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esulfurization of model fuels
catalysed by immobilized ionic liquid on MIL-
100(Fe)

WanXin Yang, Guoqing Guo, Zhihong Mei and Yinghao Yu *

Deep desulfurization of fossil fuels has become urgently required because of the serious pollution by the

large-scale use of fossil fuels. In this study, [PrSO3HMIm]HSO4@MIL-100(Fe) was synthesized by wet-

impregnation of the ionic liquid (IL) of [PrSO3HMIm]HSO4 on MIL-100(Fe). The construction of

[PrSO3HMIm]HSO4@MIL-100(Fe) was then confirmed by X-ray powder diffraction, N2 adsorption–

desorption experiments, infrared spectroscopy and elemental analysis, and then applied in the oxidative

desulfurization of model fuels. In comparison with the corresponding IL, [PrSO3HMIm]HSO4@MIL-

100(Fe) showed an enhanced performance in the desulfurization rate of model fuels due to the increase

of the mass transfer rate. Under the optimized conditions (oxidant to sulphur ratio ¼ 25, oil to

acetonitrile ratio ¼ 1, and temperature ¼ 60 �C), a sulphur removal rate of 99.3% was observed (initial

sulphur concentration ¼ 50 ppm). The sulphur removal of three sulphur compounds by catalytic

oxidation and extraction followed the order of dibenzothiophene (DBT) > thiophene (T) >

benzothiophene (BT).
1 Introduction

The rapid development of the automotive industry has greatly
exacerbated the use of fossil fuels.1–5 Aer combustion, the organic
compounds in gasoline are converted to carbon oxides (COx),
nitrogen oxides (NOx) and sulphur oxides (SOx), among which,
sulphur oxides are one of the important reasons for haze and acid
rain.6–9 Sulphide emissions from burning gasoline can cause harm
to the human lungs and respiratory system, resulting in throat
spasms and suffocation.10 Currently, the sulphur content in gaso-
line in China must be from 50 mg g�1 to 10 mg g�1 according to the
National standard of gasoline for motor vehicles (GB17930-2013
and GB17930-2016). Above all, it is necessary to reduce the
sulphur content of gasoline and reduce the emission of sulphur
oxides into the atmosphere.11–13

The oxidative desulfurization (ODS) technology has many
advantages such as mild reaction conditions,14 high desulfurization
rate, simple process and low equipment investment, comparedwith
traditional hydrodesulfurization methods. ODS has been widely
used for the development of ultra-low sulphur products.15,16 The
catalysts used for oxidative desulfurization are very critical. In recent
years, IL catalysts has been used in the oxidative desulfurization
reaction in gasoline.17–19 However, although these IL catalysts are
efficient in desulfurization, the ILs cannot be directly separated and
recovered because they are easily dissolved in extracting agents,
such as acetonitrile,20which is not conducive to industrialization. In
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this study, a new catalyst, [PrSO3HMIm]HSO4@MIL-100, was
synthesized by wet impregnation. The effect of several important
factors, including the loading amount, reaction temperature,
desulfurization system, catalyst dosage, and the recycling of catalyst,
on the desulfurization efficiency was studied.
2 Experimental
2.1 Materials

Iron(III) chloride hexahydrate (FeCl3$6H2O) and ethanol were
obtained from Damao Chemical Reagent Factory. Acetonitrile,
n-octane, 1,3,5-benzenetricarboxylic acid (H3BTC), thiophene
(T), benzothiophenen (BT) and dibenzothiophene (DBT) were
purchased from J&K Scientic Ltd. 1-Sulfopropyl-3-methyl-
imidazolium hydrosulphate ([PrSO3HMIm]HSO4) was ob-
tained from Lanzhou Greenchem ILs. All solvents and reagents
were used as received without further purication.
2.2 Synthesis of MIL-100(Fe)

MIL-100(Fe) was synthesized according to the previous report
under the following methods.21,22 A mixture of FeCl3$6H2O
(0.010 mol, 2.70 g) and BTC (0.066 mol, 1.39 g) was dispersed in
50 mL distilled water under weak sonication and was then reacted
for 72 h at 130 �C in a Teon lined autoclave. Aer being cooled
down to room temperature, the light orange solid product was
further puried by centrifugation at 6000 rpm for 10 min with
ethanol (50 mL � 3). Then the highly puried solid was dried
under vacuum at 60 �C overnight.
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 XRD patterns of MIL-100(Fe) (1) and X-[PrSO3HMIm]HSO4@-
MIL-100(Fe) (2–6, X ¼ 0.7, 0.9, 1.1, 1.3, 1.5).

Fig. 2 The FT-IR spectra of MIL-100(Fe) (1), X-[PrSO3HMIm]HSO4@-
MIL-100(Fe) (2–6) (X ¼ 0.7, 0.9, 1.1, 1.3, 1.5) and [PrSO3HMIm]HSO4 (7).
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2.3 Synthesis of [PrSO3HMIm]HSO4@MIL-100(Fe)

[PrSO3HMIm]HSO4@MIL-100(Fe) was prepared by wet impregna-
tion.23,24 A certain amount of anhydrous [PrSO3HMIm]HSO4 was
dissolved in 50 mL ethanol. Aer complete dissolution, 15 g acti-
vated MIL-100(Fe) was added to the solution and subjected to
continuous magnetic stirring for 24 h. Then, ltration was
employed to remove the redundant solvent, followed by drying in
vacuum at 80 �C overnight. The orange powder product was
donated as X-[PrSO3HMIm]HSO4@MIL-100 (X mmol g�1 [PrSO3-
HMIm]HSO4@MIL-100), where X means the adding amount of
[PrSO3HMIm]HSO4 in the solution (X ¼ 0.7, 0.9, 1.1, 1.3, 1.5).

2.4 Desulfurization

Dibenzothiophene (0.05 g, DBT) was completely dissolved into n-
octane to prepare model oil with the sulphur content of 50 ppm.
Similarly, the model oils with different sulphur compounds,
including thiophene and benzothiophenen, was prepared. The
catalyst, acetonitrile and 10 mL model oil were added into a ask.
Then the ask was in an oil bath at the desired temperature and
stirred for 15min. H2O2 was injected into the ask. Aer the start of
the reaction, the stirring was stopped at regular intervals, the
samples from the upper oil phase were withdrawn and ltered with
an organic lter, then sulphur content in the samples were deter-
mined by the WK-2D micro-coulometer (Jiangfen Electroanalytical
instrument Co., Ltd, China, detection limit: 0.1 ng mL�1). And the
conversion rate of the sulphur was calculated according to eqn (1):

R0 ¼ C0 � Ce

C0

� 100% (1)

where, R is the desulfurization rate, C0 is the initial sulphur
content of the oil, and Ce is the sulphur content of the oil aer
desulfurization.

2.5 Characterization

X-Ray Diffraction (XRD) patterns were collected with a Bruker D8
ADVANCE diffractometer using Cu Ka radiation at a scanning rate
of 1� min�1 between 5� and 40�. Infrared spectra were recorded in
KBr discs with a Bruker Fourier-transform infrared (FT-IR) spec-
trometer. The specic surface areas and pore size distributions
were obtained from N2 adsorption–desorption isotherms
measured on a Micromeritics ASAP-2010 instrument at �196 �C.
The contents of C, H, N, and S in the composite material were
measured using Elementar's Vario EL III elemental analyzer.

3 Results and discussion
3.1 X-ray diffraction (XRD) analysis

The powder XRD patterns of the virgin MOFs and a series of
ILs@MOF are exhibited in Fig. 1. These diffraction patterns agreed
with those reported in the literature.25–29 The peak at 10.9� indicated
that the pattern corresponded to the reportedMIL-100(Fe). The XRD
patterns of the ILs@MIL-100(Fe) materials were similar to that of
the parent material MIL-100(Fe), which indicated that the crystal
structure of MIL-100(Fe) was preserved aer the incorporation of
[PrSO3HMIm]HSO4, and adding IL did not change the crystal form
of MIL-100.
This journal is © The Royal Society of Chemistry 2019
3.2 Fourier transform infrared (FT-IR)

The FT-IR spectra of MIL-100(Fe), X-[PrSO3HMIm]HSO4@MIL-
100(Fe) and [PrSO3HMIm]HSO4 were recorded in the spectral
range of 4000–400 cm�1 (Fig. 2). The peaks of [PrSO3HMIm]
HSO4 at 1224 and 1046 cm�1 were related to n(O]S) asymmetric
and symmetric stretching vibrations of the sulfonic acid
group.20–22 The characteristic peaks of MIL-100(Fe) at 1714 and
1383 cm�1 attributed to n(C]O) stretching vibration and n(C–O)
stretching vibration in the MIL-100(Fe) matrix could be
observed.22,30–32 The characteristic vibrational bands of the C]C
and C]N group at 1573 and 1457 cm�1 were also observed
corresponding to the imidazole ring.33,34 It was concluded that
[PrSO3HMIm]HSO4 was successfully supported on MIL-100(Fe).

3.3 Elemental analysis

The S and N elements of the X-[PrSO3HMIm]HSO4@MIL-
100(Fe) (X ¼ 0.7, 0.9, 1.1, 1.3, 1.5) composites were analysed
to calculate the amount of IL in the hybrid materials. It could be
seen from the Table 1 that the S and N elements in the hybrid
material showed an increasing trend with the increase of the
RSC Adv., 2019, 9, 21804–21809 | 21805
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Table 1 Elemental analysis of MIL-100(Fe) and X-ILs@MIL-100(Fe)

Samples S (wt%) N (wt%)
Actual loading
(mmol g�1)

MIL-100(Fe) — 1.019 —
0.7-ILs@MIL-100(Fe) 3.515 1.516 0.549
0.9-ILs@MIL-100(Fe) 3.990 1.642 0.623
1.1-ILs@MIL-100(Fe) 4.474 1.800 0.699
1.3-ILs@MIL-100(Fe) 4.921 1.940 0.769
1.5-ILs@MIL-100(Fe) 5.492 2.173 0.858

Table 2 Structural properties of MIL-100(Fe) and X-ILs@MIL-100(Fe)
(X ¼ 0.7, 0.9, 1.1, 1.3, 1.5) characterized by N2 adsorption

Samples
BET surface
area (m2 g�1)

Pore volume
(cm3 g�1)

MIL-100(Fe) 1168.1 0.74
0.7-ILs@MIL-100(Fe) 785.6 0.47
0.9-ILs@MIL-100(Fe) 674.5 0.42
1.1-ILs@MIL-100(Fe) 525.7 0.33
1.3-ILs@MIL-100(Fe) 418.2 0.26
1.5-ILs@MIL-100(Fe) 170.0 0.13

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ly
 2

01
9.

 D
ow

nl
oa

de
d 

on
 7

/1
8/

20
25

 1
2:

38
:3

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
adding amount of IL, indicating that more IL groups were
graed into the pores of MIL-100(Fe) when more IL was added.
The actual loading of [PrSO3HMIm]HSO4 could be calculated by
the percentage content of the S elements in the hybrid material.
According to the results, it can be seen from Table 1 that there
were some certain differences between the actual loading and
the theoretical one, because a part of ionic liquids on the
surface of the materials were washed away during the process of
synthesizing the composite materials.

3.4 N2 adsorption–desorption experiment

Fig. 3 show N2 adsorption–desorption isotherms of MIL-100(Fe)
and X-[PrSO3HMIm]HSO4@MIL-100(Fe). The BET surface area
and pore volume were obtained from nitrogen physisorption
isotherms at 77 K, and the results are given in Table 2.

It could be seen that the N2 adsorption–desorption
isotherms of the series of composites showed a type IV
isotherms. There were also hysteresis loops, which were char-
acteristic of mesoporous or microporous materials. In addition,
the pore sizes of the samples were greater than 2 nm, indicating
that they were both mesoporous materials, and the structure of
MIL-100(Fe) were not signicantly altered by loading the ionic
liquids by the impregnation method. The BET surface area and
pore volume for the prepared MIL-100(Fe) was 1168.1 m2 g�1

and 0.74 cm3 g�1, respectively, close to the values reported in
the literature.28,30 According to the results, the specic surface
area and pore volume decreased aer the impregnation process.
Fig. 3 N2 adsorption–desorption isotherms for MIL-100(Fe) (1) and X-
[PrSO3HMIm]HSO4@MIL-100(Fe) (2–6) (X ¼ 0.7, 0.9, 1.1, 1.3, 1.5).

21806 | RSC Adv., 2019, 9, 21804–21809
The decrease could be related to the pore blocking of the
support by the attachment of ILs.35
3.5 Catalytic activities for ODS

3.5.1 Effects of time and loading amount on oxidative
desulfurization. The ILs loading amount had a signicant effect
on the reaction. It was evident from Fig. 4 that ODS was cata-
lysed by various catalysts. The desulfurization efficiency of the
[PrSO3HMIm]HSO4@MIL-100(Fe) systems was higher than that
of the virgin MIL-100(Fe) and [PrSO3HMIm]HSO4 under the
same catalysis conditions. The activity was improved by
increasing the contents of [PrSO3HMIm]HSO4 in the [PrSO3-
HMIm]HSO4@MIL-100(Fe) system from 0.7 to 1.1 mmol g�1,
and the sulphur removal ratio of 1.1-[PrSO3HMIm]HSO4@MIL-
100(Fe) reached 99.31%, showing a benecial effect of [PrSO3-
HMIm]HSO4 during the catalysis. However, the sulphur
removal of 1.3-ILs@MIL-100(Fe) and 1.5-ILs@MIL-100(Fe) was
lower than that of 1.1-ILs@MIL-100(Fe). We speculated that the
increased acid ion loading resulted in a reduced MIL-100(Fe)
pore volume and reaction specic surface area, which reduced
the mass transfer efficiency.36,37 Thus, the loading amount of
1.1 mmol g�1 and the optimal time of 180 min were proper for
the following investigation, respectively.
Fig. 4 Effects of reaction time and loading amount of IL on oxidative
desulfurization. (1) [PrSO3HMIm]HSO4, (2) MIL-100(Fe), (3–7) X-ILs@-
MIL-100(Fe) (X ¼ 0.7, 0.9, 1.1, 1.3, 1.5), the following conditions were
used: catalyst, 0.05 g; model oil, 10 mL; acetonitrile, 10 mL; H2O2, 28
mL; t, 180 min; T, 60 �C.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Effects of H2O2/DBT ratio on oxidative desulfurization. The
experiments were conducted under the following conditions: catalyst,
0.05 g; model oil, 10 mL; acetonitrile, 10 mL; t, 180 min; T, 60 �C.
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3.5.2 Effects of catalyst dosage on oxidative desulfuriza-
tion. The effects of catalyst dosage on the DBT oxidation were
studied systematically. As shown in Fig. 5, the DBT removal was
enhanced dramatically with the increasing catalyst usage from
0.03 g to 0.05 g, which can be attributed to the increase of the
total amount of the catalytic active sites. Apparently, 0.05 g of
catalyst had offered enough catalytic active sites to the conver-
sion of DBT. However, the removal of DBT was decreased with
the increasing catalyst usage from 0.05 g to 0.06 g. It may be that
more catalysts would promote self-decomposition of H2O2,
generating oxygen and water, which was not only detrimental to
the progress of the oxidation reaction,11 but also cause waste of
the catalysts. So, the optimal catalyst dosage was 0.05 g.

3.5.3 Effects of the H2O2/DBT molar ratios on oxidative
desulfurization. To investigate the inuence of the oxidant
dosage, the experiment was carried out under various H2O2/
DBT (O/S) molar ratios at 60 �C. As shown in Fig. 6, the removal
of DBT increased with the increase of the H2O2 dosage (O/S #

25), which can be attributed to the increasing production
quantity of the catalytic activity species. When O/S ¼ 25, the
sulphur removal was 99.31%. However, when a higher amount
of H2O2 was added, the sulphur removal decreased. On the one
hand, this conrmed that water had a negative effect on the
desulfurization as the amount of the introduced water
increased with the increasing amount of hydrogen peroxide.9,38

On the other hand, excess H2O2 enhanced the hydrogen bond
between the catalyst particles in the acetonitrile phase, leading
to transfer of the agglomerated catalyst into the oil phase, and
thus its less availability for ODS which consequently resulted in
lower desulfurization rate.39,40

3.5.4 Removal of different sulphur substrates. To investi-
gate the effects of [PrSO3HMIm]HSO4@MIL-100(Fe) on
different sulphur compounds, ODS of DBT, BT and T were
carried out under the same conditions. The removal rates of
DBT, BT and T were shown in Fig. 7. The desulfurization reac-
tivity followed the order: DBT > T > BT. The reactivity should
Fig. 5 Effects of catalyst dosage on oxidative desulfurization. (Black)
0.03 g, (red) 0.04 g, (blue) 0.05 g, and (green) 0.06 g. The experiments
were conducted under the following conditions: model oil, 10 mL;
acetonitrile, 10 mL; H2O2, 28 mL; t, 180 min; T, 60 �C.

This journal is © The Royal Society of Chemistry 2019
follow the order of the electron density because the removal of
sulphur substrates is mainly affected by the electron density on
the sulphur atom.41 The unusual lowest reactivity of BT can be
attributed to the steric hindrance. These results suggested that
the reactivity order was affected by the simultaneous effects of
the electron density on the sulphur atom and the steric
hindrance of the sulphur compounds in this ODS system.
Similar results were present in Lv's studies,42,43 they found that
sulphur removal selectivity also followed the order of DBT > BT
in their ionic liquids extraction coupled with oxidation desul-
furization systems (ECODS), and the catalytic activity of DBT
removal could reach 98% at 30 �C in 3 h.

3.5.5 Recycling of catalysts. The catalysts were separated by
centrifugation and dried under vacuum at 353 K for 12 h for
regeneration. The reutilization for the removal of DBT was
performed maintaining the same experimental conditions for
each cycle. As is shown in Fig. 8, the catalytic performance of the
catalyst decreased to 70% aer ve cycles, while the sulphur
Fig. 7 Effects of different sulphur substrates on oxidative desulfur-
ization. (1) DBT, (2) T, and (3) BT. The experiments were conducted
under the following conditions: catalyst, 0.05 g; model oil, 10 mL;
acetonitrile, 10 mL; H2O2, 28 mL; t, 180 min; T, 60 �C.

RSC Adv., 2019, 9, 21804–21809 | 21807
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Fig. 8 Recycling of the catalyst on the sulphur removal in the reaction
system.
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removal in the ECODS systems could remain above 85% aer
recycling six times in Lv's studies.42,43 The rapid decrease could
mainly be attributed to the partial loss of the ionic liquid during
the reaction. This show that the carrier with the proper pore
structure had a great inuence on the catalytic oxidative
desulfurization performance.

3.5.6 Proposed mechanism of coupled oxidation extraction
desulfurization. Several studies have shown that high desul-
furization rate can be achieved with H2O2 or molecular oxygen
as oxidants and different kinds of ionic liquids as catalysts or
extractants. In this paper, a coupled oxidation extraction
desulfurization mechanism is proposed according to these
studies.42–46 As seen in Scheme 1, take DBT as an example,
rstly, some kinds of radicals (mainly, HO2c)47–49 could be
produced by H2O2 with the acidic [PrSO3HMIm]HSO4 and the
Brønsted acid sites in MIL-100(Fe) as the catalysts. DBT was
then oxidized to the corresponding sulfones by these radicals.
Due to their high polarity, the sulfones could be easily removed
from the model oil phase by a polar extractant, such as
Scheme 1 Proposed mechanism of coupled oxidation extraction
desulfurization.

21808 | RSC Adv., 2019, 9, 21804–21809
acetonitrile in this study. The sulphur-free fuel was then ob-
tained, and the heterogeneous catalyst ([PrSO3HMIm]HSO4@-
MIL-100(Fe)) could be recycled by static settlement or
centrifugation.

4 Conclusions

In summary, [PrSO3HMIm]HSO4 immobilized in MIL-100(Fe)
was successfully synthesized through wet-impregnation. The
XRD, FT-IR, EA and N2 adsorption–desorption indicated that
the ILs@MIL-100(Fe) samples remained in the mesoporous
structure of MIL-100(Fe). The [PrSO3HMIm]HSO4@MIL-100(Fe)
catalysts displayed signicantly higher catalytic performance
than [PrSO3HMIm]HSO4 for the oxidative desulfurization of
DBT. In the experimental system, the effects of different ILs
loading, catalyst dosage, O/S ratio, and different sulphur
substrates on the desulfurization rate were investigated, and the
optimum reaction conditions were determined. The 1.1-
[PrSO3HMIm]HSO4@MIL-100(Fe) sample had the highest
oxidative desulfurization efficiency, by which, the sulphur
removal of DBT reached 99.3%.
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