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Deep eutectic solvents (DESs) are industrially promising solvents and posses numerous applications in wide 
areas such as metal processing, synthesis media, synthesis of nanoparticles, gas sequestration and many more. 
In this work, we synthesized and investigated the performance of three deep eutectic solvents (DESs) i.e., reline, 
glyceline and ethaline in the separation of pure asphaltene from organic solvents, i.e., toluene and n-heptane 
using experimental techniques and classical molecular dynamics (MD) simulations. The DESs are prepared and 
characterized by Fourier transform infrared (FTIR) spectroscopy and density meter analysis. The separation and 
aggregation of asphaltene from the organic solvent phase into the DES phase at various DES concentrations 
are visually observed using optical microscopy. MD simulations are used to probe the end-to-end distance and 
diffusion coefficient of the asphaltene molecules in DESs-organic solvent mixtures. Further, the trajectory density 
contours of asphaltene in three DESs-toluene/n-heptane systems are calculated to analyze asphaltene aggregation 
in the presence of the DESs. Our experimental-simulations synergistic study shows the superior performance of 
glyceline DES in toluene and reline DES in n-heptane for efficient separation of the asphaltene.
1. Introduction

Asphaltenes are the heaviest components of crude oil and constitute 
the highest fraction of heavy crude oil. They are identified as an ether-
insoluble fraction of asphalt in the distillation residue of petroleum 
[1–3] and are one of the four classes of heavy crude oil, often referred to 
as SARA: saturates, aromatics, resins, and asphaltenes. Asphaltenes are 
non-biodegradable, have high viscosity [4,5], and tend to precipitate 
and stabilize oil-water emulsions during heavy oil recovery. Hence, they 
can cause serious problems in petroleum refinery operations, ranging 
from coke and sludge formation to catalyst deactivation and pipe block-
ing [6,1,7,8,5,9]. With the world relying on increasing heavy crude oil 
production with enhanced oil recovery strategies, studying asphaltenes 
and methods of their removal is imperative to petroleum productivity 
and optimum utilization of depleting oil reserves [10].

Experimental evidences and theoretical simulations have proposed 
mechanisms explaining the structure and aggregation behaviour of as-
phaltenes in organic solvents [11,12]. The well-known Yen-Mullins 
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model suggests that asphaltene molecules form nano-aggregates and 
then macro–aggregates. This occurs due to the 𝜋-𝜋 interactions between 
the polyaromatic cores [13–15]. Asphaltenes are soluble in aromatic 
solvents such as toluene, pyridine and benzene but exhibit limited solu-
bility in straight-chain alkanes such as n-hexane, n-heptane etc. [16,17]. 
Hence, such solvents could be employed for asphaltene recovery. An-
other strategy is to use amphiphilic surfactants with a similar structure 
as resins to aid in stabilisation of asphaltene in crude oil and inhibi-
tion of asphaltene precipitation [6,18,15]. Upgradation of asphaltenes 
to obtain high-value products heavily depends on the energy required 
to chemically break asphaltenes into smaller molecules and could be en-
ergy and cost intensive if the average molecular weight of asphaltenes 
dispersed in the oil is very high [6]. Another route to separate as-
phaltenes from oil could be taken in such cases. Non-polar solvents have 
conventionally been used to precipitate asphaltenes in order to separate 
them from vacuum distillation residue and obtain de-asphalted oil [19]. 
The selection of the method depends on the average molecular weights 
of the asphaltene in the oil sample and the overall ease of the process 
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of separation, along with other physical properties of the materials in-
volved [6].

However, the conventional chemicals mentioned above often cause 
environmental, health, and safety concerns, including process safety 
hazards, toxicological problems, and waste management issues [20]. 
As these concerns pile up in the form of increased demand for solvents, 
there is a need to turn to green chemistry to provide feasible alterna-
tives to hazardous chemicals. Studies have reported the relevance of 
plant-based terpenes and limonene as potential asphaltene inhibitors 
[21,22]. Other potential candidates in this field are ionic liquids (ILs) 
due to their low vapour pressure, wide ranges of solubility, and high 
boiling points that make them recyclable [23,24]. Recent research has 
extensively focused on the influence of various ILs on the behaviour of 
asphaltenes [25,15,26,27] through a combination of experiments and 
molecular dynamics (MD) simulations [28–31].

Celia-Silva et al. [32] studied the behaviour of asphaltenes in the 
presence and absence of 1-alkyl-3-methylimidazolium ILs using classical 
MD simulations and density functional theory (DFT) calculations. The 
DFT calculations showed that asphaltene aggregation was more pro-
nounced in the presence of ILs with longer alkyl chains and halide ions 
with a lower radius. Dong et al. [24] employed IL polymers function-
alised with alkyl chains, cationic imidazole groups and TFSI− (bis(triflu-
oromethane) sulfonimide)/DEHP ([phosphoric acid bis(2-Ethylhexyl)]) 
anions to inhibit the aggregation of asphaltenes, hence improving the 
viscosity of oil. The interactions within asphaltene agglomerations were 
replaced by strong hydrogen bonds formed between asphaltene and the 
polymers, reducing the size of the aggregates by 80%. Despite the suc-
cesses of ILs, they pose numerous challenges ranging from high costs, 
limited potential for scale-up, toxic precursors, and complicated and 
time-consuming synthesis procedures [33].

Deep eutectic solvents (DESs), a neoteric class of organic solvents, 
have become an increasingly popular alternative to the ILs [34]. They 
have similar physicochemical properties but do not generate as much 
waste as ILs, making them far more economical [35]. Methods of 
preparation of DESs involve less tedious chemical transformations and 
reagents compared to ILs [36]. Usually, they involve heating, grinding, 
freeze-drying, solvent evaporation, or recrystallization [37,38]. Often 
considered a sub-category of ILs, DESs are made of a complex between a 
hydrogen bond-acceptor (HBA) salt (often quaternary ammonium salts) 
and a hydrogen-bond donor (HBD). At a particular molar composition 
of constituents, the resulting mixture is characterised by a low glass 
transition temperature thereby giving it the property of being a “eu-
tectic mixture” [35]. DESs can be classified as Type I, II, III, IV or V 
depending on the chemical nature of the constituents used as HBAs 
and HBDs. Type III DESs can be prepared from less toxic and read-
ily available precursors such as choline chloride or choline acetate 
as HBAs and urea, glycerol, and ethylene glycol as HBDs. This class 
of DESs has been widely used in liquid-liquid extraction and separa-
tion studies [39–41]. COSMO-SAC (COnductor-like Screening MOdel 
- Segment Activity Coefficient) was used to ascertain the interactions 
between methanol and HBA and HBD molecules [42]. The studies re-
ported a higher hydrogen bond accepting capacity for ChCl compared to 
other HBAs such as mono-ethanolamine chloride, tetrabutylammonium 
bromide and betaine, thus ensuring higher efficiency of azeotropic sep-
aration of methanol - dimethyl carbonate mixtures. Similar analyses on 
glyceline and ethaline reported 𝜎-distribution curves indicated a higher 
hydrogen bonding capacity of ChCl with water, facilitating the separa-
tion of water–isopropanol azeotropes [43]. Hence, ChCl, being widely 
studied and also versatile in hydrogen bonding interactions with vari-
ous types of molecules, is a good choice for an HBA.

Even though DESs are a recent finding, few studies showed their ap-
plications to chemical enhanced oil recovery [44,45], and asphaltene 
treatment, implementing two approaches for efficient oil recovery (i.e., 
inhibition of asphaltene precipitation [17,18,15,46,47] and separation 
of asphaltenes from the oil fractions before entering the refining pro-
2

cess [48–50]). The selection of either method depends on the average 
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molecular weights of the asphaltene in the oil sample and the overall 
ease of separation of the process, among other physical properties of 
the materials involved.

Classical MD simulations have also been extended to study asphal-
tene aggregation and asphaltene-solvent interactions. Headen et al. [51]
simulated island, archipelago and continental asphaltene structures in 
toluene and n-heptane, and reported the radius of gyration, density, 
average cluster size and relative shape anisotropy of asphaltenes in the 
presence and absence of resins. Clusters with an average aggregate num-
ber of 3.6-5.6 molecules were observed, with a continuous distribution 
of cluster sizes, which were congruent with experimental observations. 
A combination of experimental and MD simulation studies character-
ized the nature of rods-like asphaltene aggregates formation in toluene 
– n-hexane mixtures [3]. Analysis of optical microscopy images quanti-
fied the increase in aggregates with further addition of hexane. Constant 
end-to-end distance of asphaltene aggregates indicated the presence of 
stable aggregates. Diffusion coefficient and trajectory density contours 
showed the formation of numerous denser aggregates, leading to a de-
crease in the diffusion coefficient of asphaltene molecules at higher 
hexane concentrations.

Ghamartale et al. [52] conducted MD simulations on asphaltene – 
n-heptane systems in the presence and absence of octyl phenol and 
two ionic liquids: 1-butyl-3-methylimidazolium chloride ([BMIM][Cl]) 
and 1-butyl-3-methylimidazolium bromide ([BMIM][Br]). Structural at-
tributes of asphaltenes, such as the number of aromatic rings, type and 
location of heteroatoms and alkyl chain length, were considered to de-
termine the extent of aggregation. Radial Distribution Functions (RDF), 
asphericity index and angle distribution analyses were employed to dif-
ferentiate between various orientations of asphaltene clusters such as 
face-to-face, offset stacked or T-shaped.

Recently, experimental [53,54] and MD [55,56] simulations have 
been extensively used to study the nature and properties of DESs. Shah 
et al. [57] reported the molecular interactions of reline and aqueous 
reline using experiments and molecular simulations. The simulations 
helped in explaining the lower melting point of reline based on the 
urea–anion interaction. The effects of water on DESs were classified into 
different regimes. Water at lower mole fractions enhanced urea-urea in-
teractions, while fractions greater than 25% hydrated the components 
of reline individually, which was reflected in the investigated transport 
properties. Celebi et al. [56] investigated the thermodynamic and trans-
port properties of DESs at different water concentrations. The authors 
tested varying densities and viscosities of reline and ethaline as the wa-
ter content was increased at different temperatures. With an increase 
in water content, there was a decrease in density and viscosity of the 
DESs. Further, reline showed a higher viscosity than ethaline due to the 
stronger hydrogen bonds with urea.

Pulati et al. [48] demonstrated the use of reline to separate bitumen 
from Alberta and Utah oil sands at room temperature, using naphtha 
as a diluent. Laboratory separation tests indicated the influence of a 
significant density difference and immiscibility of reline in the oil, re-
sulting in a sharp phase separation between the diluted bitumen and the 
oil sand. Centrifugation and the incorporation of water (up to 25% by 
weight) in reline showed positive effects on separation, creating three 
clear phases: bitumen, reline and oil, achieving a yield of 90% after 
a counter-current extraction of Alberta oil. Kashefi et al. [17] probed 
the performance of choline chloride/phenyl acetic acid DES (1:1 molar 
ratio) on an oil sample from Iran (2.1% initial asphaltene composi-
tion by weight) and compared with lauric acid, octyl phenol, dodecyl 
amine, and a commercially available inhibitor. The onset of precipita-
tion was tested by titrating the samples with n-heptane, followed by 
a visual inspection using an optical microscope. The octyl phenol and 
DES performed best in delaying the onset of asphaltene precipitation. 
The presence of acidic and polar phenol, carboxylic acid and amine 
functionalities in the different inhibitors aided in stabilizing asphaltene. 

Despite a lower percentage reduction in particle size (41%) using DES 
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compared to octyl phenol (55%), the lower toxicity and environmental 
impact of the DES could establish it as a likely candidate.

Jahangiri et al. [18] investigated the choline chloride/ethylene gly-
col DES (1:1 molar ratio) as an asphaltene precipitation inhibitor. The 
samples were quantified by Ultraviolet (UV)-visible spectrometry, dy-
namic light scattering and visually confirmed with the help of an optical 
microscope, using various ratios of toluene/n-heptane. Results showed 
a shift in the minimum absorption intensity from an n-heptane/toluene 
ratio of 1 to 1.2 after adding DES. Further, it was observed that more 
precipitant is needed for precipitation to occur when DES is present 
in the mixture. Sanati et al. [15] conducted an experimental study 
using three hydrophobic DESs, prepared from methyltrioctylammo-
nium chloride (Aliquat 336) as the common HBA and propanol, 1,3-
propanediol and glycerol as the HBDs, respectively. Their performance 
was compared with an IL trihexyl-tetradecyl-phosphonium bis(2,4,4-
trimethylpentyl)phosphinate (TTPBP) and a commercially available in-
hibitor. UV-Visible spectrometry was employed to analyse the onset and 
kinetics of asphaltene precipitation, adding 1% (by weight) of DES and 
varying concentrations of n-heptane to the asphaltene/toluene system. 
The DES with glycerol as its HBD, and TTPBP showed superior perfor-
mance, validated by a significant delay in precipitation onset. A higher 
number of hydroxyl functionalities in glycerol facilitated stronger hy-
drogen bonding interactions of the DES with the asphaltene, over-
powering the cohesive forces between the asphaltene molecules. This 
also resulted in partial disruptions in the asphaltene structure, which 
explained the drastic dip in thermal stability and lower aromaticity in-
dex of the asphaltenes recovered from these samples when subjected 
to Fourier Transform Infrared Spectroscopy (FTIR), Thermogravimetric 
analysis (TGA) and elemental analysis.

Hu et al. [50] investigated the effects of three ILs and three DESs 
(reline, ethaline and maline) as solvents to extract asphaltene from oily 
sludge. The authors found that increasing the water content in the DESs 
enhanced their oil extraction efficiency. Adding up to 40% water in 
the DES increased conductivity and reduced viscosity, which in turn 
helped enhance oil recovery. However, once the water content level 
exceeded 60%, the amount of oil extracted tended to decrease. Etha-
line performed the best, with each DES showing an oil recovery rate of 
40% of the liquid mass. Machine learning algorithms were employed to 
quantify the relationship between the physical properties of the solvents 
(viscosity, conductivity, surface tension and pH) and the extraction ef-
ficiency. The ridge regression algorithm yielded results closest to the 
experimental values. Once the data was normalised, it was found that 
the most critical factor affecting oil recovery efficiency was conductiv-
ity, followed by pH, surface tension, and viscosity.

This overview of recent investigations highlights the importance of 
utilizing greener solvents like DESs in the recovery of oil over con-
ventional organic solvents and expensive ILs. However, most of the 
existing research focusses on methods of inhibition of asphaltene pre-
cipitation. Hydrophilic ChCl-based DESs have also been reported as a 
good choice for separation [48,50] and favourable asphaltene-DES in-
teractions [17,18]. The immiscibility of such DESs in organic media 
increases the effectiveness of solvent recovery, making DESs potential 
solvents for asphaltene separation. However, there are very few exper-
imental and in-silico studies in existing literature specifically dealing 
with asphaltene separation using DESs and a combined experimental 
and MD investigations is required. To the best of our knowledge, ex-
isting literature lacks such a comprehensive study. Our work aims to 
combine insights from MD simulations and experiments to synthesize, 
characterize, assess, and compare the performance of three DESs, i.e., 
reline, glyceline, and ethaline. We thoroughly investigated the interac-
tions of our chosen DESs with asphaltene in the presence of toluene 
and n-heptane solvents and the subsequent separation of asphaltenes 
into the DES phase, using MD simulations, densitometer analysis, FTIR 
spectroscopy, and optical microscopy. Furthermore, we report the end-
to-end distance, diffusion coefficients, and trajectory density contours 
3

to quantify the extent of asphaltene aggregation in DESs.
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Table 1

Molar ratios of the synthesized DESs, notations used, and experimental condi-
tions maintained during synthesis are summarized in the table.

Notation S1 S2 S3

DES Reline Glyceline Ethaline
Mixture S1 (ChCl:Urea) S2 (ChCl:Glycerol) S3 (ChCl:EG)
Molar ratio 1:2 1:2 1:2
Time of preparation (min) 120 40 30
Pressure maintained (mbar) 45 3 30
Temperature of water bath ◦C 50 40 50
Rpm of rotary evaporator 14 22 36

2. Experimental details

95% pure asphaltene (Violanthrone-79) (C50H48O4) was procured 
from BLD Pharmatech, Limited. Toluene (99%) and n-heptane (99%) 
were used as organic solvents and sourced from Loba Chemie Ltd. Raw 
materials for the preparation of DESs, namely, choline chloride (ChCl) 
(98%), urea (99%), glycerol (98%), and ethylene glycol (EG) (99%) 
were obtained from Loba Chemie Ltd. Choline chloride HBA was kept 
in a vacuum-oven overnight to remove any free moisture. The required 
amounts of choline chloride and the respective HBDs were measured 
(HBA: HBD ratio of 1:2) and added to a round-bottomed flask. The com-
ponents were then mixed in the rotary vacuum evaporator and heated in 
a water bath until a homogeneous transparent liquid was formed [58]. 
DES molar ratios, notations used, and experimental conditions main-
tained during preparation are specified in Table 1. Reline, glyceline, 
and ethaline are labelled as S1, S2, and S3, respectively. The DESs in 
asphaltene-toluene/n-heptane samples were probed using two primary 
methods: filter paper [59] and microscopic methods [60,61,3,31]. The 
methodology adopted for the sample preparation and the filter paper 
method is described in detail in our recent work [3]. The samples were 
prepared and transferred in a petri dish. During optical imaging, petri 
dishes were closed with the lid to avoid the evaporation of the organic 
solvents. The Olympus IX73 inverted microscope was used to capture 
the images. FT/IR-6300 (Jasco) was used for the FTIR, and the sam-
ples were scanned with a scanning resolution of 0.07 cm−1 and in the 
wavenumber range of 500 to 4000 cm−1. The densities of pure DES 
samples were determined in a temperature range of 288.15 K to 333.15 
K at intervals of 10 K at atmospheric pressure, using a DMA1001 digi-
tal density meter from Anton Paar. The standard deviations associated 
with the repeatability and reproducibility of measurements are 0.00005 
and 0.00007 g/cm3, respectively.

The variations in densities of pure reline, glyceline, and ethaline 
with temperature changes are analysed experimentally and compared 
with values reported in earlier experimental works for reline [62,54], 
glyceline [63,53,64,54,65,66] and ethaline [67,54,65]. Densities of 
1.196, 1.189, and 1.116 g/cc at 298.15 K were observed for reline, 
glyceline and ethaline, respectively. This difference in densities of these 
three DESs has been attributed to variations in the type and extent of hy-
drogen bonding between the HBA and HBD, which has been presented 
in detail by Hansen et al. [68]. As evident from Fig. 1, the densities 
of all three DESs decrease with an increase in temperature, owing to 
the effects of thermal expansion [67]. Yadav et al. [63,53] concluded 
that the density-temperature relationships of each DES follow a linear 
relationship up to temperatures of 323.15 K, which agrees with our re-
sults. While the density data for reline agrees with the data reported by 
Haghbakhsh et al. [62], deviations were observed with respect to the 
data reported by Crespo et al. [54] (average deviation of 0.002 g/cc). 
We report minimal density deviations for ethaline compared to existing 
literature (average deviation of <0.0009 g/cc). Lower density values 
with temperature (average deviation of 0.001 g/cc) were observed for 
glyceline compared to other experimental observations [65,66], while 

the linearity and extent of change remained the same.
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Fig. 1. Density variation with temperature (a) Reline (b) Glyceline (c) Ethaline. Our results are compared with those in the literature.
3. Computational details

The molecular mass of asphaltene compounds ranges from 500 to 
1000 g/mol [69], and the average molecular mass is approximately 750 
g/mol [11]. Violanthrone-79 has a molecular weight of 712.9 g/mol, 
which is close to the representative value of 750 g/mol. Structurally, 
this molecule consists of a polyaromatic core, with two aliphatic side 
chains and oxygen atoms making up two aromatic ketone and aliphatic 
ester functionalities. Studies on the quantitative molecular representa-
tions (QMR) of asphaltenes reported that such peri-condensed asphal-
tene structures could better represent experimental data in comparison 
to higher molecular weight asphaltenes [70]. Moreover, the structure of 
this compound also approximates the final optimised structures having 
an island-type polyaromatic core flanked with alkyl side chains, which 
is also observed in the structure of asphaltene by Headen et al. [13,21]. 
Thus, we chose Violanthrone-79 as model asphaltenes for our simula-
tions. In addition to Violanthrone-79, toluene, n-heptane, S1, S2, and 
S3 explicit DES molecules are considered in the MD simulation. The 
various combinations of solvents and DESs used in the study are listed 
in Table 2. Our simulation boxes contain approximately 5 wt% of the 
DESs. Optimized Parameters for Liquid Simulations (OPLS4) [71] force 
fields are used to describe the bonded and Lennard-Jones interactions 
in the model. Desmond [72] MD code is used within the Schrödinger 
simulation software [73], using a time step of 2 fs to integrate the equa-
tions of motion. A 9 Å cut-off is considered for non-bonded interactions. 
Martyna-Tobias-Klein barostat with isotropic coupling having a relax-
ation time of 2 ps and Nose-Hoover thermostat with a relaxation time 
of 1 ps are used. The NPT equilibration run and an NVT production run 
of 20 ns and 80 ns, respectively, are performed. The temperature of 300 
K is considered for NVT run and pressure of 1 atm and 300 K for NPT 
run.

The MD snaphots of the asphaltene in toluene, asphaltene in toluene 
and reline, asphaltene in toluene and glyceline and asphaltene in 
toluene and ethaline are shown in the Fig. 2 (a), (b), (c) and (d), re-
spectively. Similarly, the MD snaphots of the asphaltene in n-heptane, 
asphaltene in n-heptane and reline, asphaltene in n-heptane and glyce-
4

line and asphaltene in n-heptane and ethaline are shown in Fig. 3 (a), 
(b), (c) and (d), respectively. The snapshots clearly show the aggre-
gates of the asphaltene molecules as depicted by the green colour in the 
presence of the DESs where the aggregates can be seen more clearly in 
n-heptane than in the toluene solvent.

4. Results and discussion

4.1. Optical microscopy

We used optical microscopy to visualize asphaltene aggregation in 
DESs, an analogous approach as used in our previous studies [3,31]. 
Fig. 4 (a) shows the optical image of asphaltene in toluene for which 
no aggregations were observed as the asphaltene molecules remain sta-
ble and dissolve in toluene due to steric repulsions between their alkyl 
chains [74]. Figs. 4 (b), (c), and (d) show the optical images of 0.1 mL of 
S1, S2 and S3 added to the asphaltene-toluene solution, respectively. All 
three figures (i.e. (b) to (d)) show a distinct phase separation between 
toluene and DESs. The toluene, DESs and their interface are depicted in 
blue, white and light blue colours, respectively. No distinct aggregates 
were observed in these three samples. We then increased the concen-
tration of the DESs to 0.2 mL. Figs. 5 (b), (c), and (d) show the optical 
images of 0.2 mL of S1, S2 and S3 added to the asphaltene-toluene solu-
tion, respectively. In this particular case, distinct needle-like, branched 
aggregates with some degree of stacking were observed as can be seen 
in Figs. 5 (b) and (d). The aggregates were initially observed to form at 
the toluene-DES interface which eventually moved into the DES phase 
within a shorter time span. In contrast, aggregates in S2, as shown in 
Fig. 5 (c), have a different morphology, being thicker and rod-like, form-
ing a greater network of branching and stacking after penetrating the 
S2 phase. Judging by the extent of aggregation, it can be stated that S2 
performs better than S1 and S3 in the presence of toluene.

Fig. 6 (a) shows the optical image of asphaltene in n-heptane. A 
polarity difference between the two species leads to weak molecular 
interactions, causing asphaltene to destabilise and flocculate as thick, 
rod-like, and unbranched aggregates. Figs. 6 (b), (c), and (d) show 
the optical images of 0.1 mL of S1, S2 and S3 added to asphaltene-n-

heptane, respectively. We observed an instantaneous pull of the asphal-
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Fig. 2. Snapshots of the MD NVT run showing asphaltene in 4 different systems (a) asphaltene in toluene (b) asphaltene in toluene and reline (c) asphaltene in 
toluene and glyceline and (d) asphaltene in toluene and ethaline. The colour coding is as follows: asphaltene is green, toluene is red, reline is yellow, glyceline is 
pink and ethaline is sky blue.

Table 2

The number of asphaltene, toluene, n-heptane and DES molecules, along with the simulation box sizes for considered mixtures are summarized in the table.

Mixture Asphaltene molecules Toluene molecules n-heptane molecules DES molecules Simulation Box Size (Å3)

Asp+Toluene 24 4976 – – 83.27×104.25×102.95

Asp+Reline (S1)+Toluene 24 4976 – (ChCl:Urea) 100:200 97.96×98.39×96.40

Asp+Glyceline (S2)+Toluene 24 4976 – (ChCl:Glycerol) 100:200 97.39×98.18×98.30

Asp+Ethaline (S3)+Toluene 24 4976 – (ChCl:EG) 100:200 101.16×88.70×104.16

Asp+n-heptane 24 – 4976 – 107.87×107.81×107.73

Asp+Reline (S1)+n-heptane 24 – 4976 (ChCl:Urea) 100:200 108.82×109.01×109.11

Asp+Glyceline (S2)+n-heptane 24 – 4976 (ChCl:Glycerol) 100:200 108.95×109.20×109.60

Asp+Ethaline (S3)+n-heptane 24 – 4976 (ChCl:EG) 100:200 110.12×108.53×108.43
tene rods into the DES phase, with S1 having the greatest separation 
propensity. The S1/n-heptane interface, as shown in Fig. 6 (b), was 
thoroughly saturated with asphaltene even at a low concentration of 
0.1 mL. Lower separation rates were observed for S2 in Fig. 6 (c) and 
S3 in Fig. 6 (d). The effect of increase in DES concentration on asphal-
tene separation was investigated by adding 0.2 mL of S1, S2 and S3 
into the asphaltene-n-heptane mixture, as shown in Fig. 7. While the as-
phaltenes were primarily constrained to the DES/n-heptane interface in 
Fig. 6, further addition of DES prompted a higher density of asphaltene 
rods further within the DES phase. S2 showed the highest accumulation 
of asphaltenes within the DES phase, as shown in Fig. 7 (c). The asphal-
tene aggregates were still more concentrated towards the S1/n-heptane 
5

interface, as depicted in Fig. 7 (b), due to reduced mobility caused by 
an interface already saturated with clusters of asphaltenes. Since S1 en-
ables the highest degree of separation even at low concentrations, it was 
found to perform better than S2 and S3 in the presence of n-heptane.

The colloidal model explains the self-aggregating behaviour of as-
phaltenes and their tendency to exist as fully dispersed, micellar struc-
tures in a stable environment, such as toluene, forming a sol [75]. 
While this property is attributed to the presence of fused aromatic rings 
in asphaltenes leading to 𝜋-𝜋 stacking, functional groups like ethers 
and aliphatic side chains also influence the structure of these micelles. 
Adding DESs to toluene-asphaltene triggers instabilities in the colloid. 
Compacting of steric layers takes place, leading to a reduction in the 
repulsive forces exerted by the side chains. This destabilises the asphal-

tene molecules and decreases solubility parameters, leading to branched 
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Fig. 3. Snapshots of the MD NVT run showing asphaltene in 4 different systems (a) asphaltene in n-heptane (b) asphaltene in n-heptane and reline (c) asphaltene 
in n-heptane and glyceline and (d) asphaltene in n-heptane and ethaline. The colour coding is as follows: asphaltene is green, n-heptane is violet, reline is yellow, 
glyceline is pink and ethaline is sky blue.
aggregates. The solid aggregates continue to grow in volume until the 
DES phase becomes fully saturated. This phenomenon is termed as 
‘gelling’ [76]. Gel-type asphaltene aggregates are known to confer non-
Newtonian characteristics due to highly interconnected structures, 𝜋-𝜋, 
and polar interactions. A close inspection of dilute clusters observed 
in Fig. 5 (b) leads to a hypothesis that a partial gel-type aggregation 
of asphaltenes has occurred. S2 tends to trigger higher instabilities in 
asphaltene, judging by the density of aggregations. Overall, glyceline 
performed better in the toluene base solution because the extent of 
aggregation is maximum. Reline performed superior compared to the 
other DES in n-heptane solvent as the aggregation reaches a saturation 
point even at lower concentrations of the DES.

4.2. FTIR

The FTIR spectra of pure S1, pure asphaltene, asphaltene-toluene so-
lution, and asphaltene-toluene-0.2 mL S1 are shown in Fig. 8(a) and are 
represented by black, red, green, and blue lines, respectively. Pure S1 
shows a strong pair of peaks at 3266 and 3415 cm−1, which corresponds 
to primary -NH2 stretching modes due to the amide functional group in 
urea. A unique pair of peaks are also obtained at 1682 and 1625 cm−1, 
representing strong C=O stretching of saturated amides coupled with 
N-H deformations. The peak at 1465 cm−1 signifies C-N stretching vi-
brations. Signals obtained in the 1000-1300 cm−1 and very weak peaks 
2917-3000 cm−1 range represent C-O, C-C-O stretching vibrations, C-
6

O-H bending vibrations and sp3 C-H stretching vibrations, all of which 
are characteristic of choline chloride [77]. This proves that S1 retains 
the characteristics of both choline chloride and urea. The strong hydro-
gen bonding interactions between the two molecules are evident due 
to redshifts in the stretching and bending modes of NH2 (3266 – 3415 
cm−1), C=O stretching peaks (1625,1682 cm−1) and the formation of a 
broader peak in the 3200-3500 cm−1 range.

The FTIR spectra of asphaltene and asphaltene-toluene solutions 
show prominent peaks in three major regions. Peaks at 3027, 2920 
and 2868 cm−1 represent aromatic, asymmetric and symmetric C-H 
stretches, respectively. The range of peaks from 1550 to 1700 cm−1 rep-
resents C=O stretching, 1570 cm−1 represents C=C-C stretching of the 
polyaromatic rings, and peaks at 1380 and 1480 cm−1 represent asym-
metric and symmetric CH3 stretching modes, respectively, as described 
in detail by our previous study [3]. Two prominent peaks at 692-730 
cm−1 represent aromatic sp2 C-H bending vibrations. The FTIR spectra 
of asphaltene-toluene-0.2 mL S1 show an overlap of all its pure con-
stituents. A sharp decrease in % transmittance and broader peaks are 
observed at the 692-730, 1380, 1480-1500, and the 2850-3000 cm−1

ranges, indicating the presence of asphaltene in the S1 phase separated 
from toluene. Our earlier studies have also observed and correlated the 
sharp reduction in % transmittance to an increase in asphaltene aggre-
gates in the sample [3,31].

Changes in % transmission over wavenumber for pure S2, pure as-
phaltene, asphaltene-toluene solution, and asphaltene-toluene-0.2 mL 
S2 are shown in Fig. 8 (b) and are represented by black, red, green, 

and blue lines, respectively. Pure S2 shows peaks in the 851-1110 
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Fig. 4. Optical microscopic images of (a) fully dissolved asphaltene in toluene, (b) asphaltene in toluene along with 0.1 mL reline (S1), (c) asphaltene in toluene 
along with 0.1 mL glyceline (S2), (d) asphaltene in toluene along with 0.1 mL ethaline (S3). The length scale of each optical image is 10 μm.

Fig. 5. Optical microscopic images of (a) fully dissolved asphaltene in toluene, (b) asphaltene in toluene along with 0.2 mL reline (S1), (c) asphaltene in toluene 
along with 0.2 mL glyceline (S2) (d) asphaltene in toluene along with 0.2 mL ethaline (S3). The length scale of each optical image is 10 μm.
cm−1 range. Peaks at 851, 924 and 994 cm−1 represent C-C vibra-
tions, and peaks at 1038 and 1110 cm−1 represent C-O linkage and 
C-O stretching vibrations, all of which are characteristic of glycerol. 
Distinct double peaks at 2942 and 2875 cm−1 correspond to asymmet-
ric and symmetric C-H stretching vibrations, respectively. Pure S2 has a 
broad peak in the 3333-3345 cm−1 range, representing O-H stretching 
vibrations. N-H stretching vibrations attributed to choline chloride are 
7

also overlapped in this range. Studies in literature have reported simi-
lar spectra for pure glyceline and have observed redshifts in the peaks 
corresponding to O-H and N-H stretching vibrations, indicating the for-

mation of H-bonds between choline chloride and glycerol [77]. Spectra 
of asphaltene-toluene-0.2 mL S2 are depicted in blue. Although S2 does 
not show a decrease in % transmittance in the 692-730 cm−1 region, 
intense peaks are observed at 1731 cm−1 representing C=O stretching, 

1644 cm−1 indicating conjugated C=C groups, two peaks at 1284-1320 
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Fig. 6. Optical microscopic images of (a) asphaltene in n-heptane, (b) asphaltene in n-heptane along with 0.1 mL reline (S1), (c) asphaltene in n-heptane along with 
0.1 mL glyceline (S2) (d) asphaltene in n-heptane along with 0.1 mL ethaline (S3). The length scale of each optical image is 10 μm.

Fig. 7. Optical microscopic images of (a) asphaltene in n-heptane, (b) asphaltene in n-heptane along with 0.2 mL reline (S1), (c) asphaltene in n-heptane along with 
0.2 mL glyceline (S2) (d) asphaltene in n-heptane along with 0.2 mL ethaline (S3). The length scale of each optical image is 10 μm.
cm−1 indicating C-O stretching vibrations, and a broad peak at 1380 
cm−1, indicating CH3 stretching vibrations.

Fig. 8 (c) represents the FTIR spectra of pure S3, pure asphaltene, 
asphaltene-toluene solution, and asphaltene-toluene-0.2 mL S3 and are 
represented by black, red, green, and blue lines, respectively. Ow-
ing to a similarity in the structures of glycerol and ethylene glycol, 
a broad peak in the 3333-3345 cm−1 range signifies O-H stretching, 
8

and double peaks at 2875-2942 cm−1 corresponding to C-H stretching 
are observed. Peaks at 1500, 1250 and 1000-1100 cm−1 represent C-
H bending vibrations, alcoholic C-O stretching, and C-O-C and C-O-H 
bending vibrations, respectively, showing fingerprints of both ethylene 
glycol and choline chloride [78]. Spectra of asphaltene-toluene-0.2 mL 
S3 are depicted in blue. An increase in peak intensities at around 1380, 
1624, and 1730 cm−1 is observed, although the peaks are narrower and 
less intense than the ones obtained for the corresponding spectra for 

S1 in Fig. 8 (a) and S2 in Fig. 8 (b). All three spectra of asphaltene-
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Fig. 8. (a) FTIR spectra of pure reline (S1), pure asphaltene, asphaltene-toluene mixture and asphaltene-toluene-0.2 mL S1 mixture are shown in black, red, green, 
and blue colour lines, respectively, and (b) FTIR spectra of pure glyceline (S2), pure asphaltene, asphaltene-toluene mixture and asphaltene-toluene-0.2 mL S2 
mixture (c) FTIR spectra of pure ethaline (S3), pure asphaltene, asphaltene-toluene mixture and asphaltene-toluene-0.2 mL S3 mixture.
toluene-DES in Fig. 8 exhibit higher peak intensities than their pure 
constituents, which can be correlated to a higher concentration of as-
phaltene aggregates in the respective DES phases. Another common 
observation from the three spectra in Fig. 8 is the presence of a sharp, 
intense peak at 1732 cm−1 corresponding to C=O stretching vibra-
tions in asphaltene-toluene-0.2 mL of all three DESs, which is absent 
in the spectra of corresponding pure constituents. This could indicate 
additional interactions due to the aggregation of asphaltene within the 
DES phase, as corroborated in previous studies for wavenumber ranges 
of 1550-1700 cm−1 [79,3]. The FTIR spectra of pure S1, pure asphal-
tene, asphaltene-n-heptane mixture, and asphaltene-n-heptane-0.1 mL 
S1 are shown in Fig. 9 (a) and are represented by black, red, green, 
and blue lines, respectively. The spectra of n-heptane in the presence 
of DESs show lower % transmission values compared to toluene due to 
insoluble rod-like aggregations. A series of weak signals at 2920-2868 
cm−1, three broad peaks in the 1500-1580 cm−1 range and 3300-3500 
cm−1, range are observed. The peak intensities are comparable to those 
of asphaltene-n-heptane. Fig. 9 (b) depicts the FTIR spectra for pure 
S2, pure asphaltene, asphaltene-n-heptane mixture and asphaltene-n-
heptane-0.1 mL S2. The spectra of asphaltene-n-heptane-0.1 mL S2 
mirror the corresponding spectra of asphaltene-n-heptane except at the 
broad peak corresponding to O-H stretching, with a significant reduc-
tion in % transmission. This indicates that the separation of asphaltenes 
from the n-heptane phase has been captured in the sample. Fig. 9
(c) represents the corresponding spectra for pure S3, pure asphaltene, 
asphaltene-n-heptane, and asphaltene-n-heptane-0.1 mL S3. There is a 
direct overlap between the spectra of S3 in asphaltene-n-heptane and 
pure S3, except for a weak signal at around 1583 cm−1, corresponding 
to polyaromatic ring stretching.

4.3. End-to-end distance

The end-to-end distance refers to the distance between one end 
of the alkyl side chain of asphaltene to the other end. It is an im-
9

portant parameter which helps to analyze the size of the aggregates, 
since during aggregation, the alkyl chains are flexible on longer length 
scales and stiff on shorter length scales. We have calculated the end-
to-end distance of asphaltene molecules in the presence and absence 
of DESs. In our previous studies, we calculated the end-to-end dis-
tance of asphaltene in aqueous media [80], organic solvents [3] and 
IL [31]. We evaluated the distance using a worm-like chain model 
[81] taking the semi-flexible side chains into consideration [82]. The 
molecule-averaged end-to-end distance over the entire MD production 
run trajectory is calculated using the following equation [82]:

⟨
𝑅2
𝐸

⟩
= 2𝑙𝑃 𝐿0

[
1 −

(
𝑙𝑃 ∕𝐿0

)(
1 − 𝑒𝑥𝑝

(
−𝐿0∕𝑙𝑃

))]
(1)

Where 
⟨
𝑅2
𝐸

⟩
, 𝑙𝑃 and 𝐿0 denote the mean squared end-to-end dis-

tance, persistence length and extended chain length, respectively.
The variation in the end-to-end distance as a function of simula-

tion time for asphaltene-toluene in S1 is shown in Fig. 10 (a). Fig. 10
(b) represents the frequency distribution of end-to-end distances for 
asphaltene-toluene in S1. Table 3 summarizes the end-to-end distance, 
persistence length, and extended chain length, as well as the standard 
deviations of time series and molecular distribution for all eight combi-
nations considered in the study. The end-to-end distance of asphaltene 
molecules in pure n-heptane (11.48 Å) is slightly lower than that in pure 
toluene (11.87 Å), demonstrating the insolubility of asphaltene in n-
heptane, leading to a strong tendency of aggregation. Lower end-to-end 
distances also indicate closer proximity of alkyl side chains, signifying 
greater stability of aggregates.

When S1 or S2 is added to the asphaltene-toluene mixture, a 
slight decrease in the end-to-end distance compared to the asphaltene-
toluene mixture, i.e., 11.86 Å and 11.71 Å, respectively, is observed. 
In contrast, the end-to-end distance increased to 12.03 Å with the 
addition of S3 to the asphaltene-toluene mixture. A slight decrease 
in the end-to-end distances is observed when DESs are added to the 
asphaltene-n-heptane mixture, indicating a higher separation of asphal-
tene into the DES phase. The lowest values were observed for the 

S3-asphaltene-n-heptane combination (10.95 Å). The values remained 
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Fig. 9. (a) FTIR spectra of pure reline (S1), pure asphaltene, asphaltene-n-heptane mixture and asphaltene-n-heptane-0.1 mL S1 mixture are shown in black, red, 
green and blue colour lines, respectively. (b) FTIR spectra of pure glyceline (S2), pure asphaltene, asphaltene-n-heptane mixture and asphaltene-n-heptane-0.1 mL 
S2 mixture. (c) FTIR spectra of pure ethaline (S3), pure asphaltene, asphaltene-n-heptane mixture and asphaltene-n-heptane-0.1 mL S3 mixture.

Table 3

The calculated end-to-end distance of asphaltene molecules, extended chain length, persistence length, time series standard deviation (𝜎) related to the end-to-end 
distance and molecular distribution standard deviation values are shown for different asphaltene-solvent-DES mixtures over 80 ns of production run.

Mixture End-to-end distance (Å) Persistence length (Å) Extended chain length (Å) Time Series (𝜎 (Å)) Molecular Distribution 
Standard Deviation (Å)

Asp+Toluene 11.87 3.81 24.53 0.83 4.16
Asp+Reline (S1)+Toluene 11.86 3.80 24.54 0.83 4.14
Asp+Glyceline (S2)+Toluene 11.71 3.70 24.54 0.83 4.12
Asp+Ethaline (S3)+Toluene 12.03 3.92 24.56 0.80 4.14
Asp+n-heptane 11.48 3.54 24.48 0.82 4.02
Asp+Reline (S1)+n-heptane 11.34 3.43 24.54 0.82 4.04
Asp+Glyceline (S2)+n-heptane 11.32 3.41 24.50 0.84 3.96
Asp+Ethaline (S3)+n-heptane 10.95 3.17 24.53 0.88 3.97
uniform in S1-asphaltene-n-heptane and S2-asphaltene-n-heptane (ap-
proximately 11.3 Å). Similar results were observed in previous studies 
using [BMIM][PF6], [Et3NH]+[CH3COO]− and [Et3NH]+[H2PO4]− ILs, 
where asphaltenes in IL/n-hexane mixtures showed lower end-to-end 
distances compared to those in IL/toluene mixtures [31,83]. These vari-
ations in end-to-end distances with the solvent/DES environment are 
attributed to the tendency of the alkyl side chains to adapt to the sol-
vents due to the aggregate formation.

In conclusion, a lower end-to-end distance is observed when as-
phaltenes are added to n-heptane compared to toluene in the presence 
of DES due to stable aggregates in n-heptane. An extended chain length 
of approximately 24.5 Å is observed for all eight mixtures. A molecular 
distribution standard deviation of 4.06±0.1 indicates that the variations 
in the end-to-end distances within asphaltene molecules are uniform, ir-
respective of concentration. The persistence length specifies the length 
beyond which no correlations are observed, meaning the alkyl side 
chains are stiffer for distances longer than the persistence length. In-
terestingly, different persistence lengths are observed for each of the 
eight mixtures considered in this study, indicating slight differences in 
10

the extent of aggregation.
4.4. Diffusion coefficient

The asphaltene molecules diffusion coefficient is calculated using 
the following equation [84]:

𝐷 = 1
6
lim
𝑡→∞

𝑑

𝑑𝑡

⟨||�⃗�(𝑡) − �⃗�(0)||2
⟩

(2)

where mean-square displacement is denoted as 
⟨||�⃗�(𝑡) − �⃗�(0)||2

⟩
and an-

gled brackets indicate an ensemble average.
The diffusion coefficient values were obtained based on mean square 

displacement function versus time. These values were calculated for 
asphaltene molecules in 8 different solution mixtures as presented in 
Table 4. We observed that upon adding reline (S1) and glyceline (S2) 
to toluene the diffusion coefficient value has not drastically reduced, 
whereas in case of n-heptane where the diffusion coefficient value de-
creased significantly implying that asphaltene mobility is lowered to a 
major extent. The lowest value obtained was in the case of asphaltene in 
n-heptane and reline (S1), i.e. 0.70×10−10 m2/s indicating maximum ag-
gregation occurring in this system, whereas the highest value obtained 
was in the case of asphaltene in pure n-heptane, i.e., 5.90×10−10 m2/s 

indicating the highest mobility of asphaltene for this case. The lowest 
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Fig. 10. (a) The calculated end-to-end distance versus time of asphaltene molecules in reline-toluene mixture. (b) frequency versus end-to-end distance of asphaltene 
molecules in reline-toluene mixture. The averaged end-to-end distance is indicated by a red-dashed line in (a).
Table 4

The calculated diffusion coefficients are shown for eight different asphaltene 
mixtures.

Mixture Diffusion Coefficient (m2/s)

Asp+Toluene 3.59×10−10

Asp+Reline (S1)+Toluene 3.57×10−10

Asp+Glyceline (S2)+Toluene 3.54×10−10

Asp+Ethaline (S3)+Toluene 4.35×10−10

Asp+n-heptane 5.90×10−10

Asp+Reline (S1)+n-heptane 0.70×10−10

Asp+Glyceline (S2)+n-heptane 1.60×10−10

Asp+Ethaline (S3)+n-heptane 1.06×10−10

diffusion coefficient for asphaltene in heptane and reline (S1) suggests 
that asphaltene aggregates have stronger binding in this case.

4.5. Density contours

The asphaltene trajectory density cross-section is constructed by first 
dividing the simulation box into cross-sections of a specified thickness, 
such that the layers are perpendicular to the XY cartesian coordinate 
axis. The density profile is calculated at a particular location on the 
axis by following a series of steps. The fraction of the van der Waals 
volume of each atom overlapping a particular layer is multiplied by its 
atomic mass. The individual results over all specified atoms are summed 
up and divided by the volume of the layer. Each layer is then further 
partitioned into cubes, and the volume fraction of each atom overlap-
ping each cube is calculated. The result is weighted by the atomic mass, 
added and divided by the volume of the cube, to obtain the density 
within it.

The asphaltene trajectory density contours for the asphaltene-
toluene-DES mixtures are shown in Fig. 11. Fig. 11(a) illustrates the 
asphaltene trajectory density contour for asphaltene in pure toluene 
solvent, Fig. 11(b) asphaltene trajectory density contour for asphal-
tene in toluene-reline DES, Fig. 11(c) shows the asphaltene trajectory 
density contour for asphaltene in toluene-glyceline DES and Fig. 11(d) 
shows density contour for asphaltene in toluene-ethaline DES. It is ev-
ident from the density contour shown in Fig. 11(a) that the density of 
asphaltene molecules is spread across the cubic box because of the sol-
uble nature of the asphaltene in toluene, the maximum intensity of the 
contour, i.e., the red colour is shown all over the box. On the other 
hand, the aggregation of asphaltene is visible in Figs. 11 (b), (c) and (d) 
upon addition of the respective DES, i.e., S1, S2 and S3. We observed 
the formation of slightly delocalized asphaltene aggregates with the ad-
dition of the DES in the asphaltene-toluene mixture, as can be seen in 
Figs. 11 (b), (c) and (d). Based on the trajectory density contours, the 
glyceline performance is found to be superior as more localized asphal-
tene aggregates are observed in Fig. 11(c) in comparison to reline and 
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ethaline.
The asphaltene trajectory density contours for asphaltene-n-heptane-
DES mixture are shown in Fig. 12. Fig. 12 (a) illustrates the asphaltene 
trajectory density contour for asphaltene in pure n-heptane solvent, 
Fig. 12 (b) shows the asphaltene trajectory density contour for asphal-
tene in n-heptane-reline DES, Fig. 12 (c) shows the asphaltene trajectory 
density contour for asphaltene in n-heptane-glyceline DES and Fig. 12
(d) shows density contour for asphaltene in n-heptane-ethaline DES. It is 
evident that because of the formation of the aggregates in n-heptane lo-
calized asphaltene aggregates are noticed in Fig. 12 (a). Upon addition 
of reline, glyceline and ethaline, we noticed that aggregate formation 
is further pronounced. The performance of glyceline is found to be su-
perior in separating asphaltene from the n-heptane followed by reline 
and ethaline as evident in the figure which shows localized asphaltene 
aggregates denoted by the maximum contour density.

5. Conclusion

This work investigated the asphaltene aggregation and separation 
from two organic solvents, i.e., toluene, and n-heptane, using three 
DESs, i.e., reline, ethaline and glyceline. We employed a combination of 
experimental techniques such as densitometer, optical microscopy and 
FTIR, and MD simulations to characterize pure DESs and observe the 
extent of separation of asphaltenes in different combinations of solvent 
and DESs. The optical microscopy images show a distinct separation of 
asphaltene in n-heptane, with S1 performing the best at low concentra-
tions of 0.1 mL. The optical images of DESs in the toluene - asphaltene 
solution also suggest a satisfactory aggregation, with S2 forming the 
highest concentration of aggregates. Further, we observed the forma-
tion of partial gel-type aggregates in the DES phase. The results of FTIR 
spectroscopy highlight the changes in functional groups of asphaltene 
- solvent - DES systems as compared to their pure constituents. Im-
portantly, an increase in peak intensities is attributed to the presence 
of aggregates in the DES phase. MD simulations support the experi-
mental observations in quantifying the aggregation and separation of 
the asphaltenes from the toluene/n-heptane in the presence of DESs. A 
slightly lower end-to-end distance and persistence length of asphaltene 
was observed for n-heptane, indicating that the asphaltenes were stable, 
implying better aggregation characteristics than toluene. The diffusion 
coefficient of asphaltene was lowest in the n-heptane - reline mixture 
compared to the toluene - glyceline/reline mixture due to the maximum 
separation of asphaltene from n-heptane. These observations were fur-
ther validated by the trajectory density contours, which showed the 
formation of large and localized asphaltene aggregates in the presence 
of the DES in n-heptane and delocalized aggregates in toluene-based 
systems. The density contours of asphaltene - n-heptane - S1/S2 showed 
the formation of the smallest and densest clusters than those in S3, in-
dicating maximum aggregation and separation, which agree with our 
experimental observations.

Overall, we observed that all three DESs were able to precipitate 

and eventually separate asphaltene that was dissolved in toluene, with 
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Fig. 11. The trajectory density contours for (a) asphaltene in pure toluene, (b) asphaltene in toluene- S1 DES, (c) asphaltene in toluene-S2 DES, (d) asphaltene in 
toluene-S3 DES are shown in the figure. Dark red colour denotes the maximum trajectory density (in g/cm2), whereas the dark blue colour denotes the minimum 
trajectory density (in g/cm2).

Fig. 12. The trajectory density contours for (a) asphaltene in pure n-heptane, (b) asphaltene in n-heptane- S1 DES, (c) asphaltene in n-heptane-S2 DES, (d) asphaltene 
in n-heptane-S3 DES are shown in the figure. Dark red colour denotes the maximum trajectory density (in g/cm2), whereas the dark blue colour denotes the minimum 
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trajectory density (in g/cm2).
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glyceline inducing maximum aggregation compared to reline and etha-
line. Aliphatic organics like n-heptane have an opposing effect on the 
solubility of asphaltenes compared to toluene. Asphaltenes were spon-
taneously separated into the DES phase upon the addition of volumes as 
low as 0.1 mL in n-heptane, with reline causing maximum separation, 
evident from the saturation of aggregated asphaltenes in DES phase. 
Changes in the HBD and DES volumes, thus have a profound effect on 
the extent of asphaltene separation from aliphatic and aromatic organic 
solvents.
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