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Abstract: The intermediate di-[EMIM]Cl was synthesized from methyl imidazole and 1,4-dichlorobutane
and then reacted with cobalt chloride at 105 °C to prepare a bi-[EMIM]CoCl; ionic liquid catalyst. The
di-[EMIM]CoClj3 catalyst coupled with oxone to remove sulfur-containing organics in octane. The di-
[EMIM]CoClj catalyst was characterized by HNMR, FTIR, TG, and SEM-EDS. The dibenzothiophene
(DBT) was dissolved in octane to prepare a model oil with an initial sulfur content of 500 ppm. Six
grams of the model oil was added. The results showed that the optimal dosages of di-[EMIM]CoCls,
oxone (20 wt%), and [BMIM]BF, extractant were 1 g, 2 g, and 2 g, respectively. At the optimum
temperature of 45 °C, 100% of sulfur was removed after 40 min. After di-[EMIM]CoCl; was recycled
five times, the sulfur removal percentage remained above 91%. The sulfur removal percentages for
different sulfur-containing organics followed the order of dibenzothiophene (DBT) > benzothiophene
(BT) > 4,6-dimethyldibenzothiophene (4,6-DMDBT). The oxidation product was determined to be
DBTO, by GC-MS analysis, and the oxidation mechanism was discussed. The active oxygen atoms
of oxone oxidized DBT to form DBTO, and then persulfate oxidized DBTO to DBTO, via an identical
oxidation mechanism.

Keywords: dicationic ionic liquids; cobalt chloride; oxone; desulfurization; catalytic oxidation

1. Introduction

Fuel desulfurization is important for atmospheric protection because toxic sulfur ox-
ides, especially sulfur dioxide, released during the combustion of sulfur-containing oil prod-
ucts can deteriorate the air quality and lead to other environmental problems [1]. Therefore,
ultra-low-sulfur fuel processing is an important development direction for the petrochem-
ical industry. Fuel desulfurization can be used in this industry to produce low-sulfur or
even sulfur-free fuel, including hydrodesulfurization [2] and non-hydrodesulfurization [3].
Hydrodesulfurization requires harsh operating conditions and has poor performance in
removing aromatic sulfides [4]. Therefore, non-hydrodesulfurization technologies, which
have a high removal efficiency for aromatic sulfides, have attracted attention. Extraction
and catalytic oxidative desulfurization (ECODS) has mild operating conditions, a high
desulfurization efficiency, and a short reaction time [5].

The key to ECODS is the oxidant selection and catalyst preparation. The most com-
monly used oxidant is hydrogen peroxide [6], which is environmentally friendly, efficient,
and moderately priced. However, it is unstable and rapidly loses its performance. By con-
trast, the physical property of oxone is solid powder. Oxone [7] is more stable, inexpensive,
and can be more easily stored and transported, making it an ideal desulfurization oxidant.
The drawback of persulfate is that it decomposes when the temperature is higher than
70 °C. The operating temperature of the ECODS process is generally room temperature
or close to it and does not exceed 60 °C. Therefore, oxone was selected as the oxidant in
this study. Catalysts can accelerate the oxidation desulfurization rate, so the design and
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preparation of high-efficiency catalysts, especially metal-containing ionic liquids, is another
desulfurization research hotspot [8].

Metal-containing ionic liquids have structural designability, which makes them suit-
able for designing desulfurization catalysts. Chen XC et al. [9] synthesized a series of
Lewis acid ionic liquid catalysts, i.e., [C4min]Cl/MCI, (M = Zn, Fe, Cu, Mg, Sn, and Co),
using 1-n-butyl-3-methylimidazole and multiple metal chlorides. The results showed that
[C4mim]Cl/3ZnCl; had the best desulfurization performance. Zhao RX et al. [10] mixed
[HDMF]C1 with either iron chloride or zinc chloride to prepare [HDMF]C1/0.2FeCl; and
[HDMF]C1/ZnCl,. The experimental results showed that the removal percentages of diben-
zothiophene (DBT) in the presence of the two catalysts were 98.08% and 99.2%, respectively.
Alenazi B et al. [11] used four imidazole-based ionic liquid complexes containing different
metal ions (Mn2*, Fe?*, Ni**, and Co?*) and metal oxide-based nanomaterials as catalysts.
The study indicated that all catalysts had excellent catalytic desulfurization performance.
Li ET et al. [12] prepared magnetic imidazole ionic liquids (MIL) [Cgmin]Br/FeCl; catalysts
that contained alkanes with different numbers of carbon atoms by using FeCls. These cata-
lysts displayed remarkable catalytic desulfurization performance. Zhang M et al. [13] used
the imidazole cation and the polyoxometalate anion to prepare a vanadium-substituted
polyoxometalate ionic liquid ([C4VIM]PMoV,) as a catalyst. The sulfur removal percentage
reached 98.9% under optimal conditions. Xu H et al. [14] prepared a cobalt-containing ionic
liquid ([BMIM]CoCls) loaded on silica gel as a catalyst, and the removal percentage of DBT
in the presence of this catalyst reached 99.5%.

Double ionic liquids (di-ILs) are new ionic liquids that are composed of two single
cationic liquids connected by an alkane or aromatic hydrocarbon [15]. Compared with
single ionic liquids, double ionic liquids are more stable, with lower toxicity [16] and larger
cations. A larger cation results in stronger 7-7t interactions between cations and aromatic
sulfides, which are more conducive to the capture of sulfur-containing compounds [17].
Thus, the desulfurization efficiency is enhanced. In addition, through electrostatic inter-
actions, the double cations are well-connected to the anions, which improves the overall
activity of the catalyst [18]. The carbon chain between the two cations undergoes bending
and stretching vibrations that can enhance their ability to capture and remove sulfur-
containing compounds. Because of their unique properties, double ionic liquids have
been successfully applied in catalytic desulfurization. Li et al. [19] prepared a double
phosphotungstate ionic liquid catalyst, coupled it with hydrogen peroxide, and achieved a
high desulfurization efficiency with it. Li et al. [17] prepared a double acidic ionic liquid
as an extractant to investigate the extraction of DBT from fuel oil because increasing the
volume of the cations increased the aromatic 7-electron density of the cations and reduced
the electrostatic force between the anions and cations so that the 71—t interaction between
the cations and aromatic sulfides became larger, which made the extraction of aromatic
sulfides from oil into ILs easier.

The cobalt ion and oxone together in aqueous exhibit an excellent oxidation ability
and are widely used in organic wastewater treatment. In our previous study, a single cobalt
ion was fixed in an ionic liquid to form a desulfurization ionic liquid [14] ([BMIM]/CoCls).
The physical property of [BMIM]/CoCl; in the desulfurization process was a viscous liquid
at room temperature. The drawback was the high price due to the large dosage. The
solid technology of ionic liquids is a strategy to reduce the dosage. In this study, a new
double cobalt-containing ionic liquid (di-[EMIM]CoCl3) was prepared by the carbon chain
connection of a single cobalt-containing ionic liquid catalyst. The double cobalt-containing
ionic liquid expressed solid physical properties at room temperature, which could increase
the density of cobalt ions in the catalyst and decrease the dosage of the catalyst. As it
should be, the high price of functional ionic liquids is still the drawback of this study.

The di-[EMIM]CoCl; was characterized by HNMR, FTIR, TG, and SEM-EDS and
coupled with oxone to form a desulfurization system to remove benzothiophene (BT), DBT,
and 4,6-dimethyldibenzothiophene (4,6-DMDBT) from octane (stimulant fuel). [BMIM]BF,
ionic liquid was selected as the desulfurization extractant because it could hardly dissolve
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with octane. The effects of the di-[EMIM]CoCl; dosage, oxone (20 wt%) dosage, [BMIM]BE,4
dosage, desulfurization temperature, and different sulfur organisms were discussed. The
recycling performance of the catalyst was also studied. The desulfurization products were
analyzed by GC-MS, and the desulfurization mechanism was discussed.

2. Experimental
2.1. Preparation of lonic Liquid Catalyst

The preparation process of ionic liquid catalyst is shown in Figure 1. Acetonitrile
(12 mL), 5 mL of methylimidazole, and 3.3 mL of 1,4-dichlorobutane were added to a
three-necked flask with a condensation reflux device and a heating device. The reaction
temperature was controlled at 80 °C for 24 h, and a white precipitate was obtained. After
the precipitate was washed and purified several times by ethyl acetate, it was vacuum
dried for 12 h, and then a white powder di-[EMIM]Cl ionic liquid was obtained [20]. The
di-[EMIM]CI powder was physically mixed with cobalt chloride in a molar ratio of 1:2, and
the resulting mixture was placed in a blast drying oven for 24 h at 105 °C. Afterward, a
blue di-[EMIM]CoCl; ionic liquid desulfurization catalyst was obtained. All the chemicals
were analytical reagents purchased from Aladdin Reagent Company (Shanghai, China).
All the chemicals were used without any purification. The water used in the experiment
was deionized water.

Crr CI-
?N\\/_\/N + Cl—(CHy,)4—ClI % \N@N_(CHZM—N@N/
di-[EMIM]CI
cr cr [CoClsI" [CoClsJ
\N\/@\/N—(CHz)A—N/(;}N/4r 2 CoCl, —>1050C \N/@\N_(CHz)‘t—N/G}N/

di-[EMIM]CoCls
Figure 1. Synthesis process of di-[EMIM]CoCls.

2.2. Desulfurization Process

Dibenzothiophene (DBT) was dissolved in n-octane to obtain a simulated fuel with
an initial sulfur content of 500 ppm. The method for preparing simulated fuel containing
benzothiophene (BT) or 4,6-dimethyldibenzothiophene (4,6-DMDBT) was the same as
that for preparing simulated DBT fuel. Then, 500 ppm DBT solution, di-[EMIM]CoCls
catalyst, and [BMIM]BF, extractant were added to a 50 mL round-bottom flask, and the
extraction equilibrium was reached after magnetic stirring for 30 min. At the “0” time,
oxone (20 wt%) was added, and the catalytic oxidization desulfurization reaction was
started. The sulfur contents in the simulated fuel were sampled and analyzed at a certain
interval. The analyzed method referred to Ref. [21], and the formula for calculating the
desulfurization rate was as follows:

M

SulfurRemovel =

Here, “Sulfur Removal” represents the desulfurization rate, [S]) represents the initial
sulfur content, and [S]; represents the sulfur content at time t.

2.3. Characterization

The thermogravimetric analysis (TGA) of di-[EMIM]CoCl; was performed on a TG-
DTA8122 (Rigaku, Osaka, Japan) with a 40 mL min~! air atmosphere and a 20 °C min !
heating rate. The micromorphology of di-[EMIM]CoCl3 was analyzed via scanning electron
microscopy and energy-dispersive X-ray spectroscopy on FlexSEM 1000 (Hitachi, Tokyo,
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Japan). The infrared spectrum of di-[EMIM]CoCl3 was carried out using a Trace 100 infrared
spectrometer (Shimadzu, Kyoto, Japan). The HNMR of di-[EMIM]CI was recorded on a
Bruker ASCEND spectrometer. The product was analyzed by gas chromatography-mass
spectrometry using a Finnigan Trace GC 2000 chromatograph equipped with an HP-1
capillary column (30 m x 0.32 mm i.d., 0.25 pm phase thickness) and Trace MS 2000 mass
spectrometer (ThermoQuest Finnigan, Boston, MA, USA).

3. Results and Discussions
3.1. HNMR and FTIR of di-[EMIMICI

The HNMR data of di-[EMIM]CI was as follows: 'H NMR (400 MHz, D,O-dg, 5/ ppm
relative to TMS) for [EMIM]CL: 1.83(2H, dt, CHj), 3.82(3H, s, CH3), 4.17(2H, t, CHy),
7.39(1H, d, CH), 8.66(1H, s, CH), which indicated that pure di-[EMIM]CI was synthesized.

The FTIR of di-[EMIM]CI is shown in Figure 2. The intermediate, di-[EMIM]Cl ionic
liquid, had a strong water absorption capacity. In Figure 2, the biggest infrared absorption
peak (3200-3600 cm ') was attributed to the stretching vibration of hydrogen and oxygen
bonds. There was an interesting experimental phenomenon in which cobalt chloride
entered into the di-[EMIM]CI ionic liquid to form di-[EMIM]CoCl3, which had a worse
water absorption capacity. Next, the peak at 3097 cm~! was attributed to the C-H stretching
vibration of the imidazole ring. The absorption peak at 2954 cm ™! verified the presence of
CHj [22], which was in the imidazole ring. The peaks at 1622 cm~! and 1574 cm ™! were
attributed to the C=C and C=N vibrations of the imidazole ring skeleton. The peak at
1462 cm~! was attributed to methylene (-CH,-) groups [23], which comprised the carbon
chain connecting the two imidazole rings. The peak at 1168 cm ! was attributed to the
C-N stretching vibration [24]. The peak at 621 cm~! was attributed to the out-of-plane
bending deformation of the imidazole ring [25]. This spectrum is consistent with that of
di-[EMIM]Cl ionic liquid.
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Figure 2. FTIR of di-[EMIM]CI ionic liquid.
3.2. TG and SEM-EDS of di-|[EMIM]CoCl3

It can be seen in Figure 3 that the ionic liquid underwent three stages of weight loss.
The first stage occurred below 283.9 °C, and its weight loss was only 3.40%, which mainly
corresponded to the evaporation of water absorbed by the ionic liquid. The second stage
occurred in the range of 283.9-477.4 °C, and the weight decreased by 61.68%, which cor-
responded to the decomposition and volatilization of the ionic liquid. The third weight
loss stage (12.86%) occurred above 477.4 °C, which corresponded to the oxidation of cobalt
chloride and the volatilization of chlorine. The oxidized product was Co,O3 according
to the calculated residual weight. According to the analysis of the DTA curve, the whole
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experimental process was endothermic, and the ionic liquid underwent the fastest decom-
position at 417.1 °C. Thermogravimetric analysis indicated that di-[EMIM]CoCl; had good
thermal stability below 283.9 °C. In addition, di-[EMIM]CoCl; began to melt when the
temperature was raised above 90 °C, so it was solid at the operating temperature of the
desulfurization experiment.
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Figure 3. TG analysis of di-[EMIM]CoCl;.

It can be seen from the ionic liquid morphology in Figure 4a,b that di-[EMIM]CI and
CoCl; completely fused to form di-[EMIM]CoCl;. After agglomeration, the particles were
larger and had an irregular morphology. The surface of the particles was very rough with
many small pores. It can be seen in the EDS maps in Figure 4c that the ionic liquid was
composed of C, N, Cl, and Co elements, where the Co atoms were evenly distributed on
the outer surface of the catalyst. Such a microscopic surface and distribution of catalytically
active Co species were conducive to reactant adsorption, surface reactions, and product
removal. According to the EDS results in Figure 4d,e, the mass proportions of C, N, Cl, and
Co were 28.26%, 12.34%, 38.02%, and 21.34%, respectively, and their atomic proportions
were 54.91%, 15.86%, 21.23%, and 7.99% respectively. According to the molecular structure
of di-[EMIM]CoCl3, the theoretical mass proportions of C, N, Cl, and Co were 26%, 10%,
38%, and 21%, respectively, and their theoretical atomic proportions were 50%, 16%, 26%,
and 8%, respectively. The theoretical values were similar to the EDS values, which verified
the successful preparation of pure di-[EMIM]CoCl; ionic liquid.

3.3. Effect of di-[EMIM]CoCl3 Dosage

DBT-containing simulated oil (6 g) with an initial sulfur content of 500 ppm was
taken. [BMIM]BF, (1 g) was taken as an extractant, and 1 g of oxone solution (20 wt%)
was added. The reaction temperature was controlled at 45 °C. The changes in the sulfur
removal percentage over time under different dosages of di-[EMIM]CoCl; ionic liquid are
shown in Figure 5. The period from —30 min to 0 min was attributed to the extraction
stage (the first stage), and the sulfur removal percentages were 17.2%, 19.1%, 21.9%, 23.5%,
and 26.6%, which respectively corresponded to 0.5 g, 0.75 g, 1 g, 1.25 g, and 1.5 g of di-
[EMIM]CoCls ionic liquid added. Without the catalyst, only [Bmim]BF, extractant showed
15.4% sulfur removal after the 30 min extraction process. The results indicated that DBT
in the octane phase could be extracted by the ionic liquid and [BMIM]BF,. The extracted
percentage of DBT in the first stage increased slightly upon increasing the catalyst dosage,
which also verified that the transfer of DBT from the oil phase to the reaction phase mainly
depended on its extraction by [BMIM]BF,. The di-[EMIM]CoCl; ionic liquid had a stronger
adsorption capability for DBT. The adsorption sulfur removal percentage when using 1 g of



Catalysts 2023, 13, 410

6 of 13

di-[EMIM]CoCls ionic liquid was about 9%, and the extraction’s sulfur removal percentage
of pure [BMIM]BF, was about 13%. The period from 0 min to 60 min was attributed to
the catalytic oxidation desulfurization stage (the second stage). After adding oxone as
an oxidant, the desulfurization process accelerated significantly. The catalytic activity of
di-[EMIM]CoCl; was displayed in the second stage. At 60 min, di-[EMIM]CoCl; dosages
0of05g,0.75¢g,1g,1.25¢g,and 1.5 g corresponded to sulfur removal percentages of 50.65%,
62.62%, 80.1%, 80.3%, and 75.7%, respectively. The desulfurization results indicated that
upon increasing the dosage of di-[EMIM]CoCl3, the sulfur removal percentage increased
first and then decreased. The sulfur removal percentage reached the maximum when the
dosages were 1 g and 1.25 g. The period after 60 min was attributed to the final stage of
desulfurization (the third stage), after which the desulfurization reaction did not occur.
The sulfur removal percentage was related to the desulfurization mechanism. The divalent
cobalt ions of the ionic liquid could interact with the oxone oxidant to form a Fenton-like
system and generate trivalent cobalt ions and sulfate radicals [26] that could oxidize DBT.
However, excess divalent cobalt ions reacted with sulfate radicals and generated sulfate
ions [27], which decreased the sulfur removal percentage due to oxidation. Chloride ions
could also react with sulfate radicals, which may have inhibited the final desulfurization
efficiency [28]. Therefore, there was an optimum catalyst dosage corresponding to the
specific oxidant level. In this study, the optimum catalyst dosage was 1.0 g, and the
corresponding sulfur removal percentage reached 80.1%.

ENT= 3.00kV Signal A = SE2 Dete: 12 Jun 2022 == . Date: 12 Jun 2022
WO 42mm Mag= 500KX Time: 120701 — Time: 12:19.09
(a)

Co Lal,2
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Element Line Type Weight% Atomic %

C K series 28.26 5491

N K series 12.34 15.86

Cl K series 38.02 21.23

Co L series 21.34 7.99
(d) (e)

Figure 4. (a,b) SEM, (c) mapping imagesand, (d,e) EDS of di-[EMIM]CoCl3.
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Figure 5. Effect of di-[EMIM]CoCl3 dosage.

3.4. Effect of Oxone (20wt%) Dosage

It can be seen in Figure 6 that the sulfur removal percentage in the first stage (extraction
stage) was about 21%. When the oxone oxidant (20 wt%) was added, the catalytic oxidation
process (the second stage) began. The sulfur removal percentage rose rapidly upon increas-
ing the oxidant dosage. When oxone (20 wt%) increased to above 2 g, the sulfur removal
percentage began to decrease. After 60 min, oxone (20 wt%) dosages of 0.50 g, 1.00 g, 1.50 g,
2.00 g, and 2.50 g resulted in sulfur removal percentages of 66%, 80%, 92%, 100%, and 96%,
respectively. When the reaction time exceeded 60 min, almost no desulfurization occurred,
indicating that the third stage (desulfurization ends) had begun. The experimental results
showed that the optimal oxidant dosage was 2 g under the experimental conditions. The
oxone oxidant was the direct source of peroxydisulfate radicals, so increasing the oxone
dosage significantly increased the sulfate radical concentration. However, there was an
optimal oxidant-to-sulfur concentration ratio and an optimal oxidant-to-catalyst concentra-
tion ratio. When oxone was in excess, sulfate radicals were also quenched [29,30], which
decreased the sulfur removal percentage. During catalytic oxidative desulfurization, the
oxidant concentration should be present in slight excess. However, when oxone was in
excess, the catalyst could not fully catalyze the oxidant, preventing it from exerting its
maximum efficiency and causing waste. Therefore, the oxone (20 wt%) dosage was set to
2 g in the following experiments.

3.5. Effect of [BMIMIBF 4 Dosage

It can be seen in Figure 7 that during the extraction stage, the extraction sulfur removal
percentage increased from 9.7% to 45.2% when the [BMIM]BF, dosage increased from
0 g to 2.5 g. The extraction percentage was 9.7% in the absence of [BMIM]BF, because
di-[EMIM]CoCl; could adsorb DBT. After entering the catalytic oxidation desulfurization
stage, the sulfur removal percentage increased rapidly and different extractant dosages,
resulting in different desulfurization efficiencies. When the extractant dosage increased
from 0 g to 2 g, the sulfur removal percentage increased upon increasing the extraction
percentage. When it further increased to 2.5 g, the sulfur removal percentage began to
decrease. When the optimal extractant dosage was kept at 2 g, a 40 min catalytic oxidation
removed 100% of the sulfur, which resulted in a 20 min faster complete desulfurization
compared with that when the extractant dosage was 1 g. During desulfurization, an
appropriate catalyst concentration and oxidant concentration need to be maintained to
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achieve the best desulfurization efficiency. [BMIM]BF, acted not only as an extractant but
also as a reaction medium. When [BMIM]BF, acted as the reaction medium, a lower dosage
increased the concentration of both the catalyst and the oxidant. Therefore, although 2.5 g
[BMIM]BF; led to the highest extraction efficiency, the corresponding catalyst and oxidant
concentrations may have been relatively low and not conducive to the subsequent catalytic
oxidation reaction. Only a 56% sulfur removal percentage was achieved within 40 min
when using 0.5 g [BMIM]BF, because this dosage resulted in excessively high catalyst
and oxidant concentrations. This intensified the quenching reaction and inhibited the
desulfurization process.
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Figure 6. Effect of oxone (20 wt%) dosage.
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Figure 7. Effect of [BMIM]BF, dosage.

3.6. Effect of Temperature

Figure 8 shows that during the extraction stage, the extraction sulfur removal per-
centage slightly increased with the temperature. Specifically, the extraction sulfur removal
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percentages were 40.5%, 41.5%, and 43.3% at 30 °C, 45 °C, and 60 °C, respectively. The
viscosity of the ionic liquid decreased and the extraction percentage slightly increased
upon increasing the temperature. During the reaction phase (040 min), the sulfur removal
percentage varied with the temperature as follows: 45 °C > 30 °C > 60 °C. When the temper-
ature was 30 °C, the viscosities of [BMIM]BF, extractant and [EMIM]CoCl; catalyst were
relatively high and were not conducive to the thermal motion of molecules. Accordingly,
the ability of cobalt ions to catalytically activate peroxydisulfate at 30 °C was also low.
Therefore, the sulfur removal percentage at 30 °C was about 8% lower than that at 45 °C.
When the temperature was 60 °C, the viscosity of the ionic liquid decreased, which was
conducive to the thermal motion of molecules. However, at 60 °C, the oxidation capability
of the oxidant peroxydisulfate was worse due to its easy decomposition, which caused
it to rapidly lose its performance. Therefore, the sulfur removal percentage at 60 °C was
about 20% lower than that at 45 °C. After 40 min, the desulfurization process was basically
completed [31,32].
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Figure 8. Effect of temperature.

3.7. Effect of Different Sulfur Organic Compounds

It can be seen in Figure 9 that during the first stage, the order of sulfur removal
percentage of the three sulfur-containing compounds by [BMIM]BF; was DBT > BT > 4,6-
DMDBT. In the second stage, the sulfur removal percentage of DBT reached 100% after
40 min, while the sulfur removal percentages of BT and 4,6-DMDBT were 64% and 61%,
respectively, at this time. Their reaction endpoints were not reached. After 60 min, the
reaction ended for BT and 4,6-DMDBT, and the sulfur removal percentages of the two
were 82.01% and 76.03%, respectively. This shows that the sulfur removal percentages for
different sulfur-containing organic matter followed the order of DBT > BT > 4,6-DMDBT.
The electron cloud densities of the sulfur atoms of BT were lower than those of DBT and
4,6-DMDBT [33,34], so the sulfur atoms of BT were less active and more difficult to oxidize.
The two methyl groups of the imidazole ring in 4,6-DMDBT have steric hindrance, which
made the sulfur atoms difficult to oxidize.

3.8. Recycling Performance of di-[EMIM]CoClj3

The recycling performance of a catalyst is important for potential industrial applica-
tions. After the desulfurization process, the reaction solvent ((BMIM]BF,) was a hydropho-
bic ionic liquid, which was easily separated from the fuel owing to its very low mutual
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miscibility. The recycled di-[EMIM]CoCl;/[BMIM]BE, mixture was heated at 120 °C for 6 h
in order to decompose oxone and remove H,O. The recycled di-[EMIM]CoCl3/[BMIM]BE,
mixture was used in a subsequent desulfurization cycle of a model fuel under similar
conditions. It can be seen in Figure 10 that the sulfur removal percentage remained above
96% in the first four desulfurization stages, while it decreased to 91% in the fifth stage and
82% in the sixth stage. These results indicated that the catalytic system had a good recycling
capacity. The reason for the deactivation of the catalytic system was the accumulation of
sulfate and the oxidation products of DBT.
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Figure 9. Effect of different sulfur organic compounds.
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Figure 10. The recycling performance of di-[EMIM]CoCls.

3.9. Desulfurization Mechanism

GC-MS analysis showed that the oxidation product was DBTO,, as shown in Figure 11a.
The schematic diagram of the desulfurization mechanism is shown in Figure 11b. These
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results were used to propose a possible desulfurization mechanism. Step 1: under the effect
of Co?*, the O-O bond of hydrogen persulfate broke and formed hydroxyl radicals and
sulfate radicals. During the breakage, Co?* donated one electron to a hydroxyl radical and
then formed Co®* and OH ™. The sulfate radical was affected by the lone electron pair of the
sulfur atom in BDT to form an S-O bond. Step 2: the S-O bond of the sulfate radical broke and
formed a mono-oxygen dibenzothiophene sulfoxide (DBTO) and sulfite radical. Co®* was
unstable, so it could extract one electron from OH~ and return to Co?*. The sulfite radical
quenched the hydroxyl free radical to generate hydrogen sulfate. The entire process can be
simplified as follows: the active oxygen atoms of persulfate oxidized DBT to form DBTO,
and then persulfate oxidized DBTO to DBTO; via an identical oxidation mechanism [35].
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Figure 11. (a) GC-MS analysis and (b) desulfurization mechanism.
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4. Conclusions

The di-[EMIM]CoCl;3 ionic liquid desulfurization catalyst was prepared and coupled
with persulfate to carry out room-temperature desulfurization. DBT was dissolved in
octane to prepare a model oil with an initial sulfur content of 500 ppm. Six grams of
the model oil was added. The optimal dosages of di-[EMIM]CoCl3, oxone (20 wt%), and
[[BMIM]BEF, extractant were 1 g, 2 g, and 2 g, respectively. At the optimum temperature of
45 °C, 100% of sulfur was removed after 40 min. After di-[EMIM]CoCl; was recycled five
times, the sulfur removal percentage remained above 91%. The sulfur removal percentages
for different sulfur-containing organics followed the order of DBT > BT > 4,6-DMDBT. The
oxidation product was determined to be DBTO, by GC-MS analysis, and the oxidation
mechanism was discussed. The active oxygen atoms of oxone oxidized DBT to form DBTO,
and then persulfate oxidized DBTO to DBTO, via an identical oxidation mechanism.
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