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dy on deep extractive oxidative
desulfurization with tetrabutylammonium
bromide/polyethylene glycol DES

Yanwen Guo, Xingjian Liu, Jingwen Li and Bing Hu*

Green, efficient and inexpensive desulfurizing solvents have always been a considerable focus of petroleum

desulfurization research. In this study, a series of deep eutectic solvents (DESs) based on

tetrabutylammonium bromide (TBAB)/polyethylene glycol 200 (PEG-200) with different molar ratios

were synthesized and characterized by Fourier transform infrared spectroscopy and 1H nuclear magnetic

resonance spectroscopy. Dibenzothiophene (DBT) was removed deeply as the classic sulfide in model

oil, and H2O2 was fully utilized by the new TBAB/PEG-200 desulfurization system in step extractive

oxidative desulfurization. The reaction conditions were optimized further, and O/S ¼ 8, DES/oil ¼ 1 : 5,

40 �C and 75 minutes were chosen as the best reaction conditions. Meanwhile, other organic sulfides in

crude oil were also removed, and the removal rates of DBT, 4,6-dimethyldibenzothiophene and

benzothiophene were 99.65%, 96.71% and 93.52%, respectively. The DES was reused 7 times, and the

desulfurization efficiency of the regenerated DES for DBT was maintained at 98.14%. Finally, the possible

mechanism of the synergistic effect of two kinds of hydrogen bonds and the oxidant was proposed.
1. Introduction

With the great progress of society and science, travel modes have
become diversied. Meanwhile, the emission of sulfur compounds
from all kinds of vehicles has caused serious harm to nature.1 For
example, acid rain has caused serious corrosion of trees, buildings,
transportation pipelines and feed pumps, and it has also caused
deactivation of chemical catalysts, death ofsh and crops, andharm
to humans. It is vital for the environment and living things to deeply
remove suldes from fuel oil. Consequently, many national
governments have put forward exceedingly stringent requirements
on the sulfur content in fuel.2 The European Union strictly limited
the sulfur content in fuel oil to less than 10 ppm in 2008. The China
National V fuel standard was issued to reduce the sulfur content in
gasoline to less than 10 ppm in 2016. The Environmental Protection
Agency of the United States proposed that the minimum sulfur
content in gasoline should be 10 ppm in 2017. Therefore, it is an
urgent task to achieve deep desulfurization of fuel oil.

Many research groups have used numerous methods to solve
this problem, such as hydrodesulfurization (HDS),3,4 adsorptive
desulfurization (ADS),5,6 oxidative desulfurization (ODS),7,8 extractive
desulfurization (EDS)9,10 and biological desulfurization (BDS).11,12

Traditional HDS technology is widely used in industry because of its
high removal efficiency for mercaptan, thioethers and disuldes,
except for some aromatic sulfur compounds: thiophenes, benzo-
thiophenes, and their derivatives. Hence, Ali et al.13 synthesized
ering, Hubei University of Technology,

the Royal Society of Chemistry
catalysts with carbon nanober-doped zeolite as a support andMo–
Co andMo–Ni as active components to remove DBT frommodel oil
by HDS. The results show that the synthesized catalyst had high
stability and catalytic activity. The highest removal rate of DBT could
reach 97.5% at 300 �C. However, the present HDS technology has
the disadvantage of high energy consumption, expensive hydrogen
materials, high temperature, high pressure and special catalyst
requirements, which leads to high cost. Saleh14 summarized that the
reaction temperature of HDS was usually from 300 �C to 400 �C and
the reaction pressure was generally from 50 to 100 bar. In addition,
some nanomaterial catalysts are expensive, such as Pt–Rh
nanoparticles/FSM 16. Hence, it is necessary to nd less expensive
and more efficient desulfurization technologies.

ODS and EDS have attracted researchers' increasing interest as
efficient and effective methods owing to their mild operation
conditions. For ODS, H2O2 oen plays the role of an inexpensive and
efficient oxidant that cannot pollute the environment. Theoretically,
H2O2 could react with some polyoxometalates or heteropolyacids to
produce corresponding species with higher activity, which would
result in easier oxidation of organic suldes. Rezvani et al.15 synthe-
sized a nanomaterial catalyst, PMo11Cu@MgCu2O4@CS, for ODS.
H2O2/acetic acid and acetonitrile were used as the oxidant and
extractant, respectively. A highly active species, peroxyacetic acid, was
obtained by the reaction of H2O2 with acetic acid and was combined
with the nanomaterial catalyst to attack sulfur atoms in the fuel. The
organic sulde was oxidized to the corresponding sulfones, which
were extracted into acetonitrile. The results showed that the desul-
furization system had excellent desulfurization efficiency of 97% for
real oil under mild conditions. For EDS, traditional desulfurization
RSC Adv., 2021, 11, 31727–31737 | 31727
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solvents includedN,N-dimethylformamide, acetonitrile anddimethyl
sulfoxide,16–18 whose volatility is harmful to humans and the envi-
ronment. Ionic liquids (ILs) address the shortcomings of traditional
solvents due to their low volatility, high thermal stability, chemical
stability, non-ammability andexible designability. Accordingly, ILs
have been used as a new kind of desulfurization extractant or catalyst
since 2001.19 Recently, ILs have made remarkable advancements in
EDS and ODS, and the desulfurization efficiencies have been almost
100% under mild conditions.20–22 However, ILs are toxic, poorly
biodegradable, expensive anddifficult to prepare, which limited their
application in industry. DESs overcome these disadvantages of ILs
due to their nontoxicity, low price, reasonable biodegradability and
simple preparation processes. The properties of DESs are similar to
those of ILs, and many DESs are easy to recycle as desulfurizing
solvents.23–25 A DES, a new class of alternative green solvent, is
generally formed from two or three compounds by hydrogen
bonding. The hydrogen bond acceptors (HBA) usually consist of
quaternary ammonium salts. Polyols, urea and carboxylic acids
usually act as hydrogen bond donors (HBD). DESs were rst
proposed by Abbott's research team.26 They were not formally
employed in the desulfurization eld until 2013.27 In recent years,
DESs have been intensively studied in separation of substances,28

electrochemistry,29 preparation of nanomaterials,30 synthesis of
cellulose and its derivatives, and other research elds.31 A DES is
usually liquid at room temperature, and it can play the roles of
extractant and catalyst. Therefore, heterocyclic organic suldes can
be extracted from the oil phase to a DES phase by hydrogen bonds
combined with sulfur atoms. Studies show that hydrogen bonding is
the main driving force, and the removal of sulfur atoms is also
affected by CH–p, p–p and metal coordination.32–34

The advantages of PEG are good water solubility, low volatility,
non-toxicity and varying molar mass. Especially, low molar mass
PEGs have been widely employed in industry as environmentally
friendly solvents. As HBDs in DESs, many kinds of DESs have been
applied to desulfurization by researchers. For example, Majid et al.35

chose PEG-400 as the HBD and tetrabutylammonium chloride
(TBAC) as the HBA to synthesize DESs with different molar ratios.
The removal rate of DBT was 79.01% when the volume ratio of DES
to model oil was 1 : 1 at 25 �C. It is signicant to promote the
development of EDS with PEG-based DESs. The probabilities of
intermolecular collision increase due to hydrogen bonding, high
temperature, fast mixing speed and other factors. However, H2O2
Table 1 Information about the principal reagents used in this research

Chemical Abbreviation Purity (wt%

Tetrabutylammonium bromide TBAB 99.0
Polyethylene glycol 200 PEG-200 98.0
Octane 98.0
Dibenzothiophene DBT 98.0
1-Benzothiophene BT 97.0
4,6-Dimethyldibenzothiophene 4,6-DBT 97.0
Hydrogen peroxide H2O2 30.0
Cyclohexene 99.0
Toluene 99.5
Pyridine 99.5

31728 | RSC Adv., 2021, 11, 31727–31737
may also decompose quickly in this condition, which can result in
the loss of oxidant. To solve this problem, some groups proposed
the step reactionmethod. Diana et al.36 prepared two kinds of DESs,
PEG-200/TBAC and PEG-200/choline chloride (CHCl). The DESs
were used as extractants and two kinds of molybdenum complexes
were used as catalysts for extractive catalytic oxidative desulfuriza-
tion. In the rst step, the DES and simulated oil were stirred for 10
minutes for EDS. In the second step, the oxidant was added to the
desulfurization system for simultaneous EDS and ODS. The results
show that the desulfurization efficiencies of simulated oil with
a sulfur content of 3000 ppm could reach more than 90% in one
hour and 100% in two hours with 0.75 ml PEG/CHCl, 0.35 mmol
H2O2 and 10 mmol catalyst at 70 �C. In addition, real diesel oil was
desulphurized, and the desulfurization efficiency reached 82%.
Additionally, PEG can be used as a desulfurization extractant alone.
Kianpour et al.37 used PEG to reduce the content of DBT in simu-
lated oil from 512 ppm to less than 10 ppm.

To solve the problem of harsh conditions in HDS, the relatively
expensive raw materials of ILs and the loss of H2O2 in catalytic
oxidative desulfurization, TBAB andPEG-200were selected as the raw
materials of a DES according to previous studies. Both TBAB and
TBAC can also be used as phase transfer catalysts and ion pair
reagents,38–41 but the cost of TBAB is lower than that of its counter-
part. Hence, TBAB/PEG-200 DESs with different molar ratios were
synthesized by using PEG-200 as the HBD and TBAB as the HBA and
characterized by Fourier transform infrared (FT-IR) spectroscopy and
1Hnuclearmagnetic resonance (1HNMR) spectroscopy. According to
the mechanism of extractive coupled oxidative desulfurization,42–44

the DESs were used in desulfurization by a step reaction. In order to
test the desulfurization performance of DES TBAB/PEG-200, the
effects of different temperatures, O/S molar ratios, DES/oil volume
ratios, additives and sulfur compounds on the desulfurization effi-
ciency and the capacities of regenerating and recycling were inves-
tigated with control variates by adding extractant and oxidant to the
reactor at different times. Finally, the probable mechanism of step
extractive oxidative desulfurization was proposed.
2. Experimental
2.1 Materials

The reagents used in the research were not puried shown in
the Table 1.
) CAS number Supplier

1643-19-2 Shanghai Macklin Biochemical Co., Ltd
25322-68-3 Sinopharm Chemical Reagent Co., Ltd
111-65-9 Sinopharm Chemical Reagent Co., Ltd
132-65-0 Shanghai Macklin Biochemical Co., Ltd
95-15-8 Shanghai Macklin Biochemical Co., Ltd
1207-12-1 Shanghai Macklin Biochemical Co., Ltd
7722-84-1 Sinopharm Chemical Reagent Co., Ltd
110-83-8 Shanghai Macklin Biochemical Co., Ltd
108-88-3 Shanghai Sigma Aldrich Trade Co., Ltd
110-86-1 Shanghai Macklin Biochemical Co., Ltd

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.2 Preparation of the model oil

A certain amount of heterocyclic organic sulde was dissolved
in n-octane and transferred into a volumetric ask. The mass of
organic sulfur in the model oil with a sulfur content of 500 ppm
followed formula (1):

500 � 10�6 ¼ 32 � mOS/(MOS � Voil) (1)

Here, mOS (g), MOS (g mol�1) and Voil (ml) are the mass of
organic sulfur, molar mass of organic sulfur and total volume of
model oil, respectively. As a typical example, in the preparation
method of 500 ppm DBT model oil, 0.2879 g DBT was dissolved
in n-octane and transferred into a 100 ml volumetric ask.
Fig. 1 FT-IR spectra of TBAB, PEG-200 and TBAB/PEG-200 with
different molar ratios: (a) TBAB, (b) PEG-200, (c) TBAB/PEG-200 ¼
2 : 1, (d) TBAB/PEG-200 ¼ 1 : 1, (e) TBAB/PEG-200 ¼ 1 : 2 and (f)
TBAB/PEG-200 ¼ 1 : 3.
2.3 Preparation and characterization of the DESs

The syntheses of the TBAB/PEG-200 DESs were carried out in
a round bottom ask with vigorous stirring at 80 �C for 100
minutes. For example, when the mole ratio of TBAB and PEG-
200 was 1 : 2, 4.5132 g of solid TBAB was taken with an
electronic balance and 5 ml of liquid PEG-200 was taken with
a 5 ml sampler. DESs with different molar ratios were
successfully prepared until uniform and transparent liquids
were obtained.

The synthesized DESs were characterized exclusively by FT-
IR and 1H NMR spectroscopy. The functional groups and
formation of hydrogen bonds in the DESs were analyzed by
a Nicolet 6700 FT-IR spectrometer (Thermo Fisher, Waltham,
MA, USA) using potassium bromide tablets. 1H NMR spectros-
copy was utilized to evaluate the effects of the hydrogen bonds
formed in the different DESs. The specication of the nuclear
magnetic resonance spectrometer was Bruker 400M (Karlsruhe,
Germany), and D2O was used as the solvent.
2.4 Extractive and oxidative desulfurization process of the
model oil

A certain amount of model oil was added to a round bottom
ask. Several milliliters of DES were added to the model oil and
stirred to perform the extraction reaction rst. Aer 15 minutes,
a proper amount of upper oil was taken out by micropipette to
determine the performance of extractive desulfurization; then,
H2O2 was added to the reaction system to oxidize the sulfur.
Aer that, sampling was carried out every 15 minutes. The
calculation of the desulfurization efficiency was in accord with
formula (2):

R (%) ¼ (C0 � C1)/C0 � 100% (2)

where R, C0 (ppm) and C1 (ppm) stand for the desulfurization
efficiency and the concentrations of sulde before and aer
removal, respectively. The upper oil sample was measured by
a gas chromatography-ame ionization detector (GC-FID) (VF-1
column type; 30 m � 0.25 mm � 0.25 mm; column temperature:
230 �C; raised from 100 �C to 230 �C at the rate of 20 �C min�1

and maintained for 6 minutes; injector port temperature:
250 �C; detector temperature: 300 �C).
© 2021 The Author(s). Published by the Royal Society of Chemistry
3. Results and discussion
3.1 Characterization of DES TBAB/PEG-200

The infrared curves of TBAB, PEG-200 and TBAB/PEG-200 with
different molar ratios are shown in Fig. 1 to investigate the
interaction between TBAB and PEG-200. The results show that
the peaks for the C–H and C–O–C stretching vibration, C–O
stretching vibration and O–H bond bending vibration in PEG-
200 were at 2875 cm�1, 1105 cm�1 and 925 cm�1, respectively.
The peaks at 2956 cm�1, 1473 cm�1 and 1110 cm�1 were
attributed to the stretching vibration of C–H, the bending
vibration of C–H and the stretching vibration of C–N in TBAB,
respectively. In fact, when the H atom is combined with an atom
with high electronegativity by a covalent interaction, the
common electron pair is strongly attracted to the atom with
high electronegativity. Hence, the H atom with some positive
charge could be combined with another atom with high elec-
tronegativity to form a hydrogen bond. The formation of
hydrogen bonds could result in an average density of the elec-
tron cloud, which resulted in a reduction of the frequency of the
stretching vibration. The DES contained N, O and Br atoms with
high electronegativity; therefore, the eld of force around the H
atom in O–H caused by these atoms changed. Above all, the
characteristic stretching vibration of the O–H bond in PEG-200
was from 3090 cm�1 to 3710 cm�1, but the wavelengths of the
DESs were wider. Different redshis of O–H from 3384 cm�1 to
3344 cm�1, 3334 cm�1, 3332 cm�1 and 3372 cm�1 also proved
the existence of hydrogen bonds. With the increase of PEG-200,
the effect of hydrogen bonding rst increased and then
decreased. When the molar ratio of TBAB to PEG-200 was 1 : 3,
the formation of hydrogen bonds lacked the corresponding
HBA, which resulted in a decrease of the red shi value. The
desulfurization efficiency showed an identical trend, which rst
went upward and then downward.

In order to further study the relationship of the hydrogen
bonds between PEG-200 and TBAB, the 1H NMR spectra of the
DESs are presented in Fig. 2. For the different DESs, the H
RSC Adv., 2021, 11, 31727–31737 | 31729
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Fig. 2 1H NMR spectra of TBAB/PEG-200.
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chemical shis of –OH varied from 4.66 ppm to 4.62 ppm.
Furthermore, the shapes of the peaks became wider and
shorter. The shapes of the peaks were similar when the molar
ratio was 1 : 2 and 1 : 3. Specially, two kinds of hydrogen bonds,
O–H/N and O–H/Br, are proposed in this paper because of
the existence of highly electronegative N and Br atoms in TBAB.
The electronegativity of N was higher, so the electron screening
effect was more noticeable, and the bond energy of O–H/Nwas
higher than that of Br.45 Due to the existence of hydrogen
bonding, the signal of hydrogen in TBAB also had different
effects, and the area of the peak decreased. All the above
evidence demonstrated that different DESs with driving forces
of hydrogen bonding were successfully obtained.

3.2 Inuence of the DES on the desulfurization efficiency

Prepared DESs with different molar ratios of HBD to HBA were
used to explore the preliminary desulfurization effect of the
model oil, as shown in Table 2. When only PEG-200 was used as
the extractant, the desulfurization efficiency reached 71.47%
because of weak hydrogen bonds arising between the sulfur
atom in DBT and O–H in PEG-200. The desulfurization effect
was inferior to that described in the literature.37 In the processes
of synthesizing a series of DESs, it could be observed that the
uidity of the DESs was poor at room temperature when the
molar ratio of TBAB to PEG-200 was 2 : 1 or 1 : 1. Under such
conditions, the desulfurization efficiencies were low, and they
were 82.13% and 83.67%, respectively. The highest desulfur-
ization efficiency of 93.92% could be obtained when the molar
ratio of TBAB/PEG-200 was 1 : 2. The desulfurization
Table 2 Desulfurization efficiencies of the different DESsa

Entry TBAB : PEG-200 Desulfurization efficiency (%)

1 0 : 5 71.47
2 2 : 1 82.13
3 1 : 1 83.67
4 1 : 2 93.92
5 1 : 3 88.02

a Reaction condition: 5 ml DBT model oil, 5 ml DES, O/S ¼ 8, 40 �C,
75 min.

31730 | RSC Adv., 2021, 11, 31727–31737
efficiencies increased with the decrease of the TBAB/PEG-200
molar ratio from 2 : 1 to 1 : 2, which followed the decrease of
the chemical shi of H in the 1H NMR spectrum. Meanwhile,
excessive solid TBAB formed a liquid with high viscosity, which
slowed the chemical kinetics and decreased the reaction rate.
On the other hand, when the molar ratio of TBAB/PEG-200 was
1 : 3, the desulfurization efficiency was reduced to 88.02%. This
may have occurred because excess PEG-200 diluted the
concentrations of DES and H2O2, reducing the strength of the
hydrogen bonds and the catalytic oxidation ability.
3.3 Inuence of temperature on the desulfurization
efficiency

It can be seen from Fig. 3 that the desulfurization rate increased
with the increase of temperature in the rst 15 minutes. The
desulfurization efficiency was not very high at 20 �C. The main
reason may be that the oxidation capacity of the active oxygen
components was too low to show great desulfurization perfor-
mance at this temperature. Another reason may be that the
force between the hydrogen bonds and sulfur atoms in DBT was
Fig. 3 Changes in the desulfurization efficiency with the reaction time
at different temperatures (2 ml DES, 10 ml DBT model oil, O/S ¼ 8).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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too weak at relatively low room temperature, and most of the
DBT remained in the upper oil phase. When the temperature
was raised to 30 �C or 40 �C, the desulfurization efficiencies
signicantly improved in the rst 15 minutes. The desulfur-
ization efficiency could reach 55.51% aer extractive reaction at
40 �C. This is because only hydrogen bonding was the driving
force in the extraction stage. Aer adding H2O2 to the round
bottom ask, the desulfurization efficiency was improved
obviously and could reach over 76.16% in 30 minutes. Aer 75
minutes, the desulfurization efficiency could be over 99.65%,
which meant that the sulfur content of the 500 ppm model oil
was below 10 ppm. During the extractive oxidative reaction, the
power of DBT conversion was derived from the synergistic
action of hydrogen bonding and oxidation. The desulfurization
efficiency increased with increasing reaction temperature,
which can be attributed to the stronger binding forces between
the hydrogen bonds and S atoms in this temperature range.
Nevertheless, the desulfurization efficiencies in 75 minutes did
not change much with increasing temperature. This may be
because the reaction almost reached equilibrium, or a trace
amount of H2O2 was decomposed into O2 with low oxidation
activity at 50 �C or 60 �C. The following reactions were
completed at the mild temperature of 40 �C, which could
decrease the expenditure of energy in industry.
3.4 Inuence of the O/S molar ratio on the desulfurization
efficiency

In fact, 1 mol DBT is theoretically needed to react with 1 mol
H2O2, and a slight excess of oxidant can promote the oxidation
reaction. It can be obtained from Fig. 4 that the sulfur removal
rate of 15 minute extractive desulfurization reached about
54.38% without adding oxidant. When the O/S molar ratio was
2, the desulfurization efficiency at 75 minutes was very low, and
it was only 74.72%. This is because the H2O2 added was not
enough to oxidize too much DBT, and the force of
Fig. 4 Changes in the desulfurization efficiency with the reaction time
with different molar ratios of oxidant to sulfide (2 ml DES, 10 ml DBT
model oil, 40 �C).

© 2021 The Author(s). Published by the Royal Society of Chemistry
desulfurization was mainly extraction by the hydrogen bonding
between the DES and the S atoms in DBT. With the addition of
sufficient H2O2, the DBT originally existing in the DES phase
was oxidized to dibenzothiophene sulfoxide (DBTO) or diben-
zothiophene sulfone (DBTO2), and the DBT in the oil phase was
extracted to the DES phase continuously. Therefore, the desul-
furization efficiency started to increase as more H2O2 was
added. When the O/S molar ratio was greater than 4, the
desulfurization efficiency increased obviously and could reach
99.65% due to the synergistic effect of sufficient oxidant and the
hydrogen bonding force; therefore, DBT was almost completely
removed to achieve deep desulfurization. Accordingly, when the
O/S molar ratio increased to 10, the desulfurization rate did not
increase signicantly. This might have been because the
oxidation reaction of DBT had reached equilibrium. Moreover,
the addition of H2O2 introduced a small amount of water, which
could dilute the DES and result in weakening of the intermo-
lecular hydrogen bond forces.46 Hence, an O/S ratio of 8 was
selected as the best reaction condition for the following reac-
tions due to its excellent desulfurization efficiency in the same
time.
3.5 Inuence of the DES/oil volume ratio on the
desulfurization efficiency

If a small amount of solvent can purify more crude oil, it will be
more economical in industry. As plotted in Fig. 5, the sulfur
removal of DBT was only 85.32% when the volume ratio of DES
tomodel oil was 1 : 10. Upon increasing the volume ratio to 1 : 5
and 2 : 5, the desulfurization efficiencies could reach 99.65%
and 99.70%, respectively. The reason was that more DES could
help to extract more DBT in the upper phase and oxidize that in
the lower phase. However, the desulfurization efficiency
decreased marginally when the volume ratio was increased to
3 : 5. The reason may be that the excessive DES diluted the
concentration of H2O2.47 Hence, the volume ratio of 1 : 5 was
Fig. 5 Changes in the desulfurization efficiency with the reaction time
at different volume ratios of DES to oil (10 ml DBT model oil, O/S ¼ 8,
40 �C).
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Fig. 6 Changes in the desulfurization efficiencywith the reaction time for
different kinds of sulfides (2 ml DES, 10 ml model oil, O/S ¼ 8, 40 �C).
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used as themost suitable condition in this experiment. Specially, it
can be seen from the above data that the desulfurization effi-
ciencies increased gradually with the increase of the dose of DES in
15 minutes. This occurred because more DES could provide more
extractive active sites which could attack S atoms. However, the
force of hydrogen bonding alone could not remove all DBT
completely from the oil phase in the short time of 15 minutes.
Hence, many researchers adopted the approaches of multi-stage
extraction or extraction coupled with oxidation to perform desul-
furization and obtained great results.48–51

3.6 Inuence of sulfur compounds on the desulfurization
efficiency

In addition to DBT, other typical suldes in real oil were
removed as heterocyclic organic suldes under the optimum
Fig. 7 Changes in the desulfurization efficiency with the reaction time
for other complex components (2 ml DES, 10 ml multicomponent
model oil, O/S ¼ 8, 40 �C).

31732 | RSC Adv., 2021, 11, 31727–31737
reaction conditions. As pictured in Fig. 6, the removal rates of
DBT, BT and 4,6-DBT reached 99.65%, 96.71% and 93.52%,
respectively. DBT could be removed more effectively than the
other two sulfur compounds in this way. DBT contained two
benzene rings and had high electron cloud density; therefore,
the sulfur atoms could be more easily activated and extracted by
hydrogen bonds. According to previous literature reports, the
electron densities on the sulfur atom of 4,6-DBT, DBT and BT
are 5.760, 5.758 and 5.739, respectively.52,53 Although 4,6-DBT
had a higher electron cloud than DBT, the conversion efficiency
was slightly lower than that of DBT. This can be attributed to the
increase of steric hindrance due to the presence of two methyl
groups, which hindered the formation of hydrogen and the
combination of oxygen with sulfur atoms. There is only one
benzene ring in BT, but the sulfur atom is difficult to activate
due to its lower electron density.
3.7 Inuence of the addition of cycloparaffin, aromatic,
olen and heterocyclic nitrogen compounds on the
desulfurization efficiency

Due to the complex compositions in real diesel, cycloparaffin,
aromatic, olen and heterocyclic nitrogen compounds were
added to the model oil as additives to test their inuence on the
new desulfurization system. 100 ml of the n-octane multicom-
ponent model oil contained hydrocarbon compounds, namely
5 ml cyclohexene, 5 ml cyclohexane and 5 ml toluene, and
250 ppm pyrrole and 500 ppm DBT were used as heterocyclic
compounds. Fig. 7 shows that the desulfurization rate in 75
minutes decreased from 99.65% to 96.93% compared with the
DBT model oil, which may be due to the participation of some
oxidants in the ring-opening reaction of cyclohexene or the
oxidation reaction of pyridine.54 However, the desulfurization
rate changed from 55.51% to 55.22% at 15 minutes, which
indicated that the addition of the complex compounds had little
effect on the extractive desulfurization.
3.8 Inuence of the reaction method on the desulfurization
efficiency

As is listed in Table 3, the sulfur removals of DBT, BT and 4,6-
DBT were very low without oxidant, only 84.16%, 71.91% and
80.07%, respectively. Therefore, deep desulfurization could not
be achieved by only extraction. When H2O2 was used in the
desulfurization process, the sulfur removal rates increased
sharply. The reason may be that the heterocyclic organic
Table 3 Comparison of different desulfurization methodsa

Sulde

Desulfurization efficiency (%)

No oxidant Conventional process Step reaction

DBT 84.16 94.59 99.65
BT 71.91 88.28 93.52
4,6-DBT 80.07 89.22 96.71

a Reaction condition: 2 ml DES, 10 ml model oil, O/S¼ 8, 40 �C, 75 min.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Recycling and regeneration performance (2 ml DES, 10 ml DBT
model oil, O/S ¼ 8, 40 �C, 75 min).
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suldes were oxidized to the corresponding sulfones with
strong polarity, and more suldes could be extracted from the
oil into the TBAB/PEG-200 DES. In order to explore the effect of
step extractive oxidative desulfurization, the desulfurization
efficiencies of the different reaction processes were compared.
When model oil, DES and oxidant were added to the reactor at
the same time, the conversion efficiencies of DBT, BT and 4,6-
DBT were 94.59%, 88.28% and 89.22%, respectively. Under the
optimized program, the desulfurization efficiencies increased
by 5.06%, 5.24% and 7.49%, respectively. A possible reason is
that the former method accelerated the consumption of some
H2O2. Some H2O2 could be decomposed into H2O and O2 under
the action of stirring, heating or other conditions. During the
Fig. 9 FT-IR and 1H NMR spectra of fresh and regenerated DES.

Table 4 Details of desulfurization compared with previous literature rep

DES Method T (�C)

TBAC : PEG-400 ¼ 1 : 1 Extractive 25
TBAC : PEG ¼ 1 : 2 Extractive 25
TBAB : PEG-600 ¼ 1 : 2 Extractive 25
TBAB : PEG-200 ¼ 1 : 2 Extractive and oxidative 40

© 2021 The Author(s). Published by the Royal Society of Chemistry
upward movement of oxygen molecules, most of the oxygen was
lost; thus, the pressure in the reactor increased, and only
a small part of oxygen was used for oxidative desulfurization
(see Fig. 11). In brief, the rst extraction could reduce unnec-
essary loss of H2O2 and improve the sulfur removal rate.

3.9 DES recycling

In addition to high desulfurization efficiency, recyclability and
reusability are important evaluation criteria for the applicability
of DES TBAB/PEG-200, which is in line with sustainable devel-
opment of the economy. In order to explore the recycling
performance of the DES, several sets of cyclic tests were con-
ducted under the optimized reaction conditions. The cycle
study is shown in Fig. 8. Aer seven cycles, the desulfurization
efficiency was still above 92.11%. However, the desulfurization
efficiency started to decrease obviously in the eighth cycle. The
primary cause could be that DES was nearly saturated and the
desulfurization capacity was reduced greatly. Likewise, a trace
amount of water which came from H2O2 aer each cycle could
weaken the hydrogen bonding abilities between DES and DBT.
Aer the reaction solution was divided into water and oil phases
by decantation, the DES could be regenerated and puried by
water washing, ltering, rotary evaporation and vacuum drying.
Firstly, the oil and water phases were separated by a separating
funnel. The water phase was discharged from the bottom of the
separating funnel, and the upper layer was the product oil.
Secondly, a white solid precipitated because of the different
solubilities of sulde in the two kinds of liquids when water was
added to the aqueous phase. The solid was ltered aer
standing for some time. Thirdly, the residual water in DES was
removed by a rotary evaporator at 90 �C. The regenerated DES
was reused for the new desulfurization system, and the
orts

O/S DES/oil Recyclability R (%) Ref.

1 : 1 79.59 33
2 : 1 5 82.83 38
1 : 1 5 82.40 55

8 : 1 1 : 5 7 99.65 This paper
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Table 5 Prices of the HBDs and HBAs

Chemicals PEG-200 PEG-400 PEG-600 TBAC TBAB
Price (U) 8.40/kg 9.40/kg 9.70/kg 72.00/kg 12.00/kg
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desulfurization efficiency could reach 98.14%. The FT-IR and 1H
NMR spectra of the regenerative DES were compared with those
of fresh DES. It can be seen from Fig. 9 that they changed
slightly, which indicated that the DES possessed a stable
structure and great regeneration performance.
3.10 Comparison of the desulfurization efficiency with
previous literature

Table 4 depicts the comparison of different desulfurization
information between other literature reports and this paper. In
terms of reaction temperature, the temperature used in this study
was slightly higher than that used in the other three reports.
However, the amount of DES was the smallest. Higher desulfur-
ization efficiency was obtained by adding a small amount of
oxidant and without multiple extraction reactions. The recycla-
bility was also better than that of the other two schemes. In the
Fig. 10 The combination of DES and DBT (SR stands for DBT).

Fig. 11 The pathway of H2O2 and oxidation of DBT (O ¼ SR stands for D

31734 | RSC Adv., 2021, 11, 31727–31737
other three literature reports, deep desulfurization was achieved by
three-stage extraction, but the cost of the equipment and operation
process increased. As shown in Table 5, the costs of PEG-200 and
TBAB used in this paper were both lower. The prices were based on
Guide Chemical and Alibaba and changed moderately. Based on
the comprehensive analyses, the desulfurization system proposed
in this paper was more economical.
3.11 Mechanism of step extractive oxidative desulfurization

According to the studies in previous literature reports, one of
the mechanisms of extractive coupled oxidative desulfurization
is that DBT is extracted into the aqueous phase by the interac-
tion of the extractant and DBT, and then the sulfur in the
aqueous phase is oxidized and removed. In this paper, the
method of adding extractant and oxidant in two stages was
adopted. As far as DBT was concerned, DBT was combined with
the DES TBAB/PEG-200 to enter the lower phase solution by 15
minute extractive desulfurization. When H2O2 was not used, the
removal of S mainly depended on the forces of hydrogen
bonding of O–H/N and O–H/Br bonds, as shown in Fig. 10.
With the addition of H2O2, the sulde in the lower layer was
oxidized and the sulde in the upper was extracted into the
BTO or DBTO2).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 FT-IR spectra of DBT, the white solid, fresh DES and DBT-DES.
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lower solution simultaneously. It is speculated that H2O2 was
divided into two parts in the desulfurization system, as shown
in Fig. 11. First, some H2O2 was converted into cOH with high
activity under the catalysis of DES and then reacted with DBT.
Second, when the TBAB in DES played the role of phase transfer
catalyst, additional H2O2 was brought into the two phases in an
agitated state by TBAB and reacted with DBT directly. Hence, DBT
was oxidized to the corresponding sulfoxide or sulfone under the
synergistic effect of hydrogen bonding and oxidization and was
removed easily from the aqueous phase. Accordingly, the step
extractive oxidative reaction could further increase the desulfur-
ization efficiency because H2O2 was fully utilized and the loss of
H2O2 was reduced by the new desulfurization system. In order to
explore the mechanism ulteriorly, the white solid dissolved in DES
phase was obtained and characterized by FT-IR, as shown in
Fig. 12. According to the peaks at 1288 cm�1, 1166 cm�1 and
1047 cm�1, it was speculated that the solid might contain DBTO,
DBTO2 and DBT that was not oxidized. Meanwhile, some charac-
teristic peaks of the benzene ring in DBT from 1000 cm�1 to
500 cm�1 weakened and disappeared. This may be due to the fact
that the electron donor group in DES weakened the aromaticity of
DBT, which enabled DBT to be oxidized easily. Moreover, no other
substance was detected in the upper oil, as shown in Fig. 13, which
indicated that product oil with relatively high purity was obtained.
Fig. 13 GC-FID of the upper oil at different reaction times.

© 2021 The Author(s). Published by the Royal Society of Chemistry
4. Conclusions

In this paper, TBAB/PEG-200 DESs with different molar ratios
were synthesized and characterized by FT-IR and 1H NMR
spectroscopy. The results showed that a series of TBAB/PEG-200
DESs with H bonds were successfully prepared and applied to
step extractive oxidative desulfurization. The representative
heterocyclic organic sulde DBT in model oil was used to
explore the appropriate molar ratio of TBAB and PEG-200.
According to the experiments, higher desulfurization effi-
ciency could be obtained when TBAB/PEG-200 ¼ 1 : 2. The
optimum reaction conditions of the DES were further explored
by the method of control variates. The results show that the
removal rate of DBT could reach 99.65% when the temperature
was 40 �C, the molar ratio of H2O2 to DBT was 8 and the volume
ratio of DES to oil was 1 : 5. Different desulfurization proce-
dures were compared under the optimized reaction conditions,
and the step extractive oxidative desulfurization used in this
paper showed the best sulfur removal performance. It is infer-
red that the decomposition of H2O2 can be reduced by step
extractive oxidative desulfurization. Two other typical hetero-
cyclic sulfur compounds were also removed, and the desulfur-
ization efficiencies of 4,6-DBT and BT were 96.71% and 93.53%,
respectively. Other alkane, olen, aromatic and nitrogen
heterocyclic compounds were also added to the DBT model oil,
and the desulfurization rate of DBT decreased from 99.65% to
96.93%, which shows that the desulfurization rate was not
greatly affected by these compounds. The fresh DES was not
treated and could be used 7 times. Meanwhile, it can be seen
from the FT-IR and 1H NMR spectra of the fresh and regen-
erated DES that the DES had high stability, and the desulfur-
ization rate for DBT model oil could still reach more than
98.14%. Compared with other literature reports, the new
desulfurization system was more applicable. For the mecha-
nism of stage extractive oxidative desulfurization, the possible
force of DBT removal is the extraction of DBT by hydrogen
bonding in DES and the oxidation of DBT by TBAB in DES as
a catalyst and H2O2 as an oxidant. The solid separated from DES
also proved that DBT was oxidized to the corresponding DBTO2

in the desulfurization process. In summary, the improved
desulfurization program could be employed in the removal of
RSC Adv., 2021, 11, 31727–31737 | 31735
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fuel oil as an efficient strategy. It is expected to achieve indus-
trialization because of its economy and efficiency.
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