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ABSTRACT: The wettability of the rock−oil−brine system plays
a major role in enhanced oil recovery (EOR), particularly in the
harsh environments of carbonate reservoirs. Most of these
formations were identified as strongly oil-wet, and sometimes a
few are intermediate-wet. Hence, it is highly necessary to alter such
an oil-wet rock matrix to a water-wet matrix in order to improve
the oil production. Consequently, it is important to investigate the
wetting and wettability dynamics of the rock−oil−brine system for
both static and dynamic cases. Thus, in this study, we investigated
the effect of four various imidazolium-based ionic liquids (ILs) on the wettability alteration of the rock−oil−brine system by
measuring the contact angles. Herein, we have screened various parameters, such as the rock type (brine-saturated and oil-saturated),
type of IL, IL concentrations (0−1000 ppm), temperature (25−100 °C), pressure (14.7−3000 psi), and salinity (TDS: 67,500−
240,000 ppm). The measurement of the static contact angle was found to be altered from 85.5 to 49.4° with the addition of 500 ppm
of ILs in the brine-saturated sample, and for the oil-saturated sample, it was altered from 150.9 to 99.2°. This indicates that ILs have
a huge influence on shifting the rock wettability more toward water-wet, which in fact is more favorable for the EOR operation.
Later, we studied the dynamic wettability alteration of the rock−oil−brine system, in which we measured the transient changes in
the contact angle while displacing the brine with an IL solution in situ. It was observed that the oil droplet deformed slightly and was
dragged toward the base fluid (IL solution) with time, and this implied the changes in the contact angle from 150.9 to 118.5° with
500 ppm of IL, [C12mim]+[Cl]−. Though this has a relatively lesser impact as compared to the static experiment, this could be
considered to be more realistic to correlate with coreflood experiments. Further, to understand the mechanism of this wettability
dynamics, we have measured the oil−water interfacial tension and the ζ-potential of various systems and observed that their results
were backed up by our wettability studies. Overall, the combined forces of interfacial tension reduction, capillary alterations, and IL
interactions with rocks and oils have caused this wettability alteration. Conclusively, the results of various experiments that are
performed in this study are more meaningful, and it is evident that ILs favor the successful EOR implications.

1. INTRODUCTION

Two-thirds of the world’s oil reserves are matured and
unrecovered even after the conventional primary and secondary
recovery operations. Interfacial science plays a major role in the
process of enhanced oil recovery (EOR), wherein specialized
chemicals are used in order to alter the physical properties of the
reservoir’s environment, which accelerates the tertiary recovery.
The detachment and mobility of the trapped or bypassed
residual oils are mainly influenced by key factors, namely, the
capillary force, viscous force, contact angle, wettability, surface
tension, interfacial tension, and so forth.1 Among these factors,
wettability is the most governing factor, which can be defined as
the comparative adhesive force of two different immiscible fluids
on a solid surface.2,3 Wettability is one of the crucial factors that
has the potential ability to control oil productivity and relative
permeability and estimate the fluids in the reservoir. Measuring
the surface contact angle of the rock−oil−water system is one of
the most often used wettability assessing methods in the
industry due to its least complexity, wherein the macroscopic

contact angle of oil adherence is used to be measured. Recently,
it has been estimated that nearly more than half of the world’s
reservoirs are categorized as carbonate formations in which 90%
of them are identified as oil-wet, and, in rare cases, a few of them
are intermediate-wet.1 It is highly recommended and also a pre-
requisite to alter this native oil-wet state to a water-wet state or
close to a water-wet state so as to mobilize the residual or
bypassed oil toward the production well. Typically, the injection
of specialized oilfield chemicals would facilitate such wettability
modification and thus improve the oil production. Typically,
surfactants, nanofluids, alkali, smart (low-salinity) brines, or a
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combination of two or more of these are employed as wettability
modifiers. These wettability modifiers facilitate the EOR by
detaching the high-capillary oil blobs. In general, it is the
modification of physical or chemical interactions (forces) that
are acting on the rock−oil−water systems.4 However, it varies
depending on various factors, such as the rock type, pH, oil
composition, soaking time, temperature, pressure, salinity, and
so forth.5,6

However, in the last couple of decades, many researchers have
studied the efficiency of various surface-active agents (surfac-
tants, polymers, nanofluids, alkali, etc.) in oil recovery. Most of
these studies were performed at lower temperatures and in zero
or lesser salinity, unlike the reservoir conditions. Though, the
use of surfactants and nanofluids is more efficient, unfortunately,
many of these chemicals fail to perform in harsh environments
(high temperature, high salinity, and high pressure). The
conventional oilfield surfactants and nanofluids lacked their
colloidal stability at the resident brine and temperature
conditions of the reservoir, which causes severe formation
damage by precipitation and plugging of the pores and
throats.9−28 Recently, several stable specialized oilfield chem-
icals (Gemini surfactants, carbon nanotubes, etc.) have been
developed and tested to identify their implications in oil
recovery, even at harsh temperatures and salinity. However, in
the case of field study, the usage of such expensive chemicals in a
larger quantity and also in high concentrations cannot be
considered as economically viable.
Recently, the newly developed ionic liquids (ILs) have

emerged as green solvents. ILs are a kind of organic molten salts
that poorly coordinated with organic cations and organic or
inorganic anions; typically, they are found in the liquid state at
ambient conditions or below 100 °C. They also exhibit excellent
physicochemical properties, such as a low melting point,
negligible vapor pressure, no flammability, high solvation
capability, high colloidal stability (both thermally and chemi-
cally), and so forth.7,8 Since they have negligible or no vapor
pressure, they are also considered as eco-efficient, unlike the
typical organic solvents. Moreover, ILs can be recycled and
reused several times; hence, they can be considered as the best
alternatives to the conventionally used oilfield chemicals.9

Recently, many researchers have investigated the implication of
ILs in oilfield applications, such as bitumen dissolution, de-
asphalting, interfacial tension (IFT) reduction, oil displacement
efficiency, and so forth.9−28

In the recent past, we have studied several ILs, such as
imidazolium-, alkyl ammonium-, and lactam-based ILs, to
investigate oil−water IFT reduction, heavy oil upgradation, oil
recovery on the sand-pack column, and so forth. However, all
these were studied at below 60 °C and in zero or low salinity
using a monovalent salt, NaCl. A significant reduction of oil−
water IFT was observed with the addition of a minor quantity of
ILs. Overall, the longer chain length ILs showed better efficiency
on IFT reduction than the shorter chain length ILs.11−18,25−28

Though many ILs were screened for oil−water IFT, none were
studied at the resident brine condition (multivalent ionic
composition); instead, a single salt with low salinity and low
temperature alone was covered.11−18,25−28

Bin Dahbag et al. (2015) investigated a few of the
conventional ammonium-based ILs for the measurement of
static wettability on the Berea sandstone at 60 °C and in 2000
psi. It was noted that there is an alteration of static wettability
from oil-wet state to medium water-wet state upon increasing
the IL concentrations from 0 to 1000 ppm.29 Cao et al. (2017)

investigated the effect of imidazolium-based borate ILs (1-ethyl-
2,3-dimethylimidazolium tetrafluoroborate, 1-ethyl-3-methyli-
midazolium tetrafluoroborate, 1-butyl-3-methylimidazolium
tetrafluoroborate, and 1-butyl-2,3-dimethyl-imidazolium tetra-
fluoroborate) for the static wettability studies on different solid
surfaces such as mica, limestone, sandstone, and so forth. A
better efficiency with borate ILs on altering wettability from 100
to 50°was observed with the use of high-concentration (1 wt %)
ILs.30 Nabipour et al. (2017) investigated the ability of two
imidazolium-based ILs ([C12mim]+[Cl]− and [C18mim]+[Cl]−)
for the study of wettability alteration and oil recovery
performances on the Iranian carbonate reservoir at ambient
conditions. They successfully demonstrated the static wettability
alterations and observed about 8−22% of increased oil recovery
with ILs.31 Abdullah et al. (2017) investigated some of the
polyionic liquids on the Berea sandstone for wettability and oil
recovery performances at 60 °C and in 2000 psi. It was noted
that the surface wettability of the rock sample was altered from
120 to 50° upon using ILs. Subsequently, the coreflood
experiment of the same demonstrated about 8−9% of additional
oil recovery over the simple waterflooding.32 In the same way,
Pillai et al. (2018) investigated the efficacy of three imidazolium-
based ILs (1-octyl-3-methylimidazolium tetrafluoroborate, 1-
decyl-3-methylimidazolium tetrafluoroborate, and 1-dodecyl-3-
methylimidazolium tetrafluoroborate) on the oil-saturated
quartz surface for the study of wettability measurements on
the rock−water−air system with and without ILs at ambient
conditions. They observed a positive indication of the
wettability alteration toward water-wet state upon increasing
the IL concentration.13 Similarly, Pillai and Mandal (2020) also
investigated the poly [1-hexadecyl-3-vinyl-imidazolium bro-
mide] IL on the sandstone samples for the study of wettability
and oil recovery processes at ambient conditions. In both cases,
they studied only the rock−water−air instead of the rock−oil−
water condition. However, they noted an increase in water-wet
characteristics upon increasing the IL concentrations and also
quantified its impact on the coreflood oil recovery.14 Addition-
ally, it can also be noted that most of the studies were performed
at relatively low temperature and low salinity (ambient
conditions), unlike the reservoir conditions.
Albeit many researchers have studied the efficacy of ILs on

sandstone and quartz surfaces, only very limited studies are
found on carbonate. Additionally, most studies were carried out
only on a simple rock−water−air contact angle system instead of
the rock−oil−water three-phase system. Also, most experiments
were conducted at a low temperature and low or no salinity,
which fail to represent the realistic reservoir conditions.
Additionally, there are no dynamic wettability studies found in
the open literature for the case of ILs. Hence, it is necessary to
investigate the impact of ILs on the most abundant carbonate
reservoirs at the reservoir conditions (at high temperature, 100
°C, and high salinity, TDS 240,000 ppm). Consequently, it is
also necessary to investigate the dynamic wettability that would
be more useful to correlate to the oil recovery performances over
the IL injections. Besides, this is a costlier chemical and
impractical method to use at high concentrations (0.5−2 wt %)
in the case of field studies; thus, it is essential to optimize the
studies with the least optimum concentrations.
The objective of this study is to investigate the efficacy of

imidazolium-based ILs for the study of wettability dynamics on
carbonate reservoirs at high temperature and high salinity.
Herein, we determined the wettability of the rock−oil−water
system as a function of various factors such as the type of IL, the

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c02813
ACS Omega 2021, 6, 30315−30326

30316

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02813?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


type of rock (oil-saturated or brine-saturated), concentrations
(0−500 ppm), aging duration, temperature (25−100 °C),
pressure (14.7−3000 psig), and salinity (TDS: 67,500−240,000
ppm). This study intends to represent Saudi Arabian reservoir
conditions; henceforth, we executed this study at a high
temperature, a high pressure, and a high salinity. In this study,
we employed two various rock samples, one is seawater-
saturated and another one is oil-saturated. Four various
imidazolium-based ILs were screened as a function of alkyl
chain length. Here, we have demonstrated both the static and
dynamic responses of imidazolium ILs on the rock−oil−water
wettability, which are more relevant and essential prerequisites
for the better performances of EOR operations. After this, we
also measured the oil−water IFT and the ζ-potential of various
colloidal systems to furnish further insights to support the
wettability mechanism. Later, the mechanism for these
wettability alterations using ILs is discussed with the aid of
experimental results.

2. EXPERIMENTAL SECTION

2.1. Materials: Crude Oil, ILs, Surfactants, Brine Fluids,
and Core Samples. In this study, we used the Saudi Arabian
crude oil sample. The physicochemical properties (viscosity,
density, and SARA analysis) of the oil sample are shown in Table
1. It contains more aromatics and saturates and the less amount
of resins and asphaltenes as well (36.2% saturates, 50%
aromatics, 11% resin, and 2.8% asphaltenes).
Four imidazolium-based ILs, namely, 1-butyl-3-methylimida-

zolium chloride [C4mim]+[Cl]−, 1-hexyl-3-methylimidazolium
chloride [C6mim]+[Cl]−, 1-octyl-3-methylimidazolium chloride
[C8mim]+[Cl]−, and 1-decyl-3-methylimidazolium chloride
[C12mim]+[Cl]−, were purchased from Sigma-Aldrich and
used as such with no further analysis. Table 2 shows the
chemical structure of the used ILs with their proper
abbreviations. Herein, we also investigated one commonly
used surfactant (alpha-olefin sulfonate, AOS) as a reference case
so that the efficiency of ILs can be evaluated over the simple
surfactant. AOS is the most conventionally used anionic
surfactant in the oilfield industry, and therefore, we used it as
a reference.

Most of the Middle East reservoirs are highly saline
formations with a large quantity of mono- and divalent ions,
which also vary from one region to other. Therefore, we
formulated three different types of brine solutions based on the
field report. They are seawater (SW) 67,500 ppm, low-salinity
formation water (LS) 138,000 ppm, and high-salinity formation
water (FW) 241,000 ppm. The chemical compositions of all the
brine fluids are summarized in Table 3.

For this study, we used Indiana limestone core samples.
Typically, Saudi Arabian reservoirs are rich in carbonate. Thus,
we employed the Indiana limestone, which has a very similar
mineral composition to the Saudi Arabian oilfield. Herein, we
sliced 40 pieces of disc-shaped core samples (1 in. diameter and
35 mm thickness) from the larger core plug of Indiana
limestone. All these slices were cleaned in the Dean-Stark
apparatus using toluene/methanol as the solvents and dried
thoroughly at 100 °C for 24 h. Later, the samples were divided
into two portions in order to prepare different types of samples
(oil wet and water wet). First, half of the cleaned core slices were
subjected to saturate in seawater and the remaining half of the
samples were saturated in crude oil under vacuum at a pressure
of 3000 psi at their corresponding medium. Later, they were
aged in the oven (at 100 °C) for different time durations (0, 7,
and 14 day). The mineral composition of the rock samples was
found to be more of calcium carbonate (>97%). The average
petrophysical properties of the core samples are briefed in Table
4.

Table 1. SARA Analysis of the Crude Oil Sample

composition (wt %)
saturates aromatics resins asphaltenes API gravity density (kg/m3) at 25 °C viscosity (cP) at 25 °C
36.2 50.0 11.0 2.8 28.75 0.8724 15.1

Table 2. List of Used ILs in This Study

Table 3. Chemical Composition of the Formulated Seawater,
Low-Salinity Formation Water, and High-Salinity Formation
Water

salt
seawater
(SW) g/L

low-salinity
formation water (LS)

g/L
high-salinity formation

water (FW) g/L

NaCl 41.042 75.223 150.446
CaCl2·2H2O 2.385 34.920 69.841
MgCl2·6H2O 17.645 10.198 20.396
Na2SO4 6.343 0.259 0.518
NaHCO3 0.165 0.2435 0.487
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2.2. Experimental Methods. 2.2.1. Static Wettability.
Figure 1 shows the photograph and schematic of the
experimental setup (Interfacial Tension Meter, IFT-700, Vinci
Tech) used for our study. As depicted in Figure 1a,b, we used the
invert sessile drop method to measure the contact angle of the
rock−oil−brine systems. It consists of a rock holder, a syringe/
needle loaded with crude oil, a fluid cell holder (optically
transparent) to fill the brine fluid, temperature controller
(thermostat), accumulators for oil/brine storage, a pressurizing
system through fluid compression, a high-resolution digital
camera for imaging, and an in-built software for image analysis.
Initially, the desired base or brine fluid was loaded into the fluid
cell holder; later, the brine- or oil-saturated rock sample was
mounted on the stainless steel rock holder; it is then suspended
into the brine fluid for about 30−60 min to equilibrate with
brine. The crude oil-loaded needle is placed at the bottom of the

fluid cell holder. Thereafter, the desired temperature and
pressure of the system are set and allowed to stabilize for about
an hour. Afterward, the oil droplet was generated using a syringe
and landed at the bottom of the suspended rock surface. It was
allowed to stabilize for a while (15−30min), and then the rock−
oil−brine contact angle was measured through the denser phase
(brine) of the digital image that was captured using the in-built
IFT-700 software. An identical procedure was followed for all
the subsequent fluids, such as SW, LS, FW, SW + IL, SW + AOS,
and so forth. Correspondingly, three different types of brines
(SW, LS, and FW) were studied with and without ILs:
[C4mim]+[Cl]−, [C6mim]+[Cl]−, [C6mim]+[Cl]−, and
[C12mim]+[Cl]−. All these experiments were studied at four
different temperatures (25, 50, 75, and 100 °C) and four
different pressures (14.7, 1000, 2000, and 3000 psig). All these

Table 4. Petrophysical Properties of the Disc-Shaped Core Samples Used for Wettability Experiments

permeability (mD)
rock type length (cm) width (cm) pore volume (mL) porosity (%) gas (He) brine (SW)

Indiana limestone (outcrop) 0.35 2.522 0.351 19.09 271.3 203.0

Figure 1. (a) Photography, (b) schematic of the high-pressure high-temperature (HPHT) tensiometer.
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experiments were replicated thrice or more, and the average was
reported.
2.2.2. Dynamic Wettability. Although the static contact

angle measurements are more informative, which reveals the
state of the rock’s wetting, it is not so realistic as the wettability
transition takes place during the chemical flooding in the EOR.
In static wettability, the rock surfaces are exposed to the IL
solutions before landing of the oil drop on the rock surface;
hence, their results cannot be directly correlated with the
flooding performances. In the typical EOR experiments, first, the
rock sample was first saturated with crude oil, and then the
conventional waterflooding will be initiated. Once it reaches the
water cut, injection of chemical agents would be implemented to
alter the rock wettability and thus to increase the oil recovery,
which is completely different from what we assess in static
wettability. To emulate the realistic reservoir wettability
modification, we have done some modifications on the IFT-
700 setup33 and studied the dynamic wettability.34−36 In that,
the oil was landed on the rock surface through a brine medium,
as stated before in static wettability. Later, the base fluid (brine)
of this system was replaced with the continuous injection of new
chemical solutions (ILs) with a very slow injection rate (2−4 cc/
min) to obtain the transient dynamic wettability. The injection
was continued until the desired concentration of the ILs reaches
the cell holder, and it was confirmed by measuring the UV−vis
absorption of the inlet and outlet effluents. Once the outlet
absorption reaches the injection fluid absorption, it is assumed
that the cell holder reached the desired concentration of the IL
solution. Thereafter, the change in contact angle was analyzed
for the next 24 h. The measurement of contact angle before and
after IL injection was documented for better understanding of
the effect of IL dynamics on carbonate rock wettability
alteration.
2.2.3. Interfacial Tension Measurements. The interfacial

tension of various oil−water systems was studied using the same
instrument, Interfacial TensionMeter (IFT-700, Vinci Tech), in
which the effect of ILs was screened as a function of IL
concentration using the pendant drop method. In this method,
the maximum shape of the oil droplet was suspended into the
bulk fluid and the interfacial forces based on the drop shape
analysis were measured.37

2.2.4. Zeta Potential Measurements. A ζ-potential analyzer
(Dispersion Tech Inc. 1202: Acoustic and Electroacoustic
spectrometer) was employed to measure the ζ-potential of
various colloidal systems, such as rock + DI, rock + SW, rock +
ILs + SW, oil + DI, oil + ILs, and rock + ILs + SW systems.
Initially, 0.1 g of the milled carbonate rock powders (100−200
μm size) was dispersed in 10mL of various base fluids, sonicated
for about 1−2 h at 40 kHz, and allowed to rest for 10−12 h to

reach the equilibrium. In the same way, we prepared the oil-
suspended emulsion by mixing 0.1 g of oil sample in 10 mL of
base fluid, followed by vigorous shaking (10−12 h) and
sonication (1−2 h). After that, it was allowed to rest for 10−
12 h. Third, amixture of rock + oil + brine was prepared with and
without ILs. This one just provides the average ζ-potential of
rock, oil, and ILs; hence, it cannot be directly correlated with
rock or oil, unlike the rock/brine and oil/brine systems. All these
prepared solutions showed the pH in the range of 7.39−7.67.
This is very similar to the reservoir pH. Thus, no pH alteration
was attempted. Later, the required amount of the sample (about
5 mL) was loaded into the sample holder and the ζ-potential of
rock/brine and oil/brine interfaces with and without ILs was
measured. Therein, the in-built platinum electrodes were placed
in the sample holder. All these measurements were conducted at
25 and 80 °C.
The frequency of the applied electrical field was set

automatically based on the conductivity of the fluids. All these
measurements were repeated thrice in order to ensure
reproducibility and their average was reported.

3. RESULTS AND DISCUSSION

The first part of this section discusses the measurements of static
wettability of rock−oil−brine systems with and without ILs.
This study was covered as a function of rock type, IL type, IL
concentrations (0−1000 ppm), salinity (TDS: 67,500−240,000
ppm), temperature (25−100 °C), and pressure (14.7−3000
psig). Second, the measurement of wettability alteration was
demonstrated dynamically with the continuous injection of IL
solutions on the pre-generated oil droplet on the rock−oil−SW
system. This mimics the realistic wettability modification that
takes place during the process of coreflood at high pressure and
high temperature. Finally, this study discusses the ζ-potential of
the rock sample dispersion in the different base fluids with and
without ILs. Indeed, these ζ-potential measurements provide a
good insight to understand the wettability mechanism.

3.1. Static Wettability. 3.1.1. Effect of IL Concentrations.
As stated in Section 2.1.2, two types of rock samples were
employed in this study: (i) seawater-saturated rock and (ii) oil-
saturated rock. First, the effect of various concentrations of IL,
[C12mim]+[Cl]−, were studied for the static wettability at 25 °C
and 14.7 psig. Figure 2 shows the effect of different
concentrations of IL, [C12mim]+[Cl]−, on the static contact
angle of the rock−oil−seawater system for both the brine- and
oil-saturated samples. All these screened samples in this study
are unaged. First, the seawater-saturated sample was studied for
the baseline experiment without ILs. The measured contact
angle was found to be mostly neutral or intermediate-wet as
82.5° (refer to the first row at Figure 2). The addition of IL,

Figure 2. Effect of different concentrations of IL, [C12mim]+[Cl]−, on the contact angle measurement of the oil−rock−seawater system for both (a)
brine-saturated and (b) oil-saturated rocks at 25 °C.
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[C12mim]+[Cl]−, on the same system, shifted the wetting
characteristics more toward water-wet. Here, five different
concentrations of ILs, namely, 0, 50, 100, 500, and 1000 ppm,
were studied, and their contact angles were found to be 82.5,
62.2, 54.9, 49.4, and 41.7°, respectively. In the same way, the
same set of experiments were repeated for the oil-saturated rock
sample at the same experimental conditions and their results are
displayed in the second row of Figure 2. Here, the baseline
experiment of the rock−oil−seawater system shows a contact
angle of 150.9°, which indicates that it has strong oil-wet
characteristics. The same system with the addition of 0, 50, 100,
500, and 1000 ppm of ILs altered the surface contact angles to
150.9, 121.7, 102.1, 99.2, and 95.3°, respectively. It is a strong
indication that ILs alter the rock wettability more favorably
toward the neutral-wet or intermediate-wet from its native oil-
wet characteristics. However, ILs are efficient in all the studied
systems, which are more dominant in the water-wet sample than
in the oil-wet samples. For instance, in the brine-saturated
sample, wetting was altered from 82.5 to 41.7° with 500 ppm of
ILs, which is about 49% of wettability reduction, whereas in the
case of oil-saturated sample, wetting was altered from 150.9 to
95.3°, which is about 37% of reduction. This is due to the
existence of additional hydrophobic interactions that are
exhibited in the oil-wet sample between the oil-adsorbed rock
surface and the landed oil droplet, which is not the case in brine-
saturated water-wet samples. It was even reflected with the
addition of ILs. This leads to the variation in the degree of
wettability alteration between oil-wet and water-wet samples. In
all these experiments, initially, the rock was exposed to the base
fluids (SW or SW + IL) for 30 min before placing the droplet on
the rock surface.
3.1.2. Effect of Temperature and Pressure. Subsequently,

the temperature and pressure dependency of these studies were
also analyzed. Figure 3 demonstrates the effect of temperature

and pressure on the contact angle of rock−oil−seawater systems
with and without ILs, 500 ppm of [C12mim]+[Cl]−. We
employed the brine-saturated rock sample for this case. Four
different temperatures (25, 50, 75, and 100 °C) and pressures
(14.7, 1000, 2000, and 3000 psig) were screened. A slightly
decreasing trend was noted in the contact angle with increasing
temperature and pressure, regardless of IL addition. For
instance, the rock−oil−seawater system shows a contact angle

of 82.5° at 25 °C and in 14.7 psi, when increasing the
temperature of the system to 100 °C; at the same pressure, it was
found to be decreased to 73.6° (Figure 3). Similarly, on
increasing the pressure of the system to 3000 psig at the same
temperature, it was reduced as 78.5°, which is relatively a minor
effect than the temperature. In the same way, the dependency of
temperature and pressure was also studied on the rock−oil−
seawater system with the addition of ILs and observed the
reduction of contact angle from 49.4 to 42.3°with the increase of
temperature from 25 to 100 °C at a constant pressure (14.7 psi).
The pressure dependency was noted as 49.4−42.3 °C while
increasing the pressure from 14.7 to 3000 psi, which is again very
minor when compared to the temperature effect. Similar
observations were also noticed for all other temperatures and
pressures.
Correspondingly, identical experiments were conducted for

the oil-saturated sample with and without IL, [C12mim]+[Cl]−,
for the dependency of temperature and pressure and are
presented in Figure 4. The measured contact angle of the oil-

saturated rock−oil−seawater system was noted as 150.9° at the
atmospheric conditions (25 °C and 14.7 psig), which indicates
that the sample is in a highly oil-wet condition and gets reduced
to 147.6° upon increasing the temperature of the system to 100
°C at the same pressure. Similarly, the increase of pressure from
14.7 to 3000 psig at the same temperature (25 °C) has dropped
the contact angle slightly to 149.6 from 150.9°. The same study
was repeated for the IL-added rock−oil−seawater system, and
the changes of wettability were observed from 99.2 to 97.2 °C
with an increase of temperature from 25 to 100 °C (at 14.7 psi).
Similarly, when increasing the pressure of the system from 14.7
to 3000 psi at a constant temperature of 25 °C, the changes in
the contact angle were shifted from 99.2 to 97.8 °C.
The temperature dependence of the wettability alterations

(rock/oil/water three-phase interfacial interactions) is being
influenced by various factors, such as, ions in the brine, ionic
composition, pH, viscosity, relative permeability, oil−water IFT,
thermal expansion, density, buoyancy effect, thin-film stability,
and so forth. The temperature dependence of the oil−water
relative permeability in the porous media is the most extensively
studied phenomenon in the literature.38 It is noted to have a
relative permeability shift on the right side with increased water
saturation while increasing the system’s temperature. It indicates
that the water-phase relative permeability increases in the

Figure 3. Temperature and pressure dependency on the static contact
angle measurement of oil−rock−seawater systems with and without IL,
[C12mim]+[Cl]− (500 ppm), for the brine-saturated rock.

Figure 4. Temperature and pressure dependency on the static contact
angle measurement of oil−rock−seawater systems with and without IL,
[C12mim]+[Cl]− (500 ppm), for the oil-saturated rock.
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porous media with an increase in temperature. In addition, the
decrease of the fluid’s viscosity (intramolecular hydrogen bond
reduction) while increasing the temperature could enhance the
permeability of the fluids, particularly water relative perme-
ability, which will invade on the pore as well as in the thin film at
the three-phase interface. Besides, the oil−water interfacial
tension also declines with an increase in system temperature,
which indicates that the water resistance to flow in the three-
phase interface (at the porous media surface) as well in the
porous media is reduced by the capillary force. The dynamic
motion of the ILs (increased particle collision) could also get
increased while increasing the temperature, which will enhance
the fluid’s (water) pressure to a greater extent, leading to
disjoining pressure.
Typically, the water (brine) film is found to be very weak in

the oil-saturated core sample due to the hydrophobic interaction
between the oil droplet and oil in the rock sample (deposited
asphaltenes/resins), which in turn leads to rapid rupturing of the
brine films. However, it can be tuned by altering the chemistry of
the base fluids by introducing the ILs into the brine fluid. This
will increase the brine film thickness at the three-phase interface
even at harsh conditions, through various actions such as slower
diffusion of ILs into the brine film, increasing disjoining pressure
at the three-phase interline, increasing water-phase relative
permeability, decreasing the viscosity of the base fluid, reduction
of oil−water interfacial tension, and so forth.39

It is also revealed that the rock surface turns negative or less
positive over an increase in temperature, repulsing the oil drops
(organic components) and favoring the water-wet behavior.35 It
is understood that the combined effect of relative permeability,
oil−water interfacial tension, IL diffusion into the thin film, and
surface charges or potential variation over the temperature
favors the increased water wetness than the lower temperature.
Overall, when increasing the temperature and pressure, the

adhesive tendency of the crude oil on the rock surfaces was
diminished significantly by increasing the cohesive nature of the
oil. Moreover, the effect of pressure has the least domina-
tion40−42 than the temperature.43−45 However, the percentage
of the reduction in the contact angle (18.8%;Δθ≈ 49.4−40.1°)
is relatively high in the case of IL-added brine-saturated rock−
oil−seawater system than the system without IL (12%; Δθ ≈
82.5−72.6°) over the increase of temperature and pressure (see
Figure 3). Similarly, in the case of oil-saturated rock−oil−
seawater system, the IL-added system also shows a better
percentage reduction of the contact angle (≈3.2%) than the neat
system without IL (≈3%) over the increase of temperature and
pressure. It indicates that the ILs are more proficient even at
extreme temperatures and pressures.

3.1.3. Effect of Aging. Second, we investigated the effect of
aging on the oil-saturated samples. The oil-saturated samples
were aged for different time periods as 0 day, 7 days, 14 days, and
30 days and then studied for static wettability. Figure 5 shows
the measured contact angle of the rock−oil−seawater system as
a function of aging. It can be evidently seen that the increase of
aging time increases the oil wetness to some extent. Herein, the
wettability was shifted from 150.9 to 164.3° while increasing the
aging time from 0 to 30 days. This shows the occurrence of
asphaltene deposition on the rock surface, which tunes the
surface in favor of more oil-wet characteristics.33

3.1.4. Effect of ILs Alkyl Chain Length. Third, the efficiency
of four various ILs ([C4mim]+[Cl]−, [C6mim]+[Cl]−,
[C8mim]+[Cl]−, and [C12mim]+[Cl]−) with variation in alkyl
chain lengths was studied for the static wettability on the brine-
saturated sample. All these measurements were performed at 25
°C and in various pressures from 14.7 to 3000 psi. The
concentrations of the ILs were set to be constant as 500 ppm for
all these measurements. Figure 6 shows the impact of each ILs

on the measured static contact angle of the brine-saturated
sample. It is very clear that the ILs had altered the wettability
more significantly toward the strongly water-wet state. As can be
seen in Figure 6, the increase of alkyl chain length on the cationic
head of ILs is observed to be more efficient to increase the water
wetness than the shorter chain containing ILs. It is to be noted
that 500 ppm of [C4mim]+[Cl]− reduces the contact angle from
82.5 to 53.2° at ambient conditions (25 °C and in 14.7 psig),
whereas the addition of 500 ppm of [C6mim]+[Cl]−,
[C8mim]+[Cl]−, and [C12mim]+[Cl]− reduces the contact
angle to 51.6, 50.6, and 49.4°, respectively, at the same
experimental conditions. It indicates that the increase of the

Figure 5. Effect of aging on the wettability measurements on the oil-saturated rock sample at 25 °C.

Figure 6. Effect of different ILs (500 ppm) on the static contact angle
measurement of the rock−oil−seawater system for the brine-saturated
rock at 25 °C.
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alkyl chain length increases their efficacy more significantly than
the shorter chain containing ILs. It may be attributed to their
difference in surface chemistry (charge of interactions) involved
between the IL−oil and IL−carbonate rock interactions. In
order to understand the mechanistic response of this IL-aided
wettability alteration, we studied themeasurement of ζ-potential
for various systems and reported at the later part of this study.
3.1.5. Effect of Salinity. In the last part of this section, we

studied the efficiency of ILs over different salinity since most of
the gulf reservoirs are highly salty with a huge composition of
both mono and divalent ions. Also, most of the conventional
chemical agents fail to withstand their colloidal stability at high
salinity and further lose their efficacy in the process of wettability
alteration due to their harsh environment. Therefore, we
intended to screen the ILs at various saline mediums. In this
study, we formulated three different brine fluids (SW, LS, and
FW) at varying salt compositions (refer to Table 3) and studied
them with IL, [C12mim]+[Cl]−, to comprehend the IL
performance on the wettability alteration at a wider range of
salinity. Figure 7 shows the effect of IL, [C12mim]+[Cl]−, on the

contact angle study of the brine-saturated rock−oil−seawater
system at three different salinity as SW (67,500 ppm), LS
(138,000 ppm), and FW (241,000 ppm) at 25 °C, and in 14.7−
3000 psi pressure. Overall, the performance of the IL was found
to be more efficient regardless of any salinity. As can be seen in
Figure 7, a slight increase in contact angle was observed with the
increase of salinity, but still, the differences are almost negligible.
For instance, the contact angle was found to be increased to 51.1
from 49.4° upon increasing the salinity to FW from SW at
ambient conditions. We also studied the same brine-saturated
rock−oil−seawater system without ILs. It resulted in a similar
trend that the contact angle was raised slightly to 85.5 from 82.5°
while increasing the salinity to FW from SW. Though the
differences seem negligible, it is to be noted that the increase of
salinity enhances the oil-wet nature of the rock surfaces. It may

be attributed to the minor variation in the electrostatic repulsion
or interaction of the oil−water and oil−rock interfaces.
Probably, the interaction between the oil−rock system could
be enhanced by adsorbing more Na+/Ca2+/Mg2+ ions at the
rock−oil or oil−water interfaces. On the other hand, the
increase of ionic strength on the bulk fluid would suppress the
brine film thickness (electrical double layer) that exists in
between the rock and oil. This would increase the rock−oil
interaction; on account of this, the high salinity brine results in
more oil wetness than the low salinity medium.36 This is detailed
at the later part of this study by measuring the ζ-potential.
However, ILs were found to be more efficient and more stable
regardless of any salinity. Therefore, ILs can be considered as the
most appropriate candidate for harsh reservoir environments.

3.2. Dynamic Wettability. The dynamic wettability is the
measurement of the contact angle that exists on the rock−oil−
seawater system during the process of dynamic displacement of
the base fluid with another fluid. This is the contact angle that
exists when the surface tension at the contact line of the droplet
is unbalanced or when the external force is applied to the
droplet.46 As mentioned in Section 2.2.2, this study focused on
correlating this wettability dynamics measurement with the
realistic flooding experiments. Figure 8 shows the effect of IL,
[C12mim]+[Cl]−, on the dynamic contact angle of the oil−
saturated rock−oil−seawater system as a function of time up to
24 h at ambient conditions (25 °C, 14.7 psi). Initially, the
contact angle of the rock−oil−seawater system was noted as
150.9°; later, seawater was displaced with 500 ppm of IL
solution. Afterward, this system was retained for the next 24 h
and monitored the transient changes in the contact angle. As
expected, the contact angle of the system was altered more
significantly from 150.9 to 118.5° over time; however, no
significant change occurred on further extension of time
duration beyond 24 h. It can be seen from Figure 8 that the
diameter of the oil droplet was shrinking and dragging toward
the base fluid as a result of dynamic changes of wettability.
Though the contact angle was not dropped below 90°, it
indicates that the angle changed toward weakly oil-wet state
(118.5°), which is in fact a positive indication for the successful
EOR. Moreover, on comparing the static and dynamic studies, it
was noted that the static experiments show an excessive
reduction in contact angle due to the pre-exposure of IL
molecules on the rock surface. However, in the case of dynamic
study, the IL molecules were introduced once we land the oil
droplet on the rock surface, unlike the static measurements. This
also implies that the mechanism of the static wettability is
differing from the dynamic case. The simple adsorption of ILs on
the rock surface could be the key factor in a static case. In the
case of dynamics study, it could be attributed to the increase of
structural disjoining pressure or the wedging tendency of the ILs
on the rock−oil−water interphase.47 Apart from this, capillary
pressure reduction and higher interaction of the ILs on the rock
surfaces than on oil would also make the rock surface to behave

Figure 7. Effect of different salinity on the static contact angle
measurement of the oil−rock−seawater system with and without IL,
[C12mim]+[Cl]−, for the brine-saturated rock at 25 °C.

Figure 8. Effect of 500 ppm of IL, [C12mim]+[Cl]−, on the dynamic contact angle of the oil−rock−seawater system at 25 °C for the oil-saturated rock
for a period of 24 h.
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as more of water wet. Though the contact angle reduction is
relatively lesser in the dynamic experiments than the static
method, this proves to be virtually more realistic and informative
to correlate with the coreflood experiments. Furthermore, it is
also important to investigate the adsorption studies of ILs in the
porous media, which is in-planning to understand the level of
rock−IL interactions and to quantify their loss during the EOR
process.
3.3. Interfacial Tension. To support the wettability

mechanism, we also measured the IFT of the oil−water systems
with the addition of different chemicals as shown in Table 5. All

these tests were performed at both 25 and 100 °C. As can be
seen in Table 5, the increase of IL, [C12mim]+[Cl]−,
concentration decreases the IFT more substantially to 11.3
from 23.34 mN/m, which is about 52% of the reduction
recorded for the addition of 500 ppm of ILs. This implies that
the IL molecules get arranged or positioned at the oil−water
interfaces by the typical electrostatic interactions between the
acidic component of oil (or the heteroatom of oil, −N, −O, and
−S) with the cationic moiety of ILs. Usually, the ILs are freely
soluble in the water phase due to their high hydrophilicity, and

they possess positive charges, which will interact with the oil
interface electrostatically, thereby reducing the oil−water IFT. A
similar study was performed for the 500 ppm of AOS surfactant,
and it was noted that the IFT was reduced more effectively to
4.75 from 23.34 mN/m. This reduction of the IFT was more
convinced than the IL system due to its better surfactant
property. With our interest, we also determined for the
combination of ILs and AOS (500 ppm of AOS and 500 ppm
of [C12mim]+[Cl]−) with crude oil; interestingly, it was noted
that there was a slight increment in the IFT. This could be
attributed to the competitiveness of ILs and AOS for the
arrangement at the oil−water interfaces; probably, the number
of AOS availability at the interface would have been reduced by
the IL placements.
In general, t two types of classical mechanisms are reported in

literature for the typical surfactant or nanofluid EOR, in which
one is oil−water interfacial tension reduction and another one is
the wettability alteration. Nevertheless, in our present study on
ILs, we witnessed both the IFT reduction and wettability
alteration. However, the wettability alteration is more dominant
than the IFT reduction. As Wasan and Nikolov (2003) studied
the nanofluid wettability dynamics, we can also extrapolate a
similar approach for the IL case in our study.47 Here, the
diffusion of ILs into the rock−oil−brine system could have
generated a kind of IL layers or a wedge film on the rock−oil−
brine interface (at the three-phase contact line). This would
facilitate the increase of the disjoining pressure on the three-
phase interline; therefore, the alteration of wettability or contact
angle would take place more toward the water-wet system.
Additionally, the IL adsorption on the oil−water interfaces will
reduce the interfacial tension, which further facilitates capillary
pressure reduction. This indicates that the pressure of the
wetting phase (ILs) is increased or the pressure of the non-
wetting phase (oil) is decreased, due to which the wetting fluid
spreads faster onto the rock surface than the non-wetting
fluid.47−51 Therefore, it is demonstrated that the ILs are capable
of altering the rock−oil−brine wettability to the water-wet
system through capillary pressure reduction and disjoining
pressure increment.

3.4. Zeta Potential. In this section, we measured the ζ-
potential of some of the colloidal dispersions to understand the
physicochemical interaction of the rock−oil−brine system with

Table 5. Measurement of Oil−Seawater Interfacial Tension
with the Addition of ILs and Surfactantsa

IFT (mN/m)

sample system 25 °C 100 °C

1 seawater (SW) 23.34 20.15
2 10 ppm [C12mim]+[Cl]− + SW 18.5 15.89
3 50 ppm [C12mim]+[Cl]− + SW 16.3 14.36
4 100 ppm [C12mim]+[Cl]− + SW 15.3 13.18
5 250 ppm [C12mim]+[Cl]− + SW 13.8 10.95
6 500 ppm [C12mim]+[Cl]− + SW 11.3 9.78
7 500 ppm [C8mim]+[Cl]− + SW 11.7 10.02
8 500 ppm [C6mim]+[Cl]− + SW 12.3 10.23
9 500 ppm [C4mim]+[Cl]− + SW 12.8 10.65
10 500 ppm AOS + SW 4.75 4.13
11 500 ppm [C12mim]+[Cl]− + 500 ppm

AOS + SW
5.25 4.39

aThe standard uncertainties are u(IFT) = 0.15 mN/m and u(ILs/
AOS conc.) = 2 ppm.

Table 6. ζ-Potential Measurement of Different Colloidal Systems at Ambient Conditionsa

ζ-potential (mV)

25 °C 80 °C

sample systems without oil with oil without oil with oil

1 DI water −2.12 −2.01
2 DI + rock −0.96 +0.18 −0.64 +0.11
3 DI + 500 ppm [C12mim]+[Cl]− + rock +7.89 +3.87 +7.33 +3.42
4 SW +4.80 +4.51
5 SW + rock +18.8 +12.05 +18.25 +11.72
6 SW + 500 ppm [C12mim]+[Cl]− +54.55 +54.38
7 SW + rock + 500 ppm [C12mim]+[Cl]− +58.96 +48.36 +58.55 +48.03
8 SW + 500 ppm [C8mim]+[Cl]− +50.39 +49.45
9 SW + rock + 500 ppm [C8mim]+[Cl]− +55.36 +46.33 +54.33 +44.96
10 SW + 500 ppm [C6mim]+[Cl]− +48.45 +48.11
11 SW + rock + 500 ppm [C6mim]+[Cl]− +53.82 +44.26 +53.13 +43.89
12 SW + 500 ppm [C4mim]+[Cl]− +46.28 +45.90
13 SW + rock + 500 ppm [C4mim]+[Cl]− +51.71 +41.95 +51.25 +41.59

aThe standard uncertainties are u(ζ) = 0.1 mV and u(temperature) = 0.2 °C.
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and without ILs. First, various sets of colloidal dispersions were
prepared with different additives (rock, ILs, and oil), and then
their ζ-potential was determined using the Dispersion Tech Inc
instrument. Table 6 shows the determined ζ-potential of various
samples with and without oil. It is noticed from Table 6 that the
clean carbonate rock in deionized (DI) water was found to be
relatively less negative as −0.96 mV due to very less solubility of
CaCO3 in water due to which the production of CO3

2− will also
be very less.42 In the case of 500 ppm of IL + rock in DI, the ζ-
potential was recorded as +7.89 mV due to the cationic
imidazolium adsorption on the rock surfaces. The same system
with the addition of oil slightly reduced the ζ-potential to +3.87
from +7.89 mV, which indicates that the acidic fraction of the oil
(negative charges) consumes some of the imidazolium cations
that obviously limit the number of available imidazolium cations
at the diffusive layer of the rock surface.
The same study was repeated with seawater to understand the

impact of ILs on harsh environments. As shown in Table 6, the
colloidal dispersion of the rock powder in seawater has resulted
in the ζ-potential as +18.8 mV. This sudden increment of the
potential indicates the adsorption of Na+/Ca+/Mg+ ions (a large
quantity of mono- and divalent ions are composed in seawater
composition) on the calcite rock surfaces; this strong
accumulation of ions on the rock surfaces will form the strong
double layer with positive nature.42,52 As observed before, the
addition of oil on the SW + rock system reduces the ζ-potential
to +12.05 from +18.8 mV. For the case of SW + 500 ppm of
[C12mim]+[Cl]− with oil, its ζ-potential was found to have
surged to as high as +54.55 mV, which is much higher than the
neat SW + rock + oil system. This indicates the strong
adsorption or the interaction of imidazolium cations on the oil
droplet surfaces along with the Na+/Ca+/Mg+ ions from SW.
Finally, in the case of SW + 500 ppm of [C12mim]+[Cl]− + rock,
which was studied with and without oil, a potential of +58.96mV
without oil and +48.36 mV with oil was observed. This again
shows that the extended adsorption of imidazolium cations and
Na+/Ca+/Mg+ ions on the rock surfaces witnessed higher ζ-
potential as +58.96 mV. As expected with the addition of oil, it
was reduced to some extent as +58.36 mV since the positive
species (Na+/Ca+/Mg+) at the rock surfaces would have been
reduced by their adsorption to the oil interface.42 Overall, the
addition of oil in all these cases showed a drop in the ζ-potential,
which could be due to the negative nature of the crude oil’s
resin/asphaltene.42

In general, these ζ-potential determining experiments help to
understand the complex microscopic interactions of the rock−
oil−brine (three phases) systems. These interaction studies
were further correlated with the wettability of the rock−oil−
brine system to understand the wettability alteration mecha-
nism. Herein, a thin brine film might exist between the rock and
oil; however, depending on the type of interaction between rock,
oil, and brine, this thin film may increase or decrease. Figure 9
shows the correlation between the measured contact angle and
the ζ-potential of the rock−oil−seawater system with and
without IL, [C12mim]+[Cl]−. It can be seen from Figure 9 that
the ζ-potential difference between the oil in seawater and rock in
seawater, [ζo − ζr], drops from 14 to 4.41 mV with the addition
of ILs. This demonstrates the strong repulsion between the oil
and rock with the addition of ILs. It is clear that the measured ζ-
potentials are in line with the contact angle experiments.
Therefore, the ILs increase the interaction with oil (IFT
reduction) and also on the rock surface, which help to decrease
the rock−oil interaction to establish the rock matrix wettability

alteration. Hence, it can be understood that the addition of ILs
has the potency to alter the oil-wet rock matrix into a water-wet
matrix even with a minor concentration of ILs. On the other
hand, as can be seen in Table 6, the ζ-potential difference
between oil in SW and rock in SW, |ζo− ζr|, decreases from 5.43
to 4.41 mV when increasing the alkyl chain length of ILs from
[C4mim]+[Cl]− to [C12mim]+[Cl]−. However, the neat system
with no ILs was noted as |ζo − ζr| = 14.1 mV. Therefore,
obviously, the lesser the Δζ is, the better the wettability
modification is. Thus, the increase of the alkyl chain length
increases the hydrophobicity, which obviously shifts the ζ-
potential more toward the positive magnitude (refer to Table 6).
Therefore, the presence of longer alkyl chain ILs would
obviously increase their tendency repulsion between the rock
and brine (ILs).

4. CONCLUSIONS
In the present study, we have investigated the efficacy of four
different imidazolium ILs (with varying alkyl chain lengths on
the cationic head) on the wettability by measuring both the
static and dynamic contact angles. In this study, we investigated
several factors, such as the type of rock (brine-saturated and oil-
saturated), type of IL, IL concentrations (0−500 ppm), aging,
salinity (67,500−240,000 ppm), temperature (25−100 °C), and
pressure (14.7−3000 psi). In the case of static wettability studies
of brine-saturated rock−oil−seawater system, the wetting
characteristic of the rock matrix was altered from neutral-wet
to strongly water-wet (from 85.5 to 49.4°) upon adding 500
ppm of IL, [C12mim]+[Cl]−. Similarly, for the oil−saturated
rock−oil−seawater system, the wetness was altered to neutral-
wet from strongly oil-wet (from 150.9 to 99.2°) for the same IL
addition. However, in the case of dynamic study of the oil-
saturated rock−oil−seawater system, the wettability was
modified from strongly oil-wet to weakly oil-wet or neutral-
wet (from 150.9 to 118.5°) upon displacing the native base fluid
(seawater) with 500 ppm of IL, [C12mim]+[Cl]−. Though it has
relatively lesser effect as compared to the static experiment, this
could be considered more realistic to correlate with the
coreflood wettability studies. All these experiments were studied
at extended pressures (14.7−3000 psig) and temperatures (25−
100 °C) and a minor reduction on the measured contact angle
was observed while increasing the temperature and pressure.
The combinedmechanistic actions of the various factors, such as
interfacial tension reduction, disjoining pressure, capillary
pressure alterations, and IL interactions, with the rock−oil−
water interphase could have caused the wettability modification.
In addition to this, ζ-potential measurements of SW + rock and
SW + IL + rock systems were performed with and without oil.
The ζ-potential analysis reveals that the ILs help to increase the
rock−oil repulsions more significantly by the formation of a
stronger electrical double layer on both the oil droplet and rock

Figure 9. Illustration of the measured ζ-potential values on their
corresponding rock−oil−brine system with and without ILs.
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surface by adsorbing more ILs on the surfaces. Conclusively, the
results of the various experiments performed in this study are
more impressive and favorable toward the EOR operation at
high temperature, high pressure, and high salinity.
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