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The development of highly active functionalized ionic liquids (ILs) as both extractants and catalysts for
use in achieving deep desulfurization continues to pose challenges. In this study, a highly efficient
oxidative desulfurization system was constructed, composed of dual-acidic ionic liquids (DILs) and H,0,-
AcOH. The investigation results of four DILs prepared from different metal chlorides ([HSO3C3NEt3]Cl-
MnCl,, MnCl, = AlCls3, ZnCl,, CuCly, FeCl3) in oxidative desulfurization showed that [HSO3C3NEt3]Cl
—AICl3 had an outstanding catalytic effect and significantly promoted the oxidation of sulfides. With a
0.2 g [HSO3C3NEt3]CI—-AICl3, the removal rate of dibenzothiophene (DBT) reached 100% in 10 mL model
oil under mild conditions at 55 °C for 20 min. The key is its ability to induce the dismutation of su-
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Keywords: peroxide anions (s03), which facilitates the generation of singlet oxygen ('0,). The efficient oxidation of
Dual-acidic ionic liquid DBT is accomplished through a predominantly 10,-mediated non-radical mechanism. [HSO3C3NEt3]Cl-
Catalysis AlCl; serves as a favorable medium for contact to be made between 10, and sulfides, which indicates an

Oxidation desulfurization

! : efficient catalytic-adsorption synergy.
Reactive oxygen species
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is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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1. Introduction

When sulfur compounds in transportation fuels combust, they
generate sulfur oxides, contributing to environmental pollution.
Therefore, there is a growing need for stricter regulation of the
sulfur levels in fuels (Boshagh et al., 20223, 2022b; Tanimu et al.,
2022). The hydrodesulfurization (HDS) method is commonly used
for deep desulfurization of fuels in industry (Liu et al., 2023a,
2023b; Zhou et al., 2024). This method involves breaking the C—S
bond to produce H3S and is effective in eliminating both aliphatic
and non-cyclic sulfur compounds, such as sulfides, thiols, disulfides
and thiols. However, approximately half of the sulfur-containing
compounds in fuel oil belong to the thiophene class, including
thiophene (T), benzothiophene (BT), dibenzothiophene (DBT) and

* Corresponding author.
** Corresponding author.
E-mail addresses: yaoy@unisa.ac.za (Y.-L. Yao), lifatang@126.com (F.-T. Li).

https://doi.org/10.1016/j.petsci.2024.07.012

their derivatives. Because of their high stability, the bond energies
of C—S and C—H in thiophenes are nearly equal, which means the
C—S bond is difficult to break and the removal of sulfur via hy-
drogenation desulfurization is extremely difficult (Salah et al.,
2021; Zhu et al., 2021). Therefore, various non-HDS methods have
been developed to effectively remove BT, DBT and their derivatives,
including extraction desulfurization (EDS) (Aghaei and Sobati,
2022; Wu et al., 2021; Xu et al., 2021b), adsorption desulfuriza-
tion (ADS) (Ganiyu and Lateef, 2021; Saha et al., 2021; Yin et al,,
2022; Luo et al,, 2022; Shan et al., 2022; Wang et al., 2022) and
oxidation desulfurization (ODS) (Haruna et al., 2022; Shafiq et al.,
2021).

The ODS method has been given much attention due to its
relatively high efficiency under mild conditions. Hydrogen
peroxide (H203) is known for its environmentally friendly charac-
teristics and is commonly employed as an oxidant in the ODS
processes. In desulfurization systems where H,0, serves as the
oxidant, the oxidant and the sulfides exist in the non-oil phase and
the oil phase, respectively. Therefore, the key challenges to
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enhancing the oxidative desulfurization effect are: increasing
reactive oxygen species (ROSs) in the reaction system; and ensuring
favorable conditions for contact between ROSs and the sulfides
distributed in the different phases. This means that catalysts and
extractants play a crucial role in removing sulfides. lonic liquids
(ILs) demonstrate many unique advantages in catalytic reactions
(Bhutto et al., 2016; Malolan et al., 2021). For instance, their high
chemical stability is conducive to the stable progress of catalytic
reactions, and their strong structural tunability enables customized
catalytic functions to meet diverse catalytic reaction requirements.
Additionally, their low volatility and recyclability contribute to
reducing environmental pollution and minimizing catalyst loss.
Therefore, ILs are widely applied and researched in the field of
chemical engineering. One of the hot research areas is the appli-
cation of ILs in deep desulfurization of fuel oils (Liu et al., 2021).
Numerous studies have reported that ILs can function as either the
extractant or catalyst, or as both simultaneously, and enable deep
desulfurization of fuels (Salah et al., 2021; Aghaei and Sobati, 2022).
In 2001, Bosmann et al. (2001) first reported that ILs exhibited a
similar polarity to sulfides, and resulted in a significantly higher
distribution of coefficients of sulfide compounds in ILs. However,
subsequent studies have indicated that achieving deep desulfur-
ization requires an increase in the number of extraction experi-
ments. This leads to an increase in fuel oil losses and an increase in
extraction costs (Huang et al., 2004; Li et al., 2010, 2019; Wang
et al.,, 2020a; Nie et al., 2006; Chen et al., 2014; Dharaskar et al.,
2013).

In 2003, Lo et al. (2003) first reported a study on oxidative
desulfurization using ILs in the presence of oxidants in order to
achieve one-step deep oxidative desulfurization. By leveraging the
exceptional extraction capacity of ILs for S-compounds, a substan-
tial number of S-compounds could be oxidized in the IL phase. The
oxidation of the sulfide compounds resulted in a decrease in the
saturation level of sulfides in the ILs (oxidized sulfide products
exhibit higher solubility in the ILs). This improved the ability of the
ILs to extract sulfides. A number of studies subsequently confirmed
that ILs with specific structures serve as the media for oxidation
reactions and act as the catalyst in the oxidation of sulfides (Zhao
et al, 2007, 2008a; Liu et al.,, 2018; Li et al.,, 2009, 2012, 2015a;
Wang et al., 2017; Lu et al., 2007; Hao et al., 2019). This accelerates
the reaction rate, reduces reaction conditions and achieves one-
step deep desulfurization under mild conditions. Therefore, the
potential application value of ILs in catalytic oxidative desulfur-
ization is obvious.

The negative aspects of the reaction process include using a high
temperature, prolonged reaction time and using a considerable
amount of ILs. Additionally, the inherent insolubility between ILs
and the oil phase poses challenges. These issues contribute to the
high cost of the desulfurization process and prevent it from being
adopted in the petroleum industry. For environmental and cost-
control purposes, water is the most suitable extractant. However,
it is extremely difficult for sulfides to contact oxidants in the
aqueous phase, which means achieving satisfactory desulfurization
is challenging. A promising research strategy is to use water as the
main solvent in the extraction phase to avoid the loss of alkanes in
the oil phase while using ILs as the catalysts and extractants to
increase the contact of sulfides and oxidants. This approach aims to
achieve mild, efficient, cost-effective oxidative desulfurization with
minimal use of catalyst and at a low cost. The dual-acidic ionic
liquids (DILs) designed in this study provide an ideal pathway to
implement this strategy.

This strategy is suggested due to various interaction mecha-
nisms observed between the cations and anions of ILs and aromatic
sulfide compounds. These mechanisms encompass several in-
teractions: organic heterocyclic cations and quaternary
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phosphonium salt cations in ILs with aromatic thioether com-
pounds (such as DBT and dibenzothiophene sulfoxide (DBTO,))
engage in CH—m, m—m, and hydrogen bond interactions. These in-
teractions facilitate the insertion of DBT into the molecular struc-
ture of IL (Desai et al., 2022; Raj et al., 2019; Li et al., 2015b;
Dharaskar and Sillanpaa, 2018; Dharaskar et al., 2021). Additionally,
the quaternary ammonium cations in ILs demonstrate amphiphilic
characteristics between the water phase and the oil phase, which
prove advantageous for the oxidation of aromatic thioethers (Zhao
et al., 2008b, 2009, 2010; Ge et al., 2011). Moreover, the transition
metal chlorides (Lewis acids) acting as the anions of ILs can form 7-
interactions with aromatic sulfides, thereby enhancing the pres-
ence of sulfides in the solvent phase (Ban et al., 2013; Wang et al.,
2010). Finally, in a reaction system in which H,0; serves as the
oxidant, an acidic environment (Brensted acids and Lewis acids)
can facilitate the oxidation reaction, which favors the oxidation of
sulfides in the oxidative desulfurization process (Santos et al., 2008;
Rodriguez-Gattorno et al., 2009; Dharaskar et al., 2015; Yang et al.,
2016; Gui et al., 2010).

After considering these factors, an efficient oxidative desulfur-
ization strategy was devised in this study using a DIL as a catalyst in
the H;0,-AcOH system. The catalyst design was based on the
following factors: Firstly, a suitable level of lipophilicity was ach-
ieved by selecting triethylamine butane sulfonate as the ionic liquid
cation, which minimizes the loss of ionic liquid in the oil phase. This
is because although extending the alkyl chain length of the cation
in the IL is beneficial for the desulfurization of aromatic sulfides
(Dharaskar et al., 2021; Nie et al., 2013; Li et al., 2015c¢), excessively
long alkyl chains increase the lipophilicity of the ionic liquid, even
lead to emulsification of the reaction system, thus leading to an
increase in ionic liquid loss (Wang et al., 2020a). Secondly, transi-
tion metal chlorides can be used as the anions of the ionic liquid, as
they form m complexes with aromatic sulfides and enhance
desulfurization efficiency by increasing the Lewis acidity of the
ionic liquid (Zhao et al., 2007; Li et al., 2015b; Ban et al., 2013; Wang
et al,, 2010; Chen et al, 2012). Finally, because of the limited
strength of Lewis acids, hydrochloric acid (HCI) was used to acidify
the ionic liquid intermediate. This produced a Brensted acidic ionic
liquid intermediate, which interacted with metal chlorides to form
Brgnsted-Lewis dual-acidic ionic liquids, include triethyl-3-
propanesulfonate chloroaluminate ionic liquid ([HSO3C3NEt;]CI-
AlCl3), triethyl-3-propanesulfonate chlorozincate ionic liquid
([HSO3C3NEt3]Cl-ZnCl,, triethyl-3-propanesulfonate chlorocuprate

ionic liquid ([HSO3C3NEt3]Cl-CuCly), and triethyl-3-
propanesulfonate chloroferrate ionic liquid ([HSO3C3NEts]CI-
FeC]g).

This study investigated the catalytic performance of the four
DILs mentioned above and systematically examined the effects of
operating conditions, including reaction temperature, reaction
time, catalyst dose, amount of H,0, and AcOH, and stirring rate on
the desulfurization rate. Through a series of quenching experi-
ments and electron paramagnetic resonance (EPR) characteriza-
tion, the reactive oxygen species (ROSs), and their oxidation
behavior in the DILs-H,0,-AcOH desulfurization system were
analyzed. And a possible catalytic desulfurization mechanism was
proposed. In addition, the desulfurization effect of DILs on different
sulfides and actual diesel was also studied. The good recyclability of
DILs highlights their advantages such as stable structure, excellent
catalytic performance, and controllable cost. This study was aimed
at determining an innovative approach to enhance the efficiency of
ILs oxidative desulfurization and advance its feasibility for use in
industry.
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2. Experiments
2.1. Chemicals and materials

The following materials were procured from Shanghai Aladdin
Reagent Co. Ltd: 1,3-propanesultone (AR grade, >99%); HCI (37 wt%
aqueous solution); triethylamine (AR grade, 99%); acetone (AR
grade, >97%); anhydrous ZnCl, (AR grade, 99%); anhydrous FeCl;
(AR grade, 99%); anhydrous AICl3 (AR grade, 99%); anhydrous CuCl;
(AR grade, 99%); H,0, (AR grade, 30 wt% aqueous solution); n-oc-
tane (96%, AR grade); thiophene (AR grade, 98%); benzothiophene
(AR grade, 98%); 2-methylbenzothiophene (AR grade, 98%);
dibenzothiophene (AR grade, 98%); 4,6-Dimethyldibenzothiophene
(AR grade); glacial acetic acid (AR grade, 98%); isopropanol (IPA,
99%, AR); 1,4-benzoquinone (p-BQ, 99%, AR); 4-amino-2,2,6,6-
tetramethylpiperidine (TEMP, >98%, GC); 5,5-dimethyl-1-
pyrroline N-oxide (DMPO, AR grade, 97%).

2.2. Preparation of ILs

The four types of triethylamine-based Brgnsted-Lewis acid ionic
liquids were prepared as follows: 20.24 g (0.024 mol) of triethyl-
amine, 24.43 g (0.024 mol) of 1,3-propanesultone and 50 mL of
acetone were added into a 250 mL three-necked flask and the re-
action was carried out at 50 °C for 3 h. The mixture was then
vacuum-filtered, washed with acetone three times to remove
unreacted impurities, and then vacuum-dried to a constant weight,
which yielded a white solid intermediate. Next, 8.86 g of the white
solid intermediate and HCI (1:3 M ratio) were combined and added
to a 250 mL three-necked flask, and the mixture was reacted at
80 °C for 2 h. Unreacted HCl was then removed by vacuum rotary
evaporation, and the product was washed with ethyl acetate three
times. This resulted in a pale yellow viscous Brensted acid ionic
liquid [HO3SC3NEt3]Cl. Equimolar amounts of [HO3SC3NEt3]Cl and
metal chlorides (AlCl3, ZnCl,, CuCly, FeCls) were then added to a
250 mL three-necked flask. The mixture was reacted at 70 °C for
1.5 h. The resulting product was subjected to vacuum rotary
evaporation to remove most of the water and then dried under
vacuum to constant weight. This yielded the Bransted-Lewis acid
ionic liquids [HSO3C3NEt3]CI-ZnCl,, [HSO3C3NEt3]CI-AICl3,
[HSO3C3NEt3]|Cl-CuCl, and [HSO3C3NEt3]Cl-FeCls. The synthetic
pathway for triethylamine-based Brgnsted-Lewis acid ionic liquids
is illustrated in Scheme S1.

2.3. Characterization and analysis

Fourier Transform Infrared Spectrometer (FT-IR) was used to
determine the surface functional groups of the Bransted-Lewis acid
ionic liquids [HSO3C3NEt3]CI-AlCls3, [HSO3C3NEt3]Cl-ZnCl,
[HSO3C3NEt3]Cl-CuCl, and [HSO3C3NEts]Cl-FeCls using a Bruker
Vertex70 spectrometer (FTS-135 Fourier Transform Infrared Spec-
trometer, BIO-RAD, USA) over the 400—4000 cm~ ' wavenumber
range. The Brgnsted acidity was measured using a pH meter (EL20
laboratory pH meter, Mettler-Toledo Instruments (Shanghai) Co.
Ltd). Using pyridine as a probe, the strength of Lewis acidity of the
four DILs was compared and characterized by infrared absorption
spectroscopy (FTS-135 Fourier Transform Infrared Spectrometer,
BIO-RAD, USA). The characterization of the structural composition
of the ionic liquid intermediate [HSO3C3NEt3]Cl was determined by
'H nuclear magnetic resonance (NMR) using a Bruker AVANCE
500 MHz Spectrometer (Bruker, Switzerland). The ROSs generated
during the sulfide oxidation reaction were detected using a German
Bruker A300 Electron Paramagnetic Resonance (EPR) spectrometer.
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2.4. Desulfurization experiments

The five different types of model oil with 1000 ppm S-content
were prepared by dissolving 0.934 g thiophene (T), 1.477 g ben-
zothiophene (BT), 1.666 g 2-methyl benzothiophene (2-MBT),
2.073 g dibenzothiophene (DBT) and 2.391 g 4,6-dimethyl diben-
zothiophene (4,6-DMDBT) in 500 mL n-octane. The original actual
diesel had a S-content of 726 ppm. For the desulfurization experi-
ment, 10 mL model oil or actual diesel was mixed with a pre-
determined amount of ILs, H;0, and AcOH, and added to a three-
necked flask under vigorous stirring. It was reacted for a pre-
determined time and an oil bath was used to adjust the reaction
temperature. During the reaction, the sulfur content in the upper
phase was periodically separated and analyzed using a sulfur
analyzer. The sulfur content was measured using a THA-2000S
Ultraviolet Fluorescence Sulfur Analyzer (Taizhou Jin Hang
Analytical Instrument Co. Ltd, China). The sulfur types were
determined using a GC-FPD (SP-3420A, Beijing Beifen Ruili
Analytical Instrument Co. Ltd, China).

3. Results and discussion
3.1. Characterization of ionic liquids

The four types of DILs-[HSO3C3NEt3]|CI-AlCl3, [HSO3C3NEt3]Cl-
ZnClp, [HSOsC3NEt3]Cl-FeCl3 and [HSO3C3NEt3]Cl-CuCl, were
analyzed by means of FT-IR spectroscopy. The results are shown in
Fig. 1(a), and the following can be seen: the anti-symmetric
stretching vibration peak appears at about 2988 cm™', which be-
longs to C—H on CH3 and CH». The bending vibration peak of C—H
on CHs appears at about 1488 cm ™. The stretching vibration peak
of S=0 appears at about 1148 cm~". The S—O stretching vibration
peak appears at about 729 cm™. The stretching vibration peak of
S—O0 and the stretching vibration peak of N—C appear at about
1033 cm~. The characteristic absorption peak that matches the
target product appears in the infrared spectrum. The intermediate
[HSO3C3NEt3]Cl was characterized by '"H NMR. [HO3SC3NEt3]Cl: 'H
NMR (500 MHz, D,0) d: 1.265—-1.293 (m, 9H, —CH,—CH3), d:
2.114—2.148 (d, 2H, —CH,—CH,—), d: 2.966—2.994 (d, 2H, —H—S03),
d: 3.291-3.365 (m, 8H, —N—CH,—) and d: (s, 1H). The synthesized
substance served as the intermediate [HSO3C3NEt3]Cl. The acidity
of the catalyst could potentially influence the oxidation of sulfur-
containing compounds. Aqueous solutions of four DILs with mass
fractions of 1%, 2%, 3%, 4%, and 5% were prepared, respectively, and
their Bransted acidity was measured using a pH meter. The results
are presented in Table 1. It shows that the Brensted acidity of the
four ionic liquids at equivalent mass concentrations is closely
comparable. However, a discernible order of acidity strength is
seen: [HSO3C3NEt3]CI-AlCl3 > [HSO3C3NEt3]Cl-
ZnCly > [HSO3C3NEt3]Cl-FeCls > [HSO3C3NEt3]Cl-CuCly. This trend
correlates with the subsequent desulfurization experiments
involving the four DILs and reflects their catalytic oxidative
performance.

The Lewis acidity of the synthesized ionic liquids is shown in
Fig. 1(b). The presence of Lewis acidity in the ionic liquids is indi-
cated by the absorption peak around 1450 cm™. The characteristic
absorption peak of pyridine appears at 1437.95 cm™ . Upon coor-
dination complex formation between pyridine and Lewis acid, the
characteristic peak shifts to a higher wave number, i.e. about
1450 cm™~ . The extent of the shift in the characteristic peak of the
pyridine complex indicates that the Lewis acidity order of the four
ILs is as follows: [HSO3C3NEt3]Cl-FeCl3; > [HSO3C3NEts]CI-
AlCl3 > [HSO3C3NEt3]Cl-ZnCly > [HSO3C3NEt3]Cl-CuCls.
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Fig. 1. (a) FT-IR spectra of four Brensted-Lewis acid ionic liquids. (b) FT-IR spectra of the Lewis acidity using the pyridine probe method. 1-Pyridine. 2-[HSO3C3NEt3]Cl-CuCl,.3-

[HSO3C5NEt3]Cl-ZnCly. 4-[HSO3C3NEt3]Cl-AICs. 5-[HSO3C5NEL;]Cl-FeCls.

Table 1
Acidity of the aqueous solutions of four Brensted-Lewis acid ionic liquids with
different mass fractions (wt.%).

Ionic liquid pH

1 wt% 2 wt’% 3 wt% 4 wt% 5 wt%
[HSO5C3NEt3]CI-AlCl3 2.56 231 2.11 1.91 1.74
[HSO3C5NEt3]Cl-ZnCl, 2.54 2.26 2.07 1.83 1.68
[HSO3C3NEt;3]Cl-FeCls 230 2.01 1.81 1.68 1.46
[HSO3C3NEt3]Cl-CuCl, 227 1.95 1.76 1.60 1.37

3.2. Effect of DBT removal using various desulfurization systems

The desulfurization results obtained when using various reac-
tion systems are shown in Fig. 2. Reaction system I comprised H,05,
AcOH and model oil. The DBT removal rate was only 23.8%, at a

100 +

[ |
[ 1] HO,SCNEICHFeCt!
[T [H(IPSSCSNEQ]CI-CUCIQ:
| 1 | [H¢I)38C3NEt3]CI-ZnCIZ:
[ HQsSCNEHICHAICH |
|

80 +

60

40 A

Desulfurization rate, %

20

1 v

Different reaction systems

Fig. 2. Removal of DBT using various desulfurization systems. Conditions: T = 55 °C;
m(ILs) = 0.2 g; V (model oil) = 10 mL; V (H0,) = 1.0 mL; V (AcOH) = 2.0 mL;
t = 20 min; stirring rate 200 r/min; DBT (1000 ppm) in n-octane. I:
H;0,+AcOH + model oil; II: ILs (1 mL) + model oil; III: ILs + AcOH + model oil; IV:
ILs + H,0,+model oil; V: ILs + H,0,+AcOH + model oil.

temperature of 55 °C and a reaction time of 20 min. This indicates
that, in the absence of a catalyst, the H,02-AcOH system struggled
to achieve satisfactory desulfurization results. Reaction system II
involved removing DBT through extraction from 10 mL of model oil
using four ILs. The DBT removal efficiency ranged from 4% to 6%.
This indicates that the extraction efficiency of ILs for DBT is limited.
Reaction system Il comprised ILs and AcOH. The rate of removal of
DBT obtained from the four kinds of ILs ranged from 5% to 8%. The
results indicate that adding AcOH just slightly increase the effi-
ciency of ILs extracting DBT in the absence of H,0,. In reaction
system IV (IL and H,0;), when using the same reaction conditions,
efficiency in removing DBT increased from 8% to 14% for the four
types of ILs. The experimental results indicate that with the weak
interaction between the ILs and DBT, a very small amount of DBT
was oxidized by H,0-, and led to a slight increase in the desulfur-
ization rate. However, due to the inherent challenges of direct
oxidation of DBT by H,0,, the improvement in the desulfurization
rate was constrained. When ILs, H»O, and AcOH were employed
concurrently in reaction system V, noticeable disparities were
revealed in efficiency in removing DBT by the four types of ILs.
When ILs [HSO3C3NEt3]CI-AlCl3 and [HSO3C3NEt3]CI-ZnCl; acted as
the catalysts, the DBT removal rate increased significantly to 100%
and 91.2%, respectively, within 20 min. In contrast, when
[HSO3C3NEt3]Cl-CuCl, and [HSO3C3NEt3]Cl-FeCls were used as the
catalyst, no improvement was seen with DBT removal efficiency. In
fact, the rates recorded for [HSO3C3NEt3]Cl-CuCl; and [HSO3C3NEts3]
Cl-FeCl3 were lower than in the presence of only H»O, and AcOH,
i.e. 14.6% and 13.5%, respectively. The reasons for this result may be
explained as follows.

In the [HSO3C3NEts]Cl-FeCl3-H205-AcOH system, H,0, and
AcOH generated peracetic acid (PAA), which then decomposed to
hydroperoxyl radicals (HOze) and CH3COs. Fe3* can react with
HOye to produce oxygen (O) (Bhasarkar et al., 2013). This inevi-
tably leads to the PAA being consumed, which inhibits subsequent
oxidation of DBT and results in reduced desulfurization efficiency.
The mechanism is expressed in Egs. (1)—(4). When Fe3* is intro-
duced as the starting reactant, in the absence of AcOH, Fe>* reacts
with H,0, as per (Egs. (1)—(3)):

Fe3* + H,05 — Fe?* + HOy e + HT (1)



R. Liu, C. Wang, Q. Yang et al.

Fe’* + H,0, — Fe3* + HOe + OH™ (2)

Equations (1) and (2) reactions are combined as follows:

Fe3* +2H,0, — Fe** + HOy e + HO e + H;0 (3)

When AcOH was added, it had three effects. Firstly, AcOH reacts
with H,0, to generate a significant amount of PAA. The release of a
substantial amount of HO,e from PAA can inhibit the progress of Eq.
(1). Secondly, AcOH can be oxidized by highly reactive HOe into
low-molecular inorganic substances such as CO, and H,O. Thirdly,
HO,e released from PAA can react rapidly with Fe>*, which renders
the HO,e ineffective and leads to the release of O,. The reaction is
expressed in Eq. (4).

Fe3* + HOye — Fe2t + 0,1 +H* (4)

The extensive consumption of PAA led to a very low oxidative
desulfurization efficiency of DBT when [HSO3C3NEt3]CI-FeCl; was
used as the catalyst (Fig. 2V), as suggested by the experimental
results (Eq. (4)). Vigorous bubble formation was observed within a
short reaction time after adding the ionic liquid [HSO3C3NEt3]Cl-
FeCls (as the catalyst) to the reaction system. This was due to the
decomposition of PAA which leads to the production of O, cata-
lyzed by Fe3*. The lower desulfurization efficiency of IL [HSO3Cs.
NEt3]Cl-CuCl; may be due to the same reason as shown with
[HSO3C3NEt3]Cl-FeCls. In addition, due to the catalytic effect of
Cu?*, there was a noticeable color change in the oxidation system
before and after the reaction, when [HSO3C3NEt3]Cl-CuCl;, was used
as the catalyst (See Fig. S1). Cu®* can catalyze the decomposition of
H,0,, as per Eq. (5), which is detrimental to the oxidation reaction.

Cu2+
H,0; = H0+ 031 (5)

Consequently, further investigation into the catalytic perfor-
mance of ILs [HSO3C3NEt3]CI-AlCl3 and [HSO3C3NEt3]CI-ZnCl; in
the H,0,-AcOH oxidative desulfurization system was then done
and discussed below.

3.3. Analysis of ROSs and the mechanism involved in DBT oxidation

The experiment results shown in Fig. 2 indicated that after
adding [HSO3C3NEt3]Cl-AlCl3 or [HSO3C3NEt3]Cl-ZnCly to the Hy0,-
AcOH oxidation system, the oxidation efficiency of DBT increased
significantly compared to the method involving only H,0, and
AcOH. This confirms that the addition of either [HSO3C3NEt3]Cl-
AlCl3 or [HSO3C3NEt3]Cl-ZnCl, in the H»0,-AcOH atmosphere
enhance the oxidative activity of the reaction system, which may
due to the generation of some ROSs.

In the H,0, activation system, there may be ROSs, such as H,0,
organic peroxides (ROOH), superoxide anion radicals (e¢03), hy-
droxyl radicals (eOH) or singlet oxygen (10,). These are often used
as the oxidant in many reactions, and exhibit high oxidation effi-
ciency (Ling et al., 2022; Zhu et al., 2020; Hodges et al., 2018; Xing
et al.,, 2021; Xu et al.,, 2021a; Eugene and Guzman, 2019; Ji et al.,
2023). ROSs can be determined by means of capture/quenching
experiments and EPR (Wang et al., 2011; Ji et al,, 2021). Therefore, it
was important to identify ROSs during the oxidation reaction in this
study and to analyze the source of various ROSs and their role in the
process. This analysis was aimed at providing the key information
required to determine the mechanism involved in the oxidation of
DBT.
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3.3.1. Identification of ROSs in the reaction system by means of
capture/quenching experiments and EPR detection

Different kinds of capture or quenching agents can be used to
selectively scavenge the oxidative ability of one or some of the ROS
species, hereby, the oxidizing capacity of the system will be
decreased accordingly (Wang et al., 2011; Ji et al., 2021). Therefore,
by analyzing the changes of the oxidative desulfurization capacities
during desulfurization runs with adding different capture agents in
the oxidative system, the category of the ROSs can be identified.

Table 2 compares the DBT removal rates when using different
capture or quenching agents in the DIL-H;0,-AcOH oxidation.
When using IPA as the capture agent for ¢OH, the decrease in DBT
removal rate was not significant. The DBT removal rate remained
above 90% in the DIL-H,0,-AcOH oxidation system. The results
indicated that capturing ¢OH has a limited inhibitory effect on the
oxidation of DBT, so ¢OH is not the main ROSs for DBT oxidation. On
the other hand, when using p-BQ as the capture agent for «O3, the
DBT removal rate still remained above 80% in the DIL-H,0,-AcOH
oxidation system. The reason for the lack of significant decrease in
DBT removal rate is not due to the absence of ¢03 in the system (as
confirmed by Fig. 3(b)), but rather due to the low solubility of p-BQ
in water. This difficulty leads to significant challenges for p-BQ to
capture 03 in the aqueous phase of the reaction system, resulting
in the conversion of 05 to 'Oy, which further oxidizes DBT.
However, when DMPO was used to capture «OH and O3 simulta-
neously, the desulfurization rate decreased to below 20%, which is
significantly lower than when using p-BQ and IPA as quencher.
Furthermore, when L-Histidine and TEMP were employed as the
quencher and capture agent for 10,, respectively, the desulfuriza-
tion rate decreased even more, dropping to below 15%. This sug-
gests that '0, is the primary ROSs responsible for the oxidation of
DBT. The decrease in the DBT removal rate when DMPO was used as
a scavenger is attributed to the capturing of ¢OH and 03. The
quenching of ¢OH and ¢03 leads to the obstruction of the oxidation
of DBT. Since 053 is the precursors of '0,, the addition of DMPO
inhibits the production of '0,, hereby, drops the desulfurization
rates. It can therefore be concluded that the oxidative system
contains active oxygen species, such as ¢OH, ¢O3 and 1Oz. with 102
being the predominant active oxygen species.

Our experimental results show that although the presence of
DMPO and TEMP both significantly reduces the DBT removal rate,
the DBT removal rate in the presence of DMPO (approximately 16%)
is relatively higher than that in the presence of TEMP (approxi-
mately 2%). This indicates that eO3 in the reaction system is not
completely captured by DMPO, leading to a small amount of DBT
oxidation. It is important to note that DMPO can bind with water in
the presence of water, thereby reducing the efficiency of DMPO in
capturing 0. Since our research experiments were conducted in
an aqueous solution system, the inevitable competition between
DMPO and water leads to the possibility of a small amount of O3
being converted to '0,, thus slightly increasing the DBT removal
rate compared to the case of TEMP presence. More details refer to
the pathways to produce '0, are addressed in Section 3.3.2.

In order to substantiate this conclusion, EPR technology was
used to further investigate the existence of three ROSs when using
DMPO and TEMP as spin-trapping reagents for the capture of ¢OH
or 03 and 10y, respectively (Khan, 1977; Liu et al., 2023c). Since
using [HSO3C3NEt3]CI-AlCl3 and [HSO3CsNEt3]Cl-ZnCl, have the
same effect on desulfurization in this oxidation system, EPR
detection was performed in the presence of only [HSO3C3NEt3]CI-
AlICls. Fig. 3(a), (b) and 3(c) provide the signals of TEMP-'0,, DMPO-
«03 and DMPO-e0OH, respectively, and confirm the presence of
these three active oxygen species in the reaction system.

A comparison of the intensity level of the signals revealed that
the 10, signal peak is the strongest, followed by ¢OH, then ¢05. This
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Table 2

Petroleum Science 22 (2025) 492—507

The effect that different quenchers and capture agents have on the removal of DBT and the ROSs detection results.

Quencher/Capture agent ROSs DBT removal rate in different reaction system ROS apparent oxidative action
[HSO5C35NEt;3]CI-AlCl3-H,0,-AcOH [HSO3C35NEt3]Cl-ZnCl,-H,0,-AcOH

IPA Quencher «OH 94.9% 91.1% ineffective

p-BQ o0y 84.8% 83.2% ineffective

L-Histidine 0, 12.3% 10.1% effective

DMPO Capture agent eOH and «03 16.3% 17.8% effective

TEMP 0, 2.1% 5.5% effective

Conditions: T = 55 °C; m(IL) = 0.2 g; V (model oil) = 10 mL; V (H,0,) = 1.0 mL; V (AcOH) = 2.0 mL; n (quencher/capture agent) = 9.79 x 10~ mol; t = 20 min; stirring

rate = 200 r/min; DBT (1000 ppm) in n-octane.

suggests that the concentration of these three active oxygen species
in the reaction system follows the order of 10, > eOH > «03.
Therefore, it can be preliminarily inferred that a high concentration
of 10, species serves as the primary oxidative species for DBT
oxidation in the system, and completes the non-radical oxidation of
DBT. «OH and ¢03 are present in the system, but are not the main
active oxygen species responsible for DBT oxidation.

Based on the EPR detection results, the production of active
oxygen species, such as '0,, «OH and 03, and their concentrations
in relation to oxidation behavior was further analyzed. This analysis
was done to better understand the formation mechanism of the
ROSs and the oxidation process of DBT in the system.

3.3.2. ROSs generation mechanism and the oxidation process of DBT
in the DIL-H»05-AcOH reaction system

Based on the above results, a thorough analysis of the mecha-
nisms underlying the generation of the three ROSs in the Hy0,-
AcOH system (102, *OH and 03 ) was considered necessary, as well
as an analysis of their relationship between concentration and
oxidation behavior. In the DIL, the coexistence of Bregnsted acids
and Lewis acids facilitates the production of PAA and HOye in the
reaction system. These peracids serve as precursors to various ROSs,
and their generation occurs through a series of pathways
(Rodriguez-Gattorno et al., 2009; Gui et al., 2010). According to Hao
etal. (2019) and Bhasarkar et al. (2013), potential pathways include:

CH3COOH + H,0, — CH3COOOH -+ H,0 (6)

CH3;COOOH — CH3CO e + HOye (7)

HOye — O, +H' (8)

Equation (8) shows that the conversion reaction between ¢03
and HOye is a reversible reaction. In fact, eO3 is easily protonated in
an acidic solution to yield HOe (Wang et al., 2011), so this serves as
evidence that there is more HO»e than ¢O3 present in this oxidation
system. Furthermore, due to the low solubility of p-BQ in water, it is
challenging for p-BQ to capture the eO3 present in the aqueous
phase of the reaction system. This could explain why p-BQ did not
reduce the desulfurization rate significantly when used as an ¢O3
scavenger, i.e. it only decreased from 100% to below 85% (Table 2).
Fig. 3(b) shows that the signal intensity of eO3 is the weakest.

The generation of e¢OH in the system is attributed to the reaction
between HOze and H,0, (Bhasarkar et al., 2013), as shown in Eq.
(9).

HO; ¢ + H,0, — ¢OH+H50 + O, 9)

Although eOH can be generated in the system, ¢OH will react
with CH3COe to form AcOH (Bhasarkar et al., 2013), as shown in Eq.
(10). However, «OH can oxidize AcOH directly into low-molecular-
weight inorganic substances, such as CO, and H;O0. This inevitably
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results in non-main reaction consumption of eOH in the reaction
system, leading to IPA as an eOH scavenger not significantly
reducing the desulfurization rate, only reducing it from 100% to
below 95%. Additionally, ¢OH has a very short lifetime in water
(nanoseconds), making it difficult to give a significant oxidative
effect on DBT. Moreover, the detection results shown in Fig. 3
indicate that the concentration of ¢OH is higher than that of O3,
but slightly lower than that of 10,.

«OH + CH3CO e — CH;COOH (10)

Another matter to consider is that the generation of 10, in this
oxidation system may be because of a complex radical conversion
process occurring during the reaction processes. It is hard to pro-
vide the exact pathways for the generation of 0, but we can
speculate on two possible mechanisms: one is the '0, produced by
the oxidation of O3 (Ji et al., 2021); the other is that the ¢O3 decays
via the second-order reaction and produces H,O, and 10, (Khan,
1977; Zhang et al., 1999; Konovalova et al., 2004). In this research,
it is more likely that the O3 decayed to produce '0,, as per Eq. (11).

HOZ./.05+H02o/o02*aH202+3]02 (11)

Equation (11) is favored due to the presence of a large amount of
HOye, which makes it easier to proceed to the right-hand side of
equation. A comparison of the intensity of the signal peaks in
Fig. 3(c) suggests that Eq. (11) occurs more easily than Egs. (8) and
(9). Therefore, it can be concluded that Eqgs. (8), (9) and (11) all
occur simultaneously in the oxidation system, with Eq. (11) being
the dominant one. When DMPO was used as the scavenger, the
quenching of ¢OH and 03 inhibited the generation of '0,, which
resulted in a significant reduction in the desulfurization rate. The
experimental results when using DMPO as the scavenger confirm a
significant reduction in the desulfurization rate to below 20%,
which verifies this mechanism (Table 2). Furthermore, when L-
Histidine and TEMP were employed as the quencher and capture
agents for 'O, respectively, the desulfurization rate of DBT
decreased even more, dropping to below 10%. This indicates that
10, functions as the primary ROS responsible for oxidizing DBT. In
summary, these analysis results suggest that '0, is the main ROS
responsible for oxidizing DBT.

It is worth noting that the role of DIL was not reflected in the
above-mentioned ROSs generation pathway, so in theory, the above
series of reactions can proceed even without DIL catalysts. How-
ever, as evidenced by the results seen for the different reaction
systems in Fig. 2, relying solely on the above pathway to generate
10, is therefore insufficient to achieve effective oxidative desul-
furization under such mild conditions. Therefore, it can be proven
that the addition of DIL does change or facilitate the above reaction
process. The research results shown in Fig. 2 also suggest that in the
absence of AcOH, the catalytic effect of DIL (JHSO3C3NEt3]CI-AlCl3)
on Hy0, ODS is low, i.e. only 14%. This indicates that DIL
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Fig. 3. EPR signals for (a) TEMP-'0, adducts; (b) DMPO-e03 adducts, and (c) DMPO-
oOH adducts over [HSO3C35NEt5]Cl-AlCl3-H;0,-AcOH system.
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([HSO3C3NEt3]CI-AlCl3) cannot activate HO, directly to produce
ROSs. However, adding AcOH results in desulfurization efficiency
increasing significantly, as it reaches almost 100%. This suggests
that DIL ([HSO3C3NEt3]CI-AlCl3) plays a role in activating various
ROSs that are formed in the HyO,-AcOH system, which creates an
alternative pathway for '0, generation.

Mourad et al. (2019) reported that ILs that contain weak Lewis
acidic cations lower the reaction barrier of '0, significantly and
induce the dismutation of superoxide to form '0, when combined
with strong Lewis acids. Therefore, we hypothesized that, when
induced by DIL, the dismutation reaction of 03 is the main driving
force behind '0, being generated in the system. According to the
report by Mourad et al. (2019): weak Lewis acid alone does not
induce dismutation; but when combined with strong Lewis acid, it
causes the dismutation of superoxide and the formation of 102.
Thus, to prevent the generation of '0,, ILs containing Lewis acids
should not be used as additives. However, for this study, DIL which
can promote 'O, generation indirectly was advantageous for the
oxidation reaction of DBT. Therefore, the DIL that were designed
feature both weak Lewis acidic cation and strong Lewis acidic
anion, which allowed for reasonable inference to be made that the
DIL induces the dismutation of ¢O3, which promotes the generation
of 102. However, the intrinsic mechanism of how the Lewis acids in
the DIL lead to the dismutation of superoxide still requires in-depth
research.

In addition, as the '0, and DBT that serve as the reaction sub-
strates are distributed in immiscible two phases, an appropriate
reaction medium is needed to facilitate their reaction. The DIL
prepared in this study can provide a suitable reaction medium, as
the triethylamine-based cation in the DILs exhibits lipophilicity,
which enables it to enter the organic phase and interact with DBT.
Unlike traditional phase-transfer catalysts with tetrabutyl struc-
tures, the ethyl group in this cation is less hydrophobic than butyl,
but it generates minimal steric hindrance, which makes it more
conducive to interaction with DBT.

Simultaneously, the hydrophilic nature of the butylsulfonic acid
moiety in the cation (like an anchor) retains it in the aqueous phase,
while triethylamine can enter the oil phase, which ensures stable IL
at the interface between the aqueous phase and the oil phase. This
stable presence acts as a bridge that undoubtedly enhances the
contact between DBT and the oxidizing agents in the aqueous
phase, thereby promoting the biphasic reaction between DBT and
ROSs. Additionally, the metal chloride component as the anion of
the DIL exhibits a strong ability to accept electrons, which increases
the positive charge on the cation of the DIL (i.e. it enhances the
positive charge on nitrogen). On the other hand, DBT carries lone
pair electrons on sulfur, which results in stronger interaction be-
tween the cation of the DIL and DBT (Li et al., 2015b).

Transition metals can form w—m complex with aromatic sulfur
compounds in adsorption desulfurization; however, this
mechanism-based adsorption desulfurization process generally
exhibits low desulfurization efficiency. It is suitable for the
adsorption between solid substances and aromatic sulfur com-
pounds, but it performs poorly in terms of adsorption between
liquid-liquid phases. Therefore, it can be inferred that the interac-
tion between the DIL and DBT is primarily due to the interaction
between the cationic component and DBT. Furthermore, under
identical reaction conditions, the superior desulfurization perfor-
mance of [HSO3C3NEt3]CI-AlCl; compared to [HSO3C3NEt3]|Cl-ZnCl,
can be attributed to the higher Brensted and Lewis acidity of
[HSO3C3NEt3]CI-AlCl3. Hence, it is more conducive to promoting the
generation of ROSs in the reaction system.

Based on the above analysis, the oxidation of DBT undergoes a
free radical-guided non-radical reaction process, and this study
determined that the mechanism underlying the oxidation process
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of DBT is as follows. The designed DIL effectively promotes the
generation of peroxides in the reaction system, thereby facilitating
the production of more ROSs acting as active agents for DBT
oxidation. The binding of the weak Lewis acidic cations and strong
Lewis acidic anions in DIL induces the dismutation of 03, which
promotes the generation of 10, and establishes a novel pathway for
singlet oxygen production. The generated 0, was identified as the
primary ROS responsible for DBT non-radical oxidation in this
pathway.

The triethylamine moiety of the cation in the DIL exhibits good
lipophilicity, while the butyl sulfonic acid segment exhibits excel-
lent hydrophilicity, which acts as an anchor that allows the DIL to
exist stably at the interface between the oil and water phases.
Additionally, the metal chloride component in the anion of the DIL
shows a strong electron-accepting ability that increases the posi-
tive charge on the cation. This further enhances the interaction
between the ionic liquid and DBT to effectively promote more
thorough contact between DBT and the oxidizing species in the
aqueous phase. Because of these synergistic effects, mild and effi-
cient oxidation of DBT was achieved in this study. The probable
pathway for the oxidation reaction of DBT in the DIL-H,0,-AcOH
reaction system is illustrated in Fig. 4.

3.4. Effect of reaction conditions on DBT removal

According to the research results detailed in the previous sec-
tion, [HSO3C3NEt3]|Cl-AlCl3 delivers the highest sulfur removal
performance. Therefore, it was chosen for a series of parallel ex-
periments that were done to investigate the effect of different re-
action conditions on desulfurization performance.

The effect that different doses of DIL have on the removal of DBT
is shown in Fig. 5(a). DBT removal was only 64.9% after 20 min with
a catalyst dose of 0.1 g. However, extending the reaction time to
30 min increased the desulfurization rate to 84.5%. With a dose of
DIL 0.2 and 0.3 g and a reaction time of 10 min, the DBT removal
rate can reach to 42.4% and 52.3%, respectively. With a reaction time
of 20 min, a removal rate of nearly 100% was obtained. Increasing
the dose of ionic liquid can enhance the acidity of the reaction
system, thereby promoting the generation of more ROSs to accel-
erate the oxidation of DBT. Therefore, 0.2 g DIL was selected as the
optimal dosage.
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The effect of the H,0, dosage on the sulfur removal capacity was
investigated in this research. As shown in Fig. 5(b)—a dose of 0.5
and 1.0 mL resulted in a DBT removal rate of 87.4% and 100%,
respectively. With a reaction time of 20 min, more ROSs can be
generated to oxidize DBT as the amount of H,O, increases. How-
ever, when a 1.5 mL dose of H;0, was used, the DBT removal rate
was 96.7% with a reaction time of 20 min. The slight decrease in the
DBT removal rate was due to the large amount of water reducing
the oxidant concentration, which resulted in a reduction in reac-
tivity (Ali et al., 2009; Nie et al.,, 2014). Therefore, the optimal
amount of HyO, was determined to be 1.0 mL (O/S molar
ratio = 43.5). Through experimental studies, it was found that
reducing the amount of H,0; (refers to decreasing O/S ratio) leads
to a longer time required to achieve nearly 100% removal rate of
DBT. For instance, when the H,0, dosage is 1.0 mL (O/S = 43.5), a
100% removal rate of DBT can be achieved in 20 min. However, with
a reduced H;0; dosage of 0.5 mL (O/S = 21.75), the time needed to
achieve a 99.1% removal rate extends to about 40 min. Lowering the
H,0, dosage to 0.25 mL (O/S = 10.8) increases the reaction time
required for a 99.5% removal rate to approximately 60 min. In other
words, a lower O/S typically requires a longer reaction time to reach
the steady state. Regarding the safety concerns associated with
using H,0O, as an oxidant, more future works are highly recom-
mended by developing efficient oxidative desulfurization methods
under low O/S ratio.

The effect of the AcOH dose used on the DBT removal rate was
also investigated. Fig. 5(c) shows that the DBT removal only reaches
10.6% after 20 min, with an AcOH dose of 1 mL. When the dose of
AcOH was increased to 2 mL, the DBT removal rate reached 100%
after 20 min. This was because more AcOH can provide more PAA
and other ROSs with H,0, for the oxidation reaction of DBT. In
addition, when the amount of acetic acid was increased to 3 mL, the
time required for the desulfurization rate to reach 100% was also
20 min, and the reaction speed was not accelerated significantly. A
high dose of AcOH does not change the equilibrium of the revers-
ible reaction of AcOH and H,0,, therefore, the optimal dose of AcOH
was determined to be 2 mL.

Fig. 5(d) shows the effect that the stirring rate has on the DBT
removal rate. When the stirring rate is 0 r/min, the driving force for
the mass transfer of DBT in the two phases is the difference in the
concentration rate. Furthermore, DBT is insoluble in the water
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Fig. 4. Suggested process of DBT catalytic oxidation in the DIL-H,0,-AcOH reaction system.
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phase, so DBT in the oil phase cannot make adequate contact with
the oxidants in the aqueous phase: only 35.7% of DBT removal ef-
ficiency is the result of free diffusion of DBT. When gradually
increasing the stirring rate from 50 to 200 r/min, contact between
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eliminated (Liu et al., 2023d), and the effect of the stirring rate on
the reaction rate is no longer significant. Therefore, the optimal
stirring rate for this reaction system was determined to be 200 r/
min.

Temperature has a significant effect on the desulfurization re-
action and is also a critical factor in the reaction kinetics. Fig. 6(a)
shows the DBT removal rate at different temperature levels. The
rate of DBT removal from model oil increased along with a tem-
perature increase from 35 to 65 °C. When the reaction time reached
20 min, the DBT removal efficiency reached 100% at temperature
conditions of 55 and 65 °C. This is because increasing the reaction
temperature is beneficial to the H,0,-AcOH system to produce
peroxyacetic acid and ROSs, which can promote the oxidation re-
action rate of DBT. However, at higher temperatures, the self-
ineffective decomposition of H,0; and PAA is accelerated (Collins
et al, 1997; Lii et al., 2017), resulting in no further improvement
in the desulfurization effect. Therefore, the optimal reaction tem-
perature is 55 °C.

The effect of desulfurization when using various reaction tem-
peratures was compared quantitatively. If the oxidation of DBT is
treated as the pseudo-first-order reaction (Liu et al.,, 2023d), the
equation of rate constant for the apparent consumption of DBT was
employed as follows:

In(Cy / C) =kt (12)

The result of the time-course variation of In (Co/C¢) shown in
Fig. 6(b), which exhibited the plotting In (Cy/C;) against reaction
time t is a straight line. The fitted equations of In(Co/C;) to time for
DBT oxidation using different temperatures that were obtained
using the least square method are shown in Table 3. In addition,
according to the Arrhenius equation:

In k= —Ea/RT +In kg (13)

Using the least square method to fit In k and 1/T, the apparent
activation energy (E;) and half-life are 36.8 kJ/mol and 260 s,
respectively. The results indicate that the appropriate temperature
is 55 °C.

3.5. Effect of sulfur content and oil volume on DBT removal

The removal rate of DBT in model oil with different sulfur con-
tent levels (50, 100, 500, 1000, 2000 and 4000 ppm) was investi-
gated. Fig. 7(a) shows that the desulfurization rate of the ODS
system for model oil with a DBT content below 1000 ppm reached
100% with a 20-min reaction. When the DBT content increased to
2000 and 4000 ppm, the desulfurization rate decreased to 96.7%
and 91.2%, respectively. This result indicates that the desulfuriza-
tion effect of the ODS system decreased for a sample with high
sulfur content. The desulfurization effects of different doses of
model oil (DBT content of 1000 ppm), including 5, 10, 15, and 20,
were further investigated. Fig. 7(b) shows that the DBT removal rate
can reach 100% with the 5 and 10 model oil; however, when the
dose of model oil was 15 and 20 mlL, the DBT removal rate
decreased slightly to 98.6% and 95.7%, respectively, with the 20 min
reaction time. These results indicate that although the sulfur

Table 3

Fitted equation for desulfurization of DBT at different temperatures.
T,°C Equation for fitting straight lines R? K, min~!
35 In ( GCo/C) = 0.1002t-0.0214 0.9962 0.1002
45 In ( Go/C;) = 0.1593t-0.0124 0.9850 0.1593
55 In ( Go/Cr) =0.2707t-0.2148 0.9926 0.2707
65 In ( Co/C¢) = 0.2460t—0.1035 0.9928 0.2460
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concentration level remained constant at 1000 ppm, as the volume
of the model oil increased, the absolute amount of DBT that needed
to be oxidized increased with increasing the oil volume. At the
same time, the increase in the volume of model oil can also lead to a
decrease in the contact among the catalyst and the oxidant and the
sulfur in the model oil. Therefore, to process a larger amount of
model oil, the dose of oxidant and catalyst in the oxidation system
should be increased.

3.6. Optimization of oxidative desulfurization process conditions by
RSM

According to the results obtained in Section 3.5, reaction time,
reaction temperature and the ratio of AcOH/H,0, are the tree core
factors, which significantly affect the desulfurization rate; and the
optimum conditions for DBT removal were: reaction time 20 min,
reaction temperature 55 °C and H,0,/AcOH volume ratio 2 (1 mL
H,0;, 2 mL AcOH). In this section, RSM was used to further optimize
the experimental conditions of oxidative desulfurization (Dixit and
Yadav, 2019; Shirley and Giauque, 1959). The reaction time, reaction
temperature and H,0,/AcOH volume ratio of the DIL-ODS reaction
system were marked as influencing factors X;, X» and X3, respec-
tively. The desulfurization removal percentage was used as the
response value, with the Box-Behnken model in Design-Expert
software used to optimize the experimental conditions, and use
graphics to display the relationship between various factor func-
tions to determine the optimal conditions for experimental design.
The experiments were divided into 17 groups. Experiments 1—12
were factorial experiments that were used to test the interaction
between various factors. Experiments 13—17 were the core exper-
iments that were used to calculate and evaluate experimental de-
viation. The coding level of each factor in the experimental design is
shown in Table 4, and the experimental program and response
surface analysis results are shown in Table 5.

The results of the optimization analysis are shown in Table 6.
The p < 0.0001 of the model indicates that the quadratic regression
model is significant. The linear relationship between response
value Y and influencing factors X;, X> and X3 is obvious, and the
regression model can be used to predict the desulfurization rate.
The p-value in Table 6 indicates the significance level of the three
factors in the established model. If the p-value is less than 0.05, it
indicates that the influence is significant; if the p-value is greater
than 0.05, it indicates that the influence of each factor in the model
is not significant. For the results shown in Table 6, the p-value of the
model is less than 0.05 this indicates that the quadratic equation
model is significant, and the orthogonal test results and the
mathematical model fit well. The optimization result inferred by
the mathematical model is correct and useable.

The value of the correlation coefficient R? of the equation is 0.99.
This indicates that most of the experiment data can be interpreted
using this model and that the optimized experiment data obtained
is reliable. Analysis of the F-value in Table 6 shows that the H,0,/
AcOH volume ratio has the greatest influence on the response value
among the three influencing factors, followed by the reaction
temperature, and reaction time. By performing multiple regression
on the desulfurization efficiency experimental data, the quadratic
polynomial regression equation of each influencing factor on the
desulfurization rate (Y) was obtained as follows:

Y =100 + 2.01375X; + 1.725X5 + 44.3463X5 — 0.8375X, X,
— 1.68X;X3 — 0.2775X5X5 — 1.28X;% — 2.2825X,>
— 43.39X52

The three-dimensional (3-D) response surface and contour plots
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Fig. 7. Effect of (a) Sulfur concentration and (b) model oil volume on DBT removal. Conditions: m (DIL) = 0.2 g; V (H,0,) = 1.0 mL; V (AcOH) = 2.0 mL; T = 55 °C; reaction

time = 20 min; stirring rate = 200 r/min; DBT (1000 ppm) in n-octane.

Table 4
Coding levels of various factors in the experimental design.

Factor Variable Range and level

-1 0 1
Reaction time, min X 15 20 25
Reaction temperature, °C X3 45 55 65
AcOH/H,0; volume ratio, mL/mL X3 1 2 3

Table 5
Experimental design and response values for the desulfurization of model oil.

Entry Variable and level Desulfurization rate, %

X1 X5 X3 Experimental Predicted
1 -1 1 0 97.73 96.99
2 0 -1 1 97.78 97.13
3 -1 1 98.72 99.24
4 0 1 -1 11.43 12.08
5 1 -1 0 96.82 97.56
6 1 1 0 99.47 99.34
7 -1 -1 0 91.73 91.86
8 -1 0 -1 73 7.39
9 1 0 -1 153 14.78
10 0 1 1 99.8 100.02
11 0 -1 -1 83 8.08
12 1 0 1 100 99.91
13 0 0 0 99.92 100.00
14 0 0 0 100 100.00
15 0 0 0 99.81 100.00
16 0 0 0 100 100.00
17 0 0 0 100 100.00

of the interaction between each of the three factors (reaction time
(X7), reaction temperature (X2) and AcOH/H,0, volume ratio (X3))
obtained from the predicted model are shown in the supporting
information (see Figs. S2, S3, and S4). The correlation between re-
action time and AcOH/H,0, volume ratio is shown in Fig. S2. The
desulfurization rate increased with an increase in the AcOH/H,0,
volume ratio when the reaction time was kept constant. When the
AcOH/H,0, volume ratio was higher than 2, the desulfurization rate
reached 100%, but it is meaningless to increase the volume ratio to
increase the desulfurization rate. When the AcOH/H,0; volume
ratio is fixed, the desulfurization rate also increases with an in-
crease in reaction time. The contour in Figs. S2—S4 indicates that
the interaction between the reaction time and the AcOH/H,0;
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volume ratio is significant, which is consistent with the results of
the variance analysis.

Fig. S3 shows the correlation between the reaction time and
reaction temperature. The desulfurization rate increased with an
increase in reaction temperature at a fixed reaction time. The
desulfurization rate reached 100% when the reaction temperature
reached 55 °C. When the reaction temperature was fixed, the
desulfurization rate also increased with an increase in reaction
time. The contour shows that the interaction between reaction time
and reaction temperature is significant, which is consistent with
the results of the variance analysis.

Fig. S4 shows that the desulfurization rate is positively corre-
lated with the AcOH/H,0, volume ratio and reaction temperature
by single-factor experiments. The 3D response surface indicates
that, at a fixed AcOH/H,0; volume ratio, the desulfurization rate
still increased with an increase in the reaction temperature, but the
contour line with a relatively large arc shows that the interaction
between AcOH/H;0; volume ratio and reaction temperature was
not significant. This is consistent with the results of the variance
analysis.

Based on the response surface and quadratic regression model
analysis, and the effect that various factors have on the desulfur-
ization rate when using [HSO3C3NEt3]CI-AlCl; catalyst, the opti-
mum conditions were determined as follows: a reaction time of
21.8 min; a volume ratio of AcOH to H;O, of 2.5; a reaction tem-
perature of 57.8 °C. The predicted desulfurization rate can reach
109.2%.

Three experiments were performed using the optimum condi-
tions using [HSO3C3NEt3]Cl-AlCl3 catalyst. The desulfurization rate
was 100% in all instances. Additionally, parallel experiments were
conducted using an AcOH/H,0, volume ratio of 2 (2 mL AcOH, 1 mL
H,0,), a reaction temperature of 55 °C and a reaction time of
20 min. A desulfurization rate of 100% was recorded, which is in
good agreement with the predicted result. Thus, it is concluded that
the model was reliable and the quadratic regression model truly
reflects the effect that the three variables have on the desulfur-
ization rate.

3.7. Desulfurization of different aromatic sulfurs and real diesel

The desulfurization effect of different aromatic sulfurs,
including T, BT, 2-MBT, DBT and 4,6-DMDBT was estimated with the
IL-H,0,-AcOH system under the same conditions. The results of
removing different aromatic sulfur compounds in this system are
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Table 6
Analysis of variance on response surface.
Source Sum of squares Degree of freedom Mean square F-Value p-Value Significance
Model 23809.37 9 2645.49 6973.14 <0.0001 a
X 3244 1 32.44 85.51 <0.0001 a
Xz 23.80 1 23.80 62.75 <0.0001 a
X3 15661.85 1 15661.85 41282.50 <0.0001 a
X1Xz 2.81 1 2.81 7.40 0.0298 a
XiX3 11.29 1 11.29 29.76 0.0010 a
XoX3 0.3080 1 0.3080 0.8119 0.3975
X3 6.90 1 6.90 18.18 0.0037 a
X3 21.94 1 21.94 57.82 0.0001 a
X3 7927.12 1 7927.12 20894.83 <0.0001 a
Residual 2.66 7 0.3794
Lack of fit 2.66 3 0.8852
Pure error 0.0000 4 0.0000
Cor. total 23812.03 16
¢ means highly significant.
comparison of the GC chromatogram of 2-MBT model oil before
100 (Fig. 9(a)) and after (Fig. 9(b)) desulfurization reveals a significant
reduction of the signal of 2-MBT peak. However, the oxidation
products after desulfurization, 2-methylbenzothiophene sulfoxide
60 - (2-MBTO) and 2-methylbenzothiophene sulfone (2-MBTO,), are
© accompanied by two signal peaks with longer retention time. This
< suggests that the oxidation product of 2-MBT remained at the oil
® phase due to the poor solubility in water, only a small part had
© 801 entered the water phase, resulting in a reduced desulfurization rate.
g In the GC chromatogram of 4,6-DMDBT model oil before
E’ (Fig. 9(c)) and after (Fig. 9(d)) desulfurization, a slight reduction in
0 401 the signal peak is observed after the reaction, indicating the chal-
lenging oxidation of 4,6-DMDBT. Similarly, two weak signal peaks
in the oxidation products, 4,6-dimethyldibenzothiophene sulfoxide
201 (4,6-DMDBTO) and 4,6-dimethyldibenzothiophene sulfone (4,6-
DMDBTO,), appear at a longer retention time, which indicates
that little 4,6-DMDBTO and 4,6-DMDBTO; remains in the oil phase.
0- T T In summary, the low desulfurization efficiency of 4,6-DMDBT
T BT 2-MBT DBT 4,6-DMDBT

Sulfur type

Fig. 8. Desulfurization effect of different S-compounds. Conditions: m (IL) = 0.2 g; V
(H20;2) = 1.0 mL; V (AcOH) = 2.0 mL; T = 55 °C; reaction time = 20 min; stirring
rate = 200 r/min; S-compounds (1000 ppm) in n-octane.

shown in Fig. 8. The desulfurization rate of T model oil, BT model
oil, 2-MBT model oil, DBT model oil and 4,6-DMDBT model oil is
8.2%, 92.1%, 21.2%, 100% and 32.2%, respectively, after 20 min. So,
sulfur removal capacity for different aromatic sulfurs decreased in
the order of DBT > BT > 4,6-DMDBT > 2-MBT > T.

In the studies conducted by Otsuki et al. (2000) and Shiraishi
et al. (2002), it was reported that the oxidation rate of aromatic
sulfides increased with the enhancement of electron density on the
sulfur atoms (4,6-DMDBT > DBT > 2-MBT > BT > T). Additionally,
the electron density of DBTs and BTs increased with an increase in
the number of alkyl substituents on the carbon atoms, which
means that DBTs and BTs with higher carbon alkyl substituents are
more susceptible to oxidation. However, in this study, 4,6-DMDBT
and 2-MBT (which have a higher electron density on the sulfur
atoms) exhibited a lower desulfurization rate of 32.2% and 21.2%,
respectively, compared to DBT and BT. This does not conform with
the previously observed relationship between electron density and
oxidation rate. Therefore, the reasons for the low desulfurization
efficiency of 4,6-DMDBT and 2-MBT model oils had to be investi-
gated in this study.

The gas chromatography (GC) of 2-MBT and 4,6-DMDBT model
oils before and after desulfurization are shown in Fig. 9. A

and 2-MBT model oils could be attributed to the steric hindrance
introduced by the methyl groups on the aromatic ring, which
makes it difficult for the sulfur atom in aromatic sulfides to
encounter active oxygen species. This then reduces their suscepti-
bility to oxidation. Additionally, the high hydrophobicity of the
sulfone oxidation products of 4,6-DMDBT and 2-MBT led to their
retention in the oil phase, which further reduced the desulfuriza-
tion rate. This finding ties in well with the results reported by Li
et al. (2016), Zhao et al. (2017) and Wang et al. (2020b).

This IL-ODS system was also applied to actual diesel with a
sulfur content of 726 ppm. Table 7 shows that the lower-phase
displays a rather low extractability (9.3%) of sulfur compounds by
only extraction. When using the DIL-ODS desulfurization system,
the sulfur removal rate can reach 68.6% and 79.8% at 20 and 40 min,
respectively. In this DIL-ODS system, in addition to the unique
mechanism of DIL mentioned above, the good desulfurization
performance of the DIL may also be attributed to the ability of the
quaternary ammonium cations ([HSO3C3NEt3]™) in the DIL to form
metastable emulsion droplets in actual diesel with an aqueous
H,05, solution, which is also beneficial to the oxidation of sulfides
(Jiang et al., 2011).

The S-compounds in the actual diesel contain T, BT and DBT and
their thioalkyl-substituted derivatives, and other impurities.
Therefore, the desulfurization effect of actual diesel is lower than
that of model oil. The GC chromatogram of actual diesel (Fig. 10)
before and after desulfurization indicates that most of the 2-MBT,
DBT, 4,6-DMDBT and their derivatives, can be oxidatively removed.
However, T and Ts, as well as a portion of BT are difficult to oxidize
and remove.
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Fig. 9. GC chromatogram of 2-MDBT model oil (a) before and (b) after desulfurization and 4,6-DMDBT model oil (c) before and (d) after desulfurization. Conditions: m (IL) = 0.2 g; V
(H20,) = 1.0 mL; V (AcOH) = 2.0 mL; T = 55 °C; reaction time = 20 min; stirring rate = 200 r/min; S-compounds (1000 ppm) in n-octane.

Table 7
Desulfurization effect of actual diesel.

Entry

Sulfur content, ppm

DBT removal, %

Reaction time, min

Yield of oil, %

Actual diesel oil 726 - — -
Only by extraction 658.5 9.3 - >99
IL-ODS system 2279 68.6 20 >99
146.2 79.8 40 >99
Conditions: m (IL) = 0.2 g; V (H20,) = 1.0 mL; V (AcOH) = 2.0 mL; T = 55 °C; stirring rate = 200 r/min; S-compounds (726 ppm) in diesel.
mv, mV
Las (a) Fas (b)
L 40 = 40
Las I35
F 30 [ 30
20 20 i
L1s 15
L 10 = 10 o
g & g
3 " ‘ | 3 s T = 3
L bk i
i i el ST L 7 PR o | 4 R TR
6 9 12 15 18 21 24 27 30 33 36 39 mi Lo 3 6 9 12 15 18 21 24 27 30 33 36 min

3.8. Recycling of DIL

Fig. 10. The GC of actual diesel before (a) and after (b) desulfurization (reaction time = 40 min).

The recycling performance of DIL is important due to expecta-
tions of its large-scale industrial applications. In this study, the

[HSO3C3NEt3]CI-AlCl5 is immiscible with the oil phase, therefore,
after each run, the oil phase (upper layer) was separated by means
of decantation after the reaction. Subsequently, the oxidation
product DBTO, was filtered out from the aqueous phase (lower
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layer). Finally, the lower layer (aqueous layer, containing water,
H,0,, AcOH, and [HSO3C3NEt3]CI-AlCl3) was heated at 80 °C under
reduced pressure for 25 min to remove water, H,O; and AcOH. The
[HSO3C3NEt3]CI-AlICl3 was retained in the flask. And the same
amount of fresh H,O, and AcOH as previous were added to the
reaction system for the next run. There is a common problem of
ionic liquid loss during the recovery process of ionic liquids. At the
same time, because the amount of [HSO3C3NEt3]CI-AICl3 used in
this experiment is very small, it also makes the recovery of ionic
liquids difficult. Therefore, the loss during the recovery process of
ionic liquid is the main reason for the decline in desulfurization
performance during recycling, and the DBT removal rate dropped to
78.2% in 4 runs, as shown in Fig. 11. Even so, the recycling results
indicates that the addition of a tiny amount of [HSO3C3NEt3]Cl-
AlCl3 can achieve quite impressive desulfurization performance.
This is a notable aspect of this experiment. The solubility of DBTO,
as the main oxidation product of DBT was measured. The results
show that the solubility of DBTO, reaches 0.231 x 10~% mol
(0.005 g) in the aqueous phase, which corresponds to 0.000739 g
sulfur in the lower layer, i.e. 739 ppm DBTO; calculated by S-con-
tent can be dissolved in the lower-phase. This value indicated the
limited solubility of DBTO; in the aqueous phase. White precipitant
was obtained during recycling cycles of desulfurization.

4. Conclusion

In this study, four types of DILs: [HSO3C3NEt3]CI-AlCls,
HSO03C3NEt3]Cl-ZnCl,, [HSO3C3NEt3]Cl-CuCl, and [HSO3C3NEts3]Cl-
FeCl; were prepared, and these served as the catalysts and
extractants for ODS of model oil and real diesel. However, The re-
sults indicated that [HSO3C3NEt3]CI-CuCl, and [HSO3C3NEts3]Cl-
FeCl3 exhibit a negligible desulfurization effect due to their rapid
decomposition of H;0,. In contrast, [HSO3C3NEt3]CI-AlCl3 and
HSO3C3NEt3]Cl-ZnCl, demonstrated a remarkably good catalytic
oxidative desulfurization performance. Under mild conditions
(55 °C, 20 min), a mere 0.2 g of these catalysts resulted in DBT
removal rates of 100% and 91.2%, respectively, in 10 mL model oil.
When using [HSO3C3NEt3]CI-AlCl5 as the representative sample, a
mechanistic study revealed that the DIL, which is characterized by a
weak Lewis acidic cation and a strong Lewis acidic anion, induces

100 A

80

60

40

DBT removal rate, %

20 A

Cycles

Fig. 11. Recycling of [HSO3C3NEt3]Cl-AlCl; on removal of DBT in model oil. Conditions
used with all cycles: m (DIL) = 0.2 g; V (H,0,) = 1.0 mL; V (AcOH) = 2.0 mL; T = 55 °C;
reaction time = 20 min; stirring rate = 200 r/min; DBT (1000 ppm) in n-octane.
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the dismutation of superoxide anions, which may lead to the
generation of '0,. The oxidation of DBT was primarily attributed to
a non-radical mechanism dominated by '0,. Additionally, the
structural characteristics of the DIL catalyst facilitated the efficient
and rapid mass transfer of DBT. The DIL also performed a
surfactant-like function and promoted contact between the reac-
tion substrates. Due to steric hindrance and hydrophobicity, the
DIL-ODS system suffered from some limitations in oxidative
desulfurization of alkyl-substituted aromatic sulfurs, such as 2-MBT
and 4,6-DMDBT. Furthermore, when keeping other conditions
constant, but extending the reaction time to 40 min, a desulfur-
ization efficiency of 79.8% was recorded for actual diesel. The DIL-
ODS system can be recycled 4 times without a noticeable
decrease in activity. This work provides new insight into ODS and is
an effective means of using DILs for deep desulfurization of fuel oil.
It also suggests a promising avenue for industrial application of
oxidative desulfurization technology.
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