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Metal-based  surfactant-type  ionic  liquids  (MSILs)  methyltri-n-octylammonium  peroxomolybdate
[(CH3)N(n-C8H17)3]2Mo2O11 and  peroxotungstate  [(CH3)N(n-C8H17)3]2W2O11 were  synthesized  and
characterized,  which  have  been  extended  to  new  families  and  generations  of functionalized  ILs.  Here
the  MSILs  were  applied  in  removal  of sulfur-containing  compounds  with  H2O2 and  possessed  of  the
character  of reaction-induced  self-separation  catalysis.  The  effects  of  H2O2/DBT  (molar  ratio),  oil/MSIL
(mass  ratio)  and  the  agitation  rate  were  studied  to  estimate  the  optimal  conditions  for  the  desulfuriza-
tion  system  catalyzed  by  [(CH3)N(n-C8H17)3]2Mo2O11. The  quaternary  ammonium  cation  could  transfer
the  catalytic  active  species  to the  aromatic  sulfur  compounds  under  the  reaction  conditions  and  higher
oxidative  reaction  rate  was  achieved.  Kinetic  experiments  revealed  that the  oxidative  desulfurization
ydrogen peroxide
inetics

reaction  was  in  accordance  with  pseudo-first-order  kinetics  and  the  reaction  rate  constant  and  half-
life were  calculated.  Furthermore,  the  oxidation  reactivity  of  different  substrates  was  in the  following
order: DBT  >  4,6-DMDBT  > BT. The  MSIL  [(CH3)N(n-C8H17)3]2Mo2O11 could  be recycled  for  10-times  with  a
slight  decrease  in  activity.  [(CH3)N(n-C8H17)3]2Mo2O11 was  also  an  efficient  catalyst  to  remove  the  sulfur-
containing  compound  in  different  solvents.  Multiple  reactions  of  oxidation  desulfurization  process  were

prehy
feasible and  effective  for  

. Introduction

Sulfur-containing compounds are undesirable in gasoline and
iesel fuels because of the emission of SOx gases leading to air
ollution. In order to protect the human health and reduce the envi-
onmental hazards, environmental regulations that tend to limit
he sulfur levels to very lower ones have already been introduced
n many countries during the last few decades [1].  The specifica-
ions present a new and challenging task for the petroleum refining
ndustry.

Much attention has been paid to low level sulfur approaching
equirements for the deep desulfurization technologies currently.
ydrodesulfurization (HDS) can remove aliphatic and acyclic

ulfur compounds quite efficiently when adopted at an indus-
rial scale. However, conventional HDS has difficulty in reducing
efractory sulfur-containing compounds such as dibenzothiophene

DBT) and its derivatives, including 4-methyldibenzothiophene
4-MDBT) and 4,6-dimethyldibenzothiophene (4,6-DMDBT) since
hese compounds have a steric hindrance and their reactivity

∗ Corresponding authors. Tel.: +86 0511 88791800; fax: +86 0511 88791708.
E-mail addresses: lihm@ujs.edu.cn (H. Li), hchr116@hainnu.edu.cn (C. Han).

381-1169/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2011.07.002
drotreated  gasoline.
© 2011 Elsevier B.V. All rights reserved.

with HDS catalysts are low [2–4]. Consequently, the develop-
ment of non-HDS-type process is highly desirable worldwide,
such as extraction [5–7], adsorption [8],  oxidation [9–17], as
well as bioprocess [18]. So is the progress of the combination of
these approaches, such as ultrasound-assisted oxidation [19], sol-
vent extraction and oxidation [20–22],  photocatalytic oxidation
[23] and microwave catalytic desulfurization [24]. Among these
methods, oxidation desulfurization (ODS) has attracted more atten-
tion owing to its advantages such as mild reaction conditions
(<100 ◦C and atmospheric pressure) which present a promising
post-treatment strategy to the conventional HDS [9–17,19–23].
In ODS process, sulfur compounds are oxidized to their corre-
sponding sulfoxides and sulfones, which present slightly higher
polar compounds than hydrocarbon molecules. The refractory
DBT and its derivatives then can be oxidized more easily in the
presence of various catalysts during desulfurization process. More-
over, these oxidized products can be removed by extraction with
organic extractants or room temperature ionic liquids (RTILs)
[25–28].
RTILs have received a great deal of attention and have been
proven to be valuable and useful in a multitude of different applica-
tions owing to their unique characteristics, such as non-volatility,
non-flammability, and high thermal stability [29,30]. Furthermore,

dx.doi.org/10.1016/j.molcata.2011.07.002
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:lihm@ujs.edu.cn
mailto:hchr116@hainnu.edu.cn
dx.doi.org/10.1016/j.molcata.2011.07.002
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presented, to which dilute HCl was  adding dropwise until the solu-
tion just turned colorless (pH 2–3). [(CH3)N(n-C8H17)3]Cl (2.02 g,
W.  Zhu et al. / Journal of Molecula

TILs have been described as ‘designer solvents’ since the intro-
uction of structural functionalities on cations or anions. Their
roperties can be tuned by careful selection of ionic species so
s to deliver different chemical and physical functionalities in
he same compounds. Recently these functionalized ILs have been
ynthesized for specific purposes such as catalysis [31], organic
ynthesis [32,33] and separation of specific materials [34]. How-
ver, most of them have been emphasized on cationic substitutions
ith regard to the structural features, especially the employment

f functional groups into imidazolium cations [35,36],  while few
tudies emphasize on the design of anionic counterion. What’s
ore, these anion-functionalized ILs, by definition, can present the

nique property or multi-functions as the cation-functionalized
Ls do and open up the development of novel prosperities of ILs
s well.

The transition metal peroxo compounds have attracted much
ttention for their application in catalytic studies [37–42].
mong them, peroxomolybdates or peroxotungstates have been
roven as the most efficient catalysts, with hydrogen perox-

de (H2O2) as an oxidant, in oxidation of allylic alcohols and
lefins [43–45].  Furthermore, recently the characteristics of
o-called reaction-controlled phase-transfer catalysts based on

 combination of quaternary ammonium cations with active
eroxo anions of molybdate or tungstate have been paid
uch attention to. For example, [PMo4O24]3− immobilized on

he quaternary-ammonium poly (phthalazinone ether sulfone
etone) [46], [�-C5H5NC16H33]3{PO4[W(O)2(O2)]4} [47], [�-
5H5NC16H33]3[PO4(WO3)4] [47] and [�-C5H5NC16H33]3[PW4O32]
48] have shown excellent activity for the homogeneous catalytic
poxidation of alkenes. All these molybdenum- and tungsten-
ased catalytic systems showed high efficiency of H2O2 utilization.
hose which behaved as surfactant-type catalysts act efficiently
n oxidizing propylene, alkenes, olefins and oleic acid. And after
eaction, these catalysts could be filtered and reused like hetero-
eneous analogues, which endowed the unique reaction-controlled
hase-transfer characteristic. Lambert et al. [49] have reported that
mphiphilic salt peroxo tungstophosphate {PO4[WO(O2)2]4}3−

ith H2O2, known as Venturello–Ishii chemistry, was an effi-
ient and environmentally benign reaction system for epoxidation
f 1-octene. And catalyst could be reused by ultrafiltration. Li
nd co-workers [50] have developed the catalytic oxidation effi-
iently in the emulsion systems, using the amphiphilic quaternary
mmonium heteropolyoxotungstates which demonstrated high
erformances in the selective oxidation desulfurization process.
urfactant-type catalysts combining the quaternary ammonium
ations with the anions of polyoxometalates have ability to
orm emulsion droplets, which perform as homogeneous cata-
ysts in the interface of two immiscible liquids to achieve high
ctivities and high H2O2 efficiency during the oxidative pro-
ess.

Based on the above summarizations, a new family of metal-
ased surfactant-type ionic liquids (MSILs) were designed and
repared. These liquid catalysts composed of quaternary ammo-
ium cation [(CH3)N(n-C8H17)3]+ pairing with polyoxometalates
nions [{M O(O2)2}2(�-O)]2− (M = W,  Mo), which were found
o be room temperature ionic liquids, and could be applied in
atalytic oxidation removal of refractory benzothiophene (BT),
BT and 4,6-DMDBT in model oil. Quaternary ammonium salts

unction as a surfactant and transfer polyoxometallic anions
nto the substrates between water/oil biphase. MSILs possess
f the character of reaction-induced self-separation catalysis
51], which could switch from heterogeneous to the emulsion
hase in the reaction process and led to high catalytic activ-

ty. When the reaction was finished, the MSIL was  separated

rom the emulsion phase and self-separated at the bottom of the
ask.
lysis A: Chemical 347 (2011) 8– 14 9

2. Experimental

2.1. Materials

Commercially available 30 wt.% H2O2, Na2MoO4·2H2O,
Na2WO4·2H2O, dichloromethane, CH3CN, n-octane and tetrade-
cane were purchased from Sinopharm Chemical Reagent Co., Ltd.
DBT, BT and 4,6-DMDBT were marketed by Sigma–Aldrich and
were used without further purification. [(CH3)N(n-C8H17)3]Cl used
in this work was  a commercial product from Xiamen Pioneer Tech-
nology Inc. and was purified before use. FCC gasoline was  obtained
from Jiangdu petrifaction. Actual prehydrotreated gasoline was
obtained from Jiangsu Jia Yu Xin Industrial Co., Ltd. Ionic liquids
[Bmim]BF4, [Bmim]PF6, [Omim]BF4, [Omim]PF6 were purchased
from Shanghai Chengjie Chemical Co., Ltd.

2.2. Instrumentation

All NMR  spectra were recorded on a Bruker AV-400 spectrom-
eter (Germany) using DMSO and TMS  as solvent and reference,
respectively. Chemical shifts (ı) were given in parts per million
and coupling constants (J) in hertz. FT-IR spectra were performed
on a Nicolet FT-IR spectrophotometer (Nexus 470, Thermo Elec-
tron Corporation) using KBr pellets at room temperature. TG/DSC
was  done on STA-449C Jupiter (NETZSCH Corporation, Germany).
Sample weighing about 30 mg  was heated from 30 ◦C to 800 ◦C at
a heating rate 10 ◦C/min in a dynamic N2. Gas chromatography
(Agilent 7890A, U.S.) was coupled with a flame ionization detec-
tor (GC-FID). HP-5 capillary column with 30 m × 0.32 mm inner
diameter × 0.25 �m film thickness was used for separation. Micro-
coulometric analyzer (WK-2D, Jiangsu Jiangfen Electroanalytical
Instrument Co., Ltd., China).

2.3. Preparation of MSIL
[(CH3)N(n-C8H17)3]2[{Mo O(O2)2}2(�-O)] (abbreviated as
[(CH3)N(n-C8H17)3]2Mo2O11)

6 mL  30 wt.% H2O2 was  added to the solution of Na2MoO4·2H2O
(1.33 g, 5.5 mmol) in 10 mL  water while being stirred in an ice-water
bath. The formed dark red solution was treated with dilute HCl
until it just turned bright yellow (pH 4–5). [(CH3)N(n-C8H17)3]Cl
(2.02 g, 5 mmol) was added dropwise with vigorous agitation at
the room temperature. The mixture was  stirred adequately for an
additional reaction period of 2 h. After reaction, the liquid was  sep-
arated and then washed with dichloromethane (2×  10 mL). The
solvent was  evaporated under reduced pressure so as to provide
a highly viscous liquid product. The liquid was stored at 40 ◦C
in vacuo.  Elemental analysis for C50H108N2Mo2O11 ([(CH3)N(n-
C8H17)3]2Mo2O11) calcd. (found): C, 54.33(53.53); H, 9.85(10.10);
N, 2.53 (2.06). 1H NMR  (400 MHz; DMSO) ı = 0.871 (3H, t), 1.271
(10H, s), 1.614 (2H, s), 2.966 (1H, s), 3.215 (2H, t); 13C NMR
(100 MHz; DMSO) ı = 14.38, 21.82, 22.17, 22.38, 22.52, 26.26, 26.36,
28.88, 28.92, 28.97, 29.05, 31.64, 47.99, 50.43, 60.98, 63.34, 64.06.
FTIR �max/cm−1: 966 (�(Mo  O)), 883 (�(O–O)), 783 (�asym(Mo2O)),
665 (�sym[Mo(O2)]), 586 (�asym[Mo(O2)]).

2.4. Preparation of MSIL
[(CH3)N(n-C8H17)3]2[{W O(O2)2}2(�-O)] (abbreviated as
[(CH3)N(n-C8H17)3]2W2O11)

A solution of Na2WO4·2H2O (1.81 g, 5.5 mmol) in 10 mL  water
was  placed. Treated with 6 mL  30 wt.% H2O2 a yellow solution was
5 mmol) was  added dropwise with vigorous agitation at the room
temperature for 2 h. After the reaction, the liquid was separated



1  Catalysis A: Chemical 347 (2011) 8– 14

a
l
e
4
C
2
m
N
2
3
�
(

2
K

�
(

2

m
o
a
a

2
g

m
w
p
s
t
w
s
o
n
w
4
a
T
t
2
p
w

3

3

t
F
d
o
n
o
C

C
c
h
n

8006004002000
0

20

40

60

80

100

d

a

110  C

340  C

210 C

DSC

TG

D
SC

 /(
m

W
/m

g)

T
G

 / 
%

Temperature / ºC 

c

b

0

1

2

3

4

5

Table 1 showed the different effects of the catalytic system
on desulfurization. Both MSILs [(CH3)N(n-C8H17)3]2Mo2O11 and
[(CH3)N(n-C8H17)3]2W2O11 with oxidant H2O2 had high catalytic
activity for oxidation of DBT. The sulfur conversion was  96.1%

Table 1
Comparison of different desulfurization systems on sulfur conversion.

Entry Different desulfurization systems S-conversion of different
desulfurization systems (%)

Catalyst Catalyst + H2O2

1 [(CH3)N(n-C8H17)3]2Mo2O11 3.3 96.2
2  [(CH3)N(n-C8H17)3]2W2O11 4.3 86.7
3  [(CH3)N(n-C8H17)3]Cl 6.6 7.4
4  K2W2O11 1.1 2.3
0 W. Zhu et al. / Journal of Molecular

nd washed with dichloromethane (2× 10 mL). Then a slightly yel-
ow and highly viscous liquid was produced after the solvent was
vaporated under reduced pressure. The product was stored at
0 ◦C in vacuo.  Elemental analysis for C50H108N2W2O11 ([(CH3)N(n-
8H17)3]2W2O11) calcd. (found): C, 46.88(47.06); H, 8.50(8.92); N,
.19 (2.20). 1H NMR(400 MHz; DMSO) ı = 0.866 (3H, t), 1.288 (10H,
),  1.610 (2H, s), 3.008 (1H,s), 3.235 (2H, t), 3.457 (1H, s). 13C
MR  (100 MHz; DMSO) ı = 14.37, 21.87, 22.25, 22.36, 22.54, 22.73,
2.97, 26.26, 26.77, 28.93, 28.94, 29.01, 29.05, 29.21, 29.28, 31.50,
1.67, 31.83, 48.11, 50.56, 55.40, 60.88, 63.16, 65.36, 68.38. FTIR
max/cm−1: 978 (�(W O)), 815 (�(O–O)), 747 (�asym(W2O)), 619
�sym[W(O2)]), 562 (�asym[W(O2)]).

.5. Preparation of K2[{W O(O2)2}2(�-O)] (abbreviated as
2W2O11)

K2W2O11 was  prepared as a white crystal according to [52]. FTIR
max/cm−1: 966.7 (W O), 853.8 (O–O), 763.7 (�asym(W2O)), 616.6
�sym[W(O2)]), 538.8 (�asym[W(O2)]), 448.4 (�sym(W2O)).

.6. Preparation of different model oils

2.932 g DBT was dissolved in 1000 mL  n-octane to form the
odel oil, the sulfur content of which was 500 �g mL−1. Other kinds

f model oil were prepared with the same method-by dissolving BT
nd 4,6-DMDBT in n-octane with sulfur contents of 250 �g mL−1

nd 250 �g mL−1, respectively.

.7. Procedure for the desulfurization of model oils and actual
asoline

Desulfurizations were performed with the MSILs in a home-
ade 40 mL  two-necked flask. After the required amounts of MSILs
ere added to the flask, 30 wt.% H2O2 and 5 mL  model oil were
oured into the mixture, and then the mixed solution was then
tirred vigorously at 30 ◦C for 2 h in an oil bath. After the reaction,
he upper phase (model oils or actual gasoline) was periodically
ithdrawn and separated by centrifugation before analyzing for

ulfur content. The different substrate concentrations in model
il were determined using GC-FID with tetradecane as the inter-
al standard. Carrier gas was high purity nitrogen and flow rate
as 25 mL/min. Hydrogen and air flow rates were 30 mL/min and

00 mL/min, respectively. The GC process for DBT and BT started
t 100 ◦C and the temperature was raised to 200 ◦C at 15 ◦C/min.
he GC process for 4,6-DMDBT started at 100 ◦C and the tempera-
ure was raised to 160 ◦C at 20 ◦C/min and then raised to 230 ◦C at
5 ◦C/min. The injector temperature was 250 ◦C and detector tem-
erature was 300 ◦C. And the total sulfur content in actual gasoline
as tested by microcoulometry.

. Results and discussion

.1. Catalysts preparation and characterization

The MSILs were synthesized based on Ref. [52] and their struc-
ures have been proven by IR and NMR. The spectrum data from
TIR analysis was used to describe the obtained compounds and to
etermine the purity of the synthesized salts. The NMR  technique
f 1H and 13C presented the pure products without unexpected sig-
als. Both the 1H and the 13C NMR  spectra confirmed the identity
f the obtained MSILs [(CH3)N(n-C8H17)3]2Mo2O11 and [(CH3)N(n-
8H17)3]2W2O11.

The thermal stability of [(CH3)N(n-C8H17)3]Cl, [(CH3)N(n-

8H17)3]2Mo2O11 and [(CH3)N(n-C8H17)3]2W2O11 (Fig. 1) was
haracterized by TG–DSC. These results demonstrated that MSILs
ad no crystalline water because there was no mass loss and
o endothermic peak around 100 ◦C [45]. Compared with the
Fig. 1. TG–DSC of [(CH3)N(n-C8H17)3]Cl (a, c), [(CH3)N(n-C8H17)3]2[Mo2O11] (b, d)
and  [(CH3)N(n-C8H17)3]2[W2O11] (insert).

material [(CH3)N(n-C8H17)3]Cl (Fig. 1a and c), when [(CH3)N(n-
C8H17)3]2Mo2O11 was decomposed there was  a mass loss from
100 ◦C to 150 ◦C and the corresponding exothermic peak on
DSC curve emerged at 110 ◦C in the first step, which demon-
strated the decomposition of peroxo species (Fig. 1b and d).
After 200 ◦C there was  two  mass loss on TG curve, which may
be attributed to the decomposition of the quaternary ammo-
nium organic cation [(CH3)N(n-C8H17)3]+. Until about 500 ◦C, this
decomposition came to an end gradually. And the final reminder
after 800 ◦C was the molybdenum oxide. The TG–DSC curves of
[(CH3)N(n-C8H17)3]2W2O11 were given with a similar decompo-
sition process (Fig. 1(insert)).

In the following step, these synthesized MSILs were employed
for oxidative desulfurization. The conversion of DBT, BT and 4,6-
DMDBT in the model oil was used to calculate the removal of sulfur
compounds.

3.2. Different effects of the catalytic system on desulfurization

Many types of oxidative desulfurization systems based on tran-
sition metal salts present in fuels have been already reported,
such as H2O2/M-TMA (M = W,  Mo)  [13], H2O2/ Na2HPW12O40 [27]
and H2O2/H3PW6Mo6O40 [41]. However, the main problem lies in
biphasic reaction: an oil phase with the sulfur-containing com-
pound and an organic solvent that contains aqueous H2O2 that is
not soluble in the oil phase. Here we  carried out the oxidative desul-
furization of DBT using phase transfer catalysts to provide a green
and highly active oxidation process of fuel oil.
5  Na2WO4·2H2O 0.8 1.1
6 Na2MoO4·2H2O 0.9 1.5

Experimental conditions: O/S = 8 (molar ratio); oil/MSIL (mass ratio) = 40; t = 2 h;
T  = 30 ◦C; agitation rate = 500 rpm.
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Fig. 2. Different stages of the catalytic oxidation desulfurization over MSIL [(CH3)N(n-C8H17)3]2Mo2O11 with H2O2. (a) Before the reaction, [(CH3)N(n-C8H17)3]2Mo2O11
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pale yellow viscous liquid) at the bottom of the flask, H2O2 in the middle lay an
eaction proceeding 10 min  with agitation; (c) biphasic desulfurization system was
elf-separated at the bottom of the flask. (For interpretation of the references to col

nd 86.7%, respectively. When the cation or the anion was used
s an independent catalytic system (Entries 3–6), the application
ould not promote the reaction obviously. These reasons of high
atalytic activity of MSILs lay in efficient mass transfer, which
as caused by the emulsion properties of the quaternary ammo-
ium cation across the phasic boundaries [53]. On the basis of
ur previous work [54], emulsion system composed of quater-
ary ammonium cations and polyoxometallic anions presented the
xidation accomplishment completely. During the desulfurization
eaction (oil/MSIL = 40:1 and H2O2/DBT (O/S = 8)), the lipophilic
uaternary ammonium cation could act as phase transfer reagent.
(CH3)N(n-C8H17)3]+ has long lipophilic alkyl chain and can eas-
ly transfer the active peroxo species, which were formed by the
eaction between hydrophilic Mo2O11

2− and H2O2, into substrates
Fig. 2). Further advantages were that no co-surfactant was needed
nd deep desulfurization (96.2%) could be achieved. It was  reported
hat [(CH3)N(n-C8H17)3]+ showed the efficient potential for alcohol
xidation and epoxidation of alkenes [40,43].  Herein it was found
o be favorable for stabilizing the emulsion system and for transfer-
ing the catalytic species to the aromatic sulfur compound under
he optimal reaction conditions and to result in higher oxidative
eaction rate.
Fig. 3. Supposed catalytic oxidation desulfurization using MSIL [(CH3)
el oil (transparent liquid) in the upper layer; (b) emulsification system after the
ved after 1 h; (d) after the reaction was  finished, the MSIL sticking to sidewall was
his figure legend, the reader is referred to the web  version of this article.)

3.3. Supposed mechanism of reaction system

During the reaction, the ODS system formed an emulsion
using [(CH3)N(n-C8H17)3]2Mo2O11 with H2O2 at room temper-
ature and then the MSIL was  able to be self-separated at
the end of the reaction (Fig. 2). In Fig. 2a, MSIL [(CH3)N(n-
C8H17)3]2Mo2O11, H2O2 and model oil were added in the flask
before the reaction. After reaction for 10 min, emulsification of the
desulfurization system was observed by the presence of the qua-
ternary ammonium cation from the MSIL itself (Figs. 2b and 3).
The MSIL could be dispersed well into the substrate phase
during the oxidation reaction of DBT. More interestingly, the
emulsification gradually got weaker and weaker as the reac-
tion went on until biphasic desulfurization system was observed
(Fig. 2c). When the reaction was finished, the MSIL was  sep-
arated from the oil phase and self-separated at the bottom of
the flask (Fig. 2d). The feature of this liquid catalyst that con-
tained the lipophilic cation and hydrophilic anion was  amphiphilic,
which made it play an essential role in the formation of the
emulsion and oxidation of DBT, respectively. Moreover, the recov-
ery of the heterogeneous catalyst was convenient for the ODS
system.
N(n-C8H17)3]2[Mo2O11] and oxidant H2O2 in emulsion droplets.
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Table 2
The effect of the agitation rate on DBT conversion.

Entry The agitation rate (rpm) Sulfur conversion (%)

1 100 66.7
2 250 72.3
3 375 90.5
4  500 96.2
5 750 97.2
6  1000 96.5

Experimental conditions: oil/MSIL (mass ratio) = 40; O/S = 8 (molar ratio); t = 2 h;
T  = 30 ◦C.
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t1/2, which were 0.029 min−1 and 23.9 min, respectively. Herein the
results of oxidation of DBT in n-octane by H2O2 have supported the
pseudo-first-order kinetics procedure.
ig. 4. The effect of O/S (molar ratio) and oil/MSIL (mass ratio) on conversion of DBT.
xperimental conditions: t = 2 h; T = 30 ◦C; agitation rate = 500 rpm.

.4. The effect of H2O2/DBT (molar ratio) and oil/MSIL (mass
atio) on conversion of DBT

To investigate the effect of the amount of oxidizing agent and the
mulsion properties, experiments on the effect of H2O2/DBT (O/S)
molar ratio) and oil/MSIL (mass ratio) at temperature 30 ◦C were
arried out. O/S of 2, 6, 8 and oil/MSIL of 100:1, 70:1, 50:1, 40:1, 30:1,
5:1 and 20:1 are plotted in Fig. 4. According to the stoichiomet-
ic reaction, 2 mol  of H2O2 are consumed for oxidation of 1 mol  of
BT to its corresponding sulfone, as shown in Scheme 1. When O/S
olar ratio was increased from 2 to 8, DBT conversion increased at

ifferent oil/MSIL ratios. When the mass ratio of oil/MSIL increased
rom 20:1 to 100:1 at O/S = 2, the sulfur conversion of DBT increased
lowly to 43.2%. When O/S = 6, DBT conversion increased from 54.7%
t oil/MSIL = 20:1–90.8% at oil/MSIL = 40:1. Then it was  found to
ecrease obviously when oil/MSIL > 40:1. There exhibited a similar
rend of DBT conversion at O/S = 8. Under the reaction conditions
f oil/MSIL = 40:1 and O/S = 8, the MSIL brought forth the highest
esulfurization activity (96.2%). As oil/MSIL = 20:1, DBT conversion
ecreased to 76.5%.

.5. The effect of the agitation rate on DBT conversion

The appropriate magnetic agitation rate is favored with the
tability of the emulsion droplets formed by emulsifying agent.
f the agitation rate is set at a low value, the MSIL [(CH3)N(n-
8H17)3]2[Mo2O11] as an emulsifying agent could not be neatly
istributed in the phase interface. On the other hand, if set at a high
alue, the emulsion droplets formed by the emulsifying agent may
e damaged because of severe contacts between the magnet and
he wall of the flask. These results summarized in Table 2 shows
he effect of the agitation rate on DBT conversion. With the agi-
ation rate (rpm) increasing, the DBT conversion increased from
6.7% at 100 rpm to 96.2% at 500 rpm. When the rate was  set at
50 rpm, there was a slight increase (DBT conversion increased
o 97.2%) of DBT removal. However, if the agitation rate was set
t 1000 rpm, DBT oxidation will be slowed down and the DBT

onversion decreased to 96.5%. Hence, 500 rpm was applied in all
esulfurization experiments.

cheme 1. Pathways of dibenzothiophene(DBT) oxidation: (a) DBT, (b) DBT S-oxide
sulfoxide) (DBTO), (c) DBT S, S-dioxide (sulfone) (DBTO2).
Fig. 5. Time-course variation of DBT conversion and ln(Co/Ct). Experimental
conditions: T = 30 ◦C; oil/MSIL (mass ratio) = 40; O/S = 8 (molar ratio); agitation
rate = 500 rpm.

3.6. Kinetics of oxidation of DBT in n-octane by H2O2

To study kinetics of oxidation of DBT with [(CH3)N(n-
C8H17)3]2[Mo2O11] as the catalyst, samples were taken out from
oil phase and measured with a GC-FID to determine sulfur content
in the reaction course. The time-course variation of DBT conver-
sion was  shown in Fig. 5. When the oxidation of DBT in n-octane
is assumed to be the pseudo-first-order reaction [14], the sulfur
content of model oil will meet with Eqs. (1) and (2):

ln
(

Co

Ct

)
= kt (1)

t1/2 = 0.693
k

(2)

Co and Ct are for the sulfur content of model oil at time zero and
time t (s), respectively, and k is for the pseudo-first-order rate con-
stant (min−1). Half-life (t1/2 (min)) is calculated using Eq. (2),  which
is derived from Eq. (1) by replacing Ct with Co/2. Time-course vari-
ation of ln(Co/Ct) was  shown in Fig. 5. We have calculated k and
Table 3
Recycling of MSIL [(CH3)N(n-C8H17)3]2[Mo2O11] over desulfurization.

Cycle DBT conversion (%) Cycle DBT conversion (%)

1 96.2 6 93.9
2  97.5 7 93.1
3  96.3 8 89.7
4  95.4 9 87.5
5  94.4 10 85.4

Experimental conditions: oil/MSIL (mass ratio) = 40; O/S = 8 (molar ratio); T = 30 ◦C;
t  = 2 h; agitation rate = 500 rpm.
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Table  4
Oxidative desulfurization in different solvents.

Entry Solvents DBT conversion (%)

[(CH3)N(n-C8H17)3]2[Mo2O11] [(CH3)N(n-C8H17)3]2[W2O11]

1 None 83.1 68.3
2  CH3OH 56.3 17.8
3  CH3CN 80.6 54.8
4 [Bmim]BF4 96.8 83.1
5 [Omim]BF4 97.8 85.9
6  [Bmim]PF 94.9 45.7

E 0 ◦C; 
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7  [Omim]PF6 99.7 

xperimental conditions:  oil/MSIL (mass ratio) = 50; O/S = 6 (molar ratio); t = 2 h; T = 3

.7. The effect of different substrates on sulfur conversion

To investigate the desulfurization performance of the MSIL
(CH3)N(n-C8H17)3]2[Mo2O11] on other sulfur compounds besides
BT, experiments combined with catalytic oxidation of different
romatic sulfur compounds (BT and 4,6-DMDBT) were carried out
nder the same conditions. As shown in Fig. 6, the sulfur conver-
ion of BT and 4,6-DMDBT was 52.0% and 73.2% after 240 min  in
DS system, respectively. From the data, it was obvious that the

ulfur conversion through ODS process decreased in the order of
BT > 4,6-DMDBT > BT. These results may  be attributed to the dif-

erence of both aromatic �-electron density of sulfur compounds
nd steric hindrance around the sulfur atoms. The desulfuriza-
ion performance increased with the increase of the aromatic
-electron density. Among DBT, BT and 4,6-DMDBT, �-electron
ensity on the sulfur atom of BT was the lowest [2],  and so was
he lowest catalytic reactivity. The difference between �-electron
ensity of DBT and 4,6-DMDBT was not very significant, but the
onversion of 4,6-DMDBT was much lower than that of DBT due to
he domination of the influence of steric hindrance.

.8. The recycling of MSIL

The possibility of the recycling of MSIL [(CH3)N(n-
8H17)3]2[Mo2O11] was  investigated in ODS system. After oxidative
esulfurization reaction, MSIL could be separated by decantation
nd recycled. And fresh H2O2 and model oil were added into

he original reaction flask for the next run. The data shown in
able 3 indicated that the MSIL could be recycled several times
ith an unnoticeable decrease in DBT conversion. DBT conversion

till remains 93.1% even after seven consecutive cycles. However,

24022020018016014012010080604020
0

10

20

30

40

50

60

70

80

Time / min

Su
lfu

r 
co

nv
er

si
on

 (%
)

 BT
 4,6-DMDBT

ig. 6. The effect of sulfur species on sulfur conversion. Experimental conditions:
/S = 8 (molar ratio); oil/MSIL (mass ratio) = 40; T = 30 ◦C; agitation rate = 500 rpm.
98.1

V(solvent) = 1 mL;  agitation rate = 500 rpm.

the conversion dropped to 89.7% in the next cycle. There was no
sulfone visible in the IL phase at the end of first cycle. After three
cycles some white precipitates came out and were in the IL phase,
which led to the decrease of sulfur removal. When the reaction was
carried out in a large scale (10 times), DBT conversion decreased
from 96.2% to 85.4%. The recycled catalyst could be reused for at
least seven reaction cycles with a slight activity drop.

3.9. Extraction combined with oxidation desulfurization using
different solvents

Solvents have a great effect on the catalytic ability of the poly-
oxometallates. The solvent effect was investigated for the nature
of MSILs during oxidation of DBT using H2O2 as the oxidant. Here
both organic solvents and conventional ILs were chosen as reaction
solvents. Experiments shown in Table 4 indicated DBT conversion
in different organic solvents. As observed, the catalytic activity of
the peroxomolybdenum anion-containing catalyst was superior to
that of the corresponding peroxotungsten analogue in different
organic solvents. We  speculated that it may  be attributed to the
nature of the Mo  and W atom of MSILs [22]. There was  a relatively
higher desulfuriztion activity when CH3CN was used compared
with CH3OH (Entry 2, Entry 3). This behavior might be related to the
protic (CH3OH) or aprotic (CH3CN) character of the solvents [28].
On the other hand, the two MSILs presented limited catalytic abil-
ities for the deep desulfurization within CH3OH as well as CH3CN
during the oxidation process.

Previous work [55–57] was reported that extraction and cat-
alytic oxidation desulfurization (ECODS) with RTILs exhibited high
catalytic activity in the desulfurization. Here we tested the cat-
alytic activity of MSILs for the oxidative desulfurization using
four conventional RTILs [Bmim]BF4, [Omim]BF4, [Bmim]PF6 and
[Omim]PF6 to develop an environmentally friendly process (Entries
4–7). The results indicated that the advantage of this process over
the desulfurization exhibited much higher DBT conversion percent-
ages with RTILs than those with polar organic solvents under the
same conditions. Furthermore, [(CH3)N(n-C8H17)3]2[Mo2O11] was
more efficient catalyst for the sulfur removal in longer alkyl chains
[Omim]BF4 and [Omim]PF6, where the conversions could reach
97.8% and 99.7%, respectively. From the table, it could be found
that solvents, especially RTILs, had a significant effect on the MSILs
over oxidative desulfurization.

3.10. Oxidative desulfurization of FCC gasoline and
prehydrotreated gasoline

Multiple reactions of the ODS process were applied to
the actual FCC gasoline and prehydrotreated gasoline. The

sulfur-containing compounds in the gasoline can be oxidized
with MSIL [(CH3)N(n-C8H17)3]2[Mo2O11]. Oxidative desulfuriza-
tion of actual gasoline was done under optimal experimental
conditions: 5 mL  gasoline, T = 30 ◦C, V(H2O2) = 64 �L, m([(CH3)N(n-
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8H17)3]2Mo2O11) = 0.178 g. To FCC gasoline, the sulfur content
ecreased from 341 to 204 ppmw S after four rounds of reaction in
he absence of extractant. When 1 mL  [Bmim]BF4 ionic liquid was
ombined as extractant, the sulfur content could reach 105 ppmw
fter four rounds of reaction. The lower sulfur removal lay in
he complicated sulfur compounds (containing thiols, thiophene,
ibenzothiophene and alky-substituted DBTs, etc.) in FCC gasoline.
owever, to prehydrotreated gasoline, multiple reactions of the
DS process could remove sulfur compounds efficiency because the
ydrotreatment greatly improved the quality of the fuels. For exam-
le, thiols and thiophene could be easily removed in HDS process,
hich were refractory in ODS process. The sulfur species mainly

emained DBT and alky-substituted DBTs in prehydrotreated gaso-
ine, which were easily be oxidized in ODS process. In the presence
f 1 mL  [Bmim]BF4 as extractant, the sulfur content decreased from
50 to 30 ppmw after two rounds of reaction and the color of ionic

iquid phase was deepened a lot. With the increase of reaction
teps, the gasoline became more transparent and clearer. After the
hree-round reaction, the dark yellow color of gasoline faded and
ulfur content was only 12 ppmw (sulfur removal, 92%). So multi-
le reactions of oxidation desulfurization process were feasible and
ffective for prehydrotreated gasoline.

. Conclusion

Two MSILs [(CH3)N(n-C8H17)3]2Mo2O11 and [(CH3)N(n-
8H17)3]2W2O11 have been synthesized and used as the catalysts
or deep desulfurization in the presence of H2O2. Under the
ptimal reaction conditions of oil/MSIL = 40:1, O/S = 8, reaction
emperature: 30 ◦C and agitation at 500 rpm, the MSIL [(CH3)N(n-
8H17)3]2Mo2O11 brought forth the highest desulfurization activity
96.2%). The amphiphilic nature of this liquid catalyst played an
ssential part in the formation of the emulsion and recycling
xidation of DBT. The sulfur conversion follows the pseudo-first-
rder kinetics with the reaction rate constant and half-life of
.029 min−1 and 23.9 min, respectively. The oxidation reactivity of
he different substrates was as following: DBT > 4,6-DMDBT > BT.

oreover, [(CH3)N(n-C8H17)3]2Mo2O11 could be recycled with a
light decrease in sulfur removal. RTILs had a significant effect
n MSILs over oxidative desulfurization both in model oils and in
ctual prehydrotreated gasoline.
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