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Abstract 

One of the most promising applications of ionic liquids in the modern chemical 

industry is its use as extractants in separation methods, primarily extraction and extractive 

distillation. Sulphur emissions are regulated widely by governments and international 

organisations, to ensure the lowest possible emission of sulphur oxides to the atmosphere, 

with many stipulations that the amount of sulphur compounds in the fuel must not exceed 

10 ppm. This study focused on the screening of the potential extractants for the 

desulphurisation of the fuels by performing experimental measurements for five different 

ionic liquids via two-phase separation techniques, namely, gas-liquid chromatography 

(GLC) and liquid-liquid extraction (LLE) measurements. The 1-butyl-1-

methypyrrolidinium dicyanamide [BMPYR][DCA] was used as a solvent in a packed 

column during gas-liquid chromatography measurements of the retention times which 

allowed for the calculation of activity coefficients at infinite dilution. This technique was 

used to ensure coverage of the whole spectrum of the experimental methods and 

thermodynamic principles for assessing the suitability of ILs for the intended purpose.  

Four ionic liquids: dihydroxyimidazolium 

bis{(trifluoromethyl)sulphonyl}imide [OHOHIM][NTf2], 1-butyl-3-methylimidazolium 

trifluoromethanesulphonate [BMIM][OTf], 1-butyl-1-methylpiperidinium dicyanamide 

[BMPIP][DCA] and tri-iso-butylmethylphosphonium tosylate [P-i4,i4,i4,1][TOS], were 

were assessed via liquid-liquid equilibria measurements for suitability as extractants. 

Ternary LLE measurements for the systems {IL+thiophene+hydrocarbon} were 

performed, and the selectivity (S), distribution ratio (β) and performance index (PI) of the 

ILs investigated in this work was compared to ILs reported in the literature. The LLE 

tielines were modelled using the Non-Random Two Liquid (NRTL) model, which 

showed a satisfactory correlation of the experimental data, with a maximum absolute 

average deviation of 0.01 in the mole fractions.  

The most promising  IL determined in this study is [BMIM][OTf] with PI equal 

to 54.8 and 193 for octane and hexadecane systems, respectively. This conforms with the 

findings in literature as imidazolium ILs with relatively short alkyl substituents as 

reported to be the most promising extractants in terms of performance index (PI). The 
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least promising results were obtained for [BMPIP][DCA]. Dicyanamide anion was not 

strongly represented in LLE literature, yet PIs calculated using activity coefficients data 

for ILs with this anion provided justification for further investigations.  

The recommendation from this work is that laboratory-scale extraction measurements be 

performed to assess the viability and reuse of this IL. 
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Chapter 1 Introduction 

The intensity in the search for new solutions in many scientific, engineering and 

technology developments in recent years, has been devoted to "green chemistry" and 

sustainable processing [1]. Major challenges still exist for the modern chemical industry 

to provide solutions that allow for the production of materials in a sustainable manner, 

minimising the negative influence of the industry on the environment and society. Green 

chemistry summarises the most important principles and directions of research into new 

materials and processes.  

There are 12 Principles of Green Chemistry [1]. The relevant principle to this work 

is principle 5, “green” processes in which the use of solvents is minimised. In practice, it 

is difficult to imagine such a process. The vast majority of chemical reactions (in both 

organic and inorganic chemistry) occur in a solvent environment. This also extends to 

different types of purification or separation methods, such as extraction. Therefore, the 

direction of the development of "green chemistry" is in search of new solvents.  

In addition, goal 12 of #Envision2030 Agenda adopted in 2015 by the United 

Nations [2] which is to ensure sustainable consumption and production of goods, is one 

of the most important goals to achieve before 2030. Use of ionic liquids (ILs) in chemical 

processes is one way of achieving these goals since due to their properties ILs can be 

recycled multiple times [3], which enables to minimises waste production.  

The existence of modern civilisation is highly dependent on fossil fuels even if 

circumstances are changing. In many countries, the transport of people and goods require 

huge volumes of petrol. According to the U.S. Energy Information Administration, 98.76 

million barrels of oil (including crude oil, products of distillation and biofuels) were used 

per day in 2017, and 100.63 million barrels were produced per day in 2019 [4]. Emission 

products generated during the consumption of crude oil products are carbon oxides, 

nitrogen oxides and sulphur oxides. The need to separate sulphur compounds from fuel 

mixtures is dictated by concern for the natural environment. Restrictive sulphur content 

standards in fuels that are petroleum processing products make it impossible to use some 

of the deposits of this raw material without proper treatment. In the United States of 

America and the European Union, liquid fuel products cannot contain more than 10 ppm 

of sulphur compounds such as thiophene, dibenzothiophene or thioethers [5,6]. In South 

Africa, sulphur limits in gasoline and diesel fuel were not so restrictive, which changed 
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over the years. In 2006 Clean Fuels (CF1) Regulations were implemented, which forced 

the decrease of the sulphur content from 3000 ppm to 500 ppm and introduction of the 

niche grade of 50 ppm which became the most popular type of fuel in South Africa [7]. 

Since July 2017 CF1 should be replaced by the Clean Fuels 2 (CF2) Regulations, which 

has been delayed indefinitely due to financial reasons. CF2 would force the petroleum 

industry to decrease the concentration of tS-compounds in fuels to below 10 ppm, which 

agrees with the European Union standard EURO 5 [8].     The main disadvantage of 

hydrodesulphurization (HDS) processes widely used in petrol industry is the complicated 

and intricate steps necessary to achieve the desired specifications. Additionally, HDS 

processes demand high energy requirements to provide proper conditions for hydrogen – 

sulphur compound reaction on cobalt and molybdenum catalyst, as it requires 

temperatures in the range of 300 to 400°C and pressures of 30 to 130 bar, which also 

generates the highly toxic hydrogen sulphide as one of the products of the process [9].  

The approach proposed by many other researchers and supported in this study 

would allow for relatively cheap and safe sulphur removal from the products of oil 

distillation by the use of a simpler method of extraction. The main objective of this work 

is to investigate prospective ionic liquids (ILs) for this purpose and to benchmark the 

performance of the IL solvents to those in literature. This would enable a simpler and 

more efficient process than HDS to meet reduced energy consumption and environmental 

regulations, as ionic liquids can be reused after purification.     

The objectives of this study were to: 

I.   Undertake a literature review of the extractive desulphurisation (EDS) 

process. 

II. Determine the most suitable ILs from screening techniques, including  

Gas - Liquid Chromatography (GLC) and Liquid - Liquid Equilibria (LLE) 

measurements. 

III. Benchmark the performance of suitable solvents to current commercial and 

patented solvents. 

IV. Summarise the state of knowledge about EDS with the use of ILs.  

This thesis is presented in 7 chapters. Chapter 2 provides a brief overview of ionic 

liquids as chemical compounds, their structures and properties. This chapter also 
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describes their potential usage for various applications and summarises data about the 

potential use of ILs in the desulphurisation process.  

Chapter 3 explains the theory behind the experimental methods used in obtaining 

the thermodynamic phase equilibrium and solubility data.  

Chapter 4 describes methods of gas chromatography and extraction and how they 

were translated to the language of chemical thermodynamics and phase separation.  

Chapter 5 presents the results obtained during this work and offers a discussion with 

respect to the literature data presented in Chapter 2. This chapter also contains a graphical 

representation of the results. 

Chapter 6 summarises conclusions drawn from this work. 

Chapter 7 presents recommendations for the further work related to the extractive 

desulphurisation process.    
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Chapter 2 Literature review  
 

This chapter provides information about ionic liquids as chemical compounds 

and their possible applications in modern chemical industrial processes. Furthermore, 

knowledge about the potential use of ionic liquids as extractants in desulphurisation 

processes is discussed, and a summary of the extracting capabilities, as reported in the 

literature is presented.    

 

2.1 Ionic Liquids 

 

Ionic liquids have been considered potential solvents for "green chemistry" since 

the beginning of the 1990s [10]. Ionic liquids are organic salts having a sizeable organic 

cation in their structure. It is conventionally assumed that an ionic liquid is an organic salt 

whose solid-liquid phase transition temperature is lower than the standard boiling point 

of water, i.e. 100°C. Numerous literature reports show that ionic liquids are characterised 

by many interesting properties for both laboratory chemistry (synthesis, analytical 

chemistry) and applied chemistry (separation processes) [11–18].  

Examples of cation structures are shown in Figure 2.1. These cations are 

derivatives of quaternary organic bases such as imidazoles, pyridines, piperidines, 

amines, and phosphines.  

Anions, as shown in Fig. 2-2, in ionic liquids are usually smaller. They also often 

have axial or planar symmetry. 
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Fig. 2-1 Examples of cations used in the synthesis of ionic liquids: Im, 

imidazolium, Py, pyridinium, Quin, quinolinium, Mor, morpholinium, Pip, 

piperidinium, Pyr, pyrrolidinium, N, ammonium, and P, phosphonium 

(compiled in this work). 
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Fig. 2-2 Examples of anions used in the synthesis of ionic liquids: 

bis(trifluoromethanesulphonyl)imide, trifluoromethanesulphonate, borate, 

tetrafluoroborate, hexafluorophosphate, dicyanamide, nitrate, chloride, 

methanesulphonate, tosylate, thiocyanate and methylsulphate (compiled in 

this work).    
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Significant differences in the size and symmetry of the counter-ions lead to a 

significant reduction in the energy of the salt crystal lattice. This effect helps to create a 

liquid phase at a temperature much lower than that of typical inorganic salts. Indeed, in 

the case of ionic liquids, the melting point is much lower [19].  

Properties of particular importance for applications are excellent thermal and 

chemical stability of ionic liquids and their extremely low saturated vapour pressure, even 

at elevated temperatures as opposed to organic solvents which are toxic and volatile. Ionic 

liquids also have a wide temperature range of liquid phase stability, compared to organic 

and inorganic solvents.  These green solvents also display a wide range of 

physicochemical (density, viscosity, surface tension, refractive index, boiling point, 

melting point, thermal stability) and thermodynamic (miscibility, solubility, the heat of 

mixing, vapour pressure, heat capacity, thermal conductivity) properties, which can be 

modified in a controlled manner by modifying the structure of ions or substituents present 

in cations or anions in the IL. This is achieved by changing the substituent length or 

introducing different functional groups. Therefore, in the literature, ionic liquids are often 

referred to as tunable solvents or designer solvents [10]. For more information on the 

classification, properties and synthesis of ILs, the reader is referred to the following 

books: “An Introduction to Ionic Liquids” [20], “Ionic Liquids: Physicochemical 

Properties”[21], “Ionic Liquids in Separation Technology” [22] and “Ionic Liquids in 

Synthesis” [23].  

 

 

2.2 ILs in green chemistry processes  
 

 

Research on the use of ionic liquids in liquid-liquid extraction processes began 

in 2001 [24] with systems in which one of the phases was water and the other the ionic 

liquids: 1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM][PF6]) or  1-hexyl-

3-methylimidazolium hexafluorophosphate ([HMIM][PF6]). Researchers reported on the 

so-called partition coefficient, which is a ratio of the concentration of a solute in a mixture 

of two immiscible solvents.  Comparison of the partition coefficients for the ionic 

liquid/water with the octanol/water for alcohols, aromatic carboxylic acids, and common 

organic solvents showed a linear relationship between the ionic liquid/water and 
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octanol/water partition coefficients. Armstrong [25] determined the partition coefficients 

[BMIM][PF6] / water for nearly 40 organic compounds from various groups, which 

included acids, bases, and amino acids. Differences between ionic liquid/water and 

octanol/water partition coefficients were noted for individual groups of compounds in 

relation to their acid-base properties. For compounds with acidic properties, much lower 

values of partition coefficients in the ionic liquid/water system were noted, while for 

amino acids, the value of this coefficient increased. It was concluded that this was due to 

the lower alkalinity of the ionic liquid [BMIM][PF6] compared to octanol.  

Another application of ionic liquids with the anion [PF6] is the extraction of 

organic impurities and metal compounds (including heavy metals) from environmental 

samples. Ionic liquids were also used to study the concentration of 18 polycyclic aromatic 

hydrocarbons [26] as well as nickel and lead compounds [27] in water samples from various 

environments. In addition, the content of zinc compounds in water and milk were tested 

[28]. Another example of the use of ionic liquids is the isolation of alkaloids and other 

compounds from plant material, e.g. white pepper piperine [29].  

Over the past years, summaries of the collective findings and uses of the ILs 

have been reported. A review published by Cevasco and Chiappe in 2014 [30] summarises 

potential uses of ILs in green chemistry processes. According to the data gathered by the 

authors, ionic liquids are very potent solvents in the field of reusable materials like 

cellulose and chitin, which are naturally occurred polymers. Updated research confirms 

pieces of information gathered and published earlier in 2006 by Zhu et al. [31]  This may 

lead to many interesting ways of wood and paper recycling products, especially since it 

is possible to reconstruct cellulose from the solution. This method still has some 

limitations, as not all of the described ILs allow for receiving reconstruction products 

with these same properties as the dissolved material. Another interesting usage of the 

cellulose dissolved in ILs is dissolution combined with hydrolysis, which could be used 

in the production of biofuels. According to the authors, ILs that shows acidic properties 

can compete with fungal biorefinery processes or novel bioengineered enzymes in terms 

of the process complexity. According to Cevasco, ILs can be also used for the dissolution 

of the largest biopolymers as keratin, chitin or silk with similar results. Another 

interesting use of the ILs described by the Cevasco and Chiappe is depolymerisation of 

the human-made polymers. Authors referred to the depolymerisation of nylon-6,  rubber 

tires and fibre reinforced plastics [30].   
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Interesting usage of the ILs in the pilot-scale operation is mercury removal from 

the natural gas streams described by Abai et al. [32]. According to authors ionic liquids 

mixed with copper chloride are suitable for mercury vapour extraction. It was proven that 

this process may be upscaled without loss of the removal efficiency, which was 

established as 20 wt% of the mercury vapours.           

The last described usage of the ILs in the article published by Cevasco et al. [30] 

is removal of the gasses from the industrial streams, i.e. CO2 capture, which is currently 

one of the biggest environmental challenges. Authors states that ILs have the potential to 

be an alternative for currently used CO2 capture technologies. However, the capacity of 

the ILs based carbon dioxide filters is directly proportional to the system pressure, which 

creates problems for applications in atmospheric pressure. Another disadvantage to the 

use of ionic liquids is their high viscosity, which gets even higher for the CO2 + IL 

adducts, as those two compounds create hard to remove tars. Additional work to find the 

most suitable ILs for CO2 capture has to be made. According to the authors, the most 

promising ILs for this purpose are those prepared with the use of the weak proton donors 

neutralised with phosphonium hydroxide or superbases neutralised with weak bases. 

These observations confirm the data gathered and published by the Karadas et al. in 2010 

[33]. The mentioned work delivers valuable information about the use of the ILs in carbon 

dioxide process. Capturing of CO2 was also summarised in 2018 by Aghaie et al.[34]. In 

this review, authors analysed not only the possibilities of the carbon dioxide adsorption 

by the ILs but additionally put the data into an economic context. All of the mentioned 

authors agree that ILs are prospective adsorbents for CO2 removal from industrial 

streams, which finds confirmation in the pilot-scale CO2 capturing plant described by 

Valencia-Marquez et al. [35,36].  

Karadas et al. [33] present data gathered for the H2S adsorption by use of the ILs. 

Hydrogen sulphide is a highly toxic and corrosive gas present in many reservoirs of the 

natural gas, commonly removed is ammino-bassed process [37]. According to Karadas et 

al. [33] the most popular ILs based on the imidazolium cation are not suitable for this 

process and the most efficient H2S capture study was carried out with [BMIM][MeSO4] 

with the H2S/CO2 selectivity equal to 13.5.      

For more information on the application and uses of ILs, the reader is referred to 

the referenced articles [33–38], which show possible uses of the ionic liquids in the catalysis 

and electrochemistry.  
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2.3 Sulphur separation problems 
 

Over the years, different methods of desulphurisation were developed. 

According to the published review papers [44–47], there are at least four alternate methods 

for desulphurisation except for the HDS process mentioned in the introduction to this 

thesis. The first one is bio-desulphurisation (BDS). In this method, microorganisms 

metabolising organic sulphur compounds in one of two possible ways, the so-called 

Kodama pathway and 4S pathway, which are characterised by different mechanisms of 

the reaction [47]. The highest potential advantages of this method are low greenhouse 

gases emissions and enzyme specificity, which allows for the selective removal of the S-

compound. Major drawbacks prevent this method from being industrialised. The biggest 

disadvantages of the BDS process is the duration of the process, a high amount of the 

living biomass to obtain satisfying efficiency of the process and specific conditions in 

which microorganisms remain alive and active. This means that very strict temperature, 

pH, concentration of the oxygen control must be maintained [45]. Additionally, 

microorganisms potentially decrease the energy content of the fuels as some of the 

biochemical processes may inhibit the hydrocarbons during the process. Last of the 

mentioned disadvantages are related to the separation of the biomass from the fuel and 

toxicity of the by-product of the BDS process – 2-hydroxybiphenyl[46].                

Another method of sulphur removal mentioned by the authors [46,47] is adsorptive 

desulphurisation (ADS). In this method, sulphur compounds are adsorbed on the surface 

of the so-called active phase placed on the porous, chemically inert material, which helps 

to develop a surface area of the active phase. According to Abro et al. [45], different 

adsorbents were tested, i.e. zeolites, alumina, zirconia, and silica gel. The best results 

were obtained for activated carbon. According to the authors, activated carbon was able 

to remove up to 95% of the dibenzothiophene and up to 88% of the thiophene from model 

complex fuel. Cu-zirconia was able to remove up to 99% of thiophene from octane and 

gallium + Y-zeolite removed up to 97% of dibenzothiophene from nonane. The worst 

efficiency of sulphur removal was noted for alumina (only 30% of dibenzothiophene was 

removed from the model fuel). Ionic liquids were tested in the role of the active phase 

placed on different supports [48–50]. Advantages of this method are a relatively low 

temperature of the process and lack of emissions of any pollutant. The biggest drawbacks 

are low selectivity of sulphur compounds, and low capacities of the adsorbents, which 

requires multiple large beds to fulfil efficiency requirements [47].  
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An alternative to the mentioned methods is oxidative desulphurisation (ODS). 

In this process, S-compounds are treated by the addition of the oxidative agents (i.e. NO2 

or H2O2 [
45]) which oxidises sulphides into sulfoxides and sulfones. Those compounds 

are removed from the fuel by use of the extraction. Bhutto et al. published a review 

focused on the ILs in the ODS process [51], which shows that ionic liquids may be an 

interesting choice for this type of the desulphurisation process. According to their 

findings, ILs may be recognised as double role solvents for oxidation and extraction. The 

advantages of the ODS method are summarised as clean, energetically efficient and 

complementary to the HDS method as hydrodesulphurisation uses reductive reactions. 

The major drawbacks of this method are unwanted side reactions leading to less energetic 

fuel and highly toxic, potentially harmful catalytic systems [47].  

 

2.4 ILs in extractive desulphurisation  
 

One of the most important potential applications of ionic liquids in the modern 

chemical industry is their use as extractants in separation methods, primarily extraction 

and extractive distillation [52]. The extraction process involves the diffusive separation of 

the components of the mixture between the so-called raffinate, i.e., a primary solvent that 

is free of some components of the initial mixture and an extract containing components 

that were selectively separated from the primary mixture and dissolved in the secondary 

solvent (extractant). This process is carried out in the concentration range of the miscible 

region between the primary and secondary solvent, creating a two-phase system. Such a 

system can be separated using appropriate tools such as separation funnels or industrial 

separators after reaching equilibrium. The separated component is thereafter recovered 

from the separated extract, e.g., by distillation methods [53].  

 The separation efficiency in extraction processes is affected by factors such as 

the type of solvent (extractant), temperature, time and intensity of mixing that affect the 

development of the interface [54]. Since the exchange of species in the mixture can only 

take place at the interface, the development of the interface is one of the most important 

factors limiting the overall efficiency of the process. 

Extractive distillation involves the process of distilling the components of a 

mixture with the addition of a so-called separating agent, which aims to increase the 
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volatility ratio of the components of the mixture. It thus facilitates or even allows the 

separation of components, e.g., azeotropic mixtures. A well-chosen separating agent, used 

during extraction distillation, is characterised by low volatility and leaves the distillation 

system as one of the components of the residue (components of the mixture with lower 

volatility). Due to the significant volatility difference between the components of the 

residue and the separating agent, it is possible to recover it, e.g., via simple distillation 

[53]. 

The most critical parameters to determine the legitimacy of the use of a given 

compound as an extractant or separation agent in separation processes such as extraction 

of a mixture with components i and j are the partition coefficient β, and selectivity S. The 

partition coefficient indicates the distribution of a given component between the phases 

of the system and is defined as: 

𝛽𝑖 = 
𝑥𝑖

𝑒𝑥𝑡𝑟𝑎𝑐𝑡

𝑥𝑖
𝑟𝑎𝑓𝑓𝑖𝑛𝑎𝑡𝑒 

                                                                                                                   (2 − 1) 

𝛽𝑗 = 
𝑥𝑗

𝑒𝑥𝑡𝑟𝑎𝑐𝑡

𝑥
𝑗
𝑟𝑎𝑓𝑓𝑖𝑛𝑎𝑡𝑒                                                                                                                       (2 − 2) 

  

where 𝑥 is the mole fraction of the substance in each of the phases. These values can be 

read from phase equilibrium diagrams for binary or ternary systems. On the other hand, 

selectivity is a measure of the efficiency of a given solvent in isolating one of the 

components of a mixture and is defined by the formula: 

𝑆 =
β𝑖

β𝑗
                                                                                                                                      (2 − 3) 

   

The tables which follow summarises results of relevant literature on ionic liquids 

tested for this sole purpose. The test components used as a fuel basis for the measurements 

were hexane, heptane, octane, decane, dodecane, hexadecane, cyclohexane, 

methylcyclohexane and toluene. These compounds represent the variation of components 

in fuels. Thiophene, benzothiophene and dibenzothiophene were used as model sulphur 

compounds to study the extraction of compounds of varying complexity.  

While the performance and ranking of solvents are based on the selectivity and 

distribution ratio, the Performance Index (PI = S × β) has been reported by Kumar & 
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Banerjee [55] The information presented in tables 2-1 to 2-4 are listed in order of 

decreasing PI. 

Table 2-1 lists selectivities, partition coefficients and performance indices gathered 

from the activity coefficient at infinite dilution literature for thiophene and hydrocarbons. 

Values of selectivity S were calculated using equation 2-3, while β is equal to the inverse 

of the activity coefficient at infinite dilution for thiophene in the studied IL.   

 

Table 2-1 A summary of results from previous related literature for activity coefficient 

at infinite dilution systems: temperature (T), selectivity (S) and solute distribution ratio 

(β) of thiophene and performance index (PI) calculated by the use of the literature 𝛾∞ 

data. 

IL T/K S β PI Ref. 

Hexane 

[BMIM][SCN] 308.15 152.297 0.806 122.721 56 

[BM(4)PY][SCN] 308.15 97.053 1.016 98.631 57 

[EMMOR][DCA] 318.15 215.179 0.446 96.062 58 

[BM(4)PY][DCA] 308.15 68.248 1.217 83.027 59 

[EMPYR][LAC] 318.15 96.899 0.775 75.116 60 

[AMIM][DCA] 308.15 84.706 0.588 49.827 61 

[BMIM][DCA] 318.15 54.035 0.877 47.399 62 

[BMPYR][OTf] 308.15 48.654 0.962 46.783 63 

[BMPYR][TCM] 318.15 33.004 1.410 46.550 64 

[P-i4,i4,i4,1][TOS] 308.15 37.972 1.179 44.778 65 

[P(OH)PY][DCA] 318.15 113.846 0.385 43.787 66 

[P(OH)MMOR][NTf2] 318.15 81.481 0.529 43.112 67 

[EMIM][TCM] 318.15 48.333 0.877 42.398 68 

[BMIM][TCM] 318.15 35.912 1.105 39.681 69 

[BMPYR][FSI] 318.15 33.294 1.185 39.448 70 

[B(CN)(4)PY][NTf2] 308.15 36.026 1.092 39.330 71 

[BMPYR][TCB] 318.15 24.886 1.517 37.764 72 

[BMPY][NTf2] 308.15 23.237 1.603 37.239 73 

[PMPIP][NTf2] 308.15 28.677 1.236 35.448 74 

[EMIM][TCB] 308.15 32.350 1.054 34.088 75 

[MOEMMOR][FAP] 318.15 26.357 1.292 34.052 76 
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Table 2-1 cont. 

IL T/K S β PI Ref. 

[MOEMMOR][NTf2] 318.15 33.119 0.917 30.385 77 

[N-8,2,2,2][FSI] 318.15 16.440 1.835 30.166 70 

[MOEMPIP][FAP] 318.15 17.173 1.745 29.970 78 

[S-2,2,2][NTf2] 308.15 28.021 1.070 29.969 79 

[HMIM][TCB] 318.15 18.553 1.572 29.172 80 

[P(OH)PY][NTf2] 318.15 36.772 0.787 28.954 81 

[BMIM][OTf] 308.15 33.130 0.870 28.809 82 

[BM(3)PY][OTf] 318.15 25.835 1.114 28.770 83 

[MOEMPIP][NTf2] 318.15 21.474 1.271 27.286 84 

[MOEMIM][FAP] 318.15 29.369 0.901 26.459 85 

[MOEMPYR][FAP] 318.15 16.590 1.536 25.484 86 

[MTBDH][BETI] 308.15 19.216 1.307 25.119 87 

[BMPIP][NTf2] 308.15 17.942 1.391 24.954 88 

[MOEMPYR][NTf2] 318.15 21.469 1.130 24.259 89 

[PeMPIP][NTf2] 308.15 15.325 1.548 23.723 90 

[N-2O1,2,2,1][FAP] 318.15 18.340 1.239 22.726 91 

[EMIM][FAP] 318.15 19.244 1.181 22.721 92 

[N-2O1,2,2,1][NTf2] 318.15 20.088 1.104 22.173 93 

[HQUIN][NTf2] 313.15 12.732 1.718 21.876 94 

[HMPIP][NTf2] 308.15 12.492 1.629 20.345 90 

[AMIM][NTf2] 318.15 20.962 0.962 20.155 95 

[OQUIN][NTf2] 313.15 8.579 1.988 17.055 94 

[N-2OH,1,1,1][NTf2] 318.15 33.500 0.500 16.750 96 

[MOHMIM][NTf2] 308.15 10.699 1.344 14.380 97 

[N-2OPh,12,1,1][NTf2] 318.15 5.449 1.873 10.205 98 

[DoMIM][NTf2] 318.15 5.295 1.789 9.473 99 

[(MOH)2IM][NTf2] 308.15 5.443 1.739 9.467 97 

[P-8,8,8,8][NTf2] 318.15 2.874 2.375 6.827 100 

Heptane 

[EMIM][NO3] 318.15 333.813 0.719 240.153 101 

[BMIM][SCN] 308.15 197.421 0.806 159.083 56 

[EMIM][MeSO3] 318.15 312.255 0.490 153.066 102 
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Table 2-1 cont.      

IL T/K S β PI Ref. 

[BMPYR][SCN] 308.15 157.692 0.962 151.627 57 

[EMMOR][DCA] 318.15 325.446 0.446 145.289 58 

[BMPY][SCN] 308.15 132.114 1.016 134.262 57 

[BM(4)PY][DCA] 308.15 100.730 1.217 122.542 59 

[EMPYR][LAC] 318.15 151.938 0.775 117.781 60 

[EMIM][OTf] 308.15 202.139 0.535 108.096 103 

[BMPYR][DCA] 318.15 89.307 1.175 104.943 104 

[BMPYR][BOB] 318.15 55.664 1.468 81.738 105 

[AMIM][DCA] 308.15 138.824 0.588 81.661 61 

[P(OH)PY][DCA] 318.15 185.000 0.385 71.154 66 

[BMIM][DCA] 318.15 79.825 0.877 70.022 62 

[BMPYR][TCM] 318.15 47.532 1.410 67.041 64 

[EMIM][TCM] 318.15 75.088 0.877 65.866 68 

[P(OH)MMOR][NTf2] 318.15 117.989 0.529 62.428 67 

[BMPYR][OTf] 308.15 62.212 0.962 59.819 63 

[BMIM][TCM] 318.15 52.265 1.105 57.752 69 

[BMPYR][FSI] 318.15 47.986 1.185 56.855 70 

[B(CN)(4)PY][NTf2] 308.15 50.000 1.092 54.585 71 

[E(OH)MIM][FAP] 318.15 57.703 0.934 53.878 106 

[EMIM][TCB] 308.15 50.474 1.054 53.187 75 

[BMPYR][TCB] 318.15 34.901 1.517 52.961 72 

[MOEMMOR][FAP] 318.15 39.018 1.292 50.411 76 

[BMPYR][TCB] 318.15 34.068 1.468 50.026 105 

[BMPY][NTf2] 308.15 30.288 1.603 48.539 73 

[EMIM][TCB] 318.15 45.011 1.062 47.782 107 

[MOEMMOR][NTf2] 318.15 49.908 0.917 45.787 77 

[P(OH)PY][NTf2] 318.15 58.110 0.787 45.756 81 

[PMPIP][NTf2] 308.15 36.465 1.236 45.074 74 

[S-2,2,2][NTf2] 308.15 39.465 1.070 42.209 79 

[MOEMPIP][FAP] 318.15 24.084 1.745 42.031 78 

[MOEMIM][FAP] 318.15 46.306 0.901 41.717 85 

[HMIM][TCB] 318.15 25.943 1.572 40.792 80 
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Table 2-1 cont.      

IL T/K S β PI Ref. 

[BM(3)PY][OTf] 318.15 36.414 1.114 40.550 83 

[MOEMPYR][FAP] 318.15 26.453 1.529 40.447 106 

[MOEMPIP][NTf2] 318.15 31.131 1.271 39.556 84 

[BMIM][OTf] 308.15 44.522 0.870 38.715 82 

[N-8,2,2,2][FSI] 318.15 20.917 1.835 38.381 70 

MOEMPYR][FAP] 318.15 24.117 1.536 37.046 86 

[P-i4,i4,i4,1][TOS] 308.15 31.132 1.179 36.712 65 

[MOEMPYR][NTf2] 318.15 31.638 1.130 35.750 89 

[BMPIP][NTf2] 308.15 25.313 1.391 35.206 88 

[EMIM][FAP] 318.15 28.689 1.181 33.872 92 

[N-2O1,2,2,1][FAP] 318.15 27.014 1.239 33.474 91 

[MTBDH][BETI] 308.15 25.229 1.307 32.979 87 

[PeMPIP][NTf2] 308.15 21.053 1.548 32.589 90 

[N-2O1,2,2,1][NTf2] 318.15 29.139 1.104 32.162 93 

[AMIM][NTf2] 318.15 31.154 0.962 29.956 95 

[HQUIN][NTf2] 313.15 16.514 1.718 28.374 94 

[HMPIP][NTf2] 308.15 16.612 1.629 27.056 90 

[N-2OH,1,1,1][NTf2] 318.15 53.000 0.500 26.500 96 

[EMIM][NTf2] 313.15 27.579 0.935 25.775 108 

[OQUIN][NTf2] 313.15 10.887 1.988 21.643 94 

[BMIM][PF6] 313.15 26.569 0.730 19.394 108 

[MOHMIM][NTf2] 308.15 13.441 1.344 18.066 97 

[N-2OPh,12,1,1][NTf2] 318.15 6.442 1.873 12.064 98 

[(MOH)2IM][NTf2] 308.15 6.626 1.739 11.524 97 

[DoMIM][NTf2] 318.15 6.351 1.789 11.361 99 

[OMIM][Cl] 313.15 13.598 0.758 10.302 108 

[P-8,8,8,8][NTf2] 318.15 3.325 2.375 7.899 100 

Octane 

[EMIM][NO3] 318.15 461.151 0.719 331.763 101 

[EMIM][MeSO3] 318.15 498.039 0.490 244.137 102 

[EMMOR][DCA] 318.15 506.250 0.446 226.004 58 

[BMPYR][SCN] 308.15 233.654 0.962 224.667 57 
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Table 2-1 cont.      

IL T/K S β PI Ref. 

[BMIM][SCN] 308.15 250.604 0.806 201.937 56 

[BMPY][SCN] 308.15 196.138 1.016 199.327 57 

[EMPYR][LAC] 318.15 237.984 0.775 184.484 60 

[BM(4)PY][DCA] 308.15 149.635 1.217 182.038 59 

[EMIM][OTf] 308.15 319.251 0.535 170.723 103 

[BMPYR][DCA] 318.15 135.135 1.175 158.796 104 

[AMIM][DCA] 308.15 224.706 0.588 132.180 61 

[EMIM][MP] 313.15 231.658 0.503 116.411 109 

[BMPYR][BOB] 318.15 78.584 1.468 115.395 105 

[P(OH)PY][DCA] 318.15 296.923 0.385 114.201 66 

[BMIM][DCA] 318.15 120.175 0.877 105.417 62 

[EMIM][TCM] 318.15 114.912 0.877 100.800 68 

[BMPYR][TCM] 318.15 67.842 1.410 95.687 64 

[P(OH)MMOR][NTf2] 318.15 166.667 0.529 88.183 67 

[BMIM][TCM] 318.15 75.801 1.105 83.758 69 

[E(OH)MIM][FAP] 318.15 87.862 0.934 82.037 106 

[EMIM][TCB] 308.15 77.555 1.054 81.723 75 

[BMPYR][OTf] 308.15 83.558 0.962 80.344 63 

[BMPYR][FSI] 318.15 65.640 1.185 77.772 70 

[B(CN)(4)PY][NTf2] 308.15 70.961 1.092 77.468 71 

[BMPYR][TCB] 318.15 49.469 1.517 75.067 72 

[MOEMMOR][FAP] 318.15 56.848 1.292 73.446 76 

[EMIM][TCB] 318.15 68.153 1.062 72.349 107 

[P(OH)PY][NTf2] 318.15 91.339 0.787 71.920 81 

[BMPYR][TCB] 318.15 48.752 1.468 71.589 105 

[MOEMMOR][NTf2] 318.15 75.321 0.917 69.102 77 

[BMPY][NTf2] 308.15 41.346 1.603 66.260 73 

[MOEMIM][FAP] 318.15 71.261 0.901 64.199 85 

[S-2,2,2][NTf2] 308.15 57.005 1.070 60.968 79 

[PMPIP][NTf2] 308.15 47.837 1.236 59.131 74 

[MOEMPIP][FAP] 318.15 33.682 1.745 58.783 78 

[MOEMPYR][FAP] 319.15 38.226 1.529 58.450 106 
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Table 2-1 cont.      

IL T/K S β PI Ref. 

[BM(3)PY][OTf] 318.15 51.559 1.114 57.415 83 

[MOEMPIP][NTf2] 318.15 44.981 1.271 57.155 84 

[HMIM][TCB] 318.15 35.849 1.572 56.366 80 

[BMIM][PF6] 313.15 74.912 0.730 54.681 108 

[BMIM][OTf] 308.15 62.435 0.870 54.291 82 

[MOEMPYR][FAP] 318.15 33.948 1.536 52.147 86 

[MOEMPYR][NTf2] 318.15 45.763 1.130 51.709 89 

[EMIM][FAP] 318.15 42.621 1.181 50.320 92 

[N-8,2,2,2][FSI] 318.15 26.972 1.835 49.491 70 

[N-2O1,2,2,1][FAP] 318.15 39.901 1.239 49.443 91 

[BMPIP][NTf2] 308.15 35.466 1.391 49.327 88 

[N-2O1,2,2,1][NTf2] 318.15 42.274 1.104 46.660 93 

[MTBDH][BETI] 308.15 35.556 1.307 46.478 87 

[AMIM][NTf2] 318.15 46.827 0.962 45.026 95 

[PeMPIP][NTf2] 308.15 28.173 1.548 43.612 90 

[EMIM][NTf2] 313.15 44.916 0.935 41.977 108 

[N-2OH,1,1,1][NTf2] 318.15 81.000 0.500 40.500 96 

[P-i4,i4,i4,1][TOS] 308.15 30.425 1.179 35.878 65 

[HQUIN][NTf2] 313.15 19.921 1.718 34.228 94 

[HMPIP][NTf2] 308.15 21.010 1.629 34.218 90 

[OQUIN][NTf2] 313.15 13.726 1.988 27.288 94 

[MOHMIM][NTf2] 308.15 17.204 1.344 23.124 97 

[N-2OPh,12,1,1][NTf2] 318.15 7.584 1.873 14.203 98 

[(MOH)2IM][NTf2] 308.15 8.035 1.739 13.974 97 

[DoMIM][NTf2] 318.15 7.460 1.789 13.345 99 

[OMIM][Cl] 313.15 16.576 0.758 12.557 108 

[P-8,8,8,8][NTf2] 318.15 3.777 2.375 8.971 100 

Nonane 

[BMPY][SCN] 308.15 338.415 1.016 343.917 57 

[BMPYR][SCN] 308.15 349.038 0.962 335.614 57 

[EMMOR][DCA] 318.15 688.393 0.446 307.318 58 

[EMPYR][LAC] 318.15 367.442 0.775 284.839 60 
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Table 2-1 cont.      

IL T/K S β PI Ref. 

[BM(4)PY][DCA] 308.15 221.411 1.217 269.357 59 

[BMIM][SCN] 308.15 333.602 0.806 268.817 56 

[EMIM][OTf] 308.15 487.166 0.535 260.516 103 

[AMIM][DCA] 308.15 355.294 0.588 208.997 61 

[MMIM][MP] 313.15 432.389 0.405 175.056 109 

[P(OH)PY][DCA] 318.15 453.846 0.385 174.556 66 

[BMIM][DCA] 318.15 181.579 0.877 159.280 62 

[EMIM][MP] 313.15 310.050 0.503 155.804 109 

[EMIM][TCM] 318.15 172.807 0.877 151.585 68 

[EMIM][TCB] 308.15 138.040 1.054 145.458 75 

[BMPYR][TCM] 318.15 97.038 1.410 136.866 64 

[P(OH)MMOR][NTf2] 318.15 235.450 0.529 124.577 67 

[BMIM][TCM] 318.15 108.287 1.105 119.654 69 

[BMPYR][OTf] 308.15 117.308 0.962 112.796 63 

[P(OH)PY][NTf2] 318.15 142.520 0.787 112.220 81 

[BMPYR][FSI] 318.15 93.957 1.185 111.324 70 

[B(CN)(4)PY][NTf2] 308.15 101.419 1.092 110.720 71 

[MOEMMOR][FAP] 318.15 82.817 1.292 106.998 76 

[BMPYR][TCB] 318.15 70.106 1.517 106.383 72 

[MOEMMOR][NTf2] 318.15 114.679 0.917 105.210 77 

[MOEMIM][FAP] 318.15 109.009 0.901 98.206 85 

[BMPY][NTf2] 308.15 56.891 1.603 91.172 73 

[S-2,2,2][NTf2] 308.15 82.995 1.070 88.764 79 

[MOEMPIP][NTf2] 318.15 64.549 1.271 82.019 84 

[BM(3)PY][OTf] 318.15 73.385 1.114 81.721 83 

[MOEMPIP][FAP] 318.15 46.597 1.745 81.321 78 

[PMPIP][NTf2] 308.15 65.513 1.236 80.980 74 

[BMIM][PF6] 313.15 109.182 0.730 79.695 108 

[HMIM][TCB] 318.15 49.371 1.572 77.627 80 

[BMIM][OTf] 308.15 88.696 0.870 77.127 82 

[EMIM][FAP] 318.15 63.164 1.181 74.574 92 

[MOEMPYR][FAP] 318.15 48.541 1.536 74.563 86 
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Table 2-1 cont.      

IL T/K S β PI Ref. 

[MOEMPYR][NTf2] 318.15 65.650 1.130 74.180 89 

[N-2O1,2,2,1][FAP] 318.15 57.745 1.239 71.555 91 

[BMPIP][NTf2] 308.15 49.513 1.391 68.864 88 

[N-2O1,2,2,1][NTf2] 318.15 61.479 1.104 67.858 93 

[AMIM][NTf2] 318.15 69.423 0.962 66.753 95 

[N-8,2,2,2][FSI] 318.15 34.679 1.835 63.631 70 

[MTBDH][BETI] 308.15 48.627 1.307 63.565 87 

[N-2OH,1,1,1][NTf2] 318.15 124.500 0.500 62.250 96 

[EMIM][NTf2] 313.15 63.757 0.935 59.586 108 

[PeMPIP][NTf2] 308.15 37.461 1.548 57.990 90 

[HQUIN][NTf2] 313.15 29.141 1.718 50.070 94 

[HMPIP][NTf2] 308.15 27.524 1.629 44.828 90 

[OQUIN][NTf2] 313.15 19.149 1.988 38.070 94 

[P-i4,i4,i4,1][TOS] 308.15 29.127 1.179 34.348 65 

[MOHMIM][NTf2] 308.15 22.312 1.344 29.989 97 

[(MOH)2IM][NTf2] 308.15 9.861 1.739 17.149 97 

[N-2OPh,12,1,1][NTf2] 318.15 8.933 1.873 16.728 98 

[DoMIM][NTf2] 318.15 8.801 1.789 15.745 99 

[OMIM][Cl] 313.15 19.053 0.758 14.434 108 

[P-8,8,8,8][NTf2] 318.15 4.371 2.375 10.381 100 

Decane 

[BMPYR][SCN] 308.15 522.115 0.962 502.034 57 

[BMPY][SCN] 308.15 470.528 1.016 478.179 57 

[EMMOR][DCA] 318.15 994.196 0.446 443.838 58 

[EMPYR][LAC] 318.15 562.016 0.775 435.671 60 

[BM(4)PY][DCA] 308.15 334.550 1.217 406.995 59 

[BMIM][SCN] 308.15 468.171 0.806 377.253 56 

[EMIM][OTf] 308.15 703.209 0.535 376.047 103 

[AMIM][DCA] 308.15 547.647 0.588 322.145 61 

[P(OH)PY][DCA] 318.15 663.846 0.385 255.325 66 

[BMIM][DCA] 318.15 275.439 0.877 241.613 62 

[EMIM][TCM] 318.15 268.421 0.877 235.457 68 
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Table 2-1 cont.      

IL T/K S β PI Ref. 

[EMIM][TCB] 308.15 213.909 1.054 225.405 75 

[EMIM][MP] 313.15 443.216 0.503 222.722 109 

[MMIM][MP] 313.15 493.927 0.405 199.970 109 

[BMPYR][TCM] 318.15 139.915 1.410 197.342 64 

[P(OH)PY][NTf2] 318.15 223.622 0.787 176.080 81 

[P(OH)MMOR][NTf2] 318.15 330.159 0.529 174.687 67 

[BMIM][TCM] 318.15 158.011 1.105 174.598 69 

[MOEMMOR][NTF2] 318.15 176.147 0.917 161.603 77 

[BMPYR][OTf] 308.15 167.308 0.962 160.873 63 

[MOEMMOR][FAP] 318.15 120.801 1.292 156.074 76 

[BMPYR][TCB] 318.15 99.697 1.517 151.285 72 

[BMPYR][FSI] 318.15 126.777 1.185 150.210 70 

[MOEMIM][FAP] 318.15 165.766 0.901 149.339 85 

[B(CN)(4)PY][NTf2] 308.15 135.371 1.092 147.785 71 

[S-2,2,2][NTf2] 308.15 121.925 1.070 130.401 79 

[BMPY][NTf2] 308.15 79.006 1.603 126.613 73 

[MOEMPIP][NTf2] 318.15 93.901 1.271 119.315 84 

[BM(3)PY][OTf] 318.15 105.679 1.114 117.683 83 

[MOEMPIP][FAP] 318.15 64.747 1.745 112.996 78 

[PMPIP][NTf2] 308.15 91.100 1.236 112.608 74 

[BMIM][OTf] 308.15 128.696 0.870 111.909 82 

[EMIM][FAP] 318.15 94.097 1.181 111.094 92 

[HMIM][TCB] 318.15 68.553 1.572 107.788 80 

[MOEMPYR][FAP] 318.15 69.278 1.536 106.418 86 

[N-2O1,2,2,1][FAP] 318.15 85.874 1.239 106.411 91 

[MOEMPYR][NTf2] 318.15 93.898 1.130 106.100 89 

[N-2O1,2,2,1][NTf2] 318.15 90.508 1.104 99.898 93 

[AMIM][NTf2] 318.15 103.846 0.962 99.852 95 

[BMPIP][NTf2] 308.15 69.402 1.391 96.526 88 

[N-2OH,1,1,1][NTf2] 318.15 183.500 0.500 91.750 96 

[MTBDH][BETI] 308.15 67.059 1.307 87.659 87 

[N-8,2,2,2][FSI] 318.15 44.404 1.835 81.475 70 
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Table 2-1 cont.      

IL T/K S β PI Ref. 

[PeMPIP][NTf2] 308.15 49.381 1.548 76.441 90 

[HMPIP][NTf2] 308.15 38.274 1.629 62.335 90 

[HQUIN][NTf2] 313.15 32.885 1.718 56.503 94 

[OQUIN][NTf2] 313.15 21.660 1.988 43.062 94 

[P-i4,i4i,i4,1][TOS] 308.15 34.434 1.179 40.606 65 

[MOHMIM][NTf2] 308.15 29.167 1.344 39.203 97 

[(MOH)2IM][NTf2] 308.15 12.174 1.739 21.172 97 

[N-2OPh,12,1,1][NTf2] 318.15 10.712 1.873 20.059 92 

[DoMIM][NTf2] 318.15 10.411 1.789 18.625 99 

[P-8,8,8,8][NTf2] 318.15 4.964 2.375 11.792 100 

Undecane 

[EMIM][MP] 313.15 674.372 0.503 338.880 109 

[MMIM][MP] 313.15 619.433 0.405 250.783 109 

[HQUIN][NTf2] 313.15 42.522 1.718 73.062 94 

Dodecane 

[EMIM][MP] 313.15 876.884 0.503 440.645 109 

[MMIM][MP] 313.15 953.036 0.405 385.845 109 

Tridecane 

[EMIM][MP] 313.15 1288.442 0.503 647.458 109 

[MMIM][MP] 313.15 963.563 0.405 390.106 109 

Tetradecane 

[EMIM][MP] 313.15 1755.276 0.503 882.048 109 

[MMIM][MP] 313.15 1441.296 0.405 583.520 109 

𝑆 =  𝛽𝑖 𝛽𝑗⁄ ; 𝛽𝑖 = 1 𝛾1𝑖
∞⁄ ;  PI = S × 𝛽𝑖 

 

It can be observed from the tables that the highest PI for systems with thiophene 

is achieved by imidazolium ILs with relatively short alkyl substituents, which does not 

create a spatial hindrance. An interesting fact is that ILs with anions based on the sulphur 

compounds as [SCN] or [TOS] also present relatively high values of the performance 

index. Those factors were taken under consideration during the ILs selection process in 

this study.  
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Very high values of selectivities and PIs for alkanes longer than ten carbon atoms 

may be explained by extremely high values of 𝛾∞for the systems of ILs with 

hydrocarbons, which increase with the increase of the alkyl chain length. This behaviour 

shows that interactions of listed ILs with long-chain alkanes are negligible. At this same 

time 𝛾∞ values for thiophene are relatively low (between 0.5 to 3.0). Since selectivity is 

calculated by dividing these two values, high values for higher C- alkanes is expected. 

Table 2-2 summarises the data obtained from LLE measurements. Values of the 

average selectivity and the average distribution ratio were calculated as an average of the 

values for all tie-lines in the given {IL + thiophene + hydrocarbon} system.     

 

Table 2-2 A summary of results from literature for {IL + thiophene + hydrocarbon} 

LLE systems: temperature (T), average selectivity (SAv) and average solute 

distribution ratio (βAv) of thiophene, performance index (PI), and reported standard 

uncertainty (u(x)). 

IL T/K SAv βAv PI u(x) < Ref. 

Hexane 

[BMIM][SCN] 298.15 119.8 1.75 210 0.002 110 

[HMIM][SCN] 298.15 42.7 1.74 74.3 0.003 111 

[EMIM][EtSO4] 298.15 52.8 0.91 48.0 0.006 112 

[EMIM][OAc] 298.15 45.7 0.87 39.8 0.007 113 

[EMIM][DEP] 298.15 19.7 1.45 28.6 0.007 113 

[OMIM][SCN] 298.15 14.2 2.00 28.4 0.003 111 

[EMIM][NTf2] 298.15 21.2 1.19 25.2 0.005 114 

[HMMPY][NTf2] 298.15 6.89 1.58 10.9 0.003 115 

[OMIM][BF4] 298.15 5.73 1.28 7.33 0.0005 116 

[OMIM][NTf2] 298.15 3.30 1.22 4.03 0.0006 117 

Heptane 

[EMIM][SCN] 298.15 653 0.69 451 0.001 118 

[MMIM][MP] 298.15 606 0.51 309 0.0001 119 

[EMIM][OAc] 298.15 183 1.28 234 0.005 120 

[MMIM][MP] 298.15 534 0.37 198 0.001 118 

[BMIM][BF4] 298.15 133 1.36 181 0.0001 119 

[BMIM][SCN] 298.15 114 1.44 164 0.0001 119 

[EMIM][TCM] 298.15 82.8 1.34 111 0.003 121 

[BMPYR][TCM] 298.15 50.7 1.76 89.2 0.003 122 

[E(OH)MIM][FAP] 298.15 63.2 1.39 87.8 0.002 123 
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Table 2-2 cont. 

IL T/K SAv βAv PI u(x) < Ref. 

[BMIM][OAc] 298.15 57.1 1.53 87.4 0.005 120 

[N-2O1,2,1,1][FAP] 298.15 39 2.08 81.1 0.002 123 

[EMIM][FAP] 298.15 40.9 1.94 79.3 0.002 123 

[EMIM][TCM] 308.15 60.7 1.25 75.9 0.003 121 

[MOEMMOR][FAP] 298.15 36.8 1.46 53.7 0.002 124 

[BMPYR][TCB] 298.15 30.5 1.67 50.9 0.003 122 

[MOEMMOR][NTf2] 298.15 38.7 1.12 43.3 0.002 125 

[MOEMPYR][FAP] 298.15 24.6 1.71 42.1 0.002 124 

[HMIM][OAc] 298.15 23.1 1.80 41.6 0.005 120 

[BMIM][NTf2] 298.15 24.3 1.69 41.1 0.003 126 

[BMPYR][FAP] 298.15 21.7 1.89 41.0 0.003 122 

[EMIM][EtSO4] 298.15 38.0 0.89 33.8 0.006 112 

[BMPYR][CF3SO3] 308.15 29.3 1.14 33.4 0.005 127 

[MOEMPIP][FAP] 298.15 19.2 1.71 32.8 0.002 124 

[MOEMPYR][NTf2] 298.15 23.9 1.31 31.3 0.002 125 

[MOEMPIP][NTf2] 298.15 22.2 1.39 30.9 0.002 125 

[HMIM][TCB] 308.15 18.9 1.47 27.8 0.005 127 

[BMIM][OTf] 298.15 21.1 1.14 24.1 0.001 128 

[HMIM][NTf2] 298.15 13.9 1.72 23.9 0.003 126 

[B(CN)(4)PY][NTf2] 308.15 21.6 1.07 23.1 0.003 129 

[B(CN)(3)PY][NTf2] 308.15 22.1 1.01 22.3 0.003 129 

[H(CN)(4)PY][NTf2] 308.15 13.6 1.37 18.6 0.003 129 

[PMPIP][NTf2] 308.15 11.8 1.40 16.5 0.003 130 

[OMIM][OAc] 298.15 7.26 1.86 13.5 0.005 120 

[HMMPY][NTf2] 298.15 7.30 1.43 10.4 0.007 131 

[P-4,4,4,2][DEP] 308.15 3.50 1.87 6.55 0.003 130 

[OMIM][NTf2] 298.15 3.93 1.27 4.99 0.0006 117 

[OMIM][BF4] 298.15 3.28 0.97 3.18 0.007 132 

[TEMA][MeSO4] 298.15 33.5 0.07 2.35 0.001 118 

Octane 

[BMIM][SCN] 298.15 289 1.44 416 0.002 110 

[HMIM][SCN] 298.15 80.2 1.83 147 0.003 111 

[OMIM][SCN] 298.15 20.1 1.85 37.2 0.003 111 

[HMMPY][NTf2] 298.15 6.66 1.33 8.86 0.007 131 

[EMIM][OAc] 298.15 4.08 1.01 4.12 - 133 

[BMIM][SCN] 298.15 549 1.31 719 0.002 110 
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Table 2-2 cont.       

IL T/K SAv βAv PI u(x) < Ref. 

Decane 

[HMIM][SCN] 298.15 136 1.56 212 0.003 111 

[OMIM][SCN] 298.15 28.8 1.56 44.9 0.003 111 

Dodecane 

[EMIM][MeSO4] 298.15 146 0.47 68.6 0.005 134 

[OMIM][NTf2] 298.15 5.57 1.04 5.79 0.0002 135 

[HMMPY][NTf2] 298.15 6.88 0.82 5.64 0.003 136 

[OMIM][BF4] 298.15 5.17 0.83 4.29 0.007 132 

Hexadecane 

[HMMPY][NTf2] 298.15 11.7 0.84 9.83 0.003 136 

[OMIM][BF4] 298.15 6.84 0.70 4.79 0.007 132 

[OMIM][NTf2] 298.15 4.96 0.76 3.77 0.0006 117 

𝑆 =  𝛽𝑖 𝛽𝑗⁄ ; 𝛽𝑖 = 1 𝛾1𝑖
∞⁄ ;  PI = S × 𝛽𝑖

 

 

There are three main factors that can be used to analyse the potential of ILs as 

extractants for the extractive desulphurisation of the fuels. The influence of the length of 

the alkyl chain of hydrocarbons in model fuels, the influence of cation and the influence 

of anion will be discussed. According to data gathered in Table 2-2, the highest PI is 

observed for imidazolium ionic liquids with relatively short substituent chains. Good 

examples of this behaviour are imidazolium ILs with thiocyanate anion ([BMIM][SCN], 

[HMIM][SCN] and [OMIM][SCN]). This same correlation is observed for systems of 

heptane and imidazolium ILs with acetate anion ([EMIM][OAc], [BMIM][OAc], 

[HMIM][OAc] and [OMIM][OAc]). For each of the studied fuels, the highest reported PI 

was achieved using an IL with the shortest substituent chain. Song et al. [120] showed that 

this behaviour might be observed for the ILs with small anions, which show hydrogen 

bond acceptor properties. In relation to this statement, results published by Wlazło et al. 

[126] for a series of piperidinium ILs with bis(trifluoromethanesulphonyl)imide anion 

[NTf2] showed similar behaviour for the more complex anion, yet, the authors did not 

offer any explanation for this phenomenon.  

The influence of the anion is also studied. For all of the listed hydrocarbon 

systems average S and PI decreases in direct proportion to the size and branching of the 

anion. Relatively small anions with an easily accessible centre of negative charge are 

more favourable in the thiophene extraction than big, widely branched anions such as 
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tetracyanoborate [TCB], which creates huge spatial hindered, that prevents the creation 

of the intermolecular bonds between ions and thiophene particles. Revelli et al. [119] 

proposed spatial structure of interactions between thiophene and the [BMIM][SCN] 

molecules based on 1H NMR. Figure 2-3 shows the molecular structure of the thiophene 

surrounding the [SCN] anion of the mentioned IL. In this model sulphur atoms (yellow) 

of thiophene point to the anion while the cation is located in the shielding cone of 

thiophene due to the upfield chemical shift effect observed with protons of the [BMIM] 

cation.     

Fig. 2-3 Structure of the thiophene in the ionic liquid [BMIM][SCN] 

proposed by Revelli et al. [119]. 

Another factor that could be considered is the length of the model fuel alkyl 

chain. For the series of the imidazolium ionic liquids with [SCN] anion, the selectivity 

and PI increase with the length of the model fuel alkyl chain. An interesting fact is that 

the partition coefficient decreases, though not enough to compensate for rising values of 

selectivity. This behaviour may be related to decreasing solubility of the ionic liquid in 

the longer hydrocarbons.  
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The imidazolium-based ILs are the most popular, as observed by the number of 

IL studied. This is related to the highly accessible chemicals and its relatively low prices, 

which makes them a good choice for the laboratory-scale study.  IoLiTec Ionic Liquids 

Technologies GmbH, offers 208 ILs based on the imidazolium cation [137], while 30 of 

each ammonium, pyrrolidinium and pyridinium-based ILs, 25 phosphonium-based and 

17 piperidinium-based ILs.    

 

Table 2-3 A summary of results from literature for {IL + benzothiophene + 

hydrocarbon} LLE systems: temperature (T), average selectivity (SAv) and average 

solute distribution ratio (βAv) of a benzothiophene, performance index (PI), and 

reported standard uncertainty (u(x)). 

 

IL T/K SAv βAv PI u(x) < Ref. 

Heptane 

[BMPYR][TCM] 308.15 58.2 2.4 140 0.005 127 

[HMIM][TCB] 308.15 38.3 2.77 106 0.005 127 

[BMPYR][OTf] 308.15 38.2 1.64 62.6 0.005 127 

[B(CN)(4)PY][NTf2] 308.15 34.2 1.53 52.3 0.003 129 

[PMIM][NTf2] 308.15 23.7 2.16 51.2 0.003 126 

[H(CN)(4)PY][NTf2] 308.15 22.3 2.04 45.5 0.003 129 

[PMPIP][NTf2] 308.15 19.3 2.22 42.8 0.003 130 

[N-2O1,2,1,1][FAP] 308.15 20.3 1.95 39.6 0.002 138 

[MOEMMOR][FAP] 308.15 17 1.67 28.4 0.002 138 

[E(OH)MIM][FAP] 308.15 20.5 1.21 24.8 0.002 138 

[P-4,4,4,2][DEP] 308.15 5.64 2.66 15.0 0.003 130 

Hexadecane 

[HMPYR][NTf2] 303.15 466 2.79 1300 0.0001 139 

[P-i4,i4,i4,1][TOS] 303.15 82.9 2.56 212 0.0001 139 

[BMPYR][NTf2] 303.15 91.3 2.32 212 0.0001 139 

[P-4,4,4,4][MeSO3] 333.15 33.1 2.34 77.5 0.0001 139 

𝑆 =  𝛽𝑖 𝛽𝑗⁄ ; 𝛽𝑖 = 1 𝛾1𝑖
∞⁄ ;  PI = S × 𝛽𝑖

 

 

 

Table 2-3 shows data gathered for systems with benzothiophene. In contrast to 

thiophene, benzothiophene is an aromatic compound. This means that besides the 

intermolecular interactions between the sulphur atom and anion, the aromaticity of the 

benzene ring must be taken under consideration. Six delocalised electrons from double-
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bonded carbon atoms create a circular π-bond which providing chemical stability of the 

aromatic ring and also adding a partial negative charge to the ring. In relation to the bigger 

size of the particle, it is clear that ILs with small cations of short alkyl chains substituents 

and small anions are not preferred, since higher selectivities and PI were obtained for ILs 

with more branched anions.     

 

Table 2-4 A summary of results from literature for {LLE + dibenzothiophene + 

hexadecane} systems: temperature (T), average selectivity (SAv) and average solute 

distribution ratio (βAv) of a dibenzothiophene, performance index (PI), and reported 

standard uncertainty (u(x)). 

IL T/K SAv βAv PI u(x) < Ref. 

[P-4,4,4,4][MeSO3] 333.15 53.6 3.83 205 0.0001 139 

[HMPYR][NTf2] 303.15 49.8 2.64 131 0.0001 139 

[P-i4,i4,i4,1][TOS] 303.15 43.3 2.52 109 0.0001 139 

[BMPYR][ NTf2] 303.15 25.1 1.81 45.4 0.0001 139 

𝑆 =  𝛽𝑖 𝛽𝑗⁄ ; 𝛽𝑖 = 1 𝛾1𝑖
∞⁄ ;  PI = S × 𝛽𝑖

 

 

 

Table 2-4 presents data obtained for systems of {IL + dibenzothiophene + 

hexadecane}. This same author [139] published data for exactly this same ILs with 

benzothiophene (as shown in  Table 2-3). An interesting fact is that the overall PI 

decreased significantly for mixtures with dibenzothiophene, which mentioned earlier is 

related to the spatial hindrance as dibenzothiophene is a bigger particle than the listed 

cations and anions. Another interesting fact is the IL which performs the worst in the 

system with benzothiophene has the highest selectivity and performance index in the 

dibenzothiophene system. Unfortunately the authors did not provide an explanation for 

this behaviour. 

The differences in PI values shown in the tables obtained by limiting activity 

coefficients (Table 2-1) and LLE measurements (Table 2-2) may vary because of 

temperature differences and the fact that the values presented in Table 2-1 are calculated 

by use of specific values of activity coefficients at infinite dilution. The values listed in 

tables 2-2 to 2-4 are averaged from the whole spectrum of selectivities obtained for each 

tie-line separately.  
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Table 2-5 lists reported laboratory-scale extractive desulphurisation 

experiments, the maximum percentage of removed sulphur compounds and model fuel 

composition. 

Two kinds of model fuel can be distinguished in Table 2-5. The first is based on 

the single hydrocarbon as a base with the addition of the sulphur compound. In contrast, 

the second approach uses a mixture of different chemicals to simulate the composition of 

crude oil. The scale of the experiments did not exceed 100 ml. Some of the research 

groups studied multiple IL : fuel ratios [140–146]. Their findings show that with a higher 

amount of IL, better results in the desulphurisation process are achieved. Sulphur 

concentration was measured with the use of different techniques. X-ray fluorescence 

(XRF), gas chromatography (GC) and high-pressure liquid chromatography (HPLC) were 

the most popular analysis methods used by different research groups. A brief description 

of these methods may be found in section 4.2.1.  
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Table 2-5 A summary of laboratory-scale extraction literature data. Columns T/%, BT/% and DBT% shows the percentage of thiophene, benzothiophene 

and dibenzothiophene removed from the initial model fuel composition, respectively. Table sorted according to the percentage of thiophene removed.  

IL T/% BT/% DBT/% Model fuel composition Ref. 

[BM(3)PY][DCA] 78.0  86.0 0.5% T, 0.5% BT, 2% DBT, 5% Toluene, 28% Tetraline, 64% Heptane 147 

[BMIM][TCM] 77.0  86.0 0.5% T, 0.5% BT, 2% DBT, 5% Toluene, 28% Tetraline, 64% Heptane 147 

[BM(4)PY][DCA] 76.0  85.0 0,5% T, 0,5% BT, 2% DBT, 5% Toluene, 28% Tetraline, 64% Heptane 147 

[N-2OH,1,1,1][OAc] 72.1   1000 ppm of S-compound in hexane and xylene (1:1) 148 

[MMPYR][DMP] 70.9 76.9 87.5 500 ppm of S-compound in n-octane 149 

[BM(4)PY][SCN] 70.0  84.0 0.5% T, 0.5% BT, 2% DBT, 5% Toluene, 28% Tetraline, 64% Heptane 147 

[BMPYR][TCM] 70.0 72.0 73.0 0.5% T, 0.5% BT, 2% DBT, 5% Toluene, 28% Tetraline, 64% Heptane 150 

[N-2OH,1,1,1][OOx] 69.1   1000 ppm of S-compound in hexane and xylene (1:1) 148 

[N-2OH,1,1,1][OPr] 68.9   1000 ppm of S-compound in hexane and xylene (1:1) 148 

[N-2OH,1,1,1][OFo] 68.4   1000 ppm of S-compound in hexane and xylene (1:1) 148 

[BMIM][TCM] 68.0 68.0 69.0 0.5% T, 0.5% BT, 2% DBT, 5% Toluene, 28% Tetraline, 64% Heptane 150 

[BMPYR][TCB] 68.0 70.0 56.0 0.5% T, 0.5% BT, 2% DBT, 5% Toluene, 28% Tetraline, 64% Heptane 150 

[BM(4)PY][DCA] 66.0 76.0 78.0 0.5% T, 0.5% BT, 2% DBT, 5% Toluene, 28% Tetraline, 64% Heptane 150 

[P-14,6,6,6][TMPP] 66.0 69.3 74.5 500ppm of S-compound in Dodecane 140 

[BMMOR][TCM] 66.0 62.0 57.0 0.5% T, 0.5% BT, 2% DBT, 5% Toluene, 28% Tetraline, 64% Heptane 150 

[HMPIP][NTf2] 64.0 68.0 68.0 0.5% T, 0.5% BT, 2% DBT, 5% Toluene, 28% Tetraline, 64% Heptane 150 

[BMPYR][DCA] 64.0 64.0 64.0 0.5% T, 0.5% BT, 2% DBT, 5% Toluene, 28% Tetraline, 64% Heptane 150 

[MOEMPIP][FAP] 64.0 66.0 60.0 0.5% T, 0.5% BT, 2% DBT, 5% Toluene, 28% Tetraline, 64% Heptane 150 

[PMPIP][NTf2] 64.0 64.0 56.0 0.5% T, 0.5% BT, 2% DBT, 5% Toluene, 28% Tetraline, 64% Heptane 150 

[COC2MPYR][FAP] 64.0 60.0 54.0 0.5% T, 0.5% BT, 2% DBT, 5% Toluene, 28% Tetraline, 64% Heptane 150 

[BMPYR][OTf] 64.0 62.0 52.0 0.5% T, 0.5% BT, 2% DBT, 5% Toluene, 28% Tetraline, 64% Heptane 150 

[BMIM][BF4] 62.2 73.7 79.0 500 ppm of S-compound in Dodecane 141 

[BMIM][DCA] 62.0  77.0 0.5% T, 0.5% BT, 2% DBT, 5% Toluene, 28% Tetraline, 64% Heptane 147 

[MOEMPYR][NTf2] 60.0 58.0 58.0 0.5% T, 0.5% BT, 2% DBT, 5% Toluene, 28% Tetraline, 64% Heptane 150 
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Table 2-5 A summary of laboratory-scale extraction literature data. Columns T/%, BT/% and DBT% shows the percentage of thiophene, benzothiophene 

and dibenzothiophene removed from the initial model fuel composition, respectively. Table sorted according to the percentage of thiophene removed.  

IL T/% BT/% DBT/% Model fuel composition Ref. 

[BMPIP][NTf2] 60.0 64.0 58.0 0.5% T, 0.5% BT, 2% DBT, 5% Toluene, 28% Tetraline, 64% Heptane 150

[BMIM][Cl] 58.0 70.0 75.4 500ppm of S-compound in Dodecane 142

[N-2O1,1,1,2][FAP] 58.0 48.0 38.0 0.5% T, 0.5% BT, 2% DBT, 5% Toluene, 28% Tetraline, 64% Heptane 150

[BMIM][Br] 57.8 60.0 63.1 500ppm of S-compound in Dodecane 143

[BMIM][BF6] 56.2 67.1 74.0 500ppm of S-compound Dodecane 141

[P-14,6,6,6][TCM] 56.0 56.0 73.0 0.5% T, 0.5% BT, 2% DBT, 5% Toluene, 28% Tetraline, 64% Heptane 150

[MOEPYR][NTf2] 56.0 54.0 47.0 0.5% T, 0.5% BT, 2% DBT, 5% Toluene, 28% Tetraline, 64% Heptane 150

[BMIM][OTf] 56.0 56.0 45.0 0.5% T, 0.5% BT, 2% DBT, 5% Toluene, 28% Tetraline, 64% Heptane 150

[EMIM][FAP] 56.0 46.0 43.0 0.5% T, 0.5% BT, 2% DBT, 5% Toluene, 28% Tetraline, 64% Heptane 150

[BMIM][SCN] 55.6 66.4 77.3 2536,8 ppm of S-compound in Octane 144

[EMIM][TFA] 54.0 44.0 26.0 0.5% T, 0.5% BT, 2% DBT, 5% Toluene, 28% Tetraline, 64% Heptane 150

[BMIM][BF4] 53.8 63.9 66.0 500ppm of S-compound in Dodecane 141

[OMIM][OAc] 53.7 60.9 71.0 498 ppm of S-compound in Dodecane 151

[BMIM][DCNM] 53.0 66.0 500 ppm of S-compounds in Hexane and Toluene(0,85w/0,15w) 152

[BMPYR][DCNM] 52.2 57.1 500 ppm of S-compounds in Hexane and Toluene(0,85w/0,15w) 152

[DMMIM][NTf2] 50.8 67.1 
26% Hexane, 6% T, 26% i-Octane, 25% Heptane, 6% Pyridine, 10% 

Toluene 
145

[OMIM][HSO4] 50.7 52.0 58.0 498 ppm of S-compound in Dodecane 151

[E(OH)MIM][FAP] 50.0 38.0 23.0 0.5% T, 0.5% BT, 2% DBT, 5% Toluene, 28% Tetraline, 64% Heptane 150

[EMIM][DCNM] 44.7 52.0 500 ppm of S-compounds in Hexane and Toluene(0,85w/0,15w) 152

[P(OH)MMOR][NTf2] 44.0 34.0 17.0 0.5% T, 0.5% BT, 2% DBT, 5% Toluene, 28% Tetraline, 64% Heptane 150

[BzMIM][NTf2] 43.9 48.3 
26% Hexane, 6% T, 26% i-Ocatane, 25% Heptane, 6% Pyridine, 10% 

Toluene 
145

[EMPYR][DCNM] 43.5 48.3 500 ppm of S-compounds in hexane and toluene(0,85w/0,15w) 152

[BMIM][SCN] 42.0 70.0 0.5% T, 0.5% BT, 2% DBT, 5% Toluene, 28% Tetraline, 64% Heptane 147
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Table 2-5 A summary of laboratory-scale extraction literature data. Columns T/%, BT/% and DBT% shows the percentage of thiophene, benzothiophene 

and dibenzothiophene removed from the initial model fuel composition, respectively. Table sorted according to the percentage of thiophene removed.  

IL T/% BT/% DBT/% Model fuel composition Ref. 

[EMIM][EtSO4] 40.3  37.8 
26% Hexane, 6% T, 26% i-Octane, 25% Heptane, 6% Pyridine, 10% 

Toluene 
145 

[BMPYR][HSO4] 28.5  30.6 Hexane, Toluene 153 

[HpMMIM][NTf2] 21.4  33.7 
26% Hexane, 6% T, 26% i-Octane, 25% Heptane, 6% Pyridine, 10% 

Toluene 
145 

[OPY][NO3]   74.7 500 ppm of S-compound in Decane 154 

[BMIM][NO3]   74.1 500 ppm of S-compound in Decane 154 

[P-2(O)OH,4,4,4][Br]  53.0 70.0 500 ppm of S-compound in Heptane 146 

[BPY][NO3]   68.2 500 ppm of S-compound in Decane 154 

[P-4,4,4,2OH][Br]  56.0 68.0 500ppm of S-compound in Heptane 155 

[BMIM][Cl]   61.5 500ppm of S-compound in Dodecane 143 

[BMIM][BF4]   60.3 500ppm of S-compound in Dodecane 143 

[BMIM][PF6]   58.1 500ppm of S-compound in Dodecane 143 

[BMIM][HSO4]   48.0 1000 ppm of S-compound in Octane 156 

[BMIM][BF4]   35.9 160 ppm of S-compound in Octane 157 

[BMIM][PF6]   32.9 160 ppm of S-compound in Octane 157 
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Ionic liquids with high selectivities and PI indices were able to extract more of 

the sulphur compounds from the model fuels, as expected. At this same time, an example 

of the [BMIM][SCN], [EMIM][FAP] or [BMIM][BF4] shows that some of the ILs studied 

for the {thiophene + hydrocarbon} system may be less efficient in the complex model 

fuel systems, which is related to the reasons mentioned above.  

Recycling studies were also performed. Bui et al. [151] used cyclohexane and 

ethyl acetate to extract S-compounds from the [OMIM][OAc], and then recover the IL 

via distillation. According to their findings, the recycled ionic liquid showed a slightly 

lower efficiency of for the desulphurisation. Only one cycle was studied. A series of 

papers published by Dharaskar et al. [140–143] presented an interesting approach to the 

reuse of the ILs in which the same batch of ILs was used without removal of the sulphur 

compounds. This process was repeated for four to five cycles. The efficiency of the 

desulphurisation decreased with each cycle, i.e., in the first cycle results show the 

[BMIM][Br] was able to remove 67.4% of S-compounds while after the fourth cycle only 

44.8% of sulphur was removed [143]. This approach gives interesting feedback from the 

economic point of view, as it may be a good way for the process optimisation.          

In summary, according to the gathered data, ILs with relatively small cations and 

anions are the most suitable for thiophene extraction. For benzothiophene, this statement 

is not fully supported because the size of the benzothiophene particles allows them to fit 

better between more branched ions. In general, an increase in selectivities and PIs with 

the increase in the length of the model fuel alkyl chain is observed. It is related to 

decreasing interactions between IL and hydrocarbons, which leads to a conclusion that, 

in theory, extractive desulphurisation may be easier for heavier fractions obtained during 

the distillation of the crude oil.   
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Chapter 3 Thermodynamic principles 

relating to solvent extraction 

studies 
 

This chapter summarises the theoretical background, starting with the 

thermodynamic description of liquid-liquid equilibria in a ternary system, followed by an 

explanation about activity coefficients at infinite dilution. The section which follows 

summarises knowledge about chromatography as an analytical method used to obtain 

activity coefficients at infinite dilution 𝛾13
∞ , liquid-liquid equilibria data and 

thermodynamic modelling of LLE data. 

 

3.1 Chemical potential 
 

 

The field of physical chemistry, which gives a simple and universal 

interpretation of multicomponent mixtures, is classical chemical thermodynamics. In 

particular, it defines a system called the ideal mixture. This definition is based on 

providing the expression for free molecular chemistry (the so-called chemical potential) 

of the i-th component of the mixture. 

The expression for chemical potential is [158]: 

�̂�𝑖
∗(𝑇, 𝑃, 𝐳) = �̂�𝑖

∗(𝑇, 𝑃) + 𝑅𝑇ln𝑥𝑖                                                                                       (3 − 1) 

where T and P denote system temperature and pressure, respectively, and z is a vector of 

molar fractions of all components of the mixture. The superscript "∗" indicates properties 

describing the ideal system. The circumflex “^” refers to the component in the mixture, 

and its absence means that the symbol is assigned to the properties of a pure substance. 

Chemical potential is calculated as a derivative of internal energy, enthalpy, free enthalpy, 

or free energy, depending on the number of moles of molecules of a given component, 

with fixed values of constraints adequate for the selected thermodynamic potential. 

Chemical potential plays an essential role in chemical thermodynamics. In particular, this 

concept is the basis for the definition of thermodynamic activity (appearing in the criteria 

and conditions of phase and chemical equilibria). 
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Real solutions (especially those of practical importance, e.g., mixtures of polar 

and associative compounds, aqueous solutions of electrolytes) usually show significant 

deviations from ideal behaviour. These deviations can be both positive and negative. It 

depends on the composition of the mixture, but most of all, the chemical nature of all its 

components is essential, in particular, the type and strength of intermolecular interactions. 

 

3.2 Liquid-liquid equilibria 
 

3.2.1 The equilibrium state 
 

The theoretical tool that allows for the description of intermolecular interactions 

and their translation into macroscopic systems is phase equilibrium thermodynamics, 

which describes the so-called deviations from perfection or ideality. In addition, phase 

equilibrium diagrams described and explained by this tool enable the design and 

optimisation of separation processes. When considering any phase equilibrium, a system 

consisting of N components forming a multiphase system in equilibrium is generally 

studied. Assuming chemical inertia of the mixture components (no reactions occurring in 

the discussed system), at constant temperature T and pressure P, it can be seen that the 

initial state of this system is presented in the form of a homogeneous mixture with mole 

fractions of individual components expressed by the vector 𝐳 = [𝑧1, … , 𝑧𝑁], where 𝑧𝑖 ≥

0 and ∑ 𝑧𝑖 = 1𝑁
𝑖=1 . If the system is thermodynamically unstable, then as a result of the 

spontaneous pursuit of the system to the minimum of thermodynamic potential (for T, P 

= constant equal to Gibbs free energy) equilibrium state in which two phases, I and II, 

coexist with the compositions expressed by the vectors 𝐱I = [𝑥1
I , … , 𝑥𝑁

I ] and 𝐱II =

[𝑥1
II, … , 𝑥𝑁

I ] is reached. For the general case, it is assumed that 𝐱I ≠ 𝐱II ≠ 𝐳. This process 

is shown in Figure 3-1. The difficulty in phase equilibria is the calculation of 𝐱I and 𝐱II 

as functions of T and P. To present the described phenomena in a way that is most clearly 

understood from a mathematical point of view, it was assumed that the components of 

the mixture do not enter the gas phase. It means that no additional pressure is exerted in 

the system under consideration. The reader is referred to “Molecular Thermodynamics of 

Fluid-Phase Equilibria” by Prausnitz, Lichtenthaler and de Azevedo [159]. 
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Fig. 3-1 Graphical representation of the transition of the N-component system 

from the unstable initial state to the equilibrium state, associated with 

achieving the minimum  Gibbs free energy [160]. 

 

The primary condition for the existence of equilibrium in the system described 

by chemical thermodynamics is the equality of chemical potentials:  

𝜇𝑖
I(𝑇, 𝑃, 𝐱I) = 𝜇𝑖

II(𝑇, 𝑃, 𝐱II)          𝑖 = 1, … , 𝑁                                                                 (3 − 2) 

Assuming that for an ideal gas, the expression on the derivative of the chemical potential 

with respect to pressure (T = const) can be expressed by the formula: 

(
𝜕𝜇𝑖

𝜕𝑃
)

𝑇
=

𝑅𝑇

𝑃
          𝑖 = 1,… ,𝑁                                                                                         (3 − 3) 

where 𝜇𝑖 is the chemical potential of the pure substance, then after integration in terms of 

constant temperature, this expression will take the form: 

𝜇𝑖 − 𝜇𝑖
0 = 𝑅𝑇ln

P

𝑃0
            𝑖 = 1,… ,𝑁                                                                             (3 − 4) 

Equation 3-4 represents the change in chemical potential during the isothermal change in 

system pressure from pressure P0 to pressure P. According to the definition of fugacity 

by Lewis  [161], this can be described  by transforming equation 3-3 and is given by the 

formula: 

𝜇𝑖 − 𝜇𝑖
0 = 𝑅𝑇ln

𝑓𝑖

𝑓𝑖
0           𝑖 = 1,… ,𝑁                                                                                (3 − 5) 
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𝜇𝑖
0and 𝑓𝑖

0 are selected in such a way that, assuming the value of one of these parameters, 

which specifies a reference state, the value of the other is chosen so that the equation is 

satisfied. For a system consisting of phases I and II, it is possible to write a system of 

equations: 

𝜇𝑖
I − 𝜇𝑖

0I = 𝑅𝑇ln
𝑓𝑖

I

𝑓𝑖
0I              𝑖 = 1,… ,𝑁                                                                          (3 − 6) 

𝜇𝑖
II − 𝜇𝑖

0II = 𝑅𝑇ln
𝑓𝑖

II

𝑓𝑖
0II           𝑖 = 1,… ,𝑁                                                                          (3 − 7) 

After substituting into equation 3-2, representing the condition of equilibrium in the 

system, then equating equations 3-6 and 3-7, the following relationship is obtained: 

𝜇𝑖
0I + 𝑅𝑇ln

𝑓𝑖
I

𝑓𝑖
0I = 𝜇𝑖

0II + 𝑅𝑇ln
𝑓𝑖

II

𝑓𝑖
0II           𝑖 = 1,… ,𝑁                                                      (3 − 8)  

Assuming that 𝜇𝑖
0I = 𝜇𝑖

0II and 𝑓𝑖
0I = 𝑓𝑖

0II, the state of diffusion equilibrium can be 

described by the equation: 

𝑓𝑖
I(𝑇, 𝑃, 𝐱I) = 𝑓𝑖

II(𝑇, 𝑃, 𝐱II)          𝑖 = 1, … ,𝑁                                                                 (3 − 9) 

where 𝑓 is fugacity (with units of pressure). A more common record due to practical 

applications is: 

𝜑I𝑥𝑖
I(𝑇, 𝑃, 𝐱I) = 𝜑II𝑥𝑖

II(𝑇, 𝑃, 𝐱II)          𝑖 = 1,… ,𝑁                                                    (3 − 10) 

where 𝜑 is the so-called coefficient of fugacity or fugacity coefficient described by the 

equation [159]:  

𝜑𝑖(𝑇, 𝑃, 𝐱) ≡
𝑓𝑖(𝑇, 𝑃, 𝐱)

𝑥𝒊𝑃
          𝑖 = 1,… ,𝑁                                                                    (3 − 11) 

Equation 3-11, however, has one very significant drawback. The number of 

variables (𝐱I, 𝐱II) twice exceeds the number of equations for the N-component system, 

which requires additional material balance equations to be included: 

𝛿𝑥𝑖
I + (1 −  𝛿)𝑥𝑖

II = 𝑛𝑖          𝑖 = 1,… ,𝑁                                                                       (3 − 12) 

where δ describes the relative amount of selected phase I (0 ≤ 𝛿 ≤ I) and the balance of 

mole fractions for both phases: 
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∑𝑥𝑖
I

𝑁

𝑖=1

= ∑𝑥𝑖
II

𝑁

𝑖=1

= 1 𝑥𝑖
I, 𝑥𝑖

II ≥ 0; 𝑖 = 1,… ,𝑁  (3 − 13) 

The balance equations allows for a system of 2𝑁 +  1 equations with 2𝑁 +  1 

unknowns (𝑥𝑖
I; 𝑥𝑖

II; 𝛿), which can then be solved by numerical methods taking into account

the model describing the relationship 𝜑𝑖  =  𝜑𝑖(𝑇, 𝑃, 𝐱). 

Fugacity in gaseous systems corresponds directly to activity in liquid mixtures. 

The equality of fugacities in each phase allows for the creation of mathematic models, 

which helps to find promising solutions for equilibria problems.  

3.2.2 Types of phase diagrams for ternary systems 

According to the division proposed by Weinstock in 1952 [162], three main types 

of phase diagrams for liquid-liquid equilibria in ternary systems can be distinguished.  

These are shown in Figure 3-2: 

I. An area of limited miscibility exists for one of the pairs of compounds

II. An area of limited miscibility exists for two pairs of compounds

III. An area of limited miscibility exists for three pairs of compounds

An example, the first type is observed for the mixture consisting of water,

benzene and ethanol. A characteristic feature of this type of system is the existence of one 

critical point of miscibility, in which both phases have identical composition. 

For the second type of system, it is possible to distinguish two different cases. 

In the first, there is no critical point of miscibility. An example of this type of mixture is 

a system consisting of heptane, hexane, and methanol. In the second case (2a), the areas 

of limited miscibility do not merge, resulting in two separate miscibility gaps, each with 

its miscibility critical point. An example of such a system is a mixture of ionic liquid 1-

butyl-3-methylimidazolium hexafluorophosphate with water and ethanol. According to 

Swatloski et al. [163], this behaviour may be caused by the creation of so-called clusters. 

It means that in systems with lower concentrations of ethanol, functional groups of 

alcohol create hydrophobic, hydrogen-bonded, structures in the presence of the IL. 1-

butyl-3-methylimidazoluim hexafluorophosphate is hydrophobic, yet with increasing 
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ethanol concentration bonding sites open to create “sandwich-like" molecular structures, 

which allows water to bond in void spaces of the structure. 

The third type of system distinguished by Weinstock can be divided into three 

categories. In the first, at certain concentrations, a three-phase system is formed (the 

darker triangle in Fig. 3-2). An exemplary mixture of this type consists of water, oil, and 

a surfactant. In the second case (3a), for two substance pairs, a joint miscibility gap 

without a critical point is created, while for the remaining pair, a miscible gap with a 

critical point is created. An example of such a system is a mixture of water, 1-butanol, 

and polymer. In the last case (3b), three separate areas of limited miscibility are formed 

in the system. This type of system is a theoretically postulated system. 

 

 

Fig. 3-2 Classification of liquid-liquid phase diagrams in ternary systems, 

according to Weinstock [162]. Light grey and dark grey areas indicate areas of 

limited miscibility in a two-phase and three-phase system, respectively. 
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Fig. 3-3 shows an example of a ternary equilibrium diagram for 

{IL + thiophene + octane} system. Each tie-line connects two points that represent 

concentrations of the mixture components for both phases. The area between those points 

shows a so-called miscibility gap, which means that all of the ternary mixtures with 

composition within the miscibility region will split into two phases.  

 

 

Fig. 3-3 Example of an experimental ternary diagram with visible tie-lines [164]. 
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3.3 Activity coefficients 
 

In classical thermodynamics, it is not possible to give a general expression on 

the chemical potential of a component in a real mixture, analogous to equation (3-1), 

because this domain does not describe the effect of microscopic properties of the system 

on its macroscopic properties. However, it is possible to derive some values that describe 

only the deviations of the mixture properties from the properties of the selected reference 

system. A system of the ideal mixture is defined by equation (3-1), and the measure of 

deviation is the so-called activity coefficient, γ. According to the definition [158]: 

ln 𝛾𝑖(𝑇, 𝑃, 𝐱) ≡
�̂�𝒊(𝑇, 𝑃, 𝐱) − �̂�𝑖

∗(𝑇, 𝑃, 𝐱)

𝑅𝑇
                                                                     (3 − 14) 

where T and P denote system temperature and pressure, respectively, and x is a vector of 

molar fractions of all components of the mixture. The superscript "∗" indicates properties 

describing the ideal system. The circumflex “^" refers to the component in the mixture, 

and its absence means that the symbol is assigned to the properties of a pure substance. 

Equation 3-14 may also be shown in the form: 

ln 𝛾𝑖(𝑇, 𝑃, 𝐱) =
𝐺𝑖

𝐸

𝑅𝑇
                                                                                                             (3 − 15)          

where 𝐺𝑖
𝐸 is excess Gibbs energy for the component i. Excess Gibbs energy models are 

described in the sections which follow. Calculation of the Gibbs free energy values 

enables the remaining thermodynamic functions as internal energy, enthalpy, or entropy 

to be evaluated. 

                                                                                         

3.3.1 Activity coefficients at infinite dilution 𝛾13
∞  

 

Infinite dilution is defined as a state of the solution that contains so much solvent 

in comparison to solute that when more solvent is added to the mixture, there is no real 

change in concentration of solvent. It means that the properties of the solute are constant.   

In binary systems, the activity coefficient of component "2" in the solvent "1" at 

infinite dilution is defined by the equation: 

𝛾12
∞ = lim

𝑥2→0
𝛾1                                                                                                                      (3 − 16) 
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The value of 𝛾12
∞  is a source of information on the mutual affinity between the 

solvent and solute molecules. If 𝛾12
∞≪1, affinity is strong (1-2 interactions are stronger 

than 1-1), whereas if 𝛾12
∞  ≫1 affinity is weak (1-2 interactions are weaker than 1-1). 

However, if 𝛾12
∞  ≈ 1, the system is close to perfection, which means that the interaction of 

the molecules in the mixture has a force comparable to the action of the molecules of the 

same component. In addition to purely cognitive significance, 𝛾12
∞  values can also have 

practical significance. By use of the 𝛾12
∞  value, it is possible, for example, to calculate the 

activity coefficients of two-component mixtures with any concentration of solute or 

solvent [165]. This type of calculation can be made with an appropriate thermodynamic 

model giving the relationship of excess free enthalpy of mixing. In such models, there are 

usually some parameters that can be adjusted to the 𝛾12
∞  data. The knowledge of these 

parameters is particularly important because they allow for the calculation of many 

interesting thermodynamic properties of mixtures, such as liquid-vapour, liquid-liquid, 

solid-liquid phase diagrams, or excess enthalpies and thermal capacities of mixing. 

From the 𝛾12
∞  data, it is also possible to calculate various types of parameters 

determining the suitability of a given solvent (e.g., ionic liquid) in selected extraction 

processes. An example of such a parameter is the selectivity 𝑆𝑖𝑗
∞(1)

  defined as: 

𝑆𝑖𝑗
∞(1)

=
𝛾1𝑖

∞

𝛾1𝑗
∞                                                                                                                         (3 − 17) 

where the symbols i and j indicate the indices assigned to the components, in relation to 

which the selectivity is calculated. 

Values of 𝑆𝑖𝑗
∞(1)

 ≫1 indicate that the solvent "1" can be regarded as a suitable 

medium for separating the component from the component j. In the literature, particular 

attention was paid to the capacity of ionic liquids for the extraction separation of aliphatic 

and aromatic hydrocarbons [166], sulphur compounds (for example thiophene or 

benzothiophene) from light gasoline fractions (model systems for processes of extractive 

desulphurization of fuels) [136], or butanol from aqueous solutions [167]. 

Activity coefficients at infinite dilution can only be used to determine the degree 

of the substance's impact on the natural environment [168]. This is due to the fact that 

𝛾12
∞  can be associated with different types of partition coefficients for selected substances, 

e.g., between an aquatic environment or air and soil. Experimental 𝛾12
∞  values are usually 

determined by direct phase equilibrium measurements (e.g., vapour-liquid equilibria, 
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ebuliometry) in diluted solutions or also from chromatographic measurements. The 

former are generally time-consuming and not very accurate if extrapolated from vapour 

liquid equilibria at concentrated regions. In addition, they require large amounts of test 

substances, which is why they are relatively expensive. Therefore, the methods based on 

the use of chromatography are preferred. This method is limited only to systems with a 

non-volatile solvent. Therefore, they are used, among others for determining 𝛾12
∞   in 

polymers and ionic liquids. [169]  

 

3.4 LLE data regression or parameter fitting 
 

Some popular Gibbs excess free enthalpy models, such as the Universal QUAsi 

Chemical (UNIQUAC), UNIQUAC Functional group Activity Coefficients (UNIFAC) 

and Non-Random Two-Liquid (NRTL) are discussed briefly. The basic concept of these 

models is based on the Wilson hypothesis assuming that the local concentration around 

the molecule is not the same as the concentration in the entire volume of the solution.  

The models mentioned are most often used to describe liquid-liquid and liquid-

vapour equilibria for the mixtures of electrolytes which show large deviations from the 

ideality. For a description of the liquid equilibria in a ternary system, the parameters of 

the model must be determined based on the experimental data obtained for two-

component mixtures. For the needs of models based on the Wilson equation, ILs are 

considered as electrically neutral ionic pairs.  

The NRTL model correlates activity coefficients 𝛾𝑖 with mole fractions 𝑥𝑖 in the 

liquid phase. The idea behind this model is based on Wilson's hypothesis that bulk phase 

concentration is different from local concentration at the microscale, which is related to 

different values of the interaction energy between particles of this same compound 𝑈𝑖𝑖 and 

particles of different chemical individuals 𝑈𝑖𝑗.  

The UNIQUAC model is considered as a second-generation activity coefficient 

model. It is related to the modified excess Gibbs energy equation, which consists not only 

an enthalpy term but also adds entropy under consideration. The entropic term is 

responsible for the description of deviation from ideality, and it is called combinatorial 

contribution, while the enthalpic correction or so-called residual contribution describes 

the correction based on intermolecular interactions. Due to its versatility, UNIQUAC is 



44 

 

considered as one of the best correlative models but, the mathematical complexity and 

not always satisfying results in UNIFAC is a modification of the previously mentioned 

UNIQUAC model. The biggest change in comparison with the previous model is the 

introduction of the group contribution method, which could deliver more accurate results 

of correlation but also increase the level of the algebraic complexity. 

 

3.5 Non-random two-liquid (NRTL) model 

 

The non-random two-liquid model (NRTL) was used to calculate predicted 

compositions at the end of the tie-lines. The NRTL equation was derived by Renon & 

Prausnitz in 1968 [170]. This model is widely used [110–119,121–136,138,139] to correlate liquid-

liquid equilibria in the systems with ionic liquids is well-known, easy to use and versatile. 

It allows for correlating ternary data with satisfying accuracy, but without 

overcomplicating the calculations.  

In 1985 Walas proposed application of NRTL to LLE data correlation [171], 

which was adopted in this study. The NRTL model equations are presented as: 

𝐺𝐸

𝑅𝑇
= 𝑥1𝑥2 [

 𝜏21𝐺21

𝑥1+𝑥2𝐺21
+

𝜏12𝐺12

𝑥2+𝑥1𝐺12
]                                                                                     (3 − 18)         

where:                              

𝜏12 =
𝑔12 − 𝑔22

𝑅𝑇
                                                                                                                 (3 − 19) 

𝜏21 =
𝑔12 − 𝑔11

𝑅𝑇
                                                                                                                 (3 − 20) 

𝐺12 = exp(−𝛼12𝜏12)                                                                                                        (3 − 21) 

𝐺21 = exp(−𝛼12𝜏21)                                                                                                        (3 − 22) 

where x1 and x2 are molar fractions of the components, g11 and g22 are the Gibbs energies 

of the pure substances, g12 is Gibbs energy of the interaction between components of the 

mixture and τ12, τ21 and 𝛼12 are independent parameters. Parameter 𝛼12, the non-

randomness parameter, is an interesting case because it is the only parameter that must be 

provided and tested by the researcher. Renon and Prausnitz suggested values from the 

range 0.2 – 0.47.  
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For most of the datasets listed in tables 2-2 to 2-3 the value of the non-

randomness parameter, 𝛼12 , used for NRTL correlation was 0.3, which allowed to 

achieve the lowest root mean standard deviation (RMSD) values. In seven of the listed 

articles the value of 𝛼12 parameter was equal to 0.2, while three papers [112,113,115] reported 

correlated data for sets of non-randomness parameters from 0.1 to 0.3. In this work, the 

non-randomness parameter was set to a value 0.3 for three of the four studied systems. 

For [BMIM][OTf], the value of 𝛼12 set equal to 0.1 resulted in the correlation most 

consistent with the experimental data. 

Analysis of the gathered literature shows that in most of the listed articles, the 

NRTL model was used to correlate results. Numerous literature data support the NRTL 

model as a very versatile tool, which allows to achieve very good correlation with RMSD 

values equal or lower than 0.01 for most of the {IL + thiophene + hydrocarbon} systems. 

For example, values of RMSD for correlations performed by Domańska et al. [122] for 

series of [BMPYR] ILs with different anions are very low, in the range of  0.0076, 0.0030 

and 0.0036 for [FAP],[TCB] and [TCM] anions, respectively. Ahmed et al. [139] published 

a series of LLE data for {IL + benzothiophene/dibenzothiophene + hexadecane}. 

Correlation results obtained for dibenzothiophene were in the range from 0.005 to 0.0131. 

RMSD results published by Ahmed et al. for benzothiophene were slightly lower and 

were in the range from 0.009 to 0.0233.  

The UNIQUAC model was also used to correlate LLE data in ten of the 

mentioned articles [112–115,118,119,131,133,134,136]. In comparison to the NRTL model, the 

UNIQUAC model is more complex and data demanding, while it does not offer a 

significant increase of the obtained data quality. Cheruku et al. [133] showed that for 

systems with [EMIM][OAc] the NRTL equations provided a better correlation than the 

UNIQUAC model. RMSDs for {IL + thiophene + i-octane} system calculated for the 

NRTL model and for the UNIQUAC model were equal to 0.0082 and 0.0147, 

respectively. Interesting data was published by Kędra-Królik et al. [118]. Two {IL + 

thiophene + heptane} and two {IL + thiophene + pyridine} systems with two ILs were 

studied According to published data NRTL has better consistency for {[MMIM][MP] + 

pyridine + heptane} and {[BMIM][SCN] + thiophene + heptane} systems (RMSD = 

0.0005 and 0.0056, respectively), while RMSDs for UNIQUAC were slightly better for 

{[BMIM][SCN] + pyridine + heptane} and  {[MMIM][MP] + thiophene + heptane} 

(RMSD = 0.0117 and 0.0055, respectively). The fifth system with tris-(2-hydroxyethyl)-

methylammonium methylsulfate [TEMA][MeSO4] published by the authors was 
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correlated only by use of the NRTL model, which was related to lack of the UNIQUAC 

equations parameters required for correlation. In the equivalent number of cases, the 

UNIQUAC model shows slightly lower RMSD. Arce et al. [131] published correlation 

results for {[HMMPY][NTf2] + thiophene + heptane} systems, where the RMSD for the 

NRTL model was equal to 0.0063 while the RMSD for the UNIQUAC model was equal 

to 0.0041. 

The NRTL model is a versatile tool which allows one to achieve very good 

correlation without over-complication of the calculations and easily accessible 

parameters. Correlation consistency tests show clearly that a complicated tool as the 

UNIQUAC model is not generally superior in comparison to the NRTL model and, in 

relation to missing literature data, may not be possible to apply for some systems with 

ILs. In comparison, the NRTL model requires only experimental data and temperature to 

correlate data with very good consistency.  

 Song et al. [120] followed a novel approach and used the COnductor like 

Screening Model for Real Solvents (COSMO-RS) predictive model [172] to obtain 

theoretical tie-lines, which were compared to experimental data and NRTL correlation. 

The COSMO-RS method is based on data obtained with the help of quantum-mechanical 

calculations that allow a virtual area of segments to be spread around a particle. This area 

determines the distribution of shielding charge density at each segment and the formation 

of this area is described by parameters such as surface area and charge density σ. 

According to COSMO-RS theory, liquids are considered as closely packed and 

thoroughly surrounded by other molecules in the mixture. At the point of contact of 

segments belonging to two molecules, it is possible to determine the resultant value of 

the density of shielding charges of both molecules, σ and σ’, respectively,  which in 

COSMO-RS theory is responsible for the description of electrostatic interactions between 

liquids.  

Data published by Song et al. show that the RMSD obtained for the series of 

imidazolium ILs with the increasing length of substituent chain [CnMIM][OAc] (n = 2, 

4, 6, 8) were correlated very precisely by use of the NRTL model (0.0022, 0.0034, 0.0068, 

0.0035, respectively). The consistency of the COSMO-RS predictions was lower than the 

NRTL model (0.0247, 0.0107, 0.0222 and 0.1026, respectively), which is visible for the 

[OMIM][OAc] predictions. Nevertheless, predictive models open interesting 

opportunities. COSMO-RS predictions are based on the molecular structures of the 
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chemical compounds, which makes them easy to use for novel and structurally complex 

particles such as ILs. The COSMO model is available as a commercial product with a 

relatively expensive license.      

 

3.6 Data regression 
 

In correlating the LLE data, i.e., to minimize the difference between the 

experimental and calculated values of the endpoint on the tie-lines, the following 

objective function was used: 

𝐹(𝑃) = ∑[𝑥2
I 𝑒𝑥𝑝 − 𝑥2

I 𝑐𝑎𝑙𝑐(𝑃𝑇)]
2

𝑛

𝑖=1

+ [𝑥3
I 𝑒𝑥𝑝 − 𝑥3

I 𝑐𝑎𝑙𝑐(𝑃𝑇)]
2
+ [𝑥2

II 𝑒𝑥𝑝 − 𝑥2
II 𝑐𝑎𝑙𝑐(𝑃𝑇)]

2

+ [𝑥3
II 𝑒𝑥𝑝 − 𝑥3

II 𝑐𝑎𝑙𝑐(𝑃𝑇)]
2
                                                                   (3 − 23) 

where P is the set of parameters vector, n is the number of experimental tie-lines, 𝑥2
I 𝑒𝑥𝑝

, 

𝑥3
I 𝑒𝑥𝑝

 and, 𝑥2
I 𝑐𝑎𝑙𝑐(𝑃𝑇), 𝑥3

I 𝑐𝑎𝑙𝑐(𝑃𝑇) are the experimental and calculated mole fractions of 

one phase and 𝑥2
II 𝑒𝑥𝑝

, 𝑥3
II 𝑒𝑥𝑝

 and 𝑥2
II 𝑐𝑎𝑙𝑐(𝑃𝑇), 𝑥3

II 𝑐𝑎𝑙𝑐(𝑃𝑇)  are the experimental and 

calculated mole fractions of the second phase. 

Figure 3-4 shows the block flow diagram of the NRTL parameter fitting software 

operation. The first step of this procedure was the preparation of the file with experimental 

LLE data. This was followed by the system properties in which temperature and the value 

of the dimensionless independent parameter α are introduced. Thereafter the fitting of the 

binary parameters was initialized. The main factor taken into account to determine the 

closeness of the correlation fit was the root mean standard deviation shown by:   

RMSD = (∑ ∑ ∑ [𝑥𝑖𝑙𝑚
𝑒𝑥𝑝 − 𝑥𝑖𝑙𝑚

𝑐𝑎𝑙𝑐]
2

𝑚𝑙𝑖 /6𝑘)
1/2

                                                   (3 − 24)   

where 𝑥 is the mole fraction, the subscript 𝑖, 𝑙, and 𝑚 are component, phase and tie-line, 

respectively, and 𝑘 is the number of the tie-lines. If the root mean standard deviation 

(RMSD) was lower than 0.01, then correlation results were accepted. If the RMSD was 

far above 0.01, then the process was repeated by adjusting input values of Gibbs energy 

of the interaction between components parameters until the satisfactory results were 

achieved. 
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Fig. 3-4 Flow diagram of the NRTL parameter fitting method. 
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3.7 Gas-Liquid chromatography technique 

In general, chromatography is a technique that allows for the separation of the 

mixture components. Gas chromatography is a common method among analytical and 

physical chemists. The characteristic of this method is the use of an inert gas as the mobile 

phase, which is called the carrier gas. It allows for the separation of compounds that can 

be vaporized without decomposition easily. A very small amount of studied mixture is 

injected through a heated injection port, where components evaporate and are moved into 

the gas stream that continually flows through the stationary phase, locked in the form of 

so-called columns in the form of long tubes made of chemically inert non-adsorbent 

materials like steel or fused silica. The column is placed in an oven, which allows to 

control the temperature of the measurement.     

The studied mixture is dissolved in the mobile phase, which acts as a carrier for 

the mixture components that go through the stationary phase. The stationary phase is 

chosen in the way that allows to achieve disparity of strength of interactions between 

different components and the stationary phase. Differentiation of the interactions allows 

for the separation of the mixture into individual components [173].  

Two types of columns can be used in this method: packed and capillary. Packed 

columns, in most cases, are relatively short (the length does not extend beyond 2 meters) 

and have approximately 2 to 5 mm of inner diameter. This type of column can be made 

easily from stainless steel tubing and prepared in the laboratory by the use of fine porous 

material as solid support for the stationary phase [158]. Packed columns were used during 

measurements for this work to obtain data of activity coefficients at infinite dilution.      

Capillary columns are the second type of column used in gas chromatography. 

These columns are characterized by the length that could reach even 100 meters and very 

small diameters in the order of fractions of a millimetre. This type of column allows for 

the separation of very complex mixtures that contain many components. Capillary 

columns are more expensive than packed ones, but they can offer a higher resolution of 

data gathered by their usage [174]. In this work, the capillary column was used in 

determining the sample compositions during liquid-liquid equilibria measurements.    

The difference in the strength of interactions between various components and 

the stationary phase enables the separation of the components of the initial mixture which 
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reach the end of the column with different so-called retention times, measured by the 

detector at the end of the chromatographic line. Besides the retention time, separated 

vapours of mixture ingredients, which reach the detector produce "peaks" on 

chromatograms (charts produced by chromatograph software). Peaks show the response 

of the detector as a function of time and provide useful information about interactions 

between mixture components and stationary phase and amounts of those components in 

the sample.   

There are several types of detectors. The most popular and also used during this 

work is the thermal conductivity detector (TCD) and a flame ionization detector (FID). 

The TCD also called a katharometer, is designed to sense changes in the thermal 

conductivity of the effluent. Considering the thermal conductivity of the carrier gas 

stream as a reference value, then any additional chemical compound in the stream will 

change the thermal conductivity of effluent. This change causes the change of the 

temperature of the tungsten-rhodium filament, an increase of filament temperature, and 

fluctuations of the voltage, which produces the signal. As long as the thermal conductivity 

of the studied substance is lower than the thermal conductivity of carrier gas, the TCD 

will produce a signal. Helium, hydrogen, or nitrogen can be used as a carrier gas and is 

versatile for a wide range of systems. It is related to relatively high values of thermal 

conductivity of the mentioned gases [173].  

The FID is not universal as the TCD, but it offers higher resolution and increased 

sensitivity of signal, especially for carbon compounds. Molecules of organic compounds 

are combusted in the hydrogen flame, and then newly created ions are detected by two 

electrodes. A positively charged electrode also plays the role of a nozzle, whereby the 

flame combusts the effluent, while a tubular-shaped negatively charged electrode (also 

known as the collector plate) is placed above the flame. Positively charged ions are 

attracted to the collector plate and induce the current in contact with the surface of the 

electrode. A high impedance picoammeter detects current changes and feeds this to the 

integrator, which summarizes and processes the data to be displayed. The measured 

current is proportional to the number of carbon atoms reduced in the hydrogen flame, 

which allows the gathered data to be used to calculate concentrations of components in 

the initial mixture [173].  
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3.8 𝛾13
∞  via gas-liquid chromatography   

 

The most common measurement method of activity coefficients at infinite 

dilution is gas chromatography. Everett's equation developed in 1965 [175] and expanded 

in 1966 by Cruickshank et al. [176] has been used to calculate values of 𝛾∞ by various 

researchers since 2001. Previously this methodology was assumed only for ideal carrier 

gases. Still, Cruickshank's extension enabled its use to non-ideal carrier gases, which was 

possible by application of virial coefficients as a way to estimate molar vapour volumes 

for the imperfect gas mixture. The equation developed by Everett is: 

 

ln(𝛾13
∞) = ln

𝑛3𝑅𝑇

𝑉𝑁𝑃1
0 −

(𝐵11 − 𝑣1
∗)𝑃1

0

𝑅𝑇
+

(2𝐵12 − 𝑣1
∞)𝐽2

3𝑃0

𝑅𝑇
                                       (3 − 25) 

 

where indices 1, 2 and 3 are solute, carrier gas and solvent respectively and 𝐵11 and 𝐵12 

are second virial coefficients for pure solute and for pure solute and carrier gas, 

respectively. The equation for the solute retention volume was given by Letcher in 

2001[177]: 

 

𝑉𝑁 =
𝑞𝑜𝑣(𝑡𝑅 − 𝑡𝐺)

𝐽2
3                                                                                                           (3 − 26) 

 

 𝑡𝑅and 𝑡𝐺  are retention times of solute and inert gas (air), respectively. The increase in the 

measured retention time is strongly correlated with the decrease in the value of the 

limiting activity coefficient, which is responsible for the increase of the strength of the 

interaction between solute and the IL. 

The pressure correction term is given by the equation: 

𝐽2
3 =

2

3
[
 
 
 (

𝑃𝑖𝑛

𝑃0
)
3

− 1

(
𝑃𝑖𝑛

𝑃0
)
2

− 1]
 
 
 
                                                                                                          (3 − 27) 

where 𝑃𝑖𝑛 and 𝑃0 are the column inlet and atmospheric pressure, respectively. 

The parameter 𝑞𝑜𝑣 is the correction value for the flow obtained generally by the 

use of a bubble flow meter. This parameter allows for the change in water vapour pressure 
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as dependence on atmospheric pressure and temperature. The equation for 𝑞𝑜𝑣 is 

presented as: 

 

𝑞𝑣𝑜 = 𝑞𝑣 (1 −
𝑃𝑤

0

𝑃0
)

𝑇

𝑇𝑠
                                                                                                      (3 − 28) 

 𝑞𝑣 is flow reported on the gas chromatograph, 𝑃𝑤
0 is the saturated pressure for water at 

surrounding temperature 𝑇𝑠, 𝑃𝑜 is atmospheric pressure, and T is column temperature.   

 

Equation (3-21) shows that the activity coefficients at infinite dilution can be 

used to calculate the partial molar excess thermodynamic functions: 

 

ln𝛾13
∞ =

∆𝐻1
𝐸,∞

𝑅𝑇
−

∆𝑆1
𝐸,∞

𝑅
                                                                                                 (3 − 29) 

 

Short-range temperature dependence may be shown in the form of the linear van't Hoff 

relation: 

 

 ln𝛾13
∞ = 𝑎 𝑇⁄ + 𝑏                                                                                                              (3 − 30) 

 

where the partial molar excess enthalpy, ∆𝐻1
𝐸,∞ = 𝑅𝑎, and entropy ∆𝑆1

𝐸,∞
 at infinite 

dilution can be obtained from the slope and intercept. The expression for the excess Gibbs 

energy at infinite dilution is given by the formula: 

 

∆𝐺1
𝐸,∞ = ∆𝐻1

𝐸,∞ − 𝑇∆𝑆1
𝐸,∞                                                                                             (3 − 31) 

 

The gas (G) - liquid (L) partition coefficient shown by equation 𝐾L = (𝑐1
L/𝑐1

G) 

where 𝑐1
𝐿 and 𝑐1

𝐺 represent the equilibrium solute concentration in the liquid and the 

vapour phase, respectively, describes a solute partitioning between a carrier gas and the 

stationary phase and can be calculated from the solute retention [96]:  

 

ln(𝐾L) = ln (
𝑉𝑁𝜌3

𝑚3
) −

𝑃𝑜𝐽2
3(2𝐵12−𝑉1

∞)

𝑅𝑇
                                                                              (3 − 32)  

 

where 𝜌3 is the density of the IL, 𝑚3 is the mass of the IL and 𝑉1
∞ is the partial molar 

volume of the solute at infinite dilution in the solvent.   
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Chapter 4 Experimental method 

 

This chapter presents the literature review of the equipment and techniques used 

for the measurement of activity coefficients at infinite dilution 𝛾13
∞  and liquid-liquid 

equilibria. In addition, the precise description of the methodology used for the 

measurements of systems with ILs selected in this study is also explained. The first 

section describes the equipment, column preparation and methodology of 𝛾13
∞  

measurements. The second section describes the LLE measurements, preparation of 

calibration curves, mixing procedure and analysis of separated phases used to obtain tie-

line data for different concentrations of the components in the ternary systems. 

4.1 Activity coefficients at infinite dilution, 𝛾13
∞  

4.1.1 Review of experimental methods  
 

To obtain retention data and calculate the activity coefficients at infinite dilution, 

two types of methods can be used. These are the direct experimental approach and indirect 

extrapolations. Direct methods are based on the inert carrier gas flow or the measurements 

of differential vapour-liquid equilibrium in the dilute concentration range. The first of 

these approaches gathers different chromatography techniques as Gas-Liquid 

Chromatography (GLC) described in this work, Non-Steady-State GLC (NSGLC), and 

Gas Stripping.  

Non –Steady-State GLC method was developed and described in 1972 by Belfer 

[178]. The major difference between GLC and NSGLC methods is the preparation of the 

column. In the GLC method solvent is dispersed evenly on the chemically inert porous 

material during the preparation of the column before the experiment, while in the NSGLC 

method the column is filled with the inert porous material and a solvent is injected on the 

head of the column during the measurement. A solvent is slowly removed from the 

column while the solute is rapidly injected on the head of the column, which results with 

a decreasing retention time of the solute. The value of  𝛾∞ is related to the solvent and 

the solute vapour pressures ratio and the decrease of the solute retention time.  

Fig. 4-1 shows a schematic representation of this method. The following steps of the 

measurement procedure are:  
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1 Injection of the solvent into the injection port. Vaporised solvent fills the 

column.  

2 Condensation of the solvent vapours on the walls of the column and the 

solid support. Start of the elution.   

3, 4 Continuous elution of the solvent and saturation of the carrier gas. In these 

steps, solutes are injected into the injection port.  

5 All of the solvent eluted from the column. 

Belfer et al. used the described method in 1984 [179] to calculate activity 

coefficients at infinite dilution for the series of compounds in acetonitrile at 298.15 K, 

series of solutes in octane at 313,15 K and 333.15 K and benzene and heptane in 

octadecane at 333.15 K. This work was continued in 1990 and 1991 by Belfer and his 

associates [180,181]. The latest article which used this method was published in 2005 by 

Dohnal et al. [182]. In this work, the NSGLC method was used to calculate limiting activity 

coefficients of a series of short-chained alcohols in water.  

Fig. 4-1 Schematic representation of the NSGLC method. A is the injection 

port, B is the GC column, C is the TCD detector and D is a recorder [181].  
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The gas stripping or so-called dilutor technique is another direct experimental 

technique of the activity coefficients at infinite dilution measurement. This method is 

based on the removal of the highly diluted solute by a constant stream of inert gas at 

isothermal conditions. To obtain values of the 𝛾∞ the change of the composition of the 

vapour phase in time measured by the gas chromatograph is used. Very important for this 

method is strict control of the system equilibrium to ensure the correctness of the results 

[183]. The first use of this method was published in 1962 by Fowlis and Scott [184]. In their 

work dilutor was used for calibration of the macro-argon detector which contained 

radioactive strontium-90. The dilutor technique was used for the first time to calculate 

activity coefficients at infinite dilution in 1977 by Lerol et al. [185]. In their work values 

of the 𝛾∞ were measured for the series of solutes in two solvents: hexane and benzene. 

Fig 4-2 shows a schematic diagram of the dilutor cell used by Krummen et al. [183]. One 

of the greatest advantages of the gas stripping method is the possibility of using it for the 

determination of the limiting activity coefficients not only for pure components but also 

for the mixtures of solvents, i.e., N-methyl-2-pyrrolidone and N-formylmorpholine with 

water [186]. According to Kojima et al. [187], the dilutor method is a very good method for 

measurements of the systems with high values of 𝛾∞. The main drawback of this method 

is its limitation to volatile solutes [188,189].        

 

 

Fig. 4-2 Schematic of the dilutor cell [183]. 
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The second approach to the measurement of activity coefficients at infinite 

dilution is the usage of the differential vapour-liquid equilibrium. The most popular 

method based on this idea is differential ebulliometry, which may be defined as a 

measurement of the differences between boiling points of the pure solvent and solvent 

with highly diluted solute measured under isobaric conditions. Unfortunately, the 

accuracy of this method for high viscosity solvents, i.e. ionic liquids or systems with high 

relative volatility is questionable [187]. The beginning of differential ebuliometry dates 

back to 1925. Świętosławski designed the first ebulliometer based on the Cottrell pump 

and published his work in 1945 [190]. The first values of activity coefficients at infinity 

dilution obtained with the use of this method were published in 1955 by Gautreaux and 

Coates [191]. During the 20th century, ebulliometers were modified in many ways, mostly 

by adding insulation to minimize the temperature fluctuations and by changes to the 

heater design [169]. The most significant modification of Świętosławski’s ebulliometer 

was presented by Scott in 1986 [192] who reinvented Świętosławski’s idea, by resigning 

from Cottrell pump in favour of a very well stirred 500 ml round bottom flask which 

allowed the reduction of temperature fluctuations. An additional advantage of the new 

ebulliometer design was the possibility of usage of higher amounts of the solvent, which 

allowed for the reduction of the composition errors.    

 

Fig. 4-3 Schematic of the Świętosławski ebulliometer. A – reflux 

condenser, B – dropper, C – thermometer nest, D- bubble, E – heated tank, 

F – drain valve [193]. 
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Vapour-liquid ebulliometry is still a popular technique for the measurement of 

limiting activity coefficients. In recent years, the methods described in the literature focus 

mostly on values of activity coefficients at infinite dilution for mixtures of volatile 

compounds such as alcohols, i.e., in recent years data for mixtures of dichloromethane 

and 1-alkanols [194],  polystyrene and butan-2-one [195], water and oxygenated solvents 

(alcohols, ketones, ethers, etc.) [196] and alcohols with octane, ethyl acetate and butan-2-

one [197] have been published.   

4.1.2 Review of the GLC method  

The fundamentals of the gas-liquid chromatography (GLC) method used in this 

study are described in sections 3.7 and 3.8. While the former shows a general idea of 

chromatography as an analytic method, the latter discusses physicochemical principles of 

this method and the direct way to obtain activity coefficients at infinite dilution data by 

use of chromatography. 

The GLC method is widely recognized as a convenient method for 𝛾13
∞

measurement. This statement is substantiated by the fact that all of the literature data 

gathered and presented in table 2-1 were measured via this technique. The references are 

available in the last column of the mentioned table.  

The Thermodynamics Research Unit at the University of KwaZulu-Natal has 

successfully used the described technique in previous years [177,198,199]. The GLC method 

was used to establish values of the activity coefficients at infinity dilution for 28 solutes 

in 1-ethyl-3-methylimidazolium 2-(2-methoxyethoxy)ethylsulfate [EMIM][MDEGSO4] 

[200] and the limiting activity coefficients for 31 solutes in trihexyltetradecylphosphonium

hexafluorophosphate [201].  

4.1.3 Description of the apparatus 

Measurements of retention times required for calculations of the activity 

coefficients at infinite dilution, 𝛾13
∞  , were made with the use of a Shimadzu GC-2014 Gas

Chromatograph, with helium as a carrier gas and equipped with thermal conductivity 
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detector (TCD). The oven was modified and fitted with a steel column of 1 m length and 

4.52 mm inner diameter. The column was filled with a stationary phase dispersed on a 

solid support (Chromosorb W_HP 100/120 mesh). The stability of the flow rate was 

checked on an ongoing basis using a bubble flow meter. A 10µl SGE Analytical Science 

microsyringe was used to inject solutes into the injector port. A schematic of the gas-

liquid chromatography setup used for this work is presented in Fig. 4-4.  

 

Fig. 4-4 Schematic of the gas-liquid chromatography setup used for 

measurements. 

 

4.1.4 Methodology used in this study 
 

The water content was analysed by the Karl-Fischer Moisture Titrator MKS 500. 

The sample of ionic liquid was dried for 72 h at a temperature of 353 K under lower 

pressure (~0.35 atm.), to remove volatile impurities and trace amounts of water. During 

this time, two stainless steel columns were thoroughly washed and dried. Known amounts 

of solid support and ionic liquid (stationary phase) were added into a 250 ml round bottom 

flask with the addition of 50 ml of dichloromethane (DCM), which was used as a low 

boiling solvent, allowing the stationary phase to be evenly dispersed on the solid support. 

The contents were dried for additional time to make sure that the mass of the flask reached 

the same mass as before the addition of dichloromethane. The masses of the stationary 

phase and solid support were weighed using an Ohaus PR Series analytical balance with 

a precision ±0.0001 g. Two columns were prepared with approximately 30% and 40% 
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mass per cent of ionic liquid, respectively. The relatively high percentage of the stationary 

phase was used to prevent the possibility of the residual adsorption of the solutes onto the 

chromosorb, which could increase the retention time for the long-chain hydrocarbons and 

significantly influence the results. Repeatability of retention times for multiple runs and 

symmetrical peak shapes proved that chosen loading percentages provided proper 

coverage of the surface of the chromosorb. Two separate columns with a different mass 

ratio of the IL to the chromosorb were prepared to ensure consistency of the results 

obtained by the use of this method [202].    

The stationary phase was then transferred into the 1 m length and 4.52 mm inner 

diameter stainless steel column by the use of the funnel. The most important part of this 

procedure was to be certain that the chromosorb with adsorbed ionic liquid was packed 

well without any empty spaces inside the column, as this could influence the results of 

the measurements with a faster retention time of solutes. Consistency of the column filling 

process was achieved by blocking one end of the column followed by slow addition and 

tapping of the stationary phase inside the column. Thereafter, the previously straight 

column was bent to the shape of the spiral such that this could be fitted into the GC oven. 

Once installed, the column was left in the heated GC oven, where it was flushed with 

carrier gas for at least 1 hour. This process, called conditioning, allows removing any 

traces of water or impurities from the air that could create interferences during the 

measurements, as a baseline noise. 

A stable carrier gas flow is very important for achieving accurate results. To 

ensure a constant flow rate, three measurements were performed hourly using a bubble 

flow meter, followed by averaging to minimise human error. Using equation (3-27), 

readings from the bubble flow meter were corrected to account for the influence of 

atmospheric pressure and ambient temperature on the bubble behaviour.  

The following steps were performed for the measurement of activity coefficients 

at infinite dilution: 

I. The chromatograph was switched on. The flow of the carrier gas was set. 

Temperatures of the oven, detector, and injector of the GC were set as well. 

The injector port and the detector temperatures were set to 523.15 K. The 

oven temperature ranged from 323.15 K to 373.15 K depending on the 

measurement settings.    
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II. The GC was left to heat up upon which the detector was then switched. The 

system was left for a further 30 min to ensure that the baseline was stable 

and the apparatus was ready.   

III. After equilibration of the GC detector baseline, the flow rate was measured 

using a bubble flow meter. This was repeated hourly. Thereafter, 1μl of the 

solute and 9μl of the air were injected through the injection port. Air peaks 

retention times were used as a reference for calculation of the net retention 

time of the solutes. This procedure was repeated for all solutes listed in the 

Table 5-1 at a given temperature. Addition of air peak allowed to 

marginalise errors, which are created by delayed retention times. This means 

that retention time is extended by so-called dead time, in which solutes 

evaporate in the injection port before they reach the top of the column. Each 

solute was tested three times.  

IV. Once measurements were completed for the entire temperature range, the 

GC detector was switched off. The temperature settings were then set to 

25°C, and the unit was left to cool. 

V. When the temperature of the detector was below 50°C, this was deemed safe 

to switch off the carrier gas flow.  

VI. After each day of measurements the column was weighed using an Ohaus 

PR Series analytical balance with a precision ±0.0001 g, to ensure stability, 

and no change in the mass of ionic liquid. If there was a change in the mass 

of stationary phase, then the column had to be prepared again. 

 The temperature of the injection port was set to ensure that the solutes were in 

the gaseous phase before they reached the column. Each solute was studied at five 

different temperatures. To ensure that the results obtained with the method described were 

correct, a second column with a higher stationary phase concentration was installed. 

Therefore, the results obtained with the use of both columns were compared. The 

autosampler was not used. It was not possible to run the sample injections using the 

autosampler since the retention times of the solutes varied significantly, and it was more 

efficient in terms of time and carrier gas consumed to follow the baseline on an ongoing 

basis and respond to emerging peaks. 
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The final uncertainty of the results was estimated at ±5%, taking into account 

the possible uncertainties in determining the column loading (±0.1%), the retention times 

(±0.1s), and solute vapour pressure (±1 Pa).  

 

4.2 Liquid-liquid equilibria 
 

4.2.1 Review of experimental methods 
 

Liquid-liquid equilibrium experiments can be performed by the use of the three 

main methods: the titration, the laser-light scattering or through the direct analytical 

method.  

The titration method is based on the principle of continuous addition of the 

solvent to the known amount of the mixture comprising components miscible without 

limits. The equilibrium point is determined by the appearance or disappearance of 

turbidity (so-called cloud point). The knowledge about the amount of the individual 

components in the equilibrium point allows for the construction of the binodal curve. To 

determine experimental tie-lines, additional analytical techniques must be used. More 

detailed information about this technique can be found in the literature [203–205]. 

The laser-light scattering technique is used as an improvement of the titration 

method. The exact determination of the turbidity change may be a cause of the discussion 

as it depends on the researcher perception. In 1993 Benjamin et al. [206] developed an 

apparatus shown in fig. 4-5. The sensor detects a change of the scattered light intensity 

and the experimental cloud point is determined by the use of the plot of scattered light 

intensity versus temperature.    
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Fig. 4-5 Schematic of the apparatus used for mutual solubility measurements 

with laser-light scattering technique [206]. A – equilibrium cell, B – stirring 

element, C – light sensor, D – magnetic stirrer, E – optical system, F – 

thermometer, G – digital multimeter, H – computer. 

 

The last of the mentioned methods of LLE study is the direct analytical method 

used in this work and is described step by step in the following sections. In this method, 

the isothermal cell is filed with two immiscible phases. The content of the cell is stirred 

for a given time to ensure that equilibrium is established and then the cell is left for a 

sufficient time to allow for proper separation of both phases. Samples of both phases are 

withdrawn, and then concentrations of the components are analysed by the use of methods 

mentioned in the following section. 

The design of the equilibrium cells is very important for the proper performance 

of the direct analysis method. A variety of design solutions must be taken into 

consideration. One of the most important concerns is to provide isothermal conditions. 

This may be achieved in two ways. The first is the use of cells without a jacket, which 

must be fully submerged in the thermo-controlled bath to ensure the stable temperature 

of the experiment. In contrast, the second type has a jacket, which allows for a flow of 

the heating or cooling medium around the equilibrium cell. 
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Fig. 4-6 Diagram of Ndlovu’s LLE cell [207]. A – sample point for denser 

liquid phase, B – temperature sensor in a thermo-well,  

C – heating medium inlet, D – heating medium outlet, E – Teflon coated 

bar, F – sample point for lighter liquid phase, G – stirrer driven by DC 

motor. 

 

Stirring is another very important factor, which is responsible for the proper 

distribution of both phases and the development of the interface area. The well-developed 

interface is crucial for the efficiency of the extraction process. Design of the cell published 

by Raal and Brouckaert [208] was modified by Ndlovu [207]. Modified cell is shown in the 

fig. 4-6 uses a mechanical stirrer which ensures proper mixing of both phases, especially 

in the cells of higher volume. An additional advantage of this type of mixing is better 

agitation of the more viscous liquids. Another popular solution of the stirring problem, 

useful mostly for the smaller cells is the usage of the Teflon coated agitators and magnetic 

stirrers. The schematic of the cell used in this work is shown in the fig. 4-7. This relatively 

small cell contains 10 ccm of the liquid, and its sizes are 68 mm of height and 28 mm of 

the external diameter. Small sizes of this vessel allow to use one agitator, which will mix 

the liquid in the whole volume of the cell.  

The biggest disadvantage of the cell shown in figure 4-7 is the lack of probing 

point for the temperature sensor. This generates additional problems, as the exact 

temperature of the mixture in the cell cannot be determined. To solve this problem, two 

separate thermocouples were used. The first one measured temperature of the heated bath, 

while the second one measured the temperature in between four cells clipped together to 
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create a cuboid cluster. This method also allowed to save space in the laboratory as one 

magnetic stirrer was able to mix four independent samples at this same time.  

The last factor that should be taken into consideration is sample withdrawal. In 

the design of the cell shown in Ndlovu’s work two separate sampling points are available, 

one for each phase. This solution is convenient and does not require any additional 

equipment. Design of the cell used in this work has only one point of entry, which is 

septum placed in the cup of the cell. It requires longer needles to withdraw a sample from 

the bottom phase.         

         

 

Fig. 4-7 Diagram of a single measuring 10 ccm cell with a water jacket, height 

of the cell is 68 mm, and the external diameter is 28 mm.  

 

Further modifications of the Raal and Brouckaert’s cell lead to the vessel shown 

in figure 4-8. In this case, the mechanical stirrer was replaced by Teflon coated magnetic 

agitator. Cells of this design were used at Thermodynamics Research Unit in earlier years 

by Narasigadu et al. [209] and Mungar Ram et al. [210]. The biggest disadvantage of this 

cell is its size. The bulky jacket creates additional issues to gain proper access to both 

phases and the proper submersion of the temperature probe. Dedicated sampling ports 

and thermo-well must be introduced during the manufacturing process, which makes this 

process more complicated. To decrease consumption of the ILs and therefore costs of the 

measurements cell design presented in fig. 4-7 was chosen.     
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Fig. 4-8 Diagram of modified Ndlovu’s cell used in TRU by Narasigadu 

et al. [209]. A – sample point for denser liquid phase, B – temperature sensor 

in a thermo-well, C – heating medium inlet, D – heating medium outlet, E 

– Teflon coated magnetic agitator, F – sample point for the lighter liquid 

phase. 
 

 

 

4.2.2 Review of analytical methods 

      

To determine concentrations at the ends of the experimental tie-lines, a variety 

of 3 to 4 of methods are commonly used. One of the most popular and versatile methods, 

used in this work is the usage of the internal standard and co-solvent described in the 

following sections. Different techniques may then be used to analyse mixtures obtained 

after mixing and equilibration processes. The most popular methods are Gas 

Chromatography (GC) described in this work, High-Performance Liquid 

Chromatography (HPLC) and X-Ray Fluorescence Spectrometry (XRF).  

HPLC is relatively similar to the GC method. The difference between these two 

techniques is the use of liquid as a mobile phase. A sample is dissolved in the HPLC grade 

solvent, i.e., methanol, DMSO or tetrachloromethane and then injected to the pressurised 

stream of the mobile phase. Differences of the intermolecular strength between column 

filling and the components of the mixture are responsible for the separation of the mixture. 

The column filling is in the form of the granular porous material with developed surface 
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area (i.e. silica or polymer). Then separated compounds are directed to the detector as in 

the GC method. According to Dong [211], HPLC is less efficient and more difficult for an 

unexperienced user than gas chromatography. 

High-Performance liquid chromatography is derived, and it is an extension of 

the liquid chromatography (LC), and its origins date back to the ’60s. The development 

of this technique is inextricably linked with the development of biotechnology, as LC 

analysis was time-consuming and separations of more complex mixtures took many hours 

or even day and methods of the gas chromatography were not suitable for the study of the 

high mass, polarised particles of the biopolymers [212].  

Over the years, this method has been used in many areas. HPLC allowed 

biotechnologists to study the exact composition of the DNA bases [213] or to separate 

enantiomers of the chiral compounds [214]. Geologists adapted HPLC to study traces of 

amino acids [215] and fullerenes [216] in the geological samples.       

       

 

Fig. 4-9 Block diagram of the HPLC apparatus with UV and refractometer 

detectors [212].  
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X-Ray Fluorescence Spectrometry, unlike the methods mentioned before, is not 

based on the separation of the mixture by use of a chromatographic column. In the case 

of XFR analysis is based on the detection of the characteristic, so-called fluorescent 

radiation of the material bombarded with high-energy gamma rays. Atoms are excited by 

the X-ray spectrum radiation, which means that electrons from the inner orbitals may be 

expelled. This causes instability of the electron’s structure of the atom. An electron from 

the higher orbital “falls” to the lower one to ensure a more stable electron's structure. This 

process releases a photon of the energy equal to the difference between higher and lower 

orbitals. Each element has different characteristic energy of the electron “fall”, which is 

base of the analysis of the samples. For more detailed information reader is referred to 

the literature [217].  

According to Wobrauschek [218], XRF Spectrometry is used in many fields of 

science. Environmental study, i.e. water, air, soil and organic material such as food or 

plant material, can be conducted by the use of this technique. Mineralogy and medicine 

also use XRF for the sample analysis. Oyedotun [219] published a review paper about the 

use of XRF in geological studies. In this work, the method mentioned was used to 

establish amounts of the different elements in the sediments from South West England.   

Gas Chromatography is widely used to analyse LLE data for the ILs containing 

systems. As a versatile, relatively simple method with good repeatability, this technique 

is used worldwide. The internal standard method, described in this work, was successfully 

used by many scientists [100,115,115,122,129,132,135].  

In the previous years, the Thermodynamic Research Unit of the University of 

KwaZulu-Natal published papers, where GC was used to obtain data for the LLE systems 

such as short-chained alcohols + water + dodecane [220], short-chained alcohols + water 

+ acetonitrile [209] or alkylsulfate-based ILs + ethanol + dodecane [210].     

 

4.2.3 Methodology applied in this study 
 

LLE measurements for two-phase mixtures containing hydrocarbon, thiophene, 

and IL were carried out using glass cells, fitted with heating jackets each with a capacity 

of 10 cm3 and equipped with the polymer-coated magnetic stirring element. Size of the 

agitator and stirring speed were chosen to provide proper mixing of both phases. The cells 

designs used were that reported by Ndlovu [207] though the volumes were reduced due to 
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the quantities of available ILs. The jacketed cells were connected to a thermostatic water 

bath (PolyScience temperature controller) to maintain a constant temperature T = 308.15 

K (±0.1). Analysis of the phases was performed using a Shimadzu GC-2010 gas 

chromatograph equipped with an FID detector and Elite-5MS Perkin Elmer capillary 

column. Nitrogen was used as a carrier gas, hydrogen and air were supplied to provide 

stable operation of the detector.  

 

4.2.4 Equipment used in this study 

 

Four jacketed equilibrium cells, connected to PolyScience Temperature 

Controller and water bath and equipped with polymer-coated magnetic stirring elements 

were placed on the stirring plate and filled with 2 ml of IL. To two of them, thiophene 

was added. The remaining two were filled with octane and hexadecane, respectively. Each 

sample was agitated for 6 h and allowed to settle down for another 12 hours at a constant 

temperature to ensure complete mixing of both phases and then their complete separation 

in isothermal conditions. After the withdrawal of the samples from each cell, an additional 

amount of chemicals were added. Both vessels with hydrocarbons were supplemented 

with small doses of thiophene, while one of the cells containing thiophene was 

replenished with octane and another one with hexadecane. This approach a series of 

balance chords to be obtained, starting with binary mixtures. The vessels were sealed with 

septa to prevent moisture and other possible impurities from the atmosphere entering the 

cell and to prevent losses of mixtures components by evaporation. Two calibrated 

temperature sensors were used to control the thermal stability of the setup. Both sensors 

were submerged in the WIKA CTB9100 micro calibration bath, and their readings were 

compared with the certified thermometer WIKA CTH6500. Calibration curves charts and 

linear equations used to obtain real values of the temperature are presented in Appendix 

B. One of the thermocouples was placed in the water bath to control the temperature of 

the water, which goes into cells jackets. The second thermocouple was attached to the last 

cell, to control the temperature of the water at the end of the cells line. The temperature 

was controlled to ensure that all mixtures were mixed at this same conditions. Results 

were obtained at 35°C.  Figure 4-10 shows a schematic diagram of the equilibrium setup 

used during this study.   
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Fig. 4-10 Schematic of the equilibration setup used during the preparation of the 

LLE data samples. 

 

 

 

Fig. 4-11 Schematic of gas chromatography setup used for liquid-liquid 

equilibrium measurements. 

 

4.2.5 Sample withdrawal  

 

For the preparation of the samples for analysis via chromatography, 0.1-0.3 cm3 

of each phase were withdrawn by the use of disposable plastic syringes and placed in 

separate 2 cm3 glass vials of known masses, sealed with a septum. Each vial with the 

sample was weighed with the precision of ± 0.0001 g, and to each one of them, 1 cm3 of 
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an internal standard prepared by mixing of 5 ml of chosen standard and 95 ml of co-

solvent, were added. 2- pentanone was used as a standard, while 1-propanol served as co-

solvent. Both chemicals were used because of their retention times and lack of peak 

overlapping with the components of the studied mixtures. The addition of the internal 

standard provided reference compound for chromatography measurements and also 

prevented the mixture from separating, acting as a co-solvent. Vials with samples of the 

phases and standard mixture were weighed again. Differences of masses between each 

step were used to calculate molar fractions of components of the samples, which allowed 

to obtain tie-lines data for the liquid-liquid equilibria.  

 

4.2.6 GC method 

 

Table 4-1 shows the column and method used during LLE measurements. An 

Elite-5MS capillary column supplied by Perkin Elmer was used as the most suitable 

column. It allowed for the analyses of all components for both the octane and hexadecane 

systems, as well as the good separation of the peaks for all of the mixture components.   

 

Table 4-1 Gas chromatograph operational conditions for compositional analysis of the 

equilibrium phases. 

Element Characteristic  Description 

Column Type Elite-5MS Perkin Elmer (1,4-

bis(dimethylsiloxy)phenylene 

dimethylpolysiloxane), length 30 m, inner 

diameter 0.25 mm, film thickness μm  

 Flow 1 mL∙min–1 

 Carrier gas Nitrogen 

Oven Temperature 323.15 K 

Injector Injection volume 0.5 μL 

 Split ratio 75:1 

 Temperature 573 K 

Detector Type Flame ionisation detector (FID) 

 Temperature 573 K 
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4.2.7 GC detector calibrations and calculation of the mole fractions 

 

Calibration of the GC FID was conducted by use of the internal standard method. 

Preparation of each sample required weighing a set mass of one of the components. Then 

a known mass of the internal standard was added to the prepared vessel. The use of a 

known mass for both compounds - the sample and the standard allowed the use of the 

method consisting in correlating the mass ratio of both components with the peak area 

ratio. For each sample, three separate measurements were carried out to check the 

repeatability of the detector and minimise possible errors. The average value of ratios for 

each sample was used to establish the calibration curve linear equation.  This method 

allowed the calculation of the molar fraction of ionic liquid, which was retained in the 

chromatograph response factor. Figures 4-12 to 4-17 shows the calibration curves 

obtained for thiophene, octane and hexadecane, respectively.  

A sample from each phase was withdrawn from the equilibrium cell and was 

prepared as described in the section 4.2.5. From this prepared sample three GC samples 

were injected to ensure minimisation of errors. by adding a known amount of internal 

standard,  the mass of this known variable was used to determine the remaining unknowns 

via the peaks area ratios obtained from the GC injections. Two other unknowns which are 

peak areas for the standard and for the studied compound, i.e., thiophene were obtained 

by the use of the GC. The last unknown, i.e., the mass of the studied compound was 

calculated by the use of the linear equation (eqn. 4 - 1) obtained during the calibration 

process. 

𝑦 = 𝑎𝑥 + 𝑏                                                                                                                             (4 − 1) 

where: 

𝑦 =
𝑚𝑡ℎ𝑖𝑜𝑝ℎ𝑒𝑛𝑒

𝑚𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
                                                                                                                     (4 − 2) 

𝑥 =
𝐴𝑡ℎ𝑖𝑜𝑝ℎ𝑒𝑛𝑒

𝐴𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
                                                                                                                      (4 − 3) 

The value of the slope a is obtained from the calibration curve, with the intercept  b  equal 

to 0.  

These calculations were performed for the S-compound and hydrocarbon in the 

sample, which yielded the masses of both compounds. The IL was prevented from 
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entering the GC column via a liner placed in the injection port. However the mass of the 

ionic liquid is calculated by the reduction of the initial sample mass (withdrawn sample) 

by the mass of the S-compound and hydrocarbon. This allows for the calculation of all 

the component molar fractions in the sample.        

 

Fig. 4-12 GC FID detector calibration curve. The ratio of (Athiophene/Astandard) 

correlated with the respective mass ratio. For each sample, three separate 

measurements (marked as ●, ▲ and ■, respectively) were carried out. The 

average value of ratios (○) for each sample was used to establish the 

calibration curve linear equation 𝑦 = 0.9482𝑥 with coefficient of 

determination R2
 = 0.9997.  

 

Fig. 4-13 Residuals for the calibration of the GC FID detector for thiophene 

calibration. The standard error for the calibration was 0.001. 
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Fig. 4-14 GC FID detector calibration curve. The ratio of (Aoctane/Astandard) 

correlated with the respective mass ratio. For each sample, three separate 

measurements (marked as ●, ▲ and ■, respectively) were carried out. The 

average value of ratios (○) for each sample was used to establish the 

calibration curve linear equation 𝑦 = 0.64396𝑥 with coefficient of 

determination R2
 = 0.99986. 

 

 

Fig. 4-15 Residuals for the calibration of the GC FID detector for octane 

calibration. The standard error for the calibration was 0.004. 
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Fig. 4-16 GC FID detector calibration curve. The ratio of (Ahexadecane/Astandard) 

correlated with the respective mass ratio. For each sample, three separate 

measurements (marked as ●, ▲ and ■, respectively) were carried out. The 

average value of ratios (○) for each sample was used to establish the 

calibration curve linear equation 𝑦 = 0.4818𝑥 with coefficient of 

determination R2
 = 0.99980. 

 

 

Fig. 4-17 Residuals for the calibration of the GC FID detector for hexadecane 

calibration. The standard error for the calibration was 0.005. 
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4.2.8 Gas chromatograph operation 

 

I. The inner lining of the injector port was removed, cleaned and supplied with 

a small piece of the glass wool to prevent non-volatile ionic liquids from 

blocking the column during the measurements. This was cleaned weekly.  

II. The Shimadzu GC-2010 was switched on, gas valves on cylinders were 

opened, and GC operating parameters were set on the monitor. 

III. The system was left to stabilise for at least an hour.  

IV. Samples were injected into the injector port. Each sample was injected three 

times, then ratios of the peak areas between individual components of the 

mixture and internal standard from three runs were averaged. 

V. After completion of analyses, the GC detector was switched off while the 

temperature settings were set to 25°C. These allowed the unit to cool down. 

Gas flow was kept unchanged to the moment when the detector reached 

50°C. This was deemed safe to turn off the apparatus. 

VI. The gas cylinder valves were closed, and the GC was turned off.  

 

 

4.3 Safety gear 

 

Safety in the laboratory is always a priority. During both experimental 

procedures, standard protective equipment was used.  This includes a laboratory coat, 

latex/nitrile gloves and goggles. Work with potentially dangerous or odorous, and volatile 

compounds was conducted in a fume cupboard as a workstation. Due to the nature of 

sample preparation, mixing took place outside working hours, so that analyses could be 

performed during normal working hours. The magnetic stirrer was connected using a 

control device, and the current was switched off to stop stirring after 6 hours. 

Chemicals were stored in two ways. Small vials and bottles of highly volatile 

compounds were kept in the refrigeration unit at a temperature of about 3-4°C to ensure 

proper storage conditions. Bottles with non-volatile chemical compounds were kept in 

chemical storage. Used chemicals were placed in properly labelled bottles. Each bottle’s 
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label contained the name of the chemists, list of the compounds and approximate 

concentration of the chemicals in the mixture. Filled bottles were disposed of safely by 

the laboratory technician.  
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Chapter 5 Results & discussion 
  

This chapter summarizes the results obtained from the experimental work and 

undertakes a discussion to draw conclusions about the collected data. The first part 

summarizes the results of the limiting activity coefficients calculations, while the second 

part focuses on the liquid-liquid equilibrium data and the results of the NRTL modelling. 

The third part of this chapter presents a possible design of the EDS processes with the use 

of ILs.  The chapter concludes with an assessment of the viability of the proposed process. 

 

5.1 Motivation for the ILs tested 

 

The choice of ionic liquids was a very important part of this work. Few steps 

were taken into consideration during this process. The first step of the potential IL 

screening was related to the data presented in Chapter 2. In this step, ionic liquids used in 

this work were chosen by comparison of the performance index values, which helped to 

choose few potential groups of the solvents, i.e. imidazolium-based ILs with short alkyl 

chain or ILs with dicyanamide [DCA] anion which showed high values of the PI obtained 

from the literature. Crucial information was obtained by calculation of the selectivities, 

partition coefficients and performance indices from activity coefficients at infinite 

dilution. In the next step, the proposed systems were compared with the literature data, to 

check which of these had been studied and published. The final step of the IL screening 

procedure was the availability of the ILs.          

 1,3-Dihydroxyimidazolium bis{(trifluoromethyl)sulphonyl}imide [OHOHIM] 

[NTf2] represents the family of the imidazolium ILs with short substituent chains. The 

imidazolium-based and short-chained ILs are known as a promising extractant for 

extractive desulphurization process, as shown in Table 2-1. This IL was also interesting 

because it consists of two hydroxyl groups instead of alkyl chains as substituents, which 

have not been widely studied as a potential extractant for the desulphurisation process.   

1-Butyl-1-methylpiperidinium dicyanamide [BMPIP][DCA] was chosen 

because of the interesting anion. In general, ILs with the dicyanamide anion presents high 

values of selectivity and performance indices. At the time of the experimental 
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measurements for this work, the amount of studied piperidinium ILs was relatively low, 

which was an additional motivation, to study this particular ionic liquid.  

Tri-iso-butylmethylphosphonium tosylate [P-i4,i4,i4,1][TOS] was chosen because 

of promising results obtained for benzo- and dibenzothiophene LLE systems. There 

currently exists no published results for LLE systems with this IL and thiophene. At this 

same time, values of the Performance Indices obtained by the use of activity coefficients 

at infinite dilution data published for shorter chain alkanes stood in contradiction to the 

published LLE data.   

1-Butyl-3-methylimidazolium trifluoromethanesulphonate [BMIM][OTf] was 

chosen in a similar way to the [P-i4,i4,i4,1][TOS], as not many systems with this IL was 

published, especially for the systems with longer alkyl chain model fuels.   

 1-Butyl-1-methylpyrrolidinium dicyanamide [BMPYR][DCA] was used in the 

activity coefficients at infinite dilution study as an important step, to ensure coverage of 

the whole spectrum of the experimental methods and thermodynamic principles, which 

leads to the extractive desulphurisation process. Without this measurement, this thesis 

would not be complete, as the  𝛾∞ values are crucial for the development of the extractive 

desulphurisation.    

The following ionic liquids were used in LLE measurements with both octane and 

hexadecane: 

I. 1,3-dihydroxyimidazolium bis{(trifluoromethyl)sulphonyl}imide 

([OHOHIM][NTf2]) 

II. 1-butyl-3-methylimidazolium trifluoromethanesulphonate 

([BMIM][OTf]) 

III. 1-butyl-1-methylpiperidinium dicyanamide ([BMPIP][DCA]) 

IV. Tri-iso-butylmethylphosphonium tosylate ([P-i4,i4,i4,1][TOS]) 
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5.2 Materials  
 

Tables 5-1 to 5-3 lists the chemical compounds used during this study. Table 5-

1 shows information about chemicals used for GLC measurements. Table 5-2 summarizes 

the properties and purities of ILs used, while table 5-3 lists chemical compounds used 

during LLE measurements.   

 

Table 5-1 The sources and mass fraction purities of materials used during 

measurements of activity coefficients at infinite dilution γ13
∞ . 

Chemical name Source Initial mass 

fraction purity 

n-heptane Saarchem ≥ 0.99 
n-octane Merck ≥ 0.99 

n-nonane Merck ≥ 0.99 

1-hexene Merck ≥ 0.96 

cyclohexene Aldrich ≥ 0.999 

1-heptene Aldrich ≥ 0.97 

1-octene Aldrich ≥ 0.98 

1-decene Aldrich ≥ 0.94 

1-hexyne Aldrich ≥ 0.97 

1-heptyne Aldrich ≥ 0.98 

1-octyne Aldrich ≥ 0.97 

benzene Aldrich ≥ 0.99 

toluene Aldrich ≥ 0.999 

ethylbenzene Aldrich ≥ 0.998 

o-xylene Aldrich ≥ 0.99 

m-xylene Aldrich ≥ 0.99 

p-xylene Aldrich ≥ 0.99 

styrene Aldrich ≥ 0.99 

alpha-methylstyrene Aldrich ≥ 0.99 

methanol Merck ≥ 0.995 

ethanol Aldrich ≥ 0.998 

1-propanol Aldrich ≥ 0.999 

2-propanol Aldrich ≥ 0.995 

1-butanol Aldrich ≥ 0.998 

2-butanol Aldrich ≥ 0.995 

2-methyl-1-propanol Aldrich ≥ 0.99 

thiophene Aldrich ≥ 0.99 

tetrahydrofuran Aldrich ≥ 0.999 

1,4-dioxane Aldrich ≥ 0.998 

tert-butyl ethyl ether Aldrich ≥ 0.99 

tert-butyl methyl ether Aldrich ≥ 0.998 

tert-pentyl methyl ether Aldrich ≥ 0.97 

di-n-propyl ether Aldrich ≥ 0.99 
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Table 5-1 The sources and mass fraction purities of materials used during 

measurements of activity coefficients at infinite dilution γ13
∞ . 

Chemical name Source Initial mass 

fraction purity 

di-iso-propyl ether Fluka ≥ 0.98 

di-n-butyl ether Aldrich ≥ 0.99 

acetone Merck ≥ 0.98 

2-pentanone Aldrich ≥ 0.995 

3-pentanone Aldrich ≥ 0.99 

methyl propionate Aldrich ≥ 0.99 

methyl butyrate Aldrich ≥ 0.99 

ethyl acetate Aldrich ≥ 0.997 

propionaldehyde Merck ≥ 0.98 

butyraldehyde Aldrich ≥ 0.99 

acetonitrile Fluka ≥ 0.999 

pyridine Merck  ≥ 0.99 

1-nitropropane Aldrich ≥ 0.985 
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Table 5-2 Properties of the ionic liquids investigated: structure, name, abbreviation 

of name, supplier, CAS number, molar mass (M), mass fraction purity (as stated by 

the supplier) and purification method. 

Structure Name, abbreviation, supplier, 

CAS 

M/ 

(g·mo

l-1)

Mass 

fraction 

purity 

/maximu

m water 

content 

(mass 

fraction)a 

1-Butyl-1-methylpyrrolidinium

dicyanamide,

[BMPYR][DCA], Io-Li-Tec,

CAS: 370865-80-8

208.3

0 

>0.980/

<500x10-6

1,3-Dihydroxyimidazolium 

bis{(trifluoromethyl)sulphonyl

}imide, [OHOHIM][NTf2], 

Sigma Aldrich, CAS: 951021-

12-8

381.2

3 

>0.980/

<500x10-6 

1-Butyl-3-methylimidazolium

trifluoromethanesulphonate,

[BMIM][OTf], Sigma Aldrich,

CAS: 174899-66-2

264.3

0 

>0.980/

<500x10-6 

1-Butyl-1-methylpiperidinium

dicyanamide, [BMPIP][DCA],

Io-li-tec, CAS: 827033-52-3

222.3

4 

>0.970/

<500x10-6 

Tri(iso-

butyl)methylphosphonium 

tosylate, [P-i4,i4,i4,1][TOS], Io-li-

tec, CAS: 374683-35-9 

388.5

5 

>0.950/

<500x10-6 
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Table 5-3 Properties and purity of the original materials used in the LLE study. 

Compound Supplier  Mass 

fraction 

purity 

Maximum 

water 

content 

(mass 

fraction)a 

Analysis 

method 

CAS 

number 

Octane Merck 0.990 <1000×10-6 GC 111-65-9 

Hexadecane Sigma Aldrich 0.990 <1000×10-6 GC 544-76-3 

Thiophene Sigma Aldrich 0.990 <1000×10-6 GC 110-02-1 

2-pentanone Sigma Aldrich 0.995 <1000×10-6 GC 107-87-9 

1-propanol Sigma Aldrich 0.990 <1000×10-6 GC 71-23-8 

Methanol Sigma Aldrich 0.990 <1000×10-6 Karl Fisher 67-56-1 
a Purification method: molecular sieves 

 

 

To remove volatile impurities and trace amounts of water samples the ILs were 

dried for 72 h at T = 353 K under pressure P = 0.33 atm. Thiophene, octane and 

hexadecane used for LLE measurements were stored over freshly activated 0.3 nm 

molecular sieves supplied by Merck. The water content was checked by the use of the 

Karl-Fischer Moisture Titrator MKS 500. Samples of ILs or solvents were dissolved in 

methanol and titrated in steps of 0.005 cm3. The error in the water content was ±10×10-6 

in mass fraction. The water content in the IL used during limiting activity coefficients 

calculations was less than 500×10-6 in mass fraction, while the water content of the ILs 

used during the LLE measurements were less than 1000×10-6 in mass fraction. 
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5.3 Activity coefficients at infinite dilution, 𝛾13
∞   

  

Few trial injections of the hexane, 1-hexene, cyclohexane benzene and toluene 

were made to prove that the apparatus was setup correctly, leak-free and the experimental 

method was correct. As a test system, hexadecane was chosen. Results obtained during 

the test system measurements were satisfying in comparison with the literature data, 

values were in the range of ±2.5%, and the slopes of the data sets agreed. This proved a 

proper preparation of the experimental setup and allowed for the continuation of the 

experimental work.  

Two columns were prepared according to the procedure described in section 

4.1.2. Columns contained 27.26% and 44.16% of hexadecane adsorbed on the solid 

support, respectively. Experimental results were compared to the literature data [221] and 

are presented in Appendix A.   

Table 5-4 shows the values of 𝛾13 
∞ for 46 solutes in [BMPYR][DCA], obtained 

at five different temperatures. Figures 5-1 to 5-5 show a graphical representation of the 

trends for individual groups of compounds in relation to temperature. The value of 𝛾13 
∞

 
is 

used to describe an existing interaction between a solute and the solvent at the infinite 

dilution.  The strongest interactions are with [BMPYR][DCA] and the lowest values of 

the 𝛾13 
∞

 
values for all of the temperatures were obtained for alcohols such as methanol, 

ethanol or 1-propanol, respectively (𝛾13 
∞ = 0.333, 𝛾13 

∞ = 0.525 and 𝛾13 
∞ = 0.645) at T = 

323.15 K. Strong interaction was observed also for acetonitrile (𝛾13 
∞ = 0.668), 2-propanol 

(𝛾13 
∞ = 0.719), 1-nitropropane (𝛾13 

∞ = 0.740), 2-methyl-1-propanol (𝛾13 
∞ = 0.835), thiophene 

(𝛾13 
∞ = 0.845), 1-butanol (𝛾13 

∞ = 0.873), 2-butanol (𝛾13 
∞ = 0.888), and acetone (𝛾13 

∞ = 0.910)  

at T = 323.15 K. The highly polar dicyanamide anion ([DCA]) is responsible for strong 

interactions with polar solutes. In contrast, non-polar solvents, such as alkanes reveal high 

values of 𝛾13 
∞ , e.g., for alkanes (𝛾13 

∞  = 74 to 154 at T = 323.15 K), alkenes (𝛾13 
∞  = 20.3 to 

98.2 at T = 323.15 K), and alkynes (𝛾13 
∞  = 3.98 to 9.03 at T = 323.15 K) for 1-butyl-1-

methypyrrolidinium dicyanamide, [BMPYR][DCA].  
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Table 5-4 The experimental activity coefficients at infinite dilution 


13  for the solutes in 

ionic liquid [BMPYR][DCA] at different temperatures. 

 
Solute T/K 

313.15 323.15 343.15 363.15 373.15 

n-heptane 79.1 74.6 66.5 60.2 53.6 
n-octane 119 111 96.0 86.0 81.0 
n-nonane 172 154 133 120 114 
1-hexene 21.0 20.3 19.3 18.4 18.6 
cyclohexene 9.06 8.78 8.65 8.48 8.26 
1-heptene 31.5 30.4 29.2 27.8 27.7 
1-octene 47.8 46.3 42.8 40.3 39.0 
1-decene 104 98.2 89.4 83.7 78.7 
1-hexyne 3.81 3.98 4.32 4.61 4.77 
1-heptyne 5.76 5.95 6.39 6.76 6.92 
1-octyne 8.87 9.03 9.41 9.79 9.87 
benzene 1.38 1.40 1.49 1.60 1.62 
toluene 2.07 2.14 2.30 2.43 2.48 
ethylbenzene 3.32 3.43 3.52 3.70 3.77 
o-xylene 2.69 2.75 2.91 3.10 3.18 
m-xylene 3.36 3.47 3.58 3.74 3.81 
p-xylene 3.24 3.24 3.47 3.63 3.73 
styrene 1.49 1.54 1.70 1.80 1.90 
alpha-methylstyrene 2.20 2.37 2.67 2.89 3.02 
methanol 0.336 0.333 0.339 0.348 0.353 
ethanol 0.533 0.525 0.520 0.519 0.521 
1-propanol 0.649 0.645 0.648 0.665 0.638 
2-propanol 0.744 0.719 0.714 0.711 0.696 
1-butanol 0.897 0.873 0.844 0.836 0.814 
2-butanol 0.875 0.888 0.859 0.869 0.881 
2-methyl-1-propanol 0.872 0.835 0.785 0.786 0.764 
thiophene 0.807 0.845 0.929 1.01 1.05 
tetrahydrofuran 1.34 1.39 1.48 1.56 1.60 
1,4-dioxane 0.909 0.962 1.05 1.13 1.17 
methyl tert-butyl ether 6.25 6.32 6.55 6.92 7.15 
methyl tert-pentyl ether 9.56 9.39 9.65 9.77 9.93 
ethyl tert-butyl ether 17.2 16.9 16.9 16.7 16.1 
di-n-propyl ether 17.9 17.0 16.8 16.6 16.6 
di-iso-propyl ether 19.4 18.8 19.1 18.6 18.3 
di-n-butyl ether 40.2 38.8 36.2 33.9 32.9 
acetone 0.907 0.910 0.978 1.04 1.06 
2-pentanone 1.73 1.79 1.89 1.96 2.02 
3-pentanone 1.70 1.76 1.90 1.99 2.04 
methyl propionate 2.07 2.09 2.22 2.33 2.40 
methyl butyrate 2.92 3.00 3.16 3.25 3.34 
ethyl acetate 2.35 2.36 2.48 2.57 2.61 
propionaldehyde 1.04 1.05 1.10 1.16 1.21 
butyraldehyde 1.40 1.46 1.53 1.62 1.67 
1-nitropropane 0.721 0.740 0.789 0.827 0.838 
pyridine 1.02 1.05 1.07 1.11 1.13 
acetonitrile 0.659 0.668 0.693 0.720 0.728 

a Standard uncertainties u are u(


13 ) = ±5 %, u(T) = 0.01 K, u(P) = ± 1 kPa. 
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High values of the 𝛾13 
∞  for alkanes represent relatively weak interactions of this

class of solutes with the studied IL. The existence of a double bond in the studied alkenes 

increases the strength of interactions between this class of the compounds and the polar 

ionic liquid, as observed by the lower values of 𝛾13 
∞

 
 for alkenes than alkanes with the

same carbon number. Similar behaviour can be observed for alkynes, as the slightly acidic 

properties of the hydrogen atom and the presence of π electrons of the triple bond are 

responsible for even stronger interactions of alkynes and polar ionic liquid. Consequently, 

alkynes have lower values of 𝛾13 
∞ than corresponding alkanes and alkenes.

The 𝛾13 
∞  values usually show two gradients of a slope for different groups of solutes,

correlated to endothermic and exothermic effects during the interaction of solutes with 

the IL. The temperature dependence of 𝛾13 
∞ for different solutes are presented in Figs 5-1

to 5-5. Diagrams present the plot of  ln 𝛾13 
∞ as a function of 1/T for all investigated solutes.

In this study alkynes, aromatics and esters show a different temperature dependence. The 

𝛾13 
∞ values decrease with an increase in temperature for alkanes, alkenes, cycloalkanes,

alcohols and, long-chain ethers. The opposite can be observed for alkynes, aromatic 

hydrocarbons, short-chain ethers, esters, and ketones. Very low influence of temperature 

is noted for most of the solutes, except alkanes. 

Table 5-5 lists the values of the partial molar excess enthalpies at infinite 

dilution, ∆𝐻1
𝐸,∞

, partial molar excess Gibbs energies at infinite dilution, ∆𝐺1
𝐸,∞

, and the

partial molar excess  entropies at infinite dilution, 𝑇ref∆𝑆1
𝐸,∞

, for all examined solutes in

IL at a reference temperature T = 323.15 K.  These thermodynamic functions provide 

crucial data about the interactions between the particles of solute and IL. The ∆𝐺1
𝐸,∞

 was

calculated with the use of the temperature dependence of 𝛾13 
∞ . The values of ∆𝐺1

𝐸,∞
 are

negative only for polar solutes. The infinite dilution activity coefficients are smaller than 

one for these solutes, i.e., 

13 < 1, which could be described as a negative deviation from 

Raoult's law. High positive values of ∆𝐺1
𝐸,∞

 (positive deviations from Raoult's law) were

observed for alkanes, i.e., n-nonane (  E,

1G =14.33 kJ×mol-1), n-octane (  E,

1G = 13.34 

kJ×mol-1), alkenes, i.e., 1-decene (  E,

1G = 13.20 kJ×mol-1), 1-octene (  E,

1G =11.05 

kJ×mol-1) and ethers, i.e., di-n-butyl ether (  E,

1G =10.54 kJ×mol-1). The partial excess 

molar enthalpies at infinite dilution, ∆𝐻1
𝐸,∞

, calculated by use of the Gibbs-Helmholtz

equation shows negative values for most of the solutes with exception of alkanes, alkenes, 
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long chain ethers, and alcohols except methanol (∆𝐻1
𝐸,∞

= -0.870 kJ×mol-1) and 1-

propanol (∆𝐻1
𝐸,∞

= -0.044 kJ×mol-1).  

Table 5-5 Limiting partial molar excess enthalpies 
 ,

1

EH  Gibbs energies, 
 ,

1

EG , and 

entropies 
 ,

1ref

EST  for the solutes in [BMPYR][DCA] at the reference temperature 

Tref = 358.15 K. 

 
Solute  ,

1

EH /(kJ×mol–1) 
 ,

1

EG /(kJ×mol–1) 
 ,

1ref

EST

/(kJ×mol–1) n-heptane 5.943 12.20 -6.252 
n-octane 6.229 13.34 -7.108 
n-nonane 6.508 14.33 -7.826 
1-hexene 2.112 8.742 -6.630 
cyclohexene 1.297 6.359 -5.062 
1-heptene 2.119 9.953 -7.835 
1-octene 3.321 11.05 -7.726 
1-decene 4.323 13.20 -8.878 
1-hexyne -3.624 4.506 -8.130 
1-heptyne -3.017 5.645 -8.662 
1-octyne -1.805 6.755 -8.559 
benzene -2.791 1.332 -4.123 
toluene -2.984 2.596 -5.580 
ethylbenzene -1.989 3.864 -5.853 
o-xylene -2.766 3.324 -6.090 
m-xylene -1.970 3.900 -5.870 
p-xylene -2.422 3.810 -6.231 
styrene -3.891 1.731 -5.623 
alpha-methylstyrene -5.055 3.103 -8.158 
methanol -0.870 -3.155 2.286 
ethanol 0.351 -1.944 2.295 
1-propanol -0.044 -1.285 1.241 
2-propanol 0.838 -1.033 1.870 
1-butanol 1.419 -0.544 1.963 
2-butanol 0.097 -0.405 0.501 
2-methyl-1-propanol 1.958 -0.731 2.689 
thiophene -4.287 -0.030 -4.257 
tetrahydrofuran -2.856 1.287 -4.143 
1,4-dioxane -4.043 0.311 -4.354 
tert-butyl ethyl ether -2.170 5.737 -7.907 
methyl tert-butyl ether -0.711 6.787 -7.499 
methyl tert-pentyl ether 0.819 8.354 -7.535 
di-n-propyl ether 1.044 8.381 -7.337 
di-iso-propyl ether 0.729 8.707 -7.978 
di-n-butyl ether 3.257 10.54 -7.281 
acetone -2.739 0.063 -2.802 
2-pentanone -2.421 1.989 -4.410 
3-pentanone -2.972 2.013 -4.985 
methyl propionate -2.464 2.491 -4.955 
methyl butyrate -2.110 3.500 -5.610 
propionaldehyde -1.811 2.782 -4.593 
butyraldehyde -2.425 0.428 -2.853 
acetonitrile -2.754 1.405 -4.159 
pyridine -2.525 -0.612 -1.913 
1-nitropropane -1.562 0.292 -1.854 
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The negative values of ∆𝐻1
𝐸,∞

can be described as relatively strong energetic

interactions between particles of solute and molecules of solvent. The exothermic 

dissolution results from the hydrogen bond between the solute and IL. The partial excess 

molar entropies at infinite dilution, 𝑇ref∆𝑆1
𝐸,∞

, are negative for all solutes, excluding

alcohols. The loss of entropy for most of the solutes in [BMPYR][DCA] at a reference 

temperature T = 323.15 K suggest a formation of an organized structure with particles of 

IL. 

Table 5-6 presents the (gas + liquid) partition coefficients, KL for organic solutes 

in [BMPYR][DCA]. The highest values are observed for alpha-methylstyrene, KL = 3708 

and the lowest for 1-hexene, KL = 8.65, at T = 323.15 K. The typical trends that is 

decreasing KL with the increase of the temperature and increase KL values with the 

increase of the alkyl chain length in the solute are observed. 

Table 5-6 The experimental (gas + liquid) partition coefficients, KL for the solutes 

in ionic liquid [BMPYR] [DCA] at different temperatures.a

Table 5-6 The experimental (gas + liquid) partition coefficients, KL for the solutes in

ionic liquid [BMPYR] [DCA] at different temperatures.a

Solute T/K 

313.15 323.15 343.15 363.15 373.15 

n-heptane 13.1 9.5 5.26 3.15 2.57 
n-octane 25.6 17.5 9.14 5.11 3.97 
n-nonane 50.9 34.7 16.3 8.32 6.18 
1-hexene 13.9 8.65 6.00 3.78 2.98 
cyclohexene 62.0 44.6 23.9 14.1 11.3 
1-heptene 27.1 19.1 10.1 5.91 4.58 
1-octene 53.1 35.2 17.3 9.40 7.20 
1-decene 197 121 50.7 23.4 17.1 
1-hexyne 101 68.3 33.9 18.6 14.2 
1-heptyne 195 126 57.5 29.3 21.7 
1-octyne 366 229 96.8 46.1 33.4 
benzene 381 253 128 68.5 52.5 
toluene 776 501 222 111 82.0 
ethylbenzene 1320 806 340 161 115 
o-xylene 2290 1160 559 251 175 
m-xylene 1480 899 382 177 125 
p-xylene 1480 923 379 176 125 
styrene 4430 2620 997 445 302 
alpha-methylstyrene 6650 3710 1320 548 365 
methanol 1080 711 333 170 125 
ethanol 1340 851 373 182 131 
1-propanol 2800 1670 681 292 214 
2-propanol 1220 765 324 153 112 
1-butanol 5680 2870 1210 509 355 
2-butanol 2380 1360 548 243 169 
2-methyl-1-propanol 3780 2220 854 364 254 
thiophene 764 495 234 121 90.8 
tetrahydrofuran 238 163 82.7 46.1 35.5 
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Table 5-6 The experimental (gas + liquid) partition coefficients, KL for the solutes 

in ionic liquid [BMPYR] [DCA] at different temperatures.a

Table 5-6 The experimental (gas + liquid) partition coefficients, KL for the solutes in

ionic liquid [BMPYR] [DCA] at different temperatures.a

Solute T/K 

313.15 323.15 343.15 363.15 373.15 
1,4-dioxane 1350 847 374 185 135 
tert-butyl ethyl ether 23.5 16.8 9.06 5.39 4.36 
methyl tert-butyl ether 34.8 25.0 13.6 8.07 6.32 
methyl tert-pentyl ether 69.2 48.0 24.2 13.6 10.4 
di-n-propyl ether 43.0 30.6 15.7 8.9 6.86 
di-iso-propyl ether 18.0 13.2 7.07 4.29 3.44 
di-n-butyl ether 158 99.6 44.1 22.0 16.1 
acetone 255 182 93.4 52.7 41.1 
2-pentanone 743 472 213 109 79.5 
3-pentanone 733 470 211 106 78.1 
methyl propionate 272 182 86.6 45.8 34.4 
methyl butyrate 474 300 133 67.0 48.8 
ethyl acetate 220 149 71.8 38.7 29.4 
propionaldehyde 166 120 64.3 37.9 29.4 
butyraldehyde 320 214 108 58.8 44.6 
acetonitrile 864 597 302 166 128 
pyridine 2930 1830 787 382 278 
1-nitropropane 4050 2460 1040 485 344 
a Standard uncertainties u are u(KL) = ±5 %, u(T) = 0.01 K, u(P) = ± 1 kPa. 

Fig. 5-1 Plot of ln(


13 ) for ionic liquid [BMPYR][DCA] versus 1000/T for the 

solutes: (◊) heptane; (○) octane; (+) nonane; (●) hexene; (■) cyclohexene; 

(▲) heptene; (♦) octene; () decene; (Δ) hexyne; (□) heptyne.; () octyne.
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Fig. 5-2 Plot of ln(


13 ) for ionic liquid [BMPYR][DCA] versus 1000/T for the 

solutes: (●) benzene; (♦) toluene; (▲) ethylbenzene; (Δ) o-xylene; (□) m-

xylene; (○) p-xylene; () styrene; () α-methylstyrene.  
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Fig. 5-3 Plot of ln(


13 ) for ionic liquid [BMPYR][DCA] versus 1000/T for the 

solutes: (●) methanol; (♦) ethanol; (▲) 1-propanol; (■) 2-propanol; (○) 1-

butanol; (◊) 2-butanol; (Δ) 2-methyl-1-propanol. 
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Fig. 5-4 Plot of ln(


13 ) for ionic liquid [BMPYR][DCA] versus 1000/T for the 

solutes: (●) methyl tert-butyl ether; (■) methyl tert-propyl ether; (▲) ethyl 

tert-butyl ether; (○) dipropyl ether; (□) di-iso-propyl ether; (Δ) dibutyl ether. 
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Fig. 5-5 Plot of ln(


13 ) for ionic liquid [BMPYR][DCA] versus 1000/T for the 

solutes: (●) acetone; (♦) 2-pentanone; (▲) 3-pentanone; (Δ) methyl 

propionate; (○) methyl butyrate; (◊) ethyl acetate; () propionaldehyde; () 

butyraldehyde. 
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Equation 3-17 states that selectivity is the result of the division of activity 

coefficients at infinite dilution obtained for two solutes in this same solvent. This allows 

to estimate potential usefulness of solvent in different extraction processes. 

Thiophene/hydrocarbon is only one of the studied problems. Other interesting systems 

are aliphatic/aromatic hydrocarbons separation, alkanes/alkynes and 

ethylbenzene/styrene separation problems. Table 5-7 lists selectivity (S) and partition 

coefficient (β) literature data at T = 328.15 K for mentioned systems for ILs with the 

[DCA] anion and [BMPYR] cation in literature [57–59,61–64,66,72,222,223].   

The selectivities for all of the considered systems: heptane/benzene (S = 53.3), 

heptane/thiophene (S = 88.3), heptane/heptyne (S = 12.0) and ethylbenzene/styrene (S = 

2.23) are higher for [BMPYR][DCA] than for other [BMPYR]-based ILs. It can be 

concluded that the [DCA] anion has a stronger influence on compounds such as benzene, 

thiophene or styrene than other studied anions.  

In relation to the [DCA]-based ILs, the most interesting are high selectivities 

calculated for [EMMOR][DCA]. This behaviour is related to the additional interaction of 

the low electron pairs on the oxygen atom in the morpholinium ring and the solute. 

Similar interactions were expected for the hydroxyl group, which allowed 

[P(OH)MIM][DCA] and [P(OH)PY][DCA] ILs to achieve high selectivities. 

[EMIM][DCA] and [AMIM][DCA] also show higher values of selectivity for the 

{heptane + benzene + IL} and {heptane + thiophene + IL} systems. This may be related 

to the small size of the cation particle and short alkyl substituent chains, which was 

discussed in the literature review.    
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Table 5-7 Selectivities (S) and partition coefficients (β) for heptane/benzene, thiophene/heptane, heptane/heptyne and 

ethylbenzene/styrene separation problems for selected ionic liquids at T = 328.15 K.a 

IL 

S β 

Ref. 

heptane/ 

benzene 

heptane/ 

thiophene 

heptane/ 

1-heptyne 

ethylbenzene/ 

styrene benzene thiophene 1-heptyne styrene 

[BMPYR][DCA] 53.3 88.3 12.0 2.18 0.71 1.18 0.17 0.63 

This 

work 

[EMMOR][DCA] 140 273 13.9 2.32 0.22 0.42 0.02 0.15 58 

[EMIM][DCA] 66.2 109 - - 0.39 0.64 - - 222  

[AMIM][DCA] 64.1 107 11.1 2.19 0.32 0.53 0.05 0.24 61 

[BMIM][DCA] 44.7 71.5 10.1 2.14 0.51 0.82 0.12 0.44 62 

[P(OH)MIM][DCA] 76.5 138 - - 0.22 0.41 - - 223 

[BM(4)PY][DCA] 50.6 80.5 11.0 2.31 0.72 1.15 0.16 0.72 59 

[P(OH)PY][DCA] 85.1 163 11.5 2.27 0.19 0.37 0.03 0.14 66 

[BMPYR][SCN] 28.4 48.8 6.26 - 0.52 0.9 0.12  
57 

[BMPYR][TCM] 30.6 43.6 7.66 1.85 0.96 1.37 0.24 0.86 64 

[BMPYR][OTf] 36.6 50.2 9.91 - 0.68 0.93 0.18 - 63 

[BMPYR][TCB] 26.3 32.4 6.14 - 1.23 1.51 0.29 - 72 
a Standard uncertainties u are u(S, β ) = 5%, u(T) = 0.01 K, u(P) = ± 1 kPa 
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5.4 Liquid – liquid equilibria    

 

To verify the LLE method measurements of the test system of heptane and 

methanol were performed in the T = 298.15 K to T = 323.15 K temperature range. The 

experimental results were compared with literature data [224–228]. Results are presented in 

the form of charts C-1 and C-2 in Appendix C.  

Eight ternary systems {IL (1) + thiophene (2) + octane, or hexadecane (3)} 

 at T = 308.15 K and P = 101 kPa were measured.  

The following ionic liquids were used in systems with both octane and hexadecane: 

I. 1,3-dihydroxyimidazolium bis{(trifluoromethyl)sulphonyl}imide 

([OHOHIM][NTf2]) 

II. 1-butyl-3-methylimidazolium trifluoromethanesulphonate 

([BMIM][OTf]) 

III. 1-butyl-1-methylpiperidinium dicyanamide ([BMPIP][DCA]) 

IV. Tri-iso-butylmethylphosphonium tosylate ([P-i4,i4,i4,1][TOS]) 

During the experimental analysis of the withdrawn sample, the mass balances 

calculated by the use of method calibrations presented in section 4.2.5 showed negligibly 

small traces of the IL in the hydrocarbon phase. This is important for industrial 

applications, as it allows for less costly methods of extraction and solvent recovery. In 

the binary {IL (1) + octane (3)} system, the complete liquid miscibility (solubility of 

octane in the IL) was up to mole fraction of octane x3
IL = 0.008, 0.025, 0.006 and 0.048 

for the ILs [OHOHIM][NTf2], [BMIM][OTf], [BMPIP][DCA] and [Pi4,i4,i4,1][TOS], 

respectively. For hexadecane, the mole fractions were, x3
IL = 0.004, 0.019, 0.008 and 

0.040 for the [OHOHIM][NTf2], [BMIM][OTf], [BMPIP][DCA] and [P-i4,i4,i4,1][TOS] 

ILs, respectively.  

The solubility of thiophene in the IL should be as high as possible, in contrary 

to the solubility in hydrocarbons. In the binary {IL(1) + thiophene(2)} system the 

complete liquid miscibility is up to mole fraction of thiophene x2
IL = 0.473, 0.828, 0.790 
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and, 0.770 for the [OHOHIM][NTf2], [BMIM][OTf], [BMPIP][DCA] and  

[P-i4,i4,i4,1][TOS] ILs,  respectively.    

Table 5-8 shows the results obtained during this work. In terms of the 

performance index, the ionic liquids tested in this work were not the best choice for the 

systems of {IL + thiophene + octane} in comparison with ILs listed in Table 2-1. 

[BMPIP][DCA] and [BMIM][OTF] show relatively good performance. On the contrary, 

three of four studied ILs in systems with hexadecane show very high values of the 

performance index. Especially [BMIM][OTF] and [BMPIP][DCA], with PI values of 193 

and 122, respectively. This allow chosen ILs to be deemed as promising extractants for 

desulphurization of heavier fractions of crude oil.  

 

Table 5-8 A summary of the LLE results for {IL + thiophene + hydrocarbon} systems: 

T is temperature, S and β are average selectivity and average solute distribution ratio 

of the sulphur compound, respectively, PI is the performance index, and u(x) is 

reported standard uncertaintiesa. 

IL T/K SAv βAv PI 

Octane 

[BMPIP][DCA] 308.15 103 1.30 134 

[BMIM][OTf] 308.15 43.9 1.25 54.8 

[OHOHIM][NTf2] 308.15 40.3 0.50 20.1 

[P-i4,i4,i4,1][TOS] 308.15 12.4 1.27 15.7 

Hexadecane 

[BMIM][OTf] 308.15 209 0.93 193 

[BMPIP][DCA] 308.15 123 0.90 122 

[P-i4,i4,i4,1][TOS] 308.15 110 0.99 108 

[OHOHIM][NTf2] 308.15 63.2 0.40 25.3 

a Standard uncertainties u(S, β ) = 0.005 

 

Tables 5-9 to 5-16 report the equilibrium compositions in mole fractions of the 

experimental tie-line endpoints for the measured systems at T= 308.15 K, and pressure 

P = 101 kPa, as well as the selectivity and distribution ratios for the studied ionic liquids. 

Figures 5-6 to 5-13 show a graphical representation of the tie-lines for the measured 

systems at T = 308.15 K, and P = 101 kPa. The NRTL model results are presented along 
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with the experimental tie-lines in figures 5-6 to 5-13. Table 5-17 reports the NRTL model 

parameters used to correlate the measured data. It is noticeable that the region of 

immiscibility is similar for all studied ILs. The desulphurization process takes place in 

the region with a low concentration of thiophene, which is at the lower part of the diagram.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



98 

 

Table 5-9 Compositions of experimental tie-lines in mole fractions, selectivity, S and 

distribution ratios, β for the ternary system {[OHOHIM][NTf2] (1) + thiophene (2) + 

octane (3)} at T = 308.15 K and P = 101 kPaa. 

Hydrocarbon - rich phase  IL - rich phase  S β 

x1
HC x2

HC x1
IL x2

IL   

0.000 0.000 0.992 0.000 - - 

0.000 0.033 0.971 0.018 48.0 0.55 

0.000 0.152 0.906 0.086 60.0 0.57 

0.000 0.255 0.858 0.137 66.7 0.54 

0.000 0.369 0.781 0.213 60.7 0.58 

0.000 0.454 0.772 0.221 38.0 0.49 

0.000 0.511 0.752 0.242 33.1 0.47 

0.000 0.574 0.728 0.266 39.5 0.46 

0.000 0.617 0.697 0.296 26.2 0.48 

0.000 0.759 0.666 0.328 20.8 0.43 

0.000 0.883 0.597 0.397 10.5 0.45 

0.000 1.000 0.527 0.473 - 0.47 
a Standard uncertainties are: u(x) = ±0.005; u(T) = ± 0.1 K; u(P) = ± 1 kPa. 

 
 

  

  

 

 

Fig. 5-6 Plot of the experimental versus calculated LLE data for the ternary 

system {[OHOHIM][NTf2] (1) + thiophene (2) + octane (3)} in mole fractions 

at T = 308.15 K and P = 101 kPa. ●, Exp: black solid lines;▲, NRTL Model: 

red solid lines.  
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Table 5-10 Compositions of experimental tie lines in mole fractions, selectivity, S and 

solute distribution ratios, β for the ternary system {[BMIM][OTf] (1) + thiophene (2) 

+ octane (3)} at T = 308.15 K and P = 101 kPaa. 

Hydrocarbon - rich phase  IL - rich phase  S β 

x1
HC x2

HC x1
IL x2

IL   

0.000 0.000 0.975 0.000 - - 

0.000 0.008 0.956 0.020 133 1.88 

0.000 0.070 0.817 0.158 84.0 2.26 

0.000 0.201 0.642 0.337 63.6 1.67 

0.000 0.323 0.509 0.471 49.4 1.46 

0.000 0.458 0.505 0.480 37.9 1.05 

0.000 0.536 0.436 0.545 25.1 1.03 

0.000 0.609 0.427 0.555 19.8 0.91 

0.000 0.776 0.324 0.659 11.2 0.85 

0.000 0.815 0.245 0.737 9.28 0.90 

0.000 0.916 0.175 0.812 5.73 0.89 

0.000 1.000 0.172 0.828 - 0.83 
a Standard uncertainties are: u(x) = ±0.005; u(T) = ± 0.1 K; u(P) = ± 1 kPa. 

  

 

Fig. 5-7 Plot of the experimental versus calculated LLE data for the ternary 

system {[BMIM][OTf] (1) + thiophene (2) + octane (3)} in mole fractions at 

T = 308.15 K and P = 101 kPa. ●, Exp: black solid lines;▲, NRTL Model: 

red solid lines.  
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Table 5-11 Compositions of experimental tie lines in mole fractions, selectivity, S and 

solute distribution ratios, β for the ternary system {[BMPIP][DCA] (1) + thiophene (2) 

+ octane (3)} at T = 308.15 K and P = 101 kPaa. 

Hydrocarbon - rich phase  IL - rich phase  S β 

x1
HC x2

HC x1
IL x2

IL   

0.000 0.000 0.994 0.000 - - 

0.000 0.038 0.880 0.099 119 2.61 

0.000 0.130 0.724 0.271 363 2.08 

0.000 0.185 0.667 0.320 108 1.73 

0.000 0.352 0.521 0.472 145 1.34 

0.000 0.472 0.457 0.536 85.7 1.14 

0.000 0.508 0.431 0.565 109 1.11 

0.000 0.698 0.338 0.657 56.9 0.94 

0.000 0.797 0.280 0.710 18.1 0.89 

0.000 0.896 0.262 0.733 17.0 0.82 

0.000 0.961 0.229 0.767 10.4 0.80 

0.000 1.000 0.210 0.790 - 0.79 
a Standard uncertainties are: u(x) = ±0.005; u(T) = ± 0.1 K; u(P) = ± 1 kPa. 

 

 

Fig. 5-8 Plot of the experimental versus calculated LLE data for the ternary 

system {[BMPIP][DCA] (1) + thiophene (2) + octane (3)} in mole fractions 

at T = 308.15 K and P = 101 kPa. ●, Exp: black solid lines;▲, NRTL Model: 

red solid lines.  
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Table 5-12 Compositions of experimental tie lines in mole fractions, selectivity, S and 

solute distribution ratios, β for the ternary systems {[P-i4,i4,i4,1][TOS] (1) + thiophene 

(2) + octane (3)} at T = 308.15 K and P = 101 kPaa. 

Hydrocarbon - rich phase  IL - rich phase  S β 

x1
HC x2

HC x1
IL x2

IL   

0.000 0.000 0.952 0.000 - - 

0.000 0.101 0.762 0.174 24.2 1.72 

0.000 0.138 0.685 0.243 21.4 1.76 

0.000 0.166 0.650 0.290 24.3 1.75 

0.000 0.221 0.581 0.361 22.3 1.63 

0.000 0.337 0.495 0.453 16.8 1.34 

0.000 0.348 0.474 0.468 15.1 1.34 

0.000 0.405 0.399 0.533 11.3 1.32 

0.000 0.474 0.324 0.604 9.31 1.27 

0.000 0.571 0.278 0.653 7.11 1.14 

0.000 0.674 0.229 0.689 4.11 1.02 

0.000 0.775 0.144 0.770 2.6 0.99 
a Standard uncertainties are: u(x) = ±0.005; u(T) = ± 0.1 K; u(P) = ± 1 kPa. 

 

 

Fig. 5-9 Plot of the experimental versus calculated LLE data for the ternary 

system {[Pi4,i4,i4,1][TOS] (1) + thiophene (2) + octane (3)} in mole fractions 

at T = 308.15 K and P = 101 kPa. ●, Exp: black solid lines;▲, NRTL Model: 

red solid lines.  
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Table 5-13 Compositions of experimental tie lines in mole fractions, selectivity, S 

and solute distribution ratios, β for the ternary system {[OHOHIM][NTf2] (1) + 

thiophene (2) + hexadecane (3)} at T = 308.15 K and P = 101 kPaa. 

Hydrocarbon - rich phase IL - rich phase S β 

x1
HC x2

HC x1
IL x2

IL 

0.000 0.000 0.996 0.000 - - 

0.000 0.094 0.966 0.027 37.2 0.29 

0.000 0.139 0.941 0.053 54.7 0.38 

0.000 0.233 0.902 0.088 29.0 0.38 

0.000 0.287 0.874 0.123 102 0.43 

0.000 0.385 0.845 0.153 122 0.40 

0.000 0.549 0.780 0.215 35.3 0.39 

0.000 0.695 0.732 0.267 117 0.38 

0.000 0.758 0.699 0.299 47.7 0.39 

0.000 0.781 0.651 0.348 48.8 0.45 

0.000 0.912 0.599 0.400 38.6 0.44 

0.000 1.000 0.527 0.473 - 0.47 
a Standard uncertainties are: u(x) = ±0.005; u(T) = ± 0.1 K; u(P) = ± 1 kPa. 

Fig. 5-10 Plot of the experimental versus calculated LLE data for the ternary 

system {[OHOHIM][NTf2] (1) + thiophene (2) + hexadecane (3)} in mole 

fractions at T = 308.15 K and P = 101 kPa. ●, Exp: black solid lines;▲, NRTL 

Model: red solid lines.  
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Table 5-14 Compositions of experimental tie lines in mole fractions, selectivity, S and 

solute distribution ratios, β for the ternary system {[BMIM][OTf] (1) + thiophene (2) 

+ hexadecane (3)} at T = 308.15 K and P = 101 kPaa. 

Hydrocarbon - rich phase  IL - rich phase  S β 

x1
HC x2

HC x1
IL x2

IL   

0.000 0.000 0.981 0.000 - - 

0.000 0.065 0.916 0.082 590 1.26 

0.000 0.114 0.884 0.107 92.4 0.94 

0.000 0.184 0.782 0.211 134 1.15 

0.000 0.265 0.722 0.276 370 1.00 

0.000 0.319 0.731 0.267 295 0.87 

0.000 0.419 0.639 0.359 249 0.86 

0.000 0.525 0.580 0.416 125 0.79 

0.000 0.600 0.446 0.551 122 0.92 

0.000 0.767 0.369 0.629 63.7 0.82 

0.000 0.876 0.318 0.681 48.2 0.78 

0.000 1.000 0.172 0.828 - 0.83 
a Standard uncertainties are: u(x) = ±0.005; u(T) = ± 0.1 K; u(P) = ± 1 kPa. 

 
 

 

Fig. 5-11 Plot of the experimental versus calculated LLE data for the ternary 

system {[[BMIM][OTf] (1) + thiophene (2) + hexadecane (3)} in mole 

fractions at T = 308.15 K and P = 101 kPa. ●, Exp: black solid lines;▲, NRTL 

Model: red solid lines.  
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Table 5-15 Compositions of experimental tie lines in mole fractions, selectivity, S and 

solute distribution ratios, β for the ternary system {[BMPIP][DCA] (1) + thiophene (2) 

+ hexadecane (3)} at T = 308.15 K and P = 101 kPaa.

Hydrocarbon - rich phase IL - rich phase S β 

x1
HC x2

HC x1
IL x2

IL 

0.000 0.000 0.992 0.000 - - 

0.000 0.115 0.923 0.074 190 0.64 

0.000 0.222 0.695 0.298 149 1.34 

0.000 0.293 0.639 0.359 43.3 1.23 

0.000 0.402 0.542 0.452 134 1.12 

0.000 0.466 0.521 0.477 273 1.02 

0.000 0.564 0.379 0.615 69.8 1.12 

0.000 0.604 0.351 0.647 212 1.07 

0.000 0.680 0.317 0.678 79.8 1.00 

0.000 0.794 0.303 0.696 181 0.88 

0.000 0.905 0.258 0.737 15.5 0.81 

0.000 0.946 0.235 0.759 7.22 0.80 

0.000 1.000 0.210 0.790 - 0.79 
a Standard uncertainties are: u(x) = ±0.005; u(T) = ± 0.1 K; u(P) = ± 1 kPa. 

Fig. 5-12 Plot of the experimental versus calculated LLE data for the ternary 

system {[BMPIP][DCA] (1) + thiophene (2) + hexadecane (3)} in mole 

fractions at T = 308.15 K and P = 101 kPa. ●, Exp: black solid lines;▲, NRTL 

Model: red solid lines.  
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Table 5-16 Compositions of experimental tie lines in mole fractions, selectivity, S and 

solute distribution ratios, β for the ternary systems {[P-i4,i4,i4,1][TOS] (1) + thiophene 

(2) + hexadecane (3)} at T = 308.15 K and P = 101 kPaa. 

Hydrocarbon - rich phase  IL - rich phase  S β 

x1
HC x2

HC x1
IL x2

IL   

0.000 0.000 0.960 0.000 - - 

0.000 0.116 0.872 0.120 114 1.03 

0.000 0.129 0.852 0.141 136 1.09 

0.000 0.165 0.828 0.166 140 1.01 

0.000 0.214 0.803 0.186 62.1 0.87 

0.000 0.261 0.758 0.230 54.3 0.88 

0.000 0.381 0.584 0.408 82.9 1.07 

0.000 0.419 0.508 0.480 55.5 1.15 

0.000 0.520 0.437 0.548 33.7 1.05 

0.000 0.587 0.396 0.594 41.8 1.01 

0.000 0.661 0.367 0.627 53.6 0.95 

0.000 0.709 0.299 0.692 31.6 0.98 

0.000 0.777 0.252 0.736 17.6 0.95 

0.000 0.853 0.203 0.778 7.06 0.91 

0.000 0.906 0.146 0.835 4.56 0.92 
a Standard uncertainties are: u(x) = ±0.005; u(T) = ± 0.1 K; u(P) = ± 1 kPa. 

 

 

Fig. 5-13 Plot of the experimental versus calculated LLE data for the ternary 

system {[Pi4,i4,i4,1][TOS] (1) + thiophene (2) + hexadecane (3)} in mole 

fractions at T = 308.15 K and P = 101 kPa. ●, Exp: black solid lines;▲, NRTL 

Model: red solid lines.  

 



106 

 

For most of the listed ternary diagrams, immiscibility regions take almost the 

entire area of the diagram. It means that ILs and octane/hexadecane do not mix, except 

for very small, barely traceable amounts. This property is important when selecting 

extractants, as this allows to prevent raffinate losses during the process of extraction. Only 

[P-i4,i4,i4,1][TOS] shows a slightly higher affinity to octane than other studied ILs. This 

issue does not occur with the hexadecane system.  

Other interesting parameters that can be taken to consideration are tie-line 

slopes. Positive slopes mean that IL is more suitable for extraction purposes, as more 

thiophene transfers from the hydrocarbon phase to the IL rich phase. The most important 

tie-lines for the extractive desulphurisation process are those at the bottom of the Gibbs 

triangle chart, as they represent mixtures with the lowest concentration of the sulphur 

compound as the main interest of the desulphurisation process is to decrease S-

compounds concentration to below 10 ppm according to the European Union standards 

[5]. In this work, for the systems with octane all of the ILs, except [OHOHIM][NTf2] 

show a positive slope in the range of interest. For hexadecane systems, slightly positive 

slopes may be observed for [BMIM][OTf] and [P-i4,i4,i4,1][TOS], which corresponds to the 

higher values of S and PI obtained.  

The modelling results presented in the table 5-17 show that not all of the systems 

were calculated with this same precision. Systems containing [BMIM][OTf] showed the 

highest standard deviations 0.014 and 0.013 for octane and hexadecane, respectively. 

NRTL model correlations in the upper parts of the Gibbs triangle charts are not well fitted 

for the binary mixtures of the IL and the thiophene, as shown in figures 5-7 and 5-11. The 

non-randomness parameter for both systems with [BMIM][OTf] was set equal to 0.1 

unlike the other systems, as correlations with value α = 0.3 showed standard deviations 

above 0.025 which was unacceptable.    
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Table 5-17 NRTL model regression results for the ternary systems 

{[OHOHIM][NTf2], [BMIM][OTf], [BMPIP][DCA], [Pi4,i4,i4,1][TOS]  (1) + thiophene 

(2) + octane/hexadecane (3)} at T= 308.15 K and P = 101 kPa.. 

 
IL ij gij/J·mol–1 gji/J·mol–1 αij x 

  octane    

[OHOHIM][NTf2] 12 7595.44 25626.75 0.3 0.011 

 13 9487.91 7913.27   

 23 5650.20 2730.30   

[BMIM][OTf] 12 -6932.36 14638.14 0.1 0.014 

 13 50848.03 40539.05   

 23 10580.27 -4709.30   

[BMPIP][DCA] 12 -4470.01 19493.46 0.3 0.008 

 13 9130.96 13221.44   

 23 5505.10 -2659.85   

[P-i4,i4,i4,1][TOS] 12 -5639.80 13207.06 0.3 0.012 

 13 29139.08 11553.98   

 23 4974.70 -3164.41   

  hexadecane    

[OHOHIM][NTf2] 12 7595.44 25626.75 0.3 0.006 

 13 10230.26 10280.69   

 23 5623.93 2891.84   

[BMIM][OTf] 12 -6932.36 14638.14 0.1 0.013 

 13 62984.93 26433.90   

 23 10595.30 -4715.20   

[BMPIP][DCA] 12 -4372.69 19355.21 0.3 0.009 

 13 24668.42 9868.71   

 23 9646.41 -4530.85   

[P-i4,i4,i4,1][TOS] 12 -5039.03 14339.31 0.3 0.009 

 13 18308.80 13051.45   

 23 11480.12 -5607.23   
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5.5 Laboratory scale extraction studies  
 

5.5.1 Operating parameters for the extraction study 
 

The system of {[P-i4,i4,i4,1][TOS] + thiophene + hexadecane} was chosen for 

further investigation to assess the optimal parameters and reuse of the solvent. 

Model fuel containing approximately 1500 ppm of thiophene dissolved in 

hexadecane was prepared by the mixing 0.45 g of thiophene with 109.82 g of hexadecane. 

The influence of time and temperature were studied.  

GC FID detector was recalibrated by the use of the method described in section 

4.2.7. Results and the scatter of the data are shown in the form of charts presented in 

figures 5-14 – 5-17.  

 

Fig. 5-14 GC FID detector calibration curve. The ratio of (Ahexadecane/Astandard) 

correlated with the respective mass ratio. For each sample, three separate 

measurements (marked as ●, ▲ and ■, respectively) were carried out. The 

average value of ratios (○) for each sample was used to establish the 

calibration curve linear equation 𝑦 = 0.4887𝑥 with coefficient of 

determination R2
 = 0.99979. 

 

  

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0.000 1.000 2.000 3.000 4.000 5.000 6.000

m
h

e
x
a
d

e
c
a
n

e
/m

s
ta

n
d

a
rd

Ahexadecane/Astandard



109 

 

 

Fig. 5-15 Residuals for the calibration of the GC FID detector for hexadecane 

calibration. The standard error for the calibration was 0.005. 

 

 

Fig. 5-16 GC FID detector calibration curve. The ratio of (Athiophene/Astandard) 

correlated with the respective mass ratio. For each sample, three separate 

measurements (marked as ●, ▲ and ■, respectively) were carried out. The 

average value of ratios (○) for each sample was used to establish the 

calibration curve linear equation 𝑦 = 0.96648𝑥 with coefficient of 

determination R2
 = 0.99983. 
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Fig. 5-17 Residuals for the calibration of the GC FID detector for thiophene 

calibration. The standard error for the calibration was 0.003. 

 

Four jacketed LLE cells of 10 ccm were filled with 3 ml of IL and 3 ml of the 

model fuel. Each cell was then sealed and agitated for a given amount of time. The content 

of the first cell was stirred with the maximum available speed (~2000 rpm) for 0.5 h, the 

second for 1.0 h, the third for 1.5 h and the last one for 2.0 h. The settling time for each 

sample was equal to the stirring time. This procedure was repeated for each of the 

temperatures from range T = 298.15 K, T = 308.15 K and T = 318.15  K; furthermore, the 

experiments were repeated three times to ensure reproducibility of the results. Samples 

of the hydrocarbon phase were withdrawn and analysed in the manner discussed in section 

4.2. Results of this study are presented in table 5-18 and figure 5-18.  

 

Table 5-18 Percent removal of S-compound in laboratory-scale EDS for  

{[P-i4,i4,i4,1][TOS] + thiophene + hexadecane} system in the different temperatures and time 

(equal stirring and settling time)a. 

t/h T/K 
 

298.15 308.15 318.15 

0.5 30.07 44.21 53.15 

1.0 38.18 49.89 55.43 

1.5 39.15 50.63 56.21 

2.0 39.86 51.12 57.35 

astandard uncertanities are: u(x) = ±0.5 %; u(T) = ±0.1 K; u(P) = ±1 kPa  
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Fig. 5-18 Percent removal of S-compound in laboratory-scale EDS for  

{[P-i4,i4,i4,1][TOS] + thiophene + hexadecane} system in the range of the 

temperatures and time (equal stirring and settling time); ● T = 298.15 K;  

■ T = 308.15 K; ▲ T = 318.15 K.  

 

The lowest amount of the removed sulphur may be observed for the shortest 

mixing and settling time in the lower temperature, which may be related to the high 

viscosity of the [P-i4,i4,i4,1][TOS], which does not allow for the proper development of the 

interphase surface, a factor crucial for efficient extraction. Thermal dependence of the 

viscosity of the IL makes temperature the most significant property during the EDS 

process. The stirring and settling time has a lower impact on the EDS process efficiency 

for the studied system. The measured data shows that stirring time longer than 1 hour has 

a very low impact on the efficiency of the EDS process. This tendency agrees with the 

previously published papers. Safa et al. [154] reported results for four ILs based on nitric 

anion measured in T = 298.15 K, which shows that after 45 minutes of mixing the 

efficiency of sulphur compound removed does not increase. [OPY][NO3], [OMIM][NO3], 

[BMIM][NO3] and [BPY][NO3] showed approximately 95% , 70%, 70% and 65% overall 

efficiency of the EDS process, respectively. Taib et al. [148] published data, which show 

that for 2-hydroxyethanaminium acetate [N-2OH][OAc] maximum efficiency of the 

extraction was achieved after 30 minutes of mixing in T = 298.15 K and it was equal to 

59.7%.        
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5.5.2 Assessing the reuse of the solvent 
 

The influence of recycling the solvent on the performance of the IL was studied 

as well. A jacketed cell was filed with 3 cm3 of the [P-i4,i4,i4,1][TOS] and 3 cm3 of the 

hexadecane-based model fuel. Both phases were stirred for 8 hours in T = 308.15 K, and 

after 12 hours of settling in the same temperature, samples were withdrawn and analysed 

by the use of the internal standard method mentioned previously. The remaining fuel was 

decanted from the cell, and IL was reused at the same conditions but with the addition of 

3 cm3 of the fresh fuel. Time of the mixing and settling was exactly this same as in the 

previous measurement (12 hours each). 

After the withdrawal of the sample from the second run IL, the used fuel was 

removed from the cell, and IL was transferred to the rotavap. It was treated for 24 hours 

at a temperature T = 373.15 K and P = 33 kPa. The rotavap was fitted with vent to exhaust 

any traces of the thiophene and other volatile impurities.  IL was tested by the use of the 

GC. The analysis showed traces of the thiophene in the regenerated bath of the ionic 

liquid. The amount of IL after the treatment was placed in the cell together with 3 cm3 of 

the fresh fuel, and the process was repeated in the same conditions as previous runs. 

Results showing the efficiency of the EDS process are presented in figure 5-19. 

 

Fig. 5-19 Graphical representation of the % removal of thiophene from 

hexadecane model fuel for the EDS process at T = 308.15 K and P = 101 kPa.  

 

Recycled [P-i4,i4,i4,1][TOS] shows a deviation from the pure solvent used during 

the first measurement. In the first run, 51.35% of the thiophene was removed from the 
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fuel, while the recycled IL achieve only 43.74% of the S-compound removal efficiency. 

According to the Moghadam et al. [155] and Kianpour et al. [146], it is related to the 

saturation of the IL with S-compounds. It leads to the inefficient extractions after 3-4 

runs, eventually. 

To regenerate the IL by the removal of thiophene and other possible volatile 

impurities a rotavap was used. The regeneration step followed the same method as the 

purification of ILs before use for experiments as has been explained in Section 4.1.4. The 

efficiency of the EDS process with the use of the regenerated IL was negligibly lower 

than the efficiency of the initial measurement and is reported as 50.64% of the removed 

thiophene. This shows an approximate 98.5 % efficiency in the removal rate. These 

findings show that ionic liquids can be reused with satisfying efficiency of the extraction 

process for the limited number of runs and can be regenerated for reuse when the S-

compound concentration in the solvent will make process suboptimal. The study 

conducted by Moghadam [155] shows that the extraction efficiency of the tributyl-(2-

hydroxyethyl)phosphonium bromide [P-4,4,4,2OH][Br] after the regeneration process 

decreased from approximately 70% to 60%. Regeneration was performed by the use of 

the water dilution technique. Lui et al. [149] used this same method of regeneration as the 

previously mentioned authors. The 1,1-dimethylpyrolidonium dimethylphosphate 

[MMP][DMP] showed a very low decrease of the overall extraction efficiency. Published 

data shows that EDS efficiency decreased from 70.9 % to 70.7 % after the first run of 

regeneration and 66.1 % of the efficiency after five runs.  

 

5.6 Perspectives of the industrial desulphurisation process 

using ILs 
 

Extractive desulphurisation is an interesting choice from the point of view of 

green chemistry and sustainable processes. Ionic liquids provide relatively clean, reusable 

extractants, which also has the possibility to reduce energy costs in comparison to the 

traditional treatment of the petrol industry products. As listed in tables 2-1 to 2-5, many 

of the ILs were studied as potential extractants for the EDS process. Those with the 

highest values of performance index may be considered as a potential choice for the 

upscaling from the laboratory scale to the pilot plant scale, and then further to the 

industrial-scale plant.  
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  In comparison to the other processes alternative to the hydrodesulphurisation 

mentioned in the literature review, EDS has a relatively small amount of disadvantages, 

which require additional research. Tunability of the ILs is one of the greatest advantages 

of this class of compounds [10,229,230]. A virtually infinite number of the ions combinations 

allows for the best possible extractant not only for the EDS process but also for the 

different green chemistry processes.  

Unfortunately, one of the biggest issues related to the use of ionic liquids is the 

physical properties of these compounds. The high viscosity of the ionic liquids (from 

5.54 mPs for [EMIM][TCM] up to 16150 mPs for [P-4,4,4,2]2[DTMN] in temperature 

T = 293.15 K [231]) is one of the most serious issues of this class of compounds which has 

crucial influence in the bigger scale projects. The major issue is related to the mixing in 

the reactor or extraction column, as it requires a lot of energy to ensure turbulent flow in 

the whole volume of the apparatus [232].  Slow mixing will lead to the laminar flow and 

poorly developed interfacial surface, which will affect the efficiency of the process 

significantly, as the extraction is possible only in the interphase area. This issue will 

require additional study in two different fields.  

The focus should be on decreasing the viscosity of IL solvents by mixing them 

with other solvents, i.e. N,N-dimethylacetamide, N,N-dimethylformamide or 

tetramethylene, which were studied as successful extractants for EDS process [233]. This 

may be an interesting way to decrease the viscosity of the IL without losing its extractive 

properties. The lower viscosity of the extractant ensures easier and more thorough mixing 

of both phases during the extraction process [234]. Additional experimental work is 

recommended to study the solubility of the possible co-solvents with ionic liquids, the 

efficiency of the mixtures and recycling of the solvents.  

Another field that should be studied is a design of the modified extraction 

column to ensure turbulent flow during the mixing of the IL and fuel. There are two main 

possibilities to carry out an industrial separation process: batch and flow processes. In the 

first one extraction vessel is filled with both phases, then liquid inside the vessel is mixed 

and left to separate. The main advantage of this type of process is that a proper design of 

the agitators allows to ensure good mixing of the entire contents of the reactor and 

development of the proper interfacial surface. A good example of this type of apparatus 

is mixer – settler shown in fig. 5-20 and described by Tang et al. [235]. Both phases are 

delivered in a co-current and are mixed well by the agitators to achieve the smallest 
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possible size of the droplets and good dispersion of them in the volume of mixed liquid. 

Well-mixed phases are then moved to the settler part of the apparatus, where the 

separation occurs. To improve the efficiency of the separation processes with the use of 

mixers – settlers cascades of few combined units are used. Optimization of this process 

was described by Diab et al. [236].   

 

 

Fig. 5-20 Schematic of the mixer-settler [235]. 

 

The second process, more suitable for the industrial-scale operations is flow 

extraction carried out with extraction column. In this method, both phases are in constant 

counter-flow. The heavier phase is introduced to the column from the top, while the 

lighter one is introduced from the bottom. Figure 5-16 shows a schematic of this type of 

column. The inlet of the light phase should be designed to ensure proper dispersion of the 

liquid in the mixture, and creation of the small droplets to increase the surface area of the 

interface. In combination with the slow counter flow of both phases, this should ensure 

proper efficiency of the separation process. For the case under consideration, the viscosity 

of the ionic liquid is a major problem as it may cause clogging of the column packing or 

insufficient dispersion of the hydrocarbon phase in the volume of IL. Co-solvents 

mentioned previously could be a solution to this issue. More investigations are required.  
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Fig. 5-21 Schematic of the extraction column with the light phase dispersed 

in heavy phase.  

 

  The biggest issue related to the usage of the ionic liquids in the full-scale 

industry are the prices of this group of compounds. Sigma Aldrich, one of the biggest 

suppliers for the chemical industry offers mostly 5g or 50g packages of the ionic liquids 

from the ammonium-, imidazolium-, pyridinium-, pyrrolidinium-, sulfonium-, and 

phosphonium-based families of the ionic liquids. Prices of the available ILs are listed in 

South African Rand. For ammonium-based ILs prices are in the range from 628 ZAR for 

25 g of the tetramethylammonium hydroxide pentahydrate [N-1,1,1,1][OH]*5H2O, (which 

is characterised by the relatively low complexity, and it requires additional of treatment 

to remove excess water) up to 7049 ZAR for 25g of tetrahexylammonium 

hydrogensulfate  

[N-6,6,6,6][HSO4] [
237]. Pyridinium-based ILs are expensive as well [238]. One gram of the 

1-butyl-3-methylpyridinium bis(trifluormethylsulfonyl)imide [BM(3)PY][NTf2] costs 

2713 ZAR. This is related to the position of methyl substituent in the ortho-position, as 

pyridinium-based ILs without methyl substituent or with methyl substituent in para-

position substituent are relatively cheaper, due to the method of synthesis. The cheapest 

pyridinium-based IL, 1-butyl-4-methylpyridinium iodide [BM(4)PY][I] costs 4012 ZAR 
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for 50g while the most expensive, 1-ethylpyridinium tetrafluoroborate [EPY][BF4] costs 

6836 ZAR per 50g container.  

To compare how expensive ILs are, the prices of the traditional solvents in the 

purity grade >99% offered by Sigma Aldrich [239] was made. In the price range of the 

mentioned   50g of the ILs, the following items can be purchased: an 18 litres container 

of the 2-propanol, 18 litres container of acetone, 18 litres of methanol, 20 litres container 

of the 1-octanol, two 4 litre containers of the acetonitrile, 18-litre container of the ethyl 

acetate, twelve 500 ml bottles of the hexane, or two 5 litre bottles of N,N-

dimethylformamide.          

IoLiTec - Ionic Liquid Technology GmbH, also offers a wide range of the 

available ionic liquids [240]. A query for three ILs, [P-i4,i4,i4,1][TOS], [BMPYR][DCA], 

and [BMIM][OTf], each in quantities of 50g an 1kg was received in which it was stated 

that [P-i4,i4,i4,1][TOS] was discontinued, at the time, and prices for the [BMIM][OTf]  and 

the [BMPYR][DCA] were in the range of approximately 1500 – 2600 ZAR for 50g 

containers, and 16500 – 22000 ZAR for 1kg containers. Those prices do not include costs 

of shipment from Germany to South Africa. 

South African supplier of chemicals, DLD Scientific [241] was quoted for exactly 

this same items as IoLiTec. The [P-i4,i4,i4,1][TOS] was unavailable at the time of quotation. 

Prices of the [BMIM][OTf] were 3772 ZAR for 50 g container and 18279.25 ZAR for 1 

kg of the IL. Prices of the [BMPYR][DCA] offered by the DLD Scientific were 14530.25 

ZAR for 50 g and 73680.50 ZAR for 1 kg container of the IL.  

This case shows an additional problem, which is the availability of the ILs on 

the market. Less popular or more complex ILs are discontinued and removed from stock, 

which may have a negative impact on the progress of experimental research studies.   
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Chapter 6 Conclusions 

GLC and LLE measurements were performed for the investigation of suitable 

extractants for extractive desulphurisation processes (EDS). The following ionic liquids 

were used in LLE measurements with either octane and hexadecane: 

1,3-dihydroxyimidazolium bis{(trifluoromethyl)sulphonyl}imide ([OHOHIM][NTf2]), 

1-butyl-3-methylimidazolium  trifluoromethanesulphonate ([BMIM][OTf]), 1-butyl-1-

methylpiperidinium dicyanamide ([BMPIP][DCA]), and tri-iso-

butylmethylphosphonium tosylate ([P-i4,i4,i4,1][TOS]) 

Activity coefficients at infinite dilution are important parameters for the design 

of separation process. The IL 1-butyl-1-methylpyrrolidinium dicyanamide 

[BMPYR][DCA] studied in this work showed promising results for the application in 

separation. The selectivities for systems from the point of liquid-liquid extraction: 

heptane/benzene (S = 53.3), heptane/thiophene (S = 88.3), heptane/heptyne (S = 12.0) 

and ethylbenzene/styrene (S = 2.23) are higher for [BMPYR][DCA] than for other 

[BMPYR]-based ILs. This shows that [DCA] anion has a stronger influence on the 

particles such as benzene, thiophene or styrene than other studied anions. 

In terms of the performance index, LLE data gathered for the [IL + thiophene + 

hydrocarbon] obtained during this work are not the best choice for the systems of {IL + 

thiophene + octane} in comparison with ILs reviewed. [BMPIP][DCA] and 

[BMIM][OTf] show relatively good performance with PI = 134 and 54.8, respectively. 

On the contrary, three of four studied ILs in systems with hexadecane show very high 

values of the performance index. Especially [BMIM][OTf] and [BMPIP][DCA], with PI 

values of 193 and 122, respectively. This allows the chosen ILs to be deemed as promising 

extractants for desulphurization of heavier fractions of crude oil.  

Recycled [P-i4,i4,i4,1][TOS] shows a deviation from the pure solvent used 

during the first measurement. In the first run, 51.35% of the thiophene was removed from 

the fuel, while the recycled IL achieve only 43.74% of the S-compound removal 

efficiency. The efficiency of the EDS process with the use of the regenerated IL was 

negligibly lower than the efficiency of the initial measurement and is reported as 50.64% 

of the removed thiophene. This shows an approximately 98.5 % efficiency in the removal 

rate, as a slight amount of the thiophene, was detected after the regeneration process. Ionic 
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liquids can be recycled for the limited number of the cycles. The efficiency of the 

extractive desulphurisation process decreases with each run as IL saturates with the 

removed S-compounds.  

One of the biggest disadvantages of ILs is their price. The only possibility to 

change this is via the implementation of ionic liquids into more branches of the chemical 

industry, which increases market demand for this class of compounds and provides 

investments into new synthesis plants.         
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Chapter 7 Recommendations 
 

Continuation of the work in the form of small scale extraction of the S-

compounds from the more complex model fuels (preferable samples from the refinery) 

with the chosen ILs is recommended. A small volume setup would be profitable to study 

the behaviour of ionic liquids. This will allow to prepare a list of the ionic liquids with 

the highest performance index values and the highest capability for recycling.  The most 

prospective solvents should be studied on a larger scale, which would provide more 

details about the real-life behaviour of the systems. Upscaling of the process would allow 

to increase the state of knowledge about this class of compounds and possibilities of their 

industrial applications. From an engineering point of view, it would be interesting to 

design a pilot-scale installation for EDS process to minimize or at least decrease the 

influence of the high density and viscosity of the ILs, which are the biggest flaw of this 

class of chemical compounds which may be used in this technology.  

High PI values obtained for [BMPIP][DCA] and [BMIM][OTf] systems with 

hexadecane shows great potential and should be investigated in the future as promising 

compounds for the heavy fuels EDS process upscaling. However, for the systems with 

lighter fuels, different ILs than studied should be selected. According to the data gathered 

in Tables 2-1 and 2-2, the best choice for the light fuels desulphurisation would be ILs 

based on cations with relatively short and straight alkyl chains substituent chains as 1-

ethyl-3-methylimidazolium, 1-butyl-3-methylimidazolium or 1-ethyl-1-

methylmorpholinium cations.       

To establish the highest efficiency of the EDS process an optimization study for 

the most promising ionic liquids should be made. This includes the examination of the 

impact of the temperature, number of the runs for each batch of the fuel, number of reuse 

of the solvent, and regeneration of the IL used in the EDS process.    
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Appendix A 

This appendix presents the comparison of the experimentally obtained values 

of the activity coefficients at infinite dilution with the literature data [221] for the system 

of hexadecane and five solutes. The maximum % error between the literature and 

experimental data is ±2.5%. 

Table A-1 The literature and the experimental activity coefficients at infinite dilution 


13 for the solutes in hexadecane at different temperatures - test system.

Solute T/K 

323.15 333.15 343.15 

lit. this work lit. this work lit. this 

work 

hexane 0.860 0.875 0.867 0.888 0.824 0.835 

1-hexene 0.855 0.847 0.878 0.870 0.816 0.811 

cyclohexane 0.739 0.750 0.757 0.769 0.704 0.699 

benzene 0.932 0.916 0.933 0.918 0.876 0.854 

toluene 0.941 0.922 0.948 0.930 0.870 0.884 
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Appendix B 

Appendix B shows the results of the temperature calibration of thermocouples 

used to determine the temperature of the systems during the LLE study.   

Fig. B-1 Calibration curve for the temperature probe 1 used during the LLE 

measurements. The calibration curve linear equation is 

𝑦 = 1.0021𝑥 + 0.3223 with coefficient of determination R2
 = 1. 

Fig. B-2 Residuals for the calibration of the temperature probe calibration. 

The standard error for the calibration was 0.005.
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Fig. B-3 Calibration curve for the temperature probe 2 used during the LLE 

measurements. The calibration curve linear equation is  
𝑦 = 1.0014𝑥 + 0.234 with coefficient of determination R2

 = 0.9999. 

 

 

Fig. B-4 Residuals for the calibration of the temperature probe calibration. 

The standard error for the calibration was 0.005. 
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Appendix C 

Appendix C presents the LLE measurements of the test system of heptane and 

methanol, which were performed in the T = 298.15 K to T = 323.15 K temperature 

range. The experimental results were compared with literature data [224,225,227]. Fig. C-1 

shows data for the methanol rich phase, while fig. C-2 shows data for the heptane rich 

phase. The maximum % error between the literature and experimental data is ±10%. 

Fig. C-1 Plot of the molar fraction of heptane (x1) versus T/K for {heptane (1) 

+ methanol (2)} binary system – methanol rich phase. ● Experiment 1;

♦ Experiment 2; ▲ Matsuda [227],■ Narasigadu [224],  × Casas [225].
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Fig. C-2 Plot of the molar fraction of heptane (x1) versus T/K for {heptane (1) 

+ methanol (2)} binary system – heptane rich phase. ● Experiment 1;

♦ Experiment 2; ▲ Matsuda [227], ■ Narasigadu [224],  × Casas [225].
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Appendix D 

Appendix D presents table which summarizes all of the uncertainties included 

in this work.  

Table D-1 Standard uncertainties estimations. 

Source of uncertainty Deviation estimated 

GLC 

Activity coefficient at infinite dilution uncertainty (𝛾13
∞) 5% 

(Gas + liquid) partition coefficient uncertainty (KL) 5% 

Temperature uncertainty (T) 0.01 K 

Pressure uncertainty (P) 1 kPa 

LLE 

Mass balance and impurity uncertainty (xi) 0.005 

Correlation of xi calibration (xi) 0.005 

Selectivity uncertainty (S) 0.005 

Partition coefficient uncertainty (β) 0.005 

Temperature uncertainty for LLE cells (T) 0.1 K 

Temperature uncertainty for GC method (T) 0.01 K 

Pressure uncertainty (P) 1 kPa 




