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Abstract

Deep oxidative desulfurization is a crucial topic for environmental catalysis research for producing a low-
sulfur diesel. One of the effective catalysts that have been used recently for oxidative desulfurization of the
refractory sulfur compound from model diesel is Keggin-type polyoxometalate. In this work, a Keggin-
type catalyst TBAPW1,039, model diesel, Hydrogen peroxide (H202) and 1- methy I-3-octyl imidazolium
hexafluorophosphate (OMIM(PFg)) were tested under different reaction conditions. The sulfur compound
dibenzothiophene (DBT) in model diesel was captured in ionic liquid (IL) and then oxidized to produce
related sulfones with H>O; as an oxidant using TBAPW 11039, in a batch reactor. The impacts of reaction
temperature (T)(303,323 and 343)K and time (30-180) min, catalyst dosage 0.5-6 g/l, H.O2/DBT(O/S)
molar ratio from 1:1 to 5:1(mole/mole) and IL/oil volume ratio 1/10 — 5/10 (ml/ml) were investigated.
The catalyst exhibited high effectiveness for removing DBT using H.O,, with the highest sulfur removal
of 96% under the optimum conditions (10 ml of model diesel, T= 343 K, catalyst dosage= 3 g/I, H.O./DBT
= 5:1 (mole: mole) and IL/diesel = 2:10 (ml/ml) for 120 min). These results indicate that the extraction
with catalytic oxidation desulfurization using Keggin hybrid catalysts for model diesel fuels is an efficient
method and offers promise for achieving ultra-deep desulfurization.

Model Diesel, Oxidative Desulfurization,

Keywords: Dibenzothiophene, lonic

Polyoxometalate.

Liquids,

Introduction

Petroleum fuels and their fraction containing organic
sulfur compounds (OSCs) are the fundamental cause
of pollution. Due to severe environmental issues
concerning sulfur emission reduction agents, the
deep desulfurization of fuel oil has gained great
concern recently *. Sulfur-containing compounds in
gasoline and diesel fuels release SOx gases and
sulfur particles, contributing to acid rain and other
pollutants, emphasizing desulfurization 2.

Deep desulfurization methods are desirable to
supplement the conventional technology for

producing low-sulfur content fuel. The traditional
technology, hydrodesulfurization (HDS), is a
chemical process utilized in petroleum refining
operations for obtaining low-sulfur content fuel.
HDS reduces reactivity towards eliminating
refractory sulfur-containing compounds, especially
dibenzothiophene and its derivatives, such as 4-
methyl dibenzothiophene (4-MDBT) and 4,6-
dimethyl dibenzothiophene (4,6-DMDBT) because
of a steric hindrance 3% The HDS method can
eliminate either aliphatic or acyclic sulfur
compounds on a commercial large scale under severe
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conditions. The rise of sulfur content of oils results
in elevated operational requirements and costs
required to achieve low sulfur fuel in HDS %%,

One of the most interesting desulfurization methods
is oxidative desulfurization (ODS) using non-
hydrogen techniques (extraction, adsorption, bio-
desulfurization). Consequently, different
complementary desulfurization methods, such as
extraction, adsorption, oxidation, and biological
methods, are desirable worldwide 7. Combining
these processes, such as extraction and oxidation
methods called extractive and catalytic oxidative
desulfurization (ECODS) method, can be displayed
to effectively eliminate resistant sulfur compounds
with high selectivity by favorable operating
conditions °1°,

Several efficient ECODS systems use catalysts with
hydrogen peroxide (H.0;) as an oxidant, such as
zeolites, metallic, ionic liquids, layered double
hydroxides, polyoxometalates (POMs), and
Activated carbon-based solid catalysts . Amongst
these catalysts: POM-based systems have been
demonstrated to eliminate effectively sulfur
compounds either in the model or in the real diesel.

Among various polyoxometalates, the Keggin-type
structure is widely utilized in catalytic applications
due to its special strength of the acid, oxidation
potential and hydrolytic stability. In the last few
decades, polytungstophosphate-based catalysts have
been widely employed to oxidize sulfur-containing
fuel oil ®>°. The oxidation reaction produces related
monomeric or polymeric peroxo species resulting
from the reaction between POM and H»O,. The
modification of polyoxometalates using organic
groups as an effective approach to producing a
hybrid catalyst that exhibits superior catalyst
performance, recovery and reusability potential, a
common POM hybrid is quaternary ammonium
POM salts have become important as phase transfer
agents in emulsion catalysis for oxidative
desulfurization 2.

Materials and Methods

Dibenzothiophene 98% and Tetra-butylammonium
bromide were purchased from Sigma- Aldrich/USA,
n-Heptane 99% was purchased from J.T.Baker,
Toluene 99.7% was purchased from Scharlau/ Spain,

Organosulfur compounds can be effectively oxidized
in the ODS process to produce the corresponding
slightly more polar: sulfoxides(1,1-dioxides) and
sulfones (1-oxides) than hydrocarbon molecules.
These oxidation products can also be extracted using
organic solvents or ionic liquids (ILs) **4 lonic
liquids (ILs) possess many benefits versus organic
solvents. These advantages include a low melting
point, little volatility, superior thermal stability,
perfect solubility, and various structures that can be
used as extraction solvents. Also, ionic liquids
perform a dual role as an extraction and trapping
medium for sulfur compounds and as a way to
provide oxidation conditions for the conversion of
sulfur into sulfones. Fig. 1 illustrates the
polyoxometalate catalyst at the intermediate
interface between the aqueous and ionic liquid
phases; consequently, the peroxo species promoted
the oxidation of the sulfur compound to sulfones in
the ionic liquid phase *°.

In this work, an efficient deep oxidative
desulfurization for DBT in model diesel fuel is
developed. The Keggin-type polyoxometalate
catalyst TBAPW1:039 within OMIM(PF¢) catalytic
efficiency to oxidize DBT with H,O, under moderate
conditions will be assessed.

S Ol phase

H, HO

polyoxometate\
——— lonic liquid phase

Water phase

S,
s Z\
Figure 1. The probable mechanism of oxidative
desulfurization in the presence of

polyoxometalate using ionic liquids °.

1-methyl-3-octyl imidazolium hexafluorophosphate
OMIM(PFg)  95%  was  purchased  from
Macklin/china, H20> (30 wt.%) was purchased from
Honeywell Fluka/Germany. Sodium Tungstate
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dihydrate (Na;WQ..2H,0) from Fluka/Switzerland,
sodium hydrogen phosphate dihydrate (Na;HPO,)
and Hydrochloric acid 37% were purchased from
Himedia/India. All the chemicals used as supplied
without further treatment.

The equipment used in the experimental works: the
hot plate magnetic stirrer was made in the United
Kingdom, Stuart and model Cat No. CD-162, digital
pH meter manufactured by Vivosun/China. And the
Centrifuge manufactured by Cgoldenwall 80-1
Desktop Electric Centrifuge Laboratory 4000 rpm.

The sulfur content in the model diesel and the
products was measured at the Refining and Gas
Research Department of Petroleum Research and
Development Center in the Ministry of Oil in Irag.
The sulfur content was measured by the sulfur
analyzer, XOS, Sindie OTG / USA, through
monochromatic ~ wavelength-dispersive ~ X-ray
fluorescence following ASTM D7039.

Preparation of catalyst

Our research team has recently successfully
synthesized and characterized the TBAPW11039
catalyst, as reported in our previous study ¢, and was
utilized in this present research. The synthesis of
polyoxometalate catalyst (TBAPW1,039) involved
the dissolution of certain amounts of Na;HPO, and
Na,W04.2H,0 in purified water, followed by the
reduction of pH = 4.8 with HCI 4M. Subsequently,

Results and Discussion

Effect of TBAPW1O3 on desulfurization
efficiency of model diesel

Fig. 2 displays the desulfurization efficiency (DE) of
extraction with oxidation and extraction combined
with catalytic oxidation desulfurization. The
combination of extraction and oxidation only
exhibited a low performance on desulfurization
efficiency for DBT removal, which reached 38.5%.
In  comparison, desulfurization employing the
extraction with the oxidation in the presence of
polyoxometalate was more effective, and the
desulfurization efficiency sharply improved to
90.3% using TBAPW11039 with H,0, and
OMIM(PFs).

The immiscibility between model diesel and ionic
liquid OMIM(PFs) was observed. The ability to
disperse polyoxometalate in the ionic liquid is
significantly higher than in the model diesel. The
hydrogen peroxide could not disperse in

the solution in a magnetic stirrer with the temperature
was raised to 353-358 K and continued to agitate for
an hour; after that, the solution of TBA bromide was
gradually added. The resultant was a white residue
separated through filtration. The product was dried
for one night within a desiccator containing silica

gel.

Oxidative desulfurization of model diesel

The ECODS batch experiment was performed at
atmospheric pressure utilizing a 25 ml two-necked
round-bottom flask supplied with a magnetic stirrer
and submerged in a pot of water to ensure a constant
temperature distribution. The flask is connected to a
condenser in one of the two side necks and the
thermometer on the other side. The model diesel was
produced according to the needed quantity of
dibenzothiophene in a solution of 80% (v/v) n-
Heptane and 20% (v/v) Toluene with a sulfur content
of 300 ppm to achieve the deep desulfurization. The
mixture of model diesel 10 ml and a variable volume
of 1,2,3,4,5 ml of ionic liquid was added to the flask
and heated to the 303- 343 k temperature range
needed for the reaction. After 10 minutes, adding the
amount range 1:1 to 5:1 of H,O./Sulfur (O/S) and
catalyst (TBAPW1:039) to commence the catalytic
step and agitated at a speed of 500 rpm; after passing
each run time 30-180 min, the solution was separated
using centrifugation with 2000 rpm for 10 min before
testing the sulfur content of the upper phase.

OMIM(PFg). The desulfurization system of
extraction combined with catalyst oxidation is three-
layer (model diesel/ H202/IL), the model diesel was
in the top layer, H.O, was in the intermediate layer,
and IL together with TBAPW 11039 Was in the lower
layer. In the presence of the catalyst, the suggested
mechanism initially involves the extraction of
dibenzothiophene from the model diesel layer to the
ionic liquid layer. Then oxidation reaction initiates
with the generation of active peroxo species through
active oxygen provided by HO, to the
TBAPW:11039. The peroxo species are an interim
oxidant capable of oxidizing the sulfur compound to
the sulfoxide, then reinitiating the catalytic cycle; the
sulfoxides are oxidized to sulfone in the ionic liquid
layer. In the absence of TBAPW11039, the sulfur
compound oxidation is performed using active
oxygen only. As a result, the polyoxometalate
catalyst served a crucial role as a cocatalyst in the
desulfurization process. The proposed mechanism
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corresponds with previously published for ECODS
catalyzed by POMs with H,O, 7.
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Figure 2. Effect of TBAPW1103 on

desulfurization

[Condition: T= 343 K, IL/diesel ratio= 4/10, O/S
ratio=5:1, Catalyst dosage of TBAPW1:039=3 ¢/l
and Time = 120 min]

Effect of Temperature and oxidation reaction
time on desulfurization efficiency of model diesel
The impact of varying temperatures and batch time
on ODS was examined at 303K, 323K, and 343K and
various oxidation times from 30 to 180 min. Fig. 3
indicates that increasing the oxidation time led to
superior oxidation of DBT at different temperatures.
The optimum desulfurization efficiency was found to
be 88.1% after 60 min, whereas the maximum sulfur
removal of 96% as the reaction time increased to 120
min at a temperature of 343K. These results may be
assigned to extended residence time among the
oxidant and sulfur compounds, causing more
convertion of sulfur to sulfone through the
electrophilic added oxygen to sulfur. However, after
that time, the sulfur removal declined significantly
by approximately 90%. The reason may be slowing
the oxidation process due to exhausting the amount
of H»O,, which provides the active oxygen to oxidize
sulfur compounds *8.

As seen in Fig. 3, the desulfurization efficiency
improves when the reaction temperature rises over
time. In contrast, the increase in temperature can
enhance the oxidation of dibenzothiophene owing to
further peroxo complex formation and accelerating
the thermal decomposition of H.O.. Moreover, It
seems that the sulfur diffusion and movement from
model diesel to ionic liquid improved at elevated
temperatures due to a decrease in the viscosity of

ionic liquids with a temperature rise, increasing
desulfurization efficiency. The desulfurization
efficiency reached 82.0%, 89,8%, and 96% in 120
min, when the temperature was 303 K, 323 K, and
343 K, respectively. The highest desulfurization
efficiency was obtained at a temperature of 343K;
therefore, the temperature was set at 343 K in the
present study as the optimum temperature. The
results agree with the findings reported in the
previous research %20,
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Figure 3. Effect of Time &Temperature on
desulfurization efficiency

[Condition:Catalyst dosage of TBAPW1;039 = 3
g/l, O/S ratio=5:1, IL/diesel ratio=2/10 ]

Effect of catalyst dosage on desulfurization
efficiency of model diesel

The impact of the dosage of the catalyst on ODS is
seen in Fig. 4; it was concluded that the dosage
strongly influenced the desulfurization efficiency.
The desulfurization efficiency grew as the
TBAPW1:039 dosage increased up to 3 ¢/l
Increasing the catalyst dosage may increase peroxo
active intermediates compound generation, affecting
ODS efficiency. The results revealed that the dosage
of TBAPW,1039 ranged between 0.5 to 3 g/l, and the
DBT removal increased significantly from 61.7% to
96% for model diesel. As a result, 3 g/l of
TBAPW:11039 was chosen for the following ODS
tests. Nevertheless, the DE was less when the catalyst
dose increased to 6 g/l may be caused by particles of
catalyst building up on the model diesel phase, which
inhibits DBT from extraction and oxidation. The
findings presented are comparable with the studied
results 222,
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Catalyst Dosage (g/1)

Figure 4. Effect of Catalyst
desulfurization efficiency

[Condition:T= 343 K, O/S ratio=5:1 , IL/diesel
ratio=2/10 and Time=60 &120 min.]

Effect of H,O./DBT molar ratio on
desulfurization efficiency of model diesel

Several tests were carried out at 343 K to examine
the influence of oxidant dosage on the oxidative
desulfurization system using various
H,O./DBT(O/S) molar ratios to  oxidize
dibenzothiophene. As seen in Fig. 5, sulfur removal
from the model diesel increased as the O/S increased
from 1:1 up to 5:1, then slightly decreased. The
stoichiometric reaction requires 2 moles of oxidant
for every 1 mole of the sulfur compound to oxidize
the dibenzothiophene to their corresponding
sulfones. However, a higher O/S ratio than the
stoichiometric ratio was required and the value of
OIS =5 was selected in the present study; when O/S
molar ratio was higher than this value, the
desulfurization efficiency decreased because the
catalyst could decompose the large amount of H,0;
into the water which is a negative impact for the
sulfur removal. Additionally, with a molar ratio of
OIS less than 5, the oxidation of DBT is relatively
low. These results agreed with previous research 2524,
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Figure 5. Effect of O/S molar ratios on
desulfurization efficiency

[Condition: T=343 K,
TBAPW1;03=3 g/l
&Time=90min.]
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Effect of IL/diesel volume ratio on desulfurization
efficiency of model diesel

As seen in Fig. 6, the same set of oxidative catalytic
reactions was studied for model diesel at 343 k over
time with various volume ratios of [OMIM]PFs. The
desulfurization efficiency of the model diesel
decreases slightly with the rising volume ratio of the
IL/diesel. The desulfurization efficiency reached
89.8%, 90.35, 92.3%, and 96% in 120 min, at a
volume ratio decreasing from 5/10 to 2/10. While
with the volume ratio of IL/diesel of 1/10, the DE
was 90.1% in 60 min and almost unchanged with
time, and a reasonable reason might be that when the
IL/diesel ratio rises, the O/S ratio decreases (more
DBT may be extracted into the ionic liquid phase) the
quantity of H,O, is maintained constant in these
experiments which is consistent to previous work .
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Figure 6. Effect of IL/diesel volume ratios on
desulfurization efficiency

[Condition:T= 343 K, Catalyst dosage of
TBAPW1;03 = 3 ¢/l, O/S ratio=5:1]
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Conclusion

In conclusion, this study described the deep oxidative
desulfurization of a model diesel under mild
conditions using extraction with OMIM(PFs) and
catalytic oxidation with Keggin-type
polyoxometalate catalyst TBAPW1:039 at moderate
conditions. It was found that the extraction combined
with catalytic oxidation desulfurization can be
classified as an efficient method due to the high
removal of sulfur, which reached 96% under the

Acknowledgment

The authors acknowledge the support of the
Petroleum Research and Development

Authors’ Declaration

- Conflicts of Interest: None.

- We hereby confirm that all the Figures and
Tables in the manuscript are ours. Furthermore,
any Figures and images, that are not ours, have
been included with the necessary permission for
re-publication, which is attached to the
manuscript.

Authors’ Contribution Statement

Y. M., H. Q.H. and B. A.A. contributed to the design
and implementation of the research, to the analysis
of the results and to the writing of the manuscript.

References

1. Radhi BD, Mohammed WT. Novel nanocomposite
adsorbent for desulfurization of 4,6-
dimethyldibenzothiophene from model fuel. Mater
Today Proc. 2021; 42 (5): 2880-2886.
https://doi.org/10.1016/j.matpr.2020.12.738.

2. Hossain MN, Park HC, Choi HS. A Comprehensive
Review on Catalytic Oxidative Desulfurization of
Liquid Fuel Oil. Catalysts. 2019; 9(3):229.
https://doi.org/10.3390/catal9030229.

3. Finish QG, Naife TM. Adsorption Desulfurization of
Iragi Light Naphtha Using Metals Modified Activated
Carbon. jecoeng. 2021, 27(7): 24-41.
https://doi.org/10.31026/j.eng.2021.07.03

4. Ahmed DJ, Al-Abdaly BI, Hussein SJ. Synthesis and
Characterization of New nano catalyst Mo-Ni /TiO2-
vAl203 for Hydrodesulphurization of Iraqi Gas Oil.
Baghdad Sci J. 2021; 18(4): 1557.
https://doi.org/10.21123/bsj.2021.18.4(Suppl.).1557

5. Taghizadeh M, Mehrvarz E, Taghipour A.
Polyoxometalate as an effective catalyst for the
oxidative desulfurization of liquid fuels: a critical

following operating conditions (temperature = 343
K, catalyst dosage= 3 g/l, H.O,/DBT (molar ratio)=
5:1 and IL/diesel (volume ratio)= 2/10 for 120 min in
10 ml of model diesel). These results indicate that
using Keggin hybrid catalysts in the oxidative
desulfurization of model diesel fuels offers promise
as an appropriate method for achieving ultra-deep
desulfurization in industrial applications.

Center/Ministry of Qil, Irag for financial support
with this work.

- Ethical Clearance: The project was approved by
the local ethical committee at University of
Baghdad.

- No animal studies are present in the manuscript.

- No human studies are present in the manuscript.

- No potentially identified images or data are
present in the manuscript.

review. Rev Chem Eng. 2020; 36(7): 831-858.
https://doi.org/10.1515/revce-2018-0058.

6. Shakir F, Hussein HQ, Abdulwahhab ZT. Influence
of Nanosilica on Solvent Deasphalting for Upgrading
Iragi Heavy Crude Qil. Baghdad Sci J. 2023; 20(1):
0144 https://doi.org/10.21123/bsj.2022.6895.

7. Abdulmajeed BA, Hamadullah S, Allawi FA. Deep
Oxidative Desulfurization of Model fuels by Prepared
Nano TiO; with Phosphotungstic acid. J Eng. 2018;
24(11): 41-52
https://doi.org/10.31026/j.eng.2018.11.04

8. AhmedZzeki NS, Ali SM, Al-Karkhi SR. Investigation
Desulfurization Method Using Air and Zinc
Oxide/Activated Carbon Composite. 1JCPE . 2017,
18(2): 37-46.
https://doi.org/10.31699/1JCPE.2017.1.3.

9. Mirante F, Castro Bd, Granadeiro CM, Balula SS.
Solvent-Free Desulfurization System to Produce
Low-Sulfur Diesel Using Hybrid Monovacant
Keggin-Type Catalyst. Molecules. 2020; 25(21):
4961. https://doi.org/10.3390/molecules25214961.

Page | 3721



https://doi.org/10.21123/bsj.2024.9245
https://doi.org/10.1016/j.matpr.2020.12.738
https://doi.org/10.3390/catal9030229
https://doi.org/10.31026/j.eng.2021.07.03
https://doi.org/10.21123/bsj.2021.18.4(Suppl.).1557
https://doi.org/10.1515/revce-2018-0058
https://doi.org/10.21123/bsj.2022.6895
https://doi.org/10.31026/j.eng.2018.11.04
https://doi.org/10.31699/IJCPE.2017.1.3
https://doi.org/10.3390/molecules25214961

2024, 21(12): 3716-3723
https://doi.org/10.21123/bsj.2024.9245
P-ISSN: 2078-8665 - E-ISSN: 2411-7986

e

Baghdad Science Journal

10.

11.

12.

13.

14,

15.

16.

17.

18.

Ahmed GS, Humadi JI, Aabid AA. Mathematical
Model, Simulation and Scale up of Batch Reactor
Used in Oxidative Desulfurization of Kerosene.
IJCPE. 2021; 22(3): 11-7.
https://doi.org/10.31699/1JCPE.2021.3.2.
Ahmedzeki N, Ali Y, Abass M, Jaeed Y., Ibraheem
S. Catalytic Decomposition of Sulfones in Oxidized
Iragi Kerosene Using Prepared Mg-Al Layered
Double Hydroxide Catalyst. Egypt J Chem, 2022;
65(132): 1429-1436.
https://doi.org/10.21608/ejchem.2022.120932.5429.
Martinetto Yohan, Bruce Pegot, Catherine Roch-
Marchal, Betty Cottyn Boitte, Sébastien Floquet.
Designing functional polyoxometalate-based ionic
liquid crystals and ionic liquids. Eur J Inorg Chem,
2020; 2020(3), 228-247.
https://dx.doi.org/10.1002/ejic.201900990

Akopyan A, Eseva E, Polikarpova P, Kedalo A,
Vutolkina A, Glotov A. Deep Oxidative
Desulfurization of Fuels in the Presence of Bronsted
Acidic  Polyoxometalate-Based lonic  Liquids.
Molecules. 2020; 25(3): 536.
https://doi.org/10.3390/molecules25030536.
Gooneh-Farahani, S., and Anbia, M. A review of
advanced methods for ultra-deep desulfurization
under mild conditions and the absence of hydrogen. J

Environ Chem Eng. 2022; 108997.
https://doi.org/10.1016/j.jece.2022.108997.
Ahmadian, M., and Anbia, M. Oxidative

desulfurization of liquid fuels using polyoxometalate-
based catalysts: a review. Energy  Fuels. 2021;
35(13), 10347-10373.
https://doi.org/10.1021/acs.energyfuels.1c00862.
Mundher Y, Hussein QH, Al-Tabbakh BAA.
Synthesis and characterization of (TBAPW11030)
hybrid Keggin type catalyst. AIP Conf Proc. 2022;
2660 (1): 020092.https://doi.org/10.1063/5.0107720.
Mirante F, Dias L, Silva M, Ribeiro SO, Corvo MC,
Castro BD, et al. Efficient heterogeneous
polyoxometalate-hybrid catalysts for the oxidative
desulfurization of fuels. Catal Commun. 2018; 104:
1-8. https://doi.org/10.1016/j.catcom.2017.10.006.

Li Y, Zhang Y, Wu P, Feng C, Xue G. Catalytic
oxidative/extractive desulfurization of model oil
using transition metal substituted

19.

20.

21.

22.

23.

24,

25.

phosphomolybdates-based ionic liquids. Catalysts.
2018; 8(12), 639.
https://doi.org/10.3390/catal8120639.

Liu Y, Wang F, Lv Y,Yu S,Wang R, Jiao W. Three-
Dimensional Graphene Oxide Covalently
Functionalized with Dawson-Type Polyoxotungstates
for Oxidative Desulfurization of Model Fuels. Ind
Eng Chem Res. 2021, 60(1): 114-
127 .https://dx.doi.org/10.1021/acs.iecr.0c04384.
Wang R, Zhang G, Zhao H. Polyoxometalate as
effective catalyst for the deep desulfurization of diesel
oil. Catal Today. 2010; 149(1-2): 117-121.
https://doi.org/10.1016/j.cattod.2009.03.011.
Ammar SH, Salman MD, Shafi RF, Keggin- and
Dawson-type polyoxotungstates immobilized on
poly(3,4-ethylenedioxythiophene)-coated zerovalent
iron nanoparticles: Synthesis, characterization and
their catalytic oxidative desulfurization activity. J
Environ Chem Eng. 2021; 9(1): 104904.
https://doi.org/10.1016/j.jece.2020.104904.

FuJ, MaW, Guo Y, Li X, Wang H, Fu C, et al. The
Ultra-Deep Desulfurization of Model Oil Using
Amphipathic  Lindqvist-Type  Polyoxometalate-
Based TiO2 Nanofibres as Catalysts. Catal Letters.
2020; 151: 2027-2037.
https://doi.org/10.1007/s10562-020-03432-4.

Gao Y, Cheng L, Gao R, Hu G, Zhao J. Deep
desulfurization of fuels using supported ionic liquid-
polyoxometalate hybrid as catalyst: A comparison of
different types of ionic liquids. J Hazard Mater. 2021,
401: 123267.
https://doi.org/10.1016/j.jhazmat.2020.123267.
Chamack M, Mahjoub AR, Aghayan H. Catalytic

performance of vanadium-substituted
molybdophosphoric acid supported on zirconium
modified  mesoporous silica in  oxidative

desulfurization. Chem Eng Res Des. 2015; 94: 565-
572. https://doi.org/10.1016/j.cherd.2014.09.017.
Chen X, Song D, Asumana C, Yu G. Deep oxidative
desulfurization of diesel fuels by Lewis acidic ionic
liquids based on 1-n-butyl-3-methylimidazolium
metal chloride. J Mol Catal A Chem. 2012; 359: 8-13.
https://doi.org/10.1016/j.molcata.2012.03.014

Page | 3722


https://doi.org/10.21123/bsj.2024.9245
https://doi.org/10.31699/IJCPE.2021.3.2
https://doi.org/10.21608/ejchem.2022.120932.5429
https://dx.doi.org/10.1002/ejic.201900990
https://doi.org/10.3390/molecules25030536
https://doi.org/10.1016/j.jece.2022.108997
https://doi.org/10.1021/acs.energyfuels.1c00862
https://doi.org/10.1063/5.0107720
https://doi.org/10.1016/j.catcom.2017.10.006
https://doi.org/10.3390/catal8120639
https://dx.doi.org/10.1021/acs.iecr.0c04384
https://doi.org/10.1016/j.cattod.2009.03.011
https://doi.org/10.1016/j.jece.2020.104904
https://doi.org/10.1007/s10562-020-03432-4
https://doi.org/10.1016/j.jhazmat.2020.123267
https://doi.org/10.1016/j.cherd.2014.09.017
https://doi.org/10.1016/j.molcata.2012.03.014

2024, 21(12): 3716-3723 ‘D
https://doi.org/10.21123/bsj.2024.9245 -
P-ISSN: 2078-8665 - E-ISSN: 2411-7986 Baghdad Science Journal

S8 g1-3-Jafina- 1 aa (S S ) 20 Laal) Jalad) aladily ddsant) BausSYLy oy st 43) )
Ciliaa 9 95 918 (ool bis 2 5] 951200
2Lkl Gaa )l 2o Gl o Gan il G (1 jdla Gpandy

Cg\):d\ ¢z clazy PEOARN ‘:L;A;@J\ :\:\.‘S ‘4:\3‘_’\.«:\55\ :tuA.\éJ\ ?ué 1
LGl calas Jagil) IB1BY) ‘L;L'éﬂ‘ )ﬁbﬂ\} Caall S e 2

DAl

3 sae L) Ja gall aaf iy 5<U miiia O3l Y i) Sl Cilanl g 1o sum 5o Aenll 300V oy €I A1) 5]y
(Ganll 138 3 Gl g 5 (e EiVUia g5l 5 5 8008V J ) 23 5 (g0 o skl S LS 5o A1 3Y 1A a0 Lgalaiinal o3
g5 On s s (HaO2)0m 50l 2S5 pm 5l z3sai , TBAPW11O39 (S & 55 (0 2ebusall Jalall sl o5
Y il 8 J 3l 3 5a (a (DBT) (s sy (8 g 1) o e Lol o3 Adlie Jelii d gyl an3 (OMIM(PF6)
4 5 (batch) g 5 delia (3 TBAPW11039 pladiuls 2 5aS cm s puel) 2S5 j g Ol M 2y 5 (IL)
L) 5 1/ ae (6-0.5)budd) Jalall )35 5 (CAIS 343,3232,303)Jeliill (T) 30m a3 5 (4282 180-30) 0l
Salall Lelal (a/de) (1/10 — 5/10)  IL/dieselisassll dsill s (Jso/d30)1:5 1:1 e (O/S) Ho0z/ DBT dsall
el syl (8796 Aty oy pSUAD ) o) Calis ¢ Gan s pdel) 2S5 pladinly DBT A15Y Alle 4lad sacliudl)
CS /S sall Asall Al il /s 3=xeluall Jalall 055 ¢ T o= 343 K ¢ o) gised e e 10)
Ao ) i) oda i (4883 120 33l 10/2 =)/ s3¥) Bl daaaall dasilly  1:5=(H,0/DBT)<u sl
e 5 jagis Allad 4d) yla & 5l 35 23 sall Aimgll oS e Lsall Jalall alaiidy (A ge 4y jiadl) 5008 iy 5

S Gans S A1) 3l

Y Uie g 5f Y g 3auSYL g iU AN 51 3 50l 23 i 3 o) JAl 0y g i S s alidal) cilalsl)

Page | 3723


https://doi.org/10.21123/bsj.2024.9245

