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Abstract

Nowadays, the production of environmentally friendly, sulfur-free fuel as a feedstock is a global requirement due to the
increasing demand for ultraclean fuels. Hydrodesulfurization is the typical technique widely used in the industry that deals
with severe difficulties. So, to overcome these difficulties, researchers have invented various desulfurization techniques,
such as extractive, adsorptive, oxidative, or a combination of these techniques. The use of ionic liquids (ILs) in extractive
desulfurization, oxidative desulfurization, and extractive—oxidative desulfurization techniques has gotten a lot of attention
in the last few decades, and there have been a lot of papers written about it. In these techniques, ILs are employed as extract-
ants and catalysts instead of traditional volatile organic solvents. This study aims to highlight the influential factors such as
operating conditions, mass ratio of ionic liquid to fuel, quantity of other complementing reagents, initial sulfur content, and
effects of various sulfur compounds with the key emphasis on the efficacy of ILs in both the techniques. To understand the
effectiveness and multifunctional role of ILs, the influence of structure and properties of ILs, multistage extraction using
ILs, regeneration and recycling of ILs are also reported in this paper. Here, a review of the interesting findings, challenges,
and future perspectives to mature the performance of these techniques is discussed in detail.

Keywords Ionic liquid - Extractive desulfurization - Oxidative desulfurization - Extractive—oxidative desulfurization -
Recalcitrant sulfur compounds - Catalysts - Extractants

Introduction

The demand for ultra-deep desulfurization of fuels such
as diesel, gasoline, kerosene, marine fuel, and heating oil
is ever increasing in the refining industries. Production of
energy is one of the most challenging issues of the modern
era as energy consumption and economics are connected
intimately. Fossil fuels are one of the most widely used
sources for energy production worldwide. Half of the total
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energy obtained from fossil fuel comes from petroleum fuel
(Betiha et al. 2017). The crude oil is the largest source of
energy, and the major part of crude oil is usually used as
transportation fuels. Sulfur content and API gravity have
a strong influence on the price of crude oil. These sulfur
compounds in fuel exist as thiophenes and its derivatives,
mercaptans, sulfides, and disulfides (Ja et al. 2017).

The hydrodesulfurization (HDS) method is an ongoing
technique in the petroleum industry. Higher operating con-
ditions, use of expensive catalysts and hydrogen gas, pro-
duction of hydrogen sulfide gas, higher capital cost, lack of
safety, and inability to meet environmental standards under
normal conditions are the main demerits of the HDS pro-
cess (Deshpande et al. 2005; Khodaei et al. 2017; Saha et al.
2016). This prompts the development of alternative desul-
furization techniques to overcome these challenges. Some of
the newly developed techniques, such as extractive (Ahmed
et al. 2016b; Krélikowski 2019; Li et al. 2015b; Tian et al.
2003), adsorptive (Etemadi and Yen 2007; Khan and Jhung
2015; Kim et al. 2006), biodesulfurization (Li et al. 2007;
Soleimani et al. 2007; Xu et al. 2019; Yi et al. 2019), shifting
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boiling point by alkylation (Farag 2010), oxidative desulfuri-
zation (Hao et al. 2019a; Li et al. 2020; Liu et al. 2020), and
ultrasound-assisted oxidative desulfurization (Desai et al.
2021a, b), have been introduced.

Various extractants, such as acetonitrile, dimethylfor-
mamide, and sodium hydroxide, were used for the desul-
furization of fuel (Abdelrahman et al. 2018; Duarte et al.
2011; Margeta et al. 2016). However, all of these are volatile
organic compounds (VOCs), so it creates some deteriorat-
ing effects on the process, such as loss of solvent, loss of
oil yield, and difficulty in the recovery of solvents (Chao
et al. 2010). ILs are the new solvents that are promising
substituents of VOCs owing to their extraordinary charac-
teristics such as negligible vapor pressure, good solvation
property, high thermal and chemical stability, and design-
ability according to an application under question (Ebrahimi
and Hashemabadi 2018). Shayegan et al. (2013) show that
ILs can serve as extractants and catalysts, as well as a com-
bination of two or more roles (Shayegan et al. 2013). The
desulfurization techniques with ILs ensure high stability and
regeneration ability.

As discussed above, ILs act as efficient catalysts, extract-
ants, and both in IL-assisted processes. Imidazolium ILs are
the most common type of ILs used in the fuel desulfuriza-
tion process. Swapnil Dharaskar and his group have applied
numerous imidazolium- and phosphonium-based ILs as
extractants for the desulfurization of model fuel (MF) and
real fuel (RF). At 30 °C, all ILs reached thermodynamic
extraction equilibrium in 30 min (Desai et al. 2020; Dhar-
askar and Sillanpaa 2018a; Dharaskar et al. 2013, 2014b,
2016a). Zhang and the group have developed functionalized
polyoxometalate-based IL and applied it as a catalyst for the
desulfurization of MF as well as hydrotreated diesel oil and
achieved the allowable sulfur limit (Zhang et al. 2014Db).
This synthesized catalyst can be recycled seven times with-
out a decrease in the activity. Zhang and the group have
also developed the electrophilicity-tunable IL for aerobic
ODS (Zhang et al. 2020). Another group of Zhu synthe-
sized various functionalized ILs such as graphene analogues
supported by tungsten-based IL and achieved 99.3% sulfur
removal at 30 °C. This work provided new ways of design-
ing high-performance heterogeneous catalysts (Zhu et al.
2015). A similar group has developed the pyridinium-based
temperature-responsive magnetic IL and applied it to the
ILs-assisted ECODS process and obtained 95.3% sulfur
removal at 40 °C in 10 min. Owing to the magnetic feature
and temperature-responsive behavior, recovery and reuse of
synthesized IL became easy and it was recycled efficiently
for five consecutive cycles. These results gave a new direc-
tion to the development of the thermomorphic catalyst of
the ODS system (Zhu et al. 2013). They have also developed
metal surfactant-based ILs and applied them as catalysts in
the desulfurization of fuel. The amphiphilic nature of these
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synthesized ILs played a significant role in the formation of
the emulsion and reuse of catalysts (Zhu et al. 2011). Zhao
and his group applied the pyridinium-based IL for the des-
ulfurization of MF and achieved a 93.3% removal efficiency
in the presence of H,0, and formic acid (Zhao et al. 2010).
A similar group has developed the environmentally benign
coordinated IL from the cheap amines and Bronsted acidic
IL, which is applied as a catalytic solvent for the ODS pro-
cess. The effect of process parameters was optimized and
obtained 98.6% and 99.8% desulfurization efficiency, respec-
tively (Zhao et al. 2009a; c).

This work reviews recent progress and the multitasking
role of ILs in extractive and oxidative desulfurization tech-
niques considering the effects of all other influential factors
on the performance of extractive desulfurization using ionic
liquids (ILs-EDS), oxidative desulfurization using ionic liq-
uids (ILs-ODS), and extractive and catalytic oxidative desul-
furization using ILs (ILs-ECODS). The effects regeneration,
multistage extraction along with the mechanism responsible
are discussed in detail. The application of these processes on
the actual fuels and their feasibility on the industrial applica-
tions are explained in detail.

Effect of sulfur compounds, its emission standards,
and need of desulfurization

Air quality is significantly degraded by the pollution emit-
ted by vehicles. Sulfur dioxide is released from several
anthropogenic sources, such as excessive burning of fossil
fuels, coal-burning power plants, and the use of vehicles.
The emission of these gases into the environment reacts
with atmospheric humidity and forms sulfates and acid
rain, which damage soil and buildings and ultimately affect
the ecosystems. Thereby, the production of fuels with low
levels of organic sulfur compounds in fuels becomes very
important. These fuels could be utilized for fuel cell appli-
cations (Etemadi and Yen 2007). Vehicles also emit NO,,
sulfur, and nitrogen-containing particulate matter which can
cause lung cancer, respiratory and cardiovascular diseases,
chronic bronchitis, and other serious health problems. Sul-
fur compounds can also create deteriorating effects such as
catalyst deactivation, and corrosion of pipelines, equipment,
and pumps. The desulfurization of fuel is also important
from an industrial point of view. To reduce the overall emis-
sions, automobile companies also demand the same. This is
because the presence of sulfur compounds deactivates the
catalyst, poisoning the catalytic converters. Combustion of
sulfur-containing fuels produces sulfur oxides which cause
corrosion of parts of IC engines. It also affects the emission
control devices by preventing the adsorption and reaction of
NO,, hydrocarbon (HC), and carbon monoxide (CO) (Betiha
et al. 2017).
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Sulfur removal still represents a major operational and
economic challenge for the petroleum refining industry.
Almost all countries have brought down the allowable sul-
fur content in transportation fuel to 10 ppm, and it will be
reduced to approximately zero shortly (Gray et al. 2003).
The United States Environmental Protection Agency
(USEPA) sets the standards for sulfur content in gasoline
and diesel. The EPA set the maximum allowable sulfur con-
tent of 15 ppm in diesel in 2006, and currently it is 10 ppm
in the USA and Europe, which can be reduced to zero ppm
shortly. As of 2017, regulation in India requires on-road
diesel and gasoline to follow BS-IV standards (maximum
50 ppm S) and these standards will be tightened to BS-VI
(maximum 10 ppm S), in 2020. Also, newer technologies
are found that can be helpful for India in achieving its goal
of zero sulfur emissions (Khodaei et al. 2017).

Toxic sulfur components present in fuels

Crude oil contains an enormous amount of sulfur com-
pounds in fuels. Some of the sulfur compounds like mer-
captans, thiols, and sulfides can be removed easily by the
traditional ongoing industrial process, but the other com-
pounds like thiophene (TH), benzothiophene (BT), diben-
zothiophene (DBT), and their derivatives are very difficult
to remove by the HDS process (De Filippis and Scarsella

2003). The reactivity of sulfur compounds depends on initial
sulfur concentration, type of sulfur compounds, API grav-
ity, molecular weight, electron density, and steric hindrance
(Song and Amer Chem 2002). Combustion of fuel releases
sulfates particulate matter, sulfur oxides, and nitrogen oxides
which cause harmful effects on the environment and human
health (Safa et al. 2016). Table 1 represents the various aro-
matic and aliphatic sulfur compounds present in fuels.

Outlook

As mentioned in the Introduction section, desulfurization of
fuel has become a difficult issue for petroleum refiners due
to a number of disadvantages, including global warming,
pollution, acid rain, vehicle engine damage, and being highly
harmful to the environment and human health. As a result,
environmental protection control bodies in all countries have
tightened the threshold for the permitted S-content of fuels.
The HDS is the most widely used technique, even though it
has significant drawbacks, including extremely high operat-
ing temperatures, the consumption of expensive hydrogen
gas and catalyst, and the difficulty of removing aromatic
S-compounds. The nature of S-compounds has a consider-
able impact on the effectiveness of all desulfurization pro-
cedures. The type, structure, and physicochemical proper-
ties of ILs have a significant impact on all of the strategies

Table 1 Various toxic sulfur
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covered in this article. The main focus of this article is on
the efficacy of ILs in EDS, ODS, and ECODS performance.
Operating conditions, initial sulfur content (ISC), oxidant
and catalyst dosage, type of S-compounds, and multistage
extraction are all aspects that influence the performance of
these approaches, as well as the influence of ILs. The recy-
cling impact of ILs was also investigated to see if the tech-
niques might be used in industry. ILs are typically thought
of as green solvents that are frequently used in the separation
and catalysis industries. IL was originally introduced only
as an extractant in the ILs-EDS technique, which extracts
S-compounds via simple physical extraction. The maximum
experiments were conducted on MFs, but their application
to real-world fuel research did not yield the expected find-
ings. The ILs are employed as extractants to remove the
sulfones that have been generated. As a result, scientists have
begun using ILs as an extractant in the ILs-ODS process,
in which S-compounds are oxidized to respective sulfones
in the presence of an oxidant in the first step, and then ILs
are employed as extractants in the second phase to remove
the created sulfones. The problem with this method is that
it uses a lot of ILs, takes a long time, and is inefficient for
real-world fuel studies. After that, the researchers created
a novel method by merging extractive and oxidative pro-
cesses, which is known as the extractive and catalytic oxida-
tive desulfurization process (ILs-ECODS). The combination
of these processes can overcome the drawbacks of the ILs-
ODS and ILs-EDS processes, and it has also been found
to be beneficial in real-world fuel tests. This method can
reduce the use of ILs while simultaneously providing good
desulfurization efficiency for both MFs and RFs. The use of
all three procedures on RFs is reviewed, demonstrating that
the ILs-ECODS approach is both successful and feasible for
industrial use.

lonic liquids

The definition of ILs in the current scenario is that liquids
consist entirely of ions and have a melting point of less than
100 °C (Ahmed et al. 2015). Kowsari (2013) shows that ILs
have a broader range of unique characteristics that falsify the
earlier assumption that all ILs have the same characteristics
(Kowsari 2013). It generally has low volatility and has wide
applications. ILs can be safe or risky, volatile or nonvolatile,
toxic or benign (Watanabe 2007). It is often assumed and
stated that all ILs are green and nonvolatile, which can be
wrong for some ILs. Hence, one should not generalize the
common error found in the previous literature. Research on
ILs increases day by day due to the well-known fact that
enormous ILs can be synthesized by varying the chemical
structure, and thereby the physicochemical properties of ILs
can be adjusted as per the required application. Therefore,
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ILs are also known as ‘designer solvents’” and ‘task-specific’
(Austen Angell et al. 2012). The main concern about the
industrial feasibility of ILs is their cost. Nevertheless, ILs
can be economically produced on a large scale. In many
applications, ILs can be recycled several times, which would
reduce the overall cost. This recycling of ILs without any
effect on the surrounding environment is advantageous in the
present era of climate concerns (Gutowski 2018).

Structure of ILs and its development

ILs consist of organic and asymmetric (usually) cations
and organic or inorganic anions (Welton 2018). The most
effective method for the synthesis of IL is salt metathesis
reactions, though there are several techniques such as anion
exchange and acid—base neutralization (Prado and Weber
2016). The cation center mostly has nitrogen or phosphorus
with a positive charge, while the anion has a diffused or
protected negative charge. Figure 1 presents the common
cations and anions used in the synthesis of ILs (Faridbod
et al. 2011). Initially, ILs are broadly classified into four
categories as shown in Fig. 2. Protic ILs are the simplest
ILs to synthesize compared to other ILs as they can be pre-
pared via simple proton transfer from Bronsted acid to Bron-
sted base, whereas aprotic ILs contain an alkyl group other

Cation Anions
Ll [ 5

[] Phosphonium
[ ] Imidazolium
[ Pyridinium
[[] Ammonium
[] Pyrrolidinium
[ Sulfonium
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Fig. 1 Common cations and anions used in the synthesis of ILs



Chemical Papers (2022) 76:1989-2028

1993

Fig.2 Broad classification of IL
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than a proton and their synthesis requires specific strate-
gies. The other two categories are inorganic ILs and solvate
ILs. Inorganic ILs can have protic, aprotic, or solvate cases.
Mixed alkali-molecular inorganic IL systems can also be
made through mixing inorganic ILs with low melting alkali
salts. Solvate ILs consist of salt and coordinating solvent,
which gives rise to a chelate complex with similar kinds
of properties as ILs (Austen Angell et al. 2012). In the last
few decades, numerous classes of ILs have been introduced
in these categories, including bio ILs (Fukaya et al. 2007),
deep eutectic solvents (Krélikowski 2019), supported ILs
(Yu et al. 2020), polarizable ILs (Schro et al. 2020), chiral
ILs (Bica and Gaertner 2008), metal salts ILs (Abbott et al.
2004), switchable polarity solvents (Phan et al. 2008), and
amphiphile ILs (Falcone et al. 2020).

ILs can be synthesized and fine-tuned by changing the
cation and anions to meet the specific requirements. ILs are
the solvents that can be applied to a wide range of organic
and inorganic components (Bradaric et al. 2003; Singh and
Savoy 2019).

Ratti et al. emphasized the application of IL as a catalyst
and reviewed the preparation and its applications in vari-
ous separation processes (Ratti 2014). Through a survey of
earlier reports, Han et al. have shown the potential of ILs
compared to other volatile organic compounds and reported
the function of ILs as extractants and catalysts in various
fields (Han and Row 2010). Physicochemical properties of
ILs were compared with those of solvents by the groups of
Koel and Hardy (Handy 2011; Koel 2008).

Influential physicochemical properties of ILs

The physical chemistry of the ILs is the most significant
aspect that provides the meaningful factors that estimate the
properties of ILs. The physicochemical properties of ILs can
be tailored as per the application. Usually, ILs are designed
to have non-flammability, low combustibility, negligible vol-
atility, a wide liquidus range, as well as an electrochemical
window, and high thermochemical stability. Although ILs
have a wide range of hydrogen bonding ability and polarity,
they are liquid from — 93 to 327 °C. For the application of
ILs for a specific purpose, physicochemical data have to be
accessed. Despite the frequent use of ILs, the knowledge
of these properties is still limited. Solubility, wettability,

viscosity, moisture content, thermal stability, and conduc-
tivity are considered peculiar and significant properties. To
understand the environmental impact of ILs, biodegradabil-
ity and toxicity are also equally important to study.

The physicochemical properties of ILs depend on the
nature and size of both the cation and anion. The cation of
ILs plays a vital role in the variation of properties such as
melting point, viscosity, and solubility with solvents (Ueno
et al. 2010; Watanabe 2007). The thermal stability and melt-
ing point of ILs are important in understanding the decom-
position and purity of ILs. The significant structural factors
of the cation are the number of carbon atoms in the alkyl
chain, its flexibility, charge density, symmetry, functional
tail group, and cyclic or branched structures. These struc-
tural factors have a great effect on the properties of anions.

Typically, ILs have been considered as salts having melt-
ing point less than 100 °C. In general, halide anions reveal
higher melting points, which are considered as the precur-
sors of ILs. Typically, both ions have an influence on lower-
ing the melting temperature. Increasing the anion size and its
asymmetric substitution lowers the melting point. Similarly,
the size of the cation, as well as its symmetry, also has an
impact on the melting point. The thermal stability of ILs also
contributes to the melting temperature. The thermal stabil-
ity of ILs decreased by branching the alkyl chain length and
increased by increasing the anion charge density in the case
of high cation charge density. Glass transition temperatures
also depend on the structure of cations, but the effect is much
smaller than the melting point temperature. The glass transi-
tion temperature of common ILs is typically around — 73 °C.

ILs usually have a higher density than water, with 1-2.3 g/
mL. The density strongly depends on alkyl chain length, the
size of the ring in the cation, the interaction force between
anion and cation, and their symmetry. The density of ILs
can be increased by increasing the symmetry of cations and
attachment of the function group (Faridbod et al. 2011).

ILs have a strong and wide range of wettability (hydro-
philic to hydrophobic), and this can be varied by varying
the cation or anion. At saturation, hydrophobic IL such as
1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide absorbs approximately 1.4% of the water mass (Mat-
suda et al. 2007). Longer alkyl chain length cations and ani-
ons like bis(trifluoromethanesulfonyl)amide, [BF,]~, and
[PF¢]™ are much more hydrophobic than C1™ and Br™ in ILs
with similar cations. This hydrophobicity and other solvent
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immiscibility are advantageous for phase separation. Non-
volatile nature of IL is a most important advantage as it
cannot be ingested by inhalation like VOCs (Handy 2011).

Moisture content in ILs may be critical for some applica-
tions but negligible for others. Furthermore, even a small
percentage of water affects the viscosity of heavy oil. There-
fore, the moisture content of ILs must be < 10%. It can also
affect the catalyst dissolved in IL (Alexander et al. 1962;
Dharaskar et al. 2016a; Fan et al. 2009; Shaban et al. 2014;
Song et al. 2017).

Another critical property of ILs is biodegradation. IL
is generally designated as biodegradable and non-toxic in
nature, so before using it for any application, a biodegrada-
tion study must be carried out (Atefi et al. 2009). Tuning of
synthesized IL is obtained by varying the length of alkyl
chains connected to the ionic part of the cation. The toxicity
and environmental profiles of ILs are required to be known
as ILs are usually designated as environmentally friendly
and ‘green solvent’ (Atefi et al. 2009; Raj et al. 2018). Low-
volatile ILs can also be used for high-vacuum systems. The
toxicity of ILs depends on the nature of the cation and anion
and the solvent used for the synthesis of ILs (Raj et al. 2019).
Impurities such as moisture content, residual solvents, acids,
halide ions, and unreacted VOS arise from the synthesis
of ILs. These impurities may affect the spectroscopic and
physicochemical characteristics of the resulting ILs. Ideally,
ILs should be clear and odorless. If there are no functional
groups, they should be colorless (Cieniecka-rosl et al. 2005).

Transport property plays a significant role in liquid-liquid
extraction, separation, and other chemical reactions as well as
electrochemistry. This mainly focuses on the viscosity of ILs
and their interaction with molecular solvents. ILs are more
viscous than common VOCs. At room temperature, the vis-
cosity of ILs is in the range of 10-500 cP, which is higher
than water (0.89 Cp) and other aqueous solutions. The vis-
cosity of ILs varies with the shear rate as it is known that
the larger cations make IL more viscous owing to increased
van der Waals interactions. Electrostatic forces and hydrogen-
bonded structures can also affect the viscosity of ILs. Endress
and Abedin proved that increasing the alkyl chain length from
butyl to octyl increases the viscosity and hydrophobicity and
decreases the density. This is owing to the strong van der Waal
force, and therefore the energy requirement of the molecu-
lar motion increases (Endres et al. 2006). ILs with the low-
est viscosity are formed from small anions with a diffused
negative charge. This negative charge is likely to take part in
any hydrogen bonding interaction. The high viscosity of ILs
can be decreased by the addition of diluents. The basicity and
structure of an anion also affect the viscosity. A small anion
can decrease the Van der Waals bond but increases the elec-
trostatic interaction through hydrogen bonding. It also varies
with the temperature. As temperature increases, the viscosity
of ILs decreases (Dharaskar and Sillanpaa 2018a; Guangren

@ Springer

et al. 2012; Navarro et al. 2018). Okoturo and Vander Noot
reported studies on viscosity—temperature dependence and
proved that most of the ILs do not follow the typical Arrhenius
equation. The viscosity—temperature correlation follows the
Vogel-Tammann—Fulcher (VTF) equation, which also con-
siders glass transition temperature as an exponential term and
observes a decrease in the viscosity of ILs with an increase in
temperature (Okoturo and Vandernoot 2004).

Mutual solubility between IL and fuel is measured using
vacuum drying, gas chromatography, and liquid chroma-
tography. Mutual solubility between fuel oils and ILs is a
crucial factor to take into account when ILs are applied as
extractants because of two reasons: (1) Dissolution of ILs in
fuel causes contamination of fuels and loss of the ILs, which
thereby changes the quality and composition of the fuel.
The solubility of the fuel in ILs leads to loss of fuel and an
increase in separation cost; and (2) extraction of important
HC components with sulfur compounds (Gao et al. 2016).
According to the literature study, ILs are generally soluble
in various organic compounds, such as acetone, methanol,
ethanol, and water, but not soluble in octane, hexane, tolu-
ene, or heptane (Ferreira et al. 2014). Mutual solubilities
of RF oils are measured by the weight variation of an IL
saturated with RF before and after the removal of the IL. It
is proven that the solubility of diesel in ILs is less compared
to the solubility of gasoline in ILs. Changing the anions
of ILs can change their solubility (Asumana et al. 2010;
Chen et al. 2014; Luo and Barrufet 2005). To understand the
application of ILs as an extractant, the solubility mechanism
needs to be understood. The extraction of the organic sulfur
compound, ILs with low water solubility, is desirable since
the higher the water solubility, the lower the extraction abil-
ity for organic compounds. This type of behavior is due to
the intrinsic equilibrium competition between water and an
organic compound. Hence, mutual solubility of IL and fuel
becomes another important property of the selectivity of ILs
(Gao et al. 2017).

The conductivity of ILs also needs to be measured
because the conductivity of ILs can be changed by exchang-
ing anions (Faridbod et al. 2011). It depends on the mobility
of cation because the diffusion coefficients of ILs cations are
significantly higher than the anions. Generally, ionic conduc-
tivity is proportional to the number of charge carrier ions
and their mobility (Dharaskar et al. 2013; Ghandi 2014).

Extractive desulfurization using ionic liquids
(ILs-EDS)

As previously discussed, the achievement of fuel with
ultra-low sulfur content is a challenging issue (Aitani and
Ali 2013). ILs have unique characteristics that can help
in the successful accomplishment of this goal. They have
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extraordinary benefits over conventional solvents, such as
negligible vapor pressure, high thermal stability, designabil-
ity of ILs as per the application, and moisture tolerance and
can be used with reductants as well as oxidants (Dharaskar
et al. 2015a). ILs are usually used in EDS and ODS of fuel.
In ILs-EDS, the ILs are employed as extractants, while in
ILs-ODS, the ILs are employed as catalysts, extractants, or
combination of both.

Initially, in EDS, conventional solvents such as metha-
nol, acrylonitrile, sodium hydroxide, and polyalkylene gly-
col were used, but now it has shifted to ILs due to their
benefit. ILs have a higher density than water and volatile
organic solvents and form biphasic systems. Therefore, ILs
are good extractants. However, sensitivity toward moisture is
a crucial factor as it affects the absorption efficiency. Various
task-specific ILs can be designed by altering their cations
and anions, which increases the selectivity of EDS using
ILs (Domanska and Wlazto 2014). Bosmann and his group
reported the first article on EDS using ILs (Bésmann et al.
2001). The workflow of the ILs-EDS process is shown in
Fig. 3.

The selection of ILs for fuel desulfurization requires cer-
tain characteristics, such as that they should be immiscible
in fuel, have high selectivity toward sulfur compounds, have
high thermochemical stability and regeneration, and recy-
cling of ILs must be effective. The study of the regeneration
of ILs is essential to make the process economically feasible.
ILs can be regenerated by either washing with water in the
case of hydrophobic ILs and organic solvents such as diethyl
ether, ethyl acetate, or by distillation in the case of hydro-
philic ILs (Dharaskar et al. 2018b).

In 2014, Abro et al. reviewed the role of IL as an extract-
ant in the ILs-EDS process. They have addressed vari-
ous parameters affected by the ILs-EDS process, such as

Fig.3 Experimental workflow
of ILs-EDS process

extraction conditions, regeneration effect, and multistage
extraction. The ILs mentioned in this study are usually the
common traditional ILs available commercially (Abro et al.
2014). The physicochemical properties of ILs play a sig-
nificant role in the extraction process, which is discussed
in this study. Various research groups have developed the
task-specific ILs for the ILs-EDS process. So, in this study,
the influence of these newly developed ILs and the effects
of all the parameters affected by the ILs-EDS process are
discussed in detail. To fully comprehend the process, the
mechanism responsible for the ILs-EDS process must be
examined. Because RFs contain a variety of S-compounds,
it is difficult to remove all of the sulfur compounds at once.
Because every S-compound acts differently, knowing the
influence of these S-compounds on the ILs is critical for
applying the ILs-EDS method to industrial applications.

Thermodynamic extraction equilibrium

Thermodynamic extraction equilibrium is a key factor to
investigate for any separation process because it provides the
time required to get the maximum yield. The short time can
give high product yields or small contact equipment in the
industry. As per the literature survey, the time determined
by the thermodynamic extraction equilibrium study for the
ILs as an extractant is directly dependent on the viscosity of
the ILs (Toledo Hijo et al. 2018). High-viscosity ILs took
30 to 40 min to reach equilibrium, whereas low-viscosity
ILs may take less than 10 min (Navarro et al. 2018). The
feasible reason behind these changes could be that the low-
viscosity ILs have better dispersion in fuel and thereby faster
mass transfer of sulfur compounds from the organic phase to
the IL phase (Guangren et al. 2012). The reason behind the

Recycling
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lonic Liquid

rich fuel

| Regeneration \
‘

. M Low Sulfur
Sulfur rich fuel
fuel
Sulfur
lonic Liquid contaminated
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lower extraction equilibrium time using ILs is that these ILs
enhance the mass transfer between fuel and ILs.

Influence of extraction temperature

According to the literature survey, extraction operating
conditions such as extraction temperature and time are
very significant parameters and have a wide impact on sul-
fur extraction and the respective partition coefficient (Ky)
Extraction temperature plays an influential role in the extrac-
tion efficiency as it directly relates to the viscosity of ILs.
The reported works demonstrated that when the ILs-EDS
is performed with low-viscosity ILs, the KN and extraction
efficiency decrease slightly with increasing temperature,
while the opposite trend is observed with high-viscosity
ILs (Asumana et al. 2010; Ibrahim et al. 2015; Li et al.
2015a). This trend was observed in the study by Dharaskar
and Joshua raj (Dharaskar et al. 2018b; Raj et al. 2018).
The same trend was also observed in some low-viscosity
ILs ([Bmim][HSO,], [Hmim][HSO,], [Bmim][N(CN),],
[Emim][N(CN),]) and high-viscosity ILs ([TDA][SA],
IL(n=60,benzyl,Cl_)/NaCl, [TBCMP][Br]) (Asumana et al.
2010; Chen et al. 2014; Kianpour et al. 2016; Wang et al.
2020). Just like the EDS of MF, the sulfur removal efficiency
of RFs using low-viscosity ILs such as [C,mim][OAc] is
found to be highest at low temperatures.

On the contrary, the EDS of RFs with high-viscosity ILs
is enhanced with an increase in temperature. This alteration
can be understood by the alteration in the viscosity of ILs
with temperature. For high-viscosity ILs, as the tempera-
ture increases, the viscosity of ILs decreases, and thereby
they can easily interact with the sulfur leading to high des-
ulfurization efficiency (Jian-long et al. 2007; Li et al. 2019).
The summary of this is that the low-viscosity ILs are more
advantageous at room temperature in terms of energy con-
sumption and desulfurization efficiency. In addition to this,
we can also conclude that the higher extraction tempera-
ture has little or no effect on sulfur removal. Therefore, the
EDS at ambient temperature is preferable as it consumes
less energy.

Influence of mass ratio of ionic liquid to fuel

The influence of ILs on the ILs-EDS is usually expressed in
terms of the mass ratio of ionic liquid to fuel. It is the most
crucial factor because of the well-known fact of the high cost
of ILs. Therefore, it is always preferable to utilize the least
quantity of ILs in the desulfurization of fuel. According to
the literature survey, the sulfur removal usually increases
with the increase in the quantity of ILs. For example, the
m(IL/MF) was analyzed for 5 min and observed the order of
extraction efficiency. It follows the order of 1:5<1:3<1:2
< 1:1<1:1 m(IL/MF) (Wang et al. 2020). The similar trend
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was observed in the study of Ibrahim and his group where
dicyano(nitroso)methanide-based ILs were used to examine
the influence of ILs (Ibrahim et al. 2015). The effect of K
was also observed and proved that the variation in K, was
not extreme with the variation in m(IL/MF) mainly in the
physical extraction (Dharaskar and Sillanpaa 2018b). Vari-
ation of K, may be sensitive to chemical extraction. The ILs
with low viscosity such as [Bmim][HSO,] were less sensi-
tive than the ILs with high viscosity such as [EPy][NOj;]
(Jian-long et al. 2007). Though EDS efficiency increases
with an increase in the mass ratio, the rate of increase is
not the same. As per the data shown, the sulfur extraction
efficiency of RFs using high- and low-viscosity ILs and the
maximum desulfurization efficiency was obtained at 2:1 and
lowest at 1:5 m(IL/RF), respectively (Gao et al. 2014a; Jiang
et al. 2008; Lu et al. 2014b). The rate mainly depends on the
chemical nature of ILs and how it is related to their extrac-
tion ability. The rate of increase in sulfur removal is much
sensitive in the case of high-viscosity ILs. Therefore, the
mass ratio of IL to fuel must be selected carefully by con-
sidering the oil recovery and recycling of ILs as they have
much effect on the overall cost of the process.

Influence of initial sulfur content

The ISC of fuel is another important factor that needs to
be measured to make the process feasible. As shown in
Table 2, the ISC of the fuel has little or no influence on
the performance of ILs-EDS. Various ILs exhibit different
extraction mechanisms, but the variation of ISC is almost
insignificant. However, the study of Ibrahim and his group
dealt with the denm-based ILs and showed that the increas-
ing ISC of fuel decreases the extraction efficiency (Ibrahim
et al. 2015). This variation of desulfurization efficiency with
ISC is extremely valuable when dealing with industrial oil
with a wide range of sulfur contents. The insensitivity to
ISC is desirable for the practical applicability of ILs-EDS.

Regeneration and recycling of ILs

The most significant feature for the selection of ILs is
the regeneration and recyclability of ILs. It can compen-
sate for the high cost of ILs. During the regeneration of
sulfur-containing ILs, the S-compounds are repelled in
the absence of a solvent molecule (Jiang et al. 2015).
The regeneration of sulfur-containing ILs depends on two
parameters. One is the type of sulfur compounds, and the
other is the nature of ILs. Regeneration of hydrophilic ILs
prefers dilution with water followed by distillation of ILs
and recycled back for the next cycle, while the regenera-
tion of hydrophobic ILs prefers distillation followed by
adsorption (Fernandez et al. 2012; Kuzmina 2016; Mai
et al. 2014). The significant advantage of regeneration
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Table 2 Influence of ISC on the performance of ILs-EDS

ILs S-source ISC, ppm DS% References

[TDA][SA] TH/BT/DBT 150-1500 TH:74%, BT:78%, DBT:(82-85%) Wang et al. (2020)

[DBU]Pr DBT 50-1500 DBT, BT: > 80%, 4,6-DMDBT: > 60% Ren et al. (2018)

IL (n=60, benzyl, BT 200, 450, 750, 1000 86-82% Yuetal. (2016)
Cl-)/NaCl

[C,mpip]FeCl, DBT 200-800 50.3-44.9% Jiang et al. (2015)

[TBCMP][Br] DBT 300-1300 67-68% Kianpour et al. (2016)

[C,mim][dcnm] DBT/TH 200, 500, 900, 1500, 2000 DBT:(70.6-54.1%), TH:(55.8%-14.8%) Ibrahim et al. (2015)

DS%: Desulfurization efficiency

of IL is the unchanged structure of ILs after regenera-
tion. After regeneration, ILs are recycled without a sig-
nificant decrease in the desulfurization efficiency. The
reported literature on the regeneration of ILs is presented
in Table 3. It proved that the low-viscosity ILs can be
more easily regenerated than the high-viscosity ILs. The
regeneration of IL compensates for the cost of ILs.

Table 3 Influence of recycling and regeneration of ILs

Multistage extraction using ILs

The necessity of multistage extraction becomes inevitable
to meet the environmental standards, say, less than 10 ppm
in a single extraction. The reason behind this may be the
K, between the IL and fuel, which makes allowable sulfur
level in single extraction almost impossible. In multistage
extraction, after completion of the first extraction, the oil
phase and the IL phase are separated. Then, a certain amount

ILs S-source Primary DS%  Recycling without = Recycling with regen-  References
regeneration eration
Cycle DS% Cycle DS%

[TDA][SA] TH/BT/DBT 72.7/76.3/83.9 5 28.5/26/34 5 71/75/82 Wang et al. (2020)
[BMIM]BF, Diesel 13.15 14.1 Valenzuela et al. (2020)
[3-allyl-3-PEG-IM] DBT/ 4,6-DMDBT 68/30 9 9/0.3 Butt et al. (2020)

[N(CN),]
[C,(Mim),]HSO, BT 87.73 37.33 1 76.14 Liet al. (2019)
[THTDP][bis(TMP) DBT 74 5 49.1 Dharaskar et al. (2014b)

Phosphinate]
[DBU]Pr DBT 84.12 6 78 Ren et al. (2018)
[THTDP]BF, DBT 0.926 10 57.5 1 68.1 Dharaskar et al. (2018)
[TBHPP][CI] DBT 64 5 50 1 58 Moghadam et al. (2017a)
IL (n=60, benzyl, CI-)/ BT 85 20 14 1 76 Yu et al. (2016)

NaCl
[Et;NH]CI-FeCl;/CuCl TH 93.9 5 95 Wang et al. (2014)
[BMIM]Br DBT 67.4 4 44.8 Dharaskar et al. (2015b)
[THTDP]C1 DBT 81.5 5 Dharaskar and Sillanpaa

(2018a)
[THTDP]PF, DBT 84.5 8 54.3 Dharaskar and Sillanpaa
(2018b)

[BMIM]SCN TH 55.6 7 52 Gao et al. (2014b)
[C¢mim]Cl/FeCl, (1:2) DBT 99.4 4 95.9 Gao et al. (2014a)
[C,Py]IN(CN),] DBT 66 4 62.9 Gao et al. (2014a)
[C,mim][dcnm] DBT/TH/FCC Gasoline 66/53/33.2 6 62.6/44.5/29.1 Tbrahim et al. (2015)
[C,mpip]FeCl, DBT 45.5 4 43.5 1 46 Jiang et al. (2015)
[C,COOCH;ImC4H 5] DBT 80.5 10 >90 Raj et al. (2018)

[N(CN),]
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of fresh IL is added at the same experimental condition and
the same procedure is repeated (Gao et al. 2008). Li et al.
used [C,(Mim),](HSO,), to perform a multistage extraction
on FCC gasoline which reduced the sulfur content of MF
from 747 to 396 ppm in a single extraction at 1:1 m (IL/
RF) at 30 °C for 30 min, and it was reduced to 15 ppm after
five extraction cycles (Li et al. 2019). Yu achieved 100%,
88%, and 91% S-extraction for gasoline 93, gasoline 90, and
light hydrocarbon oil after four stages. They reported that
multiple extraction is a promising way to achieve the allow-
able sulfur content in fuel. As discussed earlier, single-stage
extraction cannot obtain fuel with allowable sulfur content,
but if we compare the extraction ability of various ILs in a
single-stage extraction, the low-viscosity ILs can give better
extraction performance than the high-viscosity ILs (Yu et al.
2020). The same trend was observed for the RFs. [Et;NH]
Cl-FeCl,/CuCl, was applied for the desulfurization of FCC
gasoline, and 94.30% extraction efficiency was achieved
after four extraction cycles (Wang et al. 2014). Kianpour
et al. (2016) used [TBCMP][Br] at room temperature at
m(IL/fuel)=0.88 for 10 min on MF containing DBT, BT,
and 4,6-DMDBT, and the sulfur content was reduced to
10 ppm after four extraction cycles (Kianpour et al. 2016).
The desulfurization of RF at an ultra-low sulfur level can be
achieved by multistage extraction, and the use of ILs can be
paid back by their excellent recyclability. The performance
of ILs-EDS using some ILs-assisted multistage extraction is
summarized in Table 4.

Influence of various sulfur substrates

The effect of various sulfur substrates is very essential to
analyze for its practical applicability as the RF has several
S-compounds present in it. The efficacy of ILs for differ-
ent sulfur compounds as an extractant may vary as per the
nature of sulfur compounds. The order of extraction capac-
ity of ILs for various sulfur substrates depends on two fac-
tors: the electron density of sulfur compounds and the steric
hindrance. Usually, the fuel contains various recalcitrant
compounds such as TH, BT, DBT, and their derivatives. As
shown in Table 5, the extraction ability of most of the ILs
follows the order of DBT > BT > TH. The reason behind this
is the decreasing order of electron density (DBT (5.758),
BT (5.739), TH (5.696)). Gao et al. performed ILs-EDS
using various pyridinium-based ILs for the desulfurization
of MF containing DBT, BT, and 4,6-DMDBT and achieved
the order of extraction ability of DBT > BT >4,6-DMDBT.
The extraction of DBT is greater than BT due to the higher
electron density, while the lower extraction efficiency of 4,6-
DMDBT is due to the steric hindrance of a methyl group
attached to the 4th and 6th positions, though the electron
density of 4,6-DMDBT is higher than BT (Gao et al. 2015).
The same trend was observed by Yu et al. and Dharaskar
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et al., even in the case of TH and 3-MT (Dharaskar et al.
2018b; Yu et al. 2016). However, in the study of Doman-
ska et al., the extraction ability of a series of imidazolium,
pyridinium, and piperidinium cations and DCA, NTf,, and
TCM anion-based ILs was observed to follow the order of
TH>BT>DBT (Domarska and Wlazto 2014).

EDS mechanism in ILs-EDS

The interaction between S-compounds and IL plays a sig-
nificant role in the extraction ability of S-compounds using
ILs. The mechanism behind the ILs-EDS process needs to
be understood for the success of the process. The plausible
mechanism behind the ILs-EDS process is listed in Fig. 4.
7—r interactions are the key mechanism underlying the des-
ulfurization of recalcitrant sulfur compounds with traditional
ILs containing aromatic cations such as imidazolium and
pyridinium. As we discussed earlier, in the ILs-EDS pro-
cess, the IL extracts the sulfur compound present in the fuel
phase and transfers it to the IL phase. To understand the
proper mechanism behind this extraction process, Mogh-
adam et al. studied the interaction energy between [TBHPP]
[C]] and DBT and performed NBO analysis using DFT
calculations to understand the strength, type, and nature
of interaction between IL and DBT using the Gaussian 09
program. They have derived that this IL has two alcoholic
and two acidic functional groups; this IL with a glyceryl
moiety is extremely advantageous due to its lack of corro-
siveness, neutrality, and eco-friendliness (Moghadam et al.
2017b). A mechanism of series of acid dicationic ILs as
extractants was derived by Li et al. Su et al. developed a
mechanism for a series of acid dicationic ILs as extract-
ants. They demonstrated that the z—= interaction between
the sulfur compound and the cations of ILs is maintained
by using H-NMR studies of BT and DILs before and after
extraction. In addition, the influence of hydrogen bonding
and CH-r interactions between the IL-cation and aromatic
sulfides (Su et al. 2004) is studied. A DFT study of ILs-
EDS mechanism using [BMIM]*[AICI,]" for the extraction
of TH, BT, and DBT is discussed. They also consider the
solvent effect, structural analysis, RDG analysis, and energy
decomposition analysis. They proved that both the cation
and anion are significant for the z—z interaction and hydro-
gen bonding interaction (Li et al. 2015b). Kianpour et al. has
also studied the mechanism behind the [TBCMP][Br] with
DBT; he proved that there is a hydrogen bond between the
OH of the carboxylic group attached to [TBCMP]" with the
sulfur atom in DBT. NBO analysis shows that the charge is
transferred from lone pair of S to o* OH (Kianpour et al.
2016). Li et al. have explained the EDS mechanism behind
Cu(II) and Zn-based imidazolium ILs using the interaction
effect of ILs and DBT. They claimed that the z—z induction
due to the aromatic nature of both the compounds and CH-n
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Table 4 Influence of multistage extraction using ILs

ILs S-source ISC (ppm) Experimental condi-  Multistage extraction References
tions
Stage DS%
[BMIM]BF, Diesel 345 T=35°C,t=45min, 3 40.73 Valenzuela et al. (2020)
m(IL/MF)=1:1,
1000 rpm
[THTDP]bis(TMP) Diesel 600 T=30°C, r=30min, 4 61 Dharaskar et al. (2014b)
Phosphinate m(IL/MF)=1:1
Gasoline 90 T=30°C, t=30min, 4 75.10
m(IL/MF)=1:1
[DBU]Pr DBT 500 T=25°C,t=10min, 3 98.3 Ren et al. (2018)
VAL/MF)=1:1,
1000 rpm
[BMIM]BF, Diesel 385 T=30°C,t=30min, 4 50.40 Dharaskar et al. (2016b)
m(IL/MF)=1:5
Gasoline 181 T=30°C, t=30min, 4 72.40
m(IL/MF)=1:5
[THTDP]BF, Gasoline 75 T=30°C,t=30min, 5 83.33 Dharaskar et al. (2018)
m(IL/MF)=1:1
Diesel 180 T=30°C,t=30min, 5 77.50
m(IL/MF)=1:1
[TBHPP][CI] DBT 500 T=RT, =20 min, 4 99 Moghadam et al.
VAL/MF)=0.6 (2017a)
Gasoline 235 T=25°C,t=12h, 3 48.94 Rodriguez-Cabo et al.
m(IL/MF)=1:1 (2014)
[C,;4,6 mmpy][NTf,] TH/DBT 6wt% T=25°C,t=12h, 3 84.90/98
m(IL/MF)=1:1
Gasoline 235 T=25°C,t=12h, 3 24.68
m(IL/MF)=1:1
[C,mim][NTH,] TH/DBT 6wt% T=25°C,t=12h, 3 61.10/88.50
m(IL/MF)=1:1
[C,mim]Et,PO, TH/DBT 6wt% T=25°C,t=12h, 3 80.60/88.40
m(IL/MF)=1:1
[C,mim][OAc] TH 6Wt% T=25°C,t=12h, 3 88.00
m(IL/MF)=1:1
IL (n=60, benzyl, 4,6-DMDBT 500 T=40°C, t=5 min, 3 100 Yu et al. (2016)
Cl-)/NaCl m(IL/MF)=3.5:1,
m(NaCl/IL)=11.5%
Gasoline 93# 47 T=40 °C, t=5 min, 4 100
m(IL/MF)=3:1
Gasoline 90# 464 T=40 °C, t=5 min, 4 88
m(IL/MF)=3:1
Light HC gasoline 112 T=40 °C, t=5 min, 4 91
m(IL/MF)=3:1
[BMTH]SCN Diesel 600 T=30°C, r=30min, 4 63.30 Dharaskar et al. (2014c)
m(IL/MF)=1:5
Gasoline 90 T=30°C,t=30min, 4 77.20
m(IL/MF)=1:5
[BMIM]Br Diesel 385 T=30°C, t=30min, 4 49.16 Dharaskar et al. (2015b)
m(IL/MF)=1:5
Gasoline 180 T=30°C,t=30min, 4 73.06
m(IL/MF)=1:5
[THTDP]CI Gasoline 90 T=30°C, t=30min, 4 77.80 Dharaskar and Sillanpaa
m(IL/MF)=1:5 (2018a)
Diesel 385 T=30°C, r=30min, 4 63.30

m(IL/MF) = 1:5
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Table 4 (continued)

ILs S-source ISC (ppm) Experimental condi-  Multistage extraction References
tions
Stage DS%
[THTDP]PF, Gasoline 90 T=30°C, t=30min, 4 80 Dharaskar and Sillanpaa
m(IL/MF)=1:3 (2018b)
Diesel 385 T=30°C,t=30min, 4 63.63
m(IL/MF)=1:3
[BMIM]SCN TH 2537 T=60°C,t=15min, 7 99.05 Gao et al. (2014b)
V(IL/MF)=1:1
[Cymim][dcnm] DBT/TH/FCC Gaso- 500 T=25°C,t=15min, 4 <10 ppm/ < 10 ppm/82  Ibrahim et al. (2015)
line VAIL/MF)=1:1,
600 rpm
[C,mpip]FeCl, DBT/BT/4,6-DMDBT 500 T=45°C,t=10min, 5 96 Jiang et al. (2015)
mIL)=1g,
600 rpm

interaction between cation and aromatic nature of DBT is
responsible for the effective performance of the ILs-EDS
system. Yu et al. have developed polyether-based ILs and
explained that the electrostatic force, hydrogen bonding,
and 7—x interaction are the three significant aspects respon-
sible for the effective extraction of S-compound using the
synthesized IL (Yu et al. 2016)(Fig. 5). Another group of
Jaganathan Joushua Raj has studied COSMO-RS analysis of
ILs-EDS system using ester-functionalized IL and claimed
that the longer alkyl chains, aromatic ring, and ester func-
tional groups in the cation of ILs are the contributing factors
for excellent extraction ability (Raj et al. 2018). Overall,
the good performance of ILs-EDS depends on the CH-=
interaction between cation and S-compound, z—x interaction,
electrostatic attraction, hydrogen bonding interaction, and
n-complexation interactions between ILs and S-compounds,
and so on (Wilfred et al. 2012).

Desulfurization of RFs using ILs-EDS

Application of ILs on the MFs using all the mentioned
techniques is discussed by several researchers, but very few
studies were done on the application of those processes on
actual fuels. Application of ILs on the desulfurization of
fuel is complicated than the MFs owing to the presence of
more complex S-compounds. Nitrogen compounds present
in fuels also create hindrance on the performance of desul-
furization processes and utilization of ILs. Desulfurization
of RFs using ILs-EDS processes is summarized in Table 6.
It is observed that the ILs-EDS is not much effective on the
desulfurization of RFs in single stage. It requires multistage
extraction using ILs, which can reduce sulfur compounds
to some extent but does not satisfy the allowable S-content.
This proves that it requires re-/post-treatment to reach the
environmental standards.
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Challenges and future perspective of ILs-EDS

Nowadays, the demand for ultra-low sulfur fuels increases
day by day, and many countries have committed to bring-
ing down the allowable sulfur content to less than 10 ppm.
Thus, the alternative processes will continue to be studied
thoroughly because of the difficulty of the HDS process
in meeting the demands. The ILs over VOCs have won
global interest.

S-extraction efficiency using high-viscosity ILs is not
very effective. Multistage extraction is usually required to
achieve a sulfur content < 10 ppm. Even though extraction
equilibrium time is also as long as 30 min, low-viscosity
ILs are preferable as they give higher extraction efficiency
at lower temperatures and times and offer the necessary
energy consumption for regeneration and mixing. Due
to the well-known fact that ILs are very expensive, the
responsible factors need to be extensively studied. These
factors include their regenerability, mutual solubility with
oils, thermochemical stability, etc.

Application of ILs instead of common organic solvents
in ODS cuts the loss of solvents and safety issues. ILs
can be recycled with or without regeneration without a
noticeable change in activity. The influence of the struc-
ture of ILs on properties and desulfurization has also been
presented here. The properties of ILs can be tailored by
altering their molecular structures. Therefore, there is still
a great chance to synthesize task-specific IL for the oxida-
tion reaction.

The reported literature focused primarily on ILs-EDS
for MFs. The focus on the RF study needs to be examined
as it has more complicated mixtures of sulfur and other
compounds which can make the EDS difficult. This is a
must for small-scale to large-scale applications.
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Table 5 Influence of various sulfur substrates on the performance of ILs-EDS

ILs

Desulfurization efficiency of various sulfur substrates (%)

TH

BT DBT 4,6-DMDBT 4-MDBT 3-MT Order of extraction ability

References

HC source: n-dodecane, Extraction conditions: 7=25 °C, t=5 min, m(IL/MF)=1:1

HC source: n-dodecane, Extraction conditions: 7=30 °C, t=30 min, m(IL/MF)=1:5
529

56.1
48

49.9

DBT>BT>TH
BT>DBT>TH
DBT>BT>TH
DBT>BT>TH
DBT>BT>TH
DBT>BT>TH
DBT>BT>TH
DBT>BT>TH
DBT>BT>TH
DBT>BT>TH

DBT>BT>TH>3-MT
DBT>BT>TH>3-MT
DBT>BT>TH>3-MT
DBT>BT>TH>3-MT

HC source: Toluene/tetralin/heptane, Extraction conditions: 7=25 °C, t=1h, V(IIL/MF)=1:1

HC source: n-dodecane, Extraction conditions: 7= 30 °C, t=30 min, m(IL/MF)=1:1

[TDAJ[SA] 72.68 763 83.94
[TEA][Fo] 57.68 63.1 60.92
[TPA][Fo] 51.07 69 7277
[TPEA][Fo] 6545 734 80.87
[TDA][Fo] 46.14 672 73.52
[TDA][Ac] 7298 752 80.77
[TDA][P1] 763 784 837
[TDAJ[LA] 66.47 70.8 72.07
[TDAJ[GA] 62.1 637 70.74
[TDA][BA] 6743 729 7778
[BMIM]CI 59 71 77
[BMIM]Br 622 737 705
[BMIM]BF, 545 655
[BMIM]BF 562  67.1 74
[bmPY] [DCA] 78 76 66
[bmPYR] [DCA] 64 64 64
[bmPYR] [TCB] 56 70 68
[bmMOR] [TCM] 57 62 66
[bmim] [TCM] 69 68 68
[bmPYR] [TCM] 7372 70
[Pg.6.6.14] [TCM] 7356 56
[pmPIP] [NTf,] 56 64 64
[bmPIP] [NTf,] 58 64 60
[hmPIP] [NTf,] 68 68 64
[COC,mPIP][NTH,] 58 58 50
[COC,PYR] [NTf,] 47 54 56
[N-C,OHMOR] [NTf,] 17 34 44
[emim][FAP] 43 46 56
[COC,mPIP][FAP] 60 66 64
[COC,mPYR][FAP] 54 60 64
[C,OHmim] [FAP] 23 38 50
[COC,N, , ,] [FAP] 38 48 58
[emim][TFA] 26 44 54
[bmim] [CF,SO;] 45 56 56
[bmPYR] [CF,SO;] 52 62 64
[THTDP]BF, 773 805 85.6
[THTDPICI 69 712 815
[THTDP]PF, 746 764 845

83.2

72.3

78.9

84.1

75

81.2

75

65

72.1

HC source: n-heptane, Extraction conditions: 7=RT, r=300 s, VIL/MF)=0.6:1

[TBHPP][CI]

58

64

40

TH>BT>DBT

TH=BT=DBT
BT>DBT>TH
DBT>BT>TH
TH>BT=DBT
TH>BT>DBT
TH>BT=DBT
TH>BT=DBT
BT>DBT>TH
TH=BT>DBT
TH=BT>DBT
DBT>BT>TH
DBT>BT>TH
DBT>BT>TH
BT>DBT>TH
DBT>BT>TH
DBT>BT>TH
DBT>BT>TH
DBT>BT>TH
DBT=BT>TH
DBT>BT>TH

DBT >4-MDBT > 4,6-

DMDBT > BT >TH>3-MT

DBT >4-MDBT > 4,6-

DMDBT > BT >TH>3-MT

DBT >4-MDBT > 4,6-

DMDBT > BT >TH>3-MT

DBT >BT>4,6-DMDBT

Wang et al. (2020)

Dharaskar et al. (2016b)

Domariska and Wlazto
(2014)

Dharaskar et al. (2018)

Dharaskar and Sillanpaa
(2018a)

Dharaskar and Sillanpaa
(2018b)

Moghadam et al. (2017a)
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Table 5 (continued)

ILs Desulfurization efficiency of various sulfur substrates (%)

References

TH BT DBT 4,6-DMDBT 4-MDBT 3-MT Order of extraction ability

HC source: n-octane, Extraction conditions: 7=40 °C, =5 min, m(IL/MF)=3.5:1

IL (n=60, benzyl, CI7)/ 735 847 914 81

NaCl

559 DBT>BT>4,6-
DMDBT >TH > 3-MT

Yu et al. (2016)

HC source: n-octane, Extraction conditions: 7=30 °C, t=30 min, m(IL/MF)=1:3

[BMTH]SCN 639 663 77 67.9 70

60.1 DBT>4-MDBT >4,6-
DMDBT > BT >TH>3-MT

Dharaskar et al. (2014c¢)

HC source: n-octane, Extraction conditions: T=60 °C, =15 min, m(IL/MF)=1:1

599 DBT>BT>3-MT>TH Gao et al. (2014b)

DBT>BT>4,6-DMDBT
DBT >BT>4,6-DMDBT

Gao et al. (2015)

[BMIM]SCN 556 664 733
HC source: n-octane, Extraction conditions: 7=25 °C, t=15 min, m(IL/MF)=1:1
[C,Py][SCN] 63 64 35.5
[C,Py][NTL,] 51 53 26.5
[C,Py] [N(CN),] 64 66 36

DBT >BT>4,6-DMDBT

HC source: n-octane, Extraction conditions: 7=RT, =10 min, m(IL/MF)=0.88

[TBCMP] [Br] 53 69 40

DBT>BT>4,6-DMDBT Kianpour et al. (2016)

Aromatic
ring
current

ILs-EDS
mechanism

Dilution

Fig.4 Feasible mechanism during ILs-EDS process (Abdullah et al.
2018)

Oxidative desulfurization using ILs (ILs-ODS)

ODS is a technique that involves first oxidizing sulfur
compounds to their respective sulfoxides or sulfones and
then extracting them with a suitable extractant. It can pro-
duce the ultra-low sulfur fuel at mild operating conditions.
The high polarity of sulfones makes the separation easier.
Oxidation reaction changes some important properties
such as density, boiling point, solubility, and polarity of

@ Springer
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Fig.5 ILs-EDS mechanism by polyether-based ILs (Yu et al. 2016)

sulfur compounds (Green et al. 1993). Figure 6 represents
the general experimental workflow of the ODS process.
As discussed earlier in the Introduction and ILs-EDS, ILs
have several advantages over VOCs. However, it has a limit
in terms of the co-extraction of the other required aromatic
compounds in the fuel and, thereby, some of the ILs achieve
low sulfur removal. Therefore, the concept of the applica-
tion of various oxidants with ILs comes into the picture to
increase the selectivity and sulfur removal. The first report
on [Ls-ODS was performed by Lo and his group in 2003 (Lo
et al. 2003). In their study, [Bmim]PF and [Bmim]BF, were
used as an extractant for the removal of DBT in tetradecane.
In the ODS process, ILs can act as phase transfer catalysts,
extractants, or both. ILs can also be designed in such a way
so that they can serve as oxidants. The influential factors
to be analyzed in the ODS using ILs are the influence of
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Table 6 Desulfurization of RFs using ILs-EDS

IL Desulfurization of RFs using ILs-eds
Fuel ISC (ppm) Experimental conditions DS% References
[BMIM]BF, Diesel 345 T=35 °C, t=45 min, m(IL/ 13.15 Valenzuela et al. (2020)
MF)=1:1, 1000 rpm
[BMIM]BF, Diesel 345 T=25 °C, t=45 min, m(IL/ 16.22
MF)=1:1, 1000 rpm
[BMIM]PF, Diesel T=25 °C, t=min, m(IL/ 13.00
MF)=1:1
[EMIM]BEF, Diesel T=25 °C, t=min, m(IL/ 15.00
MF)=1:1
[CsMIM][Tf,N] Diesel T=25 °C, t=min, m(IL/ 14.00
MF)=1:1
[BMIM][N(CN),] Diesel T=25 °C, t=min, m(IL/ 12.10
MF)=1:1
[C4Py] [BE,] Diesel T=25 °C, t=min, m(IL/ 16.17
MF)=1:1
[BMIM]BF, Diesel T=25 °C, t=min, m(IL/ 16.67
MF)=1:1
[BMIM]BF, Diesel T=35 °C, t=min, m(IL/ 7.00
MF)=1:1
[HMMPy][NT,] Diesel T=35 °C, t=min, m(IL/ 26.00
MF)=1:1
[EMIM][OACc] Diesel T=35 °C, t=min, m(IL/ 38.00
MF)=1:1
[C,(Mim),](HSO,) FCC gasoline T=30 °C, =30 min, m(IL/ 56.90 Lietal. (2019)
MF)=1:1
[C,(Mim),](HSO,), FCC gasoline 747.1 T=30 °C, t=30 min, m(IL/ 46.86
MF)=1:1
FCC A gasoline 747.1 T=30 °C, t=30 min, m(IL/ 79.72
MF)=2:1
FCC B gasoline 142.9 T=30 °C, t=30 min, m(IL/ 51.02
MF)=2:1
FCC C gasoline 178.1 T=30 °C, t=30 min, m(IL/ 59.83
MF)=2:1
[C,(Mim),](p-TSA), FCC gasoline T=30 °C, t=30 min, m(IL/ 42.86
MF)=1:1
[C,(Mim),](p-TSA), FCC gasoline T=30 °C, t=30 min, m(IL/ 39.67
MF)=1:1
[C4(BPy),I(HSO,), FCC gasoline T=30°C, t=30 min, m(IL/  32.69
MF)=1:1
[C,(BPy),](p-TSA), FCC gasoline T=30 °C, t=30 min, m(IL/ 34.40
MF)=1:1
[C,(BPy),](p-TSA), FCC gasoline T=30 °C, t=30 min, m(IL/ 41.41
MF)=1:1
[THTDP][bis(TMP) Phosphi- Actual diesel 600 T=30 °C, t=30 min, m(IL/ 55.00 Dharaskar et al. (2014b)
nate] MF)=1:1
Actual gasoline 90 T=30 °C, t=30 min, m(IL/ 72.00
MF)=1:1
[BMIM]BF, Diesel 385.13 T=30 °C, t=30 min, m(IL/ 55.80 Dharaskar et al. (2016b)
MF)=1:1
Gasoline 180.79 T=30 °C, t=30 min, m(IL/ 70.00
MF)=1:1
[THTDP]BE, Gasoline 75 T=30 °C, =30 min, m(IL/ 73.33 Dharaskar et al. (2018)
MF)=1:1
Diesel 180 T=30 °C, t=30 min, m(IL/ 68.61

MF)=1:1
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Table 6 (continued)

IL Desulfurization of RFs using ILs-eds
Fuel ISC (ppm) Experimental conditions DS% References
[BMIM]Br Diesel 600 T=30 °C, t=30 min, m(IL/ 55.00 Dharaskar et al. (2014a)
MF)=1:5
Gasoline 90 T=30 °C, t=30 min, m(IL/ 65.20
MF)=1:5
[BMIM]C1 Diesel 600 T=30 °C, t=30 min, m(IL/ 50.70
MF)=1:5
Gasoline 90 T=30 °C, t=30 min, m(IL/ 62.00
MF)=1:5
[BMIM]BF, Diesel 600 T=30 °C, t=30 min, m(IL/ 46.30
MF)=1:5
Gasoline 90 T=30 °C, t=30 min, m(IL/ 60.20
MF)=1:5
[BMIM]PF¢ Diesel 600 T=30 °C, t=30 min, m(IL/ 40.20
MF)=1:5
Gasoline 90 T=30 °C, t=30 min, m(IL/ 58.20
MF)=1:5
[C,mim][OAc] Real gasoline 235 T=25°C,t=12h, m(IL/ Rodriguez-Cabo et al. (2014)
MF)=1:1
[C,;4-6 mmpy][NTf,] Real gasoline 235 T=25°C,t=12h, m(IL/
MF)=1:1
[C,mim][NTf,] Real gasoline 235 T=25°C, t=12h, m(IL/
MF)=1:1
[C,mim][Et,PO,] Real gasoline 235 T=25°C, t=12h, m(IL/
MF)=1:1
[C,mim][OAc] Real diesel 9500 T=25°C,t=12h, m(IL/
MF)=1:1
[C,;4—6 mmpy][NTH,] Real diesel 9500 T=25°C, t=12 h, m(IL/
MF)=1:1
[C,mim][NTH,] Real diesel 9500 T=25°C, t=12h, m(IL/
MF)=1:1
[C,mim][Et,PO,] Real diesel 9500 T=25°C, t=12h, m(IL/
MF)=1:1
IL (n=60, benzyl, Cl-)/NaCl  Gasoline 93# 47 T=40 °C, t=5 min, m(IL/ 64.80 Yuetal. (2016)
MF)=3:1
Gasoline 90# 464 T=40 °C, t=5 min, m(IL/ 44.10
MF)=3:1
Light hydrocarbon gasoline 112 T=40 °C, t=5 min, m(IL/ 48.50
MF)=3:1
[Et;NH]CI-FeCl,/CuCl FCC gasoline 500 Wang et al. (2014)
[BMTH]SCN Diesel 600 T=30 °C, t=30 min, m(IL/ 60.00 Dharaskar et al. (2014c)
MF)=1:1
Gasoline 90 T=30 °C, t=30 min, m(IL/ 76.90
MF)=1:1
[BMIM]Br Diesel 385 T=30 °C, t=30 min, m(IL/ 50.40 Dharaskar et al. (2015b)
MF)=1:1
Gasoline 180 T=30 °C, t=30 min, m(IL/ 56.20
MF)=1:1
[THTDP]CI Gasoline 90 T=30 °C, t=30 min, m(IL/ 75.00 Dharaskar and Sillanpaa
MF)=1:1 (2018b)
Diesel 385 T=30 °C, t=30 min, m(IL/ 61.50
MF)=1:1
[THTDP]PF, Gasoline 90 T=30 °C, t=30 min, m(IL/ 70.50 Dharaskar and Sillanpaa
MF)=1:1 (2018b)
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Table 6 (continued)

IL Desulfurization of RFs using ILs-eds
Fuel ISC (ppm) Experimental conditions DS% References
Diesel 385 T=30°C,t=30 min, mdL/  55.90
MF)=1:1
[BMIM]SCN Actual diesel 500 T=60 °C, t=15 min, V(IL/ 57.30 Gao et al. (2014b)
MF)=1:1
[Cemim]Cl/FeCl;(1:1.5) Gasoline 440.3 T=25°C,t=15min, V(IL/  82.60 Gao etal. (2014a)
MF)=1:1, 600 rpm
[Cgmim]Cl/FeCl;(1:2) Gasoline 440.3 T=25°C, t=15 min, V(IL/ 85.80
MF)=1:1, 600 rpm
[Cgmim]Cl/FeCly(1:1.5) Gasoline 440.3 T=25°C,t=15min, VIL/  81.50
MF)=1:1, 600 rpm
[Cymim]Cl/FeCl4(1:2) Gasoline 440.3 T=25°C,t=15min, V(IL/  84.40

MF)=1:1, 600 rpm

Fig.6 General experimental
workflow of ODS process

Oxidative desulfurization (ODS)

General experimental procedure

]

Fuel + Oxidant+ catalyst
+phase transfer agent (If

any)

Separation of biphasic

system

Extraction with solvents

Evaluated parameters

|

Oxidant dosage

Dosage of pH Controller
Amount of catalyst

Amount of phase transfer agent
Effect of reaction conditions
Effect of extractant volume

Sulfur analysis of organic

phase

oxidant concentration, reaction conditions (T, t), quantity
of IL, and recyclability of IL. The schematic of ILs-ODS is
presented in Fig. 7.

Ibrahim and his coworkers explored the significance
of ILs in desulfurization procedures in 2016. They have
talked about the structure, development, and use of ILs in
various processes. They also talked about the ILs-ODS
pathway and its impacts on S-conversion to sulfoxides.
Other reagents’ effects on the ILs-ODS pathways are not
addressed in depth (Ibrahim et al. 2017). Bhutto and his
crew discussed the ODS utilizing several sorts of ILs in
2016. They examined the various IL-based oxidation meth-
ods and their impact on desulfurization efficiency. They
spoke about the impact of process factors on the ILs-ODS
process (Bhutto et al. 2016). The ILs-aided desulfurization

Multistage oxidation/extraction

Regeneration and reuse of catalyst

Oxidant

Ultra low
sulfur fuel

Extraction

Water Wate r
Recovery

IL

Waste
solids

IL Regeneration

~——

Fig. 7 Schematic of non-catalytic ILs-ODS (Ahmed et al. 2016a)

@ Springer



2006

Chemical Papers (2022) 76:1989-2028

procedures have also been explored by Zolotareva and his
research groups. They have spoken about the many sorts
of ILs utilized in HDS, EDS, and ODS (Zolotareva et al.
2019). To achieve a better desulfurization efficiency, dif-
ferent reagents such as oxidants, catalysts, extractants, and
phase transfer agents are employed in the ODS process.
Understanding the usage of one reagent in the presence of
other reagents is critical, the effects of all these factors, as
well as the mechanism responsible for the process, were
explored in this study for the two-step ODS, one-pot ODS
(ECODS), and OEDS processes. With a comparison of the
most recently published publications, the role of ILs in all
processes as extractants, catalysts, or extractants/catalysts
is also explored. In various ODS procedures, the selectiv-
ity and reactivity of various S-compounds and ISCs are
compared and studied in depth. The usual ILs-ODS are
discussed in Table 7, which can also be considered as an
OEDS process.

Extractive and catalytic oxidative
desulfurization using ILs (ILs-ECODS)

The application and the role of ILs in the ILs-ODS process
depend on the way they are introduced into the system. As
we have discussed, ILs can act as extractants, catalysts, or
both in the ILs-ODS system. Researchers introduce ILs into
the ODS system in three different ways. In the first method,
ODS using catalyst, oxidant, and MF/RF is carried out at
some specific temperature for a specific time, and then
the upper fuel phase is removed and the separated fuel is
extracted with IL for further sulfur reduction. This is the
usual ILs-ODS process discussed in the previous section,
which is also known as the oxidative extractive desulfuriza-
tion process (OEDS). The second way is to introduce IL in
the first stage and mix it with the fuel at specific tempera-
ture till the mixture reaches the thermodynamic equilibrium
stage. Then, the oxidant, catalyst, and phase transfer agent,
if any, are introduced to the system and the process is car-
ried out. This process is known as two-step extractive and
catalytic oxidative desulfurization (ECODS). The second
method is to introduce all the reagents such as IL, oxidant,
catalyst, and MF/RF. This method is known as the “one-pot
ECODS process.” The schematic of the one-pot ECODS is
shown in Fig. 8. The ECODS process combines the extrac-
tive (ILs-EDS) and oxidative (ILs-ODS) processes, which
can overcome the disadvantage of both processes. One-pot
ILs-ECODS process is more advantageous as it gives high
desulfurization efficiency in a single stage and can also
reduce the utilization of ILs, which is extremely significant
for its economic feasibility. Table 8 summarizes the one-pot
and two-step ILs-ECODS processes.

@ Springer

Influence of oxidant and catalyst system

The oxidant, catalyst, phase transfer agents, and pH control-
ler are the most influential reagents for the oxidation reac-
tions. The influence of all the reagents is carefully investi-
gated and presented in this work. ODS was first examined
using methanol as a solvent and nitrogen dioxide as an oxi-
dant. Oxidants donate oxygen atoms to sulfur compounds
and convert them into sulfoxides or sulfones. The number
of oxidant-catalytic systems has been invented (Hossain
et al. 2019). Out of all these, hydrogen peroxide is one of
the best oxidants due to its ease of availability, low cost,
non-polluting, and non-strongly corrosive nature (Ahmed
et al. 2016a). The quality and quantity of oxidants play a
key role in the ODS process. However, Mello and his group
have shown that H,O, obtains a very low desulfurization
efficiency when used without a catalyst or pH controller
(Mello et al. 2009). Therefore, several catalysts were exam-
ined with H,0O,, such as acetic acid, phosphotungstic acid,
polyoxometalate, solid bases, metal-based catalysts, sodium
carbonate, and tungsten-based catalysts (Amani et al. 2011;
Chao et al. 2010; Deshpande et al. 2005; Liu et al. 2020; Ren
et al. 2015; Trakarnpruk 2006; Zhang et al. 2014b).

Generally, it was observed that oxidation perfor-
mance was enhanced over the pH range of 1.4-2.2 in
H,0,~HCOOH (De Filippis et al. 2009). The pH of the
aqueous phase plays a key role since the decomposition rate
of hydrogen peroxide to excited hydroxyl radicals changes
in the case of metal-based catalysts. Another research group
had proved that the oxidation rate of diesel fuel was strong
when the pH of the aqueous medium was in the range of
1.9 to 2.1 in the presence of metal ions under the effect of
ultrasound irradiation (Dai et al. 2008; Zhao et al. 2018).

As discussed earlier, hydrogen peroxide was proven
as the best oxidizing agent for the conversion of the sul-
fur compound to sulfone. However, it has some drawbacks
when used on large scale, such as corrosiveness, difficulty
in storage in large quantities, and the presence of excess
water as a by-product. To deal with these types of problems,
Carnaroglio et al. applied several solid oxidants, including
potassium superoxide, oxone, and sodium persulfate. Oxone
was the best oxidizing agent among all other solid oxidants
(Carnaroglio et al. 2014).

The catalyst promotes selectivity and enhancement of the
reaction rate in the ODS process. It decomposes oxidants at
a faster rate and forms more exciting free radicals. Carbox-
ylic acid gave the best results as a catalyst for the desulfuri-
zation process. Formic acid and acetic acid both obtained
a higher efficiency than the propanoic acid. Duarte et al.
optimized the molar ratio of acetic acid/sulfur to 300:1 and
achieved sulfur removal of 97% (Duarte et al. 2011). The
effect of another catalyst such as sodium carbonate, phos-
phoric acid, or nickel heteropolyacids was also used by the
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Fig.8 Schematic of one-pot ECODS process

researchers (Deshpande et al. 2005; Gonzalez et al. 2012;
Wang et al. 2013).

Role of ILs in ILs-ECODS

As per the survey, the production of ultra-low sulfur fuels is
both the trickiest and most important goal to obtain, consid-
ering the depletion of low sulfur-containing oil reservoirs.
ILs have a significant role in achieving this goal. ILs have
many benefits compared to volatile organic compounds, such
as negligible volatility, moisture tolerant, and chemically
and thermally stable. The designability of ILs makes them
work as phase transfer catalysts, extractants, and oxidants.
ILs are good solvents for the extraction of sulfur compounds
because they usually have a higher density than water and
organic liquids and form a biphasic system. Moisture sen-
sitivity is also a crucial factor in determining absorption
efficiency because a small number of polar compounds such
as water can decrease absorption efficiency.

The general criteria for ILs to be used as an extractant
in the ODS process are as follows: (1) Its partition coef-
ficient should be high, (2) insoluble in gasoline, (3) sul-
fur compounds are highly selective, with no other desired
compounds extracted from the oil, (4) easily recyclable and
regenerable, and (5) cost-effective, as a green solvent with
high thermochemical stability.

First, oxidation and extraction combinations using ILs
were carried out by Lo et al. and applied for the ultra-deep
desulfurization of fuel oils. He has observed that the desul-
furization efficiency of simultaneous oxidation and extrac-
tion using ILs increases by an order of magnitude compared
to simple extraction using ILs (Lo et al. 2003). ILs provide
the oxidation conditions and also work as extractants. A
transition metal or organic acid, such as acetic acid or for-
mic acid, is required as a catalyst. He also found that [Bmim]
PF¢ was more effective than [Bmim]BF,. Zu et al. (Xu et al.
2012) have proposed oxidative—extractive desulfurization of
DBT in the presence of H,O, using [Bmim]BF,. However,
BF,” and PF{~ emit white fumes of HF, which lead to envi-
ronmental concerns.

In the study of Balinge et al., carboxylic acid-based ILs
were worked as catalysts as well as extractants and have
shown sufficient oxidation ability. The use of acid-based
ILs has led to excellent results without the addition of an
external catalyst (Balinge et al. 2016). This acidic nature of
ILs allows them to work as both extractants and catalysts.
Thomazeau et al. have determined the acidity scale and cata-
Iytic activities (Thomazeau et al. 2003).

Jiang et al. studied various amide-based ILs for BT and
DBT removal. [HCPL][TFA] evidenced the best results
and achieved 100% sulfur removal in a very short time. The
sulfur content of real hydrogenated diesel reduced from
659.7 ppm to 8.62 ppm after two stages, and with a similar
S-removal rate, the total S-content of the straight-run die-
sel fuel was reduced to 89.36 ppm from 11,034 ppm (Jiang
et al. 2016). Fenton-like ILs achieved 97.9% desulfurization
efficiency for DBT containing MF and 69.45% for RF (Jiang
et al. 2011).

Extraction—oxidation by pyridinium-based task-spe-
cific ILs (([(CH,COOHPy][HSO,] and [(CH,),COOHPy]
[HSO,]) were prepared by Zhang and his group. The ILs
were applied as catalysts and extractants for ECODS of MF.
The [CH,COOHPy][HSO,] showed better performance for
DBT removal and obtained 99.9% sulfur removal at n(O/S):
6, VIMF/IL): 20/1.2 at 30 °C. This IL can be recycled nine
times effectively (Zhang et al. 2012).

Fang et al. derived the desulfurization ability of ILs
with imidazolium as a cation in the following order:
TFA™ >HSO,~ >COO~ > AICl,~ > AcO™ which shows
that the higher the acidity, the higher the desulfurization
efficiency. He also observed the effect of imidazolium and
pyridinium-based cations with HSO,™ and derived that imi-
dazolium cation has a better extraction ability than pyri-
dinium (Fang et al. 2014).

Borja R Cabro have applied a series of ILs for ECODS
of MF as well as gasoline and diesel. The ILs followed
order as [C,q;4-mmpy][NTf,] > [C,mim] [NTf,] > [C2mim]
[Et,PO,] > [C,mim][OAc]. The S-removal ability is clearly
maximum for the [NTf,]™ based ILs, with desulfurization
of 96.5% and 82.0% for [C,4;4-mmpy][NTf2] and [C,mim]
[NTT,], respectively (Rodriguez-Cabo et al. 2014).

In the study conducted by Guo and his research group,
[Csmim],[S,04] and [CsmimCl][CoCl,] were synthesized
and used as an oxidant and catalyst/extractant, respectively
(Guo et al. 2019). They have examined the influence of IL
on both extractive and oxidative—extractive desulfurization.
The dosage of [CsmimCl1][CoCl,] was observed for 25 min,
and the sulfur removal increased from 23.5 to 97.0% when
the [CsmimCl][CoCl,] dosage increased from 0.5 to 1.5 g.
However, a further increase in [CsmimCl][CoCl,Jupto 3 g
resulted in a slight decrease in the sulfur removal to 96.0%
as shown in Fig. 9a, and the influence of [Csmim],[S,0q]
dosage of 0.5 g was chosen as the optimal loading for
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Table 8 Application of ILs in two step ECODS and one pot ECODS processes

ISC (ppm) Reagents Operating conditions DS% References
EDS with IL ECODS ECODS
500 [Pi444,11[Tos] BT in iso-dodecane, hexadecane T:60 °C, :80 min, m(IL/ 78.7 Ahmed et al. (2016a)
and toluene + mCPBA + [Py, ;] MF):1/1, n(O/S):7.5/1
[Tos]
1000 [Omim]FeCl, H,0,+4,6-DMDBT in n-dode- T:25°C, t:15 min, VAL/ 99 Andevary et al. (2018)
cane +[Omim]FeCl, MF):1/10, m(IL/
0il):1/6, n(0/S):5/1,
1100 rpm
505 [C4mim]Cl/3ZnCl, H,0,+[C,mim]Cl/3ZnCl,+DBT  T:45 °C, £:3 h, m(IL/ 99.9 Chen et al. (2012b)
in n-octane oil):1/2, n(O/S):8
320 [BPy]BF, DBT in n-octane 4+ H,0, + [BPy] V(IL/MF):1/1, 84.3  Zhao et al. (2009b)
BF, V(0/S):0.4/1, 55 °C,
30 min
780 Gasoline + H,O, + [BPy]BF, VAL/MF):1/1, 56.3
V(0/S):0.4/1, 55 °C,
30 min
500 [Bmim][HSO,] [Bmim][HSO,]+DBT in V(MO):6 mL, 100  Gao et al. (2010)
n-octane +H,0, VAL):3 mL,
n(O/S):5/1, 25 °C,
90 min
97 Diesel + [Bmim][HSO,] +H,0, V(IL/MF):1/1, 85.5
n(O/S):5/1, 25 °C,
120 min
500 [CsmimCl] [CsmimCl] m(MF):6 g, m(IL):1.5g, 98.7 Guoetal. (2019)
[CoCl,] 4+ [Csmim],[S,04] [CoCl,] 4+ [Csmim],[S,04]+ DBT m(0):0.5 g,30 °C,
in n-octane 65 min
500 [Hnmp]xFeCl; (x:1.5, 2) DBT/TH in V(MF):10 mL, 100 Hao et al. (2019a)
n-octane + H,0, + [Hnmp]xFeCl; V(L):1 mL,
(x:1.5,2) n(0O/S):8/1, 30 °C,
90 min
500 [Omim][BF,] [Omim][BF,] + [PyPS];(NH,);Mo, V(MF):10 mL, 99 Hao et al. (2019b)
O,,+DBT in n-octane + SH,0, V(L):1 mL,
m(cat.):10 mg,
V(0):0.053 mL,25
°C,3h
500 [C,mpip]FeCl,+[C8mim|BF, H,0,+[C,mpip]FeCl,+[C8mim] V(MF):5 mL, 97.1 Jiang et al. (2014)
BF,+DBT in n-octane V(L):1 mL,
n(0/S):3.5/1, 30 °C,
60 min
2000 [BMIM]PF¢ H,0,+ [BMIM]PF4+BT in n(O/S):6/1, t:1 h, >99 Julido et al. (2010)
n-octane n(cat.):0.30 mmol,50
°C
500 [Bmim]PF, H,0,+[(C,Hy), N]gM0,0,,+[Bm  V(MF):10 mL, 99 Li et al. (2014)
im]PFg V(IL):1 mL,
n(O/S):5/1, n(S/
cat.):100/1, 50 °C, 3 h
500 [Omim][HSO,4] DBT in n-decane + H,O, +[Omim] 45 min, 7:25 °C, m(IL/ 100  Safaetal. (2016)
[HSO,] MF):1:2, n(O/S):5,
900 rpm
746 Real diesel + H,O, + [Omim] 717.2
[HSO,]
500 [Bmim][PF] DBT in tetrade- V(MO):10 mL, 99 Lo et al. (2003)
cane+ H,0,+ AcOH + [Bmim] V(L):10 mL,70C,
[PF¢] V(0):2.72 mL,
V(AcOH):0.72 mL
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Table 8 (continued)

ISC (ppm) Reagents Operating conditions DS% References
EDS with IL ECODS ECODS
1000 DMSO-ZnCl, H,0,+CH;COOH +DBT in iso- T:30 °C, t:h, V(oil/ 78 Singh et al. (2016)
octane + DMSO-ZnCl, 1L):3:1, n(O/S):6,
n(AA/S):6, 200 rpm
1000 [BMIM]BF, poly[ ViEtIm]Br-rGO + [BMIM] T:60 °C, t=3 h, 100 Zhang et al. (2018)
BF,+DBT in n-octane + H,0, m(cat):20 mg,
V(MF):5 mL,
V(L):3 mL, n(O/S):5
500 [C},mim];PW ,0, (C,PW)  [C,mim];PW ,0,4, (C;,PW)+DBT T:60 °C, m(cat): 0.05 g, Yu et al. (2020)
in n-octane V(MF):5 mL, 800 rpm
500 [PrSO;HMIm]HSO,@MIL- [PrSO;HMIm]HSO,@MIL- T:60 °C, £:15 min, 99.3  Yangetal. (2019)
100(Fe) 100(Fe)+DBT in n-octane + H,0,  m(cat): 0.05 g,
V(MF):10 mL,
n(O/S):25, n(oil/ace-
tonitrile):1
500 [(CgH,4);NCH;]5PMo,,0,, [(CgH,;);NCH;];PMo, T:120 °C, :8 h, 100  Xunetal. (2019)
»04+DBT+H,0, m(cat):0.025 g,
V(MF):20 mL, n(O/S):
500 [Omim][HSO,4] DBT in n-decane + [Omim] T:50 °C, 99.1 Safaetal. (2017)
[HSO,]+H,0, £:50 min,17wt%SIL
in m(SIL/MF):1/3,
n(0/S):5, 900 rpm
1600 [C,MIM][HSO,] [C,MIM][HSO,4]+TH in T:50 °C, :5 h, 99.9 Nowicki et al. (2019)
n-octane +H2S04 + H,0, V(Q20wt%AA):0.3 mL,
t:70 min,
V(MF):30 mL,
V(0):1 mL,800 rpm
[CaMIM][HSO,] [CMIM][HSO,] + TH in 99.9
n-octane + H2S04 +H,0,
[CsMIM][HSO,] [CgMIM][HSO,]+TH in 99.9
n-octane + H2SO4 +H,0,
[C,,MIM][HSO,] [C,oMIM][HSO,] + TH in 99
n-octane + H2SO4 +H,0,
[C,,MIM][HSO,] [C,,MIM][HSO,] + TH in 98.5
n-octane + H2SO4 +H,0,
500 [PSPy]PMO [PSPy]PMO +DBT in T:50 °C, :h, V(ext): Jiang et al. (2018)
n-octane + H,0, mL, m(cat):0.05 g,
V(fuel):5 mL,
V(0):24uL.=n(0/S):3
500 [(C4Hy),NBr.2C¢H,;NO] [(C4Hy),NBr2C¢H;;NO]+DBTin V(MF)=ml, T=50 98.6  Zhao et al. (2009a)
n-octane + H,0, °C, t=30 min,
n(0O/S)=16:1, VAL/
MF)=1:1
500 [Hnmp]H,PO, [Hnmp]H,PO,+DBT in VMF)=ml, T=60°C, 99.8 Zhao et al. (2009c)
n-octane + H,0, t=5h, n(0/S)=16:1,
VAL/MF)=1:1
1550 [Hnmp]BF, [Hnmp]BF,+DBT in V(MF)=ml, T=60 °C, 100  Zhao et al. (2007)
n-octane +H,0, t=5h, n(0/S)=3:1,
VAL/MF)=1:1
1 pot ECODS
1000 [HCPL][TFA] [HCPL][TFA]+BT,DBT in 30 °C, 2 h,800 rpm, 100  Jiang et al. (2016)
n-octane + H202 m(cat):0.05 g,
V(fuel):5 mL, n(O/S):3
1000 [HDBN]CV/ZnCl, H,0,+DBT in n-octane + [HDBN]  7:60 °C, £:2 h, m(ILs/ 100  Zhao et al. (2017b)
Cl/ZnCl, oil):1/5, n(0/S):6/1
1000 [HDBN]CV/3ZnCl, H,0,+DBT in n-octane+ [HDBN] 740 °C, #:2 h, m(ILs/ 52.8

Cl/3ZnCl,

oil): 1/5, n(O/S):6/1
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Table 8 (continued)

ISC (ppm) Reagents Operating conditions DS% References
EDS with IL ECODS ECODS
1000 [BPy][BF,] H,0,+ [BPy][BF,]+DBT in T:30 °C, :35 min, VIL/  89.49 Mohumed et al. (2020)
n-hexane MF/0):1:1:0.04
500 FellITPPCI FellITPPC1 + DBT in V(MF):5 ml, T:60 °C, 93.2 Zhao et al. (2017b)
n-octane +H,0, :4 h, n(0/S):3/1,
n(S/C):100/1,
V(IL):2 ml
FellITPP(BF,) FellITPP(BF,) + DBT in 98.8
n-octane +H,0,
FellITPP(PF) FellITPP(PF;) + DBT in 99.5
n-octane +H,0,
202 [C,VIM]PMoV, [C,VIM]PMoV,+DBT in n-dode-  7:120 °C, #:5 h, 98.9 Zhang et al. (2020)
cane + air m(cat):50 mg,
V(MF):20 mL,
Q(air):100 mL/min
500 [C,sMIM][PMo0O] [C,sMIM][PM0O]+DBT ultrasonica- 99 Li et al. (2020)
tion:1 min, #:30 min,
m(oil):25 g,200 rpm
200 [(C,3H37),(CH;3), N1;PW,0,0  [(C5H37),(CH;), NI;PW 1,0,/ T:°C, t:h, V(ext): 95.40 Jiang et al. (2019)
MMS-S +4,6-DMDBT in mL, m(cat):0.02 g,
n-dodecane + H,0, V(fuel):5 mL, n(O/S):
1500 CFPIL CFPIL + TH+H,0, T:70 °C, £:180 min, 100  Balinge et al. (2016)
V(MF):10 mL, m
(IL):0.6 g, n(O/S):4/1
500 [BPy][FeCl,] [BPy][FeCl,] +DBT in V(MF):5 mL, T:40 °C, 95.3 Zhuetal. (2013)
n-octane +H,0, n(IL):0.78 mmol,
n(0/S):8/1, t:10 min
500 [(CeH;3)5PC 4Hy91, WO g [(CeH;3)5PC 4Hy,W0,9+DBT in  7:30 °C, n(O/S):4/1, 99.3 Zhuetal. (2015)
n-octane + H,O, + (IL/G-h-BN) V(oil):5 MI, m(IL/G-h-
BN):0.05 g, #:80 min
1000 [Bmim]BF, [Bmim]BF,+DBT in V(MF):5 mL, T:70 °C, 98.6 Zhu et al. (2007)
n-octane + Complex (1,2) +H,0, t:3h, IL:2 mL,
n(DBT)/n(cat.):25, n(O/
DBT):10
[Bmim]PFg [Bmim]PF¢+DBT in (Complex. I) 95.7
n-octane + Complex (1,2) + H,0, [WO(0O2)-Phen-H20],
(complexII)
[MoO(02)-Phen]
(Phen: 1,10-phenanth-
roline)
[Omim]BF, [Omim]BF,+DBT in 90.5
n-octane + Complex (1,2) +H,0,
[Omim]PF [Omim]PF4+DBT in 97.3
n-octane + Complex (1,2) +H,0,
500 [BPy]HSO, [BPy]HSO,+DBT in V(MF):5 ml, T:60 °C, 93.3 Zhao et al. (2010)
n-octane + H,0, £:60 min, n(O/S):4/1
500 [Hnmp]Cl/ZnCl, [Hnmp]Cl/ZnCl, +DBT in T:75 °C, m(IL/MF):1/3,  99.9 Chen et al. (2015b)

n-octane + H,0,

n(O/S):8

subsequent experiments and achieved 96.9% sulfur removal
as presented in Fig. 9b.

Gao et al. has performed with multiple oxidative des-
ulfurization using four different ILs at optimized condi-
tions. One-step oxidative desulfurization efficiency follows
the order [(CH,),SO;HMIm][Tos] > [(CH,),SO;HMIm]

@ Springer

[ZnCl;] > [Hnmp][HSO,] > [Hnmp][ZnCl;] with the effi-
ciency of 43.7%, 40.7%, 38.6%, and 35.2%, respectively.
As shown in Fig. 10, the desulfurization efficiency of
84.7%, 73.1%, 68.2%, and 78.4% after five-step oxidation
by [Hnmp][ZnCl;], [Hnmp][HSO,], [(CH,),SO;HMIm]
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[ZnCl;], and [(CH,),SO;HMIm][Tos], respectively (Gao
etal. 2017).

Supported ILs are advantageous as they reduce the
consumption of ILs. These types of ILs are easily syn-
thesized by coating a certain quantity of ILs on a solid
carrier. Zhang et al. performed the desulfurization using
acidic polymeric-based ILs-supported graphene oxide
and obtained sulfur removal up to 98.3% within 1 h. The
demerits of heterogeneous catalysts are the lower exposure
of reactants to catalyst active sites and the requirement of
high reaction time (Zhang et al. 2018).

Elwan and group synthesized pyridinium-based IL,
namely butyl-4-methylpyridinium benzoate. 98.9% of
desulfurization efficiency was observed at 60 °C, 30 min,
m(IL/MF): 1/1, and n(O/S): 8/1. n—rx interactions between
IL and aromatic S-substrate were suggested to be the

driving force behind the extraction ability of IL (Elwan
et al. 2020).

Ge and his group developed a catalytic oxidation IL
emulsion system containing IL, H,0O,, and catalyst. Here,
[C,gH37N(CHj;);],[PW,034] acts both as a catalyst and as
an emulsifying agent. It provides a higher interfacial sur-
face area where the oxidation occurs. The IL emulsion acts
as highly dispersed microreactors during the reaction. The
S-compounds in the model oil were first extracted into the
IL emulsion phase and then oxidized at IL/H,0O, interface.
After the reaction, the system generates two separate layers
and the organic phase is separated easily by simple decanta-
tion (Ge et al. 2011).

Sulfur compounds are extracted from the nonpolar
organic fuel to the polar ILs in the photocatalytic oxidation
followed by IL extraction. Here, sulfur compounds are oxi-
dized to sulfones in the IL phase in the presence of molecu-
lar O,, H,0,, or photosensitizers and TiO, and modified
TiO, using [Bmim]BF, (Zhu et al. 2014). A similar type
of study was done by Zaid et al. where they studied Cu-
modified TiO, photocatalyst and eutectic-based IL was used
for the desulfurization of MF (Mohd Zaid et al. 2014).

Alkylation of sulfur compounds avoids side reactions dur-
ing the oxidation reaction, and the separation of sulfones
from fuel oil becomes easier. Rafael reported various Lewis
and Bronsted acidic IL as the catalyst in alkylation desul-
furization (Martnez-Palou and Flores 2011).

Influence of operating conditions
According to the previous literature, increasing oxidation
time increases the desulfurization efficiency due to better

contact time between immiscible phases. It allows time
for polar sulfones to penetrate into an aqueous phase. Guo
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et al. optimized the reaction time by 65 min and achieved
98.7% DS efficiency (Guo et al. 2019). Furthermore, Balinge
et al. (2016) found that increasing reaction time increased
S-removal efficiency by up to 100% in 180 min at 70 °C
(Balinge et al. 2016). Again, the same trend was presented
by Chao et al. and suggested that by increasing the oxidation
time to 3 h, the migration of sulfones into the aqueous phase
increased, and 99.7% sulfur removal was attained (Chao
et al. 2010). A similar trend of increasing time was observed
by Zhang et al., and they obtained 98.9% sulfur removal in
30 min as shown in Fig. 11a. On the contrary, some research
groups have proved that incrementing reaction time more
than the optimum value could cause the decomposition of
H,0,. Zhao et al. worked on the same idea and achieved a
5-h oxidation time for 99.8% sulfur removal, compared to
99% at 6 h of oxidation time (Zhao et al. 2009¢). The effect
of time on desulfurization efficiency using polyoxometa-
late-based IL and also modified IL by Mirante et al. is dis-
cussed and achieved 80 min as the optimum time as shown
in Fig. 11b. The results explain why there was almost no
change in desulfurization efficiency after 80 min. To make
the process economically viable, the optimum time needs
to be found.

Many researchers focused on the effect of reaction tem-
perature, which has a significant impact on reagent phys-
icochemical properties. A wide range of temperatures were
investigated across the literature. Oxidation reactions are
typically carried out at temperatures ranging from 30 to
90 °C (Houda et al. 2018). It is seen that when the oxida-
tion reaction temperature increases, the sulfur removal also
improves. At higher temperatures, the formation becomes
peroxide speedy and improves the conversion to the respec-
tive sulfones. Some research groups suggest that a tempera-
ture higher than the optimum temperature is not favorable for
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sulfur removal due to the decomposition of hydrogen perox-
ide at a higher temperature. Therefore, oxidation using ionic
liquid could be performed at mild temperatures of between
40 and 60 °C. The nature and type of ILs play an important
role in determining the optimum temperature of an ionic lig-
uid. The viscosity of IL plays a significant role in determin-
ing the optimum temperature of the reaction. Low-viscosity
ILs like [BMIM][N(CN),] and [BMIM][SCN] have a slight
decreasing trend or have no effect on desulfurization effi-
ciency and sulfur partition coefficient with temperature.

In contrast, high-viscosity ILs such as [BMIM][PF.]
and [Epy][BF,] can have a moderate effect on desulfuri-
zation, and [HNMP][HSO,] has a higher effect on desul-
furization efficiency with an increase in temperature (Abro
et al. 2016; Chen et al. 2012a; Sander et al. 2016; Wang
et al. 2011). This phenomenon can be easily understood by
the relation between the viscosity of ILs and temperature.
As temperature increases, the viscosity of highly viscous
ILs decreases and the contact between the sulfur content
and the ILs becomes more effective, resulting in high des-
ulfurization efficiency. So, the low-viscosity ILs are more
advantageous over the high-viscosity ILs as they result in
high desulfurization and low energy consumption at room
temperature. The influence of temperature on the oxidation
reaction in the range of 40 °C to 60 °C was examined by
Zhang et al. Results showed that increasing temperature pro-
motes the performance of more than 90.1% of DBT (Zhang
et al. 2017).

Nowicki et al. claimed that incrementing temperature
from 30 to 50 °C enhances sulfur removal using amphiphi-
lic imidazolium ILs and found that the best performance
was obtained by [C,mim]HSO, at both the temperatures
and achieved 98.9% and 99.9% DBT removal, respectively
(Nowicki et al. 2019).
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Fig. 11 a Effect of time at different temperatures (Zhang et al. 2017) and b effect of time on desulfurization using polyoxomolybdate-based ILs

(Mirante et al. 2019)
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The survey conducted by Liu et al. and shown in Fig. 12
shows a steep decrease in sulfur as temperature increased
from 60 to 80 °C and then again from 80 to 100 °C. At
100 °C, the maximum sulfur removal was 3.1 wt% (Liu et al.
2020). Yang et al. optimized the reaction time of 60 °C for
different sulfur loadings catalyzed by immobilized ionic liq-
uid on MIL-100 (Fe) (Yang et al. 2019).

Influence of mass ratio of ionic liquid to fuel

The mass ratio of IL to fuel is a key factor in the selectivity
of IL in oxidative—extractive desulfurization using ILs. It
is a well-known fact that most ILs are costly, and to reduce
the cost, the quantity of ILs must be as small as possible.
An increase in the mass ratio of IL/fuel increases the sulfur
removal. Lu et al. investigated the mass ratios of [Bmim]
PF¢/MF at 120 min. They observed the DBT removal of 99%
at a 1:10 mass ratio, while Julido et al. achieved 84% sulfur
removal using mass ratios of [Bmim]PF¢/MF as 0.3:1 (Julido
et al. 2010; Lu et al. 2014a).

The study by Mochizuki et al. explained that the desul-
furization of DBT increased with an increase in the alkyl
chain length and the mass ratio of IL/fuel. However, the
mass ratio of IL/fuel is not the universal rate. It depends on
the chemical nature of IL (Mochizuki and Sugawara 2008).

Chen et al. examined the influence of the mass ratio of
[hnmp]Cl/ZnCl,/fuel on desulfurization efficiency and
achieved 100% DBT removal at a 1:10 mass ratio of IL/fuel,
which shows that the amount of IL plays a vital role in the
removal. Sulfur removal increased when the IL/MF ratio was
increased (Chen et al. 2015b). Desulfurization performance
can be reduced after an increase in the mass ratio of IL to
fuel. The reason for this was that increasing the IL/fuel mass
ratio to some level reduced the O/S molar ratio, and so fewer

3.2

Sulfur content (wt. %)

60 70 80 90 100

Temperature (°C)

Fig. 12 Influence of temperature on sulfur removal using imidazo-
lium-based IL (Liu et al. 2020)

sulfur compounds were oxidized. The selection of the mass
ratio of IL to fuel needs to be done carefully as it affects the
cost of the process. Recycling and regeneration of ILs can
reduce the overall cost of the process.

Influence of recycling of ILs
with and without regeneration

After each oxidation—extraction process, the IL can be recy-
cled and regenerated without much reduction in activity.
Recycling and regeneration of ILs are significant features
for the selectivity of ILs as they can compensate for the
high cost of ILs (Houda et al. 2018). Various techniques
can be used for regeneration of ILs, and the selection of
regeneration of sulfur-containing ILs depends on the type
of sulfur compounds and the nature of ILs. If the applied
IL is hydrophilic in nature, then water dilution followed by
simple distillation can regenerate the IL. As per the study
by Gao et al., [(CH,),SO;HMIm][Tos] can be recycled two
times under the same operating conditions (Gao et al. 2017).
According to Zhang et al., synthesized acidic polymeric IL-
modified graphene oxide, poly[ ViEtIm][PW ,0,,]-t1GO can
be recycled eight times with a 98% desulfurization efficiency
without a significant decrease in desulfurization efficiency
(Zhang et al. 2018). Modified iron porphyrins in ionic lig-
uids-based catalysts could be recycled six times with a little
drop in activity (Zhao et al. 2017b). Chao et al. explained
the recycling of [Bmim]BF, and achieved five times the
recycling with extremely good desulfurization (Chen et al.
2015a). Some ILs could be wasted in separation and regener-
ation, resulting in a small drop in DBT removal. Zhang et al.
attributed the reduction in sulfur removal to the increase
in DBTO, (Zhang et al. 2014a, b). The recyclability with
regeneration of various ILs is presented in Table 9.

Hao et al. examined the recycling of the used IL phase
with and without regeneration as shown in Fig. 13. He
observed that the sulfur removal of DBT decreased from
99.84 to 63.97% after four cycles of recycling of [Hnmp]
Cl-FeCl, ionic liquid without regeneration and that recycling
with regeneration obtained 90.48% DBT removal at 30 °C
(Hao et al. 2019a).

Reactivity of different sulfur substrates

Reactivity of sulfur compounds depends on two influential
factors, such as electron density and steric hindrance. Zhu
and his group have applied [BPy][FeCl,] on three differ-
ent sulfur compounds such as DBT, BT, and 4,6-DMDBT
and achieved 95.3%, 75.0%, and 54.8% desulfurization
efficiency (Zhu et al. 2013). Here, the desulfurization effi-
ciency of DBT > BT because the electron density of DBT
is higher than electron density of BT, while the desul-
furization efficiency of 4,6-DMDBT < DBT through the
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Table 9 Influence of recycling of ILs with regeneration on the performance of ILs-ODS

ILs Type of fuel ISC (ppm) Primary DS% Recycling References
with regenera-
tion
Recy- DS%
cle
times
[C,VIM]PMoV, DBT in n-dodecane 200 98.9 7 86.9 Zhang et al. (2020)
poly[ViEtIm][PW ,0,1- DBT in n-octane 1000 100 8 98 Zhang et al. (2018)
rGO + [BMIM]BF,
[HDBN]CV/ZnCl, DBT in n-octane 1000 100 5 97 Zhang et al. (2017)
C,PW/g-C3N, DBT in n-octane 500 100 5 90 Yu et al. (2020)
[PrSO;HMIm]HSO,@MIL-100(Fe) DBT in n-octane 50 99.3 5 70.49 Yang et al. (2019)
POM in PVABr C;BT in Hydrogenated diesel 559.7 98.7 6 97.2  Yangetal. (2017)
[(CgH,7);sNCH;]; PMo,,0,, sup- DBT in 500 100 4 95.7 Xunetal. (2019)
ported MMS
[OpyIBF, DBT in decaline 500 100 7 95 Sun et al. (2019)
[Omim][HSO,4] DBT in n-decane 500 99.1 5 88.5 Safaetal. (2017)
[Omim][HSO,4] DBT in n-decane 500 100 8 88.7 Safaetal. (2016)
[BPyl[BF,] DBT in n-octane 1000 89.49 8 71.05 Mohumed et al. (2020)
PMo,,0,,@PPy-MSN in [BMIM] BT, DBT,4-MDBT,4,6-DMDBT in 2000 100 3 96 Mirante et al. (2019)
[PF¢] n-octane
[C,MIM][PM0O] DBT in n-octane 500 99 8 99 Li et al. (2020)
[CpMo(CO);Me] @[ BMIM]PF BT, DBT, 4-MDBT, 4,6-DMDBT in 2000 100 7 98 Julido et al. (2010)
n-octane
[(C;5H37),(CH3), N1 PW 1,0,/ 4,6-DMDBT in n-dodecane 200 95.4 8 86 Jiang et al. (2019)
MMS-S
[PSPy]PMo DBT in n-octane 500 100 6 92.6 Jianget al. (2017)
[HCPL][TFA] DBT in n-octane 1000 99.76 4 99.57 lJiang et al. (2016)
[PyPS]3(NH,);M0,0,,+ [Omim] DBT in n-octane 500 99 5 95 Hao et al. (2019a)
[BF,]
[Csmim],[S,0¢] + [CsmimCl] DBT in n-octane 500 98.7 7 94 Guo et al. (2019)
[CoCl,]
CFPIL TH in iso-octane 1500 100 5 83 Balinge et al. (2016)
[Omim]FeCl, DBT in n-dodecane 1000 100 8 97 Andevary et al. (2018)
[P4441[MeSO;] Diesel 275 94.33 4 89.61 Ahmed et al. (2016a)
[Hnmp]HSO, FCC gasoline 260 25.2 6 23.7 Abroetal. (2016)
[Hnmp]H,PO, 23.8 6 224

electron density of 4,6-DMDBT is almost similar as of
DBT because the reactivity of 4,6-DMDBT was affected
by the steric hindrance of the methyl groups (Zhu et al.
2011). The same research group has observed the reac-
tivity order of DBT > 4,6-DMDBT > BT in the presence
of MSIL [(CH;)N(n-CgH4)51,[M0,0,]. [Pj444]1[Tos] and
[P;444]1[MeSO;] were used for the removal of DBT and
BT and achieved > 99% efficiency in 15 min and 72 min,
respectively (Ahmed et al. 2016a). Table 10 summarizes
the reactivity of various sulfur substrates with different
types of ILs.

@ Springer

ILs-ECODS mechanism

Hydrogen peroxide is the most effective oxidant for the des-
ulfurization. Usually, in the oxidation reaction, H,O, donates
oxygen atoms and the divalent sulfur atoms are converted
into respective sulfone by electrophilic addition of oxygen
atoms (Song and Amer Chem 2002).

The generation of biphasic systems starts with the mix-
ing of catalyst with H,O,, fuel, and pH controller. Numer-
ous oxidation reaction mechanisms have been proposed by
researchers. Hossain et al. have observed various approaches
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Fig. 13 Recycling and regeneration of [Hnmp]Cl-FeCl; (Hao et al.
2019a)

toward the oxidation of fuel oils including H,O, connected
with acetic acid, formic acid, heteropolyacid, metal oxides,
titanium dioxide, and cadmium oxide (Hossain et al.
2019). Tert-butyl hydroperoxide is another oxidant that

Table 10 Influence of ILs on the reactivity of various sulfur substrates

is completely fuel soluble, unlike hydrogen peroxide, and
eliminates the requirement of biphasic systems (Tang et al.
2013).

Polytungsten and quaternary ammonium-based cation
also form an efficient system. Metastable emulsion droplets
in diesel with some catalyst and H,0, solution can be formed
by varying the size and type of quaternary ammonium cation
(Ridge et al. 2017). Wan et al. describe the mechanism with
the addition of phase transfer agent as shown in Fig. 14 (Wan
et al. 2012).

Balinge et al. studied carboxyl-based ILs and proposed
overall mechanism as shown in Fig. 15. The mechanism
suggested by the researcher explained that the hydrogen
bonding interaction between S atom of DBT and H, of the
imidazolium cation plays an important role in the improve-
ment in DS efficiency (Balinge et al. 2016).

Ge et al. studied the ECODS of gasoline using an amphi-
philic catalyst ([C;sH;,;N(CHj3);],[PW,05,]), assembled in
hydrophobic IL ([Bmim]PF¢) emulsion system. The milky
white IL. emulsion was observed in the presence of oxidant,
catalyst, and hydrophobic IL as shown in Fig. 16. The cata-
lyst was distributed at the oxidant-IL interface and produce

ILs ISC (ppm) Desulfurization efficiency of various S-compounds Reactivity of S-compounds References
DBT BT TH 4,6-DMDBT 4-MDBT

[C,VIM]PMoV, 200 98.9 74 84 DBT>4-MDBT >4,6-DMDBT Zhang et al. (2020)

poly[ViEtIm][PW ,0,]- 1000 100 76 69 993 DBT>4,6-DMDBT >BT>TH Zhang et al. (2018)
GO + [BMIM]BF,

[HDBN]CI/ZnCl, 1000 96 92 75 84 DBT>BT>4,6-DMDBT>T Zhang et al. (2017)

C,PW/g-C;N, 500 100 85.4 88.5 DBT>4-MDBT>4,6-DMDBT Yu et al. (2020)

[PrSO;HMIm]HSO,@MIL-100(Fe) 50 99.3 83 94 DBT>BT >4,6-DMDBT Yang et al. (2019)

POM in PVABr 559.7 98.7 90 74 DBT>4-MDBT Yang et al. (2017)

[(CgH;7);sNCH;]; PMo,0,, sup- 500 100 50 DBT>BT>4,6-DMDBT Xun et al. (2019)
ported MMS

[(CgH37)2(CH;), N1;PW 1,0,/ 200 90.8 95.4 93.4 4,6-DMDBT >4-MDBT >DBT Jiang et al. (2019)
MMS-S

[PSPy]PMo 500 100 46.3 90.3 DBT>4,6-DMDBT >BT Jiang et al. (2017)

[HCPL][TFA] 1000 100 100 DBT=BT Jiang et al. (2016)

[HDMF][BF4] 1000 81.12  69.84 DBT>BT

[HDMF][TFA] 1000 9921  80.12 DBT>BT

[HDMAC][TFA] 1000 99.29 86.53 DBT>BT

[HNMP][TFA] 1000 9935  92.18 DBT>BT

[HCPL][NO3] 1000 99.57 9452 DBT>BT

[HCPL][HSO4] 1000 7334  56.52 DBT>BT

[HNMC][TFA] 1000 99.43  93.12 DBT>BT

[PyPS]3(NH,);M0,0,,+[Omim] 500 99 61 88 DBT>4,6-DMDBT > BT Hao et al. (2019a)
[BF,]

[Csmim],[S,04] 4 [CsmimCl] 500 98.7 87.9 76.7 DBT>BT>4,6-DMDBT Guo et al. (2019)
[CoCl,]

[Omim]FeCl, 1000 100 100 99 DBT=BT >4,6-DMDBT Andevary et al. (2018)

[C¢*MPy]ICV/ FeCl, 1000 100 89 DBT>BT Dong et al. (2013)

[BPy]BE, 500 95.3 75 54.8 DBT>BT>4,6-DMDBT Zhu et al. (2013)

[C4mpip]FeCl, 500 97.1 76.6 56.3 DBT>BT>4,6-DMDBT Jiang et al. (2014)

[ODBU]CV/ 3ZnCl, 500 84.7 67.9 78.1 DBT>BT>4,6-DMDBT Wang et al. (2018)
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Fig. 14 ECODS mechanism using phase transfer agent (Wan et al.
2012)

a film around IL droplets and acted as an emulsifying agent.
Lipophilic cation of the catalyst lies on the fuel side, and
the hydrophilic heteropolyanions lie on the oxidant side as
shown in Fig. 17. The heteropolyanions decomposed into
active species in the presence of oxidant owing to the immis-
cibility of IL emulsion in HC species. The S-substrates in
MF were first extracted into IL phase and oxidized to respec-
tive sulfones in IL phase.

Desulfurization of real fuels using ILs-ECODS

It is observed that the ILs-EDS is not much effective on the
desulfurization of RFs in single stage. It requires multistage
extraction using ILs that can reduce sulfur compounds to
some extent but does not satisfy the allowable S-content.
This proves that it requires re-/post-treatment to reach the

0

Fig. 15 Mechanism of ECODS
using carboxyl-functionalized
IL (Balinge et al. 2016)

environmental standards. ILs-ECODS was found to be
effective for the desulfurization of RFs at mild operating
conditions. It was also observed that the utilization of ILs
can also be reduced in this method which is beneficial for
economical point of view. Design of ILs to synthesize a task-
specific ILs, particularly addition of acidic group to the IL,
is advantageous for high desulfurization efficiency. Table 11
summaries the application of ILs-assisted processes on des-
ulfurization of RFs.

Challenges and future perspectives

ILs-ODS is thoroughly studied by keeping the aim straight
of producing sulfur-free fuels and substitutes for expensive
conventional HDS techniques. The advantages and limita-
tions of the oxidative desulfurization process are discussed
here through a thorough literature survey. The influence of
oxidation temperature, time, mass ratio of IL/fuel, molar
ratio of O/S, catalyst dosage, etc., has been thoroughly
reviewed and presented in this paper. The most significant
merit of this process is the elimination of refractory com-
pounds which are very difficult to be eliminated by HDS at
mild conditions. In ILs-ODS process, the produced sulfones
during ODS have higher polarity than the original sulfides
present in the fuel which can be easily extracted in the IL
phase compared to only ILs-EDS. Therefore, it is proved
that the ILs-ODS is better than the ILs-EDS technique. Still,
some problems need to be considered, such as minimiza-
tion of side reaction during oxidation reaction and treatment
of waste oxidation products, synthesis of more active and
cheaper ILs with high stability, selectivity and optimization
of operating conditions, ILs utilization, fuel loss, analysis on
fuel properties, and fuel recovery.

ILs-ECODS is the recent advancement in the usual ILs-
ODS process where ILs can behave as a multitasker such
as extractant, catalyst, oxidant, or combination by slightly
modifying the design of conventional ILs. Low requirement
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Fig. 16 IL emulsion and a [BMIM]PF, b IL emulsion, ¢ before oxi-
dation, upper phase: MF and lower phase: IL emulsion, d after oxida-
tion, upper phase: sulfur-free MF and lower phase: IL emulsion con-
taining sulfones, e optical micrograph of formed IL emulsion, and f
optical micrograph of sulfones

Fig. 17 Mechanism of ECODS
of DBT in hydrophobic IL
emulsion system

of ILs and high desulfurization performance of MFs as well
as RFs are the key advantages of ILs-ECODS process.

ILs can be applied as the supported ILs; ILs as a catalytic
solvent, emulsion ILs, and ILs in photo-oxidation are also
need to be investigated. The applicability of this process on
the industrial scale still needs some more clarification of
the responsible mechanism which needs more computational
modeling and simulation.

Conclusion

The necessity of fuel desulfurization becomes more and
more intense due to the tightening of environmental stand-
ards in terms of allowable sulfur content in the fuel. Nowa-
days, ILs have taken the leading position in desulfuriza-
tion processes due to their unique properties. ILs help to
meet the goal of achieving environmentally sustainable
development owing to their green nature and make the
process function at mild conditions. ILs can play the role
of catalyst and extractant or both to obtain the ultra-low
level of degree of desulfurization. In this article, we have
tried to cover the environmental standards, types of ILs
and their significant properties, role of ILs, and the influ-
ential factors which affect the ILs-assisted EDS, ODS, and
ECODS processes. It was observed that the ILs give the
researcher uncountable possibilities in terms of the devel-
opment of new task-specific ILs by varying a huge number
of anion and cation combinations. Despite their huge ben-
eficial properties and affinity toward sulfur removal, their

Oil phase

Polyoxometalate anion
—)

Quaternary ammonium cation

Catalyst molecule
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Table 11 Desulfurization of RFs using ILs-ECODS

1L Type of fuel ISC (ppm) Oxidation conditions DS% References
[(CH3)N(n-CgH 7)1, FCC gasoline 341 V(RF):5 mL, T:30 °C, 69.2 Zhu et al. (2011)
[Mo0,0,,]+[Bmim|BF, V(0):64 uL,
m(MSIL):0.178 g,
V(L):1 mL,4 ODS
Prehydrogenated gasoline 150 V(RF):5 mL, T:30 °C, 80
V(0):64 uL,
m(MSIL):0.178 g,
V(L):1 mL,2 ODS
[Bmim]PF, Diesel 560 (O/S):5/1, T:60 °C, 59.3 Zhao et al. (2017b)
t:4hV(IL):2 mL of,
S/C=100
[BPy]JHSO, Gasoline 390 T:60 °C, r:1 h, m(IL/ 87.7 Zhao et al. (2010)
RF):1/1, n(0/S):4/1
[HDBN]CV/ZnCl, Hydrogenated diesel 559.7 T:60 °C, £:2 h, m(ILs/ 98.8 Zhang et al. (2017)
oil):1/5, n(O/S):6/1
[C,mim]Cl/3ZnCl, FCC diesel 460 T:45 °C, t:3 h, m(ILs/ 63.5 Chen et al. (2012b)
oil):1/2, n(0/S):60/1
[Hnmp]H,PO, Diesel 750 T:60 °C, £:5 h, m(ILs/ 64.3 Zhao et al. (2009¢)
oil): 1/1, n(0/S):16/1
[Hnmp]Cl/3ZnCl, FCC diesel 224.6 T:75 °C, +:20 min, m(ILs/ 83.3 Chen et al. (2015b)
oil):1/3, n(0/S):50/1, 5
steps
[HNMP]BF, Diesel 3240 T:60 °C, r:2 h, m(IL/ 95.5 Zhao et al. (2007)
RF):1/1, n(0/S):6/1
[BMIM]Br Diesel 445.2 T:50 °C, #:3 h, m(cat):0.1 g, 98.2 Zhang et al. (2014b)
n(0/S):3/1, V(ext/oil):1/1
[C{,mim];PW,0,, DBT in n-octane 500 200 200 T:60 °C, m(cat): 0.05 g, Yu et al. (2020)
(C\,PW) V(MF):5 mL, 800 rpm
[PrSO;HMIm]HSO, DBT in n-octane 50 T:60 °C, £:15 min, m(cat): 99.3 Yang et al. (2019)
0.05 g, V(MF):10 mL,
n(0/S):25, n(oil/acetoni-
trile): 1
poly-[1-vinyl,3-alkylimida- Hydrogenated diesel 559.7 :2 h,400 rpm Yang et al. (2017)
zolium] bromine (PVABr)
[HOOCCH,mim][HSO,] Bituminous coal 2.15% of total sulfur 7:30 °C, #:6 h, m(IL), Wang et al. (2020)
V(MF):20 mL, n(O/S):,
200 rpm
[C,C,im][HSO,] Bituminous coal 2.15% of total sulfur T7:30 °C, #:6 h, m(IL),
V(MF):20 mL, n(O/S):,
200 rpm
[C,Py][HSO,] Bituminous coal 2.15% of total sulfur 7330 °C, £:6 h, m(IL),
V(MF):20 mL, n(O/S):,
200 rpm
[HOOCCH,Py][HSO,] Bituminous coal 2.15% of total sulfur T7:30 °C, #:6 h, m(IL),
V(MF):20 mL, n(O/S):,
200 rpm
[ODBU]CV/3ZnCl, Hydrogenated diese 559.7 T:50 °C, :1 h, m(IL):3 g, 99.2 Wang et al. (2018)
n(0/S):6/1,
[Omim][HSO,4] Hydrogenated diesel 746 T:50 °C, £:50 min, m(IL/ 75.7 Safa et al. (2017)
RF):1/3, n(0/S):20/1
[Omim][HSO,4] Real diesel 746 77.2 Safa et al. (2016)
[C83MPy] FeCl, Actual gasoline 468 T:25 °C, t:30 min, V(IL/ 44 Nie et al. (2013)
RF):1/3, n(0/S):6/1
[HMIm]BF, Commercial diesel T:90 °C, t:6 h, 73 Lu et al. (2007)

V(ext):3.2 mL, V(IL/
RF):5/3.2, n(0/S):40/1
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Table 11 (continued)

IL Type of fuel ISC (ppm) Oxidation conditions DS% References
[BMIM]BF, Petcoke 4.46 wt% T:80 °C, £:5 h, V(ext):5 mL, 2.85wt% Liu et al. (2020)
m(cat):0.5 g,
m(fuel):0.5 g, V(O):5 mL
[Bzmim]NTf, Straight run diesel 843 T:70 °C, Text:30 °C 96 Liet al. (2016)
[BMIM]C1/2ZnCl, Diesel 64 T:90 °C 87.7
Coke diesel fuel 5380 29.9
[BMIM]PF, Real diesel 2300 83-84 Julido et al. (2010)
Jet fuel 1100 83-84
[HCPL][TFA] Hydrogenated diesel 659.7 2 ECODS 98.69 Jiang et al. (2016)
Straight run diesel 11,034 2 ECODS 99.19
[Omim]BF, Diesel 242 T:25 °C, £:60 min, V(IL/ 96 Hao et al. (2019a)
RF):1/1, n(0/S):3/1
Diesel 21 T:25 °C, £:60 min, V(IL/ 90.47
RF):1/1, n(O/S):3/1
[OMIM]PF, Diesel T:30 °C, £:60 min, V(IL/ 81 Huang et al. (2010)
RF):1/5, n(O/S):4/1
[OMIM]PF, Diesel T30 °C, #:120 min, V(IL/ 92 Zhu et al. (2011)
RF):1/5, n(O/S):6/1
[BMIM]PF¢ Real gasoline 1236 T:30 °C, :3 h, V(IL):1 mL,, 94.74 Geetal. (2011)
V(0):0.5 mL,
m(cat):0.0758 g
[(CH,),SO;HMIm][Tos] FCC diesel fuel 150 T:75 °C, 3 h, m (ILs/ 94.6 Gao et al. (2017)
oil):1/2, n(0/S):40/1,
extraction by DMF:T:25
°C, t:30 min, m(ext./
oil):1/2
[BMIM][HSO,] Diesel 97 T:25 °C, t:2 h, m (IL/ 85.5 Gao et al. (2010)
RF):1/1, n(O/S):5/1
[OMIM],[S,04] Gasoline 500 T:60 °C, t:2.5 h, m(IL/ 94 Elwan et al. (2017)
RF):1/1
Diesel 12,000 T:80 °C, t:4.5 h, m(IL/ 99.59
RF):2.5/1
[C63MPy]Cl/Fc->C13 Real gasoline 408.2 T:25 °C, £:20 min, m(IL/ 99.7 Dong et al. (2013)
RF):1/3, n(O/S):4/1, 7
ODS steps
[BPy]|BF, Diesel 780 T:55 °C, £:30 min, V(IL/ 56.3 Zhao et al. (2010)
RF/0):1/1/0.4
[Omim]FeCl, Diesel 590 T:25 °C, t:15 min, V(IL/ 85 Andevary et al. (2018)
MF):1/10=m(IL/Oil): 1/6,
n(0/S):5/1
Diesel 2573 T:25 °C, t:15 min, V(IL/ 61.2
MF):1/10=m(IL/Oil):1/6,
n(O/S):5/1
[(CgH,7);CH;N]Cl/FeCl,4 FCC Gasoline 360 T:25 °C, t:60 min, 69.4 Jiang et al. (2011)
V(oil):5 mL,
n(IL):0.702 mmol,
n(0/S):14/1
[Pig44,1][Tos] Diesel T:60 °C, £:60 min, m(IL/ 60.99 Ahmed et al. (2016a)

MF):1/1, n(O/S):6/1,
water washing #:30 min,
V(diesel/water):1/1, 3

stage washing with water
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Table 11 (continued)

IL Type of fuel ISC (ppm)

Oxidation conditions DS% References

[P44441[MeSO5] Diesel

[Hnmp]HSO, FCC gasoline 260

[Hnmp]HSO, FCC gasoline 260
[Hnmp]H,PO, FCC gasoline 260

FCC gasoline 260

[Bmim]BF, Light oil 3640

[Bmim]PF, Light oil 1300

[PBy]BF, Gasoline 1000

T:60 °C, £:80 min, m(IL/
MF):1/1, n(O/S):6/1,
water washing #:30 min,
V(diesel/water):1/1, 3
stage washing with water

T:333 K, t:4 h, m(IL/RF):1, 57
n(0/S):16/1 ,6 ODS steps

T:333 K, t:4 h, m(IL/RF):1, 94
n(0/S):16/1, 1 ODS steps
with 5 EDS: T:313 K,

t:1 h, V(Ext/oil): 1

T:333 K, :4 h, m(IL/RF):1, 62
n(0/S):16/1, 6 ODS steps

T:333 K, t:4 h, m(IL/RF):1, 93
n(0/S):16/1, 1 ODS
steps steps with 5 EDS:
T:313 K, t:1 h, V(Ext/
oil):1

T:333 K, #:10 h, m(IL/RF):,
n(0O/S):,6 ODS steps

T:333 K, :10 h, m(IL/RF):,
n(0/S):,6 ODS steps

RT, 2 h, m(IL/RF):1.8/1, 97
Q(0):100 mL/min

15.6 ppm

Abro et al. (2016)

54.72 Lo et al. (2003)
83.83

Zhang et al. (2014a)

properties, cost, and environmental impact must be taken
into consideration. This article suggests that incorporat-
ing ILs in ODS can produce ultra-low sulfur fuel under
mild operating conditions. However, the development of
functional ILs, supported ILs, ILs photocatalysis, and ILs
emulsion, their interaction energy with the sulfur com-
pounds, and deeper understanding of the exact mechanism
responsible for the desulfurization of fuel are required to
be studied further using modeling and simulation as well
as experimental studies. Other issues such as treatment
of waste oxidized products, their selectivity, and techno-
economical evaluation of the large-scale process are also
required to be solved in the future.
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