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SummarySummarySummarySummary    
 

 

 

Nowadays one of the most imperative challenges for the industry is to find 

alternatives that improve the efficiency of processes to make more sustainable use 

of energy.  The processes where gas separations are present normally require a 

vast use of energy and therefore an improvement in these processes is vital for 

improving the energy balance in industry.  Additionally, improvement of the gas 

separation processes is positively related with a decrease in the amount of 

pollutants discharged to the atmosphere. The sectors that carry out a considerable 

amount of gas separation processes are the oil and gas production, refining 

industry, chemical industry and energy producers. Among many separations, the 

CO2/CH4 and olefin/paraffin separation are two of the most crucial and energy 

intensive separations carried out today.   

 

Gas absorption is generally the technology preferred for the CO2/CH4 separation 

and cryogenic separation, although highly energy demanding is normally applied to 

olefin/paraffin separations. The CO2/CH4 separation by gas absorption can be 

improved by finding low volatile solvents that require less energy for regeneration 

and exhibit a high stability.  The olefin/paraffin separation is not yet carried out by 

absorption mainly due to the lack of a robust and reactive solvent that allows 

achieving a higher capacity and an olefin separation efficiency without degradation 

or loss of the separating agent. Ethylene and ethane are the olefin and paraffin 

selected for this study. Based on their properties, it is expected that Room 

Temperature Ionic liquids (RTILs) can be used as improved solvents in the targeted 

gas separations.  RTILs are liquid organic salts, which generally consist of an 

organic cation and either an inorganic or organic anion. Among other properties, the 

RTILs are non volatile and can be considered as designer solvents.  The nature of 

the cation and the anion determine the physical and chemical properties of the ionic 

liquid. As result of the existing dependence of properties on the nature of the 

constituent ions, it is possible to achieve specific properties by choosing the right 

combination of anion and cation.  Using this tailoring process, functional groups can 

be added to the structure to provide a better performance of the RTIL when 

chemical reaction or specific affinity and selectivity are required. 

 

Commercially available RTILs were initially used to study the relation of the ionic 

liquid structure with physical properties and the absorption capacity. The physical 



 ii 

properties such as density, viscosity and surface tension of standard RTILs are 

measured at different temperatures.  The studied ionic liquids are formed with either 

an imidazolium, pyridinium or a pyrrolinium cation.  The selection of anion includes 

thiocyanate (SCN), trifluoroacetate (TFA), methylsulphate (MeSO4), 

tetrafluoroborate (BF4), hexafluorophosohate (PF6), dicyanamide (DCA) and 

bis(trifluoromethylsulfonyl)imide (Tf2N). The measured ionic liquid densities were 

between 1.0 g.cm-3 and 1.4 g.cm-3 and viscosities of the order of 102 mPa s.  Their 

surface tensions are between 30 mN.m-1 and 50 mN.m-1. The density, viscosity and 

surface tension decreased with an increase in temperature. The solubility of CO2, 

CH4, C2H4, and C2H6 in the selected ionic liquids is measured with a gravimetric 

balance (IGA 003) at temperatures between 298 K and 343 K and pressures up to 

10 bar.  The absorption isotherms suggest that gas solubility in the ionic liquids is 

largely influenced by the nature of the anion. The gas solubility into the standard 

RTILs increases with an increment in pressure and decreases with increasing 

temperature. The solubility in the standard ionic liquids is described using the Henry 

constant. For all studied RTILs, the most soluble gas was CO2, followed by C2H4, 

C2H6 and CH4. The ionic liquids with NTf2 anion exhibited the highest gas capacity 

and had a better performance.  However, ionic liquids with the NTf2 anion are 

expensive.  

 

Suitable structures for task specific ionic liquids to be used in the targeted gas 

separation processes are devised based on the results of the physical 

characterization and gas absorption capacity. Designer RTILs were used as 

solvents for the separation of CO2/CH4 to improve the absorption of CO2 and 

increase the CO2 selectivity over CH4.  Given the “designer” nature of the ionic 

liquids, functional groups are incorporated into the structure of a standard ionic liquid 

to promote the selective absorption of CO2.  Structures such as a primary amine, 

tertiary amine and a hydroxyl group were incorporated to the ionic liquid cation. The 

individual gas absorption of CO2 and CH4 is measured with a gravimetric balance 

(IGA-003) at temperatures between 303 K and 343 K and at pressures lower than 

10 bar.   The performance of the ionic liquids as solvents for the CO2/CH4 separation 

was improved when functionalized ionic liquids were used. The absorption of CO2 

was chemically enhanced and the absorption of CH4 was governed by physical 

mechanisms only.  The absorption of CO2 exhibits simultaneously the behaviour of 

both physical and chemical absorption mechanisms. The largest enhancement is 

obtained when primary amine groups were attached to the ionic liquids.  The CO2 

volumetric capacity of the NH2-functionalized solvents was almost three times higher 

than that of a similar standard ionic liquid. The CO2 solvent load of NH2-

functionalized solvents is between that of the load achieved with a solution 30% 

MEA and that of 30 % MDEA  at 333 K.   The CO2/CH4 selectivity calculated from 

single gas absorption is slightly better for the standard ionic liquids than for the 
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physical solvents. The CO2/CH4 selectivity for the NH2-functionalized ionic liquids is 

more than twice that of the physical solvents such as Sulfolane and NMP.   The 

NH2-functionalized ionic liquids exhibited a smaller change in enthalpy of absorption 

than that reported for the aqueous amine solvents.  This indicates that less energy is 

required for the regeneration of the solvent and, therefore, the NH2-functionalized 

ionic liquids can potentially impact positively on the energy balance of the solvent 

recovery process. 

 

The potential of the standard room temperature ionic liquids as absorption solvents 

for the olefin/paraffin separation can be expanded due to their designer capability 

together with their wider range of polarities, low lattice energy and especially their 

dual organic and ionic character. At the same time, ionic liquids may overcome the 

drawbacks of the available solvents for olefin/paraffin separations. An RTIL-based 

solvent, formed by a standard ionic liquid mixed with a salt of a transition metal, was 

used to boost the C2H4 solubility and enhance the selectivity. Olefins are able to 

form reversible complexes with metal transition cations via the well known 

mechanism of metal ion-olefin complexation (π-bond complexation).  The RTIL-

based solvent allowed the stabilization of the metal transition cation; the metal 

cation forms a reversible complex with C2H4, thereby enhancing the olefin 

absorption. The silver (I) cation is available from AgNO3, AgBF4, AgTFA, AgOTF and 

AgNTf2.  Standard ionic liquids with a similar anion as the metal salt are used as 

solution media for the silver (I) salts.  The highest C2H4 absorption capacity was 

obtained with the ionic liquids that contained NTf2 and OTF as anion.  The superior 

capacity exhibited by the solvents with NTf2 and OTF anions can be attributed to the 

lower degree of ionic association within the ionic liquid and with the silver (I).  At 

303K, the C2H4 absorption capacity of the Im[NTf2] Ag 1.8 N solvent is five times 

higher than that of the standard emim[NTf2] and also it is comparable with that of a 

6M aqueous silver nitrate solution at 298 K.  At 333 K, the average selectivity 

obtained with Im[NTf2]-Ag 1.8 is around 100 and the C2H4 absorption enthalpy of 

Im[OTF]-Ag 1.2 N is about -11.2 kJ.mol-1. The RTIL-based solvents containing 

AgTFA and AgNO3 as source of Ag(I) exhibited the lowest C2H4 absorption capacity 

and were unstable. However, the RTIL-based solvents with AgOTF and AgNTf2 salts 

were stable and the absorption loads achieved after the regeneration of the solvent 

were similar to that obtained with the fresh solvent.   

 

To present a broader view of the potential of RTILs as absorption solvents, the 

kinetics of the CO2 capture in an ionic liquid solvent with primary amine 

functionalized RTILs were also investigated. A kinetic study was carried out in a 

stirred cell reactor (1 L), operated in batch mode using the decreasing pressure 

method.  The volumetric mass transfer coefficient of the liquid phase was 

determined from experiments using bmim[BF4] as the liquid phase and the kinetics 
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of the reaction were studied based on experiments carried out with a liquid phase 

containing solutions of 1(3-Aminopropyl)-3-methylimidazolium tetrafluoroborate 

(APMim[BF4]) in bmim[BF4]. The enhancement factor due to the chemical reaction 

was calculated from the fluxes of CO2 absorbed. The results indicate that the 

reaction takes place in an intermediate regime and is limited by the diffusion in the 

ionic liquid. The diffusion limitation of the reaction was anticipated since the diffusion 

coefficients of CO2 and APMim[BF4] in  bmim[BF4] are about 100 times smaller than 

the coefficients for CO2 and amines in aqueous alkanolamine solutions.  The 

reaction was assumed first order in both CO2 and APMim[BF4] and the calculated 

kinetic constants (k1,1) are of the same order of magnitude as the ones available for 

primary amine and CO2 in viscous media. 

 

Room Temperature Ionic Liquids (RTILs) are solvents with potential to perform the 

separation of CO2/CH4 and olefin/paraffin.  The absorption capacity of the ionic 

liquids can be improved by modification of the structure.  Designer ionic liquids 

performed better than the standard RTILs. The ionic liquid can be regenerated by 

applying high temperature and low pressures and the absorption capacities of the 

regenerated ionic liquids are similar to that achieved with the fresh liquid. The main 

disadvantage exhibited for the RTILs is their relatively high viscosity. Lower 

viscosities may be achieved by finding a counter anion that is associated with a 

reduced viscosity.  The enthalpy of absorption in the designed ionic liquids is lower 

than that of the traditional reactive solvents; therefore, the regeneration of the ionic 

liquid solvents is associated with a lower energy demand.  The solvent performance 

of functionalized RTILs combines the selectivity provided by a chemical capture 

mechanism with the bulk capacity attributed to a physical affinity.  The obtained 

results demonstrate that it is possible to develop industrial solvents based on ionic 

liquid technology for separation of CO2 from CH4 and olefins from paraffins.   
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Abstract Abstract Abstract Abstract     
 

This thesis studies the potential of the Room Temperature Ionic Liquids (RTILs) as 

absorption solvents for the separation of carbon dioxide/methane and 

ethylene/ethane. This chapter starts with an overview of the targeted industrial gas 

separations and identification of the possibilities for improvement.  After that, ionic 

liquids and their intrinsic characteristics and possibilities are introduced.  In the final 

section, the outline of the thesis is described. 
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1.1 Introduction1.1 Introduction1.1 Introduction1.1 Introduction    
    

The human development and progress have gradually altered the environment. A 

continuous transformation of the natural resources is required in order to keep the 

cultural and living conditions of the people.  A growing energy demand is product of 

the use of faster transportation means, and as well of the industrialization.[1] The 

non-planned progress, the inefficient transformations and non-sustainable 

processes carried out by mankind have polluted the soils, water, and air.  A 

considerable amount of pollutant gases such as carbon dioxide, methane, nitrous 

oxide, per fluorocarbons, hydro fluorocarbons, sulphur hexafluoride, sulfur dioxide, 

carbon monoxide, nitrogen oxides, and all kind of volatile organic hydrocarbons 

(VOCs), has been emitted by humanity since the beginning of industrialization. 1-3 

 

The industrial, transport and the energy production sectors are the biggest 

contributors to the pollution load.  The Intergovernmental Panel on Climate Change 

(IPCC) estimated that a reduction in green house gases (GHG) by more than 60% is 

needed to deflect significant global climate changes.4-6  The industrial sector could 

carry out a cost-effective emission reduction by applying the principles of 

sustainability and green engineering.7  The economic and environmental 

performance can be improved by implementing processes in which is waste 

production is avoided, and the separation and purification operations are designed 

to minimize energy consumption and materials use, but the total process maximizes 

mass, energy, space, and time efficiency.1,7-9 

 

 

1.2 Targeted Gas separations1.2 Targeted Gas separations1.2 Targeted Gas separations1.2 Targeted Gas separations    
 

Gas separation processes became a key operation for diminishing the conventional 

green house contaminant gases and improving energy balance in the industry.   

Depending on the level of complexity, operational pressure and temperature, degree 

of separation, gas volume and number of additional operations required, the gas 

separation processes are highly energy demanding and therefore more expensive.10 

It is estimated that separations account for a 25 % of the capital invested by the 

industry and approximately 25% of this amount is assigned to operations involved 

gas absorption and desorption.  Based on this, in the year 2004 the European 

industry expended around 1.9 billion euro in absorption related processes.11  The  

production of oil and gas, refining industry, chemical manufacture and energy 

generation are the sectors that carry out a considerable amount of gas separations 

processes. 
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A basic treatment in the natural gas production sector includes the separation of 

CO2 from CH4 or N2.  The specified CO2 content in natural gas is normally below 2-

3%, H2S content is lower than 4 ppmv and water less than 160 ppm.10,12  The 

CO2/CH4 separation in natural gas is important because CO2 reduces the energy 

content, and causes acidic corrosion in the presence of water during the 

transportation and storage.12,13  The purified CH4 can be sold as a fuel or sent to the 

olefin plant.12,14,15   

 

The CO2 is produced by the refining and the chemical sector as a by product of 

manufacturing processes, such as production of cement, limestone, hydrogen and 

ethylene oxide; and from energy supply (either as process heat or as electricity) by 

combustion of the fossil fuels.5  Better separation of acid gases from refineries and 

chemical plants can improve the quality of products and the recovered CO2 can be 

used in the food industry or in the chemical industry as a feedstock for CO2 based 

chemicals, urea synthesis and synthesis gas in supercritical extraction.5-7 

 

The separation of close boiling compounds such as olefin/paraffin mixtures is a 

characteristic operation in refineries. This separation is a very energy-intensive 

process since the hydrocarbons involved have a similar physical interaction with the 

separating agent.  The olefin/paraffin separation normally requires high pressure 

and cryogenic conditions.16,17  Olefins are used as raw material in the production of 

plastics, fibers and organic chemicals.18,19  Ethylene is one of the largest volume 

olefin produced and 95 % of the ethylene produced worldwide is obtained from 

steam cracking.16-19  The worldwide ethylene production in 2004 is reported around 

103.7 million metric tons, with a value of $ 85 billion.20-23  Ethylene is used in the 

production of polymers, mainly polyethylene, and ethylene oxide, ethylene 

dichloride, ethylbenzene, alpha-olefins, primary alcohols, acetaldehyde and many 

others.22 The range of applications of the derivates of ethylene increase even further 

the demand  for ethylene. The ethylene production is constantly growing to satisfy 

the whole range of the ethylene derivates marked. The production of ethylene in 

2009 is estimated around 127.2 million metric tons.22  In 2002 the world 

consumption of ethylene oxide, one of the ethylene derivates used for 

manufacturing ethylene glycols, ethanolamines and surfactants, was 14.7 million 

metric tons with an expected annual growth rate of 4.3 %.23 

 

 

1.3 Carbon dioxide removal1.3 Carbon dioxide removal1.3 Carbon dioxide removal1.3 Carbon dioxide removal    
 

The available technologies for acid gas separation from gas streams are based on 

different physical and chemical processes.  Some of the existing methods for 

removal of CO2 in present of H2S are summarized in the Figure 1-1.  Amongst others 
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factors, the choice of a suitable CO2 separation method depends on the conditions 

of the flue gas stream, concentration and type of impurities, gas selectivity required, 

solvent availability, economics of the process and environmental regulations.10, 24 

 

 

Figure 1-1: Technologies for acid gas removal. 10, 24-30 

 

1.3.1 CO1.3.1 CO1.3.1 CO1.3.1 CO2222 Absorption Absorption Absorption Absorption    
 

Chemical and physical absorption are widely used technologies in the natural gas, 

petroleum, and chemical industries for the separation of CO2.  It is based on a 

solvent affinity with the acid gas in order to preferentially dissolve the targeted gas 

molecules into the liquid bulk. The physical gas absorption can be enhanced 

chemically through reactions between the gas and the solvent. The absorption 

process depends on the operating temperature and pressure, as well on the nature 

of the gases and the absorption liquid. Since absorption increases with pressure, 

operating pressures are determined by CO2 removal specifications and 

economics.25 In acid gas absorption processes, a solvent is used to dissolve 

preferentially more CO2, and/or H2S than the other stream gas constituents such as 

oxygen, nitrogen, carbonyl sulfide (COS) and other minor and volatile impurities 

present in the gas.  
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A favorable characteristic of the acid gas absorption is that, with the choice of the 

proper solvent, the absorption and stripper steps can be coordinated in order to 

create an efficient continuous process, and as well it is possible to carry selective 

removal of H2S from CO2 containing gas streams.10, 25  The absorption is competitive 

for large-scale applications, especially at high CO2 partial pressures, and when 

contaminants and other solvent-reactive gases are present in a minimum proportion 

in the gas stream.  Typical physical solvents are methanol, N-methyl-e pyrrolidone, 

polyethylene glycol, dimethylether, propylene carbonate and sulfolane.10, 25, 26 

 

The separation of CO2 by chemical means involves one or more reversible chemical 

reactions between CO2 and another material to produce a liquid or solid species, 

afterwards the reacted species in the loaded solvent are decomposed by heating to 

liberate CO2 and regenerate the material that reacted with CO2.
24,26,27 Several 

chemical agents enhancement chemically the acid gas absorption, such as sodium 

and potassium salts of carbonate, phosphate, borate, arsenate and phenolate, an 

example of this is the Benfield process which uses an aqueous solution of 

potassium carbonate as a solvent.10, 27 

 

The most widespread solvents for acid gas (CO2, H2S) absorption are aqueous 

solutions of primary, secondary, tertiary, hindered amines, and formulated amine 

mixtures.[10, 24] The choice of a particular amine as a solvent for the operation unit 

depends on the absorption rate and also on other factors such as regeneration 

energy, corrosion tendency and the cost of the solvent. Hindered amines are similar 

to regular amine solvents, but specific functional groups are bonded to these 

solvents to decrease amine degradation rates.27 The primary amines, especially 

monoethanolamine (MEA), are the most common active agent of the solvents for 

acid gas scrubbing.28  About 75-90% of the CO2 is capture using a MEA-based 

technology, producing a gas stream of   high CO2 content (>99%).29  A  simplified 

process flow sheet for CO2 absorption in alkanolamine-based solvents is given in 

Figure 1-2. 

 

The great advantages of CO2 separation with alkanoamine solutions include its 

commercial availability, being a proven technology and that thermodynamics of the 

related processes are well known. The amine removal systems are effective for 

dilute CO2 streams, like coal combustion flue gases, which contain around 10%-12% 

CO2 by volume.28  The operation of absorption units is generally carried out at 

normal industrial temperatures and pressures.3, 28, 30  

 

The inherent disadvantages of the chemical absorption are their limited CO2 

loadings and significant energy requirements as consequence of the reaction 

stoichiometry and heats of reaction. Furthermore, the unit operations demand large 
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circulating-volumes of liquid solvents and for heat exchange.25, 31, 32  Commercially 

available solvents that can competitively absorb CO2 from diluted and low-pressure 

streams are based on primary and sterically hindered amines.  The high reaction 

energies of those amines allow the gas absorption at low partial pressure conditions, 

but consequently the regeneration of the solvents requires a high-energy input.4, 32, 33  

Furthermore, the CO2 gas removal from flue gases at low pressure is expensive due 

to the huge volumes of gases to be treated.4 

Sour Gas

Sweet Gas

Amine
Contactor Stripper

Make up H2O 

Rich  Amine 

Acid gas:

CO2,H2S

Steam

Lean Amine

Sour Gas

Sweet Gas

Amine
Contactor Stripper

Make up H2O 

Rich  Amine 

Acid gas:

CO2,H2S

Steam

Lean Amine

 
 

Figure 1-2:  Typical process flow sheet of CO2 absorption with an alkanolamine.10,27 

 

The degradation of the amine containing solvents and foaming are other problems 

encountered in CO2 absorption processes.
30,32  The amine solutions oxidize in 

contact with air or oxygen and the oxidation products are a source of corrosion. 

Other gases also react with amine groups forming stable salts that reduce the 

absorption capacity of the solvent.30  The degradation of the solvent reduces the 

absorption capacity since the number of moles of available amine decreased.  The 

alkanolamines, such as MEA and  diglycolamine (DGA), react with carbonyl sulfide 

(COS) forming a salt that is not regenerated during the stripping process.  The 

solvent is reclaimed to reverse the non-regenerated by products.27  In order to 

diminish the potential for equipment corrosion, solvents containing amines such as 

MEA or DEA are combined with glycol resulting in a simultaneous removal of the 

acid gases and water from the gas stream.  The use of hindered amines in the 

absorption solvents is increasing due to their inherent lower degradation rates.10,27,30 
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In the removal of CO2 in power plants, the total cost of the amine scrubbing process 

including addition of new solvents and other operating and maintenance costs is 

relatively high, about $40-$70/ton CO2 separated.
34,35  Approximately 1.6 kg of 

solvent are lost per each ton of CO2 separated.
30  Without including the operating 

and maintenance costs, the energy penalty of the absorption process is 

approximately 0.34kWh/kg CO2. 
28   

 

 

1.3.2 Efficient solvents for CO1.3.2 Efficient solvents for CO1.3.2 Efficient solvents for CO1.3.2 Efficient solvents for CO2222 absorption absorption absorption absorption    
 

The factors defining a promising absorption solvent for acid gas removal are: 4,10,23-36  

 

• A solvent should have an increased CO2 absorption capacity resulting in 

lower circulation rates. An estimated target for fuel plants absorption 

capacity would be about 1Kg of CO2 per Kg solvent. 

• Solvent with higher gas selectivity and less co-absorption of the other 

gaseous components.  

• Solvents with low vapor pressure for reducing make-up volume and 

contamination of the gas stream with a volatile solvent. 

• Easier to regenerate and therefore less energy demanding.  

• Solvent with high degradation resistance, and wider range of operation 

temperatures. 

• Solvent that does not promote corrosion of the equipment.  

• Foaming of the solvent is minimized. 

• Environmentally benign. 

 

Although amine technology remains as an unbeaten technology for acid gas 

removal, a number of new solvents have emerged.  These are generally mixed type 

of solvents, a combination of different amines with physical solvent or other 

activating substances.  Petro science Research, a Canadian company, developed a 

proprietary mixed solvent called PSR.  The PSR solvent requires less heating for 

regeneration and is able to absorb 20-80 % more CO2 than MEA per unit volume of 

solvent. The PSR also is more resistant to degradation from flue gases and causes 

less corrosion of equipment.30, 32 

 

Mitsubishi Heavy Industries (MHI) developed an absorption process using their own 

solvents KS-1,-2,-3, based on a sterically hindered amine.33  This solvent shows 

higher CO2 loading per unit solvent, lower energy regeneration requirements, and a 

minimum occurrence of corrosion, degradation or amine loss.37  A novel packing 

material PK-1 has also been developed for the process.  KS solvents are used in 
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five different plants operating with a CO2 recover capacity between 120 Ton/D and 

450 Ton/D.38  MHI has designed a large scale recovery plant with a CO2 capacity of 

3000 Ton/D (60 MMSCFD).  Another process that uses a hindered amine in the 

solvent formulation is the Econamine FG process.  The regeneration cost of the 

solvent is lower and the estimated cost for operation and maintenance of the 

Econamine process is $18.70/ ton CO2, with13% CO2 in the flue gas.
30 

 

A hybrid absorption solvent called CORAL was developed by TNO in the 

Netherlands for capture of CO2 from flue gases.39  The solvent contains a mixture of 

salts and amino acids and the CO2 capture  is carried out in poly-olefin membranes 

contactors.  A mixture of salts of amino acid is also used for capturing CO2 in the 

DECAB process of TNO.  The process is relatively less expensive than a process 

with MEA based solvent.  According to the TNO estimates the costs for the removal 

of 90% CO2 of a 500 MW coal fired power station, for the DECAB process is 

approximately 13 Euro/ton CO2 and for a MEA-based process is 25 Euro/ton CO2.
40    

 

The Morphysorp process developed by Udhe uses a physical solvent for acid gas 

removal.  The solvent is a mixture of N-formyl morpholine (NFM) and N-acetyl-

morpholine (NAM).41   The advantages of the formulated solvent are the high acid 

gas capacity, low solubility of C1 to C3 hydrocarbons and simultaneous removal of 

mercaptans.  The first commercial application of the process is the Kwoen Gas plant 

in Canada.41-42 

 

 

 

1.4 Olefin/paraffin separations1.4 Olefin/paraffin separations1.4 Olefin/paraffin separations1.4 Olefin/paraffin separations    

 
The separation of olefins from paraffins is essential in the chemical and 

petrochemical industry. Olefins are crucial petrochemical feedstocks, commonly 

used in the production of polymers and other chemicals such as ethylene oxide.16-21  

Olefins are produced by cracking of light paraffins (C2-C4) from natural gas or from 

refinery gas streams.43 The separation of the olefins from the cracker streams is a 

necessary and costly separation.43-48  In a  polyolefin plant, the required purity of the 

stream feed of mono-olefins is higher than 99.9%. 

 

Olefin/paraffin separation technology ranges from traditional low temperature 

distillation (cryogenic) to chemical complexation with copper and silver ions.21  

Reversible π-complex formation of the olefin with metal containing solutions can be 

utilized for selective recovery of olefins from gas streams.16-21 Other separation 

methods are: extractive distillation, adsorption, absorption, and membrane 

separation. However, olefin/paraffin separation is mainly carried out by cryogenic 
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distillation.16  Figure 1-3 shows a schematic representation of a low-temperature 

olefin/paraffin separation.  This process demonstrated to be effective and reliable in 

the industry, whereas being energy and capital demanding. The energy required for 

separating olefin/paraffin mixtures by cryogenic distillation was estimated about 1.2 

*1014  BTU per year.16 Reine indicates that even for an ethylene unit operating under 

heat integration, the energy make up is about 6.2% of the total annual energy 

requirement of the distillation processes.20  Consequently alternative low energy 

demanding and selective olefin/paraffin separation technologies are required.   

 

 

Figure 1-3:  Scheme of low-temperature distillation process for olefin/paraffin  

separation.21 

 
1.4.1 Olefin/Paraffin Absorption1.4.1 Olefin/Paraffin Absorption1.4.1 Olefin/Paraffin Absorption1.4.1 Olefin/Paraffin Absorption    
 

A compilation of the absorption processes reported for olefin/paraffin separations is 

presented in Table 1-1.  The absorption of olefins is enhanced by the above 

mentioned π-complex mechanism.  Given the reversibility of the complex and the 

cost of the metal salt, silver (I) and copper (I), are the most common metals used for 

olefin/paraffin separation.16-21  Traditionally the metal salts used are: Silver nitrate 
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(AgNO3), silver tetrafluoroborate (AgBF4), silver trifluoroacetate  (AgCF3CO2), silver 

perchlorate  (AgClO4), copper Chloride (CuCl) and copper bromide (CuBr). 

 

Table 1-1: Reviewed absorption processes for olefin/paraffin separation  

Process Solvent Remarks 

Union Carbide17 Silver nitrate 

• H2, CH4, C2H6, CO, CO2, H2S  are 

also physically absorbed   

• Sulfur react irreversibly with Ag(I). 

• H2S, C2H2, CO, H2 and alkynes 

destabilize the solvent. 

• C2H2 and Ag(I) form silver acetylide. 

Farbenwerke Hoeschst16 

 

AgBF4 with 

tetrafluoboric acid 

additive 

• Removal of C2H2 from feed is a key 

factor to avoid formation of silver 

acetylide . 

• CO and CO2 do not react irreversibly 

with Ag(I)  and destabilize the 

solution 

Synthetic Ammonia 

Nitrate Ltd. 16 
Copper liquor 

• Formation of copper acetylide 

(Cu2C2)  A
q
u
e
o
u
s 
b
a
s
e
d
 

Imperial Chemical 

Industries (I.C.I)16 

Ethanolamine and 

cuprous nitrate 

• Iimproved stability of Cu(I) due to low 

C2H2 concentration.  It was achieved 

by hydrogenation of the acetylene to 

avoid formation of Cu2C2. 

• The product olefin gas contained 

considerable amounts of CO, CH4, 

C2H6, and H2. 

ESEP 21, 53 

Licensed  

by Teneco 

CuAlCL4 in aromatic 

solvent : Toluene 

• Stable in presence of  H2,  CO2, N2, 

and C2H6. 

• CO and alkynes formed complexes 

with Cu (I). 

• Sulfur compounds react irreversibly 

with the solvent. 

• Ethylene recovery from streams 

containing 12 % and 21 % was 96% 

and 99% respectively. Purity C2H4 

>99.9% 

Olefin/paraffin 48 

Exxon Research 

cuprous diketonate in  

σ-methylstyrene 

• Separation factor : 

       Ethylene/ethane of 17/1 

       Propylene/propane 10/1 N
o
n
-A

q
u
e
o
u
s
 b
a
se

d 

Ethylene/ethane 20 
CuCl, N-methyl-

pyrrolidone (NMP) 

and aniline 

• DMF provides good C2H4 absorption 

• Used of NMP instead of DMF, given  

low volatility and solution stability . 

  

    

1.4.2. I1.4.2. I1.4.2. I1.4.2. Improving solvents for olefin/paraffin separationmproving solvents for olefin/paraffin separationmproving solvents for olefin/paraffin separationmproving solvents for olefin/paraffin separation    
 

In order to achieve competitive olefin solvent loads, the stability of the separating 

agents is the main factor to improve the in the absorption process.  The separation 

units required for removing the contaminants in the feed will be reduced as a result 

of an improvement in the stability of the metal cation in the solvent.  Additionally, the 
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side reactions between the solvent and H2, CO, CO2, H2S, other sulfur compounds, 

C2H2 alkynes, also reduce the absorption capacity and degrade the solvent.  A 

problem of the π-complexing metal ions is the formation of an irreversible complex 

with acetylene, which are unstable and sensitive to detonation, specially when their 

concentration builds up and the complexes precipitate out of the solvent.17   

 

The precipitation of the metal cation is also a constant drawback of the absorption 

solvents.  The metal ions can be reduced by the presence of hydrogen and other 

compounds causing the metal to precipitate out of the solution. Although the 

paraffin/olefin separation by chemical absorption is feasible, it is not positioned yet 

in the industry due to the instability of the metal cation of the solvents and also the 

wide variety of contaminants in the petrochemical streams.  Industry is still 

conservative and relies in proven technologies. 

 

Functionalized ionic liquids, designed for the specific needs of the gas separation, 

would provide improvements to the efficiency and energy balance of the traditional 

technologies. Ionic liquids will clearly not provide advantages for all kind of systems 

and separation processes, but improvements in absorption capacity and selectivity 

can be obtained making use of their designing character and choosing and 

appropriate combination of cation and anion.  An important challenge is to use the 

unique solvent properties of the ionic liquids to develop efficient method for product 

separation and ionic liquid recycling.56-70  Reduction of solvent inventory and make 

up can be achieve because the non volatile nature of the ionic liquids.  Additionally, 

due to the simultaneous ionic and organic nature of the ionic liquids improvements 

in the stability of metallic cation deserve to be explored. 

 

 

 

1.5 Room Temperature Ionic liquids1.5 Room Temperature Ionic liquids1.5 Room Temperature Ionic liquids1.5 Room Temperature Ionic liquids    
 

1.5.1 Introduction1.5.1 Introduction1.5.1 Introduction1.5.1 Introduction    
 

Room Temperature Ionic liquids (RTILs) can be defined as liquid organic salts, 

which are generally composed of an organic salt as a cation and either an inorganic 

or organic anion.67  The melting points of these organic salts are frequently found 

below 150 °C,68,69 and occasionally as low as –96 °C.57  Some ionic liquids are stable 

up to 500 K.62 

 

The cations are large, bulky asymmetric organic molecules; such as pyridinium, 

imidazolium, phosphonium. On the other hand, the anions are frequently small 

inorganic structures such as  Cl-, BF4
-,PF6

- CF3SO3
-, NTf2

-, see Figure 1-4.  Ionic 
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liquids with organic anions have been synthesized, such as RCO2
-.60  The nature of 

the cation and the anion determine the physical and chemical properties of the ionic 

liquid.  As result of the existing interaction between the properties and the 

constituent ions of the ionic liquids, it is possible to achieve specific properties by 

choosing the right combination of anion and cation.  This singular feature describes 

the ionic liquids as designer solvents.  

 

The traditionally called molten salts and the modern ionic liquids can be considered 

similar, mainly because both consisted of ions,58 but the low melting point of the 

ionic liquids, defined to be lower than 100 °C - 150 °C,59,60 makes the distinction 

from the molten salts.  A molten salt is commonly understood as a high-melting and 

highly viscous substance, and ionic liquids are liquid at room temperatures and do 

not exhibit very high viscosities.64,65   

 

 

   

Tetrafluoroborate Methylsulfate Bis(trifluoromethylsulfonyl)imide 

Anions 

   

3-methyl-imidazolium 1-butyl-3-methyl-pyridinium 1-ethyl-1-methyl-pyrrolidinium 

Cations 

Figure 1-4: Ionic liquid anions and cations 
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1.5.2 Ionic liquids development1.5.2 Ionic liquids development1.5.2 Ionic liquids development1.5.2 Ionic liquids development    

 
Among their nature, a remarkably characteristic which has placed the ionic liquids in 

the center of attention for the development of new technologies, is their relatively 

low, almost not measurable, vapour pressure.56,59,68,69,80  This particular property, 

pictures ionic liquids as an alternative to replace the volatile organic solvents, used 

nowadays in traditional chemical processes such as reactions and separations.56-70  

The replacement of volatile compounds by non-volatile substances contributes to 

the reduction of contaminants present in the purge streams and therefore is able to 

decrease the costs of the process by minimizing solvent losses, improving the 

energy economy and increasing purity of the gaseous products.67-80  

 

The first reference to ionic liquids dates from 1914.  Ethylammoniun nitrate a low 

meting point salt, 12 °C, was synthesized by Walden.59  The advances in the ionic 

liquids field is to a large part attributed to the electrochemists, which have been 

using molten salts in power systems and related applications till now,63 and today 

still call them room temperature molten salts, RTMS.57  Particular attention deserves 

a room temperature liquid chloroaluminate melts developed by Hurley and Weir in 

1948 for applications in aluminium electroplating.58 Their research in 

chloroaluminate salts was extended as solvent for organic reactions.  Unfortunately, 

the chloroaluminate ionic liquids were sensitive to oxygen and water and exhibit 

incompatibility with many organic substances such as ethanol and acetone, being a 

major drawback for many applications.57  In 1992, moisture stable imidazolium salts 

paired with BF4 and PF6 anions, were synthesized by Wilkes group77 and after that 

the used of the ionic liquids has been rapidly expanded to more applications.59,60,63,66  

Today the available ionic liquids have found their way into many different technical 

applications, such as electrolytes for batteries, electrochemical devices and 

processes, solvent for transition metal complexes, in organic synthesis, reaction 

media, electrochemical reactions, catalysis, electrochemistry, photochemistry, liquid 

crystals, enzymatic catalysis, biotransformations, new material production, and 

separations.56, 64, 65, 66, 78, 79 

 

Although the largest part of the development in the ionic liquids has been generated 

at laboratory scale, some pilot plant and industrial applications of ionic liquids are 

already known and other potential industrial uses are on their way.80  No more than 

few industrial processes using ionic liquids have been reviewed in recent times, 

perhaps the first mentioned was a process of the Institut Français du Pétrole (IFP).  

IFP developed the Difasol process for olefin dimerization, which uses an ionic liquid 

in a continuous two-phase operation that enhances the use of the catalyst, 

achieving a butene conversion of 80%, and high dimer selectivity, up to 95%, due to 

the lower miscibility of the dimers into the ionic liquid.70  The industrial scale process 
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for the synthesis of 2,5 dihydrofuran using an phosphonium-based ionic liquid as co-

catalizator was designed and commercialized by  Eastmant Chemical.81  Air 

Products & Chemicals developed a prototype system in which ionic liquids are used 

for sub-atmospheric storing and delivery of dangerous gases. The Ionic liquids can 

reversibly stored gases through chemical complexation, providing capacities greater 

than the solid adsorption based systems. The system was tested at laboratory level 

for the storage of phosphine (PH3) and boron trifluoride (BF3), gases commonly used 

in the manufacture of semiconductor devices.  A commercial prototype, cylinder of 

2.2 L, for transport of PH3 is presently tested.82,83 The production of 

alkoxyphenylphosphines was claimed by BASF in 2003, as the first industrial 

application of the ionic liquids.  The Basil process (stands for Biphasic Acid 

Scavenging), uses 1-Methylimidazole as acid scavenger forming an ionic liquid, 1-

methyl-imidazolium chloride (Hmim[Cl]) in the chemical synthesis of phosphorous 

compounds.  The use of the ionic liquid offers significant advantages over the 

traditional process.84  A study of eco-effciciency concluded that phenylphosphines 

produced by BASF using the BASIL® ionic liquid acid quench process is the most 

eco-efficient compared to conventional production processes utilizing amine.85, 87  A 

pilot plat study of aromatic-aliphatic separation using ionic liquids was reported, in 

which toluene was extracted form a mixture of toluene and n-heptane. The 

separation was performed in a RDC column, using 4-methyl-N-butylpyridinium 

tetrafluoroborate (mebupy[BF4])and sulfolane as solvent.  The toluene/n-heptane 

separation using in the dispersed phase mebupy[BF4] as solvent, at 40 °C, was 

reported as the best option.61, 86  

 

The rising interest in ionic liquids, reflected in the number of articles published in the 

scientific literature,87,88 and in some successful ionic liquid applications, has also 

boosted the market and industry interest. Nowadays, companies as Merck, BASF, 

Solvent innovation, Sachem, Covalent, Sigma Aldrich, Iolitec, C-tri, TCI can provide 

a variety of basic ionic liquids, and more interesting, these are also offering the 

design and development of ionic liquids for specific applications or needs.   

Nevertheless the use of ionic liquids is still cost-restrictive for many applications.  

Until now the production of ionic liquids has only been performed at laboratory scale.  

As the number of users increases the demand of ionic liquids will facilitate their 

production on large scale which consequently carries a price reduction.85 

 

The human and environmental toxicity of the ionic liquids is an issue that still 

remains unknown, but it is obvious that the toxicity of the liquid is directly related to 

the properties of the specific ionic components. The environmental impact of any 

possible breakdown and decomposition reactions of the ionic liquids molecules 

should be addressed for each individual ionic liquid and application case.  By now, 

some toxicological studies started to be published in the literature.89-91 



  

 15  

1.6 Thesis outline1.6 Thesis outline1.6 Thesis outline1.6 Thesis outline    
 

The goal of this research to study the potential of the Room Temperature Ionic 

Liquids (RTILs) as absorption solvents for the industrial separation of CO2 from CH4 

and olefin from paraffin using as model gases C2H4 and C2H6. First, the relation 

between the separating agent properties and the studied solute gases is required.  

Second, knowing favourable solvent-gas solute relations RTILs based solvent can 

be designed.  The designed solvent is aimed to have the most promising 

combination of ions in the liquid structure and includes the identified specific 

functionalities. Then as a consequence of the structural composition and chemical 

functionalization of the RTILs, the performance of absorption agent is expected to 

be improved. 

 

A physical characterization of the ionic liquids is needed in order to relate properties 

and the structure of the ionic liquid.  The density, viscosity and surface tension of 

standard ionic liquids were measured at temperatures up to 363 K and those are 

presented in chapter two.chapter two.chapter two.chapter two. The dependence with temperature of the measured 

properties and the estimated derived thermodynamic properties are included. 

 

In chapter threechapter threechapter threechapter three, equilibrium gas solubility as a function of pressure and temperature 

is determined for different standard ionic liquids.  The absorption experiments are 

carried out with the IGA (Intelligent Gravimetric Analyser).  The individual solubility 

of CO2, CH4, C2H4, C2H6 at pressure ranging between 1 bar and 10 bar and 

temperatures varying from 303 K to 343 K are measured.   Based on the gas 

solubility measurements at different temperatures the Henry coefficients and partial 

enthalpies and entropies of absorption are estimated. 

 

The chapter four is chapter four is chapter four is chapter four is concerned with the design of a task specific ionic liquid for the 

CO2/CH4 separation.  The basis for the reactive capture of CO2 using RTILs is 

presented. This chapter includes the liquid structures of the tested functionalized 

RTIL solvents, absorption isotherms of CO2 and CH4, estimated selectivity toward 

CO2 and the conditions for regeneration of the solvents.   

 

In chapter five, chapter five, chapter five, chapter five, the design of RTIL-based solvents for separation of ethane/ethylene 

is presented.   The basis for designing a solvent for the reactive capture of ethylene 

by π-complex formation using ionic liquids is described. The absorption isotherms of 

C2H6 and C2H4, selectivity, solvent stability and regeneration are discussed. 

 

Chapter Chapter Chapter Chapter sixsixsixsix deals with a preliminary kinetic study for CO2 absorption in ionic liquids.  

The experiments are carried out in a stirred cell reactor.  Description of the 

equipment, experimental procedure and calculation of liquid mass transfer 
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coefficient, chemical enhancement factor and analysis of the collected data are 

presented.  

 

Finally, the achievements and recommendations for designing RTILs as absorption 

solvents are discussed and summarized with the conclusions and future outlook of 

this thesis in chapter sevenchapter sevenchapter sevenchapter seven.  
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AbstractAbstractAbstractAbstract  

Density, viscosity and surface tension data sets of 13 ionic liquids formed by either 

imidazolium, pyridinium, pyrrolidinium cation paired with dicyanamide (DCA), 

tetrafluoroborate (BF4), thiocyanate (SCN), methylsulfate (MeSO4) and 

trifluoroacetate (TFA) anions are presented in this chapter. The properties were 

measured at temperatures between 293 K and 363 K.  The variation of the 

properties of the RTILs with temperature is discussed.  The effect of the ionic liquid 

forming anion and cation on its physical properties is analyzed systematically.   The 

change of the properties caused by variation of the length of the substituted alkyl 

chain of the imidazolium cation is reported. As expected, a reduction of the 

measured density, viscosity and surface tension of the studied ionic liquids with an 

increment in temperature was observed.  The physical properties are dependent on 

the nature and size of the ions forming the liquid.  In general, the dicyanamide anion 

provides lower densities and viscosities but a somewhat higher surface tension.   A 

longer alkyl chain in imidazolium based ionic liquids was associated with lower 

density, higher viscosity and lower surface tension.  
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2.1 Introduction 2.1 Introduction 2.1 Introduction 2.1 Introduction     

The use of Room Temperature Ionic liquids (RTILs) is rapidly expanding into 

different application fields1,2 including reaction media,3,4 catalysis,5 electrochemistry6 

and separation processes.7-9  The physical and chemical properties of the RTILs can 

be tailored by selecting the chemical structure of the cation and anion.1-9  Knowledge 

of the properties of the RTILs is required for choosing a suitable liquid for each of 

their envisaged industrial applications.  The physical properties such as density, 

viscosity and surface tension are crucial for process engineering and equipment 

design. Additionally, complete data sets of RTIL properties are used for validating 

and improving molecular simulation and property prediction methods,10-12 which later 

will be applied to process simulation and process development and design. 

This chapter presents the density, viscosity and surface tension of 13 RTILs 

measured at atmospheric pressure and at temperatures between 293K and 363 K.    

The liquids used here were selected to systematically study the influence of the 

anion and cation in the liquid properties. The liquids were all readily available from 

commercial suppliers.  The screened ionic liquids included imidazolium, pyridinium 

and pyrrolidinium cations paired with tetrafluoroborate, dicyanamide, thiocyanate, 

methylsulfate or tetrafluoroborate anions.    

Some physical property data are available for four of the 13 studied ionic liquids.  

The density,13,14 viscosity15 and surface tension16-19 of bmim[BF4]  can be found at 

temperatures between 20 °C and 70 °C.  Similarly, for omim[BF4] the density,
13,15 

viscosity15 and surface tension16,17,19 are  reported.  Only some density14,18 and 

viscosity20 data sets of bmim[DCA] are available.  The density and viscosity at 20 °C 

and 80 °C of bmim[MeSO4]  was reported by Fernandez et al.
21  For the four liquids 

previously mentioned new density and viscosity measurements are presented and 

the surface tension data sets are completed.  The physical properties for the other 

nine studied RTILs have not been reported before. 

 

2.2 Experimental Section2.2 Experimental Section2.2 Experimental Section2.2 Experimental Section    

2.2.1 Chemicals2.2.1 Chemicals2.2.1 Chemicals2.2.1 Chemicals   

The RTILs were acquired from different commercial suppliers.  The chemical 

structure, purity, supplier and given acronym of the RTILs studied in this chapter are 

listed in Table 2-1.   
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Table 2-1:  Tested RTILs  

StructureStructureStructureStructure    

AnionAnionAnionAnion    CationCationCationCation    
Ionic LiquidIonic LiquidIonic LiquidIonic Liquid    AcronymAcronymAcronymAcronym    

N N H+
 

Methylimidazolium 
tetrafluoroborate, Merck.  

 MW:169.92 g.mol
-1
 

HHHH----mim[BFmim[BFmim[BFmim[BF4444 ]]]]        

    

NN +
 

1-Butyl -3-Methyl imidazolium 
tetrafluoroborate,  Merck.  

 MW: 226.02 g.mol-1 

bmim[BFbmim[BFbmim[BFbmim[BF4444]]]]    

NN +
 

1-Methyl-3-octylimidazolium 

tetrafluroborate, Merck.   

MW:282.13  g.mol
-1
 

omim[BFomim[BFomim[BFomim[BF4444]]]]    

BFBFBFBF4444     

B F

F

F
F

-

 

 

N+

 

N-Butyl-4-methylpyridinium 

tetrafluroborate, Merck.  

MW:237.05 g.mol
-1
 

MeBuPy[BFMeBuPy[BFMeBuPy[BFMeBuPy[BF4444]]]]     

NN +
 

1-Butyl -3-Methyl imidazolium 

dicyanamide, Merck.   

MW:  205.26 g.mol-1 

bmim[DCA]bmim[DCA]bmim[DCA]bmim[DCA]    

N+

 

N-Butyl-3-Methylpyridinium 

dicyanamide, Merck.   

MW: 216.28 g.mol
-1
 

MeBuPy[DCA]MeBuPy[DCA]MeBuPy[DCA]MeBuPy[DCA]    

DCADCADCADCA    

N

N

N

-

    

 

N +

 

1-Butyl -1-methylpyrrolidinium 

dicyanamide, 98%, Io-Li-Tec. 

 MW:208.30 g.mol-1 

MeBuPyrr[DCA]MeBuPyrr[DCA]MeBuPyrr[DCA]MeBuPyrr[DCA]    

NN +
 

1-Butyl -3-Methyl imidazolium 

thiocyanate, BASF.   

MW:  197.30. g.mol
-1
    

bmim[SCN]bmim[SCN]bmim[SCN]bmim[SCN]    

N+

 

N-Butyl-4-Methylpyridinium 

thiocyanate, 98%, Io-Li-Tec. 

MW:208.32 g.mol
-1
 

MeBuPy[SCN]MeBuPy[SCN]MeBuPy[SCN]MeBuPy[SCN]    

SCNSCNSCNSCN    

N S

-

    

N +

 

1-Butyl -1-Methylpyrrolidinium 

thiocyanate. 99%  Io-Li-Tec.   

MW:  200.34. g.mol
-1
 

MeBuPyrr[SCN]MeBuPyrr[SCN]MeBuPyrr[SCN]MeBuPyrr[SCN]    

  

Table 2-1 continues in the next page 
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Continuation Table 2-1: 

 
StructureStructureStructureStructure    

AnionAnionAnionAnion    CationCationCationCation    
Ionic LiquidIonic LiquidIonic LiquidIonic Liquid    AcronymAcronymAcronymAcronym    

NN +
 

1-Butyl-3-methylimidazolium 

methylsulfate, >95%, Fluka. 

MW: 250.32 g.mol-1 

bmim[MeSObmim[MeSObmim[MeSObmim[MeSO4444 ]]]]    
MeSOMeSOMeSOMeSO4444    

S

O
O CH3

O

O

-

    

    
N+

 

N-Butyl-3-Methylpyridinium 

methylsulfate, Merck.  

MW: 261.34 g.mol-1     

MeBuPy[MeSOMeBuPy[MeSOMeBuPy[MeSOMeBuPy[MeSO4444]]]]    

TFATFATFATFA    

F
F

FO

O

-

    

N +

 

1-Butyl-1-
Methylpyrrolidinium 
trifluoroacetate.  Merck. 

MW: 255.28. g.mol
-1
 

MeBuPyrr[TFA]MeBuPyrr[TFA]MeBuPyrr[TFA]MeBuPyrr[TFA]    

  

    

2.2.2  Density Measurements2.2.2  Density Measurements2.2.2  Density Measurements2.2.2  Density Measurements    

The density of all ionic liquids was measured at atmospheric pressure using a 

densimeter Anton Paar DMA 5000 with a repeatability 1x10-6 g.cm-3 and 0.001 °C.   

The reported measurements are the values corrected by the equipment for liquids 

with a viscosity lower than 700 mPa.s.  With exception of the density measurements 

of omim[BF4] at temperature lower than 283 K,  where the value  of density  reported 

with the correction  for  liquids with a viscosity  larger than 500 mPa.s was used.  

The viscosity of omim[BF4] at 283 K was measured to be around 900 mPa.s.   

Previous to the density measurement, the RTILs were placed overnight in a vacuum 

rotary evaporator, at 373 K and 0.02 bar, to reduce the content of water and other 

volatile compounds that may be present in the RTIL samples.  

The time needed for each ionic liquid to be placed in the vacuum rotary evaporator 

was based on a practical criterion, which ensures a minimum amount of water 

present in the sample.  Once the sample was placed in the density meter cell, if an 

amount of water and volatiles were still in the ionic liquid, the presence of bubbles 

was observed when the temperature of the cell was increased at temperatures 

higher than 343 K.  The selected drying time for all the ionic liquids corresponds to 

the time needed for the sample of  bmim[MeSO4], which is a very hygroscopic liquid 

and was kept the longest time in the rotary evaporator.  After 10 hours in the rotary 
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evaporator, the bmim[MeSO4] did not exhibit any bubbles once placed in the density 

meter cell. A Karl Fisher analysis was performed to determine the water content of 

the dried bmim[BF4].  The dried bmim[BF4] contained 110 ppm of water.  It was 

decided to maintain this procedure and, consequently, to keep all the liquids for a 

period of at least 15 hours (overnight) in the rotary evaporator.    

The cell of the density–meter was extensively cleaned and dried before each of the 

liquids was introduced. The density meter was calibrated for the whole 

measurement temperature range with a high purity water standard provided by 

Anton Paar.  Each density measurement was replicated three times and the 

standard deviation (SD) was smaller than 2.0·10-5 g.cm-3 and 0.01 °C.   

    

2.2.3 Viscosity Measurements2.2.3 Viscosity Measurements2.2.3 Viscosity Measurements2.2.3 Viscosity Measurements    

The viscosities of the ionic liquids were measured at atmospheric pressure using an 

Ubbelohde viscometer placed in a heated water bath.   The liquid samples used 

here are the same that were prepared for the determination of the density.  In 

addition to the earlier sample preparation, each liquid was previously kept in the 

rotary evaporator for a minimum of 4 hours, brought to the desired temperature and 

then placed into the viscometer.  The set up was previously flushed with argon gas 

to remove any traces of water in the system. The time was measured using a digital 

stopwatch with precision of 0.001 min and each viscosity point was measured at 

least three times with an average SD of  0.52  mPa.s and 0.1 °C. 

 

2.2.4 Surface Tension2.2.4 Surface Tension2.2.4 Surface Tension2.2.4 Surface Tension    

The surface tension values were obtained using the ring method, with a Kruss K11 

tensiometer.  A minimum of three readings with a SD lower than 0.3 mN.m-1 were 

evaluated at each temperature. Traces of water and volatiles from the purchased 

liquids were removed in a rotary evaporator overnight at 373 K.  To eliminate water 

and volatiles that may well contaminate the liquid sample while carrying out the 

surface tension measurements, the tested samples were again placed in the rotary 

evaporator for at least 4 hours between each individual measurement.  After that, 

the sample remained in the rotary evaporator and the temperature was set to that 

desired for the measurement of the surface tension.  Meanwhile, the temperature of 

the water bath connected to the tensiometer was brought to the measurement 

temperature and kept constant (±0.1 °C) for 2 hours.  The ionic liquid sample was 

removed from the rotary evaporator and placed into the glass container in the 
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tensiometer. The temperature of the liquid was left to stabilize and then the 

measurement was carried out.  This procedure was repeated for each surface 

tension determination and each liquid sample.  Once the process for measuring 

each surface tension was completed, the temperature at the surface of the liquid 

was measured using a digital thermometer with accuracy of 0.01 °C.    

The humidity of the air can affect the surface tension measurements, especially for 

the hygroscopic ones.  The water content of the ionic liquids equilibrates with that of 

the surrounding air.  If a sample is gaining water, the surface tension at the same 

temperature measured with an interval of time is different.  To ensure that the water 

removed at vacuum was not gained again during the measurement, the time allowed 

for the stabilization of the temperature, once the sample was placed in the 

tensiometer, should be a short as possible.  When either temperature or water 

content at the surface were slightly changing with time, the measured surface 

tension was unstable and changed up to 2 mN.m-1 in a period of 15 minutes.  To 

ensure that the liquid surface was stable the largest variation allowed between two 

measurements taken 15 minutes apart at the same temperature was 0.3 mN.m-1. In 

total for each temperature determination a minimum of three readings was taken 

with and SD lower than 0.3 mN.m-1.  In the determination of the surface tension of 

omim[BF4] and due to its manifest hygroscopicity, the inner space limited by the 

tensiometer doors was filled with nitrogen gas after the liquid sample was poured in 

the glass vessel and before the procedure for measuring the surface tension started 

to reduce the water content in the vicinity of the liquid surface. 

 

2.3 Resul2.3 Resul2.3 Resul2.3 Results and Discussionts and Discussionts and Discussionts and Discussion    

2.3.1 Density  2.3.1 Density  2.3.1 Density  2.3.1 Density      

The measured densities of the studied RTILs are given in Figures 2-1 to 2-5 and 

Appendix A.  SD of the density data is smaller than 2.0·10-5 g.cm-3.   The density 

measurements are used to calculate the molar volume (Vm) of the RTILs at each 

measured temperature according to equation [2.1], with MWRTIL as the molecular 

weight of each ionic liquid. The calculated molar volumes in cm3.mol-1 are presented 

in appendix A. 

ρ

RTIL
m

MW
V =        [2.1] 
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The density of all measured RTILs decreases when temperature was increased.  

The measured densities were linearly fitted as a function of temperature according 

to equation [2.2], with a correlation coefficient   R2 >0.999.  The coefficients A and B 

of the equation [2.2] are presented in Table 2-2, for each ionic liquid. 

BTA +×=ρ       [2.2] 

Table 2-2: Coefficients for RTILs density (g.cm-3) as function of temperature in 

equation [2.2] 

Ionic liquidIonic liquidIonic liquidIonic liquid    A x 10A x 10A x 10A x 104444        B  B  B  B      RRRR
2222    Range T / KRange T / KRange T / KRange T / K    

H-mim[BF4] -8.0465 1.6238 0.99992 293-363 

bmim[BF4]  -7.0925 1.4135 0.99998 283-363 

omim[BF4] -6.6670 1.3026 0.99992 283-363 

MeBuPy[BF4] -6.7560 1.3909 0.99992 293-363 

bmim[DCA]  -6.2110 1.2438 0.99998 293-363 

MeBuPy[DCA] -5.9211 1.2251 0.99993 293-363 

MeBuPyrr[DCA] -5.9608 1.2932 0.99985 293-363 

bmim[SCN] -5.7964 1.2426 0.99995 293-363 

MeBuPy[SCN] -5.5941 1.2283 0.99997 293-363 

MeBuPyrr[SCN] -5.2067 1.1854 0.99998 293-363 

bmim[MeSO4] -6.4998 1.4006 0.99998 293-363 

MeBuPy[MeSO4] -6.5315 1.4074 0.99996 293-363 

MeBuPyrr[TFA] -6.8565 1.3766 0.99997 293-363 

 

The measured density data compare well with available literature values, as it is 

demonstrated in Figure 2-1.  From the presented data, only density values for 

bmim[BF4], omim[BF4], bmim[DCA] and bmim[MeSO4] are available in literature. The 

measured density values of bmim[BF4] and omim[BF4] are in average  respectively 

0.09 % and 0.11 % higher than the ones reported by Gardas et al.13 The density 
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measurements for bmim[DCA] are about 0.3% lower than the ones given by  

Fredlake et al.14  On the other hand, the measured density of bmim[MeSO4] is about 

0.27 % lower compared to the density at two temperatures reported by  Fernández 

et al.21  The small variation between our measurements with other reported values 

may be attributed to minor differences in water content and purity of the samples.15 

    

2.3.2 Effect of anion and cation variation on the RTIL density 2.3.2 Effect of anion and cation variation on the RTIL density 2.3.2 Effect of anion and cation variation on the RTIL density 2.3.2 Effect of anion and cation variation on the RTIL density     

AnionAnionAnionAnion    

The effect of the different anions on the liquid density when combined with 

imidazolium and pyridinium cations is plotted in Figures 2-1 and 2-2. The ionic 

liquids have a disubstituted cation with a methyl and a butyl alkyl chain appended.   
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Figure 2-1:  Temperature effect on the density (ρ) of imidazolium-based RTILs at 1  
bar.   Experimental points:  (�) bmim[MeSO4],  (�) bmim[BF4], (�) bmim[SCN] and 
(�) bmim[DCA].  Comparison to density data found in available litterature:  Dotted 
line and (�):  bmim[BF4] Gardas et al.

13;   Dashed line and (�): bmim[DCA] by 
Fredlake et al.14;  (�) bmim[MeSO4] by Fernández et al.

21 
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Figure 2-2: Temperature effect on the density (ρ) of pyridinium-based RTILs at 1 
bar. Experimental points:  (�) MeBuPy[MeSO4], (�) MeBuPy[BF4], (�) 
MeBuPy[SCN] and (�) MeBuPy[DCA].    

 

The densities of imidazolium and pyridinium-based ionic liquids are highest when 

paired with the methylsulfate anion, closely followed by tetrafluoroborate and then 

by the thiocyanate anion. The lowest densities are observed when paired with the 

dicyanamide anion.  

The density of ionic liquids with an imidazolium cation increases with increasing 

molecular weight of the anion.14 The molecular weight of the anions increases as: 

SCN<DCA<BF4<MeSO4<TFA.   However, for both imidazolium and pyridinium 

cations, the density of the ionic liquids with thiocyanate as anion is higher than that 

of the ionic liquids with dicyanamide anion.  Similar behaviour was observed by 

Gardas et all.13 for imidazolium cations, where the increase of the liquid density 

does not directly correspond to a rise in the molecular weight of the anion.    This 

can be explained by the stronger localized charge in the thiocyanate anion than in 

the dicyanamide (two cyanide groups), which gives the possibility of a stronger ion 

pairing with the pyridinium and imidazolium cation resulting in a higher density. 
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CationCationCationCation  

The influence of the cation on the ionic liquid density is shown in Figures 2-3 and 2-

4, for liquids with dicyanamide and thiocyanate as anion. 
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Figure 2-3: Temperature effect on the density (ρ) of RTILs with DCA anion at 1 bar. 
(�) MeBuPyrr[DCA], (�) bmim[DCA] and (�) MeBuPy[DCA]. 
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Figure 2-4:  Temperature effect on the density (ρ) of RTILs with SCN anion at 1 bar. 
(�) bmim[SCN], (�) MeBuPy[SCN] and (�) MeBuPyrr[SCN]. 
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The influence of the cation on the density of the RTILs is less obvious compared to 

that provided by the nature of the anion.  The density of the ionic liquid with same 

anion does not vary following any common cationic order.  In case of the ionic 

liquids with dicyanamide as anion, the density of the liquid decreases in the order: 

pyrrolidinium> imidazolium> pyridinium, see Figure 2-3.  As shown in Figure 2-4, 

when thiocyanate is the anion, the liquid density decreases as imidazolium > 

pyridinium > pyrrolidinium.  Tokuda et al.22 found for ionic liquids with the 

bis(trifluoromethane sulfonyl)imide anion that density increases as follows:  

pyrrolidinium<imidazolium<pyridinium.  Most likely, the effect of the cation on the 

density is linked to the kind of atomic associations that a given cation exerts on the 

counter anion.  

In general, for the studied liquids with dicyanamide and thiocyanate as anion, the 

density of the imidazolium-based ionic liquids is higher than that of the liquids 

containing pyridinium.  The density of the dicyanamide anion paired with 

pyrrolidinium is higher than that when paired with imidazolium and pyridinium.  On 

the other hand, the density of the thiocyanate combined with pyrrolidinium is lower 

than when it was coupled with imidazolium and pyridinium cations.  A possible 

explanation would be the different type of possible associations that are taking place 

between each one of those two anions and the pyrrolidinium cation.  The 

pyrrolidinium cation is a saturated ring, while imidazolium and pyridinium are 

unsaturated rings. It is expected that the association between a particular anion and 

saturated ring cation will be unlike than when paired with an unsaturated ring cation. 

The differences in the cation produce changes in the interactive forces, from the 

geometrical shape of the ion, steric hindrance, and acidity of the individual 

interacting sites.22  Studies of the conformational structure of imidazolium and 

pyrrolidinium based ionic liquids suggested that conformational change can mainly 

occur at the pyrrolidinium ring and not in the imidazolium ring.  In the imidazolium 

cation the conformers are confined to the appended chain.23,24  Evidence of the 

differences in the structural behaviour of the imidazolium type and pyrrolidinium type 

may suggest that those cation structures will interact in a different way with a similar 

anion. 

The effect of the length of the alkyl-chain of the imidazolium cation is plotted in 

Figure 2-5.  As expected,13,26 independent of the anion the density decreases when 

the alkyl chain length on the imidazolium cation increases.  The positive change in 

the molar volume by the addition of two –CH2 groups is in average 33.8 ± 0.5 

cm3.mol-1, and that agrees with the value calculated by Gardas et al.13 (33.88 ±0.01 

cm3.mol-1 ), Gomez de Azevedo26 (34.56 cm3.mol-1) and Esperança et al.25 (34.4 

±0.5 cm3.mol-1). 
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Figure 2-5: Temperature and alkyl length effect on the density (ρ) of the R-mim[BF4] 
liquids. (�) H-mim[BF4], (�) bmim[BF4]and (�) omim[BF4]. 

 

 

2.3.32.3.32.3.32.3.3 Thermal expansion of the RTILsThermal expansion of the RTILsThermal expansion of the RTILsThermal expansion of the RTILs    

The thermal expansion evaluates the changes of the liquid volume with temperature. 

The coefficient of volume expansion at constant pressure or volume expansivity (αp) 

is expressed in equation [2.3].  

PT

V

PTp 








∂
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=









∂

∂
−=

lnln ρ
α      [2.3] 

Where V stands for volume, T for temperature and P for pressure.  Other studies13,27 

have found a small variation of the volumetric expansion of the RTILs with 

temperature.  Ambient density measurements show that RTILs have less expansion 

and are less compressible than regular organic solvents.  Besides, RTILs with 

longer alkyl chain are more compressible.28  Given the small variation of the αp with 

temperature13 and simply for a straightforward comparison purpose, it is assumed 

that αp is constant.
25  The function of ln ρ=f(T) is linear then  ln V= f(T) is also linear 

and  αp is a temperature-independent constant.  The estimated isobaric volume 
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expansivity (αp) constants obtained when plotting ln ρ versus temperature, equation 

[2.3], are presented in the Table 2-3. 

 

Table 2-3:   RTILs Thermal Expansion  αp  /10
-4 K-1 

Anion Anion Anion Anion     

    

CationCationCationCation 

BFBFBFBF4444    

86.8 g.mol
-1
 

DCADCADCADCA    

66.0 g.mol
-1
    

SCNSCNSCNSCN    

58.1 g.mol
-1
    

MeSOMeSOMeSOMeSO4444    

111. g.mol
-1
    

TFATFATFATFA    

113 g.mol
-1
    

omim 6.124±0.001     

bmim 6.006±0.001 5.973±0.001 5.508±0.001 5.474±0.001  

H-mim 5.920±0.001     

MeBuPy 5.798±0.002 5.744±0.001 5.355±0.001 5.471±0.020  

MeBuPyrr  5.430±0.002 5.132±0.001  5.954±0.003 

 
 

The thermal expansion coefficient of the measured RTILs varies between 5·10-4 K-1 

and 6.2·10-4 K-1, which is lower than that of the traditional solvents (pyridine 10.7·10-4 

K-1and butanol 11.07·10-4 K-1).29  For the alkyl-imidazolium tetrafluoroborate liquids, 

the αp decreases as the length of the substitute chain decreases.  Additionally, when 

comparing the ionic liquids with the same anion and with a butyl and methyl-alkyl 

chains appended to the cation the αp increases: bmim>MeBuPy>MeBuPyrr, as the 

number of hydrogen atoms in the cation ring decreases.  However, a significant 

difference of αp between the two ionic liquids with MeSO4 as anion is not observed.  

Looking at the series of liquids with the same cation, αp is generally higher when 

paired to lower molecular weight anions, with exception of the pyrrolidinium paired 

with trifluoroacetate.   
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2.3.4. Viscosity2.3.4. Viscosity2.3.4. Viscosity2.3.4. Viscosity    

The measured viscosities are presented in Figure 2-6 and Appendix B.  The 

viscosity of bmim[BF4], omim[BF4], bmim[DCA], MeBuPy[BF4] and MeBuPy[DCA] 

decreases rapidly when the temperature is increased as shown in Figure 2-6.  The 

viscosity measurements of bmim[BF4] were in average 11% below those reported by 

Seddon et al.15 and 18% higher than those reported by Okoturo and Van der Noot.30  

The measured viscosity of bmim[DCA] is  slightly higher (3 %) than that reported by 

Yoshida et al.20  The small differences in physical properties can be attributed to a 

diverse range of the purity of the samples, water content and method of 

determination.15,26,27,31 
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Figure 2-6: Viscosity (η) of RTILs as a function of temperature (1/T).  Points 
represent the experimental measurements: (�) omim[BF4],  (�) MeBuPy[BF4],     
(�) bmim[BF4], (�) MeBuPy[DCA] and (�) bmim[DCA] Lines:  Temperature 
dependence of viscosity fitted using Arrhenius relation, equation [2.4]. 

 

The temperature dependence of the viscosity for non-associating electrolytes can be 

described either by the Arrhenius equation [2.4], or due to the glass forming 

behaviour of the ionic liquids by a Vogel-Fulcher-Tamman (VFT) expression, 

equation [2.5]. 
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In the Arrhenius relation, the activation energy for viscous flow (Eη) gives an 

estimation of the level of energy needed by the ions to move freely inside the ionic 

liquid.  The viscosity at infinite temperature (η∞) is an indication of the extent of the 

effect from the constitutive ion structure on the viscosity of the ILs.  In the Vogel-

Fulcher-Tamman (VFT), A’, B’ and To, are constants.  The sensitivity analysis of the 

data shows that from the three fitting parameters of the equation [2.5], the viscosity 

fit is more sensitive to any variation of A’.  Table 2-4 lists the determined the Eη, η∞, 

STD between the measured viscosities and those obtained using the Arrhenius 

equation and the best fit parameters for the VFT relation. 

 

Table 2-4:  Activation energy and infinite viscosity from equation [2.4] and best fit 
parameters for VFT equation [2.5].  

Arrhenius RelationArrhenius RelationArrhenius RelationArrhenius Relation    VogelVogelVogelVogel----FulcherFulcherFulcherFulcher----Tamman (VFT) Tamman (VFT) Tamman (VFT) Tamman (VFT)     
CorrelationCorrelationCorrelationCorrelation    

    

    

RTILRTILRTILRTIL    

    

EEEEηηηη x10 x10 x10 x10 ----3333    

J molJ molJ molJ mol----1111    

    

ηηηη∞∞∞∞  x10  x10  x10  x108888    

Pa.s Pa.s Pa.s Pa.s     

    

RRRR
2222    

    

STDSTDSTDSTD    x10x10x10x10
3333    

Pa.sPa.sPa.sPa.s    

    

AAAA’ x10’ x10’ x10’ x103333    

PaPaPaPa....ssss    

    

BBBB’’’’    

KKKK    

    

TTTT oooo    

KKKK    

    

RRRR
2222    

    

STDSTDSTDSTD    x10x10x10x10
3333    

Pa.sPa.sPa.sPa.s    

bbbbmim[BFmim[BFmim[BFmim[BF4444]]]]    

omim[BFomim[BFomim[BFomim[BF4444]]]]    

MeBuPy[BFMeBuPy[BFMeBuPy[BFMeBuPy[BF4444]]]]    

33.36 

40.05 

41.28 

15.170 

3.212 

1.124 

0.993 

0.996 

0.994 

11.04 

36.74 

7.05 

0.07601 

0.02814 

0.07246 

1000.0 

1440.0 

905.3 

159.6 

144.2 

184.3 

0.999 

0.999 

0.997 

0.66 

1.68 

3.80 

bbbbmim[DCA]mim[DCA]mim[DCA]mim[DCA]    

MeBuPy[DCA]MeBuPy[DCA]MeBuPy[DCA]MeBuPy[DCA]    

28.01 

26.63 

35.500 

73.200 

0.998 

0.998 

0.63 

0.60 

0.05417 

0.21520 

1000.0 

590.8 

138.0 

182.2 

0.999 

0.999 

0.76 

0.14 

 

The Arrhenius fit provides a better estimation of the viscosity of dicyanamide based 

ionic liquids, than that of liquids with tetrafluoroborate anion, particularly at low 

temperatures. 

The viscosity and activation energy of the ionic liquids with dicyanamide as anion is 

lower than that of the liquids with tetrafluoroborate anion, see Figure 2-6.  The 

measured viscosities were higher for the liquids with pyridinium cation than the one 
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obtained for the imidazolium-based liquids.  As expected,31 the increase of the 

length of the substituted alkyl-chain in the imidazolium cation, from butyl to octyl, 

when paired with tetrafluoroborate produces an increase in the viscosity (Figure 2-

6).  A large viscosity can be attributed to an increase in Van der Waals forces over 

hydrogen bonding.31  

    

2.3.5 Surface Tension2.3.5 Surface Tension2.3.5 Surface Tension2.3.5 Surface Tension  

The measured surface tension data are reported in Appendix C and plotted further in 

this chapter in Figures 2-7 to 2-9.  The selected RTILs have a surface tension lower 

than that of water (72.7 mN.m-1 at 293 K)32,33 and  larger than most of the common 

organic solvents (acetone  23.7 x10-3 N.m-1 and methanol 22.6 mN.m-1 at 293 K).32 

As observed before,1819,34 the surface tension of the measured RTILs decreases with 

a rise in temperature, see Figures 2-7 to 2-9.  Through the whole range of measured 

temperatures by far the largest surface tension is found for MeBuPyrr[DCA] and the 

lower figures were obtained with MeBuPyrr[TFA]. The surface tension 

measurements for bmim[BF4] and omim[BF4] are just about 0.5% and 2%, 

respectively,  below than those reported by  Freire et al.16 

 

2.3.6 Surf2.3.6 Surf2.3.6 Surf2.3.6 Surface thermodynamic functionsace thermodynamic functionsace thermodynamic functionsace thermodynamic functions    

The surface excess enthalpy (HA) and surface excess entropy (So) can be estimated 

based on the measured surface tension at atmospheric pressure. The surface 

thermodynamic functions are derived from the temperature dependence of the 

surface tension measurements,36,37  according to equations 2.6 and 2.7. 

o
A

STH ⋅−=γ       [2.6] 
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       [2.7] 

The surface excess entropy and the calculated enthalpy are presented in Table 2-5. 

The surface entropies of the RTILs are low, which gives an indication of the high 

level of organization of the ionic liquids structure.   The estimated surface entropies 

of ethanol, water, benzene and pyridine are 0.086 erg.cm-2.K-1, 0.138 erg.cm-2.K-1, 

0.13 erg.cm-2.K-1 and 0.1369 erg.cm-2.K-1, respectively. 29,35 
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Table 2-5: Surface excess entropy (So) and estimated surface enthalpy (H
A) at 303 

K 

RTILRTILRTILRTIL    
SSSSoooo    //// 







∂

∂
−

T
γ

    x 10x 10x 10x 10
----3333    

J.mJ.mJ.mJ.m
----2222.K.K.K.K

----1111    

HHHH    
AAAA
    x 10x 10x 10x 10

----3333    

J.mJ.mJ.mJ.m
----2222    

bmim[BF4]  0.0593±0.003 61.80 ±0.04 

Omim[BF4] 0.0581±0.003 49.67 ±0.09 

MeBuPy[BF4] 0.0607±0.008 63.10 ±0.01 

bmim[DCA]  0.0775±0.003 71.88 ±0.28 

MeBuPy[DCA] 0.1181±0.012 78.10  ±0.03 

MeBuPyrr[DCA] 0.0897±0.004 82.84  ±0.20 

bmim[SCN] 0.2023±0.010 106.11  ±1.53 

MeBuPy[SCN] 0.2219±0.022 114.92  ±0.12 

MeBuPyrr[SCN] 0.0995±0.015 79.41  ±0.77 

bmim[MeSO4] 0.0874±0.004 69.36  ±0.25 

MeBuPyrr[TFA] 0.0370±0.002 46.31  ±0.28 

 

 

2.3.7 Effect of anion and cation on the RTILs surface tension2.3.7 Effect of anion and cation on the RTILs surface tension2.3.7 Effect of anion and cation on the RTILs surface tension2.3.7 Effect of anion and cation on the RTILs surface tension    

Anion  Anion  Anion  Anion    

The surface tension corresponds to the part of the molecule that is present at the 

interface.16,19,35,37  Both anion and cation are present at the liquid surface and should, 

therefore, both contribute to the surface free energy.16,17,19  Freire et al.16 proposed 

that mostly energetic interactions determine the surface tension, as the rise in the 

anion size and the rising of the diffuse nature of the anion negative charge lead to a 

more delocalized charge and, consequently, to a decrease on the ability to hydrogen 

bonding.  However, contrary as stated by Freire, an increase in the anion size in the 

obtained results was not directly associated with a reduction in the surface tension.  
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At higher temperatures, the surface tension of the imidazolium-based ionic liquids 

increases as follows:  SCN < MeSO4< BF4< DCA.  For the pyridinium based liquids, 

the surface tension of the tetrafluoroborate anion is higher than that those of the 

liquid with dicyanamide anion, for the whole range of temperature, see Figures 2-7 

and 2-8.  Within the ionic liquids with imidazolium and pyridinium as cation, the 

highest entropy  was calculated for the liquids having thiocyanate as anion and the 

lowest entropy was presented by the liquids in which the anion was 

tetrafluoroborate. 

The surface tension of the ionic liquid with pyrrolidinium as cation increases 

following the anion order: TFA < SCN < DCA.  Likewise, for the pyrrolidinium-

containing group, the highest entropy was exhibited by the liquids with thiocyanate 

as anion and the smallest surface excess entropy is observed in the liquid paired 

with trifluoroacetate. The surface tension increases as the molar volume of the 

liquids with pyrrolidinium cation decreases.   

The highest surface energy (enthalpy) was observed for the liquids with thiocyanate 

as anion and the lowest for the liquids with fluorine containing anions. As well as 

observed by Law et al.19 and proposed by Freire et al.,16 the liquids containing 

fluorinate ions, such as trifluoroacetate,  show a low surface tension.  The surface 

tensions of the liquids with imidazolium, pyridinium and pyrrolidinium cations and 

thiocyanate as anion are more dispersed and exhibited the biggest change with 

temperature, see Figure 2-9.  

 

CationCationCationCation    

Figure 2-7 shows that the surface tension of the MeBuPy[BF4] is slightly higher than 

that of bmim[BF4]. Besides, the increment on the length of the alkyl chain of the 

imidazolium cation produces a reduction on the surface tension.  The rise in the 

surface tension coincides with the decrease of the molar volume of the alkyl- 

imidazolium tetrafluoroborate liquids.  The increase in size of the molecule leads to 

an increase of the Van der Waals forces16,19 and it will also contribute to the 

dispersion of the ion charge and,  therefore, to reduction on the hydrogen bond 

strength.16  The surface enthalpy decreases when butyl is replaced with an octyl 

chain. 
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Figure 2-7:  Cation effect on BF4-based RTILs surface tension (γ).  Experimental 
points:  (�) MeBuPy[BF4], (�) bmim[BF4] and (�) omim[BF4].  Lines plotted as a 
view aid. 
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Figure 2-8:  Cation effect on DCA -based RTILs surface tension (γ).  Experimental 
points:  (�) MeBuPyrr[DCA],  (�) bmim[DCA] and (�) MeBuPy[DCA].  Lines plotted 
as a view aid. 
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Figure 2-9: Cation effect on SCN-based RTILs surface tension (γ).  Experimental 
points:  (�) bmim[SCN], (����) MeBuPy[SCN] and (�) MeBuPyrr[SCN].  Lines plotted 
as a view aid. 

 

For the ionic liquids with dicyanamide as anion the surface tension decreases as 

MeBuPyrr > bmim > MeBuPy, Figure 2-8.   When thiocyanate is the anion, the 

surface tension decreases in the order: Pyrr > Py > bmim.  For the series of ionic 

liquids that have a similar anion, those paired with pyridiniun exhibited the highest 

entropy.  For some of the imidazolium type ionic liquids, the surface properties are 

influenced by the surface orientation and structure of the cation, Law et al. 19  

    

2.4 Conclusions2.4 Conclusions2.4 Conclusions2.4 Conclusions    

Experimental density, viscosity and surface tension data for 13 ionic liquids are 

reported. The density measurements of RTILs were used to estimate molar volumes 

and thermal expansion coefficients.  Either an Arrhenius type or a VTF fit provide a 

good correlation of the viscosity of the ionic liquids.  The VTF correlation is more 

accurate for the viscosity of the ionic liquids with longer alkyl chains than the 

Arrhenius expression.  The surface thermodynamic properties of excess energy (HA) 

and entropy (So) were estimated from the measured surface tensions data sets. 
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The relatively high viscosity of the ionic liquids is related to difficult mass transfer 

and results in a limitation for their use as solvents. Nevertheless, a temperature 

increment may well overcome this aspect by decreasing the viscosity significantly.   

The density and surface tension of the RTILs possibly will be favourable for phase 

separation in extraction processes.   From the experimental results, it is evident that 

the properties of the RTILs are dependent of their forming cation and anion. Not only 

the nature of the forming ions is relevant in the definition of the properties but also 

the sort and concurrent possible interactions between anion and cation structures 

are partly shaping the ionic liquid properties.    The properties of RTILs can be 

tailored by either choosing the forming ions or by variation in the structure of the 

ions.   

 

Nomenclature listNomenclature listNomenclature listNomenclature list    

A First coefficient eq. [2.2]  [K-1] 

A’ Constant VFT eq. [2.4]  [Pa.s] 

B Second coefficient eq. [2.2] [g.cm-3] 

B’ Constant VFT eq.[2.4]  [K] 

Eη Activation energy.  [J.mol-1] 

HA Surface excess enthalpy.  [J.m-2] 

P Pressure.   [bar] 

R Gas constant   [J.mol-1.K-1] 

So Surface excess entropy.  [J.m-2.K-1] 

T Temperature   [K] 

To Constant VFT eq. [2.4]  [K] 

V Volume    [cm-3] 

Vm Molar volume   [cm3.mol-1] 

αp Coefficient of volume expansion. [K-1] 

ρ Density.    [g.cm-3] 

η Viscosity.   [Pa.s] 

η∞ Viscosity at infinite temperature [Pa.s] 

γ Surface tension.   [N.m-1] or  [J.m-2] 
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Gas Solubility into standard RTILsGas Solubility into standard RTILsGas Solubility into standard RTILsGas Solubility into standard RTILs    
        

AbstractAbstractAbstractAbstract    

 
The solubility of carbon dioxide (CO2), methane (CH4), ethylene (C2H4) and ethane 

(C2H6) into different ionic liquids is presented.  The ionic liquids were formed by 

imidazolium, pyridinium or pyrrolinium as cation paired with any of the following 

anions: tetrafluoroborate (BF4), hexafluorophosphate (PF6), dicyanamide (DCA), 

thiocyanate(SCN), methylsulfate (MeSO4), bis(trifluoromethylsulfonyl)imide (NTf2) 

and trifluoroacetate (TFA). The gas solubilities were experimentally measured using 

a static method with a gravimetric balance IGA-003 at pressures lower than 20 bar 

and at temperatures between 298 K and 333 K.   

 

The obtained absorption isotherms are used to study the influence of the anion and 

cation of the ionic liquid on the gas solubility. The measured data were used to 

estimate the Henry constant at infinite dilution.  Besides, the partial derivatives of 

molar enthalpy and entropy of gas absorption are calculated. The absorption 

isotherms suggest that gas solubility in the ionic liquids is mostly influenced by the 

nature of the anion. The size of the cation influences the volumetric capacity of the 

liquid. Similar to the traditional physical solvents, the gas solubility into the standard 

RTILs increases with an increment in pressure and decreases with increasing 

temperature.  For all studied RTILs, the most soluble gas was CO2 followed by C2H4, 

C2H6 and CH4.  Based on the single gas absorption, the molar selectivity of the 

CO2/CH4 and C2H4/C2H6 separations is higher than 10 and 1.5 respectively.  The 

molar enthalpies of absorption of the tested gases in the standard ionic liquids 

varied from -10 kJ·mol-1 to -18 kJ·mol-1 which are comparable to those of the 

physical solvents used for absorption. 
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3.1 Int3.1 Int3.1 Int3.1 Introductionroductionroductionroduction    

 

Improvement of gas absorption processes requires the development of solvents that 

contribute to the process economy as well as production sustainability by lowering 

the solvent inventory and reducing the discharges of volatile chemicals to the 

atmosphere.  Initially, ionic liquids appeared as new attractive solvents because of 

their almost zero volatility, which amongst other remarkable properties, make them 

suitable solvents for energy-efficient gas separations including further solvent 

regeneration.1-3  Additionally, a large part of the potential use of ionic liquids as 

solvents originates from their “designer character” being the ability to achieve a 

desired property by selecting the appropriate anion and cation pair.1  This character 

enables the design of a solvent that satisfies the requirements of a given absorption 

process. 

 

Any attempt to design an industrial gas absorption process using an ionic liquid as 

solvent requires the physical and chemical characterization of the solvent, gas 

solubility data and knowledge of the energy demands of the process in terms of 

absorption enthalpies. The targeted separations of this research are the removal of 

CO2 from CH4 containing streams and the separation of olefins from paraffins. The 

olefin and paraffin gas selected for this study are ethylene and ethane, respectively. 

 

Due to the potential use of ionic liquids as absorption solvents, the solubility of 

gases in many ionic liquids has been a growing field of research.  Table 3-1 

presents an overview of the data on the solubility of CO2, C2H4 C2H6 and CH4 into 

standard ionic liquids.  Solubility data of CO2 in different imidazolium based ionic 

liquids are the most often found in literature.   This is especially the case for 

bmim[BF4] and bmim[PF6], because those ionic liquids were among the first ones 

commercially available and because the existence of a previous data allows the 

validation of subsequent experimental procedures.     

 

The solubility of gases in ionic liquids increases when the pressure is increased and 

decreases with an increment in temperature.  CO2 exhibits the largest gas solubility 

and is followed by C2H4 >C2H6 >CH4.  The existing research indicates that gas 

solubility depends on the nature of both cation and anion and it is likely related with 

the molar volume.  
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Table 3-1:  Studies on the solubility of CO2, C2H4, C2H6 and CH4 in RTILs.    

GasGasGasGas    

RTILRTILRTILRTIL    

C
O
C
O
C
O
C
O
22 22
    

CC CC
22 22
HH HH
44 44
    

CC CC
22 22
HH HH
66 66
    

C
H
C
H
C
H
C
H
44 44
    

TTTT    

°°°°CCCC    

P P P P     

barbarbarbar    
ReferenceReferenceReferenceReference    

�  � � 10 -70 0.4-0.9 Jacquemin et al.4 

� � �  30,40 0.2-0.8 Camper et al.
5,6
 

� � � � 25,50 0.2-13 Anthony  et al.
7
 

�    10,25,50 0.2-13 Cadena et al.
8
 

�    25 5-6.7 Kim et al.
9
 

� � �  10, 25,50 0.5-13 Anthony et al.
10
 

�    10 -75 0.5-20 Shiflett  et al.
11
 

�    25 - 48 8-80 Zhang et al.
12
 

�    40,50,60 1-90 Blanchard  et al.
13
 

�    20 -122 1-90 Kumelan et al.
14
 

bmim[PF6] 

�    25,40, 60 5-146 Aki et al.
15
 

bmmim[PF6] �    10, 25,50 0.2-13 Cadena  et al.8 

promim[PF6] �    25 <1 Baltus et al.16 

hmim[PF6] �    25 3-9 Kim et al.9 

omim[PF6] �    40, 50, 60 1-90 Blanchard et al.13 

�    40,50,60 1-90 Blanchard  et al.13  
bmim[NO3] 

�    25, 40, 60 10-88 Aki et al.15 

emim[BF4] �    25 2.5-9 Kim et al.9 

�    30-70 0.2-0.8 Husson-Borg et al.17 

� � �  30, 40 0.2-0.8 Camper et al.
5,6
 

�  � � 10-70 0.4-0.9 Jacquemin et al.
18
 

�   � 25 0.2-13 Anthony et al.
19
 

�    10,25, 50 0.5-13 Anthony et al.
10
 

�    10, 25, 50 0.2-13 Cadena et al.
8
 

�    10-75 0.1-20 Shiflett  et al.
20
 

�    40,50, 60 1-90 Blanchard et al.
13
 

�    25,40, 60 12-85 Aki et al.
15
 

bmim[BF4] 

�    35-50 10-90 Chen et al.
20
 

Poly-bmim[BF4] �    22 0.8 Tang et al.21,22 

bmmim[BF4] �    10,25,50 0.2-13 Cadena et al.8 

�    25 3-9 Kim et al.9  
hmim[BF4] 

�    35-50 10-90 Chen et al.
20
 

�    40,50,60 1-90 Blanchard et al.13  
omim[BF4] 

�    35-50 10-90 Chen et al.
20
 

N-bupy[BF4] �    40,50,60 1-90 Blanchard et al.13 

  

 

Table 3-1 continues in the next page. 
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Continuation Table 3-1: 

GasGasGasGas    

RTILRTILRTILRTIL    

C
O
C
O
C
O
C
O
22 22
    

CC CC
22 22
HH HH
44 44
    

CC CC
22 22
HH HH
66 66
    

C
H
C
H
C
H
C
H
44 44
    

TTTT    

°°°°CCCC    

P P P P     

barbarbarbar    
ReferenceReferenceReferenceReference    

emim[DCA] � � �  30, 40 0.2-0.8 Camper et al.5,6 

bmim[DCA] �    25,40, 60 12-115 Aki et al.15 

emim[Et-SO4] �    40,50,60 1-90 Blanchard et al.13  

bmim[MeSO4] �    20-140 9-98 Kumelan et al.14 

P6,6,6,14[MeSO3] �    35-50 45-90 Zhang et al.23 

P6,6,6,14[C12H25PhSO3] �    35-50 45-90 Zhang et al.23 

� � �  30, 40 0.2-0.8 Camper et al.5,6 
bmim[TfO] 

�    25,40, 60 10-114 Aki et al.15 

� � �  30, 40 0.2-0.8 Camper et al.5,6 

�    10,25,50 0.2-13 Cadena et al.8 emim[NTf2] 

�    25 2-9 Kim et al.9  

emmim[NTf2] �    10,25,50 0.2-13 Cadena et al.8 

promim[NTf2] �    25 <1 Baltus et al.16 

�    25 <1 Baltus et al.16 

� � �  10,25, 50 0.1-13 Anthony et al.10 

�    6-67 3-20 Lee et al.24 
bmim[NTf2] 

�    25,40,60 11-130 Aki et al.15 

�    25 <1 Baltus et al.16 

�  �  10-70 0.7-0.9 Costa-Gomes et al.25 

�    25 1.6-8.5 Kim et al.9  
hmim[NTf2] 

�    25,40, 60 13-115 Aki et al.15 

hmmim[NTf2] �    25,40, 60 14-118 Aki et al.15 

�    25 <1 Baltus et al.16 
omim[NTf2] 

�    25,40, 60 13-114 Aki et al.15 

C8F13mim[NTf2] �    25 <1 Baltus et al.16 

1,4 C4-phenyl-im[NTf2] �    25 <1 Baltus  et al.16 

C4-phenyl-im[NTf2] �    25 <1 Baltus  et al.16 

MeBu3N[NTf2] �    25 0.1-13 Anthony et al.10 

MeBuPyrr[NTf2] �    10,25, 50 0.1-13 Anthony et al.10 

bmim[methide] �    25,40, 60 12-111 Aki et al.15 

iBu3MeP[TOS] �    50 0.1-13 Anthony et al.10 

Thdp[Cl] � �   30 0.2-0.8 Camper et al.6 

[CH3]4Guanidinium[Lac] �    35-55 4-100 Zhang et al.12 

  
The enhanced solvent capacity of the ionic liquids originates from the incompatibility 

of the anion and cation caused by the short-range repulsion of their ionic shells.26 As 

a result of that, the solvent capacity of an ionic liquid increases when the forming 

ions are more incompatible.  Cadena et al.8 concluded that the anion has the biggest 
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impact on the CO2 solubility from a study with six imidazolium-based ionic liquids 

paired with [PF6], [BF4] and [NTf2].  CO2 is most soluble in liquids with fluorinated 

anions due to a weak Lewis acid-based complex formation, but also the free volume 

plays a role in the CO2 solubility.  

 

Anthony et al.10 measured the CO2 solubility in ionic liquids with the [NTf2] anion and 

imidazolium, tetraalkylammonium and pyrrolidinium cations. The solubility of CO2 

was highest in the liquid with the imidazolium cation followed by that in the 

pyrrolidinium containing ionic liquid and then the lowest with the 

tetraalkylammonium cation.  However, the differences in solubility are not 

considerably large and the solubility of CO2 in the liquids with [NTf2] anion is the 

largest if compared to other liquids with the [BF4], [PF6] and toluenesulfonate [TOS] 

anions. 

 

In general, the liquids with [NTf2] anion provided by far the highest CO2 

solubility.8,16,25  The high CO2 solubility associated with [NTf2] anion results from 

steric interactions. The relatively large [NTf2] anion weakens the cation-anion 

interaction resulting on a stronger interaction between the cation and CO2, leading to 

an increased CO2 solubility.   In the same way, the enlargement of the length of the 

appended chain decreases the strength of the ionic interaction between the 

imidazolium cation and the [NTf2] anion, which is at the end converted into an 

increment in the CO2 solubility.
15  CO2 is more soluble in ionic liquid with longer alkyl 

chains in the cation.20  Again, the highest CO2 solubility is obtained for the fluoroalkyl 

groups in the anion while the lowest is exhibited by liquids with anions without 

fluorinated groups, such as [NO3] and [DCA].
15 

 

The absorption isotherms of CO2, C3H6, C3H8, C4H8, C4H10 into bmim[NTf2] 

measured by Lee et al.24 showed that hydrocarbon gases with longer alkyl chains 

have a higher solubility and that alkenes are more soluble than alkanes. Camper5,6 

measured a wider selection of liquids and gases and found analogous results to 

Lee.  The olefin gases are more soluble in all the liquids than their correspondent 

paraffins. The longer the linear chain of the hydrocarbon is, the higher the gas 

solubility.   

 

The nature of the anion is acknowledged to account for the major contribution to the 

degree of affinity between the ionic liquid and the absorbed gas.15  However, the gas 

solubility in ionic liquids with imidazolium as cation are most often reported and only 

a few studies using ionic liquids with other possible common cations such as 

pyridinium13 and pyrrolidinium10 are available.  The solubility of CO2 in two ionic 

liquids formed by a phosphonium-based cation and a sulfonate anion was measured 

by Zhang et al.23  The studies of CO2 and CH4 solubility
12,27 and the selective 
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absorption28 of CO2/SO2 in 1,1,3,3-tetramethylguanidinium lactate (TMGL) are as 

well reported.  Bmim[BF4] was used as monomer by Tang et al.
21,22 to prepare ionic 

liquid polymers.  The poly-(ionic liquid) exhibited almost twice the CO2 capacity of 

bmim[BF4].   Apart from these studies, the gas solubility data from other existing 

ionic liquids that have common and available cations has not been presented yet.  

 

From the four gases of interest for this research, the solubility of CO2 in imidazolium 

based ionic liquids is so far the most studied and solubility data are the ready 

available while solubility data of C2H4, C2H6 and CH4 are hardly reported. The 

previous statement is clearly corroborated in Table 3-1. The highest gas 

capacity/solubility is associated with liquids with bis(trifluoromethylsulfonyl)imide 

([NTf2]) anion. Nevertheless, this is a relatively expensive anion and cheaper 

alternatives are required for the industrial application of ionic liquid solvents. 

Furthermore, to deepen the knowledge and understanding of the existing relation 

between the gas solubility and the liquid structure a larger and varied number of 

ionic liquid needs to be screened.  This chapter is aimed to study the solubility of 

CO2, C2H4, C2H6 and CH4 in an ample selection of ionic liquids.  The liquids are 

formed with either an imidazolium, pyridinium or pyrrolidinium cation.  The selection 

of anions includes thiocyanate ([SCN]) and trifluoroacetate ([TFA]), not reported for 

gas absorption before.  The other selected anions are methylsulphate ([MeSO4]), 

tetrafluoroborate ([BF4]), hexafluorophosphate ([PF6]) and dicyanamide ([DCA]).  

This chapter has also the purpose to identify whether the structure (either anion or 

cation) associated with a higher gas-liquid affinity is the same for the four studied 

gases.  Therefore, the influence of the anion and cation selection on the solubility of 

each of the four gases is studied.  A further objective is to verify which assumptions 

proposed until now for absorption in ionic liquids are also valid for the four gasses 

absorbed into the group of studied liquids with a larger variety of anions and cations. 

 

Measurement of the solubility of CO2, C2H4, C2H6 and CH4 at low temperature in 

bmim[BF4] and bmim[PF6] was carried out to validate the measurement method with 

existing data.  The isotherms determined at other temperatures for these two liquids 

were done merely to complete the absorption data at low pressure. Some of the 

measured CO2 absorption isotherms are also complementary to the existing 

information. Only data for CO2 absorption in bmim[MeSO4] at elevated pressures  

and  into emim[Tf2N]  at lower pressures were published.
6,8,9,14  The solubility of the 

studied gases into bmim[MeSO4]  and emim[NTf2] is presented here at pressures 

lower than 10 bar.  The absorption isotherms for CO2, C2H4, C2H6 and CH4, that were 

measured for the other ionic liquids provide new solubility information that has not 

been available until now for those liquids.  
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3333.2  Materials and Methods.2  Materials and Methods.2  Materials and Methods.2  Materials and Methods    

 
3.2.1  Materials 3.2.1  Materials 3.2.1  Materials 3.2.1  Materials     
 
The ionic liquids studied are presented in Table 3-2.  The liquids were purchased 

from commercial suppliers and used after drying, as explained in section 3.2.3.  

 

Carbon dioxide (CO2)   and ethane (C2H6) were obtained from Praxair.  The purity of 

CO2 was higher than 99.996 % and its water content lower than 10 ppmv. C2H6 had 

a purity of 99.99 % and a water content 5 < ppmv.  Methane (CH4)  and ethylene 

(C2H4) were purchased from Hoekloos.  CH4 had a purity >99.995 % and water 

content < 5 vpm.   The purity of C2H4 was > 99.9 %. 

 

Table 3-2:  Studied Ionic liquids. 
    

AcronymAcronymAcronymAcronym    
    

    

StructureStructureStructureStructure    
    

    

Ionic liquidIonic liquidIonic liquidIonic liquid    
    

emim[NTf2] 
NN +

N S

O

O

S
F

F
F

O

O

F
F

F

-

 

1-N-Ethyl-3-methylimidazolium 
bis(trifluoromethane sulfonil) 
imide,    Merck.  
MW: 391.31 g.mol

-1
 

bmim[BF4] 
NN +

B F
F

F
F

-

 

1-Butyl, 3-methyl-limidazolium 
tetrafluoroborate.  Merck. 
MW: 226.04 g.mol

-1
 

bmim[DCA]  

N

N

N

NN +

-

 

1-Butyl, 3-methyl-limidazolium 
dicyanamide.  Merck. 
MW: 205.26 g.mol

-1
 

bmim[PF6]  

NN +

P
F

F

FF
F

F
-

 

1-Butyl, 3-methyl-limidazolium 
hexafluorophosphate.  Merck. 
MW: 284.19 g.mol

-1
 

bmim[SCN]  

NN
+

N S

-

 

1-Butyl-3-Methylimidazolium 
thiocyanate. Fluka. 
MW: 197.30 g.mol

-1
 

bmim[MeSO4]  

S
O

O
CH

3

O

O

NN +

-

 

1-Butyl-3-methylimidazolium 
methylsulfate. Assay >95% 
Fluka. 
MW: 250.32 g.mol

-1
 

omim[BF4] 

B

F
F

F

F

NN

-

+

 

1-Octyl 3-methyl-limidazolium 
tetrafluoroborate.  Merck. 
MW: 282.13 g.mol

-1
 

  
Table 3-2 continues in the next page. 
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Continuation Table 3-2: 

    

AcronymAcronymAcronymAcronym    
    

    

StructureStructureStructureStructure    
    

    

Ionic liquidIonic liquidIonic liquidIonic liquid    
    

MeBuPy[BF4]  

N+

B
F

F

FF

-

 

N-Butyl-4-methylpyridinium 
tetrafluroborate. Merck. 
MW: 237.05 g.mol

-1
 

MeBuPy[DCA] 

N+

N

N
N -

 

N-Butyl-3-Methylpyridinium 
dicyanamide.  Merck. 
MW: 216.28 g.mol

-1
 

MeBuPy[SCN]  

N+

N S-

 

N-Butyl-4-Methylpyridinium 
thiocyanate. 98%  Io-Li-Tec. 
MW: 208.32 g.mol

-1
 

MeBuPy[MeSO4] 

N+

S

O OCH
3

O

O

-

 

N-Butyl-3-Methylpyridinium 
methylsulfate.  Merck. 
MW: 261.34 g.mol

-1
 

MeBuPyrr[DCA] 
N +

N

N

N -

 

1-Butyl-1-methylpyrrolidinium 
dicyanamide.  98%,  Io-Li-Tec. 
MW: 208.3 g.mol

-1
 

MeBuPyrr[SCN] 
N

N S

+ -

 

1-Butyl-1-Methylpyrrolidinium 
thiocyanate. 99%  Io-Li-Tec. 
MW: 200.34 g.mol

-1
 

MeBuPyrr[TFA]  

N

F

F

FO

O+

-

 

1-Butyl-1-methylpyrrolidinium 
trifluoroacetate. Merck. 
MW: 255.28 g.mol

-1
 

 
 

 

3.2.2   Experimental Set3.2.2   Experimental Set3.2.2   Experimental Set3.2.2   Experimental Set----up up up up     

 

The gas solubility measurements were performed with an Intelligent Gravimetric 

Analyzer (IGA 003) of Hiden Analytical.  The balance has a weight range of 0-100 

mg and was operated in static mode.  The resolution of the mass reading is 0.1 µg in 

the static mode. The operating pressure range is between vacuum (10-3 bar) and 20 

bar.  Figure 3-1 shows a schematic representation of the equipment.  The 

gravimetric balance is symmetric, the components of each side, sample and 

counterweight, are placed in a pressurized stainless steel cylindrical reactor.  The 

pressure, temperature and composition of the gas are equal at the reference and the 

sample side.  The diffuser rings guide the path of the gas in the system.  The gas 

enters at the bottom of the sample side through the inlet diffuser ring, fills the sample 

side and leaves at the top by the collector ring.  Then the gas is transported to the 

counterweight side and in a similar manner as the sample side.  The gas enters at 

the base by the inlet diffuser, disperses in the stainless steel reactor and exits at the 
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top ring.  The entrance and exit of the gas are regulated by the inlet and the outlet 

needle valves which are controlled by the computer with aid of the supplied Hiden 

software.    

 

 

Gas from MFCTo vacuum pump

Reference side Sample side

Oil Jacket

 
 

Figure 3-1:  IGA  system 

 

The system is equipped with three mass flow controllers (Brooks 5850E) and a turbo 

pump (Baltzers TCP 121). The temperature in the reference and sample side is 

regulated (± 0.1 K) by an external thermostat circulating bath filled with oil (Julabo 

F25 MW).  

 

 

3.2.3 Experimental Procedure3.2.3 Experimental Procedure3.2.3 Experimental Procedure3.2.3 Experimental Procedure    

    

The ionic liquid sample was loaded in the gravimetric microbalance, dried and 

degassed.  The samples were dried to reduce the content of water and volatiles at a 

temperature higher than 343 K while the pressure was maintained at vacuum (10-3 

bar) for a period of at least 12 hours, until the changes in mass were in the order of 

0.001 mg/h, see Figure 3-2.  Once the sample was dried, the thermostat bath was 

brought to the experimental temperature to determine the isotherm.  The system 

was kept under vacuum until the sample mass and temperature were constant for at 

least one hour (± 0.1 K).  The dry mass of the ionic liquid was recorded and 

subsequently, the chosen gas was introduced up to the set pressure and the 

increment in weight was monitored and recorded.  The ionic liquid and the gas are 

considered to have reached equilibrium when at constant pressure no further weight 

change was observed throughout time, weight change rate < 0.001 mg/h, as it is 

shown in Figure 3-3.  The time required for reaching equilibrium at each pressure 
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varied for each ionic liquid. Intervals between 4 and more than 8 hours were 

observed.  The gas absorption isotherms were determined at temperatures ranging 

from 298 K to 343 K and pressures up to about 12 bar.  

    

 
Figure 3-2: Mass and pressure profile during drying of RTILs. 

 

 
Figure 3-3: Mass and pressure profile during gas absorption in RTILs. 
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After absorption, the ionic liquids were regenerated by increasing the temperature 

and lowering the pressure.  The temperature of the gravimetric system was raised to 

a temperature higher than the one of the absorption isotherm, even up to 373 K and 

the pressure was set and kept at vacuum (10-3 bar) until the mass stabilized (change 

<0.001 mg/h). The difference between the dry mass set before absorption and the 

mass observed at the same temperature for the regenerated liquid was less than 

0.2%.  The time needed for regeneration of the liquids varied for each ionic liquid 

and gas.  The regenerated ionic liquids were used for carrying out further absorption 

isotherm measurements.  The absorption results obtained with the regenerated 

liquids are similar (>95 %)    to those obtained when the fresh dried liquid samples 

were loaded.    

 

3.2.4  Data Treatment3.2.4  Data Treatment3.2.4  Data Treatment3.2.4  Data Treatment    

 

Although the effects of buoyancy and drag force on the sample weight are 

minimized by the symmetry and gas path flow of the gravimetric balance, the small 

differences between the volume of the sample and counterweight side are a source 

of buoyancy.  In the solubility calculations, the effects from the buoyancy and 

sensitivity of the balance were accounted for.  At low temperature and high 

pressure, the gas density is high and the buoyancy effects can become 

considerable. The buoyancy calculation included the effect originated from changes 

in the liquid volume during the gas absorption and a correction based on the 

average liquid molar volume was used. The size of the liquid sample was selected 

to minimize buoyant forces. The typical sample weighted between 50 -70 mg. 

 

The buoyancy (Fb), force exerted by the mass of fluid displaced, of a single element 

(i,j) of the gravimetric balance corresponds to: 

 

PT
m

gPTVgF g

i

i

gib ,.,.. ρ
ρ

ρ ==       [3.1] 

 

The weight measured by the balance is the difference between the weight of the 

sample side (i) and that of the counterweight side (j).   The weight of each side is 

estimated as force exerted by the mass of the elements minus their buoyancy.  The 

mass of the absorbed gas (mab-gas) is obtained from expression [3.2].  The total 

amount of gas absorbed is calculated as the difference between reported weight by 

balance (Measurement) and the net force among the known elements of the sample 

and counterweight size.  A correction due to the sensitivity of the balance was 

added, CFSystem.    
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To calculate the buoyancy the volume of each element of the balance and the ionic 

liquid sample is required.  The volume is calculated using the weight and the density 

of each element of the balance and of the ionic liquid. Although the correction is 

small it may become significant in the case of low absorption and lighter gases11 

where mass changes upon absorption are very low and high accuracy (0.1 mg) is 

required. Ionic liquids do not expand considerably upon gas absorption at the 

measured pressures.  The small variation on the volume of the liquid can be 

estimated using an average molar volume of the liquid.  Upon absorption, the liquid 

is composed by the moles of absorbed gas and that of ionic liquid. The average 

liquid molar volume is then estimated as: 

 

( ) ( ) χχ gasRTILav VmVmPTVm +−= 1,      [3.3] 

 

With:  

eqTRTIL

RTIL

RTIL

MW
Vm

,ρ
=  and   

eqTPgas

gas

gas

MW
Vm

,,ρ
=  

 

The volume of liquid sample is calculated by multiplying the number of moles in the 

liquid sample (moles of ionic liquid and moles of absorbed gas) and the average 

liquid volume from expression [3.3].   

 

( ) ( )

























+







=

−

gas

gasab

RTIL

RTIL

av
MW

m

MW

m
PTVmPTV ,,     [3.4] 

 

The total mass of the liquid sample during gas absorption is approximated using 

expression [3.5].  The liquid sample is composed by ionic liquid and the absorbed 

gas. The density of the absorbed gas is taken similar to that of the gas at same T 

and P. 
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The amount of absorbed gas from expression [3.2] is calculated by solving 

simultaneously expressions [3.2], [3.3], [3.4] and [3.5]. 

 

The densities of the ionic liquids at different temperatures were measured with a 

densimeter Antoon Paar and the data and procedure are presented in chapter 2.  

The density of the materials used as counterweight was determined with a 

Micrometrics Accupic 1330 Helium picnometer, accuracy 0.001 g.cm-3.  Densities of 

CO2, CH4, C2H4 and C2H6 were obtained from NIST
29 data base.  The correction 

factor (CFSystem) accounts for the factual error in the volume of all the elements of 

each side of the balance and also accounts for the sensitivity of the balance due to 

pressure and temperature instability on the beam arm and internal electronics.  The 

correction factor was determined at different temperatures for each of the gases 

studied by carrying out an absorption isotherm without placing any sample in the 

container.   The correction factor was between 0.07 mg and 0.3 mg. This correction 

is small at higher temperatures and lower pressures.   Total uncertainty in the 

solubility data due to both systematic correction factor and buoyancy was lower than 

± 0.001 for CO2 and C2H4 and ± 0.002 for CH4 and C2H6, in mole fraction (χ) of the 

respective absorbed gas. 

 

phaseliquidji

gasi

n

n

∑
=

,

χ        [3.6] 

 

Considering the non-volatile character of the ionic liquids, it was assumed that the 

RTIL samples remained liquid during the whole experiment and the gas phase was 

pure.  Additionally, it was verified that the mass of the ionic liquid samples at the end 

of each experiment was the same as the mass initially loaded (changed less than 

0.2 %).  It is possible to assume that the gas phase remained pure during the 

absorption experiments because any volatile compound was released from the 

liquid and mixed with the gas phase. 

 

3.3 Results and Discussion  3.3 Results and Discussion  3.3 Results and Discussion  3.3 Results and Discussion      

3.3.1 Temperature and Pressure Effect3.3.1 Temperature and Pressure Effect3.3.1 Temperature and Pressure Effect3.3.1 Temperature and Pressure Effect    

 

The absorption isotherms of CO2, CH4, C2H4 and C2H6 obtained for the studied ionic 

liquids are presented in Appendix D.  The results compare well with the available 

literature, as demonstrated in Figure 3-4.   
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Figure 3-4:  Absorption of CO2 in bmim[PF6].  Own measurements: (�) 298 K and 
(�) 333 K.  Solubility data found in literature: At 298 K from (� ) Shiflett et al.11 and 
(�) Anthony et al.7  At 334 K from (�) Kumelan et al.14  Lines are plotted for aid view 
purposes only. 
 

In Figure 3-4 the CO2 absorption in bmim[PF6] measured at 298 K is similar to that 

measured by Shiflett11 and Anthony7 at the same temperature.  The measured 

solubilities at 298 K are in average 3 % and 6 % higher than those reported by 

Shiflett and Anthony, respectively.  The CO2 absorption at 333 K is comparable to 

that reported by Kumelan14 into bmim[PF6] at 4.42 bar and 334 K.    

 

The gas solubility decreases as temperature increases and pressure decreases for 

all standard RTILs, as is illustrated in Figure 3-5 for CO2 (a) and CH4 (b) into 

bmimBF4. 
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3-5a: (�) 298 K, (�) 300 K, (�) 303 K, (�) 316 K, (�) 323 K, (�) 333 K 
           and  (�) 344 K.  Dotted lines are plotted for aid view purposes only. 
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3-5b: (�) 303 K, (�) 333 K 

 

Figure 3-5:  Absorption isotherms of (a) CO2 and (b) CH4 in bmim[BF4] 
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3.3.2 Gas Capacity in the RTILs3.3.2 Gas Capacity in the RTILs3.3.2 Gas Capacity in the RTILs3.3.2 Gas Capacity in the RTILs    

 

For all the evaluated ionic liquids, CO2 exhibited the largest solubility and the 

solubility of the other studied gases decreased in the following order: C2H4 >C2H6 

>CH4, as illustrated in Figure 3-6.  This order in gas solubility is analogous to that 

presented by other studies based on absorption results from different ionic liquids. 

For MeBuPy[BF4] at 303 K, the measured solubility of CH4 is almost thirty times 

smaller than that of CO2.  The C2H4 is in average more than 1.5 times more soluble 

than C2H6.   The solubility of C2H4 is approximately a third of that of CO2.  For some 

liquids and especially at higher temperatures, the solubility of CH4 is very low (He> 

350 MPa) and it was not possible to quantify, because the amount of gas absorbed 

was lower than the correction factor (Cb) for the gas and liquid and was below the 

detection limit of the gravimetric balance. 
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Figure 3-6: Gas absorption in MeBuPy[BF4] at 303 K.  The symbols indicate the 
following gases: (�) CO2, (����) C2H4 (�) C2H6 and (�) CH4. 
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3.3.3  Effect of the RTIL Cation3.3.3  Effect of the RTIL Cation3.3.3  Effect of the RTIL Cation3.3.3  Effect of the RTIL Cation    

 

The influence of the ionic liquid cation on the gas solubility is studied by comparing 

the solubility of the selected gas into ionic liquids formed with a similar anion and 

different cation structures. 

 

Carbon Dioxide Carbon Dioxide Carbon Dioxide Carbon Dioxide         

The absorption of CO2 into SCN, DCA and BF4 containing anion ionic liquids is 

presented in Figure 3-7.   For the ionic liquids paired with the BF4 anion the amount, 

in molar fraction, of CO2 absorbed by bmim[BF4] is close to that of MeBuPy[BF4] at 

303 K through the whole range of pressures.  As expected the larger free volume 

originating from the longer alkyl chain of the omim cation compared to that of bmim, 

makes the CO2 more soluble in omim [BF4] than into bmim[BF4],  see Figure 3-7a. 

 

In the ionic liquids with the DCA anion the lowest absorption is observed for the 

liquid with the pyrrolidinium cation, see Figure 3-7b. The CO2 absorption into the 

liquids with imidazolium and pyridinium cations is roughly comparable and in 

average these are about 15% higher than that exhibited by the liquid with a 

pyrrolidinium cation. 

 

The variation in the type of cation does not significantly affect the CO2 absorbed by 

the ionic liquids with SCN anion.  The CO2 capacity is almost the same for 

bmim[SCN], MeBuPy[SCN] and MeBuPy[SCN], as shown in Figure 3-7c. 
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3-7a: CO2 Absorption in RTILs with BF4 anion at 303 K.   
(�) omim[BF4], (�) bmim[BF4] and (�) MeBuPy[BF4] 
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3-7b: CO2 Absorption in RTILs with DCA anion: 

 (�) bmim[DCA], (�) MeBuPy[DCA] and (�) MeBuPyrr[DCA]. 
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3-7c: CO2 Absorption in RTILs with SCN anion: 

(�) bmim[SCN], (�) MeBuPy[SCN] and (�) MeBuPyrr[SCN]. 

 

Figure 3-7:  Cation effect on the absorption of CO2 into RTILs with (a) BF4, (b) DCA  
and (c) SCN anion at 303 K. 
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Ethylene and EthaneEthylene and EthaneEthylene and EthaneEthylene and Ethane    

 

For the ionic liquids with either BF4 or SCN as anion, the C2H4 absorption capacity of 

the liquids with pyridinium as cation is slightly higher than those paired with 

imidazolium.  In Figure 3-8a, the differences of C2H4 absorbed between bmim[BF4] 

and MeBuPy[BF4] are about 15%, while the difference between  bmim[SCN] and 

MeBuPy[SCN]  is only  4%. 

 

Similarly to the absorption of C2H4, the ionic liquids with BF4 and SCN as anions, the 

capture of C2H6 by imidazolium-based ionic liquids is somewhat lower than that 

displayed by the liquids with a pyridinium cation, see Figure 3-8b.  At 303 K, the 

amount of C2H6 absorbed by MeBuPy[BF4] is in average 40% higher than that into 

bmim[BF4].  In the ionic liquids with a SCN anion the cation effect on the absorption 

capacity of C2H6 is smaller than the one observed in the liquids with the BF4 anion.  

The amount of C2H6 absorbed by bmim[SCN] is less than 4% different than that of 

MeBuPy[SCN]. 
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3-8a: Absorption of C2H4 at 303 K.  The symbols indicate the following RTILs:  
(�) bmim[BF4], (�) MeBuPy[BF4], (�) bmim[SCN] and (�) MeBuPy[SCN]. 
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3-8b: Absorption of C2H6. The symbols indicate: 

(�) bmim[BF4], (�) MeBuPy[BF4], (�) bmim[SCN] and (�) MeBuPy[SCN]. 
 

Figure 3-8. Effect of the RTIL cation on the absorption of (a) C2H4 and (b) C2H6 in 
RTILs with BF4, and  SCN anion at 303 K. 
 

 

 

3.3.4 Effect of the RTIL Anion 3.3.4 Effect of the RTIL Anion 3.3.4 Effect of the RTIL Anion 3.3.4 Effect of the RTIL Anion     

 

The influence of the ionic liquid forming anion on the absorption of CO2, C2H4 and 

C2H6 is presented in Figures 3-9 and 3-10. 

 

Carbon DioxideCarbon DioxideCarbon DioxideCarbon Dioxide 

 

The ionic liquid with the bis(trifluoromethylsulfonyl)imide  [NTf2] anion exhibits the 

largest solubility for CO2 as it is depicted in Figure 3-9a. The solubility of CO2 is 

elevated in imidazolium-based liquids with BF4 and PF6 anions.  The solubility of 

CO2 in bmim[DCA] is comparable to that of bmim[BF4] at 303 K. The imidazolium 

ionic liquids with thiocyanate and methylsulfate anion exhibit the lowest CO2 

absorption capacity.   
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3-9a:  Absorption of CO2 into RTILs with imidazolium cation. The symbols indicate: 
(�) emim[NTf2], (�) bmim[PF6], (�) bmim[BF4], (�) bmim[DCA], (�) bmim[MeSO4] 
and (�) bmim[SCN]. 
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3-9b: CO2 Absorption of CO2 into RTILs with pyrrolidinium cation. The symbols 
indicate: (�) MeBuPyrr[TFA], (�) MeBuPyrr[DCA] and (�) MeBuPyrr[SCN]. 
 

Figure 3-9: Effect of the RTILs anion on the absorption of CO2 at 303 K in RTILs with 
(a) imidazolim  and (b)  pyrrolidinium cation. 
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In Figure 3-9b the higher affinity of CO2 with fluor-containing anion and the low 

affinity with SCN anion are evidenced again in the tested RTILs with pyrrolidinium as 

cation.   The CO2 absorption was higher in the ionic liquid with TFA as anion, 

followed by DCA and SCN anions.   Similar to the tested ionic liquids with a 

pyridinium cation, the SCN provided the lowest CO2 absorption capacity. It is 

apparent that the CO2 solubility in the ionic liquids is much more strongly associated 

with the type of anion in the ionic liquid rather than with the cation. 

 

 

Ethylene and EthaneEthylene and EthaneEthylene and EthaneEthylene and Ethane    

 

Figure 3-10 shows the effect of the anion on the solubility of C2H4 and C2H6 in the 

measured imidazolium-based RTILs. 

 

The emim[NTf2] exhibits the largest capacity  for  C2H4 and C2H6.  Although the 

shorter alkyl chain in the emim cation reduces the free volume, when compared to 

the bmim, the higher gas capacity may be attributed to weaker anion-cation 

interaction which allows a large interaction of the liquid with the gaseous solute.    

 

Contrary to that observed in CO2 absorption, the isotherms of C2H4 and C2H6 at 303 

K show that ionic liquids with thiocyanate [SCN] and methylsulphate [MeSO4] anion 

absorbed more than the liquids with BF4, PF6 and DCA.     The higher affinity of the 

SCN and MeSO4 anion with the C2H4 and C2H6 than with CO2 is likely related to the 

alkylation properties of the sulphur containing compounds like the sulfates and 

thyocyanate group.30-33 

 

The observed effects in absorption of C2H4 and C2H6 due to variation of the ionic 

liquid anion are stronger than that obtained when the cation was changed. As 

observed in the absorption of CO2 in the tested RTILs, the absorption of C2H4 and 

C2H6 largely depends on the choice of the ionic liquid anion. 
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3-10a: Solubility of C2H4. in RTILs with imidazolim cation. 
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3-10b: Solubility of C2H6 in RTILs with imidazolium cation. 

 

Figure 3-10:  Effect of the RTIL anion on the absorption of (a) C2H4 and (b) C2H6 in 
RTILs with imidazolim cation at 303 K. The symbols indicate the following RTILs: 
(�) emim[NTf2], (�) bmim[SCN], (�) bmim[MeSO4], (�) bmim[PF6], (�) bmim[BF4] 
and (�) bmim[DCA]. 
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3.3.5 Effects from Anion3.3.5 Effects from Anion3.3.5 Effects from Anion3.3.5 Effects from Anion----Cation combinationCation combinationCation combinationCation combination    

 

As mentioned earlier in section 3.3.1, the gas absorption in the RTILs decreases 

with an increment in the temperature. The reduction in the CO2 absorption in the 

DCA and SCN containing ionic liquids when temperature was raised from 303 K to 

333 K is plotted in Figure 3-11. The change in the CO2 absorption due to an 

increase in the temperature is about the same order of magnitude for the RTILs with 

SCN but different for the liquids with DCA anion.   

 

Figure 3-11 shows that CO2 absorption decreases when the temperature is raised 

from 303 K to 333 K, for all the dicyanamide (a) and thiocyanate (b) containing ionic 

liquids.  At 303 K the absorption capacity of CO2 into bmim[DCA] is slightly higher 

than in MeBuPy[DCA] and much higher  than that for MeBuPyrr[DCA]. At 333 K the 

absorption of CO2 is almost indistinguishable into the liquids with the pyridinum and 

pyrrolidinium cation and the absorption into those is much lower than that into the 

liquid with the imidazolium cation. The reduction in the absorption capacity with 

temperature is considerable lower for bmim[DCA] than that for MeBuPy[DCA].  To a 

certain extent, this can possibly be explained by the differences in the physical 

properties of the two liquids.  The viscosity of MeBuPy[DCA] is higher than that of 

bmim[DCA]  at the two temperatures, but the reduction of the viscosity due to the 

increase in temperature is a bit higher for bmim[DCA] (65 %) than the reduction 

experienced by MeBuPy[DCA]  (59 %).  The effect of an increase in temperature on 

the CO2 absorption into the liquids with SCN anion is of the same magnitude in the 

imidazolium, pyridinium and pyrrolidinium cation.  At both temperatures, the effect of 

the cation on the CO2 absorption is not evident in the liquids with the SCN anion.  

The anion of the RTILs has a bigger influence on the gas solubility than the nature of 

the cation.  However, it is important to note that the combination of anion and cation 

can produce another effect on the gas solubility due to the nature and level of 

possible interactions created between the ionic liquid ions.  The intensity of the ionic 

interactions is reflected in a physical property as viscosity.  A strong ionic interaction 

is related to a higher viscosity and consequently to gas diffusion limitation in the 

RTILs. 
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3-11a: CO2 Absorption into RTILs with DCA. 
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3-11b: CO2 Absorption into RTILs with SCN anion. 

 

Figure 3-11: Effect of the anion-cation interaction on the absorption of CO2 in RTILs  
with (a) DCA and (b) SCN anion.  Symbols indicate the following temperatures and 
cation:  At 303 K:  (�) bmim, (�) MeBuPy and (�) MeBuPyrr;  At 333 K:  (�) bmim, 
(�) MeBuPy and (�) MeBuPyrr. 
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3.43.43.43.4 Henry Coefficients  Henry Coefficients  Henry Coefficients  Henry Coefficients     

 

The gas solubility decreases as temperature increases and pressure decreases for 

all standard RTILs.    Assuming ideal conditions, the gas solubility can be expressed 

in terms of a Henry coefficient.  At equilibrium conditions and infinite dilution the 

Henry coefficient for the absorbed gases (component 2), CO2, CH4, C2H4, C2H6, is 

estimated from the solubility in terms of mole fraction (χ2). The ionic liquids have a 

very low or negligible vapour pressure and therefore the gas phase is considered to 

be the pure gas solute.  The fugacity coefficient is assumed equal to the unity and 

Henry coefficient (He) is approximately: 
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Where f2  is the fugacity of the gas solute and φ2  is the fugacity coefficient.  

       

The Henry coefficients were estimated as the initial slope from a polynomial fit of the 

solubility data, Eq. [3.7]. The gas solubility data were fit to second order polynomial 

which provides a Pearson correlation coefficient higher than 0.99.  Table 3-3 

presents the estimated Henry coefficients. 

 

The absorption of methane into the ionic liquids is considerably lower than the 

absorption of CO2, C2H4 and C2H6.   The obtained Henry coefficients for CH4 are of 

the order of 103 bar with exception of the BuMePyrr[TFA] which is  around 620 bar.    
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Table 3-3: Henry Coefficients 

RTILRTILRTILRTIL    TTTT COCOCOCO2222 CCCC2222HHHH4444 CCCC2222HHHH6666 CHCHCHCH4444 

 K bar bar bar bar 

bmim[PF6] 298 51.2±1.5 149.0±5.7 340±12.3  

 303 55.8±1.4 166.0±7.4 364±18.4 935±90 

 318 75.4±1.2    

 333 95.2±1.5   1470±165 

bmim[BF4] 298 52.7±1.0    

 300 58.7±1.5    

 303 59.4±1.6 198±14.2 408.6±16.4 1057±145 

 316 72.4±1.2    

 323 90.1±1.5    

 333 101.6±2.8   1670±258 

 344 125.4±4.2    

omim[BF4] 298 41.4±1.7    

 303 44.5±1.3 96.2±4.8  925±120 

 323 69.6±1.8    

 333 79.4±1.1    

BuMePy[BF4] 303 58.5±1.4 164±7.0 282.2±16.9 1860±335 

 333 97.1±2.6 238.7±18.0 588±38.4 3200±1300 

emim[Tf2N] 303 38.0±1.6 99±4.2 148±6.2 1020±190 

 333 63.3±1.5   1680±450 

bmim[MeSO4] 303 74.2±1.6 119.4±6.8 227.4±16.0 2352±630 

 333 109.4±2.1   2760±870 

bmim[DCA] 303 60.3±1.2 200.0±21.0 425.0±28.0  

 333 94.4±3.5    

 344 111.4±4.8    

BuMePy[DCA] 303 60.2±1.7   1756±230 

 333 118.4±3.1   >3500 

BuMePyrr[DCA] 303 75.2±2.1   >3500 

 333 134.4±3.2    

bmim[SCN] 303 101±2.3 131.4±4.7 227.7±14.6 1340±196 

 333 142±5.4   2000±425 

BuMePy[SCN] 303 93.4±4.1 134.2±5.4 225.4±11.8  

 333 138.9±6.7    

BuMePyrr[SCN] 303 96.2±2.4    

 333 151.5±4.6    

BuMePyrr[TFA] 303 53.2±1.1   620±50 

 333 84.8±1.4    
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3.5 Enthalpy and Entropy of gas absorption3.5 Enthalpy and Entropy of gas absorption3.5 Enthalpy and Entropy of gas absorption3.5 Enthalpy and Entropy of gas absorption 
 

 

The dependence of the measured solubility of the four gases with temperature is 

connected to the thermodynamic properties of solvation.   At infinite dilution, low 

pressure, the Henry coefficient (He) can be used to describe the thermodynamic 

solution properties.34,35  The partial molar enthalpy (∆h) and entropy (∆s) of gas 

absorption can be estimated from the calculated Henry coefficients using the 

following thermodynamic relations: 
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The change in molar enthalpy upon gas absorption is obtained by plotting the 

natural logarithm of the calculated Henry coefficient versus the reciprocal inverse 

temperature (1/T). The slope of the line is equal to the change in the molar enthalpy 

divided by the universal gas constant (8.3144 J/mol K).  The molar entropy of 

absorption is obtained from the graph of the natural logarithm of the Henry 

coefficient versus the natural logarithm of its mutual temperature.  The slope 

corresponds to the minus of the molar entropy multiplied by the universal gas 

constant.  Consequently, the calculation of the molar enthalpy and entropy of 

absorption requires the availability of gas solubility data at different temperatures.   

From the four gases studied here, mostly the absorption of CO2 was measured at 

more than one temperature.  The estimated partial molar enthalpy and entropy of 

gas absorption are shown in Table 3-4.  It was possible to calculate the molar 

enthalpy and entropy of the absorption of CH4 into the tested RTILs.  However, the 

relatively large deviation of the Henry coefficients and the few isotherms measured 

are translated to a variation of the estimated property of near 80 %.   The calculated 

molar enthalpy of CH4 absorption into bmim[BF4] was -12.8 KJmol
-1 ± 8.2.  The other 

calculated molar enthalpies of absorption of CH4 into RTILs are about the same 

order but due to the large deviation are not presented.  

 

The absorption of C2H4 and C2H6 into bmim[PF6] and MeBuPy[BF4] were measured 

at two different temperatures and with their Henry coefficients the enthalpy and 

entropy  of absorption was calculated and it is presented in Table 3-5. 
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Table 3-4:  Molar thermodynamic properties for the absorption of CO2. 

  RTIL ∆h / kJ mol-1 ∆ s /J.(mol K)-1 

bmim[BF4] -15.60 ±0.6 -49.02 ±1.8 

omim[BF4] -16.07 ±1.0 -51.10 ±2.9 

MeBuPy[BF4] -14.19 ±2.7 -44.67 ±1.7 

bmim[PF6] -14.85 ±0.8 -47.12 ±2.6 

emim[NTf2] -14.26 ±1.8 -44.90 ±5.6 

bmim[MeSO4] -10.84 ±1.6 -34.20 ±3.6 

bmim[DCA] -13.02 ±0.8 -40.60 ±2.4 

MeBuPy[DCA] -18.93 ±1.5 -59.60 ±4.6 

MeBuPyrr[DCA] -16.25 ±1.8 -51.20 ±3.8 

bmim[SCN] -10.17 ±1.4 -31.71 ±3.2 

MeBuPy[SCN] -11.11 ±0.9 -34.96 ±3.4 

MeBuPyrr[SCN] -12.73 ±0.5 -40.10 ±4.2 

MeBuPyrr[TFA] -13.03 ±1.4 -41.03 ±0.8 

 

 

Table 3-5: Molar thermodynamic properties for the absorption of C2H4 and C2H6. 

∆h / kJ mol-1 ∆ s /J.(mol K)-1 
  RTIL 

C2H4 C2H6 C2H4 C2H6 

bmim[PF6] -16.2±6.1 -11.3±5.4 -53.9±12.4 -32.±12.5 

MeBuPy[BF4] -10.5±2.3 -20.5±5.5 -32.9±8.8 -64.6±9.3 

 

The strongest interaction between the gas and the ionic liquid solvent correspond to 

the most negative value of molar enthalpy of absorption.  The figures for enthalpy of 

absorption of the studied ionic liquids are very close and in the order of –10 kJ.mol-1 

to -20 kJ.mol-1 and similar to those calculated for absorption of CO2 in Sulfolane
36 

and Selexol, 36 approximately -14.1 kJ/mol and -13.9 kJ/mol respectively.  The 

strength of the interaction between CO2 and the tested ionic liquid are about the 

same magnitude and a direct correlation between gas solubility and the ionic liquid 

structures can not be proposed.  However, the lowest absorption enthalpy is 

calculated for the liquids with thiocyanate anion and bmim[MeSO4].  The calculated 

enthalpies of absorption are in the same order as the few previously published10,15  

ones.  The change in the molar enthalpy of absorption of CO2 for bmim[MeSO4] is 

slightly different from the one reported  by Kumelan,14 -13.28 kJ.mol-1. The small 

difference is probably attributed to the range of pressures in which the 

measurements were carried out.  Kumelan studied the CO2 absorption a pressures 

between 10 and 100 bar. 
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 3.6 Conclusions3.6 Conclusions3.6 Conclusions3.6 Conclusions    

 

The absorption of CO2, CH4, C2H4 and C2H6 into the studied standard ionic liquids 

follows the physical absorption mechanism. The absorption of the four measured 

gases increases with a decrease in temperature and an increase in pressure for all 

the standard RTILs studied. The solubility depends more strongly on the nature of 

the anion rather than that of the cation. 

 

The highest absorption of CO2, C2H4 and C2H6 was achieved by the emim[NTf2].   

The liquids with the SCN anion exhibited a low absorption of CO2 and a high 

capacity for C2H4 and C2H6.    As well, the highest capacity for CO2 absorption was 

measured in the ionic liquids with flour-containing anions (BF4, PF6, NTf2, TFA).    

 

The Henry coefficient can describe the gas absorption into ionic liquids. The 

absorption of CO2, CH4, C2H4 and C2H6 into the standard RTILs is an exothermic 

process and the enthalpy of absorption is comparable to that of well established 

physical solvents.   

 

 

Nomenclature listNomenclature listNomenclature listNomenclature list    

F Fugacity    [bar] 

Fb Buoyancy   [N] 

g Gravitational acceleration  [m.s-2] 

He Henry coefficient   [bar] 

M Mass    [g] or [kg] 

MW’ Molecular weight   [g.mol-1] 

n number of moles 

P Pressure.   [bar] 

R Gas constant   [J.mol-1.K-1] 

T Temperature   [K] 

Vm Molar volume   [cm3.mol-1] 

∆h Partial molar enthalpy  [J.mol-1] 

∆s Partial molar entropy  [J.mol-1.K-1] 

ρ Density.    [g.cm-3] 

η Viscosity.   [Pa.s] 

χ Mole fraction   [-] 

φ Fugacity coefficient  [-] 
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Functionalized ionic liquids for Functionalized ionic liquids for Functionalized ionic liquids for Functionalized ionic liquids for     
COCOCOCO2222/CH/CH/CH/CH4444 separation separation separation separation    

        

Abstract Abstract Abstract Abstract     
 
The possibility of improving the absorption of CO2 while increasing the  CO2 

selectivity from CH4 containing streams by using functionalized Room Temperature 

Ionic liquids (RTILs) as absorption solvents is investigated.  Given the unique 

‘designer’ nature of the ionic liquids it is possible to incorporate functional groups 

into the structure of a standard ionic liquid to promote the selective absorption of 

CO2.  Structures such as a primary amine, tertiary amine and a hydroxyl group were 

incorporated into the ionic liquid cation. The individual gas absorption of CO2 and 

CH4 is measured at temperatures between 303 K and 343 K and at pressures lower 

than 10 bar.   A chemical enhancement of the CO2 absorption was observed with the 

functionalized solvents.  The most prominent enhancement is obtained when 

primary amine groups were attached to the ionic liquids.  The CO2 volumetric 

capacity of the NH2-functionalized solvents was almost three times higher than that 

of a similar standard ionic liquid. Physical absorption behaviour is observed as well 

in the functionalized ionic liquids.  The absorption increases with an increment in 

pressure and it decreases when temperature is increased.  The absorption of CH4 in 

the functionalized ionic liquids corresponds to a physical absorption process while 

the absorption of CO2 exhibits simultaneously the behaviour of both physical and 

chemical absorption mechanisms.  The CO2 solvent load of NH2-functionalized 

solvents is in the range between that of the load achieved with a solution MEA 30 % 

and that of MDEA 30 % at 333 K.   The CO2/CH4 selectivity calculated from the 

single gas absorption is slightly better for the standard ionic liquids than for the 

physical solvents. Whereas the selectivity for the NH2-functionalized ionic liquids is 

more than twice of that of the physical solvents such as Sulfolane and NMP.    
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4.1 Introduction4.1 Introduction4.1 Introduction4.1 Introduction    
 

Chemical and physical absorption processes are extensively used for the separation 

of CO2 in the natural gas, petroleum, and chemical industries.
1  Physical absorption 

is preferred when acid gases (H2S, CO2) are present at elevated concentration in the 

gas stream.    Physical solvents are non-reactive polar organic compounds with an 

acid gas affinity.  Methanol, propylene carbonate, sulfolane, N-formyl morpholine 

(NFM), N-methylpyrrolidone (NMP) are some of the solvents used in physical 

absorption processes.2  Chemical absorption is typically used for the removal of 

remaining acid impurities and when a tight gas purity is a down-stream constraint. 

For chemical CO2 removal, aqueous solutions of primary, secondary, tertiary, 

hindered amines and formulated amine mixtures are the most widely used 

solvents.2-6  The acid gas concentration and ratio of H2S to CO2 present in the 

stream dictate the type of amine and best combination for the absorption solvent. 

Hindered amines are often used for selective H2S removal from streams containing 

both H2S and CO2.  The primary amines especially monoethanolamine MEA, are the 

most common active agents of the solvents for acid gas scrubbing.6  Around 75 % to 

90 % of the CO2 is captured using a MEA-based technology, producing a gas 

stream of high CO2 content (> 99 %).7  

 

In the capture of CO2 by aqueous amine solutions the loss of the reactive amine, 

energy expensive regeneration and the enlargement of the water content of the 

processed gas streams are common problems.   The use of an ionic liquid type of 

solvent provides a clear advantage due to its low vapour pressure.  Additionally, 

considering the wide range of polarities, high thermal resistance, absorption 

capacity and in special the “designer character” of the ionic liquids, the development 

of a new absorption solvent becomes feasible.8-16  The actual separation process 

could profit from a designer room temperature ionic liquid (RTIL) solvent with an 

enhanced absorption capacity, higher selectivity of the targeted gas and especially a 

more energy efficient operation due to energy reduction in solvent regeneration. 

 

The efficiency of the selective separation of CO2 from CH4 containing streams is 

positively shifted by capturing the CO2 chemically.2  Ionic liquids can physically 

absorb both CO2 and CH4 as shown in chapter three.  However, a better selectivity 

towards CO2 will be achieved with an ionic liquid solvent designed to facilitate the 

preferential absorption of CO2.  Muldoon et al.
17 explored the improvement of CO2 

absorption in imidazolium-based ionic liquids by substitution with longer alkyl chains 

and combining with the highly CO2 absorbing imide [NTf2] anion and other 

fluorinated anions.  Their study also evaluates the effect of the fluorination of the 

anion and cation of the ionic liquid on the CO2 solubility.  CO2 is physically absorbed 
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and as expected the absorption is increased by longer alkyl chains due to the 

enlargement of the free volume and by fluorination of the ions.    

 

A task-specific imidazolium ionic liquid with a primary amine added to the cation to 

chemically absorb CO2 was synthesized and tested by Bates et al.
10  The CO2 is 

captured via ammonium carbamate formation. The liquid was used for five 

absorption and regeneration cycles without observable losses in the solvent 

efficiency.  The CO2 molar load of the liquid was approximately   0.5 mol CO2 per mol 

of solvent.    Another functionalized ionic liquid that incorporates a NH2 group was 

reported by Wu et al.18  The functionalized liquid, a tetramethylguanidinium lactate 

was used for absorption of SO2 at low pressure with promising results.  The 

absorption capacity of the liquid reached almost 1 (molar ratio) at 313 K and 1 bar.  

The SO2 was desorbed by heating or at vacuum. However, the enhancing effect of 

the presence of the NH2 group in functionalized liquid was not manifested in the 

absorption of CO2 at higher pressures, up to 100 bar, as reported by Zhang, et al.
19     

 

Interaction between the -NH2 group and the CO2 can be achieved when the different 

forces between the ionic liquid ions allow it, Yu, et al.20  The associated hydrogen 

bonds of –NH2 can increase the interaction between the anion and cation and limit 

the interaction with the CO2.  The charge-localized character of the guanidinium 

lactate creates a stronger ion-pair interaction that may restrict the CO2 absorption. 

Based on this knowledge, Yu et al,21 designed two novel NH2-functionalized liquids 

structures.  The designed tetrabutylphosphonium alanine and  tetrabutylphosponium 

glycine, resulted in an absorption capacity of 0.5 mol CO2 per mol of solvent,  Zhang 

et al.22,23 

 

This chapter evaluates the potential of the functionalizing room temperature ionic 

liquids for separation of CO2/CH4.   Tailored RTILs were used as absorption solvents 

to promote higher solubility and, hence, better CO2 selectivity.  The structure of the 

standard ionic liquids was tailored to improve their performance as solvents for 

CO2/CH4 separation.  The functional amino group is incorporated into the ionic liquid 

structure to chemically capture CO2.  As a result, the selectivity of CO2 can be 

enhanced because the absorption of CH4 is only carried out physically and is not 

improved by any chemical reaction with the added functional amino group.  The 

effect of functionalization of the cation and anion on the absorption performance of 

the liquids was studied by measuring the absorption of CO2 and CH4 into the 

designed RTILs at temperatures varying from 303 K to 343 K and up to 10 bar.   

Finally, the gas absorption performance and selectivity of the functionalized RTILs 

are compared to that of standard ionic liquids and traditional solvents used for the 

CO2 capture. 

 



 80 

4.2 Functionalized RTILs solvents4.2 Functionalized RTILs solvents4.2 Functionalized RTILs solvents4.2 Functionalized RTILs solvents    

 

4.2.1 Functionalization of the cation with a primary amine4.2.1 Functionalization of the cation with a primary amine4.2.1 Functionalization of the cation with a primary amine4.2.1 Functionalization of the cation with a primary amine    

 

The capture of CO2 with amine groups proceeds by two routes, via carbamate 

formation and the formation of carbonate.  According to Blauwhoff24 the carbamate 

and carbonate formation contribute to the overall reaction between CO2 and the 

amines in aqueous solutions. In non-aqueous media, the proposed mechanism for 

the chemical capture of CO2 by the amino functionalized ionic liquids is similar to 

that of aqueous amine solvents.  By analogy, the primary amine functionalized ionic 

liquid captures CO2 by formation of their respective organic carbamate salt.    Figure 

4-1 shows the proposed chemical CO2 capture by a primary amine functionalized 

ionic liquid with an imidazolium cation.10, 25 
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Figure 4-1:  CO2 capture via carbamate formation by NH2- Functionalized RTILs. 

 

The structure of the first functionalized ionic liquid designed is formed by a primary 

amine functionalized imidazolium-cation and bis(trifluoromethylsulfonyl)imide (NTf2) 

as anion. The length of the alkyl chain appended to the imidazolium cation 

influences the viscosity of the liquid.  The cation with shorter alkyl chains are 

associated with lower viscosities and, therefore, preferred. However, the amino 

functional group is highly reactive and during synthesis of the ionic liquid this needs 

to be protected.  Therefore, the minimal length of the chains appended to the 

imidazolium cation was finally determined to three carbons in order to protect the 

amine functionality.   The amine group is incorporated into the alkyl chain of the 

imidazolium cation. The designed liquid is 1-(3-Aminopropyl)-3-Methylimidazolium  

bis(trifluoromethylsulfonyl)imide (APMim[NTf2]). The NTf2 anion was used due its 

large CO2 absorption capacity, even though is expensive.  The structure of the 

primary amine functionalized imidazolium with imide anion is plotted in Figure 4-2a.  

 

To study the influence of the forming anion of the NH2-imidazolium functionalized 

ionic liquids in gas absorption two additional anions were considered in the design.  
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The dicyanamide (DCA) anion was selected because, apart of providing a good CO2 

absorption capacity, this anion is associated with lower viscosity values.  The 

terafluoroborate (BF4) anion was chosen due to its associated good CO2 absorption 

capacity, being a fluorine containing anion and since it can be used as reference 

given its well-known availability.  The resulting functionalized RTILs are 1-(3-

Aminopropyl)-3-Methylimidazolium dicyanamide (APMim[DCA]) and 1-(3-

Aminopropyl)-3-Methylimidazolium tetrafluoroborate (APMim[BF4]) respectively.  

Those are depicted in Figures 4-2b and 4-2c. 
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Figure 4-2:  NH2-Cation functionalized RTILs 

 

To study the influence of the nature (basicity) of the cation used the imidazolium 

type cation is changed for a pyrrolidinium.  The designed cation is combined with 

BF4 anion to form the functionalized ionic liquid, N,N,-(3-AminoEthyl)-Methyl-

Pyrrolidinium  tetrafluoroborate (AEMPyrr[BF4]), presented in Figure 4-2d. 

 

 

4.2.2 Functionalization of the cation with a tertiary amine4.2.2 Functionalization of the cation with a tertiary amine4.2.2 Functionalization of the cation with a tertiary amine4.2.2 Functionalization of the cation with a tertiary amine    

 

Besides the reactive CO2 absorption via carbamate formation, the capture with a 

tertiary amine can be an alternative option.  The possibility of enhancing the CO2 

absorption in the ionic liquids with adding to the cationic structure a tertiary amine is 

explored. The chosen imidazolium cation can also be functionalized with a tertiary 

amine and, therefore. the CO2 capture will proceed via carbonate formation.  Similar 

to the reaction in an aqueous medium the reaction in the ionic liquid requires a 

source of a hydroxyl group.  The reaction of tertiary amines with CO2 is a base-

catalyzed hydration of CO2 and the presence of water is needed for the reaction.  

From the studies of Versteeg and Van Swaaij26 with MDEA in ethanol solutions was 

found that only physical absorption can occur in nonaqueous tertiary alkanolamine 

systems. 
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In order to complete the reaction between CO2 and the tertiary amine two liquids are 

designed.  The hydroxyl source is an imidazolium cation with a hydroxyl appended 

in the longer alkyl chan.  The second liquid designed contains a diethyl amino group 

added to the imidazolium cation.  Both functionalized cations are conveniently 

combined with the relatively economical and stable BF4 anion. The NR3-

functionalized RTIL is 1-(2-diethylaminoethyl)3-methylimidazolium tetrafluoroborate.  

The functionalized ionic liquid used as hydroxyl source for the reaction is 1-(2-

hydroxyethyl)-3-methylimidazolium tetrafluoroborate. The designed solvents are 

shown as the reactants in the Figure 4-3.  In the functionalized RTILs, the expected 

mechanism of CO2 capture via carbonate formation is plotted in Figure 4-3. The 

used absorption solvent for chemical CO2 capture is prepared by equimolar mixing 

of the designed liquids.  Additionally, the CO2 and CH4 absorption capacity of each 

liquid is also measured separately. 
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Figure 4-3:  CO2 capture via carbonate formation by NR3- Functionalized RTILs.   

 

 

4.2.3 Functionalization of the anion4.2.3 Functionalization of the anion4.2.3 Functionalization of the anion4.2.3 Functionalization of the anion    

 

Instead of the cation, the anion of the ionic liquid can also be functionalized with 

primary amino groups.  The anionic form of amino acid compounds can be used as 

amino-functionalized anions in the designed ionic liquids. Amino acids are used as 

activators in carbonate solvents and in solution for selective acid removal.2,27,28 

Industrial processes such as Alkazid and Gianmmarco-Vetrocoke utilize amino acids 

in the gas treating solvents.2  Alanine, glycine, diethyl glycine are some of the 

industrially used amino acids. The use of potassium salts of taurine and glycine for 

CO2 absorption was extensively studied by Kumar.28  Resembling alkanolamines, 

the absorbed CO2 reacts in the aqueous solutions of common alkaline salts of amino 
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acids and the primary products are carbamate and a protonate amine. In aqueous 

solutions, the hydrolysis of the carbamate results in formation of bicarbonate and 

carbonate.27,28 

 

The anionic form of the amino acids taurine and glycine contain a primary amine 

functionality.  The designed liquids were formed by combining these primary amine 

containing anions, taureate and glycinate, with a popular imidazolium cation.  The 

structures of the obtained 1-Butyl-3-methylimidazolium Taureate (Bmim[Tau]) and  

1-Butyl-3-methylimidazolium Glycinate (Bmim[Gly]) are presented in Figure 4-4. 
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Figure 4-4:  NH2-Anion Functionalized RTILs. 

 

4.3  4.3  4.3  4.3  Experimental  Experimental  Experimental  Experimental      
 

4.3.1 Set4.3.1 Set4.3.1 Set4.3.1 Set----up up up up     
 

The solubility measurements of CO2 and CH4 were performed in an Intelligent 

Gravimetric Analyzer (IGA 003, Hiden Analytical), at temperatures ranging from 

298K to 363 K and pressures up to about 10 bar.  The balance has a weight range 

of 0 mg -100 mg with a resolution of 0.1 µg.  A more detailed description of the set 

up can be found in section 3.2.2.  The ionic liquid was loaded in the gravimetric 

microbalance, dried and degassed at 343 K and 10-3 bar, using a vacuum pump 

(Baltzers TCP 121) for a period of minimum 12 hours.  The temperature of the 

sample was kept constant with a regulated external thermostat bath (Julabo F25 

MW) filled with oil, which was coupled to a jacket of both sample and counter side of 

the gravimetric balance. Once the sample was dried, the thermostat bath was 

brought to the experimental temperature.  The system was kept under vacuum until 

the sample mass and temperature were constant for at least one hour.  

Subsequently, the gas to be measured was introduced up to the set pressure and 

the increment in weight was monitored.   The ionic liquid and the gas was 

considered to have reached equilibrium when at constant pressure no further weight 

change was observed throughout time, weight change rate <0.001 mg/h.  The time 

required for reaching equilibrium at each pressure level depended strongly on the 

nature of the ionic liquid. Table 4-1 contains the time needed for the different 
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functionalized liquids. Intervals between 8 and more than 48 hours were observed.  

In the solubility calculations, the effects from buoyancy and equipment sensitivity 

were accounted for in a similar manner as described for the measurements carried 

out in chapter three. At low temperature and high pressure, the gas density is high 

and the buoyancy effects can become large. The density of CO2, and CH4, was 

obtained from NIST.29  The weight of the ionic liquid sample varied between 0.05 g 

and 0.08 g; it was carefully selected to minimize buoyant forces. Deviation caused 

by balance sensitivity was between 0.04 mg and 0.3 mg. This correction is smallest 

at higher temperatures and lower pressures.  

 

4.3.24.3.24.3.24.3.2 MaterialsMaterialsMaterialsMaterials    

 

The carbon dioxide (CO2) gas was purchased from Praxair with purity higher than 

99.996 % and water content lower than 10 ppmv.  The methane (CH4) was obtained 

from Praxair with 99.995 % purity and water content lower than 5 vpm. 

 

The functionalized ionic liquids were synthesized at the laboratories of Shell 

Amsterdam by J. de With. The liquids were dried after receiving and used without 

any other further purification.  The density of the functionalized ionic liquids was 

determined with an Anton Paar densimeter in a similar manner as it was explained 

in chapter 2.  Upon gas absorption the liquids were regenerated and subsequently 

used for a new absorption determination.  Multiple absorption and regeneration 

cycles were performed to the stable liquids.  The regeneration of the liquids was 

carried by heating at vacuum pressure. The evaluated functionalized RTILs and the 

time needed for each liquid to achieve the equilibrium at the measured pressured, 

together with the operation conditions for regeneration are presented in Table 4-1.  

 

Table 4-1: Functionalized ionic liquid solvents for CO2/CH4 separation. 

AbsorptionAbsorptionAbsorptionAbsorption    RegenerationRegenerationRegenerationRegeneration    
RTIL solventsRTIL solventsRTIL solventsRTIL solvents    FunctionalizationFunctionalizationFunctionalizationFunctionalization    AnionAnionAnionAnion    CationCationCationCation    

T /T /T /T /    KKKK    t / ht / ht / ht / h    T/T/T/T/    KKKK    t / ht / ht / ht / h    

303 24 358 24 
APMim[NTf2] NTf2 

343 8-12 358 24 

APMim[DCA] DCA 303 >48 343 72 

303 >74 358 72 
APMim[BF4] BF4 

Imidazolium 

 

343 24-36 358 72 

303 58 358 60 
AEMPyrr[BF4] 

NH2-Cation 

BF4 Pyrrolidinium 
333 24-36 358 60 

MeImOH[BF4] OH- Cation BF4 303 6-8 358 16 

MeImNet2[BF4] NR3- Cation BF4 303 10-12 358 16 

OH-Net2   (1:1) OH:NR3 - Cation BF4 

Imidazolium 

303 10-12 358 16 

Bmim[Tau] Taureate 333 52 358 82 

Bmim[Gly] 
NH2-Anion 

Glycinate 
Imidazolium 

333 52 358 82 
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4.44.44.44.4 Results and discussionResults and discussionResults and discussionResults and discussion    

 

The data of the isotherms of CO2 and CH4 measured in this chapter are tabulated in 

Appendix D.  The measured densities of the functionalized RTILs were linearly fitted 

as a function of temperature and these correlations can be found in Appendix A.   

 

 

4.4.1. NH4.4.1. NH4.4.1. NH4.4.1. NH2222----CCCCation functionalized RTILsation functionalized RTILsation functionalized RTILsation functionalized RTILs    

 

The CO2 absorption in NH2-cation functionalized ionic liquids at 303 K is compared 

in Figure 4-5.  The NH2-functionalized RTILs exhibited the largest CO2 solubility.   

The absorption behaviour regarding changes in pressure for functionalized ionic 

liquids is comparable to those for non-functionalized ionic liquids (standard): the 

solubility of CO2 increased with an increase in pressure.   
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Figure 4-5:  CO2 absorption in NH2-cation functionalized RTILs at 303 K.  Lines 
plotted as view aid.  Points represent experimental measurements:  (�)APMim[BF4], 
(�) APMim[DCA], (�) AEMPyrr[BF4] and (����) APMim[NTf2].  Standard Ionic liquids: 
(●) emim[NTf2], (�) bmim[BF4] and (�) bmim[DCA]. 
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The solubility of CO2 in the NH2-functionalized imidazolium liquid is considerably 

higher than that achieved in standard imidazolium liquids. The solubility increases 

sharply at pressures up to 1 bar and then the solubility continues increasing with 

pressure at a lower and steady rate. The molar fraction of CO2 in APMim[DCA], 

APMim[BF4] and AEMPyrr[BF4]  at 10 bar is close to 0.3.  In other words, at 303 K 

and 10 bar the capacity of the NH2-cation functionalized ionic liquid solvents is 

roughly 0.5 mol of CO2 per mol of NH2-RTIL solvent, which is the stoichiometry  limit 

of the reaction with MEA (2:1 MEA:CO2). 

 

The enhancement of the CO2 absorption is largest for the APMim[BF4] and smallest  

for APMim[NTf2] in comparison with an imidazolium-based standard ionic liquid with 

the same anion.  The measured CO2 absorption at 1 bar in APMim[BF4] and 

APMim[NTf2] is approximately eight times and three times that in the standard 

bmim[BF4] and emim[NTf2], respectively.  The achieved improvement in the CO2 

absorption is smaller at higher pressures.  At 10 bar, the CO2 absorption capacity of 

APMim[BF4] is just double that of the standard bmim[BF4]. 

 

The CO2 isotherms exhibit the characteristics of both chemical and physical 

absorption mechanisms.  The molar CO2 absorption capacity of the NH2-

functionalized RTILs at 303 K and at pressures up to 4 bar decreases in the 

following order: APMim[BF4] > AEMPyrr[BF4] > APMim[NTf2] > APMim[DCA].  As 

shown in Figure 4-5, the increase in the amount of CO2 absorbed with pressure is 

higher for the APMim[DCA]  ionic liquid than that for the others.  At 10 bar, the 

largest  CO2 absorption capacity of APMim[DCA]  is just under that of that exhibited 

by APMim[BF4].   

 

It is interesting to note that the largest CO2 absorption is achieved with the NH2-

functionalized liquids with BF4 anion and not with the one paired with NTf2, as it 

would be expected based on the absorption in the standard ionic liquids.  Although it 

was observed that the nature of the anion is more influential in the gas absorption 

capacity of the liquid, the interactions between the anion and cation may affect the 

ionic liquid interaction with the CO2. This unexpected result in the absorption in NH2-

funtionalized ionic liquids is possibly attributed to the stronger interaction between 

the cation and the highly localized charge in the BF4 anion. The stronger interaction 

between anion and cation might allow an easier interaction between the CO2 and 

the amino group located at the end of the substituted chain.  
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4.4.2. NR4.4.2. NR4.4.2. NR4.4.2. NR3333----Cation functionalized RTILsCation functionalized RTILsCation functionalized RTILsCation functionalized RTILs    

 

The measured CO2 absorption in the designed ionic liquids intended for reactive 

capture of CO2 via carbonate formation are plotted in Figure 4-6. 
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Figure 4-6:  CO2 absorption into NR3 and OH cation functionalized RTILs at 303 K.  
(�) MeImNet2[BF4], (�) MeImOH[BF4] and (�) OH-Net2. Line and (�) represent 
bmim[BF4] 
 

 

Figure 4-6 shows that the capture of CO2 into the functionalized RTILs via carbonate 

formation did not enhance the solubility evidently.   The absorption of CO2 into the 

liquid made by the equimolar mixture of the tertiary amine and the hydroxyl 

functionalized liquids is comparable to that achieved into standard bmim[BF4].  The 

isotherm obtained for the OH-imidazolium liquid is also similar to that of bmim[BF4].   

The CO2 solubility is slightly higher into the NR3-Imidazolium liquid than in the liquid 

formed with an equimolar mixture.  Based on the path of the absorption in the plot, 

this effect can not be directed attributed to a chemical enhancement due to the 

amine present.  The slight increase in the absorption is most likely related to the 

increase in the free volume provided by the larger substituted cation chains of the 

liquid rather than enhancement due to chemical capture. The CO2 absorption in 

functionalized MeImNet2[BF4], MeimOH[BF4] and their equimolar mixture is 

controlled by a physical mechanism. 
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4.4.3 Anion Functionalized RTILs4.4.3 Anion Functionalized RTILs4.4.3 Anion Functionalized RTILs4.4.3 Anion Functionalized RTILs    

 

The anion functionalized liquids are more viscous than the cation functionalized 

RTILs and to facilitate the diffusion of the gas in the liquid the isotherms were 

measured at 333 K where viscosity is lower.  The solubility of CO2 into bmim[Tau] 

and bmim[Gly] compared to that of the NH2-cation functionalized AEMPyrr[BF4] is 

depicted in Figure 4-7.    

 

0.00

0.10

0.20

0.30

0.40

0.50

0 2 4 6 8 10

P /  bar

χ
 

χ
 

χ
 

χ
 
C

O
2

 
Figure 4-7:  CO2 solubility in NH2-anion functionalized RTILs at 333 K.  The symbols 
indicate the following: (�) Bmim[Tau] and (�) Bmim[Gly]; the NH2-cation 
functionalized (�) AEMPyrr[BF4] is presented for comparison purpose. 
 

The amount of CO2 absorbed by the anion functionalized ionic liquids is roughly 

twice that achieved in the NH2-cation functionalized AEMPyrr[BF4].  The anion 

functionalized liquids were unsuitable for the separation, even thought the CO2 

capacity was high.   The absorption results after the regeneration of the liquids were 

considerably different from the observed with a fresh sample.  After the first 

regeneration, the absorption capacity was reduced to about 60 % of that one initially 

measured when using a fresh sample.  Additionally, through direct observation of 

the CO2 loaded bmim[Tau] and bmim[Gly] it was clear that both exhibited different 

physical properties.  The liquids turned out to be thicker, like a gel, and their colour 

and transparency changed. Initially both liquids were clear and at the after 

absorption their colour became white and presence of precipitated salt at the glass 

surface was observed.   It is possible that complete regeneration of the liquid was 

not achieved under the conditions indicated in Table 4-1.  It is also it is feasible that 

stable species formed during the absorption of CO2 are not reversible and therefore 

prone to liquid degradation. 
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 4.4.4 Effect of temperature on CO4.4.4 Effect of temperature on CO4.4.4 Effect of temperature on CO4.4.4 Effect of temperature on CO2 2 2 2 absorptionabsorptionabsorptionabsorption    

 

The CO2 absorption increases with an increase in pressure and decreases when 

temperature is risen for all NH2-functionalized RTILs with exception of APmim[BF4].  

Figure 4-8 shows the effect of temperature on the CO2 absorption in APmim[NTf2] 

and the opposite behaviour for APMim[BF4] (increase with temperature). 
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Fig. 4-8: The influence of the temperature on the CO2 absorption into NH2-
funtionalized RTILs.  The symbols indicate the following NH2-RTILs and 
temperatures: APMim[BF4]:  (�) 303  K and  (�) 343 K.  APMim[NTf2]: (�) 303 K 
and (�) 343 K  
 

The CO2 absorption in APMim[BF4] at 303 K is lower than at  343 K.  An explanation 

for this unexpected behaviour can be given by the changes at the liquid surface and 

in the bulk properties of the liquid during the CO2 absorption rather than to an 

endothermic absorption.  Although the gas absorption capacity is generally 

increased when the temperature is lowered, the mass transfer resistance in the 

liquid phase becomes bigger at lower temperatures. When the high mass transfer 

resistance is limiting the gas transport through the liquid, the reaction is 

consequently restricted. The reaction will take place mainly at the liquid surface and 

the new reaction products will also contribute to a further increase on the mass 

transfer resistance. As a result, some of the available amine groups do not react due 

to gas transport limitation.  In case of APMim[BF4], the viscosity clearly increased 

during absorption, which was manifested in changes on appearance of the liquid 

observed once the measurement was completed.  During the CO2 absorption the 

consistency of the   APMim[BF4] ionic liquid changed from the original liquid phase 
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to a gel form, Figure 4-9a.  It is likely that these changes were a consequence of 

reactive interactions in the liquid phase, resulting in the occurrence of a new 

species, probably originating from carbamate formation. In the set-up used (IGA-

003), it is not possible to mechanically decrease the gas transport resistance in the 

liquid during the gas absorption experiments, resulting in the apparent low gas 

absorption capacity at lower temperature for APMim[BF4].    

 

 

  

a. APMim[BF4] 

  

b. APMim[DCA] 

 

Figure 4-9:  Fresh NH2-functionalized ionic liquid (left) and after CO2 absorption 
(right).  (a) APMIm[BF4] and (b) APMim[DCA] 
 

The functionalized ionic liquids were regenerated at vacuum and at 353 K during at 

least one day, see Table 4-1.  With exception of APmim[DCA],  changes in the 

absorption capacity in the subsequently performed absorption experiments carried 

out with the regenerated samples  were not observed.  The absorption capacity of 

the APmim[DCA] displayed a 10% reduction after three measurements. This 

reduction in the absorption capacity may be attributed to the formation of the stable 
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compounds with the CO2 which can not be reversed during the liquid regeneration.   

Figure 4-9b presents APMim[DCA] before and after the  absorption of CO2. 

  

At 343 K, the absorption capacity of APMim[BF4] is higher than that of 

AEMPyrr[BF4].  The lowest absorption capacity of the NH2-functionalized RTILs was 

observed for  APMim[NTf2].  Opposite to the expected the NH2-functionalized ionic 

liquid that exhibits the largest CO2 capacity are the  ones paired with  

tetrafluoroborate and not the one paired with the imide [NTf2] anion.  As mentioned 

before in section 4.4.1 the attraction between the anion and NH2-functionalized 

cation is likely stronger with BF4 than with NTf2, due to their centered and large 

delocalized charge, respectively.  The intensity of the inter-ionic attraction may 

restrict or favour the absorption of CO2 by the reactive amine group.  As described 

by Yu et al.,20 for guanidinium-base ionic liquids, the expected CO2 reaction with the 

amine can be inhibited when the hydrogen bonds linked to the NH2 group increase 

the interaction between anion and cation of the ionic liquid.  The inhibition of the 

reactive capture is consequently associated to steric effects of the appended 

functionalized chains in the ionic liquids cation.  If the length of the substituted NH2-

alkyl chain is longer, it is likely that the effect on the ionic interaction would be 

smaller.  However, longer chains are also related with higher viscosities that are 

undesirable for absorption solvents. 

 

The CO2 absorption in AEMPyrr[BF4] in molar fraction is approximately 0.25 at 10 

bar and 333 K while at the same pressure and at higher temperature (343 K) the 

absorption of CO2 in APMim[BF4]  reached  a molar fraction  around 0.37.   In part, 

the differences in the CO2 absorption capacity are associated to the physical 

capacity of the liquids. The size of alkyl chains in the AEMPyrr[BF4] is smaller 

compared to that of the APMim[BF4] as is also the free volume associated with  it. 

The lesser free space of the AEMPyrr[BF4] reduces the physical CO2 absorption 

capacity  in comparison with  that of  APMim[BF4].   Besides, the reactive absorption 

can be limited in the AEMPyrr[BF4].  The active amine group may be inhibited by 

steric reasons and by a lower reactivity of the amine. In the AEMPyrr[BF4], the NH2 

group is placed at shorter distance (two -CH2) from the quaternary nitrogen in the 

pyrrolidinium  than in that the APMim[BF4] where the  amine is placed further (three  

-CH2) form the nitrogen. The basicity constant (pKb) of the diethylamine and 

triethylamine are 3.27 and 2.99 respectively.30  It means that diethylamine is less 

basic than triethylamine.  The lower absorption in the AEMPyrr[BF4] can be related 

to its lower basicity compared with that of APMim[BF4], using an analogy with the 

alkyl amines. 
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 4.4.5 Absorption of CH 4.4.5 Absorption of CH 4.4.5 Absorption of CH 4.4.5 Absorption of CH4444    

 

Figure 4-10 provides the absorption of CH4 in NH2-functionalized RTILs.  Absorption 

increases with pressure, for all the NH2-functionalized RTILs, and decreases when 

temperature is increased.   The CH4 absorption is very low and the increment on the 

sample weight due to absorption is of the same magnitude as the precision of the 

equipment and as the correction given by balance instability.  The error lines 

represent the standard deviation of the average solubility measurement from their 

calculated Henry coefficient. 
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Fig 4-10: CH4 absorption into NH2-RTILs. The bars indicate the following NH2-RTILs: 
( ) bmim[BF4] at 333 K, ( ) AEMPyrr[BF4] at 333 K, ( ) APMim[BF4] at 343 K and  
(�) APMim[NTf2] at 343 K. 
 

The absorption of CH4 absorption into NH2-RTILs is slightly higher than that into the 

standard ionic liquids.  This is likely caused by a higher interaction provided by the 

new NH2 hydrogen bonds with the absorbed CH4.   

 

4.4.6 CO4.4.6 CO4.4.6 CO4.4.6 CO2222/CH/CH/CH/CH4444 Selectivity Selectivity Selectivity Selectivity    

 

The molar selectivity toward CO2 provided by the NH2-funtionalized RTILs was 

calculated based on the single gas absorption measurements for CO2 and CH4 as 

expressed in equation [4.1]. 
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The calculated selectivity is shown in the Figure 4-11.  The error bars represent the 

uncertainty in the calculation from the experimental error and the standard deviation 

from the average solubility measurement of CO2 and CH4.  Due to the large CO2 

absorption capacity and the relatively large the deviation (30%) of the small amount 

(χCH4 < 0.02) of CH4 absorbed, the maximum deviation in the calculated selectivity 

can be up to 20 %. 
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Figure 4-11: CO2/CH4 selectivity of NH2-funtionalized RTILs.  The bars represent the 
following RTILs and temperatures: ( ) bmim[BF4] at 333 K, ( ) AEMPyrr[BF4] at 
333 K, ( ) APMim[BF4] at 343K and  (�) APMim[NTf2] at 343 K. 
 

The molar selectivity of CO2 is improved when the NH2-functionalized ionic liquids 

were used as solvents.  In average, the largest selectivity was achieved with 

APMim[BF4] ionic liquid followed by AEMPyrr[BF4] and APMim[NTf2].   In the 

functionalized ionic liquids the enhancement due to chemical capture of CO2 is 

observed by looking at the decrease of the selectivity with an increment in pressure.  

In contrast, the calculated CO2/CH4 selectivity in the standard ionic liquid bmim[BF4] 

does not vary with pressure and it is known that both gases CO2 and CH4 are only 

absorbed by the physical mechanism. 
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4.5 Functionalized RTILs in comparison with traditional solvents4.5 Functionalized RTILs in comparison with traditional solvents4.5 Functionalized RTILs in comparison with traditional solvents4.5 Functionalized RTILs in comparison with traditional solvents    
 

In plants operated with MEA, DEA and MDEA the maximum recommended loads 

vary from 0.4 up to 0.5 moles of acid gas per mol amine, as higher loads lead to 

faster corrosion rates.2  Estimated operational loads are at around 2 to 2.5 kmol 

CO2.m
-3 solvent for processes with solvents containing 30% MEA.  A comparison of 

the solvent volumetric gas load between measured data of ionic liquids and reported 

equilibrium CO2 loads for MEA, MDEA, Selexol and Sulfinol is given in Figure 4-12.    
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Figure 4-12:CO2 Volumetric loads of standard and NH2-RTILs.  Own measurements: 
(�) APMim[BF4] at 343 K, (�) AEMPyrr[BF4] at 333 K and  (�) bmim[BF4] at 344 K.   
Reference data represented by the solid lines:  CO2 load of MEA 30 % and MDEA 
30 %  at 333 K  taken from Shen and Li31;  CO2 load of Sulfinol at 313 K taken from 
Isaacs et al.32 and CO2 load of Selexol at 333 K calculated with data from Henni et 
al. 33  
 

 

It seems that at low pressures, chemical absorption mechanisms took place when 

CO2 is absorbed into the NH2-functionalized liquid. In contrast, at higher pressures 

the absorption trends of aqueous amine solutions were different from the 

functionalized ionic liquids.    

 

After approximately 2 bar, the aqueous amine solutions reached the maximum 

capacity and any further increment as a result of the reactivity of the amine is not 

possible, because the solvent capacity of amine solutions is stoichiometrically 
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limited.  At higher pressures, an increase in the volumetric CO2 load of the aqueous 

amine solutions results from the physical solubility of the CO2 in the solution, which 

is comparable to that in water.  On the other hand, the NH2-functionalized liquid 

volumetric CO2 load showed an interesting behavior at pressures higher than 2 bar.  

The functionalized ILs CO2 load kept rising steadily with increasing CO2 pressure.  

The CO2 solvent load of APMim[BF4] at 343 K is comparable to that achieved with a 

solution MEA 30% at 333 K.  The volumetric capacity of AEMPyrr[BF4] at 333 K is 

almost a half of that reported for  the primary amine solvent, MEA 30%.  However, 

the capacity of the AEMPyrr[BF4] is higher than that achieved by MDEA 30 % 

solution at 333 K.  The NH2-functionalized ionic liquids absorbed more than a 

traditional physical solvent like Selexol.  The CO2 load in the standard bmim[BF4] at 

343 K is comparable to that reported  for Selexol at 333 K.    The CO2 absorption 

capacity of the NH2-functionalized ionic liquid solvents have a similar trend as that 

depicted for the hybrid solvent Sulfinol.   The CO2 capacity of APMim[BF4] at 343 K 

is almost twice that  of Sulfinol at 313 K.  

 

Physical solvents are preferably used when CO2 is a large fraction of the gas 

stream.2 The selectivity towards CO2 is similar for standard RTILs and better in the 

case of NH2-functionalized RTILs than that provided by traditional physical solvent 

used in separation of CO2/CH4.  Figure 4-13 compares the CO2/CH4 selectivity of the 

ionic liquids with that of the traditional physical solvents at 10 bar.   
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Figure 4-13:  CO2/CH4 Selectivity of physical solvents and ionic liquids at 10 bar.  
Selectivity at 333 K in physical solvents was taken from available literature:  NFM 
from Rivas and Prausnitz,35  Sulfolane  from Jou et al.34 and NMP from Murrieta-
Guevara et al.36 
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The standard ionic liquids bmim[BF4] and emim[NTf2] provide a better selectivity 

than that of  industrial NFM, Sulfolane and NMP.  The selectivity provided by the 

NH2-functionalized ionic liquids is double and more of that achieved by the industrial 

solvents.  The higher selectivity is calculated for APMim[BF4] that is  approximately 

three times that of Sulfolane. 

 

4.64.64.64.6  Enthalpy of Absorption Enthalpy of Absorption Enthalpy of Absorption Enthalpy of Absorption    

 
The enthalpy of solution of carbon dioxide into the functionalized ionic liquids is 

estimated by the Gibbs-Helmholtz relation: 

 

( ) R

H

T

P

x

∆
=









∂

∂

1

ln
      [ 4.2] 

 

The calculated CO2 enthalpy of solution at a solvent load of 0.1 and 0.2 moles CO2 

per mol NH2-functionalized ionic liquid are presented in Table 4-3.  The absorption 

enthalpy of CO2 in APMim[BF4] is not calculated since at lower temperatures (303 K)  

the CO2 absorption capacity is likely  inhibited by the poor gas diffusion. 

 

Table 4-3: CO2 Enthalpy of absorption of NH2-Functionalized ionic liquids 
 

∆∆∆∆H  /  kJH  /  kJH  /  kJH  /  kJ        ⋅⋅⋅⋅    molmolmolmol----1111    

Solvent Load:  molCO2 / mol RTIL NHNHNHNH2222----RTILRTILRTILRTIL    

0.10.10.10.1    0.20.20.20.2    

APMim[NTf2] -41.95 ± 4.8 -20.04 ±2.5 

AEMPyrr[BF4] -35.45 ± 4.3 -19.20 ± 2.8 

 

 

The enthalpy of solution for CO2 into a 30 wt % MEA at a CO2 solvent load 0.2 is 

calculated to be around -85.4 kJ.mol-1 CO2.
38  Likewise the estimated enthalpy of 

absorption into a MDEA solution, concentration of 2.0 kmol.m-3and 4.28 kmol.m-3, is 

about -59.8 kJ/mol at a solvent load of 0.1 mol CO2/mol MDEA.39  The smaller 

change in enthalpy of absorption of the NH2-functionalized ionic liquids compared to 

that reported for the aqueous amine solvents indicates that less energy is required 

for the regeneration of the solvent and therefore the NH2-functionalized ionic liquids 

can potentially impact positively on the energy balance of the solvent recovery 

process. 
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4.7  Conclusions4.7  Conclusions4.7  Conclusions4.7  Conclusions    

 

The functionalized RTILs were able to enhance the capture of CO2.  The 

improvement of the absorption capacity was greater with the RTILs that contained a 

primary amine group.  From the CO2 absorption isotherms, two absorption 

mechanisms can be distinguished.  At low pressures, chemical absorption took 

place and the absorption seems to be enhanced in the same way as the typical of 

CO2 absorption in amine aqueous solutions.  Once the large part the chemical 

bonding has taken place, a different mechanism starts to dominate the CO2 

absorption into the NH2-functionalized RTILs. The physical absorption is evident a 

higher pressures.  The absorption of CH4 into the functionalized RTILs can be 

described using a Henry coefficient.  The CH4 capacity of NH2-funtionalized RTILs is 

larger compared to that of the standard RTILs.  The absorption performance of the 

functionalized RTILs merges the characteristic behaviour of the stable physical 

solvents with the attractive features of the chemical capture solvents. 

 

In the designed ionic liquids with functionalized cation the enhancement in the CO2 

absorption capacity was only achieved when the ionic liquids functionalized with a 

primary amine were used.  The best CO2 absorption and selectivity are achieved 

with APmim[BF4] and AEMPyrr[BF4], but these liquids required the largest 

equilibration and  regeneration times.  The regeneration was less time demanding 

for APmim[NTf2] than for the other two promising liquids.  At high pressure the 

selectivity of AEMPyrr[BF4] and APmim[NTf2] are similar.  The use of   APmim[BF4] 

and AEMPyrr[BF4] may be disadvantageous in absorption process in which the 

liquid mass transfer resistances are large.   

 

Future attempts for designing functionalized RTILs should focus on tailoring the 

anion and cation to provide lower viscosity values, since viscosity is the main 

limitation for gas diffusion.  On the other hand, functionalized-RTILs are robust 

solvents since they provide competitive gas capacities in a non volatile media and 

attractive energy regeneration requirements. 
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NomeNomeNomeNomenclature listnclature listnclature listnclature list    

P Pressure.   [bar] 
R Gas constant   [J.mol-1.K-1] 
S Selectivity   [-] 
T Temperature   [K] 
∆H Enthalpy of solution  [J.mol-1] 

ρ Density.    [g.cm-3] 

χ Mole fraction   [-] 
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AbstractAbstractAbstractAbstract    

 

The design of ionic liquid-based solvents formed by a standard ionic liquid mixed 

with a salt of a transition metal for the reactive absorption of olefins is presented in 

this chapter.  The selected metal was silver and it was added to the RTIL-based 

solvent in the form of AgNO3, AgTFA, AgOTF and AgNTf2 salt.  The absorption 

isotherms of C2H4 and C2H6 into the RTIL-based solvents were measured with a 

gravimetric balance (IGA-003) at temperatures between 303 K and 343 K and at 

pressures up to 10 bar. The RTIL-based solvent allowed the stabilization of the 

metal transition cation.  The effects of the ionic liquid structure and metal cation on 

the gas absorption, C2H4 selectivity and solvent stability are investigated. The 

results show that RTIL-based solvents can be used for reactive separation of C2H4 

from C2H6.  The C2H4 absorption was chemically enhanced in the RTIL-based 

solvents. At 303 K, with an AgNTf2 containing solvent the C2H4 absorption capacity 

was five times higher than that achieved with the standard emim[NTf2] at 303 K.  

The absorption of C2H6 in the RTIL-based solvents results from the physical 

mechanism. A maximum C2H4/C2H6 selectivity around 100 was achieved and the 

C2H4 absorption enthalpy varied from -22.6 kJ.mol-1 to -11.2 kJ.mol-1.  
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5.1 Introduction5.1 Introduction5.1 Introduction5.1 Introduction    

 

The technologies used to carry out the separation of olefins and paraffins have been 

discussed in the introduction chapter.  In general, those can be grouped into:  low-

temperature (high-pressure) distillation, physical and chemical adsorption, reactive 

absorption and membrane separation.1-3  In spite of the high energy and capital 

demands associated with low-temperature distillation, this is the prevailing 

technology due to its recognized efficiency and reliability.4  The energy requirements 

of the process could potentially be reduced by carrying out the separation of olefin 

from paraffin by reactive absorption.3 

 

Olefins are able to form reversible complexes with metal transition cations via the 

well known mechanism of metal ion-olefin complexation also known as π- bond 

complexation.3-10  The π- bond complexation model was postulated and described 

first by Dewar and later extended by Chatt and Duncanson; this is otherwise known 

as Dewar-Chatt model.5  In the complex formation both the olefin and the metal 

cation work as an electron donor and acceptor, respectively. The graphical 

representation of the complex of C2H4 and Cu(I) or Ag(I)  is depicted in Figure 5-1.   

The complex is assembled by the mutual interaction of σ and π  bonds of the metal 

with the olefin π type bonds.  The σ  component of the bond originates from the 

intersection of the external s orbital of the metal with the π orbital of the olefin.  The π 

component is created when the electrons of the full d orbital of the metal are 

donated to the available π’orbital of the olefin.1,3-5  

 

 
 

Figure 5-1:  Dewar-Chatt model.9 

 

Usually, silver and copper are the chosen metals for the reactive absorption of 

olefins but in theory all transition metals can be used.  The complex formed by the 
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olefinic gas with either Ag(I) and Cu(I) can be reversed easily by pressure and 

temperature swing and both of the metals are relatively inexpensive.1,3-8  The olefin-

metal complex is stronger when Pt(II), Pd(II) and Hg(II) are used.  Therefore, the 

demands on the regeneration of the metal cation, together with their use related 

safety restrictions and high price render their use unfeasible for industrial 

application.1,3,6   

 

The solution formed by a salt of the transition metal cation and a polar solvent, such 

as water and ethylene glycol are usually the source of the metal cation used as 

reactive agent.3-5  However, in a high polar solvent the affinity for the olefinic gas is 

low and the high solvation degree is equivalent to a reduced availability of the metal 

cation for reacting with the olefin.11-16  Also, the high degree of solvation is 

associated to higher metal cation instability.3 

 

In the case of using a water containing solvent, the removal of water from the 

treated stream is compulsory, particularly if the olefin is sent to a polyolefin plant.   

The production of polyolefins requires olefin streams of high purity.2-6 The traditional 

operations that require drying of the treated olefin stream exclude the use of 

aqueous or water based solvents given the negative impact in the total energy and 

economic balance resulting from additional separations.4 

 

The selective olefin absorption and the stability of the metal cation (complexing 

agent) are the main concerns for achieving a reliable solvent. Traditional solvents 

are not capable of dealing with these requirements simultaneously, given the effect 

of other gases, impurities and the usual plant operating conditions. Hence, 

irreversible loss of the reactive agent is frequently observed.   

 

Due to their designer capability together with their wider range of polarities, low 

lattice energy and especially their dual organic and ionic character, ionic liquids may 

possibly overcome the drawbacks of the traditional solvents.  Physical absorption of 

ethylene and ethane into RTILs is possible as was shown for several ionic liquids in 

the third chapter.  The solubility of ethylene was higher than that of ethane in the 

tested ionic liquids and is strongly influenced by the selection of the ionic liquid 

anion. The ionic liquids with bis(trifluoromethylsulfonyl)imide ([NTf2]),   

methylsulphate ([MeSO4]) and thiocyanate ([SCN]) exhibited a higher capacity for 

both ethylene an ethane.  The affinity of these anions with the alkyl hydrocarbons is 

likely attributed to their alkylation capacity.  However, the molar ethylene/ethane 

selectivities achieved from single gas absorption results ranged between 1.5 and 2.  

Improvement of the solvent potential of the ionic liquids for the olefin/paraffin 

separation has not been extensively explored.   Ortiz et al.17 reported the selective 

absorption of propylene from propane using a solvent formed by silver 
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tetrafluoroborate dissolved (0.25 M) in 1-butyl-3-methylimidazolium tetrafluoroborate 

(bmim[BF4]).  The selectivity of the ionic liquid with the silver cation was at least 

eight times higher than that of the bmim[BF4] at 298 K.  For an analogous gas 

separation Huang et al.,18 synthesized several ionic liquids with the [NTf2] anion that 

contain silver complexes in the cation. These ionic liquids were used to impregnate 

membranes for the separation of hexane/hexane, pentene/pentane and 

isoprene/pentane.  The authors reported that olefin/paraffin selectivity was around 

500 when a flux of approximately 2 x 10-3 mL.s-1cm-2 was applied.  The selectivity is 

calculated as the ratio between the permeance of the olefin to that of paraffin.18  

Furthermore, a patent of a method for separation of olefins from non-olefins 

(paraffins, cycloparaffins, oxygenates and aromatics) using a dispersion of metal 

salts in ionic liquids was found.19  The patent claims that olefins are separated from 

a recycle stream in a Fisher Tropsch synthesis and that acetylene is removed with a 

nickel salt.  A variety of copper and silver salts are used and olefins are recovered 

by desorption or carried out using heat or pressure swing.  

 

The objective of this chapter is to study the possibilities for expanding the potential 

of the room temperature ionic liquids as absorption solvents for the separation of 

olefinic and paraffinic gases.  This chapter contains the design of ionic liquid-based 

solvents for the reactive absorption of olefins by formation of a complex with a metal 

transition cation.  The characteristics and absorption performance of the designed 

RTIL-based solvents are studied using ethylene and ethane as model gases of the 

targeted separation.  The effects of the ionic liquid structure and metal cation on the 

gas absorption and solvent stability are investigated. 

 

5.2 Design of the RTIL5.2 Design of the RTIL5.2 Design of the RTIL5.2 Design of the RTIL----based solvents based solvents based solvents based solvents     

 

The existing absorption solvents for selective separation of an olefin from a paraffin 

usually consist of either an aqueous or non-aqueous solution of a transition metal 

salt.3-5 Consequently, a similar principle is applied here for designing RTIL-based 

solvents for separation of ethylene and ethane.  The general design approach is to 

use the standard ionic liquids as solution media for dissolution of a salt from a 

transition metal. In theory, the olefin capacity and selectivity can be synergetically 

enhanced as a result of: 

 

• Feasibility for solvating a salt of transition metal cation in an ionic medium 

which ionic liquids provided by their nature.   

• The metal cation can be stabilized in the solvent media given the low crystal 

energy of the ionic liquids, and given the structures low solvation can be 

achieved.   
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• Volatility of the ionic liquid solvent is almost zero, thus contamination of the 

treated gas stream by volatile compounds of the solvent is substantially 

reduced.  

• The organic part of the ionic liquids has an inherent affinity with the organic 

gases.  The gas absorption capacity will be chemically increased for the 

olefin capture, while the absorption of the paraffin will relay entirely on its 

physical affinity with the solvent.   

 

Salts from copper and silver are commonly used for preparation of the solvents. The 

salts often reported in literature for the targeted separation are: copper(I) chloride 

(CuCl) commonly called cuprous chloride, copper(I) bromide (CuBr), cuprous 

trifluoroacetate (CuTFA), copper(I) nitrate (CuNO3), silver nitrate (AgNO3),  silver 

tetrafluoroborate (AgBF4), silver trifluoromethane sulfonate (AgOTF), silver 

trifluoroacetate (AgTFA).1-11  Solvents with fluorine and chloride ions are not 

preferred because of equipment corrosion and hazards associated to the use of 

halocarbons and also with the presence of hydrochloric acid and hydrofluoric acid 

formed by side reactions and degradation of the solvent.3-5  However, both the 

available solid salts source of the metal transition cation and the most of the 

purchasable ionic liquids contain in their structure those compounds.   

 

The preferential absorption of C2H4 into an RTIL-based solvent by metal 

complexation with copper(I) was attempted.   The solvent was prepared by adding 

cuprous chloride (CuCl) to an standard ionic liquid, 1-butyl-3-methylimidazolium 

chloride (bmim[Cl]).   It is important to prevent the oxidation of Cu(I) to Cu(II) and 

reduction to  copper metal.    Several attempts of combining the solid copper(I) 

chloride with the ionic liquid were carried out using fresh reagents, but unfortunately, 

at all times the solvent degraded.  Therefore it was not possible to use any RTIL-

based solvent containing copper(I) salts and the solubility measurements were 

carried out with the designed RTIL-based solvents containing silver(I) salts. 

 

5.2.1 RTILs5.2.1 RTILs5.2.1 RTILs5.2.1 RTILs----based solvents with silverbased solvents with silverbased solvents with silverbased solvents with silver    (I)(I)(I)(I)    

 

The reactive capture of C2H4 with an RTIL-based solvent that contains silver (I) can 

proceed with the formation of the primary reversible π-complex between the C2H4 

and the metal3-5 and is described by the following reaction: 

( )4242 HCAgAgHC
++

⇔+      [5.1] 

 

Secondary and tertiary complexation can take place.  The secondary complex is 

formed between the olefin and the primary complex, Eq. [5.2].  The tertiary 
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complexation reation takes place between the available silver (I) and the primary 

complex, Eq. [5.3].  

 

( )2424242 )( HCAgHCAgHC
++

⇔+     [5.2] 

( ) ( )42
2
242 HCAgHCAgAg

+
++

⇔+      [5.3] 

 

The silver (I) cation is easily available from AgNO3, AgBF4, AgTFA, AgOTF and 

AgNTf2.
3-9  Additionally, ionic liquids with a similar anion as the metal salt are also 

commercially available and these can be favourably used as a solvent for the silver 

salt of the analogous anion. The structures of the ionic liquids used as solution 

media for each of the silver (I) salts used are presented in Table 5-1. 

 

RTIL Solvents with AgNORTIL Solvents with AgNORTIL Solvents with AgNORTIL Solvents with AgNO3333 salt. salt. salt. salt.    This salt was the first choice given its documented 

chemistry, performance and reliability and as well its relatively low price.  The ionic 

liquid 1-butyl-3-methylimidazolium nitrate (bmim[NO3]) is used to solvate the silver 

nitrate (AgNO3) salt (a).  To examine the influence of the cationic structure of the 

imidazolium in the stability and capacity of the solvent, the standard 1-butyl-3-

methylimidazolium (bmim) was modified and two other cationic structures were 

proposed (b, c).  The effect of using a different type of ionic liquid cation in the 

solvent performance is also studied.  Ionic liquids with pyridinium and choline cation 

were included in the solvent design.  The solid AgNO3 was dissolved into N-butyl-4-

metylpyridinium nitrate (d) and into the choline nitrate ionic liquid (e).   

 

RTIL Solvents with AgBFRTIL Solvents with AgBFRTIL Solvents with AgBFRTIL Solvents with AgBF4444 salt. salt. salt. salt.        After silver nitrate, the hygroscopic silver 

tetrafluoroborate is the preferred salt as source of silver(I), and for that reason it was 

considered in the solvent design.     Due to the observed limited solubility of the AgBF4 

in bmim[BF4], the ionic liquid  was replaced by a pyridinium-base and, unfortunately, 

the silver salt was hardly soluble in this liquid.  The dissolution of AgBF4 into both 

ionic liquids was not achieved at the desired concentration, which is higher than 

0.3N.   It seems that the relatively higher crystal energy of the solid AgBF4 inhibits 

the solvation in the ionic liquids.22,23 

 

RTIL Solvents with AgTFA salt. RTIL Solvents with AgTFA salt. RTIL Solvents with AgTFA salt. RTIL Solvents with AgTFA salt. The salt AgTFA has lower crystal energy than 

AgBF4 and the solution in the ionic liquid is likely more feasible.   The charge is 

delocalized in the anion structure of the trifluoroacetate (TFA) and the interaction 

with the metal cation is lower.  Two imidazolium based ionic liquids with 

trifluoroacetate anion are proposed as solvents of the silver trifluoroacetate salt. The 

standard ionic liquid bmim[TFA] (f) and an imidazolium substituted with an hydrogen 

and a ethyl chain HEim[TFA] (g). 
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Table 5-1:  Structures of salts and RTILs the RTIL-based solvents. 

Ionic LiquidIonic LiquidIonic LiquidIonic Liquid    

Silver SaltSilver SaltSilver SaltSilver Salt    

CationCationCationCation    AnionAnionAnionAnion    

RTILRTILRTILRTIL----based Solventbased Solventbased Solventbased Solvent    

bmimbmimbmimbmim    

 

a. Im[NO3] - Ag 

HHHH----EimEimEimEim    

 

b. H-Im[NO3] -Ag 

HEMimHEMimHEMimHEMim    

 

c. OH-Im[NO3] - Ag 

Bu(4Bu(4Bu(4Bu(4----Me)PyMe)PyMe)PyMe)Py    

 

d. Py[NO3] -Ag 

AgNOAgNOAgNOAgNO3333

 

CholineCholineCholineCholine    

 

NONONONO3333    

 

e. Chol[NO3] - Ag 

bmimbmimbmimbmim    

 

f. Im[TFA] - Ag AgTFAAgTFAAgTFAAgTFA

 

HHHH----EimEimEimEim    

 

TFATFATFATFA    

 g. H-Im[TFA] - Ag 

AgNTfAgNTfAgNTfAgNTf2222

 

eeeemimmimmimmim    

    

 

NTfNTfNTfNTf2222

 

h. Im[NTf2] - Ag 

AgOTFAgOTFAgOTFAgOTF

 

emimemimemimemim    

 

OTFOTFOTFOTF    

 

i. Im[OTF] - Ag 
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RTIL Solvents with AgNTfRTIL Solvents with AgNTfRTIL Solvents with AgNTfRTIL Solvents with AgNTf2222.... In chapter three, the ionic liquid emim[NTf2] exhibited 

the largest affinity for the C2H4 and C2H6, and therefore, it is considered as solvent 

for the AgNTf2 salt.  However, the price of synthesizing NTf2-containing compounds 

is high, thus the use of this anion in large scale application is not advantageously 

foreseen yet. The proposed solvent is prepared with an alkyl-imidazolium imide ionic 

liquid and the dissolved solid AgNTf2 salt (h). 

 

RTIL Solvents with AgOTF. RTIL Solvents with AgOTF. RTIL Solvents with AgOTF. RTIL Solvents with AgOTF.  The ionic liquids with methylsulphate (MeSO4) and 

thiocianate (SCN) anions showed a superior absorption capacity for C2H4 and C2H6 

than the non sulphur-containing anions, see chapter three.  A relatively inexpensive 

and stable salt that can be used as source of silver(I)  with a sulphur-containing 

anion is silver triflate  or  trifluoromethanesulfonate (AgOTF).  Additionally, the 

availability of  emim[OTF], an imidazolium liquid with similar anion, makes the  

design  of a RTIL-based solvent (i) possible.   

 

5.3  Materials and Methods5.3  Materials and Methods5.3  Materials and Methods5.3  Materials and Methods    

 

5.3.1 Chemicals5.3.1 Chemicals5.3.1 Chemicals5.3.1 Chemicals    

 

Ethane (C2H6) was obtained from Praxair, with a purity of 99.99 % and water content 

5 < ppmv.  Ethylene (C2H4) was purchased from Hoekloos, purity >99.9 %. 

 

The designed RTILs-based solvents for separation of C2H4/C2H6 were prepared at 

Shell Amsterdam by Jan de With.  The liquids were kept dry and in dark conditions 

and used without further treatment. The list of the evaluated RTILs-based solvents is 

presented in Table 5-2. 

 

Table 5-2:  Designed RTILs-based solvents 

RTILRTILRTILRTIL----base base base base 

SolventSolventSolventSolvent    
SaltSaltSaltSalt    Ionic liquidIonic liquidIonic liquidIonic liquid    [Metal][Metal][Metal][Metal]

+ + + +     mol/Lmol/Lmol/Lmol/L    Mol %Mol %Mol %Mol %    

Im[NO3]-Ag bmim[NO3] 3.3 40 

H-Im[NO3]-Ag H-Eim[NO3] 4.4 40 

OH-Im[NO3]-Ag HE-Mim[NO3] 2.1 25 

Py[NO3]-Ag Bu(4-MePy)[NO3] 1.2 20 

Chol[NO3]-Ag 

AgNO3 

ChoL[NO3] 2.2 20 

Im[TFA]-Ag bmim[TFA] 1.1 20 

H-Im[TFA]-Ag 
AgTFA 

H-Eim[TFA] 1.4 20 

Im[NTf2]-Ag AgNTf2 emim[NTf2] 0.45, 1.8 10, 40 

Im[OTF]-Ag AgOTF emim[OTF] 1.2 20 
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5.3.2 Equipment5.3.2 Equipment5.3.2 Equipment5.3.2 Equipment and measurements and measurements and measurements and measurements    

 

The absorption isotherms of C2H4 and C2H6 were measured with an Intelligent 

Gravimetric Analyzer (IGA 003, Hiden Analytical), at temperatures ranging from 303 

K to 333 K and pressures up to about 10 bar. A more detailed description of the set 

up can be found in section 3.2.2.  The ionic liquid based solvent was loaded in the 

gravimetric microbalance, dried and degassed at 343 K and 10-3 bar, using a 

vacuum pump (Baltzers TCP 121) for a period of minimum 12 hours, until the rate of 

the change in weight was smaller than 0.001 mg/h.  The temperature of the sample 

was kept constant (±0.1 K) with a regulated external thermostat bath (Julabo F25 

MW) filled with oil, which was coupled to a jacket of both sample and reference side 

of the gravimetric balance. Once the sample was dried, the thermostat bath was 

brought to the experimental temperature.  The system was kept under vacuum until 

the sample mass and temperature were constant for at least one hour.  

Subsequently, the RTIL-based solvent was left in contact with the gas to be 

measured, either C2H4 or C2H6.   The pressurized vessel with the solvent was filled 

with the measured gas until the set pressure was reached and afterwards the 

increment on weight was monitored. The ionic liquid solvent and the gas reached 

equilibrium when the weight change observed throughout a period of time was 

smaller than 0.001 mg/h.   

 

The time required for reaching equilibrium at each pressure level strongly depended 

of the nature of the ionic liquid. Intervals of time larger than 10 hours were allowed to 

reach equilibrium at each pressure step.  In the solubility calculations, the effects 

from buoyancy and equipment sensitivity were accounted for as described in 

chapter three.  

 

The densities of the C2H4 and C2H6 were obtained from the data base NIST 6924 for 

each temperature and pressure measured.  The density of the functionalized ionic 

liquids solvents was determined between 293 K and 343 K with an Anton Paar 

densimeter, as explained in chapter 2.  The density data were linearly fitted as a 

function of temperature.  The linear correlations are provided in appendix A.  

 

5.4 Results and discussion5.4 Results and discussion5.4 Results and discussion5.4 Results and discussion    

 

The total absorption capacity, olefin selectivity and stability of the silver (I) cation in 

the RTIL-based solvent are influenced by the selected salt counter ions and the 

nature of the ionic liquid used as solvent. To report the findings in a more coherent 

sequence, this section is divided into four major parts: 
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• The explicit effects of using designed RTIL-based solvents instead of 

standard ionic liquids in the absorption of on C2H4 and C2H6 are discussed 

first. 

• Next, the effects of temperature and pressure on the absorption and 

solvent performance are described.  

• Then the effects of the anion present in the RTIL-based solvent (the same 

for salt and ionic liquid) and the ionic liquid cation on the gas absorption 

capacity and solvent stability are discussed.   

• Finally, the calculated ethylene selectivity of RTIL-based solvents is 

presented. 

 

The measured solubilities of C2H4 and C2H6, expressed as molar fraction (χ), into 

the RTIL-based solvents are presented in Appendix D.  As expected, consistent with 

the observed for standard ionic liquids in chapter three, C2H4 is more soluble than 

C2H6 in all the designed RTIL-based solvents.  

 

5.4.1 RTIL5.4.1 RTIL5.4.1 RTIL5.4.1 RTIL----based solvents effectsbased solvents effectsbased solvents effectsbased solvents effects    

 

The solubility of C2H4 and C2H6 into the RTIL-based solvents containing AgNTf2 is 

plotted in Figure 5-2.  The magnitude of the scale of the “y-axis” of C2H4 is tenfold 

that of C2H6. 
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a. C2H4 b. C2H6 

Figure 5-2:  C2H4 and C2H6 absorption at 303 K in RTIL-based solvents with AgNTf2.  
The symbols indicated the following:  (�) Im[NTf2]-Ag 1.8 N, (�) Im[NTf2]-Ag 0.45 N  
and (�) emim[NTf2].  
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The absorption of C2H4 is enhanced when the designed RTIL-based solvents are 

used. Figure 5-2.a shows that a higher content of silver(I) cation  provided a higher 

C2H4 capacity to the solvent.   When comparing with the standard emim[NTf2],  the 

amount of C2H4 absorbed by the solvent containing Ag(I) at 0.45 N is roughly twice 

than that in the standard  ionic liquid.  The absorption of C2H4 was increased almost 

five times when a higher concentration of metallic cation, Ag(I) at 1.8 N, was used. 

 

The C2H4 absorption isotherms in the RTIL-based solvents containing AgNTf2 

revealed that chemical absorption of C2H4 is taking place. Most likely, the absorption 

of C2H4 is enhanced by the intended formation of the olefin-metal complex.  In 

contrast, Figure 5-2.b shows that physical mechanisms direct the absorption of C2H6 

in the RTIL-based solvents containing AgNTf2.  As expected, the absorption of C2H6 

is not enhanced by the addition of the silver cation. For the two tested AgNTf2 

containing solvents the amount of C2H6 absorbed remained about the same as that 

in the standard emim[NTf2].  The absorption of C2H6 into all the tested RTIL-based 

solvents proceeds by physical mechanisms.  

 

 

5.4.2 Temperature and Pressure effects5.4.2 Temperature and Pressure effects5.4.2 Temperature and Pressure effects5.4.2 Temperature and Pressure effects    

 

The absorption of C2H4 and C2H6 in the RTIL-based solvents decreased when 

temperature is raised and increased with an increment in pressure.  However, the 

changes in temperature affect drastically the properties of the solvent and hence the 

absorption behaviour.  In the ionic liquids, the viscosity is considerably lower at 

higher temperatures.  A low viscosity facilitates gas diffusion in the solvent and also 

the diffusion of the metal cation in the liquid phase.  The C2H4 absorption isotherms 

at 303 K and 333 K in Im[NTf2] and Im[OTF] solvents are plotted in Figure 5-3. In the 

figures at the left (a) the absorption is plotted in terms of molar fraction and the 

figures at the right (b) report the C2H4 solubility as molar absorptivity, moles of C2H4 

absorbed per mol of Ag(I) present in the RTIL-based solvent. 

 

The amount of C2H4 absorbed into the Im[OTF] solvent at 303 K is higher than that 

at 333 K. However, the absorption at 333 K is not substantially lower than that at 

303 K and a characteristic chemical absorption is exhibited at both temperatures.   

Unexpectedly, the absorption of C2H4 into the Im[NTf2] solvent containing  Ag(I)  at 

1.8 N  does not  show a significant reduction when temperature is increased from 

303 K to 333 K, throughout pressure range.  Only at 1 bar, the measured C2H4 

absorption at 333 K is evidently lower than the value measured at 303 K.  
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Figure 5-3:  C2H4 absorption in Im[NTf2] and Im[OTF] solvents. (a) Total absorption 
of C2H4 expressed in molar fraction.  (b) Amount of Ag(I) used expressed as mol of 
C2H4 absorbed per mol of Ag(I) in the solvent.  The symbols indicated the following 
RTIL solvents and temperatures:  Im[NTf2]-Ag 1.8 N:  (�) 303 K and (�) 333 K.  
Im[OTF]-Ag 1.2 N :  (�) 303 K and  (�) 333 K 
 

  

The apparent low absorption of C2H4 in the Im[NTf2]-Ag 1.8 N measured at 303 K 

can be possibly explained by: 

 

• Inhibition for gas diffusion a low temperature. During the ethylene 

absorption the time needed to reach equilibrium is considerably longer at 

303 K than at 333 K, as it is seen in Figure 5-4.   

• The mass transfer resistance in the liquid phase is larger at 303 K than at 

333 K.  As a result, the transfer of the gas into the liquid and also the 

diffusion of the metal cation is restricted. In the ratio of olefin per silver 

cation present, for the Im[NTf2]-Ag 1.8 N solvent hardly any difference is 

observed between 303 K and 333 K as shown in Figure 5-3b. 

• The reaction (formation of the π-complex) is restricted in a bigger proportion 

at 303 K than at 333 K by the transport properties of the liquid. On the other 

hand, the reaction is exothermic and lower temperatures should promote 

the advance of the reaction. This suggests that in the used set up, at 303 K 

the progress of the olefin-metal complex formation is controlled by the mass 

transfer. 
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• Additionally, the bulk properties of the solvent changed upon ethylene 

absorption. The reaction products may adversely increase the mass 

transfer resistance of the Im[NTf2]-Ag 1.8 N solvent. 

 

 
a. 303 K 

 
b. 333 K 

 

Figure 5-4:  C2H4 absorption in Im[NTf2]-Ag 1.8 N at (a) 303 K  and  (b) 333 K. 
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It is also possible to attribute the lower absorption at 303 K to: 

 

• Changes in the polarity of the RTIL based solvents during absorption can 

reduce complexation capability of the RTIL solvent. 

• Structural modifications of the solvent throughout the gas absorption may 

spatially inhibit the solute-solvent interaction. 

 

Nonetheless, from the experimental results it is not possible to conclude that gas 

absorption was affected by either changes of polarity or the spatial inhibition. 

 

5.4.3 Anion effect5.4.3 Anion effect5.4.3 Anion effect5.4.3 Anion effect    

 

The C2H4 absorption results are plotted in the Figures 5-3, 5-5 and 5-6.  The RTIL-

based solvents with a larger C2H4 capacity are those in which the added metal 

cation, silver (I), was obtained from either AgNTf2 or AgOTF, Figure 5-5.  The 

solvents with silver (I) from AgNO3 absorbed  significantly lower amounts of C2H4, as 

depicted in Figure 5-6.  The gas absorption results were repeatable (maximum 

differences of 3%) after several absorption and regeneration cycles.   

 

The superior capacity exhibited by the solvents with [NTf2] and [OTF] anion can be 

attributed to the lower degree of ionic association created within the ionic liquid and 

with the silver(I). The interaction of the imide ([NTf2]) anion with organic cations is 

weak and, therefore, the lattice energy of the liquid salt is relatively low.25  In the 

imide anion, the charge of the nitrogen is largely delocalized into the sulfur atoms, 

but the charge is only slightly delocalized onto the two oxygen atoms.   As a 

consequence, the delocalized charge is shielded in the molecule and the strength of 

the ionic interactions with the surrounding cations is reduced.26-27 Hence the metal 

cation will be more available for forming a complex with the C2H4. Tokuda et al,28 

found with imidazolium based ionic liquids that ionic association of the 

trifluoromethane sulfonate ([OTF]) anion is lower than that of the  imide anion and 

much more lower than the [BF4].  Furthermore, the RTIL-based solvent with [NTf2] 

anion is more expensive than the OTF-containing RTIL-based solvent. 
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Figure 5-5: Absorption of C2H4 in RTIL-based solvents with AgNTf2, AgOTF and  
AgTFA salts at 333 K. (a) Total absorption of C2H4 expressed in molar fraction.  (b) 
Amount of Ag(I) used expressed as mol of C2H4 absorbed per mol of Ag(I) in the 
solvent.  The symbols indicated the following RTIL-based solvents:  (�) Im[NTf2]-Ag 
1.8 N, (�) Im[OTF]-Ag 1.2 N and (�) Im[TFA]-Ag 1.1 N.  
 

 

The absorption of C2H4 into Im[NTf2]-Ag 1.8 N is higher than in Im[OTF]-Ag 1.2 N at 

333 K, Figure 5-5a. The absorption of C2H4 into Im[NTf2]-Ag 1.8N and Im[OTF]-Ag 

1.2 N corresponds to a chemical absorption.  However, the presence of chemical 

absorption is not evident when C2H4 is absorbed by the Im[TFA]-Ag 1.1 N solvent.  

The absorption of C2H4 into Im[TFA]-Ag solvent seems to correspond for a large part 

with physical absorption, as is clearly corroborated by the low use of silver(I) in 

Figure 5-5b (moles of C2H4 per moles of Ag(I) in the ionic liquid).  

 

On the other hand, the use of silver (I) in the reactive C2H4 absorption into Im[NTf2]-

Ag 1.8 N and Im[OTF]-Ag 1.2 N, is for both of the solvents quite similar and 

considerably high as can be seen in the molar absorptivity plot, in the Figure 5-5b. 

The concentration of silver clearly influences the total C2H4 capacity of the solvent.  

The higher amount of silver available, the larger the total amount of C2H4 that is 

absorbed.   In a similar manner as the aqueous solution of silver,3 in the RTIL-based 

solvents the use of silver (I) is more efficient when added to the solvent at lower 

concentration.    
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5.5.5.5.4444.4 Effect of the ionic liquid cation.4 Effect of the ionic liquid cation.4 Effect of the ionic liquid cation.4 Effect of the ionic liquid cation    

 

In the designed RTIL-based solvents for C2H4/C2H6 separation, the structure of the 

ionic liquid cation plays an important role in the stabilization of the metal cation in 

the solvent.  The effect of the cation on the solvent capacity and stability can only be 

studied when several cation structures are combined with the same anion.  The 

RTIL-based solvent with AgNO3 and AgTFA salts are the ones for which several 

cation structures were studied. 

 

RTILRTILRTILRTIL----based Solvents with AgNObased Solvents with AgNObased Solvents with AgNObased Solvents with AgNO3333    

 

The measured C2H4 absorption at 333 K into the RTIL-based solvents with AgNO3 

salt in dissolution is depicted in the Figure 5-6.  The absorption capacity of the RTIL-

based solvents containing AgNO3 is low compared to that obtained with the RTIL-

based solvents containing AgNTf2 and AgOTF salts.  The C2H4 absorption capacity 

of H-Im[NO3], Ag 4.4 N is the highest in the group of AgNO3 containing solvents but 

it  is only 20% of that measured for Im[NTf2], Ag 1.8 N. Nevertheless, various effects 

from the different ionic liquids structures of the AgNO3 containing solvents on the 

C2H4 absorption capacity are observed.  The absorption of C2H4 into the solvents 

with imidazolium liquids is slightly higher than that into the Py[NO3] and Chol[NO3]. 

Furthermore, the mechanism of absorption of C2H4 into the RTIL-based solvents 

with Ag[NO3] is not observed clearly as chemical. The olefin absorption into the 

Py[NO3] and Chol[NO3] solvents exhibited a moderately lower slope compared to 

that of the imidazolium solvents. The solvent Im[NO3]-Ag 3.3 N  was unstable and 

their isotherms are not presented.  Upon C2H4 absorption into Im[NO3]-Ag 3.3 N the 

silver precipitated and formation of other stable solids was observed.   

 

The C2H4 absorption in OH-Im[NO3]-Ag 2.1 N is lower than into H-Im[NO3]-Ag 4.4 N.  

It can be related to the higher Ag(I)  concentration of the  H-Im[NO3] solvent, Figure 

5-6a.  However, for both solvents the amount of silver (I) used per mol of C2H4 

absorbed is low, as depicted in Figure 5-6b.  It is not presented here in any plot, but 

the results indicated that the absorption of C2H6 is better in OH-Im[NO3]-Ag 2.1 N 

than in H-Im[NO3]-Ag 4.4 N.  This is likely due to the larger number of methyl groups 

appended to the cation. 

 

It is reported3-8 that when the solvation of the silver ions is reduced, an increase in 

the olefin absorption is consequently observed.  Acidic media prevent the loss of 

silver (I) and as well it is expected that affinity for absorbing the acid gases also 

present in the industrial streams is reduced.  The viscosity of the solvent was 

reduced by decreasing the length of the appended chain in the imidazolium cation.  

But, regrettably, the H-Im[NO3]-Ag 4.4 N was corrosive and unstable during the C2H4 
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absorption.  The copper rings seals of the set up were attacked by the volatile acidic 

gas, which probably was formed when the hydrogen atom appended to the 

imidazolium ring reacted upon gas absorption. 
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Figure 5-6:  Absorption of C2H4 in RTIL-based solvents with AgNO3 salt at 333 K.  
(a) Total absorption and (b) absoptivity: C2H4/Ag(I).  The symbols indicated the 
following RTIL-based solvents: (�) H-Im[NO3]-Ag 4.4 N, (�) OH-Im[NO3]-Ag 2.1 N, 
(�) Py[NO3]-Ag 1,2 N and (�) Cho[NO3]-Ag 2.2 N.  
 

    

RTILRTILRTILRTIL----based Solvents with AgTFAbased Solvents with AgTFAbased Solvents with AgTFAbased Solvents with AgTFA    

 

The solvent Im[TFA]-Ag 1.1 N was stable during absorption. Nevertheless, the 

absorption capacity is lower when compared to those provided by the RTIL-based 

solvents containing AgNTf2 or AgOTF salts, as previously plotted in Figure 5-5.a.  

Figure 5-5b reveals that the use of silver(I) by Im[TFA]-Ag 1.1 N  for capture of C2H4 

is close to 0.4 mol of C2H4 per mol of silver(I) present in the solvent.  This amount is 

low and close to that achieved by the solvents containing AgNO3. 

 

The  H-Im type of cation of the ionic liquid was used  to stabilize Ag(I) and decrease 

the solvent viscosity to facilitate the diffusion of the gas into the liquid. However, 

similar to H-Im[NO3]-Ag 4.4 N, the solvent H-Im[TFA]-Ag 1.4 N was corrosive and 

unstable.  Corrosion in the copper seals of the equipment was observed when those 

liquids were used. This most probably originated by the chemical instability of the 
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acid imidazolium cation. After solvent regeneration, the solvent H-Im[TFA]-Ag 1.4 N 

was degraded, the liquid turned black and metallic silver was deposited at the glass 

surface.   

 

 

5.55.55.55.5  C  C  C  C2222HHHH4444/C/C/C/C2222HHHH6666  Selectivity  Selectivity  Selectivity  Selectivity    

   

The molar selectivity toward ethylene is calculated from the individual gas 

absorption measurements according to the Eq. [5.4]. 
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The selectivity provided by the AgNTf2 and AgOTF containing RTILs-based solvents 

is plotted in Figure 5-7.  By far the largest C2H4 capacity was obtained in those type 

of solvents, in spite of the gas diffusion limitation and higher viscosity found in the 

concentrated Im[NTf2] - Ag. 
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Figure 5-7:  C2H4/C2H6 selectivity in AgNTf2 and AgOTF containing RTIL-based 

solvents. 
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The selectivity obtained with the RTILs-based solvents is considerably higher than 

that of the standard ionic liquids measured in chapter three. The calculated 

C2H4/C2H6 selectivity for the standard ionic liquids was between 1.5 and 2. For the 

solvents Im[OTF] and Im[NTf2] the calculated selectivity is higher at 333 K than that 

at 303 K.  The physical absorption of C2H6 decreases with an increase in 

temperature but at a higher temperature, the diffusion in the ionic liquid improves 

and the chemical absorption of C2H4 is enhanced.  The selectivity decreases with an 

increment in pressure, which also evidences the absorption by chemical 

mechanism.    

 

The higher selectivity is calculated for the Im[NTf 2] ionic liquid solvent with higher 

content of Ag(I) and respectively the smaller selectivity corresponds to the Im[NTf2]  

with  the lower content of Ag(I), 0.45 N.  The selectivity calculated for Im[NTf2] Ag 

0.45 N  is close to 10  at 1 bar, which is of the same order to that reported by Ortiz et 

al.17 for the separation of C3H6/C3H8 with a bmim[BF4] with AgBF4 0.25 M.   At 333 K, 

the average selectivity obtained with Im[NTf2]-Ag 1.8 N is of the around 100 and that 

for Im[OTF] Ag 1.2 N is approximately 70.  The data reported in literature for the 

selectivity of this kind of separation is not easy available and, if existing, it is very 

scattered. Ho et al,11 using an absorption solvent formed by cuprous diketonate in α-

methylstyrene reported a separation factor of 17/1 for C2H4/C2H6 separation. Cho et 

al.16 using aqueous AgNO3 as a solvent and at 298 K, calculated a C2H4/C2H6 

selectivity of 41 and 112 for solvents with a concentration of AgNO3 1 M and 6 M 

respectively.  The C2H4/C2H6 selectivity calculated for the RTIL-based solvents with 

OTF and NTf2 as anion with a Ag(I) concentration  of 1.2 N  and 1.8 N, respectively 

and at 333 K is comparable to that reported for aqueous 6M AgNO3 at 298 K and at 

least four times higher than that achieved by the solvent with cuprous diketonate. 

 

    

5.6 Performance of th5.6 Performance of th5.6 Performance of th5.6 Performance of the RTILse RTILse RTILse RTILs----based solvents based solvents based solvents based solvents  

 

In Figure 5-8 the volumetric C2H4 capacity of the AgNTf2 containing RTILs-based 

solvents is plotted together with that reported for AgNO3 in aqueous solution.   
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Figure 5-8: Volumetric C2H4 load of RTIL-based solvents at 303 K and AgNO3 
aqueous solutions. The symbols indicate: (�) Im[NTf2]-Ag 1.8 N, (�) Im[NTf2]-Ag 
0.45 N, and (�) emim[NTf2].   The lines indicate the C2H4 solvent load in AgNO3 at 
298 K.  Solubility data of C2H4 in AgNO3 was taken from Keller and Marcinkowsky,1  

Wentink12 and Cho et al.16  
 

 

It is seen that even with gas diffusion limitations, at lower temperature the 

absorption of C2H4 in the Im[NTf2] - Ag based solvents are comparable with the gas 

loads obtained for aqueous solutions with much higher concentrations of silver 

nitrate.  The comparison at temperatures close to 333 K can not be done due to the 

lack of available data of ethylene solubility in aqueous silver nitrate solutions or any 

other reactive solvent. 

 

The high use of silver by the RTIL-based solvents plotted in Figure 5-9 may be 

explained by the efficient combination of the chemical reactive capture and the 

higher physical absorption capacity of the bulky ionic liquids.  The high affinity of the 

functional groups contained in the TFO anion with the olefin increases the 

absorption potential of the solvent.  In case of NTf2, it is known that its highly non- 

localized anion charge facilitates gas absorption.  
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Figure 5-9:  C2H4 absorbed per Ag+ present in the RTILs-based solvent at 303 K and 
AgNO3 aqueous solutions.  The symbols indicate the following RTIL-based solvents: 
(�) Im[NTF2]-Ag 0.45 N, (�) Im[NTf2]-Ag 1.8 N and (����) Im[OTF]-Ag 1.2 N. The 
lines indicate the absorptivity  of C2H4  in AgNO3 at 298 K.  AgNO3 data was taken 
from Keller and Marcinkowsky.1 
 

 

The enthalpy of C2H4 solution in Im[OTF]-Ag 1.2 N was estimated using the Gibbs-

Helmholtz relation,29 Eq. [5.5]. The absorption enthalpy was not calculated for 

Im[NTf2] Ag 1.8 N because the measured absorption of C2H4 at 303 K was clearly 

not the maximum possible for the solvent due to diffusion inhibition. 

 

( ) R

H

T

P

x

∆
=









∂

∂

1

ln
       [5.5]

   

The enthalpy of absorption is determined from the slope of the plot of the logarithm 

of the pressure needed to reach the same concentration of C2H4 in the RTIL-based 

solvent versus the inverse of the corresponding temperature.  The calculated 

enthalpy of C2H4 dissolution in the Im[OTF]- Ag 1.2 N is presented in Figure 5-10. 
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Figure 5-10:  Enthalpy of solution C2H4 in Im[OTF]- Ag 1.2 N.   

 

As depicted in Figure 5-10, at a low C2H4 solvent load (χ ≈0.17) the calculated 

absorption enthalpy is -22.6 kJ.mol-1 and at higher load (χ ≈0.29) the enthalpy of 

C2H4 absorption is about -11.2 kJ.mol-1.   In average, the C2H4 enthalpy of absorption 

in Im[OTF]-Ag 1.2 N is slightly lower than the reported absorption enthalpy in 

aqueous silver nitrate solution  6 M, roughly  -25 kJ.mol-1.1,16  

 

 

5.7  Conclusions5.7  Conclusions5.7  Conclusions5.7  Conclusions 

 

Silver containing RTIL-based performed better than the standard ionic liquids in the 

separation of ethylene/ethane.  The improvement of the C2H4 absorption was due to 

chemical complexation of the olefin with a transition metal cation.  Absorption of 

C2H6 in the RTIL-based solvents is due to the physical mechanism. Independent of 

the type of ionic liquid, the RTIL-based solvents containing AgTFA and AgNO3 as 

source of Ag(I) exhibited the lowest C2H4 absorption capacity and were unstable.  

The highest C2H4 absorption capacity was obtained with the ionic liquids that 

contained NTf2 and OTF as anion and using a salt with the same anion as source of 

Ag(I).  At 303 K, the C2H4 absorption capacity of the Im[NTf2] Ag 1.8 N solvent is five 

times higher than that of the standard emim[NTf2].  The absorption capacity of C2H4 

in the NTf2 and OTF-containing RTILs-based solvents with Ag(I) 1.8 N and 1.2 N 

respectively and at 303 K is comparable with that of a 6 M aqueous silver nitrate 

solution at 298 K.  At 333 K, the average selectivity obtained with Im[NTf2]-Ag 1.8 is 

around 100 and the C2H4 absorption enthalpy of Im[OTF]-Ag 1.2 N is about -11.2 

kJ.mol-1(χ ≈0.29).  
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Nomenclature listNomenclature listNomenclature listNomenclature list    

P Pressure.   [bar] 

R Gas constant   [J.mol-1.K-1] 

S Selectivity   [-] 

T Temperature   [K] 

∆H Enthalpy of solution  [J.mol-1] 

ρ Density     [g.cm-3] 

χ Mole fraction   [-] 
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Kinetics of reactive absorption of Kinetics of reactive absorption of Kinetics of reactive absorption of Kinetics of reactive absorption of     

COCOCOCO2222 in ionic liquids in ionic liquids in ionic liquids in ionic liquids    
        

Abstract Abstract Abstract Abstract     

 
The kinetics of the reaction of CO2 with a primary amine functionalized ionic liquid 

(NH2-RTIL) are studied in this chapter. The experiments were carried out by the 

decreasing pressure method in a gas-liquid stirred cell reactor at 303 K and 333K.   

The volumetric mass transfer coefficient of the liquid phase was determined from the 

experiments using bmim[BF4] as liquid phase and the kinetic of the reaction was 

studied based on the experiments carried out with a liquid phase containing 

bmim[BF4] and 1-(3-Aminopropyl)-3-methyl-imidazolium tetrafluoroborate 

(APMim[BF4]) at concentrations between  45 mol.m
-3 and 253 mol.m-3. The 

enhancement factor due to the chemical reaction was calculated from the fluxes of 

CO2 absorbed.  The kinetic results were analyzed using the general solution given 

by van Krevelen and Hoftijzer based on the film model and the approximate solution 

of De Coursey based on the Danckwerts surface renewal model. The results 

indicate that the reaction takes place in an intermediate regime limited by diffusion 

of the amine functionalized ionic liquid.  The reaction was assumed first order in 

both CO2 and APMim[BF4] and the calculated kinetic constants (k1,1) are of the same 

order of magnitude as the ones available for primary amines and CO2 in viscous 

media. 
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6.1 Introduction6.1 Introduction6.1 Introduction6.1 Introduction    

 

The absorption of CO2 into standard ionic liquids is controlled exclusively by 

physical mechanisms, as presented in chapter 3.   In chapter 4, the CO2 absorption 

capacity of the ionic liquids was improved by incorporation of a primary amine 

functional group into the ionic liquid. The measured absorption isotherms showed 

that both, physical and chemical absorption mechanisms contribute to the 

absorption of CO2 in NH2-functionalized ionic liquids.  The superior CO2 solvent 

capacity of the NH2-ionic liquids was consequence of the chemical absorption, and 

in order to provide a better description of the chemical capture of CO2 into NH2-

functionalized ionic liquids this kinetic study is conducted.   The proposed 

mechanism for CO2 chemical capture by the NH2-RTILs is depicted in Figure 6-1.   

 

 
 

Figure 6-1:  Mechanism of CO2 capture by NH2-RTIL 

 

In the open literature, there is no information of any kinetic study on the reactive 

capture of CO2 by ionic liquids.  Therefore, the results obtained in this study are 

compared with the kinetics of CO2 into aqueous alkanolamine solutions.  The 

kinetics of the reaction between CO2 and solutions containing primary, secondary, 

tertiary and hindered amines have been extensively investigated.1-10  Those studies 

were carried out using a wide variety of measurement techniques and analytical 

methods. Table 6-1 contains an overview of the published kinetics studies for CO2-

MEA carried out in a stirred cell reactor. The studies on the kinetics of the reaction 

between CO2 and the primary monoethanol amine (MEA) indicate that the reaction is 

the first order with respect to the concentration of both MEA and CO2.
 2,10,11  The 

reaction is described by the overall reaction: 

 

CO2 + 2RNH2  RNHCOO 
----
    + RNH3

+  
    [6.1] 
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When the concentration of CO2 per mole of amine in solution is low and the main 

carbonate product of the reaction is the carbamate, the reaction rate is:   

 

( ) ( )222 RNHCOkr ⋅=        [6.2] 

 

The reaction rate constant of the reaction between CO2 and MEA in an aqueous 

solution as a function of temperature can be calculated with the expression [6.3].  

The correlation was provided by Hikita et al, 2, 4 and it is valid for concentrations of 

MEA from 0.0152 mol. L-1 to 0.177 mol. L-1 and temperatures between 5.6 °C and 

35.4 °C. 

 

T
k

2152
99.10log 2 −=      with k2 in l (mol. sec)

-1
  /  kg (mol sec)

-1  [6.3] 

 

Table 6-1:  Reaction constants of the reaction of CO2 and MEA 

 

TTTT    

°°°°CCCC    

[[[[MEAMEAMEAMEA]]]]    

mol/L    

kkkk2222    

L.(mol.s)
-1
 

AdditionalAdditionalAdditionalAdditional    

agentsagentsagentsagents    
AuthorAuthorAuthorAuthor    

25 2.0 6500 -5720  Groothuis 
2
 

25 0.49-1.71 5440-5750  
Laddha  and 

Danckwerts 
10
 

80 2 94000 
Buffer: 

 K2CO3 + KHCO3 
Leder 

12
 

30 1.5-2.5 11203 

35 1.5-2.5 20546 

NMP (50%) 

DEG(10%) 
Vaidya 

8
 

 

 

In order to determine the kinetics of the reaction, it is needed to determine the mass 

transfer coefficient of CO2 in the ionic liquid, solubility and diffusivity of the reacting 

amine and CO2.  However, the physical parameters cannot be measured when a 

chemical reaction is taking place and therefore those are obtained using a similar 

and non-reacting gas.  In the kinetic studies of CO2 in aqueous MEA solutions, the 

parameters which exclusively correspond to physical absorption are usually 

estimated by the analogy formulated by Sada10 and using the physical absorption 

measurements with N2O.
13  The CO2-N2O analogy considers that the ratio of the 

solubilities of CO2 and N2O in water is the same as the ratio of the solubilities of both 

gases in the amine solution.14,15  The estimated diffusivity of CO2 in a solution of 

MEA 30 % in water at 303 K is 1.74 x10-9 m2.s-1.16  Information of the kinetics of the 
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reaction between CO2 and alkanolamines in viscous liquids is hardly available. 

Sridharan and Sharma17 reported the absorption of CO2 in MEA (1.75 M) in 

polyethylene glycol (PEG) and (2M) diethylene glycol (DEG) at 303 K.  The specific 

rate of absorption was 0.671 mol 0.5.cm-0.5. atm-1. sec-1 and 0.973 mol 0.5.cm-0.5.atm-

1.sec-1 for CO2 in MEA 1.75 M in PEG and MEA 2 M in DEG respectively. 

 

Analogous to diffusion in other solvents, the diffusion coefficients are smaller as the 

ionic liquid becomes more viscous and the solute is larger.  However the diffusion in 

ionic liquids is slower and coefficients are of the order of 10-6 cm2.s-1, which is 10 to 

1000 times lower than diffusion coefficients in organic solvents.  Zistler et al.18 

studied the diffusion behaviour of a mixture of two ionic liquids. They reported the 

diffusion coefficient of 1-methyl- 3 propylimidazolium iodide in bmim[BF4] at 25 °C, 

which varied from 1.4x10-7 to 1.8 x10-7 cm2.s-1.   The diffusion coefficient of 

ferrocene in bmim[BF4] was determined by Eisele et al.
19 between  1.3 10 -7 cm2.s-1 

and 6.8 x10 -7 cm2. s-1.  The diffusivities of CO2 in bmim[PF6] and bmim[BF4] were 

estimated by Shiflett and Yokozeki.20  The effective diffusion coefficients at 298 K 

are 6.0 x10-7 cm2.s-1 and 7.8 x10-7 cm2.s-1 for bmim[PF6] and bmim[BF4] respectively.  

The diffusion coefficients for CO2 and other hydrocarbon gases in ionic liquids are 

determined by Camper et al.21 in emim[NTf2], based on solubility measurements at 

low pressure between 303 K and 343 K. The diffusion coefficient of CO2 increases 

from approximately from 8.0 x 10-6 cm2.s-1 to 22 x 10-6cm2.s-1 when temperature 

goes from 303 K to 343 K.  The reported diffusion coefficients at 303 K for C2H4 and 

C2H6 are close to 7.3 x10
-6 cm2.s-1 and 5.2 x10-6 cm2.s-1 respectively. The study 

conducted by Morgan et al.22 in which the gas diffusivity and solubility in ionic liquids 

was determined using a lag-time technique concludes that for the tested 

imidazolium liquids the dependency of diffusivity on viscosity is lower than the 

predicted by the Stokes-Einstein correlation and it is described as D ∝µ
-0.6.  In 

contrast, the diffusivity dependence on solute size (D ∝V-1) and temperature is 

higher than that for non polar solvents.   

 

This chapter studies the kinetics of the reaction between the CO2 and the NH2-

functionalized ionic liquid.  The overall kinetic behaviour of the reaction of CO2 with 

NH2-functionalized ionic liquids is compared with that of CO2 with aqueous MEA 

solutions. The enhancement due to the chemical reaction is quantified and the 

regime of the reaction is established.  The effects of the amine concentration and 

temperature are also studied.   

 

 

 

 



 129 

6.2  Experimental section6.2  Experimental section6.2  Experimental section6.2  Experimental section    

 

6.2.16.2.16.2.16.2.1 ChemicalsChemicalsChemicalsChemicals    
 

Gas phaseGas phaseGas phaseGas phase. Carbon dioxide (CO2) was obtained from Praxair with a purity higher 

than 99.996% and water content lower than 10 ppmv. 

 

Liquid phaseLiquid phaseLiquid phaseLiquid phase.  The standard ionic liquid bmim[BF4] was used as the liquid phase in 

the measurements of the mass transfer coefficient (kLa) of CO2 in the ionic liquid 

phase.  The bmim[BF4] was purchased form Merck. The determination of kinetics for 

CO2 absorption in the ionic liquid was carried out by dissolving a NH2-functionalized 

ionic liquid into the standard ionic liquid. The chosen NH2-functionalized ionic liquid 

was 1-(3-Aminopropyl)-3-methyl-imidazolium tetrafluoroborate (APMim[BF4]), given 

its associated higher CO2 solubility.  The selected ionic liquids are depicted in Figure 

6-2.  The APMim[BF4] was synthesized at Shell Amsterdam.  The standard ionic 

liquid was bmim[BF4], selected due to its analogous ion structure and convenient in 

price and availability.  Three dilutions of the NH2-containing ionic liquid solvent were 

prepared.  The concentrations of NH2-functionalized ionic liquid in the tested ionic 

liquid media are presented in Table 6-3. 

  
a. bmim[BF4]                 b. APMim[BF4] 

 

Figure 6-2:  Structures of ionic liquids used in kinetics measurements. 

 

Previous to the kinetic measurements, traces of water and volatile contaminants in 

the APMim[BF4] and bmim[BF4] were removed.  To ensure a minimum presence of 

water, both of the ionic liquids used for the experiments were individually placed in a 

vacuum rotary evaporator (10-3 bar) at 363 K for about 12 hours.   

 

6.2.2. 6.2.2. 6.2.2. 6.2.2. EquipmentEquipmentEquipmentEquipment    
 

The kinetic experiments were carried out in a glass stirred cell reactor purchased 

from Büchi, model Ecoclave 075 Type II of 1L.  A schematic representation of the 

reactor is given in Figure 6-3 and the characteristics and dimensions of the reactor 

and internals are presented in Table 6-2.  The reactor was operated batch wise with 

respect to both the gas and liquid phase.  The measurements were carried out by 

the decreasing pressure technique with a flat and horizontal gas-liquid interface.  
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The temperature in the reactor is regulated (± 0.1 K) using an external water bath 

(Julabo MW) connected to the glass jacket of the reactor.  The reactor is equipped 

with sensors to measure the temperature (± 0.1 K) and the pressure (± 0.001 bar).   

The pressure, temperature and stirring speed are read out every two seconds and 

the measurements are recorded digitally with a memo graph (Visual Data Manager, 

Endress & Hauser).  An additional pressure indicator (±0.1 bar) was mounted on the 

cover plate of the reactor for an easier visual access for the experimenter. The 

reactor vessel allows a maximum pressure of 6 bar and it was fitted with a pressure 

release valve calibrated at 5.5 bar. Additional to the single baffle provided with the 

Ecoclave 075, a set of four baffles in steel were designed and placed inside the 

reactor to improve the mixing of the ionic liquid phase.  The baffles were needed to 

prevent vortexing and guarantee a flat gas-liquid interface while stirring. To 

determine mixing conditions, especially given the high viscosity of the ionic liquids, 

preliminary tests with different type of stirrers and were performed.   An undisturbed 

flat liquid surface with better mixing (400-650 rpm) of the liquid phase was achieved 

using simultaneously two types of stirrers: a turbine and a propeller. The gas phase 

was also agitated by a turbine and a propeller.   The four stirrers were mounted on a 

stirrer shaft driven by an external magnetic motor (Cyclone 075) that was placed on 

the cover plate of the reactor. A line attached to the cover plate of the reactor was 

connected to an external vacuum pump (Vacuubrand CVC 2).  This pump was used 

to achieve pressures needed during the preparation of the ionic liquid, for removing 

volatiles and gases, and for regeneration of the functionalized ionic liquid after the 

CO2 absorption. 

 

Figure 6.3. Reactor 



 131 

Table 6.2:  Reactor characteristics 

ElementElementElementElement    DescriptionDescriptionDescriptionDescription    

Total Volume (L) 1.110 

Internal diameter (m) 0.082 

Baffles 4 

Liquid Phase volume (L) 0.41 – 0.42 

Interfacial area (m
2
) 5.555 x 10

 -3
 

Number  impellers liquid phase: 2 

6 Blade turbine.  Diameter (m) 0.04 

3 Blade propeller. Diameter (m) 0.032 

Number impellers gas phase: 2 

6 Blade turbine. Diameter (m) 0.04 

3 Blade propeller. Diameter (m) 0.032 

 

  

Table 6-3: Experimental conditions for kinetic measurements 

Liquid PhaseLiquid PhaseLiquid PhaseLiquid Phase    
[NH[NH[NH[NH2222] / ] / ] / ] / AAAAPMim[BFPMim[BFPMim[BFPMim[BF4444]]]]    

mol. Lmol. Lmol. Lmol. L----1111    

TemperatureTemperatureTemperatureTemperature    

KKKK    

Stirred speedStirred speedStirred speedStirred speed    

rpmrpmrpmrpm    

CNH2(1) 0.045 303 540, 630 

303 410, 540, 630 
CNH2(2) 0.114 

333 410, 540 

303 410, 540, 630 
CNH2(3) 0.253 

333 410, 540 

 

 

 

6.2.3. Physical absorption experiments6.2.3. Physical absorption experiments6.2.3. Physical absorption experiments6.2.3. Physical absorption experiments    
 

Physical absorption experiments with CO2 and standard bmim[BF4] were carried out 

in order to determine the hydrodynamics of the reactor under the selected 

configuration of internals and the CO2 physical mass transfer coefficient in the liquid 

phase (kL).   The molar fraction of the APMIm[BF4] in the prepared dilution phase 

accounts for a maximum of approximately 0.05.  For that reason, the mass transfer 

resistance of the CO2 in the diluted NH2-functionalized ionic liquid is considered to 

be close to that of the CO2 in the standard bmim[BF4] at similar hydrodynamic 

conditions.  The absorption of CO2 in the bmim[BF4] follows the physical mechanism 

and any chemical reaction can be neglected, as observed in chapter three.  The 
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experiment started by placing a weighted amount of bmim[BF4] in the reactor.  The 

reactor was closed and the pressure was set at vacuum (10-3 bar) at a temperature 

of 353 K to degas the ionic liquid that was previously treated in the rotary 

evaporator.  The liquid was continuously stirred until the presence of bubbles in the 

liquid was no longer observed. This took about 90 minutes. The temperature of the 

liquid was brought to the desired experimental temperature (± 0.1 K). This procedure 

took between 2 and 3 hours. The valve of the vacuum line was closed and the 

pressure in the reactor was followed for about 3 hours to detect any gas leak. When 

after that period no change in the reactor pressure was observed, the stirrer was 

turned off and the measurement part proceeded as explained next.  

 

The experiments were carried out using the decreasing pressure method.  The CO2 

is supplied to the reactor until the pressure reached a selected value.  The inlet gas 

valve is closed, then the agitation is turned on and the absorption started.  Since the 

CO2 absorption takes place right away the gas was introduced in the reactor in less 

than 4 seconds.  The decrease in pressure was monitored and the data recorded 

every two seconds. The experiments were continued until the pressure reached a 

constant value (change < 0.1 bar for a period of 2 hours).   

 

 

6.2.4. CO6.2.4. CO6.2.4. CO6.2.4. CO2222 Absorption Kinetics  Absorption Kinetics  Absorption Kinetics  Absorption Kinetics     
 

The standard bmim[BF4] was placed in the reactor and then a weighted amount of 

APMim[BF4] was added.  The reactor was closed and the ionic liquid phase was 

stirred.  The pressure was set at vacuum (10-3 bar) and temperature was kept at 

363K.  These conditions were maintained until the bubbles in the liquid bulk ceased 

to emerge, which took approximately two hours.  The temperature of the reactor was 

then set at the experimental temperature.   Analogous to the physical absorption 

experiments the reactor was checked for gas leaks and once the temperature and 

vacuum pressure remained constant the experiment was allowed to proceed. 

 

The chemical absorption experiments were also carried out by the decreasing 

pressure method with gas and the set up was operated batch wise with respect to 

both liquid and gas phases.  The CO2 was introduced fast in the reactor (< 4 sec) 

until the desired initial pressure was reached.  The inlet valve was closed and the 

stirrers were started.  The pressure was monitored and recorded until the initial 

pressure decreased at least 0.3 bar. 
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6.36.36.36.3 Theoretical considerations   Theoretical considerations   Theoretical considerations   Theoretical considerations      

 

6.3.1. Physical Absorption 6.3.1. Physical Absorption 6.3.1. Physical Absorption 6.3.1. Physical Absorption     
 

The mass transfer coefficient in the liquid phase (kL) depends on the physical 

properties of the ionic liquid and the hydrodynamics of the reactor (stirrer speed and 

geometry).  Experimentally the kL is determined by the decrease in pressure during 

the absorption of CO2 in the standard bmim[BF4].  The component mass balance of 

CO2 in the gas (g) and ionic liquid phase (IL) for the physical absorption experiment 

are described by the expressions [6.4] and [6.5]. 
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Where m is the CO2 solubility ratio at the interface, defined as: 
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By simultaneous solution of the differential equations 6.4 and 6.5 and expressing the 

concentration in the gas phase as function of the partial pressure of CO2,  an 

expression for the pressure as function of time is derived. 
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The mass transfer coefficient of the liquid side (kL) is obtained by rewriting 

expression [6.7]: 
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In which the Henry coefficient (He) at equilibrium is expressed as: 
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6.3.26.3.26.3.26.3.2 KineKineKineKinetics of COtics of COtics of COtics of CO2222 absorption absorption absorption absorption    

 

The absorption process in of CO2 in the reactive ionic liquid media can be described 

as: 
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The molar ratio between CO2 and APMIm[BF4] was about 10
-4 at the beginning of 

the experiments and the concentration of APMIm[BF4] can be considered 

unchanged upon CO2 absorption. Hence the reaction between the CO2 and the 

APMim[BF4] can be regarded as pseudo first order in CO2. The absorption rate of 

CO2 is calculated from the change in the CO2 concentration in the gas phase.  

 

dt

dP

TR

V

dt

dC
V

dt

dC
V

dt

dN COg
g

CO

g

IL
CO

IL

IL
CO 2222

⋅
⋅

−=⋅−=⋅=    [6.11] 

 

The volumetric flux of CO2 during the decreasing pressure experiment is then 

described by: 
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The gas phase is composed entirely by high purity CO2 and the gas side mass 

transfer resistance is regarded as negligible.  Additionally, the gas-liquid interface is 

considered to be at equilibrium and the concentration of CO2 at the interface can be 

obtained from Henry coefficient.  The liquid phase is not volatile, which certainly 

holds for ionic liquids and at the beginning of each determination the concentration 

of CO2 in the ionic liquid phase is zero.  Under these considerations and when the 

concentration of CO2 in the bulk of the ionic liquid is insignificant, the flux of CO2 

absorbed into the standard bmim[BF4]  can be calculated by:  
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The mass transfer is enhanced by the presence of a chemical reaction.  The 

enhancement factor (EA) can be estimated from the comparison between the CO2 

flux in presence of reaction and that from physical absorption, with fluxes based on 

the same driving force.  The enhancement factor (EA) for a reactive absorption is 

defined as:23 

 

reactionwithoutJ

reactionwithJ
EA =        [6.14] 

 

The enhancement factor is close to unity when the reaction is slow in comparison 

with diffusion, indicating that absorption is controlled by the physical mechanism.  

The enhancement factor is higher than one when the chemical reaction is faster 

than the mass transfer process and mass transfer is enhanced by the chemical 

reaction.  The enhancement factor is experimentally determined from the CO2 

absorption experiments as the ratio between the flux of absorption with chemical 

reaction and the calculated flux of the CO2 physical absorption.  The total flux in 

presence of chemical reaction is determined from the experimental results using the 

expression [6.12] and the physical absorption flux is calculated with the expression 

[6.13].  Using the CO2 mass balance, the enhancement factor for the kinetic 

experiments is then described by the expression [6.15]. 
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6.4   Results 6.4   Results 6.4   Results 6.4   Results     

 

6.4.1 6.4.1 6.4.1 6.4.1 MMMMass transfer ass transfer ass transfer ass transfer coefficientcoefficientcoefficientcoefficient    of COof COof COof CO2222 in the in the in the in the    Ionic liquidIonic liquidIonic liquidIonic liquid    

 

The volumetric mass transfer coefficient of CO2 in the ionic liquid phase (kLa) was 

determined by graphical means using relation 6.8.   The right hand side of the 

equation was plotted versus time using the data from the experiments carried out for 

physical absorption of CO2 into bmim[BF4] under the same reactor conditions as the 

kinetic experiments were performed.  Figure [6-4] depicts a typical plot for 

determination of kLa at 303 K.  
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Figure 6-4:  Determination of  kL.a 

 

The calculation of the mass transfer coefficient (kL) requires the volumetric interfacial 

area (a, m2.m-3).  The geometrical area (A’ in m2) at the interface was calculated 

using the inner dimensions of the reactor and verified by dividing a known volume of 

liquid added to reactor by its corresponding change in height inside the reactor.  The 

geometrical area at the liquid surface and with the same internals and reactor 

configuration as the one used for all the experiments is 5.55x10-3 m2. The volumetric 

area is obtained by dividing the geometrical area by the volume of the liquid phase 

in the experiment.  The Henry coefficient (He) of CO2 in bmim[BF4] was taken from 

chapter three and used here for the calculation of kLa. The calculated kLa and kL 
values are presented in the Table 6-4. 

 

Table 6-4: Liquid mass transfer coefficient of CO2 in bmim[BF4] 

T / KT / KT / KT / K    rpmrpmrpmrpm    kkkkLLLLa 10a 10a 10a 104444 / s / s / s / s
----1111    kkkkLLLL 1 1 1 10000

5555  / m  / m  / m  / m.... s s s s
----1111    He / Pa mHe / Pa mHe / Pa mHe / Pa m3333. . . . molmolmolmol----1111    

303 410 0.98±0.10 0.75±0.1 

 540 1.17±0.14 0.87±0.1 

 630 1.86±0.12 1.39±0.1 

1101.26 

333 410 2.52±0.6 1.89±0.1 

 540 3.27±0.8 2.45±0.1 
1931.32 

 

The CO2 physical absorption rate is dependant of the agitation rate. In the ionic 

liquid the volumetric mass transfer coefficient increased with an increase in the 

agitation rate as it is observed in aqueous systems, where kLa increases with an 
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increase in the agitation speed.24,25  The mass transfer coefficient (kL) increased with 

an increase in temperature. The mass transfer coefficient depends on the CO2 

diffusivity (D)  in the ionic liquid and as well, the diffusivity depends on the ionic 

liquid viscosity.   The viscosity of the bmim[BF4] decreases from  79.5 x10
-3 Pa.s  to 

24.2 x10-3 Pa.s when the temperature increases from 303 K to 333 K.  For 

imidazolium based ionic liquids, Morgan 22 expressed the dependency of the 

diffusivity on the liquid viscosity as D∝µ
-0.6.  As a consequence of the increase in 

temperature, it is expected that the determined kL being a f (D) will depend on the 

viscosity of bmim[BF4]  in a similar way to that described by Morgan. The 

dependence of the calculated kL with the viscosity of bmim[BF4] is  comparable to 

that described by Morgan and can be expressed as kL∝ µ
-0.7±.1.   

 

 

6.4.2 Enhancement Factor 6.4.2 Enhancement Factor 6.4.2 Enhancement Factor 6.4.2 Enhancement Factor     
 

The enhancement factor was obtained from the experimental data using relation 

[6.16]. The enhancement is obtained from the slope of a plot of ln(PCO2) versus time, 

see Figure 6-5. 
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Figure 6-5: Decrease of the CO2 pressure during the kinetic experiments at 303 K 

and 630 rpm.  The symbols indicate the following concentrations of APMim[BF4]: 

(�) 45 mol.m-3; (�) 114 mol.m-3; (�) 253 mol.m-3. 
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The experimental (EAx) enhancement factors are plotted in Figure 6-6. The 

enhancement increases with the concentration of the NH2-functionalized ionic liquid.  

At 303 K the enhancement doubles when the concentration of the APMim[BF4] in the 

liquid phase increased by a factor of  five.  At 333 K the enhancement does not 

exhibit a significant increment when the concentration of  APMim[BF4] is doubled.   

  

 
Figure 6-6: Experimental enhancement factor at the beginning of the experiment 
(t≈0).  The symbols indicate the following temperatures and conditions: (�) 303 K 
with CiCO2 of 23.3 mol.m

-3 and 630 rpm; (�) 333 K with CiCO2   of 36.3 mol.m
-3 and 540 

rpm.  Dashed lines are plotted as a view aid. 
 

 

The calculated enhancement was higher than one for all the experiments performed. 

At the two measured temperatures, the initial experimental enhancement was 

between 2 and 2.3 when CO2, with a concentration at the interface lower than 50 

mol.m-3, was absorbed in the ionic liquid with the higher concentration of  

APmim[BF4], 253 mol. m
-3.  For the other two liquids, with lower APMim[BF4] 

concentration,  the enhancement  due to the presence of  the chemical reaction was 

lower and between 1.2 and 2.1.    
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6.4.3 Diffusion coefficients6.4.3 Diffusion coefficients6.4.3 Diffusion coefficients6.4.3 Diffusion coefficients    
 

The diffusivity coefficient (D) of CO2 and APMim[BF4] in the bmim[BF4] were taken 

from literature.   Shiflett and Yokozeki 20 provided the diffusivity of CO2 in bmim[BF4], 

being  as 7.8x10-11 m2.s-1 at 298 K and correlated the diffusivity at other 

temperatures.  The diffusivity values used here for CO2 in bmim[BF4] at 303 K and 

333 K were estimated based on that correlation.  The estimated CO2 diffusivity in the 

ionic liquid phase at 303 K and 333 K used are 9.62 x10-11 m2.s-1 and 2.19 x 10-10 

m2.s-1 respectively.     

 

The diffusivity of the APMim[BF4] in  bmim[BF4] is assumed to be near to reported by 

Zistler et al.18 for an imidazolium type ionic liquid in bmim[BF4] at 298 K. At 333 K the 

diffusivity is estimated using the correlation as the one proposed by Shiflett.20  The 

used APMim[BF4] diffusivities are 1.70 x10
-11 m2.s-1   and 4.87 x10-11 m2.s-1  at 303 K 

and 333 K respectively. 

 

    

6.4.4. Order of Reaction 6.4.4. Order of Reaction 6.4.4. Order of Reaction 6.4.4. Order of Reaction     
 

The order of CO2 in the reaction can be obtained from the decrease in pressure 

during the kinetic experiments.   The change in the CO2 pressure is generally 

described as: 

 

2
2

CO

G
CO

Pb
dt

dP
⋅=−        [6.17] 

 

When Ln[P0CO2/PCO2]  is plotted versus time, it is expected that  the slope will be  a 

straight, the constant b is independent of the initial concentration of CO2.   The 

reaction is first order in CO2 when the constant b is independent of the initial 

concentration of CO2 and the reaction is fast. Since the kinetics of CO2 in with 

APMim[BF4] are not known, it is not possible determine before hand in which regime 

the measurements are carried out.  Figure 6-7 shows that b can be considered 

independent and therefore for this first kinetic approach the reaction can be 

regarded as first order in CO2.    
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Figure 6-7: CO2 absorption in ionic liquid CNH2(3) at 303 K. 

 

The CO2 is first order in the reaction and in most of the available literature
2 the 

reaction between a primary amine such as MEA and CO2 is first order in the amine. 

Therefore it is assume here that the reaction is first order in APMim[BF4]. 

   

 

6.4.5. Reaction rate6.4.5. Reaction rate6.4.5. Reaction rate6.4.5. Reaction rate    
 

The component termed as A in the studied reaction is CO2 and the reactive ionic 

liquid APMim[BF4] is therefore component B. Based on penetration theory, when 

both mass transfer and reaction take place the Hatta number (Ha) is used to relate 

the mass transfer and the reaction rate.11,23  The general expression for Ha is given 

by expression 6.18. The reactants A and B have a reaction order of m and n 

respectively. The diffusivity of the component A in the liquid is DA and k is kinetic 

constant of the reaction.   
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Since the kinetics of CO2 with and NH2-functionalized ionic liquid has been never 

published, there was no information available that may help to define the best 

conditions for the kinetic experiments. The concentrations of the APMim[BF4] are 
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about 10 % up to 50 % of the MEA concentration of used  in the available kinetic 

studies of CO2 in aqueous MEA.
2,8,10,12 The kinetic experiments were carried out at 

these relatively low concentrations of the APMim[BF4] due to limited availability of 

the functionalized ionic liquid.  However, it was preferred to perform the kinetic 

experiments with concentrations of APMim[BF4]  higher than the one used here in 

order to have a higher excess of the amine in the liquid phase during the reactive 

absorption of CO2.  The reaction between CO2 and APMim[BF4] can in principle be 

considered pseudo first order. Only the data collected at the beginning of the 

experiment were used for the calculations.  The concentration of APMIm[BF4] was 

more than 30 times higher  than the concentration of CO2 in the ionic liquid after half 

an hour in contact with the CO2.  With the concentration of APMim[BF4] much higher 

than that of the absorbed CO2 is possible to assume the concentration of 

APMim[BF4] in the ionic liquid phase remained constant during the CO2 absorption. 

The reaction rate of the reaction between CO2 and APMim[BF4] is then expressed 

as: 

 

21 COCkR ⋅=         [6.19] 

][1,11 4BFAPMimCkk ⋅=        [6.20] 

 

Considering the reaction between the APMim[BF4] and CO2, as a pseudo first order 

(Eq. 6.19), the Ha number (Eq. 6.18) is then defined as: 

 

21
1

CO
L

Dk
k

Ha ⋅=        [6.21] 

 

The kinetic study of the reaction between the CO2 and the MEA in aqueous solution 

is normally carried out assuming a pseudo first order reaction and that the reaction 

is not limited by the diffusion of the reactants in the aqueous phase.  However, in the 

reaction between CO2 and a NH2-functionalized ionic liquid it is not accurate to 

approach the kinetic study based on a reaction that is not limited by the diffusion of 

the reactants.    The absorption of CO2 into the NH2-based ionic liquids was studied 

in chapter four and it was observed that long times to reach equilibrium were needed 

and then it was concluded that the high viscosity of the ionic liquids limited the gas 

diffusion.   Although the concentration APMim[BF4] can be considered constant 

during the experiment, it would not be appropriated to consider the concentration of 

APMim[BF4] in the reaction zone to equal that in the bulk of the liquid and constant 

all over the reaction film upon CO2 absorption.  When the concentration of the 

APMim[BF4] can not be considered constant through the reaction film, the study of 

the mass transfer with homogeneous irreversible 1,1 order reaction can be carried 

out using the film theory.  According to the film theory, the reaction modulus for fluid 
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phases (φ) for the reaction of 1,1 order between CO2 and APMIm[BF4] is given by 

expression [6.22].  The kinetic constant of the reaction of order 1,1 can be obtained 

from the reaction modulus. 

 

2

]4[1,1

CO

BFAPMim

D

Ck
δφ =        [6.22] 

 

For the reactions of order 1,1, the reaction modulus (φ),expression [6.22], is 

equivalent to the Hatta number (Ha) given in expression [6.21], where δ=DA /kL.
23,26 

Hatta number is based on the penetration theory and is used only for fluids and not 

for particles.  The reaction modulus (φ) is based on the film theory and can be used 

for fluids and particles.26 However, in the film theory the layer thickness parameter 

(δ) has a direct physical meaning in the case of particles.  

 

 

6.4.6 Reaction Regime6.4.6 Reaction Regime6.4.6 Reaction Regime6.4.6 Reaction Regime    

 

The experimental enhancement factor is used to evaluate the kinetics of the 

absorption of CO2 into the mixture of bmim[BF4] and APMIm[BF4], but for that it is 

necessary to determine first the regime in which the reaction is taking place. 

Different theories can be used to describe the kinetics in the different reaction 

regimes.  The regular theories on which the study of simultaneous mass transfer 

and reaction is based, both the penetration model and film model, often provide 

comparable kinetic results in the case of irreversible low order reactions when a 

negligible concentration of the component A in the bulk is present and the reaction is 

taking place in either the slow or fast regime.  However, the results provided by the 

film and penetration models can be different in the case of more complex reactions, 

when the difference between the diffusion coefficients of the reactants in the 

reaction phase is large and also, when the reaction takes place in an intermediate 

regimen.23,26   

 

The reaction between CO2 and the APMim[BF4] can be instantaneous, fast or slow. 

The penetration and film mass transfer models predict similar solutions for  Ha (φ) > 

2 and Ha (φ)< 0.3.23  The reaction is considered slow with respect to the rate of mass 

transfer when the conversion rate in the liquid film is negligible and the reaction 

proceeds in the bulk of the liquid.  According to the film theory, in a slow regime φ 

<0.3 and the enhancement factor does not depend on the reaction modulus.27  The 

reaction takes place in the fast regime when  φ > 2 and  φ << EA∝, where EA∝ is the 

infinite enhancement factor (Eq. [6.23]).  In the fast regime the reaction takes place 

near the interface and it is possible to assume that EA≈φ.23  The instantaneous 
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reaction occurs when the reaction is fast compared to the mass transport of all 

reactants.  In the instantaneous regime φ>2 and φ>>EA∝ and the enhancement is 

equal to the infinite enhancement factor.23 The maximum enhancement possible is 

achieved by the instantaneous reactions and in that case the mass transfer does not 

depend on the reaction rate.  The infinite enhancement factor is given by: 
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In section 6.4.2 the experimental enhancement (EAx) was found to be higher than 

1.2, even with the lowest concentration of APMIm[BF4], 45 mol.m
-3.  At higher 

concentration of APMim[BF4],  the enhancement factor becomes higher.  Table 6-5 

contains the obtained experimental enhancement factor and the calculated infinite 

enhancement factor of kinetic experiments carried out at 303 K and with a 

concentration of CO2 at the interface around 35 mol.m
-3. 

  

Table 6-5:  Experimental and infinite enhancement factor at 303 K. 

 

APMIm[BFAPMIm[BFAPMIm[BFAPMIm[BF4444]]]]    

mol.mmol.mmol.mmol.m
----3333    

CCCC
iiii    CO2CO2CO2CO2    

mol.mmol.mmol.mmol.m
----3333    

EEEEAxAxAxAx    EEEE∝∝∝∝    

45 36.1 1.20 2.74 

114 34.5 1.75 3.07 

253 35.4 2.25 3.88 

 

The regime in which the reaction between CO2 and APMim[BF4] takes place at the 

experimental conditions can be deduced by checking  which of the parameters that 

identified the  reaction regimes are fulfilled.  

 

• Slow regime: Ha (φ) <0.3 and EA≈1 when CA≈0, for all the models that 

describe simultaneous mass transfer and reaction.  The experimental 

enhancement factors are higher than 1.2 and therefore  Ha (φ) >0.3.   The 

condition Ha (φ) <0.3 is not satisfied and the reaction is unlikely taking place 

in the slow regime.   

 

• Fast regime: Ha (φ) >2 and Ha (φ) << EA∝ and it is possible to assume that 

Ha (φ) ≈EA.  The obtained experimental enhancement factors are higher 

than two in the experiments carried out at 303 K with a concentration of CO2 

at the interface lower than 50 mol.m-3 and concentration of APMim[BF4] of 

253 mol.m-3.  Also, EAx>2 in all the experiments carried out at 333 K.  For 

those experiment in which the condition Ha (φ) >2 is fulfilled then EA≈Ha (φ).  
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Then the second condition, Ha (φ)<<EA∝, is verified. It is found that Ha (φ) is 

not very small compared to the infinite enhancement factor.  For the 

experiments in which Ha (φ) >2,  Ha (φ)  is less than one order of magnitude 

smaller than EA∝. 

 

• Instantaneous regime.  φ>>EA∝.  Even for the experiments in which EA>2 this 

condition is not fulfilled.   The reaction is not occurring in the instantaneous 

regime. 

 

Previous ranges indicate that the reaction between the CO2 and the APMim[BF4] is 

taking place in a regime limited by 0.3< Ha (φ) < EA∝.  However, it is not possible to 

straightforward consider the reaction between the CO2 and the APMim[BF4] ionic 

liquid as a simply fast reaction since the established conditions are not totally 

fulfilled.  With Ha (φ) >2 and therefore EA≈Ha (φ), diffusion limitation of the 

component B occurs when φ is similar or not much smaller than EA∝.
23,26 

 

The behaviour of the enhancement factor given by the theory of mass transfer and 

reaction in parallel provides a different approach to establish the regime in which the 

reaction between the CO2 and the APMim[BF4] is taking place.  The variation of the 

enhancement with the concentration of CO2 at the interface is examined at the 

limiting conditions of each regimen. In the slow regime, the rate of mass transfer is 

not enhanced by the reaction and in the value of the enhancement factor is equal or 

lower than the unity.  However, the reaction is not taking place in the slow regime 

since the experimental enhancement factors were higher than 1.  In the fast regime 

EA ≈ Ha, therefore the enhancement is equivalent to the expression [6.21].  

According to this expression, the enhancement factor is not dependent of the 

concentration of CO2 at the interface.  In the instantaneous regime EA ≈ EA∞, and the 

enhancement factor is equal to eq. [6.23].  Enhancement factor is dependent of the 

concentration of CO2 at the interface and the slope of the plot of ln(EA) vs ln (C 
i
 CO2 )  

is -1.   Figure 6-8 shows the enhancement factor as a function of the interfacial 

concentration of CO2.  
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Figure 6-8:  Experimental enhancement factor (EAx) as a function of the 
concentration of CO2 at the interface.  Concentration of APMim[BF4] 253 mol.m

-3,  at 
303 K and 630 rpm.   
 

 

A dependency between the enhancement factor and the interfacial concentration 

CO2 is observed in Figure 6-8.  The slope of ln(EA) vs ln (C 
i
 CO2 ) is -0.3 and not -1 

as expected for an instantaneous reaction.   The slope of the Figure 6-8 indicate that 

the reaction is not taking place in the instantaneous regime.  Nonetheless, due to 

the variation of the enhancement factor with the interfacial concentration of CO2 is it 

again not possible to place the reaction between the CO2 and the APMim[BF4]  in 

the fast regime.   

 

Based on the film theory, the infinite enhancement factor (EA∝) and the term C given 

by Eq. [6.24] are used together to evaluate the concentration profiles at the reaction 

film in the intermediate regime where diffusion limitation takes place.23 Table 6-6 

contains the estimated EA∝, the experimental enhancement (EAx) and the term C for 

the experiments with 253 mol.m-3 of APMim[BF4] at 303 K and 630 rpm. It was 

assumed that the stoichiometric coefficient (vB) of the APMim[BF4] equals 2 (Eq. 

[6.10]) but it has not been verified since  the variation in the concentration of the 

APMim[BF4]  during the absorption of CO2 was not measured. 
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Table 6-6:  Parameters used in regime determination 

 

CCCC
iiii    CO2CO2CO2CO2    

mol.mmol.mmol.mmol.m
----3333    

EEEEAxAxAxAx    EEEE∝∝∝∝    CCCC    

35.4 2.25 3.88 0.65 

54.4 2.08 3.35 0.41 

79.0 1.67 3.05  

94.5 1.40 2.94  

105.3 1.2 2.88  

 

In the intermediate regime the increase in the concentration of CO2 at the interface 

is related to a decrease in the enhancement.  In Table 6-6, the decrease in the 

enhancement is related to a reduction of the available APMim[BF4] in the reaction 

film. In this case, the observed depletion of the APMim[BF4] at the interface is 

probably caused by the diffusion limitation in the ionic liquid. Although the 

APMim[BF4] is present in excess in the liquid phase, the transport to the surface is to 

slow that the absorbed CO2 can not find available APMim[BF4] to react.  

 

Additionally, In Table 6-6, looking at the data from the experiments enhancement 

factor higher than 2, with φ >2 and therefore EA≈φ, it is possible to assume that the 

reaction is likely limited by the diffusion of APMim[BF4] because φ is not more than 5 

times higher than the magnitude of the term C.23 With diffusion limitation the reaction 

rate is lower than without diffusion limitation present and the observed enhancement 

factor is lower than φ. 

 

These results indicated that the reaction between CO2 and APMim[BF4] is probable 

in the intermediate fast regime where the diffusion in the ionic liquid is limiting the 

reaction. The existence of diffusion limitation in the reaction is not surprising since 

the diffusion coefficients of the CO2 and APMim[BF4] in the bmim[BF4] used here are 

about 100 times smaller than of the coefficients for CO2  and amines in aqueous 

alkanolamine solutions.  Figure 6-9 depicts the probable scenario in which the 

reaction between CO2 and APMim[BF4] is taking place for the kinetic experiments 

with diffusion limitation.  
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Figure 6-9: Dimensionless concentration profile of the reaction between CO2 and 

APMim[BF4] 

 

 

6.4.7 6.4.7 6.4.7 6.4.7 MMMModels odels odels odels of of of of mass transfer and reaction mass transfer and reaction mass transfer and reaction mass transfer and reaction     

 

In the intermediate regime where diffusion limitation is present, it is not possible to 

derive the kinetic data directly from the measured flux of CO2 and the experimental 

enhancement factor. In this study, to determine the kinetic parameters from the 

obtained experimental data, models available from the literature suited for these 

intermediates regimes are considered.  A general approximated solution of the mass 

balances that describe the concentration of the reactants at the interface was 

proposed by Van Krevelen and Hoftijzer based on the stagnant film model.23,28  The 

reaction modulus can be calculated using Van Krevelen and Hoftijzer general 

solution, Eq. [6.25].  This approximation requires the concentration of CO2 in the 

liquid surface and in the bulk of the liquid.  It was assumed that the concentration in 

the bulk of the liquid was almost zero; the concentration of CO2 in the bulk was 

approximated to 0.001 % of the concentration of CO2 at the surface, which is 

equivalent to a decrease in CO2 pressure of 1 Pa.  
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DeCoursey29 proposed expression 6.26 as approximate solution for absorption with 

irreversible second order (first-order in each reactant) reaction based on the 

Danckwerts penetration model (surface renewal). The expression is most accurate 
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when the diffusivities of the reactants in the liquid are of the same order of 

magnitude and the concentration of CO2 in the bulk of the liquid is zero.  
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The modulus of the reaction (φ) and Hatta number (Ha) are the fitting parameter of 

the expressions [6.25] and [6.26] respectively.  The calculated enhancement factor 

(EAO) of the model is similar to experimental enhancement factor (EAx).  Figure 6-10 

shows the calculated φ using the general solution Eq. [6.25] and Ha from the 

approximate solution proposed by DeCoursey Eq. [6.26]. 

 

 

Figure 6-10:  Experimental enhancement factor (EAx) and correlated φ and Ha. Data 
at 303 K and 630 rpm.  The experimental enhancement factor is indicated as: (�) 

Ex.  Lines indicate the correlated parameters: Dashed line: φ  from Krevelen and 
Hoftijzer; Full line: Ha from DeCoursey. 
 

The φ calculated by the Krevelen and Hoftijzer at the lower interface concentration of 

CO2 has the same value as the experimental enhancement. For the same CO2 

concentrations, the value of Ha calculated by the DeCoursey solution is higher than 

the experimental enhancement factor.  For the experiments in which the 

enhancement factor is lower than two, both Krevelen-Hoftijzer and DeCoursey 
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provide similar φ (Ha) values which are lower than the experimental enhancement 

factor.  The φ estimated by Krevelen-Hoftijzer changed less than 1 % when the ratio 

between the concentration of CO2 at the interface and the bulk change from 0.001% 

to 1% (10 mbar of CO2 absorbed).  When the concentration at the bulk was 

assumed to be 30% of that at the interface (equivalent to a CO2 pressure decrease 

of 0.3 bar) the experimental enhancement was similar to the calculated φ for the 

experiments with enhancement lower than 1.4 and APMim[BF4] concentration of 45 

mol.m-3   The same assumption was tested for the experiments with  APMim[BF4] of 

concentration of 253 mol.m-3, for the data with enhancement higher than 2 only an 

increased of  5 % the estimated φ  was observed  and  about 25% increase of φ for 

the data with enhancement lower than 2. 

 

The different film and penetration theories calculate an enhancement factor around 

1.3 to 1.4 when Ha (φ) equals one.   When Ha (φ)>0.3 and  Ha (φ) <2, the different 

penetration and film models provide the most scattered results.23,26  When Ha (φ) is 

close to the unity, the differences in the enhancement factor obtained by applying 

the different theories, account up to 20%.23  For the calculation of Ha (φ) when 

EA≈1.3, a good guess is to consider Ha (φ) equal to one. 

 

 

6.4.8 Kinetic Constant6.4.8 Kinetic Constant6.4.8 Kinetic Constant6.4.8 Kinetic Constant    

 

The kinetic constant (k1,1) of the reaction between the APMim[BF4] and the CO2 was 

calculated for the experiments with the lowest initial concentration of CO2 at the 

interface.  The experimental conditions of these experiments are more consistent 

with the initial assumptions that the bulk concentration of APMim[BF4] remained 

constant during the period in which CO2 was absorbed by the ionic liquid and that 

the concentration of CO2 in the liquid was approximately zero.  The reversibility of 

the reaction is not taken into account and it is assumed that the reaction (Eq.  6.1) 

can be regarded as irreversible due to the low CO2 load of the ionic liquid during the 

experiment. The k1,1 constant was calculated by means of Eq. [6.22] using the φ 

fitted  in the different proposed solutions, with the enhancement factor calculated 

from either expression [6.25] or [6.26] equal to that obtained experimentally.  

 

The maximum error in the enhancement factor obtained with van Krevelen and 

Hoftijzer (Eq. [6.25]) based on the film model is around 3% for equal diffusivities.29 

The approximation given by DeCoursey (Eq. [6.26]) based on the renewal surface 

theory, has an inaccuracy of 8% in the enhancement factor when the radio of the 

diffusivities (DB/DA) is 0.02 and it decreases to 5 % for equal diffusivities.
29  The ratio 

of the diffusivities used here of APMim[BF4] and CO2 in bmim[BF4] is approximately 

0.2.  For the experiments with an enhancement factor lower than 1.5, it was 
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assumed that φ equals 1, given that the inaccuracy in the calculation of the 

enhancement factor can be up to 20 % when φ ≈1. The kinetic constants for the 

reaction were calculated based on solutions proposed for irreversible reactions and 

the studied reaction is reversible.  However it is possible to assume that at the low 

concentration of CO2 the reaction can be treated as irreversible and large error in 

the calculation is not introduced with this assumption. The k1,1 constants are 

calculated with the φ fitted from  van Krevelen and Hoftijzer and DeCoursey.  The k1 

constant was obtained after applying Eq. 6.20. The kinetic constant is reported only 

from the data of the experiments performed at the highest stirrer speed allowed 

when maintaining a flat liquid-gas interface.  The maximum agitation speed possible 

was 630 rpm and 540 rpm for 303 K and 333 K respectively.  The resulting kinetic 

constants are presented in Table 6-7.   

 

Table 6-7: Kinetic constant of the reaction between CO2 and  APmim[BF4]  

 

T/K 
APMim[BF4] 

mol.m
-3
 

C
 i 
CO2 

mol.m
-3
 

EA E∝ Ha (φ) 
k1,1 

L.(mol.s)
-1
 

k1 

s-1 

19.1 1.3 2.88 1.0 44.3±8.8 2.0±0.4 
45 

38.1 1.2 2.63 1.0 44.3±8.8 2.0±0.4 

1.8 
a
 52.3±5.0 5.7±1 

114 37.2 1.7 3.03 
1.6 

b
 42.3 ±4.0 4.8±0.5 

2.7 
a
 56.9 ±3.0 14.4±1.0 

303 

253 35.4 2.3 3.88 
2.2 

b
 37.9 ±2.0 9.6±1.0 

2.5
 a
 87.5±10 10.0±1.0 

114 23.4 2.1 3.30 
2.0 

b
 57.2±9.0 6.5±1.0 

2.6
 a
 43.4±12 10.7±3.0 

333 

253 23.2 2.3 4.70 
2.2 

b
 32.4±10 8.2±3.0 

a .DeCoursey 

b. Krevelen-Hoftijzer. CA ≈0.001%-1%  CAi 

 

A comparison of the obtained kinetic results for the reactive absorption of CO2 in the 

APMIm[BF4] dissolved in bmim[BF4]  with available data reported for CO2 absorption 

in MEA-containing solutions is presented in Tables 6-8 and 6-9.  Table 6-8 contains 

the results for reactive absorption of CO2 in the NH2-functionalized ionic liquid phase 

at 303 K with the kinetic data provided by Laddha and Danckwerts10 for the CO2 

absorption into an aqueous solution of MEA at 298 K.   Table 6-9 compares the 

obtained kinetic results for reactive absorption of CO2 in APMIm[BF4] dissolved in 

bmim[BF4] with the absorption rates reported by  Sridharan and Sharma.
17  They 
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provide the absorption rate of CO2 into MEA 2 M dissolved in pure diethylene glycol 

(DEG) and polyethylene glycol (PEG) with MEA 1.75 M at 303 K.  

 

Table 6-8:  Rates of the reactive CO2 absorption in APMIm[BF4] and aqueous MEA. 

 
 

Table 6-9: Absorption rates of CO2 in viscous NH2 containing liquids at 303 K 

 
a. Monoethanolamine (MEA).  
b. APMIm[BF4] 
c. k1,1 DeCoursey 
d. k1,1 Krevelen-Hoftijzer. 
 
 

The calculated k1,1, presented in Table 6-7 and 6-8 are considerably smaller, about 

102, than the reaction constant reported  in literature2,8,10 for the reaction of CO2 with 

aqueous MEA.  On the contrary, the viscosity of the aqueous liquid phase is 

approximately 102 times smaller than that of the ionic liquid phase, and then it is 

expected that in an aqueous based phase the reaction between the CO2 and the 

NH2 is not limited by the diffusion of the reactive species as it is likely the case in the 

ionic liquid phase. On the other hand, the calculated absorption kinetic parameters 

are of the same magnitude as the reviewed for MEA and CO2 in viscous liquids in 

Table 6-9, although the concentration of the APMim[BF4] in the bmim[BF4] is one 

order of magnitude lower than the reported concentration of MEA in the DEG and 

PEG. This indicates that the reactivity of the ionic liquid amine (APMim[BF4]) with 

CO2 is comparable or could be even higher than that of the  alkanolamine  (MEA) 

with CO2. 
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6.5 Conclusions6.5 Conclusions6.5 Conclusions6.5 Conclusions    

 
The kinetics of the reaction between CO2 and a NH2-functionalized ionic liquid were 

studied here.  The liquid side mass transfer coefficient was calculated based on the 

CO2 physical absorption in bmim[BF4].  The experimental enhancement factors 

based on the fluxes of CO2 absorbed are between 1.2 and 2.3. The reaction takes 

place in an intermediate regime and is most likely limited by the diffusion of the 

APMim[BF4] in the bmim[BF4].  When diffusion limitation is present, it is not possible 

to derive the kinetic data directly from the measured flux of CO2 and the 

experimental enhancement factor.  The kinetic results were calculated using the 

general solution given by van Krevelen and Hoftijzer and the DeCoursey 

approximate solution.  The calculated kinetic constants (k1,1) are of the same order 

of magnitude as the ones available for primary amine and CO2 in viscous media.   
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Nomenclature listNomenclature listNomenclature listNomenclature list    
    

A Reactant entering from the gas phase: CO2 

A’ Gas-liquid interfacial area.     [m2] 

a Specific interfacial area.     [m2.m-3] 

B Reactant in the liquid phase: APMim[BF4] 

C Concentration.      [mol.m-3] 

Ci Concentration at the interface.    [mol.m-3] 

D Diffusivity.      [m2.s-1] 

EA Enhancement factor.    [-] 

EAo Enhancement factor in Eqs. 6.25 and 6.26.  [-]  

Ex Experimental enhancement factor   [-] 

E∝ Infinite enhancement factor   [-] 

φ Reaction modulus of the liquid phase  [-] 

G Gas phase 

Ha Hatta number.     [-] 

He Henry coefficient.      [Pa.m3.mol-1] 

J Molar flux.       [mol. m-2. s-1] 

Ja Volumetric  mole flux.     [mol m-3 s-1] 

kL Mass transfer coefficient of the liquid phase.  [m.s-1] 

kL.a Volumetric mass transfer coefficient.   [s-1] 

k1,1 Kinetic constant of reaction 1,1 order.   [m3. mol-1 s-1] 
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k1 Kinetic constant of reaction 1,0 order.    [s-1] 

L Liquid phase. 

m Solubility.  CiL/C
i
G.     [-] 

N Number of moles.   

NH2 Primary amine   

P Pressure.      [Pa] 

P0 Initial pressure.      [Pa] 

V Volume.      [m-3] 

vB Stoichiometric coefficient of reactant B 

β Group of parameters in Eq. 6.8 

δ Thickness of the reaction/diffusion film. δ=D/kL.   [m] 

ρ Density.      [g.cm-3] 

σ Viscosity.      [Pa.s] 

γ Surface tension.      [N.m-1] 
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7.1  Introduction7.1  Introduction7.1  Introduction7.1  Introduction    

 

The objective of this research was to study the potential of the Room Temperature 

Ionic liquids (RTILs) as absorption solvents for the separation of carbon dioxide 

(CO2) from methane (CH4) and olefins from paraffins. The results of this research 

lead to the conclusion that RTILs have a special potential as designer solvents in the 

gas absorption and can be applied in the CO2/ CH4 and ethylene (C2H4) /ethane 

(C2H6) separations.  RTILs can be used as a base for developing alternative robust 

absorption solvents.   This chapter presents the achievements of this thesis and a 

prospective for the use of RTILs in the targeted gas separations.   

 

7.2  Conclusions7.2  Conclusions7.2  Conclusions7.2  Conclusions    
 

A high boiling point is a desired characteristic of absorption solvents and this 

undoubtedly is the key reason for which Ionic liquids became in the center of 

attention for developing new solvents. Ionic liquids exhibit a very low vapour 

pressure and their properties are highly dependent on the combination of the anion 

and cation. The density, viscosity and surface tension decreased with and increase 

in temperature.  The affinity of the gas with the ionic liquid solvent depends on the 

structure of the ionic liquid, although this is mainly associated with the type of anion 

of the ionic liquid. The solubility of gases in ionic liquids increases when pressure is 

increased and decreases with an increment in temperature.  Gas solubility in the 

standard ionic liquids can be represented by the Henry coefficient. 

    

7.2.1 CO7.2.1 CO7.2.1 CO7.2.1 CO2222/CH/CH/CH/CH4444 Separation Separation Separation Separation    

 

In general, standard ionic liquids with fluorine-containing anions, such as BF4, PF6, 

Tf2N, TFA, provided the larger CO2 absorption capacity.  The highest CO2 solubility 

was achieved with the ionic liquid emim[NTf2], with a molar fraction about 0.23 at 

303 K.  The high gas capacity of this ionic liquid may be attributed to weaker anion-

cation interaction, which allows a large interaction with of the liquid with the gas 

solute.  Commercially available ionic liquids such as bmim[BF4] provided a CO2 

absorption and a CO2/CH4 selectivity slightly higher that reported for physical 

solvents  such as Sulfolane.  However the cost of ionic liquids with the NTf2 anion is 

high and until now that restricts the possibilities for their use at large scale.  The 

commercial price per kilogram of an imidazolium-based ionic liquid with NTf2 anion 

is around three times higher than that of an imidazolium-based ionic liquid with BF4 

anion. 

 

This thesis demonstrated that the absorption capacity of the ionic liquids can be 

significantly improved by modification of the structure. When amino groups were 
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incorporated in the ionic liquid structure a considerable improvement in the CO2 

absorption capacity was attained.  The functionalized ionic liquids with a primary 

amine group added to the cation were the ones in which the highest enhancement in 

CO2 capture was achieved.  The CO2 capacity of the NH2-functionalized ionic liquids 

at 343 K can be as high as that reported for CO2 into aqueous MEA 30%.  The CO2 

absorption isotherms in the NH2-functionalized ionic liquid are quite similar in shape 

to that of the hybrid solvents such as Sulfinol.  At low pressure the absorption of CO2 

increases rapidly reaching almost the stoichiometric limit of the CO2 reacting with 

aqueous primary amine (0.5 mol CO2/mol NH2) and the absorption continues 

steadily rising with pressure as the typical absorption behaviour of the physical 

solvents.  The CO2 solvent capacity of the NH2-functionalized ionic liquids at 343K 

can be as five times higher than that reported for Selexol.  

 

Improvement of the CO2/CH4 selectivity with the NH2-functionalized ionic liquids is 

achieved not only by the chemical capture of the CO2, but also by the fact that CH4 

is absorbed exclusively by physical means.  The molar CO2/CH4 selectivity 

calculated based on individual gas absorption at 10 bar, is double or more than that 

calculated for the physical solvents such as Sulfolane and NMP. 

 

The absorption in the NH2-functionalized ionic liquids is not only dependent on the 

nature of the anion and the primary amine appended.  It is likely that strong 

absorption can lead to a loss of the solvent capacity since the reaction products tend 

to be more stable than the ionic liquid. The NH2-liquid combined with dicyanamide 

anion lost its absorption capacity after some absorption-regeneration cycles.  The 

stable compounds formed during the reaction were not regenerated, leading to a 

lost of the solvent capacity.  The other NH2-cation functionalized liquids combine 

with BF4 and NTf2 anions were stable and the CO2 absorption capacity after 

regeneration was similar to that of the fresh sample.  

 

The rate of CO2 absorption is limited by the slow diffusion of the ionic liquids. The 

viscosity of the NH2-functionalized ionic liquids liquid limits the rate of absorption 

and equilibrium can take even 48 hours at 303 K.  However, at higher temperature 

(333 K -3 43 K) the viscosity of the liquid is reduced considerably and the absorption 

of CO2 proceeded faster than at 303 K. This was also observed during the kinetic 

experiments, where CO2 was absorbed into a NH2-functionalized ionic liquid 

(APMIm[BF4]) diluted in bmim[BF4].  The kinetic constant of the reaction is similar to 

that reported for the reaction of CO2 with MEA dissolved in PEG and DEG. 

 

The enthalpy of CO2 absorption of the standard ionic liquids is comparable to that of 

CO2 in Sulfolane and Selexol.  The enthalpy of CO2 absorption in the NH2-

functionalized ionic liquid is approximately - 20 kJ.mol-1 with a load of 0.2 mol CO2 
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per mol NH2-functionalized ionic liquid and is smaller than that reported for CO2 in 

30% MEA, -85.4 kJ/mol CO2, with a similar solvent load.   The smaller changes in 

the enthalpy upon CO2 absorption in the ionic liquids compared to that of the 

aqueous MEA process are associated to a lower energy demand of the regeneration 

process for the ionic liquids than that required for regeneration of the aqueous MEA 

solvent.     

 

 7.2.2. Olefin/Paraffin Separation7.2.2. Olefin/Paraffin Separation7.2.2. Olefin/Paraffin Separation7.2.2. Olefin/Paraffin Separation    

 

This research proves that ionic liquids could also be used to develop solvents for 

olefin/paraffin separation. The improvement of the C2H4 absorption was achieved 

through the chemical capture of the C2H4 with a salt of a transition metal.  The 

absorption of C2H6 remained unaffected since only the olefin reacts with the metal 

cation to form a reversible complex.   Stable RTIL-based solvents were made by 

solvating a salt of Ag(I) into a standard ionic liquid with a similar anion as the salt.   

 

The designed RTIL solvents improved the C2H4 absorption capacity and the 

selectivity compared to those of the standard ionic liquids.  The C2H4/C2H6 selectivity 

achieved with the RTIL-based solvents can be as high as 100 at 333K.  The molar 

C2H4/C2H6 selectivity estimated for the standard ionic liquids was quite low and 

approximately 1.5.  The RTIL-based solvent with NTf2 and OTF anions were stable 

and exhibited the highest C2H4 absorption capacity.  The large gas capacity of these 

liquids result likely from the lower degree of ionic association between the Ag(I) and 

the NTf2 and OTF anion. 

 

The inherent advantage of ionic liquids as absorption solvents for this gas 

separation resides in their dual organic and ionic nature.  The ionic character of the 

ionic liquids enables to stabilize the metallic cation in the solvent, which until now 

has been one of the major drawbacks of the proposed solvents for this separation.  

The organic nature of the ionic liquids can shift the affinity for the hydrocarbon gases 

and therefore the hydrocarbon physical solubility can be modified.  The volumetric 

C2H4 load achieved with a 1.8N RTIL-based solvent is therefore higher than that 

achieved with a 6M aqueous silver nitrate solution and with the intrinsic advantage 

of the ionic liquid of not containing water that may be released to the processed gas. 

The zero volatility of the RTIL-based solvents can be a key factor in the selection of 

the solvent for olefin/paraffin separations.   The negative impact on the process 

economy caused by the operation of water removal from the gas can be avoided by 

using a RTIL-based solvent.  However, the high viscosity is a major weakness of the 

tested RTIL-based solvents.  
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The RTIL-based solvents merge the advantages granted by the chemical absorption 

with the capacity provided by physical absorption resulting in a more efficient use of 

the added Ag(I).  The mole of C2H4 per mol Ag(I) in the solvent observed for the 

RTIL-based liquids was three times higher than that of an aqueous AgNO3 solution.  

The molar enthalpy of C2H4 absorption in the RTIL-based solvent with OTF anion 

and Ag(I) 1.2N is lower than that of C2H4 in 6M aqueous AgNO3.  Consequently, the 

regeneration of the solvent is less energy demanding with the RTIL based solvent 

than with the aqueous AgNO3 solution.  However, the main advantage of the RTIL-

based solvent compared to the other referenced solvents is that until now there is 

not a strong positioned solvent for performing this kind of separation and ionic liquid 

based technology may be a key element in the design and formulation of stable and 

reliable absorption solvents.  When a stable solvent is provided, absorption may 

compete with the well established, but energy demanding, cryogenic technology that 

is currently used for carrying out the olefin/paraffin separation.  

    

7.3 Improving the potential of RTILs as absorption solvents 7.3 Improving the potential of RTILs as absorption solvents 7.3 Improving the potential of RTILs as absorption solvents 7.3 Improving the potential of RTILs as absorption solvents  

 

Room Temperature Ionic Liquids (RTILs) have been proven to be as a suitable kind 

of solvent for the separation of CO2/CH4 and olefin/paraffin.  However the principal 

disadvantage exhibited by the RTILs is their relatively high viscosity. The solution to 

their present disadvantage is foreseen in ionic liquids key advantage, their designer 

character.  It was shown that the nature of the ionic liquid structure and especially 

the type of anion influences the properties of the ionic liquid.  Lower viscosities may 

be achieved by finding a counter anion that is associated with a low viscosity.  

Correspondingly, it is observed that the low viscosity is attributed to a lower degree 

of association between the anion, which is also related to a higher gas capacity.  It is 

still an open task to find a suitable anion structure with delocalized charge and 

obtained from a relatively cheaper source. 

 

The potential of ionic liquids as designer solvents is massive, taking in account that 

by finding the right anion-cation combination, it will be possible to obtain a solvent 

for a specific gas separation.  An olefin/paraffin separation is a good example of the 

area in which ionic liquids can expand the solvent potential.  Traditional solvents 

have failed to perform the reactive absorption of olefins mainly due to the instability 

of the metal cation in the solvent.  The solvent degrades and the active capture 

agent is lost. The stable RTIL-based solvents tested here achieved large C2H4 load 

capacity and the Ag(I)-Olefin complex was reversible but the their price and 

absorption kinetic behaviour are not yet at the level demanded for an industrial 

solvent.  However, the results from the RTIL-based solvents prove that it is possible 

to envisage a solvent based on ionic liquid technology for performing the separation 

of olefins from paraffins.   
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The CO2/CH4 separation can be performed using standard ionic liquids, which have 

the same capabilities of the physical solvents, or by the functionalized ionic liquids.  

The NH2-functionalized ionic liquid solvents behave in a similar manner as the 

hybrid solvents, but higher capacities are achieved.  The load achieved at 333K by 

NH2-functionalized ionic liquids is approximately 0.12 Kg CO2/Kg solvent, which is 

ten times smaller than the desired solvent load of 1kg CO2 /kg solvent proposed as 

ideal target for the power plant sector.1 

 

RTILs also potentially offer a lower regeneration energy cost and in a stable ionic 

liquid the active reactant (amine functionality) is not lost. The effectiveness of the 

solvent is increased because can achieve higher gas capacity and are not volatile.  

Nevertheless as it was mentioned in the conclusions, the available RTILs do not 

have yet a low viscosity.    Besides the negative effect of the higher viscosity on the 

mass transfer, it also increases pumping cost associated with the separation. Since 

viscosity is considerably reduced at higher temperatures, in short term, if an anion 

that provides low viscosity is not available, the operation at higher temperature is an 

option that can be considered. For industrial application, the absorption of other 

gases in the RTIL solvents needs to be quantified, particularly if co-absorption takes 

place. On the other hand, the solubility of oxygen has been reported as very low for 

most of the standard ionic liquids. The use of ionic liquids as absorption solvents 

can also have other benefits in the separation process.  The corrosion associated 

with the presence of water in the gas stream can be reduced since the liquids do not 

contain water.  The regeneration of the ionic liquid solvent can be accomplished by 

flashing followed by thermal regeneration, which reduces the volume of the solvent 

to heat up. 

 

The possibilities for extending the prospect of ionic liquids as absorption solvents is 

increased when combined with other technologies.  It has been reported to use ionic 

liquids as solvent in membrane contactors, impregnated membranes and as 

monomers for production of poly-ionic liquids that act as gas adsorbents.  The 

research needed in the area depends of the specific process in which the solvent 

solution is required and the costs associated to the separation process.  Basic 

research is still needed in order to make ionic liquids as a strong, reliable and widely 

used solvent technology.  Physical characterization of the ionic liquids can provide 

the molecular simulation tools with more accurate data that can describe more 

precise the forces and interactions that exist between the anion and cation of the 

ionic liquid.  At last, these are the ones, which will determine the gas affinity, 

capacity and properties of the ionic liquid.   

 

[1] Wolsky, A. M.; Daniels, E. J. and Jody, B. J. CO2 Capture from the conventional fossil-
fuel-fired power plants. Environm. Prog. 1994 1994 1994 1994, 13, 214-219.  
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Appendix AAppendix AAppendix AAppendix A    
    
DensityDensityDensityDensity    and molar volume and molar volume and molar volume and molar volume of of of of Ionic LiquidIonic LiquidIonic LiquidIonic Liquidssss    
 
 
 

HHHH----mim[BFmim[BFmim[BFmim[BF4444]  ]  ]  ]  MW: 169.92 g.mol-1 bmim[BFbmim[BFbmim[BFbmim[BF4444]  ]  ]  ]  MW: 226.02 g.mol-1 

Density Density 
T / KT / KT / KT / K    

±0.01 
ρ 

g.cm
-3
 

STDx10
6
 

g.cm
-3
 

Vm 

cm3.mol-1 
ρ 

g.cm
-3
 

STDx10
6
 

g.cm
-3
 

Vm 

cm3.mol-1 

283.15    1.212876 1.00 186.37 

293.15 1.387973 7.10 122.42 1.205783 1.00 187.46 

303.15 1.379822 7.00 123.15 1.198691 5.66 188.57 

313.15 1.371834 6.36 123.86 1.191598 0.71 189.70 

323.15 1.363614 6.00 124.61 1.184506 0.71 190.83 

333.15 1.355662 7.07 125.34 1.177413 2.83 191.98 

343.15 1.348065 2.00 126.05 1.170321 2.83 193.14 

353.15 1.339464 1.78 126.86 1.163228 1.41 194.32 

363.15 1.331565 9.90 127.61 1.156136 1.41 195.51 

 
 
 

omim[BFomim[BFomim[BFomim[BF4444]  ]  ]  ]  MW: 282.13 g.mol-1 MeBuPy[BFMeBuPy[BFMeBuPy[BFMeBuPy[BF4444]  ]  ]  ]  MW: 237.05 g.mol-1 

Density Density 
T / KT / KT / KT / K    

±0.01 
ρ 

g.cm
-3
 

STDx10
6
 

g.cm
-3
 

Vm 

cm3.mol-1 
ρ 

g.cm
-3
 

STDx10
6
 

g.cm
-3
 

Vm 

cm3.mol-1 

283.15 1.114116 4.95 253.23    

293.15 1.107225 1.00 254.81 1.192987 1.41 198.70 

303.15 1.100360 5.66 256.40 1.186061 1.53 199.86 

313.15 1.093640 1.00 257.97 1.179303 4.16 201.01 

323.15 1.087009 1.00 259.55 1.172527 2.31 202.17 

333.15 1.080384 2.83 261.14 1.165775 2.00 203.34 

343.15 1.073792 2.83 262.74 1.159038 4.51 204.52 

353.15 1.067226 1.41 264.36 1.152333 3.61 205.71 

363.15 1.060707 1.41 265.98 1.145656 2.52 206.91 
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Bmim[DCA]  Bmim[DCA]  Bmim[DCA]  Bmim[DCA]  MW: 205.26 g.mol-1 MeBuPy[DCA]  MeBuPy[DCA]  MeBuPy[DCA]  MeBuPy[DCA]  MW: 216.28 g.mol-1 

Density Density 
T / KT / KT / KT / K    

±0.01 
ρ 

g.cm
-3
 

STDx10
6
 

g.cm
-3
 

Vm 

cm3.mol-1 
ρ 

g.cm
-3
 

STDx10
6
 

g.cm
-3
 

Vm 

cm3.mol-1 

293.15 1.061725 1.00 193.33 1.051717 9.64 205.65 

303.15 1.055514 5.66 194.46 1.045648 1.53 206.85 

313.15 1.049303 1.00 195.62 1.039625 2.65 208.05 

323.15 1.043092 1.00 196.78 1.033652 1.00 209.25 

333.15 1.036881 2.83 197.96 1.027733 4.16 210.45 

343.15 1.03067 2.83 199.15 1.021864 3.51 211.66 

353.15 1.024459 1.41 200.36 1.016043 1.73 212.87 

363.15 1.018248 1.41 201.58 1.010268 2.65 214.09 

 
 

MeBuPyrrMeBuPyrrMeBuPyrrMeBuPyrr[DCA]  [DCA]  [DCA]  [DCA]  MW: 208.30 g.mol-1 bmimbmimbmimbmim[[[[SCNSCNSCNSCN]  ]  ]  ]  MW: 197.30 g.mol-1 

Density Density 
T / KT / KT / KT / K    

±0.01 
ρ 

g.cm
-3
 

STDx10
6
 

g.cm
-3
 

Vm 

cm3.mol-1 
ρ 

g.cm
-3
 

STDx10
6
 

g.cm
-3
 

Vm 

cm3.mol-1 

293.15 1.118700 6.11 186.20 1.072824 12.2 183.91 

303.15 1.112542 2.31 187.23 1.066913 3.06 184.93 

313.15 1.106444 1.15 188.26 1.061025 4.16 185.95 

323.15 1.100436 49.9 189.29 1.055184 1.15 186.98 

333.15 1.094431 2.65 190.33 1.049386 1.73 188.02 

343.15 1.088521 1.00 191.36 1.043634 2.31 189.05 

353.15 1.082695 11.4 192.39 1.037921 4.16 190.09 

363.15 1.077028 22.4 193.40 1.032257 3.46 191.13 

 
 

MeBuPy[SCNMeBuPy[SCNMeBuPy[SCNMeBuPy[SCN]  ]  ]  ]  MW: 208.32 g.mol-1 MeBuPyrr[SCNMeBuPyrr[SCNMeBuPyrr[SCNMeBuPyrr[SCN]  ]  ]  ]  MW: 200.34 g.mol-1 

Density Density 
T / KT / KT / KT / K    

±0.01 
ρ 

g.cm
-3
 

STDx10
6
 

g.cm
-3
 

Vm 

cm3.mol-1 
ρ 

g.cm
-3
 

STDx10
6
 

g.cm
-3
 

Vm 

cm3.mol-1 

293.15 1.064366 1.00 195.72 1.03287 4.04 193.96 

303.15 1.058700 1.53 196.77 1.027616 6.08 194.96 

313.15 1.053020 2.31 197.83 1.022351 3.21 195.96 

323.15 1.047402 1.00 198.89 1.017108 4.73 196.97 

333.15 1.041805 4.04 199.96 1.011914 1.00 197.98 

343.15 1.036243 1.53 201.03 1.006734 1.53 199.00 

353.15 1.030713 1.00 202.11 1.001568 3.21 200.03 

363.15 1.025218 1.53 203.20 0.99643 2.65 201.06 
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bmim[MeSObmim[MeSObmim[MeSObmim[MeSO4444]  ]  ]  ]  MW: 250.32 g.mol-1 MeBuPy[MeSOMeBuPy[MeSOMeBuPy[MeSOMeBuPy[MeSO4444]  ]  ]  ]  MW: 261.34 g.mol
-1 

Density Density 
T / KT / KT / KT / K    

±0.01 
ρ 

g.cm
-3
 

STDx10
6
 

g.cm
-3
 

Vm 

cm3.mol-1 
ρ 

g.cm
-3
 

STDx10
6
 

g.cm
-3
 

Vm 

cm3.mol-1 

293.15 1.210187 3.51 206.84 1.216051 7.00 214.91 

303.15 1.203605 1.00 207.98 1.209462 8.96 216.08 

313.15 1.19706 1.15 209.11 1.202695 19.0 217.30 

323.15 1.190525 1.00 210.26 1.196263 1.53 218.46 

333.15 1.184016 1.00 211.42 1.189712 2.65 219.67 

343.15 1.177543 0.58 212.58 1.183299 9.07 220.86 

353.15 1.171102 0.58 213.75 1.176874 2.08 222.06 

363.15 1.164700 1.00 214.92 1.170248 20.0 223.32 

 

MeBuPy[TFAMeBuPy[TFAMeBuPy[TFAMeBuPy[TFA]  ]  ]  ]  MW: 255.28 g.mol-1 bmim[PFbmim[PFbmim[PFbmim[PF6666]  ]  ]  ]  MW: 284.19 g.mol-1 

Density Density 
T / KT / KT / KT / K    

±0.01 
ρ 

g.cm
-3
 

STDx10
6
 

g.cm
-3
 

Vm 

cm3.mol-1 
ρ 

g.cm
-3
 

STDx10
6
 

g.cm
-3
 

Vm 

cm3.mol-1 

293.15 1.175740 0.58 217.12 1.370425 1.00 207.37 

303.15 1.168772 2.31 218.42 1.363292 1.40 208.45 

313.15 1.161827 1.00 219.72 1.356159 2.36 209.55 

323.15 1.154927 2.65 221.04 1.349026 1.10 210.66 

333.15 1.148078 4.93 222.35 1.341893 4.22 211.78 

343.15 1.141274 1.00 223.68 1.334760 2.86 212.91 

353.15 1.134506 12.30 225.01 1.327627 3.40 214.05 

363.15 1.127725 26.5 226.37 1.320494 4.71 215.21 

 

emim[NTfemim[NTfemim[NTfemim[NTf2222]  ]  ]  ]  MW: 391.31 g.mol-1 

Density 
T / KT / KT / KT / K    

±0.01 
ρ 

g.cm
-3
 

STD x10
6
 

g.cm
-3
 

Vm 

cm3.mol-1 

293.15 1.524164 1.00 256.74 

303.15 1.513837 1.41 258.49 

313.15 1.503510 1.00 260.26 

323.15 1.493183 3.26 262.06 

333.15 1.482856 1.60 263.89 

343.15 1.472529 2.40 265.74 

353.15 1.462202 2.00 267.62 

363.15 1.451875 2.00 269.52 
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Density of the functionalized RTILs used in Chapter 4 of this dissertation.  

Linear fit of density (ρ) f (T), R2 >0.999.  Range: 293 K - 353 K. 
 

APMim[NTf2]  : .T/K
4

109.23161.8800
3

ρ/g.cm
−

×−=
−   

APMim[DCA]  : .T/K
4

105.59761.3518
3

ρ/g.cm
−

×−=
−   

APmim[BF4]  : .T/K
4

106.79351.4770
3

ρ/g.cm
−

×−=
−   

AEMPyrr[BF4]   : .T/K
4

106.76331.4502
3

ρ/g.cm
−

×−=
−   

MeImOH[BF4]  : .T/K
4

107.51271.5862
3

ρ/g.cm
−

×−=
−   

MeImNet2[BF4]  : .T/K
4

106.79331.3442
3

ρ/g.cm
−

×−=
−   

OH-Net2   [1:1 Molar]  : .T/K
4

107.22031.4704
3

ρ/g.cm
−

×−=
−   

Bmim[Tau]  : .T/K
4

106.40971.3821
3

ρ/g.cm
−

×−=
−   

Bmim[Gly]  : .T/K
4

106.32781.3156
3

ρ/g.cm
−

×−=
−   

 

 

 

Density of the designed RTILs-based solvents used in Chapter 5.  

Linear fit of density (ρ) f (T), R2 >0.999.  Range: 293 K - 343 K. 
 

Im[NO3]-Ag 40%  : .T/K4108.32201.80403ρ/g.cm −
×−=

−   

H-Im[NO3]-Ag 40% : .T/K4108.86732.05113ρ/g.cm −
×−=

−   

OH-Im[NO3]-Ag 25% : .T/K4107.48931.76553ρ/g.cm −
×−=

−   

Py[NO3]-Ag 20%  : .T/K4106.77781.50443ρ/g.cm −
×−=

−   

Chol[NO3]-Ag 20% : .T/K4106.76501.67173ρ/g.cm −
×−=

−   

Im[TFA]-Ag 20%  : .T/K4108.57941.61483ρ/g.cm −
×−=

−   

H-Im[TFA]-Ag 20%  : .T/K4101.12731.81673ρ/g.cm −
×−=

−   

Im[NTf2]-Ag 10%  : .T/K4101.04991.89903ρ/g.cm −
×−=

−  

Im[NTf2]-Ag 40%  : .T/K4101.22802.18313ρ/g.cm −
×−=

−  

Im[OTF]-Ag 20%  : .T/K4109.19121.82033ρ/g.cm −
×−=

−  
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Appendix BAppendix BAppendix BAppendix B    

 
Viscosity of Viscosity of Viscosity of Viscosity of Ionic LiquidIonic LiquidIonic LiquidIonic Liquidssss    
 

 
 

bmim[BF4] 
 

 

omim[BF4] 
 

 

MeBuPy[BF4] 
 

ηηηη x10
3
 ηηηη x10

3
 ηηηη x10

3
 

T / K 
Pa. s   ± 

T / K 
Pa. s   ± 

T / K 
Pa. s   ± 

283.15 248.08 3.22 283.15 895.26 4.60 298.15 202.82 0.85 

293.15 136.85 1.18 293.15 447.63 3.47 301.15 173.06 0.15 

303.15 79.51 1.03 303.15 241.71 2.45 305.15 134.68 0.15 

313.15 50.51 0.66 313.15 141.16 1.10 308.15 100.95 0.25 

323.15 34.10 0.44 323.15 88.79 0.91 318.15 62.31 0.17 

333.15 24.19 0.32 333.15 57.71 0.67 328.15 39.60 0.09 

343.15 17.90 0.21 343.15 39.42 0.43 338.15 26.83 0.20 

353.15 13.78 0.17 353.15 28.12 0.25 348.15 18.98 0.18 

363.15 10.69 0.12 363.15 20.80 0.20 298.15 202.82 0.85 

 

 
 

bmim[DCA] 
 

 

MeBuPy[DCA]* 
 

 

bmim[PF6] 
 

ηηηη x10
3
 ηηηη x10

3
 ηηηη x10

3
 

T / K 
Pa. s   ± 

T / K 
Pa. s   ± 

T / K 
Pa. s   ± 

293.15 33.25 0.28 298.15 35.16 0.10 273.15 1629.37 14.20 

303.15 24.41 0.20 301.15 30.95 0.10 283.15 738.57 8.54 

313.15 16.80 0.14 305.15 26.42 0.09 293.15 363.57 2.50 

323.15 12.43 0.10 308.15 23.13 0.06 303.15 197.69 2.40 

333.15 8.90 0.45 318.15 16.80 0.24 313.15 110.63 1.40 

343.15 6.62 0.21 328.15 12.40 0.32 323.15 70.22 1.00 

353.15 4.71 0.39 338.15 9.46 0.20 333.15 46.90 1.00 

363.15 3.81 0.30 348.15 7.52 0.20 343.15 32.85 0.50 

      353.15 24.18 0.50 

 

* Includes data measured by Ir. S.A.F (Ferdy) Onink. 
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Appendix CAppendix CAppendix CAppendix C    
    

SurfSurfSurfSurface tension of ace tension of ace tension of ace tension of Ionic LiquidIonic LiquidIonic LiquidIonic Liquidssss    
 

bmim[BF4] omim[BF4] MeBuPy[BF4] 

T / K 
γγγγ    x10

3
    

N. m
-1
 

T / K 
γγγγ    x10

3
    

N. m
-1
 

T / K 
γγγγ    x10

3
    

N. m
-1
 

293.65 44.6±0.2 298.45 32.3±0.3 291.15 45.1±0.1 

303.35 43.8±0.3 303.35 32.0±0.1 294.25 44.6±0.2 

312.85 43.3±0.1 313.15 31.6±0.3 298.65 45.1±0.1 

312.95 43.2±0.4 323.05 30.9±0.3 300.15 45.2±0.2 

322.55 42.5±0.3 332.85 30.4±0.3 304.05 44.6±0.1 

322.65 42.5±0.2 343.15 29.7±0.4 303.95 44.7±0.1 

332.25 42.1±0.2 352.95 29.1±0.4 314.15 44.5±0.3 

341.95 42.0±0.3 361.85 28.7±0.3 311.85 44.6±0.3 

351.55 41.0±0.1   311.95 44.2±0.1 

360.95 40.3±0.2   320.25 43.7±0.1 

    322.05 43.6±0.1 

    331.55 43.0±0.1 

    330.95 43.1±0.2 

    341.75 42.7±0.2 

    342.45 42.3±0.1 

    350.75 42.5±0.3 

 

bmim[SCN] MeBuPy[SCN] MeBuPyrr[SCN] 

T / K 
γγγγ    x10

3
    

N. m
-1
 

T / K 
γγγγ    x10

3
    

N. m
-1
 

T / K 
γγγγ    x10

3
    

N. m
-1
 

295.85 46.9±0.1 302.85 47.7±0.1 303.35 49.8±0.1 

292.35 47.3±0.3 302.95 47.6±0.1 312.15 47.4±0.2 

293.65 47.0±0.2 312.35 45.2±0.1 312.35 47.3±0.1 

303.45 46.1±0.2 312.85 45.8±0.1 322.15 48.4±0.2 

303.35 45.9±0.2 320.15 45.8±0.1 322.65 48.0±0.1 

326.25 39.5±0.2 320.35 46.0±0.1 322.95 48.0±0.1 

330.55 40.0±0.2 330.15 39.5±0.1 330.85 47.6±0.1 

334.95 36.5±0.1 330.75 40.9±0.1 311.85 45.4±0.2 

349.35 36.9±0.2 341.75 36.1±0.2 311.55 45.6±0.2 

350.85 36.6±0.1 341.95 40.7±0.3 340.55 44.7±0.2 

  342.15 38.4±0.1 341.35 42.1±0.3 

    341.65 45.3±0.2 

    343.45 44.5±0.3 

    344.15 44.7±0.1 
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bmim[DCA] MeBuPy[DCA] MeBuPyrr[DCA] 

T / K 
γγγγ    x10

3
    

N. m
-1
 

T / K 
γγγγ    x10

3
    

N. m
-1
 

T / K 
γγγγ    x10

3
    

N. m
-1
 

293.15 48.6±0.3 293.25 43.4±0.3 293.05 56.2±0.1 

294.45 48.8±0.3 293.15 43.7±0.1 293.45 56.4±0.2 

298.15 48.6±0.1 304.15 42.3±0.1 303.45 55.8±0.2 

303.30 48.6±0.1 304.15 42.3±0.1 303.55 55.8±0.2 

303.55 48.5±0.2 312.15 39.1±0.2 312.45 54.8±0.1 

316.15 47.2±0.1 314.05 42.0±0.2 312.45 54.0±0.1 

325.15 46.3±0.1 314.05 42.0±0.1 322.15 53.8±0.2 

344.15 45.0±0.1 322.95 40.7±0.2 322.35 53.7±0.1 

332.05 45.7±0.3 322.35 39.4±0.1 332.15 53.1±0.1 

332.85 45.5±0.1 330.25 39.0±0.1 331.95 53.3±0.1 

341.15 45.8±0.1 331.15 38.4±0.1 342.55 51.6±0.1 

344.15 45.0±0.1 340.35 38.5±0.1 342.65 51.6±0.1 

  340.45 38.3±0.2 352.95 51.1±0.1 

  340.75 38.7±0.2 353.45 51.2±0.2 

  341.55 37.6±0.1 352.85 50.8±0.1 

  342.35 37.2±0.1 352.95 51.1±0.1 

  349.95 36.8±0.1   

  350.45 36.3±0.1   

 

bmim[MeSO4] MeBuPyrr[TFA] 

T / K 
γγγγ    x10

3
    

N. m
-1
 

T / K 
γγγγ    x10

3
    

N. m
-1
 

T / K 
γγγγ    x10

3
    

N. m
-1
 

294.55 42.9±0.2 342.65 38.7±0.0 292.15 35.7±0.1 

295.45 43.4±0.3 342.35 38.1±0.1 294.05 35.9±0.3 

295.55 43.0±0.1 353.75 38.2±0.1 294.45 35.8±0.3 

302.85 42.8±0.2 353.15 38.0±0.2 307.35 34.9±0.1 

302.75 42.7±0.2 354.35 37.7±0.1 307.15 35.0±0.1 

310.65 42.5±0.3   309.15 35.3±0.2 

309.65 44.1±0.3   310.15 34.9±0.1 

309.75 42.4±0.2   311.65 35.3±0.2 

310.15 42.3±0.0   312.45 34.8±0.1 

321.55 41.9±0.3   320.15 34.4±0.1 

320.45 41.7±0.1   320.25 34.2±0.1 

331.55 41.0±0.2   330.15 34.2±0.2 

331.55 41.3±0.1   330.25 34.2±0.2 

331.45 41.3±0.0   341.85 34.2±0.3 

340.35 41.5±0.2   357.05 33.4 ±0.2 

340.45 40.7±0.1   357.55 33.3±0.1 
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Appendix DAppendix DAppendix DAppendix D    
Gas solubility in Gas solubility in Gas solubility in Gas solubility in Ionic LiquidIonic LiquidIonic LiquidIonic Liquidssss    
 

D1.  Chapter 3D1.  Chapter 3D1.  Chapter 3D1.  Chapter 3    
Solubility of COSolubility of COSolubility of COSolubility of CO2222            
 

303 K Bmim[BF4] Omim[BF4] MeBuPy[BF4] 

bar χ CO2 ± χ CO2 ± χ CO2 ± 

0.50 0.0089 0.0039 - - - - 

0.75 0.0114 0.0039 - - - - 

1.00 0.0167 0.0039 0.0219 0.0042 0.0177 0.0034 

4.00 0.0592 0.0035 0.0833 0.0037 0.0652 0.0031 

5.00 0.0738 0.0043 0.1021 0.0036 0.0795 0.0030 

6.00 0.0896 0.0042 - - - - 

7.00 0.1047 0.0052 0.1390 0.0034 0.1070 0.0029 

9.00 - - 0.1703 0.0032 0.1324 0.0028 

10.00 0.1461 0.0050 0.1873 0.0031 0.1443 0.0027 

 

333 K Bmim[BF4] Omim[BF4] MeBuPy[BF4] 

bar χ CO2 ± χ CO2 ± χ CO2 ± 

0.50 0.0048 0.0027 - - - - 

1.00 0.0109 0.0027 0.0120 0.0035 0.0104 0.0028 

4.00 0.0369 0.0034 0.0502 0.0031 0.0399 0.0025 

5.00 - - 0.0644 0.0030 0.0513 0.0025 

7.00 0.0614 0.0039 0.0890 0.0028 0.0672 0.0024 

9.00 - - 0.1121 0.0027 0.0863 0.0023 

10.00 0.0895 0.0052 0.1213 0.0027 0.0961 0.0023 

 

303 K Bmim[DCA] MeBuPy[DCA] MeBuPyrr[DCA] 

bar χ CO2 ± χ CO2 ± χ CO2 ± 

0.50 0.0073 0.0014 0.0080 0.0035 0.0084 0.0032 

0.75 0.0125 0.0012 - - - - 

1.00 0.0172 0.0017 0.0177 0.0034 0.0153 0.0031 

2.00 0.0342 0.0025 - - - - 

4.00 0.0667 0.0016 0.0645 0.0032 0.0548 0.0029 

5.00 0.0799 0.0034 - - 0.0685 0.0029 

7.00 0.1093 0.0042 0.1087 0.0029 0.0899 0.0027 

9.00 0.1302 0.0038 - - - - 

10.00 0.1434 0.0058 0.1436 0.0028 0.1204 0.0026 
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333 K Bmim[DCA] MeBuPy[DCA] MeBuPyrr[DCA] 

bar χ CO2 ± χ CO2 ± χ CO2 ± 

0.50 0.0049 0.0012 0.0036 0.0030 0.0045 0.0027 

0.75 0.0076 0.0013 - - - - 

1.00 0.0111 0.0014 0.0060 0.0029 0.0063 0.0026 

2.00 0.0212 0.0019 - - - - 

4.00 0.0440 0.0025 0.0264 0.0027 0.0253 0.0024 

5.00 0.0548 0.0036 0.0338 0.0026 0.0314 0.0024 

7.00 0.0745 0.0041 0.0479 0.0025 0.0441 0.0023 

9.00 0.0928 0.0048 - - - - 

10.00 0.0997 0.0052 0.0683 0.0025 0.0613 0.0022 

 
 

303 K Bmim[SCN] MeBuPy[SCN] MeBuPyrr[SCN] 

bar χ CO2 ± χ CO2 ± χ CO2 ± 

1.00 0.0102 0.0031 0.0105 0.0032 0.0106 0.0033 

4.00 0.0387 0.0030 0.0420 0.0031 0.0394 0.0031 

7.00 0.0704 0.0028 0.0675 0.0030 0.0708 0.0030 

9.00 0.0874 0.0028 - - - - 

10.00 0.0978 0.0028 0.0962 0.0029 0.0971 0.0029 

 

333 K Bmim[SCN] MeBuPy[SCN] MeBuPyrr[SCN] 

bar χ CO2 ± χ CO2 ± χ CO2 ± 

1.00 0.0069 0.0015 0.0081 0.0017 0.0068 0.0017 

4.00 0.0281 0.0017 0.0271 0.0020 0.0247 0.0019 

7.00 0.0487 0.0021 0.0466 0.0024 0.0452 0.0023 

8.00 - - 0.0521 0.0025 - - 

9.00 0.0602 0.0023 0.0588 0.0026 0.0570 0.0025 

10.00 0.0664 0.0025 0.0632 0.0027 0.0608 0.0028 

 
 

 MeBuPyrr[TFA] 

 303 K 333 K 

bar χ CO2 ± χ CO2 ± 

1.00 0.0200 0.0036 0.0105 0.0017 

4.00 0.0708 0.0033 0.0452 0.0019 

7.00 0.1230 0.0030 0.0745 0.0022 

9.00 0.1539 0.0028 0.0939 0.0025 

10.00 0.1674 0.0028 0.1030 0.0025 
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303 K Bmim[PF6] Bmim[MeSO4] Emim[NTf2] 

bar χ CO2 ± χ CO2 ± χ CO2 ± 

0.50 0.0074 0.0031 - - - - 

0.75 0.0122 0.0029 - - - - 

1.00 0.0173 0.0027 0.0149 0.0033 0.0297 0.0039 

2.00 0.0372 0.0023 - - - - 

4.00 0.0684 0.0031 0.0529 0.0030 0.1038 0.0036 

5.00 0.0886 0.0039 - - - - 

7.00 0.1196 0.0055 0.0867 0.0029 0.1693 0.0031 

9.00 0.1513 0.0071 - - - - 

10.00 0.1662 0.0078 0.1190 0.0028 0.2257 0.0028 

 

333 K Bmim[PF6] Bmim[MeSO4] Emim[NTf2] 

bar χ CO2 ± χ CO2 ± χ CO2 ± 

0.50 0.0042 0.0014 - - 0.0106 0.0036 

0.75 0.0089 0.0015 - - - - 

1.00 0.0108 0.0016 0.0104 0.0014 0.0188 0.0035 

2.00 0.0232 0.0024 - - - - 

4.00 0.0444 0.0037 0.0330 0.0013 0.0628 0.0031 

5.00 0.0552 0.0041 - - - - 

7.00 0.0715 0.0055 0.0569 0.0025 0.1048 0.0027 

9.00 0.0912 0.0065 0.0676 0.0028 - - 

10.00 0.1012 0.0069 0.0733 0.0026 0.1446 0.0031 

 
 
Solubility of CSolubility of CSolubility of CSolubility of C2222HHHH4444    
 

 Bmim[BF4] Omim[BF4] MeBuPy[BF4] 

 303 K 303 K 303 K 333 K 

bar χ C2H4 ± χ C2H4 ± χ C2H4 ± χ C2H4 ± 

0.50 0.0037 0.0002 - - - - - - 

0.75 0.0043 0.0003 - - - - - - 

1.00 0.0048 0.0004 0.0105 0.0011 0.0075 0.0009 0.0035 0.0027 

2.00 0.0109 0.0008 - - - - - - 

4.00 0.0189 0.0018 0.0400 0.0040 0.0233 0.0032 0.0143 0.0099 

5.00 0.0233 0.0023 0.0494 0.0048 - - - - 

7.00 0.0327 0.0035 0.0674 0.0061 0.0387 0.0048 0.0256 0.0156 

8.00 0.0378 0.0042 - - - - - - 

9.00 - - 0.0845 0.0070 0.0473 0.0056 0.0335 0.0187 

10.00 0.0476 0.0056 0.0927 0.0073 0.0534 0.0058 0.0375 0.0200 
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303 K Bmim[SCN] MeBuPy[SCN] bmim[DCA] 

bar χ C2H4 ± χ C2H4 ± χ C2H4 ± 

1.00 0.0075 0.0016 0.0077 0.0017 0.0052 0.0012 

2.00 - - - - 0.0103 0.0015 

4.00 0.0280 0.0058 0.0289 0.0061 0.0195 0.0022 

7.00 0.0454 0.0088 0.0471 0.0092 0.0336 0.0033 

9.00 0.0554 0.0102 0.0576 0.0106 - - 

10.00 0.0599 0.0106 0.0624 0.0111 0.0478 0.0075 

 
 

303 K Bmim[MeSO4] Bmim[PF6] emim[NTf2] 

bar χ C2H4 ± χ C2H4 ± χ C2H4 ± 

1.00 0.0088 0.0018 0.0080 0.0009 0.0095 0.0012 

2.00 - - 0.0132 0.0009 - - 

3.00 - - 0.0219 0.0010 - - 

4.00 0.0326 0.0062 0.0283 0.0024 0.0378 0.0045 

7.00 0.0504 0.0094 0.0440 0.0036 0.0636 0.0079 

10.00 0.0630 0.0113 0.0612 0.0077 0.0959 0.0115 

 
 
 
Solubility of CSolubility of CSolubility of CSolubility of C2222HHHH6666        
 
 

 Bmim[BF4] MeBuPy[BF4] 

 303 K 303 K 333 K 

bar χ C2H6 ± χ C2H6 ± χ C2H6 ± 

0.50 0.0012 0.0002 - - - - 

0.75 0.0018 0.0002 - - - - 

1.00 0.0024 0.0002 0.0038 0.0009 0.0019 0.0012 

2.00 0.0049 0.0005 - - - - 

4.00 0.0097 0.0009 0.0143 0.0031 0.0071 0.0033 

5.00 0.0121 0.0008 - -   

7.00 0.0167 0.0004 0.0240 0.0049 0.0107 0.0054 

9.00 - - - - 0.0141 0.0068 

10.00 0.0234 0.0024 0.0331 0.0061 0.0162 0.0075 
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303 K Bmim[SCN] MeBuPy[SCN] bmim[DCA] 

bar χ C2H6 ± χ C2H6 ± χ C2H6 ± 

1.00 0.0078 0.0008 0.0085 0.0010 0.0025 0.0012 

2.00 - - - - 0.0052 0.0015 

4.00 0.0185 0.0029 0.0181 0.0029 0.0089 0.0022 

7.00 0.0291 0.0044 0.0292 0.0044 0.0153 0.0033 

9.00 0.0375 0.0053 0.0389 0.0053 - - 

10.00 0.0416 0.0056 0.0453 0.0056 0.0216 0.0075 

 
 

303 K Bmim[MeSO4] Bmim[PF6] emim[NTf2] 

bar χ C2H6 ± χ C2H6 ± χ C2H6 ± 

1.00 0.0039 0.0009 0.0035 0.0006 0.0066 0.0015 

2.00 - - 0.0053 0.0010 - - 

4.00 0.0163 0.0030 0.0110 0.0010 0.0260 0.0065 

7.00 0.0268 0.0047 0.0175 0.0018 0.0472 0.0109 

9.00 0.0356 0.0056 - - - - 

10.00 0.0404 0.0060 0.0257 0.0025 0.0677 0.0102 

 
 
Solubility of CHSolubility of CHSolubility of CHSolubility of CH4 4 4 4     
 
 

 Bmim[BF4] Bmim[BF4] MeBuPy[BF4] MeBuPy[DCA] 

 303 K 333 K 303 K 303 K 

barbarbarbar    χ CH4 ± χ CH4 ± χ CH4 ± χ CH4 ± 

0.50 0.0015 0.0010 0.0009 0.0010 - - - - 

1.00 0.0015 0.0010 0.0010 0.0010 0.0015 0.0010 0.0009 0.0010 

4.00 0.0050 0.0015 0.0025 0.0010 0.0016 0.0010 0.0023 0.0010 

5.00 - - - - 0.0018 0.0011 - - 

7.00 0.0062 0.0015 0.0038 0.0010 0.0023 0.0010 0.0037 0.0014 

9.00 - - - - 0.0036 0.0012 - - 

10.00 0.0090 0.0020 0.0057 0.0010 0.0049 0.0015 0.0056 0.0015 
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D2.  Chapter 4D2.  Chapter 4D2.  Chapter 4D2.  Chapter 4    
 

Functionalized NH2-RTILs 
 
Solubility of COSolubility of COSolubility of COSolubility of CO2222            
 

303 K APMim[BF4] APMim[DCA] APMim[NTf2] AEMPyrr[BF4] 

bar χ CO2 ± χ CO2 ± χ CO2 ± χ CO2 ± 

1.00 0.1447 0.0060 0.0601 0.0030 0.1013 0.0058 0.1273 0.0094 

4.00 0.2533 0.0082 0.1641 0.0090 0.1825 0.0094 0.2151 0.0110 

7.00 0.2972 0.0093 0.2391 0.0115 0.2383 0.0105 0.2588 0.0113 

10.00 0.3213 0.0102 0.2929 0.0172 0.2730 0.0116 0.2835 0.0124 

 
 

 APMim[BF4] APMim[NTf2] AEMPyrr[BF4] 

 343 K 343 K 333 K 

bar χ CO2 ± χ CO2 ± χ CO2 ± 

1.00 0.2960 0.0200 0.0262 0.0012 0.0944 0.0060 

4.00 0.3386 0.0176 0.0800 0.0030 0.1862 0.0102 

7.00 0.3573 0.0162 0.1505 0.0070 0.2191 0.0120 

10.00 0.3625 0.0160 0.1853 0.0076 0.2434 0.0135 

 
 

303 K MeImNet2[BF4] MeImOH[NTf2] OH-Net2[BF4] 

bar χ CO2 ± χ CO2 ± χ CO2 ± 

0.50 0.0112 0.0018 0.0058 0.0015 - - 

1.00 0.0294 0.0020 0.0146 0.0015 0.0120 0.0010 

4.00 0.0902 0.0030 - - 0.0643 0.0032 

7.00 - - - - 0.1082 0.0035 

10.00 - - - - 0.1451 0.0050 

 
 

333 K Bmim[Gly] Bmim[Tau] 

bar χ CO2 ± χ CO2 ± 

0.50 - - 0.2087 0.0122 

1.00 0.2382 0.0120 0.3086 0.0160 

4.00 0.3507 0.0170 0.3883 0.0189 

7.00 0.3809 0.0162 0.4156 0.0200 

10.00 0.3914 0.0154 0.4322 0.0200 
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Solubility of CHSolubility of CHSolubility of CHSolubility of CH4444    
 

 APMim[BF4] APMim[NTf2] AEMPyrr[BF4] 

 343 K 343 K 333 K 

bar χ CH4 ± χ CH4 ± χ CH4 ± 

1.00 0.0013 0.0010 0.0010 0.0010 0.0014 0.0010 

4.00 0.0051 0.0011 0.0040 0.0010 0.0057 0.0014 

7.00 0.0089 0.0016 0.0070 0.0014 0.0100 0.0022 

10.00 0.0127 0.0025 0.0099 0.0020 0.0142 0.0031 

 
 

D3.  Chapter 5 D3.  Chapter 5 D3.  Chapter 5 D3.  Chapter 5     
    

RTIL-based solvents for olefin/paraffin separation 
 

Im[NTf2] - Ag Im[NTf2] - Ag Im[OTF] - Ag 
303 K 

0.45 N 1.8 N 1.2 N 

bar χ C2H4 ± χ C2H4 ± χ C2H4 ± 

1.00 0.1182 0.0062 0.3407 0.0105 0.1768 0.0058 

4.00 0.1856 0.0081 0.4256 0.0134 0.2752 0.0110 

7.00 0.2192 0.0094 0.4816 0.0185 0.3194 0.0145 

10.00 0.2483 0.0120 0.5167 0.0190 0.3523 0.0186 

 

Im[NTf2] - Ag Im[OTF] - Ag Py[NO3]-Ag 
333 K 

1.8 N 1.2 N 1.2 N 

bar χ C2H4 ± χ C2H4 ± χ C2H4 ± 

1.00 0.2805 0.0084 0.1362 0.0078 0.0150 0.0060 

4.00 0.4203 0.0112 0.2350 0.0010 0.0274 0.0024 

7.00 0.4834 0.0152 0.2771 0.0010 0.0394 0.0052 

10.00 0.5183 0.0174 0.3154 0.0098 - - 

 

H-Im[NO3] - Ag OH-Im[NO3] - Ag Cho[NO3]-Ag 
333 K 

4.4 N 2.1 N 2.2 N 

bar χ C2H4 ± χ C2H4 ± χ C2H4 ± 

1.00 0.0090 0.0010 0.0095 0.0010 0.0076 0.0010 

4.00 0.0351 0.0062 0.0306 0.0022 0.0097 0.0015 

7.00 0.0673 0.0075 0.0524 0.0031 0.0116 0.0018 

10.00 0.1063 0.0094 0.0776 0.0034 0.0210 0.0024 
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Im[TFA] – Ag 1.1 N 
 

303 K 333 K 

bar χ C2H4 ± χ C2H4 ± χ C2H6 ± 

1.00 0.0105 0.0015 0.0067 0.0030 0.0023 0.0010 

4.00 0.0443 0.0075 0.0276 0.0030 0.0094 0.0014 

7.00 0.0864 0.0101 0.0467 0.0052 0.0166 0.0025 

10.00 0.1172 0.0104 0.0680 0.0074 0.0240 0.0030 

 
 

Im[NTf2] - Ag Im[NTf2] - Ag Im[OTF] - Ag 
303 K 

0.45 N 1.8 N 1.2 N 

bar χ C2H6 ± χ C2H6 ± χ C2H6 ± 

1.00 0.0121 0.0010 0.0125 0.0015 0.0047 0.0014 

3.00 0.0225 0.0025 - - - - 

4.00 0.0313 0.0025 0.0391 0.0032 0.0190 0.0030 

7.00 - - 0.0526 0.0036 0.0334 0.0035 

10.00 - - 0.0730 0.0094 0.0476 0.0054 

 
 

Im[NTf2] - Ag Im[OTF] - Ag Py[NO3]-Ag 
333 K 

1.8 N 1.2 N 1.2 N 

bar χ C2H6 ± χ C2H6 ± χ C2H6 ± 

1.00 0.0059 0.0015 0.0023 0.0015 0.0010 0.0010 

4.00 0.0266 0.0020 0.0092 0.0015 0.0040 0.0014 

7.00 0.0465 0.0025 0.0161 0.0020 0.0071 0.0030 

9.00 - - - - 0.0090 0.0035 

10.00 0.0667 0.0030 0.0230 0.0030 - - 

 
 

H-Im[NO3] - Ag OH-Im[NO3] - Ag Cho[NO3]-Ag 
333 K 

4.4 N 2.1 N 2.2 N 

bar χ C2H6 ± χ C2H6 ± χ C2H6 ± 

1.00 0.0010 0.0010 0.0014 0.0010 0.0067 0.0010 

4.00 0.0010 0.0015 0.0045 0.0015 0.0160 0.0022 

7.00 0.0013 0.0015 0.0061 0.0024 0.0233 0.0035 

10.00 0.0019 0.0010 0.0082 0.0020 - - 
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    We shall not cease from exploration  

And the end of all our exploring  

Will be to arrive where we started  

And know the place for the first time. 

Through the unknown, remembered gate 

When the last of earth left to discover 

Is that which was the beginning 

    
“Little Gidding” 

by T. S. Eliot 
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