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Ionic Liquids as Alternative Solvents for Aromatics Extraction 

Summary 

The objective of this thesis was the development of an extraction process for the removal of 

multiple aromatics from several petrochemical streams by means of an ionic liquid. Due to 

environmental legislation, the demand of ‘clean’ fuels is increasing and most likely will 

increase even more towards fuels with almost zero content of certain aromatics, e.g. benzene 

and toluene. In particular, the concentration of benzene has to be reduced to ≤ 0.1 wt-% in 

carburant fuels. Furthermore, the sulphur content of gasoline and diesel fuel has to be 

decreased to < 10 ppm.  

However, the separation of aromatic and aliphatic hydrocarbons is complicated due to 

overlapping boiling points and azeotrope formation. Therefore, the conventional processes 

for this type of separation are extraction or extractive distillation with polar, organic solvents 

such as NFM (Uhde Morphylane® process), Sulfolane® (UOP/Shell Sulfolane® Process), 

NMP, ethylene glycols etc. 

Another class of solvents, which are considered promising to replace organic solvents in 

industrial processes, are ionic liquids and the use of them as solvents for different processes 

on industrial and pilot plant scale gains more and more interest. Moreover, for feeds with low 

aromatic contents, ionic liquids can be superior to conventional extraction solvents. 

Additionally, process simulations showed that an ionic liquid based process can be 

economical more beneficial than conventional processes.  However, an industrial extraction 

process is not reported yet, since, ionic liquids reported in the literature are mostly not 

suitable for processes on larger scale. Therefore, the aim of this work is the development of 

an extraction process based on an improved ionic liquid for the separation of aromatic 

hydrocarbons from various petrochemical streams. Ionic liquids are liquid salts consisting of 

large, mostly organic, cations and a great variety of anions. Their positive properties are a 

wide liquid temperature range (~300 K), low vapour pressure and the ability of tailoring. The 

extremely low vapour pressure allows for easy recovery of enclosed solutes while the 

tailorability enables the design of an ionic liquid as extraction solvent for a specific 

separation problem.  
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The first step to obtain a suitable ionic liquid for the aimed process is the detailed screening 

of possible candidates. In this context, the comprehension of conventional solvents is 

indispensable and the application of the obtained knowledge to new systems a prerequisite. 

For this purpose the screening of ionic liquids for the investigated model feeds FCC gasoline, 

Reformate and Diesel in comparison with conventional solvents has been carried out by 

means of the quantum chemical based tool COSMO-RS and subsequently experimentally 

validated. It was shown that by means of the, in this work, developed COSMO-RS σ-profile 

screening method it is suitable to identify promising candidates by separate cation and anion 

screening. Ionic liquids based on the cations imidazolium, pyridinium and pyrrolidinium and 

on the anions [SCN]-, [DCA]-, [TCM]- and [TCB]- have been identified as most promising 

candidates. This could be experimentally validated for a toluene/heptane model feed. 

Moreover, it was shown that the optimal alkyl chain length on the above mentioned cyclic 

cations is a butyl chain.  

 

Also for more complex, multiple aromatic feeds it was shown that the same ionic liquids as 

described above are suitable candidates. In order to determine a suitable extraction solvent, 

ionic liquids have been evaluated by the COSMO-RS σ-profile screening for the aromatic 

components present in FCC gasoline, reformate and diesel. The experimental validation has 

been carried out by means of model feeds that comprise only the most important aromatic, 

olefinic and paraffinic components from the aforementioned feeds. It was shown that the 

extraction is in the order benzene > toluene > p-xylene > cumene > 1-hexene > n-hexane > n-

heptane and for higher aromatics and cyclic aliphatics 9,10-dihydrophenanthrene > 

naphthalene > tetralin > decalin. Based on these screening results the ionic liquid [3-

Mebupy][DCA] has been chosen for further evaluation due to the high capacity (Dbenzene,[3-

Mebupy][DCA] = 0.60 [g/g]) and reasonable selectivity (α[3-Mebupy][DCA],benzene/n-hexane = 35.3). 

Subsequent, the two ionic liquids [3-Mebupy][TCM] and [3-Mebupy][TCB] became 

available, which exhibit an even higher capacity and comparable or slightly lower selectivity 

(Dbenzene,[3-Mebupy][TCM] = 0.70 [g/g] and Dbenzene,[3-Mebupy][TCB] = 0.74 [g/g]; α[3-

Mebupy][TCM],benzene/n-hexane = 34.8 and α[3-Mebupy][TCB],benzene/n-hexane = 27).  

Additionally, as petrochemical streams contain numerous components, including 

heterocycles, the affinity of heteroatoms towards ionic liquids has been studied in comparison 

to mono-aromatics. Therefore two model feeds containing sulphur aromatic components or 

nitrogen aromatics and toluene, tetralin and n-heptane have been investigated for the 
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extraction with the same ionic liquids that showed to be promising for feeds containing only 

aromatic and aliphatic hydrocarbons. It was found that the sulphur and nitrogen containing 

hetero aromatics thiophene and dibenzothiophene and pyrrol, indole and carbazole are 

significantly better extracted than aromatic hydrocarbons. In one extraction step up to 80 % 

of the thiophene and up to 90 % of the dibenzothiophene can be removed while > 99 % of the 

nitrogen containing aromatics has been removed. 

Furthermore, the results for the model feeds are compared to real feed experiments in order to 

investigate the influence of a real petrochemical stream mixture compared to a model feed 

with a limited number of components. In all cases it was observed that the removal of the 

aromatic components from the real feed was less, due to competing influences of other 

components, but still promising. For the real feed experiments the ionic liquid [3-

Mebupy][DCA] has been chosen.  

 

Whit a suitable candidate defined, the subsequent step is the development of an extraction 

process based on this ionic liquid. Therefore, a process design for the FCC gasoline model 

feed based on [3-Mebupy][DCA] comprising the main extraction column with the additional 

separation and solvent recovery units has been developed with Aspen plus together with an 

economical feasibility study of the process. The process comprises the main extraction 

column, a back extraction column for recovery of the ionic liquid that is withdrawn in the 

raffinate phase by entrainment, an extractive stripper in order to remove the co-extracted 

aliphatic components from the extract phase and a flash evaporator for separation of the 

aromatic product from the extraction solvent. Since [3-Mebupy][DCA] is hydrophilic, in 

contrary to the compounds present in the raffinate phase, the ionic liquid in the raffinate 

phase can be easily back-extracted by means of water.  

The results for investment and operational costs for the ionic liquid based process have been 

compared to a process using sulfolane as extraction solvent, since this is the most 

conventional solvent for aromatics extraction. It is shown that the investment costs for the 

ionic liquid based process are up to 42 % lower than for sulfolane and the annual costs for the 

[3-Mebupy][DCA] process are only 17.8 M€ compared to 32.6 M€ for a sulfolane process. 

This is due to the higher capacity of the ionic liquid which results in smaller process streams 

and therewith smaller equipment.   

The process design is based on the ternary diagrams that can be derived from the components 

present in the FCC gasoline and reformate model feeds and [3-Mebupy][DCA]. The ternary 
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data have been determined experimentally and correlated with the NRTL model. The data 

regression for the two model feeds is in good agreement with the experimental data and the 

RMSD values are in general < 0.0324. Additionally, the ternary diagrams for toluene/n-

heptane with the three ionic liquids [BMIM][DCA], [BMIM][SCN] and [3-Mebupy][DCA] 

have been determined. The RMSD-values in this case are < 0.0076. 

 

Furthermore, an experimental study on the scale-up of the FCC gasoline model feed and a 

real feed (LCCS) to a rotating disc contactor (RDC) pilot plant with the solvent [3-

Mebupy][DCA] provided insight in mass transport and hydrodynamic effects, which is 

valuable information for an industrial process. Analogous to the LLE-measurements, it was 

shown that the extraction performance of the RDC column is higher for the model feed than 

for the real feed. From the FCC gasoline model feed 89 % benzene and 75 % toluene removal 

was observed while for the real feed 81 % benzene and 71 % toluene could be removed, 

respectively, with a solvent-to-feed ratio S/F = 4 and 800 rpm. This is due to competing 

effects of the multiple components in the real feed, which also hampers the mass transfer. 

Therefore, the mass transfer performance of RDC-column is also higher for the model feed 

than for the real feed. Besides, comparable hydrodynamic behaviour of the model and real 

feed has been observed. Since the densities and viscosities of both feeds are comparable, this 

explains the observed similar data in terms of Sauter means size diameter, hold-up and 

operational window.  

 

The conclusions that can be drawn from this work confirm that ionic liquids are potential 

solvents for the extraction of aromatic hydrocarbons as well as hetero aromatics containing 

sulphur and nitrogen. It has been reported that these components can be removed selectively 

from components as, e.g. olefins, aliphatics and cyclic aliphatics. Moreover, the results 

obtained with model feeds could be validated by means of real feed experiments on lab scale 

as well as pilot plant scale. Furthermore, from the conceptual process design based on [3-

Mebupy][DCA] it is evident that an ionic liquid based extraction process can be 

energetically, and thus economically, more favourable than a sulfolane process. However, for 

the implementation of an ionic liquid extraction process on industrial scale further research 

has to be carried out in particular with view of the ionic liquid recovery and aromatics 

removal form the extract phase.  
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1.1 Overview 

Aromatic hydrocarbons have an important contribution to the octane number, and therewith 

anti-knock resistance, of a carburant fuel. On the other hand, due to their high boiling point, 

the aromatics content has to be limited since it affects the boiling properties of a fuel. 

Nevertheless, aromatics are, in general, carcinogenic and their combustion products 

contribute to green house gas emissions; and in diesel motors to soot formation. Especially, 

benzene as an extremely carcinogenic component has to be removed. Within recent years the 

demand of ‘clean’ fuels is increasing and most likely will increase even more towards fuels 

with almost zero content of particular aromatics, e.g. benzene and toluene. Compulsory limits 

concerning the benzene content in carburant fuels are: 0.62% until 2011 and 0.1% until 

2020.1 For diesel fuels the polyaromatic content has to be reduced from 11 vol-% to 3.0 – 6.0 

vol-%.2 Another aspect of aromatics removal is their economical value; aromatic 

hydrocarbons are an important raw material for the production of polymers and therewith for 

plastics, for the production of dyes, etc. Figure 1.1 shows an overview of the use of different 

benzene, toluene and xylenes. 

In addition to mono aromatics, diesel typically contains poly aromatics such as naphthalene, 

anthracene and the like. Naphthalene and anthracene are important raw materials for the 

production of several different products: 

 

• Naphthalene: phthalic anhydride; vat dyes, azo dyes, indicator dyes, pigments and 

coating resins; wetting agents and dispersants in paints and coatings; surfactants in 

concrete (concrete super-plasticizers); pesticides, insecticides and dispersants in 

pesticides; tanning agents; lubricant oil additive; polyester, polyamide, liquid crystal 

polymers and PVC plasticizers; moth balls; wood preservatives; plant growth 

regulators 3,4,5   

• Anthracene: dyes; insecticides; wood preservatives; engineering plastics; crystalline 

photoconductor used in electrophotography; scintillant for high-energy radiation 

detection 5,6,7 
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Furthermore, carburant fuels contain sulphur and nitrogen containing compounds, mostly of 

aromatic nature, that are responsible for sour gases and NOx emissions. Therefore, the 

European target is to reduce the sulphur content of fuels to ≤ 10 ppm amounts until 2009. For 

the reduction of nitrogen components no compulsory reasons exist yet, however, most likely 

limitations towards the content of nitrogen components will be a future topic as well. 

Additionally, numerous refinery processes are affected by the presence of sulphur and 

nitrogen containing aromatic hydrocarbons, especially sulphur aromatics since they act as 

catalyst poison. 

 

Regarding the above mentioned points it is evident that the aromatic hydrocarbons present in 

petrochemical streams serving as a source for carburant fuels, have to be separated from the 

Figure 1.1: Use of Mono Aromatics13
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remaining aliphatic and olefinic hydrocarbons. However, this separation is challenging due to 

overlapping boiling points and azeotrope formation. Hence, conventional processes for this 

type of separation are extraction or extractive distillation with polar, organic solvents (see 

Table 1.1). However, for feeds with low aromatic content (< 20%) those conventional 

processes are not suitable since their aromatic capacity is too low.8,9,10 Recently it was shown 

that ionic liquids can have higher capacities and selectivities in the concentration range < 

20% aromatic content.11 Therefore, in this work ionic liquids are used and compared to 

conventional solvents in order to investigate their extraction capacity for petrochemical 

streams with low aromatics content. Hence, the aim of this thesis is to evaluate the suitability 

of ionic liquids for the extraction of aromatic hydrocarbons from various petrochemical 

streams with multiple aromatics, serving as carburant fuel sources. For that reason three 

different petrochemical streams will be investigated: ‘Virgin Naphtha’ (further called 

‘Reformate’), ‘FCC Gasoline’ and ‘Diesel’. Reformate is derived from naphtha, FCC 

Gasoline from heavy atmospheric gasoil and diesel is another crude oil fraction or derived 

from vacuum gasoil. These three streams have been chosen, because of their contribution to 

carburant fuels as gasoline and diesel. Hence, all streams where aromatics have to be 

removed. On the other hand they contain different amounts and types of aromatics which 

offers the possibility to study the extraction capacity of ionic liquids for several aromatic 

components.  

 

1.2 Aromatics Production and Conventional Removal of Aromatic Hydrocarbons 

1.2.1 Aromatics Production 

As a patent from 1901 shows, the production from aromatic hydrocarbons has been an 

important topic already at the beginning of the last century.12 Moreover, originally organic 

chemicals were produced from coal, plant and animal materials, whereas in Europe 

tremendous activities have taken place to obtain organic compounds from coal-derived 

feedstocks in the 18th and 19th century. Only in 1920, the use of petroleum as raw material 

started, where aromatics are found in different fractions of the crude oil distillation process.  

Figure 1.2 shows a schematic representation of a crude oil distillation unit and further 

treatment of the different fractions. In general, the main sources of aromatics (benzene, 

toluene, xylenes) are reformate from catalytic reforming and pyrolisis gasoline from steam 

crackers or coke oven plants. Reformate from catalytic reforming provides the basic supply 
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of benzene, toluene, xylenes and heavier aromatics. The majority of toluene and heavier 

aromatics from reformate is converted to benzene and xylenes and is mainly used for p-

xylene production. The remaining supply is produced from pyrolisis gasoline and from coke 

oven light oil.13  

 

As mentioned earlier, diesel is a crude oil fraction that mainly contains poly aromatic 

components. However, in contrast to FCC Gasoline and Reformate, the main source for these 

aromatics is not diesel, but coal tar.4,7 Only, occasionally, companies like Advanced 

Aromatics in the US can be found that produce naphthalene derived from petroleum.14 

As pointed out before, reformate and FCC gasoline have very similar components: both are 

mono aromatic streams with short chain aliphatic components, whereas Diesel contains 

polyaromatics and long chain aliphatic components. The different types of aromatic 

components and compositions demand different methods for their removal. 

 

 

 

Figure 1.2:  Schematic view of processing crude oil. 
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1.2.3 Conventional Aromatics Removal 

FCC Gasoline 

Analogous to the aromatics removal from Reformate, aromatics from an FCC gasoline stream 

can also be recovered by means of sulfolane or ethylene glycols.19,20 The Shell patent from 

the year 196519 describes that the FCC Gasoline stream, which is obtained after one or two 

step catalytic cracking, is first distilled into a light fraction containing mainly C5 –C7 

paraffinic and olefinic components and a heavy phase, where most of the aromatic 

components are found. Following, the heavy phase is sent to an extraction unit, where the 

aromatics are extracted with sulfolane (or ethylene glycol) in order to separate them from the 

remaining aliphatic components. Small amounts of aromatics might be tolerated and the 

stream coming from the FCC reactor blended directly into a refinery end product carburant 

fuel stream.   

 

Reformate 

Typical processes for mono aromatics removal from reformate or pyrolysis gasoline are listed 

in Table 1.1. In general, extraction or extractive distillation with polar solvents is used for the 

separation of the aromatic components from the aliphatic hydrocarbons.  

 

Diesel 

Since diesel contains, compared to FCC Gasoline and Reformate, less mono aromatics but 

mostly poly aromatics and is no source for aromatics production, the processing of this 

stream differs from the two other investigated petrochemical streams. In general, solvent 

extraction can be used to remove aromatics from diesel fuel21 as well, but extraction solvents 

used here are rather aqueous furfural or aqueous phenol than sulfolane.22,23 Another solvent 

extraction process is reported by Benham et al.23 The so called ‘Redex process’ uses a 

mixture of xylenes and naphtha that acts as displacer for the poly aromatics plus an additional 

solvent comprising furfural-furfuryl alcohol or aqueous dimethylformamide. Sulfolane is not 

used since polyaromatics are difficult to recover from this solvent due to its relatively low 

decomposition temperature.24 However, since diesel is not used as source for polyaromatics 

production anymore4 nowadays extraction processes are replaced by other treatments. For 

this reason, in order to obtain diesel fuel, two procedures are possible: The first one uses a 

straight run middle distillate, which is only hydrotreated, directly as diesel fuel, whereas the 
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second way is cracking and hydroprocessing before use.25,26 In the latter case, thermally,2,26,27 

catalytically2,27 or hydrocracked2 (vacuum) gasoil is used as diesel fuel component. 

Depending on the type of cracking the gasoil is either before (catalytically and hydro) or after 

(thermally) the cracking process hydrotreated. Hydrotreating is done in order to reduce 

heteroatoms, mainly sulphur and nitrogen compounds. However, during this process, other 

aromatic components are also hydrogenated which leads to a reduced aromatic content of the 

petrochemical stream so that it can be used as diesel carburant fuel afterwards.  

 

Table 1.1: Conventional processes and solvents 

Process Company Solvent Separation Feedstock Ref. 

Arosolvan Lurgi NMP (1-methyl-2-

pyrrolidone (aq)) 

Extraction • Hydrogenated 

pyrolisis 

gasoline 

• Hydrogenated 

coal gas 

• Oil-gas benzene 

[15] 

Morphylane ThyssenKrupp-

Uhde 

NFM (N-formyl-

morpholine) 

Extractive 

distillation 

• Hydrogenated 

pyrolisis 

gasoline 

• Catalytic 

reformate 

[15], 

[16], 

[17] 

 

Morphylex 

(Aromex) 

ThyssenKrupp-

Uhde 

NFM (N-formyl-

morpholine) 

Extraction + 

extractive 

distillation 

• Hydrogenated 

pyrolisis 

gasoline 

•    Catalytic 

reformate 

[15], 

[17] 

 

Sulfolane 

Process 

UOP/Shell Sulfolane 

(Tetrahydrothiophene 

1,1-dioxide) 

Extraction 

(Extractive 

distillation) 

• Catalytic 

reformate 

[15], 

[18] 

 

DSMO IFP DMSO (dimethyl 

sulfoxide) 

Extraction • Hydrogenated 

pyrolisis 

gasoline 

• Catalytic 

reformate 

[15] 
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1.3 Ionic Liquids 

Ionic liquids offer new opportunities for the development of extraction solvents. The ionic 

liquids known today are based on different large, organic cations combined with a great 

variety of organic and inorganic anions. Compared to molecular solvents, ionic liquids have 

the advantage of being liquid over a wide range of temperatures and of having a non-volatile 

nature.28-34 The latter property has been the reason to call ionic liquids ‘green solvents’ and to 

start their development as alternative, environmental-friendly solvents. Figure 1.3 shows a 

selection of the most common ionic liquid cations and anions.  

The properties of an ionic liquid are determined by the combination of cation and anion. Due 

to the large number of possible ion combinations, which gives the opportunity to tailor a 

specific solvent for a particular separation, ionic liquids are also called designer solvents. 

Since, in recent years ionic liquids gained more and more interest for different fields of 

application, Maase suggests the classification in process chemicals, performance chemicals 

and engineering fluids.35 

 

Figure 1.3: Typical ionic liquid anions and cations 

Anions 

tetrafluoroborat methylsulfate p-toluene-4-sulfonate bis(trifluoromethyl- 

sulfonyl)imide 

Cations 

1-methyl-3-butyl- 

imidazolium 

4-methyl-N-butyl- 

pyridinium 

1-methyl-1-butyl- 

pyrrolidinium 



Introduction 

9 
 

Ionic liquids have been mentioned for the first time in the open literature in 1914. Walden 

synthesized ethylammonium nitrate, a low melting point salt, which is liquid at 12°C.36 Ionic 

liquids, developed mainly by electrochemists in search of ideal electrolytes for batteries, have 

thus been used initially for those and related applications like semiconductors etc.37 When in 

1992 the first water stable ionic liquids were reported,38 the signal had been given for many 

other applications outside the field of electrochemistry. Since the ‘90’s scientists discovered 

ionic liquids, next to more widely electrochemical applications, for catalysis and/or reaction 

media, organic synthesis, separations, biotransformation, enzymatic catalysis and many 

more.39-44 Also more and more applications on pilot plant and industrial scale are 

mentioned.35,45 The first ionic liquid based process on pilot scale, called Difasol, has been the 

dimerization of olefins with a biphasic, homogeneous catalyst developed by the Institute 

Française du Pétrole (IFP).46 Other applications on pilot plant or even industrial scale are 

acid scavenging (BASIL, BASF),47 extractive distillation (BASF),48 compatibilizers in 

pigment pastes (Degussa/Evonik),49 cooling agent (BASF),50 storage of gases (Air 

Products)51 and more.  

However, the advantageous (process) properties of ionic liquids notwithstanding, some of 

them have unfavourable chemical properties which disable their use on bigger scales than 

laboratory or pilot plant scale or limit their application window to only a few processes. 

Those limitations are mainly due to instability as a result of corrosiveness and moisture 

instability as well as insolubility in water. Another point is the, often, high viscosity of ionic 

liquids; because elevated viscosity is unfavourable in many processes, too. These properties 

are generally influenced by the ionic liquid anions. Corrosiveness is mainly related to ionic 

liquids containing only halogens, e.g. [I3]
-, [Cl]-, as anion, whereas moisture instability is 

caused by halogen compounds, e.g. [AlCl4]
-, [PF6]

-.52 The problems that arise here are the 

reduced functionality of the ionic liquid due to decomposition; and the formation of acids like 

HCl or HF. Additionally, ionic liquids containing halogen(s) (compounds) as anions show 

significant high viscosities.53 Water solubility is a desired feature since it enables easy 

recovery of the ionic liquid in a process. Ionic liquids containing, e.g. the anion [Tf2N]- and 

comparable components, are water-insoluble, and, additionally exhibit a significant high 

molecular weight. A high molecular weight is an unfavourable property, since the high 

molecular weight causes the need for large quantities (tons) of ionic liquid, which negatively 

influences process economics and economic feasibility of the process. 
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1.4 Aromatics Extraction Based on Ionic Liquids  

A literature study shows, that a number of ionic liquids have been investigated for the 

separation of mono aromatics.54-74 The advantage of ionic liquids compared to conventional 

solvents is their different behaviour in capacity depending on the aromatics concentration 

compared to solvents such as sulfolane. In Figure 1.4 the dependency of the extraction 

capacity of an ionic liquid and sulfolane are shown versus the aromatics concentration in the 

raffinate phase. 

It is evident that, for low aromatic contents, ionic liquids can be superior to conventional 

solvents. Moreover, process simulations showed that an ionic liquid based process can be 

economical more beneficial than conventional processes.75 

 

However, in part of the published work ionic liquids are investigated, where, often the 

chemical properties and the extraction performance of the chosen ionic liquid compared to 

conventional solvents are disregarded.54-61,76,77,78 This means that ionic liquids are used, 

which contain, e.g. the anion [Tf2N]- 54,57,61 or halogenides56,58,59,77,78 and are, therefore, 

unsuitable as mentioned earlier. Additionally, the influence of multiple aromatic mixtures and 

Figure 1.4: Comparison toluene distribution coefficient depending on the aromatic molefraction in the 

raffinate phase for the ionic liquid 4-methyl-N-butylpyridinium tetrafluroborate, [4-Mebupy][BF4], ▲, 

and sulfolane, ◆◆◆◆,74 
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the study of particular aliphatics like olefins are not taken into account. As an example, 

polyaromatic extraction with ionic liquids is only mentioned for sulphur or nitrogen 

containing aromatics.79 According to the above described properties of ionic liquids and in 

order to design a feasible extraction process it is necessary to find an ionic liquid that fulfils 

to certain criteria: non-corrosive, moisture stable, water soluble, low viscosity, high 

extraction capacity and selectivity. Hence, in this work research is done to establish an 

improved ionic liquid that combines all these properties. Furthermore, the suitability for 

mixtures with multiple aromatics character and the extraction of, e.g. olefins by ionic liquids 

has to be investigated. This is important with regard to real petrochemical streams. Since the 

results obtained from studies of mixtures with only single aromatics and aliphatics are too 

limited to represent a real petrochemical feed.   

 

1.5 Scope and Outline of This Thesis 

As mentioned in the introduction of this chapter, the aromatic content of carburant fuels 

needs to be reduced significantly. For this reason the three petrochemical streams ‘Virgin 

Naphtha’ (further called ‘Reformate’), ‘FCC Gasoline’ and ‘Diesel’ will be investigated. 

However, since petrochemical streams contain a great number of components which makes 

the study very complicated, model feeds with a representative amount of the main 

components have been  chosen. Table 1.2 provides information of the compositions for the 

different model feed streams. The model feed compositions have been determined based on 

information provided by BP.80  

 

Table 1.2.: Model feed compositions 

Feed Total aromatics content  

(vol-%) 

Component (vol-%) 

FCC Gasoline 4 1% benzene, 3% toluene, 40% hexene, 56% hexane 

Reformate 14 

2% benzene, 3% cumene, 4% toluene, 5% p-xylene, 

13% nonane, 73%  hexane 

Diesel 40 

1% 9,10-dihydrophenanthrene, 11-% naphthalene, 28% 

tetralin, 30% decalin, 30% hexadecane 

 

Removing the aromatic hydrocarbons already at an earlier stage of the process rather than 

only from the almost finished carburant fuels would offer the opportunity of less energy 
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consumption compared to conventional processes. Additionally, fulfilling to the future 

maximum permitted aromatics content in carburant fuels would be easier as well since, at an 

earlier stage, the aromatic concentration of the streams can be lower, e.g. reformate.  

Hence, the concept is to remove the majority of the aromatic hydrocarbons as early as 

possible in order to simplify the purification steps of the almost finished fuels. In case of the 

investigated streams, this means: 

− Reformate: directly after crude distillation, before naphtha cracker 

− FCC Gasoline: before hydro-treating unit 

− Diesel: directly after crude distillation 

Another advantage of early aromatics removal, i.e. preferably before sulphur treating units, is 

the possibility of simultaneous aromatic and sulphur and/or nitrogen containing aromatics. 

Simultaneous removal of several aromatics leads to reduced process streams followed by 

smaller nitrogen removal and hydro-treating units and therewith reduced energy costs.  

Nowadays, the most effective solvent for the extraction of mono aromatic hydrocarbons is 

sulfolane.81 Therefore, sulfolane has been chosen as benchmark for the results obtained in 

this thesis.  

 

The aim of this work is the development of an extraction process based on an improved ionic 

liquid for the separation of aromatic hydrocarbons from various petrochemical streams. In 

order to achieve this goal, first a profound ionic liquid screening is required. This needs to be 

done in order to find an ionic liquid fulfilling all the criteria defined above, since ionic liquids 

investigated up to know do not meet them to a sufficient extend. Hence, the first step to 

obtain a suitable ionic liquid for the aimed process is the detailed screening of possible 

candidates. In this context, the comprehension of conventional solvents is indispensable and 

the application of the obtained knowledge to new systems a prerequisite. For this purpose the 

screening of ionic liquids in comparison with conventional solvents based on COSMO-RS is 

described in Chapter 2 for the system toluene/n-heptane. The subsequent step is the 

identification of ionic liquids for the more complex model feeds for Reformate, FCC 

Gasoline and Diesel listed in Table 1.2. In order to experimentally verify the ionic liquids 

identified in Chapter 2 an experimental screening has been done for the components of the 

model feeds given in Table 1.2. The experimental screening results and their discussion are 

reported in Chapter 3. Furthermore, the results for the model feeds are compared to real feed 
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experiments in order to investigate the influence of a real petrochemical stream mixture 

compared to a model feed with a limited number of components.  

Based on the results obtained in the previous chapters the ionic liquid [3-methyl-N-butyl-

pyridinium][dicyanamide] ([3-Mebupy][DCA]) has been chosen for further investigation. 

When a suitable candidate is defined, the subsequent step is the development of an extraction 

process based on this ionic liquid. In order to develop a sound process model, thermodynamic 

data are required. For a liquid-liquid extraction process the ternary LLE data of the 

investigated components have to be determined. In Chapter 4 LLE data are reported for the 

FCC gasoline and reformate model feed compounds and three ionic liquids. These data have 

been correlated with Aspen Plus. The subsequent part is the process design comprising the 

main extraction column with the additional separation and solvent recovery units. Chapter 5 

describes the Aspen plus based process design together with an economical feasibility study 

of the process. 

Scale up from lab scale to pilot plant scale is an important intermediate step in process 

developments providing important information about the technical feasibility of the 

investigated process. In order to study mass transport and hydrodynamic effects, Chapter 6 

contains the results concerning an experimental study on the scale-up of the FCC gasoline 

model feed and a real feed (LCCS) into a RDC pilot plant.  

 

As petrochemical streams contain numerous components, including heterocycles, Chapter 7 

discusses the extraction of aromatics containing sulphur and nitrogen compounds. The 

affinity of heteroatoms towards ionic liquids is studied in comparison to mono-aromatics.  

Finally, the thesis is concluded in Chapter 8; including a future outlook and 

recommendations for further research.  
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COSMO-RS Supported Identification of Ionic Liquids as                    

Solvents for Aromatic Hydrocarbon Extraction 

 

The quantumchemical based tool COSMO-RS has been applied for the screening of ionic 

liquids as extraction solvents for the separation of aromatics from aliphatic hydrocarbons. In 

order to identify suitable ionic liquids a method has been developed based on the probability 

plots of the statistical charge density distribution of a molecular surface, the so called σ-

profiles. The σ-profiles of conventional solvents have been investigated and were compared 

to ionic liquid cation and anion σ-profiles. Using σ-profiles, COSMO-RS appeared to be a 

promising screening tool and promising as well as unsuitable ionic liquids could be 

identified. The σ-profile screening method has been experimentally validated by means of a 

toluene/n-heptane mixture. It was shown that the method can be applied successfully. 
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2.1 Introduction 

Within recent years, ionic liquids gained more and more interest for all different kind of 

processes, amongst those as separation media for extraction processes.1 The number of 

conceivable combinations between ionic liquid cations and anions is almost unlimited.2 For 

this reason, solely experimental screening is impossible and, hence, the use of simulation 

tools indispensable. Since ionic liquids are a relatively new class of components, the use of 

common simulation tools, i.e. group contribution methods like UNIFAC, is complicated 

because required interaction parameters are not fully determined by far.3,4 In order to describe 

thermodynamic properties and behaviour of ionic liquids, the dielectric continuum model 

COSMO-RS gains more and more influence.3-16 COSMO-RS is independent of specific 

interaction parameters and, therewith, a promising approach for ionic liquids. The name 

COSMO-RS is derived from COSMO; “Conductor-like-Screening-Model”; which belongs to 

the class of quantum chemistry continuum solvation models and its extension for “real 

solvents”. This quantum chemical approach has been recently proposed by Klamt et al.17-19 

While, COSMO-RS uses only structural information of the molecules for the a priori 

prediction of activity coefficients and other thermo-physical data, the program is independent 

of specific interaction parameters. 

 

Figure 2.3: Comparison between distribution coefficients of toluene and n-heptane in ionic 

liquids at infinite dilution determined with COSMO-RS and experimental data at 10% toluene 

in n-heptane at T = (313 ◆ and 348 □) K. 
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However, as illustrated by Figure 2.1, the quantitative prediction of e.g. distribution 

coefficients and subsequently selectivities, remains challenging. Figure 2.1 shows the parity 

plot of the distribution coefficients for toluene and n-heptane in different ionic liquids for the 

comparison between experimental and COSMO-RS determined data. The distribution 

coefficients (Di) have been determined according to equations 2.1. (COSMO-RS) and 2.2 

(experimental) respectively. 

∞−
=

i
RSCOSMOi

γ
D

1
,  (2.1) 
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i

IL

i
alexperimenti

x

x
D =,  (2.2) 

Di is the distribution coefficient, γi
∞ the component activity coefficient at infinite dilution and 

xi represents the component mole fraction in the ionic liquid phase (IL) and the organic phase 

(org) respectively.  

The COMSO-RS data have been derived based on the parameter set provided by the program 

itself,20 where the version COSMOtherm-C21-0104 has been applied. As it is obvious from 

the parity plots, the data for n-heptane are substantially overestimated for most of the ionic 

liquids, whereas the toluene data are rather underestimated. This means that the quantitative 

prediction of thermodynamic data for ionic liquids is challenging and a screening based 

solely on γi
∞- values derived with COSMO-RS is difficult. This was confirmed by several 

authors3,5-10,12-16 who could only obtain good agreement between simulated and experimental 

values by empirically adjusting the COSMO-RS equations, COSMO-RS parameters as aeff, 

α’, chb, σhb,
17-19 and/or an extensive conformer analysis and optimization.  

 

2.2 COSMO-RS 

The model COSMO-RS combines quantum chemical considerations in the form of a 

conductor-like-screening tool (COSMO) with the approach of group contribution models, e.g. 

UNIFAC. This means, for COSMO-RS, that a number of quantum chemical calculations are 

combined with statistical thermodynamics in order to be able to determine and predict 

thermodynamic properties without experimental data.    

Therefore, the bulk of a liquid phase is considered to be built of closely packed molecular 

cavities, where each molecule is divided into m discrete segments, each with the screening 
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charge density σi. Furthermore, the interactions between the molecules are reduced to the 

interactions of the molecular segments, rather the interactions of the screening charge 

densities. In order to describe the entire molecule and molecular properties the screening 

charge density distribution of a molecule, the so called σ-profile, is used. Since, initially the 

assumption has been made that a liquid consists of close packed molecules, as a logical 

consequence, the properties of this liquid can also be described by means of the σ-profiles. 

Based on the σ-profile the σ-potential µ(σ) of a molecule is calculated. The σ-potential is the 

central equation in COSMO-RS, where all other equations for the calculation of 

thermodynamic information are based on. Additionally, electrostatic interactions (Emisfit) and 

hydrogen bond interactions (EHB) between the molecular surface pieces are described in 

dependence of σ. Therewith, the screening charge distribution profile holds all the 

information necessary for COSMO-RS. A more detailed description can be found 

elsewhere.17-19,21 

In order to perform the COSMO calculations, the COSMO-RS model uses a total of 22 

parameters. Therewith, four general adjustable parameters and two element specific 

parameters for the nine elements H, O, N, C, Cl, Br, I, F and S are necessary. The element 

specific parameters are the element-specific radii used for the cavity construction in COSMO 

and the vdW parameters τ(e). The adjustable parameters are the misfit constant α′, the cut-off 

surface charge density σhb for distinguishing hydrogen bond donors and acceptors, as well as 

the two segment interaction parameters aeff, the effective contact surface area of a standard 

segment, and the hydrogen-bonding coefficient chb. A more detailed explanation can be found 

elsewhere.21 The parameter estimation of COSMO-RS has been made by means of 890 room-

temperature data points obtained from infinite dilution activity coefficients, vapour pressures, 

and distribution coefficients of water, octanol, hexane, benzene and diethylether and 237 

compounds.19 

 

2.3 COSMO-RS Enhancements 

In an attempt to improve the accuracy of COSMO-RS, different groups developed varieties of 

the model: COSMO_VLE,6 COSMO_LLE,7 and the combination COSMO-RS with a neural 

network descriptor.26-28 Yet, also refinements of COSMO-RS have been evolved: COSMO-

SAC10 and COSMO-RS (Ol).12 

 



Multiple Aromatics Extraction 

27 
 

2.3.1 COSMO_VLE and COMSO_LLE 

The adaptations COSMO_VLE and COSMO_LLE have been developed by Banerjee and his 

co-workers6,7 where COSMO_VLE is a variation of COSMO-RS adapted for VLE systems 

and COSMO_LLE is a model for the calculation of liquid-liquid equilibria. Additionally, 

Banerjee et al. applied the segment activity approach of Sandler et al. which has been 

implemented in their COSMO-SAC model.10 The most important modifications Banerjee et 

al. implemented compared to COSMO-RS are: parameter estimation aeff and chb for 

COSMO_VLE in the temperature range of 273.15 – 363.15 K by means of extensive VLE 

data and simultaneous parameter estimation aeff, chb and σhb for COSMO_LLE and ternary 

LLE data sets respectively.  

For systems containing ionic liquids Banerjee et al.6 obtained the ionic liquid σ-profile for the 

molecule as a whole. However, in a later publication8
 they state that the independent 

calculation of cation and anion and subsequently the linear combination of the anion and 

cation σ-profiles provides better results. Furthermore, in both cases COSMO_VLE and 

COSMO_LLE, a detailed conformer analysis of all components has been conducted. The 

parameter estimation done by Banerjee is based on the procedure described by Lin and 

Sandler.10 For COSMO_VLE 274 data points of non-hydrogen-bonding systems have been 

used for aeff and 141 data points for associating systems in order to obtain chb.
6 COSMO_LLE 

parameters aeff, chb and σhb have been obtained by a simultaneous fit to 10 ternary LLE 

systems and subsequently minimization of an objective function.7 With all these 

improvements Banerjee et al. obtain excellent results for the predicted activity coefficients, 

VLE and LLE data for systems containing ionic liquids. 

 

2.3.2 COSMO-SAC 

In comparison to Banerjee and co-workers, Lin and Sandler presented a modification of 

COSMO-RS which they called COSMO-SAC due to their approach of calculating the 

segment activity coefficients (SAC) of a molecule.10 Therewith, in the COSMO-SAC model 

the calculation of the segment activity coefficient Γ(σ) is the central equation, in contrast to 

the chemical potential of a charged surface segment µ(σ) in COSMO-RS.17-19 Analogous to 

µ(σ), the computation of the segment activity coefficient is also based on COSMO 

calculations, where the DMol3 algorithm has been applied. For this calculations the atomic 

radii of only the five elements H, C, N, O, Cl have been used. Furthermore, the COSMO-
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SAC model contains in total eight parameters, namely the five atomic radii, the cut-off 

surface charge density σhb, and the two segment interaction related variables aeff and chb. Only 

the latter two parameters are considered as adjustable parameters in COSMO-SAC and the 

remaining values have been taken from Klamt et al.19 In order to optimize the two parameters 

aeff and chb VLE-data have been used. The parameter for the surface area of a standard 

segment, aeff, has been adjusted by means of 70 non-associating binary mixtures with in total 

918 data points in the temperature range 238.15 – 373.15 K. The hydrogen bond coefficient, 

chb, has been adjusted by 102 associating binary systems with in total 1526 data points 

covering the temperature range of 273.15 – 383.15 K.10 The results obtained with COSMO-

SAC are in good agreement with experimental values or can predict the right trend. In general 

the results are comparable to COSMO-RS. However, since the model parameters are not 

optimized for COSMO-SAC but have been taken from COSMO-RS the similarity can be 

explained.   

In a refinement step Wang, Sandler and Chen22 expanded the number of parameters to 23, 

including the atomic radii of S, P, F, Br, I and two new parameters due to a different treating 

of hydrogen bond energies. Following the example of Grensemann and Gmehling,12 Wang et 

al.22 defined the hydrogen bond energy according to the fact that not every hydrogen atom 

can form hydrogen bonds. This means, only hydrogen atoms attached to oxygen, nitrogen and 

fluorine are taken into account for hydrogen bonding. The required new parameter 

optimization has been done based on 1432 σ-profiles generated with DMol quantum 

mechanics of the COSMO database developed by Mullins et al.11  

 

2.3.4 COSMO-RS(Ol) 

Another version of COSMO-RS, COSMO-RS(Ol), has been implemented by Grensemann 

and Gmehling.12 In order to improve the description of hydrogen bonds, in COSMO-RS(Ol) a 

new descriptor η has been introduced. Grensemann and Gmehling state that only polarized 

hydrogen atoms connected to strongly electronegative atoms as oxygen, nitrogen or other 

strong electronegative atoms form hydrogen bonds. This has been taken into account in the 

model COSMO-RS(Ol), which means that a second σ-profile has been introduced only for 

surface segments where hydrogen bonds are physically meaningful. Therefore, the new 

descriptor η was established, which combines the screening charge density with the bonding 

type. Due to the new introduced descriptor, the statistical thermodynamic equations and 



Multiple Aromatics Extraction 

29 
 

parameters, in comparison to COSMO-RS, had to be adapted as well, which is the significant 

difference to the original model COSMO-RS. Furthermore, Grensemann and Gmehling 

followed the method of Klamt et al., however, as combinatorial term for the activity 

coefficient calculation a modified Staverman-Guggenheim expression has been used.12 The 

parameter optimization for COSMO-RS(Ol) has been carried out by fitting the parameters 

simultaneously to a comprehensive database consisting of 112 binary VLE data sets, 95 hE 

data sets, 173 γ∞ data points, 31 SLE data sets of eutectic systems and some azeotropic data.12 

Furthermore, the authors carried out a conformer analysis, where it was found that different 

conformers cause different results, i.e. it was observed that one conformer gives the best 

result for VLE, but the enthalpy of mixing of the same system was described much better by 

another conformer. However, in order to keep COSMO-RS(Ol) comparable to COSMO-RS 

no multiple conformers were taken into account. 

In the application of COSMO-RS(Ol) for ionic liquids, the cation and anion σ-profiles have 

been calculated separately and then combined to one single profile.3 In reference [3] activity 

coefficients were calculated by means of COSMO-RS(Ol), whereas, in comparison to 

reference [12], the algorithm Gaussian 03 has been used for the COSMO calculations. 

Although the obtained results describe the right trend, they are not in good agreement with 

experimental data. The authors indicate that these inaccuracies might be corrected by 

adjustment of the hydrogen bonding constant chb.
3  

 

Influence of the Algorithm 

A comparison of the two models COSMO-RS(Ol) and COSMO-SAC as well as the 

investigation of different quantum chemical methods for the σ-profile computation has been 

made by Mu et al.24 COSMO calculations based on Turbomole BP/TZVP, Gaussian 03 

BP/TZVP and Gaussion 03 B3LYP/6-311G(d,p) were performed and compared. As an 

overall conclusion it could be observed that the influence of the different algorithms is small. 

However, slightly better results have been obtained with the Gaussion BP3LYP/6-311G(d,p) 

algorithm. Additionally, small differences in the σ-profile can cause significant deviations  

  

2.3.5 Conclusions COSMO-RS 

Comparing the different approaches and varieties of COSMO-RS it can be concluded that 

only the approach of Banerjee and co-workers is successful for the prediction of systems 
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containing ionic liquids. This leads to the conclusion that not only the quality of the 

experimental data for the parameter fit is important but also the type of data. As shown by 

Banerjee et al., e.g., a sound prediction of LLE data is only possible by using LLE data for 

parameter optimization.7 On the other hand, the number of conformers that have been taken 

into account seems to have great influence on the simulation results as well. This has been 

confirmed by several authors, who confirmed a correlation between the accuracy of the 

simulation results and the number of conformers that have been considered for parameter 

optimization.5-9,12,15,16,28,29 

Figure 2.2 shows two approaches for the screening of ionic liquids as extraction solvents. The 

calculation of activity coefficients at infinite dilution is a common solvent screening 

method.3,5,19-24,28 However, as visible in Figure 2.1, this method is difficult to use for ionic 

liquids and sound results can only be obtained by COSMO-RS parameter adaptation. Since 

COSMO-RS-parameter adaptation is beyond the scope of this thesis, we have chosen to use 

the more qualitative σ-profile based approach (Figure 2.2) for the computational screening of 

ionic liquids. In contrast to the first method the use of σ-profiles offers a simple, qualitative 

approach for ionic liquid screening. 

 

Hence, the aim of this chapter is to develop a σ-profile based screening method for the pre-

selection of ionic liquids. In order to indentify suitable ionic liquids for the extraction of 

aromatic hydrocarbons, the σ-profiles of conventional solvents have been compared to the σ-

Figure 2.2: COSMO-RS approach in this work 
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profiles of a number of ionic liquid cations and anions. Consequently, an investigation of the 

σ-profiles of different cation and anion groups has been made and evaluated with regard to σ-

profiles of conventional extraction solvents. Therefore, the COSMOtherm ionic liquid 

database has been used. Ionic liquid cations and anions that were not included in the database 

have been added manually. The program Hyperchem has been used in order to obtain the 

molecular structures and subsequently COSMO calculations have been performed by means 

of the algorithm Turbomole. Furthermore, the results obtained with the σ-profile screening 

have been validated experimentally.  

 

2.4 σ2.4 σ2.4 σ2.4 σ-Profile-based Ionic Liquid Screening    

A σ-profile is the probability plot of the statistical charge density distribution of a molecular 

surface. It is derived from the ideally screened molecule surface in terms of energy and 

charge distribution, the so called σ-surface. However, the x-axis of the σ-profile plot are 

inverse, which means that negative charges are plotted as positive values and vice versa. A 

more detailed explanation can be found in literature.21 

As stated above, the ionic liquid selection of this work has been based on σ-profile screening. 

Therefore, first the σ-profiles of conventional solvents have been determined and compared 

with the σ-profiles of the components to be separated. Subsequently, the σ-profiles of 

numerous cations and anions have been evaluated in order to identify promising ionic liquids.  

    

2.4.1 σ σ σ σ-Profiles of Conventional Solvents  

Figure 2.3 shows the σ-profiles of toluene and n-heptane, representative for an aromatic and 

an aliphatic component, respectively, together with the σ-profiles of sulfolane, NMP an 

ethylene glycol as representatives for conventional solvents.  

The non-polar n-heptane molecule has the same charge density distribution along the whole 

molecule chain, which is represented by the narrow, high peak in the centre of the 

chromatogram. Whereas toluene, as a more polar component, has a clearly more pronounced 

σ-profile. The two electron clouds of the compound are retrieved in the plot as the two outer 

peaks of the toluene function at -0.005 [e/A2] and 0.006 [e/A2] respectively. The methyl 

group, which is attached to the ring, is represented by the third peak at 0.002 [e/A2]. In 

general it is obvious that the n-heptane peak width reaches from -0.005 [e/A2] until 0.006 
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[e/A2], whereas the toluene peak is almost as twice as broad with boarders at -0.009 [e/A2] 

and 0.009[e/A2], respectively.  

 

The clearly polar components sulfolane, NMP and ethylene glycol (Figure 2.4) have σ-

profiles that differ significantly from the above described molecules. As described by 

Klamt,21 polar components have σ-profiles with mainly two distinct peaks lying in the range 

≥ ± 0.01 [e/A2], which is also an indication for the ability of hydrogen bond formation.  

 

Comparing the three molecules in Figure 2.4 with each other it is obvious that their σ-profiles 

although alike still differ noticeably from each other. All in common they have one taller 

peak in the left, e.g. negative, half of the diagram which is for sulfolane -0.006 [e/A2], and for 

Figure 2.4: Molecular structures conventional solvents 

NMP Ethylene glycol Sulfolane® 

Figure 2.3: σ-profiles of conventional solvents; 

- n-Heptane,  - Toluene, - Sulfolane, - NMP, - Ethylene glycol 
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NMP and ethylene glycol -0.004 [e/A2]. The second clear peak lies in the positive part of the 

diagram at 0.014 [e/A2] for sulfolane, 0.016 [e/A2] for NMP and 0.017 [e/A2] for ethylene 

glycol. Conspicuously, the taller peak of all three components is in the same area as the 

negative peak of the toluene σ-profile. This is, in case of sulfolane, due to the partial positive 

charged hydrogen atoms the closest to the two oxygen atoms, and due to charge 

delocalization of the carbon and residual hydrogen atoms, see Figure 2.5.  

In case of NMP, the charge delocalization is less strong and not spread above the ring. 

However, the hydrogen atoms attached to the nitrogen are clearly more charged than any 

hydrogen of sulfolane, which is the reason for the tall peak of NMP at -0.004 [e/A2]. For 

ethylene glycol one of the strong partial positive hydrogen atoms is responsible for the taller 

negative peak as well. This also explains that the peak occurs at the same value as the NMP-

peak. The second negative ethylene glycol peak, at more negative σ-values between -0.013 

and -0.017 [e/A2], is derived from the second hydrogen atom. On the other hand, the positive 

peak of all three components is derived from the partial negative oxygen atoms, present in all 

three molecular structures. Compared to NMP and ethylene glycol the oxygen atoms in case 

of sulfolane are less charged, which is the reason that the sulfolane peak is at 0.014 [e/A2] in 

contrast to NMP 0.016 [e/A2] and ethylene glycol 0.017 [e/A2].  

 

The polarity of the three components is in the order of: sulfolane < NMP < ethylene glycol. 

This can also be confirmed by the σ-profile plot. For aromatics extraction the suitability, i.e. 

capacity, of the solvents is in the opposite order, namely: sulfolane > NMP > ethylene 

glycol.33-39  

The aforementioned knowledge linked to the σ-profile plot allows for the following 

interpretation: the better the interaction between the taller peak of the solvent with the  

Figure 2.5: σ-surfaces conventional solvents 

Sulfolane NMP Ethylene glycol 
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extractant the better the extraction. Since the parts of the toluene molecule that are available 

for interaction are the two electron clouds, corresponding solvent peaks should have values in 

the range of the π-cloud peaks of the toluene molecule. In case of the discussed examples 

sulfolane has with -0.006 [e/A2], compared to NMP and ethylene glycol, the best 

corresponding peak to the toluene peak at + 0.006 [e/A2]. For interactions with the toluene 

peak of -0.006 [e/A2] also sulfolane has the best correspondence, since the positive peak is 

the closest to the toluene value, however the values differ significantly.    

This is the point, where ionic liquids can have an advantage over conventional solvents. Due  

to their tunability the affinity with an aromatic solute can be significantly higher than for 

conventional solvents. In terms of σ-profiles this means, that the positive peak, representing 

the ionic liquid anion, can be shifted more towards values around σ = 0.006 [e/A²] and, 

therewith, to values more favourable in terms of solute/solvent interaction. The negative 

peak, representing the ionic liquid cation, however, should be similar to the negative 

conventional solvent peaks since this peak shows already good correspondence.  

 

Figure 2.6 shows the σ-profiles of toluene and n-heptane and two schematic peaks in order to 

indicate, where the optimal cation and anion σ-profiles should be located within the diagram.  
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2.4.2 Ionic Liquid σσσσ-Profiles 

In contrary to sulfolane, where the interactions between solute and solvent are mainly based 

on hydrogen bonds between the oxygen atoms of the sulfolane molecule and the hydrogen 

atoms of the aromatic solutes,40 the interactions present in ionic liquids are clearly more 

divers. As described by Padua et al. the following interactions can have a contribution: 

coulombic and van der Waals forces, polarization and charge delocalisation, flexibility and 

conformational richness.41 

 

Cation 

The ionic liquid cation interaction with the partially negative parts of the aromatic solute is 

highly complex. For aromatics the interactions are based on electrostatic interactions, van der 

Waals forces, cation-π and π-π-interaction.42-45 Electrostatic forces are important because of 

the cationic charge which polarizes the aromatic electron cloud and enables the interaction 

between the positive charge of the cation and the partially negative charge of the aromatic 

solute electron cloud. However, Holbrey et al. showed that van der Waals forces and π-π 

interactions have an important contribution as well to the formation of a lattice structure, 

where the aromatic solute is enclosed between aromatic cations.42 

It is assumed that, as discussed above, the cation σ-profile should be within the range of the 

aromatic electron cloud and preferably have a peak around -0.006 [e/A2]. Another important 

aspect is the peak width. Furthermore, the gap between the σ-profiles of toluene and n-

heptane indicates the separation possibility based on affinity disparity. Hence, it is likely that 

the optimal cation σ-profile has a peak that lies in the area between the toluene and n-heptane 

σ-profiles, which is between -0.004 and -0.007 [e/A2]; and additionally covers the whole 

negative part of the toluene σ-profile. Furthermore, it is favourable to find a σ-profile that 

does not cover too much of the n-heptane peak, since, the bigger the overlap with n-heptane 

the higher the capacity towards n-heptane and therewith the lower the selectivity. 

 

Anion 

Although, the influence of the cation on the extraction properties of ionic liquids is important, 

the influence of the anion is clearly more significant. This is mainly due to the greater variety 
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in the different types of anions and therewith also different interactions between ionic liquid 

and aromatic solute. 

According to Holbrey et al.42 ionic liquids and aromatic solutes arrange in a sandwich like 

structure, where the solute is enclosed between the cations and the anions arrange themselves 

around this complex. The interaction forces between anion and solute are also based on 

electrostatic interaction and van der Waals forces as well as hydrogen bonding and charge 

delocalization. Electrostatic forces act, in contrast to cationic interactions, between the 

polarized, partially positive part of the aromatic solute and the ionic liquid anion. However, 

probably also here the interaction is not of pure electrostatic nature and the formation of 

hydrogen bonds and van der Waals forces have a contribution as well.  

This requires an anion σ-profile (Figure 2.6), which is, in comparison to the positive 

sulfolane peak (Figure 2.3), shifted more towards the aromatic σ-profile and, therewith, the 

centre of the diagram. It is expected that, in order to achieve optimal correspondence to the 

negative toluene peak, the anion σ-profile should have one peak occurring at +0.005 [e/A²]. 

Additionally, most likely an overlap of 30 – 60 % of the anion charge density profile with the 

aromatic σ-profile is another important prerequisite. It is assumed that anionic σ-profiles that 

have less than 30 % overlap cause insufficient capacity. Anions with σ-profiles with an 

overlap larger than 60 % with the aromatic σ-profile are responsible for insufficient 

selectivity.     

 

2.4.3 Cation Screening 

As mentioned above, it is desirable that the cation σ-profiles cover the region between -0,004 

and -0.007 [e/A2] with a peak preferably at -0.006 [e/A2]. Ionic liquid cations can roughly be 

classified in two categories, namely a) non-cyclic cations like Tetramethylammoniums, 

[N1111]
+, tetramethylphosphonium, [P1111]

+, and trimethylsulfonium, [S111]
+,  and b) cyclic 

cations like 1-methyl-3-butyl-imidazolium, [BMIM]+, 3-methyl-N-butyl-pyridinium, [3-

Mebupy]+, and 1-methyl-1-butyl-pyrrolidinium, [Mebupyrr]+.  
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a) Non-Cyclic Cations 

The three cationic σ-profiles depicted in Figure 2.7a) are an example for cations that do not 

fulfil to the criteria mentioned above. Tetramethylammoniums, [N1111]
+, 

tetramethylphosphonium, [P1111]
+, and trimethylsulfonium, [S111]

+, have similar σ-profiles 

a) Non-cyclic cations; -[N1111]
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Figure 2.7: σ-profile screening of ionic liquid cations 

b) Cyclic cations; -[BMIM]+, - [3-Mebupy]+, - [Mebupyrr]+ 
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due to their comparable chemical nature. All σ-profiles have two peaks, where, however, the 

higher peak is the dominant one and therewith more important. This taller peak is at -0.008 

[e/A2] for [P1111]
+, -0.009 [e/A2] for [N1111]

+ and -0.01 [e/A2] for [S111]
+.  

Hence, the criteria are not fulfilled since these peaks do not match with the toluene peak at 

0.006 [e/A2], and additionally, do not cover the negative toluene peak, which is the reason for 

their expected unsuitability.  

 

b) Cyclic Cations 

In contrast to Figure 2.7 a), Figure 2.7 b) shows three more suitable cations. The cations, 1-

methyl-3-butyl-imidazolium, [BMIM]+, 3-methyl-N-butyl-pyridinium, [3-Mebupy]+, and 1-

methyl-1-butyl-pyrrolidinium, [Mebupyrr]+, have similar σ-profiles as well. But in contrast, 

[BMIM]+ and [3-Mebupy]+ are aromatic rings, whereas [Mebupyrr]+ is a cyclic aliphatic. All 

these cations have their main peak around the desired area; [3-Mebupy]+ at -0.003 [e/A2] and 

[BMIM]+ and [Mebupyrr]+ at -0.005 [e/A2]. Furthermore, for all three cations the gap 

between the σ-profiles of toluene and n-heptane is covered by the main part of the σ-profile 

as well as whole the negative part of the toluene σ-profile and, hence, all criteria are fulfilled.   

 

Figure 2.7 only gives a small impression of possible cations. Additionally to the shape of the 

core part of the molecule, the side chains have to be regarded as well. A prerequisite of an 

ionic liquid cation is, next to the criteria described above, a non-aliphatic character. This 

means the longer the side chains the more aliphatic the molecule. For cations shown in Figure 

2.7 a), the longer the alkyl chains the more unsuitable those cations become. Whereas, for the 

cyclic cations depicted in Figure 2.7 b), the butyl-chain is assumed to be the optimum chain 

length. Shorter alkyl rest (methyl, ethyl) result in unfavourable σ-profiles. This means less 

overlap with the desired area of the toluene peak (Figure 2.6). For alky chains > C4 the 

aliphatic character of the components gets stronger, indicated by a more and more aliphatic 

σ-profile and therewith too much co-extraction of aliphatic components is expected.  

However, experimental confirmation is needed. 

 

2.4.4 Anion Screening 

As described above, anions arrange themselves around the cation/solute clusters, where they 

are in interaction with the positive part of the solutes, and, hence with the positive ring 
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hydrogens at the equator of an aromatic solute. Therefore, as a prerequisite, anions should not 

be too bulky and sterically hindering in order to fit the structure. Furthermore, another 

important factor is chemical stability. Compared to ionic liquid cation types: cyclic and non-

cyclic, ionic liquid anion types are more varied.  

 

Anions are distinguishable in at least three groups: a) spherical anions without charge 

distribution like tetrachloroaluminate, [AlCl4]
-, hexafluorophosphate, [PF6]

-, and 

tetrafluoroborate, [BF4]
-; b) spherical anions with linear chains and slight charge distribution 

like methanesulfate, [CH3SO4]
-, p-toluene-4-sulfonate, [tosylate]-, and 

bis(trifluoromethylsulfonyl)imide, [Tf2N]-; c) small linear anions with explicit charge 

distribution like dicyanamide, [DCA]-, thiocyanate, [SCN]-, and tricyanomethanide, [TCM]-. 

The anion screening is subdivided in these classifications.  

 

 

 

 

Figure 2.8 a): σ-profile screening of ionic liquid anions  
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a) Spherical Anions without Charge Distribution 

In Figure 2.8 a), the σ-profiles of the spherical anions tetrachloroaluminate, [AlCl4]
-, 

hexafluorophosphate, [PF6]
-, and tetrafluoroborate, [BF4]

-; are shown. The anion [AlCl4]
- has 

Figure 2.8 b): σ-profile screening of ionic liquid anions  

b) Spherical anions with linear chains and small charge distribution; 
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with one tall peak at 0.008 [e/A2] and a smaller peak at 0 [e/A2] the most suitable σ-profile 

since it fulfils the above mentioned criteria the best with about 50% overlap. The second best 

anion is [PF6]
-. The σ-profile has one peak at 0.009 and ca. 40 % overlap with the aromatic σ-

profile. The anion of this selection the less suitable is [BF4]
-. Even though the tall peak is 

located at 0.011 [e/A2], the second smaller peak occurs at 0.007 [e/A2], which results in an 

overlap of approximately 30 % and makes this anion still suitable. However, it should be 

mentioned that the anions [AlCl4]
- and [PF6]

-, unless their theoretical possibilities, are 

unsuitable for large scale use due to their water instability. 

 

b) Spherical Anions with Linear Chains and Small Charge Distribution 

The σ-profiles of methanesulfate, [CH3SO4]
-, p-toluene-4-sulfonate, [tosylate]-, and 

bis(trifluoromethylsulfonyl)imide, [Tf2N]- are illustrated in Figure 2.8. b). These anions are 

examples for compounds that do not meet the criteria. All three σ-profiles have either too 

much or too less overlap with the toluene charge density profile. Moreover, their peaks with 

values at 0.011 [e/A2], [Tf2N]-, [CH3SO4]
- at 0.015 [e/A2] and [tosylate]- at 0.017 [e/A2] are 

situated too far to the right to be in good correspondence with the toluene σ-profile. The 

second peak of the [Tf2N]--σ-profile, located at 0.002 [e/A2] is, clearly too high and will 

result in undesired co-extraction of n-heptane. Besides, this peak is responsible for the 

overlap of 70 %. The same holds for the [tosylate]- anion. The second, third and forth peak of 

the σ-profile are the mirror inverted σ-profile of toluene, which are responsible for an overlap 

of approximately 70 %. Furthermore, the fourth peak at – 0.005 [e/A2] is already in the area 

where the cation σ-profile will overlap. Therefore, it is assumed that hindering of the ionic 

liquid cation occurs. Sterically hindrance entails a lower capacity since the interaction 

between ionic liquid and solute is affected and not optimal anymore. The second and third 

peak of [CH3SO4]
- also occur in the negative half of the diagram at -0.002 [e/A2] and -0.007 

[e/A2]. Therewith, sterically hindrance of the cation is likely as well. Furthermore, the σ-

profile of [CH3SO4]
- has less than 30 % overlap with the aromatic charge density profile. 

However, it can be assumed that sulfates with higher alkylrests as ethyl, propyl and higher 

may fulfil the criteria better in terms of overlap. The possibility of sterical hinderance is still 

present.  
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c) Small, Linear Anions with Charge Distribution 

Figure 2.8. c) depicts the σ-profiles of the anions dicyanamide, [DCA]-, thiocyanate, [SCN]-, 

and tricyanomethanide, [TCM]-. All three anions have a linear shape with clear charge 

distribution, which is also visible in their σ-profiles: since the charge is not centred at one 

atom but distributed the σ-profiles have, in contrast to anions mentioned in a) and b), two 

almost equal main peaks. Although, also here for all three anions the first peak is out of 

range, 0.013 [e/A2] [DCA]-, 0.012 [e/A2] [SCN]- and 0.01 [e/A2] [TCM]-; the second peak is 

located at favourable values 0.004 [e/A2] [DCA]-, 0.002 [e/A2] [TCM]- and 0.007 [e/A2] 

[SCN]-. As the peaks, however, are nearly equivalent this makes the anions still suitable 

candidates, since an equal part covers the toluene peak at a desirable position. Moreover, the 

overlap with the toluene σ-profile is in all three cases in the desired range: [SCN]- has ca. 30 

% overlap, [DCA]- 40 % and [TCM]- 50 %.  

 

2.4.5 Ionic Liquid Selection 

A selection of likely suitable and unsuitable ionic liquid anions and cations, screened by the 

described method is shown in Table 2.1. The selection has been made according to the 

hypothesis established in paragraph 2.4.2. Following the hypothesis cations as imidazolium, 

pyridinium and pyrrolidinium are suitable cations, whereas cations that are not of aromatic 

nature or exhibit a cyclic structure are in general unsuitable candidates. However, also 

aromatic type cations can have σ-profiles that do not fulfil to the screening criteria, e.g. 

quinolinium which σ-profile has too much overlap with the aliphatic component peak.  

Suitable anions are typically small, linear components with explicit charge distribution like 

dicyanamide, thiocyanate, tetracyanoborate and tricyanomethanide. Anions as 

bis(trifluoromethylsulfonyl)imide that exhibit a charge distribution but where the σ-profile 

has too much overlap with the aliphatic σ-profile, will be responsible for co-extraction of the 

aliphatic components and therefore considered to be unsuitable. Besides, also spherical 

anions as tetrachloroaluminate, tetracyanoborate and hexafluorophosphate that exhibit charge 

distribution and have matching σ-profiles are taken into account as possible candidates. 
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Table 2.2: Overview theoretically suitable and unsuitable cations and anions 

 Cation Anion 

Suitable [MMIM]+ [AlCl4]
- 

 [BMIM]+ [PF6]
- 

 [EMIM]+ [BF4]
- 

 [H6MIM]+ [SCN]- 

 [OMIM]+ [DCA]- 

 [bupy]+ [TCM]- 

 [Mebupy]+ [TCB]- 

 [Meethpyrr]+  

 [Mebupyrr]+  

   

Sulfolane 

   

Unsuitable [Ammonium]+ [Tf2N]- 

 [Phosphonium]+ [sulfates]- 

 [Sulfonium]+ [sulfonates]- 

 [Quinolinium]+ [tosylate]- 

 [Guanidium]+ [Cl]- 

  [I]- 

  [Br]- 

  [phosphates]- 

  [trifluoroacetate]- 

 

2.5 Experimental Section 

In order to validate the σ-profile screening method described above, the combinations 

resulting from the anions and cations shown in Table 2.1 have been validated experimentally. 

Therefore LLE measurements have been conducted using a mixture comprising of 10 vol-% 

toluene in n-heptane. The experiments have been carried out according to the following 

procedure. 
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2.5.1 Materials and Methods 

The ionic liquids used in this chapter were purchased by Iolitec, Merck and Sigma Aldrich. 

Furthermore, ionic liquid samples were provided by BASF. A complete list can be found in 

Appendix A. Toluene (p.a., 99.9 %), n-heptane (p.a., > 99 %) and ethylbenzene (> 99 %) 

were purchased from Merck. Acetone (p.a. > 99 %) was purchased from Fluka. Prior to the 

experiments, the ionic liquids have been dried in a rotary evaporator (Büchi Rotavapor R-

200) at 100 ○C and under reduced pressure. Subsequent, the water content of the ionic liquids 

has been determined by means of Karl-Fischer titration and was in all cased found to be less 

than 0.1 wt-%. 

 

2.5.2 Equipment and Experimental Procedure 

Liquid-liquid extraction experiments were carried out in jacketed glass vessels with a volume 

of about 70 ml. The vessels were closed with a PVC cover through which a stirrer shaft was 

led. For each experiment 10 ml of the feed (toluene + heptane) and 20 ml ionic liquid have 

been added and the mixture was stirred (1200 rpm) for 15 min to reach equilibrium. In 

previous work Meindersma et al. reported that a mixing time of 5 min is sufficient to reach 

equilibrium,46 which has been confirmened in this work. Nevertheless, in order to make sure 

that the phase equilibrium is reached in every case the extraction experiment has been 

continued for 15 min. After stirring, the two phases were allowed to settle for about 1 h. This 

has been done according to the procedure described by Meindersma et al.46 For phase mixing 

two stainless steel propellers, one in the bottom phase and one at the phase interface, with an 

electronic stirrer (Ika Eurostar) were used. Constant temperature (± 0.1 °C) was maintained 

by means of a water bath (Julabo F32-MW). 

 

2.5.3 Analysis 

After equilibrium was reached, a sample of 0.5 ml of each phase was taken and analysed by 

gas chromatography (Varian CP-3800). Acetone was added to the samples to avoid phase 

splitting and to maintain a homogeneous mixture. Ethylbenzene (0.2 ml for the raffinate 

samples and 0.1 ml for the extract phase samples) was used as internal standard for the GC-

analysis. The compositions of toluene and heptane in the samples were analysed by a Varian 

CP-3800 gas chromatograph with an WCOT fused silica CP-SIL 5CB column (50 m x 0.32 

mm; DF = 1.2) and a Varian 8200 AutoSampler. Since ionic liquids have no vapour pressure 
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and they cannot be analyzed by GC only the hydrocarbons of the feed were analyzed and the 

amount of ionic liquid was calculated by means of a mass balance. For a ternary mixture, 

only two components need to be analyzed; the third one, the ionic liquid, was determined by 

a mass balance of the measured mass fractions of toluene and heptane. In order to avoid 

inaccuracy of the analysis caused by fouling of the GC by the ionic liquid a liner and a pre-

column have been used. Furthermore, measurements were carried out in duplicate to increase 

accuracy.  

The deviation in the calibration curves of 1 % and a possible contamination of the gas 

chromatograph can cause a variance in the mole fractions (estimated on 1 %). The averages 

of the two measurements were used in our results. The relative average deviation in the 

compositions is about 2.5 %.  

 

2.6 Results and Discussion 

To characterize the suitability of a solvent in liquid-liquid extraction the solute distribution 

ratio (Di) and the selectivity (α) are widely used parameters. Hence, these parameters are 

used to present the experimental screening results for the three model feeds. The solvent 

distribution coefficient is defined: 

 

org

tol

IL

toltol xxD =  (2.3) 

org

hep

IL

hephep xxD = , (2.4) 

 

The selectivity α is derived from the ratio of the distribution coefficients, according to: 

 

heptol DD=α . (2.5) 

 

The results of the ionic liquids are compared to sulfolane, since sulfolane is the conventional 

solvent with the highest aromatic capacity35-39 and hence, serves as benchmark. Thus, a 

prerequisite for an ionic liquid used as extraction solvent for aromatic hydrocarbons is a 

significant higher capacity than sulfolane. Additionally, the selectivity of a suitable ionic 

liquid is preferably equal to sulfolane or higher. Meindersma et al. showed that for an 
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extraction process based on ionic liquids the influence of capacity is higher than the influence 

of selectivity.47  

 

2.6.1 Experimental Validation 

Figure 2.9 shows the distribution coefficient (x-axes) and the selectivity (y-axes) of a 

selection (see Table 2.1) of ionic liquids screened with COSMO-RS σ-profile screening and 

investigated for the model system 10 vol-% toluene in n-heptane at two temperatures. The 

purpose of these experiments is the validation of the screening method based on σ-profiles 

that has been developed in this work. 

The results shown in Figure 2.9 are compared with the distribution coefficient and selectivity 

of sulfolane indicated by the black lines. As stated above, it is a prerequisite that a suitable 

ionic liquid has a higher capacity than sulfolane which means that only ionic liquids with a 

capacity greater than 0.31 [mole/mole] are considered to be suitable candidates. Furthermore, 

ionic liquids with a comparable or higher selectivity as sulfolane are preferred. This limits the  

occurance of ionic liquids in the diagram to the upper right corner, i.e. Dtol ≥ 0.31 

[mole/mole] and αtoluene/heptane ≥ 32 for T = 303.15 K.  

The ionic liquids that fulfil these criteria are in general combinations of the cations [BMIM]+, 

[3-Mebupy]+, [4-Mebupy]+ and [Mebupyrr]+ in combination with the anions [DCA]-, [SCN]-, 

[TCM]-, [TCB]-, [AlCl4]
- and [BF4]

-. However, anions that contain halogenides, i.e. [AlCl4]
-, 

[PF6]
- and [BF4]

- etc., are chemically instable in the presence of water and therefore are ruled 

out as unsuitable.48  

Ionic liquids that fulfil only the criterion higher capacity are typically combinations of the 

imidazolium cation with longer alkyl chain rests than mentioned above, e.g. [H6MIM]+, 

[OMIM]+ but also the ionic liquids [EMIM][CH3SO3] and [Mebupyrr][Tf2N]. 

Ionic liquids having a higher selectivity than sulfolane but lower capacity are combinations of 

imidazolium with short alkyl chains as [MMIM]+ and [EMIM]+.  

Ionic liquids that do not fulfil any of the two criteria are found in the under left corner of 

Figure 2.9. This are ionic liquids containing imidazolium with only one methyl group as 

[HMIM]+ and pyridinium cations without alkyl rest attached to the C-atoms of aromatic ring 

like [Bupy]+. 

Furthermore, it is apparent that with increasing temperature the toluene distribution 

coefficients decrease whereas the distribution coefficients for n-heptane increase followed by 
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a decrease in selectivity. However, this is visible for all ionic liquids and sulfolane so that it 

can be said that the screening is independent of temperature effects.  

Figure 2.9: Capacity and selectivity in [mole/mole] of several ionic liquids for a model feed consisting 

10 vol-% toluene in n-heptane at a) T = 313.15 K; [3-Mebupy][DCA], [BMIM][DCA], [BMIM][SCN] at 

T = 303.15 K and b) T = 348.15 K; [3-Mebupy][DCA], [BMIM][DCA], [BMIM][SCN] at T = 328.15 K 

a) T = 313.15 K 

b) T = 348.15 K 
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2.6.2 Influence of Molecular Weight 

The results shown in Figure 2.9 are based on mole fractions and measured at the temperatures 

T = (313.15 and 348.15) K. For the presentation of LLE data commonly mole fractions are 

used. However, from an economical point of view, the interpretation in mass fractions is 

more valuable since the common unit of industrial process solvent streams is usually in 

kilograms and not mole. Moreover, the high molecular weight of some ionic liquids leads to a 

big difference of the values for the ionic liquid capacity, (see Figure 2.10).  

As an example the ionic liquid [Mebupyrr][Tf2N] is regarded: based on mole fractions the 

capacity of this ionic liquid is one of the highest, despite an unfavourable selectivity. 

However, in mass fractions the capacity is not much better than for sulfolane, which is due to  

the high molecular weight of the anion. Therefore, Figure 2.10 presents the mass based 

experimental screening results for the mixture of 10 vol-% toluene in n-heptane. It is obvious 

that the order of the ionic liquid capacities changed significantly in comparison to Figure 2.9. 

Ionic liquids that exhibit a high molecular weight have now capacities not much higher than 

for sulfolane, e.g. [Mebupyrr][Tf2N] (Dtol = 0.34), or even lower than sulfolane, e.g. 

[EMIM][CH3S03] (Dtol = 0.22 ). A complete overview is given in Appendix A. 

 

2.6.3 Comparison Experimental and COSMO-RS Results 

From the above described experimental validation, the σ-profile screening method has proven 

to be successful and it can be concluded that the overview of screened suitable and unsuitable 

anions and cations shown in Table 2.1 gives a good indication about suitable ionic liquids. 

Nevertheless, a few modifications have to be made. 

 

Cations 

The cation selection shown in Table 2.1 can, in general, be confirmed and aromatic and 

cyclic cations are the most suitable cations for aromatics extraction. However, as mentioned 

before an optimum in alkyl chain length exists for pyridinium, imidazolium and 

pyrrolidinium type cations. The optimal alkyl chain length in terms of capacity combined 

with reasonable selectivity is a butyl-chain. Smaller chain lengths cause an unfavourable 

capacity and chain lengths ≥ C6 are responsible for poor selectivities. The latter can be 

explained by the observations made by Watanabe et al.49 and Padua et al.41
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If the alkyl chain is too short (≤ C2) for these ionic liquids the self interaction between the 

ionic liquid molecules is higher than the interaction with the aromatic solutes which explains 

Figure 2.10: Capacity and selectivity in [g/g] of several ionic liquids for a model feed consisting 10 

vol-% toluene in n-heptane at a) T = 313.15 K; [3-mebupy][DCA], [BMIM][DCA], [BMIM][SCN] at T 

= 303.15 K and b) T = 348.15 K; [3-mebupy][DCA], [BMIM][DCA], [BMIM][SCN] at T = 328.15 K. 
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the low capacity for the aromatic components. Additionally, the interaction between the 

alkane molecules and the cation is weaker than for longer alkyl chain rests which causes, 

depending on the anion, the high selectivity, e.g. [EMIM][SCN]. 

 

Anions 

As mentioned already above, the interactions of anions are highly divers and complex. For 

example, the liquid and solid phase structure of an ionic liquid, namely the cation-anion 

interactions, is influenced by the anion type significantly.50-53 Also when solutes are included 

the anion type has significant influence in the form of the solvation of the solute, the liquid 

molecular structure of the ionic liquid due to specific anion solvent interactions but also the 

spatial arrangement of the cations due to the anion-cation interactions.42,43,50-52,54 In the steric 

order of ionic liquids and enclosed solutes not only the cations but also the anions have their 

preferred spatial arrangement. This is in general in the plane of the aromatic solute by 

forming hydrogen bonds with the positive aromatic ring hydrogens.43,50-52 However, with 

increasing size and charge delocalization of the anion, the hydrogen bonding ability decreases 

thus reducing the bonding strength with the acidic ring hydrogens and charge delocalization 

is the dominating interaction force.52 In the case of aromatic solutes obviously charge 

interaction is the most favourable interaction as it is apparent from Figure 2.9 and small 

anions with explicit charge distribution provide the best interaction between all components, 

therewith confirming the selection shown in Table 2.1. 

Nevertheless, a few modifications have to be made here as well. The anions containing 

halogen compounds, i.e. [AlCl4]
- and the like, are chemically instable in the presence of water 

and/or very corrosive. Therefore, they are considered to be unsuitable for the studied purpose. 

Additionally, some ionic liquids, e.g. [4-Mebupy][BF4], that seem suitable on mole basis 

exhibit a high molecular weight which causes a significant decrease in capacity for weight 

based distribution coefficients. Therefore, those ionic liquids are regarded as unsuitable as 

well. 

With these insights Table 2.1 has been adjusted to Table 2.2. 
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Table 2.2: Overview suitable and unsuitable cations and anions 

 Cation Anion 

Suitable [BMIM]+ [SCN]- 

 [Mebupy]+ [DCA]- 

 [Mebupyrr]+ [TCM]- 

  [TCB]- 

   

Sulfolane 

   

Unsuitable [MMIM]+ [AlCl4]
- 

 [EMIM]+ [PF6]
- 

 [H6MIM]+ [BF4]
- 

 [OMIM]+ [Tf2N]- 

 [bupy]+ [Cl]- 

 [Meethpyrr]+ [I]- 

 [Ammonium]+ [Br]- 

 [Phosphonium]+ [tosylate]- 

 [Sulfonium]+ [sulfates]- 

 [Quinolinium]+ [sulfonates]- 

 [Guanidium]+ [phosphates]- 

  [trifluoroacetate]- 

 

2.7 Conclusions 

In order to define suitable ionic liquids for the investigated extraction problem, a large 

number of ionic liquids has been evaluated by means of COSMO-RS σ-profile screening, the 

above described procedure. A selection has been made of suitable and unsuitable ionic liquids 

by separate screening of anions and cations and subsequently their combination. This 

COSMO-RS based selection has been experimentally validated for the model system 

toluene/n-heptane. It was shown that the σ-profile screening method can be applied 

successfully for the selection of ionic liquids as solvents for the extraction of aromatics. 
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APPENDIX 2.A 

Table 2.A.1: Experimental results 10 vol-% toluene in n-heptane at T = 313.15 K. 

IL Dtol [mole/mole] Dtol [g/g] Dhep [mole/mole] Dhep [g/g] S 

3-Mebupy BF4 0.53 0.24 0.0110 0.0046 52.2 

3-Mebupy DCAa) 0.86 0.39 0.0192 0.0088 44.3 

3-Mebupy TCM a) 1.20 0.51 0.0354 0.0147 34.7 

3-Mebupy TCB 1.70 0.64 0.0441 0.0165 38.8 

4-Mebupy DCA 0.68 0.31 0.0190 0.0087 35.6 

4-Mebupy SCN 0.51 0.25 0.0124 0.0056 44.6 

4-Mebupy BF4 0.49 0.22 0.0116 0.0049 44.9 

BMIM DCA a) 0.63 0.28 0.0107 0.0052 53.8 

BMIM SCN a) 0.50 0.25 0.0076 0.0039 64.1 

BMIM TCM a) 0.89 0.39 0.0183 0.0080 48.8 

EMIM SCN 0.27 0.16 0.0019 0.0011 145.5 

EMIM CH3SO3 0.46 0.22 0.0180 0,0087 25.3 

H6MIM SCN 0.87 0.35 0.0552 0.0210 16.7 

EMMIM BF4 - - - - - 

EMMIM DCA - - - - - 

PMMIM DCA - - - - - 

PMMIM SCN - - - - - 

Mebupyrr DCA 0.57 0.27 0.0136 0.0065 41.5 

Mebupyrr SCN 0.59 0.27 0.0131 0.0057 47.4 

Mebupyrr Tf2N 1.31 0.34 0.0837 0.0218 15.6 

3,4-Mebupy DCA 0.84 0.36 0.0330 0.0143 25.2 

3-Cyanobupy DCA -  - - - 

Sulfolane 0.31 0.26 0.0094 0.0079 32.9 

HMIM HSO4
b) 0.06 0.03 0.0062 0.0035 10.2 

BMIM BF4
 b) 0.38 0.17 0.0079 0.0035 48.8 

MMIM CH3SO4
 b) 0.08 0.04 0.0012 0.0006 69.0 

Bupy CH3SO4
 b) 0.25 0.11 0.0102 0.0044 24.0 

4-Mebupy CH3SO4
 b) 0.61 0.25 0.0145 0.0059 42.4 

EMIM AlCl4
 b) 1.80 0.64 0.0258 0.0092 69.6 

OMIM BF4
 b) 0.91 0.32 0.1279 0.0453 7.1 

EMIM I3
 b) 0.84 0.17 0.0173 0.0035 48.6 

S222 Tf2N
c) 0.93 0.20 0.0404 0.0087 23.0 

a) measured at T = 303.15 K; b)  Meindersma et al.41; c) 3 vol-% toluene in n-hexane 
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Table 2.A.2: Experimental results 10 vol-% toluene in n-heptane at T = 358.15 K. 

IL Dtol [mole/mole] Dtol [g/g] Dhep [mole/mole] Dhep [g/g] S 

3-Mebupy BF4 0.48 0.21 0.0231 0.0100 21.0 

3-Mebupy DCA 0.72 0.33 0.0237 0.0110 30.0 

3-Mebupy TCM 1.12 0.49 0.0459 0.0190 25.8 

3-Mebupy TCB  1.40 0.53  0.0519 0.0196 27.0 

4-Mebupy DCA 0.61 0.36 0.0289 0.0146 24.7 

4-Mebupy SCN 0.43 0.21 0.0195 0.0102 20.6 

4-Mebupy BF4 0.45 0.19 0.0191 0.0081 23.5 

BMIM DCA 0.56 0.28 0.0183 0.0089 31.5 

BMIM SCN 0.46 0.22 0.0130 0.0066 33.3 

BMIM TCM 0.83 0.36 0.0208 0.0091 39.7 

EMIM SCN 0.24 0.14 0.0030 0.0018 77.8 

H6MIM SCN 0.78 0.30 0.0552 0.0209 14.4 

EMMIM BF4
d) 0.28 0.13 0.0120 0.0054 24.1 

EMMIM DCAd) 0.51 0.25 0.0253 0.0127 19.7 

PMMIM DCA 0.72 0.31 0.0477 0.0202 15.3 

PMMIM SCN 0.45 0.20 0.0239 0.0105 19.0 

Mebupyrr DCA 0.49 0.23 0.0151 0.0072 31.7 

Mebupyrr SCN 0.54 0.26 0.0178 0.0089 29.3 

Mebupyrr Tf2N 1.21 0.31 0.1006 0.0259 12.0 

3,4-Mebupy DCA 0.74 0.32 0.0365 0.0158 20.3 

3-Cyanobupy DCA 0.50 0.27 0.0269 0.0229 11.8 

Sulfolane 0.33 0.27 0.0174 0.0142 19.0 

HMIM HSO4
 b) 0.04 0.023 0.0020 0.0011 20.5 

BMIM BF4
 b) 0.29 0.13 0.0090 0.0040 32.3 

MMIM CH3SO4
 b) 0.08 0.038 0.0017 0.0008 48.0 

Bupy CH3SO4
 b) 0.25 0.11 0.0085 0.0037 29.3 

4-Mebupy CH3SO4
b) 0.47 0.19 0.0181 0.0075 25.9 

EMIM AlCl4
 b) 1.67 0.60 0.0252 0.0090 66.4 

OMIM BF4
 b) 0.69 0.24 0.1211 0.0429 5.7 

S222 Tf2Nc) 0.88 0.19 0.0478 0.0103 18.4 

a) measured at 328.15 K, b) Meindersma et al.41, c) 3 vol-% toluene in n-hexane, d) measured at 368.15 K 
 



Chapter 3  

60 
 

 

 



Multiple Aromatics Extraction 

61 
 

 

 

 

 

 

 

Evaluation of Ionic Liquids for the Extraction of 

Aromatics from FCC Gasoline, Reformate and Diesel 

Feeds 

 

The experimental distribution coefficients and selectivities for the model systems FCC 

gasoline, reformate and diesel in several ionic liquids were determined. The ionic liquids 

were chosen according to the COSMO-RS selection procedure discussed in Chapter 2 of this 

work. The three model feeds have been used in order to investigate the separation 

aromatic/olefin (FCC gasoline), the influence of multiple aromatics (Reformate) and the 

extraction of poly aromatics as well as the separation poly aromatics/cyclic aliphatics 

(Diesel). It is demonstrated that the aforementioned separations are feasible. Interestingly, 

the extraction of poly aromatics was shown to be the most feasible with the highest 

distribution coefficients. Subsequently, the extraction of aromatics from five different real 

refinery feeds has been successfully evaluated with the ionic liquid 3-methyl-N-

butylpyridinium dicyanamide.   
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3.1 Introduction 

The use of ionic liquids for many different applications, even on larger scales, is increasing 

more and more.1-11 Also for the separation of aromatic and aliphatic hydrocarbons ionic 

liquids show encouraging performance as extraction solvents.12-32 

The advantage of ionic liquids compared to conventional solvents is based on their chemical 

and physical properties. The immiscibility with the aliphatic components and the negligible 

vapour pressure are, next to the tailorability, the core characteristics that make ionic liquids 

interesting as solvents for this type of separations.1,33  

The separation of aromatic and aliphatic hydrocarbons from complex streams with multiple 

aromatics, e.g. naphtha, is one of the central separation steps within oil refineries. 

Nevertheless, the current investigations of ionic liquids are predominantly based on simple 

model systems comprising one aromatic and one aliphatic component. 12-32 However, as 

already discussed in Chapter 1, multiple aromatic effects cannot be studied in binary systems 

and the investigation of multiple component systems is a pre-requisite for successful solvent 

development. Therefore, in order to design an ionic liquid for multiple aromatics extraction, 

in this work, three model streams with different aromatics content and character are studied 

regarding the aromatics removal. The investigated ionic liquids have been screened by means 

of the COSMO-RS σ-profile screening method discussed in Chapter 2. The compositions of 

the investigated feeds are given in Table 3.1.  

 

Table 3.1: Model feed compositions 

Feed Total aromatics content (vol-

%) 

Component (vol-%) 

FCC Gasoline 4 1% benzene, 3% toluene, 40% hexene, 56% hexane 

Reformate 14 

2% benzene, 3% cumene, 4% toluene, 5% p-xylene, 

13% nonane, 73%  hexane 

Diesel 40 

1% 9,10-dihydrophenanthrene, 11-% naphthalene, 28% 

tetralin, 30% decalin, 30% hexadecane 

 

As described in Chapter 1, the motivation to choose these three streams is based on the 

different type, concentration and number of components. FCC Gasoline enables the study of 

the separation aromatic/olefin with ionic liquids. This is an important separation, since, due to 

the forced aromatics reduction of carburant fuels34 the octane number depends mainly on the 
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olefin content. Reformate, the second stream under investigation, has been chosen in order to 

study the influence of multiple mono aromatics. The high aromatics concentration and the 

presence of poly aromatics in Diesel are used to explore the influence of these factors on the 

extraction capacity and selectivity. 

The objective for the industrial application of ionic liquids in a refinery is the removal of the 

aromatic components as early as possible in the processing. Nevertheless real feeds are 

complex mixtures that comprise many different components, which can, amongst others, 

influence the mass transfer and therewith extraction performance of an ionic liquid. This 

means, for example, that due to competing components, emulsion formation or complexation 

with the ionic liquid the extraction might be hindered.   

Thus, in order to study the effects of a complex refinery feed mixture on the aromatics 

extraction; experiments with real feeds have been carried out. The investigated feeds are 

listed in Table 3.2. 

 

Table 3.2: Investigated real feed compositions 

Abbreviation Name Comparable to model feed 

LCCS Light Catalytically Cracked Spirit FCC gasoline 

SRB Straight Run Benzine Reformate 

LGO 3 Light Gas Oil Diesel 

LGO 4 Light Gas Oil Diesel 

 

3.2 Ionic Liquid Screening 

The screening of ionic liquids by means of COSMOtherm is described in Chapter 2 of this 

work. The same principle has been applied to the more complex model feeds investigated in 

this chapter, thus the studied components and ionic liquids have been verified by means of σ-

profile screening. 

 

Figure 3.1 shows the σ-profiles of the aromatic components used in the model feeds FCC 

gasoline, reformate and diesel. In Figure 3.1 a) the studied mono-aromatic components 

benzene, p-xylene and cumene are compared with the σ-profile of toluene and in Figure 3.1 

b) the comparison is made between the σ-profiles of n-heptane and 1-hexene. It is obvious 

that both the aromatic σ-profiles and the aliphatic σ-profiles are similar to each other. This 
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means, in case of the aromatic components all σ-profiles are alike to the σ-profile of toluene 

discussed in Chapter 2. The σ-profiles exhibit a symmetrical shape with each one peak in 

both the negative and positive half of the σ-profile, which are derived from the electron 

cloud. It is apparent that for aromatics with an alkyl chain attached, e.g. toluene and p-xylene, 

a third peak arises at σ = 0.002 [e/A2].  
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Figure 3.1 Selection of σ-profiles in comparison to - toluene and - n-heptane of components 
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Furthermore it is visible that the longer the alkyl chain the higher the peak. Therewith, it can 

be said that independent of the structure of the mono aromatic components, the same ionic 

liquids as for the binary model system toluene/n-heptane are expected to be suitable. 

 

 

Figure 3.1: Selection of σ-profiles in comparison to - toluene and - n-heptane of components 

contained in the FCC gasoline and reformate model feed b) olefin: - 1-hexene; compounds 

contained in the diesel model feed d) larger aliphatic components: - decalin, - hexadecane 
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In case of the aliphatic components, the σ-profile of 1-hexene has, in comparison to n-

heptane, a second shoulder around σ = 0.0015 [e/A2]. This is because of the double bond in 

1-hexene where a higher concentration of negative charge is found resulting in the shoulder 

in the positive region of the σ-profile. Nevertheless, the shape of the olefinic σ-profile 

resembles the paraffinic σ-profile of n-heptane, which has been discussed in Chapter 2. Thus 

it is assumed that olefinic components have a higher solubility in ionic liquids than aliphatic 

components, however, compared to aromatic components the solubility is still low.  

In Figure 3.1 c) the σ-profiles of the poly aromatics contained in the diesel model feed in 

comparison to toluene are depicted. It is obvious that also for poly aromatics the σ-profiles 

have the same symmetrical shape as for mono aromatics. Although, generally, the peak in the 

positive σ-region is noticeably higher for poly aromatics than for mono aromatics. This can 

be explained by the ratio of ring electrons in comparison to the protons at the edge of the 

molecule. The more conjugated rings a poly aromatic comprises the more negative charge 

area exists resulting in a higher positive peak, which is clearly visible for naphthalene vs. 

toluene. In case of 9,10-dihydrophenanthrene due to the central ring, which is not conjugated, 

more hydrogen atoms contribute to the positive screening charge of the molecule causing the 

significantly higher peak in the negative half of the σ-profile. However, it can be concluded 

that also for poly aromatics, independent of the number of (conjugated) rings the same ionic 

liquids as for the binary system toluene/n-heptane are assumed to be suitable. 

Tetralin is an aromatic component with an aliphatic ring attached to the aromatic ring. This is 

expressed by the peak in the positive σ-region and the taller negative peak shifted, in 

comparison to the other aromatic σ-profiles more towards the centre of the diagram and thus 

gets a noticeable aliphatic character. Nevertheless, due to the peak in the positive part of the 

σ-profile which is attributed to the aromatic ring electrons also tetralin is likely to be 

extracted by the ionic liquids reported in Chapter 2. However, due to the aliphatic part, the 

solubility is assumed to be less than for the above mentioned poly aromatics.   

The σ-profiles of the aliphatic components present in the diesel model feed are depicted in 

Figure 3.1 d). Since linear aliphatic components are non-polar molecules with the same 

charge distribution along the whole molecule the σ-profiles have always the same shape with 

a pronounced peak around σ = 0 [e/A2]. The longer the aliphatic molecule is the higher the 

peak will be. Therefore, the hexadecane peak shown as aliphatic component in the diesel 

model feed has, as explained above, the same shape as the n-heptane σ-profile; however, it is 
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significantly higher due to the larger molecule. Furthermore, in case of cyclic aliphatic 

components, represented by decalin, the σ-profile peak exhibits the same shape as for 

aliphatic chains. Therefore, the decalin peak is smaller than the σ-profile of hexadecane due 

to the lower number of carbon atoms, but has the same charge distribution above the 

molecule. Thus the conclusion is drawn that the aliphatic components contained in the diesel 

model feed will have comparable or less affinity with the ionic liquid. 

Additionally, the shape of the σ-profiles depicted in Figure 3.1 leads to the hypothesis, that 

the extraction will be in the order of benzene > toluene> p-xylene as well as 1-hexene > n-

hexane and 9,10-dihydrophenanthrence > naphthalene > tetralin. 

 

Although, in Chapter 2 the screening of ionic liquids is developed by means of the binary 

system toluene/n-heptane the principle seems also to be applicable to the more complex 

model feeds. However, this assumption has to be validated by means of experiments. 

Therefore, the ionic liquids that appeared suitable for the toluene/n-heptane separation in 

Chapter 2 are experimentally evaluated for the feeds used in this chapter. 

 

3.3 Experimental Section 

3.3.1 Materials and Methods 

The ionic liquids used in this chapter were purchased from Iolitec, Merck and Sigma Aldrich. 

Furthermore, ionic liquid samples were provided by BASF. Toluene (p.a., 99.9 %), p-xylene 

(≥ 99.9 %), n-heptane (p.a., > 99 %) and ethylbenzene (> 99 %) were purchased from Merck. 

Benzene (≥ 99 %), cumene (98 %), naphthalene (98 %), tetralin (99 %), n-hexane (≥ 99 %), 

n-nonane (≥ 95 %) and acetone (p.a. > 99 %) were purchased from Fluka. 9,10-

dihydrophenanthrene (94 %), hexadecane (99 %) and 1-hexene (97 %) were purchased from 

Sigma Aldrich. Decalin (98 %) was purchased from Riedel-de-Haen. Prior to the 

experiments, the ionic liquids have been dried in a rotary evaporator (Büchi Rotavapor R-

200) at 100 ○C and under reduced pressure. Subsequently, the water content of the ionic 

liquids has been determined by means of Karl-Fischer titration and was in all cased found to 

be less than 0.1 wt-%. 
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3.3.2 Equipment and Experimental Procedure 

Liquid-liquid extraction experiments were carried out in jacketed glass vessels with a volume 

of about 70 ml. The vessels were closed with a PVC cover through which a stirrer shaft was 

led. For each experiment 10 ml of the feed and 20 ml ionic liquid have been added and the 

mixture was stirred (1200 rpm) for 15 min to reach equilibrium. In previous work 

Meindersma et al. reported that a mixing time of 5 min is sufficient to reach equilibrium.30 

Nevertheless, in order to make sure that the phase equilibrium is reached in every case the 

extraction experiment has been continued for 15 min. After stirring, the two phases were 

allowed to settle for about 1 h. This has been done according to the procedure described by 

Meindersma et al.30 For phase mixing two stainless steel propellers, one in the bottom phase 

and one at the phase interface, with an electronic stirrer (Ika Eurostar) were used. Constant 

temperature (± 0.1 °C) was maintained by means of a water bath (Julabo F32-MW). 

 

3.3.3 Analysis 

After equilibrium was reached, a sample of 0.5 ml of each phase was taken and analysed by 

gas chromatography (Varian CP-3800). Acetone was added to the samples to avoid phase 

splitting and to maintain a homogeneous mixture. Ethylbenzene, and in case of the real feed 

analysis butanol, (0.2 ml for the raffinate samples and 0.1 ml for the extract phase samples) 

was used as internal standard for the GC-analysis. The compositions of the components in the 

samples were analysed by a Varian CP-3800 gas chromatograph with an WCOT fused silica 

CP-SIL 5CB column (50 m x 0.32 mm; DF = 1.2) and a Varian 8200 AutoSampler. Since 

ionic liquids have no vapour pressure and they cannot be analyzed by GC only the 

hydrocarbons of the extract and raffinate phase were analyzed and the amount of ionic liquid 

was calculated by means of a mass balance. In order to avoid inaccuracy of the analysis 

caused by fouling of the GC by the ionic liquid a liner and a pre-column have been used. 

Furthermore, measurements were carried out in duplicate to increase accuracy. 

The deviation in the calibration curves of 1 % and a possible contamination of the gas 

chromatograph can cause a variance in the mole fractions (estimated on 1 %). The averages 

of the two measurements were used in our results. The relative average deviation in the 

compositions is about 2.5 %.  
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3.4 Results and Discussion 

To characterize the suitability of a solvent in liquid-liquid extraction the solute distribution 

ratio (Di) and the selectivity (α) are widely used parameters. Hence, these parameters are 

used to present the experimental screening results for the three model feeds. The solvent 

distribution coefficient is defined as: 

 

org

arom

IL

aromarom xxD = , (3.1) 

org

aliph

IL

aliphaliph xxD = , (3.2) 

 

The selectivity α is derived from the ratio of the distribution coefficients, according to: 

 

alipharom DD=α . (3.3) 

 

The results of the ionic liquids are in all cases compared to sulfolane, since sulfolane is the 

conventional solvent with the highest aromatic capacity35-38 and serves as benchmark. Thus, a 

prerequisite for an ionic liquid used as extraction solvent for aromatic hydrocarbons is a 

significant higher capacity than sulfolane. Additionally, the selectivity of a suitable ionic 

liquid has to be at least equal to sulfolane or higher. Meindersma et al. showed that for an 

extraction process based on ionic liquids the influence of capacity is higher than the influence 

of selectivity.39  

 

Experimental Validation 

In Figures 3.2-3.7 the experimental screening results for FCC gasoline, reformate and diesel 

are shown. Since, the high molecular weight of ionic liquids has significant impact on the 

distribution coefficient, as has been shown in Chapter 2 of this thesis; the results are 

presented in weight fractions. This enables a better indication of the extraction capacity of an 

ionic liquid.  
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3.4.1 FCC Gasoline 

The FCC gasoline model feed has been chosen in order to investigate the influence of olefins 

on the aromatic/aliphatic separation. In literature only the separation paraffin/olefin is 

reported.40,41 However, in case of the investigated stream the aromatics have to be removed 

and the olefins and paraffins should remain in the FCC gasoline stream.  Figure 3.2 shows the 

experimental results for FCC Gasoline at T = 303.15 K. Since the FCC gasoline model feed 

comprises two aromatic components, one paraffin and one olefin the results for benzene and 

toluene in combination with n-hexane and 1-hexene are presented. The complete results can 

be found in Appendix A.  

As stated above, a pre-requisite for ionic liquids that are suitable for the separation of 

aromatic from paraffinic/olefinic components are better extraction properties than sulfolane. 

This means that the capacity and selectivity of the ionic liquids have to be higher than that of 

sulfolane.  

In all three diagrams shown in Figure 3.2 the capacity and selectivity of sulfolane is indicated 

by the black lines dividing the diagram in four quarters. Thus, an ionic liquid which has a 

higher extraction performance than sulfolane is located in the upper right part. 

The results presented in Figure 3.2 show that the aromatic hydrocarbons benzene and toluene 

can be successfully removed from the paraffinic hydrocarbons (Figures 3.2 a and 3.2 c) and 

the olefins presented in an FCC gasoline feed (Figures 3.2 b and 3.2 d); since ionic liquids 

have been found that fulfil to the performance criteria.  

Furthermore, from Figure 3.2 a and c it is apparent that, with two exceptions, the same ionic 

liquids as for the binary system toluene/n-heptane, which has been investigated in Chapter 2 

of this work, fulfil the extraction performance criteria. This are ionic liquids based on the 

cations [BMIM]+ and [Mebupy]+ in combination with small linear or spherical anions that 

exhibit a high charge distribution like [SCN]-, [DCA]- and [TCM]-, where the ionic liquid [3-

Mebupy][TCM] has the highest extraction capacity in both cases. Moreover, it is visible that 

benzene is better extracted than toluene due to the higher affinity of ionic liquids for benzene 

resulting in a higher distribution coefficient. This observation can be explained by the 

chemical structure of the compounds. Since the π-system of the benzene molecule is stronger 

than that of toluene the interactions with the ionic liquid are stronger. Additionally, the 

benzene molecule is smaller and the sterical hindrance is less than for toluene. Therefore the 

affinity of the ionic liquids is higher for benzene. 
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With these results it is confirmed that the application of the σ-profile based screening also for 

the FCC gasoline components, in general, is possible.  

Interestingly, in comparison to the binary toluene/n-heptane system, the ionic liquids 

[Mebupyrr][DCA] and [Mebupyrr][SCN] that are based on the pyrrolidinium cation still 

provide a higher capacity than sulfolane but the selectivity decreased to values lower than 

sulfolane. This is due to the increased amount of components and the presence of 1-hexene. 

Most likely the solubility of the aliphatic components in the aliphatic ionic liquids 

[Mebupyrr][DCA] and [Mebupyrr][SCN] is higher than in aromatic type ionic liquids which 

explains the significant decrease in selectivity.  

 

Influence of Multiple Components 

In comparison to Figure 2.9 in Chapter 2, from Figure 3.2, it is visible that the selectivity of 

the investigated ionic liquids decreases for the FCC gasoline model feed in comparison to 

only binary mixtures of aromatic and aliphatic components.42,43 This is mainly due to the 

effects of the multiple components. Especially the solubility of 1-hexene in the ionic liquids 

is significantly higher than the solubility of the other aliphatic components (Figure 3.2 c) and 

d)) which is, in case of the FCC gasoline model feed, one reason for the lower selectivity.  

The higher olefin solubility causes a higher solubility of n-hexane than it is the case in only 

binary mixtures of benzene and n-hexane (Chapter 4). Additionally, compared to binary 

mixtures, for the FCC gasoline model feed the total amount of aromatic components 

dissolved in the ionic liquid is increased which is also responsible for a higher aliphatic 

solubility. This means that due to the benzene molecules present in the ionic liquid the 

solubility of toluene is increased which on the other hand causes an increase of the aliphatic 

solubility. 

Furthermore, from Figure 3.2 in comparison to Figure 2.9 in Chapter 2 of this work, it is 

apparent that the decrease in selectivity is relatively higher for imidazolium based ionic 

liquids compared to pyridinium ionic liquids. This can be explained by the chemical nature of 

the cations. The charge distribution of the imidazolium is concentrated between the two 

nitrogen atoms and the C2-atom and on the double bound between the carbon atoms C4 and 

C5.
44 Whereas, at the pyridinium molecule the charge is distributed between the positive 

nitrogen atom, including the aliphatic chain attached to it, and the methyl group bound to the 

aromatic ring.46 Therewith, the interaction between the alkyl chains of the imidazolium based 
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b) 

ionic liquids and the aliphatic molecules is higher than for pyridinium based ionic liquids 

explaining the stronger decrease in selectivity.  

 

When the results obtained for the FCC gasoline model feed are compared to the binary 

a) 

Figure 3.2: Comparison of capacity and selectivity of several ionic liquids for the combinations              

a) benzene/n-hexane, b) benzene/1-hexene, c) toluene/n-hexane and d) toluene/1-hexene of the 

FCC gasoline model feed at T = 303.15 K. 
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toluene/n-heptane mixture it is visible that the toluene distribution coefficient is comparable, 

however, the selectivity is lower than for the binary system. The latter can be attributed to n-

hexane because the solubility of n-hexane in ionic liquids is higher than for n-heptane.  

Furthermore, although the toluene concentration in the FCC gasoline model feed is with 3 % 

c) 

Figure 3.2: Comparison of capacity and selectivity of several ionic liquids for the combinations              

a) benzene/n-hexane, b) benzene/1-hexene, c) toluene/n-hexane and d) toluene/1-hexene of the 

FCC gasoline model feed at T = 303.15 K. 
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significantly lower than in the binary toluene/n-heptane mixture the toluene molecules of the 

FCC gasoline model feed are competing with the benzene molecules, which dissolve better in  

the ionic liquid. On the other hand, due to the presence of benzene the activity coefficient of 

toluene in the ionic liquid phase decreases resulting in an increased solubility of toluene in 

the ionic liquid as well.  

 

Influence of the Olefin 

As it becomes apparent from Figure 3.2 b) and d), the separation aromatic compound/olefin is 

feasible. Although, due to the higher solubility of the olefin in the ionic liquids the selectivity 

between the aromatic and olefinic components is lower than between aromatic and aliphatic 

compounds. The explanation is the chemical structure of 1-hexene. Since olefins exhibit a 

double bond which provides π-electrons the affinity of ionic liquids for these compounds is 

higher than for aliphatic molecules. Although the selectivities for ionic liquids between 

aromatic/olefin are significantly lower than between aromatic/paraffin also for sulfolane the 

selectivity decreases clearly. Therefore, the suitability criteria for an ionic liquid as stated 

above are still fulfilled and the above mentioned ionic liquids also superior for the separation 

aromatic/olefin.   

 

3.4.2 Reformate 

The aim for the investigation of the reformate model feed is to determine the influence of 

multiple aromatics. The reformate model feed is similar to FCC gasoline; however, the total 

aromatics content is 14 % comprising of the four aromatics benzene, toluene, p-xylene and 

cumene. Furthermore, reformate contains no olefin components but the two aliphatic 

components n-hexane and n-nonane. Since the solubility of n-nonane in the ionic liquids is 

much less than the solubility of n-hexane the results in Figure 3.3 are depicted in dependence 

of n-hexane. The complete results can be found in Appendix B.  

 

From the results in Figure 3.3 a-d it is apparent that for the reformate feed, in comparison to 

FCC gasoline, the solubility of the aromatics in the ionic liquids has decreased and in 

sulfolane it has increased causing that sulfolane has a higher capacity than most of the 

evaluated ionic liquids. This effect is the strongest for benzene (Figure 3.3 a). The reason for 

this is based on the lattice structure of the ionic liquids. As reported by Holbrey et al.45 
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aromatic type ionic liquids and aromatic solutes arrange in a sandwich-like structure where 

the aromatic compound is enclosed between two cations. By this channels in the lattice are 

formed where the aromatic solute is located. With increasing amount of aromatic solutes that 

have to be accommodated in the ionic liquid lattice the lattice structure changes.44 Above a 

certain aromatic concentration most of the free space in the ionic liquid lattice is occupied 

which makes it more difficult to dissolve more aromatic solutes as it is visible for the 

reformate feed. This means, in comparison to FCC gasoline, less ionic liquids have a higher 

capacity than sulfolane and remain thus as suitable extraction solvents. Moreover, the 

different aromatic components in the reformate feed compete with each other for the lattice 

spaces.  This is another reason for the decrease in capacity of benzene and toluene compared 

to FCC gasoline.  

Sulfolane, on the contrary, does not form lattice structures. Thus, the more aromatic solutes 

are dissolved the higher the affinity for other aromatic solutes. This explains why the 

extraction capacity of an ionic liquid decreases with increasing aromatic content and the 

capacity of sulfolane increases.  

Since the suitability of an ionic liquid is evaluated in view of sulfolane the increased 

solubility of the aromatic components in sulfolane causes less ionic liquids to be possible 

candidates. This means that for a feed with an aromatic content ≥ 14 % the ionic liquids [4-

Mebupy][DCA], [BMIM][TCM] and [3-Mebupy][DCA] are the resulting suitable candidates 

because these ionic liquids have in all four cases a comparable or higher capacity and a 

comparable or higher selectivity than sulfolane.  

As already observed for the FCC gasoline model feed, the selectivity of the ionic liquids 

[Mebupyrr][DCA] and [Mebupyrr][SCN] decreases to values below the values of sulfolane 

compared to the binary toluene/n-heptane feed. However, in case of the reformate feed, also 

the capacity decreases to values below the sulfolane data. This observation is attributed to the 

higher total amount of aromatic components in the feed. 

It is assumed that the lack the aromatic π-system of the pyrrolidinium cations is, in case of 

the reformate model feed also responsible for the low capacity values. While for aromatic 

ionic liquids the molecular lattice changes with increasing aromatic content, probably due to 

the lack of π-π-interactions in pyrrolidinium ionic liquids with increased amount of aromatics 

the deterioration of the lattice structure occurs. This results in less space to accommodate the 

aromatic components causing the decrease in capacity. Moreover, as mentioned above, most 

likely the solubility of the aliphatic components in the aliphatic ionic liquids is higher than in 
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aromatic ionic liquids which explains the significant decrease in selectivity. This explains 

why for the reformate model feed both capacity and selectivity of [Mebupyrr][DCA] and 

[Mebupyrr][SCN] are lower than for the other investigated systems.  

Figure 3.3: Comparison of capacity and selectivity of several ionic liquids for 

the combinations  a) benzene/n-hexane, b) toluene/n-hexane, c) p-xylene/n-

hexane and d) cumene/n-hexane of the reformate model feed at T = 303.15 K. 
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Additionally, from Table 3.3 it is visible that with increasing aromatic content the solubility 

of the aliphatic components in both types of solvents increases, being responsible for the 

decrease in selectivity. 

Figure 3.3: Comparison of capacity and selectivity of several ionic liquids for 

the combinations  a) benzene/n-hexane, b) toluene/n-hexane, c) p-xylene/n-

hexane and d) cumene/n-hexane of the reformate model feed at T = 303.15 K. 
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Nevertheless, the results obtained for the reformate model feed demonstrate that the 

extraction of multiple aromatics with ionic liquids as extraction solvents is possible. 

However, as Meindersma et al. reported,39 for the process design of an extraction process 

based on an ionic liquid, the capacity is more important than the selectivity since the capacity 

determines the size of the equipment and the amount of solvent used. Thus, from the point on 

where the capacity of sulfolane is equal or higher and the selectivity is comparable the use of 

this solvent is economically more favourable.  

 

Table 3.3: Comparison of the paraffinic distribution coefficients for the three model feeds 

and some of the evaluated ionic liquids at T = 303.15 K 

                                  FCC gasoline reformate diesel 

Ionic liquid Dhexane [g/g] Dhexane [g/g] Dnonane [g/g] Ddecalin [g/g] 

[3-Mebupy][DCA] 0.0170 0.0175 0.0060 0.0232 

[4-Mebupy][DCA] 0.0099 0.0133 0.0043 0.0187 

[BMIM][SCN] 0.0056 0.0065 0.0032 0.0140 

[BMIM][DCA] 0.0105 0.0112 0.0044 0.0170 

[BMIM][TCM] 0.0189 0.0184 0.0056 0.0256 

Sulfolane 0.0086 0.0155 0.0068 0.0414 

 

Influence of Multiple Aromatics 

In Figure 3.4 the distribution coefficients of all the components in the studied ionic liquids 

and sulfolane are depicted. The results presented show that the extraction of the aromatic 

components in the investigated ionic liquids and sulfolane is clearly in the order of benzene > 

toluene > p-xylene > cumene since the distribution coefficients decrease in the same order. 

This is mainly attributed to the increasing aliphatic character of the components. The 

longer/the more the aliphatic side chains of the aromatic compound are, the lower the 

solubility in the ionic liquid. This observation is in line with the results obtained for the FCC 

gasoline model feed where it was shown that benzene dissolves better than toluene in the 

investigated ionic liquids (Figure 3.2). Additionally, with increasing chain length also the 

sterical hindrance is increasing. This is a second effect that influences the solubility of the 

components in the ionic liquids.  
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3.4.3 Diesel 

In contrast to FCC gasoline and reformate, diesel consists mainly of poly aromatics, cyclic 

alkanes and long aliphatic components which are represented in the model feed by 9,10-

dihydrophenanthrene, naphthalene, tetralin, decalin, and hexadecane. The purpose of the 

diesel model feed is to study the extraction of poly aromatics in comparison with cyclic 

aliphatics. In literature, except the extraction of poly aromatic sulphur48 and nitrogen 

compounds,49 the extraction of poly aromatics with ionic liquids is not reported, yet. The 

results obtained for the components investigated in this work are depicted in Figure 3.5. A 

complete overview is given in Appendix C. 

 

Figure 3.5 shows the results for the three aromatic components 9,10-dihydrophenanthrene (a), 

naphthalene (b) and tetralin (c) in combination with the cyclic aliphatic decalin in order to 

demonstrate if the separation poly aromatic/cyclic aliphatic is feasible. Since the solubility of 

hexadecane is very low in all solvents and detection was not always possible, decalin has 

been chosen as aliphatic component.  

 

Figure 3.4: Distribution coefficients reformate model feed at T = 303.15 K 
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Figure 3.5: Comparison of capacity and selectivity of several ionic liquids for the combinations              

a) 9,10-dihydrophenanthren/decalin, b) naphthalene/decalin, c) tetralin/decalin of the diesel model 

feed at T = 303.15 K. 
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Influence of Cyclic Aliphatics 

The influence of the cyclic aliphatics, here decalin, has been investigated by means of the 

diesel model feed. By the distribution coefficients and selectivities shown in Figure 3.5 it is 

visible that the separation of poly aromatics and cyclic aliphatics is possible. However, the 

solubility of the cyclic aliphatic in the ionic liquid is higher than for aliphatic chain-like 

molecules causing a lower selectivity than it would be expected. This can be seen by 

comparing the solubility of n-nonane of the reformate feed with the solubility of decalin in 

Table 3.3. Since with increasing chain length the solubility of aliphatic components is 

decreasing, for a C10 chain-like aliphatic the solubility would be lower than for n-nonane. 

However, in comparison to the small electrostatic field of a saturated aliphatic the cyclic 

aliphatic decalin exhibits a quadrupolar moment which enables the interaction with an ionic 

liquid. This explains the higher solubility of decalin compared to non-cyclic aliphatic 

molecules.50 Additionally, the high aromatic content increases the solubility of decalin as 

well which also results in a lower selectivity than it might be expected. 

Influence of Poly Aromatics 

Figure 3.5: Comparison of capacity and selectivity of several ionic liquids for the combinations              

a) 9,10-dihydrophenanthren/decalin, b) naphthalene/decalin, c) tetralin/decalin of the diesel model 

feed at T = 303.15 K. 
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By comparison of Figures 3.3 and 3.5 it becomes apparent that the more aromatic rings the 

investigated components exhibit, the higher the solubility in an ionic liquid. This observation 

is even more obvious from Figure 3.6. In Figure 3.6 the distribution coefficients of the three 

aromatic components and decalin are shown for the studied ionic liquids and sulfolane. It is 

visible that the more aromatic rings the investigated components exhibit, the higher the 

solubility in an ionic liquid. That means that the extraction is in the order 9,10-

dihydrophenanthrene > naphthalene > tetralin.  

 

It is apparent that the distribution coefficients of 9,10-dihydropheanthrene and naphthalene 

are higher than the highest benzene distribution coefficient measured for the FCC gasoline 

model feed (Dbenzene,FCC gasoline = 0.70 [g/g] for [3-Mebupy][TCM]); which is the feed with the 

lowest aromatic content and therewith highest distribution coefficients for the mono aromatic 

components. The distribution coefficient of tetralin is similar to Dtoluene, reformate or lower. Here, 

the comparison is made with the reformate model feed, since this is the model feed 

investigated with the highest mono aromatic content and thus obtains the lowest values for 

the distribution coefficients. Since tetralin is a mono aromatic component with a cycliy 

aliphatic attached this may be expected, also because of the high aromatic content in the 

Figure 3.6: Distribution coefficients for the diesel model feed at T = 313.15 K 
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diesel model feed. However, the higher distribution coefficient of the poly aromatics 

compared to mono aromatic components is something unforeseen. Since poly aromatics are 

bigger molecules than mono aromatics a lower distribution coefficient would be the 

anticipated result because the larger molecules will have less space in the ionic liquid lattice. 

Hence, obviously the spatial arrangement of the ionic liquid lattice around a poly aromatic is 

more favourable than for mono aromatic components. The quadrupole moment of poly 

aromatics is stronger than for mono aromatics resulting in a stronger attraction between 

cations and solute molecules.51 Moreover, the π-π stacking between poly aromatics is more 

pronounced causing a closer packing between poly aromatics but as well between cations and 

poly aromatics.52  

As visible from Figure 3.5, the selectivities of imidazolium and pyridinium based ionic 

liquids are comparable whereas the pyrrolidinium based ionic liquids [Mebupyrr][DCA] and 

[Mebupyrr][SCN] provide surprisingly slightly higher selectivity values. As mentioned 

above, pyridinium cations have an aromatic ring with a pronounced π-system enabling 

interaction with the aromatic components through π-π and cation-π interactions.46 In case of 

[3-Mebupy][DCA] and [4-Mebupy][DCA], compared to the other investigated ionic liquid, 

the lattice is, due to the anion, obviously less closed packed, therewith enabling a higher 

solubility of the aromatic components in pyridinium based ionic liquids explaining the higher 

capacity. However, the higher solubility of the poly aromatic components increases the 

solubility of decalin as well causing the lower selectivity compared to the other ionic liquids 

shown in Figure 3.5. The same holds for [BMIM][TCM]. In comparison to [BMIM][SCN] 

and [BMIM][DCA], the anion [TCM]- provides due to its size more room for the poly 

aromatic components in the lattice. Therefore, the capacity of this ionic liquid is higher than 

for the other 1-butyl-methy-3-imidazolium based ionic liquids.  

The higher selectivity of the pyrrolidinum based ionic liquids is certainly unexpected. Since, 

as shown for the mono aromatic model feeds FCC gasoline and reformate (Figures 3.2 and 

3.3) the selectivity decreases in comparison to the binary mixture toluene/n-heptane which 

has been discussed in Chapter 2 due to the higher solubility of the aliphatic components. 

Moreover, the interaction between decalin as a cyclic component and the cyclic aliphatic 

cation pyrrolidinium is expected to be even better because of the chemical alikeness. A 

possible explanation might be that the electrostatic interaction with the poly aromatic 

components is more distinct than for imidazolium and pyridinium ionic liquids. For 

pyrrolidinium cations, compared to imidazolium and pyridinium where the charge is located 
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at the double bonds, the positive charge is spread above almost the whole molecule.47 which 

would result in a closed packed lattice with lesser room for the aliphatic decalin causing the 

higher selectivity as visible in Figure 3.5. 

Concluding it can be said that the distribution coefficients of the evaluated ionic liquids in 

Figure 3.6 are slightly lower or better than the capacity of sulfolane. Besides, due to the high 

total amount of aromatics in the diesel model feed, the solubility in sulfolane increases 

significantly. This results in a higher distribution coefficient of the poly aromatic components 

in sulfolane. On the other hand, the selectivities are significantly higher for the ionic liquids 

than for sulfolane, which proves ionic liquids to be promising extraction solvents for poly 

aromatics. Moreover, the recovery of sulfolane after an extraction of poly aromatics is not 

possible due to the low decomposition temperature of sulfolane which is the reason that 

sulfolane is not used for poly aromatics extraction.53  

 

3.4.4 Real Feeds 

Based on the presented results the ionic liquid [3-Mebupy][DCA] has been chosen as the 

extraction solvent for further investigation. Although the ionic liquids [BMIM][TCM] and [3-

Mebupy][TCM] provide both better extraction properties than [3-Mebupy][DCA] the current 

availability is limited. Besides, [BMIM][TCM] and [3-Mebupy][TCM] became only recently 

available for the investigation as extraction solvent in this work. Therefore, the investigation 

of a real feed has been done by means of the ionic liquid [3-Mebupy][DCA]. The evaluation 

of real feeds in comparison to model feeds is essential in order to study the extraction 

behaviour of ionic liquids with highly complex feed mixtures and, therewith, to evaluate the 

suitability of ionic liquids for industrial aromatic extraction processes. The investigated real 

feeds have been provided by the BP-refinery in Rotterdam, The Netherlands.  

The results of the first screening experiments are shown in Table 3.4. Since real refinery 

feeds contain a vast amount of components the experimental results have been analysed 

quantitatively for only some key components. Therefore, the amounts of these components in 

the feed before the measurement and in the raffinate phase after the experiment have been 

compared to each other resulting in the percentage extracted shown in Table 3.4. 
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Table 3.4: Comparison of the percentage extracted for the three investigated model and real 

refinery feeds with [3-Mebupy][DCA] at T = (293. 15, LCCS and SRB and 313.15) K. 

 

benzene toluene p-xylene cumene 
9,10-dihydro-

phenanthrene 
naphthalene tetralin 

 FCC gasoline 

model 48 % 42 % - - - - - 

LCCS 18 % 24% - - - - - 

 Reformate 

model 22% 16% 15% 10% - - - 

SRB 13 % 18 % 48 % - - - - 

 Diesel 

model - - - - 32 % 22 % 17 % 

LGO 3 - - - - 24 % 9 % 98 % 

LGO 4 - - - - 17 % 19 % 14 % 

 

From Table 3.4 it is visible that with first LLE measurements the aromatic components can 

be well extracted. Although, the amount is less than for the investigated model feeds good 

separation is obtained. The latter can be explained with the vast amount of components 

present in the real feed that have competing effects which also influences the solubility of the 

aromatics in the ionic liquid. On the other hand it is obvious that some values of the real feed 

analysis deviate significantly from the model feed results and therewith from the expected 

range of extracted real feed component quantities. The values that are pointed out are the 

extracted benzene quantity of the LCCS feed which is with 18 % lower than expected, also in 

comparison to the extracted amount of toluene of the same feed; the extracted p-xylene 

quantity of the SRB feed which is with 48 % clearly too high compared to the model feed and 

the other evaluated components; and the extracted amount of tetralin for the LGO 3 feed 

which is too high as well. Since, as mentioned above, for technical reasons for the component 

analysis only a GC analysis could be conducted instead of GC-MS this is accounted for the 

deviations. Due to the high complexity of the real feeds a wrong interpretation of the 

component peaks in the analysis chromatograms can unfortunately not be ruled out. 
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3.5 Conclusions 

The extraction capacity of ionic liquids has been investigated for three model feeds and five 

real refinery feeds. The model feed experiments showed that the separation between aromatic 

hydrocarbons and olefins (FCC gasoline) is successful. Furthermore it has been demonstrated 

that the extraction of multiple aromatics (reformate) and poly aromatics (diesel) is feasible. 

The extraction of the evaluated multiple aromatics is in the order benzene > toluene > p-

xylene > cumene. Surprisingly, the extraction of poly aromatics from a diesel model feed 

obtained the highest distribution coefficients and it was found that the larger the number of 

aromatic rings, the higher the distribution coefficient. Additionally it was proven that (poly) 

aromatics and cyclic aliphatics can be separated as well. The extraction is in the order of 

9,10-dihydrophenanthrene > naphthalene > tetralin > decalin. Prior to the experiments the 

COSMO-RS σ-profile screening method, developed for the mixture toluene/n-hepatne, has 

been used to identify suitable ionic liquids. By means of the conducted experiments it was 

shown that since the components are chemically and physically alike, a straight forward 

application from toluene and n-heptane to other aromatics and aliphatics as well as to olefins 

is possible.  

Furthermore, in a first screening the extraction of aromatics from real feeds has been proven 

successfully and the aromatic content could be decreased significantly. For the latter the ionic 

liquid [3-Mebupy][DCA] as been chosen, because this is the ionic liquid with the best 

availability amongst those that outperform sulfolane.  
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APPENDIX 3.A 

Table 3.A.1: Experimental results FCC gasoline at T = 303.15 K 

IL 

Dbenzene 

[g/g] 

Dtoluene 

[g/g] 

Dhexene 

[g/g] 

Dhexane 

[g/g] 

S 

benzene/ 

hexene 

S 

benzene/ 

hexane 

S 

toluene/ 

hexene 

S 

toluene/ 

hexane 

3-Mebupy 

BF4 0.25 0.21 0.0170 0.0069 14.7 36.2 12.4 30.4 

3-Mebupy 

DCA 0.60 0.39 0.0301 0.0170 19.9 35.3 13.0 22.9 

3-Mebupy 

TCM 0.70 0.56 0.0352 0.0201 19.9 34.8 15.9 27.9 

3-Mebupy 

TCB 0.74 0.60 0.0522 0.0274 14.2 27.0 11.5 21.9 

4-Mebupy 

DCA 0.34 0.31 0.0214 0.0099 15.9 34.3 14.5 31.3 

4-Mebupy 

SCN 0.28 0.24 0.0169 0.0062 16.6 45.2 14.2 38.7 

BMIM DCA 0.32 0.25 0.0216 0.0105 14.8 30.5 11.6 23.8 

BMIM SCN 0.31 0.19 0.0165 0.0056 18.8 55.4 11.5 33.9 

BMIM TCM 0.61 0.43 0.0328 0.0189 18.6 32.3 13.1 22.8 

EMIM SCN 0.16 0.11 0.0088 0.0014 18.2 114.3 12.5 78.6 

EMIM DCA 0.28 0.17 0.0114 0.0093 24.6 30.1 14.9 18.3 

H6MIM SCN 0.29 0.25 0.0280 0.0139 10.4 20.9 8.9 18.0 

Mebupyrr 

DCA 0.27 0.16 0.0248 0.0189 10.9 14.3 6.5 8.5 

Mebupyrr 

SCN 0.32 0.27 0.0266 0.0185 12.0 17.3 10.2 14.6 

Mebupyrr 

Tf2N 0.39 0.27 0.0282 0.0188 13.8 20.7 9.6 14.4 

N1888 Tf2N 1.11 1.03 0.8270 0.6179 1.3 1.8 1.2 1.7 

S222 Tf2N 0.28 0.20 0.0157 0.0087 17.8 32.2 12.7 23.0 

Sulfolane 0.25 0.21 0.0254 0.0086 9.8 29.1 8.3 24.4 
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Table 3.A.2: Experimental results FCC gasoline model feed at T = 328.15 K 

IL 

Dbenzene 

[g/g] 

Dtoluene 

[g/g] 

Dhexene 

[g/g] 

Dhexane 

[g/g] 

S 

benzen/ 

 hexene 

S 

benzen/ 

hexane 

S 

toluene/ 

hexene 

S 

toluene/ 

hexane 

3-Mebupy 

BF4 0.21 0.20 0.0185 0.0113 11.4 18.6 10.8 17.7 

3-Mebupy 

DCA 0.55 0.32 0.0320 0.0186 17.2 29.6 10.0 17.2 

3-Mebupy 

TCM 0.59 0.45 0.0404 0.0230 14.6 25.7 11.1 19.6 

3-Mebupy 

TCB 0.60 0.53 0.0476  0.0277 12.6 21.7 11.1 19.1 

4-Mebupy 

DCA 0.29 0.28 0.0230 0.0068 12.6 42.6 12.2 41.2 

4-Mebupy 

SCN 0.22 0.21 0.0181 0.0045 12.2 48.9 11.6 46.7 

BMIM DCA 0.29 0.21 0.0202 0.0065 14.4 44.6 10.4 32.3 

BMIM SCN 0.24 0.16 0.0172 0.0057 14.0 42.1 9.3 28.1 

BMIM TCM 0.51 0.32 0.0393 0.0202 13.0 25.2 8.1 15.8 

EMIM SCN 0.15 0.08 0.0079 0.0014 19.0 107.1 10.1 57.1 

EMIM DCA 0.28 0.17 0.0148 0.0111 18.9 25.2 11.5 15.3 

H6MIM 

SCN 0.28 0.23 0.0297 0.0157 9.4 17.8 7.7 14.6 

Mebupyrr 

DCA 0.24 0.14 0.0293 0.0194 8.2 12.4 4.8 7.2 

Mebupyrr 

SCN 0.30 0.25 0.0291 0.0192 10.3 15.6 8.6 13.0 

Mebupyrr 

Tf2N 0.37 0.26 0.0318 0.0217 11.6 17.1 8.2 12.0 

N1888 Tf2N 1.04 0.98 0.7950 0.5533 1.3 1.9 1.2 1.8 

S222 Tf2N 0.23 0.19 0.0180 0.0103 12.8 22.3 10.6 18.4 

Sulfolane 0.28 0.25 0.0358 0.0149 7.8 18.8 7.0 16.8 
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APPENDIX 3.B 

Table 3.B.1: Experimental results reformate model feed at T = 303.15 K 

IL 

Dbenz 

[g/g] 

Dtol 

[g/g] 

Dp-xyl 

[g/g] 

Dcum 

[g/g] 

Dhexa 

[g/g] 

Dnona 

[g/g] 

S 

benz/ 

hexa 

S  

tol/ 

hexa 

S  

p-xyl/ 

hexa 

S  

cum/ 

hexa 

3-Mebupy 

DCA 
0.53 0.35 0.26 0.13 0.0175 0.0060 30.3 20.0 14.9 7.4 

4-Mebupy 

DCA 
0.49 0.31 0.22 0.11 0.0133 0.0043 36.8 23.3 16.5 8.3 

4-Mebupy 

SCN 
0.44 0.25 - 0.09 0.0107 0.0040 41.1 23.4 - 8.4 

BMIM 

DCA 
0.33 0.24 0.17 0.14 0.0112 0.0044 29.5 21.4 15.2 12.5 

BMIM 

SCN 
0.26 0.21 0.13 0.09 0.0065 0.0032 40.0 32.3 20.0 13.8 

BMIM 

TCM 
0.53 0.35 0.28 0.10 0.0184 0.0056 28.8 19.0 15.2 5.4 

EMIM 

SCN 
0.15 0.13 0.10 0.08 0.0020 0.0015 75.0 65.0 50.0 40.0 

EMIM 

DCA 
0.21 0.15 0.11 0.07 0.0037 0.0033 56.8 40.5 29.7 18.9 

Mebupyrr 

DCA 
0.32 0.21 0.06 0.02 0.0137 0.0018 23.4 15.3 4.4 1.5 

Mebupyrr 

SCN 
0.34 0.24 0.14 0.05 0.0125 0.0027 27.2 19.2 11.2 4.0 

Sulfolane* 0.47 0.30 0.14 0.10 0.0155 0.0068 30.3 19.4 9.0 6.5 

* 298.15 K, Chen et al.54 
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Table 3.B.2: Experimental results reformate model feed at T = 328.15 K 

IL 

Dbenz 

[g/g] 

Dtol 

[g/g] 

Dp-xyl 

[g/g] 

Dcum 

[g/g] 

Dhexa 

[g/g] 

Dnona 

[g/g] 

S 

benz/ 

hexa 

S  

tol/ 

hexa 

S  

p-xyl/ 

hexa 

S  

cum/ 

hexa 

3-Mebupy 

DCA 
0.47 0.29 - 0.12 0.0191 0.0085 24.6 15.2 - 6.3 

4-Mebupy 

DCA 
0.43 0.25 0.19 0.10 0.0157 0.0081 27.4 15.9 12.1 6.4 

4-Mebupy 

SCN 
0.43 0.23 - 0.08 0.0119 0.0039 36.1 19.3 - 6.7 

BMIM 

DCA 
0.30 0.21 0.13 0.12 0.0157 0.0050 19.1 13.4 8.3 7.6 

BMIM 

SCN 
0.32 0.23 0.12 0.10 0.0079 0.0046 40.5 29.1 15.2 12.7 

BMIM 

TCM 
0.64 0.38 0.26 0.09 0.0169 0.0065 37.9 22.5 15.4 5.3 

EMIM 

SCN 
0.14 0.12 0.09 0.07 0.0031 0.0020 45.2 38.7 29.0 22.6 

EMIM 

DCA 
0.25 0.13 0.09 0.05 0.0038 0.0028 65.8 34.2 23.7 13.2 

Mebupyrr 

DCA 
0.29 0.19 0.06 0.02 0.0126 0.0017 23.0 15.1 4.8 1.6 

Mebupyrr 

SCN 
0.31 0.22 0.12 0.05 0.0171 0.0055 18.1 12.9 7.0 2.9 

Sulfolane  0.32 0.21 0.16 0.0199 0.0089 0.0 16.1 10.6 8.0 
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APPENDIX 3.C 

Table 3.C.1: Experimental results diesel model feed at T = 313.15 K 

IL 

D9,10-

dihydrophen. 

[g/g] 

Dnaphthalene 

[g/g] 

Dtetralin 

[g/g] 

Ddecalin 

[g/g] 

S 

9,10-

dihydrophen/ 

decalin 

S 

naphthalene/

decalin 

S 

tetralin/ 

decalin 

3-Mebupy 

DCA 
0.93 0.66 0.24 0.0232 40.1 28.4 10.3 

4-Mebupy 

DCA 
0.90 0.62 0.23 0.0187 48.1 33.2 12.3 

4-Mebupy 

SCN 
0.78 0.51 0.21 0.0203 38.4 25.1 10.3 

BMIM 

DCA 
0.68 0.44 0.19 0.0170 40.0 25.9 11.2 

BMIM 

SCN 
0.54 0.36 0.15 0.0140 38.6 25.7 10.7 

BMIM 

TCM 
0.94 0.60 0.32 0.0256 36.7 23.4 12.5 

BMIM 

CH3SO4 
0.41 0.30 0.10 0.0087 47.1 34.5 11.5 

EMIM 

SCN 
0.35 0.25 0.07 0.0071 49.3 35.2 9.9 

EMIM 

DCA 
0.50 0.37 0.16 0.0157 31.8 23.6 10.2 

Mebupyrr 

DCA 
0.47 0.32 0.13 0.0091 51.6 35.2 14.3 

Mebupyrr 

SCN 
0.66 0.44 0.18 0.0136 48.5 32.4 13.2 

Sulfolane 0.93 0.57 0.35 0.0414 22.5 13.8 8.5 
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Table 3.C.2: Experimental results diesel model feed at T = 348.15 K 

IL 

D9,10-

dihydrophen. 

[g/g] 

Dnaphthalene 

[g/g] 

Dtetralin 

[g/g] 

Ddecalin 

[g/g] 

S 

9,10-

dihydrophen/ 

decalin 

S 

naphthalene/

decalin 

S 

tetralin/ 

decalin 

3-Mebupy 

DCA 
0.71 0.50 0.24 0.0262 27.1 19.1 9.2 

4-Mebupy 

DCA 
0.76 0.54 0.23 0.0243 31.3 22.2 9.5 

4-Mebupy 

SCN 
0.72 0.47 0.20 0.0238 30.3 19.7 8.4 

BMIM 

DCA 
0.70 0.42 0.19 0.0228 30.7 18.4 8.3 

BMIM 

SCN 
0.51 0.33 0.15 0.0196 26.0 16.8 7.7 

BMIM 

TCM 
0.77 0.56 0.31 0.0427 18.0 13.1 7.3 

BMIM 

CH3SO4 
0.30 0.24 0.11 0.0089 33.7 27.0 12.4 

EMIM 

SCN 
0.29 0.18 0.07 0.0089 32.6 20.2 7.9 

EMIM 

DCA 
0.45 0.30 0.15 0.0179 25.1 16.8 8.4 

Mebupyrr 

DCA 
0.46 0.28 0.14 0.0129 35.7 21.7 10.9 

Mebupyrr 

SCN 
0.60 0.35 0.15 0.0173 34.7 20.2 8.7 

Sulfolane 1.07 0.56 0.40 0.0728 14.7 7.7 5.5 
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Ternary Liquid-Liquid Equilibria for Mixtures of an 

Aromatic + an Aliphatic Hydrocarbon + an Ionic Liquid 

 

Liquid-liquid equilibrium data for the ionic liquids 3-methyl-N-butylpyridinium dicyanamide, 

1-butyl-3-methylimidazolium dicyanamide and 1-butyl-3-methylimidazolium thiocyanate with 

toluene and n-heptane were investigated at T = 303.15 K and 328.15 K and atmospheric 

pressure. The experimental data were regressed and could be correlated adequately with the 

NRTL model. The results show that the extraction capacity of the three investigated ionic 

liquids is in the order of: [3-Mebupy][DCA] > [BMIM][DCA] > [BMIM][SCN].  

Furthermore, liquid-liquid equilibrium data for ternary systems comprising the FCC gasoline 

and reformate model feed components with the ionic liquid 3-methyl-N-butylpyridinium 

dicyanamide were determined at T = 303.15 K and 328.15 K and atmospheric pressure. As 

aromatics benzene, toluene, cumene and p-xylene have been chosen, as paraffins n-hexane 

and n-nonane were used as well as the olefin 1-hexene. The experimental data were 

regressed and could be adequately correlated with the NRTL model. A logical order in the 

extraction capacity of 3-methyl-N-butylpyridinium dicyanamide for the different aromatics is 

obtained: benzene > toluene > p-xylene > cumene. 
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4.1 Introduction 

Aromatic hydrocarbons and olefins are the main classes of petrochemical raw materials, 

which are indispensable for e.g. commodity plastic like polyethylene, polypropylene etc.  

However, the separation of aromatic and aliphatic hydrocarbons is complicated due to 

overlapping boiling points and azeotrope formation. Hence, the conventional processes for 

this type of separation are extraction or extractive distillation with polar, organic compounds. 

Industrially most common processes use solvents such as NFM (Uhde Morphylane® process), 

Sulfolane® (UOP/Shell Sulfolane® Process), NMP, ethylene glycols etc.1 

Another class of solvents, which are considered promising to replace organic solvents in 

industrial processes, are ionic liquids.2 Ionic liquids are liquid salts consisting of large, mostly 

organic, cations and a great variety of anions. Their positive properties are a wide liquid 

temperature range (~300 K), low vapour pressure and the ability of tailoring. The latter 

provides the possibility to develop a special solvent for a specific application, e.g. separation 

of aromatic and aliphatic hydrocarbons.  

The criteria, which a suitable ionic liquid for the separation of aromatic and aliphatic 

hydrocarbons must meet, are the same as for conventional solvents.3,4,5 In general, this means 

high solubility for the aromatic hydrocarbon in the solvent combined with a high selectivity 

trough a low solubility of the aliphatic components.  

In the open literature mostly imidazolium based ionic liquids combined with anions like 

[Tf2N]-, [CH3SO4]
- and [BF4]

- are described as solvents for the extraction of aromatic 

hydrocarbons from aliphatic components,6-13 Table 4.1. Moreover, hardly any data are 

available for ternary systems containing ionic liquids with pyridinium cations.2,5  

 

Table 4.1: Capacity and selectivity of different ionic liquids for toluene/n-heptane at T = 313 K. 

Ionic liquid Components Aromatic Capacity Selectivity Lit. 

[EMIM][Tf2N] Toluene/n-Heptanea 0.55 22.2 [9] 

[BMIM][Tf2N] Toluene/n-Heptanea 0.80 15.4 [9] 

[MMIM][CH3SO4] Toluenea 0.06 - [14] 

[BMIM][BF4] Toluenea, b 0.24 - [10] 

[OMIM][BF4] Toluenea, b 0.57 - [10] 

[Mebupy][BF4] Toluene/Heptanec 0.44 53 [5] 

[Mebupy][BF4] Toluenea 0.38 - [2] 

a at infinite dilution, b at T = 323 K, c at 10 vol-% toluene 
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Mc Farlane et al.15 showed that ionic liquids containing the anion dicyanamide have a 

significant lower viscosity than ionic liquids combined with other anions. Since low viscosity 

is a favorable property of a solvent, in this work we want to provide LLE data for pyridinium 

and imidazolium based ionic liquids combined with the anions dicyanamide, [DCA]-, and 

thiocyanate, [SCN]-. The ionic liquids [3-methyl-N-butylpyridinium][dicyanamide], [1-butyl-

3-methylimidazolium][dicyanamide] and [1-butyl-3-methylimidazolium][thiocyanate] are 

low viscosity ionic liquids with a considerably high capacity and selectivity for aromatic 

hydrocarbons.16 

The binary mixture toluene/n-heptane has been chosen in order to simulate a simplified 

naphtha feed, since during the processing of naphtha aromatic/aliphatic separation is an 

important part of the process. Experimental LLE data for the examined ionic liquids were 

measured over a wide composition range and at two different temperatures. The experimental 

phase compositions were correlated with the non random two liquids (NRTL) activity 

coefficient model for the ternary systems (3-methyl-N-butylpyridinium dicyanamide + 

toluene + n-heptane), (1-butyl-3-methylimidazolium dicyanamide + toluene + n-heptane) and 

(1-butyl-3-methylimidazolium thiocyanate + toluene + n-heptane) at T = (313.15 and 348.15) 

K and p = 0.1 MPa.  

Since real petrochemical streams, e.g. naphtha, consist of a large variety of components, it is 

important that, in addition to toluene and n-heptane, also liquid-liquid equilibrium data for 

ionic liquids with other important constituents of petrochemical streams are generated. For 

this reason, the second objective of this work is to determine liquid-liquid-equilibrium (LLE) 

data for 3-methyl-N-butylpyridinium dicyanamide in various ternary mixtures with benzene, 

toluene, cumene and p-xylene as aromatics, 1-hexene as olefin and n-hexane and n-nonane as 

paraffins over a broad composition range. The experimental phase compositions were 

correlated with the non random two liquids (NRTL) activity coefficient model for the ternary 

systems (3-methyl-N-butylpyridinium dicyanamide + benzene + n-hexane), (3-methyl-N-

butylpyridinium dicyanamide + p-xylene + n-hexane), (3-methyl-N-butylpyridinium 

dicyanamide + cumene + n-nonane), at T = (303.15 and 328.15) K and p = 0.1 MPa and (3-

methyl-N-butylpyridinium dicyanamide + toluene + 1-hexene), at T = 303.15 K and p = 0.1 

MPa.  
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4.2 Experimental Section 

4.2.1 Materials and Methods 

The ionic liquid 3-methyl-N-butylpyridinium dicyanamide, [3-Mebupy][DCA], (> 97%) was 

purchased from Merck; the ionic liquids 1-butyl-3-methylimidazolium dicyanamide, 

[BMIM][DCA], (> 98%) and 1-butyl-3-methylimidazolium thiocyanate, [BMIM][SCN], (> 

98%) were purchased from Iolitec. Toluene (p.a., 99.9 %), p-xylene (≥ 99.9 %), n-heptane 

(p.a., > 99 %) and ethylbenzene (> 99 %) were purchased from Merck. Benzene (≥ 99 %), 

cumene (98 %), n-hexane (≥ 99 %), n-nonane (≥ 95 %) and acetone (p.a. > 99 %) were 

purchased from Fluka. 1-hexene (97 %) was purchased from Sigma Aldrich. All chemicals 

were used without further purification. 

 

4.2.2 Equipment and Experimental Procedure 

Liquid-liquid extraction experiments were carried out in jacketed glass vessels with a volume 

of about 70 ml. The vessels were closed with a PVC-cover through which a stirrer shaft was 

led. For each experiment 10 ml of the feed and 20 ml ionic liquid have been added and the 

mixture was stirred for 15 min to reach equilibrium.5 After stirring, the two phases were 

allowed to settle for about 1 h. Two stainless steel propellers, one in the bottom phase and 

one at the phase interface, with an electronic stirrer (Heidolph RZR 2051 control) were used 

for phase mixing. In order to maintain constant temperature (± 0.1 °C) a water bath (Julabo 

F32-MW) was used. A detailed description about the experimental procedure was reported 

earlier by Meindersma et al.5 

 

4.2.3 Analysis 

After equilibrium was reached, a sample (approximately 0.5 ml) of each phase was taken and 

analysed by gas chromatography (Varian CP-3800). Acetone was added to the samples to 

avoid phase splitting and to maintain a homogeneous mixture. Ethylbenzene (0.2 ml for the 

raffinate samples and 0.1 ml for the extract phase samples) was used as internal standard for 

the GC-analysis. Since ionic liquids have no vapour pressure, they cannot be analyzed by 

GC, thus only the hydrocarbons of the feed were analyzed and the amount of ionic liquid was 

calculated by means of a mass balance. The accuracy of this method is 1 %. 
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4.3 LLE Data Correlation 

The phase equilibrium data for the described systems were correlated with the non random 

two liquids (NRTL) model derived by Renon & Prausnitz in 1968. It was shown earlier that 

this model is a good approach for the description of LLE and VLE for systems containing 

ionic liquids.17-20  

The objective function for the regression of the NRTL-parameters is the equality of the 

activity for each component in both phases. With the assumption of equilibrium in the liquid 

phase, the referring equation is: 

 

E
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i xx ⋅







=

γ
γ

 (4.1) 

 

where xi
R is the concentration of component i in the raffinate phase, xi

E the concentration of 

component i in the extract phase, γi
E  the activity coefficient of component i in the extract 

phase and γi
R
 the activity coefficient of component i in raffinate phase. 

The activity coefficients were determined by means of Gibbs excess free energy. Hence, the 

required parameters for the binary interactions were calculated according to: 

 

T

b
a ij

ijij +=τ               ( )
ijijijG τα−= exp    jiij αα =            (4.2) 

 

where τij and Gij are NRTL parameters, which are calculated via the non-randomness 

parameter, αij,  and the parameters aij and bij/K. The model parameters of the NRTL equation 

(aij, aji, bij/K and bji/K) were determined via data regression using ASPEN Plus 12.1. The 

values of the non-randomness parameter, α, were assigned to 0.3 for the interaction 

aromatic/paraffin and aromatic/olefine; and regressed for the interaction aromatic/IL and 

paraffin/IL; for the interaction olefine/IL α was assigned to 0.2, see Tables 4.2 and 4.3. 

  

4.3.1 Toluene/n-Heptane 

Due to obviously different interactions of toluene and n-heptane with the pyridinium-cation 

and imidazolium-cation, based on their different chemical structure, it was not possible to 
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describe all three systems with one set of parameters. Therefore, two sets of parameters for 

the toluene/heptane interaction have been used.   

 

Table 4.2: Binary interaction parameters for the correlation of the experimental LLE data of 

the ternary systems (toluene + n-heptane + ionic liquid) by means of the NRTL model at T = 

(303.15 to 328.15) K 

Binary parameter aij [-] aji [-] bij [K] bji [K] α 

[BMIM][DCA] and [BMIM][SCN] 

toluene + n-heptane -4.597 -1.734 4414.8 900.5 0.3 

toluene + [BMIM][DCA] -32.272 21.430 15000 -9944.9 0.0148 

n-heptane + [BMIM][DCA] 11.470 -5.775 -5157.3 4299.3 -0.0618 

toluene + [BMIM][SCN] -5.276 5.621 11000 -9476.7 -0.0034 

n-heptane + [BMIM][SCN] 1.022 -5.214 -4124 8065.8 0.0200 

[3-Mebupy][DCA] 

toluene + n-heptane -3.162 -3.507 1702.8 1009.5 0.3 

toluene + [3-Mebupy][DCA] 2.403 -2.134 510.8 484.9 0.2111 

n-heptane + [3-Mebupy][DCA] 3.635 -2.008 832 -1111.6 -0.0695 

 

4.3.2 FCC Gasoline and Reformate 

In order to obtain sound results for the ternary systems (3-methyl-N-butylpyridinium 

dicyanamide + benzene + n-hexane) and (3-methyl-N-butylpyridinium dicyanamide + 

cumene + n-nonane) the standard deviation was adjusted to 1×10-5 for (3-methyl-N-

butylpyridinium dicyanamide + benzene + n-hexane) and to 1×10-4 for cumene and 1×10-6 for 

n-nonane in case of (3-methyl-N-butylpyridinium dicyanamide + cumene + n-nonane). 

Additionally, for the system (3-methyl-N-butylpyridinium dicyanamide + benzene + n-

hexane) the data points xbenzene = 0.8350 [mole/mole] and xbenzene = 0.7610 [mole/mole] at T = 

303.15 K and 328.15 K respectively have been weighed with a factor five. The same 

procedure has been applied for the system (3-methyl-N-butylpyridinium dicyanamide + p-

xylene + n-hexane) for the values xp-xylene = 0.8370 [mole/mole] and xp-xylene = 0.8020 
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[mole/mole] at T = 303.15 K and 328.15 K respectively. The values for the regressed binary 

interaction parameters are given in Table 4.3. 

 

Table 4.3:  Binary interaction parameters for the correlation of the experimental LLE data of 

the ternary systems (aromatic + aliphatic + ionic liquid) by the NRTL model at T = (303.15 to 

328.15) K 

Binary parameter aij [-] aji [-] bij [1/K] bji [1/K] α 

benzene + n-hexane 3.368 -3.786 449.6 1781.3 0.3 

benzene + [3-Mebupy][DCA] 0.050 0.864 147.1 432.5 -0.1744 

n-hexane + [3-Mebupy][DCA] -0.131 5.984 -271.5 1603.7 0.2693 

toluene + 1-hexene 0.990 -0.892 -15.5 144.5 0.3 

toluene + [3-Mebupy][DCA] 2.663 -0.679 768.7 -151.9 0.2 

1-hexene + [3-Mebupy][DCA] 4.227 0.655 1305.1 303.8 0.2 

p-xylene + n-hexane -1.224 0.523 299.3 1087.2 0.3 

p-xylene + [3-Mebupy][DCA] 1.929 0.679 237.4 -197.8 0.1032 

n-hexane + [3-Mebupy][DCA] 6.111 5.644 583.5 1426.2 0.3436 

cumene + n-nonane -2.256 -0.718 507.8 651.1 0.3 

cumene + [3-Mebupy][DCA] -0.265 1.129 -256.9 350.3 -0.5026 

n-nonane + [3-Mebupy][DCA] 1.191 1.482 146.2 189.6 -0.3465 

 

Since the concentration of the ionic liquid in the raffinate phase is very low, while it is very 

large in the extract phase the constraints for the ionic liquids in the data properties were left 

out in order to avoid numerical problems. This has been done according to Seiler et al.,21 who 

suggests treating the IL as non dissociating solvent. The negligible vapour pressure for the 

ionic liquids was represented by means of the Antoine equation and, in order to be able to 

fulfill the equation for the equality of fugacity and to circumvent numerical problems, 

calculated to be <10-2 Pa. The used Antoine coefficients for the ionic liquid have been 

defined as A = -5 N/m2 and B = -1000 N/m2. 
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4.4 Results and Discussion 

The experimental LLE data for all ternary systems are reported in Appendix A. Together with 

the LLE data, Tables 4.6 - 4.12 include the corresponding values for the solute distribution 

ratio (Di) and the selectivity (α), which are widely used parameters to characterize the 

suitability of a solvent in liquid-liquid extraction. The distribution coefficients, Di, are 

directly calculated from the mole fractions in extract and raffinate phase. Di is defined as the 

ratio of the mole fractions of the component in the extract phase (ionic liquid) and in the 

raffinate phase (organic phase). Their calculation is easily made from the experimental 

compositions of the tie-line ends, according to the following expressions: 

org

arom

IL

aromarom xxD =  (4.3) 

org

aliph

IL

aliphaliph xxD =  (4.4) 

The selectivity α is derived from the ratio of the distribution coefficients, according to: 

alipharom DD=α  (4.5) 

 

Toluene/n-Heptane 

The ternary diagrams for the systems (toluene + n-heptane + [BMIM][DCA]), (toluene + n-

heptane + [BMIM][SCN]), (toluene + n-heptane + [3-Mebupy][DCA]) at T = (303.15 and 

328.15) K and p = 0.1 MPa, at both temperatures, are depicted in Figure 4.1.  

The binodal curves in Figure 4.1 indicate that toluene is partially soluble in all of the three 

tested ionic liquids. Solubility limits for the binary systems toluene- IL and heptane- IL are 

presented in Appendix A. By comparing the different ternary diagrams it is apparent that the 

solubility of toluene in the three investigated ionic liquids is in the order of [3-

Mebupy][DCA] > [BMIM][DCA] > [BMIM][SCN], with xtoluene,[3-Mebupy][DCA] = 0.48 

[mole/mole], xtoluene,[BMIM][DCA] = 0.47 [mole/mole] and xtoluene,[BMIM][SCN] = 0.40 [mole/mole] 

at T = 303 K. However, the solubility of heptane in the tested ionic liquids is much lower 

than for toluene and in the order of [3-Mebupy][DCA] > [BMIM][DCA] > [BMIM][SCN]. 

The maximum solubility for n-heptane in the ionic liquids is xheptane,[3-Mebupy][DCA] = 0.0178 

[mole/mole], xheptane,[BMIM][DCA] = 0.0140 [mole/mole] and xheptane,[BMIM][SCN] = 0.0082 

[mole/mole] at T = 303 K.  
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Figure 4.1: Ternary diagrams of the systems: (toluene + n-heptane + [3-Mebupy][DCA]), (toluene + n-

heptane + [BMIM][DCA]) and (toluene + n-heptane + [BMIM][SCN]) at T = (303.15 (left) and 328.15 

(right)) K, (Experiments:■, solid lines; calculated: -- dashed lines). 



Chapter 4 

110 
 

FCC Gasoline and Reformate 

The ternary diagrams for all four systems are depicted at both temperatures in Figure 4.2. 

Due to the high vapour pressure of 1-hexene this ternary system could only be measured at 

303.15 K (Figure 4.2.a). The binodal curves indicate that the aromatic hydrocarbons are 

partially soluble in the tested ionic liquid. Solubility limits for the binary systems aromatic- 

IL, olefin-IL and paraffin-IL are presented in Appendix A. By comparing the different binary 

systems, it is apparent that the solubility of the studied aromatic hydrocarbons in the ionic 

liquid 3-Methyl-N-butylpyridinium dicyanamide is influenced by length, number and order 

of the side chains of the aromatic ring. Hence, the solubility of the investigated aromatics 

decreases in the order of benzene > toluene > p-xylene > cumene with the following values 

xbenzene = 0.74 [mole/mole], xtoluene = 0.56 [mole/mole], xp-xylene = 0.40 [mole/mole] and xcumene 

= 0.21 [mole/mole] at T = 303 K. It was observed that the solubility of aliphatic 

hydrocarbons in the investigated ionic liquid increases with increasing number of double 

bonds and decreases with increasing chain length of the molecules: 1-hexene > n-hexane > n-

nonane. Whereas the solubilities at T = 303 K are: x1-hexene = 0.11 [mole/mole], xn-hexane = 0.08 

[mole/mole] ([3-Mebupy][DCA] + benzene + n-hexane), xn-hexane = 0.06 [mole/mole] ([3-

Mebupy][DCA] + p- xylene + n-hexane) and xn-nonane = 0.02 [mole/mole] respectively.   

 

Figure 4.2a. Ternary diagram of the system: (toluene + 1-hexene + [3-Mebupy][DCA] at 

T = 303.15 K, (Experiments:■, solid lines; calculated: -- dashed lines). 
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Figure 4.2b. Ternary diagrams of the systems: (benzene + n-hexane + [3-[Mebupy] [DCA]), (p-xylene + n-

hexane + [3-Mebupy][DCA]) and (cumene + n-nonane + [3-Mebupy][DCA]) at T = (303.15 (left) and 

328.15 (right)) K, (Experiments:■, solid lines; calculated: -- dashed lines). 
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4.4.1 Distribution Coefficient 

As illustrated by Figures 4.3 and 4.4, the aromatic distribution coefficient decreases with 

increasing aromatic concentration, whereas the aliphatic distribution coefficient increases 

with increasing aromatic concentration. Holbrey et al. showed that ionic liquids and aromatic 

solutes organize in a sandwich structure, where the ionic liquid cations and the aromatic 

solutes interact in an alternating structure through π-π interactions with the ionic liquid anions 

arranged around this complex.22 With increasing aromatics content the distance between 

aromatic solutes and cations becomes larger, reducing the strength of interaction and thereby 

the distribution coefficient. Additionally, the increased aromatics content of the ionic liquid 

increases the aliphatic distribution coefficient by enabling the aliphatic components to 

arrange themselves between the molecules. 

 

Toluene/n-Heptane 

With respect to temperature it is visible in Figure 4.3 that the toluene distribution coefficient, 

Dtoluene, decreases with increasing temperature, while the heptane distribution coefficient 

increases with increasing temperature.  
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Figure 4.3. a): Toluene distribution coefficient dependent on the toluene 

concentration in the raffinate phase (◆ [3-Mebupy][DCA]; ■ [BMIM][DCA]; 

▲ [BMIM][SCN]; ◆,▲,■  302.15 K;  ◇, △, □ 328.15 K, - calculated 
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Increasing temperature causes increased molecular movements, which breaks down the 

ordered sandwich like structure within the ionic liquid. As a consequence, the solubility due 

to the specific toluene – ionic liquid π-π interactions is reduced, while at the same time the 

thermal expansion enables more toluene molecules to arrange themselves between the ions. 

In this case the π-π-interaction between toluene and the ionic liquid is the dominating force 

which causes the visible decrease of the distribution coefficient. For heptane the break down 

of the ordered structure within the ionic liquid is the dominating effect, resulting in a larger 

heptane solubility at higher temperatures. 

 

FCC Gasoline and Reformate 

For the components comprised in the model feeds for FCC Gasoline and Reformate the same 

effects as described for toluene/n-heptane occur. Thus, with respect to temperature it is 

visible in Figure 4.4 that, except for benzene, the aromatic distribution coefficient, Daromatic, is 

almost temperature independent, while the aliphatic distribution coefficient increases with 

increasing temperature.  
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Figure 4.3 b): n-Heptane distribution coefficient dependent on the toluene 

concentration in the raffinate phase (◆[3-Mebupy][DCA]; ■ [BMIM][DCA]; 

▲ [BMIM][SCN]; ◆, ▲, ■  302.15 K;  ◇, △, □ 328.15 K; - calculated 
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Figure 4.4 a): Aromatic distribution coefficient dependent on the aromatic 

concentration in the raffinate phase (◆ benzene, ■ toluene, ▲ p-xylene, ● cumene; 

◆, ■, ▲, ● 302.15 K;  ◇◇◇◇, □, △△△△, ○ 328.15 K; - calculated 
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Figure 4.4 b): Aliphatic distribution coefficient dependent on the aromatic 

concentration in the raffinate phase (◆ n-hexane (benzene), ■ 1-hexene ▲ n-hexane 

(p-xylene), ● n-nonane; ◆, ■, ▲, ● 302.15 K;  ◇◇◇◇, □, △△△△, ○ 328.15 K; - calculated 
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Analogous to toluene/n-heptane, also this observation can be explained by increased 

molecular movements caused by increasing temperature, which breaks down the ordered 

sandwich like structure within the ionic liquid. As a consequence, the solubility due to the 

specific aromatic – ionic liquid π-π interactions is reduced, while at the same time the thermal 

expansion enables more aromatics to arrange themselves between the ions. Apparently both 

effects cancel out, resulting in a more or less constant aromatics distribution coefficient. For 

the aliphatics the break down of the ordered structure within the ionic liquid is the 

dominating effect, resulting in a higher aliphatic solubility at higher temperatures. The 

reduced benzene capacity with increasing temperature can be explained from the same 

phenomena. Compared to the other studied aromatics, benzene is the smallest molecule with 

the least sterical hindrance and strongest π-system. Therefore, the interaction between 

benzene and the ionic liquid is, compared to the other aromatic hydrocarbons, the most 

strongly based on π-π-interaction. Additionally its molecular movement is higher than that of 

the other aromatic components. Therefore, the reduction in the strength of π-π-interaction due 

to a break down of the sandwich structure at higher temperatures is the dominating 

phenomenon for benzene that decreases the benzene distribution coefficient. At the same 

time this creates more room for the aliphatic components to arrange themselves between the 

ionic liquid, explaining the stronger temperature dependence for Dhexane in the mixture ([3-

Mebupy][DCA] + benzene + n-hexane) compared to ([3-Mebupy][DCA] + p-xylene + n-

hexane).  

 

4.4.2 Selectivity 

Toluene/n-Heptane 

In line with the effects of toluene concentration and temperature on the distribution 

coefficients is the influence of these effects on the toluene/heptane selectivity. The decrease 

of Dtoluene and increase of Dheptane is expressed by a decrease in selectivity as it is apparent 

from Figure 4.5. The toluene selectivity of the investigated ionic liquids is in the order of [3-

Mebupy][DCA] < [BMIM][DCA] < [BMIM][SCN].  
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FCC Gasoline and Reformate 

As already shown for the ternary systems comprising toluene and n-heptane, in line with the 

effects of aromatics concentration and temperature on the distribution coefficients is the 

influence of these effects on the aromatic/aliphatic selectivity. The decrease of Daromatic and 

increase of Daliphatic is expressed by a decrease in selectivity as it is apparent from Figure 4.6.  

From Figure 4.2 it is obvious, that the solubility of the aromatics decreases in the following 

order: benzene > toluene > p-xylene > cumene. Where, evident from Figure 4.6, this effect is 

the strongest for benzene with a significant sharp decrease in solubility and therewith 

selectivity. For other aromatic hydrocarbons the decrease in solubility is less strong. This is 

due to sterical hindering of the alkyl groups attached to the aromatic ring. The more and/or 

bigger the side chains, the more difficult it is for the molecules to organize in a sandwich 

structure22 which is the likely reason for the decrease in selectivity. Thus, in general, the 

decrease in selectivity of the different systems follows the solubility. However, in this case 

due to the extreme low solubility of n-nonane the selectivities are in the order of benzene/n-

hexane > cumene/n-nonane > p-xylene/n-hexane > toluene/1-hexene. Therewith, the 

conclusions drawn from Figure 4.2 are verified by the graphs for the different aromatic 

selectivities shown in Figure 4.6.   
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Figure 4.5: Toluene/n-heptane selectivity dependent on the toluene concentration in the raffinate 

phase at T = 303.02 K (◆ [3-Mebupy][DCA]; ■ [BMIM][DCA]; ▲ [BMIM][SCN]; - calculated 
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4.4.3 Comparison of Experimental and Correlated Data 

As it is visible in Figures 4.1 and 4.2, the experimental data are well correlated by the NRTL 

equation. Hence, there is a good agreement between experimental and calculated data, which 

becomes apparent by the coinciding tie-lines in the ternary diagrams. The validity of the 

model has been verified by means of the root mean square deviation (rmsd): 

2/1

2exp 6/)(








−= ∑∑∑
i l m

cal

ilmilm kxxrmsd  (4.6) 

where x is the mole fraction; the subscripts i, l and m provide a designation for the 

component, phase and tie lines, respectively. The value k designates the number of tie lines.  

 

Toluene/n-Heptane 

The values of the RMSD of the systems are shown in Table 4.4. From these values it can be 

inferred that a good correlation of the experimental values with the NTRL model was 

obtained (RMSD < 0.0076). The small deviations that arise are mainly due to the poor 
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Figure 4.6: Aromatic/aliphatic selectivity dependent on the aromatic concentration in the 

raffinate phase at T = 303.02 K (◆ benzene/n-hexane, ■ toluene/1-hexene, ▲ p-xylene/n-hexane, 

● cumene/n-nonane; - calculated 
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predictions of the low mole fractions for the ionic liquid mole fraction in the raffinate phase 

and the n-heptane mole fraction in the extract phase.  

 

Table 4.4: Root Mean Square Deviation (RMSD) for the ternary mixtures (toluene + n-

heptane + ionic liquid) 

Ternary system RMSD 

303.15 K 328.15 K 

toluene + n-heptane + [3-Mebupy][DCA] 0.0040 0.0041 

toluene + n-heptane + [BMIM][DCA] 0.0076 0.0051 

toluene + n-heptane + [BMIM][SCN] 0.0050 0.0052 

 

Experimental and calculated values of the selectivities of the three measured ternary diagrams 

are compared in Figure 4.5. It is apparent that for all measured ternary systems the values are 

in good agreement.  

 

FCC Gasoline and Reformate 

The values of the RMSD of the systems are listed in Table 4.5. From these values it can be 

inferred that a good correlation of the experimental values with the NTRL model was 

obtained (RMSD < 0.0324). The small deviations that arise are mainly due to the poor 

predictions of the low mole fractions for the ionic liquid in the raffinate phase and the 

aliphatic mole fraction in the extract phase.  

Experimental and calculated values of the selectivities of the four measured ternary diagrams 

are compared in Figure 4.6. It is apparent that for all measured ternary systems the values are 

in good agreement.  
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Table 4.5: Root Mean Square Deviation (RMSD) for the ternary tixtures (aromatic + 

aliphatic + ionic liquid) 

Ternary system RMSD 

303.15 K 328.15 K 

benzene + n-hexane + [3-Mebupy][DCA] 0.0155 0.0088 

toluene + 1-hexene + [3-Mebupy][DCA] 0.0028 - 

p-xylene + n-hexane + [3-Mebupy][DCA] 0.0056 0.0039 

cumene + n-nonane + [3-Mebupy][DCA] 0.0324 0.0250 

 

4.5 Conclusion 

Liquid-liquid experimental data were determined for the ternary systems (toluene + n-heptane 

+ [3-Mebupy][DCA]), (toluene + n-heptane + [BMIM][DCA]) and (toluene + n-heptane + 

[BMIM][SCN]) at T = (303.15 and 328.15) K. The ionic liquid [3-Mebupy][DCA] has the 

highest extraction capacity for toluene, whereas [BMIM][SCN] provides the highest 

selectivity. All experimental data can be adequately correlated with the NRTL model. The 

RMSD values of the correlations are generally below 0.076. The experimental and calculated 

toluene/heptane selectivities are in good agreement with each other. 

Furthermore, liquid-liquid experimental data were determined for the ternary systems ([3-

Mebupy][DCA] + benzene + n-hexane), ([3-Mebupy][DCA] + cumene + n-nonane) and ([3-

Mebupy][DCA] + p-xylene + n-hexane) at 303.15 and 328.15 K, and ([3-Mebupy][DCA] + 

toluene + 1-hexene) at 303.15 K. The ionic liquid [3-Mebupy][DCA] has the highest 

extraction capacity for benzene and the lowest for cumene. All experimental data can be 

adequately correlated with the NRTL model. The rmsd values of the correlations are 

generally below 0.0324. The experimental and calculated aromatic + aliphatic selectivities 

are in good agreement with each other. 
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APPENDIX 4.A 

Table 4.A.1.: Phase composition, solute distribution ratio (D) and selectivity (α) for the 

ternary system (toluene (1) + n-heptane (2) + [3-Mebupy][DCA] (3)) at p = 0.1 MPa and T = 

303.15 K and 328.15 K 

n-heptane-rich phase 
[3-Mebupy][DCA]-rich 

phase D α 

x1 x2 x3 x1 x2 x3 toluene 
n-

heptane exp. 

T =303.15 K 

0.000 1.000 0.000 0.000 0.018 0.976 - 0.0180 - 

0.064 0.936 0.000 0.055 0.018 0.925 0.859 0.0192 44.7 

0.133 0.867 0.000 0.101 0.017 0.882 0.759 0.0196 38.7 

0.275 0.725 0.000 0.184 0.014 0.802 0.669 0.0193 34.6 

0.425 0.575 0.000 0.294 0.018 0.688 0.692 0.0313 22.1 

0.708 0.292 0.000 0.413 0.019 0.576 0.583 0.0651 9.0 

1.000 0.000 0.000 0.475 0.000 0.525 0.475 - - 

T = 328.15 K 

0.000 1.000 0.000 0.000 0.022 0.978 - 0.0220 - 

0.071 0.929 0.000 0.051 0.022 0.922 0.718 0.0237 30.3 

0.141 0.859 0.000 0.093 0.021 0.887 0.660 0.0244 27.0 

0.291 0.709 0.000 0.177 0.021 0.802 0.608 0.0296 20.5 

0.445 0.555 0.000 0.280 0.019 0.701 0.629 0.0342 18.4 

0.734 0.266 0.000 0.406 0.019 0.582 0.553 0.0714 7.7 

1.000 0.000 0.000 0.637 0.000 0.363 0.637 - - 
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Table 4.A.2: Phase composition, solute distribution ratio (D) and selectivity (α) for the 

ternary system (toluene (1) + n-heptane (2) + [BMIM][DCA] (3)) at p = 0.1 MPa and T = 

303.15 K and 328.15 K 

n-heptane-rich phase [BMIM][DCA]-rich phase D α 

x1 x2 x3 x1 x2 x3 toluene 
n-

heptane exp. 

T =303.15 K 

0.000 1.000 0.000 0.000 0.014 0.970 - 0.0140 - 

0.065 0.935 0.000 0.041 0.010 0.948 0.631 0.0107 59.0 

0.155 0.845 0.000 0.084 0.009 0.907 0.542 0.0104 52.1 

0.305 0.695 0.000 0.150 0.008 0.843 0.492 0.0107 46.0 

0.472 0.528 0.000 0.208 0.006 0.787 0.441 0.0113 39.0 

0.681 0.319 0.000 0.294 0.004 0.702 0.432 0.0125 34.6 

1.000 0.000 0.000 0.473 0.000 0.527 0.473 - - 

T = 328.15 K 

0.000 1.000 0.000 0.000 0.019 0.981 - 0.0190 - 

0.070 0.930 0.000 0.039 0.017 0.944 0.557 0.0183 30.4 

0.163 0.837 0.000 0.084 0.015 0.903 0.515 0.0179 28.8 

0.318 0.682 0.000 0.150 0.012 0.838 0.472 0.0176 26.8 

0.492 0.508 0.000 0.213 0.009 0.778 0.433 0.0177 24.5 

0.705 0.295 0.000 0.295 0.007 0.699 0.418 0.0237 17.6 

1.000 0.000 0.000 0.467 0.000 0.533 0.467 - - 
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Table 4.A.3: Phase composition, solute distribution ratio (D) and selectivity (α) for the 

ternary system (toluene (1) + n-heptane (2) + [BMIM][SCN] (3)) at p = 0.1 MPa and T = 

303.15 K and 328.15 K 

n-heptane-rich phase [BMIM][SCN]-rich phase D α 

x1 x2 x3 x1 x2 x3 toluene 
n-

heptane exp. 

T =303.15 K 

0.000 1.000 0.000 0.000 0.008 0.986 - 0.0080 - 

0.074 0.926 0.000 0.037 0.007 0.956 0.500 0.0076 65.8 

0.149 0.851 0.000 0.062 0.008 0.930 0.416 0.0094 44.3 

0.321 0.679 0.000 0.126 0.008 0.866 0.393 0.0118 33.3 

0.524 0.476 0.000 0.190 0.007 0.804 0.363 0.0147 24.7 

0.728 0.272 0.000 0.256 0.004 0.740 0.352 0.0147 23.9 

1.000 0.000 0.000 0.398 0.000 0.602 0.398 - - 

T = 328.15 K 

0.000 1.000 0.000 0.000 0.009 0.985 - 0.0090 - 

0.077 0.923 0.000 0.035 0.012 0.953 0.455 0.0130 35.0 

0.153 0.847 0.000 0.059 0.009 0.931 0.386 0.0106 36.4 

0.335 0.665 0.000 0.122 0.010 0.868 0.364 0.0150 24.3 

0.548 0.452 0.000 0.183 0.007 0.809 0.334 0.0155 21.5 

0.747 0.253 0.000 0.251 0.005 0.744 0.336 0.0198 17.0 

1.000 0.000 0.000 0.378 0.000 0.622 0.378 - - 
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APPENDIX 4.B 

Table 4.B.1: Phase composition, solute distribution ratio ratio (D) and selectivity (α) for the 

ternary system (benzene (1) + n-hexane (2) + [3-Mebupy][DCA] (3)) at p = 0.1 MPa and T = 

303.15 K and 328.15 K 

n-hexane-rich phase 
[3-Mebupy][DCA]-rich 

phase D α 

x1 x2 x3 x1 x2 x3 benzene 
n-

hexane exp. 

T =303.15 K 

0.0000 0.9990 0.0010 0.0000 0.0240 0.9760 - 0.0240 - 

0.0660 0.9340 0.0000 0.0960 0.0250 0.8790 1.45 0.0268 54.1 

0.1340 0.8650 0.0010 0.1590 0.0210 0.8200 1.19 0.0243 49.0 

0.2200 0.7790 0.0010 0.2370 0.0190 0.7440 1.08 0.0244 44.3 

0.2940 0.7050 0.0010 0.2990 0.0210 0.6800 1.02 0.0298 34.2 

0.4110 0.5880 0.0010 0.3590 0.0200 0.6210 0.87 0.0340 25.6 

0.4850 0.5150 0.0010 0.4230 0.0190 0.5580 0.87 0.0369 23.6 

0.5740 0.4250 0.0010 0.4780 0.0190 0.5030 0.83 0.0447 18.6 

0.6860 0.3130 0.001 0.5490 0.0180 0.4340 0.80 0.0575 13.9 

0.8350 0.1640 0.0010 0.6270 0.0130 0.3600 0.75 0.0793 9.5 

0.9990 0.0000 0.0010 0.7420 0.0000 0.2580 0.74 - - 

T = 328.15 K 

0.0000 0.9990 0.0010 0.0000 0.0300 0.9700 - 0.0300 - 

0.0810 0.9180 0.0010 0.0900 0.0250 0.8850 1.11 0.0272 40.8 

0.1480 0.8510 0.0010 0.1470 0.0240 0.8290 0.99 0.0282 35.1 

0.2370 0.7630 0.0000 0.2220 0.0260 0.7520 0.94 0.0341 27.6 

0.3310 0.6690 0.0000 0.2830 0.0230 0.6940 0.85 0.0344 24.7 

0.4320 0.5670 0.0010 0.3450 0.0220 0.6330 0.80 0.0388 20.6 

0.5450 0.4540 0.0010 0.4140 0.0210 0.5650 0.76 0.0463 16.4 

0.6410 0.3580 0.0010 0.4200 0.0200 0.5600 0.66 0.0559 11.8 

0.7610 0.2390 0.0000 0.5360 0.0160 0.4480 0.70 0.0669 10.5 

0.9990 0.0000 0.0010 0.7000 0.0000 0.3000 0.70 - - 
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Table 4.B.2: Phase composition, solute distribution ratio (D) and selectivity (α) for the 

ternary system (p-xylene (1) + n-hexane (2) + [3-Mebupy][DCA] (3)) at p = 0.1 MPa and T = 

303.15 K and 328.15 K 

p-xylene-rich phase 
[3-Mebupy][DCA]-rich 

phase D α 

x1 x2 x3 x1 x2 x3 
p-

xylene 
n-

hexane exp. 

T =303.15 K 

0.0000 0.9990 0.0010 0.0000 0.0250 0.9750 - 0.0250 - 

0.0600 0.9390 0.0010 0.0320 0.0220 0.9460 0.53 0.0234 22.6 

0.1310 0.8680 0.0010 0.0660 0.0230 0.9110 0.50 0.0265 18.9 

0.2050 0.7940 0.0010 0.1020 0.0230 0.8750 0.50 0.0290 17.2 

0.2870 0.7120 0.0010 0.1350 0.0230 0.8420 0.47 0.0323 14.6 

0.3650 0.6340 0.0010 0.1690 0.0220 0.8090 0.46 0.0347 13.3 

0.4620 0.5370 0.0010 0.2030 0.0200 0.7770 0.44 0.0372 11.8 

0.5830 0.4160 0.0010 0.2440 0.0170 0.7390 0.42 0.0409 10.3 

0.6970 0.3020 0.0010 0.2890 0.0140 0.6970 0.41 0.0464 8.8 

0.8370 0.1620 0.0010 0.3440 0.0090 0.6470 0.41 0.0556 7.4 

0.9990 0.0000 0.0010 0.4010 0.0000 0.5990 0.40 - - 

T = 328.15 K 

0.0000 1.0000 0.0010 0.0000 0.0260 0.9740 - 0.0260 - 

0.0710 0.9290 0.0010 0.0340 0.0270 0.9390 0.48 0.0291 16.5 

0.1450 0.8550 0.0010 0.0710 0.0280 0.9010 0.49 0.0327 15.0 

0.2260 0.7740 0.0010 0.0990 0.0250 0.8760 0.44 0.0323 13.6 

0.3220 0.6780 0.0010 0.1350 0.0240 0.8410 0.42 0.0353 11.9 

0.3950 0.6050 0.0010 0.1620 0.0220 0.8160 0.41 0.0364 11.3 

0.5040 0.4960 0.0010 0.2160 0.0230 0.7610 0.43 0.0464 9.3 

0.6390 0.3610 0.0010 0.2590 0.0180 0.7230 0.41 0.0499 8.2 

0.7350 0.2650 0.0010 0.2740 0.0140 0.7120 0.37 0.0528 7.0 

0.8020 0.1980 0.0010 0.3070 0.0110 0.6820 0.38 0.0556 6.8 

1.000 0.0000 0.0010 0.3810 0.0000 0.6190 0.38 - - 
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Table 4.B.3: Phase composition, solute distribution ratio (D) and selectivity (α) for the 

ternary system (cumene (1) + n-nonane (2) + [3-Mebupy][DCA] (3)) at p = 0.1 MPa and T = 

303.15 K and 328.15 K 

n-nonane-rich phase 
[3-Mebupy][DCA]-rich 

phase D α 

x1 x2 x3 x1 x2 x3 cumene 
n-

nonane exp. 

T =303.15 K 

0.0000 0.9990 0.0010 0.0000 0,0064 0.9940 - 0.0064 - 

0.0810 0.9170 0.0020 0.0250 0,0068 0.9680 0.31 0.0074 41.9 

0.1780 0.8210 0.0010 0.0480 0,0064 0.9460 0.27 0.0078 34.6 

0.2680 0.7310 0.0010 0.0700 0,0058 0.9240 0.26 0.0079 32.9 

0.3530 0.6460 0.0010 0.0940 0,0059 0.9000 0.27 0.0091 29.7 

0.4470 0.5510 0.0020 0.1130 0,0056 0.8810 0.25 0.0102 24.5 

0.5560 0.4430 0.0010 0.1390 0,0046 0.8560 0.25 0.0104 24.0 

0.6560 0.3430 0.0010 0.1710 0,0042 0.8250 0.26 0.0122 21.3 

0.7830 0.2160 0.0010 0.1880 0,0027 0.8090 0.24 0.0125 19.2 

0.8840 0.1150 0.0010 0.1860 0,0015 0.8130 0.21 0.0130 16.2 

0.9990 0.0000 0.0010 0.2130 0,000 0.7870 0.21 - - 

T = 328.15 K 

0.0000 0.9990 0.0010 0.0000 0,0078 0.9920 - 0.0078 - 

0.0820 0.9160 0.0020 0.0240 0,0075 0.9680 0.29 0.0082 35.4 

0.1780 0.8210 0.0010 0.0480 0,0073 0.9450 0.27 0.0089 30.3 

0.2670 0.7310 0.0020 0.0690 0,0068 0.9240 0.26 0.0093 28.0 

0.3580 0.6400 0.0020 0.0890 0,0067 0.9040 0.25 0.0105 23.8 

0.4540 0.5440 0.0020 0.1100 0,0063 0.8840 0.24 0.0116 20.7 

0.5600 0.4390 0.0010 0.1350 0,0053 0.8600 0.24 0.0121 19.8 

0.6550 0.3440 0.0010 0.1610 0,0046 0.8340 0.25 0.0134 18.7 

0.7780 0.2200 0.0020 0.1750 0,0032 0.8220 0.22 0.0145 15.2 

0.8410 0.1580 0.0010 0.1820 0,0024 0.8160 0.22 0.0152 14.5 

0.9990 0.0000 0.0010 0.2730 0,0000 0.7270 0.27 - - 
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Table 4.B.4: Phase composition, solute distribution ratio (D) and selectivity (α) for the 

ternary system (toluene (1) + 1-hexene (2) + [3-Mebupy][DCA] (3)) at p = 0.1 MPa and T = 

303.15 K and 328.15 K 

1-hexene-rich phase 
[3-Mebupy][DCA]-rich 

phase D α 

x1 x2 x3 x1 x2 x3 toluene 
1-

hexene exp. 

T =303.15 K 

0.0000 0.9990 0.0010 0.0000 0.0550 0.9450 - 0.0551 - 

0.0660 0.9330 0.0010 0.0470 0.0500 0.9030 0.8439 0.0557 13.1 

0.1240 0.8750 0.0010 0.0910 0.0520 0.8570 0.7363 0.0601 12.2 

0.1970 0.8020 0.0010 0.1290 0.0480 0.8230 0.6672 0.0603 11.0 

0.2670 0.7320 0.0010 0.1530 0.0420 0.8050 0.6209 0.0594 10.1 

0.3590 0.6400 0.0010 0.2120 0.0420 0.7460 0.5803 0.0650 8.9 

0.4580 0.5410 0.0010 0.2500 0.0370 0.7130 0.5625 0.0657 8.0 

0.5350 0.4640 0.0010 0.2940 0.0340 0.6720 0.5344 0.0718 7.4 

0.6590 0.3400 0.0010 0.3520 0.0290 0.6190 0.5452 0.0853 6.4 

0.8160 0.1830 0.0010 0.4440 0.0200 0.5360 0.5391 0.1088 5.0 

0.9990 0.0000 0.0010 0.5570 0.0000 0.4430 0.5571 -  
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Conceptual Process Design for Multiple Aromatics 

Extraction from FCC Gasoline with 3-Methyl-N-

butylpyridinium Dicyanamide and Sulfolane 

 

The feasibility of an extraction process for the removal of aromatic hydrocarbons, in 

particular benzene (90 %), from a FCC gasoline model feed with the ionic liquid [3-

Mebuypy][DCA] has been evaluated. Therefore, a conceptual process design based on this 

ionic liquid is presented and compared to a conventional separation process based on the 

solvent sulfolane. The extraction column for the ionic liquid process is found to have 3 stages 

for the case of 90 % benzene removal and 8 stages for the case of 97 % toluene removal, 

respectively, with the ionic liquid. The separation targets of 90 % benzene and 97 % toluene 

removal, respectively, can be achieved with a solvent-to-feed ratio of 2.5 and 4, respectively. 

The sulfolane process is based on an extraction column with the same amount of separation 

stages but a solvent-to-feed ratio of 6 or 7.5, respectively, is required in order to reach the 

same separation goals. It is found that the ionic liquid process is less energy consuming and 

therewith economical more beneficial than the sulfolane process for a FCC gasoline model 

feed. The benefits of the ionic liquid based process are up to 45 % in annual costs and 42 % 

for the investment.  
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5.1 Introduction 

In the petrochemical industry the removal of aromatics from an aliphatic stream is an often 

occurring separation problem. For example, for the production of carburant fuels the 

aromatics present need to be recovered from petrochemical streams as, e.g. naphtha, 

reformate and FCC gasoline. Furthermore, as described in Chapter 1, aromatic hydrocarbons 

are valuable feedstocks for the production of a large variety of different products. The 

common operated separation processes are extraction or extractive distillation due to the 

close boiling points of the aromatic and aliphatic hydrocarbons and, thus, the formation of 

azeotropes. The conventional solvents used in these processes are polar compounds like 

sulfolane® (UOP/Shell Sulfolane® Process), NFM (Uhde Morphylane® process), NMP (Lurgi 

Arosolvan process), ethylene glycols (UOP-Dow Udex process) etc.1 The sulfolane process is 

the most common used process for aromatics recovery and therefore used as comparison for 

the conceptual process presented in this chapter.  

On the other hand, the use of ionic liquids for different processes on industrial and pilot plant 

scale gains more and more interest.2,3 Also for the extraction of aromatic hydrocarbons ionic 

liquids are promising solvents.4-24 However, an industrial extraction process is not reported 

yet. Therefore, in this chapter the conceptual process design of an ionic liquid based 

extraction process is reported. Ionic liquids are molten salts consisting of large organic 

cations combined with a wide variety of different anions. Due to the size of the ions, the ion-

ion interactions are weaker than for normal salts which results in the significant lower 

melting points of the ionic liquids and their fluidity at room temperature. Further 

physiochemical properties as the negligible vapour pressure together with the tailorability are 

the reason that ionic liquids are regarded as promising extraction solvents. The extremely low 

vapour pressure allows for easy recovery of enclosed solutes while the tailorability enables 

the design of an ionic liquid as extraction solvent for a specific separation problem. This has 

also been described in Chapters 2 and 3 of this work. However, in order to investigate the 

advantages of an ionic liquid based extraction process in comparison to processes based on 

conventional solvents a conceptual process design is necessary.  

Meindersma et al.25 showed that the extraction of aromatic hydrocarbons can be 

economically favourable in comparison to sulfolane. For his evaluation the ionic liquid [4-

Mebupy][BF4] has been chosen, however, since for this ionic liquid capacity and selectivity 

are comparable to sulfolane it is assumed that an ionic liquid with higher capacity and 

selectivity provides even better results. Additionally, with the process design reported by 
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Meindersma the required aromatic purity cannot be reached due to a higher aliphatic 

concentration present in the extract than preferable. 

 

Table 5.1: Composition and physical properties FCC gasoline model feed 

Feed Total aromatics  

content (vol-%) 

Component (vol-%) Density 

[g/cm3] 

Boiling Point 

Range [ºC] 

FCC Gasoline 4 
1% benzene, 3% toluene, 

40% hexene, 56% hexane 
0.66 63 – 111 

 

Therefore, in this chapter a process design for the separation of aromatics and 

olefins/paraffins from an FCC gasoline model feed by means of the ionic liquid [3-

Mebupy][DCA] has been investigated. FCC gasoline is an important petrochemical stream 

for the production of carburant fuels. The composition of the model feed is given in Table 

5.1.    

 

The extraction process has been developed for the ionic liquid 3-methyl-N-butylpyridinium 

dicyanamide, [3-Mebupy][DCA], since, as shown in chapters 2-4, for small aromatics 

concentrations this ionic liquid provides an improved aromatic capacity and selectivity (Table 

5.2). The distribution coefficients and selectivities, which are given in Table 5.2, have been 

obtained with the FCC gasoline model feed evaluated in Chapter 2. 

 

Table 5.2: Extraction properties of [3-Mebupy][DCA] compared to sulfolane (see Chapters 2-4) 

 

 

 

 

 

 

 

 

 

 

 

Physical properties Sulfolane [3-Mebupy][DCA] 

Dbenzene [g/g] 0.25 0.60 

Dtoluene [g/g] 0.21 0.39 

D1-hexene [g/g] 0.0254 0.0301 

Dn-hexane [g/g] 0.0086 0.0170 

Selectivity benzene/1-hexene 9.8 19.9 

Selectivity benzene/n-hexane 29.1 35.3 

Selectivity toluene/1-hexene 8.3 13.0 

Selectivity toluene/n-hexane 24.4 22.9 
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Furthermore, the process has been compared with the UOP sulfolane extraction process. For 

this purpose the ionic liquid based process has been simulated by means of Aspen Plus in 

order to determine the unit operations and the size of the apparatus, the energy consumption 

and the economical feasibility of the process. The Aspen plus model is based on the NRTL 

parameters presented in Chapter 4 of this work. However, the NRTL parameters regressed for 

the binary mixture benzene/n-hexane had to be adapted since otherwise the simulation of the 

extraction appeared impossible. Therefore, for the new parameter set only the NRTL 

parameters aij and bij have been regressed and the non-randomness parameter α has been 

fixed. The parameters are given in Table 5.3. 

 

Table 5.3: Binary interaction parameters for the correlation of the experimental LLE data of 

the ternary systems (benzene + n-hexane + [3-Mebupy][DCA]) by the NRTL model at T = 

(303.15 to 328.15) K 

Binary parameter aij [-] aji [-] bij [1/K] bji [1/K] α 

Old regression 

benzene + n-hexane 3.368 -3.786 449.6 1781.3 0.3 

benzene + [3-Mebupy][DCA] 0.050 0.864 147.1 432.5 -0.1744 

n-hexane + [3-Mebupy][DCA] -0.131 5.984 -271.5 1603.7 0.2693 

New regression 

benzene + n-hexane 0.882 0.255 1029.8 1363.0 0.3 

benzene + [3-Mebupy][DCA] 0.090 1.289 855.9 476.6 0.3 

n-hexane + [3-Mebupy][DCA] 15.752 2.310 -693.1 207.9 0.2 

 

5.1.1 Sulfolane Process  

As reported in literature, sulfolane, developed as a solvent in the early 1960s by Shell Oil 

Company, is still the most efficient conventional solvent. The advantage of sulfolane 

compared to other conventional solvents is the relatively high selectivity and capacity 

combined with favourable physical properties as high density, low heat capacity and a boiling 

point high enough to enable easy product recovery.1,25 A schematic overview of the sulfolane 

extraction process is shown in Figure 5.1.  
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In the UOP aromatics removal process the aromatics containing feed is send to an extraction 

column, often a rotating disc contactor (RDC), in counter current flow with the extraction 

solvent. Thereby, the feed enters the contactor at the bottom as the continuous phase and 

sulfolane is fed at the top of the extraction column as the dispersed phase. The extract phase 

comprising sulfolane, aromatics and residual light aliphatics is directed to a stripper column 

where the aliphatic components are completely removed. The aliphatic rich top stream, that 

also contains a small amount of aromatic components, is recycled to the main extraction 

column and the stripper bottom feed is further processed in an aromatics recovery column in 

order to separate the aromatic product from the solvent. In the recovery column the aromatic 

hydrocarbons are separated from the solvent sulfolane by distillation and taken over the top to 

be sent to further downstream processing units. The recovered sulfolane is sent back to the 

main extraction column.   

The raffinate leaving the extraction column at the top contains a small amount of sulfolane 

that has to be recovered for two reasons. On one hand side remaining sulfolane in the 

aliphatic product would decrease the quality of the aliphatic stream and, on the other hand 

this would cause unwanted loss of solvent. Therefore, the raffinate stream is further 

processed in the raffinate wash column, where water is added to the raffinate stream in order 

to wash out the remaining sulfolane. The purified raffinate is then, in general, directed to the 

Figure 5.1: UOP Sulfolane Process26
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gasoline blending pool and used for the production of carburant fuels. The sulfolane water 

mixture from the bottom of the raffinate wash column is separated by vaporization in a water 

stripper (not visible in Figure 5.1).25 The sulfolane is lead back to the extractor and the water 

is used as stripping stream in the aromatics recovery column. 

One drawback of the sulfolane process is the chemical instability and therefore the risk that 

oxidation products are formed in the presence of oxygen caused by, e.g. air leaking into the 

unit. For this reason a solvent regenerator has to be included in the process where, during 

normal process operation, a small slip-stream of circulating solvent is continuously directed 

to for removal of oxidized solvent. Furthermore, due to the instability of sulfolane at the 

boiling point the aromatics recovery column is operated under vacuum in order to minimize 

the solvent temperature and reduce boiling. Additionally, small amounts of water are added 

which depresses the boiling point and therewith facilitates the operation of the recovery 

column as well.1,26   

Table 5.4 gives an overview of the process conditions of the sulfolane extraction process to 

separate a light catalytic reformate (aromatic content ≈ 70 vol-%).1 

 

Table 5.4: Operating conditions sulfolane process for a light catalytic reformate1
 

Operating conditions  Sulfolane 

Solvent to feed ratio [kg] 6.8 

Backwash to feed ratio [kg] 0.5 

Stripping gas to feed ratio [kg] 0.13 

Stripper bottom temperature [˚C] 191 

Extractor top temperature [˚C] 100 

Feed temperature [˚C] 116 

Solvent regenerator top temperature [˚C] 287 

Extractor gauge pressure [MPa] 0.10 

Water content of lean solvent 1.3 

 

The sulfolane process is the most feasible for petrochemical streams with high aromatics 

content, i.e. ≥ 68 %, like reformed petroleum naphtha, pyrolysis gasoline or coke oven light 

oil. However, as already reported in Chapter 1, for feeds with lower aromatic hydrocarbon 

content the use of sulfolane as solvent is economically unfavourable due to the low aromatic 

capacity.25 The reason that sulfolane is unsuitable for mixtures with low aromatics content is 
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the decreasing distribution coefficient with decreasing aromatics content as visible in Figure 

5.2.  

 

Ionic liquids on the contrary, as reported in Chapter 3, show the opposite behaviour with 

decreasing capacity by increasing aromatics content. Therefore, ionic liquids can provide a 

higher capacity combined with an equal or higher selectivity (Table 5.2) at low aromatics 

content. Thus, the expected benefits of an extraction process based on an ionic liquid are due 

to the higher distribution coefficient a lower solvent to feed ratio, therewith requiring smaller 

equipment because of a lower throughput, and lower operating temperatures since the ionic 

liquid capacity decreases with increasing temperature while that of sulfolane increases.  

Since the product of capacity and selectivity determines the co-extraction of unwanted 

components, additionally, a high aromatic selectivity is favourable since the size and 

operating conditions of the extractive stripper following the extraction column are determined 

by this. Due to the higher selectivity of the ionic liquid less co-extraction of olefins and 

paraffins is expected compared to sulfolane. This means less aliphatic components need to be 

Figure 5.2: Comparison of Dbenzene: ◆[3-Mebupy][DCA], ◇sulfolane27 and 

Dtoluene: ▲[3-Mebupy][DCA], △ sulfolane28; depending on the aromatic mole 

fraction in the raffinate phase for the ternary systems benzene/n-hexane and 

toluene/1-hexene; - lines are to guide the eye 
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removed in the stripper which is beneficial in terms of stripping gas amount and hence also 

the size of the extractive stripper.   

In order to be able to compare both solvents, a process simulation of the extraction column 

has been carried out for [3-Mebupy][DCA] as well as for sulfolane with the FCC gasoline 

model feed. Table 5.5 shows the physiochemical properties of sulfolane and [3-

Mebupy][DCA]. The determination of the specific heat capacity for [3-Mebupy][DCA] is 

described in Appendix A. 

 

Table 5.5: Physicochemical properties of sulfolane and the ionic liquid [3-Mebupy][DCA] 

Physiochemical properties Sulfolane [3-Mebupy][DCA] [Ref] 

Molar mass 120.17 220.16  

Boiling point [K] 558.15 -  

Viscosity [mPa s], T = 303.15 K  10.2 37.8 1,29 

Density [g/cm3], T = 303.15 K 1.26 1.05 1, 29 

Surface tension [mN/m], T = 303.15 K 35.5 42.3 30,29 

Heat capacity [J/g K], T = 303.15 K 1.48 2.25 31, this work 

 

5.2 Process Simulation 

As illustrated in Chapter 1, the compulsory allowed maximum for aromatic hydrocarbons in 

carburant fuels has to be reduced significantly. In particular the benzene content needs to be 

lowered rigorously since from 2020 on for fuels only a maximum benzene content of 0.1 % 

will be tolerated.32 Therefore, the separation target for the evaluated FCC gasoline model feed 

is the removal of at least 90% benzene. In case of toluene there are no limits known yet. 

However, it is to be expected that also the toluene content will have to be decreased in the 

future. Therefore, in this work two scenarios have been regarded; first the amount of toluene 

that is removed when the requirement for benzene recovery is met and second the toluene 

reduction to 0.1 % analogous to benzene. This means that 97 % of the toluene present would 

have to be removed which goes along with higher investment and operational costs due to a 

increased need of solvent. However, in order to achieve sufficient removal of the aromatic 

components that are present in a multi component feed as e.g. reformate and which dissolve 

less in the extraction solvent, a recovery of 97 % toluene is not unlikely. This happens 

because by increasing e.g. the solvent-to-feed rate, the recovery of toluene increases 
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necessarily as well.33 Furthermore, since the solubilities of 1-hexene and n-hexane in the 

ionic liquid as well as in sulfolane are low compared to the aromatic components (Table 5.3), 

the main focus will be on the aforementioned aromatics recovery. Moreover, by meeting the 

requirements for the removal of benzene and toluene, as a consequence the purity of the 

raffinate phase, this means 1-hexene/n-hexane, will be sufficient as well. Furthermore, as the 

dimension of an extractor is the most influenced by the hydrodynamic properties and mass 

transfer,34 for both solvents the optimal combination of the parameters solvent to feed ratio 

and number of equilibrium stages in order to reach the separation target has been determined.  

 

The minimum solvent-to-feed rate that would be necessary to obtain separation in an 

extraction column with infinite amount of equilibrium stages can be estimated according to: 

 

iDF
S 1

)( min =  (5.1) 

 

With S the solvent flow and F the feed flow. Di represents the solute distribution coefficient, 

i.e. benzene and toluene. However, for economical operation of an extraction column with a 

finite number of equilibrium stages the optimum between lowest possible solvent-to-feed rate 

(operational costs) and reasonable amount of equilibrium stages (investment costs) has to be 

found. Therefore, the minimum solvent-to-feed rate is multiplied with the factor 1.5 in order 

to determine the optimal solvent-to-feed ratio: 

 

min)(5.1)(
F

S
F

S
optimal ×=  (5.2)35 

 

By means with the aromatic distribution coefficients given in Table 5.3 the minimum and 

optimal solvent-to-feed rates for both solvents have been determined according to equations 

(5.1) and (5.2). The results are summarized in Table 5.6. 
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Table 5.6: Minimum and optimal solvent-to-feed rates for both solvents 

 Benzene Toluene 

 
(S/F)min (S/F)opt (S/F)min (S/F)opt 

 

Sulfolane 4 6 5 7.5 

[3-Mebupy][DCA] 2 2.5 2.5 4 

 

It is apparent that, in order to reach the same separation, in case of benzene 2.5 times more 

solvent would be necessary when sulfolane would be the solvent in comparison to the ionic 

liquid and for toluene the benefit of the ionic liquid is a factor 2. Based on the distribution 

coefficients given in Table 5.3 one would expect that the ionic liquid is more effective and 

only half of the solvent amount is necessary in comparison to sulfolane. In the following 

paragraphs the optimal amount of equilibrium stages will be determined for sulfolane and the 

ionic liquid [3-Mebupy][DCA].  

 

5.2.1 Sulfolane 

Figure 5.3 shows the benzene (a) and toluene (b) recovery for the optimal solvent-to-feed 

ratio (Table 5.6) in dependence of the number of equilibrium stages. For benzene a solvent-

to-feed ratio S/F = 6 has been used and for toluene the solvent-to-feed rate S/F = 7.5. The 

horizontal lines in the diagrams represent the separation target that has to be met. From 

Figure 5.3 a) it is visible that the target for the benzene removal can be reached with three 

equilibrium stages. In that case (S/F = 6, 3 equilibrium stages) the toluene recovery would be 

78 %, which means a reduction to 0.7 wt-% in the raffinate phase (not shown here). Thus due 

to the lower toluene distribution coefficient (Dtoluene = 0.21 [g/g]) and the higher amount of 

toluene in the feed (3 vol-%), the toluene removal is the limiting factor for the aromatics 

extraction. Hence, considering the second case, 97 % recovery of the toluene present in the 

FCC gasoline feed, then eight equilibrium stages and a solvent-to-feed ratio S/F = 7.5 would 

be necessary (Figure 5.3 b)). In that case the benzene recovery will be 99.9 %. This means 

that the equilibrium between solvent and feed is shifted so far to the solvent side that almost 

all benzene is extracted and only a very small amount remains in the raffinate. 

 

 



Conceptual Process Design 

141 
 

 

5.2.2 [3-Mebupy][DCA]  

In Figure 5.4 the extraction of benzene and toluene with the ionic liquid [3-Mebupy][DCA] is 

depicted. Figure 5.4 a) shows the recovery of benzene for the solvent-to-feed ration S/F = 2.5 

depending on the number of equilibrium stages. In Figure 5.4 b) the recovery of toluene is 

shown for the optimal solvent-to-feed ratio S/F = 4.  

Figure 5.4: Determination of the necessary amount of equilibrium stages 

at the optimal solvent-to-feed rate in order to meet the separation target for 

a) benzene (S/F = 2.5) and b) toluene (S/F = 4). T = 313.15 K. 
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As it is obvious from Figure 5.4 a) the extraction of benzene with [3-Mebupy][DCA] is very 

efficient and with 2 equilibrium stages the target for the benzene recovery can already be met. 

The recovered amount of toluene in this case is 54 %, which means a toluene concentration in 

the raffinate phase of 2 wt-% (not shown here).  

 

Figure 5.3: Determination of the necessary amount of equilibrium stages 

at the optimal solvent-to-feed rate in order to meet the separation target for 

a) benzene (S/F = 6) and b) toluene (S/F = 7.5). T = 313.15 K 
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In the second considered case of 97 % toluene removal a solvent-to-feed ratio S/F = 4 and 8 

equilibrium stages would be necessary as apparent from Figure 5.4 b). Also in that case, the 

extracted amount of benzene is significantly higher then initially necessary and would be 99.9 

%. Therewith, it is confirmed that only half of the amount of solvent is needed when the ionic 

liquid [3-Mebupy][DCA] is used as extraction solvent in comparison to sulfolane. 

 

As it is visible in Figure 5.5, the solubility of 1-hexene and n-hexane in [3-Mebupy][DCA] 

and sulfolane is increasing with increasing aromatic content. Due to the higher aromatic 

solubility in the ionic liquid, the solubility of the aliphatic components is increased as well. 

However, as discussed above, with increasing aromatic content the capacity of sulfolane for 

aromatic components is higher than for the ionic liquid (Figure 5.3) resulting in a significant 

increase in capacity of the olefin and the paraffinic compound. 

 

5.2.3 Process Parameters 

In the following section the process parameters for the extraction column and a FCC gasoline 

model feed mass flow of 300 ton/hr are compared for both solvents and the two considered 

cases of toluene removal.  

Figure 5.5: Comparison of Dbenzene: ◆[3-Mebupy][DCA], ◇sulfolane27 and Dtoluene: 

▲[3-Mebupy][DCA], △ sulfolane28; depending on the aromatic mole fraction in the 

raffinate phase for the ternary systems benzene/n-hexane and toluene/1-hexene;  

- lines are to guide the eye 
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In Table 5.7 the process parameters for the first case are given. The toluene recovery is 

investigated when 90 % of the benzene present in the feed is removed. 

 

Table 5.7: Process parameters of the extraction column simulated for both solvents with 2 

NTS for [3-Mebupy][DCA] and 3 NTS for sulfolane and a feed stream of 300 ton/hr 

[3-Mebupy][DCA] 

 Feed Solvent Raffinate Extract  

Temperature [K] 313.15 313.15 314.1 314.5   

Pressure [bar] 1.013 1.013 1.013 1.013   

Mass flow [kg/s] 83.33 208.33 77.86 213.81   

Volumetric flow [m³/s] 0.127 0.198 0.119 0.228   

     Split ratio [%] 

Mass flow [kg/s]     Raffinate Extract 

Benzene 1.08  0.10 0.98 0.0926 0.9074 

Toluene 3.21  1.48 1.73 0.4611 0.5389 

1-Hexene 33.30  32.18 1.12 0.9664 0.0336 

n-Hexane 45.74  44.09 1.65 0.9639 0.0361 

[3-Mebupy][DCA]  208.33 0.00006 208.33 3.009e-07 0.9999 

Sulfolane 

 Feed Solvent Raffinate Extract  

Temperature [K] 313.15 313.15 312.2 312.2   

Pressure [bar] 1.013 1.013 1.013 1.013   

Mass flow [kg/s] 83.33 500.00 73.39 509.95   

Volumetric flow [m³/s] 0.127 0.399 0.112 0.413   

     Split ratio [%] 

Mass flow [kg/s]     Raffinate Extract 

Benzene 1.08  0.09 0.99 0.0792 0.9208 

Toluene 3.21  0.71 2.50 0.2214 0.7786 

1-Hexene 33.30  29.97 3.33 0.9001 0.0999 

n-Hexane 45.74  41.74 4.00 0.9126 0.0874 

Sulfolane  500.00 1.34 498.66 0.0027 0.9973 
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In the second case, presented in Table 5.8, the separation parameters are evaluated for the 

removal of 97 % of the toluene present in the FCC gasoline feed. 

 

Table 5.8: Process parameters of the extraction column simulated for both solvents with 8 

NTS for [3-Mebupy][DCA] and sulfolane and a feed stream of 300 ton/hr 

[3-Mebupy][DCA] 

 Feed Solvent Raffinate Extract  

Temperature [K] 313.15 313.15 314.1 314.5   

Pressure [bar] 1.013 1.013 1.013 1.013   

Mass flow [kg/s] 83.33 333.33 74.88 341.78   

Volumetric flow [m³/s] 0.127 0.317 0.115 0.337   

     Split ratio [%] 

Mass flow [kg/s]     Raffinate Extract 

Benzene 1.08  3.90e-06 1.08 3.60e-06 0.9999 

Toluene 3.21  0.09 3.12 0.0279 0.9721 

1-Hexene 33.30  31.69 1.61 0.9518 0.0482 

n-Hexane 45.74  42.76 2.98 0.9349 0.0651 

[3-Mebupy][DCA]  333.33 0.02 333.32 5.27e-05 0.9999 

Sulfolane 

 Feed Solvent Raffinate Extract  

Temperature [K] 313.15 313.15 312.2 312.2   

Pressure [bar] 1.013 1.013 1.013 1.013   

Mass flow [kg/s] 83.33 625.0 71.24 637.09   

Volumetric flow [m³/s] 0.127 0.499 0.109 0.516   

     Split ratio [%] 

Mass flow [kg/s]     Raffinate Extract 

Benzene 1.08  0.0008 1.08 0.0007 0.9993 

Toluene 3.21  0.09 3.12 0.0280 0.9720 

1-Hexene 33.30  29.14 4.16 0.8751 0.1249 

n-Hexane 45.74  40.75 4.99 0.8909 0.1091 

Sulfolane  625.0 1.26 623.74 0.0020 0.9980 
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It is evident that the ionic liquid process operates at lower temperatures, compared to Table 

5.4, and with significantly smaller process streams due the higher capacity of [3-

Mebupy][DCA] compared to sulfolane. Furthermore, it becomes apparent that the co-

extraction of 1-hexene and n-hexane is, in both cases, considerably higher for the extraction 

with sulfolane. Additionally, the solubility of sulfolane in the raffinate phase is higher than 

for the ionic liquid. Moreover, while the withdrawn amount of [3-Mebupy][DCA] in the 

raffinate phase remains constant in both cases, the solubility of sulfolane in the raffinate 

increases with increasing aromatics content in the raffinate phase. This means that in the first 

case, 90 % benzene removal, the amount of sulfolane in the raffinate is larger than for the 

second case where 97 % of the toluene and > 99 % of benzene are recovered. 

It is visible that the required amounts of recovery are reached for both solvents in both cases 

(split ratio). Nevertheless, in order to meet the necessary product purities further processing 

steps are required. As described earlier, the aliphatic components are sent to the gasoline 

blending pool for further use as fuels; however remaining ionic liquid cannot be tolerated. 

The aromatic components are used as starting material for polymers, dyes etc.39 Therefore, 

the remaining aliphatic components need to be removed. Furthermore, also here a 

contamination with ionic liquid is unacceptable. 

Besides it is apparent that, in Table 5.7, the recovery of the aromatic hydrocarbons is slightly 

higher with sulfolane than with [3-Mebupy][DCA]. This can be explained by the number of 

stages in the extraction column, which is higher for sulfolane (NTS = 3) than for [3-

Mebupy][DCA] with NTS = 2 (Figures 5.3 and 5.4). This results, due to a higher retention 

time, in a larger sulfolane hold-up which enhances the mass transfer (see Chapter 6) and 

therewith the extraction as well, as already mentioned before.  
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5.3 Process Design Ionic Liquid Based Extraction  

5.3.1 Conceptual Process Design 

In order to achieve the necessary removal, the process design depicted in Figure 5.6 has been 

developed for the extraction of aromatic hydrocarbons with [3-Mebupy][DCA].  

Comparable to the sulfolane process, the feed enters the main extraction column (RDC) at the 

bottom and thus forms the continuous phase. The ionic liquid is fed as dispersed phase at the 

top of the extractor and mixes with the feed in counter current flow. Subsequently, after 

extraction, the extract consisting of [3-Mebupy][DCA], benzene, toluene and a small amount 

of 1-hexene and n-hexane is transferred to an extractive stripper to remove the remaining 

aliphatic components from the non-volatile ionic liquid. Therefore, the extract is stripped 

with a strip gas comprising of the aromatic components benzene and toluene. The top stream 

of the stripper which contains the stripped out 1-hexene and n-hexane and additionally 

benzene and toluene is sent back to the main extraction column in order to minimize product 

losses and to increase the purity of the extract stream. The extractive stripper bottom stream 

is further processed in an evaporator where the volatile aromatic product is separated from 

the ionic liquid by flash distillation. The latter is sent back to the aromatic/aliphatic extraction 

column and the aromatics fraction is treated further in order to separate the stream in the 

products benzene and toluene. A split stream from the aromatic stream that leaves the 

evaporator is used as stripping gas in the extractive stripper.  

The NRTL parameters determined in order to describe the vapour-liquid equilibria between 

the aromatic components and [3-Mebupy][DCA] in extractive stripper are presented in Table 

5.9. The experimental procedure is described in Appendix A. 

 

Table 5.9: Binary interaction parameters for the correlation of the experimental VLE data of the 

binary systems (benzene + [3-Mebupy][DCA]) and (toluene + [3-Mebupy][DCA]) by the NRTL 

model at p = (0.1 to 1) bar 

Binary parameter aij [-] aji [-] bij [1/K] bji [1/K] α 

benzene + [3-Mebupy][DCA] -13.44 -14.11 6054.2 5854.2 0.3 

toluene + [3-Mebupy][DCA] 6.78 0.29 2477.3 793.4 0.3 

 

The raffinate stream from the main extraction column consists mainly of 1-hexene and n-

hexane; possibly toluene (Table 5.7); and a small amount of ionic liquid which is present due 
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to entrainment. In order to recover the ionic liquid and, thus avoid the loss of solvent, the 

raffinate stream is washed with water in a second extraction column. The ionic liquid is 

completely water soluble whereas the olefin and aliphatic component are hydrophobic. 

Therefore, the ionic liquid can be removed from the raffinate by back-extraction with water. 

Consequently, the purified raffinate stream  leaves the back-extraction column at the top and 

is sent to the gasoline blending pool for further production as carburant fuel. The ionic 

liquid/water mixture is transferred to an evaporator where the water is removed by means of 

flash distillation. The water is condensed and sent back to the raffinate back-extraction 

column and the recovered ionic liquid is fed to the solvent stream entering the main 

extraction column. Table 5.10 gives an overview of the process parameters for the extraction 

with [3-Mebupy][DCA] for both regarded cases of toluene removal.  

 

Table 5.10: Operating conditions for the extraction of benzene and toluene from an FCC gasoline 

model feed by means of the ionic liquid [3-Mebupy][DCA]; (values for of 97 % toluene removal) 

Process parameter Extraction 

column 

Extractive 

stripper 

Aromatics 

evaporator 

Pressure [bar] 1.013 1.103 0.001 

Temperature [K] 313.15  433.13 

Number of stages 3 (8) 6  

Solvent to feed ratio [kg/kg] 2.5 (4)   

Feed temperature [K] 313.15 354.5  

Extractor top temperature [K] 312.36   

Stripping gas to feed ratio [kg/kg]  0.070 (0.08)  

Stripping gas temperature [K]  388.15  

Stripper bottom temperature [K]  433.13  

Backwash solvent to feed ratio [kg/kg] 0.13   

Back-extraction temperature [K]  313.15  

Water-evaporator pressure [mbar]   0. 100 

 

It is visible that, except for the solvent-to-feed ratio and number of stages for the extraction 

column, the process parameters remain unchanged. Furthermore it has to be mentioned that 

the whole extraction process had to be simulated with an extraction column comprising 3 
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equilibrium stages since here the recycle stream from the extractive stripper enters the 

extraction column as third feed stream and Aspen only accepts one feed stream per stage. 

 

5.3.1 Loss of Ionic Liquid in the Raffinate Phase 

The loss of ionic liquid in the raffinate phase is, due to entrainment, inevitable but 

undesirable. The presence of ionic liquid in this stream can cause contamination of other 

processes and fouling of equipment. Therefore, the entrained ionic liquid has to be removed 

from the raffinate phase entirely. Moreover, if the remaining ionic liquid is not recovered this 

would lead to an enormous economical disadvantage due to the high price of this solvent. If 

the ionic liquid would not be recovered the annual loss for the above described process would 

be 8000 * 7.2 kg/h = 58 ton/year. With an ionic liquid price of 20 €/kg this would amount to 

M € 1.15/year.  

Since the ionic liquid [3-Mebupy][DCA] is entirely water soluble the recovery from the 

raffinate phase can be done by back-extraction with water. Subsequently, the water is 

removed by flash distillation and recycled to the back-extraction column. The water has to be 

recovered completely since the presence of water in the ionic liquid decreases the capacity for 

the aromatic hydrocarbons. The reason therefore is the formation of hydrogen bonds of the 

ionic liquid cations as well as the anions40 which reduces the interactions with the aromatics 

and hinders the formation of the sandwich-like structure reported by Holbrey.36  

 

5.3.2 Purity and Recovery of Products 

The required recovery of benzene from the FCC gasoline stream is 90 %, while for the 

toluene removal two cases have been considered; the amount of toluene removed when the 

benzene specification is met and, analogous to benzene, reduction to 0.1 %. The necessary 

product purities are 99 % for benzene, 98 % for toluene and 99 % for 1-hexene and n-hexane.  

Tables 5.11 and 5.12 give the compositions of the feed, ionic liquid recycle as well as 

aliphatic and aromatic product streams for both regarded cases of toluene removal. It is 

visible that the benzene content present in the feed stream can be reduced successfully to < 

0.1 % in the raffinate phase (Table 5.11) or even removed to > 99 % (Table 5.12). 

Furthermore, in the first case 80 % of the toluene is removed while in the second case even 

99 % is recovered. It is apparent that these values are higher than the data given in Tables 5.8 

and 5.9. This can be explained with the recycle stream from the extractive stripper that is 
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integrated in the whole process. Moreover, in the first case, three stages instead of two had to 

be used due to constraints in the Aspen Plus model. This also increases the extracted amount 

of toluene. Besides, the necessary purities of the aromatic products are reached in both 

processes.  

 

Table 5.11: Composition feed and product streams for the ionic liquid process with 3 

equilibrium stages and a solvent to feed ratio S/F = 2.5 

 Feed 
Aliphatic 

product 

Aromatic 

product 

Ionic liquid 

recycle 

wi     

Benzene 0.013 0.0006 0.2875 1.34E-05 

Toluene 0.0385 0.0080 0.7125 1.03E-04 

1-Hexene 0.3996 0.4177 4.86E-08 8.78E-14 

n-Hexane 0.5489 0.5737 3.65E-08 4.39E-14 

[3-Mebupy][DCA] 0 2.86E-06 1.65E-05 0.9999 

     

Mass flow [kg/s]     

Benzene 1.08 0.04 1.04 2.79E-03 

Toluene 3.21 0.64 2.57 0.021 

1-Hexene 33.30 33.30 1.80E-07 1.83E-11 

n-Hexane 45.74 45.74 1.30E-07 9.15E-12 

[3-Mebupy][DCA] 0 2.28E-04 5.95E-05 208.31 

 

As it is visible in Tables 5.11 and 5.12, in both cases the vast majority of the aliphatic 

components can be recovered in the raffinate stream with a purity > 99 % as well. Therewith, 

the ionic liquid process described here has been improved compared to the process reported 

by Meindersma.25 The bottle neck of the ionic liquid process designed by Meindersma based 

on the ionic liquid [4-Mebupy][BF4] is the aromatic purity that cannot be met due to a too 

high aliphatic concentration in the aromatic product stream. The suggestion Meindersma 

made is the improvement of the selectivity of the ionic liquid solvent in order to obtain high 

aromatic product purities. However, here it has been shown that the ionic liquid [3-

Mebupy][DCA], which exhibits an even lower selectivity than [4-Mebupy][BF4] but has a 

significantly higher capacity, is suitable for the recovery of high purity aromatics from a FCC 
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gasoline model feed. This can be explained by the implementation of the extractive stripper 

in the Aspen Plus process model in order to remove the aliphatic hydrocarbons from the 

extract phase. Furthermore, it can be said that a higher capacity of the ionic liquid combined 

with a reasonable selectivity, i.e. at least equal to sulfolane or higher, is sufficient to obtain 

satisfying separation and purities.  

 

Table 5.12: Composition feed and product streams for the ionic liquid process with 8 

equilibrium stages and a solvent to feed ratio S/F = 4 

 Feed 
Aliphatic 

product 

Aromatic 

product 

Ionic liquid 

recycle 

wi     

Benzene 0.013 9.92E-06 0.2541 1.19E-05 

Toluene 0.0385 3.79E-04 0.7459 1.08E-04 

1-Hexene 0.3996 0.4212 3.28E-05 5.96E-11 

n-Hexane 0.5489 0.5784 9.83E-06 1.19E-11 

[3-Mebupy][DCA] 0 3.19E-06 1.64E-05 0.9999 

     

Mass flow [kg/s]     

Benzene 1.08 7.84E-04 1.08 3.97E-03 

Toluene 3.21 0.030 3.18 0.036 

1-Hexene 33.30 33.30 1.40E-04 1.98E-08 

n-Hexane 45.74 45.74 4.19E-05 3.97E-09 

[3-Mebupy][DCA] 0 2.52E-04 6.99E-05 333.15 

 

5.4 Economical Evaluation 

As mentioned above, the sulfolane process is the most effective conventional process for the 

extractive removal of aromatic hydrocarbons. Hence, in order to evaluate the ionic liquid 

process economically it is compared to a sulfolane based process with comparable 

specifications.26 Therefore, in order to make a rough estimate of the operational costs for the 

ionic liquid based process, the energy consumption of the extraction process with [3-

Mebupy][DCA] as solvent has been investigated and compared to the energy consumption of 

the sulfolane process. Furthermore, the investment costs have been determined by comparing 
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the equipment used in both processes. For the investigation of the [3-Mebupy][DCA] based 

process an ionic liquid price of 20 €/kg has been assumed.26  

As Meindersma et al.26 reported for the sulfolane process, the main part of the investment 

cost is determined by the heating equipment. This means that the heat exchangers, reboilers, 

and coolers which make up almost 65 % of the investment are the most expensive part of the 

process, whereas the investment in the five columns accounts for only 28 % of the total 

investment. The explanation can be found in the high operational temperatures (Table 5.4, 

e.g. sulfolane is taken from the top of the solvent generator column), and the use of high 

pressure steam that is necessary at several steps in the process as it is visible from Figure 5.1. 

Moreover, sulfolane decomposes at higher temperatures, which makes an additional solvent 

regenerator necessary since the decomposition products cause, under presence of oxygen, 

high corrosion in stripper and aromatics recovery column.   

The extraction process based on the ionic liquid [3-Mebupy][DCA], however, operates 

mainly at energetically more advantageous temperatures (Tables 5.7, 5.8 and 5.10). In 

particular the aromatics recovery at the end of the process requires with 160 ºC a significantly 

lower temperature than the aromatics recovery for sulfolane. The investment for the heating 

equipment of the ionic liquid process is determined according to the heat duty. Assuming that 

the investment in reboilers, heat exchangers and coolers is proportional to the duty, the 

investment will be, 48 % in case of 90 % benzene removal and 63 % in case of 97 % of 

toluene removal of that of the sulfolane process. The energy consumption of the sulfolane 

process is estimated to be 64 MW based on the value of 160 MW reported by Meindersma 

for the removal of 10 % aromatics in comparison to the removal of 4 % aromatics in this 

work.26 The energy consumption of the ionic liquid has been calculated based on the amount 

of energy that is necessary in order to heat up the extract stream and to evaporate the 

extracted aromatic components, withdrawn aliphatics and ionic liquid recovery from the 

raffinate phase. Therewith, the energy consumption of the ionic liquid process is 30.6 MW in 

the case of 90 % benzene removal and 40.4 MW in the case of 97 % toluene removal.  

Another advantage of the ionic liquid process is the higher capacity of [3-Mebupy][DCA] 

which decreases the size of the equipment since only half of the amount of solvent is 

necessary compared to sulfolane. Therewith, the investment cost can be calculated based on 

the solvent-to-feed ratio with the downscaling exponent 0.65. In the case of 90 % benzene 

removal the investment costs can be determined as 57 % of the sulfolane process investment 

and in case of 97 % toluene removal the investment costs will be 66 %. 
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The bottle neck in the ionic liquid process is the use of vacuum at two places in the process in 

order to recover the ionic liquid. Due to the strong interactions of the ionic liquid with the 

enclosed aromatic solvents and as well with water, high vacuum (0.001 MPa) is needed for 

the aromatics evaporator and 0.01 MPa for the evaporator after back-extracting the ionic 

liquid from the raffinate stream in order to remove the water. Nevertheless, it is assumed that 

the aforementioned reduction of the investment costs by 43 % and 34 %, respectively, 

compared to that of sulfolane, is still justified. In both processes five columns are necessary, 

where in the sulfolane process the aromatics recovery column operates under vacuum as well. 

Furthermore, for the ionic liquid process no corrosion is expected, which allows for standard 

material. Therewith, the investment costs of the ionic liquid process amounts to 57 % of the 

sulfolane process in case of 90 % benzene removal and 66 % in case of 97 % toluene 

removal. 

The annual variable capital costs (depreciation: 10 %, ROI: 20 %, and other investment 

related costs, such as maintenance: 10%) of the ionic liquid process are estimated to be 40 % 

of the investment costs. For the energy costs of the sulfolane process 4 €/t feed and therewith 

9.6 M€/year are assumed.26  

In Table 5.13 the extraction with sulfolane and [3-Mebupy][DCA] is compared. The solvent 

is regarded as investment in both cases and has been determined apart from each other due to 

the different prices. The investment costs of the ionic liquid are determined based on the 

operational total flux 8 m3/m2·hr for the solvent-to-feed ratio S/F = 4 and the corresponding 

hold-up of 3.5 % (Chapter 6). It is assumed that the retention time of the ionic liquid in the 

extraction column, 7 min and 14 min respectively for the two regarded cases, is significantly 

higher than for the following stripper and evaporator. Therefore, 2.5 times the amount 

necessary for the extraction (including start-up) has been calculated based on an ionic liquid 

price of 20 €/kg. The investment costs for sulfolane are calculated analogous with retention 

times of 4 min and 8 min, respectively, and a hold-up of 5 % with a flux of 8 m3/m2·hr.38 The 

sulfolane price has been assumed to be 5 €/kg.26 

The values for the investment costs presented in Table 5.13 are in good agreement with the 

process costs predicted by Meindersma in dependence of the aromatic distribution coefficient 

of an ionic liquid.26 The cost for the sulfolane process have been determined based on the 

data presented by Meindersma for the economical evaluation of a feed comprising 10 % 

aromatics.26  
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Table 5.13: Estimated investment and variable costs of the extraction with sulfolane and [3-

Mebupy][DCA] in M€ for 90 % benzene removal (97 % of toluene removal) 

 Sulfolane [3-Mebupy][DCA] 

Materials and labour 18.5 10.5 (12) 

Engineering 6 3.4 (4) 

Inside battery limits 24 14 (16) 

Outside battery limits 8 4.6 (5.5) 

Solvent inventory 0.08 (0.2) 0.2 (0.5) 

Total investment costs 57 33 (38) 

   

Annual costs, 40 % of total investment 23 13.2 (15.2) 

Energy costs 9.6 4.6 (6) 

Total annual costs 32.6  17.8 (21.2) 

 

The results for the rough cost estimation presented in Table 5.13 show that the costs for the 

aromatics removal with the ionic liquid [3-Mebupy][DCA] are in both cases significantly 

lower than with sulfolane. In the first considered case of 90 % benzene removal the benefit of 

the ionic liquid based process is 45 % and in case of 97 % toluene recovery 35 % (total 

annual costs). Furthermore, in both cases, the benefits of the ionic liquid based process are 

larger than the usual required 20 % minimum benefit for the investment in a new 

process/improvement of an existing process. In case of a process based on [3-

Mebupy][DCA], the investment costs can be reduced by 42 % (90 % benzene removal) and 

34 %, respectively, in case of 97 % toluene recovery. Thus, based on this cost estimation, it 

can be concluded that the ionic liquid approach is promising and can be recommended for 

further investigation. Additionally, it becomes apparent that in order to reduce the toluene 

content to 0.1 % in the raffinate phase, and therewith also remove > 99.9 % benzene, 

significantly more energy is required than to extract only 90 % of the benzene. Therefore, it 

can be said that a careful evaluation of the separation target is necessary in order to meet the 

compulsory limitations of the aromatic concentrations in carburant fuels and the lowest 

energy consumption possible.  
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5.5 Conclusions 

The process requirements for the two cases 90 % of benzene removal and 97 % of toluene 

removal have been investigated. The comparison between the ionic liquid [3-Mebupy][DCA] 

and the conventional solvent sulfolane for the extraction of benzene and toluene from a FCC 

gasoline model feed stream shows that the use of an ionic liquid is energetically more 

beneficial and therewith can also be economically promising. The separation, of the first case, 

as investigated here, can be carried out with an extraction column with 3 stages and a solvent-

to-feed ratio S/F = 2.5. The second separation is based on an extraction column with 8 

equilibrium stages and operates with a solvent-to-feed ratio S/F = 4, whereas the sulfolane 

process, as considered here, requires a solvent-to-feed ratio S/F = 6 and S/F = 7.5, 

respectively, and the same amount of equilibrium stages. However, the bottle neck of the 

ionic liquid process is the application of high vacuum in order to recover the ionic liquid from 

the raffinate and extract phase. Nevertheless, the energy consumption of the ionic liquid 

process can be reduced up to 30.6 MW and is therewith significantly lower than for sulfolane 

(64 MW). This reduces the total annual costs by 45 % while the investment costs in case of 

an ionic liquid based process can be decreased up to 42 % compared to sulfolane.  
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APPENDIX 5.A 

5.A.1 VLE-Experiments 

5.A.1.1 Materials  

The ionic liquid [3-Mebupy][DCA] was purchased by Iolitec. Benzene (≥ 99.9 %), toluene 

(p.a., 99.9 %) and ethylbenzene (>99 %) were purchased from Merck. Acetone (p.a. >99 %) 

was purchased from Fluka.  

 

5.A.1.2 Experimental Set-up and Procedure  

In order to determine VLE data, experiments were carried out with a Fischer VLE 602/D 

apparatus. A schematic overview is given in Figure A.1. The components are mixed in the 

mixing chamber of the set-up, where the mixture is heated until boiling is reached and 

following transported to the equilibrium chamber. Here vapor and liquid are brought to 

equilibrium. The liquid and the vapor phases are cooled down and led back to the mixing 

chamber. Heating capacity and pressure are controlled with a Fischer System M101 control 

unit. Furthermore, the temperature is measured for both the liquid phase and the vapor phase. 

Cooling of liquid and vapor phase is maintained with a cooling bath (Julabo F25. 

 

Figure 5.A.1: Schematic overview of Fischer VLE 602/D apparatus  
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Binary mixtures of ionic liquid and aromatic component are prepared with aromatic 

component mass fractions of 0.2, 0.4, 0.6, and 0.8. Aromatic component mass fractions 

below 0.2 are difficult or even not possible to determine, since the liquid fraction is too small 

to circulate through the apparatus and establish equilibrium. For the same reason, binary 

mixtures of aliphatic components and ionic liquid were not determined. The boiling 

temperature of the binary mixture is determined by varying the operational pressure in a 

range of 0.1 till 1 bar. Equilibrium is reached after 15 minutes, when the temperature is 

constant and the distillation rate is 60 droplets per minute. Samples of the liquid phase are 

taken at different pressures in order to determine the liquid composition. The liquid 

composition has to be equal over the whole pressure range. Liquid samples are analysed with 

a gas chromatograph as described below. 

 

5.A.1.3 Analysis 

A sample of 0.5 ml of the liquid phase and 20 µl of the vapour phase were taken and analysed 

by gas chromatography (Varian CP-3800). Acetone was added to the samples to avoid phase 

splitting and to maintain a homogeneous mixture. Ethylbenzene, (0.1 ml for the liquid phase 

samples and 10 µl for the vapour phase) was used as internal standard for the GC-analysis. 

The compositions of benzene and toluene in the samples were analysed by a Varian CP-3800 

gas chromatograph with an WCOT fused silica CP-SIL 5CB column (50m x 0.32 mm; DF = 

1.2) and a Varian 8200 AutoSampler. Since ionic liquids have no vapour pressure and they 

cannot be analyzed by GC only the hydrocarbons of the feed were analyzed and the amount 

of ionic liquid was calculated by means of a mass balance. In order to avoid inaccuracy of the 

analysis caused by fouling of the GC by the ionic liquid a liner and a pre-column have been 

used. Furthermore, measurements were carried out in duplicate to increase accuracy.  

The deviation in the calibration curves of 1 % and a possible contamination of the gas 

chromatograph can cause a variance in the mole fractions (estimated on 1 %). The averages 

of the two measurements were used in our results. The relative average deviation in the 

compositions is about 2.5 %.  

 

5.A.1.4 Results 

The results for the VLE-measurements in comparison with the data regression are shown in 

Figure A.2. Since the vapour pressure of the ionic liquid [3-Mebupy][DCA] is negligible, it 
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can be assumed that the vapour phase of the investigated systems consists only of benzene or 

toluene. With increasing temperature, the evaporation of the aromatic components increases, 

which increases the vapour pressure as well. Due to the higher volatility of benzene in 

comparison to toluene, benzene evaporates more rapidly than toluene and therewith, already 

at lower temperatures, higher pressures are reached compared to toluene.  

Furthermore, it is obvious that the regression of the p-T data is in good agreement with the 

experimental data for benzene as well as toluene. 

 

 

5.A.2 Specific Heat Capacity 

5.A.2.2 Experimental Set-up and Procedure  

The specific heat capacity (cp) of [3-Mebupy][DCA] is determined by a use of a differential 

scanning calorimetry TA Instruments (DSC Q100) apparatus. Differential scanning 

calorimetry is a thermal analysis technique that determines temperatures and heat flows 

caused by change in heat capacity or by endothermic and exothermic processes of materials 

as function of time and temperature. 
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In order to determined the heat capacity of [3-Mebupy][DCA] 20 millilitre of the ionic liquid 

were exposed to a temperature of 100 ºC and a pressure of 0.1 mbar for 2 days in a Büchi 

Rotavapor R-200 with a Büchi Heating Bath B-490. Because [3-Mebupy][DCA] is 

hydrophillic, a nitrogen flow is used to bring the sample on atmospheric pressure. A sample 

of 1-2 milligram [3-Mebupy][DCA] is weight in a and hermetic closed. In order to determine 

the specific heat capacity, the DSC has been operated in the temperature range from 303 K to 

523 K. The heat capacity of [3-Mebupy][DCA] is shown in Figure A.3. 

 

 

 

Figure 5.A.3: Specific heat capacity of [3-Mebupy][DCA] 
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Extraction of Aromatic Hydrocarbons with the Ionic 

Liquid 3-Methyl-N-butylpyridinium in a Rotating Disc 

Contactor 

 

The removal of benzene and toluene from a petrochemical stream by means of the ionic 

liquid 3-methyl-N-butylpyridinium dicyanamide ([3-Mebupy][DCA]) has been studied on 

pilot plant scale. Therefore, a FCC gasoline model and real feed (LCCS) have been 

investigated in a rotating disc contactor (RDC) contactor under counter current flow 

operation where the ionic liquid has been the dispersed phase. The hydrodynamic parameters 

drop size, dispersed phase hold-up and operational window have been determined. 

Subsequent, mass transfer experiments have been carried out at three different solvent-to-

feed ratios (S/F = 2, 4 and 6) for the model feed and verified for S/F = 4 for the real feed. 

Furthermore, the number of transfer stages has been determined for the conducted mass 

transfer experiments. The aromatics removal from the model feed increases with increasing 

solvent-to-feed ratio. For S/F = 4, 89 % of benzene and 75 % of toluene can be removed from 

the model feed and 81 % of benzene and 71 % of toluene have been recovered from the real 

feed. 
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6.1 Introduction 

The separation of aromatic and aliphatic hydrocarbons is challenging due to close boiling 

points and the formation of azeotropes. Therefore, extraction is the most common used 

separation technique.1 Nevertheless, the factors relating to mass transfer and hydrodynamics 

of the systems in an extraction column are highly complex. Particularly for solvents like ionic 

liquids that have hardly been studied at larger scale, pilot-plant testing is an almost inevitable 

step prior to the design of a full-scale extractor.2 The data of the investigated systems with 

ionic liquids reported in literature are either for binary systems or activity coefficients at 

infinite dilution which cannot describe the interactions of multiple components and ionic 

liquids sufficiently.3-21 Moreover, as stated above, hydrodynamic and mass transfer 

characteristics, which are important properties for the development of an extraction process, 

cannot be studied satisfactorily on lab scale. Thus, pilot-plant experiments are required in 

order to provide the following information:  

 

1) total throughput and agitation speed;  

2) HETS or HTU;  

3) stage efficiency;  

4) hydrodynamic conditions, such as droplet dispersion, phase separation, flooding, 

emulsion layer formation, etc;  

5) selection of direction of mass transfer;  

6) solvent-to-feed ratio;  

7) material of construction and its wetting characteristics; and  

8) confirmation of the desired separation in cases where equilibrium data are not 

available.22 

 

Ionic liquids are molten salts consisting of mostly large organic cations combined with a 

large diversity of anions. Initially used for electrochemical purposes,23 within recent years 

ionic liquids gained more and more influence for many different applications.24-34  Therewith, 

also the investigation of ionic liquids for the separation of aromatic and aliphatic 

hydrocarbons is increasing.3,4,7-10,16-21 The main advantage of ionic liquids as extraction 

solvents for these separations, compared to conventional solvents, is the higher extraction 

capacity combined with a negligible vapour pressure which enables easier recovery of the 

extracted solutes by means of evaporation or stripping. Therefore, as reported by Meindersma 
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et al. and shown in Chapter 5 of this work, an ionic liquid based process can be less energy 

consuming than a process using sulfolane as extraction solvent since lower process 

temperatures and less and smaller equipment is used.2 Besides, the water miscibility of the 

investigated ionic liquid 3-methyl-N-butylpyridinium dicyanamide ([3-Mebupy][DCA]) 

allows for the easy recovery of entrained ionic liquid in the raffinate phase by back extraction 

with water.  

As mentioned by Stevens et al. it is necessary that for the design of a large-scale extractor, 

the used pilot-plant extraction column is of the same type.22 Since, in the petrochemical 

industry rotating disc contactors (RDC) are commonly used extraction columns, the ionic 

liquid 3-methyl-N-butylpyridinium dicyanamide, [3-Mebupy][DCA], has been investigated 

for the separation of a FCC gasoline model feed in that type of extractor. In Chapters 3 and 4 

of this work it has been shown that this ionic liquid exhibits good extraction properties on lab 

scale for the separation of aromatic and olefins/paraffins as they are present in the FCC 

gasoline model feed. That is the reason for choosing this ionic liquid for the pilot-plant tests.  

Godfrey and Slater report that hydrodynamics and mass transfer efficiency are the extraction 

properties that determine the column performance.35 This is the reason that the focus of the 

conducted experiments is on the investigation of the hydrodynamic and mass transfer 

properties as the drop diameter, hold-up, total flux, flooding point and operational window 

and the determination of the number of transfer stages. Furthermore, the obtained 

hydrodynamic characteristics have been used in order to define the operating conditions for 

the mass transfer experiments. By means of this type of experiments the solvent-to-feed ratio 

and the mass transfer efficiency in the form of number of theoretical stages (NTS) for a good 

aromatic/aliphatic separation has been identified. The experiments have been conducted with 

the FCC gasoline model feed because, due to the limited amount of components, this enables 

the study and understanding of the observed behaviour. 

Furthermore, the study of a real refinery feed on pilot plant scale has been carried out as well 

since this provides valuable information on the ionic liquid behaviour with real multi-

component mixtures in comparison to a model feed with limited amount of components also 

on pilot plant scale. Hence, the optimal operating conditions determined for the FCC gasoline 

model feed have been applied to a refinery feed (BP-refinery Rotterdam, The Netherlands) in 

order to investigate differences in the column operation parameters. For these experiments, 

the real feed LCCS (Light Catalytically Cracked Spirit), which is the equivalent of an FCC 
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gasoline feed, has been used for the application in the RDC pilot plant.  The specifications of 

the evaluated feeds are shown in Table 6.1. 

 

Table 6.1: FCC gasoline model and real feed compositions 

Feed Total aromatics  

content (vol-%) 

Component (vol-%) Density 

[g/cm3] 

Boiling Point 

Range [ºC] 

FCC 

Gasoline 
4 

1% benzene, 3% toluene, 

40% hexane, 56% hexane 
0.66 63 - 111 

     
LCCS  

(BP-refinery, 

NL) 

≈ 4- 5 

≈ 1% benzene, ≈ 3% toluene 

, ≈ 40 % various olefins,  

≈ 56 % various paraffins 

0.6 - 0.8 20 - 210 

 

6.2 Experimental Section 

6.2.1 Materials  

The ionic liquid used in this chapter was purchased by Iolitec. Benzene (≥ 99.9 %), toluene 

(p.a., 99.9 %) and ethylbenzene (> 99 %) were purchased from Merck. n-Hexane was 

purchased by VWR. 1-Hexene (≥ 97 %) was purchased from Sigma-Aldrich. Acetone (p.a. > 

99 %) was purchased from Fluka.  

 

6.2.2 Analysis 

For mass transfer experiments a sample of 0.5 ml of each phase was taken and analysed by 

gas chromatography (Varian CP-3800). Acetone was added to the samples to avoid phase 

splitting and to maintain a homogeneous mixture. Ethylbenzene, and in case of real feed 

experiments butanol, (0.2 ml for the raffinate samples and 0.1 ml for the extract phase 

samples) was used as internal standard for the GC-analysis. The compositions of benzene, 

toluene, 1-hexene and n-hexane in the samples were analysed by a Varian CP-3800 gas 

chromatograph with an WCOT fused silica CP-SIL 5CB column (50m x 0.32 mm; DF = 1.2) 

and a Varian 8200 AutoSampler. Since ionic liquids have no vapour pressure and they cannot 

be analyzed by GC only the hydrocarbons of the feed were analyzed and the amount of ionic 

liquid was calculated by means of a mass balance. In order to avoid inaccuracy of the 

analysis caused by fouling of the GC by the ionic liquid a liner and a pre-column have been 
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Figure 6.1: Schematic view of the rotating 

disc column used in this work. 

used. Furthermore, measurements were carried out in duplicate to increase accuracy. The 

deviation in the calibration curves of 1 % and a possible contamination of the gas 

chromatograph can cause a variance in the mole fractions (estimated on 1 %). The averages 

of the two measurements were used in our results. The relative average deviation in the 

compositions is about 2.5 %.  

 

6.2.3 Rotating Disc Contactor 

Figure 6.1 schematically shows the rotating disc extraction column that has been used in this 

work. The column consists of nine jacketed glass segments, each 360 mm in length and with 

an inside diameter of 60 mm. Each segment contains eight stirred compartments. Two settlers 

of 500 mm in length with an internal 

diameter of 90 mm complete the column at 

the top and the bottom. The stirred segment 

internals consist of alternating discs and 

doughnuts made from stainless steel with a 

doughnut outside diameter of 60 mm, an 

inside diameter of 22 mm and a thickness of 

1.5 mm. The discs are 40 mm in diameter 

and 1.5 mm thick as well. The 

compartments, the space between two 

doughnuts, are 32 mm high. This is the 

same distance as between two discs.  

As visible from the process scheme in 

Appendix A, the column is linked to four 

storage tanks, two for feed and solvent, 

respectively, and one for each the raffinate 

and the extract phase. In the column 

experiments the ionic liquid, the heavy 

phase, is fed as the dispersed phase at the 

top of the column. The light phase, the feed, 

enters the column at the bottom just above 

the bottom settler. The column is operated 
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in this way, since otherwise phase mixing cannot be maintained.2 For measurements of the 

hydrodynamic parameters the pilot plant has been operated at equilibrium between the two 

phases which means that the feed and ionic liquid phase have been circulated through the 

column and recycled to their storage tanks. In the case of mass transfer efficiency 

experiments the two phases have been separated as extract and raffinate phase and sent to the 

extract and raffinate product tanks accordingly. The liquid level in the storage tanks has been 

controlled by means of a fluid control (Micromotion). 

All experiments have been carried out at T = 313.15 K. Constant temperature in the column 

has been maintained by means of a water bath (Julabo F32-MW) and controlled by means of 

a PT100 temperature control. As heating medium a mixture of water and ethylene glycol has 

been used. Prior to and during the duration of all experiments the ionic liquid storage tank has 

been (pre)heated in order to facilitate the column operating temperature more easily.   

After the experiments had been conducted the ionic liquid has been regenerated by means of 

stripping with nitrogen at T = 353.15 K for 48 h. With this procedure the total amount of 

ionic liquid (98 kg) could be regenerated completely. In case of the real feed experiments, 

due to high boiling components, only stripping with nitrogen was not sufficient. Therefore, 

the ionic liquid has first been dissolved in water in order to displace the high-boiling, water-

immiscible components and form a second phase which could be extracted with toluene. 

Subsequently, the ionic liquid has been regenerated by stripping with nitrogen. 

 

6.3 Column Operation and Characterisation 

All experiments for the determination the hydrodynamic characteristics drop diameter, 

dispersed phase hold-up, flooding and operational window have been carried out with a 

model feed at steady state when the two phases have been at equilibrium at T = 313.15 K and 

with a rotor speed of 700 rpm. This means that for each experiment the operational conditions 

temperature, rotor speed, solvent-to-feed ratio and flux have been fixed and the ionic liquid 

and (model) feed circulated for 30 min until equilibrium was reached. Furthermore, prior to 

the hydrodynamic experiments, the ionic liquid has been mixed with the right amount of the 

aromatic components of the model feed in order to reach equilibrium faster. 

In case of mass transfer experiments the operating conditions have been set and the two 

phases run through the column for 1h to allow the system to reach steady state before the 

experiment was started.  
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The operational temperature of 313.15 K and the rotor speed of 700 rpm have been chosen 

based on prior research. Meindersma37 and Onink41 reported that the hydrodynamic 

properties improve with increasing rotor speed which is the reason that here the highest rpm 

possible for safe operation has been chosen. Furthermore, the experiments have been carried 

out at the temperature 313.15 K since the capacity of ionic liquids increases with decreasing 

temperature (Chapter 3) and this temperature allows for easier comparability with the 

literature.37,41  

For both types of experiments samples have been taken along the whole active section of the 

contactor. Special sample ports, shown in Figure 6.2, have been developed for the mass 

transfer experiments in order to make sure that extract and raffinate phase can be collected in 

separate samples. Therefore, the sample ports have two tubes that are placed into the column. 

The tubes have each one opening facing either upwards or downwards, thus collecting either 

the dispersed phase (opening upwards) or the continuous phase (opening downwards). 

 

 

 

 

 

 

 

 

 

Figure 6.2: Mass transfer sample port: a) single port  

a) 
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6.3.1 Hydrodynamics 

Drop Size 

The drop size describes the droplets formed by the heavy phase. In this case, the ionic liquid 

enters the extraction column at the top in drops that are further dispersed by the rotors of the 

rotating disc internals. The ionic liquid drops reach the rotors, are accelerated due to the 

centrifugal forces and afterwards come down to the stators from where on they fall down to 

the following stator. The drop size of the dispersed phase, normally reported as Sauter mean 

diameter (d32), is defined as: 

 

2

3

32

ii

ii

dn

dn
d

Σ

Σ
=  (6.1) 

where ni is the number of drops with the diameter di. 

Figure 6.2: Mass transfer sample port: b) port implemented in RDC column 

b) 
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The drop size has been determined at three different solvent-to-feed ratios and at three 

different fluxes. Therefore, after the column had reached equilibrium, from the second 

compartment photos were taken with an EOS 440D camera on which the size of the drops 

was identified by means of the program Adobe Photoshop CS4. The number of drops has 

been determined manually by counting the amount of drops with different diameters. The 

pictures have been taken in threefold and the results averaged.  

  

Hold-up 

The hold-up (ϕ) is the volume fraction of the dispersed phase and described as: 

 

cd

d

VV

V

+
=ϕ  (6.2)  

 

with Vd the dispersed phase volume and Vc the continuous phase volume. In order to 

determine the dispersed phase hold-up, samples of approximately 300 ml have been taken at 

four sample ports along the whole length of the column. The samples have been allowed to 

settle for 30 min in a separation funnel in order to obtain complete phase separation. 

Afterwards, the amount of both phases has been measured and the hold-up determined 

according to equation 6.2. The hold-up has been measured at the same conditions as the drop 

size diameter.  

 

Flooding Point and Operational Window 

Flooding of an extraction column occurs when the total flux, caused by higher throughput of 

one or both phases, increases. The higher flux causes the dispersed phase droplets to coalesce 

which results at first in a layer of ionic liquids on the stators and thus blocks countercurrent 

flow. This continues until the whole extractor is filled with ionic liquid and consequently the 

light phase appears in the discharge of the heavy phase, and vice versa.  

The point from which on an increasing ionic liquid layer on the stators can be observed is 

called flooding point.  

The flooding point has been measured for three solvent-to-feed ratios while the flux has been 

increased gradually until flooding could be observed.  
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Flooding also determines the operational window, since the operational window is fixed by 

the column operation parameters between which the mass transfer performance is optimal 

and the column can be operated stable. In this case operating stable means operation of the 

column that good mass transfer is ensured but no flooding occurs. This is usually maintained 

by adjusting the flux to values 75-80 % of the flooding point.36  

 

6.3.2 Mass Transfer  

Mass Transfer Efficiency 

Mass transfer is the property that determines the sizing of the column height and is described 

with the following expression:36 

 

cakJ ∆⋅⋅=  (6.3) 

 

Where J is the rate of mass transfer, k is the mass transfer coefficient, a represents the mass 

transfer area and ∆c is the concentration difference between the two phases; a is described as: 

32

6

d
a

ϕ
=  (6.4) 

 

From equation 6.4 it is apparent that hold-up and drop size have a significant influence on the 

mass transfer. Hence, the higher the hold-up and the smaller the drop size the larger the mass 

transfer area, which is beneficial for a high mass transfer rate.   

 

Number of Transfer Stages (NTS) 

The aforementioned parameters are not the only factors that have influence on the mass 

transfer. However, all those influences on the mass transfer efficiency can be easily described 

by the ‘height equivalent of a theoretical stage’ (HETS):36  

 

NTS

H
HETS =  (6.5) 

where H is the total height of the column and  NTS is the Number of theoretical stages that is 

described by the Kremser equation. In this case the Kremser equation is valid to use since the 
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phases are substantially immiscible, the solute content is low and the distribution coefficients 

can be regarded constant.37 
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Where xaromatic,in is the mass fraction of the aromatic component in the feed, xaromatic,out is the 

mass fraction of the aromatic component in the raffinate phase, yaromatic,in is the mass fraction 

of aromatic in the solvent. K represents the distribution coefficient and E the extraction 

factor: 

 

F

S
KE ⋅=  (6.7) 

 
With S being the solvent mass flow and F the feed mass flow. Alternatively, the number of 

transfer stages can be determined graphically.22,36 

 

6.4 Results and Discussion 

6.4.1 Hydrodynamics 

Drop Diameter 

Figure 6.3 shows the Sauter mean drop diameter in dependence of the total flux of the 

continuous and dispersed phase at three different solvent-to-feed ratios. It is obvious that with 

increasing flux the drop size is decreasing. This can be explained by the higher shear forces 

that act on the ionic liquid drop due to the higher flux.42 By increasing the total flux, the 

volume flows of both phases increase. By this the streaming velocity of the organic phase is 

higher which causes larger shear forces on the dispersed phase droplets. Additionally, the 

fluid resistance of the organic phase is larger at higher fluxes, which entails smaller dispersed 

phase drop sizes as well. The solvent-to-feed ratio appears to have no significant influence on 

the drop size. Increasing the solvent-to-feed ratio means that relative to the organic phase 

more and more ionic liquid is introduced into the column. This means, for a constant total 
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flux a relative decrease of the organic phase flow and increase of the dispersed phase flux 

resulting in lower shear forces and thus slightly larger dispersed phase drops. 

 

Comparing the values presented in Figure 6.3 to the Sauter mean diameter reported by 

Meindersma36 for the ionic liquid [4-Mebupy][BF4] it is evident that the drop sizes 

determined for [3-Mebupy][DCA] are smaller: 1.2 mm for [4-Mebupy][BF4] compared to 

0.85 mm for [3-Mebupy][DCA] at a total flux of 6 m3/m2hr. This is mainly due to the higher 

viscosity of [4-Mebupy][BF4] compared to [3-Mebupy][DCA]. Obviously, the viscosity of 

the ionic liquids has a higher influence on the drop size than the interfacial tension. Since, 

due to the higher interfacial tension of [3-Mebupy][DCA] compared to [4-Mebupy][BF4], a 

larger drop size would be expected for [3-Mebupy][DCA].39 

 

Dispersed Phase Hold-up 

The hold-ups determined for the ionic liquid [3-Mebupy][DCA] in the FCC gasoline model 

feed are shown in Figure 6.4. It is apparent that the hold-up is increasing with increasing flux 

and solvent-to-feed ratio. The increase in hold-up with increasing flux is related to the drop 

size shown in Figure 6.3. In general, with increasing flux the Sauter mean drop diameter is 

decreasing, and thus the sedimentation velocity of the ionic liquid droplets is decreasing as 

Figure 6.3: Sauter mean diameter in dependence of the total flux of both phases at three 

different solvent-to-feed ratios: ◇ S/F = 2, □ S/F = 4, △ S/F = 6. T = 313.15 K and 700 rpm. 
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well. Therewith, the residence time of the ionic liquid droplets is increased resulting in a 

larger hold-up which increases exponentially as it is mostly visible for the solvent-to-feed 

ratios S/F = 4 and S/F = 6.  

 

Furthermore, due to the increased amount of dispersed phase droplets at higher fluxes, the 

drops undergo hindered settling which results in a higher hold-up as well. For the lowest 

solvent-to-feed ratio, S/F = 2, the amount of ionic liquid in the column is relatively smaller 

than for the other two investigated solvent-to-feed ratios. Therefore, the described effects are 

less visible for the hold-up determined for this solvent-to-feed ratio and it seems that the 

hold-up increases with linear slope.  

Comparing the results with the hold-up obtained by Onink41 for [4-Mebupy][BF4] it is 

evident that the hold-up measured for [3-Mebupy][DCA] is 36 % lower (S/F = 6, total Flux = 

7) and for Meindersma38 the difference in hold-up is 24 % (S/F = 2, total Flux = 9), which is 

in contrast to the observations made for the drop size. Furthermore, in comparison to the 

hold-up reported by Onink et al. for the ionic liquid [3-Mebupy][DCA] and a mixture of 10 

vol-% toluene in n-heptane43 it is apparent that the values obtained in this work are 

significantly lower although the sauter mean drop diameter is comparable. Onink reports the 

hold-up ϕ = 0.075 for a solvent-to-feed ratio S/F = 4 and 700 rpm with a total flux 8 

[m3/m2.hr], whereas from Figure 6.4 it can be seen that, for the same conditions, the hold-up 

Figure 6.4: Dispersed phase hold-up in dependence of the total flux of both phases at three 

different solvent-to-feed ratios: ◇ S/F = 2, □ S/F = 4, △ S/F = 6. T = 313.15 K and 700 rpm. 
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is ϕ = 0.032. This can be explained by the density difference of the two different feed streams 

with the ionic liquid (ρ[3-Mebupy][DCA] = 1.05 g/cm3). The toluene/n-heptane feed has an average 

density of ρtoluene/n-heptane = 0.7 g/cm3, whereas the average density of the investigated FCC 

gasoline model feed is ρFCC gasoline = 0.66 g/cm3. Due to the higher density of the toluene/n-

heptane feed the sedimentation velocity of the dispersed phase drops is lower compared to the 

FCC gasoline model feed. This results in the higher hold-up reported by Onink. Furthermore, 

since the viscosity of an aliphatic component increases with increasing chain length,44,45 it is 

supposed that the toluene/n-heptane model feed has a higher viscosity than the FCC gasoline 

model feed. This is another reason which explains the higher hold-up reported by Onink.43 

Due to the higher viscosity, the shear forces in the continuous phase are larger for the 

toluene/n-heptane feed resulting in a relatively higher resistance of the organic phase and thus 

a lower slip velocity of the dispersed phase causing the higher hold-up.  

 

Flooding Point and Operational Window 

As described above, the flooding point has been determined for the three solvent-to-feed 

ratios 2, 4 and 6 by increasing the total flux until flooding could be observed. Figure 6.6 

shows the flooding point and operational window for the FCC gasoline model feed at T = 

313.15 K and 700 rpm. The upper line represents the flooding point whereby it is apparent 

that with increasing solvent-to-feed ratio flooding occurs at higher total fluxes. This can be 

related to the drop size. As evident from Figure 6.3, the drop size increases slightly with 

increasing solvent-to-feed ratio. Due to the larger drop size and thus higher sedimentation 

velocity at higher solvent-to-feed ratios the accumulation and subsequent coalescing of the 

drops on the stators takes longer explaining the higher flooding point and therewith larger 

operational window. Therewith, it can be stated that, in this case, the size of the dispersed 

phase droplets is more important for the operational window than the hold-up. The higher 

hold-up at higher solvent-to-feed ratios is attributed to the larger amount of solvent present in 

the column. 

Hence, this means for a constant total flux, the operational window can be increased by 

increasing the solvent-to-feed ratio. In that case, the flux of the dispersed phase is increasing 

in comparison to the continuous phase flux, which is decreasing. This results, due to smaller 

shearing forces, in larger dispersed phase drops which are falling faster through the column 

and by this enabling a larger operational window. Besides, because of the higher amount of 
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solvent present, the hold-up increases which is beneficial for the mass transfer. Nevertheless, 

it must be assumed that from a certain solvent-to-feed ratio on the amount of solvent present 

in the column will be so high that drop coalescing occurs already at lower total fluxes than 

visible in Figure 6.5 and thus the operational window is limited by a maximal possible 

solvent-to-feed ratio.   

 

The region between the two lines shown in Figure 6.5 is the transitional region. Here 

coalescing of the dispersed phase drops on the rotors occurs and the beginning of flooding is 

visible, however, the formed layers are not stable since the coalesced drops break up again.  

The operational window is the region below the under line of the transitional area in which 

the column can be operated at stable conditions.  

As mentioned above, in order to ensure good mass transfer, which means operating at as high 

fluxes as possible, and to prevent flooding an RDC column is operated 75-80% below the 

upper limit of the operational window. Therefore, in this work a total flux of 8 m3/m2 hr has 

been chosen for conducting the mass transfer experiments.  

 

 

 

Figure 6.5: Flooding Point and operational window at T = 313.15 K 

and 700 rpm; □flooding, △ transitional area, ◇stable operational area 
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6.4.2 Mass transfer 

The extraction capacity of the ionic liquid [3-Mebupy][DCA] can be expressed in the total 

amount of benzene and toluene that has been extracted and the number of transfer stages 

(NTS) that has been determined. The former is presented in form of concentration profiles 

while the latter has been determined by means of equation 6.6. Additionally the influence of 

the solvent-to-feed ratio on the extraction process has been investigated. 

 

Concentration Profiles 

The concentration profiles of benzene and toluene in extract and raffinate phase for the three 

solvent-to-feed ratios 2, 4 and 6 are shown in Figure 6.6 a)-c).  

The ionic liquid enters the extraction column at the top and is on the way through the column 

enriched with aromatic components that are extracted from the feed phase. From the feed 

phase, flowing counter current to the ionic liquid, the aromatic hydrocarbons are extracted 

reducing the aromatic content in the raffinate phase. This can be observed in all six 

concentration profiles shown in Figure 6.6. Moreover, it is visible that with increasing 

solvent-to-feed ratio also the aromatics removal is increasing. Table 6.2 lists the extracted 

amounts of benzene and toluene for the three investigated solvent-to-feed ratios. 
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The higher the amount of solvent the bigger the driving force for the mass transport. This 

explains the better extraction with higher solvent-to-feed ratios.   

 

 

 

Figure 6.6: Concentration profiles at T = 313.15 K and 700 rpm and three different solvent-to-feed 

ratios a) S/F = 2, b) S/F = 4, c) S/F = 6; weight fraction aromatic in △ ionic liquid and □ organic phase 

a) 

b) 

c) 
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Table 6.2: Aromatics removal FCC gasoline model feed 

 amount extracted 

S/F benzene toluene 

2 60 % 39 % 

4 89 % 75 % 

6 97 % 87 % 

 

Likewise, from Figure 6.6 a) it is apparent that the concentration profiles for both aromatics 

are convex, compared to concave profiles in Figure 6.6 b) and c). The latter are concentration 

profiles that are expected for an RDC extraction column.38,40 Nevertheless, Meindersma made 

the same observation in his work for the extraction of toluene from n-heptane with the ionic 

liquid [4-Mebupy][BF4].
38 The convex profiles are the consequence of a low extraction factor 

(E, equation 6.7) due to the fact that equilibrium between the ionic liquid phase and the feed 

has been reached which hampers the mass transfer.    

 

Number of Equilibrium Stages (NTS) 

Another important property for the characterisation of an extraction solvent is the number of 

theoretical transfer stages that is needed to reach the separation target, i.e. the compromise 

between the size of the extractor and the necessary solvent-to-feed ratio in order to achieve 

the desired recovery of the solute.46 The number of transfer stages in this work has been 

determined by means of equation 6.6. The determination of equilibrium stages is a method 

used for rough equipment estimations in the praxis. It is based on the assumption that full 

equilibrium is reached in every section of an extraction column and derived from a mass 

balance combined with the distribution equilibrium.22  

In Table 6.3 the NTS-values and HETS for the two investigated solvent-to-feed ratios S/F = 4 

and S/F = 6 are compared for both aromatic components. It is obvious that for a higher 

solvent-to-feed ratio the number of theoretical stages is increasing whereas the HETS-values 

decrease. The increasing number of equilibrium stages can be explained by an increasing 

hold-up at higher solvent-to-feed ratios and therewith increased mass transfer (see Chapter 6). 

As apparent from equations 6.3 and 6.4, with increasing hold-up, the mass transfer area 

increases as well resulting in a higher mass transfer rate. Furthermore, with a higher solvent-

to-feed ratio the concentration gradient between the two phases increases and thus the driving 

force for mass transfer. This also increases the mass transfer rate (eq. 6.3). This confirms the 
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results presented in Figure 6.6 and Table 6.2. Since these effects are the same for benzene 

and toluene, in both cases an increase in NTS and decrease in HETS can be observed with 

increasing solvent-to-feed ratio.    

Furthermore, the higher the mass transfer efficiency the more equilibrium steps in the 

extraction column and thus the lower the HETS-value. The different values for benzene and 

toluene can be explained by their different diffusivity. The benzene molecule is smaller than 

the toluene molecule and thus has a lower molecular volume resulting in a larger benzene 

diffusion coefficient compared to toluene. Toluene diffuses slower and thus has a lower 

diffusion coefficient and larger HETS.47,48 

Additionally, the extraction factor for benzene is higher than for toluene. Therefore, the 

consequence is a higher concentration gradient for benzene than for toluene, which means a 

higher mass transfer rate for benzene than for toluene and therewith lower HETS-values.  

 

Table 6.3: Number of transfer stages (NTS) and height equilibrium of a transfer stage for the 

FCC gasoline model feed with [3-Mebupy][DCA] 

 NTS  HETS 

S/F benzene toluene benzene toluene 

4 2.4 1.9 1.5 1.8 

6 2.9 2.1 1.2 1.7 

 

The number of transfer stages for toluene at S/F = 2 cannot be determined since the extraction 

factor is less than 1. This also explains the convex shape of the concentration profile since the 

result can be regarded as the extraction of toluene in one mixer settler unit, which is 

insufficient for the separation because equilibrium will be reached.  

 

6.5 Real feed 

In order to investigate the hydrodynamic and mass transfer behaviour of a real feed the 

experiments described above for the FCC gasoline model feed have been verified for the real 

refinery feed LCCS. In Chapter 3 of this work it has been shown by means of LLE 

measurements that the extraction of the mono aromatics benzene and toluene from LCCS, 

although the extracted amount is less than for the model feed, is still promising.   

Therefore, this feed has been investigated for the scale-up from lab scale to pilot scale in 

order to evaluate the extraction performance on larger scale.  
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6.5.1 Hydrodynamics 

Experimental Procedure 

For the investigation of the real feed, the same parameters as for the model feed have been 

evaluated. However, since the model feed has been used to determine the column operation 

parameters, the experiments with the real feed have been conducted only for the optimal 

setting of the model feed, which means that the experiments have been conducted at T = 

313.15 K with a solvent-to-feed ratio of 4, a total flux of 8 m3/m2 hr and a rotor speed of 700 

rpm. 

 

Drop Size 

In Figure 6.7 the Sauter mean drop diameter of the real feed is depicted in comparison to the 

model feed experiments. It is visible that the drop size of [3-Mebupy][DCA] in the real feed 

is with 0.75 mm significantly smaller than the drop size of the ionic liquid in the model feed 

(d32 = 0.85) measured at the same conditions. This effect is most likely due to a lower 

interfacial tension between the real feed and the ionic liquid compared to the model feed. Due 

to the composition of the LCCS feed (Table 6.1), in relation to the FCC gasoline model feed, 

Figure 6.7: Sauter mean diameter for the FCC gasoline real feed (LCCS) at solvent-to-feed ratio × S/F 

= 4, a total flux of 8 m3/m2hr compared to the Sauter mean diameter of the FCC gasoline model feed in 

dependence of the total flux of both phases at the solvent-to-feed ratio □ S/F = 4 and 700 rpm. 
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the miscibility with the ionic liquid is decreased which is the reason for the lower interfacial 

tension and therewith smaller droplets of the dispersed phase. 

 

Hold-up 

The hold-up determined for the real feed measurements is shown in Figure 6.8 and compared 

to the experimental values for the FCC gasoline model feed. It is apparent that the hold-up for 

the solvent-to-feed ratio S/F = 4 and the total flux 8 m3/m2hr is noticeably higher than the 

value for the model feed measured at the same parameters. This observation is in line with 

the above reported drop size of the real feed. Due to the smaller drop size of the dispersed 

phase the sedimentation velocity of the droplets is decreased, thus causing a higher amount of 

ionic liquid present in the extractor, which results in the higher hold-up. 

 

Flooding Point and Operational Window 

Figure 6.9 shows the operational window for the real feed experiments in comparison to the 

operational window for the model feed. It is apparent that the operational window for the real 

feed application is almost the same than for the model feed with comparable physical 

properties and flooding occurs already at fluxes where only the transitional area of the model 

Figure 6.8: Dispersed phase hold-up for the FCC gasoline real feed (LCCS) at solvent-to-feed ratio × 

S/F = 4 and a total flux of 8 m3/m2hr compared to the hold-up of the FCC gasoline model feed in 

dependence of the total flux of both phases at the solvent-to-feed ratio □ S/F = 4 and 700 rpm. 
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feed starts. In general, according to the model feed results, for the real feed a smaller 

operational window would be expected due to the smaller drop size which is responsible for a 

higher amount of solvent present in the column. Additionally, the sedimentation velocity is 

lower resulting in higher drop coalescence and therewith earlier flooding of the column.  

 

6.5.2 Mass transfer 

Concentration Profiles 

Although, the exact composition of the LCCS feed sample is unknown, the amount of the 

aromatic components has been analysed quantitatively. The amounts of benzene and toluene 

in the feed before the measurement and in the extract and raffinate phase after the experiment 

have been compared to each other resulting in the concentration profiles depicted in Figure 

6.10 and the extracted percentages given in Table 6.4. Here, the feed concentration has been 

defined as 1 and the weight fractions have been expressed in relative amounts compared to 

the feed.  

From Figure 6.10 it is visible that the amount of the aromatics benzene and toluene in the 

LCCS feed can be decreased significantly by extraction with the ionic liquid [3-

Figure 6.9: Operational window of the FCC gasoline real feed (LCCS) compared to the 

operational window determined for the FCC gasoline model feed at T = 313.15 K and 700 rpm; 

model feed: – flooding; real feed: above upper line -- flooding, between lines transitional area, 

× operational window 
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Mebupy][DCA]. Compared to Figure 6.6, it is evident that the aromatics removal from the 

FCC gasoline real feed is less than for the model feed.  

 

However, still 81 % of the benzene and 71 % of the toluene can be removed (Table 6.4). The 

lower extracted amount can be explained by the composition of the real feed. The real 

refinery feed contains a vast amount of components amongst those different types of (cyclic) 

olefins and (cyclic) paraffins. As already reported in Chapter 3 of this work, the solubility of 

cyclic alkanes in the ionic liquid is higher than for linear components. Hence, the solubility of 

the aromatics is slightly decreased due to competing effects with the aforementioned 

components. Nevertheless, the majority of the benzene and toluene has been removed, as also 

shown in Table 6.4. 

 

Table 6.4: Comparison of the aromatics removal from the FCC gasoline model and real feed, 

S/F = 4, total flux = 8 m3/m2 hr 

 amount extracted 

 benzene toluene 

model 89 % 75 % 

LCCS 81 % 71 % 

 

 

 

Figure 6.4: Concentration profiles at T = 313.15 K and 700 rpm at solvent-to-feed ratio S/F = 4; 

weight fraction aromatic in △ ionic liquid and □ organic phase 

a) b) 
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Number of Transfer Stages (NTS) 

In Table 6.5 the number of equilibrium stages and HETS are reported for the real feed 

experiments in comparison to the model feed results for the solvent-to-feed ratio S/F = 4 and 

a total flux of 8 m3/m2 hr. It is apparent that for the real feed the number of equilibrium stages 

is lower than for the model feed and therewith the HETS are higher for the real feed. These 

values confirm the results presented in Table 6.4. Since the aromatics removal from the real 

feed is less than for the model feed, the mount of equilibrium stages is lower and thus the 

mass transfer decreases which is represented by a higher HETS. The higher hold-up of the 

real feed with regard to the model feed (Figure 6.10) has no visible influence on the mass 

transfer and therewith HETS. Because, as mentioned above, the real feed contains next to the 

aromatic components a vast amount of other compounds which are competing with the 

aromatic components this is the limiting factor for the aromatics extraction.  

 

Table 6.5: Number of transfer stages (NTS) for the FCC gasoline model and real feed with 

[3-Mebupy][DCA] for the solvent-to-feed ratio S/F = 4 and a total flux of 8 m3/m2 hr 

 NTS HETS 

 benzene toluene benzene toluene 

model 2.4 1.9 1.5 1.8 

LCCS 2.1 1.8 1.7 1.9 

 

The results shown in Tables 6.4 and 6.5 are, compared to the real feed results reported in 

Chapter 3, unexpected high. For the LLE measurements presented in Chapter 3 the removal 

of benzene was 18 % and for toluene 24 % in comparison to 48 % and 42 %, respectively, for 

the model feed. This indicates that aromatics removal from a real refinery stream with the 

ionic liquid [3-Mebupy][DCA] is possible, however, more effort needs to be done in order to 

reach the same separation target. Therefore, also a lower extracted amount and therewith less 

NTS and HETS would be expected for the real feed pilot plant evaluation.  

Note that, in order to calculate the number of equilibrium stages and the HETS-value for 

benzene in the real feed, the removal of benzene determined in Chapter 3 has been 

extrapolated to 30 %. Given the difference in benzene and toluene removal from the model 

feed LLE-experiments in combination with the results given in Table 6.4 it is obvious that the 

removal of 18 % from the real feed LLE-experiments must be too low (see Chapter 3). 
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Therefore, the value for the benzene removal has been adjusted in order to be able to 

determined a reliable benzene distribution coefficient and therewith extraction factor.  

 

6.6 Conclusions 

The use of the ionic liquid [3-Mebupy][DCA] for the aromatic extraction on pilot plant scale 

(RDC) with an FCC gasoline model and real feed has been investigated. It has been found 

that the extraction of benzene and toluene from both feeds is successful and the amount of 

aromatics in the feeds could be decreased significantly. Furthermore, the studied 

hydrodynamic parameters indicate that the use of the ionic liquid [3-Mebupy][DCA] as 

extraction solvent is not limited by its physicochemical properties. Moreover, also for the 

application with a real refinery feed the results for the hydrodynamic parameters are 

promising. It could be shown that the hydrodynamic properties of the real feed application 

are comparable to the model feed results. This demonstrates on the one hand that the use of a 

model feed enables the determination of reliable data for a real feed application and, 

furthermore, that also for a real feed the ionic liquid [3-Mebupy][DCA] is not limited as 

extraction solvent by its physical properties.  
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Desulphurisation and Denitrogenation from Gasoline and 

Diesel Fuels by means of Ionic Liquids 

 

The extraction of mono- and poly-aromatic sulphur and nitrogen components by means of 

ionic liquids is evaluated. The extraction capacity of several ionic liquids for these 

heterocyclic compounds is determined and compared to the extraction capacity for aromatic 

hydrocarbons. Furthermore, the obtained experimental results are evaluated with view of 

evaluations reported in literature. It is shown that the ionic liquids investigated in this 

chapter are able to extract sulphur as well as nitrogen containing aromatics superior to 

aromatic hydrocarbons. Moreover, the ionic liquids [3-Mebupy][DCA], [4-Mebupy][DCA] 

and [BMIM][TCM] are superior to sulfolane, which has been used as benchmark and, also 

outperform the ionic liquids reported in literature so far. Finally it has been shown that 

nitrogen containing hetero-aromatics are extracted superior to sulphur containing hetero-

aromatics. 
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7.1 Introduction 

Petrochemical streams contain next to mono and/or poly aromatic components also 

heterocyclic components comprising sulphur and nitrogen. Since these compounds are 

responsible for the formation of smog, sour gases, acid rain and NOx emissions1 the 

heterocyclic components have to be removed. From all refinery streams contributing to the 

gasoline blending pool, FCC Gasoline is with up to 2.5 wt-% sulphur content the main 

sulphur source for carburant fuels.2 In order to meet the current compulsory limits for the 

sulphur content in carburant fuels, i.e. gasoline (petrol) and diesel fuels the sulphur content 

has to be reduced to 10 ppm.2-4 Furthermore, numerous refinery processes are affected by the 

presence of sulphur and nitrogen containing components; in particular nitrogen compounds 

act as catalyst poison in the desulfurization process.5 In Figure 1.1 typical sulphur and 

nitrogen aromatics present in gasoline and diesel fuel are shown. While gasoline contains 

mono aromatic components, the sulphur and nitrogen components present are, next to 

mercaptanes, thiophene and pyrrol; whereas diesel comprises poly aromatics und hence 

contains higher sulphur and nitrogen aromatics as benzothiophene, dibenzothiophene, indol 

and carbazole and the like.5   

Conventional desulfurization processes are hydrotreating processes where the organic sulphur 

components are converted to H2S and the corresponding hydrocarbons by means of catalysts 

based on CoMo or NiMo.5,6 Subsequently, the formed H2S is converted to elemental sulphur 

by means of the Claus-process.7  

The reactivity of the sulphur components depends strongly on the molecular structure. This 

means that paraffinic components as thiols, thiolethers and disulfides are readily converted, 

whereas aromatic components as thiophene, benzothiophene and dibenzothiophene are less 

reactive for hydrodesulphurization (HDS). Particularly dibenzothiophene and derivatives as 

methyldibenzothiophenes and the like are difficult to convert since the adsorption on the 

catalyst surface is sterically hindered. The hydrodesulphurization reaction takes places in a 

reactor which is charged by the feed and excess hydrogen gas at 300 – 345 ºC and 30 – 100 

bar.5,6 Nitrogen components are converted simultaneously to ammonia and the corresponding 

hydrocarbons.6 
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However, in order to meet the future required compulsory sulphur limit for diesel fuel, HDS 

is limited due to the low conversion rates of the higher aromatics. The low sulphur limits can 

only be met by extreme operation conditions in terms of pressure and residence time. 

Therewith, the process is becomes uneconomic. Furthermore, in order to fulfil the gasoline 

sulphur limits deep desulphurization of all streams contributing to the gasoline-pool has to be 

carried out. In particular the sulphur content of FCC gasoline, which is nowadays the main S-

source in the gasoline-pool, has to be decreased. Although, in comparison to sulphur 

components in diesel fuel, HDS of thiophene is reached more easily; the bottleneck of this 

process is the decrease in octane number due to simultaneous hydrogenation of the olefins 

present in the stream.3,5 In case of diesel fuels, due to the severe HDS conditions that are 

necessary to produce ultra low sulphur diesel, the cetane number is affected as well.   

Therefore, numerous research activities are carried out in order to develop new technologies 

for the sulphur removal from petrochemical streams.2,3 The use of ionic liquids as extraction 

solvents has been evaluated as well. However, van Veen et al. concludes that their application 

for desulfurization is limited due to the co-extraction of aromatic hydrocarbons.3 In Chapter 1 

thiophene pyrrol 

benzothiophene 

dibenzothiophene 

indol 

carbazole 

Figure 7.1: Aromatic sulphur (left) and nitrogen (right) components present 

in gasoline and diesel fuel 
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of this work it has been discussed that, next to the sulphur content, the content of aromatic 

hydrocarbons in carburant fuels has to be decreased due to stricter environmental legislations. 

Therefore, in this case, the co-extraction of aromatics is regarded as an advantage since this 

allows for the removal of both types of compounds in one separation step.  

Hence, the use of ionic liquids in order to remove the sulphur aromatics by means of 

extraction is regarded as a promising new technology as well. This is also indicated by 

several authors in literature.8-26 Besides, in Chapter 3 it has been reported that poly aromatics 

are better extracted than mono aromatics while in Chapter 6 the economical evaluation shows 

that an ionic liquid based extraction process is beneficial in terms of investment and 

operational costs. Therefore, in particular for higher sulphur aromatics, extraction can be an 

(economical) attractive possibility. Moreover, several authors have shown that the 

simultaneous extractive removal of sulphur and nitrogen components with ionic liquids is 

possible.4,27-29  

Ionic liquids are molten salts that consist mostly of large organic cations in combination with 

a vast variety of mainly inorganic anions. The advantages of ionic liquids as extraction 

solvents for the removal of heterocyclic aromatic hydrocarbons are their negligible vapour 

pressure, the broad liquid temperature range and the tailorability. The latter enables the 

creation of one specific extraction solvent while the two aforementioned properties are 

valuable characteristics in terms of a process design. For example, the low vapour pressure 

enables the recovery of the dissolved components by simple evaporation instead of, e.g. 

distillation or back-extraction.30 

Although, for nitrogen components present in carburant fuels no limitations exist yet, it is 

likely that within the near future maximum concentrations of nitrogen permitted in fuels will 

be released. Moreover, low sulphur content of diesel fuel enables the use of effective NOx 

removal in the car itself. Therefore, in this work the removal of sulphur and nitrogen by 

means of ionic liquids has been studied. Numerous authors have shown that the extraction of 

only sulphur components8-26 or the simultaneous removal of sulphur and nitrogen 

components with ionic liquids is possible.4,27-29 However, the ionic liquids used for these 

purposes are, as reported in Chapters 1 and 2, often not suitable for an industrial process since 

they are chemical unstable,4,8,21,28 exhibit a high molecular weight which requires large 

solvent amounts,5,10,12,14,16,17 or have a too low selectivity and/or capacity for aromatic 

hydrocarbons.5,10,11,13-17,19 Hence, the motivation of this chapter is the evaluation of the ionic 

liquids investigated in this thesis for the removal of mono and poly aromatics from different 
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petrochemical streams (Chapters 2 and 3), for sulphur and nitrogen containing aromatics. The 

total sulphur and nitrogen removal will be investigated in comparison to mono and poly 

aromatics representative for gasoline and diesel carburant fuels. Therefore, two model feeds 

have been created, each consisting of toluene, tetralin, heptane and the three sulphur and 

nitrogen components shown in Figure 7.1, respectively. The model feed compositions are 

given in Table 7.1. 

 

Table 7.1: Sulphur and nitrogen model feed  

 Sulphur model feed [wt-%] Nitrogen model feed [wt-%] 

Thiophene 0.5 - 

Benzothiophene 0.5 - 

Dibenzothiophene 2.0 - 

Pyrrol - 0.5 

Indole - 0.5 

Carbazole - 250 ppm 

Toluene 5 5 

Tetralin 28 28 

n-Heptane 64 65.975 

       

The ionic liquids investigated in this chapter are based on the screening described in Chapter 

2 of this work. The ionic liquids found to be suitable candidates for the removal of mono and 

poly aromatic hydrocarbons (Table 2.2, Chapter 2) will be evaluated for the removal of 

sulphur and nitrogen components as well. However, ionic liquids based on the cation methyl-

butyl pyrrolidinium were excluded since, in Chapter 3, it has been shown that for feeds with 

higher aromatics content this ionic liquids show too low capacities in comparison to 

sulfolane.  

Furthermore, for the application of ionic liquids in refinery processing the influence of 

complex feed mixtures on the extraction has to be investigated. Due to the vast amount of 

different components in real feed mixtures, effects as emulsification, complex formation etc. 

might occur. Thus, since experiments with model feeds only give limited information about 

the extraction from a feed with multiple components, additionally, the sulphur and nitrogen 

removal from five real refinery streams has been studied. Therefore, the four real feeds from 

the BP-refinery in Rotterdam, The Netherlands, presented in Table 7.2 have been evaluated.  
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Table 7.2: Investigated real refinery feeds 

Abbreviation Name Comparable to model feed 

LCCS Light Catalytically Cracked Spirit FCC gasoline 

LGO 3 Light Gas Oil Diesel 

LGO 4 Light Gas Oil Diesel 

LLCO Low Sulphur Light Cycle Oil Sulphur and Nitrogen Feed 

 

7.2 Experimental Section 

7.2.1 Materials and Methods 

The ionic liquids used in this chapter were purchased from Iolitec, Merck and Sigma Aldrich. 

Toluene (p.a., 99.9 %), n-heptane (p.a., > 99 %) and ethylbenzene (> 99 %) were purchased 

from Merck. Tetralin (99 %), thiophene (98 %), benzothiophene (95 %), pyrrol, (97 %), 

indole (98.5 %), carbazole (96 %) and acetone (p.a. > 99 %) were purchased from Fluka. 

Dibenzothiophene (98 %) has been purchased from Aldrich. Prior to the experiments, the 

ionic liquids have been dried in a rotary evaporator (Büchi Rotavapor R-200) at 100 ○C and 

under reduced pressure. Subsequently, the water content of the ionic liquids has been 

determined by means of Karl-Fischer titration and was in all cased found to be less than 0.1 

wt-%. 

 

7.2.2 Equipment and Experimental Procedure 

Liquid-liquid extraction experiments were carried out in jacketed glass vessels with a volume 

of about 70 ml. The vessels were closed with a PVC cover through which a stirrer shaft was 

led. For each experiment 10 ml of the feed and 10 ml ionic liquid have been added and the 

mixture was stirred (1200 rpm) for 15 min to reach equilibrium. In previous work 

Meindersma et al. reported that a mixing time of 5 min is sufficient to reach equilibrium.31 

Nevertheless, in order to make sure that the phase equilibrium is reached in every case the 

extraction experiment has been continued for 15 min. After stirring, the two phases were 

allowed to settle for about 1 h. This has been done according to the procedure described by 

Meindersma et al.31 For phase mixing two stainless steel propellers, one in the bottom phase 

and one at the phase interface, with an electronic stirrer (Ika Eurostar) were used. Constant 

temperature (± 0.1 °C) was maintained by means of a water bath (Julabo F32-MW). 
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7.2.3 Analysis 

After equilibrium was reached, a sample of 0.5 ml of each phase was taken and analysed by 

gas chromatography (Varian CP-3800). Acetone was added to the samples to avoid phase 

splitting and to maintain a homogeneous mixture. Ethylbenzene, and in case of the real feed 

analysis butanol, (0.2 ml for the raffinate samples and 0.1 ml for the extract phase samples) 

Swas used as internal standard for the GC-analysis. The compositions of the components in 

the samples were analysed by a Varian CP-3800 gas chromatograph with an WCOT fused 

silica CP-SIL 5CB column (50m x 0.32 mm; DF = 1.2) and a Varian 8200 AutoSampler. 

Since ionic liquids have no vapour pressure, they cannot be analyzed by GC, therefore only 

the hydrocarbons of the extract and raffinate phase were analyzed and the amount of ionic 

liquid was calculated by means of a mass balance. In order to avoid inaccuracy of the 

analysis caused by fouling of the gc by the ionic liquid a liner and a pre-column have been 

used. Furthermore, measurements were carried out in duplicate to increase accuracy. 

The deviation in the calibration curves of 1 % and a possible contamination of the gas 

chromatograph can cause a variance in the mole fractions (estimated on 1 %). The averages 

of the two measurements were used in our results. The relative average deviation in the 

compositions is about 2.5 %.  

 

7.3 Results and Discussion 

To characterize the suitability of a solvent in liquid-liquid extraction the solute distribution 

ratio (Di) and the selectivity (α) are widely used parameters. Hence, these parameters are 

used to present the experimental screening results for the two model feeds. The solute 

distribution coefficient is defined as: 

 

org

aromaticsulphur

IL

aromaticsulphuraromaticsulphur wwD −−− =   (7.1) 

 

org

aromaticnitrogen

IL

aromaticnitrogenaromaticnitrogen wwD −−− =  (7.2) 
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The selectivity α is derived from the ratio of the distribution coefficients, according to: 

alipharom DD=α  (7.4) 

 
The results of the ionic liquids are compared to sulfolane, since sulfolane is the conventional 

solvent with the highest aromatic capacity.32-34 Additionally, sulfolane has also been reported 

as possible extraction solvent for the removal of sulphur components and hence, serves as 

benchmark.3 For aromatic hydrocarbons Meindersma et al. showed that for an extraction 

process based on ionic liquids the influence of capacity is higher than the influence of 

selectivity.35 It is assumed that this can be applied for sulphur and nitrogen containing 

aromatics as well. Thus, a prerequisite for an ionic liquid used as extraction solvent for 

aromatic hydrocarbons is a significant higher capacity than sulfolane. Additionally, the 

selectivity of a suitable ionic liquid is preferably equal to sulfolane or higher. 

 

7.3.1 Sulphur 

In Figure 7.2 the capacity and selectivity of the investigated ionic liquids for thiophene (a) 

and dibenzothiophene (b) based on weight fractions are depicted. The analysis of the third 

sulphur component in the model feed benzothiophene was impossible by the above described 

GC-analysis with the available equipment. The peak of benzothiophene overlaps with the 

peak of tetralin in such a way that a split of the peaks was not feasible and therewith the 

analysis of benzothiophene impossible. Also the adjustment of the temperature profile could 

not solve this issue. A typical chromatogram is shown in Appendix A. A complete overview 

of the experimental results can be found in Appendix B. 
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The black lines shown in both diagrams indicate the extraction capacity and selectivity of 

sulfolane for thiophene (a) and dibenzothiophene (b), respectively.  

 

It becomes apparent that for both sulphur aromatics the pyridinium based ionic liquids [3-

Mebupy][DCA], [4-Mebupy][DCA], [4-Mebupy][SCN] are suitable candidates since 

capacity as well as selectivity are higher than for sulfolane. In case of the investigated 

Figure 7.2:  Capacity and selectivity of several ionic liquids for thiophene (a) and 
dibenzothiophene (b) at T = 313.15 K. 
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imidazolium based ionic liquids only [BMIM][TCM] fulfils the criteria and is superior to 

sulfolane. [BMIM][DCA] only has a higher selectivity while the selectivity of [BMIM][SCN] 

is comparable to sulfolane.  

The comparison of the distribution coefficients in Figure 7.3 shows that the extraction in the 

investigated ionic liquids is in the order dibenzothiophene > thiophene > toluene > tetralin. In 

case of sulfolane tetralin is better extracted than toluene thus resulting in the extraction order 

dibenzothiophene > thiophene > tetralin > toluene.  

The interactions between ionic liquids and aromatic hydrocarbons are based on π−π-

interactions where the aromatic solute is enclosed between the ionic liquid cations in a so-

called sandwich like structure. The ionic liquid anions arrange themselves around this 

complex.36 In case of sulphur containing aromatic components the interaction with the ionic 

liquid is also based on π−π-interaction and thus clathrate formation of the ionic liquid cations 

and the enclosed solvent.37 However, the interactions between sulphur components and ionic 

liquids are stronger than for aromatic hydrocarbons resulting in a higher capacity for the 

sulphur components; as can be seen by means of the larger distribution coefficients for 

sulphur aromatics (Figure 7.3). The stronger interaction between sulphur aromatics and the 

ionic liquid cations in comparison to aromatic hydrocarbons without heteroatoms can be 

explained by the higher π-electron density of the sulphur components which enables a 

stronger interaction between cation and enclosed component.19,38 Additionally, heteroatoms 

have the possibility to form hydrogen bonds with the ionic liquid cation.37 This might also be 

a factor participating in the interaction between sulphur aromatics and ionic liquid cations. 

Therewith, the interaction forces are stronger than for normal aromatic hydrocarbons where 

only π−π-interaction occurs, which results in the higher capacity for the sulphur aromatics. 

Furthermore, the quadrupole moment of poly aromatics is stronger than for mono aromatics 

resulting in a stronger attraction between cations and solute molecules.38,39 Thus, the higher 

the amount of aromatic rings the larger the quadrupole moment and, therewith the spatial 

arrangement of the ionic liquid lattice around a poly aromatic is more favourable than for 

mono aromatic components. Moreover, the π-π stacking between poly aromatics is more 

pronounced causing a closer packing between poly aromatics but as well between cations and 

poly aromatics.40 This explains the higher capacity for dibenzothiophene compared to 

thiophene. The same observation has also been reported in Chapter 3 where it was shown that 

the higher the poly aromatic character of a component of a diesel model feed is, the better the 
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interaction with the ionic liquid and thus the higher the extraction. This is also visible in 

Figure 7.3.  

  

As visible from Figure 7.3, the extraction capacity of the investigated ionic liquids is in the 

order [3-Mebupy][DCA] ~ [BMIM][TCM] > [4-Mebupy][DCA] > [4-Mebupy][SCN] > 

[BMIM][DCA] > [BMIM][SCN]. In Chapter 3 it has already been shown that pyridinium 

based ionic liquids are superior to imidazolium based ionic liquids with the same anion. This 

has also been reported by Liu et al. and Holbrey et al. who have made the same observation 

for feeds containing sulphur components.38,41 Pyridinium cations have an aromatic ring with a 

pronounced π-system enabling interaction with the aromatic components through π-π and 

cation-π interactions.42 In case of [3-Mebupy][DCA], [4-Mebupy][DCA] and [4-

Mebupy][SCN], compared to the other investigated ionic liquids, the lattice is, due to the 

anion, obviously less closed packed, therewith enabling a higher solubility of the aromatic 

components in pyridinium based ionic liquids explaining the higher capacity. The same holds 

for [BMIM][TCM]. In comparison to [BMIM][SCN] and [BMIM][DCA], the anion [TCM]- 

provides due to its size more room for the poly aromatic components in the lattice. Therefore, 

the capacity of this ionic liquid is higher than for the other 1-butyl-methyl-3-imidazolium 

Figure 7.3: Comparison distribution coefficients sulphur model feed at T = 313.15 K 
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based ionic liquids. This is confirmed by Zhang et al. who reported that the extraction 

capacity of an ionic liquid strongly depends on the space between cation and anion. This 

means, the tighter the packing the less space for enclosed solutes in the ionic liquid, whereas 

a lower compactness allows for a facile restructuring of the ionic liquid and therewith higher 

capacity for the dissolved component.43  

Since the suitability for sulphur extraction of an ionic liquid is evaluated compared to 

sulfolane this means that for the investigated sulphur model feed the ionic liquids [4-

Mebupy][DCA], [4-Mebupy][SCN], [BMIM][TCM] and [3-Mebupy][DCA] are the resulting 

suitable candidates because these ionic liquids have in all four cases a higher capacity and a 

higher selectivity than sulfolane.   

Comparing these results to the extraction of aromatic hydrocarbons (Chapter 3) it is obvious 

that the same ionic liquids that were found to be suitable for the removal of aromatic 

hydrocarbons are also promising solvents for desulphurization. Moreover, it is apparent that 

the ionic liquid [4-Mebupy][SCN] which has a lower capacity but higher selectivity than 

sulfolane for aromatic hydrocarbons exhibits a higher capacity than sulfolane for sulphur 

aromatics. Nevertheless, this result corresponds with the data reported by Holbrey et al.41  

 

7.3.2 Evaluation Sulphur Model Feed Results 

Several research groups have investigated different ionic liquids for the removal of sulphur 

components from gasoline and diesel fuels. Hence, for the sulphur components thiophene and 

dibenzothiophene the results after one extraction step in terms of capacity and with view of 

the amount of sulphur removed are summarized and compared in Table 7.3. 

Additionally, the data for sulfolane have been incorporated as a benchmark for the evaluated 

ionic liquids. As mentioned above, van Veen et al. reported sulfolane as promising extraction 

solvent for the sulphur removal from petrochemical streams.3 Due to the lower price of 

sulfolane, ionic liquids have to be significantly superior in order to be able to compete with 

the conventional solvent. This means, the capacity and selectivity of the investigated ionic 

liquids have to be considerably higher than for sulfolane.  
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Table 7.3: Comparison of different ionic liquids for the extraction of sulphur components 

Ionic liquid 
Dthiophene 

[g/g] 

Removal 

thiophene  

[ppm] 

Removal 

thiophene  

[%] 

DDBT 

[g/g] 

Removal 

DBT 

[ppm] 

Removal 

DBT 

 [%] 

Lit. 

[3-Mebupy][DCA] 0.92 2108 78 1.78 10642 86 twb 

[BMIM][TCM] 0.92 2072 77 1.79 10673 86 twb 

[4-Mebupy][DCA] 0.89 2047 76 1.69 10544 85 twb 

[4-Mebupy][SCN] 0.80 1902 70 1.6 10453 84 twb 

Sulfolane 0.77 1747 65 1.17 9717 78 twb 

[BMIM][DCA] 0.74 1664 62 1.10 9565 77 twb 

[OPy][BF4] 0.79 70 44 1.79 105 76 38 

[OMIM][BF4] 0.66 6360 40 2.33 13020 70 15 

[BMIM][SCN] 0.47 1138 42 0.73 8660 70 twb 

[HMMPy][Tf2N] 0.49 5247 33 2.03 12462 67 44 

[BEIM][DBP] 0.91 a 630 48 1.72 900 63 24 

[BMIM][DBP] 0.57a 697 37 1.60 980.6 62 23 

[EEIM][DEP] 0.78 a 690 44 1.61 1300 62 24 

[H6Py][BF4] 0.70 65 41 1.42 95 59 38 

[EMIM][DEP] 0.51 a 392 34 1.27 1221 57 23 

[EMIM][DMP] 0.50 a 460 33 1.17 790 54 24 

[BMIM][Cl/AlCl3] - - - 4.0 225 45 5,21 

[BPy][BF4] 0.53 55 34 0.77 70 44 38 

[BMIM][FeCl4] - - - - 2100 42 26 

[MMIM][DMP] 0.059 a 50 6.25 0.46 350 33 23,24 

[BMIM][OcSO4] 0.70 - - 1.9 150 30 5,21 

[BMIM][Cl] - - - - 90 18 21 

[BMIM][MeSO4] - - - - 90 18 21 

[BMIM][MeSO3] - - - - 90 18 21 

[BMIM][BF4] - - - 0.7 80 16 5,21 

[BMIM][CF3SO3] - - - - 70 14 21 

[BMIM][BF4] - - - - 120 12 27 

[BMIM][PF6] - - - 0.9 60 12 5,21 

[BMIM][PF6] - - - - 100 10 27 

[EMIM][BF4] - - - - 30 3 27 

[BMIM][Cu2Cl3] - 160 23.4 - - - 25 

a 3-methyl-thiophene,  b this work 
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From Table 7.3 it is apparent that most of the evaluated ionic liquids show satisfying results 

for the sulphur removal after one extraction step. This means that in one step 30 – 80 % of the 

thiophene and 30 - 90 % of the dibenzothiophene (DBT) can be removed. With view of a 

multi stage extraction, this are promising results since it indicates that the required maximum  

sulphur content of 10 ppm for carburant fuels can be met. This has also been reported by 

several authors.5,15,21,22,27 Nevertheless, the comparison of ionic liquids with conventional 

extraction solvents, e.g. sulfolane, has to be made.  

As it is obvious from Table 7.3 only the four ionic liquids [3-Mebupy][DCA], [4-

Mebupy][DCA], [4-Mebupy][SCN] and [BMIM][TCM] are superior to sulfolane. However, 

the aforementioned ionic liquids outperform sulfolane in terms of capacity by up to 20 % 

(thiophene) and even 53 % in case of dibenzothiophene. Furthermore, as visible in Figure 7.2, 

the selectivity of these ionic liquids is significantly higher than the sulfolane selectivity. 

Nevertheless, since with increasing sulphur content the capacity of sulfolane, contrary to 

ionic liquids, increases, sulfolane is a promising solvent for the extraction of sulphur 

containing hetero-atoms as well. Hence, in order to determine which type of solvent is more 

beneficial for the desulfurization of carburant fuels, a process design and economical 

evaluation has to be carried out, which needs to be compared with conventional HDS 

processes. In their reports Moulijn and van Veen conclude that conventional catalytic based 

HDS processes with improved catalysts are still the best and also the most promising process 

for future use2,3 

 

7.3.3 Nitrogen 

The same ionic liquids investigated for the sulphur model feed have been evaluated for the 

removal of nitrogen as well. After the LLE-experiment had been carried out, for all ionic 

liquids and sulfolane, the amount of the nitrogen components in the raffinate was below the 

detection limit. This leads to the conclusion that the extraction of nitrogen containing hetero-

aromatic compounds with the investigated ionic liquids is > 99 % and therewith clearly 

higher than for sulphur components. This is confirmed by several authors who report that 

nitrogen containing aromatic components are significantly better extracted than sulphur 

containing aromatics.4,5,27,44 The results for pyrrol and indole are shown in Table 7.4. 

Analogue to the sulphur model feed, the extraction is in the order carbazole (not shown) > 

indole > pyrrol. 
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The distribution coefficients determined for the nitrogen containing hetero-aromatics pyrrol, 

indole and carbazole are, in comparison to the values reported for the corresponding sulphur-

aromatics and aromatic hydrocarbons, tremendously high. Eßer et al. have made the same 

observation as well and obtained, for the model feed 1000 ppm indol in n-dodecane, a 

distribution coefficient of even 340 [g/g] for the ionic liquid [BMIM][OcSO4].  

Moreover, it is apparent that for the extraction of nitrogen containing hetero-aromatics, 

sulfolane is superior to all investigated ionic liquids. By this it can be concluded that both 

sulfolane and the investigated ionic liquids are excellent solvents for the extraction of 

nitrogen components. However, also in this case a conceptual process design in combination 

with an economical evaluation will be helpful in order to determine the most suitable solvent. 

The explanation for the higher extraction capacity of the evaluated ionic liquids for nitrogen 

components can be explained by the higher electron density of the nitrogen compounds 

compared to the sulphur compounds.45 Thus, the higher the electron density, the higher is the 

affinity with the ionic liquid due to stronger π-complexation between cation and dissolved 

solute.  

 

Table 7.4: Comparison of different ionic liquids for the extraction of nitrogen components 

Ionic liquid 
Dpyrrol 

[g/g] 

Removal 

pyrrol  

[ppm] 

Removal 

pyrrol  

[%] 

Dindole 

[g/g] 

Removal 

indole 

[ppm] 

Removal 

indole 

[%] 

Lit. 

Sulfolane > 100 2400 > 99 > 100 3100 > 99 twb 

[3-Mebupy][DCA] > 100 2400 > 99 > 100 3100 > 99 twb 

[BMIM][TCM] > 100 2400 > 99 > 100 3100 > 99 twb 

[4-Mebupy][DCA] > 100 2400 > 99 > 100 3100 > 99 twb 

[BMIM][DCA] > 100 2400 > 99 > 100 3100 > 99 twb 

[BMIM][OcSO4] - - - 340 - - 5 

[HMMPy][Tf2N] > 100a 29106 > 99 - - - 44 

[BMIM][BF4] 0.82 354 45 - - - 27 

a pyridine, b this work 

 

7.3.4 Simultaneous Removal of Sulphur and Nitrogen Components from Real Feeds 

Based on the presented results, the ionic liquid [3-Mebupy][DCA] has been chosen as the 

extraction solvent for further investigation. Although the ionic liquid [BMIM][TCM] 
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provides comparable extraction properties to [3-Mebupy][DCA], the current availability is 

limited. Besides, [BMIM][TCM] became only recently available for the investigation as 

extraction solvent in this work. Therefore, the investigation of a real feed has been done by 

means of the ionic liquid [3-Mebupy][DCA]. The evaluation of real feeds in comparison to 

model feeds is essential in order to study the extraction behaviour of ionic liquids with highly 

complex feed mixtures and, therewith, to evaluate the suitability of ionic liquids for industrial 

aromatic extraction processes. In particular for the extraction of sulphur and nitrogen 

components with ionic liquids the study of real feeds is inevitable since industrial extraction 

processes for these components do not exist yet.   

The results of the experiments are given in Table 7.5. Since real refinery feeds contain a vast 

amount of components, the experimental results have been analysed quantitatively for only 

the key components present in the sulphur and nitrogen model feeds. Therefore, the amounts 

of these components in the feed before the measurement and in the raffinate phase after the 

experiment have been compared to each other resulting in the percentage extracted shown in 

Table 7.5. 

 

Table 7.5: Comparison of the percentage extracted for the investigated model and real 

refinery feeds with [3-Mebupy][DCA] at T = (293. 15, LCCS, and 313.15) K. 

 toluene thiophene dibenzothiophene pyrrol indol carbazole 

model S 31 % 78 % 86 % - - - 

model N 20 % - - > 99 % > 99 % > 99 % 

LCCS 24 % 25 % - 45 % - - 

LGO 3 - - - - 69 % - 

LGO 4 14 % - - - 19 % 38 % 

LLCO - - - - 64 % - 

 

From Table 7.5 it is visible that with a single step extraction both the sulphur and nitrogen 

aromatic components can be well extracted. Although the amount is considerably less than 

for the investigated model feeds, good separation is obtained. The latter can be explained 

with a lower extraction efficiency due to the vast amount of components present in the real 

feed that have competing effects. Additionally, it is apparent that this also influences the 

solubility of toluene in the ionic liquid.  
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On the other hand it is obvious that some values of the real feed analysis deviate significantly 

from the model feed results and therewith from the expected range of extracted real feed 

component quantities. In particular, the recovery of indole and carbazole from LGO 4 is most 

likely too low when it is compared to the recovery of the nitrogen components from the 

model feed. Also the values reported for thiophene and pyrrol removal from the LCCS feed 

seem to be too low compared to the model feed results. Nevertheless, a significant decrease 

in the recovery of sulphur and nitrogen aromatic components in the comparison of model 

feed and real feed has also been reported elsewhere.5,25,38,44 

Furthermore, dibenzothiophene could not be detected in the real feeds LGO 3, LGO 4 and 

LLCO while it should be present in all three feeds.   

Since, as mentioned above, for technical reasons for the component analysis only a GC 

analysis could be conducted instead of GC-MS this is accounted for the deviations. Due to 

the high complexity of the real feeds, a wrong interpretation of the component peaks in the 

analysis chromatograms can unfortunately not be ruled out. 

Besides, it becomes apparent that, also for real feed mixtures, aromatics with hetero atoms, 

this means sulphur and nitrogen containing aromatics, are extracted superior to toluene. The 

reason is the lower concentration of the sulphur and nitrogen compounds and, on the other 

hand, stronger interaction with the ionic liquid compared to the other studied aromatic 

compounds.  

 

7.4 Conclusions 

The pyridinium based ionic liquids [3-Mebupy][DCA], [4-Mebupy][DCA], [4-

Mebupy][SCN], as well as the imidazolium based ionic liquids [BMIM][TCM], 

[BMIM][DCA] and [BMIM][SCN] have been investigated for the removal of sulphur and 

nitrogen containing hetero-aromatics from petrochemical streams. In case of sulphur it can be 

concluded that the ionic liquids [3-Mebupy][DCA], [4-Mebupy][DCA], [4-Mebupy][SCN] 

and [BMIM][TCM] are superior to sulfolane which has been used as benchmark. These ionic 

liquids exhibit an up to 20 % higher capacity in case of thiophene and in the case of 

dibenzothiophene even up to 53 %. However, a conceptual process design combined with an 

economical evaluation has to be carried out in order to determine the most suitable solvent in 

comparison to conventional HDS processes. Furthermore, it has been shown that nitrogen 

containing hetero-aromatic components are significantly better extracted than sulphur 
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components. This could be confirmed by experiments with several real feed mixtures where 

both type of components are present. 
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APPENDIX 7.A 

7.A.1 Chromatogram Sulphur Model Feed 

 

 

 

Figure 7.A.1: GC-chromatogram sulphur model feed 

Figure 7.A.2: GC-chromatogram sulphur model feed, detail: benzothiophene 
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APPENDIX 7.B 

Table 7.B.1: Experimental results sulphur model feed at T = 313.15 K 

IL 

Dtoluene. 

[g/g] 

Dtetralin 

[g/g] 

Dthiophene

. [g/g] 

DDBT  

[g/g] 

S 

toluene/ 

n-heptane 

S  

tetralin/   

n-heptane 

S 

thiophene/

n-heptane 

S 

DBT/    

n-heptane 

[3-

Mebupy] 

[DCA] 

0.37 0.24 0.92 1.78 30.4 19.7 75.7 146.5 

[4-

Mebupy] 

[DCA] 

0.34 0.23 0.89 1.69 26.8 18.1 70.1 133.1 

[4-

Mebupy] 

[SCN] 

0.30 0.20 0.80 1.60 28.2 18.8 75.3 150.6 

[BMIM] 

[DCA] 
0.28 0.18 0.74 1.10 28.7 18.4 75.7 112.6 

[BMIM] 

[SCN] 
0.23 0.18 0.47 0.73 21.8 17.1 44.6 69.3 

[BMIM] 

[TCM] 
0.39 0.28 0.92 1.79 33.1 23.7 70.2 136.6 

sulfolane 0.35 0.40 0.77 1.17 20.8 23.8 45.8 69.6 
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Table 7.B.2: Experimental results sulphur model feed at T = 348.15 K 

IL 

Dtoluene. 

[g/g] 

Dtetralin 

[g/g] 

Dthiophene

. [g/g] 

DDBT  

[g/g] 

S 

toluene/ 

n-heptane 

S  

tetralin/   

n-heptane 

S 

thiophene/

n-heptane 

S 

DBT/    

n-heptane 

[3-

Mebupy] 

[DCA] 

0.33 0.24 0.74 1.21 26.2 19.0 58.7 96.0 

[4-

Mebupy] 

[DCA] 

0.32 0.23 0.73 1.10 24.6 17.7 56.2 84.6 

[4-

Mebupy] 

[SCN] 

0.27 0.20 0.72 1.05 20.3 15.0 54.1 78.9 

[BMIM] 

[DCA] 
0.30 0.13 0.69 0.84 25.7 11.1 59.1 72.0 

[BMIM] 

[SCN] 
0.21 0.10 0.45 0.53 15.7 7.5 33.7 39.7 

[BMIM] 

[TCM] 
0.35 0.26 0.77 1.15 28.7 21.3 63.1 94.3 

sulfolane 0.36 0.43 0.80 1.20 17.1 20.4 37.9 56.9 
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APPENDIX 7.C 

Table 7.C.1: Experimental results nitrogen model feed at T = 313.15 K 

IL 

Dtoluene

. [g/g] 

Dtetralin 

[g/g] 

Dpyrrol. 

[g/g] 

Dindole  

[g/g] 

Dcarbazole  

[g/g] 

S 

toluene/n-

heptane 

S  

tetralin/ n-

heptane 

[3-Mebupy][DCA] 0.27 0.16 140 180 824 26.7 16.5 

[4-Mebupy][DCA] 0.24 0.16 130 168 757 24.0 16.1 

[BMIM][DCA] 0.17 0.11 122 157 710 17.2 10.9 

[BMIM][TCM] 0.27 0.15 136 176 795 27.0 15.0 

sulfolane 0.35 0.51 144 186 839 17.5 25.5 
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Conclusions and Recommendations 

 

The objective of this work was to find a suitable ionic liquid for the removal of multiple 

aromatic hydrocarbons in small concentrations from several petrochemical streams that is 

superior to conventional solvents in extraction performance, i.e. capacity as well as 

selectivity, and economical aspects. As described in Chapter 1, due to environmental 

legislation, the aromatic content, in particular benzene, of carburant fuels needs to be 

decreased significantly from 1 % to 0.1 % benzene content. Furthermore, also the sulphur 

content has to be decreased to < 10 ppm. Additionally, by removing the aromatics at an early 

stage in the refinery process, e.g. directly after crude distillation,  the following process units 

can be run with less energy consumption and thus more cost efficiently due to smaller 

processing streams. Hence, in this thesis a comprehensive investigation has been made 

concerning the selection and industrial applicability of ionic liquids. The conclusions that 

can be drawn from this work are presented in this chapter.    
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8.1 Conclusions 

8.1.1 Extraction of Aromatic Hydrocarbons 

In order to select a suitable ionic liquid for the extraction of aromatic hydrocarbons, a fast 

and easy (pre-)screening is important. The quantum chemical based program COSMO-RS 

has been shown to be a helpful tool for the qualitative screening of ionic liquids and by a 

separate cation and anion screening the most promising ion combinations, and therewith ionic 

liquids, can be identified. It was found, also experimentally, that ionic liquids based on the 

aromatic cations pyridinium and imidazolium combined with the anions dicyanamide, 

thiocyanate, tricyanmethanide and tetracyanoborate show the highest extraction capacities 

and reasonable selectivities compared to sulfolane, which has been chosen as benchmark. 

Furthermore, it was shown that the screening tool developed for the simple two component 

mixture toluene/n-heptane is also valid for the multiple component feeds FCC gasoline, 

reformate and diesel. It was found that the same ionic liquids as mentioned are suitable 

extraction solvents for the extraction of mono as well as poly aromatics also from multi 

component mixtures. Moreover, the extraction of poly aromatics is significantly better than 

for mono aromatics. Furthermore, it was demonstrated that aromatic hydrocarbons without 

aliphatic side chains are extracted more easily than components with alkyl rests while it is a 

facile separation between aromatics and olefins and paraffins. However, the higher the 

aromatics content in the feed the lower the capacity of the ionic liquids for the aromatic 

components. Additionally, the model feed experiments have been validated with three real 

refinery feeds with the ionic liquid [3-Mebupy][DCA]. This ionic liquid has been chosen for 

further research based on the aforementioned investigations of the extraction performance 

and availability. 

Additionally, the removal of aromatic hydrocarbons containing hetero atoms as sulphur and 

nitrogen, which are present in carburant fuels next to aromatic hydrocarbons, has been 

evaluated with the above mentioned ionic liquids. The experimental results for the extraction 

of sulphur and nitrogen containing aromatic components demonstrate that hetero aromatics 

are extracted over aromatic hydrocarbons. It is possible to recover up to 90 % of the sulphur 

components within one extraction step and even > 99 % of the nitrogen components. These 

results are obtained with both solvents sulfolane and ionic liquids. The recovery of the 

aromatic hydrocarbons from the sulphur and nitrogen model feeds is slightly decreased in 

comparison to feeds comprising only aromatic and aliphatic hydrocarbons.  
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8.1.2 Conceptual Process Design 

The conceptual process design for an ionic liquid based extraction process together with an 

economical evaluation is important information in order to investigate the advantage of ionic 

liquids over conventional solvents, i.e. sulfolane, on industrial scale. Hence, a process model 

has been developed by means of Aspen Plus and the performance as well as the energy 

consumption of the ionic liquid based process compared to a conventional sulfolane process. 

I could be shown that, due to the higher extraction factor of [3-Mebupy][DCA], the ionic 

liquid based extraction process is energetically and thus also economical more beneficial than 

the sulfolane process. The possible savings of the ionic liquid process are up to 24 M€ 

compared to sulfolane, which corresponds to an improvement of up to 42 % for the 

investment costs and 45 % in manufacturing costs (energy consumption).  

For a reliable process design sound thermodynamic data are indispensable. Therefore, the 

ternary diagrams that can be derived from the compounds of the FCC gasoline and reformate 

model feeds have been determined experimentally and correlated with the NRTL model. The 

data regression is in good agreement with the experimental data and the root mean square 

deviations (RMSD) between the two methods are in general < 0.0324. Furthermore, the 

ternary data for toluene and n-heptane with three ionic liquids have been determined by 

means of the same procedure. Here, the rmsd-values are < 0.0076.    

 

8.1.3 Pilot Plant 

In order to fully investigate the extraction performance of an extraction solvent scale-up from 

lab scale to pilot plant scale is an essential step in the development of an industrial extraction 

process. Since important parameters for the efficiency of an extraction are the hydrodynamic 

properties of an extraction column operating with a particular solvent and the mass transfer 

efficiency, these parameters have been studied for the ionic liquid [3-Mebupy][DCA] in an 

rotating disc contactor (RDC) on pilot plant scale.  The experiments have been carried out for 

both a FCC gasoline model feed and real feed. The extraction performance for the model feed 

experiments is with 89 % benzene and 75 % toluene better than for the real feed with 81 % 

benzene and 71 % toluene removal, respectively. Furthermore, it has been found that the 

hydrodynamic characteristics by operation with the real feed are comparable to the 

hydrodynamics for the model feed. Additionally, the mass transfer efficiency of the 
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extraction from aromatic hydrocarbons from the real feed is slightly lower than for the model 

feed which is due to the competing effect of the multiple components of the real feed. 

 

8.2 General Conclusions 

In general it can be concluded that ionic liquids are suitable extraction solvents for the 

removal of aromatic hydrocarbons as well as hetero aromatics. It is possible to selectively 

extract the aforementioned components without co-extraction of other components, e.g. 

olefins, cyclic aliphatics etc., except entrainment. This has been successfully demonstrated 

for model feeds representing each a FCC gasoline, reformate and diesel feed and the 

corresponding real refinery feeds as well as a sulphur model feed and a nitrogen model feed 

and the related real refinery feed. The conceptual process design for the ionic liquid [3-

Mebupy][DCA] showed that an ionic liquid based process can be economically more 

beneficial than a conventional process. This is mainly due to smaller equipment based on the 

higher extraction factor of the ionic liquid followed by lower energy consumption of the 

entire process. The scale-up experiments from lab-scale to pilot plant scale have shown that 

the operation on larger scale is facile to implement and good separations have been obtained. 

The hydrodynamic properties of the used rotating disc contactor (RDC) operating with the 

ionic liquid [3-Mebupy][DCA] have been shown to be satisfying and comparable for both a 

FCC gasoline model and real feed. The mass transfer efficiency of the extraction is profitable 

and for the model feed up to 99 % recovery could be obtained while the aromatics removal 

from the real refinery feed accounts for 80 % benzene removal and 70 % toluene removal. 

Furthermore, a screening tool for ionic liquids has been developed based on the quantum 

chemical tool COMSO-RS. This enables the easy and straight forward selection of promising 

ionic liquids for further experimental investigation. 

However, in order to entirely evaluate the feasibility of an ionic liquid based extraction 

process and the suitability of an ionic liquid for the use on industrial scale further research 

has to be conducted. The necessary aspects to be further investigated are described below.  

 

8.3 Recommendations for Furture Work 

8.3.1 Recovery of the Ionic Liquid 

The regeneration of the ionic liquid after the pilot plant test with model feeds is normally 

conducted by means of stripping with nitrogen for 2-3 days until a lean solvent is obtained. 
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However, in the case of the real feed experiments the complexation of the ionic liquid with 

the larger poly aromatic components and hetero compounds is that strong that only stripping 

was not successful. Thus, to regenerate the ionic liquid after the real feed experiments the 

extract phase had to be mixed with water in order to dissolve the hydrophilic ionic liquid [3-

Mebupy][DCA] in the water phase and obtain a second phase with the large and high boiling 

hydrophobic components. The latter has been decanted and the water has been stripped out 

with nitrogen from the ionic liquid. This approach was suitable to recover the ionic liquid as 

lean solvent for further use in the pilot plant, however, is not feasible for the use on industrial 

scale due to time constraints. 

Furthermore, for the conceptual process design it has been shown that the recovery by means 

of a flash distillation is possible, however, the removal of mono aromatic components could 

only be achieved with elevated temperatures (160 °C) and under severe vacuum (10 mbar). 

For poly aromatics and higher aromatics content the process conditions will be even more 

extreme. However, higher temperatures would be fatal for the ionic liquid stability and 

resulting in decomposition of the ionic liquid. Furthermore, extreme vacuum conditions are 

technically not possible to realise on refinery scale. Therefore, other methods for the recovery 

have to be evaluated for their suitability in order to obtain a lean solvent and for the 

economical and processing feasibility. Hence, a conceivable different apparatus for the 

recovery would be a falling film evaporator while possible process alternatives are a stripping 

column with stripping agents as e.g. nitrogen, back extraction of the aromatics with another 

solvent followed by distillation. However, as described above, in this case a feasible way for 

the implementation on refinery scale has to be found. 

 

8.3.2 Process Improvements 

Next to the aforementioned suggested improvements for the ionic liquid recovery also 

enhancement of the extraction performance can be recommended. The process design 

presented in Chapter 5 has been conducted based on the ionic liquid [3-Mebupy][DCA]. 

However, only later the ionic liquids [3-Mebupy][TCM] and [3-Mebupy][TCB] became 

available. These ionic liquids exhibit a comparable selectivity but a significantly higher 

capacity, e.g. Dbenzene,[3-Mebupy][TCM] = 0.70 [g/g] and Dbenzene,[3-Mebupy][TCB] = 0.74 [g/g] and 

therewith outperform [3-Mebupy][DCA] (Dbenzene,[3-Mebupy][DCA] = 0.60 [g/g]) clearly. For the 

conceptual process design this means that the total process costs could be decreased further to 
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28.4 M€ (investment) and 15.3 M€ annual costs for [3-Mebupy][TCM] and even 27 M€ 

(investment) and 14.4 M€ (annual costs) for [3-Mebupy][TCB].  

In order to evaluate the feasibility of the extraction of sulphur and nitrogen containing 

aromatic components on industrial scale a process design in combination with an economical 

evaluation would be useful. Furthermore, by this an investigation about the more beneficial 

solvent in this case, e.g. sulfolane or ionic liquid, can be made. However, in combination with 

the removal of aromatic hydrocarbons it is expected that ionic liquids will be superior to 

sulfolane.  

 

8.3.3 Ionic Liquid Screening 

The tool used for the ionic liquid screening, COSMO-RS, has been designed, based on a 

quantumchemical approach, for the easy prediction of physical and chemical data for systems 

and or components where no experimental data are available, thus also ionic liquids. 

However, the quantitative screening of ionic liquids by means of the determination of e.g. 

activity coefficients is currently not possible (Chapter 2). Therefore, a successful qualitative 

screening method based on σ-profile screening has been developed in this work. 

Nevertheless, a reliable quantitative screening method would be helpful for ease of use and in 

order to further reduce experimental time. As shown by other authors1-5, the use of VLE and 

LLE data for the COSMO-parameter fit and the use of all energy conformers of a component 

improves the results for the calculation of, e.g. aromatic activity coefficients in ionic liquids, 

significantly. Thus, a more relevant parameter fit and the implementation of all component 

energy conformers in COSMO-RS could enable a sound quantitative screening method.   
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