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Abstract: Considerable health and climate benefits arising from the use of low-sulfur fuels has
propelled the research on desulfurization of fossil fuels. Ideal fuels are urgently needed and are
expected to be ultra-low in sulfur (10-15 ppm), with no greater than 50 ppm sulfur content. Although
several sulfur removal techniques are available in refineries and petrochemical units, their high
operational costs, complex operational needs, low efficiencies, and higher environmental risks render
them unviable and challenging to implement. In recent years, mesoporous silica-based materials have
emerged as promising desulfurizing agents, owing to their high porosity, high surface area, and easier
functionalization compared to conventional materials. In this review, we report on recent progress
in the synthesis and chemistry of new functionalized mesoporous silica materials aiming to lower
the sulfur content of fuels. Additionally, we discuss the role of special active sites in these sorbent
materials and investigate the formulations capable of encapsulating and trapping the sulfur-based
molecules, which are challenging to remove due to their complexity, for example the species present
in JP-8 jet fuels.
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1. Introduction

According to the World Health Organization (WHO), exposure to air pollution is the topmost
environmental health risk factor, having led to one in eight global deaths in 2016 [1]. Reducing the
greenhouse gas emissions is listed as one of the sustainable goals of the United Nations which directed
their climate change mitigation efforts to apply stringent regulations, promote intelligent transport
systems and innovative construction techniques, and invest in cleaner energy from fossil fuels through
greenhouse gas capture, storage, and sequestration [2]. As per the 2016 Climate and Clean Air Coalition
(CCAQ) report, fine particles (PM, 5) present in the air, arising as a consequence of high sulfur content
in fuels, are among the major contributors to air pollution. The presence of sulfur in fuels is linked
directly to increased air pollution through direct emissions of harmful sulfur oxide (SOx) compounds in
the atmosphere, resulting in acid rain, as well as indirectly by deactivating/poisoning the catalysts used
in the refining systems and decreasing the efficiencies of emission control devices [3]. For example,
black carbon released from the combustion of diesel can be captured through filters; however, these
filters perform well only in the presence of low sulfur concentrations. Therefore, desulfurization of
fuels becomes imperative for the preservation of environment, protection of health, and for increasing
the lifetime of components playing essential roles in power generation systems.

High chemical affinity of sulfur atoms for metallic cations have made metal-oxide loaded
solid sorbents to play vital role in removing sulfur content at mid, as well as high, temperatures.
Hydrodesulfurization (HDS) is one of the conventional methods to desulfurize fuel in refineries where
organic sulfur is converted to H,S employing transition metal catalysts loaded on alumina substrates.
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Low cost transition metal oxides of Mn, Zn, Fe, Co, and Mo act as active components of these catalysts
due to their high thermal stability [4-9]. However, energy demanding operating conditions involving
high temperatures and pressures, low octane/cetane values, and selectivity towards simple refractory
sulfur compounds in comparison to more complex aromatic species makes this process less efficient
and makes room for new alternatives. Although few companies, like Akzo Nobel, ExxonMobil, and
Nippon Ketjen, have come forward with a new trimetallic HDS catalyst (Mo-W-Ni, NEBULA) capable
of producing diesel oil with a sulfur content as low as 10 ppm sulfur content, this process is still very
energy intensive and requires hydrogen. Much effort is now being directed towards low temperature
purification systems with high adsorption capacities for sulfur by exploring the efficiency of adsorbents,
such as zeolites, metal-organic frameworks (MOFs), carbonaceous materials, ionic liquids (IL), and
silica (Scheme 1). However, the efficiency of conventional adsorptive desulfurization methods can only
be enhanced in the presence of better adsorbents or by using a combination of sulfur removal platforms.
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Scheme 1. Various porous materials reported for desulfurization of fuels.

The discovery of mesoporous molecular sieves (MCM-41) possessing hexagonal porous channels
was a hallmark in materials science, not only in terms of opening avenues of new materials, such
as mesoporous silica nanoparticles, mesoporous carbon nanosheets, and MOFs, for catalysis, gas
adsorption, and drug delivery but also towards creation of new zeolites and their derivatives [10-20].
Structural marvels of mesoporous silica (MS) have also motivated researchers in recent years to
investigate their performance in desulfurization of fuels, and they are being investigated as supports
for metal oxides, owing to their high porosities, large surface areas, structural flexibility, and easy
functionalization. High pore volumes and confined pore characteristics of one dimensional MCM-41
(with a 2—4 nm pore diameter) and two dimensional Santa Barbara Amorphous (SBA)-15 (with a
4.5-30 nm pore diameter) and their derivatives make them ideal representatives for adsorbing common
aromatic S-based molecules present in fuels, such as benzothiophene (BT), dibenzothiophene (DBT), or
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4,6-dimethyldibenzothiophene (4,6-DMDBT). To the best of our knowledge, this review article is the
first to focus on the design and performance of mesoporous silica frameworks and the corresponding
nanoparticles for desulfurization of fuels.

In this review, we discuss the synthesis, functionalization, and desulfurization performance of
various MS frameworks. We focus our attention on the promising adsorption techniques using MS
frameworks containing photocatalytic, redox, magnetic, ionic liquid, and carbonaceous active sites. A
brief account of the synthetic strategies for preparing a MS catalytic host framework is given, along with
commercial, as well as developing, desulfurization strategies. In addition, we discuss the mechanisms
for removal of sulfur rich species wherever possible and make efforts to understand the role of special
active sites in such sorbents. Finally, we investigate the formulations capable of encapsulating and
trapping the sulfur-based molecules that are more complex and difficult to remove, such as the ones
present in JP-8 and JP-5 jet fuels. In our opinion, this review will be beneficial for a wide audience
working in the fields of energy production and environmental remediation.

2. Strategies to Synthesize Mesoporous Silica Catalytic Host Materials

High surface area of MS makes it a very promising material for the adsorptive desulfurization
and hydrothermal methods. The meso-templates method is one of the conventional methods for
MS catalyst preparation. A typical MS synthesis involves the self-organization of surfactant species,
followed by their treatment with silica precursors. Condensation of the precursors around surfactants
and their consecutive removal via reflux or calcination generates perfect MS frameworks. However,
the hydrothermal method using various cationic, anionic, and neutral surfactants makes this process
expensive and non-ecofriendly. Fortunately, these shortcomings can be overcome by incorporating
new green and economical synthetic strategies using renewable templates. In recent years, sustainable
development methods involve new templating strategies using nanocellululose, triblock copolymers,
and task-specific ionic liquids as templates, instead of conventional surfactants. Some methods
mentioned in this section even bypass the traditional templating strategies by using molecular
imprinting techniques and single or dual phase hydrolytic conditions.

2.1. Templating Strategies

2.1.1. Nanocellulose Template

One of the most abundant biomaterial present in nature is cellulose, which is a low cost,
reusable, and biodegradable material. Upon acid hydrolysis, this material can be transformed to form
nanocellulose fibers with lengths ranging from 50 nm to a micron [21]. Nanocellulose has the potential
to become an environmentally benign templating alternative. It can offer benefits of both soft and hard
templates, owing to its unique structural and chemical features, including high aspect ratio and low
density, as well as presence of hydrophilic surface hydroxyl groups [22,23]. Recently, nanocellulose
was used as a template by Shen et al. for the development of tungsten-impregnated mesoporous silica
catalysts [24]. The resulting disordered worm-like mesoporous catalysts had highly dispersed tungsten
species and high surface areas in the range of 344-535 m?/g. It was observed that the pore diameter
(2.3 nm to 10 nm) and pore volume (0.32 cm?/g to 0.95 cm3/g) increased significantly when the dosage
of nanocellulose templates was increased in the precursor solution.

2.1.2. Triblock Copolymer (P123) as a Template

Several types of triblock copolymers are used in the synthesis of porous materials as the
pore-directing agents. One widely used symmetric triblock copolymer with favorable characteristics is
Pluronic P123, which comprises poly(ethylene oxide)—poly(propylene oxide)-poly(ethylene oxide)
repeating units. P123 exhibits high hydrothermal stability, as well as amphiphilic properties, that
can form stable micelles [25]. Generally, P123 can be used to form 2-D hexagonal mesoporous silica
structures using acidic conditions and room temperature [26]. However, alteration of the synthesis
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conditions, such as the addition of sodium dodecyl sulfate (SDS) [27], n-butanol [28], or Nal [29], can
result in the formation of cubic la3d mesoporous silica structures. In 2020, Tagaya et. al. successfully
synthesized novel biocompatible slit-shaped mesoporous silica/hydroxyapatite hybrid particles using
P123 and Cetyl trimethylammonium bromide (CTAB) for biological applications. [30]. It was found
that the use of P123 as a template was beneficial in increasing the pore size of the mesoporous structure
of synthesized particles. Moreover, the use of P123 imparted dispersion stability for the particles at the
monodisperse state.

2.1.3. Task-Specific Ionic Liquid Strategy

Task-specific ionic liquids (TSIL) have gained significant attention in recent years for their role in
synthesizing nanoparticles and chiral moieties with tailorable characteristics (physical, chemical, and
biological) [31]. A series of mesoporous silicas (which were further loaded with zirconium derived
nanoparticles) was successfully synthesized from hydrolysis of the precursor material tetraethoxysilane
(TEOS) in acidic medium in the presence of the ionic liquid 1-hexadecyl-3-methylimdazolium
bromide, which acted as a template material for the mesoporous silicas. The synthesized
mesoporous silica structures showed high capacity to be impregnated with the zirconium derived
nanoparticles [32]. Similarly, high-surface-area mesoporous silicas were fabricated using the
task-specific ionic liquid 1-alkyl-3-methylimidazolium hydrogen sulfate as the template material
from the precursor material TEOS [33]. In addition, it was reported that the use of the long-chain ionic
liquid 1-hexadecyl-3-methylimidazolium chloride can produce two-dimensional hexagonal pémm and
cubic Ia3d mesoporous silica structures, depending on the synthesis conditions from the precursor
material TEOS [34].

2.1.4. Polystyrene Colloidal Crystal Template

The use of colloidal crystals as templates for the synthesis of various mesoporous structures
has gained adequate recognition due to their ordered interparticle pores and other desirable
characteristics [35]. Yang et al. prepared bimodal ordered porous silica structures with mesoporous
macropore walls, which were formed from polystyrene colloidal crystal templates. They used the
seed emulsion polymerization method to prepare the polystyrene template films, which were used
to prepare the silica structures from the precursor material TEOS [36]. Miguez and coworkers
reported the successful fabrication of bimodal mesoporous silica structures within polystyrene colloidal
crystal films that were formed on the surface of glass substrate from the precursor material TEOS
using the spin-coating method [37]. In 2019, Peng et al. could achieve the synthesis of a hybrid
nanostructure composed of a core of hollow mesoporous silica nanoparticles coated with a shell
of pH-responsive and thermo-sensitive moieties as a model of drug delivery platform [38]. The
authors used the soap-free emulsion polymerization method to prepare monodisperse polystyrene
microspheres as a template for the fabrication of their hollow mesoporous silica nanoparticles, which
were monodispersed with adjustable mesoporous silica shell thickness and particle size (depending on
the fabrication parameters). The synthesis of ordered macroporous silica particles from the precursor
material tetramethyl orthosilicate (TMOS) using polystyrene colloidal crystal as a template was also
reported [39].

2.2. Molecular Imprinting Polymer Technology

Molecular imprinting technique offers an alternative method for deep desulfurization, where
refractory organosulfur species can be easily removed under mild conditions [40]. In this technique,
functionalized monomers are made to react and crosslink with template molecules. After the reaction,
the template molecules are extracted leaving behind well-defined arrangement of ligands structures and
tailor-made binding pockets. Compared to other structurally similar compounds, surface molecularly
imprinted polymers have distinct affinity towards their templates. There are several benefits associated
with their usage, such as high guest absorption and access, reduced mass transfer resistance, feasible
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extraction of template molecules, rapid adsorption kinetics, structural tenability, and easy synthetic
protocols [41-43]. As binding capacity of these polymers critically depends on surface area of templates,
new materials with high porosity and surface areas are in demand and mesoporous silica materials
are ideal candidates for this role, thanks to their high surface areas, uniform pores, and structural
and chemical tunability, as well as diverse morphologies, which makes them suitable materials for
molecular imprinting technology.

2.3. 1D Silica Fibers and Nanowires

Development of carbon nanotube mimicking one dimensional mesoporous silica micro and
nanostructures have gained much attention in recent years for applications, such as waveguides and
laser components, and several different strategies are being implemented to make these materials
with a diameter less than 50 nm. Electrospinning methods can generate silica fibers with an average
diameter of 40 um [26], while anodic aluminium membrane strategy [27] can help in growing fibers
that have small diameters of about 250 nm. In contrast, two-phase solution methods have shown
the growth of mesoporous silica fibers with average diameters in the range of 1-15 um [28], and this
method can even be extended to one-phase (aqueous) hydrolysis method in the presence or absence
of acidic environment to produce 1D fibrous silica-based materials with 50-300 nm diameters [29].
Transforming 1D silica fibers into materials with unique pore architecture is of prime importance
for materials scientists. Judicious design of mesoporous silica materials with hierarchical pores is
associated with benefits, such as efficient host guest interactions, high catalytic performance, and better
mass transport properties [30]. Although high porosity and large surface areas are recognized as key
features for their implementation, orientation of mesopores should also be given equal importance.
Studies have shown that mesopores that are parallel with the length of 1D silica fibers can limit catalyst
loading and decrease active catalytic sites by blocking the longitudinal channels, whereas mesopores
aligned perpendicular to the axial direction of 1D channels permit easy catalyst access and higher
effective surface area [31,32].

3. Strategies to Desulfurize Fuel

3.1. Hydrodesulfurization (HDS)

Hydrodesulfurization is one of the conventional methods to desulfurize crude oil where
concentration of the sulfur containing compounds is reduced. However, HDS takes place in the
presence of harsh operating conditions requiring elevated temperatures in the range of 300-450 °C,
hydrogen, catalysts, and high pressures ranging from 3-5 MPa, making it an expensive desulfurization
technique [44]. HDS is certainly effective in removing simple thiols, thioethers, and disulfides; however,
it is not successful in removing other complex heterocyclic molecules, such as dibenzothiophene (DBT),
4,6-dimethyldibenzothiophene (4,6-DMDBT), and their derivatives [44]. A typical HDS catalysis
generates H,S gas which is converted to elemental sulfur through a Claus process [45]. Harsh catalytic
conditions cause hydrogenation of olefins, followed by a negative octane rating and increased Hj
consumption, whereas a mild HDS environment generates recombinant mercaptans through the
reaction of H,S with olefins and are responsible for retained sulfur in final fuel. Desulfurization
mechanism of DBT using hydrogen at 300 °C and 102 atm is suggested to proceed via two major
pathways, direct desulfurization (DDS) and hydro desulfurization (HYD) pathways. The DDS pathway
involves elimination of sulfur without hindering the aromatic rings, while HYD proceeds via selective
hydrogenation of DBT aromatic rings, followed by desulfurization [44]. Molybdenum-, nickel-,
cobalt-, and tungsten-based catalysts are commonly used and incorporated in the HDS process to
reduce sulfur content in the form of disulfides, thioethers, and mercaptans. Performance of HDS
process is greatly influenced by the choice of catalyst, and the efficiency has been found to be high
in case of second and third row elements in the periodic table, owing to their unique electronic and
structural characteristics. Several bimetallic blended catalysts, including alumina supported NiMo,
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NiW, CoW, CoMo, NiMo, and PtPd, have shown better catalytic activity in the past through highly
selective and efficient hydrogenation [44,46—48]. In particular, nano-sized noble metals catalysts,
including Pd, Pt, and Rh, have shown superior hydrogenation performance and high activities for deep
hydrodesulfurization. However, their high susceptibility to sulfur poisoning due to the adsorption
of H)S on noble metals restricts their widespread usage [49,50]. Additional drawbacks of using
noble metals in hydroprocessing catalysts have been summarized by Marafi and Furimsky that
include deactivation by coke deposition, inhibition by sulfur and oxygenates, poisoning by nitrogen
and chlorides, deposition of contaminant metals, agglomeration of active metals, and leaching of
active metals [51]. Different modes of deactivation may take place simultaneously, and adverse
efforts are made for catalyst recovery by regeneration. The issue of sulfur poisoning is overcome by
using phosphides of noble metals (Rh,P, Ru, P, PdsP5), by using transition metal phosphides (Co,P,
CoPNiyP, MoP, WP), or by using acidic supports (Al-SBA-15) [49,50]. Among various supports,
SBA-15 has been used widely as a hydrodesulfurization support. Bimetallic catalysts impregnated
SBA-15 (CoMo-SBA-15, NiMo-SBA-15) have shown better thiophene conversion compared to y-Al,O3
supported catalysts [52,53]. Some excellent reports and reviews are available on this topic and
reveal that mesoporous silica frameworks, including SBA-15, MCM-41, MCM-48, and KIT-6, are
promising HDS agents when they are incorporated with active species, such as WS;, NiW, Nip ,M,P
(M = Co, Fe), MoS;, and NiMoQOy, or with heteropolyacids, like H3PW1,049, H3PMo01,040, and
(NH4)6Mo070,4.4H,0 [50,54-56]. Cost associated with HDS and stringent fuel specifications in recent
times have motivated researchers to explore new innovative strategies.

3.2. Oxidative Desulfurization (ODS)

ODS has emerged as a promising desulfurization technology, owing to its mild operating conditions
requiring ambient temperatures and atmospheric pressures, no H, prerequisites, and high efficiency
towards the refractory thiophenic sulfides (DBTs). In a typical ODS process, oxidation of heavy sulfides
takes place by incorporation of oxygen atoms at sulfur sites, without rupturing C-S bonds in the
presence of judiciously selected oxidants, such as H,O,, O3, NO,, peroxy salts, or tertbutyl-H,O,.
Out of these, H,O; is the most widely used oxidant; however, in recent years, transition metal-based
oxidizing agents (Re, Mo/W oxides, tungstophosphoric acid, MPcS and persulfates, tetra-amido
macrocyclic ligands) have become popular and have been investigated in combination with hydrogen
peroxide [57-60]. The success of an ODS process depends on the textural, structural, surface, and
chemical properties of an active catalyst, combined with an appropriate oxidant. Other methods of
oxidative desulfurization involve irradiation techniques, ultrasonic methods, direct photo-oxidation,
and photocatalytic, electrocatalytic, and plasma techniques [44,61]. Oxidation is accompanied by liquid
extraction to separate the oxidized components because of their enhanced polarities. The efficiency
of extraction is influenced by solvent polarity, boiling point, and freezing point, as well as surface
tension. In addition to common water-soluble polar solvents, ionic liquids are employed to extract
S-compounds directly or after they have been oxidized. Recently, a combination of extractive and
oxidative desulfurization called extractive catalytic oxidative desulfurization (ECODS) has gained
recognition as a technique for producing ultra-low sulfur clean fuels, making using of ionic liquids as
extractants and H,O, as the oxidant, easily converting organosulfur compounds to sulfoxides and
sulfones [62]. Issues associated with ODS, such as lack of oxidant selectivity, unwanted side reactions,
undesirable residual S-containing aromatic moieties due to incorrect choice of extraction solvent, and
high cost, are carefully weighed against the benefits linked with this process that cannot be achieved
in conventional HDS process. For more information, we direct our readers to some new reviews
that have appeared in literature focusing on ODS catalysts for clean environment, ODS of heavy oils
with high sulfur contents, ODS using heteropolyacid-based catalysts, and ultrasound assisted ODS of
hydrocarbon fuels [63-67].
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3.3. Adsorptive Desulfurization (ADS)

There is a direct link between microporosity and adsorption capacity for efficient desulfurization.
There has been a quest for materials with pores larger than 10 A and adsorbents, such as zeolites,
activated carbon, metal-organic frameworks (MOFs), aluminosilicates, and ZnO, have been tested for
capturing and eliminating organosulfur compounds present in high value fuels. In addition to having
excellent porosity, an ideal adsorbent has high available surface area, high selectivity, good surface
chemistry, and recyclability for efficient removal of S-compounds. ADS can proceed through two main
approaches: physical adsorption, a less energy intensive pathway where the S-based compounds are
not chemically modified on separation; and reactive adsorption that offers benefits of both catalytic HDS
and physisorption. A chemical reaction taking place between S-based moieties and solid adsorbent
in the latter approach releases sulfur in the form of H2S, Sox, or elemental S. For practical industrial
applications, more studies and engineering at a molecular scale is required to adjust the size of host
pores to match the guest size and to avoid any steric hindrance between guest molecules.

3.4. Biodesulfurization (BDS)

With advancement in biotechnology, green processing of fossil fuels has become possible,
and microorganisms with an affinity for sulfur are playing an important role in metabolizing
organosulfur compounds in fuels. This technology has potential to become cost effective and
efficient. Microorganisms, such as Pantoea agglomerans, Alcaligenes xylos-oxidans, Rhodococcus erythropolis,
Mycobacterium, and thermophilic Paenibacillus, have been identified for aerobic BDS, while Desulfovibrio
desulfuricans, Desulfomicrobium scambium, and Desulfovibrio longreachii have been for anaerobic BDS.
Kirkwood et al. indicated in their studies that specificity for sulfur and metabolic pathways may
not be dependent only on sulfur but, rather, on the type of species used [68-70]. Metabolism of
organosulfur compounds and C-S bond cleavage by bacteria is suggested to proceed either through
reduction of C-S bond and oxidation of C-S bond, or through oxidation of C-C bond (Kodama
pathway) [71,72]. Although BDS has several advantages over conventional desulfurization processes,
it can be uneconomical due to the additional cost associated with culturing the bacteria [73]. Other
important drawbacks include phase change (fuel-aqueous phase) and stability of cells in the presence
of fuel species.

3.5. Other Forms of Desulfurization

British Petroleum had developed and tested alkylation-based desulfurization on light oils, where
acid catalysed aromatic alkylation is performed on thiophenic compounds with an aim to upgrade
olefinic gasoline by increasing the molecular weight and boiling point of alkylated sulfur compounds, so
that their separation becomes feasible [74]. Another simplified form of alkylation is S-alkylation, where
thiophenic molecules are made to reaction with methyl iodide and fluoroborate salts of silver, leading
to alkylated sulfonium salts which are precipitated and easily eliminated without distillation [75].
However, S-alkylation is not selective in these reagents, owing to their affinity to aromatic hydrocarbons,
making this process challenging in carbon rich heavy oils.

C-S and S-S bonds can also be cleaved by chlorinolysis, where chlorine is able to bind at sulfur
sites. This process takes place under moderate operating conditions (25-80 °C, atmospheric pressure)
in fuels that can be easily homogenized with chlorine and which are corrosion resistant in the presence
of chlorine. In order to remove impurities, additional steps comprising hydrolysis, oxidation of sulfur,
and several aqueous and caustic washes are usually performed after chlorination.

Supercritical aqueous desulfurization or supercritical water desulfurization (SCW) has been
shown to break C-S bonds in non-aromatic sulfur molecules through free radical pathway. However,
some studies have shown that SCW independently cannot desulfurize fuels when not in the presence
of Hy and conventional HDS catalysts. There are indeed some benefits associated with SCW, such as
increase in liquid yield, precipitation of sulfur saturated compounds, and H; generation through water
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gas shift. To discuss further on industrially applicable methods for desulfurization is beyond the scope
of this review; thus, for more information, we direct readers to some excellent reviews on this topic
provided by Javadli et al. [61] and Srivastava et al. [44], as well as advances in biodesulfurization by
Sadare et al. [73].

4. Mesoporous Silica and Mesoporous Silica Nanoparticles in Desulfurization

4.1. Photocatalytic MSs

Photocatalytic adsorption desulfurization (PADS) has emerged as a form of oxidative
desulfurization method due to the low cost, high stability, and recyclability of photocatalytic
materials [76,77]. Solar power is capable of exciting the photocatalysts and generating holes that
are great oxidants. Certain aromatic sulfurous molecules, including DBT, DBTO (dibenzothiophene
sulfoxide), and DBTO,, can be oxidized in the presence of free radicals, such as *OH and *O,~, and
PADS is useful in deep desulfurization requirements. Recently, Zhou et al. reported on the use
of mesoporous ZnO/TiO,-5iO; (ZTS) as a photocatalyst and adsorbing material towards organic
sulphides [78]. ZnO is known for its high photocatalytic activity and has a bandwidth of 3.2 eV
(380 nm) [79]. Previous studies have shown that performance of ZnO can be enhanced dramatically in
the presence of TiO, by inhibiting the recombination of electrons and holes, extending their lifetime
and enlarging the photoresponse range [80]. Inspired by these findings, Zhou et al. implemented
these studies for synthesising effective desulfurizing agents [78]. ZnO were chosen as active sites
in the mesoporous TiO,-SiO, catalyst, and the TiO,-SiO, precursor materials were synthesized
hydrothermally in the presence of triblock copolymer (P123) as a template, so as to tune the pore size.
ZnO was incorporated using impregnation techniques, and the ratio of Si/Ti was adjusted in order to
achieve optimized adsorption PADS capacity. The authors showed that ZTS-3 with Si/Ti = 3 exhibited
the best photocatalytic desulfurization activity. The DBT conversion rate was found to be 97% in 4 h,
and maximum adsorption of DBT over ZTS-3 was 47 mgS per gram of catalyst used and the adsorption
rate was much higher than mesoporous TiO,-5i0;-40 (13.7 mg S/g-cat) [81]. The photocatalytic activity
of ZTS was attributed to the heterojunction formed through the interactions of ZnO with TiO,, leading
to the expansion of sunlight absorption, enhancing the efficiency of charge separation, and inhibiting
electron-hole recombination. Interestingly, this desulfurization could proceed without involving
extra oxidants, such as hydrogen peroxide, O,, or organic oxidants, making it a cost-effective process
that exhibits high PADS performance and excellent adsorption capacity. As shown in Figure 1, the
photocatalytic mechanism is suggested to proceed through the formation of *O,~, which is capable of
oxidizing DBT to DBTO, [78].

TiO; in varying structures and morphologies are among the most promising photocatalytic agents
for different applications, such as fuel desulfurization and degradation of contaminants in various
systems. In 2017, Meizhen et al. prepared a photocatalytic TiO,-modified bimodal mesoporous
silica structure (TiO,/BMMS) and compared its desulfurization of dibenzothiophene efficiency to
that of the mono-modal mesoporous (TiO,/SBA-15) catalyst and pure TiO, [82]. They found that
the photocatalytic activity and desulfurization efficiency of TiO,/BMMS was the highest, achieving a
desulfurization rate of 99.2%, followed by TiO,/SBA-15 and then pure TiO,. In 2014, Zaccariello et al.
found that TiO; nanoparticles confined within mesoporous silica nanospheres exhibited enhanced
photocatalytic activity due to the added adsorptive effects and thermal stability of the mesoporous
silica nanospheres [83].
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Adsorption

(from air)

Mesoporous silica
catalyst (ZTS-3)

Figure 1. Photocatalytic desulfurization mechanism of ZnO/TiO,-SiO; (ZTS-3) catalyst under solar
light [78].

4.2. Redox Active MSNs

Conventional desulfurization strategies are associated with issues that hinder their implementation
in desulfurization industry, and these problems include high concentration of oxidants, such as
hydrogen peroxide, and elongated reaction times [84]. In order to overcome these issues, it becomes
essential to formulate suitable catalysts for an eco-friendly and efficient oxidative desulfurization
process. Polyoxometalates (POMs) belong to a category of transition metal-based oxygenated anionic
clusters, which have emerged in recent years as promising materials for homogeneous oxidation
desulfurization (HOD) process, owing to their unique structural and chemical characteristics and
their redox potential. Advances in nanotechnology has made possible the immobilization of POMs
onto solid supports, such as metal organic frameworks (MOFs), zeolites, porous carbons, and porous
silica materials [85-88]. This addition not only imparts stability and reusability to the POMs but also
enhances their catalytic activity towards refractory S-based molecules. Specially designed dendritic
mesoporous silica nanospheres with center-radial oriented large mesopores were reported earlier by
Zhao et al. as potential carriers or substrates for development of new functional materials [89,90].
Interestingly, Zhang et al. took advantage of the above materials to design a molybdenum-embedded
dendritic mesoporous silica sphere using Stober approach [91]. As shown in Figure 2, they introduced
active molybdenum species with a concomitant use of ionic liquid (IL) as a metal source into the
mesopores of dendritic silica spheres (DSSs). The DSSs featured large specific surface areas and
high pore volumes and possessed a highly dispersed molybdenum species. The authors explored
optimum synthetic conditions and characterized ODS products using gas chromatography—mass
spectrometry GC-MS analysis. The judiciously designed catalyst showed rapid and high catalytic
activity in oxidizing 4,6-DMDBT, and the catalyst could be easily separated from a heterogeneous
mixture after fulfilling its role. Under optimal conditions, elimination of 4,6-DMDBT could reach 100%
in 40 min, and a low dosage of oxidant was required. The recycling performance of the DSS revealed
that they could be reused nine times without an appreciable decrease in catalytic activity [91].
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Figure 2. Schematic representation of dendritic mesoporous Mo-SiO, catalyst and its desulfurization
mechanism [91].

Exemplary performance of monolacunary [PW;1039]”" Keggin polyoxometalates in oxidative
reactions [92-96] has inspired a few researchers to explore their performance in ODS process, too [97-99].
For example, Ribeiro et al. have worked extensively on Keggin-type materials, including PW;
embedded on amine decorated SBA-15 (PW1;@aptesSBA-15 and PW1;@tbaSBA-15), and on cationic
tma functionalized mesoporous silica supports for the desulfurization of model and real diesels
(Figure 3) [100]. Oxidative desulfurization studies on amine functionalized SBA-15 supports revealed
high performance in case of PW;;@aptesSBA-15, which could completely desulfurize simulated diesel
in solvent-free conditions with half the oxidant amount (H,O,/S = 4), whereas it showed 83.4%
efficiency in case of real unthread diesel (in a biphasic system, 1:1 diesel/acetonitrile) with a recycle
capacity for eight consecutive cycles. Their recent work involved impregnation of PW1; on cationic
group (N-trimethoxysilypropyl-N, N, N-trimethylammonium, TMA) functionalized MS supports [101].
Here, two kinds of MS supports were selected (ordered MS, SBA-15, and an ethylene-bridged
periodic mesoporous organosilica, PMOE) and two catalysts were prepared, PW;;@TMA-SBA-15 and
PW1;@TMA-PMOE. Oxidative desulfurization was carried out on simulant diesel under biphasic
(1:1 diesel/acetonitrile) and solvent-free conditions. A remarkable desulfurization performance was
exhibited by the PW;@TMA-SBA-15 catalyst, which could achieve ultra-low sulfur levels (<10 ppm)
in both biphasic, as well as solvent-free conditions, and could be recycled six consecutive times
without appreciable loss of catalytic activity. This promising catalyst was also tested on untreated real
diesel provided by Spanish petroleum company, CEPSA (1335 ppm S) under biphasic system and
demonstrated 90% desulfurization efficiency for 3 consecutive cycles [101].

Recently, Ribeiro et al. reported on zinc-incorporated polyoxotungstates [PW1;Zn(H,0)39]°",
PW11Zn for ODS of real, as well as model, diesels, where active species were embedded in periodic
mesoporous organosilicas (PMOs) composed of walls with ethane-bridges and benzene bridges [102].
These compounds showed high desulfurization efficiency under solvent-free conditions and in the
presence of H,O, with a H,O,/S ratio of 4, where ultra-low levels of sulfur could be obtained in just
1 h. PW;1Zn@aptesPMOE catalyst was further investigated due to its robust nature for sulfur removal
of real diesel, and an efficiency of 75.9% could be achieved after 2 h, and the catalyst could be reused.

A heteropolyacid-based adsorbent catalyst was reported by Yuzbashi et al. with an aim to
decrease the leaching of active components and to increase the ODS kinetics of DBT present in model
diesel fuel [59]. Phosphotungstic acid (HPW) was incorporated in a zirconium-modified hexagonal
mesoporous silica (Zr-HMS) to give HPW/Zr-HMS catalyst, and its DBT removal ability was compared
with Zr-HMS, HPW-HMS. Zr-HMS showed only 15% S-removal efficiency, whereas the efficiency of
the two others was found to be similar; however, an efficiency of 99.4% was observed within 120 min
when the composition of prepared catalyst was 20% HPW/Zr-HMS. An increase in the catalyst dosage
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from 0.03 to 0.05 g drastically increased S-removal efficiency from 10% to 99.4%. In the presence of
H,0,, the model fuel was oxidized in less than 30 min and achieved an efficiency greater than 95%
of the 350 ppm DBT. The formulated catalyst was recovered and was reused at least five times, and
the leaching of HPW species was inhibited, indicating the promising nature of catalyst for ultra-deep
desulfurization process [59].

Surfactant 2 st b .
%%f TEOS Removal TMA IPWuOsql’
— 5 : — —p
calcination ost grafting Impregnatlon
Surfactant  Micelle
PI23 formation

on9 ot

SBA-15
TMA- SBA-IS

%y [
PWI{&"TMA -SBA-15

-0,

U WLl S R 2N

oSN ;0 S"Oﬁ Surfactant
%éf TEOS + TMA + BTEE= Removal |Pw11039|

—
HCI (EtOH) Im])regnatwn
Surfactant  Micelle Co-condensation
PI23 formation
TMA-PMOE N

PW,,@TMA-PMOE
Figure 3. Synthetic strategy to prepare Keggin’s polyoxometalate anion incorporated PW;;@TMA-
(SBA)-15 and PW{;@TMA-PMOE [101].

There have been cases where, instead of using heteropolyacids, silicotungstic acids have been
used directly for the preparation of mesoporous tungsten-silica catalysts. For example, Shen et al.
reported on the formation of disordered worm-like mesoporous silica catalysts with well dispersed
tungsten species using nanocellulose as templates [24]. High surface area of the formed catalysts in the
range of 344-535 m?/g, their narrow pore size distributions (2 nm to 10 nm), and an optimum Si/W
ratio supported high catalytic activity towards DBT and its elimination at 60 °C in just ten min. The
catalytic activity towards S-compounds was found to increase in the following order: BT < 4,6-DMDBT
< BT. GC-MS analysis of oxidized species showed that the catalyst formulations not only played
their role as catalysts but also acted as efficient adsorbents. This catalyst could be recovered and be
reused at least five times and still retain its desulfurization efficiency up to 94% [24]. The authors
of this report had proposed a mechanism for the oxidation of DBT where the first step involves the
adsorption of DBT in the pores of the catalysts, followed by its reaction with active peroxo-tungsten
complex, which in turn is a direct consequence of reaction between tungsten species and H,O, as
oxidant. The interactions between DBT and peroxo-tungsten complex converts DBT to DBTO,, which
gets adsorbed in the mesopores of the catalyst, with the simultaneous reduction of peroxo-tungsten
complex to tungsten oxide.

With advances in nanoscience, unique properties have been observed for particles with an average
diameter lying in the range of 0.1 nm to 1.0 nm. This size range sets them apart from their nano
counterparts, and some refer them as subnanoclusters [103,104]. A large number of catalysts are being
developed using metal oxide subnanoclusters, and many materials have shown promising catalytic
behavior for a large number of organic reactions. Along the same lines, the size of mesoporous silica
materials is also decreasing, and new ultrasmall MSNs (UMSNSs) with particle size less than 25 nm are
being developed in order to reduce mass transfer resistance and enhance the catalytic activity. Some
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researchers, like Wang et al., reported on the synthesis of subnano-MoOj3 supported on ultrasmall
MSN particles (~14 nm) with a peculiar “raisin-bun” structure, using reverse microemulsion technique
(Figure 4a) [105]. This hybrid catalyst, subnano-MoOs/ultrasmall MSN (UMSN), was then used for
ODS of a model diesel comprising of benzothiophenes, where they were oxidized to DBTO, with
a 100% efficiency within 15 min (Time of flight, TOF of ODS: 53.3/h) (Figure 4b) [106]. Percentage
of catalyst, reaction time, and temperature influenced the DBT conversion; however, the percentage
of oxidant did not play a significant role. Surprisingly, performance of nano-MoO3/UMSN tested
under similar operating conditions showed a DBT to DBTO, conversion of only 25.7% (TOF was
10.2/h), proving that subnano-MoO3; was more active than nano-MoOs. It is well known that smaller
size generates high catalytic active sites with higher ratio of surface to bulk atoms; however, an 80%
efficiency drop was attributed to the higher binding energy associated with subnano particles (1.1 eV
higher than bulk), appearing as a result of lowered core-hole screening existing in small clusters. This
indicates that electronic properties show significant variation with size and can show unusual response
at subnano level.
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Figure 4. (a) Schematic representation for the formation of subnano-MoOs/ultrasmall mesoporous
silica nanoparticles (UMSN); (b) catalytic mechanism of MoOj catalyzing dibenzothiophene (DBT)
oxidation in the presence of TBHP (tert-butyl hydro peroxide) [106].

Development of 1D silica fibers with diameters of about 50 nm or less and their transformation into
materials with unique pore architectures, especially with pores aligned perpendicular to the direction
of fibers, has become of paramount importance for materials scientists. Aiming to improvise catalytic
and sorption properties of silica materials, Dou and Zeng developed interconnected mesoporous silica
nanowires with a 3D network having shallow wormhole channels aligned perpendicular to the axis of
nanowires using a simple synthetic strategy, where TEOS hydrolysis took place under basic conditions
(Figure 5) [107]. They explored synthetic parameters, including the effect of cosolvents, surfactants,
alkalinity, duration of reaction, and optimum aging temperatures, to get an insight on the formation
mechanism. a-MoQOj species were immobilized on the interconnected mesoporous SiO, nanowires to
form a Mo/mSiO, catalyst—adsorbent system and was examined in ODS of model diesels.

Although, in these studies, the diameter of Mo/mSiO, nanowires was significantly reduced
and reached in the range of 10-20 nm, the authors were able to increase the final dimensions of the
catalyst to a micron level, allowing easy recovery and separation after being used. The BET surface
area of Mo/mSiO, reduced from 852 to 503 m?/g on increasing the Mo loading from 2 to 15%. The
recipes containing 5 to 10% Mo showed highest conversions of DBT, owing to an optimum balance
between total working catalyst and effective surface area. For a 10% Mo/mSiO, nanowire recipe, a
DBT conversion efficiency remained as high as 95.4% in the first 30 min, even after seven cycles, and
the sulfur concentration was 33 ppm after the seventh run.
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Figure 5. (a) Structure of mesoporous silica nanowires with mesopores aligned parallel or aligned
perpendicular to the axial direction of nanowires; (b) desulfurization mechanism showing reaction of
DBT unit with catalytic species and removal of DBTO, molecules after oxidation [107].

4.3. lonic Liquid MSN Catalysts

Ionic liquids (ILs) have emerged in the past few years as green solvents and catalysts, thanks
to their unique properties that include high thermal stability, feasible design, and synthesis, as
well as a wide liquid range [108]. These features allow dissolution of several catalysts in the ionic
liquids providing a biphasic liquid system beneficial not only in esterification [109] and fructose
dehydration [110] but also in oxidation of sulphides [111,112]. However, necessity for large amounts
of ILs and difficult catalyst recovery makes it challenging to apply them in wide range of organic
reactions, except when these ILs can be heterogenized. Therefore, many attempts have been exerted
towards fabrication of “supported ionic liquid catalysts” (SILCs) that can immobilize homogeneous
ILs on appropriate host materials, which can range from silica-based materials and MOFs to carbon
nanotubes [113-118]. Advantages associated with use of mesoporous silica have compelled researchers
to use impregnation and grafting methods to prepare SILCs, but these efforts are accompanied by
other issues, like reduction in surface area of supports, leaching of active components, or confinement
in the degree of freedom of ILs [119,120]. These limitations can be overcome by incorporation of
functionalized ILs in the grafting matrix, by performing one pot hydrothermal synthesis in architectural
supports, and by removing templates in subsequent reactions [121-123]. In our opinion, it is worth
discussing examples where ionic liquids have been immobilized on mesoporous silica materials to be
used for desulfurization process.

A few years ago, Gu et al. reported on the synthesis of hybrid mesoporous silica material
using task-specific ionic liquid (TSIL) templating strategy, where POM-based IL [(n-CgH;7)3-NCHj3]»
[W203(0,)4] (termed as TgW,0O11) was used as template [124]. The authors blended the amphiphilic
TgW,0q1 with silicate source tetraethyl orthosilicate (TEOS). Silicate condensation lead to the
entrapment of TgW,O;1 species, and subsequent calcination eliminated the organic cations, leaving
behind a functionalized mesoporous silica framework. Catalytic activity of the resulting product was
tested in oxidative desulfurization process, where 99.6% efficiency was observed in the case of DBT
sulfur removal using low catalyst dose and without using organic solvents. The efficiency of catalytic
oxidation of organosulfur compounds decreased in the following order: DT > 4,6-DMDBT > DBT > BT.
The efficiency of the catalyst could be retained, even after recycling eight times [124].
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This work was followed by Zhang et al., who reported encapsulation of polyoxometalate-based
ILs with the formula [Cymim]3PW1,049 (Cx-IL, x= 4,8, and 16) into the pores of ordered mesoporous
silica through a one-pot hydrothermal reaction (Figure 6a) [125]. The as-prepared catalytic material
(Cx-IL@OMS) was systematically characterized using multiple chemical and physical techniques,
proving its high specific surface area and uniform dispersion in silica supports. These catalysts
were employed in the desulfurization of organosulfur compounds, and [C4mim]3PW1,040@0OMS
was a winner among the series (Figure 6b). It showed high catalytic activity, high stability, and
could be recycled multiple times. When compared with other IL@OMS, catalytic oxidation of
DBT decreased in the following order: C4-IL@QOMS (99.5%) > C8-IL@QOMS (76.7%) > C16-IL@OMS
(30.5%). High performance of C4-IL@OMS could be ascribed to its large surface area providing
highly exposed active sites for oxidation of DBT and short IL chain imparting low steric hindrance
and enough platform for peroxide species to interact with DBT molecule. Interestingly, catalytic
oxidative desulfurization efficiency of pure C4-IL (S removal:12.7%) was much lower in comparison
with C4-IL@OMS (S removal:99.5%). Additionally, even after recycling seven times, the removed
sulfur in case of C4-IL@OMS exhibited an impressive 93% efficiency [125].
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Figure 6. (a) Fabrication of ordered mesoporous silica encapsulating polyoxometalates (POMs)-based
ionic liquids (IL); (b) possible desulfurization mechanism for the oxidation of DBT to DBTO, with
concomitant transformation of hydrogen peroxide to water [125].

Prior studies have also shown lanthanide-based POM clusters NayH,;LaW19O34-:32H,0O (LaW1g)
as promising catalysts for ECODS process [126,127]. However, new materials are required to make
ECODS more efficient and highly selective in terms catalyst separation, recovery, and reusability.
As shown in Figure 7, Chen and Song impregnated LaWjy on dihydroimidazolium (ionic liquid)
modified mesoporous silica supports, forming LaW1o/IL-SiO; [128]. The new catalyst exhibited deep
desulfurization of several organosulfur compounds, including DBT, BT, and 4,6-DMBT, under mild
operating conditions and in less than 30 min.

Ultra-deep desulfurization (<100 ppm) could be achieved for DBT in just 1 min for small batches,
whereas scaled-up studies (1 litre model oil with S content of 1000 ppm) showed 100% sulfur removal
in 25 min and at 70 °C. Additionally, the process was cost-effective as reusability of catalyst did not
require simultaneous use of ionic liquid each time, recovery of LaW/IL-5iO; catalyst was easy, and it
could be reused at least ten times without degrading its efficiency, making it a promising material for
ultra-low sulfur fuels [128].

Although some mesoporous silicas, such as MCM-41 and SBA-15, possess uniform pore size
and a large internal surface area, their small pore size at times can lead to blocking and collapsing
of pores during the desulfurization process, eventually giving poor recycling performance. In
order to overcome these challenges, three-dimensional ordered macroporous (3DOM) materials with
well-connected pores, large pore size sufficient to catalyze most fuel related organosulfur compounds,
better mass transfer properties, and high surface areas are being developed [129,130]. Silica-based
meso-macroporous materials (H3PW1,040/SiO,) synthesized via polystyrene colloidal crystal template
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and using evaporation-induced self-assembly (EISA) have been reported by Lei et al. and applied
in the ODS process [131,132]. In both cases, hierarchically meso/macroporous catalysts exhibit
superior catalytic activity than their purely mesoporous and macroporous counterparts. This enhanced
performance can be attributed to the larger mesoporous specific surface area, peculiar hierarchically
meso/macrochannels structural characteristics and shorter length of mesoporous channels that facilitate
mass transfer of precursors and products. Recently, Chen et al. reported on a POM-based ionic liquid
supported 3DOM silica (IL-3DOM SiO,) as a catalyst for heterogeneous oxidative desulfurization [58].
The catalyst exhibited high porosity, as well as, a high specific surface area. This catalyst was prepared
using the colloidal crystal template assembled from polymethylmethacrylate (PMMA), having a mean
diameter of approximately 240 nm. The 3D crosslinked structure of catalyst allows guest diffusion,
capture, and exposure of the active species. Sulfur removal efficiency of an IL-3DOM SiO; catalyst
in the absence of HyO, was only 5.7%, while it was 100% in its presence, indicating the ability of
3D crosslinked structure to effectively adsorb organo sulfur molecules and essential presence of
tungsten-based IL to activate H,O, to oxidize S-compounds. The desulfurization performance of
IL-3DOM SiO; catalyst decreased in the following order: 4-MDBT > DBT > 4,6-DMDBT > 3-MBT
> BT. Additionally, even after recycling 17 times, the sulfur removal efficiency could still reach 94%
in the absence of a regeneration process [58]. The mechanism of DBT desulfurization by IL-3DOM
Si0; is shown to proceed, firstly via adsorption of DBT in the macropores and then its reaction with
peroxo species formed in turn from the combination of POM-IL with HyO,. Subsequent steps involve
the oxidation of DBT to the corresponding sulfones (DBTO5), their precipitation, and presence in the
catalyst phase. Towards the end of cycle, the peroxo species convert into active species, which further
combine with H,O,, forming species for the next cycle [58].
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LaW{(/IL-5iO, nanocomposites. (a) Extraction of the substrate by ionic liquid, (b) catalytic oxidation of
DBT to DBTO, by LaWy in the presence of HyO, (R = —CgHjy) [128].

Compared to conventional mesoporous silicas, such as MCM-41 or SBA-15, the reports
on the corresponding nanoparticles as adsorbents for desulfurization are very limited. Last
year, Mirante et al. reported on composite materials prepared through the immobilization of
Keggin polyoxomolybdate [PMo01,04]%> anion on MCM-48 type mesoporous silica nanoparticles
functionalized with surface-tethered tributylammonium (TBA) groups [133]. The composite catalyst
PMo1,@TBA-MSN had high stability and was highly efficient in the oxidative desulfurization (ECODS)
of a diesel simulant in the presence of HyO, (oxidant) and [BMIM]PF (IL and solvent). The shorter
channels of MSNs and cubic mesoporous framework of MCM-48 nanoparticles with branched networks
seem to allow mass transfer in comparison to conventional porous silica materials with unidirectional
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structures. The ECODS studies were carried out on a model diesel composed of BT, DBT, 4-MDBT,
and 4,6-DMBT in n-octane with a total sulfur content of 2016 ppm. For the first ECODS cycle, the
efficiency of PMo;,@TBA-MSN was high and comparable to the homogeneous catalyst PMoy,, where
desulfurization could be achieved in 2 h. However, PMoy; could not be reused in the subsequent
cycles, while the hybrid catalyst PMo;,@IBA-MSN exhibited higher stability and could be reused,
along with ionic liquid, several times. The impregnation of PMoj, on MSNs proved to be beneficial in
enhancing the stability of polyoxomolybdate and in obtaining not only a robust and effective catalyst
but also a recyclable material [133].

In comparison to polyoxometalates (POMs), Keggin-type heteropolyacids (HPAs) have shown
high catalytic activity for oxidation studies, owing to their high chemical resistance and mechanical
robustness, making them suitable for desulfurization reactions as mentioned earlier, when they were
combined with meso/macroporous silica [58]. Heteropolyacids have octahedral MOy units, and their
lowest unoccupied molecular orbitals (LUMO) are mainly the non-bonding metal orbitals, allowing
easy participation in redox reactions [134,135]. A heterogeneous catalyst (HPMo-IL/SBA-15) was
reported by Xiong et al. via impregnation of phosphomolybdic acid on the IL functionalized SBA-15
and used for the ODS process [136]. The hydrophilicity of SBA-15 was conquered by functionalization
with imidazole-based IL, and the heterogeneous HPMo-IL/SBA-15 catalyst exhibited good wettability
for the model oil while providing sufficient active sites for the access of organosulfur compounds. The
catalytic system involved the use of HyO, with a H,O,/sulfur mole ratio of 2, which is much less in
comparison to other desulfurization systems, and, in the presence of 0.05HPMo-IL/SBA-15, a S-removal
efficiency of 90% could be achieved. High catalytic performance of HPMo-IL/SBA-15 is attributed to
its (a) high surface area and good IL dispersion; (b) uniform pore channels allowing efficient mass
transfer; and (c) high wettability towards model oil [136].

4.4. Magnetic MS Catalysts

Catalytic materials synthesized using surface molecular imprinting techniques have shown
promise for deep desulfurization reactions. Surface imprinted polymers are beneficial in terms of high
guest inclusion rates, reduced mass transport resistance, rapid adsorption kinetics, and feasible template
extraction. Additionally, as far as complex fuel samples are concerned, magnetic separation can help to
separate impurities and purify the process by adsorption of organosulfur compounds on magnetic
catalysts. If molecular imprinted polymers (MIPs) are embedded with magnetic nanoparticles or
porous materials doped with magnetic nanoparticles, these adsorbents can be separated in the presence
of applied magnetic field [137,138]. Few researchers, including Li et al. and Men et al., have applied this
strategy to prepare surface imprinted core-shell magnetic beads and magnetic MIPs for the adsorption
of template molecules and their separation from the matrix [139,140]. However, there are only few
reports of this strategy used for desulfurization of fuels. With an aim to develop efficient materials for
deep-desulfurization of fuels, Wang et al. reported on the synthesis of molecularly imprinted polymer
(MIP) coated magnetic mesoporous silica, Fe;0,@mSiO,@DT-MIP, using double-template strategy for
desulfurization of DBT and 4-MDBT in model and real gasoline fuels (Figure 8) [141]. The adsorption
studies revealed that Fe30,@mSiO,@DT-MIP followed pseudo-second-order kinetics in the case of
DBT and 4-MDBT, with an adsorption amount of 104.2 mg g~ for DBT, whereas it showed an amount
of 113.6 mg g~ ! towards 4-MDBT, respectively. When the performance of molecular imprinted polymer
was compared with non-imprinted polymer (NIP), it revealed that Fe;04@mSiO,@DT-MIP had higher
binding ability and significant recognition capacity for DBT and 4-MDBT, and it could be regenerated
and reused at least eight times more than Fe30,@mSiO,@NIP. When adsorption experiments were
carried out on real fuel (92#gasoline), Fe304,@-mSiO,@DT-MIP catalyst was able to reduce the amounts
of DBT and 4-MDBT by at least by 69% [141].

The catalytic activity of materials is of prime importance in biphasic reaction of oil and water
and most hydrophilic catalysts can be hindered on interactions with hydrophobic aromatic sulfur
compounds. Ionic liquids can come to rescue in these situations by providing active sites and also
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making the carriers hydrophobic. An ideal ionic liquid has optimum length of carbon chain which
does not cause steric hindrance and easy leaching of active species. Inspired by the superhydrophobic
lotus leaves, it can be concluded that rough surfaces on carriers can change their wettability, and
Zhao et al. demonstrated this by synthesizing core-shell mesoporous silica structures which had
cauliflower mimicking morphology [142]. These materials were modified using kinetic-controlled
interface co-assembly to produce magnetic mesoporous microspheres (MMSs) which acted as supports
for POM-based short chain ionic liquids (([(C4Hg)3sNCH3]3PMo01,04g). The contact angle measurements
substantiated the wettability of these materials and their desulfurization capacity, which in turn could
be regulated by their surface morphology. The catalyst, ([(C4Hg)3;NCH;3]3PMo01,049/RS-MMS) was
used for the ODS of diesel in the presence of HyO; as an oxidant and showed highest catalytic activity
towards most refractory sulfur compounds.
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Figure 8. Schematic illustration for the preparation of functionalized magnetic mesoporous silica
(Fe304@mSiO,@DT-MIP) covered with double template molecular imprinted polymer (MIP) [141].

A model oil consisting of 4,6-DMDBT as a representative was chosen to investigate the
desulfurization efficiency of POM incorporating IL and IL/RS-MMS, and the results revealed that
IL showed only 16.3% sulfur removal efficiency, whereas IL/RS-MMS showed 98.3% sulfur removal
efficiency at equal time intervals and the same temperatures, which may be attributed to high surface
area and better dispersion of active components in IL/RS-MMS catalyst. Sulfur removal followed the
order: DBT > 4-MDBT > 4,6-DMDBT, and the effect of ODS reaction temperature for 4,6-DMDBT by
IL/RS-MMS revealed an increase in desulfurization efficiency from 41.1% at 40 °C to 98.3% at 60 °C
and a reduction in sulfur concentration in model oil to as low as 3.4 mg kg~!. When ODS activity of
smooth surface (SS) catalysts were compared to those with superhydrophobic rough surfaces, only the
catalysts with suitable amphiphilicity displayed good catalytic activity. The recyclability of ODS of
4,6-DMDBT using a IL/RS-MMS catalyst showed that the catalyst could be recovered and be reused at
least five times [143].

There have been reports on using triblock copolymer templating strategy to synthesize
2D-hexagonal mesoporous silica structures under acidic conditions [26]. Recently, this method
has also been used to create POM-IL-incorporated mesoporous silica nanocomposites (PMS) for
desulfurization of fuels. For example, Zhang et al. used triblock copolymer P123, PMO-based IL
([C1gmim][3PMo1204), and TEOS to synthesize PMS, which was further impregnated with iron oxide
nanoparticles using an equivalent-volumetric ultrasonic impregnation method to form magnetic PMS



Nanomaterials 2020, 10, 1116 18 of 31

(MPMS) [26]. The catalysts were used desulfurize and remove multiple refractory sulfur compounds
(BT, 3-MBT, DBT, 4-MDBT, 4,6-DMDBT) and showed double-edged influence due to iron oxide, where
the catalysts were superparamagnetic and were easily attracted by external magnets, laying the platform
for magnetic fixation in the recovery steps. In particular, the 0.5-MPMS recipe exhibited excellent
catalytic activity, and the desulfurization performance displayed the following order: DBT > 4-MDBT
> 3-MBT > 4,6-DMDBT > BT. Furthermore, using this recipe, a desulfurization efficiency of 94% could
be achieved, even after ten cycles, making it, so far, the highest recycled compound and a potential
candidate for industrial applications [26].

4.5. Spinel Embedded Silicoaluminophosphate Catalysts

Spinel phase oxides with the formula AB,O4 (A and B are metals) are known for their high
stability and diverse framework architectures. In particular, Zn-based spinel adsorbents (ZnB,Oy)
with periodical [B4O4]*~ cubical secondary building units have been reported to considerably subdue
vaporization of zinc atoms during hot gas desulfurization when temperatures of the reactors were
<600 °C and demonstrates the synergistic effects of ZnO as B,O3 units on reaction with H,S in
desulfurization steps [144-146]. Additionally, zeolites are high porosity green materials that can
prevent sintering of active guest species and have been used in multiple applications, including ion
exchange, catalysis, and gas adsorption [147-151]. Silicoaluminophosphates (SAPO) belong to a series
of crystalline zeolites, which contain repeating tetrahedral AlO4 and SiO4 units creating well-defined
channels and microporous cavities and have received recent attention in desulfurization process. For
example, this year, Liu et al. reported on the fabrication of SAPO-34 zeolites embedded with Zn-based
spinels with the formula ZnByB’;_4O4 (B = Co, Mn, Fe; x = 0-2) with an aim for H,S removal from
simulated coal gas (Figure 9) [152]. The authors prepared SAPO-34@SBA-15 (SS), SAPO-34@ZSM-5
(5Z), SAPO-34-P123 (SP123), and SAPO-34-PAA (S-PAA) as solid supports for spinel inclusion. SS had
a BET surface area of 323 m?/g and was used as a representative for multiple examinations. Lattice
substitution in B-sites of Zn spinels indicated the stability of ZnCo,/SS structure and efficiency in
desulfurization process with a high breakthrough S capacity of 138.08 mg/g when compared to other
supports impregnated with Fe or Mn. The best recipe for effective desulfurization was found to be
50 wt% ZnCo,/SS with a reaction proceeded at 550 °C. With successive regeneration of catalyst, the
breakthrough S capacity decreased from 138.08 to 118.69 mg/g, owing to the evaporation of Zn species,
generation of highly stable sulfides (ZnS and Co9Sg), and partial sintering of the catalyst [152].
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Figure 9. Schematic illustration of (a) synthesis of silicoaluminophosphates (SAPO)-34@as-synthesized
SBA-15 (silica sphere (SS) composite zeolite) using triblock copolymer (P123) templates; (b) ZnCo,O4
structure [152].
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4.6. MSN-Carbon Composites

In addition to mesoporous silica usage, hydrophobic carbonaceous materials can play an important
role in desulfurization due to their high adsorption capacity, high specific surface areas and feasible
recovery. Moreover, the wide abundance of carbon materials from biomass to rubber tires makes
them lost cost adsorbents [153,154]. Combination of catalytic metal sites on carbonaceous materials
embedded on mesoporous silica supports can provide a synergistic effect to the materials for adsorption
desulfurization (ADS); however, only a few reports exist in literature on this topic. Recently, Liu
et al. reported on the synthesis of monodispersed dendritic mesoporous silica/carbon nanospheres
(DMS/CNs) impregnated with Ag ions and used them as sorbents for selective desulfurization of DBT
(Figure 10). AgNOs3 was included in the catalyst through wet impregnation and thermal dispersion
techniques. Adsorption dynamics simulation studies indicated that the adsorption rate increased
with an increase in the carbon content of DMS/CNs and with a decrease in the particle size of the
catalyst, whereas Ag impregnation improved the efficiency of desulfurization, owing to the sulfur and
Ag interactions and formation of S-Ag bonds and 7-complexation with thiophene rings present in
DBT. When compared to non-impregnated S-100-HC (adsorption capacity, 4.02 mg S/g (no toluene),
2.71 mg S/g (toluene)), Ag/S-100-HC was a promising candidate giving an equilibrium adsorption
capacity of 6.88 mg S/g without using toluene and 4.22 mg S/g in the presence of toluene. Its enhanced
sulfur selectivity could be attributed to its ordered dendritic mesoporous silica/carbon nature with
large center-radial mesoporous channels, providing easy access to active metal sites and a synergistic
effect between carbonaceous species and embedded silver ions [155].
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Figure 10. Schematic representation of the synergistic effect of DBT adsorption on dope
carbonaceous mesoporous silica supports, Ag/ dendritic mesoporous silica/carbon nanosphere
(DMS/CN) structure [155].

4.7. Silica Gels

High porosity, low cost, and wide availability of silica gels compared to well-ordered MS
frameworks have also motivated researchers to explore these materials for desulfurization of fuels.
Although few in number, some interesting examples exist in literature where efficiency of silica gel has
been explored. For example, Song and co-workers reported on desulfurization of diesel fuel using
silica gel impregnated with 5.0 wt% of undisclosed metal species, and a reduction in S content was
demonstrated using GC chromatographic analysis by studying the composition of fuel before and after
treatment [156]. The authors claimed that JP-8 fuel was used in further studies, and similar results
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were obtained. Molecular orbital calculations were performed on sulfur rich species, like thiophene,
BT, and DBT, and they revealed the presence of HOMO (highest occupied molecular orbital) on sulfur
atoms. These studies indicate direct interactions of HOMO orbitals with the LUMO (lowest unoccupied
molecular orbital), belonging to the active species present in silica gel, are responsible for selective
elimination of sulfur rich molecules in fuel. Wang et al. reported on Ni-heteropolyacids supported on
silica gel and used them for removal of thiophene, alkyl thiophene, BT, and DBT under Ultrasound
and Ultraviolet irradiation conditions [157]. Soon after this report, Zheng et al. reported on the
entrapment of polyoxometalate precursor ([C14H33(CH3),NOH]3{PO4[WO(O;),14}) in the channels of
silica gel and used this heterogenous catalyst to oxidize DBT in the presence of hydrogen peroxide [158].
A few years ago, Xun et al. reported on ionic liquid catalysts ([Bmim]FeCly) embedded in silica
gel, and various conditions were investigated for the removal of DBT using the catalytic oxidative
desulfurization process, where the desulfurization efficiency was over 90%, even after recycling the
catalyst six times [159]. This study marked a new era for the emergence of ionic liquid supported
silica gels and interesting examples were reported by Zhao et al. and Safa et al. The former study
reported on using ether functionalized ionic liquid/silica gel catalysts to adsorb SO, and the adsorption
capacities ranged from 2.621 mol of SO,/mol for [C30;Mim][H3CSOs] to 3.453 mol of SOp/mol for
[C70sMim][H3CS0s], indicating an increase in adsorption capacity with elongation in chain length of
the cation [160]. The latter study reported on using 1-octyl-3-methylimidazolium hydrogen sulfate
([Omim][HSOy) in the silica-gel matrix for ODS of a model oil composed of DBT and real diesel fuel.
The highest DBT removal efficiency of 99.1% was achieved when 17 wt% of ionic liquid embedded
catalyst was used, and 75.7% S-removal efficiency was observed in case of desulfurization of the
hydrotreated real diesel fuel [161].

5. MS Frameworks and Nanomaterials in Desulfurization of JP-8 and JP-5 Aviation Fuel

Fossil fuels are not only used in combustion engines but also as a source of hydrogen for
solid-oxide fuel cells (SOFCs) to be used in vehicles, stationary power generators, or military purpose
silent watch units [162]. JP-8 jet fuel is a popular fuel for military applications, where it not only
functions as a hydrogen source for SOFCs but also to power the aircrafts, and it is used a fuel for
heaters, stoves, and tanks. An ideal fuel should be widely available, hydrogen rich, and potentially
safe to transport and stock [163]. However, presence of high content of sulfurous compounds
in JP-8 fuel poison the anodes of SOFCs and cylinder heads and exhaust valves in supercharged
diesel engines. Lifetime of SOFCs can be enhanced with the use of JP-8 fuel with a concentration
of <lppmwsS. Deep desulfurization of lighter fuels, such as gasoline, is usually carried out using
hydrodesulfurization (HDS) [162,164]. However, several issues associated with HDS, including
demanding operating conditions, requiring high temperatures and elevated pressures; non-selective
hydrogenation; inefficiency for less reactive aromatic sulfur compounds (DMBT, TMBT); and low
octane levels, call for new methods of desulfurization that are low cost and less energy intensive [165].

Mesoporous hierarchical MCM-41 or SBA-15 frameworks embedded with metallic active species
and even metal oxides have been investigated in the past for adsorptive desulfurization of JP-5 aviation
fuel. MCM-41 and SBA-15 were impregnated with Cu* and Pd?* ions by heating at 550 °C followed
by spontaneous dispersion of monolayers. Under such synthetic conditions, the formed CuCl or PdCl,
coatings get homogenized with supporting frameworks [166]. The performance of Pd>*/MCM-41 was
found to be better than Cu™/MCM-41 towards JP-5 as the breakthrough S capacity was 10.9 mg S/g for
the former composite, while it was 7.7 mg S/g for the latter composite, and the saturation capacity
of Pd?* composite was 16.0 mg S/g and 14.4 mg S/g for the Cut composite. High desulfurization
performance and better selectivity of Pd?* composite can be attributed to its strong 7 interactions with
the aromatic organosulfur compounds than Cu*. Interestingly, breakthrough capacity of Pd**/SBA-15
(32.1 mg S/g) composites were much higher than the MCM-41 composites (10.9 mg S/g), even when
the impregnation had 16% less Pd?" in the former composites, and this higher performance can be
correlated to the higher porosity and large pore size of SBA-15 compared to MCM-41 [166].
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This work was followed by exploration of cuprous oxide impregnated mesoporous silica materials
(MCM-41 and SBA-15) for ADS; however, the results contradicted with the previous work and claimed
that large pore size and volume of SBA-15 was not beneficial [166]. Here, MCM-41 with a specific
surface area of 523 m?/g outperformed as an adsorbent in comparison to SBA-15 with a lower surface
area (400 mz/g) [167]. In these studies, a higher reduction temperature (700 °C) was perceived to be
better in converting active species to Cu,O, leading to a greater adsorption capacity in case of MCM
composite (12.8 mg S/g) compared to SBA-15 composite (9.6 mg S/g). The results also indicate that free
transition metal ions exhibit higher performance in terms of saturation capacity and breakthrough
capacity when compared to transition metal oxides. The saturation capacity of Cu*/SBA-15 was thrice
that of CupO/SBA-15, and its breakthrough capacity was four times that of Cu, O/SBA-15. However,
metal oxides could be regenerated more successfully in comparison to free metal ions due to their
higher stability and strong bonding with surfaces via covalent interactions [167].

With the advent of studies on palladium catalysts, new efforts were exerted towards using precious
metals ions like silver for desulfurization, and Ag* impregnated mesoporous silicas were achieved
through wet impregnation techniques [168]. In this case, the catalytic activity of Ag*/MCM-41 applied
on JP-5 fuel was compared with Ag*/SBA-15, and breakthrough capacity of 15.7 mg S/g was achieved
for the formed composite, and a value of 10.3 mg S/g was achieved for the latter. Saturation capacity,
on the other hand, was 32.1 mg S/g for the MCM composite, whereas it was 29.2 mg S/g for the SBA
composite. This data corroborates with the findings presented earlier by Wang et al., proving the high
surface area of MCM-41 [166]. It was observed that Ag*/MCM-41 could be thermally recovered in air
and could maintain 50% of its initial desulfurization efficiency, even after second and third cycles [168].

This work on silver-containing frameworks acted as a platform for further research on these
materials and similar compounds have been evaluated for desulfurization of real, as well as model,
fuels. Researchers have reported on the use of Ag-impregnated bulk MCM-41 for JP-5 fuel; however,
there is still a huge demand for high edge adsorbents to be applied in advanced JP-8 fuel. A few
years ago, Palomino et al. reported on using mesoporous silica nanoparticles as an extension to bulk
MCM-41 for ADS of JP-8 aviation fuel with a sulfur concentration of 516 ppmw S [169]. This report
was the first of its kind to compare commercial bulk MCM-41 with MCM-41 nanoparticles (MSNs) for
JP-8 desulfurization. The prepared nanoparticles were spherical in shape and had an average diameter
of 80 nm. Ag-impregnated composite catalytic materials were prepared using MCM-41 and MSN and
their adsorption capacities were compared. Adsorption capacity of Ag-MCM-41 (24.5 mg S/g) was
found to be lower than Ag-MSN (32.6 mg S/g) [169]. Maximum model fuel capacity was achieved
when a silver loading of 18 wt% was used for Ag-MCM-41 and 20 wt% for Ag-MSN. Adsorption
capacity and breakthrough S capacity of Ag-MSN (32.6 mg S/g, 0.98 mg S/g) were much higher
than that of Ag-MCM-41(25.4 mg S/g, 0.21 mg S/g), owing to the high surface area of nanomaterials.
Ag-MSN could also be recovered with diethyl ether and be reused with 70% efficiency [169]. To go in
depth on other materials for jet fuels is beyond the scope of this review. For more details on catalytic
materials for desulfurization of aviation fuels, we direct our readers to one excellent review provided
by Tran et al. [165].

6. Summary

Key qualities that are widely present among ideal desulfurization materials include: (i) high
porosity and large surface areas offering significant area and numerous active sites for adsorption within
small volumes; (ii) catalytic materials and their precursors are economical; (iii) porous catalysts are
usually embedded with active metal sites (in zerovalent, ionic, or oxide forms) for enriched adsorption;
and (iv) finally, they are highly stable and can be recycled without significant loss of catalytic efficiency.
These desulfurizing agents have unique surface and structural properties, including surface acidity,
magnetic nature, photocatalytic activity, or the ability to homogenously disperse active sites and aiding
the adsorption process.
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Table 1 provides a summary of various functionalized mesoporous silica frameworks and their
desulfurization performance. According to this table, it is clear that: (1) the sulfur adsorption capacity
of MS frameworks impregnated with core-shell magnetic nanoparticles is significantly higher than
that of MS frameworks embedded with photocatalytic nanoparticles; (2) although complete DBT
conversion occurs within short period of time using subnano-MoO3s/UMSN structure, LaW1(/IL-SiOp
structure outperforms in terms of time and quantity for both small and large batches; (3) conversion
performance of PW1;@TMA-SBA-15 is remarkable in comparison to 0.05HPMo-IL/SBA-15, which
shows lower desulfurization efficiency for various organosulfur compounds with higher reaction time;
(4) the desulfurization performance of the hybrid periodic mesoporous silica (PW11@TMA-PMOE)
is lower than that of the hybrid ordered mesoporous silica (PW11@TMA-SBA-15); and (5) a high
conversion rate of an ideal catalyst should be accompanied by its high recyclability without significant
loss in its efficiency.

Table 1. Desulfurization efficiency of different functionalized mesoporous silica materials.

Catalyst Sulfur Species Conversion % (time, min) qm (mg-S per g-Cat) Ref.
ZnO-Mesoporous TiO,-5i0, DBT 97% 46.1 [78]
Mesoporous TiO,-5i0,-40 DBT 99% 13.7 [81]
Mo/10Si0,-550 4,6-DMDBT 100% (40 m) - [91]
WO3/SBA-15 4,6-DMDBT 100% (60 m) - [170]
15%Mo05/SBA-15 4,6-DMDBT 100% (60 m) - [71]
PW1, @aptes-SBA-15 Ig_%ﬁBD%f'MDBT' 100% (60 m) - [100]
PW;;@TMA-SBA-15 DBT 100% (30 m) - [101]
PW;;@TMA-SBA-15 4-MDBT 100% (30 m) - [101]
PW;;@TMA-SBA-15 4,6-DMDBT 100% (30 m) - [101]
PW1;@TMA-SBA-15 1-BT 93.9% (30 m) - [101]
PW;;@TMA-PMOE DBT 98.2% (60 m) - [101]
PW;;@TMA-PMOE 4-MDBT 99.0% (60 m) - [101]
PW;;@TMA-PMOE 4,6-DMDBT 99.3% (60 m) - [101]
PW,;@TMA-PMOE 1-BT 92.8% (60 m) - [101]
20%HPW/Zr-HMS DBT 95.0% (30 m) - [59]
Mesoporous W-5iO, BT, DBT, 4,6-MDBT 100% (60 m) - [24]
subnano-MoO3;/UMSN DBT 100% (15 m) - [106]
10% Mo/mSiO;, nanowire DBT 100% (30 m) - [107]
W-mSi0,-450 DBT 99.6% (30 m) - [124]
[C4mim]3PW1,04@0OMS DBT 99.5% (60 m) - [125]
LaWo/IL-SiO, DBT gg:fl’(lla‘r‘;esé’c‘;}é)ba“h’100% [128]
IL-3DOM SiO, 22’_ g&%?é-%wm, 4-MDBT, 100% (60 m) - [58]
PMo;,@TBA-MSN BT, DBT, 3-MBT, 4-MDBT, 98% (70 m) - [133]
PMo1,@TMA-MSN 4,6-DMDBT 92% (70 m) - [133]
0.05HPMo-IL/SBA-15 DBT 90% (90 m) - [136]
0.05HPMo-IL/SBA-15 BT 71% (90 m) - [136]
0.05HPMo-IL/SBA-15 4,6-DMDBT 69.8% (90 m) - [136]
Fe30,@mSiO,@DT-MIP DBT - 104.2 [141]
Fe;0,@mSiO,@DT-MIP 4-MDBT - 113.6 [141]
Fe30,@Si0;-IL/RS-MMS 4,6-DMDBT 98.3% (50 m) - [143]
Fe;04@SiO,-1L/RS-MMS 4-MDBT 99.5% (50 m) - [143]
Fe30,@Si0,-IL/RS-MMS DBT 99.7% (50 m) - [143]
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7. Conclusions

Mesoporous silica frameworks and nanoparticles are the third generation of Si-based nanoporous
materials that are promising for clean fuel applications. With increased research interest in the use
of specialized MS frameworks for desulfurization of fuels, in this review, we discussed appropriate
functionalization strategies vital to adsorb the sulfur rich molecules present in fuels and their oxidation
to easily removable species. We examined how uniquely designed MS formulations are capable of
encapsulating not only simple sulfur species but also bulky aromatic compounds, like 4,6-DMDBT. We
compiled various templating technologies, as well as other methods, like molecular imprinted polymers,
to generate catalytic MS frameworks and examined the diverse nature of how surface modification with
ionic liquids, photocatalytic active species, magnetic core-shell nanoparticles, and carbonaceous active
sites can significantly affect the outcome of sulfur adsorption and removal. Ultra-deep desulfurization
of fuels, especially JP-8 type of aviation fuels for fuel cell applications, demand judicious methods of
catalysis, where currently precious metal ions are used in the desulfurization process, and stability
of porous frameworks is essential to make recovery and reuse of these materials viable. A thorough
examination of not only the pore size but also the size of the bulk material, as well as their competitive
and interfering interactions in the presence of other compounds in fuels, such as asphaltenes, remains
to be explored and can provide insights on the performance of these particles and may provide valuable
information related to the criteria of MS material design.
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