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ABSTRACT: A study was made to determine the solubility behavior ~ ** ~ ad Dispersats
of 17 ionic liquids (ILs) with asphaltenes and a quantum-chemical 1

density functional theory approximation using a def-TVZP basis set
and the Perdew—Burke—Ernzerhof functional. The conductor-like
model from COSMO-RS was used within the real solvent
approximation to determine the density, molar volume, viscosity,
and heat capacity with a statistical thermodynamic treatment of the
interacting surface charges of the individual molecules. The solubility Good Dispersants
parameter of ILs and asphaltenes was determined using the 2°¢ e

relationship of the density and solubility parameters proposed by . )

Panuganti et al. (Ind. Eng. Chem. Res. 2013, 52, 8009—8020). The ]
results of the thermodynamic and solubility parameters were
compared with the experimental data, and a close agreement was
verified. The relative solubility of the asphaltenes with respect to ILs
was determined using the 6 values and Hansen’s method, ie., spheres approximation. The structure and size of the cation
(including the cationic ring head and the alkyl chain length) of ILs have an influence on their ability for dispersing asphaltenes
according to the molecular interactions that govern the miscibility behavior of ILs and asphaltenes, i.e., van der Waals, 7—,
cation—z, and hydrophobic interactions.

Relative Energy Difference (RED)
8 &
[ ]
[ ]
[ ] /
—

1 2 E a4 2 6 7 8 = 10 11 12 13 14 15 16 17
lonic Liquids

1. INTRODUCTION and modeling can contribute to calculating the thermodynamic
properties and, in some cases, to predicting the behavior of
particular ILs under specific conditions, which could be used in
many engineering applications.

Klamt and co-workers'*'® developed a methodology within
the approximation of quantum mechanics (COSMO-RS) with
the purpose of predicting the chemical potentials of fluids and
solutions. COSMO-RS uses the charge density generated by
quantum-mechanics calculations to describe molecules and
their interactions with other molecules. The result of calculating
the chemical potential of each species is to obtain
thermodynamic properties. Concerning the application of
COSMO-RS to the study of ILs, several publications reported
the capability of this method to calculate the activity

been demonstrated that some properties such as the density coefficients, phase equilibrium data, Hansen’s solubility

S . 16—20
and solubility parameter can be calculated using molecular parameters, viscosity, density, and molar v9lume.
dynamics for specific applications.'>"® Recent advances have been developed in COSMO-RS; for

In the present work, we extend the use of computational exazlrlriglge, some relevant publications by Gonzalez-Miquel et
methods with the purpose of obtaining thermodynamic al show a full analysis on the structure—property

parameters and physicochemical data of interest such as

Ionic liquids (ILs) are known as “green solvents”, which is a
consequence of their physical properties such as low vapor
pressure, upper ionic conductivity, and wide electronic
structure.””” ILs are noncorrosive; some are reusable™ and
were tested successfully as catalysts for some applications.”
Also, a molecular design of some of these systems can be made
according to their specific molecular structures.”*

The main applications of the ILs focused on their efficient
use as “green” solvents for chemical reactions and separation
processes.””'" In this respect, the application of computational
simulations is of great interest for obtaining some thermophys-
ical properties that are needed for engineering applications that
are not always available in the open literature. Actually, it has

viscosity, density, solubility parameters, molar volume, and Received: December 28, 2016
heat capacity. Furthermore, these methods may complement Revised:  April 13, 2017
the thermophysical characterization of ILs when experimental Accepted: April 17, 2017
measurements are limited. In this respect, molecular simulation Published: April 17, 2017
ACS Publications  © 2017 American Chemical Society 5107 DOI: 10.1021/acs.iecr.6b05035
W Ind. Eng. Chem. Res. 2017, 56, 5107-5115
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relationship of ILs for CO, capture. The results show that the
COSMO-RS approach can be used as a guide for designing new
ILs. Also, the capture of CO, by ILs is related with the
formation of hydrogen bonds between the cation and
molecules involved.

Guo et al.** studied the solubility of flavonoids with respect
to a large variety of ILs that were examined using COSMO-RS
computations, showing a dependence of the solubility with the
anion type, which helps to understand the solvation behavior
for tailoring ILs as a means for esterification of flavonoids in the
presence of enzymes.

Liu et al.”® studied 357 ILs that were formed from 17 cations
and 21 anions for their ability to dissolve cellulose using
COSMO-RS. The logarithmic activity coeflicient coincides with
the experimental results. On the other hand, excess enthalpy
calculations indicated that hydrogen-bonding interactions
between cellulose and the seven studied ILs are key factors
for the solubility of cellulose.

Boukherissa et al.” applied ILs as asphaltene dispersants and
showed that the reduction of asphaltene aggregation occurs
when ILs have good solubility in a nonpolar environment.
Similarly, Firoozabadi et al.”” studied ILs as fluid improvers for
heavy petroleum crude oils. They found that a high-viscosity
reduction was obtained with pyridinium ILs compared to other
ILs containing different head groups. Thus, the focus of the
present research was to understand better the asphaltene—IL
interaction for designing newer chemical agents and for
improving the flow of heavy oils by inhibiting asphaltene
aggregation; this is of great technological importance”* ™" in
the oil industry because of the deleterious effects caused by
asphaltene precipitation, i.e., plugging of pipelines and other
installations like valves, pumps, and damage in the reservoir
formation.

Thus, it is of interest to design new ILs that might work as
asphaltene dispersants. In this respect, the miscibility of ILs
with asphaltenes might be crucial; then, we propose the use of a
solubility parameter, which contains useful information on the
miscibility degree as reported by Hildebrand,*” for assessing the
effects of cohesive energy (E.) by volume (molar) unit, i.e.,
delta. In this respect, we propose that the potential IL—
asphaltene interactions might be like surfactant (IL)—
asphaltene interactions and could be assessed by 6. Addition-
ally, the present work intends to contribute to the establish-
ment of some principles for the molecular design of ILs and to
fill the gap of thermodynamic data that have not been reported
or that are very difficult to synthesize or characterize
experimentally.

2. THEORETICAL CALCULATIONS

All of the geometry optimizations of the molecular structures
were performed with the use of Turbomole software,” with the
generalized gradient approximation Perdew—Burke—Ernzerhof
functional,”* and DFT-D3BJ damping correction methods for
dispersion energy:* spin-polarized, automatic multiplicity,
electric charge equal to zero, and a triple-valence-polarized
atomic basis set (def-TZVP). The COSMO-RS files were
computed using Turbomole. Then, the analysis for determining
the thermodynamic properties was performed by COSMO-
RS.*® The COSMO-RS applications imply that all pure
compounds are immersed in a perfect conductor (¢ = ).

The COSMOtherm software calculates the pure compound
liquid density p; of a pure compound i from the corrected molar
liquid volume V, according to

5108

MW,

pi B VmNA

(1)
MW is the molecular weight, and N, is Avogadro’s number.
The corrected molar liquid volume V,, is computed from a
quantitative structure—property relationship (QSPR); this
methodology includes several QSPR generic parameters.

On the basis of the density values and using the correlated
equation (2), one obtains the solubility parameter of ILs®’

5= 17.347p + 2.904 )

where p is the density (g/cm?). This equation is valid mainly
for the liquid state,”® in accordance with Barton® and
Hildebrand.”> Although eq 2 was originally proposed for
nonpolar systems, the same authors applied this equation to the
asphaltenes, which have a nonzero digolar moment. Also, this
equation was applied by Rogel et al.>” for asphaltenes, using a
simple relationship between the solid and liquid densities at the
triple point, ie, p,/p; = 1.17. On the basis of their phase
behavior, other authors consider that asphaltenes can be treated
as “nonpolar” and then only London-type van der Waals (vdW)
forces apply.

Finally, the solubilities and thermodynamic properties were
evaluated.

For statistical analysis, the absolute percentage error (E %)
was defined as

IValor, — Valor,,|

E % = X 100

Valor,,

©)

The ILs used in this work for the calculation are shown in
Figures 1—4, while asphaltene models are illustrated in Figure
S.

EMIM-CI BMIM-CI ‘ ceMIM-Cl

Figure 1. Molecular models of commercial ILs."> Atom key: gray, C;
white, H; blue, N; green, CL

EMIM-TF2N BMIM-TF2N C6MIM-TF2N

Figure 2. Molecular models of commercial ILs."> Atom key: gray, C;
white, H; blue, N; green, Cl; red, O; yellow, S; brown, Br.

[EMIM][CI], [BMIM][CI], [C6MIM][CI], [EMIM]-
[TF2N], [BMIM][TF2N], [C6MIM][TF2N], and [M2][Br]
were commercial samples, whereas the rest of the ILs (M1—-MS$
and 1A—6A) were synthesized in our research group using the
methodologies described in the Supporting Information.

A total of 11 imidazole-based ILs (M1—MS5 and 1A—6A),
which had different alkyl tail lengths or hydroxyl or benzylic

substituents at the cation as well as anions with different charge

DOI: 10.1021/acs.iecr.6b05035
Ind. Eng. Chem. Res. 2017, 56, 5107-5115
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Models Molecular Name

MI1=1-Pentadecyl piridinium
bromide

M2=H exad ecyltrimethylammonium
bromide.

M 3=1-hexad ecyl-3-
methylimidazolium bromide

M4=1-benzyl-3-methylimid azolium

: bromide
<)
t"‘“{ﬁ LQL
C
M35=13-diethanolimidazolium
chloride

Figure 3. Nomenclature of the ILs M1—MS. Atom key: gray, C; white,
H; blue, N; green, Cl; red, O; yellow, S; brown, Br.

Models Molecular Name

1A= I1-butyl-3-hexyl-
imidazolium
hexaflucr cphesphate

&
L. S e
% o S e S
© 8 "‘iw
(@ “’_#‘L"
(ot |
&

2A = 1-butyl-3-hexyl-
imidazolium
tetrafluoroborate

A= Ibuty-3-nonyl-
imidazolium
hesaflucr cphesphate

4A =1-butyl-3-nonyl-
imidazolium
tetrafluoroborate

5A=1-butyl-3-undecyl-
¢ imidazolium
hesaflucr ophesphate

6A= 1-butil-3-und ecyl-
imidazolium
tetrafluoroborate

Figure 4. Nomenclature of the ILs 1A—6A. Atom key: gray, C; white,
H; blue, N; green, Cl; yellow, S.

densities (chloride, bromide, hexafluorophosphate, and tetra-
fluoroborate), were evaluated in this work. With the purpose of
testing our hypothesis, these functionalized ILs were chosen by
taking into account that they could interact with asphaltenes
through cation—z, 7—n, hydrogen-bonding, or vdW inter-
actions.

3. RESULTS AND DISCUSSION

The thermal stability of ILs was determined in the past by
means of the strength of the formed heteroatom—hydrogen
bonds and the stability of the ion species;41 thus, the
thermodynamic properties and molecular structure are key
factors for designing new ILs. Then, the physical properties
such as density, heat capacity, solubility, viscosity, etc., are

5109

1.40

Figure S. Asphaltene mode
yellow, S.

Atom key: gray, C; white, H; blue, N;

important parameters in many engineering applications such as
selective extraction, homogeneous phase catalysis, selective
reactions, liquid membranes, etc., and their use as new materials
in general."'

3.1. Thermodynamic Parameters. In order to demon-
strate the capabilities of the COSMO-RS method to predict the
thermodynamic properties, some parameters of common
organic solvents were calculated at 298 K for a series of
known liquids and water. The results are collected in Tables 1
and 2, where the correspondence between the experimental and
COSMO-RS predictions is verified by a deviation between the
experimental and calculated values of p of less than 2.0% for
heptane, toluene, and water, while it is equal or less than 3.00%
for octane and benzene.

After this validation, the following step was to evaluate the
density of pure ILs. All the density values in this work are
collected in Table 1 in place of the Supporting Information,
together with the available experimental data. The density
predictions for ILs are compared in Figure 6, where the
calculated density has a near-linear relationship with respect to
the experimental values. The linear regression presents a
correlation coefficient R = 0.748, which reflects the deviation
from five ILs in particular, ie., M2, M4, and 4A—6A, mainly,
over 17 ILs; i.e., the percentage deviation falls between 10.5%
and 16.3% for those ILs.

The trend indicates that the alkyl chain lengths of ILs seem
related to lower densities, as shown in Figure 7. For alkyl side
chains C,—Cg, the nonpolar domains depend on the hydro-
carbon-type chain,"” whereas for longer alkyl side chains (C;s
and Cy4), the hydroghobic and electrostatic interactions are
almost comparable,4 thus contributing more to network
formation and to a lower density.

Thus, the density of these nonpolar domains depends on the
chain length, which is consistent with the character of the
aliphatic chain with typical smaller densities. Thus, the density
for these regions should be more sensitive to changes in the
molecular structure of the ILs. Other physical properties such
as the viscosity (see Table 2 in the Supporting Information)
seem to correlate with the molecular structure of these ILs.*>*
For example, in the systematic series [EMIM][Cl], [BMIM]-
[C1], [C6MIM][CI], [EMIM][TE2N], [BMIM][TE2N], and
[C6MIM][TF2N], this trend is verified for the same
counterion, i.e., Cl or TF2N. Also, for the series 1A—6A, one
verifies the same trend for hexafluorophosphate (14, 3A, and
SA) and hexafluoroborate (2A, 4A, and 6A) counterions.
Finally, for the series M1—MS, the correlation between the
chain length and viscosity is less apparent; only M1—M3 show
a similar viscosity for a similar chain length, while M4 and MS$

DOI: 10.1021/acs.iecr.6b05035
Ind. Eng. Chem. Res. 2017, 56, 5107-5115
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Table 1. Thermodynamic Parameters of Known Organic Molecules As Obtained with COSMO-RS

model Pea (g/cm®) V,(cal) (cm®/mol) viscosity., (cP)
octane 0.69 164.95 0.53
benzene 0.86 90.53 0.58
heptane 0.67 148.79 0.41
toluene 0.86 106.67 0.71
water 0.99 18.06 1.01

V,(exp) (cm®/mol) viscosity,,, (cP)”

Pexp (g/cm’®)?

0.70 162.48 0.54
0.88 88.91 0.65
0.68 147.40 0.41
0.87 106.80 0.59
0.99 18.02 1.00

“The experimental values of known organic molecules were taken from the following: Organic Chemistry. CRC Handbook of Chemistry and Physics;

McMutry, J., Ed.; CRC Press: Boca Raton, FL, 2006.

Table 2. Absolute Percentage Error of Known Organic
Molecules”

E %
model P viscosity Vi
octane 142 1.85 1.52
benzene 227 10.76 1.82
heptane 147 0.00 0.94
toluene 1.15 20.30 0.12
water 0.00 1.00 0.22

“The densities and heats of vaporization of the ILs M1—MS and 1A—
6A were evaluated using an Anton Paar DMA 5000 M densimeter and
SDT Q600 simultaneous thermal analyzer, respectively, while the
other ILs (EMIM, BMIM, and C6MIM) were reported in the
literature by Derecskei and Derecskei-Kovacs.'”
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Figure 6. Comparison of the experimental and calculated COSMO-RS
values of the densities of ILs.
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Figure 7. Chain-length effect on the density of ILs.

have the lowest viscosity and a “tail-less” structure, which
should favor electrostatic interactions.
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The thermodynamic parameters of ILs are shown in Table 2
in the Supporting Information. These results are important for
understanding the behavior of ILs. There are several important
points that stand out in this table. First, ILs have high heat
capacities (C,), which could serve for their effective application
as heat accumulators, heat carriers, and reaction media in
comparison with the heat capacities of materials such as iron
(449 J/mol-K), magnesium (874 J/mol-K), copper (385 J/mol-
K), etc; however, other parameters are important as well, i.e.,
the thermal stability, heat conductivity, and viscosity. Second,
ILs may have high viscosities. The viscosity is essentially
dependent on intermolecular interactions (hydrogen-bonding,
dispersive, and Coulombic interactions). If the vdW inter-
actions are reduced, lower viscosities result, and this may be
achieved by reducing the molecular surface area.** The lowest
viscosities are obtained for ILs containing the EMIM ion, which
contains a combination of short side chains with high mobility
and low molar mass. The fluorinated alkyl chains or ILs having
longer chains (1A—6A and M1—M3, respectively) result in
higher viscosities because of the existence of very strong
predominace of vdW interactions.*>*¢ Finally, the values of the
heat capacities increase with the alkyl chain length for those
cases where the anion is a halogen, for example, [EMIM][CI],
[BMIM][CI], [C6MIM][CI], MS, and M4, but it decreases
when the anion is TF2N, an alkyl chain (1A—6A) containing
fluorine; thus, C, depends not only on the cation alkyl chain
length but also on the anion type.

On the other hand, the molar volumes shown in Table 2 in
the Supporting Information and Figures 8 and 2 have a very
good correlation with the experimental data. The linear
regression fit presents an excellent correlation coeflicient, i.e.,
R = 0.949. Also, the highest values of the molar volume are not
associated with bulky anions (Figure 9). One observes in this
figure a variation of the molar volume of an IL with the same
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& 250 o
2 "
- o y = 0.8006x + 76.075
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Calculated Molar Volume (cc/mol)
Figure 8. Comparison of the experimental and calculated COSMO-RS
values of the molar volume.
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1-butil-3-hexil, 1-butil-3-nonil, and 1-butil-
undecil imidazolium with hexafluorophosphate
360
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Figure 9. Chain-length effect of the ILs on the molar volume.

imidazolium cation and hexafluorophosphate anion but differ-
ent lengths of the alkyl chain; thus, the molar volume increases.

The experimental molar volume is calculated using the
equation proposed by Chotaray:

)

where M is the molecular weight of the ILs, N, is Avogrado’s
number (6.022 X 10 mol™"), and p is the experimental density
value.

Therefore, as discussed above for the case of the density,
there is a strong influence of the side (alkyl) chain because the
polar and nonpolar domains seem to affect considerably the
thermodynamic properties.

3.2. Solubility Parameters of ILs. The values of the
solubility parameters of [EMIM][Cl], [BMIM][CI], and
[C6MIM][Cl] were estimated from the experimental density
values using the empirical equation (2) and are reported in
Table 3. The values of the solubility parameters for the
asphaltenes are computational calculations; the first column
reports the values using NPT molecular dynamics,*” while the
second column reports the values that were obtained with the
equations used in this work.

Table 3. Values of the Solubility Parameters of ILs and
Asphaltenes

model 5(exp) (MPa’®) &(cal) (MPa®®) E %
[EMIM][CI] 223 223 0.0
[EMIM][TF2N] 27.6 29.5 6.8
[(BMIM][CI] 216 21.1 2.3
[BMIM][TF2N] 26.7 27.9 45
[C6MIM][CI] 203 204 05
[C6MIM][TE2N] 25.6 26.7 43
M1 19.2 20.8 8.3
M2 194 20.8 7.2
M3 19.8 21.7 9.5
M4 214 26.6 24.3
MS 242 25.8 6.6
1A 24.1 23.7 1.7
2A 219 214 2.3
3A 25.1 22.5 104
4A 22.8 20.6 9.7
SA 24.6 219 10.9
6A 22.8 20.2 114
asphaltene 19.5 20.2 3.6

5111

Recently, Rogel et al.’® reported that the solubility
parameters from eq 2 were too high compared with the
reported values of polyaromatics, for example, hexabenzocor-
onene (21—-22 MPa%),*® graphene (21-22 MPa’%),* single-
walled nanotubes (21 MPa%),*® and Cq, (19.5 MPa%%).>! Thus,
these authors used a simple equation for relating the solid and
liquid densities at the triple point™” as follows:

A =117

Py (%)

This ratio has been found to be adequate and reliable in
determining the solubility parameters of the asphaltenes.®®

Table 3 shows the results that were obtained using the model
represented in Figure 5 and eq 2. As observed, there is an
agreement of the experimental values with the theoretical values
reported in the literature for the series [EMIM][TF2N],
[BMIM][TF2N], and [C6MIM][TF2N] as well as for the
experimental series M1—MS5 and 1A—6A. The values obtained
for commercial ILs correlate very well with those obtained in
our calculations, with a percentage error of less than 10%,
which is considered acceptable for the complex organic
molecules. In the case of ILs that were developed in the
present work, the percentage error is less than 10%, except for
the IL M4, which shows a rather large error; however, this is
not indicative of a failure of the present methodology because
there is an agreement for the other cases.

The solubility parameters decrease progressively with an
increase of the side-chain length, which is consistent with a
more aliphatic character. These results are shown in Figure 10.

Chain Length Effect on the 6

A L=2

Frperimental Solihility Parameter

2a I 25
Calaiiated Solublity Paramete:

Figure 10. Alkyl chain-length effect on the solubility parameter of ILs.

ILs with long alkyl chains tend to decrease the solubility
parameters; ie., they are closer to the solubility parameters of
the asphaltenes, as described by Barton: “materials with similar
values of solubility parameters are likely to be miscible”.”*” ILs
that present a better behavior as asphaltene dispersants are
M1—MS3, 4A, and 6A.

On the basis of this analysis, the solubility parameter of the
asphaltene is shown in Table 3.

The asphaltene solubility parameter is in a range between
19.5 and 20.2, which means, according to Hildebrand,** that
ILs can behave as asphaltene dispersants because their values
are close.

However, the IL structure affects the Hildebrand solubility
parameter.”” ILs having different types of anions and cations
may have different polarities, which induces different molecular
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interaction forces. Therefore, we estimated two solubility
parameters for ILs: dyp for nonpolar families and &, for polar
families. This is due to the amphiphilic behavior of ILs. In order
to strengthen the discussion, we determined Hansen’s solubility
parameters.53

Hansen’s extension of the solubility parameter to a 3D
system was based on the hypothesis that the cohesive energy
depends on the sum of nonpolar, polar, and hydrogen-bonding
molecular interactions. Thus, the solubility parameter splits into
a dispersion force component (§4), a2 hydrogen-bonding
component (5,), and a polar component (5P), which are
additive. Thus, for each molecule, there are three Hansen
parameters:53

8 =68"+38"+6,’ 6)
where & is the energy from dispersion forces, &, is the energy
from dipolar intermolecular forces, and &, is the energy from
hydrogen-bonding forces. In this work, only the dispersive and
electrostatic terms of the solubility parameters are considered.

Dispersion forces are the weakest type of noncovalent
interactions, which are within the so-called supramolecular
interactions. The formation of supramolecular complexes
through interactions of the ionic-pair type is the most stable.
In relation to ILs and asphaltenes, the forces that govern the
miscibility are cation—7 interactions. The presence of cation—7x
interactions favorably affects the solubility of aromatic
compounds in ILs,>* and it affects the enthalpy and entropy
of the IL structure.>

In order to calculate the contribution of permanent dipoles
to the cohesive energy density, the formula proposed by
Beerbower was used.’® The dipole moment and molar volume
values were obtained from the Turbomole and COSMO-RS
calculations, respectively (see eq 7).

U
0, =95———
A ?)
From eq 8, the dispersive contribution was obtained:
o =067 -8 ®)

The results of the dipole moments and dispersive and
electrostatic terms to the solubility parameters are shown in
Table S3 in the Supporting Information. The values of the
electrostatic terms of the ILs are above the asphaltene value;
this indicates that the solubility of asphaltenes in ILs depends
exclusively on the dispersive contribution.

Finally, the calculated & values were used for a further
calculation of the solubility of asphaltenes in ILs using
Scatchard—Hildebrand’s theory,”” where the relative solubility,
ASy, is calculated as follows (eq 9):

‘/asphal
RT

ASR = eXp|:_ (6solv - 5asphal)2]

©)

where Vb Oy and Opha are the molar volume and
solubility parameters of solvents and asphaltenes, respectively.
The maximum of the solubility occurs when the cohesive
energy densities are identical (8, = Gypha and ASy= 1). This
method provides a solubility prediction; however, some
mistakes might occur; for example, a good solvent may have
the same 6 value compared with a bad solvent. Alternatively,
the methods developed by Hansen™ seem more interesting for

exploring the asphaltene solubility.

5112

In this case, the solubility is described by a spherical solubility
region centered at the asphaltene system. The boundaries of
the solubility region are given by the radius Ry:*’

R, =
\/4(5Ciasph _ 6;olv)2 + (5;sph _ (SPSOIV)Z + (5};1isph _ 5}folv)2
(10)

0y 6y and 0y are the dispersive, electrostatic, and hydrogen-
bonding components of 6. In the present case, only the
dispersive and electrostatic components were used as reported
in Table 3 in the Supporting Information. Thus, the relative
energy difference (RED) corresponds to the distance R, of the
solubility parameter of the solvent from the center of the sphere

divided by R,, which is the radius of the sphere:*’

(11)

R, is calculated from eq 10. For good solvents, RED < 1,
while bad solvents show values of RED > 1. The highest
solubility corresponds to RED = 0.

The calculated RED values for the asphaltene model in ILs
are reported in Table 4. In the present work, the trend of the
solubility in ILs, as suggested by RED, is [EMIM][CI] >
[C6MIM][CI] > M3 > M2 > M1 > 6A > 5A > 4A > M5 >
[BMIM][CI].

Table 4. Relative Solubilities of Asphaltene Models in ILs

model RED model RED model RED
[EMIM][CI] 0.385 M1 0.893 1A 1.183
[EMIM][TF2N] 1.504 M2 0.749 24 1.102
[BMIM][CI] 1.079 M3 0.581 3A 1244
[BMIM][TF2N] 1.521 M4 1.174 4A 0.995
[CeMIM][CI] 0.399 M5 1.014 SA 0.966
[C6MIM][TF2N] 1247 6A 0.960

It is clear that the structure and size of the cation (i.e.,
including the cationic head ring and the alkyl chain length) of
an IL have a significant effect on the solvent ability for
dispersing asphaltenes, as shown in Table 4. An increase of the
alkyl chain length of the cation can dramatically increase the
asphaltene solubility in ILs except for [EMIM][Cl]. The
solubility of [EMIM][CI] may be related with other
interactions that are present and promote the asphaltene
stability in ILs, for example, 7—x interaction (7—7 stacking)
between the asphaltene and 1-ethyl-3-methylimidazolium
chloride. Some ILs that present bulky anions (TF2N and
1A—3A) and a smaller alkyl chain tend to decrease the
solubility of the ILs in the asphaltenes. The effect of the
heteroatoms in ILs plays an important role also because their
capacity of charge transfer, which is observed for [BMIM][CI],
where there is a considerable increase in the electrostatic
contribution compared with [EMIM][Cl] and [C6MIM][CI]
(see Table 3 in the Supporting Information). On the other
hand, ILs with large alkyl chain lengths (M1—M3, SA, and 6A)
show that hydrophobic interactions predominate because the
amphiphilic character of the ILs, which dominate the miscibility
behavior of both ILs and asphaltenes; however, the cation—7x
interactions are attractive between the cationic head of the ILs
and the cloud 7 of the asphaltenes.
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Therefore, the molecular structure of the ILs must be
oriented according to the molecular interactions that
predominate in the asphaltenes; then stabilization can occur.

In summary, the dispersion ability of amphiphiles has been
extensively discussed in the literature in terms of the
stabilization energy, that is, the interaction energy of
asphaltenes with dispersant agents.’® The capacity of an
amphiphile as an asphaltene stabilizer depends mainly on its
chemical and structural characteristics.”” In this way, ILs having
a polar head and an alkyl chain may have surfactant
characteristics. On the other hand, it is widely known in the
literature that the activity of the amphiphiles as asphaltene
dispersants depends on the strength of the asphaltene—
amphiphile interactions,” in this respect, the solubility
parameter indicates the cohesive energy by the volume unit
(eq 12) according to Hildebrand®* for those molecules, i.e.

v

m

o=
(12)

Thus, this work verifies the relationship of the solubility
parameter with the asphaltene dispersion properties of ILs.
Finally, the molecular structure of the asphaltene dispersants
consists of two parts, a polar group (due to the presence of
heteroatoms like oxygen, nitrogen, and phosphorus), which
attaches to the asphaltene core, and an alkyl group, which
prevents the formation of nanoaggregates.”” These two groups
are able to interact only if a long alkyl tail exists because they
should have the ability to change the polarity of the surface of
the aggregates and should prevent the precipitation of
asphaltenic aggregates.m’62

4. CONCLUSIONS

The synthesis of some ILs and their physical properties were
systematically analyzed in the framework of the COSMO-RS
approach, for calculating their thermodynamic properties, i.e.,
density, viscosity, heat capacity, molar volume, etc. The
densities, molar volumes, and solubility parameters of 17 ILs
were in agreement with the experimental values. With this basis,
the solubility of the asphaltenes in ILs was explored using the
calculated 6 values and Hansen’s sphere method. From these
results, the order of the solubility was the following:
[EMIM][CI] > [C6MIM][CI] > M3 > M2 > M1 > 6A >
SA > 4A > MS > [BMIM][CI]. The structure and size of the
IL’s cation (including the cationic head ring and the alkyl chain
length) have an influence on their ability to disperse
asphaltenes according to the types of molecular interactions,
which govern the miscibility behavior of ILs and asphaltenes by
vdW, 7—x, cation—z, and hydrophobic interactions.
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