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Abstract

The global demand for cleaner and more sustainable energy sources has stimulated extensive research into advanced technolo-
gies for sulfur removal from fossil fuels. Sulphur compounds in fuels contribute to air pollution, acid rain, and environmental
degradation, underscoring the urgency of efficient desulfurisation methods. Deep eutectic solvents (DESs) have emerged as
environmentally friendly candidates for sulphur removal from fuels. This review provides an overview of recent advance-
ments in utilising DESs for desulfurisation processes, highlighting their sustainable and economically viable features. The
manuscript begins with an introduction to the pressing need for clean fuels. It also emphasises the unique properties of DESs,
such as low toxicity, biodegradability, and tunability, making them well-suited for sulphur extraction. A brief discussion on
the classification and synthesis of DESs contextualises the review. Additionally, an overview of the effects of sulphur on the
environment is presented. This review systematically categorises DESs used for desulfurisation into five distinct groups:
DESs containing transition metal salts, sulfones, glycols, aromatic compounds, and organic acids. Each category is thor-
oughly discussed, examining their respective applications and effectiveness in desulfurisation processes. Towards the end,
the review addresses current challenges and prospects in the field, including scaling up DES-based processes and enhancing
efficiency through catalysts and synergistic approaches.
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1 Introduction

Rapid industrialisation and urbanisation have exacerbated
environmental pollution issues, leading to adverse effects
on the ecosystem. Recently, internationally recognised fuel
standards mandated that the sulfur content of fuels does
not exceed 0.5wt% [1]. As a result, nations all over the
world have passed pertinent laws and regulations to limit
the sulfur content of fuels [2]. Harmful substances origi-
nating from automobiles, including metals, aromatic com-
pounds, and refractory elements like sulfur and nitrogen
have been linked to a range of detrimental consequences,
including the formation of acid rain [3, 4]. Sulfur not only
causes operational challenges for refining machinery and
catalyst contamination but also gives rise to the release
of sulfur oxide gases (SO,), thereby posing direct threats
to both human health and the environment [5]. The SO,
released during the combustion of sulfur-containing fuels
have adverse repercussions, as they can be inhaled or com-
bined with atmospheric moisture to form acid rain [6].

The process of eliminating sulfur from the fuel is com-
monly referred to as "fuel desulfurisation." Currently, one
of the primary difficulties faced by the fuel manufacturing
industry is the need to remove sulfur [7]. Sulfur is typi-
cally present in fuels in the form of compounds such as
mercaptans, thiophenes (TH), and their derivatives [4].
These compounds are often the primary culprits behind
the emission of SO, during the combustion process [8].
Almashjary and colleagues have indicated that desulfurisa-
tion can be achieved through various methods, including
hydrodesulfurisation, extractive desulfurisation, adsorp-
tive desulfurisation, biodesulfurisation, and oxidative des-
ulfurisation [9].

Among all the methods mentioned above, hydrodes-
ulfurisation is the most widely used technique for elimi-
nating sulfur compounds from fuels. It is highly efficient
in producing low-sulfur fuel on a large scale, but it does
require a significant amount of energy which is a huge
drawback [10, 11]. Another limitation of hydrodesulfuri-
sation is its inability to remove organosulfur compounds,
such as TH and their derivatives, due to the stearic hin-
drance effect [12, 13]. In contrast, extractive desulfurisa-
tion and oxidative desulfurisation have gained attention
as effective alternatives to hydrodesulfurisation for sulfur
removal in fuels [14, 15]. The benefits of extractive des-
ulfurisation include high selectivity, mild reaction con-
ditions, and ease of operation [16]. A very high extrac-
tion rate can be achieved after multiple extractions, and
the extractant can be reused after the reverse extraction
operation and there is no need for catalysts, which greatly
reduces costs. The appropriate extractant is mixed with
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the system to be separated, and the stratified two phases
are separated after constant temperature stirring and other
operations [17]. In addition, in extractive desulfurisation,
a wide range of solvents based on amines and ethers can
be used. However, many of these solvents do not meet
the necessary standards and lack essential properties such
as ease of preparation, biodegradability, and non-toxicity,
among others [18]. So, considering the limitations of tra-
ditional methods of removing sulfur from fuels, there is a
pressing need for new environmentally friendly methods
and materials that combine high efficiency with reduced
environmental impact.

Deep Eutectic Solvents (DESs) have emerged as envi-
ronmentally friendly solvents in the twenty-first century and
have found application in the removal of sulfur compounds
from fuels. DESs are a mixture of two or more compounds
that form a stable system with a low melting point. They
are usually prepared by combining a hydrogen bond donor
(HBD) and a hydrogen bond acceptor (HBA), which have a
strong interaction [19]. This interaction happens when the
HBD interacts with quaternary ammonium salts through
charge delocalisation. This leads to a decrease in the melt-
ing point and the formation of DESs. The melting point
of the DESs is lower than the individual components and
even lower than an ideal liquid mixture. This is because
the DESs components have different types of interactions
[20]. The most common formula for DESs is Cat™X"zY,
where Cat* is a cation of ammonium, sulfonium, or phos-
phonium, X~ is a Lewis base halide anion, Y is Lewis or
Brgnsted acid, and z is the number of Y molecules inter-
acting with the X~ anion [21]. For instance, the following
types of complexes are formed when choline chloride, ChCl
(HOC,H,N(CH,;);*Cl~ or Ch*Cl~), the most commonly
used HBA, is linked to an HBD as shown below:

[Ch*] + [HBD]C1~ - [Ch*| +[C17] + HBD

The complex anion is denoted by [HBD]CI™, wherein the
alcohol or amide group of the HBD forms a hydrogen bond
with the CI™ and acidic protons. DESs present several advan-
tages, including easy synthesis using readily accessible raw
materials, minimal toxicity, excellent biocompatibility, and
high degradability when compared to ionic liquids (ILs) [22].

This review presents recent scientific and technologi-
cal developments in the field, responding to the growing
importance of sulfur removal from fuel oil. The overview
begins with a brief introduction to the topic. Following
this, the effects of sulfur are highlighted. Subsequently,
the types and preparatory methods for DESs are examined
concisely. In exploring advancements in utilising DESs for
desulfurisation processes in fossil fuels, the mini-review
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underscores the sustainable and economically viable fea-
tures of DESs, presenting them as promising alternatives
for sulfur removal. To provide a structured overview, this
review categorises DESs used for desulfurisation into five
groups: DESs containing transition metal salts, DESs con-
taining sulfones, DESs containing glycols, DESs contain-
ing aromatic compounds, and DESs containing organic
acids. The discussion then shifts to the regeneration of
DESs used for the removal of sulfur from fuels in addition
to challenges and perspectives in the removal of sulfur
from fuel using DESs. The primary goal of this review is
to inspire and guide researchers in academic and industrial
communities toward developing efficient technologies for
sulfur removal from fuel using DESs. Furthermore, using
the search terms "sulfur removal from fuels by deep eutec-
tic solvents" in a Scopus search on November 15th, 2024,
I observed a remarkable surge in the amount of published
literature during the previous eight years, totalling 99 doc-
uments (Fig. 1a). Scopus data obtained also indicated that
tremendous work on the removal of sulfur using DESs was
conducted mainly by researchers in Chemical Engineering,
Chemistry, Energy and Environmental Science (Fig. 1b).

Number of Documents

2015 2016 2017 2018 2019 2020 2021
Year of Publication

2022 2023 2024

1.2% 3.3%

b 3.7%
4.9%

28.2%

6.9%
° Il Chemical Engineering

I Chemistry

I Energy

I Environmental Science
[ Engineering

[ Materials Science

[ Physics and Astronomy
Il Biochemistry

I Others

10.2%

13.9%

27.8%

Fig.1 a Number of publications from 2015 to date; (b) Publications
by subject area

2 Overview of the Effects of Sulfur

Implications of fuel's sulfur content pose a major risk to the
environment, wildlife, automobiles, infrastructure, and pub-
lic health. The impact of sulfur on various factors is covered
in this section. Diesel fuel's sulfur content determines how
much sulfur is present, which is one of the main sources of
particulate matter (PM) and PM emissions. According to
previous research, 2.0% of the sulfur in diesel fuel turns into
direct PM [23]. Because PM, particularly PM 2.5, is linked
to lung cancer and cardiovascular mortality, it is detrimen-
tal to both human and animal health [24]. Chronic condi-
tions such as respiratory infections, asthma, heart problems,
chronic bronchitis, and stroke can result from prolonged
exposure to PM 2.5 [25]. In addition, the harmful effects of
oil in contaminated environments are primarily attributed to
sulphur compounds. These compounds, known for their high
hydrophobicity and low solubility in water, tend to strongly
bond with organic matter, resulting in their accumulation in
soil and sediments. This accumulation is associated with sig-
nificant toxic effects on ecosystems, including the potential
for mutation and cancer [26].

Flue gas from diesel engine combustion includes PM,
SO,, and nitrogen oxides (NO,). The primary compo-
nents of acid rain and smog are formed when these gases
combine with water, oxygen, and other substances in
the atmosphere. Acid rain—primarily sulfuric and nitric
acids—causes harm to agricultural lands, destroys for-
ests, pollutes lakes, and ruins houses and other property.
Reduced biodiversity is one of the ecological effects of
acid rain, which also upsets the natural balance by chang-
ing the chemical composition [5]. Sulfurous smog, some-
times referred to as London smog, is a severe air pollutant
that irritates people's eyes, noses, and lungs and is brought
on by excessive levels of SO, in the atmosphere [27].

Combustion engines are impacted by sulfur in addition
to environmental issues. Internal combustion engines are
corroded by sulfur oxyacids that are formed from combus-
tion products. Moreover, sulfur strongly adsorbs onto cata-
lysts, impeding the adsorption of other pollutants such as
hydrocarbons, nitrogen oxide, and carbon monoxide, which
reduces the effectiveness of air pollution control systems.
Additionally, chemicals containing sulfur deactivate cata-
lysts utilised in the upgrading of hydrocarbons [28]. Sulfuric
acid from acid rain can also damage statues, buildings, and
other man-made objects by wearing down metal and has-
tening the deterioration of paint and stone. The exteriors of
buildings and other architectural structures, including monu-
ments, are also susceptible to the damaging effects of acid
rain. Acid rain damage can be expensive, requiring materials
to be restored or, in extreme situations, rebuilt, which raises
maintenance expenses [29, 30].
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When significant amounts of sulfur-containing com-
pounds are released into the atmosphere, it negatively affects
the economy of a nation and affects a wide area. Reports
of significant economic losses as a result of acid rain exist.
Eliminating sulfur from diesel fuel has the potential to yield
substantial economic benefits, particularly if the expenses
associated with desulfurisation technology decline [5].

3 Categories and Preparation Methods
of DESs

Based on the use of complexing agents, such as organic salts,
non-ionic metal halides, and their hydrates, to form a eutec-
tic mixture, DESs are classified into five main types as illus-
trated in Fig. 2 [21]. Quaternary ammonium salts of metal
chloride and chloroaluminate/imidazolium make up type I
eutectic mixtures. Type I eutectics can be formed experi-
mentally from a mixture of organic salts and different metal
chlorides, such as CuCl, CuCl,, FeCl,, SnCl,, SnCl,, CdCl,,
LiCl, and ZnCl, [31]. Metal halide hydrates and quaternary
ammonium salts make up type II eutectic mixtures [32].
Moreover, quaternary ammonium, sulfonium, and phospho-
nium salts as HBAs and carboxylic acids, amines, alcohols,
and amides as HBDs make up type III eutectic mixtures.
Because of their ability to solvate and liquefy a wide variety
of transition metal salts and their oxides, type III eutectics
have attracted a lot of attention and research [33]. Due to
their numerous significant applications, such as extraction,
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Fig.2 Five main types of DESs
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liquid—gas separation, glycerol removal from biodiesel,
catalyst reactions, nanoparticle synthesis, and electrodepo-
sition of metals [34-36]. Types III DESs have advantages
over other types. HBDs and metal halides make up type IV
eutectic mixtures. Since inorganic cations have high charge
densities, they typically cannot form eutectic mixtures [37].
Furthermore, thymol-menthol DES is an example of Type
V, a novel kind of eutectic mixture that solely contains non-
ionic molecules of HBAs and HBDs [38]. DESs and ILs are
similar in terms of their physical characteristics, but their
chemical structures are very different. Because of the sig-
nificance of the non-ionic type of DESs (Type V), which can
significantly expand their properties and potential uses, both
theoretical and experimental researchers are now very inter-
ested in studying this area. The components' adaptability
may present numerous options for synthesising DESs with
a great deal of configurable functionality. Figure 2 illustrates
the major classes of DESs available in the literature.

Safe and affordable components are used in the prepara-
tion of DESs. Primarily, there are four main methods for
DES synthesis. The most widely utilised is the thermal
method, which involves directly mixing the components of
HBA and HBD and thereafter heating the composition to
specific temperatures, depending on their respective melting
points, in a closed vessel under atmospheric pressure [22,
39]. For example, the first DES was prepared in a closed
vessel at 80 °C using ChCl as HBA and urea (U) as HBD in
a 1:2 molar ratio [40]. A different way of preparing DES is
to combine HBD and HBA aqueous solutions in a specific
ratio, freeze-dry these aqueous solutions at a lower tempera-
ture (i.e. between — 196 and 20 °C), and then obtain a clear,
viscous liquid [41]. The third method known as vacuum
evaporation, involves dissolving both HBA and HBD in
water and vaporising the water in a rotatory evaporator at
50 °C to prepare DESs. Once obtained, the liquid formed
(DES) is then kept in a desiccator containing silica gel
until a steady weight is achieved [33, 42]. The last method
is grinding, which involves combining the HBA and HBD
components of DES in a mortar and grinding them with a
pestle at room temperature and atmospheric pressure [43,
441]. For instance, in a mortar and pestle at room tempera-
ture, ChCl and chloroacetic acid or trichloroacetic acid were
ground until a homogenous liquid was formed [44]. It is
possible to prevent the formation of ester impurities between
carboxylic acid and ChCl by using the grinding and stirring
methods at room temperature.

The majority of DESs are highly hygroscopic and capable
of absorbing water from the atmosphere, this behaviour is
worthy of note. The physical characteristics of DESs would
be impacted by the small amount of water that these hydro-
philic compounds absorb from the air. Thus, in all prepara-
tion techniques, it is crucial to prepare a DES in dry con-
ditions and to dry it afterwards. DES synthesis produces
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no waste and could be affordable for large-scale production
because it does not require complex procedures, solvents, or
byproducts. In a chemical process, atom economy refers to
minimizing byproducts or waste material and optimising the
incorporation of starting material into the final product [45].
Since every initial component is used entirely in the finished
product, the DES's final product has 100% atom economy
and avoids the need for a purity assessment [46].

4 Application of DESs in Desulfurisation
of Fuel Oils

4.1 DESs Containing Transition Metal Salts

A few authors have employed DESs containing transition
metal salts for the removal of sulfur from fuel successfully.
For instance, Li et al. investigated the extraction capabilities
of DESs composed of HBA, HBD, and transition metal salts
for dibenzothiophene (DBT) removal from n-octane [47]. In
their study, the authors explored various transition metal-
based salts. They found that DES composed of tetrabuty-
lammonium chloride (TBAC), polyethylene glycol (PEG)
and FeCl; (TBAC/PEG/FeCl;) exhibited the best removal
ability, reaching 81.2% compared to other metal-ion DESs
with lower efficiencies. Through the optimisation process
(TBAC/PEG/FeCl; at a mole ratio of 4:1:0.05), the authors
were able to further improve the performance of this DES
to 89.5% removal efficiency. The primary factors contrib-
uting to the efficient extraction of sulfur in this case were
hydrogen bonding and coordination effects. TBAC/PEG/
FeCl; DES possessed a relatively high electron density
owing to the availability of hydroxyl and ethoxy chains in
the polymer (PEG), as well as the central metal ion. Further-
more, the external electron cloud distribution of the metal
ion enhanced its interaction with DBT in the DES, thus
explaining the superior extraction capacity of Fe compared
to other metals. Notably, this extractant can be categorized
as a chromogenic agent, as it undergoes a change in colour
after the extraction process. However, it is pertinent to know
that the regeneration of this DES is a complex process, and
the use of ether-based solvents for recycling is not advis-
able, particularly in the context of environmentally friendly
recycling, as ether solvents-based are highly flammable and
could pose a fire risk during the recycling process [48].
Similarly, Jiang et al. conducted a study in which they
prepared DESs based on ChCl for the removal of DBT from
n-octane [49]. Their motivation stemmed from ChCl's non-
toxic nature, and they manipulated the HBA structures by
varying the alkyl chain length (butyl, octyl, dodecyl, and
benzyl) as well as the nature of the alkyl chain. Among the
DESs they investigated, the one composed of C;,DMEAC
(dodecyldimethylethanolamine) and FeCl; demonstrated the

highest efficiency in desulfurisation. On the other hand, the
DES containing a benzyl-substituted HBA showed the low-
est extraction efficiency. This suggests that DESs containing
longer aliphatic compounds are more efficient in eliminat-
ing sulfur in comparison to those with shorter alkyl chain
lengths. The authors concluded that the dominant inter-
action in these DESs is CH-x interaction, which is more
pronounced than the commonly observed - interaction in
most aromatic-based DESs. Additionally, the coordination
effect of Fe with sulfur species contributes significantly to
the efficiency of sulfur removal.

Furthermore, from n-octane and kerosene, Mao et al.
examined the desulfurisation potential of Brgnsted-Lewis
acidic metal-based DES of phenylpropanoic acid (PPA) and
ZnCl, [50]. The DES serves as the extractant as well as a
catalyst and the oxidant used was H,0O,. After optimisation,
the kerosene's desulfurisation efficiency was observed to be
76.2%. Moreover, after a single extraction step, the removal
efficiency of ChCl/SnCl, DES was 95.2, 94.5 and 92.1 for
DBT, 3-methylthiophene (3-MTH), and TH, respectively
from n-octane using 1,5-diphenylcarbazide as complexing
agents [51]. The authors observed the extraction mechanism
to be -m interaction and n-complexation of Sn** with elec-
tron pair of sulphur of the analytes as revealed by the FT-IR
technique like the previous studies.

4.2 DESs Containing Sulfones

Sulfones, which are a type of HBDs, can be combined with
HBAs to create sulfone-based DESs. A sulfone is a com-
pound featuring a sulfonyl group attached to two adjacent
carbon atoms. Although very less studies have applied sul-
fone-based DESs in desulfurisation processes, more research
is warranted to harness their potential in this context. In a
study conducted by Hadj-Kali and colleagues, the removal
of TH was examined using DESs derived from sulfolane
(Sul), triethylene glycol (TEG), and ethylene glycol (EG)
[52]. For the preparation of DESs, tetrabutylammonium bro-
mide (TBAB) and methyltriphenylphosphonium (MTPPB)
were utilised as HBAs. A molar ratio of 1:7 was required
to form TBAB/Sul while mixing MTPPB led to a solid
mixture. The DES composed of TBAB/Sul demonstrated
a notable solute concentration distribution in the raffinate
phase when compared to glycol-based DESs as depicted in
Fig. 3. This behaviour indicates a high selectivity for TH
extraction into the DES phase. Additionally, "H NMR char-
acterisation confirmed the absence of sulfolane in the oil
layer, confirming less risk of cross-contamination of DES
with n-heptane. After five extraction cycles, up to 98% of
the targeted compound was successfully extracted into the
TBAB/Sul DES phase.

Lima and colleagues observed a similar trend men-
tioned earlier regarding the ability of sulfone-based DESs

@ Springer
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Fig.3 Comparison of extraction efficiency of sulfone-based DES
with glycol-based DESs for the removal of TH. The data were
extracted from the available literature [52]

to extract sulfur [53]. They explored the impact of various
HBAs such as TBAB, TBAC, and tetrabutylphosphonium
bromide (TBPB) removal of Th from n-heptane. Their find-
ings revealed that the order of Th removal from n-heptane
follows the order TBAC/Sul > TBAB/Sul > TBPB/Sul at a
1:4 molar ratio. This indicates that ammonium-based HBAs,
specifically TBAC and TBAB, exhibit greater effectiveness
compared to the phosphonium-based HBA (TBPB). Inter-
estingly, the phosphonium cation was found to favour the
extraction of DBT, implying that the selectivity of sulfur
removal depends on the nature of the HBA. In a single
extraction step, more than 80.0% of the targeted compounds
were successfully removed.

4.3 DESs Containing Glycols

DESs composed of glycols have also been used for the
removal of sulfur-containing compounds from fuels. For
instance, various DESs were prepared by mixing ChCl,
tetramethyl ammonium chloride (TMAC) and TBAC
HBAs with PEG, Gly, EG, and TEG HBDs for 300 min at
367.15 K for the removal of BT [54]. Under optimal condi-
tions, about 82.8% BT was removed from n-octane using
DES composed of TBAC/PEG at a 1:2 molar ratio within
a single extraction step. After five extraction cycles, up to
99.48% BT was successfully removed. Similarly, two dif-
ferent studies by Lima et al. confirmed the high efficiency
of TBAC/PEG DES in removing sulfur-containing com-
pounds [53, 54]. To ascertain the effect of PEG molecu-
lar weight on desulfurisation, Lima et al. prepared DESs
constituted by PEGs (200, 300, 400, and 600 gmol_l) and
TBAC for the removal of TH and DBT from n-heptane
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Fig.4 Effect of average molecular weight of PEG on the removal of
TH and DBT from n-heptane. The data were obtained from the avail-
able literature [54]

[54]. The efficiency of DESs regarding desulfurisation was
found to increase gradually with increasing PEG molecular
weight. The desulfurisation of the targeted compounds was
found to follow the order TBAC/PEG 200 < TBAC/PEG
300 < TBAC/PEG 400 ~ TBAC/PEG 600 as demonstrated
in Fig. 4.

Shu and Sun conducted a study where they used TBAC/
EG and TBAC/GLY DESs to eliminate 2-methylthiophene
(2-MTH), and benzothiophene (BT) from gasoline [55]. The
authors achieved a successful removal rate of approximately
99.3% for 2-MTH and 99.5% for BT using TBAC/EG and
TBAC/Gly DESs, respectively, after five extraction cycles. It
seems that the extraction of sulfur compounds is more effec-
tive when using HBD with longer alkyl chain lengths. The
wrapping of the HBD around the chloride anion enhances
the packing structure and ultimately provides enough active
hydrogen atoms for efficient sulfur removal [56].

Recently, a novel DES system, composed of ChCl, ben-
zene sulfonic acid (BSA), and EG, was developed for oxi-
dative desulfurisation of DBT, 4,6-DMDBT and BT from
n-octane [57]. Ternary DESs, offering advantages such as
volatility and high activity, outperformed organic acid-based
binary DESs. Optimal conditions, including DES/oil of 1:5,
oxidant to the sulfur molar ratio (O/S) of 5 at 25 °C, resulted
in 100% removal efficiency for DBT, 4,6-DMDBT, and BT
within 2 h. In addition, ZnCl,/boric acid (BA)/PEG exhib-
ited 98.7%, 95.3% and 81.6% removal ability, respectively,
for DBT, 4-methyldibenzothiophene (4-MDBT), and 4,6-
DMDBT under optimised conditions (T =60 °C, O/S=35,
t=3 h) [58]. The primary factor preventing the removal
of sulfur compounds was their internal steric hindrance.
Nevertheless, the synergistic effect of ZnCl, and BA led
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to a stronger hydrogen bonding which boosted the removal
process.

4.4 DESs Containing Aromatic Compounds

Researchers have explored the use of DESs containing aro-
matic compounds in extractive desulfurisation. For instance,
Tang et al. investigated ternary DESs made up of chlorin-
ated paraffins-52, AICl;, and aromatic derivatives like tolu-
ene, p-xylene, o-xylene, ethylbenzene, chlorobenzene, and
benzene for desulfurisation purposes [59]. Among these
DESs, those composed of paraffins-52/AlCl;/toluene were
found to be the most effective in removing three thiophenic
sulfur compounds, namely 3-MTH, BT, DBT, as well as
actual oil. The order of effectiveness was observed to be
as follows: DBT < BT <3-MTH for the three sulfur com-
pounds studied as demonstrated in Fig. 5. This order fol-
lows the electron density density of the sulfur compounds
investigated. Furthermore, the order of efficiency of all
the DESs examined for the targeted compounds follows
this sequence: toluene > p-xylene > o-xylene > ethylben-
zene > benzene > chlorobenzene. The n-cloud of the benzene
ring was suggested to be responsible for the desulfurisation
of the target compounds. However, it is worth noting that
the stability of an aromatic compound is often influenced by
the inductive effect of the substituent group. Alkyl groups,
being electron-donating, can enhance the aromatic stabil-
ity of a molecule by directing electron density toward the
n-n system. Consequently, TH can be easily extracted into
more stable aromatic compounds through n-x interactions,
as supported by this rationale. Li et al. also observed a simi-
lar interaction in their study, where dicationic ILs exhibited

3-MTH

BT

DBT

r
0 20 40 60 80 100
Removal Efficiency (%)

Fig.5 The efficiency of chlorinated paraffins-52/A1Cl;/toluene DES
for the extraction of 3-MTH, BT, and DBT from n-heptane. The data
were extracted from the available literature [59]

greater m-m associations with aromatic sulfides as opposed
to mono-cationic IL [60].

Furthermore, Zhao et al. prepared DESs by combin-
ing aromatic acid derivatives like benzoic acid (BA),
o-hydroxybenzoic acid (OHBA), and o-methylbenzoic
acid (OMBA) as HBAs with amine-based HBDs such as
triethylamine (TEA), tributylamine (TBA), and trihexy-
lamine (THA) [61]. These DESs were then used for the
removal of sulfur-containing compounds like TH, BT, and
DBT. It was noted that the performance of desulfurisation
was enhanced as the chain length of the HBA decreased.
DESs containing TEA as the HBD exhibited the highest
extraction efficiency. Additionally, it was observed that
DESs composed of OHBA were more effective at remov-
ing sulfur in comparison to BA-based DESs. The improved
removal efficiency was ascribed to the availability of the
electron-donating group adjacent to the carboxyl group of
benzoic acid, which formed a p-x system between the OH
group and the aromatic ring. This, in turn, increased the
n-m interaction between the DES and the targeted analytes,
resulting in improved extraction efficiency.

Also, Makos and Boczkaj studied phenol-based DESs
for the separation of TH, BT, and DBT from n-heptane
[62]. The hydrophobic properties of phenol were identified
as the main driving force behind the separation capabilities
of these phenol-based DESs. These DESs displayed an
impressive extraction capacity of up to 99.2%, especially
when employing ChCl/Phenol DES, in contrast to DESs
containing substituted phenol. Additionally, DESs incor-
porating unsubstituted phenol, which is less hydrophobic,
were found to be a preferable choice since they facilitated
the direct transfer of sulfur species into the extractant-
rich phase. Nonetheless, hydrophilic phenolic DESs are
well-suited for oxidative extractive desulfurisation, as they
are adept at capturing oxidized sulfur due to their strong
affinity for DES.

Recently, aromatic-based DES comprising phenol
and formic acid (FA) has been successfully employed to
remove BT, 4,6-DMDBT and DBT from n-octane [63].
The authors successfully achieved 66.3%, 99.1% and
99.8% removal for 4,6-DMDBT and DBT at 30°C and O/S
of 2. Stearic hindrance from methyl groups and electron
density on the sulfur atom influenced the reaction activity,
leading to a decrease in the removal efficiency of the ana-
lytes in the order of DBT >4,6-DMDBT > BT [64]. When
DES (phenol/FA) under the same conditions was employed
to remove sulfur from diesel, 98.3% removal efficiency
was actualised. Also, L-proline (L-Pro)/benzenesulfonic
acid (BSA) DES was recently utilised to remove BT 4,6-
DMDBT and DBT from n-octane [65]. The removal effi-
ciencies of BT 4, 6-DMDBT and DBT were 99.5%, 97.2%
and 100% were obtained by the authors at 70 °C and O/S
of 5, respectively. Out of the three analytes, the interaction

@ Springer



3572

Chemistry Africa (2024) 7:3565-3578

energy between DES and BT using density functional was
found to be the strongest at — 63.36 kJ/mol. This could be
the primary cause of BT's effective removal.

4.5 DESs Containing Organic Acids

DESs containing organic acids have been the subject of
extensive research for their effectiveness in the extractive
removal of sulfur from fuel. Jiang et al. investigated a DES
composed of 1-methylimidazole (MIM) and diethanolamine
(DEA) as HBAs, along with propionic acid (PA) and nitric
acid (NA) as HBDs [66]. The study demonstrated that a
high sulfur partition coefficient (Ky) could be achieved when
using MIM/PA DES (Ky=2.31), in contrast to the 0.21 Ky
obtained for MIM/NA DES. After four extraction cycles,
a removal efficiency of 97.6% was realised at atmospheric
conditions. Desulfurisation appears to favour propionic acid
(PA) due to its structure, which readily provides hydrogen
bonding sites during the extraction process. However, in
the case of nitric acid, the presence of acid ions and their
conjugate base restricts the interaction of sulfur with the
DES components. This restriction results in the lower Ky
observed when NA is employed as an HBD.

DESs made up of TBAB and various organic acids, com-
prising FA, acetic acid (AA), propionic acid (PA), oxalic
acid (OA), malonic acid (MA), and adipic acid (AdA), were
developed by Li et al. [67]. These DESs were employed
for the extractive desulfurisation of BT, TH and DBT from
n-octane in addition to unknown sulfur from diesel and fluid
catalytic cracking (FCC) gasoline. After three extraction
steps, TBAB/FA DES was found to be capable of removing
98.3% of BT, outperforming longer-chain organic acids with
lower removal percentages. Moreover, these DESs achieved
the removal of up to 83.6% and 70.2% removal of unknown
sulfur-containing compounds from FCC gasoline and die-
sel, respectively, under similar conditions. The extraction
process begins with the formation of intermolecular forces
between the active hydrogen and the thiophenic species
through hydrogen bonding. This interaction leads to the
destruction of the DES, leaving behind the sulfur-containing
compounds in the extractant phase.

Additionally, Hao et al. utilised DESs composed of
L-proline (L-Pro) as the Hydrogen Bond Acceptor (HBA),
along with OA, MA, gallic acid (GA), and p-toluenesul-
fonic acid (p-TsOH) as HBDs for the desulfurisation of DBT
[68]. It was found that L-Pro/p-TsOH DES exhibited the
best performance and could remove approximately 99.0%
of DBT within 120 min at 333.15 K. Other DESs resulted
in very low extraction efficiencies. The order of efficiency
of DESs for the extraction of DBT is depicted in Fig. 6.
The authors observed that the aromatic ring of DBT was
partially destroyed in the studied systems. Furthermore,
the HBD component of the DES was found to oxidize to
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Fig.6 The efficiency of various organic acid-based-DESs to extract
DBT. The data were obtained from the available literature [68]
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Fig.7 The efficiencies of SSA/FA DES on the removal of various
sulfur-containing compounds. The data were obtained from the avail-
able literature [15]

peroxysulfonic acid, which enhanced the catalytic oxidation
of DBT into its oxidized form.

Recently, with a low O/S of 2, the desulfurisation effi-
ciencies of natural DES based on y-valerolactone (y-Val):FA
successfully reached 100% DBT in 100 min at 25 °C from
n-octane while saving energy [69]. In addition, 100% sulfur
removal of BT, 4,6-DMDBT, and DBT could be accom-
plished in 4 min, 6 min, and 10 min, respectively, when
the temperature was raised to 70 °C and the O/S ratio was
raised to 5. Similarly, in 2023, Guan et al. screened some
multi-catalytic active site DESs through experiments and
density functional theory for the sole aim of finding the best
DES capable of removing DBT, 4,6-DMDBT, and BT from
n-Octane [15]. After optimisation at 25 °C, 2.5 h, and O/S
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Table 1 Summary of the
utilisation of DESs in the

removal of sulfur-containing

compounds from fuels

DESs Oil Compounds of Interest DES:0il Removal References
Efficiency
(%)

TBAC/PEG/FeCl, n-octane DBT 1:1 89.53 [47]

C,;,DMEACI/FeCl; n-octane DBT 1:5 52.90 [49]

PPA/ZnCl, n-octane DBT 6:1 99.23 [50]
n-octane BT 6:1 96.12
n-octane 4,6-DMDBT 6:1 98.40
Kerosene - 6:1 76.16

ChCl/SnCl, n-octane DBT 1:25 95.0 [51]
3-MTH 94.50
TH 92.10

TBAB/Sul n-heptane TH 1:1 98.00 [52]
TBAB/EG n-heptane TH 1:1 16.08
MTPPB/EG n-heptane TH 1:1 21.42
TBAB/TEG n-heptane TH 1:1 35.07

TBAC/Sul (1:4) n-heptane DBT 1:1 88.00 [53]
TBAC/Sul (1:4) n-heptane TH 1:1 67.00
TBAC/PEG-400 (1:2)  n-heptane TH 1:1 ’60.00
TBAB/Sul (1:4) n-heptane TH 1:1 ”60.00
TBPB/Sul (1:4) n-heptane TH 1:1 ”60.00
TBAB/Sul (1:4) n-heptane DBT 1:1 ”80.00
TBPB/Sul (1:4) n-heptane DBT 1:1 ”80.00

TBAC/PEG 200 (1:2) n-heptane TH 1:1 63.00 [54]
TBAC/PEG 300 (1:2) n-heptane TH 1:1 60.00
TBAC/PEG 400 (1:2) n-heptane TH 1:1 64.00
TBAC/PEG 600 (1:2) n-heptane TH 1:1 68.00
TBAC/PEG 200 (1:2) n-heptane DBT 1:1 81.00
TBAC/PEG 300 (1:2) n-heptane DBT 1:1 83.00
TBAC/PEG 400 (1:2) n-heptane DBT 1:1 85.00
TBAC/PEG 600 (1:2) n-heptane DBT 1:1 84.00

TBAC/EG (1:2) n-octane 2-MTH & BT 1:1 99.50 [55]
TBAC/Gly (1:2) n-octane 2-MTH & BT 1:1 99.30
TBAC/MA (1:2) n-octane 2-MTH & BT 1:1 99.20
TBAC/EG (1:2) Real gasoline - 1:1 85.70
TBAC/Gly (1:2) Real gasoline - 1:1 76.90
TBAC/MA(1:2) Real gasoline - 1:1 71.40

ChCI/BSA/EG (1:2:1)  n-octane DBT, 4,6-DMDBT & BT  1:5 100.00 [57]

ZnCI12/BA/PEG (1:2:2) Dedecane DBT 1:2 98.70 [58]
4-MDBT 95.30
4,6-DMDBT 81.60

Chlorinated parra- n-heptane 3-MTH 0.06:1 99.81 [59]
fins-52/AICl;/Toluene n-heptane BT 0.06:1 99.65
(1:6:18) n-heptane DBT 0.06:1 89.64
Real Oil - 0.06:1 84.50

TEA/BA n-octane TH 1.5:1 58.06 [61]
TEA/BA n-octane BT 1.5:1 70.61
TEA/BA n-octane DBT 1.5:1 78.30
TEA/20HBA n-octane TH 1.5:1 59.08
TEA/20HBA n-octane BT 1.5:1 76.55
TEA/20HBA n-octane DBT 1.5:1 81.04

ChCl/Phenol (1:4) n-heptane TH 2.5:1 91.50 [62]
n-heptane BT 2.5:1 95.40
n-heptane DBT 2.5:1 99.20

Phenol/FA (1:3) n-octane BT 0.52:5 66.30 [63]
4,6-DMDBT DBT 0.52:5 99.10
0.52:5 99.80

L-Pro/BSA n-octane BT 1:5 99.50 [65]
4,6-DMDBT DBT 97.20

100
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Table 1 (continued) DESs Oil Compounds of Interest DES:0il Removal References
Efficiency
(%)
MIM/PA n-octane DBT 1.75:3 Ky=2.31 [66]
MIM/PA n-octane DBT 1.75:3  97.60
DEA/PA n-octane DBT 1.75:3 Ky=043
MIM/NA n-octane DBT 1.75:3 Ky=0.21
TBAB/FA n-octane BT 1:0.5 98.32 [67]
n-octane DBT 1:0.5 98.24
n-octane TH 1:0.5 97.6
FCC Gasoline - 1:0.5 83.61
Diesel - 1:0.5 70.21
L-Pro/OA n-octane DBT 1:5 10.00 [68]
L-Pro/MA n-octane DBT 1:5 19.00
L-Pro/GA n-octane DBT 1:5 23.00
L-Pro/p-TsOH n-octane DBT 1:5 99.00
y-Val/FA (1:4) n-octane BT, 4,6-DMDBT and DBT 1:5 100.00  [69]
SSA/FA (5:3) n-octane BT 0.15 84.90 [15]
4,6-DMDBT DBT 0.15 97.50
0.15 99.80

2.5, 5-sulfosalicylic acid/FA (SSA/FA) DES respectively
led to excellent removal efficiencies of sulfur compounds
in the order of DBT >4,6-DMDBT > BT, as presented in
Fig. 7. The electron density of sulfur atoms in BT, DBT,
and 4,6-DMDBT, is reported as 5.739, 5.785, and 5.760,
respectively [70]. Higher electron density generally corre-
lates with easier sulfur oxidation. Despite 4,6-DMDBT hav-
ing the highest electron density, DBT exhibits higher desul-
furisation capacity. The marginal impact of electron density
can be attributed to a negligible difference of 0.002 between
DBT and 4,6-DMDBT. The presence of two methyl groups
in 4,6-DMDBT, creating significant steric hindrance, likely
contributes to its lower desulfurisation efficiency compared

to DBT. The details and performances of DESs used desul-
furisation of different fuels are presented in Table 1 and the
chemical structures of all sulfur compounds removed from
fuel using DESs are shown in Fig. 8.

5 Regeneration/Recycling of DESs

Regeneration after extraction and subsequent solvent recy-
cling is an important solvent selection criterion. Because
DES:s are reusable and considered "green solvents," they will
be less expensive and will not waste resources. Several tech-
niques, including anti-solvent addition, membrane filtration,
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Fig.8 Chemical structures of sulfur compounds removed from fuels using DESs
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crystallisation, liquid-liquid extraction, and supercritical
fluid extraction, have been proposed for the regeneration of
a DES following its use in various processes [71]. The type
of DES and the chemical makeup of the sulfur compounds
that need to be eliminated have a significant impact on each
method's efficiency [72]. When employing DESs for oxida-
tive desulfurisation, anti-solvent addition is used to carry
out the regeneration process; in the majority of studies, this
anti-solvent is water.

According to published research, hydrophilic DESs can
be restored by washing them with water [73]. Dual Bron-
sted acidic DESs (3-sulfopropyl)triethylammoniumchloride/
OA showed 97.70% sulfur removal efficiency at 50 °C [74].
Decantation was used to collect the fuel's upper phase follow-
ing the reaction. The system was supplemented with deion-
ized water. After removing the white solid on the bottom, a
clear solution was obtained. After the water evaporated, the
DESs were regenerated at lower pressure. Sulfur elimination
efficacy reached 93.40% in fifth-time recycling under compa-
rable conditions. For regeneration, rotary evaporation can be
used to remove water from the DESs and separate the upper
oil phase [75]. In this case, three extractions of the DESs
were performed using an equivalent volume of carbon tetra-
chloride. Under ideal circumstances, new H,O, and recov-
ered DESs are added to the model oil. However, after five
cycles, the removal efficiency of DBT dropped from 98.65%
to 97.16%. This can be explained by the fact that there was
little DES loss during recovery and that the recovered DESs
still contained residual sulfide oxidation products. In addi-
tion, Guan et al. found that SSA/FA DES exhibited excellent
recyclability [15]. The upper oil phase separation and direct
reuse of used DES without regeneration resulted in consistent
high sulfur removal (96.2% for DBT) over four cycles.

Most recently, the reusability of y-Val/FA DES was
explored by extracting the model fuel through decantation
after each desulfurization experiment [69]. Subsequently,
another 10 mL of model fuel was added for subsequent oxi-
dative desulfurisation processes. The recycling performance
of y-Val/FA DES demonstrated a consistent desulfurisation
efficiency during the removal of DBT (Fig. 9). Without
regeneration, each cycle only incurred a roughly 3% loss in
DBT removal efficiency. Even after four reuses, y-Val/4FA
maintained a substantial 90.04% desulfurization efficiency
for DBT. Aside from its effective DBT removal capability,
y-Val/4FA also offers the advantage of avoiding the energy
costs associated with the regeneration process.

Ternary DESs ChCI/BA/PEG (1:1.5:1) demonstrated a
high desulfurisation efficiency of 99.2% within 2 h at 60 °C
with an O/S ratio of 6. After the reaction, the DES eas-
ily separated from the oil phase due to their immiscibility.
FT-IR results of regenerated DES showed similar absorp-
tion peaks as the fresh ones, indicating stability in the DES

structure during the reaction. However, sulfur elimination
decreased to 80.8% in the presence of used DESs without
regeneration, likely due to the accumulation of oxidative
products as previously mentioned. After washing with water,
the regenerated DESs regained a sulfur removal capability
of 96.3%, affirming the stability of the DESs.

6 Challenges and Future Perspectives

While DESs exhibit excellent desulfurisation efficiency,
larger-scale applications pose challenges in synthesis, vis-
cosity, stability (occasionally), and recovery. DESs precur-
sors, usually cost-effective and easily prepared, raise con-
cerns about temperature and energy usage. In many cases,
DESs can be regenerated with water and traditional solvents,
maintaining their structure and desulphurisation capabilities.
However, after a single extraction stage, DES's effective-
ness declines, necessitating recycling, which is impractical
on a larger scale. Most literature relies on a basic assump-
tion: model oil (typically dissolving sulphur compounds in
n-heptane or n-octane). To validate green solvents' viability,
real oil studies are crucial, considering the numerous con-
stituents in actual fuel that may complicate extraction. When
scaling from the laboratory to the pilot plant, this aspect is
crucial to consider.

DESs for sustainable sulfur removal from fuels are advanc-
ing, with research focusing on tailoring compositions to
diverse fuel types and sulphur compounds. Integrating cata-
lysts within DES systems enhances desulfurisation kinetics
and reduces operating costs. Ensuring economical scalability

w
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Fig.9 The performance of the regenerated y-Val/FA DES during the
removal of DBT after four cycles. The data were obtained from the
available literature [69]
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and efficient DES recovery and recycling methods is impera-
tive for economic viability. As global sulfur emission regula-
tions evolve, future research must ensure DES-based solutions
comply. The synergy between chemistry, engineering, and
environmental science will drive holistic, eco-friendly solu-
tions for a cleaner and more sustainable energy future.

7 Concluding Remarks

Fuel oil, containing harmful sulfur compounds, poses seri-
ous threats to both the environment and human health.
Desulfurisation technology plays a crucial role in the
oil refining process, aiming to improve fuel quality and
protect the environment. The pervasive consequences of
sulfur in fuel extend across environmental, health, and
economic perspectives. From contributing to particulate
matter and acid rain formation to corroding combustion
engines, sulfur's detrimental effects are widespread. The
toll on human and animal health, coupled with economic
burdens tied to environmental degradation, underscores
the urgency of adopting measures to mitigate sulfur-
related risks. As we move towards sustainable fuel alter-
natives and advanced technologies, addressing the sulfur
challenge becomes pivotal for fostering a healthier, more
resilient future.

To maintain sustainability, employing eco-friendly
extractants is essential when desulfurising fuel oil. ILs
and conventional solvents pose issues, especially regard-
ing toxicity and chemical handling. DESs, with their lower
vapour pressure and reduced toxicity, emerge as a safer
option. Several Type III DES types, such as glycol-based,
sulfolane-based, organic acid-based, and aromatic-based
(e.g., toluene and phenol) DESs, show potential as environ-
mentally friendly solvents for efficient sulfur elimination.
y-valerolactone stands out as the best HBA, as DES based on
it yields the highest extraction efficiency compared to other
salts. Further improvements in desulfurisation performance
can be achieved by exploring modifications, such as chang-
ing the alkyl chain and experimenting with different anions.
Model fuels, composed of aliphatic hydrocarbons and sulfur
compounds like Th, DBT, and BT (e.g., n-octane and n-hep-
tane), desulfurise easily. However, the efficiency diminishes
when applied to real fuel due to diverse organosulfur com-
pounds. The main interaction mechanisms between sulfur
compounds and DES involve n-r interactions and hydrogen
bonding. Further investigation into aromatic or aromatic-
derived compounds is crucial to enhance the desulfurisation
process when designing DESs.
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