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a b s t r a c t

Heavy crude oil (HCO) production, processing, and transportation forms several practical challenges to
the oil and gas industry, due to its higher viscosity. Understanding the shear rheology of this HCO is
highly important to tackle production and flow assurance. The environmental and economic viability of
the conventional methods (thermal or dilution with organic solvents), force the industry to find an
alternative. The present study was constructed to investigate the effect of eco-friendly ionic liquids (ILs)
on the HCO's rheology, at high temperature and high pressure. Eight different alkyl ammonium ILs were
screened for HCO's shear rheology at the temperatures of 25e100 �C and for pressures 0.1e10 MPa. The
addition of ILs reduced the HCO's viscosity substantially from 25 to 33% from their original HCO viscosity.
Also, it aids to reduce the yield stress to about 15e20% at all the studied experimental conditions.
Furthermore, the viscoelastic property of the HCO was studied for both strain-sweep and frequency-
sweep and noticed the ILs helps to increase HCO's loss modulus (G00) by reducing storage modulus
(G0), it leads to the reduction of the crossover point around 25e32% than the standard HCO. Mean the ILs
addition with HCO converts its solid-like nature into liquid-like material. Besides, the effect ILs chain
length was also studied and found the ILs which has lengthier chain length shows better efficiency on the
flow-ability. Finally, the microscopic investigation of the HCO sample was analyzed with and without ILs
and witnessed that these ILs help to fragment the flocculated HCO into smaller fractions. These findings
indicate that the ILs could be considered as the better alternative for efficient oil production, processing,
and transportation.

© 2021 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).

1. Introduction

Two third of the depleted reservoir's trapped oil remains un-
recovered even after primary and secondary recovery processes
[1,2]. The complex nature of the heavy crude oil (HCO) burdens its
production, processing, and transportation facilities by reducing its
flow-ability [3]. Typically, the higher extent of resins and

asphaltenes in the HCO, flocculation/aggregation occurs with the
polar fraction of the remaining HCO and makes it further heavier. It
affects their flowing capacity in different regimes of the oilfield
industry, such as impeding the HCO mobility from reservoir to
wellbore, deposition at near-wellbore (skin formation) during
production, and pipeline deposition in the course of oil trans-
portation [4e9]. According to the American Petroleum Institute
(API), the oil which has the API gravity � 10 is considered as non-
mobilizable oil due to its heavily viscous nature. Hence, the up-
stream oil and gas industry are hassled to overcome multifaceted
operational challenges due to the complex nature of the sub-
stituents present in HCO [10]. It is, therefore, essential to increase
the flow capacity to a certain extent to enable flow assurance.

Rheology is the basic tool, which is being commonly used to
understand fluid flow resistance and deformation of thematter. It is
also used to measure the viscoelastic behavior of the fluid
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properties, particularly during the amplitude sweep and frequency
sweep. Measuring both the viscous, (storage modulus (G0)) and
elastic (loss modulus (G00)) nature of the substance, is more
important in the oilfield applications, which will be studied under
extended temperature, pressure and salinity conditions, to mimic
the realistic reservoir condition property. Based on these useful
data, the hardcore fluid transportation, such as pipeline trans-
portation through the sea, desert, etc., can be performed to ensure
the regular flow when varying temperature and pressure between
region to region as well as from surface to pipeline conditions.

Heat treatment, chemical methods such as dilutionwith light oil
or solvents (toluene), emulsification with the assistance of the
surfactants or polymers are the typical flow improving methods
used by the upstream and downstream industry. The upstream
production sector achieves good mobility of heavy and extra heavy
crude oil by using steam injection and microbial flooding methods
to reduce the oil viscosity [4,11e13]. Asphaltenes and resins in the
HCO tend to lose their intramolecular interactions on increasing the
system temperature and enabling better oil mobility towards the
production well. The same phenomenon can assist the oil trans-
portation facilities to reduce the oil viscosity and for ease of
pumping. However, the main drawback of this method is the
requirement of more heat energy generation and, consequently,
tackling heat loss will be another tedious task due to non-uniform
heat transportation within the reservoir, especially at long distance
porous media/wellbore/pipelines [4,11]. In the case of the microbial
enhanced oil recovery method, the long-chain hydrocarbon in the
reservoirs tends to undergo degradation over time, when injecting
the microorganism into the oil reservoir. After the saturation point,
most of the lengthier chain hydrocarbons would be converted into
short-chain hydrocarbon with lesser viscosity, which will be easier
to flow through the porous media towards the production well.
However, the stability of the microorganism is not that great at
reservoir conditions, particularly at high temperature and high
pressure [14]. Yet another alternative for these thermal/microor-
ganism methods is emulsification, wherein the oil is dispersed in
the continuous water phase, causing a reduction in the ratio of
shear stress to a shear rate of non-Newtonian fluid (apparent vis-
cosity). Typically, conventional surfactants are being used for these
emulsification processes and, conversely, their stability is yet to be
studied well, since most of the surfactants fail at reservoir condi-
tions of high temperature, pressure, and salinity [9,11]. Though
many researchers are still working on the development of novel
surfactants that are stable at high-temperature high-pressure
conditions, their scalability, retention, and cost of the surfactants
remain unaddressed to date.

Ionic liquids (ILs) are organic molten salts with an organic cation
and anion with poor coordination and they are found to be in a
liquid state at/below 100�C [15,16]. They possess strong physico-
chemical properties such as, low melting point, non-flammability,
negligible vapor pressure, etc., due to which they are studied in
various sector of oil and gas industry, such as biomass conversion,
bitumen recovery, asphaltenes degradation, pipeline deposition,
bitumen recovery, desulphurization, etc [17e33]. Also, the ILs could
be structure tuned based on the required physicochemical prop-
erties, by altering the chemical structure of cation and anion.
Moreover, these ILs could be recycled using a minimum quantity of
water and can be reused innumerable times. In our prior studies,
we attempted to use different types of ILs for tank bottom sludge
dissolution and oil/water interfacial alteration studies, in which we
executed the recovery and re-usage of ILs number of possible times
[20].

Recently, several researchers studied the possible applications
of ILs in various areas of the oil and gas industry [6,17e20,22e33].
Asphaltenes dissolution using two imidazolium-based ILs, 1-butyl-

3-methylimidazolium chloride ([BMIM]þ[Cl]-) and 1-butyl-3-
methylimidazolium aluminum tetrachloride ([BMIM]þ[AlCl4]-)
have been studied and found that ILs aid to enhance the asphal-
tenes dissolutions more significantly with the minimal quantity of
ILs [25]. Shaban et al. (2014) studied the heavy oil upgradation at
high temperature (70e90�C) using ILs, [BMIM]þ[Cl]- and
[BMIM]þ[FeCl4]- and noticed a significant reduction of oil viscosity
with the addition of IL, particularly the IL, [BMIM]þ[FeCl4]-

enhanced oil flow property more substantially than the other IL.
Also, it was witnessed that ILs help to reduce the sulfur content
(desulphurization) of the heavy oil, making possible interaction
with the sulfur present in the heavy oil fraction and later weak-
ening of the CeS bond and stronger interaction of the IL-S bond of
the heavy oil fraction occurred [6].

In the same way, Painter et al. (2010) studied the use of some of
the imidazolium-based ILs on the bitumen recovery process, in
which the researcher studied the dissolution of bitumen with the
addition of organic solvents with and without ILs and found the IL
added system enhanced the bitumen solubility to a greater extent
than the organic solvent alone system [22]. Similarly, the reduction
of the oil viscosity was also studied few researchers, particularly the
author Fan et al. (2007) studied the efficacy of the ILs,
[Et3NH]þ[AlCl4]-, [Et3NH]þ[AlCl4]-Ni2þ, [Et3NH]þ[AlCl4]-Fe2þ and
[Et3NH]þ[AlCl4]�Cuþ on the heavy oil viscosity at the room tem-
perature condition and found significant improvement of the heavy
oil flowability with the addition of ILs. Noticeably the IL,
[Et3NH]þ[AlCl4]-Ni2þ found to be more prominent among the
studied ILs. Additionally, these ILs also reduced the asphaltenes
content substantially [25]. It would have been more useful if the
author could have conducted these experiments at high pressure
and high temperature to understand their efficiency at the reser-
voir condition. Hu and Guo (2005) studied for the first time, the
effect of some pyridinium ILs for asphaltenes dissolution, wherein
the author studied the effect of alkyl chain length as well as the
effect of various anionic species and their charge densities. It has
been experimentally witnessed that the ILs with a higher charge
density of anion with a lower charge density of the cation was
found to be more efficient to reduce the asphaltenes precipitation
(asphaltenes dissolution) [34]. Also, it is being observed better ef-
ficiency with a higher concentration of the ILs (0.5e5 wt%) on the
reduction in asphaltenes precipitation, however, a high concen-
tration of the ILs usage is not found to be economically viable. This
may be attributed due to the more/sufficient number of ILs avail-
ability for the possible electrostatic interactions with asphaltenes
moiety, which will reduce the asphaltenes aggregation structure
more substantially.

In our recent past, we have studied a variety of ionic liquids from
different groups, such as imidazolium, alkylammonium, hydrox-
yalkyl ammonium butyro lactam, and caprolactam for various ap-
plications like sludge/pipeline removal, oil/water interfacial
reduction, corrosion inhibition, and wettability alterations, etc. It
was noticed the lengthier alkyl chain and/or bulkier ring containing
ILs works more efficiently in our studies [17e20,26e33]. Obviously,
it was noticed very limited studies on the evaluation of ILs on the
heavy oil's rheology characteristics. It is being witnessed from the
literature review, that ILs have the capability to improve the flow-
ability of the heavy crude oil. However, most of these studies were
carried out under low temperature and pressure and failed to
address the viscoelastic behavior of the heavy oil. To mimic the
realistic reservoir condition, it is necessary to perform the experi-
mental tests at high pressure and high temperature. In this regard,
in the present study, we have attempted to study the effect of eight
different alkyl ammonium-based ionic liquids on the viscoelastic
(rheological) behavior of the heavy crude oil at high pressure and
high temperature (HPHT). Particularly, this study aims to
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understand the viscoelastic behavior of heavy crude oil using
amplitude sweep and frequency sweeps, such as storage modulus
(G0) and loss modulus (G00) with and without the addition of ILs at
various temperatures (25, 50, 343.15 and 100 �C) and pressures (0.1,
0.25, 0.5, 7.5 and 10 MPa). This study also investigates the effect of
alkyl chain length and different anionic moieties of the ILs on the
HCO rheological behavior. The concentration of the IL is set to be
5000 ppm based on the previous determination of critical micellar
concentration [30]. In addition to this, the present study is also
exploring the microscopic characterization of different ILs on the
heavy crude emulsion. Understanding the rheology of this HCO
with the addition of ILs would help to increase oil production as
well as to improve the flow properties of the fluid.

2. Experimental section

2.1. Materials: heavy crude oil and ionic liquids

The present study uses heavy crude oil with the SARA compo-
sition of Saturates ¼ 36.2%, Aromatics ¼ 50.0%, Resins ¼ 11.0%,
Asphaltenes ¼ 2.8%. The physicochemical properties of this heavy
crude oil sample, such as API gravity, density, surface tension, and
interfacial tension are summarized in Table 1.

The standard uncertainties are u(density) ¼ 0.001 kg/m3,
u(surface/interfacial tension) ¼ 0.03 mN/m.

In this study, there are eight different ammonium-based alkyl
ammonium ionic liquids synthesized based on the existing litera-
ture [35], with the simple acid-base neutralization approach and
studied their effect on the heavy crude oil rheology. They are listed
in Table 2 as, namely, Diethylammonium phosphate
[Et2NH2]þ[H2PO4]-, Diethylammonium sulfate [Et2NH2]þ[HSO4]-,
Triethylammonium acetate [Et3NH]þ[CH3COO]-, Triethylammo-
nium tetrafluoroborate [Et3NH]þ[BF4]-, Triethylammonium phos-
phate [Et3NH]þ[H2PO4]-, Triethylammonium sulfate
[Et3NH]þ[HSO4]-, Tripropylammonium sulfate [Pr3NH]þ[HSO4]-

and Tributylammonium sulfate [Bu3NH]þ[HSO4]-. Prior to use, the
synthesized ILs were purified/dried enough (up to 72 h) using the
vacuum setup at the temperature of 353 K to ensure the ILs are free
of impurities/moisture and were screened through 1H nuclear
magnetic resonance (1H NMR: Bruker Avance 500 MHz spectrom-
eters) spectroscopy using DMSO/CDCl3 solvents to identify their
chemical structures. Thereafter, Analab Karl Fischer Titrator was
employed to quantify the water content of the synthesized ILs and
found that it was below 1000 ppm for all the dried ILs. Subse-
quently, the surface and the interfacial phenomenon of the crude
oil, IL solutions and oil/water systems were studied with the use of
Dynamic Contact Angle Tensiometer (Dataphysics DCAT 11 EC,
Germany), wherein the Wilhelmy platinum-iridium plate was used
as the probe/sensor to measure the surface/interfacial tensions.

2.2. Rheological studies

2.2.1. Viscosity measurements
Anton Paar Modular Compact Rheometer (MCR 52, Physica,

Austria) was employed to study the viscosity/rheological behavior

of the heavy crude oil with and without ILs at various temperatures
and pressures. A double gap geometric concentric cylinder
measuring system (model no. DG35/26,483) was used as the
sample holder to establish greater availability of contact area be-
tween the sample and the surface of the geometry, thereby,
providing high torque resolution for the test. A hollow gap of the
bigger cylinder accommodates the small hollow cylinder and the
intermediate gap holds the sample. This system withstands a high
temperature (>423 K) and high pressure (up to 40 MPa). The
rheometer was fitted with an external water bath to circulate the
fluid at the desired temperature condition. Prior to beginning the
experiments, the geometry system was cleaned thoroughly using
different solvents (water/toluene/acetone) to ensure no contami-
nation. Meanwhile, the HCO or HCO þ IL samples were homoge-
nized (agitated with stirring as shown in Figure S1 for 2e3 h with a
constant speed, 240e250 rpm at the atmospheric condition) before
loading into the measuring system. Then, the desired experimental
conditions of temperature and pressure were set and allowed to
stabilize for 1 h.

Initially, the viscosity behavior of HCO samples at a varying
shear rate (0.1e1000 s�1) was screened with no ILs. For, this the
known quantity (2.35 g) of standard heavy crude oil sample was
placed into the double gap measuring geometry and sealed prop-
erly. The measuring system was then fit appropriately into the
rheometer and the desired experimental condition of temperature
and pressure was set for the system. Subsequently, this was per-
formed at different temperatures (25e100�C) and pressures
(0.1e10 MPa). Then, the different concentrations of ILs, such as, 0,
100, 250, 500, 5000, 10,000, 25,000 ppmwith HCOwas screened at
various temperatures (25, 50, 75 and 100�C) and pressures (0.1, 2.5,
5, 7.5, 10 MPa). Based on this, the optimal IL concentration for the
present study is set to be 5000 ppm., ie., 2.35 g of the
HCOþ11.75 mg of IL (0.5 wt% or 5000 ppm). Moreover, the used ILs
were recycled as we discussed in our previous study and reused as
well.

2.2.2. Viscoelastic measurements
Linear viscoelastic region (LVR) of the different fluid systems,

such as HCO and HCO + ILs were obtained by performing the strain
sweep measurements, by varying the strain amplitude from 0.1 to
100% with a fixed frequency of 10 rad s�1 [36]. Based on this, the
critical strain can be identified, by observing the change of the
storage modulus (G0) to non-linearity from linearity. Typically, the
constant behavior of the G0 at varying strain amplitude can be
considered as the linear viscoelastic region, and, in the region
above, the G0 curve tends to decrease nonlinearly when increasing
the strain amplitude [36]. Further, this linear viscoelastic region can
be used as the input for the measurement of the storage and loss
modulus of corresponding fluid systems in the frequency sweep
test. In the frequencymeasurements, their strain amplitudewas set
to be constant (viscoelastic region) with the changes in the fre-
quency from 0.1% to 100%. Due to the rheometer insensitivity below
1% of the strain/frequency sweep, all the results shown here start
from 1% of strain/frequency sweep. Moreover, all the experiments
shown here are repeated thrice to ensure reproducibility.

Table 1
Physicochemical properties of the heavy crude oil (HCO)þ.

No. of
trials

Composition Wax content
(%)

Density at 25�C (kg/
m3)

API
gravity

Water content
(%)

Surface tension at
80�C (mN/m)

Interfacial tension with pure water at
80�C (mN/m)

S
(%)

Ar
(%)

R
(%)

As
(%)

1 36.2 50.0 11.0 2.8 11.86 0.9979 11.55 2.354 54.58 23.52

þS: Saturates; Ar: Aromatics; R: Resins; A: Asphaltenes.
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2.3. Morphological investigations

In addition to the rheological study, the simple microscopic
investigation of the ionic liquids added oil emulsions (HCO + ILs)
was analyzed using a high-resolution inverted microscope (Leica
DMI3000B Inverted Microscope, Germany) to understand the
morphological behavior of the HCO + IL systems. The complete set
of this study was performed with a constant ratio of 1:0.1 of
HCO:ILs (wt/wt %). This HCO + ILs mixture was homogenized
thoroughly for 24 h using a magnetic stirrer agitator before they
were subjected to optical microscopic analysis.

3. Results and discussion

This study aims to investigate the effect of ionic liquids on the
shear rheological behavior of the HCO sample as a function of ILs
concentration, temperature, and pressure. Initially, this section
presents the discussion of shear rheological characterization of the
HCO with and without ILs. Secondly, it deals with the viscoelastic
properties of the HCO sample with and without ILs, such as yield
stress, storage modulus (G0), and loss modulus (G00). Lastly, the
microscopic investigation of HCO and HCO + IL systems were
studied to support the effect of ILs on the HCO's rheological
characteristics.

3.1. Shear rheological characterization

3.1.1. Standard heavy crude oil
Figure S2 shows the shear rheological behavior of the standard

heavy oil sample at varying shear rate from 0.1 to 1000 s�1, as a
function of temperature (25e100�C) and pressure (0.1e10 MPa).
Obviously, it is to be witnessed from Fig. S2, that this HCO behaves
as a non-Newtonian shear-thinning fluid with a considerable
reduction of the viscosity when increasing the shear rate

irrespective of the temperature and pressure. However, an increase
in the system pressure from 0.1 to 5 and 10MPa causes a significant
increment in the viscosity of the HCO system by reducing the fluid
mobility. The viscosity of the neat HCO sample was found to be
17,203 cP at the temperature of 25�C, in 0.1 MPa (as shown in
Table 3) and when increasing the system pressure to 10 MPa from
0.1 MPa, their viscosity has also been increased to 27,751 cP (61%
increase). This increase in fluid viscosity on increasing system
pressure is mainly attributed due to the reduction of the Brownian
motion of the fluid's molecules at high pressure (N2 gases would
tend to occupy the empty spaces which were availed before, and
now the system would behave to be tighter). Similar observations

Table 2
List of studied ionic liquids for this investigation.

Cation Anion Name Abbreviation

[H2PO4]- Diethylammonium phosphate [Et2NH2]þ[H2PO4]-

[HSO4]- Diethylammoniumsulfate [Et2NH2]þ[HSO4]-

[CH3COO]- Triethylammonium acetate [Et3NH]þ[CH3COO] -

[BF4]- Triethylammoniumtetrafluoroborate [Et3NH]þ[BF4] -

[H2PO4]- Triethylammonium phosphate [Et3NH]þ[H2PO4]-

[HSO4]- Triethyl ammonium sulfate [Et3NH]þ[HSO4]-

[HSO4]- Tripropylammoniumsulfate [Pr3NH]þ[HSO4]-

[HSO4]- Tributylammoniumsulfate [Bu3NH]þ[HSO4]-

Table 3
Viscosity data for HCO and HCO þ ILs at the shear rate of 1 s�1, as a function of
pressure and temperature.

System Pressure (MPa) Temperature (�C)/Viscositya

(cP)

25 50 75 100

Heavy Crude oil (HCO) 0.1 17,203 1589 253 63
5 22,555 2055 329 79
10 27,751 2459 345 89

HCOþ[Et3NH]þ[HSO4]- 0.1 13,254 1289 210 53
5 19,854 1604 278 58
10 24,587 2015 295 61

HCOþ[Pr3NH]þ[HSO4]- 0.1 12,500 1265 204 52
5 17,859 1548 261 56
10 23,598 1985 288 60

HCOþ[Bu3NH]þ[HSO4]- 0.1 12,001 1165 198 50
5 16,958 1458 245 52
10 22,458 1895 265 55

HCOþ[Et2NH2]þ[H2PO4]- 0.1 14,754 1411 266 61
HCOþ[Et2NH2]þ[HSO4]- 0.1 13,711 1355 245 58
HCOþ[Et3NH]þ[CH3COO] - 0.1 13,596 1328 234 58
HCOþ[Et3NH]þ[BF4] - 0.1 13,685 1345 236 56
HCOþ[Et3NH]þ[H2PO4]- 0.1 13,459 1304 229 59

a ¼ viscosity (at shear rate of 1.0 s�1).
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were found in other cases as well with an increase in system
pressure. Similarly, the effect of temperatures was also screened
from 25 to 100�C with a 25�C interval. It is to be noticed that neat
HCO's viscosity has been declined more enormously when
increasing system temperature from 25 to 100�C at a constant
pressure of 0.1 MPa. For example, the standard HCO has been found
to have the viscosity 17,214 cP at 25�C, when increasing the tem-
perature to 50, 75 and 100�C, their viscosity has been reduced as
1589, 253 and 63 cP respectively (see Table 3). Typically, when
increasing system temperature, their chemical bond length gets
increased with increased vibrations, followed by which the physi-
cochemical interactions between the oil molecules get suppressed,
which means that the molecules get increased thermal energy and,
thus, they are free to move faster than before. Also, the heavier
fraction (high molecular weight compounds), such as asphaltene,
resin, and bulkier aromatics will tend to lose their aggregation and
this helps in the reduction of the viscosity and easy flow of the
fluids [37]. Overall, the temperature and pressure dependency of
the standard HCO is depicted in Fig. 1, for the constant shear rate of
1000 s�1. Irrespective of the system temperature there is always a
minor enhancement in the viscosity observed when increasing the
system pressure as depicted in Fig. 1.

The standard uncertainties are u(T) ¼ 0.1 K, u(P) ¼ 0.01 MPa,
u(viscosity) ¼ 2 cP.

3.1.2. Effect of ILs on the viscosity of heavy crude oil
This study deals with the effect of eight different alkyl

ammonium-based ionic liquids screened for the shear rheological
property of HCO and validated their efficiency towards enhancing
the flow property. In the beginning, one particular IL,
[Bu3NH]þ[HSO4]- with HCO was studied with different concentra-
tion of IL, such as 0, 100, 250, 500, 5000, 10,000, and 25,000 ppm as
shown in Figure S3, and from this, the optimum concentration of
the IL has been set as 5000 ppm for the subsequent studies. Fig. 2
shows the effect of different cationic moieties of the ILs with the
same anion, such as [Et3NH]þ[HSO4]-, [Pr3NH]þ[HSO4]- and
[Bu3NH]þ[HSO4]- on the shear rheological behavior of standard
HCO. Wherein 5000 ppm of ILs was screened with standard HCO as
a function of temperature (25, 50, 75 and 100�C) and pressure (0.1,
2.5, 5 and 10 MPa). It is noticed from Fig. 2, the addition of ILs re-
duces the HCO viscosity more significantly irrespective of the type
of ILs, however, the lengthier alkyl chain containing ILs reduces the
system viscosity to a greater extent than the other ILs. The addition

of ILs, [Et3NH]þ[HSO4]-, [Pr3NH]þ[HSO4]�and [Bu3NH]þ[HSO4]-

with HCO reduced the oil's viscosities as 13,254, 12,500, 12,001 cP
from the standard value of 17,203 cP at 25�C and 0.1 MPa (see
Table 3). It can be noticed that the addition of ILs reduces the vis-
cosity to around 23e30% from their original value. Besides, as ex-
pected the increase in system pressure increases the fluid viscosity
and the increase of the system temperature decreases the fluid
viscosity as discussed in the previous section. However, the
reduction of viscosity is found to be more in lower pressure
(0.1 MPa) and in higher temperatures (35,315-100�C) (see Table 3).
Analogously, the effect of various anionic moieties of the ILs such as
[HSO4]-, [H2PO4]-, [CH3COO]-, [BF4]- with the same cationic moiety
[Et3NH]þ, was also screened with standard HCO at 0.1 MPa in 25�C
(see Table 3). It is to be noticed that the anionic species, [HSO4]-

works better than the other studied anions. The anions [CH3COO]-

and [BF4]- show the least performance on the HCO viscosity
reduction than the other two studied anions. Overall, it provides
the trend as: [HSO4]- > [H2PO4]- > [CH3COO]- > [BF4]- for the
measure of efficiency towards oil viscosity reduction. Moreover,
Fig. 3, shows the overall comparison of all the eight various ILs on
the reduction of HCO viscosity and their viscosity reduction per-
centage at the shear rate of 1000 s�1, for different temperatures and
pressures.

However, experimentally two major indications are being wit-
nessed. Firstly, the longer chain containing ILs reduces the HCO
viscosity more efficiently than the shorter chain containing ILs. This
could be attributed due to the higher hydrophobic nature of the
lengthier alkyl chain containing ILs ([Bu3NH]þ[HSO4]-) than the
shorter alkyl chain containing ILs ([Et3NH]þ[HSO4]-). When
increasing the hydrophobicity of the ILs, it would enhance the
possible van der Waals force of interactions (London dispersion
force) between alkyl chain of ILs with the alkyl chains of the crude
oil moieties, which leads to the possible reduction of HCO aggre-
gation of a heavier fraction of hydrocarbons, it is nonpolar-nonpolar
interaction or miscibility [30]. Identically, there could also be a
certain amount of polar-polar interaction possible between the
polar part of ILs (R3NH]þ) with the polar fraction of crude oils, such
as asphaltene and resins (Heteroatoms such as N, S, O). This could
inhibit the self-aggregation of the crude oils, such as asphaltene
precipitation. Moreover, in general, longer chain containing polar
ILs are found to be more suitable candidates to balance both the
hydrophobic-hydrophobic interaction of HCO-IL system (alkylic
hydrocarbon of HCO interaction with the alkyl moiety of ILs) and
polar-polar interaction of HCO-IL system (HCO's asphaltene/resin
interactionwith charged species of IL). Secondly, it also depends on
the anionic moiety of the ILs, wherein the ILs containing more
charge density anions such as, [HSO4]- are more prominent than
the other anionic moieties. However, it is to be understood that the
IL containing longer chain containing (hydrophobic) cation with
the combination of higher charge density containing anions is the
perfect choice for enhancing the flow property of HCO systems.

Basically, once the cation of the ILs gets developed interaction
with the heteroatoms of the HCO (asphaltene/resin), ILs tend to
retard the asphaltene aggregation (asphaltene precipitation) with
another asphaltene/resin/heavier fraction of HCO, whichmeans the
other fractions of HCO such as saturates/aromatics are free for ease
of flow. Mechanistically, the asphaltenes precipitation occurs
mostly by the p-p stacking, electrostatic acid-base interaction and
hydrogen bonding interaction between the crude oil systems, such
as heteroatoms (-S and/or eN) of asphaltene/resin units trying to
undergo the hydrogen bonding interaction with the other heavier
fraction of HCO's (asphaltene/resin) alcoholic moieties, such as (-S—
H—N-). With the addition of ILs, the anionic species of the ILs such
as, [HSO4]- tend to drawdown the hydrogen towards the anionicFig. 1. Effect of temperature and pressure on the viscosity (at a shear rate of 1000 s�1)

of the standard HCO.
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species of the ILs as, , eventually [HSO4]-—H interaction

will become stronger by weakening the -S—H/-N—H interaction
and followed by which it suppressed the possible asphaltene/resin
flocculation, it aids to reduce the viscosity of HCO þ IL system than
the neat HCO. As a result of these processes, the viscosity of the ILs
added HCO system is found to be lesser than the neat HCO.

Breaking the structural unit of the asphaltene/resin (hydrogen
bonding) molecules into smaller fractions by the addition of ILs
could be the main lead for the possible viscosity and density
reduction of the HCO [34,38]. The charges present in the broken
unit of the HCO's asphaltene/resin units could be surrounded by the
corresponding opposite charges from the ILs unit, similar to the
simple acid-base or electron donor-acceptors interactions [39].
However, suitable designing of the ILs with longer alkyl chains on
the cation and higher charge density on the anion could be
employed for successful oil flow in the oil and gas industries.
Particularly, this could be most suitable in tackling heavy crude oil
depositions, such as pipeline deposition and tank bottom deposi-
tion. This study can also be extended for the upstream enhanced oil
recovery and downstream oil processing in the refinery section.

3.2. Yield stress measurements

Yield stress (point) is defined as the minimum required stress to
deform the materials plastically and below which the material
deforms elastically and regains to their original form when

releasing the limiting stress, whichmeans thematerial behaves as a
solid below the yield stress (limiting stress) [13,40,41]. To
comprehend the flow behavior of any fluid, it is essential to in-
crease applied stress above the yield stress (point) to ensure the
fluid flow [37]. Moreover, this section deals with themeasurements
of the yield stress of the HCO systems with and without ILs as a
function of temperature (25, 50, 75, and 100�C) at 0.1 MPa using the
Anton Paar Rheometer.

Stress-sweep curves (stress Vs strain) of the neat HCO and
HCO þ IL samples were generated using the previous viscosity
profile of the neat HCO and HCOþ IL systems. Fig. 4(aed) shows the
stress-sweep curves (stress Vs strain) relationship of the standard
HCO, HCOþ[Et3NH]þ[HSO4]-, HCOþ[Pr3NH]þ[HSO4]-, and HCOþ
[Bu3NH]þ[HSO4]- for four different temperatures (25, 233.15, 75,
and 100�C) at 0.1 MPa. No shear flow was noticed until the yield
stress was reached. It is also noted that the addition of ILs reduces
the yield stresses more significantly irrespective of their tempera-
ture and pressure, as shown in Table 4. However, at higher tem-
peratures, the flow of the system sets in a bit early than at lower
temperatures, whereas at increasing the pressure, the flow of the
system gets delayed than at lower pressure. As seen in Fig. 4 and
Table 4, the yield stress of the clean standard HCO was found to be
1.55 Pa at 25�C and it gets dropped to 1.12 Pa when increasing the
temperature of the system to 100�C. Thereafter, the addition of
5000 ppm of ILs, [Et3NH]þ[HSO4]-, [Pr3NH]þ[HSO4]�and
[Bu3NH]þ[HSO4]- with standard HCO was evaluated and the yield
stress is found to be reduced from 1.55 to 1.05, 1.04, and 1.02 Pa,
respectively. However, it is noticed that the addition of ILs with
standard HCO reduced the required applied stress to begin the

Fig. 2. Shear rheological behavior of the HCO and HCO þ ILs at different temperatures in 0.1 MPa. (a) [Bu3NH]þ[HSO4]-, (b) [Pr3NH]þ[HSO4]-, (c) [Et3NH]þ[HSO4]-. HCO (25 �C);
HCO þ IL (25�C); HCO (50�C); HCO þ IL (50�C); HCO (75�C); HCO þ IL (75�C); HCO (100�C); HCO þ IL (100�C).
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fluid's steady flow. Nevertheless, it is to be understood clearly, that
the ILs enhance the ease of fluid flow than the neat HCO system.
However, the effect of temperature and pressure on the yield point
seems to follow the same trend as we have noticed in the previous
section (3.1.1) of shear rheological behavior of the HCO and/or
HCO þ IL systems.

It is also noticed from Fig. 4(aed), that a slight variation on the
yield stress was experienced for all the systems of HCO and
HCO þ ILs at the shear rate from 0 to 8-12 s�1. Probably, this could
be attributed due to the insufficient magnitude of the applied stress
at the region of 0e12 s�1. During this time, the applied stress was
not enough to deform the HCO's physical structure, which could
have improved the fluids' flow-ability [42,43]. However, when
increasing the shear rate of more than 12 s�1, it shows increased
flow-ability with a non-linear increase of the yield stress, for both
the HCO and HCO þ ILs systems. Measuring the yield stress more
accurately seems to be the toughest task for these HCO and
HCO þ ILs systems due to the lower magnitude of the applied
stresses below 12 s�1. Moreover, the measured yield stress is found
to have uncertainties of 2e4%, even though it has good application
values in the oilfield industries.

3.3. Dynamic viscoelastic properties of HCO and HCO þ IL solutions

Investigating the viscoelastic properties of the non-Newtonian
fluids such as HCO and HCO þ ILs mixture is the essential phe-
nomena to understand fluid movement in porous media (reser-
voirs). Moreover, it is a kind of dynamic testing method, since the
measurement is performed during the fluid's movement. The
oscillating stress and/or strain was studied for the HCO and
HCO þ ILs, which leads to measure the viscoelasticity of the fluids
under motion. Principally, this dynamic oscillatory test calculates
the elasticity when varying the strain and reveals the maximum
tolerance of the strain before the sample undergoes shear thinning.
Storage or elastic modulus is referred to as G0, which refers to the
amount of stress-energy that is stored temporarily during the
measurement, and, can be reversed/recovered. Similarly, the Loss
or viscous modulus is labeled as G00, is the amount of energy that is
required to commence the fluid flow, i.e., the energy is dissipated
instead of getting stored, and, moreover, is an irreversible process.
However, this viscoelasticity occurrence is the representation of
how fluids interact within the sample (HCO) and with ILs, thereby,
measuring the physical and structural changes of the HCO sample
on ILs addition. Also, the effect of temperature and pressure was
also studied in detail.

3.3.1. Standard heavy crude oil
At the beginning of the viscoelastic study, the strain-sweep

measurements of the standard HCO sample were performed.

Dynamic shear rheological property of storage (G0) and loss
modulus (G00) of the standard HCO was studied as a function of
temperature and pressure. Fig. 5(aed), shows the viscoelastic
moduli of the strain-sweep measurements of the standard HCO
sample at different temperatures (25, 233.15, 75, and 100�C) and
pressures (0.1, 2.5, 5 and 10 MPa). It is noticed from Fig. 5a, the
measured viscoelastic moduli (strain sweep) of the standard HCO
was found to be G' z 11.1 and G" z 7.02 Pa (at the strain around
1.5%) at 25�C, and in 0.1 MPa. It is the indication that the HCO
system represents more solid behavior in this condition. Strain
dependence of this standard HCO was also monitored from 1 to
100% strain, at the same experimental condition (at 25�C and in
0.1 MPa), wherein the linear viscoelastic region was observed
approximately from 1.5 to 20%, thereafter, its G0 decreased gradu-
ally, which may be due to relaxation and extrication of HCO's
molecules. On the other hand, the measurement of the loss
modulus (G00) was found to have a minor drop in the beginning
(from 1.5 to 2.5% of the strain), but, further, got maintained to reach
the plateau of up to 20% of the stain, and, thereafter, augmented
steadily as expected. Overall, Fig. 5a is implicit that the standard
HCO exhibits viscoelastic behavior, wherein the major parts of the
curve show the elasticity and the rest depict liquid nature at higher
strain amplitude. Crossover frequency or the gel-point of this study
was identified at around 45% of the applied strain amplitude.

Measurement of the viscoelasticity of the standard HCO at high
pressure revealed more of elasticity behavior. As shown in Fig. 5a,
the storagemodulus of the standard HCOwas found to be increased
to a larger magnitude as 21.1, 124.3, 145.1, 160.4 Pa (at 1.5% strain)
when increasing the system pressure continuously as 2.5, 5, 7.5, and
10 MPa, respectively, at the constant system temperature of 25�C.
For the pressure of 2.5 MPa, the storage modulus is found to be
almost constant with minor reduction at the end of the strain
amplitude, however, the loss modulus was also found to be con-
stant until around 20e30% of the applied strain, thereafter, it tends
to steep up and reached the gel-point with the crossover frequency
of 95% of the applied strain. For the other studied pressure
dependence of 5, 7.5, and 10 MPa, no considerable change in the
storage and loss modulus (G0 and G00) was noticed while increasing
the applied strain amplitude, and, also, no crossover was observed.
Though it is noticed that G0 is always found to be higher than the G00

of the standard HCO at the increased system's pressure of 5, 7.5 and
10 MPa, the constant plateau behavior throughout the applied
strain (1e100%) is observed due to more of solid nature of the
sample [44]. It is an indication that the applied strain amplitude is
not enough to make the structural changes (deformation) of the
standard HCO at this high pressure as compared to 0.1 MPa since
the sample behaves more like solid. A similar pressure dependence
study was performed with an increase in temperature and pre-
sented in Fig. 5b, c, and 5d.

Fig. 3. (a) Effect of ionic liquids (5000 ppm) on the viscosity of HCO (at a shear rate of 1000 s�1) as a function of temperature at 0.1 MPa. (b) Effect of different ionic liquids
(5000 ppm) on HCO, and their viscosity reduction efficiency at 25 �C, in 0.1 MPa.
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In addition to the pressure effect, the temperature dependence
of the standard HCO was also studied using the same strain sweep
analysis and presented in Fig. 5aed. As mentioned in the experi-
mental section, four different temperatures (25, 50, 75, and 100�C)
were studied for this analysis. For each temperature of 25, 50, 75,
and 100�C, the pressure dependence was also studied and pre-
sented in Fig. 5a, b, 5c, and 5c respectively. An increase in

temperature tends to reduce both the G0 and G00 more significantly
in magnitude irrespective of the system's pressure. At 50�C and
0.1 MPa, it was observed that their crossover frequency (G' z G00)
was around 9.1% of the applied strain amplitude (see Fig. 5b). For
2.5 MPa pressure of the same system, the crossover frequency at
around 40% was observed since higher the pressure, higher is the
tendency of the material to become more like a solid. For the other
studied pressures, 2.5, 5, 7.5, and 10 MPa, there is no crossover
occurrence, due to their increased solid behavior. For the increased
system's temperature to 75 and 100�C, no crossover frequency was
witnessed and with increased loss modulus than storage modulus
at 0.1 MPa, the system behaved more of liquid-like material (G00 is
higher than G0). However, when increasing the pressure of the
system at 75�C, a crossover at around 10, 10.5, 11% of strain was
noted for the pressures 5, 7.5 and 10 MPa, respectively. For the
temperature of 100�C, the system behaved completely liquid-like
(G00 is much higher than G0 values) irrespective of the pressure.

Additionally, frequency-sweep experiments were also carried
out for the same system of standard HCO, as a function of tem-
perature and pressure to support the strain-sweep experiments.
Frequency-sweep analysis of the standard HCO was performed, at
the LVE region of 1.5% of strain amplitude, (this linear viscoelastic
region was evaluated using the strain-sweep), as a function of
temperature (273.15e100�C) and pressure (0.1e10 MPa). Fig. 6aed
shows the measured frequency-sweep viscoelasticity of the stan-
dard HCO at four different temperatures and five various pressures.

Fig. 4. Plots of shear stress vs shear rate for standard (a) HCO, (b) HCOþ[Et3NH]þ[H2SO4]-, (c) HCOþ[Pr3NH]þ[H2SO4]- and (d) HCOþ[Bu3NH]þ[H2SO4]- sample as a function of
temperature (25e100�C) at 0.1 MPa.

Table 4
Yield stress values of the various systems of the HCO, HCO þ ILs at four different
temperatures in 0.1 MPa pressure.

Systems Temperature (�C) Yield stress (Pa)

HCO 25 1.55
50 1.45
75 1.22
100 1.12

HCOþ[Et3NH]þ[HSO4]- 25 1.05
50 0.92
75 0.88
100 0.86

HCOþ[Pr3NH]þ[HSO4]- 25 1.04
50 0.89
75 0.85
100 0.82

HCOþ[Bu3NH]þ[HSO4]- 25 1.02
50 0.88
75 0.82
100 0.80
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Fig. 6(a), shows the pressure dependence (0.1e10 MPa) of the
standard HCO's viscoelasticity test (frequency-sweep), at the tem-
perature of 25�C. The crossover frequency has been noticed for the
lower pressure of system (0.1 MPa), at around 11.2 rad s�1. This is in
line with the strain-sweep experiments. Also, their storage
modulus was found to be higher in value than the loss modulus at
the beginning of the experiments, however, it crossed at 11.2 rad$
s�1, then the loss modulus took lead due to the higher applied
frequency. When increasing the pressure to 2.5 MPa, the crossover
was found to move towards the right side, with the higher applied
frequency of 19.3 rad$s�1. Similarly, when increasing the pressure
further to 5, 7.5 and 10 MPa, it turned to a situation of no crossover
point with a higher value of storage modulus (G0) than the loss
modulus (G00), which confirmed the characteristic behavior of gel.
However, on increasing the applied frequency (>50 rad$s�1), the
lowering of their storage modulus was seen. It means that the
system behaves as viscoelastic at lower pressure and seems to
behave as a gel at increased pressures (5, 7.5 and 10 MPa).

Besides, temperature dependence (25e100�C) studies were also
carried out for the same system with five different pressures
(0.1e10 MPa) and it is displayed in Fig. 6(a)-(d). The crossover at
3.5 rad$s�1 was observed for the system of 0.1 MPa at 50�C (Fig. 6b),
which is slightly shorter than the same system at a lower temper-
ature (25 �C) (11.2 rad$s�1) (see Fig. 6(a)). At the same temperature
(50�C), with an increase in pressure of 2.5 MPa, the system showed
the crossover point at 19.08 rad$s�1, which is very close to their

previous temperature (25�C) value, though, slightly lower as ex-
pected. For the higher pressures (5, 7.5 and 10 MPa), the system
followed a similar trend as in Fig. 6(a). When increasing the sys-
tem's pressure from 0.1 to 10 MPa in Fig. 6b, their storage modulus
increases from 8.1 Pa (0.1 MPa) to 142 Pa (10 MPa), which means
the standard HCO is slowly transforming into a gel-like material,
and, eventually, getting solidified. Further increase of the temper-
ature of the system to 75 and 100�C, for 0.1 MPa, showed no
crossover point, and the loss modulus interaction had already taken
a lead over the storage modulus even at lower applied frequency.
However, the increase of the system's pressure (Fig. 6c and d),
causes an increase in the storage modulus followed by which oc-
curs the crossover point. Hence, the observed crossover point is to
be noted as 2.9 and 8.2 rad$s�1, for the pressure of 7.5 and 10 MPa,
respectively, at 75. Similarly, for the temperature of 100�C, their
crossover points were observed as 3.25 and 3.5 rad$s�1, for the
corresponding pressures of 7.5 and 10 MPa. Overall, it can be noted
from Fig. 6c and d, the material behaves more like a viscous sub-
stance (increased temperature), due to their lower relaxation and
extrication (molecules disconnection), which slowly turns to
viscoelastic when increasing system's pressure (7.5 and 10 MPa).
On comparing all the four temperatures from 25 to 100�C
(Fig. 6aed), it can be understood that on increasing the system's
temperature, their storage modulus value is gradually decreasing
and their loss modulus steeply increases. The reverse is evident
upon increasing the system's pressure.

Fig. 5. Strain-sweep measurements (G0 and G00) of HCO at various temperatures and pressure of 0.1, 2.5, 5, 7.5, and 10 MPa. G' (solid symbols) and G" (open symbols).
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As a summary, at higher temperature's (75 and 100�C), and at
lower frequencies the system behaves more of viscoelastic by the
appearance of both G0 and G00 and when increasing the system's
frequency more than 5e8 rad$s�1, it acts like a viscous fluid due to
domination of increased loss modulus (G00). Fig. 7, depicts the
temperature dependence (25e100�C) of the HCO's viscoelasticity
over various pressures (0.1e10 MPa). It is noticed from Fig. 7 that
the appearance of viscoelasticity (crossover point) is observed to be
at a lower temperature (320e340 K) for the lower's system pres-
sure and which is increased to 360e370 K when increasing the
system's pressure to 10 MPa. The changes of the elastic property to
viscous (solid-like to liquid-like) nature of the HCO occurred
(where G' z G00), at around 331, 337, 357, 365 and 370 K, for the
various pressures of 0.1, 2.5, 5, 7.5 and 10MPa, correspondingly (see
Fig. 7). Mostly at a lower temperature, the HCO behaved as elastic
(more of storage modulus than loss modulus), and when increasing
the temperature, it turned viscous (more of loss modulus than
storage modulus) irrespective of the pressure. It occurs due to the
viscosity/extrication reduction of the HCO systems over tempera-
ture. Moreover, the frequency-sweep experiments are in line with
the strain-sweep experiments and confirming the effect of tem-
perature and pressure on the viscoelasticity.

3.3.2. Effect of ILs on the dynamic viscoelasticity of heavy crude oil
Dynamic viscoelasticity (G0 and G00) of the HCOwith the addition

of different alkyl ammonium-based ionic liquids were also studied
for both the strain-sweep and frequency-sweep analysis. This was

intended to understand the effect of ionic liquids on the shear
rheological behavior of the HCO over the ILs addition. This would
help us understand the flow property of the HCO fluids with and
without ILs at high temperature and high salinity. Fig. 8aeh, shows
the effect of eight different alkyl ammonium ILs (5000 ppm or
0.5 wt %), on the standard HCO's shear rheological viscoelasticity

Fig. 6. Frequency-sweep measurements (G0 and G00) of HCO at various temperatures and pressure of 0.1, 2.5, 5, 7.5, and 10 MPa. G' (solid symbols) and G" (open symbols).

Fig. 7. Effect of temperature (25e100�C) on G0 (solid symbols) and G00 (open symbols)
of the standard HCO systems at the pressures of 0.1, 2.5, 5, 7.5 and 10 MPa.
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Fig. 8. Strain-sweep measurements (G0 and G00) of HCOþ ILs for eight different ILs, in various pressures ( G0 and G00 at 0.1 MPa; G0 and G00 at 5 MPa; G0 and G00 at 10 MPa)
at 25�C.
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(strain dependence) at 25�C and at five various pressures (pre-
sented only three pressures (0.1, 5 and 10 MPa) for the better
clarity). It is noticed that the addition of ILs, [Et2NH2]þ[H2PO4]-,
[Et2NH2]þ[HSO4]-, [Et3NH]þ[CH3COO]-, [Et3NH]þ[BF4]-,
[Et3NH]þ[H2PO4]-, [Et3NH]þ[HSO4]-, [Pr3NH]þ[HSO4]- and
[Bu3NH]þ[HSO4]- to the HCO reveals a clear reduction of the
crossover point (viscoelasticity) to 42.7, 41.1, 41.46, 40.89, 28.19,
23.64, 9.4, and 5.3% of the strain amplitude correspondingly (see
Fig. 8aeh) for 0.1 MPa pressure. However, the observed viscoelastic
crossover points of the HCO þ IL mixtures are found to be much
lesser than the standard HCO's crossover point (45% of the strain
amplitude, see Fig. 5a). Irrespectively, the addition of any ILs
reduced the material's storage modulus (solid-like behavior (G0))
more significantly than the standard HCO's storage modulus, while
it increased the fluid's loss modulus (liquid-like behavior, G00)
noticeably. However, when increasing the system's pressure to 5
and 10 MPa from 0.1 MPa, their storage modulus is also increased a
bit with no crossover point, due to the domination of G0, as ex-
pected, though, their values are much lesser when compared to the
standard HCO's storage modulus value at the corresponding
experimental pressure of 5 and 10MPa. It is an indication that IL has
the capability to reduce the fluid's viscosity and viscoelasticity by
increasing the loss modulus (G00) substantially to improve the
fluid's flow-ability to a greater extent. The measured storage (G0)
and loss (G00) moduli of both the HCO and HCO þ ILs samples are
summarized in Table 5. It depicts the ILs containing lengthier alkyl
chain, such as [Bu3NH]þ[HSO4]- and [Pr3NH]þ[HSO4]- which are
found to be more efficient on improving flow-ability by increasing
G0 and reducing G00 simultaneously.

In the same way, the frequency-sweep experiments of the
HCO þ ILs were also studied as a function of temperature and
pressure. Fig. 9aeh shows the effect of eight different alkyl
ammonium ILs on the HCO's frequency-sweep test at 25 �C in three
various pressures of 0.1, 5, and 10 MPa. For the HCO þ ILs, the
frequency-sweep test shows the crossover frequency only at the
lower pressure of 0.1 MPa, similar to the strain-sweep analysis. The
observed crossover frequency of the HCO þ ILs are 10.15, 10.1, 10.2,
10.1, 10.05, 9.95, 9.9, and 8.2 rad s�1 for the addition of ILs,
[Et2NH2]þ[H2PO4]-, [Et2NH2]þ[HSO4]-, [Et3NH]þ[CH3COO]-,
[Et3NH]þ[BF4]-, [Et3NH]þ[H2PO4]-, [Et3NH]þ[HSO4]-,
[Pr3NH]þ[HSO4]- and [Bu3NH]þ[HSO4]-, respectively, at 0.1 MPa. As
discussed before, all these observed crossover frequencies are
relatively lesser than the neat standard HCO's crossover frequency
(11.2 rad s�1) at the same experimental condition. However, when
increasing the system's pressure to 5 and 10 MPa, it leads to
dominating the storage modulus (G0) more substantially with no
crossover frequency for the complete region of the frequency

sweep. Hence, it is understood that the addition of each and every
IL, reduces the storage modulus and crossover frequency more
substantially than the standard HCO sample at the same experi-
mental condition.

3.4. Microscopic characterization

In addition to the rheological studies, a simple microscopic
investigation of the HCO þ IL emulsions (1:0.1 ratio of HCO:IL) was
also studied to understand the ILs efficiency on the HCO at 25�C. In
the beginning, the standard HCO was analyzed under an inverted
microscope (Leica, Germany) using 100� magnification and is
presented in Fig. 10a and Fig. 10bed shows the microscopic images
of the addition of three best different ILs, [Bu3NH]þ[HSO4]-,
[Pr3NH]þ[HSO4]-, and [Et3NH]þ[HSO4]- to HCO. The neat HCO
sample (see Fig. 10a) contains more of irregular (non-uniform)
shapes of emulsion. It shows highly irregular large moieties of the
flocculated unit of the HCO sample, which is mainly the contribu-
tion of polar fractions of the HCO sample, such as asphaltene, resins,
and complex aromatics [27,28]. With the addition of ILs, the
observed large flocculated fraction of the HCO (heavier fraction of
the HCO), was found to be fragmented into smaller spheres (see
Fig. 10bed), which enable the ease of fluid flow. As noticed in the
previous sections (3.1, 3.3), when analyzing all the eight various
alkyl ammonium ILs, the ILs with lengthier alkyl chain length, such
as [Bu3NH]þ[HSO4]-, [Pr3NH]þ[HSO4]-, and [Et3NH]þ[HSO4]- (see
Fig. 10bed) shows better efficiency on breaking the fluids asphal-
tene/resin/aromatics unit than the other studied ILs (Fig. 10d). This
is in line with the rheological studies of different ILs on HCO. As
discussed before, this could be due to the better hydrophobicity
interactions of the longer chain containing ILs with the HCO
[17,29,30]. Also, it is expected that the added ILs could have reduced
the intramolecular interaction of the HCO, such as reduction of
asphaltenes precipitation and hydrogen bond reduction, etc.
Asphaltenes/resins being large molecular weight heavier fractions,
get aggregated or precipitated by the intermolecular electrostatic
interactions which are mainly responsible for higher viscosity of
the HCO. Asphaltene and resins are the main polar components of
the HCO and are largely constituted with polar substituents like
eOH, eNH, and eSH moieties. Basically, they tend to form
hydrogen bonds between each other (eOH, eNH and eSH) like,

, wherein once it gets exposed to ILs, the anionic

portion of the ILs could reduce this interaction substantially, by

attracting the hydrogen towards the ILs, , which means

Table 5
Viscoelastic Properties of HCO and HCO þ ILs, as a function of different temperatures and pressures.

System Strain-sweep frequency (rad.s�1) Strain amplitude (%) T (K) Dynamic moduli (Pa)

0.1 MPa 5 MPa 10 MPa

G0 G00 G0 G00 G0 G00

Heavy crude oil (HCO) 10 1.5 25 11.1 7.02 124.3 18.06 160.4 21.3
10 1.5 50 8.44 5.08 81.1 13.05 994.4 15.1
10 1.5 75 0.96 2.59 5.05 3.96 14.41 6.01
10 1.5 100 e 1.83 2.45 3.56 4.19 5.87

[Et2NH2]þ[H2PO4]- 10 1.5 25 10 5 95 14 125 18
[Et2NH2]þ[HSO4]- 10 1.5 25 9 6 90 12 118 16
[Et3NH]þ

[CH3COO] -
10 1.5 25 11 7 100 16 135 21

[Et3NH]þ[BF4] - 10 1.5 25 11 7 110 17 145 21
[Et3NH]þ[H2PO4]- 10 1.5 25 8 4 84 12 109 16
[Et3NH]þ[HSO4]- 10 1.5 25 6.7 4.3 105 23 140 35
[Pr3NH]þ[HSO4]- 10 1.5 25 6.7 4.2 60 8 90 11
[Bu3NH]þ[HSO4]- 10 1.5 25 6.3 4.8 55 7 85 10
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Fig. 9. Frequency -sweep measurements (G0 and G00) of HCO þ ILs for eight various ILs, in various pressures ( G0 and G00 at 0.1 MPa; G0 and G00 at 5 MPa; G0 and G00 at
10 MPa) at 25 �C.
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the asphaltene and resins get diffused with ILs, followed by frag-
mentation of asphaltene cage structure into single or smaller
fractions, which will reduce the HCO's viscosity. To support this
phenomenon, another possibility could be the positive charge of
the ILs which could have aweaker electrostatic interactionwith the
lone pair of the heteroatoms of asphaltene/resin. Once the ILs
interact with asphaltenes, the reversibility of the asphaltene pre-
cipitation could be suppressed by placing the lengthier chains of ILs
as a steric hindrance which is more enough to cease the revers-
ibility. Probably, this could be the reason behind the greater effi-
ciency of lengthier alkyl chain over the shorter chain ILs. Fig. 11
demonstrates graphically the proposed mechanism to reduce oil
viscosity. Moreover, the caged structure of the HCO gets solvated
enough with ILs to enhance oil flow-ability. This convincingly
better efficiency of the lengthier alkyl chain containing ILs towards
better viscosity reduction can further be supported by the studies
of Jian et al. (2013), where the author had studied the molecular
simulation of the alkyl chain length on the larger hydrocarbon and
observed similar trends [45]. Though ionic liquids are considered
green solvents, this is in fact merely based on their physicochemical
properties of the ionic fluids, such as high level thermal and
chemical stability and excellent solvation tendency. However, the
recent toxicological studies of the ionic liquids with various mi-
croorganisms revealed that the non-aromatic IL, such as alkyl

ammonium-based ILs are found to be more eco-efficient (lesser
toxic) than any aromatic core containing ILs, such as imidazolium,
pyridinium, thiazolium, etc. Also, the IL which has the shorter chain
length showed lesser toxicity than lengthier chain ionic liquids. In
addition to this, the anions such as Br�, Cl�, NO3

�, HSO4, and
CH3COO� are witnessed as eco-efficient [46e49]. Hence, it is to be
believed that these inexpensive alkyl ammonium ILs could be a
better option to enhance the oil flow since it is extremely cheaper
and lesser toxic than the other conventional ionic liquids.

4. Conclusions

This study reveals the effect of eight different alkyl ammonium
ILs ([Et2NH2]þ[H2PO4]-, [Et2NH2]þ[HSO4]-, [Et3NH]þ[CH3COO]-,
[Et3NH]þ[BF4]-, [Et3NH]þ[H2PO4]-, [Et3NH]þ[HSO4]-, [Pr3NH]þ

[HSO4]- and [Bu3NH]þ[HSO4]-) on the rheological behavior of the
HCO at various experimental conditions. It was witnessed that the
addition of ILs to HCO reduces the oil viscosity more substantially,
up to 31.5% (at 25�C, 0.1 MPa), from their original viscosity. It also
reduces the yield stresses of HCO to around 15e30%, irrespective of
any temperature (25e100�C) and pressure (0.1e10 MPa). Visco-
elastic measurements of the HCO system showed a substantial

reduction in the crossover frequency (~3.45 rad $ s�1) by the ILs
addition. Overall, the ILs are convincing in all aspects of rheological
improvement (viscosity, yield stress, strain sweep, and frequency
sweep crossover points). Furthermore, optical microscopic images
showed the reduction of oil's aggregation with ILs addition, which
is further supporting the rheological studies. However, in all the
eight studied ILs, the one with the lengthier chain length
([Bu3NH]þ[HSO4]-) showed better efficiency than other ILs. This
study indicates that the ILs have the capability to increase the oil's
flow capacity by reducing their viscosity, even at high temperature
and high pressure.
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Fig. 10. Surface morphology (Microscopic images) of the standard HCO and HCO þ IL
systems at 25 �C.

Fig. 11. Proposed mechanism showing the interaction of the ionic liquids with the asphaltene/resin/aromatic components of the heavy crude oil. Black colored structure represents
the asphaltene/resins/aromatics and green colored structure denotes the ILs.
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