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ABSTRACT

The development of an efficient dual-function catalytic-sorption system, which seamlessly integrates
reaction and separation into a single step for extractant-free systems, represents a transformative
advancement in oxidative desulfurization (ODS) process. In this work, we introduce a novel dual-
function amphiphilic biochar (Mo/CBC) catalyst, functionalized with MoOs.x featuring abundant oxy-
gen vacancies, for highly effective extractant-free ODS. The polarity of the biochar was precisely tailored
by varying the amount of KOH, leading to the creation of amphiphilic carriers. Subsequent ball milling
facilitated the successful loading of MoO3.x onto the biochar surface via an impregnation-calcination
route leveraging carbon reduction, resulting in the synthesis of amphiphilic Mo/CBC catalysts. The
amphiphilic nature of these catalysts ensures their stable dispersion within the oil phase, while also
facilitating their interaction with the oxidant H;O, and the adsorption of sulfur-containing oxidation
products. Characterization techniques, including EPR, XPS, and in situ XRD, verified the existence of
abundant oxygen vacancies obtained by carbon reduction on the amphiphilic Mo/CBC catalysts, which
significantly boosted their activity in an extractant-free ODS system. Remarkably, the amphiphilic Mo/
CBC catalyst displayed exceptional catalytic performance, achieving a desulfurization efficiency of 99.6%
in just 10 min without extraction solvent. DFT theoretical calculations further revealed that H,0, readily
dissociates into two eOH radicals on the Oy,--MoQOs3, overcoming a low energy barrier. This process was
identified as a key contributor to the catalyst's outstanding ODS performance. Furthermore, other biochar
sources, such as rice straw, bamboo, rapeseed oil cake, and walnut oil cake, were investigated to produce
Mo-based amphiphilic biochar catalysts, which all showed excellent desulfurization performance. This
work establishes a versatile and highly efficient dual-function catalytic-sorption system by designing
amphiphilic biochar catalysts enriched with oxygen vacancies, paving the way for the development of
universally applicable ODS catalysts for industrial applications.
© 2025 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/).
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1. Introduction

The widespread combustion of sulfur-containing fossil fuels
poses a significant threat to both environmental and public health
due to the emission of sulfur oxides (Marafi et al., 2019; Rajendran
et al., 2020). In response, stringent environmental regulations have
been implemented globally, intensifying the focus on fuel desul-
furization. In China, for instance, the sulfur content in fuels is
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capped at 10 ppm, with even stricter limits anticipated (F. Liu et al.,
2021; Xiong et al., 2022). Presently, hydrodesulfurization is the
dominant industrial method for sulfur removal. However, its high
energy demand, reliance on hydrogen, and consumption of non-
renewable resources present substantial challenges, especially in
the context of global carbon neutrality objectives (Liu et al., 2023b;
Wang et al., 2024; Zhou et al., 2024a, 2024b). To circumvent these
challenges, alternative desulfurization technologies, such as bio-
logical desulfurization, oxidative desulfurization (ODS), extraction,
and adsorption, have been developed to produce cleaner fuels
(Ganiyu and Lateef, 2021; Hao et al., 2019; Torres-Garcia et al., 2011;
Wang et al., 2022; Zhang et al., 2024). Among these, ODS stands out
for its mild reaction conditions and high efficiency in removing
aromatic sulfides. However, the success of ODS critically depends
on the development of highly efficient catalysts that can meet both
performance and sustainability demands (Ye et al., 2021).

Previous investigations have explored a broad range of catalysts
for ODS, including metal oxides, ionic liquids (ILs), metal organic
frameworks (MOFs), polyoxometalates (POMs), heteropoly acid,
noble metals, and deep eutectic solvents (Chang et al., 2020; Chen
et al., 2020; A. Li et al., 2022; Liu et al., 2020; Sun et al., 2019; Yao
et al,, 2022; Zhang et al., 2022). Among these, molybdenum oxide
(MoOy) has attracted particular attention due to its simple synthesis,
strong oxidation capacity, and unique electronic structure (Castro
et al,, 2017; Xiao et al.,, 2016; Xie et al., 2023; Yang et al., 2009).
Despite these advantages, the poor dispersion of MoOy limits its
efficiency in biphasic water-oil systems, leading to the aggregation of
active sites and insufficient interaction with the reaction medium
(Jiang et al., 2019). Consequently, the development of catalysts with
uniformly dispersed metal oxides is critical for achieving highly
active ODS systems. Various porous supports, including transition
metal oxides, SiO,, molecular sieves, carbons, and MOFs, have been
harnessed to augment the activity of MoOy (Chen and Yuan, 2022;
Guo et al., 2023b; Jiang et al., 2021; Koohsaryan et al., 2022; Safa and
Ma, 2016). For instance, the immobilization of MoO, nanoclusters on
spinel-type porous nanosheets (Co304, CuC0,04, ZnC0304) adeptly
modulates the electronic structure of molybdenum species, leading
to improved ODS performance (Liu et al., 2023). Additionally, Mo/
Si0,-550 dendritic mesoporous spheres, featuring highly dispersed
molybdenum species and synthesized via the Stober method, have
demonstrated significant efficacy in removing 4, 6-DMDBT. Simi-
larly, MoO,@CN catalysts, anchored on nitrogen-doped carbon nets
and prepared through a one-step pyrolysis technique, exhibit high
efficiency in oxidative desulfurization using H,0, (Ye et al., 2020).
However, the above ODS processes are integrated with extraction
steps that utilize polar solvents such as acetonitrile (Guo et al.,
2023b), methanol (Luo et al., 2014), and dimethylformamide
(DMF) (Juliao et al., 2019), which increase operational complexity
and environmental impact. The integration of reaction and separa-
tion into a single-step, solvent-free system could significantly
improve the sustainability and efficiency of the ODS process.
Therefore, the development of a dual-functional catalytic-adsorp-
tion system capable of operating in a solvent-free ODS environment
is of paramount importance.

Porous materials, characterized by their tunable pore channels
and morphologies, have demonstrated exceptional versatility in
applications such as catalysis, separation, and adsorption applica-
tions (Chen et al., 2020; F. Li et al., 2022; Yang et al., 2021; Zhang
et al., 2022). For instance, the catalyst Mo/mSiO,, utilizing a 3D
network of mesoporous SiO, nanowires as a support, demonstrates
excellent adsorption of reaction products in ODS. This is attributed
to the enhanced dispersion of Mo species and the increased surface
area provided by the mesoporous SiO; framework, which facilitates
efficient adsorption of reaction products (Dou and Zeng, 2014).
Hollow SiO, (MoOy/HS), which encapsulates MoO, within hollow
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structures, serve as a nanoreactor to prevent leaching of active
components, thereby significantly improving the stability and
catalytic activity of ODS. Notably, this design eliminates the
requirement for extraction solvents, offering a more sustainable
approach (Kuwahara et al., 2017). The amphiphilic nanoreactor Mo/
HNT/S, with MoO, embedded in the internal HNT and its exterior
surface modified with hexyltrimethoxysilane, has further stream-
lined the ODS process by integrating reaction and separation into a
single step and eliminating the need for solvent extraction (Guo
et al., 2023a). Despite these advancements, challenges remain in
the selection of low-cost porous materials and the precise control of
their surface polarity, which are critical for the development of
efficient and scalable solvent-free ODS systems.

Biochar, recognized as a sustainable and cost-effective material,
has demonstrated considerable potential in addressing environ-
mental challenges, particularly in heterogeneous catalytic processes
(Afshar and Mofatteh, 2024). Its distinctive properties, including a
substantial surface area, high pore volume, and functional surface
groups, make biochar a versatile material (Su et al,, 2024). When
integrated with other catalytic components, the performance of
biochar in heterogeneous catalysis can be significantly enhanced
(Brocza et al., 2024; Chen et al.,, 2024). Recent studies highlight the
potential of biochar-based catalysts. For example, Song et al. (2024)
crafted Cu-MOF-derived Cu nanoparticles adorned porous N-doped
biochar for low-temperature H,S desulfurization, while Yuan et al.
(2023) employed MgFe,04-loaded N-doped biochar, derived from
waste cooked rice, for the same purpose. However, the removal of
dibenzothiophene (DBT) from fuel oil remains a critical challenge,
primarily due to difficulties in fine-tuning the surface polarity of
biochar. Addressing this limitation could unlock the full potential of
biochar as a promising candidate for ODS, thereby advancing its
application in environmental technologies.

In this study, a series of novel dual-function amphiphilic biochar
(Mo/CBC) catalysts, rich in oxygen vacancies, were successfully
developed for efficient extractant-free oxidative desulfurization. The
preparation process involved the activation of corn stalk biochar
with KOH, followed by the introduction of MoOs.x through an
impregnation-calcination method, and subsequent carbon-
reduction to achieve amphiphilic properties. This innovative cata-
lyst design ensures excellent dispersion and stability in oil, promotes
efficient interaction with H,0,, and enables effective adsorption of
sulfur-containing oxidation products. The Mo/CBC catalyst exhibited
outstanding catalytic performance, achieving 99.6% desulfurization
efficiency in 10 min without organic solvent extraction. The
amphiphilic nature of the catalyst significantly reduces surface
tension, prevents catalyst aggregation, and maximizes the utilization
of active sites. Moreover, it enhances the adsorption of sulfur-
containing oxidation products, thereby streamlining the desulfur-
ization process. The catalyst also demonstrated excellent recycla-
bility, retaining full catalytic activity after five consecutive cycles,
highlighting its durability and practical potential. This research
presents a sustainable and efficient approach to fuel desulfurization,
leveraging agricultural waste to develop dual-function catalysts.
Beyond ODS, these catalysts hold significant promise for broader
environmental applications, emphasizing their role in advancing
sustainable catalytic technologies.

2. Materials and methods
2.1. Chemicals and reagents

Anhydrous ethanol was obtained from Tianjin Fuyu Fine
Chemicals, benzothiophene (BT), dibenzothiophene, and 4,6-

dimethyldibenzothiobenzene (4,6-DMDBT) were obtained from
Macklin, and ammonium molybdate tetrahydrate
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((NH4)6Mo07024-4H20) was obtained from Aladdin. Corn stalk
(Heilongjiang, China) served as the raw material to prepare raw
biochar biomass, and then crushed and screened to obtain particles
with a particle size of <1 mm. Rice straw, bamboo, rapeseed oil
cake, and walnut oil cake were collected from Guizhou, and treated
like corn stalk. All biomass materials are dried at 80 °C for 24 h
before being prepared into biochar. All the chemicals were used
without undergoing any purification procedures.

2.2. Preparation of catalysts

The preparation process of XMo/CBCy catalysts is depicted in
Fig. 1(a). The specific preparation process of KOH activated corn
stalk biochar (CBCy) is as follows. The corn stalk (20 g) was dried at
80 °C for 24 h to remove moisture. Then 5 g of dried corn stalk was
pyrolyzed at 500 °C for 2 h under a N, atmosphere (heating rate of
5 °C/min). The resulting biochar was mixed with an aqueous so-
lution of potassium hydroxide (KOH) at a mass ratio (KOH: biochar).
The mixture was stirred (shaken at 120 rpm) at 100 °C until a black
jelly-like slurry was formed, which was then transferred to a
corundum boat crucible and heated to 700 °C in an N, atmosphere
for 2 h. The activated product was subjected to alternate washing
with water and ethanol three times, until the filtrate reached a
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neutral pH. The washed product was dried at 80 °C for 12 h and
then ball milled. The obtained activated biochar was labeled as
CBCy (where Y represents the mass ratio of KOH to biochar, with Y
values of 0, 1, 2, 3 and 4).

The synthesis of XMo/CBCy catalyst involved dissolving 32 mg of
(NH4)gMo07024-4H50 in 20 mL of deionized water. Then, 0.2 g of
CBCy (particle sizes ranging from 48 to 75 pm) was added to the
solution and stirred at 25 °C for 24 h. The product was centrifuged
and then dried in a vacuum oven at 80 °C. The dried catalyst was
subjected to pyrolysis at 500 °C for 2 h under a N, atmosphere to
activate the catalyst. Different amounts of (NH4)sM07024-4H20
were used in the synthesis, resulting in catalysts labeled as XMo/
CBCy (where X = 1, 2, 3, 4, 5, 6, with corresponding amounts of
(NH4)sMo7024-4H,0 being 16, 32, 64, 96, 128, and 160 mg,
respectively). Other Mo-based catalysts from various biomass
sources, including rice stalk biochar (Mo/SBC), bamboo biochar
(Mo/BBC), rapeseed oil cake biochar (Mo/RBC), and walnut oil cake
biochar (Mo/WBC) were prepared by using same method.

2.3. Catalytic ODS reaction

To assess the desulfurization ability of the catalyst, 432 mg of
DBT was dissolved in 250 mL of n-octane to prepare a model fuel

Balling

Activated biochar

- ( N
(NH.)sMo,0,,-4H,0

~
=D 5
--.____j§!-

Stirring

Room temperature

h

Fig. 1. (a) Schematic diagram of Mo/CBC; catalyst synthesis, SEM images of (b) CBC, (c) CBC, and (d) CBC; (after ball milling), (e) EDS mapping of 5Mo/CBCy, (f) and (g) TEM images

of 5Mo/CBC,.
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with a sulfur content of 300 ppm. The ODS experiments were
conducted at 60 °C. Generally, 50 mg of catalyst was added to 10 mL
of model fuel, followed by a specific amount of H0, solution. Clean
oil was obtained by centrifuging the solid catalyst from the mixed
solution, which was sampled every 5 min. The sulfur content of the
treated oil was measured using a WK-2D microcoulometric detec-
tor. The efficiency of S-compound removal was calculated using the
following formula.

1 = (Co—C)/Cox100%

The initial and final concentration of sulfur compounds are
represented by Cp and C, respectively, while the conversion rate of
sulfur compounds is represented by 7. After the reaction, the sulfide
adsorbed by the catalyst was extracted using acetonitrile. The re-
generated catalyst was then filtered, washed, and dried at 100 °C in
preparation for the recovery experiment.

2.4. Characterizations

The Supporting Information provides detailed descriptions of
the methods used for characterization in this study.

3. Results and discussion
3.1. Characterization of catalysts

The synthesis of a novel amphiphilic biochar (Mo/CBC) catalyst,
enriched with MoO3.,, was accomplished through a simple yet
innovative approach, as illustrated schematically in Fig. 1(a). The
process began with the activation of low-polarity corn stalk biochar
using potassium hydroxide (KOH), followed by the incorporation of
MoOs_x through an impregnation-calcination procedure. To further
enhance the catalyst's properties, the biochar was subjected to ball
milling, reducing particle size and facilitating the uniform loading
of MoOsx onto the biochar surface. The final amphiphilic Mo/CBC
catalyst was obtained via the carbon reduction of molybdenum
species, ensuring the formation of oxygen vacancies critical for its
catalytic performance.

The morphology of the synthesized amphiphilic biochar (Mo/
CBC) Mo0j3.4 catalyst was examined using SEM and TEM, with the
findings illustrated in Fig. 1. As shown in Fig. 1(b), the original corn
stalk biochar exhibits a fibrous lignocellulosic structure. After KOH
activation, the CBC; surface features fibrous tubes with numerous
cracks (Fig. 1(c)), indicative pore formation due to pyrolysis and
KOH activation (Lu et al., 2020; Nascimento et al., 2022). The ulti-
mate analysis of biochar before and after activation, summarized in
Table S1, shows an increase in the O/C ratio post-activation,
correlating with enhanced surface hydrophilicity (Ullah et al.,
2022). This increase in oxygen content enhances the biochar's po-
larity (Dissanayake et al., 2020), which gives it amphiphilic prop-
erties and makes it more suitable for extractant-free oxidation
desulfurization. As depicted in Fig. 1(d) and S1, ball milling elimi-
nated the tubular structure of CBCy, reducing particle sizes to
2—5 pum. The amorphous region created during ball milling aug-
ments surface energy (Zhao et al., 2022), facilitating MoOs_x
adsorption and dispersion.

Upon introducing Mo species, the morphology of 5Mo/CBC,
particles has no significant change compared to CBC, (Fig. S2).
Elemental mapping images (Fig. 1(e) and S3) verified the uniform
distribution of Mo species on the CBC, surface. Additionally, no
obvious large metal oxide particles were observed in the TEM im-
age (Fig. 1(f)), indicating that MoOs3_4x has good dispersibility on the
biochar carrier (Liang et al., 2023). The lattice fringes with a spacing
of 0.342 nm correspond to the (—111) plane of the MoO3_x phase
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within the nanoparticles (Fig. 1(g)) (Guo et al., 2023b; Yang et al.,
2018). Collectively, the SEM and TEM analyses confirm the suc-
cessful incorporation and uniform dispersion of Mo species on the
CBC, surface, which is critical for its catalytic performance.

To delve deeper into the chemical structure, FT-IR and XRD
analyses were performed. Fig. 2(a) displays the FT-IR spectra of
CBC; and Mo/CBC,. The CBC, spectrum features peaks at 849 and
3450 cm, attributable to the C—H bond and the —OH group,
respectively, formed during corn stalk carbonization and activation
processes by KOH (Feng et al., 2023; Lu et al., 2020; Zhang et al.,
2023). For Mo/CBC, samples with varying Mo contents, the FT-IR
spectra of those with higher Mo contents (4Mo/CBC,, 5Mo/CBCy,
and 6Mo/CBC,) exhibit distinct new peaks at 928 and 869 cm™,
corresponding to Mo=0 and O—Mo—O vibrations, respectively,
indicating the presence of MoOs.4 in the composites (Guo et al.,
2023a). X-ray diffraction (XRD) patterns confirmed the presence
of MoO; phase in high Mo content biochar catalysts (Fig. 2(b)). Due
to the high dispersion of MoOs_x on biochar, neither the charac-
teristic peaks of MoO;, nor MoOs3 can be observed in biochar cata-
lysts with low Mo content. The diffraction peaks at 26.03° and
37.03° are consistent with the (—111) and (—211) facets of MoO,
(JCPDS No. 32—0671). The results indicate that as the Mo content
increases, the formation of a significant MoO, phase becomes
evident in the Mo0O3.4/CBC, catalysts, highlighting the structural
transformation with increasing Mo incorporation.

Electron paramagnetic resonance (EPR) was used to investigate
the effect of biochar support and calcination atmosphere on oxygen
vacancy content (Fig. 2(c)). In general, the symmetric signals
(g = 2.003) in EPR spectra correlate with the oxygen vacancy
concentration (Di et al., 2021). Based on the previous XRD results
(Fig. 2(b)), it is inferred that the molybdenum oxide phase in the
catalysts is not purely MoO3 or MoO», but rather MoOs3_, charac-
terized by the presence of oxygen vacancies. Notably, the EPR signal
intensity of 5Mo/CBC, (Fig. 2(c)) was the strongest, indicating a
higher density of oxygen vacancies compared to MoO3.4 synthe-
sized without a biochar support and calcined under air or nitrogen
atmosphere, respectively. This enhancement can be attributed to
the carbon-mediated reduction of MoOj3 at the biochar interface,
which promotes the formation of oxygen vacancies in 5Mo/CBC,
catalysts (Guo et al., 2023b).

To further validate the pivotal role of carbon reduction during
the formation of MoO3_x on biochar, in-situ thermal XRD testing
was conducted (Fig. 2(d)). The results provide direct evidence
supporting the carbon-biochar interface as a key factor in the
generation of oxygen vacancies and the stabilization of MoO3.«
phases under controlled calcination conditions. In the preparation
of catalyst 5Mo/CBC,, the reduction of Mo by biochar occurred in
three distinct stages. (1) (NH4)gMo07024-4H,0 remained unde-
composed at 200 °C, with diffraction peaks at 12.38°,17.44°,19.89°,
and 33.95° corresponding to its (—121), (061), (—142), and (271)
facets, respectively (JCPDS No. 27—1013). (2) Upon calcination at
200—350 °C, (NH4)sMo07024-4H,0 began to decompose and form
MoOs. The peaks located at 12.77°, 23.33°, 25.70°, and 27.33° cor-
responded to the (020), (110), (040), and (021) facets of MoOs3
(JCPDS No. 05—0508). (3) As the temperature increased, MoO3; was
reduced to MoO; by the biochar, and the XRD pattern of 5Mo/CBC,
showed the main phase of MoO, (JCPDS No. 32—0671). The peaks at
18.45°, 26.03°, 31.78°, 37.03°, 41.36° that respectively conform to
the MoO; crystal facet of (—101), (—111), (101), (—211) were clearly
observed. However, the MoOs3_x (500 °C/N;) and MoOs3.4 (500 °C/
Air) diffraction peaks were located at 12.77°, 23.33°, 25.70°, and
27.33°, corresponding to the (020), (110), (040), and (021) facets of
MoOs3 (JCPDS No. 05—0508) (Fig. S4). These results confirm that
molybdenum oxide undergoes reduction with biochar at conditions
above 400 °C, leading to the formation of oxygen vacancies. To
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Fig. 2. (a) FT-IR spectra of CBC; and XMo/CBC;; (b) XRD patterns of XMo/CBC5; (c) EPR spectra of MoOs.x (500 °C/N;), MoOs_« (500 °C/Air), and 5Mo/CBC;, (M0o0s5.x (500 °C/Air):
sample obtained by calcination of ammonium molybdate at 500 °C in air, MoO3_4 (500 °C/N,): sample obtained by calcination of ammonium molybdate at 500 °C in N»; (d) In-situ
XRD patterns of 5Mo/CBC, precursor calcined at different temperatures; (e) EPR spectra of 5Mo/CBC, precursor at different calcination temperatures (temperature represents the
calcination temperature of 5Mo/CBC; precursor.); (f) Core-level Mo 3d peaks obtained from the XPS analysis of 5Mo/CBC; precursor at different calcination temperatures; (g) N»

adsorption desorption isotherms of CBC, CBC,, and 5Mo/CBCs.

further investigate how oxygen vacancies vary with calcination
temperature, EPR tests were performed on 5Mo/CBC, catalyst. The
EPR spectra of 5Mo/CBC, calcined at different temperatures are
shown in Fig. 2(e). As the calcination temperature of the 5Mo/CBC;
precursor increases, the amount of oxygen vacancies first increases
and then decreases. This process involves the decomposition of
(NH4)6Mo07024 to form MoOs firstly, and then as the temperature
increases, the layered MoOs is reduced by biochar and fused be-
tween layers to form MoO, phase, resulting in an increase in oxy-
gen vacancies.

As the temperature continues to rise, MoO3 is excessively
reduced, resulting in a decrease in oxygen vacancies. These results
confirm that the oxygen vacancy concentration in 5Mo/CBC; can be
tuned by adjusting the calcination temperature. XPS spectra was
utilized to identify the Mo species on the MoQ3_4/CBC, prepared
under different temperatures. Fig. 2(f) shows six fitted peaks in the
Mo 3d spectrum at 235.9, 234.8, 233.1, 232.7, 231.8, and 229.8 eV,
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assigned to Mo (VI) 3d32, Mo (V) 3d3/2, Mo (IV) 3d32, Mo (VI) 3ds)2,
Mo (V) 3ds)2, and Mo (IV) 3ds),, respectively (An et al., 2024; Wang
et al., 2023). As the calcination temperature increased from 300 to
625 °C, the proportion of Mo (V) on the MoOs.x surface initially
rose, then declined. Concurrently, the proportion of Mo (IV) on the
MoOs._x surface increased from 0 to 7.6%, with a tendency for the
proportion of Mo (VI) to increase and then decrease. The reduction
in Mo (V) content on the MoOs surface with increasing calcination
temperature is consistent with EPR spectra results (Fig. 2(e)). In situ
XRD, EPR, and XPS spectra collectively suggest that biochar can
reduce Mo (VI) species to generate oxygen vacancies, with the
extent of vacancy formation being modulated by calcination tem-
perature. Consequently, a novel MoOs_x/CBC, catalyst with abun-
dant oxygen vacancies was successfully synthesized.

Furthermore, the N; adsorption-desorption isotherms and pore
size distribution curves of CBC, CBC,, and 5Mo/CBC; are presented
in Fig. 2(g) and Fig. S5. The biochar surface area after activation
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surged from 2.24 to 1120.53 m?-g~! (Table S1), underscoring the
critical role of KOH chemical activation. Intriguingly, the specific
surface area of MoO3_x-modified biochar catalysts did not diminish
significantly, particularly the pore volume. The pore size distribu-
tion curve analysis revealed that 5Mo/CBC, boasts an abundance of
microporous/mesoporous structures ranging from 1 to 4 nm. This
observation is corroborated by HRTEM image of 5Mo/CBC,, which
shows numerous micropores (Fig. 1(g)). The large molecular size of
DBT (6.07 x 9.81 A) facilitates rapid mass transfer within these
micro/mesoporous structures, enhancing the reaction rate by
contacting active sites. In summary, KOH-activated biochar gener-
ates additional pores, exposing more accessible active sites for
catalysis (Yang et al., 2020).

To further elucidate the formation process of oxygen vacancy-
rich MoOs3.x (Oyac-M003) on biochar, the schematic of the partial
carbon-reduction reaction of the MoOs layers (Fig. 3) was proposed
based on the analysis results from EPR, in situ XRD, and XPS. As the
carbon reduction temperature rises, the XRD peak corresponding to
MoO; becomes more pronounced (Fig. 2(d)), indicating an
increased presence of the MoO, phase. However, XPS data reveals
the existence of Mo (VI) and Mo (V), with a relatively low amount of
Mo (IV) at higher temperatures (Fig. 2(f)). These apparently con-
tradictory findings suggest that the final Mo/CBC, sample contains
MoOs_x species alongside the MoO, structure. Given that XPS is
adept at surface analysis while XRD probes deeper into samples, it
is deduced that during the carbon reduction calcination process,
MoOs layers undergo sintering to form MoO, while preserving a
surface layer with the structural traits of MoOs, including oxygen
vacancies, created by carbon reduction, as depicted in Fig. 3. The
reduction sintering of MoO3 under hydrogen gas to produce MoO;
has been validated by Zhang et al. (2017). The depletion of surface
lattice oxygen (O%") in the few-layer MoOj leads to the formation of
Mo (V) species during partial reduction. As the reduction time ex-
tends, the high concentration of exposed Mo (V) species catalyzes
the re-bonding of Mo and O across different layers, resulting in the
formation of MoO,. Due to the lower reduction capability of carbon

High

MoOQO,

reduction

temperature
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or CO compared to Ha, the surface of MoO,, generated from the
reduction of MoOs, exhibits defect structures characteristic of
MoOs3, containing Mo (VI) and Mo (V). Consequently, as the
reduction temperature increases, adjacent MoOs particles undergo
sintering, driven by the carbon reduction process. This phenome-
non is supported by BET data (Table S1), which indicate particle
growth and a reduction in surface area. The sintering of MoO3.x
particles leads to a decline in the number of accessible active sites
featuring oxygen vacancies, thereby correlating with a notable
decrease in desulfurization efficiency.

3.2. Assessment of oxidative desulfurization efficiency

The DBT removal efficiencies of carrier and XMo/CBC, samples
with different Mo loading (2%—12%) were investigated in Fig. 4(a).
The desulfurization efficiency of the carrier (CBCy) is only 14.32%,
which can be attributed to the porous structure and abundant
surface functional groups of the activated biochar, allowing it to
adsorb DBT (Yang et al., 2018). The 5Mo/CBC, sample, containing
9.92 wt% Mo, demonstrates superior catalytic performance
compared to 1Mo/CBC, with the Mo content of 2.16 wt% (Table S2).
As the Mo content increases, the desulfurization efficiency of XMo/
CBC, catalyst also rises. The amphiphilic 5Mo/CBC, catalyst dis-
played exceptional catalytic performance in ODS, achieving a
desulfurization efficiency of 99.6% in merely 10 min without using
extraction solvent. However, the performance of 6Mo/CBC,, with
11.75 wt% Mo, declines, likely due to the excessive aggregation of
MoOs3« (Rajendran et al., 2022; Yang et al., 2009). Reaction kinetics,
detailed in Table S2, reveal that the ODS system conforms well to
pseudo-first-order kinetics. The desulfurization rates for catalysts
with different Mo contents are 0.014, 0.14, 0.18, 0.26, 0.34, and
0.22 min ", respectively (Fig. 4(b)). This indicates that the optimal
amount of MoOs_x on the biochar surface is crucial for achieving
superior catalytic performance. Excessive Mo loading leads to ag-
gregation, reducing the accessibility of active sites and thereby
compromising the catalyst's efficiency.

Ovas-M0O4 (MO6+ and M05+)

: Surface
I XPS test

1 Interior
XRD test

O..c EPR test

MoO,,,

Fig. 3. Schematic of the partial carbon-reduction reaction of the MoOs layers to introduce oxygen vacancies in MoO3_x.
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Fig. 4. (a) Carrier and catalytic performance and (b) experimental data were fitted to a first-order kinetic model of XMo/CBCj, (c) catalytic performance and (d) experimental data
were fitted to a first-order kinetic model of 5Mo/CBC, with different biochar particle sizes prepared by ball milling, (e) catalytic performance and (f) experimental data were fitted to
a first-order kinetic model of the different calcination temperature. Reaction conditions: mcara) = 50 mg, Vo; = 10 mlL, initial S-content = 300 ppm, O/S = 6, T = 60 °C.
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Apart from the Mo content of biochar catalyst, the particle size
of CBC, controlled by ball milling also plays a crucial role in
determining the Mo content of the catalyst. As shown in Table S3,
5Mo/CBC,-1 to 5Mo/CBC,-4 represent the particle size of >150 um,
74—150 pm, 48—74 um and 34—48 pm, respectively. A progressive
decrease in particle size results in a consistent increase in Mo
content, even when the ammonium molybdate concentration re-
mains unchanged. This is attributed to the higher surface energy
and increased amorphous regions generated during the ball milling
process (Zhao et al., 2022), which promote Mo loading. Notably,
larger particle sizes, such as those of 5Mo/CBC,-1, result in under-
utilization of both internal and external surfaces of the carrier,
lower loading of catalytic active centers, and consequently lower
desulfurization efficiency (Fig. 4(c) and (d)). As the particle size
decreases, the Mo content in 5Mo/CBC,-2 is 9.14%, and the
adsorption efficiency reaches 97.97% (Fig. 4(c)). The kinetic simu-
lation of the relevant catalysts conforms to the quasi first order
kinetics, with k being 0.25 min~! (Fig. 4(d)). The 5Mo/CBCy-4
catalyst, with the smallest particle size, exhibits more exposed
groups and regions, leading to a Mo content of 11.03%. However, the
increased number of Mo content leads to its agglomeration,
resulting in decreased desulfurization efficiency. Moreover, by
reducing carrier particle size through ball milling, the contact path
between active sites and catalytic substrate is shortened, acceler-
ating the reaction rate. The 5Mo/CBC,-3 (later abbreviated as 5Mo/
CBC,) sample was selected for further catalytic experiments due to
its optimal balance of high Mo content and superior desulfurization
efficiency.

The above EPR, in situ XRD, and XPS characterizations confirm
that the calcination temperature has an impact on the content of
oxygen vacancies in the catalyst. Therefore, the effect of calcination
temperature of 5Mo/CBC, catalyst on its desulfurization efficiency
was studied. As shown in Fig. 4(e), the desulfurization efficiencies
of 5Mo/CBC; at different calcination temperatures (300 °C), 5Mo/
CBCy (375 °C), 5Mo/CBC; (500 °C), and 5Mo/CBC, (625 °C) are
92.5%, 94.7%, 99.6%, and 98.1%, respectively. The catalytic perfor-
mance of the catalysts follows the order of measured reaction rate
constants: 5Mo/CBC, (500 °C) (0.34 min~!) > 5Mo/CBC;, (625 °C)
(019 min~') > 5Mo/CBC; (375 °C) (0.060 min~!) > 5Mo/CBC,
(300 °C) (0.058 min~") (Fig. 4(f) and Table 1). A correlation analysis
between surface Mo species proportions and desulfurization rate
indicated of biochar-MoOs_ catalysts that Mo (V) showed a strong
positive correlation with desulfurization rate, while Mo (IV) and Mo
(VI) are negatively correlated. The presence of surface Mo (V)
species in biochar-MoO3_ catalyst plays a critical role in acceler-
ating the desulfurization rate, underscoring its importance in
achieving superior catalytic efficiency.

To achieve the optimal removal efficiency of DBT on 5Mo/CBC;
catalyst, the effect of reaction conditions including catalyst weight,
H,0,/DBT molar ratio (denoted O/S), and reaction temperature
were studied. The catalytic activity of 5Mo/CBC, catalyst was
investigated by varying catalyst amount from 20 to 50 mg
(Fig. 5(a)). Generally, a larger catalyst amount provides more active
sites, leading to higher desulfurization efficiency. The desulfuriza-
tion efficiency of 5Mo/CBC, catalyst increased as the amount of
catalyst increased and the desulfurization rate reach 99.6% for

Table 1

Kinetic parameters of catalytic oxidation desulfurization reaction.
Sample k, min~! R?
5Mo/CBC; (300 °C) 0.0577 0.9404
5Mo/CBC; (375 °C) 0.0599 0.9832
5Mo/CBC; (500 °C) 0.3387 0.9689
5Mo/CBC; (625 °C) 0.0673 0.9237
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10 min was observed at a catalyst dosage of 50 mg. By increasing
the amount of catalyst to 60 mg, DBT removal did not become
significantly faster. Therefore, the optimal catalyst usage is chosen
as 50 mg. In the ODS system, the dosage of oxidant is a key factor
influencing DBT removal. At an O/S (H,0,/DBT) molar ratio of 2, the
DBT removal rate was only 68.67% due to insufficient H,0,. With
increasing the O/S molar ratio to 6, the DBT removal rate of 5Mo/
CBC; catalyst reached 99.6% within 10 min (Fig. 5(b)).

The removal rate of DBT initially increased and then decreased
with increasing H,0, content due to the decomposition of excess
H,0, (O/S = 8), leading to an increase in interfacial mass transfer
resistance and a decrease in mass transfer rate (Y. Liu et al., 2021).
Therefore, the O/S molar ratio was set to 6 in the subsequent ex-
periments. Achieving mild reaction conditions and high desulfur-
ization efficiency are crucial for fuel desulfurization in real industry
(Liu et al., 2023). As an endothermic reaction, higher temperatures
promote the ODS process. The catalytic rate increased with tem-
perature at 40, 50, and 60 °C (Fig. 5(c)). However, further increasing
the temperature to 70 °C led to a decrease in desulfurization effi-
ciency, which is attributed to the decomposition of H,0, at elevated
temperatures, reducing the effective utilization of oxidants in the
ODS process.

The reaction kinetics, detailed in Table S4, follow pseudo-first-
order kinetics, providing insight into the DBT oxidation reaction.
The non-spontaneous nature of the catalytic oxidation of DBT is
evident from the positive AH values (Table S5), suggesting that the
process absorbs heat and that slightly higher temperatures are
beneficial for enhancing the DBT reaction. Considering both the
desulfurization rate and economic factors (Fig. 5(d)), 60 °C was
determined to be the optimal reaction temperature, balancing ef-
ficiency and operational costs in practical applications.

In order to further investigate the effect of catalyst polarity on its
oxidative desulfurization performance, the desulfurization perfor-
mance, water contact angle, and dispersibility in oil and water
phases of biochar catalysts activated with varying amounts of KOH.
In multiphase reaction systems, particularly in extractant-free
catalytic oxidation desulfurization, the immiscibility and high
interfacial tension between oil and water create challenges for
dispersing the limited amount of H,0, within the oil phase. In-
dustrial reactors are often ineffective for this heterogeneous ODS
process.

KOH activation increases the oxygen content of biochar,
enhancing both its surface area and hydrophilicity (Rajapaksha
et al., 2016). Table S1 shows the O/C atomic ratios of biochar and
its derivatives. Activation of biochars with KOH has reduced C% and
increased 0%. The O/C of 5Mo/CBC, sample calcined at 500 °C, a
decrease in the O/C ratio is observed, indicating that oxygen within
the biochar structure is consumed at elevated temperatures.

At 300 °C, the O/C of 5Mo/CBC; is higher than that of the 5Mo/
CBC; calcined at 500 °C, indicating a decreasing trend in O/C with
increasing calcination temperature. A higher O/C ratio also implies
increased hydrophilicity (Ahmad et al., 2012; Dissanayake et al.,
2020). Without KOH treatment, the DBT removal rate of 5Mo/
CBCp was only 16.3% (Fig. 6(a)), which is attributed to the strong
hydrophobicity of the catalyst, which hinders contact with the
oxidant. On the other hand, the smaller specific surface area of
5Mo/CBCy prevents the dispersion of Mo species, resulting in a
lower Mo content (Table 2) and reduced catalytic activity. By
modifying biochar with KOH, both the catalyst's polarity and pore
structure are significantly improved. KOH activation increases the
specific surface area (Table S1), thereby enhancing Mo species
dispersion and improving oxidative desulfurization performance.

When KOH/CBC = 1, the DBT removal rate of catalyst (5Mo/
CBCq) reached 71.0% (Fig. 6(a) and (b)). Although this catalyst
showed improved desulfurization efficiency compared to 5Mo/
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experimental data to pseudo-first-order kinetic mode. Reaction conditions unless above mention: mgaea; = 50 mg, Vo = 10 mL, initial S-content = 300 ppm, O/S = 6, T = 60 °C.

CBCy, it still does not meet the national sulfur standards for fuel oil.
This limitation arises from the catalyst's low hydrophilicity,
creating interfacial resistance with H,0O, that hinders DBT oxida-
tion. To explore this further, water contact angle experiments and
dispersibility experiments in oil and water phases were conducted
to investigate the amphiphilicity of 5Mo/CBCy catalysts (Fig. 6(c),
Figs. S6 and S7). The contact angle of 5Mo/CBCy (92.7°) is larger
than that of 5Mo/CBC; (77.9°), indicating KOH can enhance their
hydrophilicity. This result has also been confirmed by oil-water
dispersibility experiments (Fig. 6(c)). At KOH/CBC = 2, the biochar
catalyst (5Mo/CBC,) exhibits amphiphilicity with a maximum
desulfurization efficiency of 99.6% within 10 min. The reaction ki-
netics, illustrated in Fig. 6(b), follow pseudo-first-order kinetics,
and the reaction rate constants for DBT oxidation were highest for
5Mo/CBC, among catalysts with different KOH contents. The in-
termediate contact angle of 5Mo/CBC, (64.2°) indicates amphi-
philicity (Fig. S8), allowing it to disperse in both aqueous and oil
phases. Continuing to increase the mass of KOH, the desulfurization
efficiencies of 5Mo/CBC3; and 5Mo/CBC4 present a downward trend,
and are 68.7% and 47.5%, respectively, consistent with the catalysts'
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increased polarity. Higher KOH ratios reduced the water contact
angle (WCA) (Fig. 6(c), Figs. S9 and S10), and as polarity increased,
the catalysts initially dispersed in water preferentially, then
exhibited amphiphilic behavior, and eventually became hydro-
philic, dispersing only in water (Fig. 6(c)). The above results confirm
that the polarity of the biochar catalyst can be adjusted by the
amount of KOH. With an optimal KOH amount, an amphiphilic
biochar catalyst is produced, achieving the highest catalytic
oxidation desulfurization performance.

In addition, it was found that the polarity of the biochar also
affects the loading amount of Mo. Except for 5Mo/CBCy, there was
minimal variation in Mo content among the other catalysts
(Table 2), suggesting that the suitable polarity and large specific
surface area and abundant micro/mesoporous structure contrib-
uted to MoOs. loading. Interestingly, the difference in catalytic
performance of 5Mo/CBCy is not related to Mo content, and the
above results confirm that this is attributed to the polarity of the
catalyst (Fig. 6(c)). The enhancement of catalyst activity was pri-
marily due to the increased active sites at the catalyst interface. The
amphiphilicity of the catalyst facilitated better dispersion of the
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Table 2

Actual molybdenum weight% according to ICP-OES

analysis.
Sample Mo (wt.), %
5Mo/CBCy 2.04
5Mo/CBC; 9.32
5Mo/CBC, 9.92
5Mo/CBCs 9.98
5Mo/CBC4 9.64
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adsorbent within the oil/water reaction system, reduce the inter-
facial resistance between oil and water, and improve the removal
efficiency of DBT. Based on the above analysis, this study success-
fully developed a controllable amphiphilic Mo/CBC catalyst for
deep desulfurization of fuel oil. The catalyst design achieves a
balance between hydrophilicity and hydrophobicity, maximizing
catalytic oxidation efficiency.

To meet the actual expectations of ODS industry, the perfor-
mance of the examined biochar catalyst must be tested at varied
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thiophene compounds, because the organosulfur compounds are
complex in real oils. As seen in Fig. 7(a), different aromatic sulfides
(DBT, BT and 4, 6-DMDBT) were used as substrates to evaluate the
ODS performance of the catalysts. The desulfurization efficiency of
DBT reached 99.6% within 10 min, while that of 4, 6-DMDBT and BT
reached 70.55% and 60.36%, respectively (Fig. 7(a)). The reactivity
followed the order: DBT > 4, 6-DMDBT > BT. This difference in
desulfurization efficiency can be attributed to the spatial hindrance
and electron density of the sulfur atoms. The S electron density in
DBT (5.758) and 4,6-DMDBT (5.760) was higher than that in BT
(5.739) (Fig. S11) (Guo et al., 2023a; Ye et al., 2021). In the ODS
process, higher S electron density favored catalytic reactions
(McNamara et al., 2013). However, the steric hindrance from the
two methyl groups on 4, 6-DMDBT resulted in lower desulfuriza-
tion performance compared to DBT. These results demonstrate the
broad applicability of the catalyst for treating various aromatic
sulfides, highlighting its potential value for addressing the chal-
lenges of the ODS industry.

For comparison, ODS systems using TBHP and O, as oxidants
were also investigated in 5Mo/CBC; catalyst (Fig. 7(b)). Substituting
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H,0, with TBHP resulted in a significant 16.6% reduction in DBT
removal efficiency under the same conditions. However, as an
oxidant, O, exhibits a desulfurization efficiency of only 9.25% under
the same conditions. Oxygen has weak oxidizing ability as an
oxidant, so it cannot be used as an oxidant in this system. The active
site MoO3_x need to be oxidized by strong oxidants (H,0, or TBHP)
to form an active intermediate state that can react with DBT (Liu
et al., 2023). However, the tert-butanol converted from TBHP will
also be adsorbed on 5Mo/CBC, catalyst, covering the catalytic sites
and ultimately leading to a decrease in ODS performance. These
findings emphasize the critical role of selecting an appropriate
oxidant to achieve optimal catalytic activity in ODS systems.
Industrial catalysts require not only high catalytic activity but
also excellent reusability and stability. The stability of 5Mo/CBC;
catalyst was evaluated through cyclic experiments (Fig. 7(c)).
Notably, after five cycles of recycling, the sulfur removal capacity of
the spent catalyst without washing with acetonitrile between runs
decreased to only 36.62% (Fig. 7(c) red column). This is attributed to
the surface adsorption of oxidized sulfur-containing compounds
(DBTO3) on 5Mo/CBC, catalyst. However, when the catalyst was
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Fig. 7. Catalytic performance of (a) different sulfur-containing compounds and (b) different oxidants on 5Mo/CBC; catalyst. (c) The recycling experiments of spent 5Mo/CBC,
catalyst with or without washing with acetonitrile between runs, (d) catalytic performance of 5Mo/CBC,, 5Mo/BBC,, 5M0o/RBCy 5, 5Mo/SBC,, and 5Mo/WBCj 5. Reaction conditions:

Meatal = 50 mg, Vo = 10 mL, initial S-content = 300 ppm, O/S = 6, T = 60 °C, t = 30 min.
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regenerated by washing with acetonitrile, its desulfurization effi-
ciency remained stable after five cycles (Fig. 7(c) blue column). ICP
analysis of the spent catalyst (Table S6) showed no significant
decrease in Mo content compared to the initial level, indicating
excellent stability. Moreover, the biochar catalyst, with a particle
size of approximately 50 um, can be conveniently separated from
the oil phase by filtration or centrifugation, further enhancing its
practicality for industrial applications.

To evaluate the versatility of the Mo-based biochar catalyst
preparation method, we employed the same procedure to synthe-
size Mo-based catalysts from various biomass sources, including
rice stalk biochar (Mo/SBC), bamboo biochar (Mo/BBC), rapeseed oil
cake biochar (Mo/RBC), and walnut oil cake biochar (Mo/WBC). The
desulfurization efficiencies achieved by these catalysts were 99.6%,
99.07%, 99%, and 99.1% at 10, 20, 25, and 30 min, respectively
(Fig. 7(d)). The variations in catalytic times are likely due to dif-
ferences in the polarities of the biochar carriers. We modulated the
polarity of WBC and RBC by varying the mass of KOH used in the
activation process. When the mass ratio of KOH to biochar was set
to 2, the desulfurization efficiencies of 5Mo/RBC, and 5Mo/WBC,
were 94.22% and 88.87%, respectively (Fig. S12). This demonstrates
that the polarity of the catalyst can be fine-tuned by adjusting the
KOH mass, thereby augmenting the removal rate of DBT. The
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observed fluctuations in desulfurization performance likely stem
from the distinct polarities of the biochar carriers, as illustrated in
Fig. 8. This finding underscores the significance of carrier polarity in
determining the catalytic behavior and demonstrates the potential
for customizing catalyst properties to optimize performance for
specific applications.

Fig. 8(a)—(d) depict SEM images of catalysts with different car-
riers, namely rapeseed oil cake, walnut, bamboo, and rice straw
biochar, all exhibiting irregular block-like morphologies. Notably,
amphiphilic catalysts, which are modified by adjusting the KOH
mass during preparation, remain dispersed in the reaction medium
even after 30 min of catalysis (Fig. 8(a1)—(d1)). However, following
the reaction, more polar catalysts, such as 5Mo/RBC, and 5Mo/
WBC,, tend to settle beneath the model oil phase, which inhibits
catalytic activity and lowers DBT removal efficiency (Figs. S13 and
S14).

The polarity of biochar can be represented as (N + 0)/C (Huang
et al.,, 2023), is higher for WBC and RBC due to their nitrogen
content, making them more polar compared to SBC and BBC. This
increase in polarity can be effectively modulated by adjusting the
KOH mass used in catalyst preparation (Fig. 8(e)—(h)). Experi-
mental evidence demonstrates that this approach is broadly
applicable for tuning the polarity of biochar-based catalysts in
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Fig. 9. (a) FT-IR spectra of fresh 5Mo/CBC,, used 5Mo/CBC, and regenerated 5Mo/CBC,, (b) XRD patterns of fresh 5Mo/CBC,, used 5Mo/CBC, and regenerated 5Mo/CBCs, high-
resolution XPS spectra of used 5Mo/CBC, and regenerated 5Mo/CBC,, (c) S 2p and (d) Mo 3d, (e) EPR spectra of reaction systems without H,0, and with H,0,, (f) radical

quenching over in the ODS reaction of DBT.

extractant-free oxidative desulfurization (ODS) systems. By opti-
mizing the polarity of the catalysts, significant improvements in
desulfurization performance can be achieved, highlighting the
potential of this strategy for further industrial applications.

To further validate the stability of biochar catalysts and their
dual functions in catalysis and adsorption, fresh, used and
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regenerated catalysts were studied by SEM, FTIR, XRD, and XPS
analysis (Fig. 9 and Figs. S15—S18). No change in particle size was
observed for the recovered catalyst in Fig. S15, indicating that the
catalyst is stable in morphology. Compared with the FI-IR spectra
of the fresh 5Mo/CBC; catalyst, the recovered 5Mo/CBC, catalyst
showed two new peaks at 1169 and 1296 cm~!, respectively,
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Scheme 1. Schematic of catalytic ODS mechanism of DBT by the prepared catalysts in the presence of H,0,,

attributed to the symmetric and asymmetric stretching vibrations
of S=0, confirming the adsorption of DBTO; on 5Mo/CBC; catalyst
(Fig. 9(a)) (F. Li et al, 2022). Meanwhile, the XRD pattern also
confirmed the adsorption of DBTO, on 5Mo/CBC, catalyst (Green
pentagram represents catalyst DBTO, in Fig. 9(b)). These results
could identify the existence of DBTO, in used 5Mo/CBC; catalyst,
indicating that the biochar catalyst not only have catalytic ability,
but also can adsorb the oxidized sulfur-containing compounds.
Interestingly, FTIR and XRD results demonstrated that the surface
functional groups of the recovered catalyst remained unchanged
even after acetonitrile washing (Fig. 9(a) and (b)). In addition, the
XPS spectra of 5Mo/CBC, used showed new peaks at 167.1 and
168.8 eV, which matched well with S=0 (Yao et al., 2022) (Fig. 9(c)),
further confirming the formation and adsorption of DBTO; on the
catalyst surface. After acetonitrile washing, no sulfur-containing
species were detected on 5Mo/CBC,, indicating successful
removal of DBTO,. High-resolution XPS spectra of C 1s (Fig. S17),
Mo 3d (Fig. 9(d)), and O 1s (Fig. S18) of the used 5Mo/CBC;
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exhibited good reproducibility of the catalysts, suggesting that the
oxidation reaction process rarely changed the surface properties of
the catalysts. Mo (V) sites, essential for catalytic activity, remained
intact even after repeated cycles. Additionally, the active Mo con-
tent remained almost unchanged post-acetonitrile washing
(Table S6), explaining the consistent desulfurization efficiency after
five catalytic cycles. Additionally, gas chromatography-mass spec-
trometry (GC-MS) was employed to monitor the catalytic oxidation
process of dibenzothiophene (DBT). The mass spectrum of the
simulated oil (DBT dissolved in n-octane) showed a peak at 184,
corresponding to DBT (Fig. S19), while the peak at 216 of GC-MS in
the oil phase after 10 min in ODS system indicated that only DBTO,
was observed (Fig. S20). This confirms that DBT was fully oxidized
to DBTO; in the current ODS system (F. Li et al., 2022).

3.3. ODS mechanism on Mo/CBC

To elucidate the mechanisms influencing the catalytic oxidative
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desulfurization (ODS) of Mo/CBC with abundant oxygen vacancies,
density functional theory (DFT) calculations were conducted. These
calculations focused on the adsorption of H,O, at the OVs on the
MoOs_« surface and the subsequent generation of eOH radicals,
which are critical for the ODS process. Three structural models,
representing H,O, adsorption on pristine MoO3, Oy,c-M003, and
MoO; were constructed and analyzed (Fig. 10(a)—(c), respectively).
The adsorption energy of H,O, on MoOs; was calculated to
be —0.28 eV, with an 0—0 bond length of 1.434 A. However, the
weak hydrogen bond formed between the H atom in H,0, and the
O atom in MoOs indicates unfavorable H,0; dissociation, limiting
its ability to produce reactive ¢OH radicals.

In contrast, on MoO,, H,0, dissociates directly into H,O and O
atom on the surface, rather than generate ¢OH. On O,,3-Mo00s3,
oxygen defects promote the adsorption of H,0», with an adsorption
energy of —0.25 eV. The distance of the 0—0 bond is 1.473 A, while
that of O—Mo is 2.278 A (Fig. 10(b)), indicating O atoms in H;0;
preferentially adsorb at the vacancy sites. Moreover, H,0, dissoci-
ation is calculated from Fig. 10(d)—10(f). As shown in Fig. 10(d), in
transition state, 0—O bond is elongated to 1.748 A, indicating the
activation of O—0O bond in H,0,. Finally, H,0, dissociates into two
*OH in Fig. 10(e). The charge density difference (Fig. 10(f)) reveals
electron accumulation between the Mo atom and the O atom of
¢OH, demonstrating strong charge transfer between Mo and eOH.
H,0, adsorption on Oy,.-M00s3 occurs with a low energy barrier of
0.19 eV, suggesting favorable thermodynamics for these reactions
(Fig. 10(g)). Therefore, Oya.c-Mo0Os3 is identified as the primary
contributor to eOH generation, highlighting its pivotal role in the
catalytic oxidative desulfurization process.

To further elucidate the mechanism for catalytic oxidative and
adsorptive desulfurization, the generation of free radical species
was analyzed using EPR spectroscopy using DMPO as a free radical
scavenger. The EPR spectrum shows hydroxyl radicals (eOH) with
four line signals (Fig. 9(e)) (Zhou et al., 2023). In radical trapping
experiments (Fig. 9(f)), tert-butanol (TBA) and p-benzoquinone
(BQ) were used as scavengers for ¢OH and 03, respectively. When
BQ was added, the desulfurization rate decreased slightly, but the
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final sulfur removal rate remained unaffected. This indicates that
03 is not the primary radical species involved in the reaction.
Conversely, when TBA was introduced, the desulfurization effi-
ciency dropped significantly to 78% within 25 min, highlighting the
critical role of eOH radicals in the ODS reaction.

Based on the structure of MoO3_4 shown in Fig. 3, the oxidation
process was examined. When Mo atoms exist in the form of Mo (V),
oxygen vacancies chemically adsorb H,0, by coordinating with Mo
atoms through peroxy O—O bonds, promoting O—0 bond cleavage
and producing a large number of electrophilic active species «OH
(Wang et al., 2021) (Scheme 1). These findings align with the DFT
calculations, confirming that oxygen vacancies are the primary
contributors to the production of active species. As a result, DBT is
oxidized to DBTO,. Additionally, the Mo (V) state promotes H,0,
decomposition, accelerating the reaction rate. Importantly, the
catalyst exhibits excellent reusability, as it can be easily regenerated
by washing with acetonitrile, demonstrating its potential for
practical applications.

To evaluate the oxidative desulfurization (ODS) performance of
our catalyst, we compared it with other reported amphiphilic cat-
alysts, as summarized in Table 3. Amphiphilic catalyst carriers can
be broadly classified into three categories: SiO», synthetic carbon,
and ionic liquids. Despite the commendable catalytic performance
of many previously reported catalysts, their intricate preparation
methods or high operating temperatures can escalate desulfuriza-
tion costs. We conducted cost analyses based on the preparation
conditions and sources of the catalysts. The Mo/CBC catalyst, with
its straightforward preparation and the ready availability of raw
materials, distinguishes itself. Historical applications of biochar
have been limited to adsorptive desulfurization due to its inher-
ently low polarity, which impedes interaction with oxidants and
stifles the reaction. Consequently, biochar has not been utilized in
extractant-free catalytic oxidative desulfurization. In this study, we
developed a straightforward method to modify the polarity of the
biochar carrier, imparting it with amphiphilic properties. By
comparing reaction time, temperature, conversion rate, and cost,
we established that this catalyst is capable of catalytic oxidative

Table 3

Comparison of amphiphilic catalysts for the oxidation of DBT in model fuels.
Catalyst Carrier Oxidant O/S MppT/Mcatal’, Mg/g Time, min Temp., °C Conversion, % Cost Ref
HPW-NH,-HHSS Si0, H,0, 2.5 49.68 30 60 99.36 medium Chen et al. (2020)
2D-CSx-NH,-HPW H,0, 3 49.85 15 60 99.7 medium F. Li et al,, (2022)
C16N-Nbg/SiO> H,0, 5 53.33 40 60 100 high Liu et al. (2023)
CuO/Si0,@V-PIL CuO/SiO, Air - 24.98 40 120 99.9 medium A. Li et al,, (2022)
Si0,@C-dots/QPW5501 Si0,@C H,0, 2 73.56 120 50 98.08 medium Zhang and Wang (2018)
GO/COOH Synthetic Carbon H,0, - 95 300 40 95 high Abdi et al. (2017)
TiO2/MWCNTSs -NH,-HPW H,0, 3 59.4 30 60 99 medium Yang et al. (2021)
Vo-MoO3@NPC H,0, 3 49.55 20 60 99.1 medium An et al. (2024)
Red Mud Ionic liquids H,0, 8 25 60 325 100 high Cristina de Resende et al. (2014)
NSTS-x TBHP 3 50 5 25 100 medium Wang et al. (2019)
HPW-IL/SBA-15 H,0, 4 92,5 40 60 100 medium Xiong et al. (2014)
V-PIL CHP 5 82.5 240 40 99 medium Chen et al. (2016)
PDD-PMo H,0, 10 83.33 30 25 100 medium Mao et al. (2023)
p-C,VIM-DVB-2-PMo H,0, 5 95 120 40 95 medium Chen et al. (2023)
HPW-NH,-CPRNSs CPRNSs H,0, 6 42.38 90 60 98.9 medium Zhang et al. (2022)
GB-W;5049 Wi8049 0, 130 48.85 300 130 97.7 high Xiong et al. (2022)
Mo/HEPO-SAC HEPO-SAC Air - 200 60 120 almost 100% medium Liu J. et al. (2023a)
Mo03/La;0,C03 La,0,C03 0, - 200 150 130 100 high Shao et al. (2024)
Mo/HNT/S HNT H,0, 4 62.5 15 60 100 medium Guo et al. (2023a)
5Mo/CBC, Biochar H,0, 6 59.76 10 60 99.6 low This work
5Mo/BBC, H,0, 6 59.46 20 60 99.1 low
5Mo/SBC, H,0, 6 59.76 15 60 99.6 low
5Mo/WBC; 5 H,0; 6 59.46 30 60 99.1 low
5Mo/RBC; 5 H,0, 6 59.76 20 60 929 low
& Mppr/Meatal = CO;T‘I/An, Co represents the initial concentration of DBT, mg/L, V represents the model oil volume, L, n Represents the conversion rate of DBT, %, and m

represents the amount of catalyst used, g.
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desulfurization under extractant-free and mild reaction conditions.
This positions our catalyst as one of the most effective and
economically viable options currently available.

4. Conclusion

In summary, we have successfully synthesized a suite of dual-
function amphiphilic Mo-based biochar catalysts optimized for
extractant-free catalytic oxidative desulfurization (ODS). These
catalysts showcase outstanding dispersibility in both oil and water
phases, eliminating the need for a separate extraction phase in the
desulfurization process. Their ODS performance was comprehen-
sively evaluated across a range of systems, demonstrating superior
efficiency under mild reaction conditions. The amorphous regions
generated during ball milling augmented surface energy, which in
turn promoted the loading of the active site MoOs_x. Furthermore,
the diminutive particle size of the catalysts curtailed the mass
transfer path of the reactants, thereby augmenting the mass
transfer rate. Precise control over the calcination temperature
enabled the biochar carrier to form abundant oxygen vacancies
through carbon reduction, which contributed to the catalysts' high
catalytic activity and durability across multiple ODS cycles. The
catalysts exhibited robust cycling stability, with minimal loss of
performance after five cycles. The ODS system followed pseudo-
first-order kinetics, and the role of eOH radicals was confirmed
through radical trapping experiments and EPR spectroscopy.
Various biomass sources, including rice stalk biochar, bamboo
biochar, rapeseed oil cake biochar, were utilized to prepare dual-
function amphiphilic Mo-based biochar catalysts. All demon-
strated outstanding desulfurization performance, underscoring the
versatility of this approach. Leveraging agricultural waste biochar
to develop dual-function catalysts capable of both oxidation and
adsorption offers a versatile, environmentally friendly, and cost-
effective solution for one-step fuel desulfurization. This strategy
not only provides a sustainable pathway for utilizing agricultural
waste but also establishes a new benchmark for efficient and
practical desulfurization processes.
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