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a  b  s  t  r  a  c  t

A  new  C5H9NO·SnCl2 coordinated  ionic  liquid  (IL)  was  prepared  by  reacting  N-methyl-pyrrolidone
with anhydrous  SnCl2.  Desulfurization  of  dibenzothiophene  (DBT)  via  extraction  and  oxidation  with
C5H9NO·SnCl2 IL  as  extractant,  H2O2 and  equal  mol  of  CH3COOH  as  oxidants  was  investigated.  The  Nernst
partition  coefficients  kN of  C5H9NO·SnCl2 IL for the  DBT  in n-octane  was  above  5.0,  showing  its excellent
extraction  ability.  During  the  oxidative  desulfurization  process,  the  optimal  molar  ratio  of  H2O2/DBT  was
six. Sulfur  removal  of  DBT  in n-octane  was  94.8%  in  30 min  at 30 ◦C  under  the  conditions  of  H2O2/DBT  molar
ratio  of  six  and  V  (IL):V  (oil)  = 1:3.  Moreover,  the  sulfur  removal  increased  with  increasing  temperature
eywords:
xidative desulfurization
ibenzothiophene
-methyl-pyrrolidone
nCl2
oordinated ionic liquid
ctivation energy

because  of the  high  reaction  rate  constant,  low  viscosity,  and  high  solubility  of  dibenzothiophene-sulfone
in the  IL. The  kinetics  of  oxidative  desulfurization  of  DBT  was  also  investigated,  and  the apparent  activa-
tion energy  was  found  to be  32.5  kJ/mol.  The  IL could  be recycled  six  times  without  a  significant  decrease
in  activity.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Deep desulfurization of fuel oils has attracted increasing atten-
ion worldwide because sulfur compounds present in oils lead
o SOx emission, which pollutes the air and forms acid rains [1].

ith more and more stringent sulfur content regulations, achieving
S-free” fuels (S content < 10 ppm) has become a trend [2].  Con-
entional catalytic hydrodesulfurization (HDS) is highly efficient in
emoving thiols, sulfides, and disulfides. However, aromatic sulfur
ompounds, such as dibenzothiophene (DBT) and its derivatives,
resent in the highest proportion in diesel fuels are hardly desulfur-

zed by HDS because of their steric hindrance [3,4]. Severe operating
onditions, i.e., very low space velocities, high temperatures, high
ydrogen pressures, and the use of highly active catalysts, are

nevitably required to produce ultra-clean fuel oils [4–6]. Therefore,
lternative deep desulfurization techniques, such as biodesul-
urization [7],  adsorption [8,9], extraction by ionic liquids (ILs)
1,4,10–12], oxidation [2–6,13–20],  and photooxidation [21–23],
ave been explored. Among these techniques, the extractive desul-
urization by ILs has been extensively studied because of its facile
peration and the high extraction ability of some ILs for sulfur
ompounds. For example, we [12] have used 1.6Et3NHCl·FeCl3 IL

∗ Corresponding author. Tel.: +86 311 81669971; fax: +86 311 81668512.
E-mail address: lifatang@126.com (F.-t. Li).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.12.054
as the extractant for thiophene, and the sulfur removal reached
87.6% after a single extraction. The IL can be regenerated via distilla-
tion because the boiling points of thiophene and gasoline are lower
than that of the ILs. Ko et al. [4] found that 5000 ppm of DBT (as
model for diesel oil) in n-heptane could be completely extracted by
[BMIm]Cl·2FeCl3 IL. However, in case of diesel oils, regenerating the
ILs from diesel oils via simple distillation is impossible because of
the high boiling points of DBT and diesel oil (about 332 ◦C for DBT).
Although ILs can be regenerated and re-extracted using organic
solvents, the subsequent flammable and volatile organic solvents
containing sulfur compounds need to be treated. Thus, extraction
is probably only applicable for the desulfurization of gasoline in
which the S-species have a relatively low boiling point [24].

As to the desulfurization for diesel oils, oxidative desulfurization
combined with extraction has been regarded as a promising process
because benzothiophenes (BTs) and DBTs can be easily oxidized to
their corresponding sulfoxides and sulfones, which can be removed
via extraction with various ILs, including imidazolium- [2,6,16–19]
and pyridinium- based ILs [20,25].  As the reaction proceeds, the
sulfoxides and sulfones precipitate from the ILs, regenerating the
ILs.

However, most reported ILs pertains to imidazolium cation

with counteranions, such as tetrafluoroborate or hexafluorophos-
phate. Swatlowski et al. [26] reported that ILs with fluorous
anions could harm the environment. Moreover, imidazolium-
or pyrrolidonium-based ILs are relatively expensive and are

dx.doi.org/10.1016/j.jhazmat.2011.12.054
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:lifatang@126.com
dx.doi.org/10.1016/j.jhazmat.2011.12.054
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ifficult to use in industries. Recently, some inexpensive quater-
ary ammonium-based ILs have been prepared from quaternary
mmonium salts and metal halide anions, including xEt3NHCl·FeCl3
12], Me3NCH2C6H5Cl·xZnCl2 [13], and [(C8H17)3CH3N]Cl/SnCl2
27]. The �-complexation between sulfur compounds and metals is
he extraction desulfurization mechanism for metal halide-based
Ls [10,12,28–30], which is different from that of the commonly
sed imidazolium-based IL. Moreover, �-complexation is likely
elevant to the formation of liquid clathrate because of the �–�
nteraction between the unsaturated bonds of the S-compound
nd imidazolium or pyrrolidonium ring of ILs [20,31].  Furthermore,
emaire et al. used 4,5-dicyano-2,7-dinitrofluorenone, which is a
ind of salt, for adsorption desulfurization and found that the sur-
ace charge-transfer complexes between the large-ring thiophenes
electron donors) present in liquid fuels and the substituted fluo-
enone groups (electron acceptors) are formed [32,33].

Based on the similarity-intermiscibility theory and on the imi-
azolium ring extraction mechanism, N-methyl-pyrrolidone (NMP,
5H9NO), which is another kind of ammonium salt, containing a
ve-membered ring was found to have a surprising extraction abil-

ty for sulfur-containing compounds. However, the use of NMP  in
ractice is impossible because the solubility of diesel in NMP  is
bove 8%. Herein, a new coordinated ionic liquid was  prepared by
eacting NMP  with SnCl2, which showed excellent extraction per-
ormance and stability for diesel oil. The prepared ionic liquid was
lso used as the extractant in the oxidative desulfurization of DBT
nd diesel oil.

. Experimental

.1. Materials

NMP  (AR grade), anhydrous SnCl2 (99%), DBT (99%), n-octane
AR grade), H2O2 (aqueous solution, 30 wt%), CH3COOH (AR grade),
nd DBTO2 (97%) were purchased from Aladdin, China, and were
sed as received without further purification. Actual diesel oil
492 �g mL−1 S) was purchased from a fuel station.

.2. Preparation and characterization of ionic liquids

NMP  (0.1 mol) was mixed with SnCl2 (0.1x mol, x = 0.6–1.5),
eated to ca. 80 ◦C in air, and was stirred until a clear liquid was
btained, which can be called coordinated ionic liquid. The viscosity
f the ionic liquids was measured using the NDJ-8S rotational vis-
ometer. Fourier transform infrared (FT-IR) spectra were obtained
sing a Shimadzu IR-Prestige 21 spectrometer. Thermogravime-
ry (TG) experiments on NMP  and C5H9NO·SnCl2 IL were carried
ut using a Mettler–Toledo TGA/SDTA851e thermal analyzer at a
eating rate of 0.5 ◦C/min to observe the thermal stability of IL.

.3. Extractive/oxidative desulfurization of DBT in n-octane

The model oil (500 �g mL−1 S) was prepared by dissolving
.9018 g DBT in 1 L n-octane. The desulfurization experiments were
onducted in a 50 mL  flask. In a typical run, the mixture containing
5 mL  of model or actual oil and 5 mL  of different C5H9NO·xSnCl2
x = 0.6–1.5) ILs was stirred vigorously for 10 min  until the extrac-
ion equilibrium was reached. Then 30 wt% H2O2 and the equal

ol  of CH3COOH were added to the mixture to oxidize the DBT.
he upper oil phase was periodically withdrawn, and then it was
nalyzed for sulfur content using a micro coulometer.
.4. Regeneration/recovery of used ionic liquid

At the end of each run, the upper-layer oil was separated via
ecantation from the C5H9NO·SnCl2 IL solution. The IL was distilled
Fig. 1. Sulfur removal of DBT and diesel with C5H9NO·xSnCl2 and solubility of diesel
in  C5H9NO·xSnCl2. Reaction conditions: model or actual oil = 10 mL,  solvent = 10 mL,
t  = 10 min, 30 ◦C.

via rotary evaporation at 100 ◦C for 2 h until the oxidants were com-
pletely removed. Then, the fresh H2O2, CH3COOH, and model oil
were introduced to the next reaction under the same conditions as
described above. After five runs, the IL phase was cooled to 5 ◦C in a
refrigerator for 2 h. The DBTO2 precipitate was  reclaimed from the
IL via centrifugation or filtration, and the IL was reused.

2.5. Solubility of oil in the IL

The solubility of oil in the IL was  measured according to [34]
using the gravimetric method. The results show that there was
no model oil dissolved in the IL. The actual diesel oil solubility in
various ILs is shown in Fig. 1.

3. Results and discussion

3.1. Extractive desulfurization performance of C5H9NO·xSnCl2
and solubility of diesel in C5H9NO·xSnCl2

Fig. 1 shows the sulfur removal of DBT and diesel oil, as well
as the solubility of diesel in C5H9NO·xSnCl2. The NMP exhibits a
notable sulfur removal of 98.8% for DBT because of the similarity-
intermiscibility theory based on the fact that both NMP  and DBT
contain a five-membered ring. The removal of sulfur from the actual
diesel oil was  more difficult than that from the model oil because
many nitrogen, oxygen, and aromatic compounds existed in the
actual oil, which decreased the extraction performance of the ILs,
as shown in Fig. 1 [12]. However, the high solubility of 8.94% of
the actual diesel oil in NMP  made the use of NMP  in industries
impossible.

FeCl3, ZnCl2, CuCl, SnCl4, and NiCl2 have been used to mod-
ify NMP  and decrease the solubility, but a clear solution could
not be obtained, except SnCl2. The solubility of diesel decreased
when SnCl2 was added into the NMP. When SnCl2 was mixed
with NMP, �-complexation formed between the lone pair of
electrons on the O atom of NMP  and on the empty 5p orbital
on Sn2+ ion with an electron configuration of 1s2 2s2 2p6

3s2 3p6 3d10 4s2 4p6 4d10 5s2 5p0, which decreased the dis-

solubility of fuel oil in NMP. The obtained solution can be
called the coordinated ionic liquid [35]. Scheme 1 shows the
possible formation process and structure of the IL. The conduc-
tivity of ILs C5H9NO·0.6SnCl2, C5H9NO·0.8SnCl2, C5H9NO·SnCl2,
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cheme 1. The possible formation process and structure of C5H9NO·xSnCl2 IL.

5H9NO·1.2SnCl2, C5H9NO·1.5SnCl2, and pure C5H9NO is 1188, 676,
24, 309, 166, and 5.5 �s/cm, showing the existence of ions.

To observe the coordination bond between O atom and Sn2+ ion,
T-IR spectra of C5H9NO and C5H9NO·SnCl2 are shown in Fig. 2. The
ormation of oxygen-to-metal coordination bond should result in

 shift of the band for C O to lower frequencies [36]. It is clearly
hat the band at 1686.82 cm−1 for C O in C5H9NO was  shifted to
617.38 cm−1 in C5H9NO·SnCl2, showing the formation of coordi-
ation bond between NMP  molecule and the Sn2+ ion. The bands at
360.01 cm−1 and 418.57 cm−1 in C5H9NO·SnCl2 can be attributed
o the propagation of the IR beam through air and Sn–Cl bond,
espectively.

It is seen that the extraction ability of ILs for DBT and diesel oil
ecreased with increasing SnCl2 despite the ability of DBT and Sn2+

o form charge-transfer complex. Aside from the decreased solva-
ion of NMP, the viscosities of liquids have always been known
o have great effects on their extraction ability. Fig. 3 shows the
iscosities of C5H9NO·xSnCl2 ionic liquids. The viscosity greatly
ncreased with increasing SnCl2 in the ILs, which also reduced the
xtraction ability. When the molar ratio of SnCl2 to NMP  was below
, the viscosity was below 500 mPa  S−1, which facilitated the fast
ass transfer of S-compounds from the oils to the ILs [11]. Consid-

ring both the sulfur removal ability and the solubility of diesel oil,
5H9NO·SnCl2 was found to be the ideal ionic liquid.

.2. The extractive/oxidative desulfurization process and
echanism for DBT
During the oxidative desulfurization (ODS) process of fuel oils,
he H2O2 in the presence of organic acids, including HCOOH [37],
H3COOH [13], CClxCOOH (x = 1–3) [38], and CF3COOH [39], have
een used as oxidants because these organic acids react with H2O2
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Fig. 3. Dynamic viscosities of the C5H9NO·xSnCl2 ILs at 30 ◦C.

to in situ produce peracids, which can efficiently convert organic
sulfur to sulfones without forming a substantial amount of residual
product [40]. Among these acids, HCOOH and CH3COOH are inex-
pensive reagents. CH3COOH has lesser toxicity than HCOOH. Thus,
in the current study, H2O2/CH3COOH were used as oxidants for the
ODS.

During the extractive/ODS process, DBT was  extracted from the
oil phase into the IL phase and was  oxidized to its corresponding
sulfone (DBTO2) using the peracetic acid (CH3COOOH) obtained
from H2O2 and CH3COOH. The decrease in DBT concentration in
the IL promoted the extraction process, and the sulfur content in oil
phase decreased continuously. Scheme 2 shows the extractive/ODS
process of DBT.

3.3. Influence of H2O2/DBT (O/S) molar ratio and IL/oil volume
ratio on the sulfur removal of DBT

The extraction/oxidation of DBT in n-octane under different
H2O2/DBT (O/S) molar ratios and IL/oil volume ratios was  con-
ducted at 30 ◦C to investigate the effects of the amount of oxidants
and extractants on the sulfur removal of DBT. Fig. 4 shows the

results when C5H9NO·SnCl2 was used as the extractant, and H2O2
and equal mol  of CH3COOH were used as oxidants.

When no oxidants were added, extraction equilibrium was
almost reached only after ∼5 min, and the complete equilibrium

S S

S

[C5H9NO SnCl2 ionic liquid phase]

[oil phase]

O        O

H2O2

CH3COOH

CH3COOOH

H2O

Scheme 2. The extractive/ODS process of DBT using H2O2 and CH3COOH as oxidants
in  an oil–ionic liquid system.
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Table 1
Nernst partition coefficeents kN under different V(IL)/V(oil) for extraction of DBT.

IL Model oil T (◦C) kN (mg  of S (L of IL)−1/mg of S (L of oil)−1) Ref.

V(IL)/V(oil)

1:1 1:2 1:3 1:5

C5H9NO·SnCl2 n-octane 30 5.76 5.72 5.67 5.30 This work
[BMIM]Cl/AlCl3 n-dodecane Room temperature 4.09 [10]
[BMI][N(CN)2] n-hexane 25 2.28 2.30 2.01 [11]
[C8

3MPy][BF4] n-dodecane Room temperature 3.11 [34]
[C6

3MPy][BF4] n-dodecane Room temperature 2.89 [34]
[C4

3MPy][BF4] n-dodecane Room temperature 2.08 [34]
[OMIM]Me2PO4 n-dodecane 25 1.34 [41]
[BEIM]DBP n-dodecane 25 1.72 [18]
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eaction conditions: model oil = 15 mL,  t = 10 min, 30 ◦C.

as attained after 10 min. Table 1 shows the kN in 10 min  under
ifferent V (IL)/V (oil). For comparison, some kN with other ILs from

iterature are also listed.
As shown in the kN listed in Table 1, C5H9NO·SnCl2 IL showed a

emarkable ability for sulfur removal, indicating that it is an excel-
ent extractant for DBT. Furthermore, kN were not too sensitive to
he IL/oil volume ratio.

When oxidants were added into the system after the extrac-
ion equilibrium, the sulfur removal of DBT increased at different
L/oil volume ratios with increasing O/S molar ratio from 2:1 to 10:1
s shown in Fig. 4. According to the stoichiometric reaction, 2 mol
f CH3COOOH (derived from 2 mol  of H2O2 and CH3COOH) were
onsumed for the oxidation of 1 mol  of DBT, which corresponds to
BTO2. With the increase in H2O2 and CH3COOH, the oxidants had
ore opportunities to react with DBT, and thus the sulfur removal

ncreased. The sulfur removal of DBT slowly increased when the O/S
olar ratio was above 6. For example, when V (IL)/V (oil) = 1:3, the

ulfur removal of DBT was only 65.4% via extraction, and was up to
8.6% at the molar ratio of O/S = 2. The sulfur removal of DBT was  up
o 88.5% and 95.0% when the O/S was increased to 4 and 6, respec-
ively. Moreover, the sulfur removal of DBT increased slowly to
5.8% and 96.5% when the O/S molar ratio was further increased to
 and 10, respectively. The results indicate that the O/S molar ratio
f 6 is optimal because less H2O2 was used, and that the utilization
f excessive amounts of oxidants is not economical [13].
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1.35 [2]

Furthermore, the sulfur removal of DBT increased with increas-
ing IL/oil volume ratio. When the IL/oil volume ratio was  below 1:3,
the extraction effect of IL for DBT was  low. When the IL/oil volume
ratio was 1:2 or 1:1, the sulfur removal of DBT slightly increased,
and many ILs were used. Thus, the IL/oil volume ratio of 1:3 is the
most appropriate ratio.

3.4. Effects of temperature and time on the sulfur removal of DBT

Fig. 5 shows the sulfur removal of DBT versus reaction time at
various temperatures using C5H9NO·SnCl2 as the extractant. The
sulfur removal at time zero reflected the ability of C5H9NO·SnCl2
to extract DBT from n-octane at various temperatures, in which
the sulfur removal increased with increasing temperature because
the viscosity of IL reduced with increasing temperature (465, 231,
106 mPa  S at 30, 40, 50 ◦C, respectively). The sulfur removal of DBT
reached 97.3% at 30 ◦C and 99.3% at 40 ◦C in 40 min. When the tem-
perature was increased to 50 ◦C, DBT was completely removed from
the n-octane in 35 min. Aside from reaction rate constant and vis-
cosity, the factors that influence the removal rate of DBT were also
related to the solubility of the product (DBTO2) in the IL. Under
oxidative desulfurization process, sulfur compounds can be oxi-
dized to sulfoxides or sulfones. These are highly polar compounds,
which have high solubility in polar extractants, including water,
acetonitrile, or ILs [13]. In this study, the solubility of pure DBTO2

reagent in IL at various temperatures was tested, and the results
are shown in Fig. 6. It is obvious that the solubility of DBTO2 in the
IL increased sharply with increasing temperature.
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Fig. 5. Time-course variation of sulfur removal of DBT in n-octane at various tem-
peratures. Reaction conditions: model oil = 15 mL, IL = 5 mL;  molar ratio of O/S = 6.



168 F.-t. Li et al. / Journal of Hazardous Materials 205– 206 (2012) 164– 170

0

1000

2000

3000

4000

5000

6000

30 40 50

So
lu

bi
lit

y 
of

 D
B

TO
2 

in
 IL

 (p
pm

)

F

i
o
f

−

T
a
a
p
e

−

w
c

a
n
t

l

T
k
l

F
c

Table 2
Kinetics equation, rate constant k, and correlation coefficient R at various
temperatures.

T (◦C) Kinetics equation Rate constant
k (min−1)

Correlation
coefficient R

30 ln(C0/Ct) = 0.0619t + 1.0613 0.0619 0.9913
40 ln(C0/Ct) = 0.0938t + 1.1584 0.0938 0.9880
50  ln(C0/Ct) = 0.1340t + 1.2483 0.1340 0.9837

y = -3910x + 10.129
R = 0.9993

-3

-2.5

-2

-1.5

-1

-0.5

0
0.00305 0.00315 0.00325 0.00335

-1
ln

k

T ( )

ig. 6. Solubility of DBTO2 calculated by S-content in IL at various temperatures.

The oxidation kinetics of DBT at various temperatures was  also
nvestigated. Scheme 1 shows that the oxidation reaction equation
f DBT in the presence of oxidant CH3COOOH can be described as
ollows:

dCDBT

dt
= k′Cm

CH3COOOHCn
DBT (1)

he term dependent on CH3COOOH concentration could be treated
s a constant because the CH3COOOH was taken in excess amount
nd the change in concentration of CH3COOOH is negligible com-
ared to the change in DBT concentration [42]. Thus, Eq. (1) may  be
xpressed as:

dCDBT

dt
= kCn

DBT (2)

here k = k′Cm
CH3COOOH, which may  be termed as the apparent rate

onstant.
The oxidation of DBT in n-octane using H2O2 and CH3COOH was

ssumed as the first-order reaction. Eq. (2) has been integrated for
 = 1, with limit t = 0, CDBT = C1 (extractive sulfur removal of DBT at
ime zero), t = t, CDBT = Ct,  and C0 = 500 ppm.

n
C0

Ct
= kt + ln

C0

C1
(3)
he plot of ln (C0/Ct) versus time is linear, as shown in Fig. 7. The
inetics equation, rate constant k, and correlation coefficient R are
isted in Table 2.
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Fig. 8. Arrheniul plot for the determination of activation energy.

Based on the reaction rate constants at various temperatures
listed in Table 2, the apparent activation energy was estimated from
the plot of ln k versus 1/T,  which was derived from the Arrhenius
equation. The apparent activation energy obtained from the desul-
furization reaction was  32.5 kJ/mol, as shown in Fig. 8. Sachdeva
et al. [43] obtained the apparent activation energy for the com-
mercial diesel desulfurization of 30.6 kJ/mol using phosphotungstic
acid as the phase transfer catalyst (PTA) and H2O2 as the oxidant.
Qiu et al. [44] reported that the apparent activation energy values
for the DBT desulfurization were 26.8 kJ/mol and 31.4 kJ/mol for the
hexadecyltrimethyl ammonium chloride and dodecyltrimethylam-
monium chloride, respectively, which were used as the PTA. PTA
was  not used in the current study. The apparent activation energy
value was similar with the reported reference because of the use of
the stronger oxidant H2O2/CH3COOH.

3.5. Effect of regeneration/recycling of ionic liquid

The possibility of recycling the C5H9NO·SnCl2 IL was examined.
At the end of each run, the IL phase was  recycled, and residual
oxidants (H2O2 and CH3COOH) were evaporated from the IL. The
system was then recharged with fresh H2O2 and CH3COOH for the
next run. After five runs, the IL phase was cooled to 5 ◦C to remove
the DBTO2 precipitate, and then the IL was used for the next run.
The data shown in Table 3 indicate that there was little decrease in
activity after the five reactions using C H NO·SnCl IL. When the
5 9 2
product was  removed from the IL, the sulfur removal was further
improved (sixth run). To determine the thermal stability of the IL,
TG curve of C5H9NO·SnCl2 was shown in Fig. 9, as well as curve

Table 3
Recycle of C5H9NO·SnCl2 IL in sulfur removal of DBT.

Cycle Sulfur removal (%) Cycle Sulfur removal (%)

1 94.8 4 92.1
2  94.2 5 90.6
3  93.3 6 93.8

Conditions: t = 30 min; model oil = 15 mL, IL = 5 mL;  molar ratio of O/S = 6; 30 ◦C.



F.-t. Li et al. / Journal of Hazardous Mat

50 100 150 200 250 300
-20

0

20

40

60

80

100

M
as

s f
ra

ct
io

n 
(%

)

C5H9NO

C5H9NO·SnCl2

o
a
7
h
b
f
w

3

t
a
t
b
p
p
o
t
a
s
D
r
w
i
[
o
s
t
s
f

4

p
d
D
H
p
a
s
D
I
a

[

[

[

[

[

[

[

[

[

[

Temperature (ºC)

Fig. 9. TG curves of C5H9NO and C5H9NO·SnCl2 IL.

f pure C5H9NO as comparison. The quality of IL reduced by 7.5%
t 100 ◦C, whereas pure C5H9NO was evaporated entirely at about
0 ◦C, in spite of its high boiling point at 202 ◦C because of the slow
eating rate. Hence, the addition of SnCl2 improved thermal sta-
ility of C5H9NO greatly and it was practicable to remove oxidants
rom IL under 100 ◦C distillation. The FT-IR test verified that there
as no structure difference between regenerated and fresh IL.

.6. Desulfurization of actual diesel oil

The desulfurization of actual diesel oil was investigated using
he IL/oil volume ratio of 1:3 at 30 ◦C. The sulfur removal of the
ctual diesel oil was 87.6% in 30 min, which was much lower
han that of DBT with 94.8%. This phenomenon was influenced
y two factors. First, many nitrogen, oxygen, and aromatic com-
ounds existed in the actual oil, which decreased the extraction
erformance of the IL for sulfur-containing compounds. Sec-
nd, there were different kinds of alkyl substituted DBTs in
he actual diesel, such as 4-methyldibenzothiophene (4-MDBT)
nd 4,6-dimethyldibenzothiophene (4,6-DMDBT). Previous reports
uggested that methyl substituted DBTs are more reactive than
BT during oxidation reactions [35,45]. However, Te et al. [46]

eported that the reactivity of the dibenzothiophenes decreased
ith increasing methyl substitutes at the 4 and 6 positions, that

s, the reactivity ordering was DBT > 4-MDBT > 4,6-DMDBT. Li et al.
47] also pointed out that the methyl groups of 4,6-DMDBT was an
bstacle for the approach of the sulfur atom in the catalytic active
pecies in the IL. DBT had the highest oxidative reactivity compared
o benzothiophene and 4,6-DMDBT. These less reactive compounds
ignificantly retarded the oxidation reaction of the actual diesel
uel.

. Conclusions

A new C5H9NO·SnCl2 coordinated ionic liquid was initially pre-
ared for the extractive/oxidative desulfurization of DBT and actual
iesel oil. The C5H9NO showed surprising extraction ability for
BT and diesel oil because of their mutual five-membered rings.
owever, the high solubility of diesel in C5H9NO made its use in
ractice impossible. When SnCl2 was added to modify C5H9NO
nd form the coordinated ionic liquid, the solubility decreased

harply from 8.94% to below 1%. The oxidative desulfurization of
BT using C5H9NO·SnCl2 as the extractant was also investigated.

n the presence of H2O2 and CH3COOH, the sulfur removal of DBT
nd diesel reached 94.8% and 87.6% in 30 min, respectively. The

[

[
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C5H9NO·SnCl2 ionic liquid could be recycled six times without
a significant decrease in activity. The C5H9NO·SnCl2 ionic liquid
is an inexpensive, easily synthesized, and an excellent extractant
for sulfur-containing compounds. We  hope the current study can
promote and provide reference for the extractive/oxidative desul-
furization of light oils in further theoretical research and industry
application.
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