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Deep eutectic solvents (DESs) are ‘green’ sustainable solvents with wide applications such as extractive
desulfurization of fuel; however, their low extraction efficiency is a major limitation to such applications.
In this work, several SOzH-functionalized polyoxometalates were prepared and applied to oxidative
desulfurization of fuels with acidic DESs as extractants and 30 wt% of H,O, as an oxidant. Compared
with neutral POM catalysts, acidic catalysts, such as [PSTEtAlsPW.,040, exhibited higher catalytic
performance with 100% desulfurization efficiency. However, in the absence of DESs sulfur removal was
only 9.6% with [PSTEtA]sPW1,040 used as a catalyst. To study the role of the DESs, three types of DESs
were evaluated on extraction and oxidation of dibenzothiophene (DBT), with acidic DES ChCl/2Ac
exhibiting the best performance. The effects of different reaction conditions, such as the amount of
H,O, and ChCl/2Ac, reaction temperature and time, different sulfur compounds, and fuel composition,
were investigated. Combined with the kinetic study, results suggested that oxidation of DBT was
attributed to a pseudo-first-order kinetic reaction. The activities of different sulfur compounds
decreased in the order of DBT > 3-methylbenzothiophene (3-MBT) > 4-methyldibenzothiophene (4-
MDBT) (4,6-DMDBT) (BT).
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1. Introduction

An increasing number of countries have implemented stringent
environmental regulations and fuel standards impel refineries
to produce low-sulfur fuel, but technical or economic issues
mean these continue to be challenges for many less developed
countries. Hydrodesulfurization (HDS) is a widely used tech-
nology for deep removal of sulfur compounds from diesel under
high temperature and pressure."* However, removal of alky-
lated dibenzothiophenes (DBTs), such as 4,6-dimethyldibenzo-
thiophene, requires high temperature and pressure, and high-
activity catalysts, making the HDS process very expensive.>”
Several techniques have been developed to address this limi-
tation, the most widely researched of which are oxidative
desulfurization (ODS),**® adsorptive desulfurization (ADS),"
extractive desulfurization (EDS),"” and biodesulfurization
(BDS)." Oxidative desulfurization has several advantages over
the other techniques because of its mild operating conditions
and high efficiency for removing DBTs.™
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aromatics, the sulfur removal could be strongly affected by olefins, showing a drop of up to 66.6%.

Ionic liquids (ILs) are used in many research fields including
synthesis, catalysis, materials science, electrochemistry, and
separation processes because of their unique physicochemical
properties, namely, thermal stability, non-volatility, non-
flammability and adjustable miscibility.”** ILs have been re-
ported as benign extractants and efficient catalysts in oxidative
desulfurization of fuel.**** However, the high cost of the
complex synthesis and purification steps may hinder their
potential industrial applications.” Deep eutectic solvents
(DESs) have emerged as alternatives to ILs because they have
similar characteristics to ILs but are cheaper to produce (lower
cost of the raw materials), less toxic, and often biodegrad-
able.”>** They are formed of quaternary ammonium salts and
hydrogen bond donors with a melting point significantly lower
than that of either individual component.****° In 2013,
ammonium-based DESs were first applied to extractive desul-
furization of fuel.*® Although desulfurization efficiency can
reach 99.48%, five extractive steps are required. Another two
DESs, choline chloride-glycerol and chlorinated paraffins-52/
AlCls/aromatic, have been prepared and used for extraction of
sulfur compounds from fuel;**> however, their desulfurization
efficiency still cannot match the current stringent standards.

Using a combination of extraction and photochemical
oxidative desulfurization of fuels with DESs, it was found that
aromatic sulfur compounds can be removed efficiently with air

This journal is © The Royal Society of Chemistry 2017
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as oxidant under UV light irradiation.*® Without light irradia-
tion, Lii et al. developed an oxalate-based acidic DES in ODS of
dibenzothiophene (DBT) under mild reaction conditions.?® This
DES was used not only as an extractant but also a catalyst.
Simultaneously, Li and his group exploited another acidic DES
based on p-toluenesulfonic acid.** The desulfurization effi-
ciency of benzothiophene (BT) from model oil can reach
99.99%. Therefore, acidic DESs are promising catalysts for
oxidative desulfurization.

Polyoxometalates (POMs), especially organic-inorganic
hybrid POMs, have been attracting increasing attention in the
field of catalytic oxidation because of the tuneable acidic and
redox properties of POMs and various cations.***° However, the
POMs generally show low catalytic activity without solvents or
supports in the field of oxidative desulfurization from diesel
0il.*** Moreover, little research has focused on the use of
sulfonic group-substituted POM-based hybrids as catalysts. In
the present study, new SO;H-functionalized POMs were
prepared to enhance the catalytic performance and different
types of DESs were used as extractants. It was found that
removal of DBT can reach 100% with acidic POMs as catalysts in
acidic DES ChCl/2Ac, which is much higher than that of the
neutral POMs. The kinetic models were studied under different
molar ratios of H,0, to DBT and temperatures.

2. Experimental

2.1. Preparation of POM catalysts and DESs

Synthesis of trimethylammonium propanesulfonate (PSTEtA):
1,3-propanesultone (PS, 0.1 mol) was dissolved in 50 mL
dichloromethane and stirred for 10 min in an oil bath. Then
triethylamine (TEtA, 0.1 mol) was added to the mixture drop-
wise. The reaction was heated at 40 °C for 24 h. The product
(97% of yield) was obtained by filtration, washing by ethyl
acetate and diethyl ether and dried at 100 °C. Synthesis of
[PSTEtA],H;_,PW1,040 (n = 1, 2, 3): PSTEtA aqueous solution
was added to phosphotungstic acid aqueous solution with
a molar ratio of n : 1 and stirred for 24 h. The final product was
dried at 100 °C for 8 h after the water was removed by rotary
evaporation. [TBA];PW;,0,, was prepared using the same
method as for [PSTEtA],H; ,PW;,0,4, where the molar ratio of
tetrabutylammonium chloride ([TBAC]) and H3PW;,0,, was
3 : 1. Elemental analysis caled (%) for [TBA];PW;,0,0: C 15.99,
H 3.02, N 1.17; found: C 15.90, H 2.96, N 1.13. Calcd (%) for
[PSTEtA];PW,,0,40: C 9.13, H 1.87, N 1.18; found: C 9.05, H
1.86, N 1.08. Other POM catalysts, [1-butyl-3-
methylimidazolium];PW,,0,,  ([Csmim]sPW,,0,0),  [1-(3-
sulfonic group) propyl-3-methylimidazolium];PW;,0,,
([PSmim];PW;,0,,) and [(3-sulfonic acid) propylpyridinium]s-
PW;,04 ([PSPy]sPW;,04), have been synthesized and charac-
terized in previous reports.*

The DESs were prepared by simply mixing choline chloride
(ChCl) and butyltrimethylammonium (BTAC) as hydrogen bond
donors (HBDs) at a molar ratio of 1 : 2 to obtain homogenous
transparent liquids. The mixture was heated to 80 °C in oil bath
and reacted at a stirring speed of 800 rpm for 4 h. The detailed
products are ChCl/2Ac, ChCl/2PEG, ChCl/2EG, ChCl/2BG, ChCl/
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2Gl, ChCl/2Fo, ChCl/2Pr, and ChCl/2U with acetic acid (Ac),
polyethylene glycol-200 (PEG), ethylene glycol (EG), [1,3-
butyleneglycol] (BG), glycerol (2Gl), formic acid (Fo), prop-
anoic acid (Pr), and urea (U) as HBDs, respectively. BTAC/2Ac
was prepared with BTAC and acetic acid.

2.2. Characterization

To determine the successful synthesis of the POM catalysts, they
were characterized by nuclear magnetic resonance (NMR),
Fourier transform infrared spectroscopy (FT-IR) and mass
spectrometry (MS). In addition, the solubility of DESs in model
oil was detected by '"HNMR and FT-IR.

2.3. Desulfurization test

A certain amount of catalyst was added to a self-made two-
necked reaction flask. Then, appropriate amounts of H,O,,
DES and 5 mL model oil were added. The mixture was reacted at
a stirring speed of 1000 rpm for 2.5 h at a set temperature. The
supernatant was stratified after the reaction, and the sulfur
content in the model oil was measured by gas chromatography
with flame ionization detector and the detection limit of the gas
chromatography was 0.15 ppm after calculation. The detailed
analysis method used Agilent 7890A, HP-5 column, 30 m long x
0.32 mm inner diameter (id) x 0.25 um film thickness; injector
port temperature, 250 °C; detector temperature, 300 °C; oven
temperature, starting at 100 °C and rising to 200 °C at
15 °C min~' for DBT, BT and 3-MBT, starting at 100 °C and
rising to 160 °C at 20 °C min~ " and then rising to 230 °C at
25 °C min~* for 4-MDBT and 4,6-DMDBT. The formula for
calculating the sulfur removal (SR) of model oil is as follows:

SR (%) = (1 — C/Cp) x 100

where C, represents the initial sulfur content and C, represents
the sulfur content of the model oil after a period of time,
respectively.

3. Results and discussion

3.1. Characterization of the POM catalysts

Fig. 1 shows the FT-IR spectra of [PSTEtA];PW,,0,, and [TBA];-
PW3,04. The bands ranging from 3000 to 2800 cm ™' are
assigned to the stretching vibration of C-H of alkyl chain. The
peaks in the range of 1560 cm ™" to 1460 cm ™' are attributed to
the bending vibration of C-H. The characteristic peaks at 1080,
980, 897 and 813 cm™ " are assigned to the Keggin structure of
PW,,040°".* The broad stretching vibrations of S=O at about
1218 cm™ " are ascribed to sulfonic groups in catalysts.** These
observations show the corresponding functional groups in the
catalysts. The following MS analysis of the catalysts further
confirms the presence of both cations and Keggin anions.

3.2. Oxidative desulfurization with different POM catalysts

POMs have been verified to be efficient catalysts; however,
previous work has shown that POM-based catalysts have low
activity in catalytic oxidation of aromatic sulfides without

RSC Adv., 2017, 7, 55318-55325 | 55319
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Fig. 1 Characterization of the POM catalysts.

a suitable solvent.*” Here, two neutral POM catalysts and three
acidic POM catalysts were tested for oxidative removal of DBT
using DES ChCl/2Ac as extractant and H,O, as oxidant. As
shown in Fig. 2, the sulfur removal was only 15.9% and 30.0%
with [C;mim];PW;,0,4 and [TBA];PW;,0,, as catalysts. After
the catalyst was modified with a SO;H group in the imidazole
ring, the catalytic activity of the three acidic catalysts improved
remarkably and more than 96.0% of DBT was removed. Sulfur-
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Fig. 2 Oxidative desulfurization with different catalysts. Experimental
conditions: n(catalyst)/n(S) =1: 11, ChCl/2Ac =2 mL, O/S=3,0il=5
mL, T=40°C,t=25h.
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free fuel can be achieved using [PSTEtA];PW;,0,, as a catalyst.
This could be explained by two functions of the SO;H group.
The first is that it can transfer to peroxysulfonic acid in the
presence of H,0,.* The second is that the structure of DBT can
be distorted by the acidity of the SO;H group, which makes it
more susceptible to oxidization.*

3.3. Effect of different kinds of DESs as extractants

As mentioned above, the extractants have a significant impact
on oxidation of sulfur compounds. Three types of DES, that is
acidic, neutral and basic DESs, were investigated on oxidative
desulfurization using [PSTEtA];PW;,04, as the catalyst. As can
be seen from Table 1, the extractive efficiency of most DESs is no
more than 30% except for ChCl/2PEG (45.4%). It is evident that
deep desulfurization cannot be obtained by mere extraction,
and that it is necessary to introduce oxidation assisted by
a catalyst and oxidant. After oxidation, the sulfur removal
increased to 81.5% using neutral DES ChCIl/2EG as an extrac-
tant, followed by ChCl/2PEG (68.9%), ChCl/2Gl (47.2%), and
ChCl/2BG (44.6%). In comparison, acidic and basic DESs
exhibited better desulfurization efficiency and 100% and 90.8%
removal of DBT from model oil was obtained with ChCl/2Ac and
ChCl/2U, respectively. As observed from the experimental
phenomena, the catalyst [PSTEtA];PW;,0,, can dissolve in
acidic and basic DESs but it can hardly dissolve in neutral DESs.
Herein, it is concluded that the homogeneous system showed
better performance than the heterogeneous system.

The solubility of DESs in model oil is seen as an important
factor in selecting an extractant because of the potential for

This journal is © The Royal Society of Chemistry 2017
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Table 1 Sulfur removal with different DESs as extractants®

Sulfur removal/%

Entry DESs EDS? ECODS*
1 ChCI/2EG 21.6 81.5
2 ChCl/2BG 25.1 44.6
3 ChCl/2Gl 12.2 47.2
4 ChCl/2PEG 45.4 68.9
5 ChCl/2Fo 18.7 85.0
6 ChCl/2Ac 19.8 100
7 BTAC/2Ac 27.0 95.6
8 ChCl/2Pr 28.1 98.1
9 ChCl/2U 8.8 90.8

“ Experimental conditions: DES = 2 mL, model oil = 5 mL, T=40°C.” ¢
= 10 min.  m(catalyst) = 0.025 g, O/S = 3, ¢t = 2.5 h.

cross-contamination. In a previous work, it was confirmed that
neutral and basic DESs, except for ChCl/2Gl and ChCl/2Pr, can
dissolve in oil.*® Here, FT-IR spectra were used to determine the
solubility of acidic DESs in oil. As shown in Fig. 3, the peak at
about 1722 cm ™! is attributed to a stretching vibration of C=0 in
BTAC/2Ac and ChCl/2Pr, indicating that the two DESs can dissolve
in n-octane and then might pollute the oil. Therefore, these two
DESs cannot be used as extractants even though they have high
desulfurization efficiency. There are no obvious new peaks in the
IR spectra in n-octane after mixing with another three DESs, ChCl/
2Fo, ChCl/2Ac and BTAC/2Ac, implying that they would not
pollute the oil. Therefore, ChCl/2Ac was selected to optimize the
reaction conditions as described in the following section.

3.4. Effect of different conditions on sulfur removal

H,0, and TBHP are commonly used oxidants, and are efficient
in oxidation of sulfur compounds.***® As presented in Fig. 4, the
desulfurization efficiency reached 100% when the molar ratio of

n-octane+ChCl/2Pr
1722
X
>
(3]
=
£
é‘ n-octane+ChCl/2Ac
wn
=
E n-octane+ChCl/2Fo
n-octane
v ) v L) v ) v L) v L) v ) v L)
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Wavenumber /cm'1

Fig. 3 Mutual solubility between model oil and DESs through FT-IR
spectra.
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Fig. 4 Effect of the oxidant on sulfur removal. Experimental condi-
tions: m(catalyst) = 0.025 g, ChCl/2Ac =2 mL, oil=5mL, T =40 °C.

H,0, and sulfur (O/S) was 3 : 1 in 2.5 h; however, this reached
only 35.8% using TBHP as oxidant under the same conditions.
Thus H,0, appears to be more effective in this system. The
effect of the amount of H,O0, was investigated on oxidative
desulfurization. Sulfur removal reached as high as 96.4% when
the O/S molar ratiowas 2 : 1. In an attempt to achieve sulfur-free
oil, a little more H,0O, was added. Continuously increasing the
amount of H,0,, the reaction time of complete oxidation could
be shortened from 150 min to 120 min. Therefore, the optimal
O/S molar ratio is 3 : 1.

To determine the effect of H,O, on reaction kinetics, the
kinetic curves were fitted by plotting In(C,/C,) against reaction
time. The pseudo-first-order kinetic model equation was given
by In(Cy/C;) = kt, where C, and C, were the initial sulfur
concentration and the sulfur concentration at time ¢, respec-
tively. As can be seen from Fig. 5, oxidation of DBT corresponds
to a pseudo-first-order model in the entire given O/S molar ratio
with R> among 0.9989 to 0.9995. The rate constant k of the

3.54
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2.5- \
y=1.8183x
. 204 R%=0.9991 =~ y=1.0890x
o J 4 2_
o= 15- < R*=0.9989
g ]
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. ] v HO,/S=51
'05 T v T T T T T M T
00 05 10 15 20 25 3.0

Reaction time /h

Fig. 5 Pseudo-first-order kinetic model for oxidation of DBT with
different amounts of H,O»,.
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Fig. 6 Effect of the amount of ChCl/2Ac on sulfur removal. Experi-
mental conditions: m(catalyst) = 0.0184 g, O/S =3, oil=5mL, T =
40 °C.

oxidation reaction increases with increasing amount of H,0,,
while it does not affect the reaction order. Therefore, it can be
concluded that the reaction of H,O, in the oxidation of DBT
obeyed pseudo-zero-order reaction.

Fig. 6 shows that the desulfurization efficiency was merely
9.6% at 3 h without DES as extractant. After addition of DES
ChCl/2Ac as extractant, the sulfur removal increased sharply
to 92.1% when the volume ratio of DES to oil was 1 : 5. Thus,
to some extent, the more DES added may mean improved
desulfurization performance. Generally, DESs obtained from
cheap materials make themselves low-cost, that is, more DES
can be added to this system to promote reaction activity
without consideration of cost. However, the sulfur removal

reached 95.2% at Vpgs/Vou = 2:5 and decreased
100
s 80+
=
>
g
@ 60+
S
£ ——30°C
Z o
x 40 - —e—40°C
—a—50°C
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Reaction time /h

Fig. 7 Effect of reaction temperature on sulfur removal. Experimental
conditions: m(catalyst) = 0.025 g, O/S = 3, ChCl/2Ac = 2 mL, oil =
5 mL.
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gradually from 95.2% to 76% when the Vpgs/Voi was
further increased to 5:5. A possible explanation could be
that excess DES may dilute the concentration of catalyst and
H,0,.

Reaction temperature has a vital effect on the conversion
rate of DBT. As shown in Fig. 7, the sulfur removal was only
86.7% at 30 °C in 2.5 h, and then increased to 100% at 40 °C.
However, the sulfur removal decreased to 92.8% when the
reaction temperature increased to 50 °C. A possible reason for
this is kinetic competition of the self-decomposition of H,O,.
The linear fit of In(C,/C;) against reaction time demonstrates
the pseudo-first-order kinetic characteristics for oxidation of
DBT at 30 °C and 40 °C with correlation coefficients (R*) of
0.9963 and 0.9992, respectively (Fig. 8A). However, the R” value
is only 0.9466 when the reaction at 50 °C is hypothesized as
a pseudo-first-order kinetic model. It also can be seen from
Fig. 8B that the data point cannot match this kinetic model.
Also, oxidation of DBT exhibits pseudo-second-order kinetics
at the value of R*> = 0.9913. These results indicate that the
reaction kinetics turn from pseudo-first-order to pseudo-
second-order with increasing temperature. The apparent
activation energy (E,) can be calculated from the data at 30 °C
and 40 °C by the Arrhenius formula In k = In A — E,/RT, with
an E, value of 10.8 k] mol ™ *.

3.0
A = 30°C
2.5 e 40°C
209 y=1.3796x
. R’=09992 =
2“ 1.5
=]
Q
£ 1.0
0.5 y = 0.7844x
R’= 0.9963
0.04
T L} L] L} T L}
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Reaction time/ h
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' R’=0.9913 0.01
0.5- [
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Fig. 8 Kinetic model for oxidation of DBT at different reaction
temperatures. (A) 30 °C and 40 °C; (B) 50 °C.
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3.5. Oxidative desulfurization of different model oils

It is known that alkylated thiophenes are the refractory sulfur
compounds in the HDS process. Here, another five kinds of
sulfur compounds, BT, DBT, 3-MBT, 4-MDBT and 4,6-DMDBT,
were evaluated on catalytic activity of the system. Fig. 9 shows
that the mere extraction of all the sulfur compounds is lower
than 20.6%. After addition of catalyst, a dramatic increase of
sulfur removal was observed with the desulfurization efficiency
following the order: DBT > 3-MBT > 4-MDBT > 4,6-DMDBT > BT.
As reported by Otsuki and Li,>"** the difference among different
sulfur compounds is controlled by electron density, steric
hindrance or Fukui function. The lowest removal of BT could be
attributed to its lowest electron density. Compared with BT, 3-
MBT displayed the second best performance, which might be
because of its higher electron density than BT and no steric
hindrance. The order for f'(r) Fukui function on S site is DBT >
4-MDBT > 4,6-DMDBT, which can explain the order of sulfur
removal for the three sulfur compounds.

Actual oil contains a certain amount of aromatic hydrocar-
bons, olefins, and so on. Herein toluene, p-xylene and cyclo-
hexene were chosen to model actual 0il.**** As shown in Fig. 10,
the sulfur removal decreased from 100% to 91.8%, 81.8% and
82.8% with 5%, 10% and 15% of toluene in model oil. With an
additional 10% p-xylene, the sulfur removal decreased to 89.0%.
However, the sulfur removal decreased sharply to 33.4% with
10% cyclohexene in model oil. The results suggest that the
olefins in model fuel have a more negative impact than
aromatics on oxidation of DBT. Therefore, full consideration
should be given to study the effect of olefins in oxidative
desulfurization in future industrial applications.

3.6. The proposed mechanism

Generally speaking, POM-based catalysts can form active peroxo
species after reacting with H,0,, which can oxidize DBT to

100 7 ——
EZZ ECODS

80- %

X ’ 7

= 60-

>

g 7

2 40

S

£

-

@ 204
J AL 21 7]

BT DBT 3-MBT 4-MDBT4,6-DMDBT

Fig.9 Catalytic oxidation of different sulfur compounds. Experimental
conditions: m(catalyst) = 0.025 g, O/S = 3, ChCl/2Ac =2 mL, oil=5
mL, T = 40 °C, EDS time = 10 min, ECODS time = 2.5 h, EDS =
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mental conditions: m(catalyst) = 0.025 g, O/S = 3, ChCl/2Ac = 2 mL,
oil=5mL, T=40°C.

DBTO,.*>*¢ However, the catalytic activity can be affected by
various factors, such as solvents, and cations of POMs catalysts.
As shown in Fig. 2, acidic catalysts have higher desulfurization
efficiency than neutral ones, which confirms the important role
of the acidic group. Thus the sulfur atom of DBT might be
protonated or form a hydrogen bond between S atom and SO;H
group, which will make the sulfur compound more susceptible
to oxidization.** Three POM catalysts were obtained by changing
the molar ratio (1:1, 2 : 1, 3 : 1) of [PSTEtA]Cl and H3;PW;,0,,
to study the roles of acidity and cations. The Bronsted acidities
of the three catalysts were determined by FT-IR using pyridine
as a probe molecule. From Fig. 11, it can be seen that the three
catalysts have the same peak at 1539 cm ™", indicating their
almost equal acidity. However, the sulfur removal follows the
order [PSTEtAJH,PW,,04, < [PSTEtAl,HPW,,04, < [PSTEtA];-
PW,,040 (Fig. 12). As reported in the literature,*® the SO;H
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=
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Fig. 11 Determination of the Brgnsted acidity by FT-IR.
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Fig. 12 Sulfur removal with catalysts of different cations. Experimental
conditions: n(catalyst)/n(DBT) =1 : 11, ChCl/2Ac =2 mL, O/S=2, oil =
5mL T=40°C, t=25h.

group can be oxidized into peroxysulfonic acid in the presence
of H,0,. Therefore, it is suggested that the SO;H functionalized
cation might have multi-ability and the active oxygen species
may include peroxotungsten and peroxysulfonic acid.

In the absence of DESs, the catalysts showed low desulfur-
ization efficiency (Fig. 6). According to previous work on
ECODS, DBT should first be extracted in DES phase and then
oxidized to DBTO, (GC-MS analysis, m/z = 216) by the active
oxygen species in DES, in which the acidic group plays an
important role.

4. Conclusions

In summary, several POMs were synthesized as catalysts for
oxidative desulfurization with DESs as extractants. Compared
with the neutral catalysts, the SO;H-functional acidic cata-
lysts exhibited better catalytic activities. The results showed
that sulfur removal could reach 100% at 2.5 h with
[PSTEtA]3PW,,04 as a catalyst and ChCl/2Ac as an extractant.
Oxidation of DBT followed a pseudo-first-order kinetic model
at reaction temperatures of 30 °C and 40 °C, then transferred
to a pseudo-second-order kinetic model at 50 °C. The amount
of H,0, can increase the desulfurization efficiency but not
affect the reaction order. Desulfurization efficiency with
different sulfur compounds followed the order DBT > 3-MBT >
4-MDBT > 4,6-DMDBT > BT, which can be explained by elec-
tron density, steric hindrance or Fukui function. In addition,
olefins have a greatly negative impact on oxidation of DBT
and this should be taken
applications.
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