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ZIF-67 as an effective catalyst for
an extraction and oxidative desulfurization system

Lijun Xu, Qian Tong and Bing Hu*

Through a simple room-temperature process, different amounts of Keggin-type quaternary ammonium

silicotungstate were successfully encapsulated into the metal–organic framework (MOF) material ZIF-67.

The catalysts were characterized using Fourier transform infrared (FT-IR) spectroscopy, X-ray powder

diffraction (XRD), scanning electron microscopy (SEM), and BET analysis. An extraction and catalytic

oxidation desulfurization system was studied using H2O2 as an oxidant and a deep eutectic solvent (DES)

as an extractant. Using the 43.06%-SiW12@ZIF-67 composite under optimal reaction conditions, DBT

present in a model oil could be deeply and effectively removed. The catalyst was reused 6 times, and the

desulfurization rate still exceeded 90%. Finally, a possible desulfurization mechanism is proposed.
1. Introduction

As society develops, the living standards of people continue to
improve, driving the rapid growth of the transportation
industry. Despite the global efforts to develop new energy
sources to replace fossil fuels, they still account for around 85%
of global energy production.1,2 As a result, gasoline and diesel
will remain the main sources of power for the foreseeable
future. Sulfur-containing compounds in crude oil are one of the
major impurities, and sulfur oxides (SOx) produced during
combustion lead to environmental problems such as acid rain
and haze, posing a serious hazard to human health and
ecological safety.3–5 Therefore, countries worldwide have intro-
duced laws and regulations to strictly control the sulfur content
in gasoline and diesel fuel to reduce pollution.6 China has fully
implemented the national VI standard, with sulfur content not
exceeding 10 ppm.7 Consequently, desulfurization of fuels
remains a signicant research area, aiming to develop effective
technologies for predominantly dealing with high molecular
weight aromatic sulfur compounds from fuels.

The most technologically mature and widely used process is
traditional hydrodesulfurization (HDS).8,9 HDS can effectively
remove aliphatic and acyclic suldes, but it is less effective in
removing thiophene compounds, which have complex struc-
tures, high boiling points, and high spatial site resistance.10–12

Consequently, as a relatively immature non-
hydrodesulfurization technology (biological desulfurization,
adsorption desulfurization, extraction desulfurization, and
oxidative desulfurization), it has been the subject of extensive
research interest owing to its potential for the removal of
various suldes, especially thiophene and its derivatives, at
ering, Hubei University of Technology,
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lower temperatures and with reduced energy consumption.13–17

Among the various methods mentioned, oxidative desulfuriza-
tion has emerged as a prominent approach for the removal of
organic sulfur compounds through oxidation under mild
experimental conditions.18,19 However, a single oxidative desul-
furization (ODS) technology is oen insufficient for achieving
deep desulfurization of fuels. In recent years, oxidative desul-
furization has frequently been coupled with extractive desul-
furization or assisted by catalysts to achieve the deep removal of
aromatic suldes.20

Deep eutectic solvents (DESs), which have properties similar
to ionic liquids (ILs) and are therefore also known as ionic
liquid analogs, have the advantages of non-toxicity, cost-
effectiveness, excellent degradability, and simple preparation
processes and are a new type of green and replaceable
solvents.21–24 Atoms capable of forming hydrogen bonds in DESs
can be combined with suldes with lone pairs of electrons as
Lewis bases. Li et al. rst applied DESs in the eld of extraction
desulfurization.25 The high stability of DESs in water and
oxygen, coupled with their excellent solubility in water, makes
them an ideal candidate for introducing an oxidant to form an
extraction-coupled oxidative desulfurization system.26 This
process is more effective than the traditional process to remove
suldes.

Polyoxometalates (POMs) are polymetallic oxygen cluster
compounds composed of transition metals (V, Mo, W, etc.),
oxygen, etc., which have the advantages of structural stability
and strong redox properties. Particularly, the most representa-
tive Keggin-type polyoxometalates, which have an XM12O40

m−

polyanion structure consisting of an oxygen-sharing MO6 octa-
hedron (M = MO

VI, WVI, VV, etc.) wrapped around a central
tetrahedron, XO4

n− (X = PV, SiIV, etc.) have demonstrated
remarkable activity in the catalysis of suldes.27,28 It was found
that the high activity of POM is due to the production of reactive
© 2024 The Author(s). Published by the Royal Society of Chemistry
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species with peroxide bonds in the presence of an oxidant.29–31

Zhu Y. et al. proposed that in the presence of excess H2O2, the
complex M(O)n was peroxidized as well as decomposed to form
the anionic peroxometallic complex M(O2)n, which provided
a catalytically active center for sulde removal.32 Li J. et al.
prepared a polyoxometalate [C2(MIM)2]PW12O40 as a catalyst,
and proposed that the intermediate product
[PO4{W(O)(O2)2}4]

3− obtained by the oxidation of [PW12O40]
3−

plays a key role in the removal of DBT from model oil.33

However, the synthesis cost of POM is high, and the amount of
POM used in the catalytic oxidative desulfurization process is
large. Usually, extractants are added or carriers are introduced
to improve the desulfurization efficiency.

Metal–organic frameworks can be used as excellent mate-
rials to encapsulate POM due to their high specic surface area,
ordered channels, good stability, structural diversity, and
simple and adjustable characteristics.34–36 Among them, the
zeolite imidazole framework (ZIF) has the advantages of both
being a molecular sieve and traditional MOF, and its appro-
priate cavities and windows ensure the effective encapsulation
of POM.37–40

In this study, a series of composite materials (x%-SiW12@-
ZIF-67) were prepared by encapsulating different contents of
quaternary ammonium silicotungstate (TBA)4SiW12O40 into
MOF material ZIF-67 and characterized by various methods.
Then, they were used as catalysts in the extraction and oxidative
desulfurization system to remove suldes (BT, DBT, and 4,6-
DMDBT) in model oil. The effects of different loadings, reaction
temperatures, catalyst dosage, and different desulfurization
systems on the desulfurization were systematically investigated.
At the same time, the recycling performance of the catalyst and
the catalytic oxidation mechanism are discussed.

2. Experimental section
2.1 Materials and characterization methods

All materials and reagents used in this work were obtained from
commercial suppliers and used without further purication.
Following is the list of materials and reagents. Cobaltous nitrate
hexahydrate (Co(NO3)2$6H2O, 98.5%, Sinopharm Chemical
Reagent Co., Ltd), 2-methylimidazole (98%, Aladdin), benzo-
thiophene (BT, 98%, Macklin), dibenzothiophene (DBT, 99%,
Macklin), 4,6-dimethyldibenzothiophene (4,6-DMDBT, 97%,
Macklin), polyethylene glycol 200 (PEG-200, Sinopharm Chem-
ical Reagent Co., Ltd), methanol, (MeOH, 99.5%, Sinopharm
Chemical Reagent Co., Ltd), ethanol (MtOH, 99.7%, Sinopharm
Chemical Reagent Co., Ltd), N-octane (98%, Sinopharm
Chemical Reagent Co., Ltd), hydrogen peroxide (H2O2, 30 wt%,
Sinopharm Chemical Reagent Co., Ltd), tungstosilicic acid
hydrate (H4SiW12O40$nH2O, AR, Macklin), tetrabutylammo-
nium chloride (Bu4NCl, TBAC, 98%, Accela).

FT-IR spectra of the catalysts (KBr pellets) were recorded
using a Nicolet 6700 (Thermo Fisher, USA) FT-IR instrument in
the wave number range of 4000–400 cm−1 for the determination
of the functional groups. X-ray diffraction (XRD) was performed
on an Empyrean X-ray diffractometer (Bruker D8 Advance,
Germany) with a high-intensity Cu Ka source. Inductively
© 2024 The Author(s). Published by the Royal Society of Chemistry
coupled plasma optical emission spectroscopy (ICP-OES) to
quantify W concentrations in various samples was performed
using an Agilent 5110 (Agilent, USA) instrument. The Brunauer–
Emmett–Teller (BET) surface area of the catalyst was obtained
from the nitrogen adsorption–desorption isotherms. The
nitrogen adsorption–desorption isotherms were collected on
BELSORP Max II (MicrotracBEL, Japan). The samples were
degassed at 423 K for 4 h, and then the specic surface area and
pore structure were determined at 77 K. Scanning electron
microscopy (SEM) and electron dispersive X-ray spectroscopy
(EDS) analysis were performed on a Gemini SEM 360 (ZEISS,
Germany) microscope and an Oxford Xplore 30 spectrometer
connected to the microscope, respectively.

2.2 Material preparation

2.2.1 Preparation of silicotungstate ((TBA)4SiW12O40). Sili-
cotungstate was synthesized in one step according to the
previous study.41 0.5 mmol (1.439 g) H4SiW12O40$nH2O was
dissolved in 15 mL deionized water, and then the solution of
2.0 mmol TBAC (0.556 g) in 15 mL deionized water was drop-
wise added to the above solution under magnetic stirring. Aer
stirring for 2 hours, the white emulsion was centrifuged and
washed with deionized water and ethanol and dried overnight
at 60 °C to obtain a white powder.

2.2.2 Preparation of DES. At a molar ratio of 1 : 2, the cor-
responding mass of TBAC and the corresponding volume of
PEG-200 were placed in a round bottom ask and magnetically
stirred for 100 min at 80 °C to produce a colorless transparent
liquid DES.

2.2.3 Preparation of ZIF-67. ZIF-67 was prepared by an
adaptation of the previously reported experimental proce-
dure.40,42 Typically, solutions of Co(NO3)2$6H2O (2.5 mmol) in
MeOH (25 mL) were stirred magnetically for 30 min. Aerward,
solutions of 2-methylimidazole (20 mmol) in MeOH (25 mL)
were slowly added to the above solutions. The mixtures were
stirred for 24 h, at room temperature and ambient pressure.
Finally, the obtained purple solids were isolated by centrifuga-
tion, washed with MeOH and EtOH, and dried under vacuum at
60 °C for 12 h.

2.2.4 Preparation of composite materials. According to
previous reports, the composite material was prepared by an
adaptation of the previously reported experimental proce-
dure.2,43 A certain amount of (TBA)4SiW12O40 (90 mg, 180 mg,
270 mg, or 360 mg) was ultrasonically dispersed in MeOH (25
mL) solution containing Co(NO3)2$6H2O (2.5 mmol). 2-Meth-
ylimidazole (20 mmol) was dissolved in MeOH (25 mL) and
slowly added to the above solution. The mixture was stirred at
room temperature for 24 h. Purple solids were obtained by
centrifugation, washed withmethanol and ethanol, and dried at
60 °C for 12 hours. Finally, a series of composites (x%-
SiW12@ZIF-67) were obtained.

2.3 Oxidative desulfurization studies

The principle of oxidative desulfurization (ODS) technology
involves the use of oxidants to oxidize aromatic suldes into
more polar sulfoxides or sulfones, and then separate the
RSC Adv., 2024, 14, 36622–36632 | 36623
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Fig. 1 FT-IR spectra of ZIF-67, (TBA)4SiW12O40 and x%-SiW12@ZIF-67.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

2/
10

/2
02

5 
10

:5
5:

41
 P

M
. 

 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
product from the fuel by adsorption, extraction, or other
methods.19,44,45 Commonly used oxidants are air, oxygen,
hydrogen peroxide, and oxone. Among them, hydrogen
peroxide has the advantages of high efficiency, low cost, and no
pollution to the environment, and is widely used in the study of
oxidative desulfurization. In addition, hydrogen peroxide can
form a catalytic oxidative desulfurization system with oxome-
tallate, organic acids, or heteropolyacids, and the generated
active species (transition active components, cOH, cO2

−− etc.)
can more efficiently remove suldes.46–48 Presently, oxidative
desulfurization, as a non-hydrodesulfurization technology, is
extensively utilized in desulfurization applications due to its
mild operational conditions, straightforward process, and high
desulfurization efficiency, particularly its effective removal of
thiophene suldes.

The oxidation desulfurization procedure followed in this
work is as follows. BT, DBT, 4,6-DMDBT were dissolved in n-
octane to prepare model oil with sulfur contents of 250 ppm,
500 ppm and 250 ppm, respectively. The reaction was per-
formed in a 50mL borosilicate closed container with amagnetic
stirrer in the air and immersed in a constant temperature water
bath at 60 °C. Oxidative catalytic desulfurization experiments
were performed in a biphasic system composed of the model oil
and the extraction solvent. In a typical experiment, a certain
amount of the catalyst material was added to 2 mL of EDS and
5mL ofmodel oil, and this mixture was stirred for 15min at 60 °
C. Then, the addition of 64 mL of 30%H2O2 initiates the catalytic
oxidation process. At the end of each reaction, the upper oil
phase was taken for GC analysis (GC-2019A). At the same time,
the catalyst was recycled aer simple treatment and applied to
ECODS (extraction, and catalytic oxidative desulfurization
system) again under the same reaction conditions. The desul-
furization efficiency could be calculated by the following
formula: S% = (S0 − St)/S0 × 100. Where S0 is the initial sulfur
content in the model oil, and St is the sulfur content in the
model oil at time t.
Fig. 2 XRD spectra of ZIF-67, (TBA)4SiW12O40 and x%-SiW12@ZIF-67.
3. Results and discussion
3.1 Characterization results and analysis

The FT-IR spectrum, as shown in Fig. 1, was collected to detect
the structure of the synthesized catalyst and the functional
groups present. In the FT-IR spectrum of ZIF-67, the strong peak
at 426 cm−1 is attributed to the stretching vibration of the Co–N
group formed by the coordination between the Co cluster and
the ligand.42 Several strong peaks at 990–1575 cm−1 are attrib-
uted to the imidazole ring, which is a typical vibrational bond of
ZIF-67. For (TBA)4SiW12O40, polyoxometalate anions produce
some characteristic peaks in the range of 800–1100 cm−1.
Specically, the peak at 1012 cm−1 is attributed to the Si–O
bond, and the peak at 960 cm−1 is the stretching vibration of the
W]O bond.27 It is worth noting that compared with pure ZIF-
67, all composites x%-SiW12@ZIF-67 showed two character-
istic peaks belonging to polyoxometalate anions (W–O–W) at
801 and 883 cm−1, and the intensity of the peaks increased with
the increase of the (TBA)4SiW12O40 content.31
36624 | RSC Adv., 2024, 14, 36622–36632
The XRD patterns of (TBA)4SiW12O40, ZIF-67, and composite
x%-SiW12@ZIF-67 in the range of 5–50° are shown in Fig. 2. In
the XRD pattern of (TBA)4SiW12O40, the characteristic peaks of
(TBA)4SiW12O40 with a Keggin structure are shown between 5-
10°.41 The diffraction peaks of ZIF-67 at 2q of 7.4°, 10.4°, 12.8°,
14.8°, 16.5°, 18.1°, 22.2°, 24.5°, 26.7°, and 29.7° are associated
with the (011), (002), (112), (022), (013), (222), (114), (233), (134)
and (044) crystal planes, respectively, which is consistent with
the diffraction patterns of these crystal structures reported
previously, revealing the expected characteristic peaks with
correct relative intensity.49 Compared with the XRD patterns of
pure ZIF-67, the results show that there is no signicant change
in the crystal structure aer encapsulation of the active
component (TBA)4SiW12O40, indicating that the introduction of
(TBA)4SiW12O40 does not affect the structure of the carrier.
Notably, the peaks of the samples signicantly broadened with
the increase of the (TBA)4SiW12O40 content, indicating that the
crystallinity of the composites decreased with the increase in
the amount of the introduced material. This suggests that
a high concentration of (TBA)4SiW12O40 interacts with Co
© 2024 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
clusters and thus inhibits the coordination of 2-methyl-
imidazole ligand to Co clusters.

The morphology of (TBA)4SiW12O40, ZIF-67, and ZIF-67-
loaded (TBA)4SiW12O40 was observed by SEM (Fig. 3). The
Fig. 3 SEM images and corresponding EDS spectra recorded for (TBA)4Si
(d), 62.59%-SiW12@ZIF-67 (e) and 76.91%-SiW12@ZIF-67 (f).

© 2024 The Author(s). Published by the Royal Society of Chemistry
surface morphology of (TBA)4SiW12O40 showed a occulent
structure, which was attributed to the fact that all the silico-
tungstic acid anions were covered by a large number of carbon
chains with lipophilic properties. The surface morphology of
W12O40 (a), ZIF-67 (b), 25.85%-SiW12@ZIF-67 (c), 43.06%-SiW12@ZIF-67

RSC Adv., 2024, 14, 36622–36632 | 36625
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Fig. 4 Nitrogen adsorption–desorption isotherms of ZIF-67 and x%-
SiW12@ZIF-67.

Table 2 Removal of DBT from model oil using different desulfuriza-
tion systemsa
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ZIF-67 depicted uniform rhombic dodecahedrons with smooth
surfaces and ideal crystalline features, and the materials were
apparently not aggregated. For x%-SiW12@ZIF-67, with an
increase in loading, thematerial morphology gradually changed
from hexagonal to irregular, and the particles appeared
agglomerated, which further veried the XRD results that the
crystallinity of ZIF-67 decreased with the increase in the
concentration of (TBA)4SiW12O40 during the synthesis process.
The successful loading and loading difference of (TBA)4SiW12-
O40 were further veried through EDS. EDS results conrmed
the presence of W, thereby verifying the successful loading of
the active component. SEM images revealed a gradual increase
in the W/Co peak height ratio, which veried the changing
trend of (TBA)4SiW12O40 loading and the analysis of the FT-IR
spectrum.

Fig. 4 illustrates that the adsorption and desorption
isotherms of ZIF-67 and x%-SiW12@ZIF-67 exhibit similarities
to type I, which was indicative of the structure of micropores.
The specic surface area, pore size, and pore volume were
determined through the Brunauer–Emmett–Teller (BET)
method (Table 1). As illustrated in Table 1, the specic surface
area and pore volume of the composites x%-SiW12@ZIF-67
prepared via the in situ method exhibited a gradual decline
with an increase in (TBA)4SiW12O40 loading. This phenomenon
was attributed to the occupation of the respective porous
channels or cavities by (TBA)4SiW12O40, which veried the
analysis of SEM.
Table 1 BET surface area, pore diameter and pore volume of various
samples

Samples
Surface area
(m2 g−1)

Pore diameter
(nm)

Pore volume
(cm3 g−1)

ZIF-67 1460 1.6314 0.5955
25.85%-SiW12@ZIF-67 850.34 1.8622 0.3959
43.06%-SiW12@ZIF-67 820.44 1.8183 0.3729
62.59%-SiW12@ZIF-67 665.36 1.7079 0.2841
76.91%-SiW12@ZIF-67 425.90 2.0972 0.2233

36626 | RSC Adv., 2024, 14, 36622–36632
3.2 Desulfurization studies

3.2.1 Removal effect of different desulfurization systems
on DBT in the model oil. In order to investigate the inuence of
different desulfurization systems on the desulfurization effect,
a series of catalysts synthesized were tested for their desulfur-
ization performance under typical experimental conditions,
and the results are shown in Table 2. Aer adding (TBA)4-
SiW12O40 to the desulfurization system for the reaction, the
desulfurization rate was improved to some extent. In contrast,
ZIF-67 did not show signicant catalytic activity, and the
desulfurization rate was only 75.50%. An appropriate increase
of (TBA)4SiW12O40 loading can effectively improve the desul-
furization efficiency, and the highest removal rate of DBT
reached 97.59%. When the (TBA)4SiW12O40 loading was further
increased, the desulfurization rate was decreased, which was
attributed to the agglomeration of the catalyst, reducing the
catalytic activity. Therefore 43.06%-SiW12@ZIF-67 was chosen
for the following experiments to optimize the experimental
conditions.

3.2.2 Effects of different reaction conditions on desulfur-
ization efficiency. The data on the effect of reaction temperature
on the desulfurization efficiency is shown in Fig. 5a. When the
reaction temperature was 40 °C, the desulfurization rate was
only 73.13%, so the lower temperature is not conducive to the
extraction and oxidation reaction. With the increase in the
reaction temperature, the probability of intermolecular colli-
sion increases, and the desulfurization rate gradually increases.
When the temperature rises to 60 °C, the desulfurization rate
reaches 97.59%. When the temperature is 70 °C, the desulfur-
ization rate decreases slightly, which may be the gradual
decomposition of H2O2 at higher temperatures, and the utili-
zation rate of H2O2 decreases.50 Appropriately increasing the
reaction temperature is conducive to the desulfurization reac-
tion, so 60 °C was selected as the most suitable reaction
temperature.

The effect of the oxidant dosage on the removal of DBT in the
model oil is shown in Fig. 5b. The desulfurization reaction was
carried out without adding H2O2 to the system, and the desul-
furization efficiency was only 65.72%, which was the result of
the combined effect of the catalyst and the extractant. When the
O/S molar ratio was increased from 0 to 6, the conversion of
Entry Catalyst Sulfur removal (%)

1 No 72.80
2 ZIF-67 75.50
3 (TBA)4SiW12O40 84.95
4 25.85%-SiW12@ZIF-67 88.41
5 43.06%-SiW12@ZIF-67 97.59
6 62.59%-SiW12@ZIF-67 95.23
7 76.91%-SiW12@ZIF-67 91.14

a Reaction conditions:m(catalyst) = 20 mg; T= 60 °C; t= 75 min; O/S= 8;
V(oil) = 5 mL; V(DES) = 2 mL.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Effect of different conditions on desulfurization efficiency: reaction temperature (a), O/S molar ratio (b), catalyst dosage (c), extractant
dosage (d), different sulfides (e) and cycle times of the catalyst (f).
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DBT was signicantly increased. When n(O)/n(S) was further
increased to 8, the removal of DBT could reach 97.59%.
According to the stoichiometric reaction, the oxidation of 1 mol
DBT to the corresponding sulfone requires 2 mol H2O2.51

Theoretically, an excess of H2O2 is benecial for the complete
oxidation of DBT to sulfone. However, in practice, the excess
H2O2 will have a certain dilution effect on the catalyst, thus
affecting the desulfurization efficiency per unit time. Therefore,
considering the overall desulfurization efficiency and cost, n(O)/
n(S) = 8 was chosen as the most suitable one.

Fig. 5c illustrates the impact of the catalyst dosage on
desulfurization efficiency. Without the catalyst addition to the
reaction system, the desulfurization rate is 72.80%, reecting
© 2024 The Author(s). Published by the Royal Society of Chemistry
the collective inuence of the oxidant and extractant. The
removal efficiency of DBT demonstrated a positive correlation
with the dosage of the catalyst. Nevertheless, when the catalyst
dosage exceeded 20 mg, the desulfurization effect remained
relatively constant. Accordingly, the optimal catalyst dosage was
identied as 20 mg.

The effect of extractant dosage on the removal of DBT in
model oil is shown in Fig. 5d. In the absence of the extractant,
the removal rate of DBT was only 48.27%, which was the result
of the combined action of the catalyst and the oxidant. With the
increase in the dosage of the extractant, the desulfurization rate
is obviously improved. Because the environment similar to
a microemulsion is formed aer the extractant is added to the
RSC Adv., 2024, 14, 36622–36632 | 36627
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Table 3 Comparison of desulfurization efficiency with references

Catalyst Oxidant Extractant
Mc/VO

a

(g L−1) O/S E/Vb
T
(°C)

t
(min)

Catalyst
recovery

R
(%) Ref.

H4SiW12O40 H2O2 — 20 8 — 50 90 — 23.58 41
(HTA)4SiWO40 H2O2 — 20 10 — 50 75 4 98.4 41
(TBA)4SiWO40 H2O2 DES 4 8 2 : 5 60 75 — 85.0 This work
40-HPMo@ZIF-67 TBHPc MeCN 10 8 1 : 5 70 180 5 96.0 53
AC/ZIF-67 TBHPc MeCN 5 20 1 : 2 60 60 5 98.1 54
AC/ZIF-67 H2O2 MeCN 5 20 1 : 2 60 60 — 96.0 54
27.5%-PW4@ZIF-8 H2O2 [BMIM]

PF6
13.3 5 1 : 1 70 60 10 98.9 43

43.06%-SiW12@ZIF-67 H2O2 DES 4 8 2 : 5 60 75 6 97.6 This work

a Mcatalyst/Voil chem. b VExtractant/Voil
c t-Butylhydro peroxide.
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reaction system. This environment can effectively increase the
contact among catalysts, oxidants, and suldes, thereby
improving the desulfurization efficiency. When the dosage of
the extractant is more than 2.0 mL, the trend of increase in
desulfurization efficiency gradually eases. The reason may be
that excessive DES dilutes H2O2.52

Table 3 compares the DBT removal efficiency of the catalyst
43.06%-SiW12@ZIF-67 with other POM and ZIF-based catalysts
described in the literature. It can be seen that the desulfuriza-
tion efficiency of 43.06%-SiW12@ZIF-67 synthesized in this
work is better than that of the 40-HPMo@ZIF-67. At the same
time, the reaction time of the desulfurization process is shorter,
the dosage of the catalyst is less, and the oxidant is more
environmentally friendly. Compared with that from ref. 41, the
catalyst prepared in this work has better cycle performance. In
addition, DES has the advantages of low consumption, high
stability, and non-toxicity compared to the extractants used in
ref. 43 and 54. Therefore, the desulfurization system studied in
this work can effectively achieve deep desulfurization.

In addition to the typical DBT, BT and 4,6-DMDBT were also
removed under the optimal reaction conditions, as shown in
Fig. 5e. The removal rates of DBT, 4,6-DMDBT, and BT reached
97.59%, 90.78%, and 81.45%, respectively. According to the
literature, the electron densities on the sulfur atoms of 4,6-
DMDBT, DBT, and BT are 5.760, 5.758, and 5.739,
respectively.55–57 Although the electron cloud density of 4,6-
DMDBT is higher than that of DBT, its desulfurization rate is
lower than that of DBT. This may be due to the presence of two
methyl groups, which increases the steric hindrance and makes
the removal efficiency of 4,6-DMDBT slightly worse.
3.3 Catalyst circulation and stability

The cycle performance of the catalyst was tested under the
selected optimal reaction conditions. Aer each desulfurization
reaction, the upper oil phase was taken for sulfur content
detection and analysis, and the extraction phase was separated
from the bottom of the liquid separation funnel by the liquid
separation funnel. The solvent in the system was separated from
the catalyst by the centrifugation–precipitation method, and the
catalyst was washed with ethanol and dried at 60 °C to obtain
36628 | RSC Adv., 2024, 14, 36622–36632
a reusable catalyst. The number of repeated uses of the catalyst
and its effect on the desulfurization efficiency are shown in
Fig. 5f. Aer 6 consecutive cycles, the desulfurization rate of DBT
still reached 90.62%. Fig. 6a is the FT-IR spectrum of the recycled
catalyst and the fresh catalyst. The strong peak at 426 cm−1 is
attributed to the stretching vibration of the Co–N group. Two
characteristic peaks at 803 and 887 cm−1 belong to the W–O–W
bond. The peak at 985 cm−1 is the stretching vibration of the
W]O bond and the peak at 1571 cm−1 is attributed to the
stretching vibration of C]N bonds. The peaks at 2859 cm−1,
2932 cm−1 and 3133 cm−1 are associated with the C–H stretching
vibrations of the aliphatic chain and the aromatic ring. The
presence of bonded water in the samples may be the cause of the
peaks observed in the range of 3250–3750 cm−1.58,59 Aer recy-
cling, the structure of the catalyst was not signicantly damaged.
Notably, several peaks of the recycled catalyst observed at
1141 cm−1, 1176 cm−1 and 1278 cm−1 are attributed to the
bending vibrations of the S]O bond in oxidation products.60,61 It
shows that there are oxidation products accumulated in the
recycled catalyst. At the same time, the SEM images (Fig. 6c and
d) of the recycled catalyst also verify this view. In addition, the
continuous accumulation of the oxidation products may also be
the main reason for the decrease in the desulfurization rate of
the recycled catalyst. In summary, the catalyst has good catalytic
activity and cycling stability.
3.4 Analysis of oxidation products and desulfurization
mechanism

Upon addition of water to the extraction phase from which the
catalyst was separated, a white solid precipitates as the sulde
has a different solubility in the two liquids. The oxidation
products of DBT were obtained by ltration and drying. The FT-
IR spectra of the product and DBT are shown in Fig. 6b and the
reaction products have similar functional groups to DBT, with
the peaks at 1288 cm−1, 1166 cm−1, and 1046 cm−1 attributed to
the S]O bond in DBTO2. Based on the above conclusions and
related literature reports, the reaction mechanism of ECODS
was assumed, as shown in Fig. 7.28,33,62,63 It is assumed that in
the desulfurization system, DBT is rst extracted into the
extraction phase by the extractant. At the same time, the catalyst
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Proposed mechanism for the oxidation of DBT in ECODS.

Fig. 6 FT-IR spectra of the fresh and recycled catalyst (a), DBT and oxidation product (b) and SEM images of the recycled catalyst (c and d).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with a large specic surface dispersed in the extraction phase
area adsorbs sulde. Besides, the quaternary ammonium sili-
cotungstate of the catalyst has good amphiphilicity, which can
make the extraction phase, catalyst, and model oil more fully
mixed. In the following catalytic oxidation process, the silico-
tungstate anion [SiW12O40]

4− in the composite catalyst is
oxidized by H2O2 to generate peroxide [SiO4{W(O)(O2)2}4]

4−,
while H2O2 is activated by the catalyst to form catalytically active
oxygen species (possibly cOH). Then, through the redox reaction
among DBT, [SiO4{W(O)(O2)2}4]

4−, and cOH, DBT was selectively
oxidized to DBTO2, and [SiO4{W(O)(O2)2}4]

4− was reduced to the
original [SiW12O40]

4−. As the reaction proceeds, DBT is contin-
uously oxidized and extracted, and the content of DBT in the oil
phase continues to decrease, while the oxidation product
DBTO2 continues to accumulate in the extraction phase until
the end of the reaction.
4. Conclusions

In summary, composites (x%-SiW12@ZIF-67, x = 25.85, 43.06,
62.59, and 76.91) were prepared by in situ synthesis and used as
heterogenous catalysts for ECODS. The catalysts were charac-
terized by FT-IR, XRD, BET, and SEM, and it was veried that the
RSC Adv., 2024, 14, 36622–36632 | 36629
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active component (TBA)4SiW12O40 was successfully loaded in
the pores of ZIF-67. The carrier ZIF-67 did not show signicant
activity for DBT removal, and the composite x%-SiW12@ZIF-67
showed signicant catalytic activity for sulde removal, indi-
cating that the (TBA)4SiW12O40 in the catalyst is the key factor
for the high activity of the catalyst. The increase in the content
of the active component (TBA)4SiW12O40 in the catalyst
improved the catalytic activity to a certain extent. However,
when the content of the active component is too high, it may
lead to the clogging of the ZIF-67 chamber and decrease the
reactant diffusion rate, which leads to the decrease of the
catalytic activity. Among the catalysts, 43.06%-SiW12@ZIF-67
showed good catalytic activity for DBT, 4,6-DMDBT, and BT,
with desulfurization rates of 97.59%, 90.78% and 81.45%,
respectively, atm(catalyst)= 20mg, T= 60 °C, t= 75min, O/S= 8,
V(oil)= 5mL, and V(DES)= 2mL. The desulfurization efficiency of
different suldes was affected by the electron density and the
spatial site resistance of sulfur, and the window size of ZIF-67.
In addition, the catalyst has good reusability and structural
stability, and the removal rate of DBT can still reach more than
90% aer 6 consecutive cycles.
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