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Dispersion of asphaltene in crude oil using ionic liquids (ILs) is being considered as a viable solution, in
extraction and transportation processes. In this work, the interplay between asphaltene and ILs has been
studied systematically to understand the effect of structural variation of ILs on asphaltene solubility. The
activity coefficient of the total of 1517 ILs with different combinations of cation and anion of ILs for
representative asphaltene molecule (asphaltene) was estimated via COSMO-RS (Conductor-like
Screening Model for Real Solvents). COSMO_RS predictions were validated using experimental data

Iéglsvl‘\l/([)cr)ﬁ:s on asphaltene solubility. Among the studied ILs, asphaltene showed high solubility in imidazolium-based

Jonic Liquids: Asphaltene ILs with hydrophobic anions. The present approach paved a way forward to rationally understand the

Dispersion impact of structural variation of ILs on their interaction with asphaltene molecule and to design new ILs
for the dispersion and stabilization of asphaltene.

© 2019 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.

Introduction [9]. Therefore, making the oil extraction and cost-effective refining

The supply of conventional light oil has been decreasing at an
alarming rate, as they are the first choice for oil refineries and
various petrochemical manufacturing industries [1,2]. Conse-
quently, oil producers are using heavy crude oil reservoirs and
offshore fields [3]. There is no defined terminology for asphaltene;
it is defined only by SARA analysis which is based on the crude oil’s
major components; Saturates, Aromatics, Resin and Asphaltene
(SARA) [4]. Heavy components in crude oil such as asphaltene are
problematic in terms of processing and economics in the energy
sector [5]. Heavy crude oils can only be extracted from wells either
by injecting gases such as steam and carbon dioxide or by the
addition of diluents to alter their rheological properties [2,6].
However, these additives can trigger the asphaltene aggregation
and responsible for the precipitation of asphaltene [7,8]. Asphal-
tene tends to precipitate during transportation, plugging the
downstream pressure vessels and blocking the reservoir porosity
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process while using asphaltenic crude oil as feedstock is the critical
challenge in the global oil and gas sector.

Stability of asphaltene in oil can be enhanced by the use of a
variety of organic solvents with distinctive solubility parameters
[6,9,10]. The aromatic solvents blended with toluene and xylene
can dissolve asphaltic deposits and have been used to cast off
asphaltene deposits from oil pipelines, but those volatile organic
solvents (VOC) are harmful to the environment [11-13]. In
addition, the mixing of alternative solvents which include amine
and alkyl benzene sulfonic acid has significantly improved the
asphaltene precipitation inhibition via acid-base interaction [14].
Reported literature confirmed that the direct adsorption of
amphiphile at the surface of asphaltene and get attached to the
asphaltene molecules and form large conjugated systems [15].
Therefore, the asphaltene-amphiphile interaction is the electro-
philic addition reaction which makes the irreversible bond
between them [14]. However, they associate together and
precipitate in non polar media. As a result, the solubility of
asphaltene diminishes due to the aggregation of the asphaltene-
amphiphile complex [16].

Recently, another class of solvents called Ionic liquids (ILs) has
been used for solving asphaltene aggregation problem due to their
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many benefits, which include the improved solubility, low
volatility, targeted rheological properties and extensive tempera-
ture range for liquid phase [17-19]. In addition, ILs may be finely
tuned through the careful selection of cations and anions to adjust
the targeted properties for asphaltene stabilization [20-22].
Therefore, efforts have been devoted to recognize the mechanism
of asphaltene and its interaction with ILs to develop new ILs for the
solubility of asphaltene [16,23,24]. The details of the ILs used, and
their factors influencing the asphaltene aggregation and dispersion
phenomena are compiled in Table 1.

The asphaltene solubility studies using ILs suggested that cations
tend to get attached at heteroatoms of asphaltene molecule due to
the strong electrostatic interactions with asphaltene’s polar moiety,
while anions mainly interact with asphaltene core via hydrogen
bonding, - interaction and the shielding effect of anions [19,25].
However, the impact of structural variations of ILs on asphaltene-IL
interaction, the chemistry behind the solubility of asphaltene and the
stability of asphaltene in ILs have not been systematically explored.

Nevertheless, there is a significant scope to either design or
choose targeted ILs with better performance as asphaltene
precipitation inhibitor with defined physiochemical characteristics
[25-28]. Therefore, the ILs must have a targeted dispersive ability for
the asphaltene molecules. Experimental testing is a time consuming
and impractical method to investigate and identify the ILs with high
dispersive potential for the asphaltene whereas computer simula-
tion tools (COSMO-RS, Conductor-like Screening Mode for Real
Solvents) [29-31] provides an alternate yet the practical route.

COSMO-RS is a well-articulated thermodynamic version that
uses the atomic configuration of compounds of interest rather than
their experimental data [32-34]. This tool has been used to predict
the thermodynamic characteristics and phase envelops of ILs, e.g.,
enthalpy of vaporization[35,36], gas absorption studies [37,38],

Table 1
ILs used for aggregation inhibition studies of petroleum asphaltene.

limiting dilution activity coefficient of individual compounds
[39,40], phase equilibria of organic liquids [38] and dispersing
potential of ILs for drugs [41,42], etc. Even though, COSMO-RS has
been proved to help in designing solvents in desulfurization [43],
denitrification [44], alkane/aromatic and aromatic/aromatic sepa-
ration [45], drug delivery studies [41], separation of aromatics
from model oil [46] and quantification of drug similarity [47]
applications. The dispersive potential of ILs for asphaltene with the
help of COSMO-RS is yet to be investigated.

The purpose of this work is to examine the interaction between the
different kind of ILs (halide, protic, aprotic, hydrophilic and
hydrophobic) and asphaltene molecule to investigate the impact of
structural variations of the ILs on the IL-asphaltene complex
formation. Therefore, a combination of 37 cations and 41 anions with
atotal of 1517 ILs has been considered for the present study. Quantum
calculations and thermodynamic model (COSMO-RS) were used to do
a micro-level investigation on the interaction between these ILs and
asphaltene molecules. The development of a model compound for
asphaltene has been reported in our previous study [25]. The
terminology and abbreviations for the cations and anions of the
studied ILs are shown in Table S1 and Table S2 respectively. This study
will be helpful to understand the impact of structural variations of ILs
on their interplay with asphaltene molecule and to design new ILs for
the solubility and stabilization of asphaltene.

Methodology
Chemicals
Asphaltene used in the present study was extracted from

RATAWI crude oil, via ASTM D6560. Analytical grade toluene
(purity >99.8%) and heptane (purity > 99%) were purchased from

Sr# ILs Study Findings

Remarks

1

1-propyl boronic
acid-3-
hexadexylimidazlium
Bromide
[B(OH)2C5C6im] [Br]
[16]

Petroleum dispersion

studies in polar -nonpolar

media.

Asphaltene dispersion is due to;
e Electrostatic interaction between boronic acid
moiety and asphaltene functional group.
e Hydrophobic interaction between the cation side
chain and nonpolar media of oil.

deposition with the help of hydrogen bonding and

2 Dodecylphenolic Interaction study between Asphaltene dispersion is due to;
resin. and Poly asphaltene and e Electrostatic interaction between ILs cations head
(octadecene maleic dispersants. and asphaltene molecule
anhydride) [15]. e Hydrophobic interaction between the cation alkyl

chain of the ILs and oil.

3 1-methyl-1H- Dispersion of petroleum Asphaltene dispersion is due to;
imidazol-3-ium-2- asphaltene in IL. e Interaction of IL-asphaltene complex is through
carboxybenzoate [24] Molecular modeling to electron donation from the anion of IL to the

study the interaction electron acceptor site of the asphaltene.
between asphaltene and IL. e These interactions are controlled by CH- 7 bond
in IL-asphaltene complex.

4 (3-(2- Aggregation inhibition of  Asphaltene dispersion is due to;
carboxybenzoyl)-1- petroleum asphaltene e Acidic moiety in IL prevents the asphaltene
methyl-1H-imidazol-
3-ium chloride [23] electrostatic interaction.

5 n-alkylpyridinium Asphaltene precipitation Asphaltene dispersion is due to;

chloride ([Cnpy] [C1]),
n-alkyl isoquinolium
chloride ([C,iq][Cl]),
n-alkylpyridinium
tetrafluoroborate
([Cnpy][BF4]) and
n-alkylpyridinium
hexafluorophosphate
([PFg])n=4-12 [14]

inhibition from high
pressure, CO, injected
reservoir oils by IL.

e Non polar cation and anion with high charge
density can prevent asphaltene precipitation.

e These cations of ILs cannot have a stable bond
with asphaltene and form complexes because of
a low density of the cation.

IL-asphaltene complex has both electrostatic and
non-electrostatic interactions.

IL-asphaltene complex has both electrostatic and
non-electrostatic interactions.

Charge transfer and - interaction held
responsible for asphaltene dispersion. Asphaltene-
ILs complex form via -1 interaction between
cation and asphaltene, charge transfer and hydrogen
bonding.

The aromatic moiety, through -7 and dipole
interactions, may be amongst the prevailing
contributors to asphaltene association.

Steric stabilization of cation tail is necessary to avoid
asphaltene micelles from aggregating. The acid-base
connections between the cationic heads of the ILs
and asphaltene have an impact on their capacities to
keep asphaltene precipitated from repository oil.
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Merck. The ILs, 1-butyl-3-methyl-imidazolium Bromide [BMIM]
[Br] (purity 98.5%), 1-butyl-3-methyl-imidazolium bis(trifluoro-
methylsulfonyl)imide [BMIM][NTf,] (purity 98.0%), 1-butylpyridi-
nium bis(trifluoromethylsulfonyl)imide [BPy][NTf,] (purity 99%)
and 1-butyl-3-methyl-imidazolium tetrafluoroborate [BMIM][BF,]
(purity 97%) were purchased from Sigma Aldrich. All the chemicals
were used without further purification.

Computational procedures

It is not always practically possible to carry out quantum
calculations for petroleum asphaltene with an almost infinite
range of atoms. A viable and suitable approach for asphaltene
modeling is to select the representative part of the asphaltene that
is as small as to permit quantum chemical calculations while on
the other hand, it should be large enough to display chemical
characteristic of the molecule. The motivation for modifying model
asphaltene compound was taken from the literature [48-50].
Perylene based compound having the hydrophobic part and an
acidic moiety at its surroundings has already been proven to
possess the similar properties of asphaltene [25,51,52]. Perylene
based model compound was modified and developed for screening
of ILs for asphaltene solubility study [25]. In the present study, we
utilized the developed model compound to investigate the binary
interaction of the IL with asphaltene for solubility studies. Fig. 1
shows the structure of a model asphaltene compound, abbreviated
as “asphaltene.” The red color balls represent the oxygen atoms,
blue color balls show nitrogen atoms, green color balls represent
carbon atoms, and white color balls show hydrogen atoms. The
molecular simulation was completed in following the multistep
route as shown in Fig. 2. A COSMO polarization calculation of the
molecular surface charge densities (o) of the model compound was
made by TmoleX [53] (version 4.2.1) software at the density
functional theory with empirical dispersion correction (DFT-disp)
level using B3LYP (DFT-D3 BJ-damping) functional with TZVP
(triple zeta valence potential) basis set [53]. COSMO files of the
anions and cations used in this study have been taken from the
database of BP-TZVP-IL (COMOlogic GmbH & Co. KG, Leverkusen,
Germany). All the calculations for predicting the solubility of
asphaltene molecule in the ILs have been achieved by using of
COSMOthermX (version C30-1601, COMOlogic GmbH& Co.KG).

Unlike conventional solvents, ILs are described as a combina-
tion of ions (positive and negative) or both as individual species
[25,26,54]. ILs are considered as charged neutral species which are
used for predicting the chemical potential of various species in ILs
[25,55-57]. In this study, the charge-neutral combination is
implemented to model asphaltene and the ILs. Thus, the equimolar
approach has been used in the investigation that is the reason why
the ILs are treated as a single compound. The ternary system
(asphaltene, cation, and anion) was converted into binary mixtures
(asphaltene and IL) to investigate the interaction between

(2)

Chemical structure search

Sketching structure using
ChemDraw Ultra

Chemspider

Structure development using
Avogadro: energy optimization

Quantum chemical calculation:
Turbomole (DFT, Single point and
geometry optimization)

COSMO-RS Statistical Thermodynamic
Calculations: Acitivity Coefficient at
infinite dilution

Fig. 2. Molecular simulation scheme for thermodynamic calculations [25].

asphaltene and IL. The information on the calculation procedures
for estimating the thermodynamic properties of solutes in ILs via
COSMO-RS can be found elsewhere [27,44,57,58].

Activity coefficient at infinite dilution

Activity coefficient (AC) is the thermodynamic variable used to
measure the chemical potential for the solute both within the
solvent as well as in the pure state [58-60]. At infinite dilution, the
solute is surrounded only by the solvent molecules, and the solute-
solute interplay is negligible while solute-solvent interaction
dominates which is known as infinite dilution activity coefficient
(yoo) [55,58,61,62]. It is used to estimate the solubility magnitude
for the solvents such as conventional volatile organic solvents as
well as ILs [63-65]. Kahlen et al. [66] and Ana Cases et al. [67]
carried out activity coefficient prediction using COSMO-RS to
evaluate the solubility of complex polymer compounds (lignin and
cellulose) in ILs. Moreover, Girma et al. [68] investigated the
interaction between DNA nucleotides and IL with the help of
predicted AC using COSMO-RS. Since asphaltene is considered as
macromolecules [69-71], a similar procedure can be considered to
predict the solubility of asphaltene in ILs. The measurable
description of asphaltene solubility in ILs can be expressed
through the following simplified equation [66].

L1 Ahp; T B
X: _Wexp “RT (TT )

1
1

(M

(b)

Fig.1. Model asphaltene compound (asphaltene) (a) 2 D structure of asphaltene; oxygen atom (red color), nitrogen atom (blue color), carbon atom (green color) and hydrogen
atoms (white color) (b) 3 D structure of asphaltene [25]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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Where, x} is the mole fraction of the dissolved component i in a
saturated solution in equilibrium with the solid ‘@', Ah;,; and T/"
denote the enthalpy of melting and the melting temperature of
component i, respectively. According to Eq. (1), the exponential
term remain constant as the calculation has to be done at constant
temperature and fixed system (solute-solvent complex), There-
fore, the inverse of activity coefficient at infinite dilution can
qualitatively represent the dissolvability of the asphaltene within
the ILs which means, the decrease in activity coefficient of ILs for
asphaltene results in better solubility in ILs [44,57,72].

Excess enthalpy

The excess enthalpy of the asphaltene-IL complex permits the
assessment of the interaction by every species and their
contribution. It can also be used to deduce the strength of
asphaltene-ILs interaction inside the binary mixture [57,67]. The
calculation of excess enthalpies of the mixture by COSMO-RS has
been effectively carried out to analyze the thermodynamic
behavior of alkyl esters with dibromoalkanes [73], desulfurization
[58], denitrification [44], aromatic extraction [27] and interaction
study between DNA nucleotides and biocompatible Ionic liquids
[68]. According to the COSMO-RS model, the excess enthalpy of the

mixture (Hﬁl) is the sum of hydrogen bond interaction (HEyg), Van
der Waals interaction (HE,,), and electrostatic/misfit interaction
(HEMF) energy as shown in the following equation: [67,68]

an = HEMF +HEHB + HEdW (2)

Consequently, the approach can be used to analyze the data on
the enthalpy of the mixture in terms of the exclusive intermolec-
ular interactions among the model asphaltene compound with ILs.

Results and discussion
Validation of COSMO-RS results

Since no information on the experimental data concerning the
activity coefficient of asphaltene in ILs is available, the COSMO-RS
predictions concerning the solubility of asphaltene molecule in ILs
have been validated by dispersion index (DI%) values of the four ILs
([BMIM] [Br], [BMIM][NTf;], [BPY][NTf,] and [BMIM][NTf,] which
were experimentally determined [74]. Since these ILs are liquids at
room temperature (RTILs), the solubility measurements of
asphaltene in ILs were performed at 298 K.

For the experimentation, 800 ppm of asphaltene solution was
prepared in toluene. The 1 mMol of targeted IL was added to the
sample solution followed by the addition of heptane with toluene
to heptane ratio of 1:2. The mixture was stirred at 298 K at 400 rpm
for 1 h. The samples were centrifuged at 4000 rpm for 20 min. and
filtered using a 0.22 . nylon filter. The calibration curve was
established by using a series of asphaltene solution in toluene
ranges from 100 to 1000 ppm to measure the concentration of
asphaltene in the hydrocarbon mixture [23,74]. The concentration
was measured using UV-vis spectroscopy with the range of 200-
800 nm. The asphaltene solution gave the peak at 346 nm which
agrees well the literature[16,23,24]. The predicted and experi-
mental data of solubility of asphaltene in the studied ILs is shown
in Fig. 3. The experimental values for the selected ILs are lower than
calculated values which is similar to the solute prediction by other
techniques [44,58]. Moreover, the trend of the inverse of activity
coefficients of selected ILs for asphaltene resembles with the
experimental values of asphaltene solubility which agrees with the
theory that lower values of activity coefficient bring better
asphaltene solubility.

] " ) )
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-0.8
-1.0 4

[BMIM][Br] I[BMIM][NTfZ]I [Bpy]INT£2] I[BMIM][BF4]

Ionic Liquids

Fig. 3. Predicted and experimental solubility of asphaltene in [BMIM][Br], [BMIM]
[NTf,], [BPy][NTf,], [BMIM][BF4].

The structural effect of ILs on activity coefficient at infinite dilution

Based on COSMO-RS calculations, the predicted activity
coefficient data at infinite dilution of ILs for asphaltene are shown
in Fig. S1. The results show that the activity coefficient depends on
the combination of cation and anion of the ILs, i.e., cation head and
the nature of anion; e.g., the activity coefficient values of [Ac] based
ILs for asphaltene are between —10.1 to 8.5 whereas the same for
[PFg] based ILs are in the range of —3.0 to 0.5. The impact of the
anion is more pronounced than that of the cation. Therefore, a
thorough examination of the effects of structural variation of ILs
namely cation head group, length of the alkyl chain of cation and
anion, type of anion and functional group of anions on activity
coefficient is needed.

The impact of cation nature on asphaltene dispersion

The IL containing various cation head families, i.e., imidazolium,
pyridinium, piperidinium, pyrrolidinium, and quinolinium are
used for present investigation. Impact of cation family on
asphaltene dispersion are demonstrated in Fig. 4. Cation family
remarkably affects the activity coefficient of IL for asphaltene
particle, for instance, [C¢Ciim]", [CsC1py]*, [CsCipyr]’, [Ceq]™ and
[CsCypip]" have same alkyl tail but different cation heads. Their
estimated activity coefficient values are significantly different. The
order of activity coefficient of ILs for asphaltene are as follows: [G]"

[C6C1pip]
[C6CIpyr]
[C6q]
[C6Clpy]
[C6C1im]
[Ch]
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Fig. 4. Activity coefficient at infinite dilution at 298.15K of ILs for asphaltene.
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>[Ch]"> [C6CyPy]" > [Ceq]" > [C6CiPyr]" > [CsCypip]* > [CeCqim]™.
The trends of asphaltene solubility in the present studied ILs with
various cation families is represented in Fig. 4, and the data on the
hydrogen bond interaction, Van der Waals interaction and
electrostatic/misfit interaction energies are shown in Table 2
and 3.

In Fig. 5, the sigma profile peaks for [C¢Ciim]*, [CsCipyrr]®,
[CsCapip]", [CsCipy]™, [Csq]” are situated in the non polar region of
o=-0.01e/A% to o=0.01e/A? and the sequence of peak area are as
follows:  [CeCyipip]" <[CeCiPyr]" <[Ceq]” <[CsCiPy]" < [CeCrim]*
while the peaks for [G]" and [Ch]" are situated in polar region,
0=-0.018 e/A% and —0.009 e/A? respectively. Subsequently, non
polarity of these cations increases as follow: [CeCyipip]”
>[CeCyPyr]* > [Csq]” > [CsC1im]* > [CsC1Py]" > [G]" ~[Ch]".  The
trend for nonpolarity is generally similar to that of the activity
coefficients of the present studied ILs for asphaltene. Among
various factors responsible for the interaction between cation and
asphaltene [16,23,25], two factors are of vital importance; (1)
hydrogen bonding between cation and heteroatom of asphaltene,
(2) interaction with delocalized electron cloud of interacting
species [25,75]. The cations containing aromatic ring show less
affinity towards asphaltene molecule. It is due to the charge
delocalization in aromatic ringed cations which provides steric
hindrance towards the polar moiety of asphaltene [55,76].
However, number of heteroatoms in cation head increases the
charge sharing ability of cation which in turn enhances the
interaction with poly-aromatic molecule [25,56,57,61,77]. It can be
concluded that high non-polar cation head family with charge
sharing ability brings about lower activity coefficient which
implies better interaction between IL and asphaltene molecule.
The sigma profile of other studied cations is shown in Fig. S2.

In addition to the sigma profile analysis, the nature of the
studied cation can also be seen by their related interaction energy
values, i.e., (HEyg), (HE,,), and (HE;) of various asphaltene/IL
combinations calculated via COSMO-RS, as shown in Fig. 6. The
(HEyp) indicates the hydrogen bond donor capability [55], whereas
(HE,,) and (HE ;) values represents the Van der Waals interaction
energy and electrostatic/misfit interaction of ILs on the targeted
solute, respectively [54,55,57]. The (HEyg) values of studied cations
are listed in Table 2 whereas (HE,,,) and (HE;;) values relating to
asphaltene/IL interaction are given in Table 3. The present results
show that the cations with high polarity have the higher hydrogen
bond donor value (Fig. 6) which is due to the absence of delocalized
charge on the polar cations which in turn increases the
electrostatic strength and compactness of ILs as reported in

literature [78]. In addition, Fig. 6 shows that cations with high non
polarity have higher Van der Waals and misfit energies and low
compactness which resulted in better interaction with asphaltene
molecule. It is due to the fact that the solubility of ILs are more
dependent on the compactness of ILs rather than on the acidity of
the cation [78-80]. Compactness of ILs has an inverse effect on the
solubility strength of ILs [79,80]. Less compact ILs have the ability
to easily realign their cation and anion to accommodate poly-
aromatic molecule [69,78,81]. Similar trend has been reported for
the study of desulfurization and denitrification using ILs using the
similar computational tool [57,72].

Effect of alkyl chain length. The impact of alkyl chain length of
imidazolium cation ([C,C,im]), where n=2, 4,6,8,10,12, on the
solubility of asphaltene are illustrated in Fig. 7. The magnitude of
interaction increases as the number of carbon atoms in the alkyl
chain of cation increases and the trend is shown as follows:
[CoCqim]*

< [C4C1im]+ < [Csclimr < [C8C1im]+ < [Cloclim]+ < [C12C1im]+. The
effects of cation alkyl chain length are similar to those of the other
cation family and can be explained in a similar way. The sigma
profile peaks of all the studied [C,C;im] cations and their areas lie
in the range of non polar region, (Fig. S3). It is observed that with
the increase in the length of an alkyl chain, non polarity and
hydrophobicity of the studied cations increases. Moreover, the
peak area of sigma profile, non polarity, and van der Waal energies
increase upon increasing the alkyl tail of cation. Consequently,
these factors provide significant affinity for asphaltene molecule
and the higher dissolvability which can be comprehended by the
interaction energies data (Table 2 and 3). The correlation among
moment values (HEyg), (Hﬁdw) and (HEMF) for the present studied ILs
is shown in Fig. S4. Molecular size increases as the side chain
length of the cation is increased which on the other hand decreases
the polarity and charge density of ILs. In addition, ILs containing
large nonpolar surface would cause less compactness which
provide conducive environment for asphaltene dissolution.
Consequently, the solubility of asphaltene in the present studied
ILs increases with the increase in the carbon atoms of the cation
side chain. Similar inference can de deduced for the present
studied pyridinium, pyrrolidinium, quinolinium, piperidinium and
ammonium based ILs (Figs. S5-S7 and Tables 2 and 3).

Effect of functional group. Three types of functional groups with
three different cation families are chosen to study the effect of the
functional group attached to cation on the dispersive ability of the

Table 2
COSMO descriptor HB_doner moment for studied cations.
Cations HB-don Cations HB-don
1-ethyl-3-methyl-imidazolium 1.939 1-(cyanomethyl)-1-methylpiperidinium 4.285
1-butyl-3-methyl-imidazolium 1.917 1-(2-hydroxyethyl)-1-methylpiperidinium 2.822
1-hexyl-3-methyl-imidazolium 1.899 1-ethyl-3-methylpyridinium 0.931
1-octyl-3-methyl-imidazolium 1.927 1-butyl-3-methyl-pyridinium 0.966
1-decyl-3-methyl-imidazolium 1916 1-hexyl-3-methyl-pyridinium 0.994
1-dodecyl-3-methyl-imidazolium 1913 1-butylquinolinium 0.725
1-(ethoxymethyl)-3-methyl-imidazolium 2.535 1-hexylquinolinium 0.726
1-(2-hydroxyethyl)-3-methylimidazolium 4.439 1-octylquinolinium 0.721
3-(cyanomethyl)-1-methyl-imidazolium 7.077 Tetramethylammonium 0.377
1-ethyl-1-methyl-pyrrolidinium 0.058 Butyltrimethylammonium 0.258
1-butyl-1-methyl-pyrrolidinium 0.054 Hexyltrimethylammonium 0.233
1-hexyl-1-methyl-pyrrolidinium 0.053 Octyltrimethylammonium 0.225
1-octyl-1-methyl-pyrrolidinium 0.054 Trimethylethylammonium 0.250
1-(ethoxymethyl)-1-methylpyrrolidinium 0.171 decyl-trimethyl-ammonium 0.232
1-(cyanomethyl)-1-methylpyrrolidinium 4.297 tetra-ethylammonium 0.022
1-(2-hydroxyethyl)-1-methylpyrrolidinium 2.766 tetra-n-butylammonium 0.019
1-butyl-1-methylpiperidinium 0.078 Choline 3.082
1-hexyl-1-methylpiperidinium 0.076 Guanidinium 23.815

1-(ethoxymethyl)-1-methylpiperidinium 0.267
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Table 3

Misfit, Hydrogen Bonding, and Van der Waals Energies for the capacity of asphaltene in the [NTf,] based ILs at 298.15K.

Sr No. ILs cations HE, (kcal/mol) HEyp (kcal/mol) HE,,y, (kcal/mol)
1 1-ethyl-3-methyl-imidazolium 7.894 -1.201 —19.247
2 1-butyl-3-methyl-imidazolium 7.529 -1.165 —19.487
3 1-hexyl-3-methyl-imidazolium 7.266 -1.132 —19.666
4 1-octyl-3-methyl-imidazolium 7.07 -1.106 —19.809
5 1-decyl-3-methyl-imidazolium 6.914 -1.067 -19.937
6 1-dodecyl-3-methyl-imidazolium 6.788 -1.039 —20.04
7 1-(ethoxymethyl)-3-methyl-imidazolium 7.689 -1.36 —19.308
8 1-(2-hydroxyethyl)-3-methylimidazolium 7.82 —2.489 —18.991
9 3-(cyanomethyl)-1-methyl-imidazolium 8.037 —2.044 -19.077
10 1-ethyl-1-methyl-pyrrolidinium 8.175 -0.684 -19.041
11 1-butyl-1-methyl-pyrrolidinium 7.78 —0.652 —19.295
12 1-hexyl-1-methyl-pyrrolidinium 7.508 —0.624 —19.483
13 1-octyl-1-methyl-pyrrolidinium 7.299 -0.6 -19.64
14 1-(ethoxymethyl)-1-methylpyrrolidinium 7.806 -0.744 -19.215
15 1-(2-hydroxyethyl)-1-methylpyrrolidinium 7.9 —2.287 —18.795
16 1-(cyanomethyl)-1-methylpyrrolidinium 8.124 -1.721 —18.922
17 1-butyl-1-methylpiperidinium 7.694 —0.647 -19.367
18 1-hexyl-1-methylpiperidinium 7.448 —0.619 —19.539
19 1-(ethoxymethyl)-1-methylpiperidinium 7.689 —0.746 -19.31
20 1-(2-hydroxyethyl)-1-methylpiperidinium 7.789 -2.279 -18.911
21 1-(cyanomethyl)-1-methylpiperidinium 8.027 —1.664 —19.047
22 1-ethyl-3-methylpyridinium 7.849 -1.002 -19.4
23 1-butyl-3-methyl-pyridinium 7.53 -0.956 -19.594
24 1-hexyl-3-methyl-pyridinium 7.284 -0.931 -19.76
25 1-butylquinolinium 7.399 —0.878 —19.866
26 1-hexylquinolinium 7.189 -0.853 -19.99
27 1-octylquinolinium 7.036 -0.822 —20.096
28 tetramethylammonium 8.415 -1.058 -18.625
29 trimethylethylammonium 8.272 -0.931 —18.856
30 butyltrimethylammonium 7.811 -0.894 -19.168
31 hexyltrimethylammonium 7.497 -0.848 -19.391
32 octyltrimethylammonium 7.261 -0.813 —19.576
33 decyl-trimethyl-ammonium 7.08 —0.784 -19.719
34 tetra-ethylammonium 7.964 -0.594 -19.276
35 tetra-n-butylammonium 7.14 —0.491 -19.887
36 Choline 8.042 —2.457 —18.565
37 Guanidinium 6.962 —4.501 —18.342

studied IL for asphaltene molecule. The functional groups
considered are; ether [C,0C;], hydroxyl [OHC;] and cyanide
[CNC,y] and their estimated activity coefficients are shown in
Fig. 8. The dispersive capacity of the studied ILs for asphaltene
decreases with the addition of functional groups (Fig. 8). It i