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a b s t r a c t

Synergic catalytic effect between active sites and supports greatly determines the catalytic activity for
the aerobic oxidative desulfurization of fuel oils. In this work, Ni-doped Co-based bimetallic metal-
organic framework (CoNi-MOF) is fabricated to disperse N-hydroxyphthalimide (NHPI), in which the
whole catalyst provides plentiful synergic catalytic effect to improve the performance of oxidative
desulfurization (ODS). As a bimetallic MOF, the second metal Ni doping results in the flower-like
morphology and the modification of electronic properties, which ensure the exposure of NHPI and
strengthen the synergistic effect of the overall catalyst. Compared with the monometallic Co-MOF and
naked NHPI, the NHPI@CoNi-MOF triggers the efficient activation of molecular oxygen and improves the
ODS performance without an initiator. The sulfur removal of dibenzothiophene-based model oil reaches
96.4% over the NHPI@CoNi-MOF catalyst in 8 h of reaction. Furthermore, the catalytic product of this
aerobic ODS reaction is sulfone, which is adsorbed on the catalyst surface due to the difference in po-
larity. This work provides new insight and strategy for the design of a strong synergic catalytic effect
between NHPI and bimetallic supports toward high-activity aerobic ODS materials.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Recently, serious environmental pollution, such as haze and acid
rain, asks for more imperious demands for clean energy. The toxic
SOx produced by the combustion of sulfides in diesel fuels is a factor
causing air pollution (Cheng et al., 2021; Choudhary et al., 2006;
Dong et al., 2022; Li et al., 2020, 2022; Liu et al., 2022; Wu et al.,
2023). As a result, countries in the world have progressively
implemented increasingly stringent regulations to limit sulfur
concentrations in diesel fuels to less than 10 ppm (Jiang et al., 2022;
Rajendran et al., 2020, 2022; Yang et al., 2019). And the pursuit of
clean diesel is an inevitable trend (Zhong et al., 2023). At present,
the widely applied hydrodesulfurization technology exhibits high
lhm@ujs.edu.cn (H.-M. Li).
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catalytic activity in the conversion of sulfur compounds. And it
failed to remove the aromatic sulfur compounds even at high
temperatures because of the steric hindrance of the sulfur atom
(Cheng et al., 2021). Hence, a variety of desulfurization technologies
emerged. Based on previous research, oxidative desulfurization
(ODS) has become an alternative method under mild conditions
and has already attracted wide attention (Astle et al., 2019; Bhadra
and Jhung, 2021; Jiang et al., 2019; Smolders et al., 2019; Song et al.,
2019; Ye et al., 2021; Zou et al., 2021). The research on ODS tech-
nology is focused on high-activity catalysts (Dou and Wang, 2019;
Jiang et al., 2020; Mao et al., 2023; Wang et al., 2020, 2022; Wu
et al., 2023; Ye et al., 2020). Therefore, it is increasingly critical to
study and design the high activity catalysts from a principle.

N-hydroxyphthalimide (NHPI), a cheap and nontoxic assistant
catalyst, exhibits excellent catalytic performance under mild con-
ditions, which makes it an environmentally friendly organic cata-
lyst with potential applications (Kishioka, 2022; Xu et al., 2022;
Yang et al., 2022). The catalytic processes involving NHPI undergo a
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radical pathway, but the catalytic oxidative desulfurization per-
formance of NHPI monomer is still low (Wang et al., 2021). Many
carriers were applied to disperse NHPI to obtain high catalytic ac-
tivity, such asmolecular sieves, ultra-thin layered boron nitride and
biomass-based porous carbon, etc. (Gao et al., 2022; Lu et al., 2022;
Yang et al., 2008). In these studies, the high surface area of the
carrier and the synergistic catalysis effect on NHPI were considered
and received a great deal of attention. However, homogeneous
initiators are usually necessary to assist the proper functioning of
the catalyst containing NHPI (Gao et al., 2022; Lu et al., 2022),
leading to possible contamination of fuel oil. On the other hand, to
catalyze the conversion of organic compounds more efficiently,
NHPI in combination with metal sites has already become an effi-
cient method for the activation of molecular oxygen. Hence, the
increasing popularity of regulating the catalytic behavior of NHPI
catalyst by changing the metallic properties, morphology, and pore
environment has stimulated our research interest.

Metal-organic frameworks (MOFs) are a new class of porous ma-
terial formed bymetal clusters and organic ligands. They have drawn
extensive attention as a potential material for various applications in
adsorption, catalysis, separations, and sensing over the past decades
(Cui et al., 2023; Fu et al., 2018; Younas et al., 2020). Especially in the
field of catalysis, due to their plentiful porosity, high specific surface
area andopenmetal sites,MOFs containing transitionmetals not only
serve asanappealingplatform to confineeffective active sitesbut also
play a synergistic catalytic role for the selective conversion of aro-
matic sulfur compounds (Shen et al., 2021). Recently, studies on
dispersing active sites by MOFs have made progress. Pliekhov et al.
(2018) designed an impregnation coating strategy to modify N,N0-
dihydroxypyromellitimide on the surface of Co-based MOFs, leading
to a remarkable enhancement in aerobic oxidation of toluene. Also,
with the assistance of polyoxometalate, Zhao and Wu (2017) intro-
ducedNHPI as a catalyst to provide a useful backup to the biomimetic
metalloporphyrin MOFs and form an enzyme-like catalysis system,
which showed excellent aerobic oxidation of arylalkanes. However,
the study concerned with the synergistic catalysis between metal
sites and NHPI is still far from being well discussed, which is impor-
tant to understand how these systems work.

In this work, nickel atoms were doped in the porous Co-based
MOFs (CoNi-MOFs) to regulate the morphology and the composi-
tion, with the applied to the dispersion of NHPI. The porous CoNi-
MOFs coupled with NHPI catalyst demonstrated remarkable cata-
lytic performance for the ODS of diesel fuels. Furthermore, the
physicochemical and electronic proper ties of catalysts were
investigated. The possible catalytic mechanism over series catalysts
was also analyzed by electron spin resonance spectra and active
species quenching experiment.

2. Experimental section

2.1. Synthesis of Co-MOF, Ni-MOF, CoNi-MOF and NHPI@CoNi-MOF

To synthesize Co-MOF, 0.4 mmol of cobalt acetate tetrahydrate
and 1,4-dicarboxybenzene were dissolved into 50 mL of the
mixture, which was composed of the acetonitrile and N,N0-dime-
thylformamide at a 3:2 vol ratio. Then, the metal salt solution was
dropped into the solution and aged at room temperature for 24 h.
The precipitates were centrifugated and dried in a vacuum oven at
80 �C. The crude products were washed with CH2Cl2 in a Soxhlet
extractor to remove the remnant. The final powder obtained after
drying was named as Co-MOF. At the same time, the Ni-MOF was
prepared with a similar method, just replacing the cobalt acetate
tetrahydrate with an equal molar of nickel acetate.

To synthesize CoNi-MOF, the whole procedure is similar to the
above process (Yang et al., 2014), in which the composition of the
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metal source is a 0.4 mmol mixture of cobalt acetate tetrahydrate
and nickel acetate with different molar ratios of Co to Ni (8:2, 7:3,
6:4, 5:5). The resulting samples were named as Co8Ni2-MOF,
Co7Ni3-MOF, Co6Ni4-MOF, Co5Ni5-MOF accordingly.

To synthesize NHPI@CoNi-MOF, 0.075 g of CoNi-MOF powder
and 0.025 g of NHPI were dispersed in absolute ethanol in 50 mL of
the vessel. Then the dispersion was ultrasonic for 30 min and dried
in a rotary evaporator. The obtained powder was named as
NHPI@CoNi-MOF.

2.2. Catalytic reaction procedure

The model diesel fuel with a sulfur content of 200 ppm was
obtained via dissolving dibenzothiophene (DBT), 4-
methyldibenzothiophene (4-MDBT), and 4,6-
dimethyldibenzothiophene (4,6-DMDBT) in dodecane with hex-
adecane as the internal standard (He et al., 2021). The catalytic
ODS experiments were carried out in a reactor setup at
110e130 �C. A certain number of catalysts, model diesel fuels and
a constant flow of oxygen were added to the reactor. After a
certain reaction time, the represented sulfur content was
analyzed through gas chromatography. The sulfur removal was
calculated by the formula as follows:

Sulfur removal ð%Þ¼ ðC0 � CtÞ
C0

*100% (1)

During the free radical quenching experiment, 20 mmol of free
radical quenchers are added into the reaction system to quench the
possible active radical species. The products after the ODS reaction
were analyzed by gas chromatography-mass spectrometry (GC-MS,
Agilent 7890-5975C). The method of GC-MS is similar to the pre-
viously reported (He et al., 2019). The detailed experiment is
described below. After the reaction, the used catalysts were sepa-
rated and washed with 1 mL of carbon tetrachloride. The washing
layer and the model fuel oils after the ODS reaction were filtered
and analyzed by GC-MS. The vaporizing chamber of the injection
port was set to 250 �C. The split mode is adopted throughout the
analysis. The split ratio was set at 50:1. The carrier gas uses high-
purity helium with a purity of 99.999%. The auxiliary tempera-
ture, ion source temperature, and quadrupole temperature of MS
were set at 280, 230 and 150 �C. The oven temperature was pro-
grammed to heat samples for analysis and identification.

The recycling experiment was carried out as follows: after a
typical catalytic ODS experiment, the reaction solution was fully
standing at room temperature, until the model fuel oils and cata-
lysts were fully separated. The uppermodel fuel oils were taken out
as far as possible through the dropper, and then the remaining
catalyst was dried in the oven at 80 �C for 12 h. The used catalyst
and fresh model fuel oils were added into the reaction bottle and
the desulfurization experiment steps were repeated until the cat-
alytic performance decreased significantly.

3. Results and discussion

3.1. Characterization of the catalyst

To observe the microtopography of the sample, SEM images are
shown in Fig. 1 and Fig. S1. A significant number of flakes can be
observed for the sample Co-MOF, while the Ni-MOF also presents a
flaky appearance (Fig. S1). By adjusting the proportion of metal
source Co/Ni, the morphology of CoNi-MOF began to change. The
flakes of Co-MOF gather together and gradually assemble into a 3D
porous structure with the addition of Ni2þ ions (Fig. 1(a)). Imme-
diately, the 3D flower-like CoNi-MOF particles are formedwhen the



Fig. 1. The SEM image of (a) Co8Ni2-MOF; (b) Co7Ni3-MOF; (c) Co6Ni4-MOF; (d) Co5Ni5-MOF; (e) element mapping of Co7Ni3-MOF.
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Co/Ni ratio is 7:3 (Fig. 1(b)). The 3D flower-like structure, accom-
panied by abundant stacked cavities and pore channels, is very
helpful in anchoring active components. As the further increasing
of Ni2þ ions content, the intercalation of flower-like MOF is
becoming tight, resulting in a compact flower structure (Fig. 1(c)).
When the precursor contains an equal mole of Co2þ and Ni2þ ions,
the structure of flower-like microspheres can still be maintained,
but the pores and cavities are almost completely blocked, forming a
tight spherical structure (Fig. 1(d)). The results show that large-
scale 3D flower-like CoNi-MOF can be synthesized by adding the
Ni precursor solutionwith a heatingmixing method. The content of
metal precursor has remarkable effects on the morphology of MOF,
which is similar to the previous report (Yang et al., 2014). Besides,
the element mapping and EDS results also reflect that the Ni
component has already been incorporated in the Co-MOF
(Fig. 1(e)). As shown in Figs. S2 and S3, the C, O, Co and Ni are
evenly distributed in other samples, in which the intensity of the
mapping corresponds to the content of the element. Also, Table S1
shows that the actual doping amount of metal agrees well with the
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theoretical doping value, which indicates the successful doping of
metal Ni2þ to a certain extent.

The crystal structure of porous MOFs was investigated by XRD
pattern. As shown in Fig. 2, doped Co-MOF, especially Co7Ni3-MOF,
with the most stereoscopic flower morphology and excellent
crystallinity is selected as the support. NHPI with catalytic oxida-
tion performance serves as the active site. Fig. 2(a) shows the XRD
patterns of NHPI, Co7Ni3-MOF and NHPI@Co7Ni3-MOF, respectively.
The diffraction peaks at 8.9�, 15.7�, 17.5�, 25.3� and 28.0� are
assigned to the characteristic peak of Co7Ni3-MOF. And NHPI shows
sharp diffraction peaks at 7.9�, 11.1�, 11.8�, 15.2�, 15.9�, and 23.9�,
which matches with standard card (PDF#34e1725). For hybrid
NHPI@Co7Ni3-MOF, all the well-resolved diffraction peaks of
Co7Ni3-MOF and NHPI are observed, indicating that the active site
NHPI is successfully immobilized without damaging the crystalline
structure of the Co7Ni3-MOF support. The FT-IR spectra of NHPI,
Co7Ni3-MOF and NHPI@Co7Ni3-MOF were analyzed. As shown in
Fig. 2(b), the characteristic peaks at 3602 and 3429 cm�1 belong to
the stretching and bending vibration of the dissociative hydroxyl



Fig. 2. (a) XRD patterns; (b) The FTIR spectra; (c) The nitrogen adsorption-desorption isotherms; (d) The pore size distribution.
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group in coordinated water molecules, respectively. The peaks at
1572 and 1500 cm�1 correspond to the stretching vibration of C]C
from organic ligand terephthalic acid (Soni et al., 2009). The
stretching vibration of C]O from the carboxyl group on the ligand
shows a peak at 1686 cm�1 (Agustin and Tamura, 2021), while the
stretching vibration of CeN in the residual solvent molecule is
shown at 1285 cm�1. Besides, the symmetric stretching vibration of
C]O, C]N and benzene ring CeH out-of-plane vibration belonging
to NHPI at 1790, 1186 and 978 cm�1 is observed. The nitrogen
adsorption-desorption isotherms were carried out to evaluate the
pore characteristics of different porous MOFs. Fig. 2(c) shows the
isothermal curve and pore size distribution diagram of Co7Ni3-MOF
and NHPI@Co7Ni3-MOF. The isotherm curves of different MOFs are
ascribed to type IV according to the international union of pure and
applied chemistry (IUPAC) classification, which belongs to meso-
porous materials. The specific surface area of porous MOFs in-
creases as the construction of flower-like MOFs, where the specific
surface area of Co7Ni3-MOF rises to 48.4 m2/g (Fig. 2(c), black line).
As the intercalation is denser, the flower morphology collapses
gradually. A significant decrease in specific surface area and pore
volume can be observed after NHPI is incorporated (Fig. 2(c), red
line). As shown by SEM in Fig. S4, the NHPI occupied the pore
channel of MOF during the impregnation process. Therefore, the
densest pore size range (2e3 nm) also shifts to ~2 nm (Fig. 2(d)).

To identify the chemical states of each element in porous MOF,
the XPS measurements were carried out. As shown in Fig. 3, C, O,
Co, and Ni are observed on the surface of Co7Ni3-MOF, indicating
the incorporation of Ni. The pollution carbon signal of all samples is
calibrated to 284.8 eV. The additional peak and shoulder peak at
288.5 and 286.2 eV were assigned to the carbonyl groups (C]O)
and C]N species, respectively (Lu et al., 2018). Themain Co 2p peak
consists of 6 sub-peaks in 3 groups. The blue and green peaks are
the different oxidation states of Co in the Co7Ni3-MOF, while the red
peaks are satellite peaks. After Ni2þ incorporation, the binding
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energy of Co 2p3/2 upshifts significantly from 780.8 to 781.2 eV,
indicating that the introduction of Ni is likely to change the
chemical environment of Co and make it in the electron-deficient
state. Similarly, the main peak of Ni 2p was also fitted, which is
composed of 4 sub-peaks. The peaks located at 855.9 and 873.6 eV
are ascribed to the binding energy of Ni 2p3/2 and Ni 2p1/2, which
are not significantly changed after Ni2þ incorporation. This may be
related to the same chemical environments around Ni in the Ni-
MOFs and Co7Ni3-MOF. For NHPI@Co7Ni3-MOF samples (Fig. S5),
there is no significant difference in the chemical environment of
each element in the catalyst whether NHPI is supported or not,
except for the special NHPI group, which indicated that the struc-
ture of the support was not damaged.

3.2. Evaluation of catalytic performance

The ODS behaviors of flower-like porous Co7Ni3-MOF, NHPI, and
NHPI@CoNi-MOF materials are evaluated by a three-phase system
with O2 as an oxidant. As shown in Fig. 4(a), the NHPI@CoNi-MOF
composite catalyst displays significantly enhanced ODS perfor-
mance than a single component catalyst. In particular, 96.4% of sulfur
removal can be achieved by NHPI@Co7Ni3-MOF, while the desulfur-
izationperformanceoverNHPI andCo7Ni3-MOF catalyst is only 33.2%
and 18.0% after 8 h of reaction. This result confirms that the loading
strategy is beneficial to the improvement of ODS performance. The
effect on catalytic ODS performance of various MOFs, with different
compositions and structures, is shown in Fig. 4(b). NHPI@Ni-MOF
exhibits extremely poor desulfurization performance with a sulfur
removal of 7.8%whileNHPI@Co-MOFdisplays ahigher sulfur removal
of 73.2%, indicating that Co-MOF ismore likely to act as a co-catalyst.

To further regulate the structure and properties of Co-based
MOF, bimetallic MOF was obtained via a doping strategy. The sec-
ond metal nickel doping changes the morphology and structure of
Co-based MOF, resulting in a 3D flower-like CoNi-MOF. The flower-



Fig. 3. (a) XPS of survey spectra, (b) C1s, (c) Co 2p, and (d) Ni 2p for the Co-MOF, Ni-MOF, and Co7Ni3-MOF composites, respectively.

Fig. 4. (a) The comparison of the desulfurization performance of Co7Ni3-MOF, NHPI, and NHPI@Co7Ni3-MOF; (b) The desulfurization performance of catalysts with different ratios of
Co and Ni. Reaction condition: T ¼ 120 �C, m (catalysts) ¼ 0.05 g, V (model diesel fuels) ¼ 20 mL, v (O2) ¼ 200 cm3/min.
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like structure possesses abundant stacked cavities and pore chan-
nels, which is helpful in anchoring active components NHPI. When
those CoNi-MOFs containing different Co/Ni ratios were used to
support the active component NHPI, the catalytic performance of
the catalyst was also significantly different. After 8 h of reaction, the
sulfur removal of NHPI@Co8Ni2-MOF, NHPI@Co7Ni3-MOF, and
NHPI@Co6Ni4-MOF was 86.9%, 96.4%, and 55.1%, respectively. Only
in the appropriate ratio (Co7Ni3-MOF), the obtained catalyst
(NHPI@Co7Ni3-MOF) shows the capability of deep desulfurization.
In other cases, the main reason for the failure of deep desulfur-
ization is that the active component Co and its suitable chemical
environment in the bimetallic MOF jointly determine the catalytic
ODS performance of the overall catalyst. Therefore, it is considered
that the morphology, elemental composition, and chemical envi-
ronment of the bimetallic MOF significantly affect the catalytic
activity of the NHPI@CoNi-MOF catalyst. As we know, NHPI shows
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catalytic activity for the oxidation of organic sulfide, but the con-
dition of this reaction is rather harsh. As shown in Table S2, ionic
liquids and isobutyraldehyde (BuCHO) are used to assist the
oxidation of sulfides. It has also been observed that the amount of
BuCHO is critical to the conversion efficiency of sulfide. To further
expose NHPI active centers, NHPI has also been dispersed on the
surface of two-dimensional boron nitride and porous carbon to
achieve deep oxidative desulfurization. However, due to the lack of
the co-catalytic effect of Co-based MOF, the boron nitride or porous
carbon dispersed NHPI catalysts cannot completely remove aro-
matic sulfur in diesel fuels. The initiators including azodiisobutyr-
onitrile and cobalt acetate are essential for the above catalysts to
achieve ultra-deep desulfurization. For such NHPI/h-BN-30 and
NHPI/PC catalysts, the desulfurization efficiency will be severely
inhibited if the initiator is absent. However, extractants and initi-
ators are not necessary for this work. Ultra-deep desulfurization



J. He, K. Zhu, W. Jiang et al. Petroleum Science 21 (2024) 674e682
can be achieved under mild conditions due to the abundant hier-
archical structure and the synergic catalysis effect. Thus, compared
with the previously reported catalysts, the NHPI@CoNi-MOF cata-
lyst shows better catalytic activity without an initiator.
3.3. Optimization of ODS reaction

The catalytic performance of NHPI@Co7Ni3-MOF was tested at
different temperatures. The results are shown in Fig. 5. Only 48.1%
of organic aromatic sulfur is removed after 8 h of reaction at 110 �C.
As the reaction temperature increased to 120 �C, the catalytic ODS
performance reaches 96.4% after 8 h. When the reaction is con-
ducted at 130 �C for 2 h, desulfurization performance can reach
more than 90.0%. Furthermore, the ln (Ct/C0) vs reaction time is
plotted to investigate the reaction kinetics. As shown in Fig. S6, the
fitting results show a linear correlation between ln (Ct/C0) and t,
suggesting that this catalytic ODS belongs to a pseudo-first-order
reaction (He et al., 2015). From the point of view of reaction ki-
netics, as the temperature of the reaction increases, the rate con-
stant k is also increasing. According to the Arrhenius equation (Jia
et al., 2019; Liu et al., 2023), the ln k vs temperature is plotted in
Fig. S7 to investigate the activation energies (Ea). With the addition
of NHPI@Co7Ni3-MOF catalyst, the Ea of DBT oxidation over
NHPI@Co7Ni3-MOF catalyst is 19.7 kJ/mol. The content of NHPI also
affects the desulfurization performance of catalytic oxidation
(Fig. S8). When Co7Ni3-MOFwas used as a suitable carrier and NHPI
was loaded at 25 wt%, the desulfurization efficiency was better.

Different sulfur-containing substrates are employed to study the
desulfurization efficiency. As shown in Fig. 5(b), under the same
ODS conditions, the catalytic removals of DBT, 4-MDBT, and 4,6-
DMDBT are 96.4%, 53.0%, and 82.0%, respectively. Such differences
in desulfurization performance may be closely related to the mo-
lecular structure of sulfur-containing substrates. According to the
literature (Li et al., 2016), the electron density on sulfur atoms and
steric hindrance of the branched chain are the two most critical
factors for the oxidation of aromatic sulfur. The electron density of
sulfur atoms of DBT, 4-MDBT, and 4,6-DMDBT is 5.758, 5.739, and
5.760 (Otsuki et al., 2000). In terms of electron density, the reac-
tivity sequence of a series of aromatic organic sulfides is as follows:
DBT < 4-MDBT < 4,6-DMDBT, indicating that DBT should be most
difficult to be oxidized. However, unlike the 4-MDBT and 4,6
DMDBT, the molecular structure of DBT does not contain any
branched chains, meaning that there is no steric hindrance near the
sulfur atoms. The steric hindrance of methyl groups in 4-MDBT and
4,6 DMDBT will result in limited contact between active sites and
sulfur atoms. Thus, the final reaction activity order of these aro-
matic organic sulfur is as follows: DBT > 4,6-DMDBT > 4-MDBT,
which is consistent with the experimental results.
Fig. 5. (a) Desulfurization performance of catalysts at different temperatures; (b) Effe
(catalysts) ¼ 0.05 g, V (model diesel fuels) ¼ 20 mL, v (O2) ¼ 200 cm3/min.
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3.4. Investigate catalyst stability

The stability and recyclability of the NHPI@Co7Ni3-MOF catalyst
were also investigated by multiple ODS experiments. Typically,
after running a desulfurization reaction, the sulfur-free fuel oils are
separated and the fresh fuels are added into the reactor for the next
run. As shown in Fig. 6(a), the sulfur removal remains at about 95%
within 4 cycles. In the subsequent cycles, the catalytic activity
gradually decreases and the sulfur removal of the fifth and sixth
runs are 87.1% and 67.4% respectively. The FT-IR spectrum for the
reused NHPI@Co7Ni3-MOF after the cycles is carried out and shown
in Fig. 6(b). The reused NHPI@Co7Ni3-MOF is regenerated by
washing with CCl4. Results show that the structure of Co7Ni3-MOF
is retained without damage, but the overall structure of the
NHPI@Co7Ni3-MOF catalyst has changed a lot. The characteristic
peaks attributed to NHPI were weakened, indicating that the NHPI
component in the NHPI@Co7Ni3-MOF catalyst was lost after recy-
cling, which may be the main reason for the substantial reduction
of catalyst performance after six recycles.

3.5. Analysis of the products

The reaction products and their distribution were analyzed by
GC-MS of the reaction solution. Generally, after the ODS reaction,
the catalyst is completely separated from themodel diesel fuels and
extracted by CCl4 (He et al., 2022). As shown in Fig. 7, a character-
istic peak appears at about 7 min of retention time, which belongs
to DBT (m/z 184). During the reaction, it can be observed that the
characteristic peak of DBT is weakened during the reaction and
completely disappeared after the reaction. Finally, the mass spec-
trum analysis of the CCl4 extraction solution shows that the mo-
lecular ion peak at 216.0 is corresponding to DBTO2 in Fig. 7 (Jiang
et al., 2021). Therefore, DBTO2 is confirmed as the main oxidation
product (Sun et al., 2019; Xing et al., 2022; Xun et al., 2023).

3.6. Identification of active species

To further investigate the reaction mechanism, the radical
quenching experiment was carried out. Usually, superoxide radicals
and hydroxyl radicals are considered as twomain active radicals for
the catalytic oxidation of aromatic sulfur compounds (Chu et al.,
2023; Jin et al., 2022; Xiong et al., 2022). Herein, benzoquinone
(BQ) and tert-butanol (TBA) are used as radical quenchers of su-
peroxide radical and hydroxyl radical, respectively. During the ODS
process, an appropriate amount of free radical quenchers agents is
added to quench possible active radical species. The experimental
results are shown in Fig. 8(a). When TBA is added, the catalytic
performance is slightly affected, and the sulfur removal can still be
ct of different substrates on sulfur removal. Reaction condition: T ¼ 120 �C, m



Fig. 6. (a) Recycling performance of NHPI@Co7Ni3-MOF on sulfur removal; (b) FTIR spectra of the prepared catalysts. Reaction condition: T ¼ 120 �C, v (O2) ¼ 200 cm3/min, m
(catalysts) ¼ 0.05 g, V (model diesel fuels) ¼ 20 mL.

Fig. 7. GC-MS analysis of each stage of the reaction process. (a) the model diesel fuels before reaction; (b) the model diesel fuels during reaction; (c) the model diesel fuels after
reaction; (d) the extractant phase of the catalyst after reaction.
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maintained at 85.4%. While the sulfur removal decreases to 31.2%
after the addition of BQ. The above results show that the main
active radical species might be superoxide radicals (O2

��), and there
is also a small amount of hydroxyl radical (�OH). Furthermore, the
active species is tested by the ESR spectra with 5,50-dimethyl-1-
Fig. 8. (a) Investigation of selective quenching experiments; (b) ESR analysis of free radicals
(model diesel fuels) ¼ 20 mL, v (O2) ¼ 200 cm3/min.
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pirroline-N-oxide (DMPO) as the spin trap. As shown in Fig. 8(b),
there is no free radical signal that appears when the 3D flower-like
Co7Ni3-MOF and NHPI are used as the catalyst, respectively. When
NHPI@Co7Ni3-MOF is added into the reaction system, a strong
sextet peak signal appears in the ESR pattern, indicating that
generated during the reaction. Reaction condition: T ¼ 120 �C, m (catalysts) ¼ 0.05 g, V
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molecular oxygen can be activated to form a superoxide radical.
Furthermore, the NHPI@Co7Ni3-MOF catalyst with synergistic cat-
alytic properties promotes the formation of superoxide radicals,
which play a key role in the catalytic ODS.

4. Conclusion

To sum up, towards clean diesel fuels, the homogeneous NHPI
catalyst was anchored on the Ni-doped Co-based MOFs for aerobic
oxidative desulfurization. The morphology of Co-based MOF and
the chemical environment of Co were adjusted by nickel doping,
resulting in themodification of the electronic structure of the active
metal site. The synergistic catalytic activities of NHPI are greatly
enhanced by the bimetallic-compatible porous flower-like support.
Compared with the monometallic MOF and naked NHPI, the ODS
performance of NHPI@Co7Ni3-MOF was greatly improved. The
sulfur removal of dibenzothiophene-based model diesel can reach
96.4% without an additional extractant or initiator, which is a sig-
nificant improvement over the previous work. Also, the catalytic
desulfurization process follows the free radical mechanism, in
which the superoxide radical plays a key role. The distribution
analysis of the products indicated that sulfones were the main
products and could be adsorbed by catalysts to obtain clean diesel
fuels. Moreover, the NHPI@Co7Ni3-MOF hybrid catalyst can be
recycled four times and still reach 95% of ODS activity. The inno-
vation of this paper is that bimetallic flower-like CoNi-MOF with
co-catalytic effect is obtained by using cobalt salt as the component
of the carrier MOF and further achieves deep desulfurization of
diesel oil with synergistic effect between NHPI and bimetallic MOF.
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