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Abstract: Oxidative desulfurization has been widely used in the desulfurization process for petroleum
production. But conventional oxidative desulfurization catalyst was low desulfurization efficiency, low
recycle use, and the mechanism was unclear. In this work, polyacrylamide (PAM) was first used in the
loading of heteropolyacids and was used in oxidative desulfurization, which was prepared by simple
reaction of each of the heteropolyacids and PAM. The optimal process condition for the catalyst was
chosen by the single factor experiment. The optimal condition was as follows: the temperature was 60T,
the amount of the catalyst was 0.2 g, the oxygen to sulfur ratio was 16, and the reaction time is 100
minutes. Besides, the cycle use experiment indicated the desulfurization efficiency was high after 10
times. In the end, the oxidative desulfurization mechanism was put forward. The catalyst had a good
industrial development prospect.
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1. Introduction

In recent years, the progress of industrialization caused serious pollution to the environment.
Petroleum has been widely used as the conventional energy sources. When the petroleum was used as the
fuel, sulfur compounds in petroleum are troublesome substances, which was due to the fact that
sulfur-containing substances are mixed into the air after combustion to produce SOX. When combined
with water vapor, acid rain is generated, so it is important removed sulfur compounds from petroleum.
Traditional hydrodesulphurization [7-12] (HDS) has been considered as the most effective method for
removing mercaptans and thioethers. However, the HDS process was limited to the strict process
conditions, besides, it was difficult for HDS to remove aromatic sulfides. In order to solve the HDS
shortcomings, some non-HDS methods have been widely studied in recent years, such as oxidative
desulfurization (ODS) [13-18], extractive desulfurization (EDS) [19-24], adsorption desulfurization
(ADS) [25-30]. Among them, the ODS has many advantages than other methods. Researchers have been
trying to find the mild conditions for the ODS process.

Bokare et al. explored the oxidative desulfurization of a series of aromatic thiophene model oils by
hydrogen carbonate to activate hydrogen peroxide under mild conditions. [31] Bicarbonate ions can be
combined with decomposed oxygen and transported in a limited manner, and DBT (dibenzothiophene)
can be easily oxidized under suitable reaction conditions. Moreover, the inorganic metal carbonate is
inexpensive and easily available. Shi et al. successfully synthesized a novel porous catalyst by a simple
synthesis method. [32] Moreover, the hydroxide ions were added until pH was neutral. The porous
catalyst had a high oxidative desulfurization efficiency under different conditions. Xun et al. designed a
novel sheet-like catalyst with high thermal/chemical stability by sol-gel method. [33] The efficiency of
removing dibenzothiophene (DBT) by the novel catalyst reached 99.9%.

In recent years, many researchers focused on high desulfurization efficiency catalyst for ODS process
[34-36, 37-39]. Researchers are working to find different carriers such as SiO2 [34-36], graphene [37-39],
polyionic liquids [40-42], MnO2 [43-45], and molecular sponges [46-48]. Among these different carriers,
polyacrylamide was an ideal polymer carrier, which was due to the fact the synthesis polyacrylamide
method was easy, and quantities of amine functional groups help disperse heteropoly acids. In recent
years, many experiments on polyamide desulfurization have been reported. Yen et al. studied some
characteristics of flue gas desulfurization (FGD) in polyamide membranes [49]. Meichsner et al.
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produced hydrogen by a polyamide as an additive to produce water with a hydrate of a metal borate, and
then the desulfuration was done by calcium cyanamide and hydrogen at the molten metal temperature
[50]. Yu et al. used polyamide compounds to prepare a high-performance membrane and tested the
desulfurization effect [51].

In this paper, a linear polymer was synthesized by combining polyacrylamide with phosphomolybdic
acid. The polyacrylamide has quantities of amide groups in its main chain, which has high chemical
activity. Besides, the amine group can react with heteropoly acid to form a salt, so that the heteropoly
acids have high desulfurization efficiency.

2. Experimental
2.1 Materials

Dibenzothiophene (Shandong West Asia Chemical Industry Co., Ltd.); polyacrylamide (Aladdin):
phosphotungstic acid (Aladdin); n-octane (Shanghai Mike Lin Biochemical Technology); 30% hydrogen
peroxide (Shanghai Mike Lin Biochemical Technology); Benzenethiophene (Shanghai Mike Lin
Biochemical Technology); 4,6-dibenzothiophene (Aladdin), All the reagents used in the present case are
of analytical grade.

2.2 Methods

2.2.1 FTIR Measurement

The bulk potassium bromide solid was placed in an agate crucible and ground, and an appropriate
amount of the sample was placed therein and ground again. After mixing, the mixture is placed on the
carrier, and the mixture was tableted by a tableting machine. And then, the mixture was put in the
Nexus 470 infrared spectroscopy instrument for detection.

2.2.2 SEM Measurement

Place the conductive paste on the copper table and attach the sample to the conductive paste to
ensure that it will not fall. Place the copper table on the air compressor, vacuum, and the vacuum
reaches 5*10*. Adjust the pressure to 20kv, adjust the contrast and brightness. Measurement with
JSM-7100F (JEOL, Ltd) instrument. After finding the corresponding sample, adjust different
magnifications, take photos, save the map

2.3 Synthesis of HPW/PAM-n

PAM and phosphotungstic acid were dispersed in deionized water, and the phosphotungstic acid
solution was added dropwise to the PAM solution and stirred for 1 hour after the addition of the
phosphotungstic acid was completed. After the reaction is completed, it is filtered, washed and dried,
the product is HPW/PAM-n (n represents the molar ratio of polyacrylamide to heteropolyacid). The
yield of the obtained product was 95%.

2.4 Oxidative Desulfurization Experiment

The thiophene compound and n-octane were mixed in an amount to prepare a certain ppm of the
simulated oil, 10 ml of the simulated oil (500ppm) was taken, and 0.2 g of the catalyst was placed in
the flask. After the set temperature was stabilized, hydrogen peroxide was added to cause the reaction.
After 100min, the oil layer was analyzed by a fluorescence analyzer and the desulfurization rate was
calculated. (Initial sulfur content Co minus the sulfur content Ct after the reaction divided by the initial
sulfur content Co, the final result is the desulfurization rate).

The reaction flask was charged with 1 ml of 1-octyl imidazolium tetrafluoroborate to extract sulfur
oxides, the oil layer was in the upper layer, and the ionic liquid was extracted in the lower layer. The
sulfur remove (desulfurization efficiency) was calculated by initial sulfur minus reaction sulfur and
then divided by initial sulfur.
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3. Results
3.1. Characterizations of Catalysts

3.1L.1FTIR

Figure 1 indicated the polymer catalyst has been successfully synthesized. The infrared spectrum
showed two different peaks of about 1417 ¢cm-1 and 1647.7 cm-1, of which 1647 cm™ is the bending
vibration peak of N-H, and 1417 cm is the absorption peak of the methylene group corresponding to the
amide portion of the polymer. The peak of about 1100 cm-1 should have the stretching vibration of C-H.
The peak appearing in Figure 1 is in the range of 500-1200 cm, which clearly indicates that this is a
typical heteropoly acid structure peak [52-57] at 3200 cm™. There is a broad peak near, which is a
hydrated molecular O-H bond of heteropoly acid. From the figure we did not see that the vibration peak
of -NH, may be due to the vibration peak of the hydrated molecule in the heteropoly acid obscuring the
vibration peak of the amine group. In summary, successful synthesis of the polymer catalyst can be
determined from infrared images and the structure and properties of the catalyst do not change during
synthesis.

—— HPW/PAM-10000|
—— HPW/PAM-15000
—— HPW/PAM-20000

T T T T
800 1600 2400 3200
Wavenumber/cm™

Figure 1: FT-IR spectra of HPW/PAM-10000, HPW/PAM-15000, HPW /PAM-20000.
3.1.2SEM

Figure 2 - SEM images of (A) HPW/PAM-10000, (B) HPW/PAM-15000, (C) HPW/PAM-20000.
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Figure 3: Desulfurization efficiency of different catalysts.
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As was shown in Figure 2, the catalyst morphology was different under different loading amount.
Figure 2A indicated the polymer acted like a large curtain with specific properties when the loading
amount was low. The heteropoly acid can be uniformly distributed on the polymer and the morphology of
the heteropoly acid is complete. When the load was larger, the amount of heteropoly acid was larger, and
the distributed curtain state was much more uniform. Besides, more heteropoly acids were closely
attached, which caused agglomeration. In other words, and catalyst stability would decrease with high
load amount. Figure 2(c) indicated that HPW/PAM-20000 catalyst was amorphous state, and then the
effective contact area of the catalyst was greatly reduced, it accords with the results in Figure 3.

3.2. Desulfurization Performance of Catalysts

HPW/PAM-n was used as catalyst to obtain the optimal desulfurization process conditions by
single factor experiment. The initial sulfur content in the experiment is 500ppm. As was shown in Figure
3, the desulfurization efficiency of different catalysts were different. The catalytic efficiency decreased
with the increase of load, which was due to the fact increase of n value lead to the fusion of heterozygosis,
and then reduce the exposed contact sites. Therefore, desulfurization efficiency increased under low n
value. The DBT removal rate by HPW/PAM-10000 reached 76.9% after 100 minutes. The
desulfurization rate increased with the increase of reaction time. HPW/PAM-10000, HPW/PAM-15000
and HPW/PAM-20000 showed the highest efficiency among the three catalysts within 100 minutes.
Therefore, HPW/PAM-10000 was chosen as the catalyst for the next single factor experiment. The single
factor experiment explored the different oxygen to sulfur ratio, initial sulfur content, temperature and
sulfur compounds influence on desulfurization rate by HPW/PAM-10000.

As shown in Figure 4, the desulfurization rate increased with the increase of mole ratio of O/S, and
the optimal O/S ratio was 16(128ul). When O/S was 18, the desulfurization rate would not change
significantly. It could be explained by the theory that hydrogen peroxide decomposing increased, and
liquid sealing hindered the reaction under high water content.
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Figure 4: Desulfurization efficiency of different oxygen to sulfur ratio.

As the initial sulfur content increased from 100ppm to 250ppm (Figure 5), the desulfurization rate
increased, which was due to the fact that the contact area between oxygen molecules and sulfur
compounds increased with high sulfur content and then desulfurization rate increased.
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Figure 5: Desulfurization efficiency of different initial sulfur content.

As can was shown in Figure 6, when the temperature increased from 30°C to 60°C, the removal rate
of DBT increased from 37.5% to 76.9%.It was due to the fact that the decomposition rate of hydrogen
peroxide increased with high temperature, and oxygen molecules can effectively react with sulfur
compounds.
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Figure 7 indicated the desulfurization efficiency was DBT>BT>4, 6-DMDBT for different sulfur
compounds. Different sulfur compounds have different electron clouds densities and spatial resistances,
and then the reaction rate between sulfur and oxygen molecules was different.

80

-
o
M

60

a
o
M

Sulfur remove/%

N
o
M

30

30 40 50 60

T/ C

Figure 6: Desulfurization efficiency at different temperature.
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Figure 7: Desulfurization efficiency of different sulfur compounds.

3.3 Catalyst Recycling

Catalyst recovery is an important property for industrialization [58-61]. The number of cycles is large,
the reaction efficiency is constant, and the time for synthesizing the catalyst can be saved multiple times.
HPW/PAM-10000 catalyst was used to study the recycling efficiency (Figure 8), and the catalyst was
found to be effective. The sulfur remove efficiency was stable after ten times. A slight decrease in

chemical efficiency was due to a small amount of active site detachment during multiple uses, and a
slight loss of catalyst in operational process.
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Figure 8: Recycling of catalyst.
4, Reaction Mechanism

As can be seen from Figure 9, phosphotungstic acid is a good catalyst for oxidative desulfurization.
Its active center can decompose hydrogen peroxide to produce water and oxygen, and then its active
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center W can act to transport oxygen molecules, transporting oxygen molecules to specific locations for
reaction. Of course, the W valence state of the event center will also change [62-65]. When an oxygen
molecule is successfully transported and reacts with a sulfur compound, its valence returns to its original
valence state, and the process is repeated until all oxygen molecules are transported. At this time, the
sulfur compound is also oxidized to a sulfone or a sulfoxide. The polarity of the sulfone or sulfoxide is
greatly different from the polarity of the aromatic sulfur compound, and the sulfur oxide can be easily
extracted.

catalyst

®
“

Figure 9: Oxidation mechanism diagram.

5. Conclusions

The star-like catalyst was successfully synthesized by a simple synthesis method. The catalyst was
used for oxidative desulfurization, and the oxidative desulfurization efficiency was high after 10 times.
The detailed conclusions were as follows. The optimal condition for the catalyst was as follows. The
temperature was 60 <C, the amount of the catalyst was 0.2 g, the oxygen to sulfur ratio was 16, and the
reaction time is 100 minutes. The catalyst had high desulfurization efficiency after recycle use 10 times,
so the catalyst stability was suitable for the industrial application. The mechanism for the oxidative
desulfurization process was put forward. Hydrogen peroxide could produce water and oxygen and then
after a series of reaction the desulfurization process occurred.

Acknowledgement

This work was financially supported by the Start-up funding for high-level talents introduction and
research of Dali University.

Reference

[1] Xu R, Wang Y, Wang W, et al. (2019). Evolutionary game analysis for third-party governance of
environmental pollution. J. Amb. Intel. Hum. Comp. 10(8), 3143-3154.

[2] Bildirici M E, Gékmenoglu S M. Environmental pollution, hydropower energy consumption and
economic growth: evidence from G7 countries [J]. Renew. Sust. Energ. Rev. 2017, 75: pp (68-85).

[3] Krueger M C, Harms H, Schlosser D. Prospects for microbiological solutions to environmental
pollution with plastics [J]. Appl. Microbial. Biot. 2015, 99(21): pp (8857-8874).

[4] Zhang L, Gao J. Exploring the effects of international tourism on China's economic growth, energy
consumption and environmental pollution: Evidence from a regional panel analysis [J]. Renew. Sust.
Energ. Rev. 2016, 53: pp (225-234).

[5] Triassi M, Alfano R, lllario M, et al. Environmental pollution from illegal waste disposal and
health effects: A review on the “Triangle of Death” [J]. Int. J. Env. Res. Pub. He. 2015, 12(2): pp
(1216-1236).

[6] Lu Z N, Chen H, Hao Y, et al. The dynamic relationship between environmental pollution,
economic development and public health: evidence from China [J]. J. Clean. Prod. 2017, 166: pp
(134-147).

[7] Topsee H, Clausen B S. Importance of Co-Mo-S Type Structures in
Hydrodesulfurization[M]//Catalysys and Surface Science. Routledge, 2018: pp (95-120).

[8] Yang L, Li X, Wang A, et al. Hydrodesulfurization of dibenzothiophene, 4,

Published by Francis Academic Press, UK

-22-



International Journal of Frontiers in Sociology

ISSN 2706-6827 Vol. 3, Issue 16: 17-25, DOI: 10.25236/1JFS.2021.031603

6-dimethyldibenzothiophene, and their hydrogenated intermediates over bulk tungsten phosphide[J]. J.
catal. 2015, 330: pp (330-343).

[9] Wincek R T, Abrahamson J P, Eser S. Hydrodesulfurization of fluid catalytic cracking decant oils
in a laboratory flow reactor and effect of hydrodesulfurization on subsequent coking [J]. Energ. Fuel.
2016, 30(8): pp (6281-6289).

[10] Alsalme A, Alzagri N, Alsaleh A, et al. Efficient Ni-Mo hydrodesulfurization catalyst prepared
through Keggin polyoxometalate[J]. Appl. Catal. B-Environ. 2016, 182: pp (102-108).

[11] North J, Poole O, Alotaibi A, et al. Efficient hydrodesulfurization catalysts based on Keggin
polyoxometalates[J]. Appl. Catal. A-Gen. 2015, 508: pp (16-24).

[12] Van Haandel L, Bremmer G M, Hensen E J M, et al. Influence of sulfiding agent and pressure on
structure and performance of CoMo/AI203 hydrodesulfurization catalysts [J]. J. catal. 2016, 342: pp
(27-39).

[13] Jiang B, Yang H, Zhang L, et al. Efficient oxidative desulfurization of diesel fuel using
amide-based ionic liquids [J]. Chem. Eng. J. 2016, 283: pp (89-96.)

[14] Zhu W, Wang C, Li H, et al. One-pot extraction combined with metal-free photochemical aerobic
oxidative desulfurization in deep eutectic solvent[J]. Green Chem. 2015, 17(4): pp (2464-2472).

[15] Gdnez-Paricio A, Santiago-Portillo A, Navaldn S, et al. MIL-101 promotes the efficient aerobic
oxidative desulfurization of dibenzothiophenes[J]. Green Chem. 2016, 18(2): pp (508-515).

[16] Hulea V, Moreau P, Di Renzo F. Thioether oxidation by hydrogen peroxide using
titanium-containing zeolites as catalysts [J]. J. Mol. Catal. A-Chem. 1996, 111(3): pp (325-332).

[17] Chica A, Corma A, Ddnine M E. Catalytic oxidative desulfurization (ODS) of diesel fuel on a
continuous fixed-bed reactor [J]. J. catal. 2006, 242(2): pp (299-308).

[18] Ishihara A, Wang D, Dumeignil F, et al. Oxidative desulfurization and denitrogenation of a light
gas oil using an oxidation/adsorption continuous flow process[J]. Appl. Catal. A-Gen. 2005, 279(1-2):
279-287.

[19] Li C, Zhang J, Li Z, et al. Extraction desulfurization of fuels with ‘metal ions’ based deep eutectic
solvents (MDESs)[J]. Green Chem. 2016, 18(13): pp (3789-3795).

[20] Gao S, Li J, Chen X, et al. A combination desulfurization method for diesel fuel: Oxidation by
ionic liquid with extraction by solvent [J]. Fuel, 2018, 224: pp (545-551).

[21] Gao S, Chen X, Xi X, et al. Coupled Oxidation-Extraction Desulfurization: A Novel Evaluation for
Diesel Fuel [J]. ACS Sustain. Chem. Eng. 2019, 7(6): pp (5660-5668).

[22] Tang X, Hu T, Li J, et al. Deep desulfurization of condensate gasoline by electrochemical
oxidation and solvent extraction[J]. RSC Adv. 2015, 5(66): pp (53455-53461).

[23] Cai Y, Song H, An Z, et al. The confined space electron transfer in phosphotungstate intercalated
ZnAl-LDHs enhances its photocatalytic performance for oxidation/extraction desulfurization of model
oil in air [J]. Green chem. 2018, 20(24): pp (5509-5519).

[24] Jiang W, Zhu W, Li H, et al. Temperature-responsive ionic liquid extraction and separation of the
aromatic sulfur compounds [J]. Fuel, 2015, 140: pp (590-596).

[25] Tian F, Shen Q, Fu Z, et al. Enhanced adsorption desulfurization performance over hierarchically
structured zeolite Y [J]. Fuel Process. Technol. 2014, 128: pp (176-182).

[26] Xia Y, Li Y, Gu Y, et al. Adsorption desulfurization by hierarchical porous organic polymer of
poly-methylbenzene with metal impregnation [J]. Fuel, 2016, 170: pp (100-106).

[27] Menzel R, Iruretagoyena D, Wang VY, et al. Graphene oxide/mixed metal oxide hybrid materials
for enhanced adsorption desulfurization of liquid hydrocarbon fuels [J]. Fuel, 2016, 181: pp
(531-536).

[28] Xiong J, Yang L, Chao Y, et al. Boron nitride mesoporous nanowires with doped oxygen atoms for
the remarkable adsorption desulfurization performance from fuels [J]. ACS Sustain. Chem. Eng. 2016,
4(8): pp (4457-4464).

[29] Xiong J, Yang L, Chao Y, et al. Boron nitride mesoporous nanowires with doped oxygen atoms for
the remarkable adsorption desulfurization performance from fuels [J]. ACS Sustain. Chem. Eng. 2016,
4(8): pp (4457-4464).

[30] Li H, Han X, Huang H, et al. Competitive adsorption desulfurization performance over K-Doped
NiY zeolite[J]. J. Colloid Interf. Sci. 2016, 483: pp (102-108).

[31] Bokare AD, Choi W. Bicarbonate-induced activation of H202 for metal-free oxidative
desulfurization [J]. J. Hazard. Mater. 2016, 304: pp (313-319).

[32] Shi D, Xu L, Chen P, et al. Hydroxyl free radical route to the stable siliceous Ti-UTL with
extra-large pores for oxidative desulfurization[J]. Chem. Commun. 2019, 55(10): pp (1390-1393).

[33] Xun S, Zhu W, Chang Y, et al. Synthesis of supported Siw12040-based ionic liquid catalyst
induced solvent-free oxidative deep-desulfurization of fuels [J]. Chem. Eng. J. 2016, 288: pp
(608-617).

Published by Francis Academic Press, UK

-23-



International Journal of Frontiers in Sociology

ISSN 2706-6827 Vol. 3, Issue 16: 17-25, DOI: 10.25236/1JFS.2021.031603

[34] Miao G, Huang D, Ren X, et al. Visible-light induced photocatalytic oxidative desulfurization
using BiVO4/C3N4@ SiO2 with air/cumene hydroperoxide under ambient conditions[J]. Appl. Catal.
B-Environ. 2016, 192: pp (72-79).

[35] Qiu J, Wang G, Zhang Y, et al. Direct synthesis of mesoporous H3PM012040/SiO2 and its
catalytic performance in oxidative desulfurization of fuel oil[J]. Fuel, 2015, 147: pp (195-202).

[36] Yi H, Yang K, Tang X, et al. Effects of preparation conditions on the performance of simultaneous
desulfurization and denitrification over SiO2-MnOx composites [J]. J. Clean. Prod. 2018, 189: pp
(627-634).

[37] Zeng X, Xiao X, Li Y, et al. Deep desulfurization of liquid fuels with molecular oxygen through
graphene photocatalytic oxidation[J]. Appl. Catal. B-Environ. 2017, 209: pp (98-109).

[38] Gu Q, Wen G, Ding Y, et al. Reduced graphene oxide: a metal-free catalyst for aerobic oxidative
desulfurization [J]. Green Chem. 2017, 19(4): pp (1175-1181).

[39] Menzel R, Iruretagoyena D, Wang VY, et al. Graphene oxide/mixed metal oxide hybrid materials
for enhanced adsorption desulfurization of liquid hydrocarbon fuels [J]. Fuel, 2016, 181: pp
(531-536).

[40] Yuan D, Song H, Song H, et al. Heterogeneous oxidative desulfurization for model fuels using
novel PW-coupled polyionic liquids with carbon chains of different lengths [J]. J. Taiwan Inst. Chem.
E. 2017, 76: pp (83-88).

[41] Zhang J, Sun S, Bian Y, et al. Adsorptive desulfurization of metal phthalocyanine functionalized
poly-ionic liquids grafted to silica gel [J]. Fuel, 2018, 220: pp (513-520).

[42] Chen Y, Song H, Lu Y, et al. Unified catalytic oxidation—-adsorption desulfurization process using
cumene hydroperoxide as oxidant and vanadate based polyionic liquid as catalyst and sorbent [J]. Ind.
Eng. Chem. Res. 2016, 55(39): pp (10394-10403).

[43] Osaka Y, Kito T, Kobayashi N, et al. Removal of sulfur dioxide from diesel exhaust gases by using
dry desulfurization MnO2 filter[J]. Sep. Purif. Technol. 2015, 150: pp (80-85).

[44] Zhang G, Zhao X, Ning P, et al. Comparison on surface properties and desulfurization of MnO2
and pyrolusite blended activated carbon by steam activation [J]. J. Air Waste Manage. 2018, 68(9): pp
(958-968).

[45] Lei Z, Xiangling S, Xu Z, et al. Influences of egg white-egg yolk MnO2-NiO/y-Al203 catalytic
activity on the desulfurization performance [J]. Sc. Eng. Compos. Mater. 2017, 24(6): pp (799-805).
[46] Chaukura N, Mamba B B, Mishra S B. Porous materials for the sorption of emerging organic
pollutants from aqueous systems: The case for conjugated microporous polymers[J]. J. Water Process
Eng. 2017, 16: pp (223-232).

[47] Chaukura N, Mamba B B, Mishra S B. Porous materials for the sorption of emerging organic
pollutants from aqueous systems: The case for conjugated microporous polymers[J]. J. Water Process
Eng. 2017, 16: pp (223-232).

[48] Ivolgina V A, Chernov'yants M S, Popov L D, et al. Perspective anti-thyroid drug 2-thioxo-5-(3, 4,
5-trimethoxybenzylidene) thiazolidin-4-one: X-ray and thermogravimetric characterization of two
novel molecular adducts, obtained by interaction with 12[J]. J. Mol. Struct. 2019, 1180: pp (629-635).
[49] Yen H Y, Yang M H. Modified solution—diffusion model analysis of the flue gas desulfurization
effluents in a polyamide membrane [J]. Polym. Test. 2003, 22(1): pp (109-113).

[50] Meichsner W, Rock H, Freissmuth A, et al. Method and composition for the desulfurization of
molten metals: U.S. Patent 4,078,915[P]. 1978-3-14.

[51] Yu S, Jiang Z, Yang S, et al. Highly swelling resistant membranes for model gasoline
desulfurization[J]. J. Membrane Sci. 2016, 514: pp (440-449).

[52] Yu F L, Wang Q Y, Yuan B, et al. Alkylation desulfurization of FCC gasoline over
organic-inorganic heteropoly acid catalyst[J]. Chem. Eng. J. 2017, 309: pp (298-304).

[53] LiSW, LiJR, Gao Y, et al. Metal modified heteropolyacid incorporated into porous materials for
a highly oxidative desulfurization of DBT under molecular oxygen[J]. Fuel, 2017, 197: pp (551-561).
[54] Li SW, Gao R M, Zhang W, et al. Heteropolyacids supported on macroporous materials POM@
MOF-199@ LZSM-5: Highly catalytic performance in oxidative desulfurization of fuel oil with
oxygen[J]. Fuel, 2018, 221: pp (1-11).

[55] Huang P, Liu A, Kang L, et al. Heteropoly acid supported on sodium dodecyl benzene sulfonate
modified layered double hydroxides as catalysts for oxidative desulfurization[J]. New J. Chem. 2018,
42(15): pp (12830-12837).

[56] Li S W, Gao R M, Zhao J. Deep Oxidative Desulfurization of Fuel Catalyzed by Modified
Heteropolyacid: The Comparison Performance of Three Kinds of lonic Liquids[J]. ACS Sustain. Chem.
Eng. 2018, 6(11): pp (15858-15866).

[57] Huang P, Liu A, Kang L, et al. Heteropolyacid Supported on Nitrogen-doped Onion-Like Carbon
as Catalyst for Oxidative Desulfurization[J]. Chem. Select. 2017, 2(14): pp (4010-4015).

Published by Francis Academic Press, UK

-24-



International Journal of Frontiers in Sociology
ISSN 2706-6827 Vol. 3, Issue 16: 17-25, DOI: 10.25236/1JFS.2021.031603

[58] zhao D, Sun Z, Li F, et al. Optimization of oxidative desulfurization of dibenzothiophene using
acidic ionic liquid as catalytic solvent[J]. J. Fuel Chem. Technol. 2009, 37(2): pp (194-198).

[59] Jiang W, Zhu W, Chang Y, et al. lonic liquid extraction and catalytic oxidative desulfurization of
fuels using dialkylpiperidinium tetrachloroferrates catalysts[J]. Chem. Eng. J. 2014, 250: pp (48-54).
[60] Hao L, Wang M, Shan W, et al. L-proline-based deep eutectic solvents (DESs) for deep catalytic
oxidative desulfurization (ODS) of diesel[J]. J. Hazard. Mater. 2017, 339: pp (216-222).

[61] Sun L, Su T, Li P, et al. Extraction Coupled with Aerobic Oxidative Desulfurization of Model
Diesel Using a B-type Anderson Polyoxometalate Catalyst in lonic Liquids[J]. Catal. Lett. 2019,
149(7): pp (1888-1893).

[62] Zhao W, Zheng X, Liang S, et al. Fe-doped y-Al 2 O 3 porous hollow microspheres for enhanced
oxidative desulfurization: facile fabrication and reaction mechanism [J]. Green chem. 2018, 20(20):
pp (4645-4654).

[63] Wei S, He H, Cheng Y, et al. Performances, kinetics and mechanisms of catalytic oxidative
desulfurization from oils [J]. RSC Adv. 2016, 6(105): pp (103253-103269).

[64] Dai B, Wu P, Zhu W, et al. Heterogenization of homogenous oxidative desulfurization reaction on
graphene-like boron nitride with a peroxomolybdate ionic liquid[J]. RSC Adv. 2016, 6(1): pp
(140-147).

[65] Li X, Zhu W, Lu X, et al. Integrated nanostructures of CeO2/attapulgite/g-C3N4 as efficient
catalyst for photocatalytic desulfurization: mechanism, kinetics and influencing factors [J]. Chem. Eng.
J. 2017, 326: pp (87-98).

Published by Francis Academic Press, UK

-25-



