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Abstract: With the increasing environmental issues caused
by sulfur compound emissions from fossil fuels, the devel-
opment of green and efficient desulfurization technologies
has become a research hotspot. Deep eutectic solvents
(DESs), as emerging low-cost, customizable green solvents,
show great potential in fuel desulfurization. This article
provides an in-depth analysis of the desulfurization
mechanism of DESs, including hydrogen bonding, enhanced
n—1 and CH-7 interactions, and synergistic effects of metal
ions 12. In addition, oxidation—extraction coupling strategies
and process enhancement techniques such as ultrasonic-
assisted extraction and microchannel mass transfer further
improve desulfurization efficiency. In addition, oxidatio-
n—extraction coupling strategies and process enhancement
techniques (such as ultrasonic-assisted extraction and
microchannel mass transfer) further improve desulfuriza-
tion efficiency. Overall, DES has broad application prospects
in fuel extraction desulfurization and is expected to serve as
an alternative or complementary method to hydrodesulfur-
ization technology.

Keywords: deep eutectic solvent, extraction desulfuriza-
tion, hydrogen bond donor, hydrogen bond acceptors,
green solvents, hydrogen-bonding

1 Introduction

The global environmental air pollution problem is becoming
increasingly serious, and people are continuously striving
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for high-quality energy. When burned, fuel sulfur com-
pounds release SO,. These emissions cause acid rain and
photochemical smog and contribute to PM2.5 formation
[1-5]. According to the World Health Organization (WHO),
approximately 91% of the global population is exposed to
harmful levels of air pollution over the long term, with
sulfur pollution contributing to 23% of this total [6,7]. Redu-
cing the sulfur content of fuels is one of the important
methods to decrease sulfur oxides in the atmosphere [8].
Fuels produced through fluid catalytic cracking (FCC) of
crude oil contain a considerable amount of sulfur in the
form of thiophene sulfur, mercaptans, and sulfides [9-11].
Among them, thiophene-type sulfur compounds account for
the majority of the total sulfur content in FCC fuels. Desul-
furization of fuels requires the deep processing of fuel,
disrupting the original structure of sulfur-containing com-
pounds, altering their properties, and producing sulfur-con-
taining solid, liquid, or gaseous substances that are easier to
handle [12-14]. The key to deep desulfurization of fuel is to
efficiently remove thiophene-type sulfur compounds in an
appropriate manner. In this context, desulfurization tech-
nologies such as hydrodesulfurization (HDS) and green sol-
vent-hased methods (e.g., deep eutectic solvents [DESs])
have been widely explored, yet critical limitations remain
to be addressed.

As a critical pathway to obtain clean fuels, existing
desulfurization methods primarily fall into two categories:
HDS and non-hydrodesulfurization (NHDS) technologies.
Although significant progress has been made with conven-
tional approaches, their industrial applicability remains
constrained by persistent technical and economic chal-
lenges, as detailed below.

2 Fuel desulfurization technologies

Currently, desulfurization technologies for fuels are mainly
divided into HDS and NHDS methods.

HDS refers to the method in which organic sulfur in
fuel reacts with hydrogen gas under the action of a hydro-
genation catalyst to generate hydrogen sulfide, thereby
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removing sulfur [15-17]. Traditional HDS can eliminate
sulfur-containing compounds, but for cyclic organic sulfur
compounds such as thiophene (T), benzothiophene (BT),
dibenzothiophene (DBT), and their derivatives, the effec-
tiveness of HDS is not significant [18-20]. Additionally, this
process requires a high-temperature heat source of over
330°C and expensive cobalt-molybdenum catalysts [21].
The equipment investment is substantial, operational costs
are high, and a considerable amount of hydrogen is
needed, making it difficult to recycle and limiting its appli-
cation scope [22,23].

NHDS technologies mainly include extraction desulfur-
ization (EDS), oxidation desulfurization (ODS), adsorption
desulfurization (ADS), and biological desulfurization (BDS),
among others [15].

EDS is a method that separates sulfur compounds from
fuel using the different solubilities of sulfides and fuel in
an extractant [15]. The reaction conditions of EDS are mild,
and the extractant containing organic sulfur compounds
can be recycled and reused. The EDS process conducted at
low temperatures and low pressures has high desulfuriza-
tion efficiency, virtually no impact on the octane rating of
the oil, low cost, and simple operation. Moreover, the
investment and operational costs are lower. However,
the extractant containing organic sulfur compounds can
be recycled and reused. On the downside, single-pass
desulfurization efficiency is low, and energy consumption
is high. It needs to be combined with other technologies
[24-27]. Currently, common desulfurization solvents
mainly include the following categories: organic solvents
(such as pyridine, N-methylpyrrolidone [NMP], dimethyl-
formamide [DMF]), physical solvents (such as sulfolane,
methanol), as well as emerging ionic liquids (ILs, such as
imidazolium-based, phosphonium-based) and DESs. While
traditional organic solvents have high selectivity for thio-
phenic sulfur compounds (e.g., the partition coefficient of
NMP for DBT reaches 1.2-1.5), they are increasingly
restricted by environmental regulations (such as EU
REACH regulations) due to issues like toxicity (pyridine is
carcinogenic), high volatility (DMF releases VOCs), and sig-
nificant regeneration energy consumption (distillation
costs account for over 60%) [28]. Among physical solvents,
sulfolane holds a 35% market share in natural gas desul-
furization due to its high sulfur capacity and stability, but it
has poor biodegradability and decomposes easily at high
temperatures; methanol is cost-effective but requires low-
temperature operation (<-30°C), posing significant energy
consumption and safety risks [29]. Ionic liquids (such as
[BMIM][BF,4]), with their low volatility and tunability, have
shown high desulfurization rates (>90%) in small-scale
trials, but their high synthesis costs and challenges in
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large-scale application hinder widespread adoption. In
contrast, DESs have emerged as promising green solvents
with low cost, low toxicity (biodegradability >80%), and
customizability (e.g., acidic ChCl-oxalic acid systems
achieving 98% desulfurization rate for DBT). They show
potential for replacement in fields like fuel desulfurization
and gas purification, especially as viscosity and cycling
stability are optimized (e.g., menthol-caprylic acid systems
retaining 90% efficiency over five cycles), gradually over-
coming industrial bottlenecks. In the future, with stricter
environmental policies and technological advancements,
DES is expected to become the core direction for upgrading
desulfurization solvents [30-32].

ODS utilizes oxidants such as hydrogen peroxide,
molecular oxygen, and organic peroxides to oxidize
organic sulfur compounds into sulfones and sulfoxides,
which are then removed from the fuel [32-36]. ODS exhi-
bits good selectivity, mild reaction conditions, simplicity in
process, and high desulfurization efficiency. However, the
regeneration of desulfurizing agents in ODS is challen-
ging [37].

ADS is a method that utilizes desulfurization adsor-
bents to remove sulfides from fuel [38—41]. ADS is simple
to operate, economically viable, and environmentally
friendly. However, it has the poorest ability to adsorb ali-
phatic sulfur compounds, limited adsorption capacity,
stringent conditions for adsorbent regeneration, and is
challenging for industrialization [42].

BDS involves using bacteria capable of desulfurizing
fuels, including Rhodococcus, Actinobacillus, Pseudomonas,
Bacillus, and Gordonia [15,43-46]. These bacteria convert
organic sulfur compounds into sulfates, which are then
removed from the fuel. BDS achieves thorough removal
of thiophene with mild operating conditions, but it has a
long reaction time.

3 DESs

DESs, also known as eutectic solvents, low eutectic point
solvents, or pseudo-ILs, have emerged as a new generation
of green solvents developed alongside the in-depth study of
ILs. They are considered superior to ILs and may become
alternatives to them in the future [47-51].

DESs are eutectic mixtures derived from Lewis acids
and bases or Brgnsted acids and bases. They are composed
of two or more components capable of forming intermole-
cular forces [26,52]. DESs are low-melting-point deep
eutectic mixtures formed by the hydrogen bonding inter-
action between a hydrogen bond donor (HBD) and a
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hydrogen bond acceptor (HBA). The hydrogen acceptor is
typically a quaternary ammonium salt, while the hydrogen
donor is typically an alcohol, organic acid, or amide com-
pound. The formation of DES is based on the deep eutectic
mixture of high-melting-point components, resulting in a
lowering of the freezing point, preventing solidification
from the components. The starting materials for DES are
widely chosen and economically affordable, providing a
cheaper synthesis method and making it a preferred
approach for scale-up.

In 2003, Abbott et al. first reported a mixture based on
choline chloride (ChCl) and urea, introducing the concept
of deep eutectic for the first time. The melting points of
ChCl and urea are 302°C and 133°C, respectively [53]. How-
ever, by combining these two components in a 1:2 molar
ratio, a deep eutectic mixture was obtained with a melting
point of 12°C, significantly lower than the original melting
points of each component. Characterization revealed a cor-
relation between the melting point change of choline salts
and urea and the strength of hydrogen bonds. These mix-
tures, influenced by strong hydrogen bonding, exhibited
unusual solvent properties such as low melting points,
high solubility, and high conductivity. They also possessed
advantages such as sustainability and biodegradability.

DESs are primarily classified into four types, as shown
in Figure 1 [52]. They can be represented by the general
formula Cat'X-zY, where Cat” is usually an ammonium,
phosphonium, or imidazolium cation, X's is a Lewis base
(typically a halide ion), Y is a Lewis acid or Brgnsted acid,
and z represents the number of interactions between Y and
the anion.

I. Type I DES:
Type I DES originated from previous studies on
metal halides and imidazole-based ILs. It evolved

Four main types of DES

Figure 1: Four main types of DES.
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through the substitution of elements from Group 13

and transition metals. While the scope of I-type DES

formed by low-melting anhydrous metal halides is lim-

ited, systems composed of hydrated metal halides and

Ch(l (i.e., Type II DES) can expand the range of DESs.
II. Type II DES:

Type II DES involves the combination of hydrated
metal halides with ChCl or other organic salts. This
type is insensitive to air components and humidity,
exhibiting a melting point range suitable for industrial
applications.

III. Type III DES:

Type III DES is based on ChCl salts and HBD such as
amides, carboxylic acids, and alcohols. Type III DES can
be formed by various combinations of HBD and HBA,
allowing the dissolution of transition metals, chlorides,
oxides, and other substances. They are simple to prepare,
relatively cost-effective, biodegradable, non-reactive with
water, and exhibit broad adaptability to HBD.

IV. Type IV DES (Natural Deep Eutectic Solvents [NADES]):

Type IV DES refers to deep eutectic solvents
formed by combining metal halides with HBD. While
the formation of eutectic with inorganic cations is chal-
lenging due to their high charge density, combining
urea with halides can yield eutectics. This type of
DES, also known as NADES, utilizes combinations of
HBD from renewable materials.

Each type of DES has its unique characteristics and
applications, ranging from industrial processes to environ-
mentally friendly and biodegradable formulations.

Metal deep eutectic solvents (MDESs) are obtained by
incorporating different metal salts in certain proportions
based on the composition of DESs. They have found

Structure: Cat"X zMCl;

Functional Group:M = Zn, Sn, Fe, Al, Ga, In

Structure: Cat"XzMCl,'yH20

Functional Group:M = Cr, Co, Cu, Ni, Fe

Structure: Cat'X zRZ

Functional Group: Z = CONH:, COOH, OH

Structure: MCl + RZ = MCly-1RZ + MClg1r

Functional Group: M = Al, Zn; Z = CONH:z, OH
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extensive applications in various fields [15,54,55]. The
addition of metals enhances the performance of MDES
compared to DES, as metal ions can participate in the for-
mation of complexes and catalyze reactions when involved
in or used as reaction solvents. MDES is typically synthe-
sized as a three-component system, offering significantly
improved design flexibility. This allows for tailored design
according to specific application scenarios.

4 The development of DESs in the
field of desulfurization

4.1 Ionic liquid phase

The development of DESs originated from -extensive
research on ILs, which were initially explored as green
alternatives for desulfurization. In 2001, Bgsmann et al.
proposed a method utilizing ILs as solvents for the deep

EDS of diesel [56]. Since then, a number of studies have

been published, discussing how to use ILs to remove sulfur

in various fuel systems. These studies revealed critical
structure—-activity relationships:

1. Cationic chain length effect: Imidazolium- and pyridi-
nium-based ILs with longer alkyl side chains (e.g.,
[CsMIMI[BF,]) exhibited enhanced extraction efficiency
for DBT (>90%) due to strengthened m—m interactions.
However, excessive chain elongation increased IL solu-
bility in the fuel phase, complicating phase separation
and offsetting selectivity gains [31,57].

2. Metal synergy: Incorporating Lewis acidic metal salts
(e.g., FeCls, CuCly) into ILs significantly improved desul-
furization via m-complexation. For instance, Ban et al.
achieved 96% DBT removal using [BMIM]Cl/FeCls, attri-
buting the performance to metal-sulfur coordination
and enhanced Lewis acidity [32,58]. It is noteworthy
that compounds containing metal ions are more effec-
tive in removing sulfur compounds compared to those
with common anions, a fact confirmed through the
n-complexation of metal anions with sulfur atoms in
aromatic rings.

3. Mechanistic evolution: Early studies emphasized aro-
matic m-7 interactions, but later work demonstrated
that non-aromatic ILs (e.g., pyrazinium-based) could
also achieve high desulfurization efficiency through
polarity-driven solute-solvent interactions. Li et al.
further identified hydrogen bonding between IL active
hydrogen and sulfur atoms as a key mechanism via *H
NMR analysis [34,59].
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Despite their potential, ILs face significant barriers
to industrialization. The high costs of synthesis and
purification, especially for metal-containing systems,
remain a major challenge. Additionally, the toxicity and
persistence of fluorinated anions (e.g., [NTf,]"), which
exhibit poor biodegradability, raise environmental
concerns under EU REACH regulations. Moreover, the
high viscosity of ILs hinders mass transfer, requiring
energy-intensive mixing or dilution to overcome these
limitations.

By 2014, IL-related desulfurization publications gradu-
ally decreased, reflecting waning industrial interest.
Nevertheless, insights from IL research, such as the roles
of hydrogen bonding, metal coordination, and polarity
mismatch, laid the groundwork for DES development,
highlighting the need for low-cost, tunable, and environ-
mentally benign alternatives [60].

4.2 DESs phase

To overcome industrialization bottlenecks of ILs (e.g., high
costs, environmental risks, and mass transfer limitations),
DESs have emerged as greener alternatives with greater
industrial potential.

First, their low volatility, high thermal stability, and
tunable physicochemical properties (such as polarity and
viscosity) allow them to meet various operational require-
ments. Second, the flexible combination of HBA and HBD
provides highly tunable molecular design capabilities,
enabling optimization of hydrogen bonding and n—m inter-
actions for specific sulfur compounds (such as thiophene
and BT). Third, the raw materials are inexpensive and
readily available (e.g., choline derivatives, carboxylic
acids) and many components are biodegradable, making
DES significantly superior to traditional volatile organic
solvents and high-cost ILs. Fourth, the mild synthesis con-
ditions (without the need for purification) and recyclability
lower the barriers for industrial application. Based on
these characteristics, researchers have increasingly
focused on studying the application of DES in the field of
EDS in recent decades [61].

The breakthrough in desulfurization emerged in 2013
when Li et al. pioneered the application of DESs, specifi-
cally tetrabutylammonium chloride—polyethylene glycol
(TBAC/PEG), achieving 82.8% sulfur removal in a single
extraction cycle and 99.5% after five cycles [62]. This
marked the transition from ILs to DESs. Compared to
ILs, DESs also have the following limitations in
applications:
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Current limitations and research advances:

a. Viscosity and mass transfer limits: High viscosity in
some DES (e.g., ChCl/glycerol) requires optimization
through HBD ratio adjustment or cosolvent addition.

b. Limited sulfur capacity: Single-cycle capacity typically
remains below 1.5 g S/kg DES, necessitating multistage
cycles or oxidation coupling [7,63,64].

c. Design challenges: Hydrogen-bonding networks’
impact requires mechanistic studies via computational
modeling and spectroscopy.

5 Research progress on
desulfurization by DES

5.1 Component regulation and optimization

The molecular design and ratio of HBA and HBD in DESs
are key factors in optimizing desulfurization extraction
performance. The structural characteristics of HBD and
HBA have a significant impact on the overall properties
of DES, and by adjusting these factors, the solvent’s struc-
ture and performance can be optimized to meet specific
application requirements. The electronic donor and
acceptor groups in the solvent components affect its elec-
tron density. Since the primary intermolecular interactions
in the solvent are hydrogen bonding, electrostatic forces,
and van der Waals forces, the type of functional groups of
the HBD (such as carboxylic acids, alcohols, polyols, or
carbohydrates) plays a crucial role in determining the
properties of DES [65]. The following will discuss the reg-
ulation mechanisms of HBA and HBD and their impact on
desulfurization efficiency.

Yan et al. investigated the desulfurization perfor-
mance of single solvents and mixed solvents, such as DES
(tetrabutylammonium bromide [TBAB]/sulfolane), through
liquid-liquid equilibrium (LLE) experiments and mole-
cular dynamics simulations. They used interaction energy,
radial distribution functions, and self-diffusion coefficients
to reveal the microscopic separation mechanisms, pro-
viding a theoretical basis for the application of mixed sol-
vents in fuel desulfurization [66].

5.1.1 HBA modification

In fuel desulfurization, the strong polarity and tunability of
the HBA can selectively disrupt the intermolecular inter-
actions between sulfur compounds and hydrocarbons, pro-
moting their transfer from the oil phase to the DES phase.
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The HBA can form a hydrogen-bonding network with the
sulfur atoms of thiophene compounds, combined with n—mn
interactions, to achieve a reduction in sulfur content.

In the work of Zhang et al.,, the COSMOthermX software
was used to predict the capacity (C*) and selectivity (S) of T or
BT in different DESs, providing a theoretical basis for selecting
extractants. The calculations revealed that the longer the alkyl
chain in the quaternary ammonium salt, the larger the C* and
S” for T, but this also increases the cost and the miscibility
with non-polar alkanes, making it less likely to form DES with
carboxylic acids. By selecting hydrogen acceptors such as tet-
raethylammonium bromide (TEAB) and tetraethylammonium
chloride (TEAC), and hydrogen donors like acetic acid (AA)
and propionic acid (PrA) for the DES system, the extraction
results showed that TEAC exhibited better extraction perfor-
mance [67]. It is further explained that quaternary ammo-
nium salts with longer alkyl chains (e.g., TBAC) outperformed
ChCl due to enhanced hydrophobicity, which minimized fuel
phase miscibility. The extraction efficiency followed TBAC >
TMAC > ChCl. In Jiang's work, the same trend was observed.
He prepared DESs containing hydrogen donors with different
alkyl chains, and the [C;;DMEA]Cl/FeCl; with the longest
carbon chain exhibited the best extraction performance
[24]. In the work of Gosu et al., tetrabutylphosphonium bro-
mide (TBPB), ChCl, and methyltriphenylphosphonium bro-
mide (MTPB) were used as HBA, with ethylene glycol as the
HBD, to prepare DESs for extracting BT from model oil. The
results showed that the extraction efficiency followed the
order: TBPB > MTPB > ChCl. This may be due to the presence
of bromide ions in TBPB, which could facilitate the desulfur-
ization process [68].

In the work of Xu et al., metal halides were mixed with
amide compounds to prepare a series of type-IV DESs, which
were then used for desulfurization extraction. The results
showed that the desulfurization efficiency of the DESs
formed by different metal salts followed the order: ZnCl, >
CuCl, > CoCl, > NiCl,. This is likely due to the soft acid char-
acteristics of Zn?*, which resultin a stronger interaction with
sulfur compounds, leading to higher extraction efficiency for
Zn-based DESs. Density functional theory (DFT) calculations
indicated that m—m interactions and CH-m interactions are
the main reasons for the effective removal of DBT from oil by
DES. Electrostatic potential analysis also confirmed that
these interactions promote both the stability of the DES
and the desulfurization process [63].

5.1.2 HBD modification

In DES, the HBD provides protons to form a strong hydrogen-
bonding network with the hydrogen acceptor, creating a
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Figure 2: Extraction mechanism of DESs [72].

polar solvent system. In EDS, the acidity and hydrogen-
bonding capability of the hydrogen donor directly influence
the interaction of DES with sulfur-containing compounds,
promoting the efficient transfer of sulfur compounds from
the oil phase to the DES phase.

Ethylene glycol exhibited superior performance over
glycols or carboxylic acids (ethylene glycol > glycerol >
malonic acid), attributed to its high hydroxyl density and
flexible chain structure, which strengthened hydrogen
bonding with sulfur compounds [69]. In the work of Kobo-
taeva et al., zinc chloride was used as the HBA and polyols
as HBDs to synthesize a series of DESs for extracting sulfur
compounds from diesel fractions. They found that the
extraction efficiency followed the order: butanol > polypro-
pylene glycol > PEG > butanediol > triethylene glycol >
glycerol > ethylene glycol [70].

Zhang et al. designed a simulated asphalt solution
using two sulfur-containing compounds, DBT and BT, along
with n-tetracosane dissolved in cyclohexane as raw mate-
rials [71]. They employed a DES consisting of TBAB and PEG
to extract DBT and BT. The study investigated the influence
of PEG with different molecular weights as a donor on
desulfurization efficiency, finding that PEG400 exhibited
the best extraction performance for both BT and DBT,

indicating that an appropriate molecular chain length is
crucial for effective desulfurization extraction. The
research also revealed that a moderate increase in
hydrogen donor concentration facilitates the encapsula-
tion of anions, thus providing more active hydrogen and
enhancing desulfurization efficiency. However, excessive
hydrogen donor concentration can lead to a reduction in
desulfurization efficiency due to steric hindrance effects.

5.2 Desulfurization mechanism
5.2.1 Hydrogen bonding interaction dominance

Li et al. prepared a series of acidic DESs with TBAB as the
hydrogen acceptor and HCOOH as the hydrogen donor.
Fourier-transform infrared (FT-IR) and nuclear magnetic
resonance (NMR) analyses indicate that hydrogen bonding
formed between DES and BT, which leads to damage to the
bond of the deep eutectic solvent itself. The results indicate
that there is a strong interaction between formic acid and
TBAB to form TBAB/HCOOH DES. This is likely a result of
the proton transfer between acid and base molecules. The
above analysis confirms that hydrogen bonding is the
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primary driving force for desulfurization extraction, as
illustrated in Figure 2 [72].

For instance, in Li et al’s work, the addition of BT
destroyed the hydrogen bond formed between Cl” and
active hydrogen H' in the deep eutectic solvent. As shown
in Figure 3, as the concentration of BT increases, the inter-
action between Cl” and BT intensifies, which disrupts the
hydrogen bonds within the DES itself. This results in a
weakening interaction between Cl” and the hydrogen in
propionate. This further proved that hydrogen bonding is
key to the desulfurization extraction process [62]. In the
work of Khan and Srivastava, FT-IR showed that compared
to the v-OH absorption peak of the DES, the v-OH stretching
vibration of DES-DBT shifted from around 3,200 cm™ to
about 3,400 cm ™. At the same time, as the DBT concentra-
tion increased during the extraction process, the OH peak
became narrower. This suggests that the sulfur atom may
form new hydrogen bonds with the active hydrogen (H") in
the DES, replacing the hydrogen bonds originally formed
between Cl- and H* [73].

Based on the above analysis, the hydrogen bond-domi-
nated mechanism occurs when the active hydrogen (H")
from the O-H group of the HBD forms a new S — H*-O
hydrogen bond with the sulfur atom (S) bearing a lone pair
in sulfides (e.g., DBT/BT). This disrupts the solubility of
sulfides in the oil phase, enabling directional extraction.
Essential conditions include low-temperature operation
(25-30°C), as elevated temperatures cause hydrogen bond
dissociation. Structurally, long-chain quaternary ammo-
nium salts (e.g., TBAB/TBAC) are preferred as HBAs, while
HBDs must exhibit high polarity, exemplified by carboxylic
acids or alcoholic compounds. Experimental validation via
'H NMR spectroscopy confirms the weakening of original

80 4

60

transmittance (%)
F
T

T T
4000 3500 3000

Wavenumbers (cm'l)

Figure 3: FT-IR of different molar ratio (TBAC + Pr/BT) (a) 1:0 (b) 1:0.5 (c)
1:1 (d) 1:1.5 (e) 1:4 () 0:1.
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hydrogen bonds, and FT-IR spectroscopy provides evidence
for the formation of the new S - H-O bonds.

5.2.2 Enhanced mt-1t and CH-mt bond interaction
increases selectivity

In the work of Babu et al., a series of novel imidazole-based
DESs were prepared, and DFT studies showed that the
interactions between these DESs and sulfur elements
were lower compared to traditional solvent extraction
(SES) and IL combinations. The extraction performance
of imidazole-based dehydroepiandrosterone can be attrib-
uted to the synergistic effect of hydrogen bonding, m—m inter-
actions, and CH-7 interactions, as well as the improved
polarity of the HBA and HBD [74]. Jiang et al. reported on
choline-based DESs, among which [C;;DMEA]Cl/FeCl; exhib-
ited a desulfurization rate of 52.9% [24]. It was observed that
aliphatic DESs with longer carbon chains outperformed aro-
matic counterparts. This enhanced performance is attributed
to interactions such as m—m interactions, CH-m interactions,
and hydrogen bonding between the DESs and sulfur-con-
taining compounds. The authors suggest that in their study,
CH-n interactions and coordination effects are the primary
factors influencing the extraction efficiency of DESs. There-
fore, the selection of DESs and the molar ratio of HBA to HBD
significantly impact the efficiency of sulfur-containing com-
pound removal.

This reveals that, aliphatic DESs with extended carbon
chains leverage enhanced n-m and CH-n interactions to
drive the desulfurization process. Long alkyl chains
strengthen van der Waals binding to sulfur heterocycles
(e.g., DBT) via CH-m interactions, while in imidazolium-
based DESs containing aromatic moieties, the n—mn effect
cooperates with hydrogen bonding to enable synergistic
adsorption.

5.2.3 Metal complexation effect

The addition of FeCl; to TBAC/PEG (4:1:0.05 molar ratio)
formed a ternary MDES, boosting DBT extraction efficiency
to 89.5%. Fe3* acted as a Lewis acid, coordinating with
sulfur atoms while synergizing with hydrogen bonding,
as validated by UV-Vis and X-ray absorption spectroscopy
[49]. In 2016, Khezeli and Daneshfar utilized the magnetic
properties of FeCl; to prepare a magnetic ternary deep
eutectic solvent (magnetic DES) for the extraction of
thiophene [75]. Ultrasonic-assisted fuel desulfurization
extraction was employed. Dispersing the magnetic DES in
simulated oil and subjecting it to ultrasonic irradiation
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Figure 4: Ultrasonic-assisted liquid-liquid extraction schematic diagram of magnetic deep eutectic solvents (Magnetic DES) for T (Thiophene) [75].

increased the surface area, enhancing the extraction capa-
city. The extraction process only required 5 min, signifi-
cantly reducing the extraction time. Magnetic attraction
with a magnet was used to collect and separate the
micro-droplets containing the deep eutectic solvent and
simulated oil. With a minimal amount of deep eutectic
solvent, the extraction efficiency for thiophene was nearly
elevated to 100%. This approach provided a cost-effective,
simple, and efficient optimization strategy for the extrac-
tion of metal-based DESs, as illustrated in Figure 4.

In 2016, Li et al. investigated the effectiveness of
ternary mixtures of DESs composed of HBAs, HBDs, and
metal components in the desulfurization process [49]. Var-
ious transition metals were employed, including iron(m)
chloride (FeCls), zinc() chloride (ZnCl,), nickel(u) chloride
(NiClLy), cobalt(m) chloride (CoCly), and copper(u) chloride
(CuCly). Preliminary screening results indicated that the
extraction efficiency of TBAC:PEG:FeCl; was the highest
among other metal ion-based DESs (81.15%). At the optimal
TBAC:PEG:FeCl; ratio of 4:1:0.05, the extraction efficiency
could be further enhanced to 89.53%. The primary factors
influencing sulfur extraction were hydrogen bonding and
coordination effects. Due to the higher electron density of
the central metal component in such DESs, the distribution
of the outer electron cloud of the metal ion affects the
interaction between DBT and the deep eutectic solvent.
This explains why iron exhibits higher extraction effi-
ciency compared to other metals.

From the above analysis, it is evident that trivalent
Fe*" (e.g., FeCls) as a metal component in DES demonstrates
the most significant effect. The reason lies in its higher
electron density and suitable d-orbital electron configura-
tion, enabling it to function as a strong Lewis acid. This
effectively facilitates coordination with the lone pair elec-
trons on sulfur atoms. UV-Vis and XAS spectroscopy con-
firmed that the direct coordination between Fe*" and S
atoms is the core driving force in this process. It should
be noted that the metal complexation effect does not occur
in isolation; it can synergize with the inherent hydrogen-
bonding network in DES, leading to a joint enhancement in
the affinity and extraction capacity for sulfur-containing
compounds.

5.3 Factors influencing performance
optimization

5.3.1 Component, molar ratio regulation, and
temperature control

The desulfurization performance of DESs is closely related
to the chemical properties of its HBA and HBD, the molar
ratio of the components, and the operating temperature.
Research shows that the basicity of the HBA and the proton
donation ability of the HBD together determine the
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hydrogen bonding network structure and the polarity
characteristics of the DES. In terms of molar ratio control,
DES with different molar ratios exhibit distinct physical
properties, which directly affect their interaction with sul-
fides, thereby influencing the extraction performance.
Temperature also has a certain impact on mass transfer
kinetics. Typically, the extraction temperature is around
room temperature. A series of literature reports suggest
that DESs can be washed with deionized water or ether
or regenerated through vacuum distillation for cyclic use
[76,77]. Mechanistic studies indicate that, in addition to
hydrogen bonding, metal ions in MDES also act as coordi-
nating compounds, thereby enhancing desulfurization effi-
ciency. This research provides an effective technique for
the removal of sulfur compounds from fuels.

For more details on the factors on model oil EDS men-
tioned above, refer to Table 1.

Comprehensive analysis of influencing factors the fol-
lowing conclusion is drawn. The HBA/HBD molar ratio is the
decisive factor in DES extractive desulfurization, governing
performance by altering physicochemical properties (e.g.,
hydrogen bonding, polarity) that regulate sulfur compound
interactions (e.g., ChCI/DEG efficiency drops from 68.09% at
1:4 to 28.07% at 1:1; TEAC:PrA at 1:3 exceeds 98%). Mass transfer
enhancement drives breakthrough improvements: multistage
extraction (efficiency rises to >72% in five stages), ultrasound
(82%), microchannel reactors (>78% in 25s), or oxidative cou-
pling (>90% with H,0,) overcome mass transfer limitations,
enhance efficiency, and drastically reduce time. Temperature
(20-50°C) has a milder impact, with efficiency typically
decreasing only ~5% when raised from 25°C to 50°C under
specific conditions, favoring energy-efficient ambient opera-
tion. Therefore, optimization should prioritize @ molar ratio
tuning and @ intensification integration, treating temperature
as a flexible secondary parameter.

It is also observed that model oils dominate research
on DES desulfurization due to their provision of a highly
controllable and simplified experimental environment. By
dissolving target sulfur compounds in single-component
alkane solvents, researchers can eliminate interference
from real oils’ complex matrices and precisely assess DES
selectivity for specific sulfurs. Such model systems signifi-
cantly reduce experimental variables, enabling efficient
screening of DES formulations, process parameters, and
cyclic stability verification. For instance, studies using
model oils rapidly demonstrated the high efficiency of
TEA/PrA and TBAB/PEG400, laying the foundation for
mechanistic investigation and preliminary process design.
Even though these findings require validation with real
oils, model oils remain a significant experimental platform
for advancing DES desulfurization technology.

Research progress of deep eutectic solvents in fuel desulfurization

-_ 9

Table 2 presents the desulfurization performance in
real fuels, revealing that complex actual oil matrices sig-
nificantly suppress efficiency. Real fuels (e.g., FCC gasoline,
catalytic diesel) contain multiple interferents — alkylated
polycyclic sulfides (e.g., 4,6-DMDBT), nitrogen compounds,
olefins, and aromatics — that compete for DES active sites
or impair catalysts. This causes single-stage efficiency to
plummet to 28-60% (e.g., merely 40.94% for FCC gasoline
with TBAB/formic acid). To compensate, industrial setups
must rely on multi-stage extraction (often four stages)
coupled with oxidative intensification: adding oxidants like
H,0, and metal catalysts (e.g., FeCls) boosts efficiency to
97.25% for actual diesel using p-TsOH/ChCl systems [78]. How-
ever, these processes substantially increase operational com-
plexity and costs. Moreover, the long-term cycling stability of
DES remains insufficiently validated in real matrices (<4
regeneration cycles in most studies), highlighting an urgent
need for industrial compatibility upgrades.

Balali et al. employ the quantitative structure—prop-
erty relationship method to systematically investigate the
influence of HBD molecular structures in DESs on the thio-
phene distribution coefficient B, between the DES phase
and hydrocarbon phase within ternary liquid systems.
The research is based on 12 datasets comprising a total of
504 data points. These datasets encompass DESs utilizing
ChCl as the HBA, combined with various hydrocarbon
types, six categories of HBDs, two distinct temperatures,
and two HBD-to-HBA molar ratios [79].

5.3.2 Mass transfer enhancement

In the work of Khan and Srivastava, the TMAC:2EG (ethy-
lene glycol) DES system was used, and a five-stage extrac-
tion process was employed, improving the extraction rate
from the initial 47% to 72%. When compared with the
CHCl5:2EG system, the distribution coefficients (5) for the
five-stage extraction were calculated. The results showed
that the distribution coefficient (8) for TMAC:2EG (2.72) was
higher than that of the latter (1.32), indicating that the
TMAC system has a higher extraction efficiency [73]. In
the work of Islam et al., a DES system consisting of betaine
ethylene glycol was used for the extraction of thiophene
from model oil, and a ternary component liquid-liquid
equilibrium study was conducted. After four extraction
stages, the extraction rate was improved from 20% to
57.2% [80]. In 2017, Ahmed Rahma et al. explored DESs
composed of TBAB salt and two different lightweight
PEGs [81]. After three extraction cycles, the extraction effi-
ciency for DBT and thiophene reached 100% and 95.15%,
respectively.
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Table 1: Continued

Ref.

Remark

Extraction

Extraction Extraction

Model oil

Sulfur

HBA/HBD (molar ratio)

DES types

time (min) efficiency (wt%)

temperature (°C)

solvents

compounds

N/A
N/A

444

0.283 (17 s)

60

T

Triethylamine/propionic acid (1:3)

TEA/Pr

[88]

18.7

50

n-Octane50% and
toluene50%

BT

Choline chloride/p-toluenesulfonic

acid (2:1)

ChCl/p-TsOH

239

Tetraethylammonium chloride/p-

toluenesulfonic acid(2:1)

TEAC/p-TsOH

35.9

Tetrabutylammonium chloride/p-

toluenesulfonic acid(2:1)

TBAC/p-TsOH

221

Betaine/p-toluenesulfonic acid(3:1)

Tetrabutylammonium bromide/
polyethylene Glycol400 (1:2)

BET/p-TsOH
TBAB/PEG400

89.4/95.5 Eight cycles [71]

40

25

Cyclohexane and
n-eicosane

BT/DBT

N/A

44.9/30, 25

25

Cyclohexane and
n-eicosane

DBT

Tetrabutylammonium bromide/

TBAB/PEG200, TBAB/

polyethylene glycol 200 (1:2), TBAB/
PEG600 (1:2), TBAB/PEG 800 (1:2)

PEG600, TBAB/

PEG800
TEAC/OA, TEAB/OA

[89]

Retained stable after six

30 28,24
cycles

30

n-Heptane (HEP)

TEAC/oxalic acid (1:3), TEAB/oxalic

acid (1:3)
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In the work of Mahdavi et al., the EDS performance of model
diesel was studied using a microchannel contactor, providing
new ideas and methods for the development of efficient
desulfurization technologies. The microchannel setup used
is shown in Figure 5, with ChCl and other compounds as
hydrogen acceptors, and PEG 200 and others as hydrogen
donors. Eight different DESs were used for the EDS study of
model fuel. With a microchannel reaction time only of 255,
the TEA/Pr system exhibited the highest desulfurization rate,
reaching 78.3% [83]. Mahdavi et al. investigated the influence
of micro-channel geometric parameters on the DES desulfur-
ization rate and mass transfer. As the diameter of the micro-
channel increases, the desulfurization rate slightly decreases,
while the mass transfer coefficient is higher for a 0.6 mm
microchannel. As the length of the microchannel increases,
the desulfurization rate improves. The desulfurization effects
for microchannels with lengths of 20-30 cm are similar, with
the final choice being a 0.6 mm diameter and 20 cm length
microchannel. The maximum desulfurization rate can reach
over 70% [85]. Ahmadet et al. optimized the DES EDS process
in microchannels using response surface methodology simu-
lations, revealing the influence mechanisms of operational
parameters and channel geometries on sulfur removal. Multi-
physics simulations analyzing the capillary, Weber (We = 6 x
1075-0.83), and Reynolds numbers confirmed the slug flow
regime (interfacial tension-dominated) as optimal. Model pre-
dictions and experimental validation demonstrated 73.2%
sulfur removal within 2.5 s under optimized RF/D ratio con-
ditions, highlighting the high efficiency of microchannel-DES
technology for practical fuel processing [86].

In the work of Khan and Srivastava, three DESs were
prepared: TPAB/EG, TBAB/EG, and TPAB/G. These were
used for desulfurization extraction, with process intensifi-
cation achieved through ultrasound technology. The per-
formance, thermal stability, mass transfer coefficients, and
the effect of ultrasound on the extraction process were
studied. The results showed that ultrasound significantly
improved the extraction efficiency, reaching a maximum
of 82% [84].

In addition, adding oxidants such as H,0, during the
extraction process to perform ODS in combination with
DESs can significantly enhance the desulfurization efficiency
[78]. Under the influence of DES, H,0, decomposes to gen-
erate reactive oxygen species (such as ‘OH), which oxidize
stubborn aromatic sulfur compounds (such as DBT) into
more polar sulfone or sulfoxide products. These products
are then efficiently captured by the DES, improving the
extraction rate to over 90% [55,87]. For example, by com-
bining oxidative extraction with desulfurization, adding
a certain amount of H,0, during the extraction process
can increase the extraction efficiency to over 90% [88].
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Figure 5: The micro-channel set up of extractive desulfurization.

Jiang et al. prepared a series of ternary DES, such as
[C4,DMEA]CI/H3BO5/EG, and conducted desulfurization in the
presence of H,0,. The removal rate of DBT in the model oil
reached over 95% [91].

5.3.3 Functionalized DES combined with carriers

In recent years, researchers have significantly enhanced
the plasticity and desulfurization efficiency of DESs by
incorporating them with carriers such as porous materials,
nanoparticles, or polymers to create functionalized loading
systems. This strategy effectively overcomes the limitations
of traditional DES, such as high viscosity and mass transfer
restrictions, through physical confinement, interface
synergy, or chemical bonding interactions. At the same
time, it introduces multiple desulfurization mechanisms,
further improving the overall performance of the DES-
based systems.

In the work of Eskandari et al., a solid-liquid host-
guest of melamine foam impregnated with NMP/Benz/H,0
DES was synthesized as MF-Im-DES. After three stages of
extraction, it can achieve a desulfurization rate of 100% for
the model oil [92]. Chen et al. prepared a supramolecular
deep eutectic solvent (SUPRADES) for fuel desulfurization
using B-cyclodextrin and lactic acid, in combination with

Micro-channel
Back light lamp

7
8
9

Sample vessel

carbon nanotubes (CNTs). The results showed that the DES
B-CD/lactic acid, after being loaded with CNTs, significantly
enhanced the desulfurization efficiency. Moreover, the prop-
erties of the desulfurized HL-B-CD/CNT system remained
stable [93]. In addition, flexible metal frameworks, reduced
graphene oxide, and cyclodextrin-based quantum dots were
also fabricated into composite materials with DESs for simu-
lated oil desulfurization, all of which exhibited promising
sulfur removal efficiency [94-96].

Moreover, ultrasound-assisted oxidative desulfuriza-
tion technology using DESs in microchannel reactors faces
significant challenges in energy costs and industrial scale-
up. On the one hand, microchannel systems incur substan-
tial pumping energy consumption due to high-viscosity DES (e.g.,
ZC/PEG at 517 cP), and while achieving 78% desulfurization effi-
ciency within 25 s is possible, this short-duration high efficiency
requires severe pumping conditions. Simultaneously, ultra-
sound-assisted desulfurization demands continuous electrical
energy to sustain the cavitation effect, leading to dramatically
increased power consumption in scaled applications. On the
other hand, during industrial scaling, the batch manufacturing
and anti-clogging maintenance of precision microchannel struc-
tures (e.g., ©0.6 mm channels) become prohibitively costly, and
ensuring stability in large-scale flow patterns (droplet/annular
flows) remains challenging. Furthermore, DES recovery requires
additional regeneration steps (such as organic solvent washing
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or distillation), further increasing both energy consumption and
operational complexity. Consequently, the high efficiency
demonstrated at the laboratory scale has yet to be bridged
with industrial feasibility due to these cost and complexity
bottlenecks.

6 Conclusion

DESs, as a new generation of green solvents, have demon-
strated remarkable advantages in fuel desulfurization,
combining environmental friendliness with high effi-
ciency. Compared to traditional HDS and ILs, DESs enable
targeted regulation of solvent polarity and sulfide affinity
through flexible combinations of hydrogen bond acceptors

(HBAs) and donors (HBDs) (e.g., TBAB/PEG400 and TEAC/

OA systems), achieving over 90% extraction efficiency for

aromatic sulfides such as thiophene and DBT under mild

conditions. Their mechanisms involve hydrogen bonding

interactions (verified by FT-IR/NMR), n—n stacking, and
metal coordination synergies (e.g., FeCls-based metal-
doped DESs enhancing sulfur capture via Lewis acid inter-
actions). Furthermore, an oxidative-extraction dual
strategy coupled with H,0, elevates desulfurization rates
to above 95%. Process intensification technologies like
ultrasonication-assisted extraction and microchannel reac-
tors reduce extraction time to seconds, while DESs can be
regenerated and reused for six to eight cycles with >85%
efficiency retention. Biodegradable components (e.g., cho-
line derivatives) align with green chemistry principles.

However, DES industrial application still faces core
challenges such as high viscosity, limited sulfur capacity,
and high regeneration energy consumption. Future
research should focus on three key directions:

1. Functionalized solvent design: To address mass transfer
limitations caused by high viscosity, develop low-viscosity
ternary systems or design dendritic hydrogen-bond
donors; introduce m-electron-enriched components to
enhance the synergistic t—n and CH-n interactions with
thiophenic sulfides, improving selectivity.

2. Process intensification integration: Construct oxidation—
extraction coupled processes utilizing the enhanced
polarity of oxidized sulfur for deep desulfurization;
develop microwave/ultrasound-assisted dynamic extrac-
tion devices to increase desulfurization efficiency
beyond 95%.

3. Sustainability optimization: Design photo-responsive
solvents to reduce regeneration energy consumption
by 40%; adopt bio-based components to lower environ-
mental footprints.
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The critical bottleneck requiring immediate break-
through is the long-term stability of high-sulfur-capacity
solvents (>0.5 g S/g solvent). This can be mitigated through
metal coordination center encapsulation to suppress active
component leaching. Concurrently, machine learning
should be leveraged to predict structure—activity relation-
ships of hydrogen-bond acceptor/donor combinations,
accelerating the development of desulfurizers compliant
with aviation fuel standards.
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