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ABSTRACT: Oxidative desulfurization (ODS) has been proved to be an efficient strategy for the removal
of aromatic sulfur compounds from diesel oils, which are one of the main sources of air pollution.
Heteropolyacid catalysts are highly active species for ODS, but the promotion of their catalytic activity and
clarification of their catalytic mechanism remain an important issue. Herein, a series of novel imidazole-
based heteropolyacid catalysts are prepared by a one-pot method for multiphase deep ODS of fuel with
hydrogen peroxide as an oxidant. The experimental results show that the desulfurization performance of the
prepared imidazole-based heteropolyacid catalysts is high up to 99.9% under mild conditions. The catalyst
also possesses excellent recovery performance, and the desulfurization activity remains at 97.7% after being
recycled seven times. Furthermore, density functional theory calculation is first employed to clarify the
origin of the high desulfurization activity, and the results show that with the imidazole-based heteropolyacid
(HPW-VIM) as the catalyst, the energy barrier is much lower than that with phosphotungstic acid (HPW)
as the catalyst.

1. INTRODUCTION
The huge consumption of fossil fuels releases SOx, leading to
increasingly serious air pollution and some other environmental
issues. Countries and regions around the world have launched
increasingly strict regulations on sulfur contents in fuel oils.
Therefore, reducing or even totally removing sulfur contents in
fuel oils is an inevitable trend, which is also of great significance
for improving the global environment and achieving sustainable
development.1,2 At present, fuel desulfurization technology can
be divided into two categories: hydrodesulfurization (HDS) and
non-HDS. Among them, HDS needs to be carried out under
high-temperature and high-pressure conditions, making the cost
of HDS relatively high.3−5 Compared with other organic sulfur
compounds, refractory sulfur (RS) compounds have larger steric
hindrances and are more stable and difficult to remove in
HDS.6,7 Under this circumstance, researchers have conducted a
series of studies on non-HDS approaches such as biological
desulfurization,8,9 extractive desulfurization,10−13 adsorptive
desulfurization,14−18 oxidative desulfurization (ODS),19−21etc.
Among all these non-HDSmethods, ODS has been proved to be
an efficient one, in which organic sulfides are oxidized to
sulfoxides or sulfones with higher polarities under mild
conditions. Chen et al. obtained a polyoxometalate-based
ionic liquid-supported three-dimensionally ordered macro-
porous silica structure material for heterogeneous ODS. The
experimental results showed that the desulfurization efficiency
of the catalyst remained to be 94% after the 14th cycle.22 In the
ODS process, numerous oxidants including H2O2,

23,24 oxy-
gen,25−28 and tert-butyl hydroperoxide29,30 have been inten-
sively employed. H2O2 has more active oxygen and only

produces water after the reaction, which has found extensive
applications in ODS as an oxidant agent owing to its eco-
sustainability.31,32

Heteropolyacid (HPA) is an oxoacid with specific metal and
non-metal composition. It has a high catalytic activity and stable
structure and has been widely used in many oxidation systems in
the past decades. In the ODS process, the removal efficiency of
sulfide can be effectively improved by changing the structure of
the HPAs.33,34 Ghubayra et al. proposed that the HPAs as those
of Keggin loaded onto activated carbon to prepare the
H3PMo12O40/C catalyst exhibited effective dibenzothiophene
(DBT) removal efficiency under mild conditions.35 Sulfated
ionic liquids can be used as extractants and catalysts for
extremely refractory thiophene. Bryzhin et al. mixed HPAs
(H3PMo12O40 or H3PW12O40) with sulfated ionic liquids. The
benzothiophene removal efficiency of the catalyst was 99.62%
with an agitation rate of 300 rpm at a reaction temperature of 60
°C.36 Rezvani and Miri first reported DBT transformation
efficiency with Mn supported on Keggin-type H3PW12O40
reaching 97% at 35 °C for 1 h.37
1-Vinylimidazole (VIM) has low toxicity and biodegrad-

ability. Its double bond and imidazole group make it have many

Received: October 31, 2022
Accepted: January 20, 2023
Published: February 2, 2023

Articlehttp://pubs.acs.org/journal/acsodf

© 2023 The Authors. Published by
American Chemical Society

5593
https://doi.org/10.1021/acsomega.2c06893

ACS Omega 2023, 8, 5593−5606

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhuoyi+Ren"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qibin+Yuan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chunyan+Dai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Linhua+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c06893&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06893?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06893?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06893?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06893?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06893?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/6?ref=pdf
https://pubs.acs.org/toc/acsodf/8/6?ref=pdf
https://pubs.acs.org/toc/acsodf/8/6?ref=pdf
https://pubs.acs.org/toc/acsodf/8/6?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c06893?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


binding sites and play an important role in desulfurization.38 To
the best of our knowledge, only a few studies employed
imidazole-based HPAs for the ODS process. Zhang et al.
prepared imidazole-based phosphorus molybdenum vanadium
ionic liquid by the anion exchange method, which achieved a
98.9%DBT conversion.39 Butt et al. prepared a new type of ionic
liquid with imidazole as the raw material through a three-step
double alkylation and anion exchange reaction, thereby
improving the desulfurization efficiency.40 The catalytic
performance of HPA is related to the width of the gap. Li et
al. proved the important role of the close relationship between
the HPAs modified by different metals and the ODS
performance by density functional theory (DFT) calculation.41

Moreover, there is no systematic discussion on the mechanism
of ODS by DFT.
In this study, we successfully prepared a series of VIM-based

HPA catalysts with different HPA substitutions by the one-pot
method and applied them to explore the catalytic performance in
the ODS process. In addition, the reaction mechanism of the
ODS process is proposed based on the experimental and
analytical results.

2. EXPERIMENTAL SECTION
2.1. Materials and Characterizations. DBT (99%),

phosphomolybdic acid hydrate (AR), molybdenum trioxide
(AR, 99.5%), vanadium (V) oxide (99.99%), phosphoric acid
(AR, purity ≥ 85 wt % in H2O), and 1-methyl-3-
octylimidazolium tetrafluoroborate (98%) were all purchased
from Shanghai Macleans Biochemical Technology Co., Ltd.
VIM (99%), phosphotungstic acid hydrate (AR), and
tetradecane (AR, 99%) were received from Aladdin, China.
Hydrogen peroxide (30 wt %) was purchased from Xilong
Chemical Co., Ltd. Octane was obtained from Hushi Chemical
Co., Ltd. All chemicals and reagents are used as direct receipts
without further purification.
The Fourier-transform infrared (FT-IR) spectra of the

prepared samples were obtained on a Nicolet 6700 intelligent
Fourier infrared spectrometer (KBr pellets). The surface
morphology of samples was measured using a JSM-7100F
field-emission scanning electron microscope, and the samples
were coated with platinum to improve the electrical con-
ductivity. Powder X-ray diffraction (XRD) was performed using
Ultima-IV, and the scanning rate was 2° min−1 in the 2θ range
from 5 to 90°. A Thermo Scientific K-Alpha X-ray photoelectron
spectrometer was used with the Al Kα ray (hν = 1486.6 eV) as
the excitation source to quantitatively analyze all elements

except H and He and determine the element valence in the
material. Biod’s high-performance specific surface and micro-
pore analyzer Kubo-X1000 (BET) was used to characterize the
catalysts. Thermogravimetric analysis (TGA) was performed on
the STA 449 F3 Jupiter synchronous thermal analyzer; the
temperature was 30−800 °C, and the heating rate was 15 °C·
min−1. Cyclic voltammetry (CV) curves were tested in oxygen−
nitrogen-saturated 0.1 M KOH solution using an electro-
chemical workstation (760E) from Shanghai Chenhua Instru-
ments Co. Ltd. Detection of sulfide concentration changes in
model oil was done by gas chromatography (GC) with the
internal standard method (Agilent 7890; temperature program:
100 °C; temperature rising 15 °Cmin−1; 250 °C for 10min; HP-
5MS column, 30 m× 250 μm i.d. × 0.25 μm). Analysis used the
GC−mass spectrometry (MS) (Agilent 7890-5975; temper-
ature program: 100 °C; heating 15 °Cmin−1; 230 °C incubation
10.2 min; HP-5 MS column, 30 m × 250 μm i.d. × 0.25 μm)
product after the reaction.

2.2. Preparation of Imidazole-Based Heteropolyacid
Catalysts. Novel imidazole-based HPAs were synthesized by
the one-pot method. 1 mmol of H5PMo10V2O40 was dissolved in
40 mmol of VIM and mixed for 24 h at room temperature. A
khaki−yellow precipitate appeared after stirring. The dispersion
was filtered and washed with ethyl ether, repeatedly. Then, it was
put in a vacuum drying oven at 40 °C for 12 h. Finally, the
synthesized sample was ground into powder, which was
recorded as HPMoV-VIM. Simultaneously, other catalysts
with different species of HPA were also prepared with a similar
method and denoted HPMo-VIM and HPW-VIM. The detailed
synthesis steps for HPMoV are shown in the Supporting
Information.

2.3. ODS Process. The model oil is prepared by adding a
certain amount of tetradecane (internal standard) and DBT
(corresponding sulfur content is 500 ppm) to n-octane. The
ODS performance was tested in a bottle set equipped with a
magnetic stirrer, a condensate tube, and a constant temperature
water bath. In a typical run, 50 mg of the catalyst and 5 mL of
model oil were added to the reactor and then placed in a 50 °C
constant temperature water bath and stirred magnetically at
1000 rpm. Afterward, the time was recorded while adding the
appropriate amount of ionic liquid (1 mL) and 30% hydrogen
peroxide in turn. The sample was taken out at regular intervals
and left for a while before sampling until the catalyst and the oil
phase were completely separated. Finally, the obtainedmodel oil
was tested by GC to detect the remaining sulfur content at that
time. After the reaction, the residual sulfur content was tested via

Figure 1. FT-IR spectra of (a) HPA and (b) HPA-VIM.
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an internal standard (tetradecane, 4000 ppm) method using a
gas chromatograph equipped with a capillary column (HP-5, 30
m× 0.25mm× 0.25 μm). The injector temperature was 300 °C,
and the detector temperature was 250 °C. The temperature of
the GC process started at 100 °C and rose to 250 °C at 15 °C/
min. The sulfur removal (%) was calculated using the following
equation

=

×

sulfur removal (%)
initial sulfur content residual sulfur content

initial sulfur content
100%

Figure 2. Raman spectrum of (a) HPMo-VIM and HPMo and (b) HPW-VIM and HPW.

Figure 3. SEM images of (a) HPMoV; (b) HPMo; (c) HPW; (d) HPMoV-VIM; (e) HPMo-VIM; and (f) HPW-VIM.

Figure 4. Elemental (C, N, O, P, V, and Mo) mapping of HPMoV-VIM.
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3. RESULTS AND DISCUSSION
3.1. Characterization of Catalysts. To ascertain the

chemical bonds and functional groups of the catalysts, we
carried out FT-IR analysis of phosphomolybdic vanadium HPA
(HPMoV) and phosphomolybdic acid (HPMo), phospho-
tungstic acid (HPW), and their imidazole-based HPA
(HPMoV-VIM, HPMo-VIM, and HPW-VIM). Figure 1a is
the FT-IR spectra of HPMoV, HPMo, and HPW. The
absorption bands of HPMoV are 1060 cm−1 (P−O), 960
cm−1 (Mo�O), 866 cm−1 (Mo−O−Mo corner-sharing), and
789 cm−1 (Mo−O−Mo edge-sharing), which are similar to
those of HPMo.42 This result indicates the successful
replacement of vanadium without changing the Keggin
framework. Figure 1a also shows four characteristic absorption
bands of the Keggin-type HPW at 1080, 983, 892, and 799 cm−1.
The peaks correspond to the vibrations of P−Oa, W−Od, W−
Ob−W, and W−Oc−W, respectively.43 On the other hand, FT-
IR spectra of the imidazole-based catalysts with different types of
HPAs are also displayed in Figure 1b. A spectral band near 3130
cm−1 is attributed to the vibration of the unsaturated C−H

group, proving the existence of the vinyl group. The band at
1680−1590 cm−1 is ascribed to the stretching vibrations of
−C�N− of the imidazole ring.44,45 1276 and 1297 cm−1 are
C−H (ring) in-plane bending vibration and C−N (ring)
stretching vibration, respectively.46 Besides, all samples also
show four characteristic bands of the Keggin structure in the
range of 700−1000 cm−1. The characteristic peaks of the
Keggin-type structure onHPW-VIM shift slightly, indicating the
existence of strong π−π interaction between HPW and VIM.
Raman spectroscopy is a universal characterization method

for identifying HPAs. The pure HPA and HPA-VIM catalysts
were studied in Figure 2. For pure HPMo, some peaks at
approximately 994, 981, 883, 600, and 245 cm−1 can be observed
belonging to the symmetrical stretching vibration of Mo−Od,
asymmetric stretching vibration of Mo−Od, asymmetric
stretching vibration of Mo−Ob−Mo, asymmetric stretching
vibration of Mo−Oc−Mo, and symmetrical stretching vibration
ofMo−Oa, respectively (Figure 2a).47 The ν (C�N) or ν (C�
C), ν (C−H), ν (C−N), νs ring (C−N), νas ring (C−N), and δ
ring of VIM are established at 1655, 1550, 1530, 1377, 1311, and

Figure 5. XRD patterns of various samples. (a) HPMoV-VIM and HPMoV, (b) HPMo-VIM and HPMo, and (c) HPW-VIM and HPW.

Figure 6. Contact angle on the surface of (a) HPMoV-VIM, (b) HPMo-VIM, and (c) HPW-VIM.
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1005 cm−1 as shown in Figure 2a, respectively.48,49 These
characteristic bands of the Keggin structure were retained for

HPMo-VIM catalysts as shown in Figure 2a. Three peaks of the
pure HPW in the range of 1100−900 cm−1 are assigned to the

Figure 7. XPS spectra of (a) survey, (b) P 2p, (c) Mo 3d, and (d) V 2p of HPMoV-VIM; (e) W 4f of HPW-VIM; peak deconvolutions for (f) W 4f of
HPW-VIM; and (g) Mo 3d and (h) V 2p of HPMoV-VIM.
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Keggin structure (Figure 2b), which are approximately 1009,
993, and 925 cm−1 and correspond to the symmetric stretching
vibration of W�O, asymmetric stretching vibration of W�O,
and the bridging vibration of W−Ob−W bonds, respec-
tively.50−53 Slight shifts occur for various samples due to the
chemical interaction between HPA and the VIM surface. The
Raman spectra of HPMoV and HPMoV-VIM are shown in
Figure S1, where HPMoV and HPMo have similar characteristic
peaks.
To more intuitively observe the morphology of samples, an

effort was made to examine the catalysts using scanning electron
microscopy (SEM). As seen in Figure 3, compared with the pure
HPA with a blocky structure (Figure 3a−c), HPMoV-VIM,
HPMo-VIM, and HPW-VIM (Figure 3d−f) are less agglom-
erated. They are evenly distributed, which is beneficial for the
catalytic reaction compared to bulk HPAs. The elemental

composition of HPMoV-VIM is determined in the element
mapping image (Figure 4). It also further confirms that the N, O,
P, V, and Mo elements are evenly dispersed throughout the
catalyst. In addition, the element mapping diagrams of other
catalysts are shown in Figures S2−S6. Elements and diagrams
correspond to each other, proving that the elements are evenly
distributed (Figures S2−S6, Supporting Information).

Table 1. ODS Performance of Different Catalystsa

entry samples desulfurization rate (%)

1 without catalyst 2.1
2 HPW 28.76
3 HPMo 85.35
4 HPMoV 33.40
5 HPW-VIM 99.91
6 HPMo-VIM 95.18
7 HPMoV-VIM 86.20

aReaction conditions: m (catalyst) = 0.05 g, T = 50 °C, t = 60 min,
V(H2O2) = 40 μL.

Figure 8. Effect of different temperatures on ODS. Reaction condition: m(catalyst) = 0.05 g, O/S = 5, V(model oil) = 5 mL.

Figure 9. Pseudo-first-order kinetics for the oxidation of DBT at
different reaction temperatures in the ODS system. Experimental
conditions: m(catalyst) = 0.05 g, O/S = 5, V(model oil) = 5 mL.
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The crystal structure of the prepared samples was further
studied by XRD. The XRD patterns of the catalysts are depicted
in Figure 5. According to literature reports, the characteristic
diffraction of the Keggin structure of HPMoV is located at 2θ =
7−9, 15−22, and 25−28° (Figure 5a).54 For HPMo, character-
istic structures appear at 7−12, 15−22, and 26−30°. The
observed peaks of the Keggin-type crystal lay in the range of 2θ =
5−35° (Figure 5b).55 It could be observed that the Keggin
structure of the HPA is retained after the introduction of
imidazole (Figure 5a,b). The characteristic peak of HPW is not
detected in HPW-VIM (Figure 5c). This phenomenon indicates
the loss of crystal order, which is mainly due to the

rearrangement of HPW and VIM during the reaction process.56

Another possible reason is that HPW is highly dispersed in the
system.
Hydrophilicity and hydrophobicity play an important role in

activating H2O2 in the ODS system. Figure 6 shows the contact
angle analysis of different catalysts in the water phase. When the
water droplets are added to the surface of the catalyst, they are
wetted instantly. Compared with that of HPMoV-VIM (Figure
6a) and HPMo-VIM (Figure 6b), the contact angle of HPW-
VIM (Figure 6c) is 7.7°, and it has better hydrophilicity. This
allows the catalyst to contact the hydrogen peroxide better
during the reaction process, thereby improving desulfurization

Figure 10. Effect of different oxygen−sulfur ratios on ODS. Reaction condition: m(catalyst) = 0.05 g, T = 50 °C, V(model oil) = 5 mL.

Figure 11. (a) Cycling performance of catalysts and (b) GC−MS analysis of the catalyst phase and oil phase after the reaction.
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efficiency.57 The contact angles of HPMoV, HPMo, and HPW
are shown in Figure S7 (Figure S7, Supporting Information).
To analyze the composition of the catalyst and the chemical

state of its elements, we further qualitatively analyzed the
synthesized HPAs and the corresponding catalysts by XPS as
shown in Figure 7. Figure 7a shows the survey spectrum of
HPMoV and HPMoV-VIM. It can be seen that the HPMoV-
VIM catalyst is composed of six elements: C, N,O, P,Mo, and V,
which proves the successful reaction of HPMoV with VIM
(Figure 7b−e). In addition, compared with those of the original
HPA, the XPS peaks of the four elements P, Mo, V, andW in the
catalyst all shift to lower binding energies after the addition of
imidazole, indicating that electron transfer occurred during the
reaction, which also proves that the sample was successfully
synthesized. After this, we fit the peaks of metal elements. It can
be seen from Figure 7f that the two peaks appearing at the
binding energies of 38.0 and 35.9 eV are attributed to W 4f5/2
and W 5f7/2, respectively, indicating that the element in the
catalyst is W6+.58 As shown in Figure 7g, the peaks at 235.8 and
232.6 eV correspond to Mo 3d5/2 and Mo 3d3/2, respectively.
The difference in binding energy between Mo 3d5/2 and Mo
3d3/2 is 3.2 eV.

59 The peaks at 523.9 and 516.4 eV shown in
Figure 7h correspond to V 2p1/2 and V 2p3/2, respectively. Also,
the peak intensity of V 2p3/2 is higher than that of V 2p1/2.

60,61

The above-mentioned results indicate that the valence states of
the metal elements W, Mo, and V did not change, and the
imidazole-based HPAs were successfully synthesized during the
reaction. The survey XPS analysis chart of each catalyst is shown
in Figure S8. The binding energy peaks of N, O, P, Mo, orW can
be found, indicating the successful synthesis of the catalysts
(Figure S8, Supporting Information).

3.2. Catalytic Performance. Table 1 shows the desulfuriza-
tion efficiency of different catalysts under the same conditions.
The low efficiency of the three different HPAs may be due to the
large particle size of the materials making it difficult to fully
contact and react with the sulfides in the oil. The desulfurization
efficiency of the imidazole-based HPAs can reach 99.91, 95.18,
and 86.20%, respectively, under the same conditions, showing
excellent catalytic oxidation desulfurization performance, and
the order of activity is HPW-VIM > HPMo-VIM > HPMoV-
VIM. These results suggest that imidazole-based HPAs play
important roles in the ODS process.
Temperature is an important factor affecting desulfurization

performance. The higher the temperature, the faster the speed of

molecular motion. The removal effect of DBT is better (Figure
8b,c). The desulfurization experiment found that when the
temperature increased from 40 to 50 °C, the decomposition rate
of hydrogen peroxide increased, which achieved the purpose of
deep desulfurization (Figure 8). When the temperature rose to
60 °C, the desulfurization rate did not increase but decreased
instead. This is because the decomposition rate of hydrogen
peroxide is too fast, and the oxygen atoms are not fully utilized
for desulfurization.
By comparing the turnover frequency (TOF) values of

different catalysts, we can objectively compare their activity. The
TOF was calculated and is summarized in Table S1. It can be
seen that the TOF value of the HPW-VIM catalyst was higher
than that of the other catalysts.
For a better exploration of the relationship between

desulfurization efficiency and temperature, we investigated the
desulfurization kinetics at different reaction temperatures.
Figure 9 shows the relationship between ln(C0/Ct) and reaction
time of HPW-VIM at different temperatures. As can be seen in
Figure 9, the rate constants k of the desulfurization reaction at
40, 50, and 60 °C are, respectively, 0.0621, 0.1190, and 0.1249,
which conform to the pseudo-first-order kinetic equation. It was
further confirmed that the rate of the ODS reaction increased
with the increase in temperature. The Arrhenius equation is the
empirical formula for the relationship between the chemical
reaction rate constant and temperature (eq 1). By deriving the
Arrhenius equation, the relationship between curing temper-
ature and curing time can be obtained in eq 2. Furthermore, the
apparent activation energy of DBT oxidation with the HPW-
VIM catalyst is 30.3 kJ·mol−1. The relationship between ln(C0/
Ct) of the HPW-VIM catalyst and reaction time at different
oxygen−sulfur ratios is shown in Figure S9. The relationship
between ln(C0/Ct) and reaction time of different catalysts is
shown in Figure S10, which identifies that the catalyst of HPW-
VIM has the best effect in removing DBT.
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Under certain reaction conditions, we explored the effect of
the amount of H2O2 on the desulfurization efficiency (Figure
10). Taking Figure 10c as an example, the desulfurization
efficiency increases with the oxygen−sulfur rate. With the

Figure 12. Optimized structure and the possible coordination sites of PW12O403−.
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increase in reaction time, the sulfur removal increased
continuously as well. Sulfur removal reached 100% within 30
min when O/S increased to 5. In order to save resources, in the
system with the HPW-VIM catalyst, an O/S of 5 is appropriate.
The stability of the catalyst is another important factor in the

desulfurization system (Figure 11). The cycle performance is an
important criterion for investigating the pros and cons of the
catalyst, and it determines the prospect of the catalyst in
industrial application. We took HPW-VIM as an example to

further test its reuse efficiency. The recovery performance of
HPW-VIM is shown in Figure 11a. After the ODS, the upper oil
phase was separated from the catalyst phase by decantation, and
then, the catalyst phase in the reactor was transferred to a
vacuum drying box and dried at 70 °C for 4 h. Then, fresh
simulated oil was added to the reactor for the next experiment.
After seven times recovery, the removal rate of sulfur can still
reach 97.7%. Compared with that of the new HPW-VIM, the
efficiency of HPW-VIM after seven cycles is only reduced by

Figure 13. Potential energy distribution without the catalyst during ODS calculated by DFT.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06893
ACS Omega 2023, 8, 5593−5606

5601

https://pubs.acs.org/doi/10.1021/acsomega.2c06893?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06893?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06893?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06893?fig=fig13&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06893?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


0.3%, indicating that the prepared samples have good recovery
ability. We further confirmed the oxidation products with the oil
and catalyst phases after the reaction by GC−MS analysis
(Figure 11b). We find that the oil phase and the catalyst phase
have the same peak at about 4.5 min, which is the characteristic
peak of tetradecane. In the oil phase, DBT has no obvious peak,
indicating that the degree of DBT degradation is high. A peak
corresponding to sulfone (DBTO2) appears in the catalyst phase
at around 10.1 min, indicating that DBT is oxidized to DBTO2.

3.3. Proposed Mechanism. As mentioned above, the
HPW-VIM catalyst plays an important role in the ODS reaction.

To further understand the function of HPW and HPW-VIM in
the ODS process, DFT calculations are employed to clarify the
mechanism. Using the hybrid functional of B3LYP, the 6-
31G(d,p) basis set is selected to optimize H, C, N, O, and S
elements. Since theW element is after the third cycle, we choose
the LANL2DZ basis set for optimization.
The fully optimized structure and the possible coordination

sites of the key species PW12O403− are presented in Figure 12,
whereas Figures 13−15 show the calculated potential energy
profiles for the ODS process. It can be seen from the calculation
that when combined with Oc, the required energy is 0, and the

Figure 14. The potential energy distribution of HPW as a catalyst in the ODS process is calculated by DFT.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06893
ACS Omega 2023, 8, 5593−5606

5602

https://pubs.acs.org/doi/10.1021/acsomega.2c06893?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06893?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06893?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06893?fig=fig14&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06893?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


structure is relatively stable.18,62Figure 13 shows the calculated
energy profile of the proposed DBT oxidation reaction
mechanism without a catalyst. Also, the activation energy

barriers for the two steps are 36.2 and 40.6 kcal/mol,
respectively. In the presence of an HPW catalyst, the activation
energy barriers for the first step are quite low (5.4 kcal/mol) but

Figure 15. The potential energy distribution of HPW-VIM as a catalyst in the ODS process is calculated by DFT.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06893
ACS Omega 2023, 8, 5593−5606

5603

https://pubs.acs.org/doi/10.1021/acsomega.2c06893?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06893?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06893?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06893?fig=fig15&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06893?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


that of the second step is the same as that without a catalyst (40.6
kcal/mol) (Figure 14). The complexation of HPW and VIM
produced an active catalyst, HPW-VIM, which is a zwitterionic
species with one proton transfer to VIM. Therefore, in the
presence of the HPW-VIM catalyst, the activation energy
barriers (26.6 and 27.2 kcal/mol) are lower than those without
catalysts (Figure 15). The lower the activation energy, the easier
the catalytic reaction. Therefore, when the catalyst is HPW-
VIM, the ODS effect is better, which is the same as the
experimental result (the calculated potential energy profiles of
the ODS process under different conditions are presented in
Figure S11 of the Supporting Information).
The mechanism of HPA-VIM catalytic ODS is shown in

Scheme 1. First, DBT and hydrogen peroxide are adsorbed on
HPA-VIM during the whole reaction process due to the good
amphiphilicity and adsorption capacity of the catalyst, which, in
turn, allows DBT to react with the catalyst to form DBT•+.39,63

In the reaction process, W, V, Mo, etc., form peroxides with
H2O2 to generate superoxide anion O2•−, and finally, DBT•+

combines with the superoxide anion radical to generate the
oxidation product DBTO2. Based on the results mentioned
above, the mechanism of the oxidative process is proposed in
Scheme 1.

4. CONCLUSIONS
In this study, a series of imidazole-based catalysts with different
substituted HPAs were successfully prepared by one-pot
synthesis. Compared with pure HPA, the catalysts retain the
Keggin structure of HPAs after adding imidazole. The prepared
imidazole-based HPA catalysts exhibit high-efficiency perform-
ance in the ODS process. The desulfurization rate of DBT can
reach 99.9% under mild conditions, and it can achieve a
desulfurization effect of 97.7% after recycling seven times. The
roles of different catalysts in ODS were systematically studied by

DFT calculations. It shows that the energy required is the
smallest whenHPW-VIM is the catalyst, which is the same as the
experimental results.
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