on the creation or on the addition 

of a new phase that require an energy transfer or the use of a mass-transfer agent, 

respectively. Changing from an energy-separating agent to a mass-separating agent 

can potentially reduce the process energy requirements, but the selected absorbent 

should be easy to recycle, have low volatility, and the solubilities of the species to 

separate should be significantly different. Membranes make use of liquid or solid 

(frequently polymeric) barriers to separate species that present different 

permeabilities. Membranes are used in small, compact and clean units that require 

low energy to achieve separation, but are still difficult to scale-up. Adsorption is a 

surface-based process that frequently relies on a solid agent to achieve separation. 

The separation is achieved due to different interacting forces at the interface 

(originating physisorption or chemisorption processes) that selectively interacts with 

certain components in detriment of others from a liquid or gas mixture. The adsorbent 

material should have high surface area, good mechanical properties, fast adsorption 

kinetics and the ability to be regenerated without loss of its properties. Commonly 

used supports are alumina, ion exchanging resins, high-surface-area SiO2, zeolites 

and molecular sieves. Electrophoresis and centrifugation are examples of separation 

techniques that exploit the differences in the responses of the constituents of a feed 

to an external force or gradient. They are especially useful and versatile for 

separating biochemicals.1 

Ethene and propene are the largest-volume organic chemical feedstock, being 

used as precursors for the production of polymers, lubricants, rubbers, solvents and 

fuel components.1,2,3 These are mostly obtained from the separation of the light 

hydrocarbons components of naphtha, separated through cryogenic distillation. 

Cryogenic distillation has been in use since the 1960’s, for the ethane/ethene and 

propane/propene separation.1,4 It requires large distillation towers (120-180 trays), 

low temperatures (-114°C) and high pressures (15-30 bar), resulting in a high capital 

and energy demanding process needing up to 120 × 1012 BTU/year.5,6 The high 
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demand (25 trillion tons of ethene per annum)2 and high purity7 required for industrial 

applications of ethene and propene imply effective and reliable separation methods 

which are often difficult to implement. The implementation of an alternative process to 

cryogenic distillation with improved economic and environmental performance would 

represent a major advance in the sector. 

 

Table 1.1 - Abbreviation, full designation and structure of some cations of ionic liquids. Cn/m represent carbon chains 

of variable size 

Abbreviation Full designation Structure 

CnCmIm+ 1-Cn-3-Cmimidazolium 
 

C1C2-OHIm+ 
1-(2-hydroxyethyl)-3- 

methylimidazolium  

(C2SO2C2)C1Im+ 
1-diethylsulfonyl-3-

methylimidazolium 
 

C1C3CNIm+ 
1-(3-cyanopropyl)-3- 

methylimidazolium  

C1C1C3CNIm+ 
1-(3-cyanopropyl)-2,3- 

dimethylimidazolium 
 

(C3CN)2Im+ 1,3-(3-cyanopropyl)imidazolium 

 

C1C1COOC5Im+ -1-(pentoxycarbonylmethyl))-3-
methyIimidazolium 

 

C1C1COOC2OC2Im+ 1-(ethoxyethoxycarbonylmethyl))-
3-methylimidazolium 

 

C1C1COOC2OC2OC4Im+ 
1-(2-(2-butoxyethoxy) 

ethoxycarbonylmethyl)-3-
methylimidazolium 

 

CnCmPyrr+ CnCmpyrrolidinium 
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Abbreviation Full designation Structure 

CnPyr+ Cnpyridinium 

 

Pnmpq
+ CnCmCpCqphosphonium 

 

Nnmpq
+ CnCmCpCqammonium 

 

N1112-OH Cholinium 
 

N1132-OH Propylcholinium 
 

 

Ionic liquids have been suggested as new separating agents for olefin/paraffin 

gas separation, as absorbents or as solvents for the chemical complexation of olefins 

with silver or copper salts. Ionic liquids are composed uniquely of ions and have a 

melting point below 100°C. Many present unique properties such as negligible vapor 

pressure, high thermal, chemical and electrochemical stability, non-flammability and 

high ionic conductivity. Ionic liquid are also called “designer solvents” due to the large 

variety of combination possibilities of cations and anions, leading to tunable physical 

chemical properties. The cations and anions that constitute the ionic liquids 

mentioned in this review are listed in tables 1.1 and 1.2. 

In figure 1.1 the Henry’s law constants, HK , of different gases in 

[C1C4Im][BF4] are represented. Monoatomic, diatomic, non-polar or gases with low 

polarizability present the lowest solubilities. Unsaturated hydrocarbons frequently 

present a higher solubility in ionic liquids than their saturated counterparts. The exact 

reasons for the observed trends are still poorly understood, but essential for the 

development of new alkane/alkene/alkyne separation processes.8 In this chapter we 

review the current knowledge on the solubility of ethane, ethene, ethyne, propane, 

propene and propyne in pure ionic liquids. Whenever possible we calculate the ionic 

liquid absorption capacity and ideal selectivity for ethane/ethene, ethene/ethyne, 
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propane/propene and propene/propyne mixtures and so assess the potential of a 

particular ionic liquid as separating agent. 

 
Figure 1.1 - Henry’s law constant, HK , for several gases in ionic liquid [C1C4Im][BF4]7,9,10,11,12 at 313 K. 

* - 293 K; ** - 314 K; *** - 298 K. 

 

The reviewed data are expressed in Henry’s law constant, HK . The 

absorption capacity of gaseous hydrocarbons by pure ionic liquids is relatively low 

because, in most cases, it is only a physical process. The use of silver (I) and 

copper (I) salts can improve the amount of unsaturated hydrocarbon absorbed by the 

ionic liquid phase as these metal cations are capable of selecting and reversibly 

reacting with it.5,13,14,15,16 This concept has been explored for the separation of ethene 

from ethane and propene from propane.6,17,18,19,20,21,22 
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Table 1.2 - Abbreviation, full designation and structure of some anions of ionic liquids. Rn represents 

carbon chains of variable size 

Abbreviation Full designation Structure 

NTf2- Bis(trifluoromethylsulfonyl)imide 
 

BETI- Bis(perfuoroethylsulfonyl)imide 
 

DCA- Dicyanamide 

 

NO3
- Nitrate 

 

CnCmPO4
- CnCmphosphate 

 

CnHPO3
- Cnphosphite 

 

PF6
- Hexafluorophosphate 

 

CnSO4
- Cnsulfate 

 

CF3SO3
- Trifluromethanesulfonate 

 

DBS- Dodecylbenzenesulfonate 
 

CnCO2
- Carboxylate 

 

OAc- Acetate 
 

TFA- Trifluoroacetate 
 

AlCl4- Tetrachloroaluminate 
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Abbreviation Full designation Structure 

BF4
- Tetrafluoroborate 

 

TMPP- Bis(2,4,4-trimethylpentyl)phosphinate 

 

FAP- Tris(pentafluoroethyl)trifluorophosphate 
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1. Gas Solubility 
The chemical potential of component i  in a mixture is defined as23,24 

 

ii
ref
ii xRT ln     (1.1) 

 

where ref
i is the chemical potential of component  i  in a chosen reference state and 

i  its activity coefficient. Two conventions are usually adopted to choose the 

appropriate combination of the reference state chemical potential and the activity 

coefficient, the choice depending of the physical state of the pure components at the 

thermodynamic conditions of the mixture. 

The asymmetric convention is usually applied to solutions where the solute(s) 

or the solvent are not in the physical state of the solution at a given temperature and 

pressure, as in the case of the solutions of gases in ionic liquids considered herein. 

For the solvent, the activity coefficient approaches unity when its mole fraction is 

approximately unity and for the solute its activity becomes unity when the solute is 

present at very low concentrations, 1H
i  when 0ix . In this case, the solute is 

present in the limit of infinite dilution and the solution approaches ideal behavior in 

the sense of Henry’s law. The reference state adopted for the calculation of the 

chemical potential in this case is that of the pure solute at infinite dilution:25,26 

 

ii
ref
ii xlnRT    0xi  1H

i   (1.2) 

 

the activity coefficient in the asymmetric convention, H
i , being a measure of the 

solute intermolecular interactions, the solvent and solute-solvent interactions are 

accounted for in the reference state. 

The Gibbs energy of solutions is defined as the difference in chemical 

potential when the solute is transferred, at constant pressure and temperature, from 

its pure state into the infinite dilution solution. If the solute remains pure at equilibrium 
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with the solution† and the solubility is enough that 1H
i  the following approximate 

relation can be used: 

iisol xlnRTG      (1.3) 

 

The Gibbs energy of solution expresses the difference between the 

solute-solute interactions in the pure species, which may be a condensed phase, and 

the solute-solvent interactions in an infinitely dilute solution. In order to isolate the 

role of the solute-solvent interactions in the process of dissolution, a thermodynamic 

transformation called solvation can be defined as the difference in chemical potential 

when the solute is transferred from an ideal gas at standard pressure into the 

reference state at infinite dilution, equation 1.3 leading to: 

 

)
p
K

ln(RTG 0
i,H

isolv      (1.4) 

 

in which iHK ,  is the Henry’s law constant defined as: 

 

ii0xi,H xflimK
i

     (1.5) 

 

From the behavior with temperature or with pressure of the Gibbs energy of 

solvation it is possible to calculate the other thermodynamic properties: 

 

p
isolv2

isolv )
T

G(
T

TH      (1.6) 

p
isolv

isolv )
T

G(S         (1.7) 

T
isolv

isolv )
T

G(V         (1.8) 

 

The thermodynamic properties of solvation provide insights into the molecular 

mechanisms determining the solution behavior - the enthalpy of solvation reflects the 
                                            
† This is the case for the solutions of gases in ionic liquids because the solvent does not have any 
measurable vapor pressure at moderate temperatures. 
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energy of solute-solvent interactions and the entropic contribution is related to 

structural organization of the solution. These thermodynamic properties of solvation 

are approximately equal to the thermodynamic properties of solution in the case of 

gaseous solutes at low pressure, the differences becoming more important for liquid 

and solid solutes. These solvation properties can be determined through 

experimentally accessible quantities namely from solubility measurements and the 

calculation of Henry’s law constants.  

The techniques reported in the literature to determine the solubility of light 

hydrocarbon gases in pure ionic liquids can be assembled in three groups: 

gravimetric, pVT  and permeation methods. 

In the gravimetric method,27 a high-resolution microbalance is used to 

determine the mass increase of a liquid sample, when in contact with a gas, at a 

certain pressure and temperature. The mass increase is monitored as a function of 

time and the equilibrium is detected when the mass does not change significantly for 

a period of time. The microbalance does not have a stirring mechanism, and so, 

relies solely on the diffusion of the gas into the ionic liquid. This method requires 

solvent amounts as small as 70 mg since the balance can have a 1 μg stable 

resolution, but it requires large amounts of gas, especially at high pressures. The 

absorption process can be reversed, yielding a complete absorption/desorption 

isotherm. A correction for buoyancy effects has to be taken into account to calculate 

the solubility, which requires accurate knowledge of the gas and solution density. The 

main advantage of this method is that it requires only small amounts of ionic 

liquid.28,29,30 

pVT  methods31,32,33,34,35 are, by far, the most used for determining the 

solubility of light hydrocarbon in ionic liquids. In these methods, a known amount of 

gas is put in contact with a known amount of ionic liquid, and makes use of pressure, 

volume and temperature measurements to determine solubility. These 

measurements can be made at constant volume (isochoric method) or at constant 

pressure. The isochoric method consists in accurately measuring the volume of the 

cell and the volume of the vapor and liquid phases. This information is used to 

determine the quantity of gas remaining in the gas phase and, by difference, the 

amount of gas dissolved in the liquid, by difference. When measuring at constant 

pressure, the difference between the total volume of gas delivered to the system and 
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the vapor phase is used to determine the solubility. The amount of ionic liquid sample 

required for the pVT  methods is usually larger than the one needed for the 

gravimetric microbalance method. A few milliliters are necessary to measure the 

solubility from pressures close to atmospheric up to 550 bar. The advantages of this 

method are its simplicity and the capability of delivering high-precision data for 

scarcely, as well as for very soluble gases.28,29,30,36 

Gas chromatography and the lag-time technique belong to the group of 

permeation methods. Gas chromatography37 makes use of columns that are either 

coated or contain inert solid supports coated with ionic liquid. The sample gas is 

introduced with a carrier gas (such as H2, Ar or He) and passes through the column, 

where it is more or less retained according to the affinity between the gas phase and 

the coating phase. A detector is placed at the end of the column to detect the 

components of the gas phase and create the chromatogram. The peak exit time and 

size is related to the component identity and amount. From the retention volume 

(volume of sample gas retained in the column) and column characteristics, the 

partition coefficients are determined. Knowing the column dimensions and amount of 

ionic liquid, we can determine the gas solubility in the ionic liquid. However it should 

be taken into consideration that the solubility is determined for a gas in a film of liquid 

and in which the carrier gas is already equilibrated; the process involves steady 

states and transient equilibriums as the carried component is swept through the 

column; and it is difficult to ascertain the carried component partial pressure. Few 

milliliters of ionic liquid are needed to create the column and small amounts of solute 

gas are required.28,38,39  

The lag-time technique40 makes use of a supported ionic liquid film to evaluate 

the diffusivity and solubility of the gas through the measurement of its permeability in 

the ionic liquid. The liquid film is placed between a feed chamber and a permeate 

chamber with known volumes and the entire unit is thermostated. The solute gas is 

injected in the feed chamber through a syringe, passes through the membrane onto 

the permeate chamber and the resulting pressure increase in the permeate chamber 

with time is read by a pressure transducer. The lag time refers to the difference 

between the time at which the gas enters the membrane and the time at which the 

flow rate of diffusing species into the closed volume reaches a steady state of 

permeation. The liquid film is immobilized in porous glass fiber supports, which limits 

mass transport to molecular diffusion. The liquid membrane is considered the 
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rate-limiting step, so it is assumed that no boundary layer resistance occurs at the 

membrane interface. Assuming these two conditions, and by analyzing both the 

transient and steady-state regimes of permeation, an expression for the pressure rise 

in the permeate chamber with time can be obtained. The experimental permeation 

data is analyzed in the light of this expression, and the slope and abscissa intercept 

(designated lag time) allow the determination of solubility and diffusivity, respectively. 

The advantage of this method is that it allows the determination of both gas diffusivity 

and solubility in a single experiment with an ionic liquid sample of less than 1 milliliter. 

However, the solubility of the gas in the ionic liquid greatly limits the precision of the 

results. The solubility can only be determined when over 0.01 mol L-1 atm-1, with a 

10% deviation.41  

The solubility of ethane was measured in a total of 34 samples, of 26 different 

ionic liquids. Ethene is by far the most studied gas from ethane, ethene, ethyne, 

propane, propene and propyne. 70 ethene solubility measurements were performed 

using 55 different ionic liquids. In the case of ethyne 42 measurements were made in 

30 different ionic liquids. The solubility of propane was measured in 10 samples of 8 

different ionic liquids. For propene, 33 measurements were performed in 30 different 

ionic liquids. In the case of propyne 5 measurements were made in 5 ionic liquids. 

Imidazolium-based ionic liquids present the largest variety of anions tested and 

represent the major part of the ionic liquids tested for each gas, more than 70%. 

The results are organized in three groups with solubility results in ionic liquids 

for ethane and propane, ethene and propene and finally ethyne and propyne. 

For each group the analysis of the results is done in 7 steps: 

1. Full solubility range 

2. Influence in solubility of ionic liquids with different cations and same anion 

3. Solubility range for imidazolium-based ionic liquids 

4. Influence on solubility of increasing alkyl side chain length of the cation 

5. Influence on solubility of increasing alkyl side chain length of the anion 

6. Influence on solubility of functionalizing the alkyl side chain of the cation 

7. Influence in solubility of ionic liquids with different anions and same cation. 
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1.1 Solubility of ethane and propane 

 

The Henry’s law constants, HK , for ethane and propane in several ionic 

liquids at 313 K are depicted in figures 1.2 to 1.4 and tables 1.3 and 1.4. HK  ranges 

from 665.2 × 105 Pa for [C1C2Im][DCA]  to  19 × 105 Pa for [P(14)666][TMPP] for ethane 

at 313 K. For propane HK  ranges from 308.5 × 105 Pa for [C1C2Im][DCA] and 

6.4 × 105 Pa for [P(14)666][TMPP], at 313 K. 

 

 
Figure 1.2 - Henry’s law constant, HK , for ethane in several ionic liquids at 313 K. * - at 303 K; 

** - at 323 K. [C1C2Im][NTf2]
42; [C1C4Im][NTf2]

34; [C1C6Im][NTf2]
43; [C1C8Im][NTf2]

34; [C1C10Im][NTf2]
34; 

[C1C3CNIm][NTf2]33; [(C3CN)2Im][NTf2]33; [C1C1COOC5Im][NTf2]44; [C1C1COOC2OC2Im][NTf2]44; 

[C1C1COOC2OC2OC4Im][NTf2]44; [C1C2Im][PF6]11; [C1C4Im][PF6]45; [C1C1COOC5Im][C8SO4]44; 

[C1C2Im][DCA]11; [C1C4Im][BF4]12; [C1C2Im][CF3SO3]11; [C1C4Im][FAP]46; [C1C6Im][FAP]27; 

[C1C6Pyr][NTf2]27; [C1C4Pyrr][NTf2]42; [C1C4Pyrr][FAP]47; [N1132-OH][NTf2]42; [P(14)666][FAP]47; 

[P(14)666][TMPP]32,48; [P4444][TMPP]32. 

 

The ionic liquids that present the highest ethane and propane solubility are 

based in the phosphonium cation followed by those based in the imidazolium, the 

pyridinium, the pyrrolidinium and the ammonium cations (only one measurement with 

ammonium-based ionic liquids for ethane and none for propane were reported). 
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The ethane and/or propane solubility data reported by Mokrushin et al.49, by 

Scovazzo,50 by Kang et al.,51 by Ortiz et al.,52 and by Dreisbach et al.53 were not 

taken into consideration, due to lack of information for the calculation of Henry’s law 

constants. The high-pressure solubility data reported by Bermejo, Fieback and 

Martín54 presented deviations of 34% from the literature, as claimed by the authors. 

 
Figure 1.3 - Henry’s law constant, HK , for propane in several ionic liquids at 313 K. * - at 320 K. 

[C1C2Im][NTf2]32; [C1C4Im][NTf2]55; [C1C2Im][PF6]11; [C1C2Im][DCA]11; [C1C4Im][BF4]11; 

[C1C2Im][CF3SO3]11; [P4444][TMPP]32; [P(14)666][TMPP]48. 

 

Phosphonium based ionic liquids present a Henry’s law constant 35 times 

lower for ethane and 48 times lower for propane relative to imidazolium based ones. 

These ratios are lower when the solubility is expressed in mass fraction instead of 

mole fraction or Henry’s law constant41, as observed in figure 1.4.  

 
Figure 1.4 - Mole fraction (×103, full bars) and mass fraction (×104, patterned bars) of ethane (on the 

left) or propane (on the right) in several ionic liquids at 105 Pa and 313 K. * - at 320 K. When mole 

fraction values were not available for 0.1 MPa, they were recalculated using Henry’s law constant 

values given by the authors. Mass fractions were calculated from mole fraction values. 

[C1C4Im][BF4]11,12; [C1C4Im][PF6]34,56; [C1C4Im][NTf2]34,55; [C1C4Im][FAP]46; [P4444][TMPP]32; 

[P(14)666][FAP]47; [P(14)666][TMPP]32,48. 
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 [N1132-OH][NTf2] presents an average of 34% less ethane solubility than 

[C1C4Im][NTf2]. From the analysis of the thermodynamic properties of solvation we 

conclude that the solubility difference is due to less favorable solute-solvent 

interactions in the ammonium based ionic liquid.34,42 [C1C6Pyr][NTf2] and 

[C1C4Pyrr][NTf2] present similar performances to their imidazolium counterparts. 

[C1C4Pyrr][FAP] presents 13% less ethane solubility than [C1C4Im][FAP], due to 

slightly less favorable solute-solvent interactions.46,47  

In imidazolium based ionic liquids the minimum HK  for ethane is 

60.9 × 105 Pa obtained for [C1C10Im][NTf2] at 313 K and for propane is 

59 × 105 Pa for [C1C4Im][NTf2] at 320 K. 

The solubility of ethane increases with the increase of the alkyl chain length of 

the cation, 63% from [C1C2Im][NTf2] to [C1C10Im][NTf2], in the temperature range 

covered. On average, a 22% increase in solubility of ethane for each -C2H4- added in 

the cation alkyl chain of the imidazolium is obtained, at 303 K. The increase in 

solubility is not due to more favorable interactions between ethane and the increasing 

alkyl chain of the cation, but to increasingly more favorable entropies of solvation. 

Using molecular simulation, it was observed that ethane is solvated in the non-polar 

domains of the ionic liquid.34 So, increasing the amount of the non-polar domains in 

the ionic liquid will lead to an increase in the solubility of ethane. The same effect is 

observed for ionic liquids based in the PF6
- anion. The ethane solubility increase 

between [C1C4Im][FAP] and [C1C6Im][FAP] is smaller than the one found for their 

NTf2- or  PF6
- equivalents. The smaller difference is due to a balancing effect between 

a more favorable enthalpy and less favorable entropy for the C1C6Im+ containing 

ionic liquids, resulting in similar Gibbs energies of solvation for both.46 An increase in 

solubility of propane is observed from [C1C2Im][NTf2] to [C1C4Im][NTf2], although the 

comparison temperatures are slightly different, 303 K for the first and 300 K for the 

second. A 35% increase in ethane and propane solubility is observed from 

[P4444][TMPP] to [P(14)666][TMPP].  
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Table 1.3 - Henry’s law constant, HK , or Henry’s law constant range for ethane in several ionic liquids. Uncertainty 
included when possible for single measurements. 

Ionic liquid Temperature /K HK  /105 Pa Data points Measuring method Reference 

[C1C2Im][NTf2] 303 107.4±1.8 1 pVT  - isochoric 31 

[C1C2Im][NTf2] 313 167.69±17 1 pVT  - isochoric 11 

[C1C2Im][NTf2] 303-333 152-206 3 pVT  - isochoric 32 

[C1C2Im][NTf2] 303-343 150.05-261.80 5 pVT  - isochoric 42 

[C1C4Im][NTf2] 283-323 86-141 3 Gravimetric 
microbalance 57 

[C1C4Im][NTf2] 303 104.4±1 1 pVT  - isochoric 33 

[C1C4Im][NTf2] 303-343 104.17-192.10 5 pVT  - isochoric 34 

[C1C4Im][NTf2] 303-334 105.7-165.5 4 pVT  - isochoric 58 

[C1C6Im][NTf2] 298-353 79.243-148.206 4 pVT  - constant 
pressure 

35 

[C1C6Im][NTf2] 283-343 55.34-116.0 7 pVT  - isochoric 43 

[C1C8Im][NTf2] 303-343 59.864- 112.53 5 pVT  - isochoric 34 

[C1C10Im][NTf2] 303-343 53.068- 98.300 5 pVT  - isochoric 34 

[C1C3CNIm][NTf2] 303 218±1.1 1 pVT  - isochoric 33 

[(C3CN)2Im][NTf2] 303 282±1.8 1 pVT  - isochoric 33 

[C1C1COOC5Im][NTf2] 303-343 85.53-7.367 5 pVT  - isochoric 44 
[C1C1COOC2OC2Im] 

[NTf2] 
303-343 83.33-9.007 5 pVT  - isochoric 44 

[C1C1COOC2OC2OC4Im] 
[NTf2] 

303-343 58.13-11.16 5 pVT  - isochoric 44 

[C1C2Im][PF6] 313 345.52±84 1 pVT  - isochoric 11 

[C1C4Im][PF6] 283-323 234-363 3 Gravimetric 
microbalance 33, 45 

[C1C4Im][PF6] 283-343 199-521.25 7 pVT  - isochoric 56 
[C1C1COOC5Im] 

[C8SO4] 
323-343 91.45-115.0 6 pVT  - isochoric 56 

[C1C2Im][DCA] 313 665.2±146.5 1 pVT  - isochoric 11 

[C1C4Im][BF4] 283-343 257.6-503.8 7 pVT  - isochoric 12 

[C1C4Im][BF4] 313 421.01±64 1 pVT  - isochoric 11 

[C1C2Im][CF3SO3] 313 359.7±62 1 pVT  - isochoric 11 

[C1C4Im][eFAP] 303-343 59.2-95.5 5 pVT  - isochoric 46 

[C1C6Im][eFAP] 303-343 60.27±109.67 5 pVT  - isochoric 46 

[C1C6Pyr][NTf2] 298-333 72-118 3 Gravimetric 
microbalance 27 

[C1C4Pyrr][NTf2] 303-343 105.2-173.7 5 pVT  - isochoric 11 

[C1C4Pyrr][eFAP] 303-343 67.67-100.4 5 pVT  - isochoric 47 

[N1132-OH][NTf2] 303-343 162.05-278.4 5 pVT  - isochoric 11 
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Ionic liquid Temperature /K HK  /105 Pa Data points Measuring method Reference 

[P(14)666][eFAP] 303-343 16.87-29.77 5 pVT  - isochoric 47 

[P(14)666][TMPP] 303-353 16.0-30.3 4 pVT  - isochoric 32, 48 

[P4444][TMPP] 303-333 26-36 3 pVT  - isochoric 32 

 

When the alkyl chain of the cation of the NTf2--based ionic liquid is 

functionalized with a cyano group, like in the case of [C1C3CNIm][NTf2], the solubility 

of ethane is 37% less than in [C1C2Im][NTf2],  50% lower than [C1C4Im][NTf2] and 

69% lower than [C1C6Im][NTf2], at 303 K. Additional functionalization of the cation, 

[(C3CN)2Im][NTf2], results in a further 23% decrease in ethane solubility. These 

differences are due to the increase of polarity upon functionalization of the ionic 

liquid, affecting the solubility of the apolar ethane.33 The increase in solubility of 

ethane is more important when adding -C2H4- segments to the alkyl chain than when 

adding ester and/or ether functionalized segments. For example, the solubility of 

ethane increases less than 3% from [C1C1COOC5Im][NTf2] to 

[C1C1COOC2OC2Im][NTf2], at 303 K. The solubility of ethane decreases when the 

functionalization of the chain is done with an ester function, [C1C1COOC5Im][NTf2] 

presents an ethane solubility 13% inferior to [C1C6Im][NTf2].44  

Imidazolium-based ionic liquids containing large anions such as FAP-, C8SO4
- 

and NTf2- present higher ethane and propane solubility (for each common anion), 

followed by PF6
-, CF3SO3

-, BF4
- and DCA-. Changing the anion from NTf2

- to FAP- 

leads to 40% increase in ethane solubility when the cation is C1C4Im+ or C1C4Pyrr+ 

and of 18% for C1C6Im+, at 303 K. Comparing [C1C1COOC5Im][NTf2] and 

[C1C1COOC5Im][C8SO4], we observe an ethane solubility increase of 15%, due to 

slightly more favorable enthalpies and entropies of solvation.44 Ethane and propane 

solubility decreases to less than half when the anion is changed from NTf2
- to PF6

-, 

for cations C1C2Im+ and C1C4Im+. Comparing the thermodynamic properties of 

solvation for ethane in the ionic liquid with the larger cation we observe that this is 

due to a more favorable entropy of solvation, although compensated by a less 

favorable enthalpy of solvation.27,34  Ethane and propane solubility decreases by 

more than 50% when the anion is changed from NTf2
- to CF3SO3

-, and over 70% 

when changed from NTf2- to DCA-, for the C1C2Im+ cation. 
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Table 1.4 - Henry’s law constant, HK , or Henry’s law constant range for propane in several ionic liquids. 
Uncertainty included when possible for single measurements. 

Ionic liquid Temperature /K HK  /105 Pa Data points Measuring method Reference 

[C1C2Im][NTf2] 303 70.93±1.1 1 pVT  - isochoric 31 

[C1C2Im][NTf2] 313 94.28±5.8 1 pVT  - isochoric 11 

[C1C2Im][NTf2] 303-333 73-111 3 pVT  - isochoric 32 

[C1C4Im][NTf2] 280-340 35.7-80.9 4 pVT  - isochoric 55 

[C1C2Im][PF6] 313 189.48±23 1 pVT  - isochoric 11 

[C1C2Im][DCA] 313 308.53±37.5 1 pVT  - isochoric 11 

[C1C4Im][BF4] 313 254.33±23 1 pVT  - isochoric 11 

[C1C2Im][CF3SO3] 313 211.77±15 1 pVT  - isochoric 11 

[P4444][TMPP] 303-333 8.2-14 3 pVT  - isochoric 32 

[P(14)666][TMPP] 303-353 5.1-13 4 pVT  - isochoric 32, 48 

 

Ethane solubility decreases 70% and propane 80% when the anion is changed 

from NTf2- to BF4
-, for C1C4Im+. In the case of ethane this is due to a less favorable 

enthalpy of solvation of ethane in [C1C4Im][BF4].‡ 12,34 In the case of the phosphonium 

cation, we observe that the TMPP- and FAP- anions have similar ethane solubility. 

[P(14)666][FAP] presents 72% more ethane solubility comparing to [C1C6Im][FAP], due 

to a more favorable entropy of solvation.46,47 

In summary, the solubility of ethane and propane is higher in ionic liquids with 

larger non polar domains, such as phosphonium-based ionic liquids compared to 

imidazolium-based ones. The solubility of both gases is much less affected by the 

change of anion type. 

  

                                            
‡ The comparison temperature for the propane measurements was 320 K for NTf2- and 313 K for BF4

- 
based ionic liquids 
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1.2 Solubility of ethene and propene 
 

The Henry’s law constants of ethene and propene in several ionic liquids are 

reported in figures 1.5 to 1.8 and tables 1.5 and 1.6. 

 

 
Figure 1.5 - Henry’s law constant, HK , for ethene in several imidazolium ionic liquids at 313 K. 

* -  at 303 K; ** - at 323 K; ° - Uncertainty not indicated by the authors. [C1C2Im][NTf2]32; 

[C1C4Im][NTf2]7; [C1C6Im][NTf2]40,60; [C1C3CNIm][NTf2]33; [C1C1C3CNIm][NTf2]37,61 ; [(C3CN)2Im][NTf2]33; 

[C1C4Im][BETI]40; [C1C2Im][CF3SO3]
11; [(C2SO2C2)C1Im][CF3SO3]

40,60; [C1C4Im][C1SO4]
7; 

[C1C1Im][C1HPO3]7; [C1C2Im][C2HPO3]62; [C1C4Im][C1HPO3]7; [C1C4Im][C4HPO3]7; [C2C4Im][C2HPO3]62; 

[C1C1Im][(C1)2PO4]7; [C1C4Im][(C1)2PO4]7; [C1C4Im][OAc]7; [C1C4Im][TFA]7; [C1C4Im][n-C15H31COO]37; 

[C1C4Im][n-C17H35COO]37; [C1C2Im][DCA]11; [C1C3CNIm][DCA]37,61; [C1C1C3CNIm][DCA]37,61;  

  

Henry’s law constants, HK  for ethene range from 561.3 × 105 Pa for 

[C1C3CNIm][DCA] to 26 × 105 Pa for [P(14)666][TMPP], at 313 K. For propene it ranges 

from 241.4 × 105 Pa for [C1C1Im][C1SO4] to  7.5 × 105 Pa for [P(14)666][TMPP], at 

313 K. Ethene and propene solubility is less affected when changing from 

[C1C2Im][DCA] to [P(14)666][TMPP] than the solubility of ethane or propane. Solubility 
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is higher in phosphonium-based ionic liquids than imidazolium-based ones, up to 

13 times for ethene and 17 times for propene. 

The ethene and/or propene solubility data reported by Mokrushin et al.,49 by 

Scovazzo,50 by Kang et al.51 and by Ortiz et al.52 were not taken into consideration, 

due to lack of information for the calculation of Henry’s law constants. The ethene 

solubility measurement in [C1C6Im][NTf2] reported by Kilaru and Scovazzo40, and by 

Kilaru, Condemarin and Scovazzo60  is not consistent with other reported results and 

tendencies observed, and will not be considered in this analysis.40   

Phosphonium-based ionic liquids present the highest ethene and propene 

solubility and are followed by ammonium, pyridinium, pyrrolidinium and imidazolium 

ones. In the case of phosphonium based ionic liquids, several anions were studied 

and both ethylene and propylene solubility follow the order: [P(14)666][DCA] < 

[P(14)666][Cl] < [P4444][TMPP] < [P(14)444][DBS] < [P(14)666][TMPP]. In the case of 

imidazolium and ammonium based ionic liquids, ethylene is more soluble in 

[C1C4Im][NTf2] than in [N(4)111][NTf2] but significantly less soluble than in 

[N(1)888][NTf2], at 303K. 

When changing from an imidazolium-based cation for a pyrrolidinium one, no 

tendencies were observed.  

Henry’s law constant for ethene in imidazolium-based ionic liquids ranges from 

561.3 × 105 Pa for [C1C3CNIm][DCA] to 62 × 105 Pa for [C1C4Im][n-C17H35COO], at 

313 K. For propene the range goes from 189.3 × 105 Pa for [C1C1Im][C1HPO3] to 

7.5 × 105 Pa for [P(14)666][TMPP], at 313 K. 

The solubility of ethene and propene increases from 30% to 60% with the 

increase of the alkyl chain of the cation or anion, for imidazolium, pyrrolidinium and 

phosphonium based ionic liquids based in NTf2-, BF4
-, phosphate and phosphite 

anions. For small increases in the total number of carbons in the alkyl chain of 

ammonium-based ionic liquids containing the NTf2
- anion, no ethene solubility 

difference is observed within the expected uncertainties. An increase in ethene 

solubility starts to be visible for [N(4)111][NTf2] and [N(10)111][NTf2], 27% and 

[N(6)111][NTf2] and [N(6)222][NTf2], 30%.  The largest ethene solubility increase is 61% 

between [N(4)111][NTf2] and [N(1)888][NTf2]. 
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Figure 1.6 - Henry’s law constant, HK , for ethene in several non-imidazolium ionic liquids at 313 K. 

* - at 303 K; ° - Uncertainty not indicated by the authors. [C1C6Pyr][NTf2]40; [C1C4Pyrr][NTf2]7; 

[C1C4Pyrr][DCA]65; [C1C4Pyrr][OAc]7,65; [C1C4Pyrr][TFA]65; [C1C1Pyrr][C1HPO3]65; 

[C1C2Pyrr][C2HPO3]65; [C1C4Pyrr][C4HPO3]7; [N(4)111][NTf2]40,60,64; [N(4)113][NTf2]40,60,64; 

[N(6)111][NTf2]40,60,64; [N(6)222][NTf2]40,60,64; [N(10)111][NTf2]40,60,64; [N(10)113][NTf2]40,60,64; [N(1)888][NTf2]40,60,64; 

[P(14)666][NTf2]40,60,63; [P(14)666][DCA]40,60,63; [P(2)444][(C2)2PO4]40,60,63; [P(14)666][Cl]40, 41,60,63; 

[P(14)444][DBS]40,63; [P4444][TMPP]32; [P(14)666][TMPP]32,48 

 

The addition of a polar group in the side chain of the cation of the ionic liquid 

can increase or decrease ethene solubility. Functionalizing the side chain of the ionic 

liquid [C1C2Im][CF3SO3], resulting in [(C2SO2C2)C1Im][CF3SO3] leads to a 25% 

increase of ethene solubility, while [C1C3CNIm][DCA]  presents 57% less ethene 

solubility than [C1C4Im][NTf2], at 313 K.  

Removing the imidazolium acidic proton of [C1C3CNIm][DCA] to 

[C1C1C3CNIm][DCA] increases the solubility of ethene by 51% at 303 K (to 25% at 

323 K). 
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Figure 1.7 - Henry’s law constant, HK , for propene in several imidazolium ionic liquids at 313 K. 

* - at 320 K; ** - at 303 K; ° - Uncertainty not indicated by the authors. [C1C2Im][NTf2]11; 

[C1C4Im][NTf2]62; [C1C6Im][NTf2]40, 60; [C1C4Im][BETI]40; [C1C1Im][C1HPO3]62; [C1C2Im][C2HPO3]62; 

[C1C4Im][C1HPO3]62; [C1C4Im][C4HPO3]62; [C2C4Im][C2HPO3]62; [C1C2Im][PF6]11; [C1C4Im][PF6]40,41,60; 

[C1C4Im][BF4]11; [C1C2Im][DCA]11; [C1C2Im][CF3SO3]11; [(C2SO2C2)C1Im][CF3SO3]40,60. 

 

 
Figure 1.8 - Henry’s law constant, HK , for propene in several non-imidazolium ionic liquids at 313 K. 

* - at 303 K. ° - Uncertainty not indicated by the authors. [N(4)111][NTf2]40,60,64; [N(4)113][NTf2]40,60,64; 

[N(6)111][NTf2]40,60,64; [N(6)113][NTf2]40,60,64; [N(1)444][NTf2]64; [N(6)222][NTf2]40,60,64; [N(10)111][NTf2]40,60,64; 

[N(10)113][NTf2]40,60,64; [N(1)888][NTf2]40,60,64; [P(14)666][NTf2]40,60,63; [P(2)444][(C2)2PO4]40,60,63; 

[P(14)666][Cl]40,60,63; [P(14)666][DCA]40,60,63; [P(14)444][DBS]40,63; [P(14)666][TMPP]48. 
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Imidazolium ionic liquids containing NTf2-, BETI- or long chain carboxylate 

anions present the highest ethene and propene solubility (for each common anion), 

followed by heavy phosphates and phosphites, PF6
-, CF3SO3

-, BF4
-, sulphates and 

finally DCA-. 

For C1C2Im+ the ethene solubility order is NTf2- > PF6
- (the decrease is larger 

for C1C4Im+) > C2HPO3
- > CF3SO3

- > DCA-, at 313 K. 

For C1C2Im+ the propene solubility order is NTf2- > PF6
- (the decrease is larger 

for C1C4Im+) > CF3SO3
- ≈ C2HPO3

- > DCA- > BF4
-, between the temperatures of 

303 K to 333 K (303 K and 308 K for CF3SO3
- and at 313 K for PF6

- and DCA-). 

[C1C4Im][NTf2] and [C1C4Im][BETI] present a solubility difference of 4% for 

ethene and 47% for propene with higher solubility for [C1C4Im][NTf2], at 303 K. 

For all the following comparisons, the solubility measurement temperature of 

propene in [C1C4Im][NTf2] is 320 K. 

The ethene solubility order for C1C4Im+ is NTf2- > C4HPO3
- > (C1)2PO4

- ≈ TFA- ≈ C2HPO3
- > 50% for CF3SO3

- ≈ OAc- ≈ C1HPO3
- > C1SO4

- ≈ BF4
- > DCA-, at 313 K. 

The propene solubility order for C1C4Im+ is NTf2- > C4HPO3
- ≈ (C4)2PO4

- > 

C1HPO3
- > PF6

- (at 303K) > BF4
- ≈ C1SO4

-, at 318 K. 

From the imidazolium ionic liquids reported, the only ones with ethene 

solubility greater than [C1C4Im][NTf2] are [C1C4Im][n-C15H31COO] and 

[C1C4Im][n-C17H35COO], by 8% and 29% at 313 K. 

The ethene solubility order for C1C4Pyrr+ is NTf2- > C4HPO3
- > OAc- ≈ TFA- ≈ 

DCA-, at 313 K, following a similar trend then their imidazolium counterparts, with the 

exception of OAc- anion. 

The ethene solubility order for phosphonium-based ionic liquids is 

[P(14)666][TMPP] ≈ [P(14)444][DBS] ≈ [P(14)666][NTf2] > [P4444][TMPP] ≈ [P(14)666][Cl] > 

[P(14)666][DCA] > [P(2)444][(C2)2PO4],  at 303K.  

The propene solubility order for phosphonium-based ionic liquids is 

[P(14)666][TMPP] > [P(14)444][DBS] > [P(14)666][NTf2] > [P(14)666][DCA] > [P(14)666][Cl] > 

[P(2)444][(C2)2PO4],  at 303K. 
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Table 1.5 - Henry’s law constant, HK , or Henry’s law constant range for ethene in several ionic liquids. Uncertainty 
included when possible for single measurements. 

Ionic liquid Temperature /K HK  /105 Pa Data points Measuring method Reference 

[C1C2Im][NTf2] 303 111±7 1 pVT  - isochoric 59 

[C1C2Im][NTf2] 303 151.48±2.8 1 pVT  - isochoric 31 

[C1C2Im][NTf2] 313 123.62±8 1 pVT  - isochoric 11 

[C1C2Im][NTf2] 303 134.7 1 Lag-time technique 40, 41, 60 

[C1C2Im][NTf2] 303-333 100-154 3 pVT  - isochoric 32 

[C1C4Im][NTf2] 283-323 61-97 3 Gravimetric 
microbalance 45 

[C1C4Im][NTf2] 303 75.7±0.5 1 pVT  - isochoric 33 

[C1C4Im][NTf2] 303-323 87.3-108 3 Gas chromatography 37, 61 

[C1C4Im][NTf2] 313 84.0±1.0 1 pVT  - isochoric 7 

[C1C6Im][NTf2] 303 152±30 1 Lag-time technique 40, 60 

[C1C3CNIm][NTf2] 303 135±0.9 1 pVT  - isochoric 33 

[C1C3CNIm][NTf2] 303-323 195.3-214.5 3 Gas chromatography 37, 61 

[C1C1C3CNIm][NTf2] 303-323 182.1-203.1 3 Gas chromatography 37, 61  

[(C3CN)2Im][NTf2] 303 140.1±0.9 1 pVT  - isochoric 33 

[C1C4Im][BETI] 303 85 1 Lag-time technique 40 

[C1C2Im][CF3SO3] 303 223±21 1 pVT  - isochoric 37 

[C1C2Im][CF3SO3] 313 216±15 1 pVT  - isochoric 11 

[C1C2Im][CF3SO3] 303 265.3 1 Lag-time technique 40, 41, 60 
[(C2SO2C2)C1Im] 

[CF3SO3] 
303 200.2 1 Lag-time technique 40, 60 

[C1C4Im][C1SO4] 313 220.8±6.0 1 pVT  - isochoric 7 

[C1C1Im][C1HPO3] 313 368.7±3.5 1 pVT  - isochoric 7 

[C1C1Im][C1HPO3] 313 367.3 1 pVT  - isochoric 62 

[C1C2Im][C2HPO3] 313 203.1 1 pVT  - isochoric 62 

[C1C4Im][C1HPO3] 313 183.4 1 pVT  - isochoric 62 

[C1C4Im][C1HPO3] 313 185.8±1.3 1 pVT  - isochoric 7 

[C1C4Im][C4HPO3] 313 107.1 1 pVT  - isochoric 62 

[C1C4Im][C4HPO3] 313 108.5±1.4 1 pVT  - isochoric 7 

[C2C4Im][C2HPO3] 313 115.8 1 pVT  - isochoric 62 

[C1C1Im][(C1)2PO4] 313 265.1±2.4 1 pVT  - isochoric 7 

[C1C4Im][(C1)2PO4] 313 136.0±3.0 1 pVT  - isochoric 7 

[C1C4Im][OAc] 313 178.2±1.6 1 pVT  - isochoric 7 

[C1C4Im][TFA] 313 138.1±1.4 1 pVT  - isochoric 7 
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Ionic liquid Temperature /K HK  /105 Pa Data points Measuring method Reference 

[C1C4Im][n-C15H31COO] 313-323 81.4-72.2 2 Gas chromatography 37 

[C1C4Im][n-C17H35COO] 313 62.3-59.3 2 Gas chromatography 37 

[C1C2Im][DCA] 313 341±35 1 pVT  - isochoric 11 

[C1C2Im][DCA] 303 314±38 1 pVT  - isochoric 37 

[C1C3CNIm][DCA] 303-323 546.3-636.6 3 Gas chromatography 37, 61 

[C1C1C3CNIm][DCA] 303-323 266.6-475.9 3 Gas chromatography 37, 61 

[C1C2Im][PF6] 313 190±23 1 pVT  - isochoric 11 

[C1C4Im][PF6] 283-323 125-191 3 Gravimetric 
microbalance 45, 57 

[C1C4Im][PF6] 303 182±16 1 pVT  - isochoric 37 

[C1C4Im][PF6] 303 205.9 1 Lag-time technique 40, 41, 60 

[C1C4Im][BF4] 313 194.7±3.4 1 pVT  - isochoric 7 

[C1C4Im][BF4] 303-323 206.5-255.2 3 Gas chromatography 37 

[C1C4Im][BF4] 303 256.4±22.5 1 pVT  - isochoric 11 

[C1C8Im][BF4] 303-323 134.6-151.2 3 Gas chromatography 37 

[P(2)444][(C2)2PO4] 303 71±4 1 Lag-time technique 40, 60, 63 

[P4444][TMPP] 303-323 35-45 3 pVT  - isochoric 32 

[P(14)444][DBS] 303 26±4 1 Lag-time technique 40, 63 

[P(14)666][TMPP] 303-353 23.0-4.01 3 pVT  - isochoric 32, 48 

[P(14)666][Cl] 303 36±5 1 Lag-time technique 40, 41, 60, 63 

[P(14)666][DCA] 303 41±10 1 Lag-time technique 40, 60, 63 

[P(14)666][NTf2] 303 29±3 1 Lag-time technique 40, 60, 63 

[N(4)111][NTf2] 303 101±10 1 Lag-time technique 40, 60, 64 

[N(4)113][NTf2] 303 108±7 1 Lag-time technique 40, 60, 64 

[N(6)111][NTf2] 303 101±10 1 Lag-time technique 40, 60, 64 

[N(10)111][NTf2] 303 74±6 1 Lag-time technique 40, 60, 64 

[N(6)222][NTf2] 303 71±20 1 Lag-time technique 40, 60, 64 

[N(10)113][NTf2] 303 71±30 1 Lag-time technique 40, 60, 64 

[N(1)888][NTf2] 303 40±4 1 Lag-time technique 40, 60, 64 

[C1C1Pyrr][C1HPO3] 313 467.1 1 pVT  - isochoric 65 

[C1C2Pyrr][C2HPO3] 313 202 1 pVT  - isochoric 65 

[C1C4Pyrr][NTf2] 313 76.8±0.6 1 pVT  - isochoric 7 

[C1C4Pyrr][C4HPO3] 313 101±0.5 1 pVT  - isochoric 7 

[C1C4Pyrr][C4HPO3] 313 99.9 1 pVT  - isochoric 65 
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Ionic liquid Temperature /K HK  /105 Pa Data points Measuring method Reference 

[C1C4Pyrr][OAc] 313 113.8±2.5 1 pVT  - isochoric 7 

[C1C4Pyrr][OAc] 313 112.3 1 pVT  - isochoric 65 

[C1C4Pyrr][TFA] 313 149.4 1 pVT  - isochoric 65 

[C1C4Pyrr][DCA] 313 162.2 1 pVT  - isochoric 65 

[C1C6Pyr][NTf2] 298-333 58-96 3 Gravimetric 
microbalance 40 

 
Table 1.6 - Henry’s law constant, HK , or Henry’s law constant range for propene in several ionic liquids. 
Uncertainty included when possible for single measurements. 

Ionic liquid Temperature /K HK  /105 Pa Data points Measuring method Reference 

[C1C2Im][NTf2] 303 37.54±0.5 1 pVT  - isochoric 31 

[C1C2Im][NTf2] 313 44.94±1.4 1 pVT  - isochoric 11 

[C1C2Im][NTf2] 303 47.1 1 Lag-time technique 40, 41, 60 

[C1C4Im][NTf2] 280-340 15.3-45.8 4 pVT  - isochoric 62 

[C1C6Im][NTf2] 303 42±4 1 Lag-time technique 40, 60 

[C1C4Im][BETI] 303 33.8 1 Lag-time technique 40 

[C1C1Im][C1HPO3] 313 189.3 1 pVT  - isochoric 62 

[C1C2Im][C2HPO3] 313 77.1 1 pVT  - isochoric 62 

[C1C4Im][C1HPO3] 313 70.3 1 pVT  - isochoric 62 

[C1C4Im][C4HPO3] 313 35.5 1 pVT  - isochoric 62 

[C2C4Im][C2HPO3] 313 42 1 pVT  - isochoric 62 

[C1C2Im][PF6] 313 75.08±3.5 1 pVT  - isochoric 11 

[C1C4Im][PF6] 303 81.2 1 Lag-time technique 40, 41, 60 

[C1C4Im][BF4] 313 89.17±2.9 1 pVT  - isochoric 11 

[C1C2Im][DCA] 313 126.15±6 1 pVT  - isochoric 11 

[C1C2Im][CF3SO3] 313 89.01±2.7 1 pVT  - isochoric 11 

[C1C2Im][CF3SO3] 303 89.1 1 Lag-time technique 40, 41, 60 

[(C2SO2C2)C1Im][CF3SO3] 303 120.1 1 Lag-time technique 40, 60 

[P(2)444][(C2)2PO4] 303 21±0.3 1 Lag-time technique 40, 60, 63 

[P(14)444][DBS] 303 9.2±0.007 1 Lag-time technique 40, 63 

[P(14)666][TMPP] 313-353 7.5-16 3 pVT  - isochoric 48 

[P(14)666][Cl] 303 13±0.01 1 Lag-time technique 40, 60, 63 

[P(14)666][DCA] 303 12.0±0.01 1 Lag-time technique 40, 60, 63 

[P(14)666][NTf2] 303 10.8±0.003 1 Lag-time technique 40, 60, 63 

[N(4)111][NTf2] 303 42±5 1 Lag-time technique 40, 60, 64 
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Ionic liquid Temperature /K HK  /105 Pa Data points Measuring method Reference 

[N(4)113][NTf2] 303 46±7 1 Lag-time technique 40, 60, 64 

[N(6)113][NTf2] 303 34±2 1 Lag-time technique 40, 60, 64 

[N(6)111][NTf2] 303 27±3 1 Lag-time technique 40, 60, 64 

[N(1)444][NTf2] 303 21±0.2 1 Lag-time technique 64 

[N(6)222][NTf2] 303 32±4 1 Lag-time technique 40, 60, 64 

[N(10)111][NTf2] 303 28±3 1 Lag-time technique 40, 60, 64 

[N(10)113][NTf2] 303 25±7 1 Lag-time technique 40, 60, 64 

[N(1)888][NTf2] 303 12.8±0.6 1 Lag-time technique 40, 60, 64 

 
In summary, we observed the same tendencies for ethene and propene 

solubility in ionic liquids than for ethane and propane. Ionic liquids containing larger 

non polar domains such as phosphonium and ammonium-based ionic liquids present 

higher ethene and propene solubility. The solubility of both gases is much less 

affected by the change of anion type.  
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1.3 Solubility of ethyne and propyne 
 

In figures 1.9 and 1.10 and tables 1.7 and 1.8, the Henry’s constants for 

ethyne and propyne in several ionic liquids is reported. Henry’s law constants for 

ethyne range from 23.6 × 105 Pa for [C1C2Im][NTf2] to at 4.9 × 105 Pa for 

[C1C4Im][(C1)2PO4] and [C1C4Pyrr][C4HPO3]. For propyne it ranges from 11 × 105 Pa 

for [C1C1Im][C1HPO3] to 5.7 × 105 Pa for [C2C4Im][C2HPO3], at 313 K. 

The solubility range for ethyne and propyne in ionic liquids is much larger than 

for ethane, ethene, propane and propene. 

 
Figure 1.9 - Henry’s law constant, HK , for ethyne in several ionic liquids at 313 K. ° - Uncertainty not 

indicated by the authors. [C1C2Im][NTf2]
66; [C1C4Im][NTf2]

66; [C1C1Im][C1HPO3]
66; [C1C2Im][C1HPO3]

66; 

[C1C2Im][C2HPO3]62; [C1C4Im][C1HPO3]66; [C1C4Im][C4HPO3]7; [C2C4Im][C2HPO3]62; 

[C1C1Im][(C1)2PO4]66; [C1C2Im][(C1)2PO4]66; [C1C4Im][(C1)2PO4]66; [C1C4Im][OAc]66; [C1C4Im][TFA]66; 

[C1C1Im][C1SO4]66; [C1C1Im][C1SO4]66; [C1C1Im][C1SO4]66; [C1C1Im][C1SO4]66; [C1C2Im][BF4]66; 

[C1C4Im][BF4]66; [C1C4Im][PF6]66; [C1C1Pyrr][C1HPO3]65; [C1C2Pyrr][C2HPO3]65; [C1C4Pyrr][C4HPO3]65; 

[C1C4Pyrr][OAc]65; [C1C4Pyrr][NTf2]66; [C1C4Pyrr][TFA]65; [C1C4Pyrr][DCA]65. 

The solubility of ethyne was only measured in imidazolium and 

pyrrolidinium-based ionic liquids. They present similar ethyne solubilities. For 

propyne, only imidazolium-based ionic liquids were studied. 
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Figure 1.10 - Henry’s law constant, HK , for propyne in several ionic liquids at 313K. ° - Uncertainty 

not indicated by the authors. [C1C1Im][C1HPO3]62; [C1C2Im][C2HPO3]62; [C1C4Im][C1HPO3]62; 

[C1C4Im][C4HPO3]62; [C2C4Im][C2HPO3]62. 

Changing the cation from C1C4Im+ to C1C4Pyrr+ in ionic liquids based in the 

NTf2-, TFA- and OAc- anions leads to changes in ethyne solubility of less than 3%. 

Changing the imidazolium cation for a pyrrolidinium in ionic liquids containing 

the phosphite anion causes a decrease in ethyne solubility between 10% and 30%. 

Contrary to what was found for ethane, ethylene, propane and propylene, the 

solubility of acetylene does not always increase when the side alkyl chain of the 

cation or of the anion increases. There is almost no change in solubility of ethyne 

between, for example [C1C2Im][NTf2] and [C1C4Im][NTf2] or [C1C4Im][C1HPO3] and 

[C1C4Im][C4HPO3]. Other examples present a 15%-25% increase in ethyne solubility, 

such as from [C1C2Im][C1SO4] to [C1C4Im][C1SO4] or [C1C2Im][BF4] and 

[C1C4Im][BF4]. There is a 35% increase in ethyne solubility for pyrrolidinium-based 

ionic liquids: from [C1C1Pyrr][C1HPO3] to [C1C2Pyrr][C2HPO3] or from 

[C1C2Pyrr][C2HPO3] to [C1C4Pyrr][C4HPO3]. Propyne seems to follow the general 

tendency found for ethane, propane, ethene and propene and its solubility increased 

when the total amount of carbons in the alkyl side chain of the anion or cation is 

increased, at least for phosphite based ionic liquids. 

The order of solubility of ethyne for C1C2Im+, C1C4Im+ or C1C4Pyrr+ is 

phosphate > OAc- > phosphite > sulphate > TFA- > BF4
- ≈ PF6

-
 ≈ NTf2-, for the anions 

in common. 
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Table 1.7 - Henry’s law constant, HK , or Henry’s law constant range for ethyne in several ionic liquids. 
Uncertainty included when possible for single measurements. 

Ionic liquid Temperature /K HK  /105 Pa Data points Measuring method Reference 

[C1C2Im][NTf2] 303-333 22.2-33.1 7 pVT  - isochoric 66 

[C1C4Im][NTf2] 313 21.8±0.1 1 pVT  - isochoric 66 

[C1C4Im][NTf2] 313 22.1±0.1 1 pVT  - isochoric 7 

[C1C1Im][C1HPO3] 303-333 6.1-13.9 7 pVT  - isochoric 66 

[C1C1Im][C1HPO3] 313 8.7±0.1 1 pVT  - isochoric 7 

[C1C1Im][C1HPO3] 313 8.5 1 pVT  - isochoric 62 

[C1C2Im][C1HPO3] 303-333 5.2-11.8 7 pVT  - isochoric 66 

[C1C2Im][C2HPO3] 313 6.6 1 pVT  - isochoric 62 

[C1C4Im][C1HPO3] 303-333 5.3±11.8 7 pVT  - isochoric 66 

[C1C4Im][C1HPO3] 313 7.1 1 pVT  - isochoric 62 

[C1C4Im][C1HPO3] 313 7.2±0.1 1 pVT  - isochoric 7 

[C1C4Im][C4HPO3] 313 7.0±0.1 1 pVT  - isochoric 7 

[C1C4Im][C4HPO3] 313 6.9 1 pVT  - isochoric 62 

[C2C4Im][C2HPO3] 313 6.0 1 pVT  - isochoric 62 

[C1C1Im][(C1)2PO4] 313 6.5±0.2 1 pVT  - isochoric 7 

[C1C1Im][(C1)2PO4] 313 5.9±0.1 1 pVT  - isochoric 66 

[C1C2Im][(C1)2PO4] 308-333 4.6-9.3 6 pVT  - isochoric 66 

[C1C4Im][(C1)2PO4] 313 5.0±0.1 1 pVT  - isochoric 7 

[C1C4Im][(C1)2PO4] 313 4.9±0.1 1 pVT  - isochoric 66 

[C1C4Im][OAc] 313 6.5±0.1 1 pVT  - isochoric 7 

[C1C4Im][OAc] 313 5.6±0.1 1 pVT  - isochoric 66 

[C1C4Im][TFA] 313 14.4±0.1 1 pVT  - isochoric 7 

[C1C4Im][TFA] 313 14.2±0.1 1 pVT  - isochoric 66 

[C1C1Im][C1SO4] 313 19.6±0.2 1 pVT  - isochoric 66 

[C1C2Im][C1SO4] 303-333 11.4-23.7 7 pVT  - isochoric 66 

[C1C2Im][C2SO4] 303-333 8.9-18.6 7 pVT  - isochoric 66 

[C1C4Im][C1SO4] 313 11.0±0.1 1 pVT  - isochoric 7 

[C1C4Im][C1SO4] 313 10.8±0.1 1 pVT  - isochoric 66 

[C1C2Im][BF4] 303-333 20.9-35.1 7 pVT  - isochoric 66 

[C1C4Im][BF4] 313 17.7±0.1 1 pVT  - isochoric 7 

[C1C4Im][BF4] 303-333 13.2-25.5 7 pVT  - isochoric 66 

[C1C4Im][PF6] 303-333 18.8-32.5 7 pVT  - isochoric 66 
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Ionic liquid Temperature /K HK  /105 Pa Data points Measuring method Reference 

[C1C1Pyrr][C1HPO3] 313 11.6 1 pVT  - isochoric 65 

[C1C2Pyrr][C2HPO3] 313 7.4 1 pVT  - isochoric 65 

[C1C4Pyrr][C4HPO3] 313 5.0±0.1 1 pVT  - isochoric 7 

[C1C4Pyrr][OAc] 313 6.0±0.2 1 pVT  - isochoric 7 

[C1C4Pyrr][NTf2] 313 21.6±0.1 1 pVT  - isochoric 7 

[C1C4Pyrr][NTf2] 313 21.2±0.1 1 pVT  - isochoric 66 

[C1C4Pyrr][TFA] 313 14.7 1 pVT  - isochoric 65 

[C1C4Pyrr][DCA] 313 18.4 1 pVT  - isochoric 65 

[C1C4Pyrr][OAc] 313 5.9 1 pVT  - isochoric 65 

[C1C4Pyrr][C4HPO3] 313 4.9 1 pVT  - isochoric 65 

 
Table 1.8 - Henry’s law constant, HK , or Henry’s law constant range for propyne in several ionic liquids. 
Uncertainty included when possible for single measurements. 

Ionic liquid Temperature /K HK  /105 Pa Data points Measuring method Reference 

[C1C1Im][C1HPO3] 313 11 1 pVT  - isochoric 62 

[C1C2Im][C2HPO3] 313 7.1 1 pVT  - isochoric 62 

[C1C4Im][C1HPO3] 313 7.5 1 pVT  - isochoric 62 

[C1C4Im][C4HPO3] 313 5.8 1 pVT  - isochoric 62 

[C2C4Im][C2HPO3] 313 5.7 1 pVT  - isochoric 62 

 

Contrary to what was observed for ethane, ethene, propane and propene, the 

change of anion type has a large influence on the solubility of ethyne and propyne. 

The highest solubilities are found in ionic liquids containing anions with a Lewis base 

character, such as alkylphosphates, alkylphosphites and alkylsulphates. 
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1.4 Selectivity 
 

The ideal selectivity, , can be defined as the ratio of Henry’s law constant 

for two gases in a certain ionic liquid: 

 

2

1

H

H

K
K      (1.9) 

 

where, 1
HK and 2

HK  represent Henry’s law constant of the two gases. The ideal 

selectivity was used to evaluate the potential of the absorbent to act as a gas 

separating agent. The calculated ideal selectivities were plotted against Henry’s law 

constant for the more unsaturated gas for the separations of ethane/ethene, 

ethene/ethyne, propane/propene and propene/propyne, in figures 1.11 and 1.12. 

In general, the highest ideal selectivities are found for the separation of 

unsaturated gases and the increase of the ionic liquid unsaturated gas absorption 

corresponds to a lower selectivity for this gas. 

 

 
Figure 1.11 - Ethane/ethene and propane/propene ideal selectivity versus Henry’s law constant, HK , 

of ethene or propene in the ionic liquids , [C1C2Im][NTf2]; , [C1C4Im][NTf2] (at 320 K for the 

propane/propene separation); ▲, [C1C6Im][NTf2]*;  , [C1C3CNIm][NTf2]*; ▲, [(C3CN)2Im][NTf2]*; 

▼, [C1C2Im][PF6]; , [C1C4Im][PF6]*; ▼, [C1C2Im][DCA]; ▼, [C1C4Im][BF4]; , [C1C2Im][CF3SO3]; 

, [P4444][TMPP]; ▲, [P(14)666][TMPP]; ▲, [C1C4Pyrr][NTf2] and , [C1C6Pyr][NTf2] at 313 K. * at 303 K 

for the ethane/ethene separation 
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The highest ideal selectivities are found for the separation of the two 

unsaturated gases, ethene and ethyne and propene and propyne.  [C1C1Im][C1HPO3] 

and [C1C1Pyrr][C1HPO3] present the highest ethene/ethyne ideal selectivities, 43 and 

40, respectively. Ionic liquids containing the NTf2
-, DCA-, TFA-, BF4

- or PF6
- anions 

present both low ethyne absorption capacities and low ideal selectivity for the ethene 

and ethyne separation. 

 

 
Figure 1.12 - Ethene/ethyne and propene/propyne ideal selectivity versus Henry’s law constant, HK , 

of ethyne or propyne in the ionic liquids ,[C1C2Im][NTf2]; , [C1C4Im][NTf2]; , [C1C4Im][PF6]*; 

▼, [C1C4Im][BF4]; ▲, [C1C4Im][TFA]; , [C1C4Im][OAc]; ▲, [C1C1Im][C1HPO3]; , [C1C2Im][C2HPO3]; 

, [C1C4Im][C1HPO3]; , [C1C4Im][C4HPO3]; ▼, [C2C4Im][C2HPO3]; ▼, [C1C4Im][(C1)2PO4];  

, [C1C4Im][C1SO4]; , [C1C1Pyrr][C1HPO3]; , [C1C2Pyrr][C2HPO3]; ▼, [C1C4Pyrr][C4HPO3]; 

, [C1C4Pyrr][OAc]; ▲, [C1C4Pyrr][NTf2]; , [C1C4Pyrr][TFA] and ▲, [C1C4Pyrr][DCA] at 313 K. * at 

303 K for the ethene/ethyne separation 

 

The maximum ideal selectivities for propene/propyne separation are half of 

those found for ethene/ethyne separation. As for ethene/ethyne separation, they are 

obtained for ionic liquids with imidazolium cations containing short alkyl chains 

associated to a phosphorous anion, like [C1C1Im][C1HPO3] that presents a selectivity 

of 17. 

With the lowest values for the ideal selectivity and absorption capacity, the 

ethane/ethylene separation seems to be the most difficult to perform with ionic liquids 

as far as these criteria are concerned. The [C1C2Im][DCA] and [(C3CN)2Im][NTf2] 

presents the highest ethane/ethene ideal separation selectivity, 2. [C1C2Im][PF6] 
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presents the second highest 1.8. The presence of a CN group seems to increase the 

ideal selectivity of ethane and ethene, however leading to lower absorption 

capacities. The increase of the separation selectivity due to the presence of CN 

group(s) was also observed by Mokrushin et al.49 for the separation of propane and 

propene. 

[C1C4Im][BF4], [C1C2Im][DCA] and [C1C2Im][PF6] present the highest ideal 

selectivities for the propane/propene separation, 2.9, 2.4 and 2.5, respectively. 

For all separations, the increase of the alkyl chain in the cation or in the anion, 

leads to a decrease in the ideal selectivity, and to an increase in the absorption 

capacity of the ionic liquid. This increase seems to be less important for the 

ethane/ethene separation. 
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1.5 Ionic liquids containing metal salts 
 

Certain metal transition cations, such as Cu(I) or Ag(I) are able to form 

π-complexes with unsaturated hydrocarbons. The metal and alkene act as an 

electron donor and acceptor, forming a double bond if the orbitals involved present 

the correct symmetry and if the metal possesses high electron affinity for good 

σ-bond accepting properties and low promotion energy for good π-backbonding.5 

This complexation reaction is used to increase the absorption capacity of the ionic 

liquid for unsaturated light hydrocarbons. 

Ortiz et al.52 studied the selective absorption of propene from propane/propene 

mixtures in [C1C4Im][BF4] with, and without, silver ions, at several temperatures and 

pressures. They demonstrated that the propene selectivity is less than 3 in absence 

of the silver salt in the ionic liquid and 8 to 16 upon addition of 0.25 M silver salt in 

the ionic liquid at 298 K and between 1 and 3 bar. Higher pressures proved to lower 

the selectivity for the silver salt containing ionic liquid, probably due to the saturation 

of the silver ions. The propene absorption capacity for the ionic liquids-silver salt 

solution was compared to aqueous solutions with the same silver salt concentration 

and it was found that the aqueous solutions presented lower propene capacities. The 

authors studied the system in further detail obtaining data for the absorption kinetics 

of propene, the influence of the concentration of the silver salt and the performances 

of a membrane contractor and of a semi-batch stirred tank reactor.67,68,69 

Sanchéz et al.70 studied the absorption of ethane and ethene in silver salt 

solutions with the ionic liquids [C1C2Im][NTf2],  [C1C2Im][CF3SO3
-], [C1C4Im][NO3], 

[C0C2Im][NO3], [C1C2-OHIm][NO3], [4-butyl-C4Pyr][NO3] and [N1112-OH][NO3] with Ag+ 

concentrations ranging from 0.45 M to 4.4 M. The results were compared to the 

solubility of ethane and ethene in [C1C2Im][NTf2]. The gas absorption was studied at 

303 K and 333 K and pressures up to 10 bar. The authors observed that the ionic 

liquid-silver salt solution selectivities were always higher than for [C1C2Im][NTf2], 

which presents an ethene selectivity under 2, at 303K and 1 bar. The highest 

selectivity was obtained for the 1.8 M silver solution in [C1C2Im][CF3SO3
-], with a 

selectivity of 100 at 1 bar and 333 K. The authors defined selectivity as the proportion 

between mol of ethene and the mol of ethane at a certain pressure. 



41 
 

Mortaheb et al.71 studied the effect of temperature and silver salt concentration 

on the absorption of ethane and ethene in ionic liquid [C1C4Im][NO3]. The silver salt 

concentration ranged from 1 to 5 M and temperatures between 283 K and 308 K. A 

maximum selectivity of 15 was obtained for 5 M silver salt at 278 K. The authors 

defined selectivity as the proportion between amount of ethene and the amount of 

ethane. 

Kim et al.72 used a cuprous chloride-containing [C1C1Im][C1HPO3] and 

[C1C4Im][CuCl2] as absorbents for propyne over propene and compared to 

[C1C1Im][C1HPO3]. The propyne/propene selectivity of the pure ionic liquid was of 17, 

11 for [C1C4Im][CuCl2] and 243 for the cuprous chloride-containing 

[C1C1Im][C1HPO3], all at 313 K.  

Faiz and Li16 reviewed the application of ionic liquid/metal salt composite 

membranes for olefin/paraffin separations. They concluded that even though the 

concept was successfully applied for separation, the long term stability of the 

membranes is still a major issue. 

A task specific ionic liquid complex salt, [Ag(olefin)x][NTf2], formed as 

described in scheme 1.1, provided a selectivity of 40, a much larger selectivity when 

compared to the silver salt-[C1C4Im][BF4] solution of 16, at 298 K. 

 

AgNTf2 
olefin  [Ag(olefin)x][NTf2]   

Scheme 1.1 - Synthesis of ionic liquid [Ag(olefin)x][NTf2] 

 

This salt was also successfully used to create an adaptive self-healing 

propane/propene separation membrane, although the details of its long term stability 

were not provided.73,74 

Although allowing the increase of the capacity and selectivity of the selected 

support for the unsaturated gas, the use of metals presents drawbacks due to their 

cost, contamination, degradation, safety problems, limited metal salt solubility and 

high viscosities of the resulting liquid absorbent.4,5,6,74,75,76,77 
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Conclusions 
 

Henry’s law constants of ethane, ethene, ethyne, propane, propene and 

propyne in pure ionic liquids were critically reviewed and the general trends were 

described. The potential of the use of different ionic liquids as separating agents for 

gaseous mixtures of saturated and unsaturated gases was analysed on the basis of 

their ideal selectivities and absorption capacities. 

Contrary to what is suggested in the literature, the solubility of unsaturated 

gases, such as ethene and propene is not always higher than of their saturated 

counterparts, ethane and propane. In fact, their solubilities range overlap.  

The highest light hydrocarbon gas solubilities are obtained for ethyne in 

[C1C4Im][(C1)2PO4] and [C1C4Pyrr][C4HPO3] and for propyne in [C2C4Im][C2HPO3], 

with 0.20 and 0.18 mole fraction, respectively. The maximum mole fraction solubilities 

obtained for propane and propene were 0.15 and 0.13, respectively, in 

[P(14)666][TMPP]. Ethane and ethene are at least one order of magnitude less soluble 

than ethyne, with maximum mole fraction solubilities of 0.052 and 0.038 in 

[P(14)666][TMPP], all at 313 K and 1 bar.  

For ethane, ethene, propane and propene, the highest solubilities are found in 

ionic liquids containing cations or anions with large non-polar domains. The solubility 

order in terms of cations is Pnmpq
+> Nnmpq

+ > CnPyr+ > CnCmPyrr+> CnCmIm+. The 

influence of the cation size is less important in the solubility of ethyne. 

Imidazolium-based ionic liquids containing large anions such as long-chain 

carboxylates, BETI-, FAP-, C8SO4
-, NTf2-, CnCmPO4

− and CnHPO3
− (with n and m 

bigger than 6) present higher ethane, ethene, propane and propene solubility, 

followed by PF6
-, CF3SO3

-, BF4
- and DCA-. However, the influence of the nature of 

the anion is less important than the influence of the size of the cation in the solubility 

of these 4 gases. The order of solubility of ethyne relative to anions for imidazolium 

and pyrrolidinium-based cations is very different from what was found for its 

saturated counterparts: CnCmPO4
− > OAc- > CnHPO3

− > CnSO4
− > TFA- > BF4

- > PF6
- 

≈ NTf2-. The highest ethyne solubilities are found in ionic liquids containing anions 

with a Lewis base character, such as alkylphosphates, alkylphosphites and 

alkylsulphates. This is probably due to the presence of a relatively acidic proton in 

ethyne. 
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The largest variety of ionic liquids was tested for ethene and propene 

solubility. The existing data can be completed by additional solubility measurements 

of ethane, ethyne, propane and propyne in a greater variety of imidazolium, 

phosphonium and ammonium ionic liquids. 

Ionic liquids present great potential for light hydrocarbon separation, especially 

in the case of ethene/ethyne and propene/propyne separations, with ideal 

selectivities of over 40 in the first case and over 15 in the second and mole fraction 

solubilities between 0.1 and 0.2, respectively. 
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Chapter 2 
Synthesis and Characterization of Ionic Liquids 
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A. Synthesis of ionic liquids 
 

All the ionic liquids synthesized in this work were based in the imidazolium 

cation and are described in appendix 1 along with full name, abbreviation and CAS 

number. 

The majority of ionic liquids are usually prepared by quaternization of 

imidazole, alkylamines or phosphine, often employing alkyl halides as alkylating 

agents, followed by anion metathesis (scheme 2.1). The anion metathesis methods 

produce a large number of ILs in good yield, but the contamination by residual halide 

could limit the production of high purity materials.1,2 

Halide free synthetic routes have been developed to avoid these 

contaminations.3,4 Such is the case the direct alkylation reaction of phosphine, amine, 

pyridine, or azole yielding ILs based on alkylsulfates,5,
6 alkylsulfonate,7 

alkylphosphate,8,9 and alkylphosphite9 or alkyltriflates9. Other examples are use of 

the reaction between imidazole carbenes and the conjugate protic acid of the anion 

of interest10, alkylation with a trifluoroethanoic acid ester, the direct alkylation of the 

cation precursor with dimethylcarbonate1 and use of aqueous hydroxide solutions of 

organic cations, which are then neutralized with organic acids11. 

 

 
 

Scheme 2.1 - One and two-step synthesis paths based in the imidazolium cation 
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However each of these alternatives is only applicable to certain families of 

ionic liquids and the procedures may be complicated or expensive. Even with the risk 

of contamination, the traditional synthetic routes are still widely used because they 

apply to a very large range of ionic liquids, their simplicity, relative low reagent price 

and high yields.  

The most common difficulty is to obtain high yield or high purity ionic liquids. 

To avoid extensive purification of the product it’s essential to start with the highest 

purity reagents. Liquid reagents are distilled prior to use and kept refrigerated under 

inert atmosphere, to avoid contamination or degradation. 

Ionic liquid solutions with metallic salts of lithium (I), nickel (II) and copper (II) 

were prepared and characterized. 
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2.1 One-step synthesis of ionic liquids  
 

The ionic liquids 1-butyl-3-methylimidazolium methylsulfate, [C1C4Im][C1SO4], 

1-butyl-3-methylimidazolium methylphosphite, [C1C4Im][C1HPO3] and 

1-butyl-3-methylimidazolium dimethylphosphate, [C1C4Im][(C1)2PO4] were 

synthesized by direct alkylation of butylimidazole with appropriate precursors. The 

products are described in table 2.1 have been synthetized following a procedure 

reported in the literature.12 

 
Table 2.1 - Representation, name, abbreviation of the ionic liquids synthesized by the 

one-step procedure 

Cation Anion Name Abbreviation 

 

 

1-butyl-3-methylimidazolium 

methylsulfate 
[C1C4Im][C1SO4] 

 

1-butyl-3-methylimidazolium 

methylphosphite 
[C1C4Im][C1HPO3] 

 

1-butyl-3-methylimidazolium 

dimethylphosphate 
[C1C4Im][(C1)2PO4] 

 

A drop wise addition of the dimethylsulfate (DMS) on the butylimidazole affords 

[C1C4Im][C1SO4] (scheme 2.2). Since the reagents are water soluble, the addition of 

water followed by repeated washing of this phase with toluene afford pure 

[C1C4Im][(CH3O)SO3] as a colorless liquid. The ionic liquid was dried under vacuum. 

A similar procedure, but at a higher reaction temperature and with longer reaction 

time, is applied for the synthesis of [C1C4Im][C1HPO3] and [C1C4Im][(C1)2PO4], as 

depicted in scheme 2.3. The reagents used were the trimethylphosphate (TMP) and 

dimethylphosphate (DMP), respectively.  The purification of these ILs is done through 

a liquid-liquid (water-toluene) extraction, for 16h, affording colorless liquids. The 

aqueous phase was isolated, the water was removed and the ionic liquid dried under 

vaccum to completion at 120°C. 
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Scheme 2.2 - Synthesis of [C1C4Im][C1SO4] 

 
 

 
 

Scheme 2.3 - Synthesis of [C1C4Im][C1HPO3] and [C1C4Im][(C1)2PO4] 
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2.2 Two-step synthesis of ionic liquids 
 

The two step synthesis performed consisted first in the quaternization of the 

amine with an alkylating agent containing a halogen (chloride or bromide) as a 

leaving group, and second in the change of the obtained chloride/bromide anion, by 

metathesis or addition of a Lewis acid, for the desired anion.  

A series of ionic liquid precursors were obtained through the quaternization 

step, using similar procedures. The precursors obtained are listed and described in 

table 2.2.  

 
Table 2.2 - Precursors of the ionic liquids synthesized by the two-step 

synthesis, along with abbreviations 

Ionic liquid precursor Abbreviation 

1-methyl-3-(propyn-3-yl)imidazolium chloride [C1(C2H2CH)Im][Cl] 

1-butyl-3-methylimidazolium chloride [C1C4Im][Cl] 

1-(buten-3-yl)-3-methylimidazolium bromide [C1(C3H5CH2)Im][Br] 

1-butyl-2,3-dimethylimidazolium chloride [C1C1C4Im][Cl] 

1-(3-cyanopropyl)-3-methylimidazolium chloride [C1C3CNIm][Cl] 

1-hexyl-3-methylimidazolium chloride [C1C6Im][Cl] 

1-benzyl-3-methylimidazolium chloride [C1(CH2C6H5)Im][Cl] 

 

 

The apparatus and the reagents were kept dry and under inert atmosphere. 

Scheme 2.3 depicts the procedure used for the quaternization step. The halogenated 

product is usually added drop wise to the imidazole in order to avoid a possible 

bi-molecular elimination reaction, E2, producing 1-alkene and 1-methylimidazolium. 

The mechanism for the E2 reaction is depicted in scheme 2.4.13 The reagents are 

kept under strong stirring and inert atmosphere at a temperature between 50°C and 

80°C under reflux for 1 to 3 days. The reaction can be performed without solvent or 

with toluene or acetonitrile as solvents. 
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Scheme 2.3 - Quaternization step for the synthesis of ionic liquids 

 

The reagents undergo a bi-molecular nucleophilic substitution reaction, 

designated SN2, for which the mechanism is depicted in scheme 2.4.  

 

 
Scheme 2.4 - Mechanism for SN2 and E2 reaction 

 

In the end of the 3-day reaction, the product is transferred into dry and cooled 

toluene or diethyl ether, causing the precipitation of the product.  

The final product is filtered, washed with dry toluene and dried under high 

vacuum (10-8 bar) for at least 24h. Yield approximately 86%. 

The metathesis step, depicted in Scheme 2.5, consists in adding the precursor 

obtained in the quaternization step to a salt of the desired final anion. The cation of 

the salt is selected to form an insoluble precipitate in the chosen reaction solvent, 

forcing the reaction in the direction of the desired products. 

The ionic liquids synthesized using this method are listed in table 2.3. 
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Scheme 2.5 - Metathesis step for the synthesis of ionic liquids 
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Table 2.3 - Representation, name, abbreviation of the ionic liquids synthesized by the two-step procedure 

Cation Anion Name Abbreviation 

 

 

1-methyl-3-(propyn-3-yl)imidazolium 

bis(trifluoromethanesulfonyl)imide 
[C1(C2H2CH)Im][NTf2]* 

 

1-butyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide 
[C1C4Im][NTf2] 

 

1-(buten-3-yl)-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide 
[C1(C3H5CH2)Im][NTf2] 

 

1-butyl-2,3-dimethylimidazolium 

bis(trifluoromethanesulfonyl)imide 
[C1C1C4Im][NTf2] 

 

1-(3-cyanopropyl)-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide 
[C1C3CNIm][NTf2]* 

 

1-hexyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide 
[C1C6Im][NTf2] 

 

1-methyl-3-octyl-imidazolium 

bis(trifluoromethanesulfonyl)imide 
[C1C8Im][NTf2]** 

 

1-benzyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide 
[C1(CH2C6H5)Im][NTf2] 

 

 

1-butyl-3-methylimidazolium 

dicyanamide 
[C1C4Im][DCA] 

 

1-(3-cyanopropyl)-3-methylimidazolium 

dicyanamide 
[C1C3CNIm][DCA]* 

 
 

1-butyl-3-methylimidazolium levulinate [C1C4Im][Lev] 

  

1-butyl-3-methylimidazolium 

tetrachloroaluminate 
[C1C4Im][AlCl4] 

* Kindly provided by Laboratory LC2P2 – Équipe Chimie Organométallique de Surface, Villeurbanne, France 

** Kindly provided by laboratory QUILL (Queen’s University Ionic Liquid Laboratory), Belfast, Northern Ireland, UK 
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2.3 Materials and synthesis procedures 
 

All operations were performed in the absence of oxygen and water under a 

purified argon atmosphere using glovebox (Jacomex or MBraun) or vacuum-line 

techniques.  

The reagents used for the synthesis of ionic liquids are described in table 2.4. 

Methylimidazole, butylimidazole, and 1,2-dimethylimidazole were distilled prior to 

use. Dimethylsulfate, dimethylphosphite, trimethylphosphate, 1-chlorobutane, 

4-bromo-1-butene, 4-chlorobutylnitrile, 1-chlorohexane, benzylchloride, 

2-chloroethylbenzene, lithium bis(trifluoromethanesulfonyl)imide,  sodium 

dicyanamide, sodium levulinate, silver nitrate, aluminium chloride, sodium propionate, 

sodium isobutyrate, levulinic acid, silver oxide and potassium hydroxide were not 

distilled or purified prior to use. 

A commercial sample of [C1C4Im][DCA] with 98% purity provided by Solvionic 

was used in all posterior studies instead of the sample obtained by the method 

described in the patent14, due to patent sharing issues. 

The ILs were characterized by 1H, and 13C NMR. The NMR spectra were 

performed in a Bruker Avance 400 MHz using CD2Cl2 as solvent. High resolution 

mass spectroscopy (HRMS) was used to control the halide content. The high 

resolution mass spectra (MS QTOF) were recorded in a positive and negative ion 

mode on a hybrid quadrupole time-of-flight mass spectrometer (MicroTOFQ-II, Bruker 

Daltonics, Bremen) with an Electrospray Ionization (ESI) ion source. The gas flow of 

spray gas is 0.6 bar and the capillary voltage is +/-4.5 kV. The solutions are infused 

at 180 μL/h. The mass range of the analysis is 50-1000 m/z and the calibration was 

done with sodium formate. The original NMR and HRMS spectra can be found in 

appendix 2. 

The metallic salt solubility in the ionic liquid was verified visually in a Leica DM 

2500M Microscope coupled with a hot stage from Linkam LTS 420. 
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Table 2.4 - Reagents used in the synthesis of the ionic liquids, along with abbreviations, purity and 

supplier 

Reagent Abbreviation Purity Supplier 

Butylimidazole C4Im 98% Sigma-Aldrich 

Dimethylsulfate DMS >99% Sigma-Aldrich 

Dimethylphosphite DMP 98% Sigma-Aldrich 

Trimethylphosphate TMP >99% Sigma-Aldrich 

Metylimidazole C1Im >99% Aldrich 

1,2-Dimethylimidazole C1C1Im 98% Sigma-Aldrich 

3-Bromo-1-propyne BrProp 80 wt. % in toluene Sigma-Aldrich 

1-Chlorobutane ClBu >99% Aldrich 

4-Bromo-1-butene BrBud >99% Aldrich 

4-Chlorobutyronitrile ClBCN >99% Aldrich 

1-Chlorohexane ClHx >99% Aldrich 

Benzylchloride ClBz 99% Sigma-Aldrich 

Sodium dicyanamide NaDCA 96% Aldrich 

Sodium levulinate NaLev - LMOPS* 

Silver nitrate AgNO3 99.5% Sigma-Aldrich 

Aluminium chloride AlCl3 99.9% Sigma-Aldrich 

Lithium bis(trifluoromethanesulfonyl)imide LiNTf2 >99% Solvionic 

Nickel(II) bis(trifluoromethanesulfonyl)imide Ni(NTf2)2 99% Solvionic 

Copper(II) bis(trifluoromethanesulfonyl)imide CU(NTf2)2 99% Solvionic 

*Kindly provided by the laboratory LMOPS, Lyon, France 

 

All ionic liquids were degased and dried using a multiple entry glass vacuum 

line, at approximately 8 Pa, for at least 48h prior to the measurement. The amount of 

water contained in each ionic liquid was determined with a coulometric Karl Fischer 

titrator (Mettler Toledo DL32) with a claimed precision of ±1 ppm. The amount of 

water in each ionic liquid is listed in table 2.5. 
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Table 2.5 - Amount of water, in ppm and molar fraction, present in the ionic liquid 
after at least 48 h under vacuum 

Ionic Liquid Amount of water /ppm Mole fraction of water 

[C1(C2H2CH)Im][NTf2] 95 0.0021 

[C1C4Im][NTf2] 70 0.0016 

[C1(C3H5CH2)Im][NTf2] 100 0.0023 

[C1C3CNIm][NTf2] 43 0.0010 

[C1C8Im][NTf2] 63 0.0017 

[C1(CH2C6H5)Im][NTf2] 70 0.0018 

[C1C4Im][DCA] 98 0.0011 

[C1C3CNIm][DCA] 75 0.00090 

[C1C4Im][C1HPO3] 156 0.0020 

[C1C4Im][Lev] 365 0.0051 

 
1-Butyl-3-methylimidazolium methylsulfate, [C1C4Im][C1SO4] 
 

83.96 g (676.1 mmol, 89 ml) of distilled butylimidazole was transferred into a 

500 mL two-neck round bottomed flask with a large stirring bar. 100 ml of dry toluene 

were added and the flask was placed in an ice bath. 85.27 g (676.1 mmol, 64 mL) of 

dry dimethylsulfate was added drop wise. The mixture was stirred for 1 h at room 

temperature. The top phase was decanted and the lower phase was washed five 

times with 25 ml of toluene. The product, a colorless, viscous liquid, was dried under 

vacuum overnight. The yield was 121.2 g (484.1 mmol, 71.6%). 
1H-NMR (400 MHz, CD2Cl2) δ (ppm): 9.40 (1H, s, N-CH-N), 7.49 (2H, m, N-CH-CH-

N), 4.24 (2H, t, N-CH2), 3.99 (3H, s, N-CH3), 3.63 (3H, s, O-CH3), 1.88 (2H, m, N-

CH2-CH2), 1.39 (2H, m, N-CH2-CH2-CH2), 0.97 (3H, t, N-CH2-CH2-CH2-CH3) 
13C-NMR (400 MHz, CD2Cl2) δ (ppm): 137.4 (s, N-CH-N), 123.6 (s, N-CH-CH-N), 

122.2 (s, N-CH-CH-N), 52.8 (s, O-CH3), 49.7 (s, N-CH2), 36.2 (s, N-CH3), 32.0 (s, N-

CH2-CH2), 19.3 (s, N-CH2-CH2-CH2), 13.2 (s, N-CH2-CH2-CH2-CH3) 
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1-Butyl-3-methylimidazolium methylphosphite, [C1C4Im][C1HPO3] 
 

83.31 g (670.9 mmol, 88.16 mL) of distilled butylimidazole was mixed with 75 

ml of ethyl acetate. 73.85 g (671.1 mmol, 61.5 mL) of dry dimethylphosphite was 

added drop wise. The mixture was stirred under nitrogen atmosphere at 80°C for 20 

h. 40 ml of distilled water were added. The solution was placed in the continuous 

extractor and extracted with toluene for 16 h in order to remove excess reactants. 

The aqueous phase was isolated, the water was removed and the ionic liquid dried 

under vaccum at 80°C. The product was a clear, colorless, oily liquid. The yield was 

116.4 g (497.1 mmol, 74.1%). 
1H-NMR (400 MHz, CD2Cl2) δ (ppm): 9.98 (1H, s, N-CH-N), 7.64 (2H, m, N-CH-CH-

N), 5.67 (1H, s, P-H), 4.22 (2H, t, N-CH2), 3.96 (3H, s, N-CH3), 3.41 (3H, d, O-CH3), 

1.81 (2H, m, N-CH2-CH2), 1.31 (2H, m, N-CH2-CH2-CH2), 0.89 (3H, t, N-CH2-CH2-

CH2-CH3) 
13C-NMR (400 MHz, CD2Cl2) δ (ppm): 138.1 (s, N-CH-N), 123.8 (s, N-CH-CH-N), 

122.1 (s, N-CH-CH-N), 50.0 (d, O-CH3), 49.3 (s, N-CH2), 36.1 (s, N-CH3), 32.1 (s, N-

CH2-CH2), 19.3 (s, N-CH2-CH2-CH2), 13.2 (s, N-CH2-CH2-CH2-CH3) 
31P-NMR (400 MHz, CD2Cl2) δ (ppm): - 4.55 (s, P) 

 
1-Butyl-3-methylimidazolium dimethylphosphate, [C1C4Im][(C1)2PO4] 
 

55.1 g (444.1 mmol, 58.4 mL) of distilled 1-butylimidazole was mixed with 50 

ml ethyl acetate. 62.2 g (444.4 mmol, 52 mL) of dry trimethyl phosphate was added 

dropwise. The mixture was stirred under nitrogen atmosphere at 80°C for 20 h. 25 ml 

of distilled water were added. The solution was placed in the continuous extractor 

and extracted with toluene for at least 16 h in order to remove excess reactants. The 

aqueous phase was isolated, the water was removed and the ionic liquid dried at 

80°C under vaccum. The product was a clear, colorless, oily liquid. The yield was 

91.3 g (345.5 mmol, 77.8%). 
1H-NMR (400 MHz, CD2Cl2) δ (ppm): 10.50 (1H, s, N-CH-N), 7.71 (2H, m, N-CH-CH-

N), 4.22 (2H, t, N-CH2), 3.97 (3H, s, N-CH3), 3.44 (6H, d, O-CH3), 1.81 (2H, m, N-

CH2-CH2), 1.31 (2H, m, N-CH2-CH2-CH2), 0.89 (3H, t, N-CH2-CH2-CH2-CH3) 
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13C-NMR (400 MHz, CD2Cl2) δ (ppm): 139.1 (s, N-CH-N), 123.7 (s, N-CH-CH-N), 

122.1 (s, N-CH-CH-N), 52.9 (d, O-CH3), 49.2 (s, N-CH2), 35.8 (s, N-CH3), 32.1 (s, N-

CH2-CH2), 19.3 (s, N-CH2-CH2-CH2), 13.1 (s, N-CH2-CH2-CH2-CH3) 
31P-NMR (400 MHz, CD2Cl2) δ (ppm): - 2.10 (s, P) 

m/z (Fab+): 139 (100%) [C4C1Im]+, 403 [(C1C4Im)2(CH3O)2PO2]+ 

m/z (Fab-): 653 (100%) [(C1C4Im)2((CH3O)2PO2)3]- 

 
The synthesis of the NTf2-based ionic liquids is performed by adding the 

desired imidazolium chloride/bromide precursor ionic liquid (table 2.2) and lithium 

bis(trifluoromethanesulfonyl)imide (in 0.1 molar excess) in water. A strong stirring and 

controlled room-temperature is maintained for 3-4 days. Dichloromethane or ethyl 

acetate and water are added and the mixture is thoroughly stirred. The organic phase 

will then contain the ionic liquid. This phase is washed several times with water. The 

washing continued until the presence of chloride in the aqueous phase was no further 

detected by the use of a solution of silver nitrate. Activated carbon and filtration 

through celite and alumina were used for further purification when the organic phase 

presented a slight yellow coloration. Yields from 87% to 97% for the first step and 

from 63% to 85% for the second step. 

For simplicity, for the ionic liquids whose synthesis follows the same procedure 

as [C1C4Im][Cl] and [C1C4Im][NTf2], the procedure was omitted, but the 

characterization is described. 

 
1-Methyl-3-(propyn-3-yl)imidazolium bromide, [C1(C2H2CH)Im][Br] 
 

Methylimidazole (10 g, 122 mmol) was dissolved in 40 mL of anhydrous 

acetonitrile. 3-bromo-1-propyne (6.7 g, 134 mmol) was added drop wise. The solution 

was stirred 2h at room temperature. The color of the solution changed to brown. The 

solution was then stirred at 50°C for 24h. The solvent was then removed via rotary 

evaporation, and diethylether (40 mL) was added, the solution was cooled at -18°C 

for 12h. The resulting brown solid was washed five times with 30 mL of diethylether. 

The product was dried in vacuum to afford compound as pale-yellow solid. The 

product yield was of 90%. 
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 1-Methyl-3-(propyn-3-yl)imidazolium bis(trifluoromethanesulfonyl)imide, 
[C1(C2H2CH)Im][NTf2] 
 

To a solution of 1-methyl-3-(propyn-3-yl)imidazolium bromide (50 g, 413 mmol) 

in distilled water (250 mL), lithium bis(trifluoromethanesulfonyl)imide, LiNTf2, (142 g, 

495 mmol) was added at room temperature. The reaction mixture was stirred for 24 

h. An oily liquid separated and the product was extracted into 50 mL of ethylacetate 

and the organic phase washed 3 times with 50 mL of distilled water, until no traces of 

chloride salt was detected in the washing water (tested with silver nitrate). The 

solvent was removed under vacuum, giving a clear pale-yellow liquid. The product 

yield is 63%. 
1H-NMR (400 MHz, CD2Cl2) δ (ppm): 8.65 (1H, s, N-CH-N), 7.31 (H, d, N-CH-CH-N), 

5.81 (2H, m, N-CH2-CH2-CH-CH2), 5.15 (1H, m, N-CH2-CH2-CH-CH2), 4.28 

(2H, t, N-CH2-CH2-CH-CH2), 3.95 (3H, s, N-CH3), 2.65 (2H, m, N-CH2-CH2-CH-CH2) 
13C-NMR (400 MHz, CD2Cl2) δ (ppm): 135.9 (s, N-CH-N), 132.0 

(s, N-CH2-CH2-CH-CH2), 123.6 (s, N-CH-CH-N), 122.4 (s, N-CH-CH-N), 119.5 

(s, N-CH2-CH2-CH-CH2), 117.7 (q, CF3), 49.4 (s, N-CH2-CH2-CH-CH2), 36.4 (s, N-

CH3), 34.1 (s, N-CH2-CH2-CH-CH2) 

 

1-Butyl-3-methylimidazolium chloride, [C1C4Im][Cl] 
 

1-Chlorobutane (106 mL, 1010 mmol) was added to freshly distilled 

methylimidazole (50 mL, 630 mmol). The mixture was stirred for 48 h at 65 °C. The 

hot solution was then transferred drop wise via a cannula into toluene (200 mL) at 

0 °C under vigorous mechanical stirring. The white precipitate that formed was then 

filtered and washed repeatedly with toluene. The product was dried overnight under 

vacuum giving a white powder (95.6 g, 87 %). 
1H-NMR (400 MHz, CD2Cl2) δ (ppm): 10.76 (1H, s, N-CH-N), 7.64 (2H, m, N-CH-CH-

N), 4.31 (2H, t, N-CH2), 4.07 (3H, s, N-CH3), 1.88 (2H, m, N-CH2-CH2), 1.35 

(2H, m, N-CH2-CH2-CH2), 0.95 (3H, t, N-CH2-CH2-CH2-CH3) 
13C-NMR (400 MHz, CD2Cl2) δ (ppm): 138.2 (s, N-CH-N), 123.4 (s, N-CH-CH-N), 

121.9 (s, N-CH-CH-N), 49.5 (s, N-CH2), 36.3 (s, N-CH3), 32.0 (s, N-CH2-CH2), 19.4 

(s, N-CH2-CH2-CH2), 13.2 (s, N-CH2-CH2-CH2-CH3) 
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1-Butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide, [C1C4Im][NTf2] 
 

A solution of LiNTf2 (50 g, 170 mmol) in water (50 mL) was added to a solution 

of [C1C4Im][Cl] (30.4 g, 170 mmol) in water (100 mL). The solution was stirred for 2 h 

at room temperature, then dichloromethane (50 mL) was added and the mixture 

transferred to a separating funnel. The lower phase was collected and washed 

repeatedly with water (8 × 100 mL) until no chloride traces remained in the washings 

(tested with silver nitrate solution). The ionic liquid in dichloromethane was purified 

through a short alumina column and the solvent removed in vacuum giving a 

colourless viscous liquid. 
1H-NMR (400 MHz, CD2Cl2) δ (ppm): 8.63 (1H, s, N-CH-N), 7.34 (2H, m, N-CH-CH-

N), 4.19 (2H, t, N-CH2), 3.94 (3H, s, N-CH3), 1.88 (2H, m, N-CH2-CH2), 1.41 (2H, m, 

N-CH2-CH2-CH2), 0.98 (3H, t, N-CH2-CH2-CH2-CH3) 
13C-NMR (400 MHz, CD2Cl2) δ (ppm): 135.8 (s, N-CH-N), 126.3 (s, N-CH-CH-N), 

124.1 (s, N-CH-CH-N), 117.8 (q, CF3),  50.0 (s, N-CH2), 36.4 (s, N-CH3), 31.7 (s, N-

CH2-CH2), 19.4 (s, N-CH2-CH2-CH2), 12.8 (s, N-CH2-CH2-CH2-CH3) 

 
1-(Buten-3-yl)-3-methylimidazolium chloride, [C1(C3H5CH2)Im][Br] 
 

1-Bromolorobutane (148 mmol) was added to freshly distilled methylimidazole 

(100 mmol). The mixture was stirred for 3 days under reflux at 80 °C. The slight 

orange oil was washed with toluene and dried under vaccum. (20.9 g, 96.7 mmol, 

97 %). 

 
1-(Buten-3-yl)-3-methylimidazolium bis(trifluoromethanesulfonyl)imide, 
[C1(C3H5CH2)Im][NTf2] 
 

A solution of LiNTf2 (27.7 g, 96.7 mmol) in water was added to a solution of 

[C1(C3H5CH2)Im][Br] (20.9 g, 96.7 mmol) in water. The solution was stirred overnight 

at room temperature, then dichloromethane was added and the mixture transferred to 

a separating funnel. The lower phase was collected and washed repeatedly with 

water until no chloride traces remained in the washings (tested with silver nitrate 

solution). The ionic liquid in the dichloromethane was purified through a short alumina 

column and the solvent removed in vacuum giving a slight orange viscous liquid. 
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1H-NMR (400 MHz, CD2Cl2) δ (ppm): 8.65 (1H, s, N-CH-N), 7.31 (H, d, N-CH-CH-N), 

5.81 (2H, m, N-CH2-CH2-CH-CH2), 5.15 (1H, m, N-CH2-CH2-CH-CH2), 4.28 

(2H, t, N-CH2-CH2-CH-CH2), 3.95 (3H, s, N-CH3), 2.65 (2H, m, N-CH2-CH2-CH-CH2) 
13C-NMR (400 MHz, CD2Cl2) δ (ppm): 135.9 (s, N-CH-N), 132.0 

(s, N-CH2-CH2-CH-CH2), 123.6 (s, N-CH-CH-N), 122.4 (s, N-CH-CH-N), 119.5 

(s, N-CH2-CH2-CH-CH2), 117.7 (q, CF3), 49.4 (s, N-CH2-CH2-CH-CH2), 36.4 (s, N-

CH3), 34.1 (s, N-CH2-CH2-CH-CH2) 

 

1-Butyl-2,3-dimethylimidazolium bis(trifluoromethanesulfonyl)imide, 
[C1C1C4Im][NTf2] 
 
1H-NMR (400 MHz, CD2Cl2) δ (ppm): 7.24 (2H, d, N-CH-CH-N), 4.07 (2H, t, N-CH2), 

3.81 (3H, s, N-CH3), 2.61 (3H, s, N-C-CH3), 1.81 (2H, m, N-CH2-CH2), 1.42 

(2H, m, N-CH2-CH2-CH2), 0.99 (3H, t, N-CH2-CH2-CH2-CH3) 
13C-NMR (400 MHz, CD2Cl2) δ (ppm): 143.8 (s, N-CH-N), 122.7 (s, N-CH-CH-N), 

117.8 (s, N-CH-CH-N), 113.4 (q, CF3),  49.2 (s, N-CH2-CH2-CH2-CH3), 35.5 (s, N-

CH3), 31.7 (s, N-CH2-CH2), 19.4 (s, N-CH2-CH2-CH2), 13.1 (s, N-CH2-CH2-CH2-CH3), 

9.57 (s, N-C-CH3) 

 
1-(3-Cyanopropyl)-3-methylimidazolium chloride, [C1C3CNIm][Cl] 
 

A mixture of methylimidazole (20 g, 244 mmol) and 4-chlorobutyronitrile (29.5 

g, 293 mmol) was stirred at 80°C for 24h. Diethylether (40 mL) was added at room 

temperature to the oily liquid, the mixture was stirred for 2 h. The resulting pale 

yellow solid was washed 3 times with 30 mL of diethyl ether. The solvent was 

removed via rotary evaporation and the product was dried under vacuum to afford a 

white solid in quantitative yield. 

 
1-(3-Cyanopropyl)-3-methylimidazolium bis(trifluoromethanesulfonyl)imide, 
[C1C3CNIm][NTf2] 
 

To a solution of [C1C3CNIm][Cl] (20 g, 108 mmol) in distilled 70 mL of 

water, LiNTf2 (34g, 119 mmol) was added at room temperature and an oily liquid 

immediately separated. The reaction mixture was stirred for 2 h, and the product was 
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extracted into 50 mL of ethylacetate. The organic phase was washed 3 times with 50 

mL of water. The solvent was removed by rotary evaporation and the product was 

dried in vacuum to afford a pale-yellow liquid. The product yield was 65%. 
1H-NMR (300 MHz, DMSO-d6) δ (ppm): 9.01 (1H, s, N-CH-N), 7.61 

(2H, m, N-CH-CH-N), 4.19 (2H, t, N-CH2), 378 (3H, s, N-CH3), 2.48 (2H, m, N-CH2-

CH2), 2.11 (2H, m, N-CH2-CH2-CH2) 
13C-NMR (400 MHz, CD2Cl2) δ (ppm): 137.1 (s, N-CH-N), 123.8 (s, CN), 119.2 

(s, N-CH-CH-N), 119.3 (s, N-CH-CH-N), 113.4 (q, CF3), 48.3 (s, N-CH2), 36.2 

(s, N-CH3), 25.5 (s, N-CH2-CH2), 13.8 (s, N-CH2-CH2-CH2) 
m/z (Fab+): 580.1 (100%) [(C1C3CNIm)2NTf2]+ 

 

1-Hexyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide, 
[C1C6Im][NTf2] 
 
1H-NMR (400 MHz, CD2Cl2) δ (ppm): 8.65 (1H, s, N-CH-N), 7.33 (2H, m, N-CH-CH-

N), 4.19 (2H, t, N-CH2), 3.96 (3H, s, N-CH3), 1.89 (2H, m, N-CH2-CH2), 1.35 

(6H, s, N-CH2-CH2-CH2-CH2-CH2), 0.92 (3H, t, N-CH2-CH2-CH2-CH2-CH2-CH3) 
13C-NMR (400 MHz, CD2Cl2) δ (ppm): 135.8 (s, N-CH-N), 123.7 (s, N-CH-CH-N), 

122.3 (s, N-CH-CH-N), 117.7 (q, CF3),  50.3 (s, N-CH2), 36.3 (s, N-CH3), 30.9 (s, N-

CH2-CH2), 29.9 (s, N-CH2-CH2-CH2), 25.7 (s, N-CH2-CH2-CH2-CH2), 22.3 

(s, N-CH2-CH2-CH2-CH2-CH2), 13.6 (s, N-CH2-CH2-CH2-CH2-CH2-CH3) 

 
1-Benzyl-3-methylimidazolium chloride, [C1(CH2C6H5)Im][Cl] 
 

Benzylchloride (29.92 g, 236 mmol) was added dropwise to methylimidazole 

(19.41 g, 236 mmol) and stirred at 80°C for 3 days. A slightly yellow liquid was 

formed. The hot solution was then transferred drop wise via a cannula into 150 mL of 

toluene at 0 °C under vigorous mechanical stirring. The resulting white solid was 

washed several times with toluene. The product was dried under vacuum affording 

product in a quantitative yield. 

 
  



70 
 

1-Benzyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide, 
[C1(CH2C6H5)Im][NTf2] 
 

To a solution of [C1(CH2C6H5)Im][Cl] (4.6 g, 22 mmol) in distilled 20 mL of 

water, LiNTf2 (6.9 g, 24 mmol) was added at room temperature. The reaction mixture 

was stirred for 3 days, and the product was extracted into 20 mL of dichloromethane. 

The organic phase was washed several times with water. The ionic liquid in the 

dichloromethane was purified with activated carbon and through an alumina column. 

The product was dried in vacuum to afford a pale-yellow liquid in quantitative yield. 
1H-NMR (400 MHz, CD2Cl2) δ (ppm): 8.69 (1H, s, N-CH-N), 7.42 (5H, m, Ar-C6H5), 

7.28 (2H, m, N-CH-CH-N), 3.94 (3H, s, N-CH3) 
13C-NMR (400 MHz, CD2Cl2) δ (ppm): 135.8 (s, N-CH-N), 132.3 (s, Ar-C6H5), 129.5 

(s, Ar-C6H5), 128.8 (s, Ar-C6H5), 123.9 (s, N-CH-CH-N), 122.3 (s, N-CH-CH-N), 36.4 

(s, N-CH2-Ar) 

m/z (Fab+): 173.1 (100%) [C1(C3H5CH2)Im]+, 626.1 (40%) [C1(C3H5CH2)Im]2[NTf2]+ 

 
1-Butyl-3-methylimidazolium dicyanamide, [C1C4Im][DCA] 
 

The synthesis of this ionic liquid was patented.14 Sodium dicyanamide (1.12 g, 

12.63 mmol) was added with a Bush tube into melted [C1C4Im][Cl] (2 g, 11.49 mmol) 

at 70°C and kept under stirring for 24 h. After cooling down at 25°C, 20 mL of THF 

were added. The white precipitate of NaCl was filtered, and the filtrate was kept at -

5°C overnight to complete the precipitation of NaCl. The precipitate was filtered off. 

This work up was repeated until no more NaCl precipitate observed. Evaporation of 

THF afforded [C1C4Im][N(CN)2] as a slightly yellow oil. Yield of 85%. 
1H-NMR (400 MHz, CD2Cl2) δ (ppm): 8.61 (1H, s, N-CH-N), 7.37 (2H, m, N-CH-CH-

N), 4.10 (2H, t, N-CH2), 3.79 (3H, s, N-CH3), 1.78 (2H, m, N-CH2-CH2), 1.23 (2H, m, 

N-CH2-CH2-CH2), 0.83 (3H, t, N-CH2-CH2-CH2-CH3) 
13C-NMR (400 MHz, CD2Cl2) δ (ppm): 136.2 (s, N-CH-N), 123.7 (s, N-CH-CH-N), 

122.4 (s, N-CH-CH-N), 119.7 (s, CN),  49.5 (s, N-CH2), 35.9 (s, N-CH3), 31.6 (s, N-

CH2-CH2), 19.2 (s, N-CH2-CH2-CH2), 13.1 (s, N-CH2-CH2-CH2-CH3) 

m/z (Fab+): 139 (100%) [C4C1Im]+, 344 (20%) [(C4C1Im)2DCA]+ 

m/z (Fab-): 66 (100%) [DCA]- 
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1-(3-Cyanopropyl)-3-methylimidazolium dicyanamide, [C1C3CNIm][DCA] 
 

To a solution of [C1C3CNIm][Cl] (20 g, 108 mmol) in 70 mL of distilled water, 

sodium dicyanamide (10.5 g, 119 mmol) was added at room temperature. The 

reaction mixture was stirred at 25°C for 24 h, then the water was evaporated. 50 mL 

of ethylacetate were added and the solution was cooled at -18°C for several hours. 

The sodium chloride precipitate was filtered and the solution was dried under 

vacuum. Yield was of 75%. 
1H-NMR (300 MHz, DMSO-d6) δ (ppm): 9.11 (1H, s, N-CH-N), 7.73 

(2H, m, N-CH-CH-N), 4.24 (2H, t, N-CH2), 3.84 (3H, s, N-CH3), 2.65 

(2H, m, N-CH2-CH2), 2.20 (2H, m, N-CH2-CH2-CH2) 
13C-NMR (400 MHz, CD2Cl2) δ (ppm): 137.2 (s, N-CH-N), 124.2 (s, N-CH-CH-N), 

122.7 (s, N-CH-CH-N), 120.0 (s, CN), 48.1 (s, N-CH2), 35.9 (s, N-CH3), 26.3 (s, N-

CH2-CH2), 13.7 (s, N-CH2-CH2-CH2) 
 
1-Butyl-3-methylimidazolium levulinate, [C1C4Im][Lev]15  
 

Sodium levulinate (32.9 g, 238 mmol) was dissolved in 50 mL of water and 

[C1C4Im][Cl] (34.4 g, 197 mmol) was dissolved in 170 mL of dichloromethane. The 

aqueous phase was added dropwise to the organic phase under strong stirring, at 

30°C. The mixture was left stirring during 60-70h at 30°C. After separating the two 

phases and drying the aqueous one, a dark viscous fluid was obtained. Less than 4 

mL of product were recovered. From the NMR and HRMS results we estimated a 

minimum 75% purity of the product. 
1H-NMR (400 MHz, CD2Cl2) δ (ppm): 8.62 (1H, s, N-CH-N), 7.38 (2H, m, N-CH-CH-

N), 4.09 (2H, t, N-CH2), 3.76 (3H, s, N-CH3), 2.67 (2H, t, CH3-CO-CH2-CH2-COO), 

2.30 (2H, t, CH3-CO-CH2-CH2-COO), 2.11 (3H, s, CH3-CO-CH2-CH2-COO), 1.74 

(2H, m, N-CH2-CH2), 1.22 (2H, m, N-CH2-CH2-CH2), 0.81 (3H, t, N-CH2-CH2-CH2-

CH3) 
13C-NMR (400 MHz, CD2Cl2) δ: 214.8 (s, CH3-CO-CH2-CH2-COO), 180.7 

(s, CH3-CO-CH2-CH2-COO), 135.8 (s, N-CH-N), 123.5 (s, N-CH-CH-N), 122.2 

(s, N-CH-CH-N), 49.3 (s, N-CH2), 39.4 (s, CH3-CO-CH2-CH2-COO), 35.7 (s, N-CH3), 

31.2 (s, N-CH2-CH2), 31.0 (s, CH3-CO-CH2-CH2-COO), 29.3 

(s, CH3-CO-CH2-CH2-COO), 18.8 (s, N-CH2-CH2-CH2CH3), 12.7 
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(s, N-CH2-CH2-CH2-CH3) 

m/z (Fab+): 139 (100%) [C4C1Im]+, 313 (25%) [(C4C1Im)2Cl]+, 393 (20%) 

[(C4C1Im)2Lev]+ 

 

1-Butyl-3-methylimidazolium tetrachloroaluminate, [C1C4Im][AlCl4] 
 

The ionic liquid [C1C4Im][AlCl4] was produced by addition of the Lewis acid 

aluminium chloride, to equimolar amount of dry [C1C4Im][Cl], under inert atmosphere. 

The reaction is exothermic so the reagents should be added gently under strong 

stirring. The synthesis is straightforward, but requires great care in reagents purity 

and proportion for achieving a high purity product. 
1H-NMR (400 MHz, CD2Cl2) δ (ppm): 10.76 (1H, s, N-CH-N), 7.64 (2H, m, N-CH-CH-

N), 4.31 (2H, t, N-CH2), 4.07 (3H, s, N-CH3), 1.88 (2H, m, N-CH2-CH2), 1.35 

(2H, m, N-CH2-CH2-CH2), 0.95 (3H, t, N-CH2-CH2-CH2-CH3) 
13C-NMR (400 MHz, CD2Cl2) δ (ppm): 138.2 (s, N-CH-N), 123.4 (s, N-CH-CH-N), 

121.9 (s, N-CH-CH-N), 49.5 (s, N-CH2), 36.3 (s, N-CH3), 32.0 (s, N-CH2-CH2), 19.4 

(s, N-CH2-CH2-CH2), 13.2 (s, N- CH2-CH2-CH2-CH3) 
27Al-NMR (400 MHz, CD2Cl2) δ (ppm): 103.9 (s, Al) 
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Synthesis of carboxylate and dicyanamide-based ionic liquids 
 

A series of syntheses was attempted in order to produce ionic liquids with the 

dicyanamide anion and anions constituted by a carboxylate derivative (table 2.6). 

Because these ionic liquids are hydrophilic, their synthesis tends to be more 

complicated, since it becomes harder to separate reagents and products.1 For this 

reason a method using the silver salt of the desired anion is commonly used, in order 

to force the formation of the ionic liquid by precipitation of silver chloride.1 However, 

the high price of the reagents along with the presence of silver in the products urged 

the search for new synthetic paths. It is important to mention the conditions and 

procedures that failed to produce a pure or quantitative amount of ionic liquid during 

this search. The reagents used for these syntheses are described in tables 2.4 and 

2.7. 

For some of the syntheses, a formation of a precipitate was observed after the 

drying of the ionic liquid, which confirmed that it contained impurities. In other cases, 

the 1H, 13C and/or HRMS results confirmed the presence of several products or 

halides. 

 
Table 2.6 - Representation, name and abbreviation of the ionic liquids synthesized by an 

attempted two-step procedure 

Cation Anion Name Abbreviation 

 

 

1-butyl-3-methylimidazolium 

dicyanamide 
[C1C4Im][DCA] 

 

1-butyl-3-methylimidazolium 

propionate 
[C1C4Im][Pro] 

 

1-butyl-3-methylimidazolium 

isobutyrate 
[C1C4Im][Iso] 

 

1-butyl-3-methylimidazolium 

levulinate 
[C1C4Im][Lev] 

  

1-hexyl-3-methylimidazolium 

levulinate 
[C1C6Im][Lev] 
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Table 2.7 - Reagents used in the metathesis step (except if 

already mentioned in table 2.4), for attempted synthesis, along 

with purity and supplier 

Reagent Purity Supplier 

Sodium propionate - LMOPS* 

Sodium isobutyrate - LMOPS* 

Levulinic acid - LMOPS* 

Silver oxide 99% Sigma-Aldrich 

Potassium hydroxide 90% Sigma-Aldrich 

*Kindly provided by the laboratory LMOPS, Lyon, France 

 
1-Butyl-3-methylimidazolium dicyanamide, [C1C4Im][DCA] 
 

The first attempt to synthesize [C1C4Im][DCA] consisted in using the same 

procedure as described for the synthesis of the NTf2-based ionic liquids, but using 

sodium dicyanamide. After the organic phase was dried, we observed a formation of 

a precipitate. The mixture was filtered and thoroughly purified using the two 

purification techniques described for the synthesis of NTf2-based ionic liquids. A 

small amount of lightly yellow liquid was obtained, and later a formation of a 

precipitate was observed. 

The second attempt was based in the publication by Brandt et al.16 It consists 

in forming silver dicyanamide by adding an aqueous solution of silver nitrate to an 

aqueous solution of sodium dicyanamide. The silver dicyanamide is then added to 

[C1C4Im][Cl], in order to form the desired product. The resulting mixture was filtered 

and the liquid phase purified by continuous extraction with dichloromethane for 3 

days. The dichloromethane phase was isolated and the solvent removed under 

vacuum. A white solid was obtained and not the expected ionic liquid. 

 

1-Butyl-3-methylimidazolium isobutyrate, [C1C4Im][Iso] 
 

The first attempt to synthesize this ionic liquid consisted in dissolving 

[C1C4Im][Cl] in dry dichloromethane and slowly adding the sodium isobutyrate under 
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strong stirring for one week. Then, dichloromethane was added and the mixture was 

filtered. The liquid phase was dried and a dark yellow oily phase was obtained. Dry 

dichloromethane was added and a formation of two phases was observed. The 

solution was filtered through celite and dried. The resulting liquid contained a 

precipitate. 

The second procedure adopted was the same as described for the synthesis 

of [C1C4Im][Lev], except the sodium isobutyrate was dissolved in water at 40°C and 

the reaction was left under stirring for 4 days. A 3 phase mixture was obtained. From 

the aqueous phase, an oily yellow liquid was obtained, containing a precipitate. 

The third attempt consisted in using the same patented procedure14 used for 

[C1C4Im][DCA], but the yield was not quantitative. 

 

1-Butyl-3-methylimidazolium propionate, [C1C4Im][Pro] 
 

The synthesis was attempted using the same patented procedure14 used for 

[C1C4Im][DCA], but the yield and purity were poor. 

 
1-Butyl-3-methylimidazolium levulinate, [C1C4Im][Lev] 
 

The first synthesis attempt consisted in dissolving [C1C4Im][Cl] in dry 

dichloromethane and slowly add the sodium levulinate under strong stirring overnight. 

Water was then added to the mixture and separation by continuous extraction was 

performed during 4 days. The organic phase was dried, diluted in dry acetone and 

left stirring under inert atmosphere overnight. The solution was then filtrated through 

celite. After drying, an orange oily liquid was obtained. 

The second attempt was based in the publication by Yokoseki et al.17 It 

consisted in the in situ production of silver levulinate, to which a solution of 

[C1C4Im][Cl] is added. However, after purification, the yield was very low and the 

product was black, sign that there was still silver present. 

In the third attempt the production of potassium levulinate was performed in 

situ, using levulinic acid and potassium hydroxide. Then a solution of [C1C4Im][Cl] is 

added and the mixture heated. The water was removed and an oily yellow liquid with 

precipitate was obtained, even after purification. 
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The fourth attempt consisted in using the same patented procedure14 used for 

[C1C4Im][DCA], but the yield and purity were poor. 

 
1-Hexyl-3-methylimidazolium levulinate, [C1C6Im][Lev] 
 

The synthesis was attempted using the same patented procedure14 used for 

[C1C4Im][DCA], but the yield was not quantitative. 

  



77 
 

2.4 Ionic liquid and metallic salt solutions 

 
Three metallic salt solutions were prepared using 

1-benzyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide, 

[C1(CH2C6H5)Im][NTf2] with lithium (I), nickel (II) and copper (II) NTf2- salts. The 

solutions were prepared by adding the salts to the previously dried ionic liquid, at 

room temperature. The resulting solutions were kept under vacuum and stirring 

overnight before use. 

Several solutions were prepared for each metallic salt-[C1(CH2C6H5)Im][NTf2] 

combination: 0.33 mol L-1 (molar fraction 0.091) and 2 mol L-1 (molar fraction 0.38) 

solutions with LiNTf2; 0.18 mol L-1 (molar fraction 0.052), 0.5 mol L-1 (molar fraction 

0.13) and 2 mol L-1 (molar fraction 0.38) solutions with Ni(NTf2)2 and 0.01 mol L-1 

(molar fraction 0.0030) and 0.13 mol L-1 (molar fraction 0.039) solutions with 

Cu(NTf2)2. The evolution of the solubility of the salts in the ionic liquid at several 

temperatures was analyzed and recorded with a microscope. 

We concluded that the maximum solubility in the ionic liquid is higher than 2 

mol L-1 for the lithium salt, between 0.5 mol L-1 and 2 mol L-1 for the nickel salt and 

lower than 0.01 mol L-1 for the copper salt, between 30 and 90°C, in 

[C1(CH2C6H5)Im][NTf2]. 
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B. Physicochemical characterization 

 

 

We have measured the density and viscosity of several ionic liquids and ionic 

liquid solutions. Measurements of density variation with temperature are necessary 

for determination of the volume of ionic liquid in the solubility measurements and can 

also give indications on the purity of the sample. Viscosity is a measure of the 

internal fluid friction, i.e. the resistance to movement of one layer of liquid in relation 

to another layer. The greater the friction, the greater the force required to cause this 

movement, which is called shear. If the viscosity of the fluid is independent of the 

applied shear rate, the fluid is designated as Newtonian, if not it is called 

non-Newtonian. From an application point of view, viscosity is a key factor since it 

affects diffusion, pump costs and power requirements for stirring.18,19,20,38 
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2.5 Density measurement 
 

Density measurements were performed using two models of U-shaped 

vibrating-tube densimeters from Anton Paar; DMA 512P and DMA 5000 M, operating 

in a static mode. The characteristic frequency of the vibrating tube that contains the 

sample will change according to the density of the sample. The density of the sample 

is determined by comparison of the period of oscillation of the tube and a reference 

oscillator. 

The DMA 512P densimeter allows the measurement of densities from 263 K to 

423 K and from atmospheric pressure up to 30 MPa. This densimeter was calibrated 

with 4 reference fluids in order to correlate vibration frequency with density. The fluids 

were chosen in order to obtain a density measurement range large enough to contain 

the densities of the ionic liquids, from 684.0 Kg m-3 to 1493.6 Kg m-3 at 293 K and 

0.1 MPa. The chosen fluids were n-heptane (≥99.5% Fluka), tridistilled water, 

2,5-dichlorotoluene (99%, Sigma-Aldrich) and bromobenzene (≥99.5%, Fluka).21,22 

Prior to measurements, the calibration fluids were submitted to at least 3 

freeze-pump-thaw cycles for degasification. Before and after each measurement 

these constants are validated by measuring the density of freshly tridistilled degased 

water.  

The temperature was maintained constant within ±0.01 K by means of a 

recirculating bath equipped with a PID temperature controller (Julabo FP40-HP). The 

temperature of the tube was measured by means of a 4 wire 100Ω PRT (TC direct 

Pt100) with a precision of ±0.02 K. The pressure was measured by means of a Druck 

precision pressure transmitter PTX 610 with ±0.08% full scale accuracy, working in a 

pressure range from 0 to 70 MPa. The interface Anton Paar mPDS translates the 

electric signal from the vibrating tube in an oscillation period and collects the signals 

from the thermometer and pressure transmitter.  A computer acquires the oscillation 

period, temperature and pressure via an HP VEE program. The vibration period of 

the vibrating tube of the densimeter, , is related to the density, , by equation 2.1, 

 

),(2, pTBpTA      (2.1) 

where A  and B  are the calibration constants that depend on the temperature and 

pressure. The DMA 512P densimeter performs with an estimated uncertainty in 
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density and temperature of ±0.1 Kg m-3 and ±0.001 °C, respectively. For samples 

with viscosity values higher than 15 mPa.s a correction is necessary due to take into 

account the damping of the oscillation of the tube due to the shear forces that occur 

in viscous liquids.  Equation 2.2 is recommended by the manufacturer for the 

DMA 512P to calculate the correction factor, .23 

 

41045.05.0      (2.2)  

 

where  is the difference between the density measurement obtained, , and the 

corrected density due to the effect of viscosity and  is the dynamic viscosity of the 

sample in mPa.s. 

The densimeter Anton Paar, model DMA 5000 M allows the measurement of 

densities from 273 K to 368 K at atmospheric pressure and was used with the factory 

calibration, verified before and after each measurement with air and tridistilled 

degased water. The DMA 5000 densimeter performs with an estimated uncertainty in 

density and temperature of ±0.1 Kg m-3 and ±0.001 °C, respectively. The device has 

a built-in correction for liquids with a viscosity up to 700 mPa.s. 

The obtained experimental values for density, along with correction factors for 

viscosity,  are reported in table 2.8. All measurements were performed at 

atmospheric pressure and at temperatures ranging from 283 K to 373 K. 

The solutions in [C1(CH2C6H5)Im][NTf2] had the following metallic salt  

concentrations 0.33 mol L-1 for LiNTf2; 0.18 mol L-1 for Ni(NTf2)2 and less than 

0.01 mol L-1 for Cu(NTf2)2. 
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Table 2.8 - Experimental values for corrected densities, , of the studied ionic liquids and ionic liquid 

solutions, for temperatures between 283 K to 373 K and at atmospheric pressure, and correction factor, 

, applied at each temperature 

[C1(C2H2CH)Im][NTf2] [C1(C3H5CH2)Im][NTf2] 

T /K 3/ mKg  3/ mKg  T /K 3/ mKg  3/ mKg  

298.07 1537.8 0.5 283.59 1482.5 0.6 

312.53 1524.2 0.3 293.19 1472.8 0.4 

331.70 1505.3 0.2 302.90 1463.1 0.3 

351.00 1486.6 0.1 293.12 1472.8 0.4 

370.57 1468.6 0.1 303.14 1463.2 0.3 

   313.17 1453.6 0.3 

   323.15 1444.1 0.2 

   333.19 1434.6 0.2 

   343.18 1425.3 0.1 

   353.16 1416.2 0.1 

[C1C3CNIm][NTf2] [C1(CH2C6H5)Im][NTf2] 

T /K 3/ mKg  3/ mKg  T /K 3/ mKg  3/ mKg  

293.15 1521.0 0.9 282.80 1502.5 1.4 

303.15 1511.6 0.7 293.15 1492.1 0.9 

313.15 1502.3 0.6 302.75 1483.2 0.6 

323.15 1493.0 0.5 302.82 1482.8 0.6 

333.15 1483.9 0.4 313.13 1473.0 0.5 

343.15 1474.9 0.4 321.87 1464.6 0.4 

353.15 1465.9 0.3 333.06 1454.0 0.3 

   342.81 1444.9 0.2 

   352.90 1435.8 0.2 

   363.03 1426.7 0.2 

   372.82 1418.1 0.1 
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[C1C4Im][DCA] [C1C3CNIm][DCA] 

T /K 3/ mKg  3/ mKg  T /K 3/ mKg  3/ mKg  

293.18 1062.7 0.3 293.15 1155.3 0.6 

303.14 1056.3 0.2 303.15 1148.8 0.5 

313.14 1050.0 0.2 313.15 1142.4 0.4 

323.14 1043.8 0.2 323.15 1136.1 0.4 

333.14 1037.6 0.2 333.15 1129.8 0.3 

343.14 1031.5 0.1 343.15 1123.6 0.3 

353.14 1025.5 0.1 353.15 1117.5 0.2 

[C1C4Im][NTf2] [C1C4Im][C1HPO3] 

T /K 3/ mKg  3/ mKg  T /K 3/ mKg  3/ mKg  

293.15 1440.3 0.5 293.15 1147.5 0.8 

303.15 1430.7 0.4 303.15 1141.1 0.7 

313.15 1421.1 0.3 313.15 1134.7 0.6 

323.15 1411.7 0.3 323.15 1128.4 0.5 

333.15 1402.3 0.2 333.15 1122.1 0.4 

343.15 1392.9 0.2 343.15 1115.9 0.4 

353.15 1383.7 0.2 353.15 1109.7 0.3 

[C1C4Im][Lev] [C1(CH2C6H5)Im][NTf2]+ 0.33 mol L-1 LiNTf2 

T /K 3/ mKg  3/ mKg  T /K 3/ mKg  3/ mKg  

303.11 1094.5 1.8 283.58 1522.5 1.7 

313.17 1089.1 1.2 293.22 1513.0 1.1 

323.22 1083.4 0.8 302.85 1504.0 0.7 

333.17 1077.4 0.6 312.48 1494.4 0.5 

   322.30 1484.7 0.4 

   331.92 1475.5 0.3 

   343.13 1464.8 0.3 

   353.19 1455.4 0.2 

   362.56 1447.5 0.2 

   372.60 1437.8 0.1 
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[C1(CH2C6H5)Im][NTf2] + 0.18 mol L-1 Ni(NTf2)2 [C1(CH2C6H5)Im][NTf2] + < 0.01 mol L-1 Cu(NTf2)2 

T /K 3/ mKg  3/ mKg  T /K 3/ mKg  3/ mKg  

283.96 1531.8 1.7 282.80 1502.4 1.4 

293.24 1522.3 1.1 293.15 1492.1 0.9 

302.88 1512.8 0.8 302.75 1483.1 0.6 

312.46 1503.4 0.6 302.82 1482.8 0.6 

323.16 1492.9 0.4 313.13 1473.0 0.5 

333.40 1483.0 0.3 321.87 1464.6 0.4 

343.19 1473.6 0.3 333.06 1454.0 0.3 

353.46 1464.0 0.2 342.81 1444.9 0.2 

363.26 1454.8 0.2 352.90 1435.8 0.2 

373.09 1445.7 0.1 363.03 1426.7 0.2 

   372.82 1418.1 0.1 

 
The corrected values of density for each ionic liquid were linearly fitted as a 

function of temperature according to equation 2.3, 

 

bKaTKgm )(3      (2.3) 

 

The results of the fitting are presented in table 2.9. 

The variation with temperature of the corrected density of several ionic liquids 

and ionic liquid solutions is presented in figure 2.1. 

The correction factors for viscosity cause a decrease in the density values 

between 0.02% to 0.07% at 293 K, except for [C1C4Im][Lev], which presents a 

correction factor of 0.2% at 303 K. The correction decreases with the temperature, 

reaching 0.06% for [C1C4Im][Lev] at 333 K and between 0.007% and 0.03% at 353 K 

for all other ionic liquids. Similar density correction factors were found for built-in 

correction and the ones calculated using equation 2.2, for the same ionic liquid. 
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Table 2.9 - Parameters a  and b  of the fitting of corrected experimental densities of ionic liquids, 

along with the standard deviation of each fit between the temperatures of 293 K and 353 K at 

atmospheric pressure 

Ionic Liquid a  b  Dev (%) 

[C1(C2H2CH)Im][NTf2] -0.95892 1823.6 0.02 

[C1(C3H5CH2)Im][NTf2] -0.95119 1751.7 0.02 

[C1C3CNIm][NTf2] -0.91779 1789.8 0.01 

[C1(CH2C6H5)Im][NTf2] -0.93788 1766.9 0.03 

[C1C4Im][DCA] -0.62028 1244.3 0.01 

[C1C3CNIm][DCA] -0.62915 1339.5 0.01 

[C1C4Im][NTf2] -0.91813 1692.9 0.01 

[C1C4Im][C1HPO3] -0.62951 1331.9 0.01 

[C1C4Im][Lev] -0.57012 1267.5 0.02 

[C1(CH2C6H5)Im][NTf2] + 0.33 M LiNTf2 -0.95203 1792.0 0.03 

[C1(CH2C6H5)Im][NTf2] + 0.18 M Ni(NTf2)2 -0.96526 1805.2 0.02 

[C1(CH2C6H5)Im][NTf2] + < 0.01 M Cu(NTf2)2 -0.93770 1766.9 0.03 

 

We observe that the ionic liquid with the highest density at 313 K is 

[C1(C2H2CH)Im][NTf2] > [C1C3CNIm][NTf2] > [C1(CH2C6H5)Im][NTf2] > 

[C1(C3H5CH2)Im][NTf2] > [C1C4Im][NTf2] > [C1C6Im][NTf2] > [C1C8Im][NTf2] > 

[C1C3CNIm][DCA] > [C1C4Im][C1HPO3] > [C1C4Im][Lev] > [C1C4Im][DCA]. 

As expected, we observe that the density of ionic liquids is closely related to 

its molar mass (ionic liquids with heavier atoms are found to be denser). Density is 

strongly influenced by the anion type and decreases with the increase of the alkyl 

side chain length.24 For example, the density increases from [C1C4Im][NTf2] to 

[C1C3CNIm][NTf2], from [C1C3CNIm][DCA] to [C1C3CNIm][NTf2] and from 

[C1C4Im][NTf2] to [C1C8Im][NTf2]. Adding metallic salts to an ionic causes an increase 

its density. The increase was up to 2% for the salt types and concentrations studied. 
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Figure 2.1 - Experimental density of ionic liquids (top) and ionic liquid solutions (bottom): 

, [C1(C2H2CH)Im][NTf2]; , [C1C3CNIm][NTf2]; , [C1(CH2C6H5)Im][NTf2]; 

, [C1(C3H5CH2)Im][NTf2]; , [C1C4Im][NTf2]; , [C1C3CNIm][DCA]; , [C1C4Im][C1HPO3]; 

, [C1C4Im][Lev]; , [C1C4Im][DCA] with the temperature, corrected for viscosity.    , 

[C1C3Im][NTf2]25; , [C1C6Im][NTf2]26; , [C1C8Im][NTf2]26; , [C1(CH2C6H5)Im][NTf2] 

+ 0.33 mol L-1 LiNTf2; , [C1(CH2C6H5)Im][NTf2] + 0.18 mol L-1 Ni(NTf2)2 and 

, [C1(CH2C6H5)Im][NTf2] + < 0.01 mol L-1 Cu(NTf2)2 
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Group contribution models have been developed for the prediction of the 

volumetric properties of ionic liquids.27,28,29 The molar volume of an ionic liquid can be 

calculated as the sum of the effective molar volumes of the component anions, at a 

given temperature, as observed by Canongia Lopes et al.30 Based on this 

observation, Jacquemin et al.27 developed a group contribution model that uses the 

sum of the effective molar volume of the component ions to predict the molar volume 

of several ionic liquids, as a function of temperature, with a ±0.5% uncertainty. The 

densities of the previously mentioned ionic liquids were calculated using this tool. The 

structure of the cation of the ionic liquid is decomposed in several simple groups, 

each having their contribution for the molar volume of the cation. For 

[C1(C3H5CH2)Im][NTf2] we consider that the molar volume of the cation,

])Im][CHH(C[C NTf 22531
V , is equal to: 

 

2Im21]2)Im][NTf2CH5H3(C1[C CHCHCC VVVV   (2.4) 

 

Where Im21CCV , CHV  and 2CHV  are the contributions of the 

1-ethyl-2-methylimidazolium cation and the 2CH  and the terminal 2CH  groups 

of the alkyl chain of the cation, respectively. The molar volume of each group as a 

function of temperature is expressed by27: 

 

i

i
igroup TCTV

2

0
298     (2.5) 

 

where the parameters iC  are determined from experimental densities. 
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Table 2.10 - Parameters iC  associated with equation 2.5, used to predict the variation with 
temperature of the molar volume contribution of an ion, at 105 Pa 

Group 13
0 / molcmC  113

1
3 /10 KmolcmC  213

2
6 /10 KmolcmC  

[C1C1Im] 84.12 1.516 490.3 

[C1C2Im] 100.0 69.55 29.96 

[C1C3Im] 117.2 42.54 1231 

[C1C4Im] 134.3 88.90 43.04 

[C1(CH2C6H5)Im] 146.7 146.9 675.9 

[NTf2] 157.6 104.3 50.52 

[DCA] 59.39 -11.18 551.8 

[C1(C2H2CH)Im]a 103.4 58.24 58.03 

[C1(C3H5CH2)Im]a 126.7 79.72 75.20 

[C1C3CNIm]a 126.2 67.38 58.69 

[C1HPO3]a 70.43 23.70 21.07 

[Lev]a 97.46 31.45 21.18 
a Determined in this work 

 

It wasn’t possible to predict the molar volume of [C1C4Im][C1HPO3], 

[C1(C2H2CH)Im][NTf2], [C1C3CNIm][NTf2], [C1(C3H5CH2)Im][NTf2], and [C1C4Im][Lev], 

due to lack of information on the molar volume contribution of the functional groups of 

the alkyl chain or on the levulinate or methylphosphite anions. In these cases, their 

contribution parameters were calculated and are reported in table 2.10. 

It was possible to predict the molar volumes of [C1(CH2C6H5)Im][NTf2], 

[C1C4Im][DCA],  [C1C3CNIm][DCA] and [C1C4Im][NTf2]. For [C1(CH2C6H5)Im][NTf2], 

the deviations from the predicted values starting from +0.37% at 283K to -2.33% at 

373 K. For [C1C4Im][DCA], the deviation from the predicted values starts from 

+0.28% at 293 K to +1.53% at 353 K. In both cases, the deviations at lower 

temperatures are coherent with the 0.5% uncertainty claimed for this prediction 

method. At higher temperatures, the deviations increase but are still acceptable. 

These deviations are due to the few data available at higher temperatures for the 

construction of the model. For [C1C3CNIm][DCA], the data obtained for his NTf2-

based counterpart were used to predict its molar volume. The values predicted agree 

with the measured ones within ±1.6% in the whole temperature range. For 

[C1C4Im][NTf2], a constant deviation of +0.1% is found for the whole temperature 
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range, well within the uncertainty of the model, as expected for an ionic liquid with a 

good amount of density data available. 

The comparison between the density results obtained and the results from the 

literature will allow some insight about the accuracy of our results, experimental 

procedure and purity of the samples. The relative deviations between the 

experimental data and the data reported in the literature were calculated and are 

presented in figures 2.2 and 2.3. 

 

 
Figure 2.2 - Relative deviations between the experimental density of the ionic liquid [C1C4Im][NTf2]  in 

this work and data reported in the literature as a function of temperature. Measurement method, water, 

halide contents and purity of the ionic liquid are depicted in table 2.11. , this work, deviation of the 

experimental densities from the values obtained using equation 2.3. Х, Oliveira et al.31; , Corderi and 

González32; ,Seoane, González and González33; O, Castro et al.34; ◊, Wandschneider et al.35; , 

Azevedo et al.36; O, Andreatta37; , Jacquemin et al.38; ◊, Jacquemin et al.39; Х, Vranes et al.40; O, 

Harris, Kanakubo and Woolf41; , Krummen, Wasserscheid and Gmehling42; , Katsuta et al.43; Х, 

Troncoso et al.44; +, Troncoso et al.44; O, Jacquemin et al.45; , Shirota46; , Domínguez47; , 

Geppert-Rybczyńska48; Х, Tokuda et al.49; , Fredlake et al.50 and ◊, McHale et al.52 

The amount of halide and water in each [C1C4Im][NTf2] ionic liquid sample are 

presented in table 2.11, along with the method used and corresponding 

measurement uncertainty. 
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Table 2.11 - Purity, halide and water amount in several [C1C4Im][NTf2] samples in the literature mentioned in figure 

2.5, density measurement method used with corresponding uncertainty 

Purity /% Halide amount /ppm Water amount /ppm Method Uncertainty /Kg m-3 Reference 

99 - 70 vibrating-tube  ±0.1 This work 

99 - 235 vibrating-tube ±0.5 31 

99 <90 10 vibrating-tube  ±0.03 32 

>99 <100 10 vibrating-tube  ±0.03 33 

- 200 <120 vibrating-tube ±6 34 

- chloride not detected by 
the silver nitrate test <215 vibrating-tube ±0.1 35 

- chloride not detected by 
the silver nitrate test <75 vibrating-tube ±0.3 36 

- bromide not detected by 
capillary electrophoresis 46.3 vibrating-tube ±0.03 37 

>99 <50 <50 vibrating-tube ±6 38 

>99 <50 <50 vibrating-tube ±1 39 

99 - 1 vibrating-tube ±0.07 40 

- chloride not detected by 
the silver nitrate test <19 vibrating-tube ±0.05 41 

- - <100 vibrating-tube - 42 

- 2.3 8 vibrating-tube ±1 43 

>99.8 130 - vibrating-tube ±0.01 44 

>99.5 20 - vibrating-tube ±0.01 44 

>99 <50 <50 vibrating-tube ±0.01 45 

>99 - 176 to 256 vibrating-tube ±8 46 

- 90 10 vibrating-tube ±0.03 47 

- - 39 vibrating-tube ±0.02 48 

- - <40 vibrating-tube ±1 49 

>99 - 460 pycnometer ±1 50 

- <5 96 vibrating-tube - 52 
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The large majority of the density results for [C1C4Im][NTf2] agree with ours 

within ±0.2% and our sample is generally less dense. The density results from 

Wandschneider et al.,35 Vranes et al.,40 Tokuda et al.,49 and Fredlake et al.50 report 

densities that greatly deviate from our results when increasing the temperature, to 

half or twice as much than the initial deviation. This may indicate that the reported 

measurements present a poor temperature control. Taking into account the reported 

results that include the purity of the samples and that agree with ours within ±0.1%, 

we can estimate that the amount of chloride in our sample between 5 ppm and 200 

ppm. 

 

 
Figure 2.3 - Relative deviations between the experimental density of the ionic liquids [C1C4Im][DCA] 

(black symbols), [C1(C2H2CH)Im][NTf2] (red symbols), [C1C3CNIm][NTf2] (green symbols), 

[C1C3CNIm][DCA] (grey symbols), [C1(CH2C6H5)Im][NTf2] (light blue symbols) and [C1C4Im][C1HPO3] 

(blue symbols) in this work and data reported in the literature as a function of temperature. 

Measurement method, water, halide contents and purity of the ionic liquids are depicted in table 2.12. 

O/O/O/O/O/O, this work, deviation of the experimental densities from the values obtained using 

equation 2.3. , Fredlake et al.50; Х, Stoppa et al.51; , McHale et al.52; , Sánchez et al.53; ◊, 

Carvalho et al.54; , Zech et al.55; ―, Mahurin et al.56; , Carlisle et al.59; , Carlisle et al.59; , Zang 

et al.60; , Zang et al.60; , Ohlin et al.61; ◊, Dzyuba et al.62; , Mandai et al.57; , Mahurin et al.58 and 

, Zang et al.60 
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For the ionic liquids [C1C4Im][DCA], [C1(C2H2CH)Im][NTf2], [C1C3CNIm][NTf2], 

[C1C3CNIm][DCA], [C1(CH2C6H5)Im][NTf2] and [C1C4Im][C1HPO3], the deviations of 

the literature from our density results are presented in figure 2.6. The amount of 

halide and water in each ionic liquid sample are depicted in table 2.12, along with the 

method used and corresponding measurement uncertainty. 

In the case of the ionic liquid [C1C4Im][DCA], we observe that  the results 

reported by Fredlake et al.50, Stoppa et al.51, McHale et al.52, Sánchez et al.53, 

Carvalho et al.54   and Zech et al.55 agree with ours to within ±0.5%. Fredlake’s 

results present a deviation that increases with the temperature, probably due to a 

poor temperature control during the measurement. The deviations from Stoppa et 

al.51, McHale et al.52 Sanchéz et al.53 and Zech et al.55 results are consistent with the 

difference in purity between our sample and the authors’ samples. Sanchéz et al.53 

and Zech et al.55 results present a small and constant deviation throughout the 

temperature range. Carvalho et al.54 data also present a constant deviation from our 

measurements, but of +0.35%. The result reported by Mahurin et al.56 present the 

largest deviation, +0.7%. This deviation is hard to explain due to the lack of 

information about the method used or the purity of the sample. According to these 

results, we can estimate the amount of halide content in our sample to be around 

2000 ppm.  

For [C1(C2H2CH)Im][NTf2] and [C1C3CNIm][NTf2]  we observe respectively 

+0.15% and +0.25% deviations from the measurements performed by Carlisle et 

al.59, probably due to the low accuracy of the technique used by the authors. For 

[C1C3CNIm][NTf2], a +0.19% deviation was obtained when comparing our 

measurements with the data from Zang et al.60. Zang et al.60 also measured the 

density of [C1C3CNIm][DCA], for which we obtain a +1.1% deviation from our 

measurements. These two deviations are harder to explain because the authors 

make no reference to the method accuracy or to impurities that might be present in 

the ionic liquid. 
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Table 2.12 - Purity, halide and water amount in several ionic liquids from this work and in the literature 

mentioned in figure 2.6, density measurement method used with corresponding uncertainty 

Purity /% Halide amount /ppm Water amount /ppm Method Uncertainty /Kg m-3 Reference 

[C1C4Im][DCA] 

98 - 98 vibrating-tube ±0.1 This work 

- <293 5150 pycnometer ±1 50 

- <5000 <50 vibrating-tube ±0.05 51 

- 1830 256 vibrating-tube - 52 

>97 - <680 vibrating-tube ±0.1 53 

>99 <100 28 vibrating-tube ±0.5 54 

- 2100 80 vibrating-tube ±0.05 55 

- - - - - 56 

[C1(C2H2CH)Im][NTf2] 

99 - 95 vibrating-tube ±0.1 This work 

- - <300 volumetric - 59 

[C1C3CNIm][NTf2] 

99 - 45 vibrating-tube ±0.1 This work 

- - <300 volumetric - 59 

- - - vibrating-tube - 60 

[C1C3CNIm][DCA] 

99 - 75 vibrating-tube ±0.1 This work 

- - - vibrating-tube - 60 

[C1(CH2C6H5)Im][NTf2] 

99 - 70 vibrating-tube ±0.1 This work 

- - - - - 61 

- - - vibrating-tube - 62 

- - - vibrating-tube - 57 

- - - - ±14 58 

[C1C4Im][C1HPO3] 

99 - 156 vibrating-tube ±0.1 This work 

- - 300 pycnometer ±50 63 
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For [C1(CH2C6H5)Im][NTf2], our data were compared with the measurements 

of Mandai et al.,57 Mahurin et al.,58 Ohlin et al.61 and Dzyuba et al.62 With the 

exception of the measurements by Mahurin et al.58, the reported results agree with 

ours within ±0.3%. The larger deviation is probably due to poor temperature control 

during the measurement. The data obtained here are more accurate than any of the 

measurement presented in the literature for this ionic liquid. 

For [C1C4Im][C1HPO3], the density results obtained are 0.4% higher than the 

one reported by Palgunadi et al.,63 as can be expected because the authors used a 

much less precise method. 

For density measurements performed with a vibrating tube element, a viscosity 

correction in density should be taken into account for highly viscous fluids.  Such 

highly viscous liquid present shear forces that will cause a damping effect in the 

oscillation or rotation of the moving element. Only a few authors34,37,44,48,51,53 discuss 

or take into account this effect, which has a contribution of up to +0.07% in the 

deviations observed.  
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2.6 Viscosity measurement 
 

All the viscosity measurements were performed with an Anton Paar AMVn 

rolling ball viscometer at atmospheric pressure and at temperatures between 293.15 

K and 373.15 K. The rolling ball technique consists of the measurement of a ball’s 

rolling time in a diagonally mounted glass capillary filled with sample. The rolling time 

of the ball, 1t , is related to the viscosity of the fluid, , by: 

 

11 tK ILb      (2.6) 

 

where 1K  is the calibration constant of the measuring system, b  is the density of 

the ball and IL  is the density of the ionic liquid sample. For each temperature, 3 

inclination angles were used, with 12 repetitions each. The applied shear rate is 

influenced by changing the inclination angle of the capillary. The response of the 

sample to different shear rates allows to determine if the fluids are Newtonian or 

non-Newtonian.64 The temperature was controlled to within 0.01 K and measured 

with accuracy better than 0.05 K. The falling time is measured within 0.001 sec and 

with a maximum accuracy of 0.002 sec. The measurements were performed using a 

1.8 mm or a 3.0 mm diameter capillary tube that were calibrated as a function of 

temperature and angle of measurement using standard viscosity oils from Canon; 

N35, S60, N100 and N350, with approximate viscosity values of 56 mPa s, 105 mPa 

s, 203 mPa s, and 602 mPa s respectively, at 298.15 K. 2 to 3 mL of sample are 

necessary to fill the capillaries. The overall uncertainty on the viscosity was evaluated 

to be lower than 2%. 
. 
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Table 2.13 - Experimental values for viscosities, , of the studied ionic liquids, for temperatures between 293 

K to 353 K and at atmospheric pressure 

[C1(C2H2CH)Im][NTf2] [C1(C3H5CH2)Im][NTf2] 

T /K smPa/  T /K smPa/  

298.15 57.77 293.15 60.45 

313.15 30.99 303.15 39.65 

333.15 16.62 313.15 27.52 

353.15 10.25 323.15 19.96 

373.15 7.000 333.15 14.92 

  343.15 11.56 

  353.15 9.208 

[C1C3CNIm][NTf2] [C1(CH2C6H5)Im][NTf2] 

T /K smPa/  T /K smPa/  

298.15 215.3 293.15 197.8 

303.15 161.9 303.15 104.6 

313.15 95.20 313.15 62.33 

323.15 60.88 323.15 40.34 

333.15 41.30 333.15 27.95 

353.15 21.78 343.15 20.15 

  353.15 15.48 

[C1C4Im][DCA] [C1C3CNIm][DCA] 

T /K smPa/  T /K smPa/  

298.15 29.08 298.15 147.9 

303.15 24.60 303.15 112.5 

313.15 17.67 313.15 69.01 

323.15 13.38 323.15 44.86 

333.15 10.46 333.15 31.15 

353.15 6.852 353.15 17.29 

  

  

  

  
  

[C1C4Im][Lev] [C1C4Im][C1HPO3] 
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T /K smPa/  T /K smPa/  

303.15 1441.0 298.15 99.68 

313.15 619.6 303.15 72.46 

323.15 300.2 313.15 44.32 

333.15 165.0 323.15 29.50 

  333.15 20.56 

  353.15 11.37 

[C1(CH2C6H5)Im][NTf2] + 0.33 mol L-1 LiNTf2 [C1(CH2C6H5)Im][NTf2] + 0.18 mol L-1 Ni(NTf2)2 

T /K smPa/  T /K smPa/  

298.15 200.4 298.15 212.3 

303.15 146.8 303.15 154.4 

313.15 79.46 313.15 87.40 

323.15 51.77 323.15 54.30 

333.15 34.69 333.15 36.32 

353.15 18.36 353.15 19.26 

373.15 11.36 373.15 11.58 

[C1(CH2C6H5)Im][NTf2] + < 0.13 mol L-1 Cu(NTf2)2   

T /K smPa/    

298.15 189.4   

303.15 138.6   

323.15 54.31   

333.15 34.92   

353.15 18.37   

373.15 11.51   
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All the ionic liquids and ionic liquid solutions presented the same viscosity for 

each measurement angle, and are therefore considered to be Newtonian fluids. 

The experimental data were fitted as a function of temperature to a 

Vogel-Fulcher-Tammann (VFT) equation65: 

 

0

21 exp
TT

kTC      (2.7) 

 

where 0T , C  and k  are adjustable parameters. 0T  is sometimes designated as 

Vogel temperature or ideal glass transition temperature. It corresponds to the 

temperature at which the viscosity starts to diverge from an Arrhenius type equation 

and typically lies a few tens of degrees below the glass transition temperature, gT . 

The Arrhenius equation for viscosity has the form38: 

RT
Eaexp      (2.8) 

 

where , aE and R  represent viscosity at infinite temperature, the activation 

energy and the gas constant, respectively. The VFT equation is an extension of the 

Arrhenius equation and was introduced since the latest could not account for the 

slight curvature of the ln  vs T1 plot (Arrhenius plot of viscosity), typically observed 

for good glass-forming materials, such as ionic liquids. This departure from linearity 

of an Arrhenius plot of viscosity, at temperatures close to the glass transition 

temperature, gT , is designated fragility. Fragility is a measure of the sensitivity of the 

liquid structure to changes in the temperature. Liquids with a VFT type of behavior 

are more fragile than the ones with an Arrhenius type of behavior. The fitting to the 

VFT type equation is usually done in a limited temperature range, resulting in the 

possibility of finding several sets of best fit parameters for the same experimental 

data. This should be taken into account when trying to extract fit parameters with 

physical meaning, and the viscosity obtained in the limit gTT  with the fit 

parameters should have a reasonable value.66,67,68,69 However, since our goal was to 

find the parameters that would simply allow a correlation of the viscosity in the 
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temperature range, the physical meaning of the parameters was not taken into 

account. The parameters of the fits are reported in Table 2.14 and the experimental 

viscosity of several ionic liquids and ionic liquid solutions is presented as a function of 

the temperature in figures 2.4 and 2.5. 

 

Table 2.14 - Vogel-Fulcher-Tammann equation parameters obtained for the measurements of viscosity, , of ionic 

liquids for temperatures between 283 K and 373 K 

Ionic liquid Kk  21310/ KsmPaC  KT0  AAD (%) 

[C1(C2H2CH)Im][NTf2] 659 11.7 182 0.3 

[C1(C3H5CH2)Im][NTf2] 958 4.38 150 0.2 

[C1C3CNIm][NTf2] 998 4.70 172 0.7 

[C1(CH2C6H5)Im][NTf2] 644 12.8 199 0.3 

[C1C4Im][DCA] 861 5.53 148 0.7 

[C1C3CNIm][DCA] 906 5.78 174 0.4 

[C1C4Im][Lev] 1196 2.10 190 0.5 

[C1C4Im][C1HPO3] 390 12167 219 1.6 

[C1(CH2C6H5)Im][NTf2] + 0.33 M LiNTf2 547 7797 208 2.3 

[C1(CH2C6H5)Im][NTf2] + 0.18 M Ni(NTf2)2 633 5609 200 0.6 

[C1(CH2C6H5)Im][NTf2] + 0.13 M Cu(NTf2)2 672 5291 194 1.9 
 

The viscosity of the ionic liquids decreases in the following order: 

[C1C4Im][Lev] > [C1C3CNIm][NTf2] > [C1C3CNIm][DCA] > [C1(CH2C6H5)Im][NTf2] > 

[C1C8Im][NTf2] > [C1C4Im][C1HPO3] > [C1C6Im][NTf2] > [C1(C2H2CH)Im][NTf2] > 

[C1C4Im][NTf2] > [C1(C3H5CH2)Im][NTf2] > [C1C4Im][DCA]. We observe that for ionic 

liquids sharing the same anion, the viscosity increases with the increase of the cation 

alkyl chain length. Taking [C1C4Im][NTf2] as a reference we observe that changing 

the anion to DCA- or to Lev- results in a decrease in viscosity of 33% in the first case 

and in an increase of up to 36 times in the second, in the temperature range. 

Substituting the butyl group of [C1C4Im][NTf2] by propynyl, butenyl, cyanopropyl or 

benzyl groups causes an average increase in viscosity of 12%, 1%, 2-4 times and 2-

3 times, between 298 K and 353 K. 
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Figure 2.4 - Experimental viscosity of ionic liquids: , [C1(C2H2CH)Im][NTf2]; 

, [C1C3CNIm][NTf2]; , [C1(CH2C6H5)Im][NTf2]; , [C1(C3H5CH2)Im][NTf2]; , [C1C3CNIm][DCA]; 
, [C1C4Im][Lev]; , [C1C4Im][C1HPO3]; , [C1C4Im][DCA] with the 

temperature.    , [C1C3Im][NTf2]25; , [C1C4Im][NTf2]70; 

  , [C1C6Im][NTf2]71;   , [C1C8Im][NTf2]72 
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Figure 2.5 - Experimental viscosity of ionic liquids: 

, [C1(CH2C6H5)Im][NTf2]; , [C1(CH2C6H5)Im][NTf2] + 0.33 mol L-1 LiNTf2; 

, [C1(CH2C6H5)Im][NTf2] + 0.18 mol L-1 Ni(NTf2)2 and , [C1(CH2C6H5)Im][NTf2] + < 0.01 mol L-1 

Cu(NTf2)2 

 

Substituting the alkyl chain of the cation of [C1C8Im][NTf2] from octyl to benzyl 

causes an increase of 10% in viscosity between the temperatures of 298 K and 353 

K. Changing the phenyl substituent of [C1(CH2C6H5)Im][NTf2] by a cyclohexyl leads to 

a 2 times increase in viscosity.73 When the anion of the ionic liquid is the 

dicyanamide, adding a nitrile functional group to the end of the butyl chain causes an 

increase in viscosity of 3-5 times in the temperature range. 

Adding metallic salts to an ionic causes an increase in the viscosity of 

[C1(CH2C6H5)Im][NTf2].  The increase is up to 42%, 50% and 34% for the addition of 

0.33 mol L-1 of lithium, 0.18 mol L-1 of nickel and for less than 0.01 mol L-1 of copper 

salts respectively and at 298 K, as can be observed in figure 2.5. 

When possible, the results obtained were compared with the literature.  

Viscosity is very sensitive to the presence of impurities, and the comparison will allow 

some insight about the purity of the samples. 

The relative deviations between the experimental data and the data reported 

in the literature were determined and the results of this analysis for [C1C4Im][DCA], 



101 
 

[C1(CH2C6H5)Im][NTf2], [C1(C3H5CH2)Im][NTf2], [C1C3CNIm][NTf2] and 

[C1C3CNIm][DCA]  are presented in figure 2.6. 

 

 
Figure 2.6 - Relative deviations between the experimental viscosity of the ionic liquids [C1C4Im][DCA] 

(black symbols), [C1(CH2C6H5)Im][NTf2] (pink symbols), [C1(C3H5CH2)Im][NTf2] (light blue symbols), 

[C1C3CNIm][NTf2] (green symbols) and [C1C3CNIm][DCA] (grey symbols) in this work and data 

reported in the literature as a function of temperature. Water, halide contents and purity of the ionic 

liquid are reported in table 2.15. O/O/O/O/O, this work, deviation of the experimental viscosities from 

the values obtained using equation 2.5. , McHale et al.52; , Sanchéz et al.53; ◊, Carvalho et al.54; 

―, Mahurin et al.56; , Orita et al.74; , Mandai et al.57; , Mahurin et al.58; , Zang et al.60; , 

Xing et al.75; and , Zang et al.60 

 

Carvalho et al.54 data on [C1C4Im][DCA] present deviations that decrease with 

temperature, from +9.4% at 298.15 K to +1.4% at 343.15 K. This is probably due to 

the larger amount of impurities present in our sample. Because of the fast decrease 

in viscosity with the temperature, the effect of the impurities also decreases.38 The 

+13% deviation between our measurements and those reported by Mahurin et al.56 is 

hard to explain as the authors do not describe their sample or experimental method. 

Our viscosity data agree with that published by McHale et al.52 to within ±1.0% at 

298.15 K, indicating that the amount of impurities in both samples is similar. Our data 

also agrees with those reported by McHale et al.52 and Sanchéz et al.53 at lower 
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temperatures, but a deviation of -31% is observed at 353.15 K. This abrupt decrease 

in deviation can probably be explained by a poor temperature control. 

For the ionic liquid [C1(CH2C6H5)Im][NTf2] two references were found. 

Mandai et al.57 results present 13% less viscosity than ours. Mahurin et al.58 viscosity 

data present a constant deviation of -57% in the temperature range covered. Both 

deviations are hard to explain. In the first case, because the authors claim that their 

ionic liquid sample has a water content of less than 150 ppm, a value higher but 

sufficiently close to ours. In the second, there is a lack of information about the purity 

of the sample used by the authors, but the result is consistent with the presence of a 

higher amount of water. 

For [C1(C3H5CH2)Im][NTf2], Orita et al.74 obtained a viscosity 10% lower than 

ours at 298 K. The amount of water in the author’s sample is consistent with ours; 

this may indicate that our sample contains a larger amount of halide impurities than 

the amount indicated by the authors, 150 ppm. The comparison of our viscosity 

results for [C1C3CNIm][NTf2] and [C1C3CNIm][DCA] with the results from Zhang et 

al.60 led to deviations of +0.15% and +39%, respectively. It is hard to discuss the 

reasons for these deviations due to lack of information about impurity amount in the 

author’s samples. The results obtained by Xing et al.75 for [C1C3CNIm][NTf2] agree 

with ours within to ±0.04%. 

  



103 
 

Table 2.15 - Purity, halide and water amount in several ionic liquid samples from this work and in the literature, 

viscosity measurement method used with corresponding uncertainty 

Purity /% Halide amount /ppm Water amount /ppm Method Uncertainty /% Reference 

[C1C4Im][DCA] 

98 - 98 rolling ball ±2 This work 

- 1830 256 rotating 
spindle ±1 52 

>97 - <680 Ubbelohde ±1 53 

>99 <100 28 Stabinger ±0.35 54 

- - - - - 56 

[C1(C3H5CH2)Im][NTf2] 

99 - 95 rolling ball ±2 This work 

- <150 <100 - - 74 

[C1C3CNIm][NTf2] 

99 - 45 rolling ball ±2 This work 

- - - Stabinger - 60 

- - - rotating 
cone/plate - 75 

[C1C3CNIm][DCA] 

99 - 75 rolling ball ±2 This work 

- - - Stabinger - 60 

[C1(CH2C6H5)Im][NTf2] 

99 - 70 rolling ball ±2 This work 

- - <150 rolling ball - 57 

- - - rotating 
cone/plate - 58 
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Conclusions 
 

A series of imidazolium based ionic liquids were synthesized via a one-step or 

two-step synthesis path, with purities of at least 99%. The ionic liquids were 

characterized by proton and carbon NMR spectroscopy, high resolution mass 

spectroscopy and their density and viscosity were measured. Solutions of ionic liquid 

with metallic salts were also characterized in terms of their density and viscosity. 

The ionic liquid with highest density is [C1(C2H2CH)Im][NTf2] and the one with 

the lowest is [C1C4Im][DCA]. The ionic liquid with highest viscosity is [C1C4Im][Lev] 

and the one with lowest is [C1C4Im][DCA]. The unsaturations can lead to viscosities 

up to 2 times greater than in ionic liquids with saturated side alkyl chains.  

Density measurements are a popular and reliable ionic liquid characterization 

method. The method is sensitive to impurities, easy to perform, fast and inexpensive, 

which makes a good candidate to complement or verify the purity of a sample. In 

more recent years, more effort has been made into detailing the purity of the ionic 

liquid and the accuracy of the density method employed, making the assessment of 

purity easier. 

The solubility, at 303 K, of the selected metallic salts in [C1(CH2C6H5)Im][NTf2] 

roughly decreases with the size of the metallic cation for then salts studied. For the 

LiNTf2 salt the solubility in [C1(CH2C6H5)Im][NTf2] is greater than 2 M, for Ni(NTf2)2 

the solubility is between 0.5 M and 2 M and for Cu(NTf2)2 is lower than 0.01 M 

between 303 K and 363 K. Solutions of [C1(CH2C6H5)Im][NTf2] with LiNTf2 with 

concentration of 0.33 mol L-1; with Ni(NTf2)2 with 0.18 mol L-1 concentration and with 

Cu(NTf2)2 at less than 0.01 mol L-1.  The addition of these metallic salts to the ionic 

liquid caused an increase its density of up to 2% for the salt types and concentrations 

studied.  The addition of these metallic salts to the ionic liquid caused an increase in 

viscosity of 42%, 50% and 34% at 298 K for the lithium, nickel and copper salts 

respectively. 

Due to the great impact of impurities in the physicochemical properties of the 

ionic liquids, it is critical to determine and report the purity of the sample and the 

synthetic route used to obtain it. In recent years, there has been an increasing effort 

in this sense and in finding synthetic routes avoiding the use of halogenated salts. 
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Ethane and Ethene Solubility in Ionic Liquids 
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In this chapter the original experimental data of the solubility of ethane and 

ethene in selected imidazolium based ionic liquids will be presented. 

The high solubility of unsaturated hydrocarbons in ionic liquids compared with 

their saturated counterparts has been explained by the favorable electrostatic 

interactions between the cation of the ionic liquid and the π-system of the solute.1,2 

Other interactions have been evoked to explain the solvation properties of 

hydrocarbons in ILs e.g. hydrogen bond between the gas and the anion, anion-π 

interaction between the gas and the anion and/or π-π interaction between the gas 

and the cation. 3,9 It has also been reported that, in the presence of a metal ion, a 

higher solubility for alkene gases versus alkanes, is observed due to a π-complex 

bond formation between olefins and some transition metal ions.4  

Four groups of pure ionic liquids were selected in order to study the influence 

of different functional groups or anions in the solubility and ideal selectivity of ethane 

and ethane. The first group of ionic liquids was used as a reference and served as an 

indicator of the influence of the length of the alkyl side chain of the cation; 

1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide, [C1C4Im][NTf2] and 

1-methyl-3-octyl-imidazolium bis(trifluoromethanesulfonyl)imide, [C1C8Im][NTf2]. A 

second group was used to test the influence of the presence of unsaturations in the 

alkyl side chain of the cation; 1-methyl-3-(propyn-3-yl)imidazolium 

bis(trifluoromethanesulfonyl)imide, [C1(C2H2CH)Im][NTf2]; 

1-(buten-3-yl)-3-methylimidazolium bis(trifluoromethanesulfonyl)imide, 

[C1(C3H5CH2)Im][NTf2], 1-benzyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide, [C1(CH2C6H5)Im][NTf2]. The third group consisted 

in a systematic study of the influence of the cyano groups, due to the apparent 

positive effect in the selective absorption of propene in propane/propene mixtures5; 

1-butyl-3-methylimidazolium dicyanamide, [C1C4Im][DCA]; 

1-(3-cyanopropyl)-3-methylimidazolium bis(trifluoromethanesulfonyl)imide, 

[C1C3CNIm][NTf2] and 1-(3-cyanopropyl)-3-methylimidazolium dicyanamide, 

[C1C3CNIm][DCA]. The forth group consists of an ionic liquid with a phosphite based 

anion, 1-butyl-3-methylimidazolium methylphosphite, [C1C4Im][C1HPO3]. 

A study of the influence in ethene absorption of the presence metallic salts in 

1-benzyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide, 

[C1(CH2C6H5)Im][NTf2] was also performed. Three metallic salt-ionic liquid solutions 
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were prepared with the following concentrations: LiNTf2 at 0.33 mol L-1, Ni(NTf2)2 at 

0.18 mol L-1 and Cu(NTf2)2 at less than 0.01 mol L-1. 

Our first publications in international peer-reviewed journals can be found in 

appendix 3. 
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3. Gas Solubility in ionic liquids 
 

The gas solubility measurements were performed using an isochoric 

saturation method that allows the determination of the solubility at pressures close to 

the atmospheric pressure and at different temperatures. In this method a known 

amount of gas is put in contact with a precisely determined quantity of degased ionic 

liquid. The pressure at thermodynamic equilibrium allows the determination of the 

amount of gas absorbed by the ionic liquid. The experimental method is 

schematically represented in figure 3.1.28,25,26 

 

 
Figure 3.1 - Scheme of the experimental method for the measurement of solubility 

 

The experimental device used is depicted in figure 3.2. The equilibrium cell 

(EC) is placed in a thermostated water bath (TB). The temperature is controlled 

through a PID controller (Hart Scientific model 2200, resolution ±0.01 K) and is 

measured with a 100 Ω platinum resistance thermometer (Hart Scientific model 

1502A with a NVLAP-accredited calibration probe, model 5615, accuracy of ± 0.010 

K at 273.15 K). The equilibrium cell includes a manometer (M) (Druck RPT350S, 
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pressure range from 35 to 2620 mbar, accuracy of ±0.01% full scale) and a glass 

bulb (GB) where the gas is kept. 

 

 
Figure 3.2 - Solubility apparatus used in this work: (VP) vacuum pump; (TP) cold trap; (VG) vacuum 

gauge; (GB) gas bulb; (M) precision manometer; (TB) thermostated bath; (EC) equilibrium cell; (V1, 

V2) constant volume glass valves; (C1, C2) vacuum o-ring connections. 

 

Before the equilibrium cell is assembled, the volume of the glass bulb (GB) 

was calibrated with degased distilled water at 2 temperatures. The total volume of the 

assembled cell is also calibrated at two temperatures by a gas expansion method. 

The first step of the solubility measurement consists in filling and isolating the 

gas bulb with a known amount of gas at a known temperature, closing the V2 valve. 

Then, a precise amount of ionic liquid measured gravimetrically is introduced in the 

cell through the C2 connection. The study of variation of the density of the ionic liquid 

with the temperature at atmospheric pressure allows the determination of the volume 

it occupies in the cell at each temperature. This value is considered to be equal to the 

volume occupied by the solution after saturation with the gas. After degassing, the 

ionic liquid is put in contact with the gas, which was kept in the gas bulb. The contact 
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between them is optimized by stirring the liquid.* The temperature and pressure of 

the cell are registered throughout the entire measurement. After thermodynamic 

equilibrium is attained, a new temperature is set. The gas solubility is typically 

measured at five temperatures between 303.15 K and 343.15 K. To ensure the 

accuracy of the results, at least 3 independent measurements are performed for the 

same system. 

In the first pVT measurement, the amount of gas in the gas bulb, totn2 , can be 

determined: 

 

iniiniini

iniinitot
RTTpZ

Vpn
,2

2      (3.1) 

 

where inip , iniT  and iniV  are the initial pressure, temperature and volume of the gas 

bulb, respectively, before the insertion of the ionic liquid; R  is the gas constant and 

2Z  is the compressibility factor of the pure gas (subscripts 1 and 2 represent solvent 

and solute, respectively). The compressibility factor is calculated by 
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where 22B  is the second virial coefficient of the pure gas, obtained from the 

compilation of data by Dymond and Smith.6 We consider that the ionic liquid presents 

a negligible vapor pressure in the range of temperatures covered, and so the total 

amount of liquid is equal to its amount in the liquid solution, l iqn1 , and that the only 

contribution for the equilibrium pressure is from the solute. 

The second pVT measurement is performed when the thermodynamic 

equilibrium is attained, after the contact between the gas solute and the ionic liquid. 

The amount of free gas in the cell, vapn2 , is given by  

eqeqeq

liqtoteqvap
RTTpZ
VVp

n
,2

2      (3.3) 

                                            
* A glass coated magnetic stirrer was used 
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where eqp  and eqT  are the pressure and temperature of the cell after the 

thermodynamic equilibrium is reached. totV  and l iqV  are the total volume of the cell 

and the volume occupied by the ionic liquid, respectively, at the equilibrium 

temperature. The amount of solute in the ionic liquid sample, l iqn2 , is given by 

 
vaptotliq nnn 222                (3.4) 

 

The solubility can be expressed as the solute mole fraction, 2x ,  
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Value which can be used to calculate the Henry’s law constant, 
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where 2x  is mole fraction of the solute and l iqf2  is its fugacity in the liquid phase. At 

the thermodynamic equilibrium, l iqf2  is determined: 

 

eqeqeq
vapliq pyyTpff 22222 ,,     (3.7) 

 

with vapf2  is the fugacity in the vapor phase, 2  is the fugacity coefficient of the solute 

and 2y  is the mole fraction of the solute in the gas phase, in the present case is 

equal to one, due to the negligible vapor pressure of the ionic liquid. Therefore 

equation 3.7 becomes 

 

eqeqeq
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And by substitution in equation 3.6, 

 

2
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The fugacity coefficient of the solute, 2 , can be determined by 

 

1,expexp, 2
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The Henry’s law constants calculated from the experimental solubilities were 

fitted to a power series in T 
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For the metallic salts-ionic liquid solutions, the absorption results can be 

expressed as solute mole fraction, 2x ,  
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or as the amount of solute per amount of metallic cation in the solution, metalx2 , 
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where l iq
metaln  represents the amount of metal salt, l iqn1  the amount of ionic liquid and 

l iqn2  the amount of gas solute in the metallic salt-ionic liquid solution. 
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3.1 Materials 
 

Linde Gas supplied the gases used for this study: ethane 3.5, mole fraction 

purity of 0.9995 and ethene 2.8, mole fraction purity of 0.998. All gases were used as 

received from the manufacturer. The metallic salts LiNTf2, Ni(NTf2)2 and Cu(NTf2)2 

have been used as received from Solvionic. 

 

Table 3.1 - Representation, name, abbreviation of the ionic liquids used for the solubility measurements 

Cation Anion Name Abbreviation 

 

 

1-methyl-3-(propyn-3-yl)imidazolium 

bis(trifluoromethanesulfonyl)imide 
[C1(C2H2CH)Im][NTf2] 

 

1-butyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide 
[C1C4Im][NTf2] 

 

1-(buten-3-yl)-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide 
[C1(C3H5CH2)Im][NTf2] 

 

1-(3-cyanopropyl)-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide 
[C1C3CNIm][NTf2] 

 

1-methyl-3-octylimidazolium 

bis(trifluoromethanesulfonyl)imide 
[C1C8Im][NTf2] 

 

1-benzyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide 
[C1(CH2C6H5)Im][NTf2] 

 

 

1-butyl-3-methylimidazolium 

dicyanamide 
[C1C4Im][DCA] 

 

1-(3-cyanopropyl)-3-methylimidazolium 

dicyanamide 
[C1C3CNIm][DCA] 

  

1-butyl-3-methylimidazolium 
methylphosphite [C1C4Im][C1HPO3] 

 
The name and structures of the ionic liquids used are listed in table 3.1. To 

remove water, the ionic liquid samples were kept under primary vacuum at least 48 h 

prior to use. Before each measurement, the water content of the degassed ionic 

liquid was verified with a coulometric Karl Fischer titrator (Mettler Toledo DL32). The 

amount of water in each ionic liquid sample is presented in table 3.2. 
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Table 3.2 - Amount of water, in ppm, present in the ionic liquid after at least 48 h 
under primary vacuum 

Ionic Liquid Amount of water /ppm Mole fraction of water 

[C1(C2H2CH)Im][NTf2] 95 0.0021 

[C1C4Im][NTf2] 70 0.0016 

[C1(C3H5CH2)Im][NTf2] 100 0.0023 

[C1C3CNIm][NTf2] 43 0.0010 

[C1C8Im][NTf2] 63 0.0017 

[C1(CH2C6H5)Im][NTf2] 70 0.0018 

[C1C4Im][DCA] 98 0.0011 

[C1C3CNIm][DCA] 75 0.00090 

[C1C4Im][C1HPO3] 156 0.0020 

 
Three metallic salt-[C1(CH2C6H5)Im][NTf2] solutions were prepared with the 

following concentrations: LiNTf2 at 0.33 mol L-1, Ni(NTf2)2 at 0.18 mol L-1 and 

Cu(NTf2)2 at less than 0.01 mol L-1. 
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3.2 Ethane and ethene solubility 
 

For each ionic liquid-gas pair, several solubility experimental data points were 

measured for temperatures between 303 K and 343 K in steps of approximately 10 K. 

The experimental solubilities for ethane and ethene in the ionic liquids 

[C1(C2H2CH)Im][NTf2], [C1(C3H5CH2)Im][NTf2], [C1(CH2C6H5)Im][NTf2], 

[C1C4Im][DCA], [C1C3CNIm][NTf2] and [C1C3CNIm][DCA] and [C1C4Im][C1HPO3], and 

for ethene in [C1C4Im][NTf2] and [C1C8Im][NTf2] are reported in table 3.3 and figures 

3.3 to 3.8. 

 
Table 3.3 - Henry’s law constants, HK  of ethane, C2H6, and ethene, C2H4 in pure ionic liquids, along with their 

solubility as gas mole fraction, 2x , corrected for a partial pressure of solute of 0.1 MPaa 

[C1C4Im][NTf2] + C2H4 [C1C8Im][NTf2] + C2H4 

K
T  

Pa
p
210

 
Pa

KH
510

 3
2

10
x

 dev%  
K
T  

Pa
p
210

 
Pa

KH
510

 3
2

10
x

 dev%  

283.67 803.0 54.62 18.19 +0.2 303.17 647.9 54.03 18.41 -0.7 

293.76 833.8 63.91 15.56 +0.1 303.57 893.2 52.52 18.94 +2.8 

303.57 872.4 75.11 13.24 -1.3 303.57 878.4 55.14 18.04 -2.1 

303.57 863.3 73.67 13.50 +0.6 313.17 671.4 62.12 16.02 -1.3 

313.59 903.0 86.32 11.53 -0.8 313.58 924.4 60.44 16.47 +2.0 

323.61 923.2 96.64 10.30 +1.9 323.16 694.7 70.93 14.04 -1.2 

323.61 933.3 98.55 10.10 -0.1 323.59 940.1 72.15 13.80 -2.3 

333.63 963.6 112.6 8.847 +0.0 323.59 955.4 69.09 14.41 +2.1 

343.65 993.9 128.9 7.732 -0.5 333.16 717.7 80.57 12.36 -0.6 

     333.59 986.4 79.21 12.58 +1.7 

     343.16 740.7 91.35 10.91 +0.1 

     343.59 1001 93.45 10.66 -1.6 

     343.60 1017 90.95 10.95 +1.1 
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[C1(C2H2CH)Im][NTf2] + C2H6 [C1(C2H2CH)Im][NTf2] + C2H4 

K
T  

Pa
p
210

 
Pa

KH
510

 3
2

10
x

 dev%  
K
T  

Pa
p
210

 
Pa

KH
510

 3
2

10
x

 dev%  

303.56 663.6 174.9 5.692 -0.2 303.16 658.4 113.4 8.787 -2.0 

303.57 654.7 175.4 5.674 -0.5 303.16 659.3 111.4 8.947 -0.2 

303.57 910.4 172.5 5.760 +1.2 303.57 653.0 109.3 9.119 +2.3 

313.56 686.1 204.6 4.865 -1.9 313.16 681.0 127.7 7.804 -1.2 

313.58 676.8 201.8 4.933 -0.6 313.16 681.9 126.4 7.885 -0.1 

313.59 941.2 197.6 5.029 +1.6 313.58 675.6 125.2 7.963 +1.4 

323.54 708.3 234.4 4.248 -1.3 323.11 703.5 145.3 6.860 -2.0 

323.60 698.9 233.6 4.263 -0.9 323.16 704.4 141.4 7.050 +0.7 

323.62 972.1 227.6 4.368 +1.8 323.59 697.9 141.7 7.037 +1.1 

333.50 730.3 265.6 3.751 +0.6 333.08 725.7 161.9 6.159 -1.4 

333.61 720.8 267.0 3.731 +0.3 333.15 726.7 158.5 6.293 +0.8 

333.64 1003.0 265.6 3.745 +0.8 333.59 720.1 159.5 6.252 +0.7 

343.41 752.5 316.2 3.151 -2.3 343.05 747.8 179.0 5.573 -0.5 

343.63 742.7 303.7 3.281 +2.0 343.14 749.0 176.9 5.638 +0.8 

343.70 1034.0 311.8 3.191 -0.5 343.60 742.3 179.8 5.548 -0.4 

[C1(C3H5CH2)Im][NTf2] + C2H6 [C1(C3H5CH2)Im][NTf2] + C2H4 

K
T  

Pa
p
210

 
Pa

KH
510

 3
2

10
x

 dev%  
K
T  

Pa
p
210

 
Pa

KH
510

 3
2

10
x

 dev%  

303.56 680.4 110.8 8.981 +0.7 303.12 646.5 87.30 11.42 -0.4 

303.57 685.3 111.9 8.894 -0.3 303.12 639.2 86.57 11.51 +0.6 

313.57 703.6 126.9 7.845 -0.5 303.16 626.6 86.96 11.46 +0.2 

313.58 708.7 127.2 7.827 -0.7 313.09 648.4 99.47 10.02 -0.6 

323.59 726.4 141.6 7.034 -0.5 313.12 668.9 99.33 10.04 -0.4 

323.60 731.5 138.6 7.182 +1.6 313.12 661.5 98.88 10.08 +0.0 

333.60 749.0 154.9 6.430 +0.2 323.00 670.0 112.8 8.841 -0.7 

333.62 754.6 155.5 6.406 -0.2 323.09 683.6 112.3 8.876 -0.2 

343.61 771.7 172.9 5.762 -2.2 323.11 690.9 111.2 8.965 +0.8 

343.64 777.1 165.7 6.011 +2.1 332.91 691.3 126.2 7.902 +0.3 

     333.09 713.0 125.5 7.945 +1.1 

     342.78 712.8 144.4 6.906 -1.1 



127 
 

     342.94 727.3 144.3 6.911 -0.9 

     343.02 734.8 141.3 7.056 +1.3 

[C1(CH2C6H5)Im][NTf2] + C2H6 [C1(CH2C6H5)Im][NTf2] + C2H4 

K
T  

Pa
p
210

 
Pa

KH
510

 3
2

10
x

 dev%  
K
T  

Pa
p
210

 
Pa

KH
510

 3
2

10
x

 dev%  

303.25 656.7 134.4 7.408 -0.6 303.55 675.0 94.91 10.50 -1.6 

303.55 881.6 135.9 7.315 -1.3 303.58 680.7 92.09 10.82 +1.5 

303.57 670.8 131.4 7.574 +2.1 313.53 698.2 107.9 9.241 -1.5 

313.29 679.6 152.5 6.530 -1.1 313.60 704.3 104.2 9.560 +2.0 

313.53 911.5 151.4 6.565 -0.1 323.49 721.3 123.4 8.079 -2.8 

313.57 693.8 150.1 6.633 +0.8 323.63 727.7 118.1 8.443 +1.7 

323.35 702.4 172.8 5.762 -1.6 333.42 743.9 136.0 7.331 -1.2 

323.56 716.7 169.6 5.871 +0.5 333.67 751.0 131.7 7.572 +2.3 

323.61 941.6 167.7 5.931 +1.7 343.35 766.4 150.2 6.640 -0.5 

333.38 725.0 192.8 5.167 -0.7 343.67 774.3 149.8 6.659 +0.1 

333.56 739.4 190.8 5.220 +0.5      

343.38 747.9 223.7 4.454 -3.9      

343.51 761.9 213.0 4.677 +1.1      

343.65 1002 209.8 4.744 +2.8      

[C1C4Im][DCA] + C2H6 [C1C4Im][DCA] + C2H4 

K
T  

Pa
p
210

 
Pa

KH
510

 3
2

10
x

 dev%  
K
T  

Pa
p
210

 
Pa

KH
510

 3
2

10
x

 dev%  

303.57 867.1 296.9 3.344 +0.7 303.56 685.2 178.5 5.571 -1.1 

303.57 886.5 297.1 3.342 +0.6 303.56 667.7 176.7 5.630 +1.5 

304.16 665.3 303.0 3.277 -0.7 303.58 683.6 180.1 5.523 -0.4 

313.58 896.1 346.4 2.868 -1.5 313.56 690.2 202.8 4.908 -0.6 

323.60 925.1 401.7 2.475 +0.6 313.60 707.0 206.3 4.823 -2.2 

333.61 954.2 489.0 2.034 +0.9 323.50 731.3 233.4 4.267 -1.4 

343.61 983.4 620.9 1.603 -0.6 323.56 712.5 226.1 4.403 +1.9 

     323.62 730.2 233.7 4.261 -1.3 

     333.53 734.8 257.8 3.864 +3.3 

     333.63 753.3 263.5 3.780 +1.2 

     343.19 776.0 319.6 3.117 -3.2 
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     343.44 777.4 314.3 3.170 -1.2 

     343.46 757.1 303.8 3.280 +2.2 

[C1C3CNIm][NTf2] + C2H6 [C1C3CNIm][NTf2] + C2H4 

K
T  

Pa
p
210

 
Pa

KH
510

 3
2

10
x

 dev%  
K
T  

Pa
p
210

 
Pa

KH
510

 3
2

10
x

 dev%  

303.57 873.3 195.7 5.075 +0.1 303.16 659.5 131.2 7.580 +0.1 

313.59 902.6 225.0 4.415 -0.2 313.13 681.2 150.2 6.627 -0.2 

323.60 931.8 259.6 3.830 -0.1 323.10 702.8 172.2 5.782 +0.2 

333.62 961.0 300.1 3.315 +0.3 333.06 724.4 200.1 4.979 -0.1 

343.63 990.2 350.5 2.840 -0.1 343.06 746.0 232.9 4.279 +0.0 

[C1C3CNIm][DCA] + C2H6 [C1C3CNIm][DCA] + C2H4 

K
T  

Pa
p
210

 
Pa

KH
510

 3
2

10
x

 dev%  
K
T  

Pa
p
210

 
Pa

KH
510

 3
2

10
x

 dev%  

303.17 700.1 672.6 1.476 -0.8 303.15 664.4 317.1 3.137 +0.1 

303.17 682.9 665.7 1.492 +0.2 313.13 686.1 356.9 2.788 -0.2 

313.16 722.9 766.7 1.296 -0.4 323.10 707.8 403.4 2.468 -0.4 

313.16 705.1 746.8 1.330 +2.2 333.08 729.4 452.5 2.201 +0.7 

323.16 745.7 876.5 1.134 -0.3 343.02 751.0 519.8 1.917 -0.3 

323.16 727.4 882.7 1.126 -1.0      

333.15 768.4 1013 0.9817 -1.4      

333.17 749.5 985.9 1.009 +1.3      

343.15 791.0 1158 0.8594 -1.5      

343.16 771.6 1120 0.8886 +1.8      

          

          

          

          

[C1C4Im][C1HPO3] + C2H6 [C1C4Im][C1HPO3] + C2H4 

K
T  

Pa
p
210

 
Pa

KH
510

 3
2

10
x

 dev%  
K
T  

Pa
p
210

 
Pa

KH
510

 3
2

10
x

 dev%  

303.58 898.6 235.8 4.211 +0.2 303.57 884.1 162.8 6.110 -0.1 

313.59 929.0 275.4 3.608 -0.4 313.59 914.1 183.9 5.410 +0.2 

323.61 959.3 325.2 3.057 -0.0 323.61 944.2 210.5 4.730 -0.2 
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333.62 989.7 389.9 2.551 +0.5 333.62 974.1 240.4 4.143 +0.1 

343.64 1020 479.1 2.077 -0.2      

a p  is the experimental equilibrium pressure and the percent deviation is relative to the correlations of the data 
reported in table 3.3 

 
 

Table 3.4 - Henry’s law constants, HK  of ethene, C2H4, in metallic salts-ionic liquid solutions, along with their absorption 

as gas mole fraction, 2x , corrected for a partial pressure of solute of 0.1 MPaa and amount of solute per amount of 

metallic cation in the solution at the equilibrium pressure, metalx2  

[C1(CH2C6H5)Im][NTf2]-0.33 mol L-1 LiNTf2+C2H4 [C1(CH2C6H5)Im][NTf2]-0.18 mol L-1 Ni(NTf2)2+C2H4 

K
T  

Pa
p
210

 
Pa

KH
510

 3
2

10
x

 
2

2
10

metalx
 dev%  

K
T  

Pa
p
210

 
Pa

KH
510

 3
2

10
x

 
2

2
10

metalx
 dev%  

303.17 656.3 99.28 10.02 7.307 +0.3 303.27 655.2 91.89 10.82 13.81 -1.1 

313.17 679.4 112.7 8.829 6.660 -0.7 313.17 677.4 102.8 9.681 12.76 +1.5 

323.16 701.9 124.3 8.012 6.240 +0.1 332.79 721.6 131.6 7.571 10.62 -0.4 

333.13 724.2 136.0 7.322 5.880 +0.6       

343.05 746.4 149.6 6.662 5.512 -0.3       

[C1(CH2C6H5)Im][NTf2]- < 0.01 mol L-1 Cu(NTf2)2+C2H4  

K
T  

Pa
p
210

 
Pa

KH
510

 3
2

10
x

 
2

2
10

metalx
 dev%        

303.99 644.9 - 21.26 35.52 -       

a p  is the experimental equilibrium pressure and the percent deviation is relative to the correlations of the data reported in 
table 3.3 

The experimental solubilities obtained for ethane and ethene in the ionic 

liquids [C1(C3H5CH2)Im][NTf2], and [C1(CH2C6H5)Im][NTf2] and for ethene in 

[C1C4Im][NTf2] have been published by us.7 Reported experimental solubility results 

for ethane in [C1C4Im][NTf2]8 and [C1C8Im][NTf2]8 were added in figures 3.1 to 3.5 for 

comparison. 

The experimental absorptions obtained for ethene in the ionic liquid solutions 

[C1(CH2C6H5)Im][NTf2]-0.33 M LiNTf2, [C1(CH2C6H5)Im][NTf2]-0.18 M Ni(NTf2)2 and 

[C1(CH2C6H5)Im][NTf2]-0.13 M Cu(NTf2)2 are reported in table 3.4 and figures 3.9 and 

3.10.  



130 
 

The coefficients iA , obtained from the fitting of the results to equation 3.12 are 

listed in table 3.5.  

From the variation of the Henry’s law constants with temperature, it is possible 

to calculate the thermodynamic properties of solvation, as previously described, 

using equations 3.11, 3.13 and 3.14. The values obtained, at the temperature of 323 

K, are listed in table 3.6. KH /105 Pa. 

The solubility of ethane in [C1C3CNIm][NTf2] was previously measured by 

Xing et al.20 and an +11% deviation, at 303K was found between our results and the 

ones reported by the authors. The solubility of ethene was also measured in the 

same ionic liquid by Xing et al.20 and Deng et al.22,23. In the first case, our results 

agree within ±3% at 303 K. However, in the second case the deviations are as high 

as +49% at 303 K down to +25% at 323 K. The solubility of ethene in [C1C4Im][NTf2] 

has been measured by Xing et al.20, Anthony et al.21, Palgunadi et al.24 and is also 

reported in two publications from Deng et al.22,23. Our values agree with the ones 

from Anthony et al. within ±0.6% at 323 K, but deviations increase to +13% at 283 K. 

Our values agree within ±2.7% with the one reported by Palgunadi et al. at 313 K and 

within ±1.8% with the one from Xing et al. The highest deviations were found from 

Deng et al., from +17% at 303 K to +11% at 323 K. Similar deviations are attributed 

by the authors to the difference in the measuring methods, in that case, gravimetric 

microbalance and gas chromatography.22 
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Table 3.5 - Parameters of equation 3.12 used to smooth the experimental results on HK from table 3.1 and 3.2 
along with the percent average absolute deviation of the fit, AAD 

C2H6 

Ionic Liquid 0A  1A  2A  % AAD 

[C1(C2H2CH)Im][NTf2] +2.024 +6.805 × 10-3 +1.163 × 10-5 0.3 

[C1(C3H5CH2)Im][NTf2] -4.782 +4.977 × 10-2 -6.089 × 10-5 0.3 

[C1(CH2C6H5)Im][NTf2] +0.5989 +1.620 × 10-2 -6.699 × 10-6 0.4 

[C1C4Im][DCA] +16.45 -8.276 × 10-2 +1.559 × 10-4 0.2 

[C1C3CNIm][NTf2] +3.318 -6.691 × 10-4 +2.346 × 10-5 0.0 

[C1C3CNIm][DCA] +1.844 +1.708 × 10-2 -5.663 × 10-6 0.2 

[C1C4Im][C1HPO3] +8.814 -3.636 × 10-2 +8.341 × 10-5 0.0 

C2H4 

Ionic Liquid 0A  1A  2A  % AAD 

[C1C4Im][ NTf2] -2.386 +2.941 × 10-2 -2.428 × 10-5 0.2 

[C1C8Im][NTf2] -0.1976 +1.420 × 10-2 -1.349 × 10-6 0.4 

[C1(C2H2CH)Im][NTf2] -1.902 +3.066 × 10-2 -2.917 × 10-5 0.3 

[C1(C3H5CH2)Im][NTf2] -0.1297 +1.755 × 10-2 -7.863 × 10-6 0.2 

[C1(CH2C6H5)Im][NTf2] -2.750 +3.480 × 10-2 -3.566 × 10-5 0.4 

[C1C4Im][DCA] +7.813 -2.848 × 10-2 +6.534 × 10-5 0.4 

[C1C3CNIm][NTf2] +3.975 -7.106 × 10-3 +3.325 × 10-5 0.1 

[C1C3CNIm][DCA] +4.594 -3.619 × 10-3 +2.463 × 10-5 0.1 

[C1C4Im][C1HPO3] +3.876 -4.203 × 10-3 +2.704 × 10-5 0.1 

[C1(CH2C6H5)Im][NTf2] + 0.33 mol L-1 LiNTf2 -3.669 +4.245 × 10-2 -5.005 × 10-5 0.2 

[C1(CH2C6H5)Im][NTf2] + 0.18 mol L-1 Ni(NTf2)2 +0.7622 +1.221× 10-2 - 0.1 
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Table 3.6 - Thermodynamic properties of solvation of ethane, C2H6, and ethene, C2H4, at 323 K, in the 

ionic liquids and ionic liquid solutions used 

C2H6 

Ionic Liquid Hsolv /kJ mol-1 ST solv /kJ mol-1 K-1 

[C1C4Im][NTf2]* 13   1 26  1 

[C1C8Im][NTf2]* 13 ± 1 25 ± 3 

[C1(C2H2CH)Im][NTf2] 12 ± 2 27 ± 3 

[C1(C3H5CH2)Im][NTf2] 9  1 22  1 

[C1(CH2C6H5)Im][NTf2] 10  1 24  2 

[C1C4Im][DCA] 16 ± 6 32 ± 7 

[C1C3CNIm][NTf2] 13 ± 2 28 ± 3 

[C1C3CNIm][DCA] 12 ± 1 30 ± 2 

[C1C4Im][C1HPO3] 15 ± 4 31 ± 5 

C2H4 

Ionic Liquid Hsolv /kJ mol-1 ST solv /kJ mol-1 K-1 

[C1C4Im][NTf2] 12  1 24  1 

[C1C8Im][NTf2] 12 ± 1 23 ± 2 

[C1(C2H2CH)Im][NTf2] 10 ± 1 24 ± 1 

[C1(C3H5CH2)Im][NTf2] 11  1 24  2 

[C1(CH2C6H5)Im][NTf2] 10  1 23  1 

[C1C4Im][DCA] 12 ± 3 27 ± 4 

[C1C3CNIm][NTf2] 13 ± 2 26 ± 3 

[C1C3CNIm][DCA] 11 ± 2 27 ± 3 

[C1C4Im][C1HPO3] 12 ± 2 26 ± 3 

[C1(CH2C6H5)Im][NTf2] + 0.33 mol L-1 LiNTf2 9 ± 1 22 ± 1 

[C1(CH2C6H5)Im][NTf2] + 0.18 mol L-1 Ni(NTf2)2 11 ± 1 23 ± 2 

* From reference 8 
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Deng et al.22,23 also measured the solubility of ethene in [C1C3CNIm][DCA]  

and we found deviations as high as +72% at 303 to +58% at 323 K. 

The solubility of ethene in [C1C4Im][C1HPO3] was measured by 

Palgunadi et al. 9,24 and our results agree within ±1% at 313 K. 

 

 
Figure 3.3 - Mole fraction solubilities of ethane and ethene at 0.1 MPa partial pressure and as a 

function of the temperature in the following ionic liquids: , [C1C4Im][NTf2]; , [C1C8Im][NTf2]. Full lines 

represent the smoothed data and the dashed lines corresponds to the previously reported values of 

the solubility of ethane in [C1C4Im][NTf2] (red) and [C1C8Im][NTf2] (black) from reference 8.

 

For all ionic liquids studied, ethene is more soluble than ethane. For 

[C1C4Im][NTf2], [C1C8Im][NTf2], [C1(C2H2CH)Im][NTf2], [C1(CH2C6H5)Im][NTf2], 

[C1C4Im][DCA], [C1C3CNIm][NTf2], [C1C3CNIm][DCA], [C1C4Im][C1HPO3] the higher 

ethene solubility is explained by more favorable entropies of solvation. For 

[C1(C3H5CH2)Im][NTf2] the higher ethene solubility is due to more favorable gas-ionic 

liquid interactions, as expressed by a more negative enthalpy of solvation for C2H4 

than for C2H6.  

The highest ethane and ethene solubility was found for the ionic liquid 

[C1C8Im][NTf2]. No clear explanation is obtained from the analysis of the 

thermodynamic properties of solvation for these high solubilities. Both gases are 
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dissolved in the apolar part of the IL that is larger in [C1C8Im][NTf2], as observed in 

simulation results.7,8 

 

 
Figure 3.4 - Mole fraction solubilities of ethane at 0.1 MPa partial pressure and as a function of the 

temperature in the following ionic liquids: , [C1(C2H2CH)Im][NTf2]; ■, [C1(C3H5CH2)Im][NTf2]; and 

, [C1(CH2C6H5)Im][NTf2]. Full lines represent the smoothed data and the dashed line corresponds to 

the previously reported values of the solubility of ethane in [C1C4Im][NTf2] from reference 8.

 

The ionic liquids [C1C4Im][NTf2] and [C1C8Im][NTf2] will be used as reference 

for comparisons and as an indicator of the influence of the length of the alkyl side 

chain of the cation on the solubility of ethane and ethene. The solubility of ethane 

and ethene increases with the size of the alkyl side chain of the cation, due to more 

favorable entropies of solvation for the ionic liquid with a larger alkyl side chain. Due 

to the increase in the alkyl chain of the cation the solubility of ethane increased 42% 

and the solubility of ethene increased 28%. These values are in agreement to what is 

described in the literature (see chapter 1). 
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Figure 3.5 - Mole fraction solubilities of ethene at 0.1 MPa partial pressure and as a function of the 

temperature in the following ionic liquids: , [C1C4Im][NTf2]; , [C1(C2H2CH)Im][NTf2]; 

■, [C1(C3H5CH2)Im][NTf2]; and , [C1(CH2C6H5)Im][NTf2]. Full lines represent the smoothed data.

 

The analysis of the solubility of the gases in [C1(C2H2CH)Im][NTf2], 

[C1(C3H5CH2)Im][NTf2] and [C1(CH2C6H5)Im][NTf2] will allows us to determine the 

influence of the presence of unsaturations in the alkyl side chain of the cation on the 

solubility of ethane and ethene. The order of the solubility of each gas is 

[C1(C3H5CH2)Im][NTf2] > [C1(CH2C6H5)Im][NTf2] > [C1(C2H2CH)Im][NTf2]. For ethane 

this order is due to gradually more unfavorable entropies of solvation, although 

countered by increasingly more favorable gas-ionic liquid interactions. In the case of 

ethene, the solubility order is justified by a more favorable interaction between the 

gas and [C1(C3H5CH2)Im][NTf2] than with [C1(CH2C6H5)Im][NTf2] or 

[C1(C2H2CH)Im][NTf2].  

The solubility of ethane and ethene decreases with the presence of 

unsaturations in the alkyl side chain of the cation of the ionic liquid. The higher 

solubility of ethane and ethene in [C1C4Im][NTf2] than in all three ionic liquids 

presenting unsaturations is due to more favorable gas-ionic liquid interactions of the 

gases with [C1C4Im][NTf2]. 
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Figure 3.6 - Mole fraction solubilities of ethane at 0.1 MPa partial pressure and as a function of the 

temperature in the following ionic liquids:  [C1C4Im][NTf2] (red curve); , [C1C4Im][DCA]; ■, 
[C1C3CNIm][NTf2]; and , [C1C3CNIm][DCA]. Full lines represent the smoothed data and the dashed 

lines corresponds to the previously reported values of the solubility of ethane in [C1C4Im][NTf2] from 

reference 8. 

 

The ionic liquids [C1C4Im][DCA], [C1C3CNIm][NTf2] and [C1C3CNIm][DCA] 

allow the study of the influence of the cyano group in the solubility of ethane and 

ethene. 

The solubility order of the two gases in the selected ionic liquids is 

[C1C3CNIm][NTf2] > [C1C4Im][DCA] > [C1C3CNIm][DCA]. Ethane is more soluble in 

[C1C3CNIm][NTf2] than in [C1C4Im][DCA] due a more favorable entropy of solvation in 

the first, in spite of the more favorable ethane-[C1C4Im][DCA] interaction. For ethene, 

it is the more favorable gas-ionic liquid interaction that justifies the higher solubility of 

the gas in [C1C3CNIm][NTf2]. The reason why both gases are more soluble in 

[C1C4Im][DCA] than [C1C3CNIm][DCA] is the same, a more favorable enthalpy of 

solvation for [C1C4Im][DCA].  
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Figure 3.7 - Mole fraction solubilities of ethene at 0.1 MPa partial pressure and as a function of the 

temperature in the following ionic liquids: , [C1C4Im][NTf2]; , [C1C4Im][DCA], ■, [C1C3CNIm][NTf2]; 

and , [C1C3CNIm][DCA]. Full lines represent the smoothed data. 

 

The presence of the cyano group in the alkyl side chain of the cation of the 

ionic liquid or in the form of the DCA- anion caused a decrease in the solubility of 

both ethane and ethene, when compared to the reference ionic liquid, [C1C4Im][NTf2]. 

The ethane and ethene solubility decrease was of 85% and 77%, respectively for 

[C1C3CNIm][NTf2]; 3 times and 2 times for [C1C4Im][DCA] and 6 times and 4 times for 

[C1C3CNIm][DCA]. In all three cases, the ethane solubility decreases more than the 

ethene solubility. 

The reasons for the decrease are different in each case. For [C1C3CNIm][NTf2] 

and [C1C3CNIm][DCA], the ethane solubility decreases because the gas-solvent 

interactions are more favorable in the reference ionic liquid. For [C1C4Im][DCA] the 

reason behind the decrease is different, since gas-ionic liquid interactions are more 

favorable with this ionic liquid, but the entropic factors favor [C1C4Im][NTf2]. The 

reason why ethene is less soluble in [C1C3CNIm][NTf2] or [C1C4Im][DCA] than 

[C1C4Im][NTf2] is the same, the entropy of solvation of this gas in [C1C4Im][NTf2] is 

more favorable. Both the enthalpic and entropic factors favor a higher solubility of 

ethene in [C1C4Im][NTf2] when compared with [C1C3CNIm][DCA]. 
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The study of the solubility of ethane and ethene in [C1C4Im][C1HPO3] will allow 

to determine the influence of a phosphite based anion in the solubility of these gases. 

In figures 3.8 and 3.10 we observe that the change of anion from [C1C4Im][NTf2] to 

[C1C4Im][C1HPO3] leads to a decrease in both ethane and ethene solubility. This 

decrease is of 2.4 times for ethane and 2.2 times for ethene. As in the previous case, 

the solubility of ethane is more affected by changes in the ionic liquid than ethene. 

For ethane, the solubility decrease is due to a more favorable entropy of solvation in 

[C1C4Im][NTf2] than in [C1C4Im][C1HPO3], although the enthalpy of solvation is more 

favorable in the reference ionic liquid. For ethene, both the enthalpic and entropic 

terms contribute to a higher solubility in [C1C4Im][NTf2] than in [C1C4Im][C1HPO3]. 

The solubility decrease when changing the anion from C1HPO3
- to DCA- in a ionic 

liquid containing the C1C4Im+ cation is of 26% for ethane and 10% for ethene. Both 

gases are more soluble in [C1C4Im][C1HPO3], due to a more favorable entropy of 

solvation. 

 

 
Figure 3.8 - Mole fraction solubilities of ethane (empty symbols) and ethene (full symbols) at 0.1 MPa 

partial pressure and as a function of the temperature in the following ionic liquids: , [C1C4Im][NTf2]; 

/ , [C1C4Im][C1HPO3]. Full lines represent the smoothed data and the dashed lines corresponds to 

the previously reported values of the solubility of ethane in [C1C4Im][NTf2] from reference 8. 

To determine the influence of the type of unsaturation (C=C or C≡N) on the 

cation alkyl side chain on ethane and ethene solubility we can compare the results for 

the ionic liquids [C1C3CNIm][NTf2] and [C1(C3H5CH2)Im][NTf2]. We observe that the 
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highest ethane and ethene solubility is obtained for [C1(C3H5CH2)Im][NTf2], due to a 

more favorable entropy of solvation, in spite of the more favorable ethane or ethene 

interaction with [C1C3CNIm][NTf2]. 

As can be observed in figure 3.9, the mole fraction absorption of ethene does 

not change significantly with the addition of lithium or nickel salts, but it almost 

doubles in the presence of the copper salt. There was no significant variation of the 

thermodynamic properties of solvation for ethene upon addition of lithium and nickel 

salts. The mole absorption of ethene slightly increases with size of metallic cation, 

but in the case of Li+ or Ni2+ is not due to coordination of ethene, as proven by the 

linear relationship between mole solubility and pressure, in figure 3.9 (on the bottom). 

The mole absorption of ethene in the copper solution is compatible with the values 

reported in the literature for other metallic cations.10,11 
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Figure 3.9 - Mole fraction absorption of ethane (empty symbols) and ethene (full symbols) at 0.1 MPa 

partial pressure and as a function of the temperature (on top) and amount of ethene per amount of 

metallic cation as a function of the equilibrium pressure (on bottom), in the following ionic liquids: 

/◊, [C1(CH2C6H5)Im][NTf2]; , [C1(CH2C6H5)Im][NTf2] + 0.33 M LiNTf2; ,[C1(CH2C6H5)Im][NTf2] + 

0.18 M Ni(NTf2)2 and , [C1(CH2C6H5)Im][NTf2] + < 0.01 mol L-1 Cu(NTf2)2. Full lines represent the 

smoothed data. 
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Figure 3.10 - Henry’s law constant, HK , for ethane, dashed bars, and ethene, full bars, in the ionic 
liquids and ionic liquid solutions used, at 313 K. Measurements for ethane in [C1C4Im][NTf2] and 
[C1C8Im][NTf2] from reference 8.
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3.3 Ethane and ethene separation selectivity 

 
The ideal selectivity, , was calculated for the separation of ethane and 

ethene in the selected ionic liquids. The ideal gas selectivity is not very different from 

the real mixed gas selectivity as both gases present relatively low absorptions and so 

their activity coefficients in the liquid phase are close to unity. 

In figure 3.11, the selectivity is represented as a function of the respective 

Henry’s law constant for ethene. A trend is observed, where the ionic liquids with 

higher ethene selectivity present lower ethene capacity.  

 
Figure 3.11 - Ethane/ethene ideal selectivity versus Henry’s constant, HK , of ethene in the ionic 

liquids, , [C1C2Im][NTf2]
12,13,14,15,16,17,18; , [C1(C2H2CH)Im][NTf2]; / , [C1C4Im][NTf2]

8,19,20,21,22,23,24; 

, [C1C6Im][NTf2]*,16,17,25; , [C1C8Im][NTf2];  ■, [C1(C3H5CH2)Im][NTf2]; , [C1(CH2C6H5)Im][NTf2]; 

■/□, [C1C3CNIm][NTf2]*,20,22,23; , [C1C3CNIm][DCA]; □, [(C3CN)2Im][NTf2]*,20; , [C1C2Im][PF6]14; 

, [C1C4Im][PF6]*,15,16,21,26; , [C1C4Im][C1HPO3]; ◊, [C1C2Im][DCA]14; , [C1C4Im][DCA]; 

□, [C1C4Im][BF4]22,24,27; □, [C1C2Im][CF3SO3]14; , [P4444][TMPP]13; , [P(14)666][TMPP]28; 

◊, [C1C4Pyrr][NTf2]12,24 and ◊, [C1C6Pyr][NTf2]29 at 313 K. * at 303 K. Full symbols represent our data 

and empty ones represent previously published values.

The largest selectivity was observed for [C1C3CNIm][DCA] which also presents 

the smallest ethene solubility. The largest ethene absorption was reported by Liu et 
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al.28 for [P(14)666][TMPP], a very viscous ionic liquid designed to absorb more ethane 

than ethene, and so presenting a ethene selectivity smaller than 1. 
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Conclusions 
 

From the study of the absorption of ethane and ethene in different ionic liquids 

as a function of temperature, it was possible to determine the influence of several 

factors on the solubility of the two gases: the increase of the alkyl side chain of the 

cation of the ionic liquid; the presence of unsaturated bonds on the cation of the ionic 

liquid; the presence of cyano groups in the cation or anion of the ionic liquid or both 

and finally the influence of the a phosphite based anion in the ionic liquid. 

We observed that small changes in the structure of the ionic liquid can have 

large effects in the ethane and ethene solubility and selectivity of the ionic liquid. 

Adding unsaturations in the alkyl chain of the cation of the ionic liquid, cyano groups 

in the alkyl chain of the cation or anion and changing the anion of the ionic liquid from 

an NTf2- to a C1HPO3
- or DCA-, lead to decreases in the solubility of ethane and 

ethene, when compared to a reference ionic liquid, [C1C4Im][NTf2]. The only 

exception is for [C1(C3H5CH2)Im][NTf2], where ethane solubility is not greatly affected. 

However, the introduction of these groups in the ionic liquid leads to an increase in 

the ethene selectivity. 

For the ionic liquids tested, the difference in solubility of the two gases in each 

ionic liquid is due to entropic factors, meaning that the solubility is controlled by 

non-specific interactions. 

The solubility of ethane is more affected by changes in the ionic liquid than 

ethene. The only exceptions from all the ionic liquids studied are for the ionic liquid 

[C1(C3H5CH2)Im][NTf2] (where the solubility of ethane is similar and the solubility of 

ethene decreases 14%) and [C1(CH2C6H5)Im][NTf2] (where the solubility of both 

gases decreases in a similar way). 

The addition of copper salts almost doubles the absorption capacity of ethene 

in the ionic liquid [C1(CH2C6H5)Im][NTf2]. We observe that metallic cations such as 

lithium and nickel slightly affect the absorption of ethene, and not through 

coordination of the unsaturated gas. The observed solubility results with the lithium 

salt are compatible with the known fact that this metallic cation, when present in a 

NTf2- containing ionic liquid, is surrounded by an average of 3-4 anions.30 
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The goal of this project was to determine the potential of a selection of ionic 

liquids for the separation of ethane from ethene. This selection of ionic liquids was 

designed to escape the tendencies observed in the literature for the solubility of 

ethane and ethene in order to increase both the selectivity and absorption capacity 

for the unsaturated gas in ionic liquids. 

Contrary to what is suggested in the literature, the solubility of unsaturated 

gases, such as ethene and propene is not always higher than of their saturated 

counterparts, ethane and propane. In fact, their solubilities range overlap. Ethyne and 

propyne present the highest mole fraction solubilities, in imidazolium and/or 

pyrrolidinium based ionic liquids. Ethyne and propyne are followed by propane and 

propene with solubilities of the same order of magnitude for phosphonium based 

ionic liquids (larger molecular weights). Ethane and ethene are one order of 

magnitude less soluble than ethyne in the same phosphonium based ionic liquids. 

For a low molecular weight ionic liquid such as [C1C2Im][NTf2] propyne is the most 

soluble gas, followed by ethyne and propene (3-5 times less soluble), propane and 

ethene (at least one order of magnitude less soluble than propyne and 3-4 times less 

soluble than ethyne and propene) and ethane (20 times less soluble than 

propyne, 4-7 times less soluble than propene and ethyne and 2 times less soluble 

than propane and ethene The tendencies observed for ethane, ethene, propane and 

propene are similar. The solubility of these gases increases with the size of the 

non-polar domains of the cation or anion of the ionic liquid, suggesting that the 

solubility of these gases in the group of ionic liquids studied is ruled by nonspecific 

interactions. The solubility order in terms of cations is Pnmpq
+> Nnmpq

+ > CnPyr+ > 

CnCmPyrr+> CnCmIm+. In comparison, the solubility dependency in terms of the nature 

of the anion is much smaller, for the same gases. The tendencies found for ethyne 

are the opposite. The influence of the cation size is much less important than the 

influence of the nature of the anion. The highest ethyne solubilities are found in ionic 

liquids containing anions with a Lewis base character, such as alkylphosphates, 

alkylphosphites and alkylsulphates. This is probably due to the presence of a 

relatively acidic proton in ethyne. The order of solubility of ethyne relative to anions 

for imidazolium and pyrrolidinium-based cations is: CnCmPO4
− > OAc- > CnHPO3

− > 

CnSO4
− > TFA- > BF4

- > PF6
- ≈ NTf2-. ). Ideal selectivities of 40 and 15 and mole 

fraction solubilities of 0.1 and 0.2 can be obtained for ethene/ethyne and 

propene/propyne separations, respectively. 
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Completing the solubility data on ethane, ethene, ethyne and propyne (tables 

4.1 and 4.2) would provide a good start on a database in light hydrocarbon solubility 

in ILs. This information could also be used as a good basis for the development of a 

model that would allow the prediction of the solubility of these gases in other ionic 

liquids. 

For this project, a selected group of ionic liquids were used to test the 

influence of structural modifications in the ionic liquid on the absorption of ethane and 

ethene. The presence of: an increasing alkyl side-chain on the cation of the ionic 

liquid; unsaturations on the alkyl side-chain on the cation of the ionic liquid; cyano 

groups in the cation or anion of the ionic liquid or both and a phosphite based anion 

in the ionic liquid were tested for their influence on the density and viscosity of the 

ionic liquid and in the solubility of ethane and ethene. The selected ionic liquids were 

synthesized via a one-step or two-step synthesis path, with purities of at least 99%. 

The ionic liquids were characterized by proton and carbon NMR spectroscopy, high 

resolution mass spectroscopy, and density and viscosity measurements. Solutions of 

ionic liquid with metallic salts of lithium (I), nickel (II) and copper (II) were also 

characterized in terms of density and viscosity. 

The ionic liquid with the highest density is [C1(C2H2CH)Im][NTf2] and the one 

with the lowest is [C1C4Im][DCA]. The ionic liquid with highest viscosity is 

[C1C4Im][Lev] and the one with the lowest is [C1C4Im][DCA]. The presence of 

unsaturations in the alkyl chain of the cation can lead to viscosities up to 2 times 

greater than in ionic liquids with saturated side alkyl chains.  

Small changes in the structure of the ionic liquid can have large effects in the 

ethane and ethene solubility and ethane/ethene separation selectivity of the ionic 

liquid. Adding unsaturations in the alkyl chain of the cation of the ionic liquid, cyano 

groups in the alkyl chain of the cation or anion and changing the anion of the ionic 

liquid from an NTf2- to a C1HPO3
- or DCA, lead to decreases in the solubility of ethane 

and ethylene, when compared to a reference ionic liquid, [C1C4Im][NTf2]. The only 

exception is for [C1(C3H5CH2)Im][NTf2], where ethane solubility is not greatly affected. 

The introduction of these groups in the ionic liquid also leads to increases in the 

ethene selectivity. The solubility of ethane is more affected by changes in the ionic 

liquid than ethene. For example, increasing the alkyl side chain of the cation from 

[C1C4Im][NTf2] to [C1C8Im][NTf2] leads to an increase in ethane and ethene solubility 

but the increase was larger for the saturated gas. The only exceptions are for the 
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ionic liquid containing a double bond (where the solubility of ethane is similar and the 

solubility of ethene decreases 14%) and containing a benzyl group (where the 

solubility of both gases decreases in a similar way). 

For the group of ionic liquids tested, the difference in solubility of the two 

gases in each ionic liquid is due to entropic factors, which means that the solubility is 

still controlled by non-specific interactions, in the same way as it was observed in the 

literature analysis. The interactions between the selected group of ionic liquids and 

ethene were not strong or specific enough to gain against what is lost due to entropy. 

This was further confirmed by observing that for the group of ionic liquids selected for 

this study, the ones that present higher ethene absorption capacity and lower ideal 

selectivity are the ones with highest molar volume and vice-versa, as can be 

observed in figure 4.1.   

 

 
Figure 4.1 – Molar volume of the ionic liquids, in cm3 mol-1, versus the molar fraction absorption 
capacity of each ionic liquid for ethene and versus the ionic liquids ideal selectivities  

For the group of ionic liquids tested the one possessing the largest ethene 

capacity and lowest ideal selectivity corresponds to the one containing the largest 

alkyl chain in the cation, [C1C8Im][NTf2]. The ionic liquid family that presents the best 

selectivity and smallest absorption capacity for ethene is the one containing cyano 

groups; [C1C3CNIm][NTf2], [C1C4Im][DCA] and [C1C3CNIm][DCA].  
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The influence in ethene solubility of the presence of three different metallic 

cations, lithium (I), nickel (II) and copper (II) in an ionic liquid was also studied. The 

presence of copper was found to cause a large increase in the solubility of ethene. 

The solubility, at 303 K, of the metallic salts in [C1(CH2C6H5)Im][NTf2] decreases with 

the size of the metallic cation. The addition of these metallic salts to the ionic liquid 

caused an increase its density of up to 2% for the salt types and concentrations 

studied and an increase in viscosity of 42%, 50% and 34% upon addition of the 

lithium, nickel and copper salts respectively and at 298 K. The addition of copper 

salts almost doubles the absorption capacity of ethene in the ionic liquid 

[C1(CH2C6H5)Im][NTf2]. We observe that metallic cations such as lithium and nickel 

slightly affect the solubility of ethene, and not through coordination of the unsaturated 

gas. 

It would be of great interest to develop ionic liquids containing 

functionalizations or anions (such as AlCl4-) that could promote a specific interaction 

with ethene. Another promising possibility is to develop ionic liquids containing metal 

ions in their structure.1 However, the more specific are the interactions between the 

gas and the ionic liquid, the harder the recycling of the absorbent will be, and a 

balancing effect between specificity and recovery it should be taken into account into 

developing an ionic liquid for separation purposes. 

 



Table 4.2 -  Solubility of ethane, ethene, ethyne, propane, propene and propyne in several ionic liquids, expressed in 
Henry’s law constant, HK , the majority at 313 K 

Gas 

  

Et
ha

ne
 

Et
he

ne
 

Et
hy

ne
 

Pr
op

an
e 

Pr
op

en
e 

Pr
op

yn
e 

 

Solubility range 
 

Ionic 
liquid 

[C1C2Im][NTf2] 162 127 23.6 81.9 44.9 KH /10-5 Pa color 
[C1(C2H2CH)Im][NTf2]* 201 126 no data 

[C1C4Im][NTf2]* 110 86 21.9 59.0 33.6 0-10 5 
[C1(C3H5CH2)Im][NTf2]* 127 99 11-20 15 

[C1C6Im][NTf2] 91 152 41.5 21-30 25 
[C1(CH2C6H5)Im][NTf2]* 151 106 31-40 35 

[C1C8Im][NTf2]* 69 61 41-50 45 
[C1C10Im][NTf2] 61 51-100 60 

[C1C3CNIm][NTf2]* 225 150 101-150 120 
[(C3CN)2Im][NTf2] 182 140 151-200 170 

[C1C1C3CNIm][NTf2] 196 201-300 250 
[C1C1COOC5Im][NTf2] 97 301-400 350 

[C1C1COOC2OC2Im][NTf2] 90 401-500 450 
[C1C1COOC2OC2OC4Im][NTf2] 65 501-600 550 

[C1C4Im][BETI] 85 33.8 over 600 650 
[C1C4Im][FAP] 66 
[C1C6Im][FAP] 69 
[C1C2Im][DCA] 665 328 308.5 126.2 
[C1C4Im][DCA]* 346 205 

[C1C3CNIm][DCA]* 757 357 
[C1C1C3CNIm][DCA] 349 

[C1C4Im][OAc] 178 6.0 
[C1C4Im][n-C15H31COO] 81 
[C1C4Im][n-C17H35COO] 62 

[C1C2Im][PF6] 346 190 189.5 75.1 
[C1C4Im][PF6] 315 193 22.2 81.2 
[C1C2Im][BF4] 23.0 
[C1C4Im][BF4] 388 223 17.2 254.3 89.2 
[C1C8Im][BF4] 142 
[C1C4Im][TFA] 138 14.3 

[C1C1Im][C1HPO3] 368 8.5 11.0 
[C1C2Im][C1HPO3] 6.9 
[C1C2Im][C2HPO3] 203 6.6 77.1 7.1 
[C1C4Im][C1HPO3]* 275 184 7.1 7.5 
[C1C4Im][C4HPO3] 108 6.9 35.5 5.8 
[C2C4Im][C2HPO3] 116 6.0 42.0 5.7 
[C1C1Im][(C1)2PO4] 265 6.2 
[C1C2Im][(C1)2PO4] 5.3 
[C1C2Im][(C2)2PO4] 
[C1C4Im][(C1)2PO4] 136 4.9 
[C1C4Im][(C4)2PO4] 
[C1C1Im][C1SO4] 19.6 

*measurements performed in the context of this work 
Table 4.3 -  Solubility of ethane, ethene, ethyne, propane, propene and propyne in several ionic liquids, expressed 
in Henry’s law constant, HK , the majority at 313 K 

Gas 
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Et
ha

ne
 

Et
he

ne
 

Et
hy

ne
 

Pr
op

an
e 

Pr
op

en
e 

Pr
op

yn
e 

Solubility range 

Ionic 
liquid 

[C1C2Im][C1SO4] 14.7       KH /10-5 Pa color 
[C1C2Im][C2SO4] 11.6       no data   
[C1C4Im][C1SO4] 221 11.0       0-10 5 

[C1C1COOC5Im][C8SO4] 91         11-20 15 
[C1C2Im][CF3SO3] 360 235   211.8 89.0   21-30 25 

[(C2SO2C2)C1Im][CF3SO3] 200     120.1   31-40 35 
[C1C6Pyr][NTf2] 91 75         41-50 45 
[C1C4Pyrr][NTf2] 105 77 21.4       51-100 60 
[C1C4Pyrr][FAP] 75         101-150 120 
[C1C4Pyrr][DCA] 162 18.4       151-200 170 
[C1C4Pyrr][OAc] 113 5.9       201-300 250 
[C1C4Pyrr][TFA]   149 14.7       301-400 350 

[C1C1Pyrr][C1HPO3]   467 11.6       401-500 450 
[C1C2Pyrr][C2HPO3]   202 7.4       501-600 550 
[C1C4Pyrr][C4HPO3]   101 4.9       over 600 650 

[N(1)444][NTf2]       21.3   
[N(4)111][NTf2]   101     41.5   
[N(4)113][NTf2]   108     45.6   
[N(6)111][NTf2]   101     27.4   
[N(6)113][NTf2]         34.5   
[N(10)111][NTf2]   74     28.4   
[N(6)222][NTf2]   71     32.4   
[N(10)113][NTf2]   71     25.3   
[N(1)888][NTf2]   40     12.8   

[N1132-OH][NTf2] 162           
[P(14)666][NTf2]   29     11.0   
[P(14)666][Cl]   36     13.2   

[P(14)666][FAP] 20           
[P(14)666][DCA]   41     12.0   

[P(2)444][(C2)2PO4]   71     21.3   
[P4444][TMPP] 29 38   10.0     

[P(14)666][TMPP] 19 26   6.4 7.5   
[P(14)444][DBS]   26     9.2   
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1 Lin, I. J. B.; Vasam, C. S. Metal-Containing Ionic Liquids and Ionic Liquid Crystals 

Based on Imidazolium Moiety, J. Organomet. Chem. 2005, 690, 3498-3512 
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Appendix 2 
NMR and HRMS spectra of the Ionic Liquids 
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1-Butyl-3-methylimidazolium methylsulfate, [C1C4Im][(CH3O)SO3] 
1H-NMR 

 
13C-NMR 

 
1-Butyl-3-methylimidazolium methylphosphonate, [C1C4Im][(CH3O)HPO2] 
1H-NMR 
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13C-NMR 

 
31P-NMR 
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1-Butyl-3-methylimidazolium dimethylphosphate, [C1C4Im][(CH3O)2PO2] 
1H-NMR 

 
13C-NMR 
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31P-NMR  

 
m/z (Fab+) 
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m/z (Fab-) 

 
1-Butyl-3-methylimidazolium chloride, [C1C4Im][Cl] 
1H-NMR 
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13C-NMR

 
1-Butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide, [C1C4Im][NTf2] 
1H-NMR 
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13C-NMR 

 
1-(Buten-3-yl)-3-methylimidazolium bis(trifluoromethanesulfonyl)imide 
[C1(C3H5CH2)Im][NTf2] 
1H-NMR 
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13C-NMR 
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1-Butyl-2,3-dimethylimidazolium bis(trifluoromethanesulfonyl)imide, 
[C1C1C4Im][NTf2] 
1H-NMR 

 
 

13C-NMR 
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1-Hexyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide, 
[C1C6Im][NTf2] 
1H-NMR 
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13C-NMR 
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1-Benzyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide, 
[C1(CH2C6H5)Im][NTf2] 
1H-NMR 
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13C-NMR 

 
m/z (Fab+) 

 
1-Butyl-3-methylimidazolium dicyanamide, [C1C4Im][DCA] 
1H-NMR 
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13C-NMR 

 
m/z (Fab+) 
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m/z (Fab-) 

 
1-Butyl-3-methylimidazolium levulinate, [C1C4Im][Lev] 
1H-NMR 
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13C-NMR 

 
m/z (Fab+) 
 

 
m/z (Fab-) 
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1-Butyl-3-methylimidazolium tetrachloroaluminate, [C1C4Im][AlCl4] 
1H-NMR 

 
13C-NMR 

 
27Al-NMR 
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Chapter 23 
 

Gas separations using ionic liquids 
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23.1 Introduction 
 

Separation processes explore differences in the properties of the species, 

either molecular (molar mass, dipole moment or dielectric constant), thermodynamic 

(vapour pressure or solubility) or transport (diffusivity). Common separation 

techniques rely on creating or adding a new phase, on introducing a barrier or a solid 

agent, or on using a force field or a gradient.1  

Distillation, crystallization, liquid-liquid extraction and absorption are the most 

common examples of separation techniques based on the creation or on the addition 

of a new phase that require an energy transfer or the use of a mass-transfer agent, 

respectively. The latter is usually less energy demanding but technologically more 

challenging, as the mass-transfer agent needs to be effectively separated and then 

recycled with reasonable purity. Membrane separation processes are based on the 

use of liquid or solid (often polymeric) barriers2 that have different permeability to the 

components of a mixture. Membranes can be used in small, compact and clean units 

that require low energy to achieve separation but are still difficult to scale-up. 

Adsorption consists on the use of a solid agent, often a porous material with a large 
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surface area, capable of selectively retaining at its surface (by physical or chemical 

adsorption) the constituents of a mixture. Because the active separating agents (e.g. 

alumina, ion exchanging resins, high-surface-area SiO2, zeolites or molecular sieves) 

eventually become saturated and need to be regenerated, the separation by 

adsorption is seldom conducted continuously. Centrifugation, electrolysis, 

electrodialysis or electrophoresis are examples of separation techniques that exploit 

the differences in the responses of the constituents of a feed to an external force or 

gradient. These techniques are used to separate both liquid and gaseous mixtures 

and are especially useful and versatile for separating biochemicals.  

Cryogenic distillation is the most used separation process for mixtures of 

gases. For ethane/ethylene and propane/propylene separation,1,3 it has been in use 

industrially since the 1960’s, ethylene and propylene being used in large quantities 

(demand of 25 × 1012 tons of ethylene per annum)4 as precursors for the production 

of polymers, lubricants, rubbers, solvents and fuel components.4,5,6 These 

separations require large distillation towers (120−180 trays), low temperatures 

(−114°C) and high pressures (15−30 bar), resulting in a high capital and energy 

demanding processes needing up to 120 × 1012 BTU/year.7,8 The implementation of 

alternative processes with improved economic and environmental performance would 

represent a major advance in the sector 

Ionic liquids have been suggested as separating agents for olefin/paraffin gas 

separation, as absorbents or as solvents for the chemical complexation of olefins with 

silver or copper salts. Ionic liquids are composed uniquely of ions and have a melting 

point below 100°C. Many present unique properties such as negligible vapour 

pressure, high thermal, chemical and electrochemical stability, non-flammability, high 

ionic conductivity. Ionic liquid can be synthesized in a large variety of combination of 

cations and anions, leading to tuneable physical chemical properties. The cations 

and anions that constitute the ionic liquids proposed for gaseous olefin/paraffin 

separations are listed in tables 23.1 and 23.2. 

 
Table 23.1 - Abbreviation, full designation and structure of some cations of ionic liquids. Cn/m represent alkyl 
chains of variable size 

Abbreviation Full designation Structure 

CnCmIm+ 1-Cn-3-CmImidazolium 
 

C1(C3H5CH2)Im+ 1-(buten-3-yl)-3-methylImidazolium 
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C1(CH2C6H5)Im+ 1-benzyl-3-methylImidazolium 
 

(C2SO2C2)C1Im+ 1-diethylsulfonyl-3-
methylimidazolium 

 
C1C3CNIm+ 1-(3-cyanopropyl)-3- 

methylImidazolium  

C1C1C3CNIm+ 1-(3-cyanopropyl)-2,3- 
dimethylImidazolium 

 

(C3CN)2Im+ 1,3-(3-cyanopropyl)Imidazolium 
 

C1C1COOC5Im+ -1-(pentoxycarbonylmethyl))-3-
methyIimidazolium 

 

C1C1COOC2OC2Im+ 1-(ethoxyethoxycarbonylmethyl))-3-
methylImidazolium 

 

C1C1COOC2OC2OC4Im+ 
1-(2-(2-butoxyethoxy) 

ethoxycarbonylmethyl)-3-
methylImidazolium  

CnCmPyrr+ CnCmPyrrolidinium 
 

CnPyr+ CnPyridinium 
 

Pn m p q+ CnCmCpCqPhosphonium 
 

N n m p q+ CnCmCpCqAmmonium 
 

N1132-OH Propylcholinium 
 

        
Unsaturated hydrocarbons usually present a higher solubility in ionic liquids 

than their saturated counterparts as can be seen in Figure 23.1 where the Henry’s 

law constants of different gases in one ionic liquid are represented. The exact 

reasons for the observed trends are still poorly known, but are essential for the 

development of new alkane/alkene/alkyne separation processes.9 Herein, we present 

the current knowledge on the solubility of ethane, ethylene, acetylene, propane, 

propylene and methyl acetylene in pure ionic liquids. Whenever possible we calculate 

the ionic liquid absorption capacity and ideal selectivity (solubility ratio) for 

ethane/ethylene, ethylene/acetylene, propane/propylene and propylene/methyl 
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acetylene mixtures and so assess the potential of a particular ionic liquid as 

separating agent. 

 
Table 23.2 - Abbreviation, full designation and structure of some anions of ionic liquids. Rn represents alkyl 
chains of variable size 

Abbreviation Full designation Structure 

NTf2
- Bis(trifluoromethylsulfonyl)imide 

 

BETI- Bis(perfuoroethylsulfonyl)imide 
 

DCA- Dicyanamide 
 

NO3
- Nitrate 

 

CnCmPO4
- CnCmPhosphate 

 

CnHPO3
- CnPhosphite 

 

PF6
- Hexafluorophosphate 

 

CnSO4
- CnSulfate 

 

CF3SO3
- Trifluromethanesulfonate 

 

DBS- Dodecylbenzenesulfonate 
 

CnCO2
- Carboxylate 

 

OAc- Acetate 
 

TFA- Trifluoroacetate 
 

AlCl4
- Tetrachloroaluminate 

 

BF4
- Tetrafluoroborate 

 

TMPP- Bis(2,4,4-trimethylpentyl) phosphinate 

 

FAP- Tris(pentafluoroethyl)trifluorophosphate 
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The absorption capacity of gaseous hydrocarbons by pure ionic liquids is 

relatively low because, in most cases, it is only a physical process. The use of 

silver(I) and copper(I) salts can significantly improve the amount of the unsaturated 

hydrocarbon absorbed by the ionic liquid phase as these metal cations are capable of 

selectively and reversibly reacting with it. This concept has been explored for the 

separation of ethane from ethylene and propane from propylene.  

 

 
Figure 23.1 - Henry’s law constant, , for several gases in ionic liquid [C1C4Im][BF4]10, 11, 12, 13, 14 at 313 K. * - 

293 K; ** - 314 K; *** - 298 K. 
 

 
 
 
23.2 Gas solubility  

The chemical potential of component i in a mixture is defined as15,16  
  (1) 

where  is the chemical potential of component i in a chosen reference state and  

its activity coefficient. Two conventions are usually adopted to choose the appropriate 

combination of the reference state chemical potential and the activity coefficient, the 

choice depending on the physical state of the pure components at the 

thermodynamic conditions of the mixture.  

HK

�i ��i
ref  RTln �i xi 

�i
ref �i
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 The asymmetric convention is usually applied to solutions where the solute(s) 

or the solvent are not in the physical state of the solution at a given temperature and 

pressure, as in the case of the solutions of gases in ionic liquids considered herein. 

For the solvent, the activity coefficient approaches unity when its mole fraction is 

approximately unity and for the solute its activity coefficient becomes unity when the 

solute is present at very low concentrations,  when . In this case the 

solute is present in the limit of infinite dilution and the solution approaches ideal 

behaviour in the sense of Henry’s law. The reference state adopted for the 

calculation of the chemical potential in this case is that of the pure solute at infinite 

dilution:15,17    

  (2) 

the activity coefficient in the asymmetric convention, , being a measure of the 

solute intermolecular interactions, the solvent and solute-solvent interactions being 

accounted for in the reference state. 

 The Gibbs energy of solution is defined as the difference in chemical potential 

when the solute is transferred, at constant pressure and temperature, from its pure 

state into the infinitely dilute solution. If the solute remains pure at equilibrium with the 

solution1 and the solubility is low enough that , the following, approximate 

relation can be used: 

  (3) 

The Gibbs energy of solution expresses the difference between the solute-

solute interactions in the pure species, which may be a condensed phase, and the 

solute-solvent interactions in an infinitely dilute solution.  In order to isolate the role of 

the solute-solvent interactions in the process of dissolution, a thermodynamic 

transformation called solvation18 can be defined as the difference in chemical 

potential when the solute is transferred from an ideal gas at standard pressure into 

the reference state at infinite dilution, equation (3) leading to: 

                                            
1 This is the case for the solutions of gases in ionic liquids because the solvent does not have any measurable 
vapour pressure at moderate temperatures. 

�i
H

�i
H �1

�solGi �RT ln xi
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  (4) 

in which KH,i is the Henry’s law constant defined as: 

 

  (5) 

 From the behaviour with temperature or with pressure of the Gibbs energy of 

solvation it is possible to calculate the other thermodynamic properties:19 

  (6) 

The thermodynamic properties of solvation provide insights into the molecular 

mechanisms determining the solution behaviour – the enthalpy of solvation reflects 

the energy of solute-solvent interactions and the entropic contribution is related to 

structural organization in the solution. These thermodynamic properties of solvation 

are approximately equal to the thermodynamic properties of solution in the case of 

gaseous solutes at low pressure, the differences becoming more important for liquid 

or solid solutes20. These solvation properties can be determined through 

experimentally accessible quantities namely from solubility measurements and the 

calculation of the Henry’s law constants. 

 

23.3 Ethane and propane solubility 
 

The ethane and propane mole fraction solubility2 in different ionic liquids at 

313 K is depicted in Figure 23.2. For ethane, 27 different ionic liquids were studied 

(20 based in imidazolium cations) and the mole fraction gas solubility ranges from 

1.50 × 10−3 in [C1C2Im][DCA] to 52.6 × 10−3 in [P(14)666][TMPP].  For propane, 8 ionic 

                                            
2 Calculated for a 1 bar partial pressure of gas. 
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liquids were studied (6 based in imidazolium cations and 2 based in phosphonium 

cations) and the mole fraction gas solubility varies from 3.24 × 10−3 in [C1C2Im][DCA] 

to 156 × 10−3 in [P(14)666][TMPP]. 

For both gases, the solubility is higher in phosphonium based ionic liquids 

followed by imidazolium bis(trifluoromethylsulfonyl)imide ionic liquids and imidazolium 

tris(pentafluoroethyl)trifluorophosphate ionic liquids, the latter having been studied 

only with ethane. Phosphonium based ionic liquids are capable of dissolving three 

times more ethane and eight times more propane than imidazolium based ones, 

these differences being less pronounced when the solubility is expressed in mass 

fraction, as can be observed in figure 23.3. 

For both imidazolium and phosphonium based ionic liquids, the gas solubility 

increases with the increase of the size of the alkyl side-chains. For example, for 

imidazolium bis(trifluoromethylsulfonyl)imide ionic liquids, the mole fraction solubility 

of ethane increases, at 313 K, from 6.73 × 10−3 for [C1C2Im][NTf2] to 16.4 × 10−3 for 

[C1C10Im][NTf2] and the solubility of propane increases from 12.0 × 10−3 (at 313 K) for 

[C1C2Im][NTf2] to 16.9 × 10−3 (at 320 K) for [C1C4Im][NTf2]. The increase in ethane 

solubility for the ionic liquids [C1CnIm][NTf2] can be explained by a more favourable 

entropy of solvation when the alkyl side-chain of the cation increases. Using 

molecular simulation, it was observed that ethane is solvated in the non-polar 

domains of the ionic liquid, preferentially near the terminal carbon of the alkyl chain 

and it becomes more mobile when the alkyl side-chain becomes longer.23 The same 

variation of ethane solubility is found for [C1CnIm][PF6] ionic liquids but is much 

smaller for [C1CnIm][FAP] (n = 4, 6) for which a more moderate increase of the 

ethane solubility is observed. This is attributed to a balancing effect between a more 

favourable enthalpy and less favourable entropy, resulting in similar Gibbs energies 

of solvation for [C1CnIm][FAP] (n = 4, 6).21 
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Figure 23.2 - Mole fraction solubility for ethane (top) and propane (bottom) in several ionic liquids at 313 K. 

* - values at 303 K; ** - values at 323 K; *** - values at 320 K. [C1C2Im][NTf2]22, 33; [C1C4Im][NTf2]23, 24; 
[C1(C3H5CH2)Im][NTf2]25; [C1C6Im][NTf2]26; [C1(CH2C6H5)Im][NTf2]25; [C1C8Im][NTf2]23; [C1C10Im][NTf2]23; 
[C1C3CNIm][NTf2]27; [(C3CN)2Im][NTf2]27; [C1C1COOC5Im][NTf2]28; [C1C1COOC2OC2Im][NTf2]28; 
[C1C1COOC2OC2OC4Im][NTf2]28; [C1C2Im][PF6] 13, 29; [C1C4Im][PF6]30; [C1C1COOC5Im][C8SO4]28; 
[C1C2Im][DCA]30; [C1C4Im][BF4]14, 29; [C1C2Im][CF3SO3]30; [C1C4Im][FAP]21; [C1C6Im][FAP]21; 
[C1C6Pyr][NTf2]31; [C1C4Pyrr][NTf2]22; [C1C4Pyrr][FAP]32; [N1132-OH][NTf2]22; [P(14)666][FAP]32; 
[P(14)666][TMPP]33, 34; [P4444][TMPP]33.  

In the case of phosphonium based ionic liquids, a large increase in the 

solubility of ethane and propane was observed when the size of the alkyl chains 

increases in the cation, independently of the anions studied. 

The functionalization of the alkyl side-chains in imidazolium based ionic liquids 

with cyano, ether or ester groups, does not improve the solubility of ethane and 

propane for the ionic liquids studied so far. Furthermore, when ester or ether 

functions are included in the side-chain of the imidazolium cations, the solubility 

increases more slowly with the increase of the chain when compared with non-

functionalised alkyl chains. 

Imidazolium-based ionic liquids containing large anions such as FAP-, C8SO4
- 

and NTf2- present higher ethane and propane solubility, followed by PF6
-, CF3SO3

-, 

BF4
- and DCA-.  
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Figure 23.3 - Mole fraction (×103, full bars) and mass fraction (×104, patterned bars) of ethane (on the 

left) or propane (on the right) in several ionic liquids at 1 bar partial pressure of gas and 313 K ( * 

values at 320 K).  

 

 
23.4 Ethylene and propylene solubility 
 

The ethylene and propylene mole fraction solubility in different ionic liquids at 

313 K is depicted in Figures 23.4 and 23.5, respectively. For ethylene, 53 different 

ionic liquids were studied (30 based on the imidazolium cation and 23 based on other 

cations) and the mole fraction gas solubility ranges from 1.78 × 10−3 in 

[C1C3CNIm][DCA] to 38.5 × 10−3 in [P(14)666][TMPP]. For propylene, 40 ionic liquids 

were studied (25 based on the imidazolium cation and 15 based on other cations) 

and the mole fraction gas solubility varies from 4.14 × 10−3 in [C1C1Im][C1SO4] 

to 133 × 10−3 in [P(14)666][TMPP]. Both ethylene and propylene solubility is less 

affected when changing from [C1C2Im][DCA] to [P(14)666][TMPP] than the solubility of 

ethane or propane.  

For both ethylene and propylene, the solubility is higher in phosphonium 

based ionic liquids followed by ammonium, pyridinium, pyrrolidinium and imidazolium 

ionic liquids. In the case of phosphonium based ionic liquids, several anions were 

studied and both ethylene and propylene solubility follow the order: [P(14)666][DCA] < 

[P(14)666][Cl] < [P4444][TMPP] < [P(14)444][DBS] < [P(14)666][TMPP]. In the case of 

imidazolium and ammonium based ionic liquids, ethylene is more soluble in 

[C1C4Im][NTf2] than in [N(4)111][NTf2] but significantly less soluble than in 

[N(1)888][NTf2], at 303K.  
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As for ethane and propane, the solubility of ethylene and propylene increases 

with the increase of the alkyl chain of the cation for imidazolium ionic liquids based in 

the NTf2−, BF4
−, phosphate and phosphite anions. An outlier is found ethylene in 

[C1C6Im][NTf2] with a strangely low solubility. Ethylene solubility also increases with 

the increase of the alkyl chains in phosphonium and ammonium based ionic liquids 

but no precise contribution can be attributed to each supplementary –CH2– group. 

The ethylene solubility also increases with the increase of the alkyl chain in the anion 

of imidazolium based ionic liquids as can be evaluated by comparing the gas 

solubility in [C1C4Im][OAc] and in [C1C4Im][n-C15H31COO] or in [C1C4Im][n-

C15H31COO] and in [C1C4Im][n-C17H35COO]. The same effect is observed when the 

alkyl chain in the anion is fluorinated, the solubility of ethylene being larger in 

[C1CnIm][BETI] than in [C1CnIm][NTf2] ionic liquids. 
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Figure 23.4 - Mole fraction solubility for ethylene in imidazolium based ionic liquids (top) and in pyridinium, 
pyrrolidinium, ammonium and phosphonium based ionic liquids (bottom) at 313 K. * -  at 303 K; ** - at 323 K; 
° - Uncertainty not indicated by the authors.  

[C1C2Im][NTf2]33; [C1C4Im][NTf2]25; C1(C3H5CH2)Im][NTf2]25; [C1C6Im][NTf2]35, 36; [C1(CH2C6H5)Im][NTf2]25; 
[C1C3CNIm][NTf2]27; [C1C1C3CNIm][NTf2]37, 38; [(C3CN)2Im][NTf2]27; [C1C4Im][BETI]35; 
[C1C2Im][CF3SO3]13; [(C2SO2C2)C1Im][CF3SO3]35, 36; [C1C4Im][C1SO4]10; [C1C1Im][C1HPO3]10; 
[C1C2Im][C2HPO3]39; [C1C4Im][C1HPO3]10; [C1C4Im][C4HPO3]10; [C2C4Im][C2HPO3]39; [C1C1Im][(C1)2PO4]10; 
[C1C4Im][(C1)2PO4]10; [C1C4Im][OAc]10; [C1C4Im][TFA]10; [C1C4Im][n-C15H31COO]38; 
[C1C4Im][n-C17H35COO]38; [C1C2Im][DCA]13; [C1C3CNIm][DCA]37, 38; [C1C1C3CNIm][DCA]37, 38; 
[C1C2Im][PF6]13; [C1C4Im][PF6]30, 40; [C1C4Im][BF4]10; [C1C8Im][BF4]38; [C1C6Pyr][NTf2]31; [C1C4Pyrr][NTf2]10; 
[C1C4Pyrr][DCA]41; [C1C4Pyrr][OAc]10, 41; [C1C4Pyrr][TFA]41; [C1C1Pyrr][C1HPO3]41; [C1C2Pyrr][C2HPO3]41; 
[C1C4Pyrr][C4HPO3]10; [N(4)111][NTf2]35, 36, 42; [N(4)113][NTf2]35, 36, 42; [N(6)111][NTf2]35,  36, 42; [N(6)222][NTf2]35, 36, 42; 
[N(10)111][NTf2]35, 36, 42; [N(10)113][NTf2]35, 36, 42; [N(1)888][NTf2]35, 36, 42; [P(14)666][NTf2]35, 36, 43; [P(14)666][DCA]35, 36, 

43; [P(2)444][(C2)2PO4]35, 36, 43; [P(14)666][Cl]35, 36, 43, 44; [P(14)444][DBS]35, 43; [P4444][TMPP]33; [P(14)666][TMPP]33, 34. 

 

                   

                                  
Figure 23.5 - Mole fraction solubility for propylene in imidazolium based ionic liquids (top) and in ammonium 
and phosphonium based ionic liquids (bottom) at 313 K. * -  at 320 K; ** - at 303 K; ° - Uncertainty not 
indicated by the authors.  
[C1C2Im][NTf2]13; [C1C4Im][NTf2]24; [C1C6Im][NTf2]35, 36; [C1C4Im][BETI]35; [C1C1Im][C1HPO3]39; 
[C1C2Im][C2HPO3]39; [C1C4Im][C1HPO3]39; [C1C4Im][C4HPO3]39; [C2C4Im][C2HPO3]39; [C1C2Im][PF6]13; 
[C1C4Im][PF6]35, 36, 44; [C1C4Im][BF4]13; [C1C2Im][DCA]13; [C1C2Im][CF3SO3]13; [(C2SO2C2)C1Im][CF3SO3] 35, 

36; [N(4)111][NTf2]35, 36, 42; [N(4)113][NTf2]35, 36, 42; [N(6)111][NTf2]35, 36, 42; [N(6)113][NTf2]35, 36, 42; [N(1)444][NTf2]42; 
[N(6)222][NTf2]35, 36, 42; [N(10)111][NTf2]35, 36, 42; [N(10)113][NTf2]35, 36, 42; [N(1)888][NTf2]35, 36, 42; [P(14)666][NTf2]35, 36, 43; 
[P(2)444][(C2)2PO4]35, 36, 43; [P(14)666][Cl]35, 36, 43; [P(14)666][DCA]35, 36, 43; [P(14)444][DBS]35, 43; [P(14)666][TMPP]34. 
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Functionalizing the alkyl side-chains of the ionic liquid can have very different 

effects on the ethylene or propylene solubility. For example, ethylene solubility is 

lower in [C1C2Im][CF3SO3] than in [(C2SO2C2)C1Im][CF3SO3] while significantly higher 

than in [C1C3CNIm][DCA]. The presence of polar groups in the side chain of the 

cation of the ionic liquid can increase or decrease ethylene solubility, while it was 

observed that it always seems to decrease ethane solubility. The absence of the 

imidazolium acidic proton in [C1C1C3CNIm][DCA] seems to significantly increase the 

solubility of ethylene as can be observed by comparing [C1C3CNIm][DCA] and 

[C1C1C3CNIm][DCA]. 

 

23.5 Acetylene and methyl acetylene solubility 
 

 The acetylene and methyl acetylene mole fraction solubility in different ionic 

liquids at 313 K is depicted in Figure 23.6. For acetylene, 27 different ionic liquids 

were studied (20 based in the imidazolium cation and 7 based in pyrrolidinium 

cations), the mole fraction gas solubility ranging from 42.4 × 10−3 in [C1C2Im][NTf2] to 

204 × 10−3 in [C1C4Im][(C1)2PO4] and [C1C4Pyrr][(C4HPO3].  For methyl acetylene, 17 

imidazolium based ionic liquids were studied and the mole fraction gas solubility 

varies in this case from 58.5 × 10−3 in [C1C1Im][C1SO4] to 156 × 10−3 in 

[C1C4Im][(C4)2PO4]. Both gases, acetylene and methyl acetylene, are much more 

soluble in the ionic liquids studied than the four lighter gases reviewed above. 
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Figure 23.6 - Mole fraction solubility for acetylene (top) and methyl acetylene (bottom) in different ionic liquids 
at 313 K. ° - Uncertainty not indicated by the authors.  

[C1C2Im][NTf2]45; [C1C4Im][NTf2]45; [C1C1Im][C1HPO3]39, 45; [C1C2Im][C1HPO3]45; [C1C2Im][C2HPO3]39; 
[C1C4Im][C1HPO3]3945; [C1C4Im][C4HPO3]10, 39; [C2C4Im][C2HPO3]39; [C1C1Im][(C1)2PO4]45; 
[C1C2Im][(C1)2PO4]45; [C1C4Im][(C1)2PO4]45; [C1C4Im][OAc]45; [C1C4Im][TFA]45; [C1C1Im][C1SO4]45; 
[C1C1Im][C1SO4]45; [C1C1Im][C1SO4]45; [C1C1Im][C1SO4]45; [C1C2Im][BF4]45; [C1C4Im][BF4]45; 
[C1C4Im][PF6]45; [C1C1Pyrr][C1HPO3]41; [C1C2Pyrr][C2HPO3]41; [C1C4Pyrr][C4HPO3]41; [C1C4Pyrr][OAc]41; 
[C1C4Pyrr][NTf2]45; [C1C4Pyrr][TFA]41; [C1C4Pyrr][DCA]41.  

Contrary to what was found for ethane, ethylene, propane and propylene, the 

solubility of acetylene does not always increase when the side alkyl chain of the 

cation or of the anion increases. For example, almost no change in acetylene 

solubility is observed when comparing [C1C2Im][NTf2] and [C1C4Im][NTf2], 

[C1C2Im][C1HPO3] and [C1C2Im][C2HPO3], [C1C2Im][C1HPO3] and [C1C4Im][C1HPO3], 

[C1C4Im][C1HPO3] and [C1C4Im][C4HPO3], or [C1C2Im][(C1)2PO4] and 

[C1C4Im][(C1)2PO4]. For pyrrolidinium based ionic liquids, a systematic increase of the 

solubility of acetylene with the alkyl size of the cation or anion of the ionic liquid is 

observed.  

For all the cations studied, the solubility of acetylene generally follows the 

order for the anions: CnCmPO4
− > OAc > CnHPO3

− > CnSO4
− > BF4

−
 > TFA− > PF6

−
 = 

NTf2−. Some exceptions are observed as for example no change in acetylene 

solubility was found between [C1C2Im][NTf2] and [C1C2Im][BF4]. 

 

23.6 Selectivity and performance 
 

The ideal selectivity of an ionic liquid for a particular gas in a mixture, � , can 

be defined as a ratio of Henry’s law constants: 

 

� 
KH

1

KH
2

                (7) 

where, KH
1 is the Henry’s law constant of the lightest gas. The calculated ideal 

selectivity is plotted as a function of the absorption of the unsaturated gas for the 
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pairs ethane/ethylene, ethylene/acetylene, propane/propylene and propylene/methyl 

acetylene, in Figures 23.7 and 23.8, respectively. 

In general, the highest ideal selectivities are found for the separation of 

unsaturated gases and the increase of the ionic liquid unsaturated gas absorption 

corresponds to a lower selectivity for this gas. 

 

 
Figure 23.7 - Ethane/ethylene ideal selectivity versus ethylene absorption (left-hand side) and propane/propylene 
ideal selectivity versus propylene absorption (right-hand side) in the ionic liquids: , [C1C2Im][NTf2]; , 
[C1C4Im][NTf2]; , [C1(C3H5CH2)Im][NTf2]; ▲, [C1C6Im][NTf2]*; , [C1(CH2C6H5)Im][NTf2]; , 
[C1C3CNIm][NTf2]*; ▲, [(C3CN)2Im][NTf2]*; ▼, [C1C2Im][PF6]; , [C1C4Im][PF6]*; ▼, [C1C2Im][DCA]; ▼, 
[C1C4Im][BF4]; , [C1C2Im][CF3SO3]; , [P4444][TMPP]; ▲, [P(14)666][TMPP]; ▲, [C1C4Pyrr][NTf2] and 

, [C1C6Pyr][NTf2] at 313 K. * at 303 K for the ethane/ethylene separation. 

[C1C1Im][C1HPO3] and [C1C1Pyrr][C1HPO3] present the highest 

ethylene/acetylene ideal selectivities, 43 and 40, respectively. Ionic liquids containing 

NTf2−, DCA−, TFA−, BF4
− or PF6

− anions present both low acetylene absorption 

capacities and low ideal selectivity for the ethylene/acetylene separation. 

The maximum values for the ideal selectivities for propylene/acetylene 

separation are half of the values observed for ethylene/acetylene separation. As for 

ethylene/acetylene, they are observed for ionic liquids based in imidazolium cations 

having short alkyl chains associated to phosphorous anions – [C1C1Im][C1HPO3] and 

[C1C1Im][(C1)2PO4], with selectivities of 17 and 16, respectively. 

With the lowest values for the ideal selectivity and absorption capacity, the 

ethane/ethylene separation seems to be the most difficult to perform with ionic liquids 

as far as these criteria are concerned. The ionic liquids [C1C2Im][DCA], 

[(C3CN)2Im][NTf2] and [C1C2Im][PF6] present the highest ideal selectivity for the 
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ethane/ethylene separation, 2 for the two first and 1.8 for the third. The presence of a 

CN group seems to have a positive effect in the ideal selectivity however leading to 

lower absorption capacities. 

 
Figure 23.8 - Ethylene/acetylene ideal selectivity versus acetylene absorption (left-hand side) and 
propylene/methyl acetylene ideal selectivity versus methyl acetylene absorption (right-had side) in the ionic 
liquids ,[C1C2Im][NTf2]; , [C1C4Im][NTf2]; , [C1C4Im][PF6]*; , [C1C2Im][BF4] ▼, [C1C4Im][BF4]; 
▲, [C1C4Im][TFA]; , [C1C4Im][OAc]; ▲, [C1C1Im][C1HPO3]; , [C1C2Im][C1HPO3];  , [C1C2Im][C2HPO3]; 

, [C1C4Im][C1HPO3]; , [C1C4Im][C4HPO3]; ▼, [C2C4Im][C2HPO3]; ▼, [C1C1Im][(C1)2PO4]; 
, [C1C2Im][(C1)2PO4]; ▲, [C1C2Im][(C2)2PO4];  ▼, [C1C4Im][(C1)2PO4]; , [C1C4Im][(C4)2PO4]; 
, [C1C1Im][C1SO4]; ▼, [C1C2Im][C1SO4]; , [C1C2Im][C2SO4];  , [C1C4Im][C1SO4]; 
, [C1C1Pyrr][C1HPO3]; , [C1C2Pyrr][C2HPO3]; ▼, [C1C4Pyrr][C4HPO3]; , [C1C4Pyrr][OAc]; 
▲, [C1C4Pyrr][NTf2]; , [C1C4Pyrr][TFA] and ▲, [C1C4Pyrr][DCA] at 313 K. * at 303 K for the 
ethylene/acetylene separation 
 

  

For all separations, the increase of the alkyl chain in the cation or in the anion, 

leads to a decrease in the values of the ideal selectivity, and to an increase of the 

absorption capacity of the ionic liquid. This increase seems to be less important for 

the case of ethane/ethylene. 

 

 

23.7 Conclusions 
 

The solubilities of ethane, ethylene, acetylene, propane, propylene and methyl 

acetylene in pure ionic liquids were presented. The potential of the use of different 

ionic liquids as separating agents for gaseous mixtures of saturated and unsaturated 

gases was analysed on the basis of their ideal selectivities as absorption capacities. 
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The highest gas solubilities are observed for acetylene in [C1C4Im][(C1)2PO4] 

and [C1C4Pyrr][C4HPO3] with a 0.20 mole fraction at 313 K and 1 bar. The maximum 

mole fraction solubilities reported for propane and propylene in the same conditions, 

are 0.15 and 0.13 in [P(14)666][TMPP], respectively. For ethane and ethylene the 

maximum mole fraction solubilities are much lower – 0.052 and 0.038 in 

[P(14)666][TMPP], respectively. 

If the cations forming the ionic liquids are considered, the solubility of ethane 

and propane follows the order: Pnmpq
+ > CnCmIm+ >CnPyr+> CnCmPyrr+ > Nnmpq

+. For 

ethylene and propylene the solubility order is: Pnmpq
+> Nnmpq

+ > CnPyr+ > CnCmPyrr+> 

CnCmIm+. The solubility of acetylene has been reported only in imidazolium and 

pyrrolidinium based ionic liquids and the solubility order is confirmed. For methyl 

acetylene, only imidazolium based ionic liquids were studied. 

Imidazolium-based ionic liquids containing large anions such as large 

carboxylates, BETI−, FAP−, C8SO4
−, NTf2−, heavy phosphates and phosphites present 

higher ethane, ethylene, propane and propylene solubility, followed by PF6
−, 

CF3SO3
−, BF4

− and DCA− based ionic liquids. The order of solubility of acetylene and 

methyl acetylene relative to the anions in the ionic liquids is: CnCmPO4
− > OAc > 

CnHPO3
− > CnSO4

− > BF4
−

 >TFA− > PF6
−

 = NTf2−. 

Ionic liquids present great potential for light hydrocarbon separation, especially 

in the case of ethylene/acetylene and propylene/methyl acetylene separations, with 

ideal selectivities of over 40 in the first case and over 15 in the second and 

corresponding mole fraction absorptions between 0.1 and 0.2.  
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