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Abstract

Chemical injection improves oil recovery, but poses challenges. lonic Received: 17 August 2023
liquids are a promising material for chemical enhanced oil recovery due Accepted: 29 December 2023
to their unique properties. However, their complex structures present Page Number: 59-76

a significant challenge. In this article, we discuss the types and
performance influencers of ionic liquids in oil recovery. Most ionic
liquids contain imidazolium cations and halogen anions. Two
mechanisms, interfacial tension reduction, and wettability alteration,
justify their performance. Longer alkyl chains and high temperatures
increase efficiency. Maintaining their performance at high temperatures
and salinity is crucial for success. Wettability changes have been
obs.erved.in_ both sandstone z.ar.1d _carbonate _rocks in the pr.e.sence of Keywords:
various ionic systems, transitioning them into a hydrophilic state.
Furthermore, these mechanisms synergize effectively with other
chemicals like surfactants and polymers. The promising research results i )
of the past decade indicate the substantial potential of these materials in Interfacial Tention,

increasing oil production. Wettability Alteration

lonic Liquid,
Enhanced Oil Recovery,
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7. Enhanced Oil Recovery (EOR)

8. Chemical Enhanced Oil Recovery (CEOR)
9. Mobility Ratio

10. Sweep Efficiency

11. Interfacial Tension (IFT)

12. Wettability Alteration

13. lonic Liquid (IL)
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1. Aquifer

2. Gas Cap

3. Dissolved Gas

4. Pressure Difference
5. Artificial Lift

6. Secondary Recovery
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9. Surface Active lonic Liquids (SAILSs)

. Amphipathic

. Imidazolium

. Pyridinium

. Pyrrolidinium
Phosphonium
Lactam

. Ammonium

. Gemini lonic Liquid
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Figure 1. Published Articles on the Investigation of Ionic Liquids' Application in Chemical Enhanced Oil Recovery, Year by Year
(Based on Science Direct Articles).
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Figure 2. Forces Applied in Each Phase and at the Intermediate Fluid Interface Level.
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Figure 3. Different Categories of Ionic Liquids in Previous Studies from 2013 to 2023.
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Figure 4. The effect of ionic liquids on changing interfacial tension (a) the effect of ionic liquid concentration
(b) the effect of alkyl chain length (c) the effect of salinity.
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Figure 5. Comparison of different materials to reduce interfacial tension [8,19,36].
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Figure 6. Schematic definition of wettability in a porous media.
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Table 1. List of manuscripts studying the mechanisms of ionic liquids in chemical enhanced oil recovery from 2013 to 2023.

ILs

[Csmim][C1]
[Cr2mim][C1]
[CsPy][C1]
[Ci2Py][C]]

Ammoeng 100, 101,

102, 110, 111, 112

[Comim][OTs]

[Ci2mim][OAc]

Ammonium &
Phosphonium IL

Highlights/results in brief

Simulation software has indicated that the pyridinium cation exhibits higher
hydrophobicity compared to the imidazolium cation. Consequently,
pyridinium-based ionic liquids demonstrate superior performance in reducing
Interfacial Tension (IFT) in distilled water.

The ionic liquid [Cimim][Cl], with an exceptionally low Critical Micelle
Concentration (CMC) of 100 ppm, has effectively minimized IFT to 0.81
mN/m. However, elevated temperatures have led to an increase in the IFT of
the ionic liquid solution in brine and oil.

In this study, ammonium-based ionic liquids have been considered
environmentally friendlier in terms of both toxicity and biodegradability when
compared to imidazolium and pyridinium-based counterparts.

The ionic liquid Ammoeng 102 has demonstrated remarkable effectiveness,
achieving the lowest Interfacial Tension (IFT) within the water-oil system.
Temperature and salinity have proven to be significant factors contributing to
IFT reduction. In distilled water, the addition of 2000 ppm of Ammoeng 102
ionic liquid has resulted in a surface tension decrease to 6.8 mN/m.

The injection of this surfactant ionic liquid has resulted in an impressive 88%
recovery in the reservoir. It is asserted that by injecting 4 times the void space
volume (4 PV) of the ionic liquid, the oil production share has doubled
compared to water flooding in the secondary stage.

The dominant mechanisms are attributed to electrostatic attraction (ionic charge)
and the aromatic nature of the ionic liquid. These mechanisms interact with the
aromatic components of the oil, inducing changes in surface wettability.

The Critical Micelle Concentration of this ionic liquid is reported at 2000 ppm,
with a corresponding surface tension of 2.92 mN/m in distilled water.
Furthermore, an increase in temperature has led to a decrease in surface tension,
reaching 0.81 mN/m.

The effective reduction of Interfacial Tension was observed by adding 2000 ppm
NaCl at low temperatures. However, an opposing trend was noted at higher
temperatures. Overall, under elevated temperature and salinity conditions,
an improved surface tension of 2.03 mN/m has been reported compared to
the initial state.

Sodium hydroxide (NaOH) and sodium carbonate (Na2CO3), two types of
alkalis, were introduced at varying concentrations. The superior performance of
NaOH in enhancing the solution's properties was observed.

Various non-imidazolium families of ionic liquids have been thoroughly
investigated and screened, with the primary focus on key factors such as thermal
stability, solubility in brine, and effectiveness in reducing Interfacial Tension.
The screening process identified two ionic liquids, Ammoeng 111 and 130,
which proved insoluble in brine and were subsequently excluded. It's crucial to
note that, for the pivotal task of improving oil recovery through reduced surface
tension, ionic liquids soluble in water are deemed essential.

Ammoeng 102 ionic liquid has been highlighted as possessing the optimal
formulation for diminishing IFT and influencing surface wettability. Its Critical
Micelle Concentration is quantified at approximately 250 ppm. The calculated
minimum IFT in brine stands at 1.65 mN/m, reflecting a 20% by weight
solution.

Dynamic adsorption experiments have underscored the notable affinity of ionic
liquids for sandstone rocks, with this affinity further intensifying as salinity
increases.

Year

2013

2013

2014

2015

2015

Ref.

[16,17]

(18]

(21]

[33]

[46,47]
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ILs

[C12mim][C]]
[CsPy][C]]
[Cismim][Cl]
[CisPy][Cl]

[Ci2mim][Br]
[C1amim][Br]
[Ciemim][Br]

Poly ionic liquid

[Comim]
[Commim
[Camim]
[Csmmim

BF4]
[BFa4]
BF4]
[BF4]

—— —r—

[Camim][C1]
[Camim][Br]
[C4amim][HSO4]
[Cemim][Br]
[Comim][HSO4]
[Csmim][Cl]

BMOT

([C4mim][C12SO4])

[Csim-Cs-Csim][Br2]

[Csmim][BF4]
[Ciomim][BF4]
[Ci2mim][BF4]

[Ci2im-Cs-
imCi2][Brz]

Highlights/results in brief

The ionic liquid [C18mim][Cl], distinguished by its longest chain, has exhibited
the lowest recorded Interfacial Tension at 1.38 mN/m.

The effectiveness of this ionic liquid on carbonate surfaces has been thoroughly
investigated. The contact angle has increased from 124° to 149°, indicating
a transition towards a more hydrophobic regime. This demonstrates superior
performance compared to a pyridinium-based ionic liquid with a similar chain
length.

Under challenging reservoir conditions, the ionic liquid [Ciemim][CI] has
demonstrated a remarkable reduction in Interfacial Tension.

The Critical Micelle Concentration of this ionic liquid stands at 250 ppm,
offering a more optimized value compared to the surfactant CTAB with a CMC
of 500 ppm.

The introduction of 4000 ppm of this ionic liquid into distilled water and a 3%
weight brine has led to a notable decrease in IFT between the solutions and oil,
reaching values of 4.7 and 3.9 mN/m, respectively.

This study utilizes a liquid ionic polymer known for possessing thermal stability
resembling that of ionic liquids, along with the flexible and flowable structure
characteristic of polymers.

The investigation focuses on the surface tension of these materials, specifically
in brine, revealing a reported minimum value of 6.9 mN/m.

Various ionic liquids featuring BF4 anions with different chain lengths were
employed to investigate and explore their impact on altering the wettability of
carbonate rocks.

The initial contact angle measured at 63° was reduced in the presence of ionic
liquids, indicating a heightened water-repellent nature. Particularly,
[C4mmim][BF4] exhibited superior performance, achieving a contact angle as
low as 30 degrees.

The presence of the ionic liquid has resulted in a substantial 49.7% reduction in
Interfacial Tension, and the additional introduction of 20,000 ppm NaCl has
further amplified the decrease to 54%.

The extension of the chain length, leading to an increase in van der Waals forces
between the alkyl ring of the ionic liquid and the oil, has played a key role in the
continued reduction of IFT. Throughout this study, ionic liquids have elevated
the contact angle, prompting a transition in wettability from hydrophilic to
hydrophobic. Nevertheless, under conditions of elevated salinity, this
phenomenon has reversed, causing a shift in the rock wettability system from
oil-wet to water-wet.

BMOT's performance has been compared to two anionic surfactants, AOT and
BDMS.

It has been proposed that BMOT can be conceptualized as a system comprised
of both cationic and anionic surfactants, with each group possessing amphiphilic
properties.

At a concentration of 3000 ppm, the Interfacial Tension between water and oil
experienced a significant reduction to 0.04 mN/m.

Gemini ionic liquids, featuring two interconnected cationic centers, demonstrate
superior efficiency in reducing Interfacial Tension compared to conventional
ionic liquids, achieving an impressive reduction of up to 97.8% in surface
tension. Notably, a significant decrease in IFT is observed with increased
salinity, temperature, and pH variations.

On quartz surfaces, the contact angle has increased from 78° to 168°, signifying
a transition in surface wettability from hydrophilic to hydrophobic.

The ionic liquid [Ciomim][BF4], with a Critical Micelle Concentration of 2000
ppm, demonstrates optimal performance in reducing Interfacial Tension,
reaching an impressive value of 0.041 mN/m.

Experimental assessments of contact angles on carbonate surfaces highlight its
significant impact, lowering the contact angle from 148° to 21°. The absorption
of the ionic liquid on these surfaces increases with the salinity of the brine,
while the addition of NaCOs3 results in decreased absorption.

Langmuir isotherms provide a fitting description of the absorption of ionic
liquids on carbonate surfaces.

The introduction of the ionic liquid led to the creation of a stable emulsion
between oil and formation water.

Year

2017

2017

2017

2017

2017

2019

2019

2019

2020

Ref.

[48]

[49]

[50]

[43]

[44]

[51]

[34]

[52]

[53]
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ILs

[C12mim][C]]
[C1smim][C]]

[Camim][C1]
[Cemim][C1]
[Csmim][Cl]
[Ci2mim][Cl]

[C4amim][NOs3]
[Cemim][NO3]
[Csmim][NOs3]

[C1omim][OTH]

[Ci2mim][Cl]
[Cismim][Cl]

T2EG

[C12mim][Br]
[Ci2Py][CI]
[Ci6Py][CI]

Highlights/results in brief

Achieving a minimum Interfacial Tension of 0.0082 mN/m was observed at
a concentration of 115,336 ppm.

Notably, the performance of the ionic liquid was found to be more effective at
elevated temperatures.

Investigation of ionic liquids with alkyl chain lengths of 12 and 18 carbon atoms
indicates that longer-chain ionic liquids demonstrate superior effectiveness in
fostering the growth and functionality of bacterial species.

Various concentrations of ionic liquids, ranging from 0 to 200 ppm, were
examined on five types of oil-separating bacteria. The most optimal results,
promoting the highest microbial growth performance, were consistently
observed at concentrations between 10 and 25 ppm.

Tonic liquids, beyond their direct impact on reservoir rock and fluid properties,
can play a role in enhancing oil production by interacting with bacteria present
in the environment.

This study investigated factors such as the type of ionic liquid, the concentration
of the ionic liquid (in amounts less than 500 ppm), aging (up to 8 weeks), and
permeability in carbonate rocks.

It was found that common surfactants, SDS and CTAB, employed in carbonate
reservoir injection, achieved only an 11% higher oil recovery. In contrast,
depending on their chain length, ionic liquids demonstrated the potential to
achieve 27% to 34% more oil recovery.

Ionic liquids exhibited the ability to alter the rock surface from oil-wet to
water-wet.

Due to the toxic nature of halogen-based anions, they have been preferred over
nitrate anions in the synthesis of ionic liquids.

It has been noted that elevating the temperature results in a reduction in
interfacial tension, and the presence of salt can contribute to its enhanced
performance.

Increasing the chain length enhances emulsion stability, manifesting Winsor III
behavior.

Triflate anion (OTf) has been utilized in the synthesis of ionic liquids for
examining their effectiveness in carbonate rocks.

At the optimum Critical Micelle Concentration of 4000 ppm, the Interfacial
Tension reached a minimum value of 0.36 mN/m. The introduction of salt
negatively impacted the reduction of IFT.

The addition of 0.5% by weight of NaOH minimized the IFT to its lowest level.
With an increase in the length of the alkyl chain, van der Waals forces become
more pronounced, and as the distance between hydrophilic and hydrophobic
groups widens, more molecules of the ionic liquid saturate the saturation
interface.

The presence of ions alongside the 12-carbon alkyl chain ionic liquid has led to
a reduction in Interfacial Tension. However, for longer alkyl chains (18 carbon
atoms), due to the saturation of the common water and oil interfacial area, salt
has a negative effect, resulting in a higher IFT.

It has been observed that [Ciomim][Cl] exhibited a superior IFT in formation
water compared to [Cismim][Cl].

An optimal formulation, combining the anionic surfactant RECOLAS158 and
the ionic liquid T2EG, has been devised to enhance oil recovery in carbonate
reservoirs.

Demonstrating its efficacy, a mere 1% by weight of the optimal formulation
exhibits the ability to reduce interfacial tension to the range of mN/m 102 within
the temperature spectrum of 25°C to 75°C.

This compound induces a shift in wettability from oil-wet to intermediate, with
the transition becoming more pronounced as the temperature rises. At 75°C, the
contact angle decreased from °156 to °102.

Surface adsorption, quantified at 0.086 mg/grock, reflects an exceptionally low
amount on the rock.

A synergistic combination of smart water and ionic liquids was employed to
alter the wettability of carbonate rocks.

The ionic liquid [Ci2mim][Br] exhibited superior performance in wettability
alteration compared to [C12Py][Cl].

Increasing the chain length in the pyridinium-based ionic liquid proved effective
in enhancing both mechanisms of reducing interfacial tension and altering
wettability, with a more pronounced impact on interfacial tension reduction.

Year

2021

2021

2021

2022

2022

2023

2023

Ref.

[54]

[55,56]

(8]

[32]

[58]

[59]
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Smart water alone led to a 11.5% increase in in-situ oil production. However,
the addition of [Ciamim][Br] and [Ci2Py][C]] to smart water resulted in

The Gemini ionic liquid has demonstrated a greater reduction in interfacial
tension compared to the single-cationic ionic liquid. Results indicate that longer

The contact angle on sandstone has steadily increased with the escalating

Molecular dynamics simulation has been employed to study the ionic
liquid-quartz-oil system from the perspective of energy behavior and dynamics.
It has been observed that the addition of ionic liquids leads to a reduction in van
der Waals forces and electrostatic forces between the oil surface and quartz.

This study explores the synergistic combination of C1EG with the surfactant

It has been revealed that a 1% weight of this formulation remains stable in
the formation water, reducing interfacial tension to 0.02 mN/m and decreasing
surface absorption in carbonate rocks to 0.6 milligrams per gram of rock.

Core flooding experiments conducted at temperatures of 25°C and 120°C
resulted in an additional 10 to 12.5 percent oil recovery. The increase in
temperature, however, led to a reduction in enhanced oil recovery, attributed to

ILs Highlights/results in brief
a respective 22.4% and 24.6% increase in in-situ oil production.
alkyl chains exhibit higher surface activity.
[C[Srlri?rig}z[]]? r]]Br] concentration of both substances.
RECOLAS103.
CIEG
the transformation of the microemulsion from Winsor III to Winsor II.

Year

2023

2023

Ref.

[60]

[61]
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Figure 7. Comparison of different materials to change wettability of rock surface[43-65, 44,46,53,62].
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