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ABSTRACT: Ionic liquids (ILs) show remarkable performance in enhancing the
naphthenic acid extraction efficiency and decreasing the extraction time. However,
the ultrasonic-assisted IL-based extraction of naphthenic acid is merely addressed
previously. Therefore, this study investigated the impact of essential ultrasonic
parameters, including amplitude and time, on naphthenic acid extraction using
different ILs, and the system was optimized for maximum extraction. The IL 1,8-
diazobicyclo[5.4.0]-undec-7-ene (DBU) with thiocyanate anions revealed the
highest efficiency in extracting naphthenic acid from a model oil (dodecane) at
optimized conditions, and the experimental liquid—liquid equilibrium data were
obtained at atmospheric pressure for the mixture of dodecane, [DBU], thiocyanate,
and naphthenic acid. In addition, the influence of the chain length of the cation
(hexyl, octyl, or decyl) on the extraction efficiency was also evaluated by
determining the distribution coefficients, and the conductor-like screening model
for real solvents (COSMO-RS) study was carried out at infinite dilution. It was found that [DBU-Dec] [SCN] gives the best
extraction efficiency and has a distribution coeflicient of 9.2707 and a performance index of 49.48. Based on these values, ILs can be
ordered as follows: [DBU-Dec] [SCN] > [DBU-Oct][SCN] > [DBU-Hex][SCN] in the decreasing order of performance index
49.48, 41.58, and 28.13. Moreover, non-random two liquid and Margules thermodynamic models were employed to investigate the
interaction parameters between the components. Both models showed excellent agreement with the experimental results and could
successfully be used for ultrasonic-assisted IL extraction of naphthenic acid.
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1. INTRODUCTION

The world of ionic liquids (ILs) is continuously changing, and
currently they are entering an era of industrial applications.
Commercialization of the process of removal of basil, difasol,
and, recently, mercury from the natural gas is among the most
promising industrial method developed using ILs."”” ILs possess
some remarkable and even tunable physical—chemical proper-
ties, making them potentially excellent solvents for numerous
applications, including heavy metal removal, CO, capture, oil
spill remediation, heat-transfer fluid for solar applications, and so
forth.*~° The extraction of naphthenic acid (NA) from crude oil
and model oil has also been performed via ILs using the
neutralization, liquid—liquid extraction (LLE), and adsorption
approach.”® NA is one of the critical reasons for corrosion in
crude oil refineries utilizing a high acidic oil, and it also causes
foaming in the desalter. Conversely, NA is a valuable byproduct
with good market value and has many applications in various
industries, making it highly desirable to be extracted from oil for
valorization purposes.9

NA is generally composed of cyclic, aromatic, and linear
monocarboxylic acids, with the general formula C H,,,.O,.

«_»

Here “n” represents the number of carbon atoms, whereas “z
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shows the deficiency of hydrogen, and it can be zero or a
negative integer.'” Because of its complicated structure, the
extraction of NA is a cumbersome process. NA is one of the
significant sources of toxicity in process water, and it is primarily
present in the effluent discharge from different petrochemical
industries processing acidic crude oil.'"'* Moreover, they
possess higher solubility in water compared to hydrocarbons,
thus making them a significant threat to marine life."” To avoid
the toxic effect of NA on the aquatic system, a simple and
efficient process for extracting NA from its source of origin
(acidic crude oil) would be beneficial. For the refiners, the
economically viable and environmentally friendly extraction of
NA remains a challenge. The most common technique for
removing NA is via a reaction with an aqueous sodium
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Table 1. Synthesized Ionic Liquid Structures and Their Molecular Weights
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Figure 1. NA and ILs [DBU-Hex, Oct, and Dec] [SCN] refractive index vs concentration graph.

hydroxide solution. The sodium naphthenate salt is then
protonated with mineral acid to afford back NA.'* This method
has posed serious environmental concerns, such as generating a
significant amount of waste for the unit production of crude NA.
Furthermore, in this process, the lighter ends are also carried
away from the crude oil, leading to subsequent economic loss to
the refinery.” In addition, the purity of the final product is very

low and requires further processing. Above all, it contains

harmful sulfur and phenolic compounds.

mass-transfer efficiency is very low.
promising potential for NA extraction from crude/model oil.
In most of these techniques, conventional LLE mechanisms had
been applied. However, as the main drawback, most ILs display a
relatively high viscosity, hampering possibly complete mass

Many extraction techniques have been explored for the
selective removal of NA from model oil and crude oil. The
methodology for these techniques can be found elsewhere.
Conventional LLE techniques are time-consuming, and the

15—18

19-22
° ILs have shown

transfer in LLE technology. Owing to this, the assistance of low-
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frequency ultrasonic irradiation to quantitatively remove NA
from model oil in a quick, safe, and economical way was
investigated.

Indeed, in ultrasonic-assisted extraction, very fine emulsions
are formed that are smaller in size and more time stable than
conventionally obtained emulsions. These emulsions enhance
the interfacial area available for reactions, thus enhancing the
mass transfer.”*”>°

In this current study, diazobicyclo[5.4.0]-undec-7-ene
(DBU)-based ILs bearing the same cationic unit but with
different lengths of alkyl side chains with thiocyanate counter-
anions have been used to obtain liquid—liquid equilibrium data
for these ternary systems. The chain length was correlated to the
extraction efficiency via a distribution coefficient. The
equilibrium data were modeled using Margules and non-random
two-liquid (NRTL) thermodynamic models. The low value of
root-mean-square deviation indicates the goodness of these
models.

2. MATERIALS AND METHODS

The ILs were synthesized using an already reported procedure.*®
The chemicals employed for IL synthesis and the extraction
study were procured from Sigma-Aldrich (Bornem, Belgium).
The chemical structure of all the studied ILs and their general
properties are given in Tablel.

2.1. Ultrasonic-Assisted Liquid—Liquid Extraction. The
ultrasonic-assisted liquid—liquid extraction (UALLE) was
performed using an ultrasonic processor from Sonics and
Materials, Inc., Newtown, CT (model VCX 130) with a nominal
power of 130 W, a working frequency at 20 kHz, and a 6 mm
diameter microtip. Before starting the UALLE experiments, all
the parameters were optimized for it. The reaction time and
amplitude for the UALLE was optimized before starting the
reaction. The acoustic power was calculated using a calorimetric
method, and it was found that 40% was the highest possible
amplitude that could be used. The UALLE was performed at
40% amplitude in 10 mL vials. The extraction time was
optimized and the optimum extraction time was found to be 2
mins. The microtip was inserted into the solution at about 1/3 of
the total height from the sample surface.”” Once the sonication
was done, the samples were left overnight to separate the
hydrocarbon and the IL layer.

The feed for each experiment was composed of known
amounts of dodecane, IL, and NA, respectively. Dodecane was
used in these experiments as it is one of the perfect analogies to
kerosene and jet fuel oil, which are the source of the world’s most
commercial NA. The feed composition was approximately kept
constant to explore the capability of the studied ILs in extracting
NA. In feed, the mole ratios of ILs were changed from 0.11 to
0.27. Similarly, dodecane mole ratios in the feed were varied
from 0.20 to 0.73, and the NA mole fraction was changed from
0.01 to 0.67 to explore the potential of the studied ILs in LLE.

2.2. Quantification Procedure. The quantification of NA
in dodecane and IL layers was performed using an ATAGO
programmable digital refractometer (RX-5000a) according to
an already reported procedure® because the quantification of NA
via gas chromatography (GC) and high-pressure liquid
chromatography (HPLC) is quite a cumbersome process
because of its complex structure.'””*™*° The respective
concentrations of NA in hydrocarbon and IL layers were
estimated from the graphs of the refractive index against the
mole fraction, as shown in Figure 1.

The possible cross-contamination between both immiscible
solvents has been verified with the help of "H nuclear magnetic
resonance (NMR). '"H NMR measurements were done using a
Bruker Avance 500 MHz NMR spectrometer. The NMR spectra
of dodecane and IL layers without the presence of NA but after
typical shaking and decantation procedures are recorded and
shown in Figures S1 and S2. In dodecane, no trace of the IL has
been found and vice-versa in the IL phase (no trace of dodecane
was recorded) indicating that cross contamination does not
occur.

2.3. Conductor-like Screening Model for Real Sol-
vents. The conductor-like screening model for real solvents
(COSMO-RS) model effectively predicts phase behavior and
thermophysical properties of the fluid or its mixture.’’ ~**
COSMO-RS uses statistical thermodynamics in combination
with quantum chemistry to determine the chemical potential of
the interacting species. Based on the chemical potential,
different thermodynamic properties, including; distribution
ratios, activity coefficients, and phase equilibria of all
components in a mixture, are estimated.”>™>” The COSMO-
RS NA (pentadecanoic acid), dodecane, and anion and cation
files were created using BP functionals with a triple-£ valence
polarized with a diffuse function basis set (TZVPD) along with
the approximation technique by employing the TURBOMOLE
7.% The estimation of selectivity and capacity at infinite dilution
along with ternary phase diagrams of IL + hgdrocarbon + NA
was done by employing the COSMOtherm.’

3. RESULTS AND DISCUSSION

To estimate the performance of ILs to extract NA, initial
screening at infinite dilution was performed using COSMO-RS.

Table 2. Experimental LLE Data for the Ternary System
Dodecane (1) + [DBU-Hex]|[SCN] (2) + Naphthenic Acid
(3) on a Mole Fraction Basis

ionic liquid-rich phase

hydrocarbon-rich phase

%) £5) X3 %, X, %3 B
0.997 0.0 0.006 0.0 0.966 0.034 5.309
0.901 0.0 0.099 0.0 0.923 0.077 0.778
0.807 0.0 0.193 0.0 0.883 0.117 0.605
0.714 0.0 0.286 0.0 0.829 0.171 0.598
0.622 0.0 0.378 0.0 0.769 0.231 0.610

0.528 0.0 0.472 0.0 0.713 0.287 0.608
0.435 0.0 0.565 0.0 0.653 0.347 0.614
0.341 0.0 0.659 0.0 0.593 0.407 0.618
0.247 0.0 0.753 0.0 0.538 0.462 0.614

“f = distribution coefficient calculated via eq 1.

Activity coefficient, capacity, and selectivity were predicted at
303.15 K, and the performance index (product of capacity and
selectivity) was measured from these predicted values. The
predicted values for activity coeflicient, capacity, and selectivity
are as follows: [DBU-Hex][SCN] (3.2375, 0.3089, and 91.08);
[DBU-Oct][SCN] (2.0399, 0.4902, and 84.84) and [DBU-
Dec] [SCN] (1.5672,0.6380, and 77.55). Based on these values,
ILs can be ordered as follows: [DBU-Dec] [SCN] > [DBU-Oct]
[SCN] > [DBU-Hex] [SCN] in the decreasing order of
performance index 49.48, 41.58, and 28.13. The order received
from the COSMO-RS screening is similar to the experimental
order which is discussed below.

https://doi.org/10.1021/acsomega.2c02514
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Figure 2. NA distribution coefficient (symbols represent an experimental value and dashed lines represent COSMO-RS predicted values).
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Figure 3. Liquid—liquid equilibrium graph showing a comparison for the NA + [DBU-Oct] [SCN] and dodecane (solid lines and squares illustrate
experimental tie lines whereas dashed lines and crosses illustrate COSMO-RS predicted data).

Through aforementioned mechanical effects, low-frequency
ultrasonic-assisted extraction aims to reduce extraction times
compared to the conventional LLE process. Indeed, while the
latter requires about S hours to achieve the best extraction,”” the
extraction time in the present study was set to only 2 minutes.

The mole ratio of ILs and dodecane is calculated from the
refractive index versus concentration graph given in Figure 1.
These concentrations were further used to calculate the liquid—
liquid equilibrium data for all ILs. The ultrasonic-assisted
liquid—liquid equilibrium data for NA, dodecane, and [DBU-
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Figure 4. Liquid—liquid equilibrium graph showing a comparison of the system; NA + dodecane and [DBU-Dec] [SCN] (solid lines and squares
illustrate experimental tie lines, whereas dashed lines and crosses illustrate COSMO-RS predicted data).

Hex,Oct,Dec] [SCN] are shown in Table 2. Similarly, the data
for [DBU-Oct,Dec] [SCN] are shown in Tables S1 and S2.

The ternary plot for [DBU-Hex] [SCN] is given in Figure S3.
From this, it is clear that the higher the amount of NA to be
extracted, the higher the amount of added IL is necessary. Even
so, no carry-over of ILs to the dodecane phase had occurred,
preventing any contamination of the raffinate phase.

The ternary plot for [DBU-Dec][SCN] and [DBU-Oct]-
[SCN] is shown in Figures S4 and SS, respectively. From these
data, it can be seen that the length of the side alkyl chain does
exert a certain impact on the NA extraction efficiency as both
[DBU-Oct] [SCN] and [DBU-Dec] [SCN] do allow better NA
extraction efficiencies compared to [[DBU-Hex] [SCN]. At low
concentrations, the composition of NA is higher in the extract
phase. This is evident from the positive slope of the two tie lines
in Figures S3 and S4.

Thus, chain length plays a significant role in NA extraction/
removal from crude oil through LLE.”>*' From the LLE data in
Tables 1, S1 and S2, we can conclude that the extraction
potential of the three studied ILs is in the following sequence.
[DBU-Dec] [SCN] is more significant than [DBU-Oct] [SCN]
and [DBU-Oct] [SCN] is greater than [DBU-Hex] [SCN].
With the increase in the chain length, the van der Waals
interactions between the NA and ILs enhance, hence extracting
NA more efficiently Thus, we can say that the longer the alkyl

chain length is, the higher the extraction efficiency due to van der
Waals forces.

3.1. Distribution Coefficient. The distribution coefficient
for the tie line data can be calculated using eq 1.

E
p= XNA

XNA (1)

where xk, and x&, are the concentrations of NA in the extract
and raffinate phases, respectively. To establish the relationship
between the solute concentration in the raffinate and extract
phases, a distribution coefficient was used. The studied IL
distribution coefficient values are presented in Tables 1, S1 and
S2. The graph between the distribution coefficient and mole
fraction of NA in the hydrocarbon phase is presented in Figure 2.

It can be noted (Figure 2) that the distribution coefficient is
relatively higher at low concentrations of NA in the feed.
However, as the NA concentration in the feed increased, the
distribution coefficient value started decreasing. The distribu-
tion coefficient is one of the primary indicators of the separation
efficiency of ILs, the highest being observed here for [DBU-Dec]
[SCN]. In most of the LLE studies employing ILs, it had been
found that increasing side chain lengths led to an enhancement
in the distribution coefficient. Van der Waals interactions
between the alkyl group and NA are reinforced by increasing
alkyl chain length. Similarly, the 7—7 interaction between NA
and ILs also increases with the chain length and leads to

https://doi.org/10.1021/acsomega.2c02514
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Figure S. Liquid—liquid equilibrium graph illustrating comparison for the system; NA + [DBU-Oct] [SCN] and dodecane (solid lines and squares
illustrate experimental tie lines, whereas dashed lines and crosses illustrate NTRL model data).

enhancement in the extraction efliciency. The same trend was 0.2 value was considered a standard for calculations of LLE
observed in the extraction of toluene using imidazolium-based systems containing ILs, it was seen that identical or even better
ILs with varying alkyl chain lengths and [NTf,] as the anion. results were achieved for values less than 0.2. Hence, it was
Distribution coefficient values rise by increasing the chain length deemed essential that the modeling performance be studied
of ILs.** A similar trend was also observed for cyclohexane when the value of the non-randomness parameter is zero.
carboxylic extraction from dodecane.” Therefore, the Margules activity coeflicient model was chosen. It

For the present systems, COSMO-RS-predicted trends in the must be noted that the NRTL equation reduces to the Margules
distribution coefficient is shown in Figure 2 and compared with model when the non-randomness parameter is equated to zero.
experimental data. The predicted distribution coefficients are T}}g latter is effectively simple and easily correlated. Renon et
satisfactory to the experimental values. Similarly, COSMO-RS- al.” successfully illustrated the thermodynamic modeling of the
predicted trends for the tie line, and binodal curves for [DBU- liquid—liquid equilibrium data by developing a new model

Hex, Oct, Dec] [SCN] is shown in Figures S6, 3 and 4 involving the NRTL model and three suffix Margules activity
respectively. As predicted before, [DBU-Dec] [SCN] extracted coefficient model. o o

more NA compared to [DBU-Oct] [SCN] and [DBU-Hex] 32 1. NRTL Model. The liquid—liquid eqllnhbrlum data
[SCN]. However, for long alkyl chain systems, the binodal curve having ILs h.ave been successfully correlated using the NRTL
prediction reduces, which is reflected by the increase in rmsd model. In this model, ILs are assumed as completely associated

values from 3.18% for DBU-Hex followed by 5.18% for DBU- compounds.** Thus, we consider IL as a single molecular species
Oct to 6.18% for DBU-Dec. in which cations and anions are fully paired to each other. For all

3.2. Thermodynamic Framework. Previously, the NRTL species, the reference is chosen as pure liquids at the same
model and universal quasi-chemical activity coefficient (UNI- p}:essur:lagflbtlfmp eraturf of the Sly stefrn . Hence), \;ve can}falculeite
QUAC) model were used effectively to describe experimental tG.;;Ot ! sfen.er.gy g[b)der 1}1110 }T of mixture) from the molar
liquid—liquid equilibrium data. However, it was observed that 1bbs energy ol Mixing & Which 18

the UNIQUAC application was undermined by the unavail- gM “ gE

ability of volume and surface area parameters. Moreover, none of RT = Z xln x; + RT

the applied models could illustrate the ionic behavior of ILs. In i=1 )

addition, in the NRTL model, the definition of a non- where R is the universal gas constant, T is the system

randomness parameter remained ambiguous. Even though, the temperature, x; denotes the mole fraction of component i, n
27484 https://doi.org/10.1021/acsomega.2c02514
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Figure 6. Liquid—liquid equilibrium graph illustrating comparison of the system; NA + [DBU-Dec] [SCN] and dodecane (solid lines and squares
illustrate experimental tie lines, whereas dashed lines and crosses illustrate NTRL model data).

represent the number of species, and g* is the molar excess Gibbs
energy. The NRTL model estimates heat of mixing, illustrating
the attributes of electrolyte.”> The phase activity coefficient of
non-ideal system, y; of component i can be calculated as follows

Zi= Ees m xG; >, %,7,G,;
Iny=—; + Z — (T,-j - =
Zk= 1 %G j=1 Zk=1kak; Zk=1kak;
(3)
_ (g —g;)
v RT 4)
G = exp(~ay;) (s)

where g is the energy parameters that inform about the
interaction among different species, y shows the activity
coefficient, a; = Qq; demonstrates the existence of non-
randomness, whereas a; = 0 means an ideal solution or
complete randomness. Although a;; is an adjustable factor, it can
be set as a constant to limit the binary factors/parameters. For
binary LLE data having IL/co-solvent and IL/solvent, the
parameter estimation is done using mutual solubilities that can
be calculated by employing activity equations.* In the case of
the model having no separation of the liquid phase, a; = a;; was
set to 0.2 as it is usually used for immiscible binaries.

3.2.2. Margules Model. The Margules activity coeflicient
model was chosen to represent the small-range forces at the

27485

1.46

molecular level.™ The model is represented by the following

equation.

logy = sz[Alz + 2x,(A, — Ap)]

+ 5[y + 2x,(4y = Ayl
+ x,
Ay HA, + A31 + A13 - A23 _ A32
2
% +x(Ay —Ap + Ay - Ay)
+ (%, = x3)(A23 - A32) - C(1 - 2x))]

(6)

where A,, Ay, A3, Az, Aysy Asy, and C are the adjustable factors
that can be obtained from experimental data. The ternary system

activity coeflicients, y,, ¥, and y; are also determined using eq 6.

3.2.3. Determination of NRTL and Margules Energy
Interaction Parameters. The interaction parameters Ag; = Tj;
for the NRTL and A,, are estimated by reducing the objective
function of experimental data. The objective function can be

determined by employing the equation.
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Figure 7. Liquid—liquid equilibrium graph illustrating comparison for the system; NA + [DBU-Oct] [SCN] and dodecane (solid lines and squares
illustrate experimental tie lines whereas dashed lines and crosses illustrate Margules model data).

Table 3. NRTL Factors Determined by Regression Using LLE (3, (3 (3 (= — x5y2)) 12
Data at Temperature 303.2 K rmsd = k !
components (i—j) a; (K) a; (K) F* rmsd® on (8)
naphthenic acid + [DBU-Hex] [SCN]+ dodecane
-5 12990 14826 1.87%10"7  6.08 x 10-% where x represents the calculated and experimental mole
1-3 —9909 14336 fraction/ratio. The subscripts k, j, and i indicates the tie line,
2-3 ~1176 11162 phase, and component/specie, respectively. Whereas n
dodecane + naphthenic acid + [DBU-Oct] [SCN] represents the number of species.
1-2 ~10977  11.835 994 % 10~  6.18 X 10~ The fitting of experimental ternary liquid—liquid equilibrium
1-3 —9.944 11335 data was done using NRTL and Margules models. The
2-3 ~10.132  10.132 comparison of experimental LLE and modeling data for DBU-
dodecane + naphthenic acid + [DBU-Dec] [SCN] Dec] [SCN], [DBU'OCt] [SCN]) and [DBU'HeX] [SCN] using
1-2 6.655 5769 477 % 1077 1.34 x 10~ the NRTL can be found in Figures S7, 5, and 6. The NRTL
1-3 —12.867 6.185 model is an established thermodynamic model that is capable of
2-3 —14.764 3.156 correlating properties of non-ideal multiple phases and multi-
“F = calculated via eq 7. “rmsd = calculated via eq 8. component systems. Although the definition of the non-
randomness parameter is empirical, the model results are
_ caIC)Z satisfactory for LLE-based separation systems. However,
F = argmmz Z Z ”k “ijk overfitting of interaction energy parameters is commonly
=1 =1 =1 ) observed.

The fitting of experimental data using Margules can be found
in Figures S8, 7, and 8, respectively. When the non-randomness
factor of the NRTL model is taken as zero, the equation reduces
to the Margules model having three suffixes. The Margules
model is deemed as the simplest thermodynamic model that can
satisfactorily correlate nominally non-ideal multicomponent
determine the goodness of fit using eq 8. systems such as IL-based separation. The interaction parameters

The root mean square deviation (rmsd) was employed to
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Figure 8. Liquid—liquid equilibrium graph illustrating comparison for the system; NA + [DBU-Dec] [SCN] and dodecane (solid lines and squares
illustrate experimental tie lines whereas dashed lines and crosses illustrate Margules model data).

Table 4. Margules Factors/Parameters Determined by Regression Using LLE Data at Temperature 303.2 K

components/species (i—j) A (K) Aj (K) E* rmsd?
naphthenic acid + [DBU-Hex] [SCN]+ dodecane
1-2 2.786 1.584 1.12x 1078 1.60 X 107
1-3 -3.900 —10.000
2-3 9.837 —10.0000
dodecane + naphthenic acid + [DBU-Oct] [SCN]
1-2 10.000 —4.174 3.67 x 1071 6.08 x 107"
1-3 —2.734 0.484
2-3 10.000 —10.000
dodecane + naphthenic acid + [DBU-Dec] [SCN]
1-2 2.631 7.827 8.91 x 1077 2.00 X 107
1-3 —7.109 —7.582
2-3 7.678 —9.994

“F = calculated via eq 7. “rmsd = calculated via eq 8.

have a strong dependence on temperature. Hence, the effect of
temperature is sometimes overlooked. The close fit of
experimental data and modeling data using NRTL and Margules
allows us to conclude that both these models can be used for
fitting of experimental LLE data. Marginally, small values of root
furthermore confirm this observation. The mean square
deviation values are shown in Tables 3 and 4, respectively.

In general, the Margules model satisfactorily correlates all data
values. However, model results at the extrema for [DBU-Hex]
[SCN] and [DBU-Dec] [SCN] show a little deviation from

27487

experimental data points, which is still within the range of
experimental error. This error can be reduced by careful
regression of binary interaction parameters with a larger
experimental data set.

The interaction parameters calculated using NRTL and
Margules models are given in Tables 3 and 4. The interaction
parameters can be used to perform many thermodynamic
calculations, such as the enthalpy of the mixtures. Furthermore,
they can be used in the designing of LLE columns for any desired
concentration of the product. These interaction parameters can
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be employed in design software such as ASPEN-HYSYS to do
the design and thermodynamic calculations.

4. CONCLUSIONS

In this study, ultrasound was employed to get the liquid—liquid
equilibrium data for the first time. It was found that UALLE can
be extremely useful to get the liquid—liquid equilibrium data as it
can save a significant amount of time. An extremely high
concentration of NA and low oil/IL ratio was used in the feed to
extract NA by using DBU-based thiocyanate ILs from dodecane.
For NA, a positive slope was obtained at low concentrations;
however, by increasing the NA concentration in the feed, the
slope of the tie lines becomes negative. This shows that a high
amount of ILs is required for the complete separation. Chain
length plays a significant role in the solubility of NA in the ILs.
Thus, from the LLE data and the distribution coefficient values,
it can conclude that [DBU-Dec] [SCN] has the highest
extraction efficiency compared to [DBU-Hex] [SCN] and
[DBU-Oct] [SCN].

Furthermore, no leaching of the ILs to the raffinate phase had
occurred, thus eliminating any further purification steps. The
NRTL and Margules models give a satisfactory correlation of the
experimental LLE data for the studied ternary systems. Both
models provide similar correlative capability. Furthermore, the
results presented in the current study showed the applicability of
the COSMO-RS model for screening of ILs that can be
successfully employed for the selected component separation
from hydrocarbon mixtures.
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