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Abstract: This review deals with the notable results obtained by the synergy between ionic liquids
(ILs) and WOs3 in the field of pollutant gas sensing and sulfur removal pretreatment of fuels. Starting
from the known characteristics of tungsten trioxide as catalytic material, many authors have proposed
the use of ionic liquids in order to both direct WO3 production towards controllable nanostructures
(nanorods, nanospheres, etc.) and to modify the metal oxide structure (incorporating ILs) in order
to increase the gas adsorption ability and, thus, the catalytic efficiency. Moreover, ionic liquids are
able to highly disperse WOj3 in composites, thus enhancing the contact surface and the catalytic
ability of WO3; in both hydrodesulfurization (HDS) and oxidative desulfurization (ODS) of liquid
fuels. In particular, the use of ILs in composite synthesis can direct the hydrogenation process (HDS)
towards sulfur compounds rather than towards olefins, thus preserving the octane number of the fuel
while highly reducing the sulfur content and, thus, the possibility of air pollution with sulfur oxides.
A similar performance enhancement was obtained in ODS, where the high dispersion of WO3 (due to
the use of ILs during the synthesis) allows for noteworthy results at very low temperatures (50 °C).

Keywords: WOj3; ionic liquids; gas sensor; pollutant gases; desulfurization

1. Introduction

Tungsten trioxide (WOj3) is a n-type semiconductor widely investigated both in its doped and
undoped forms, in powders, films and nanostructures, because of its good gas sensing, antibacterial and
antimicrobial properties, its pH sensitivity, its photocatalytic activity for water-splitting, etc. A wide
range of applications in several technological areas such as photocatalysis [1-3], gas sensing [4-8]
and electrochromism [9-14] has been demonstrated. The reason for such wide applications lies in
the semiconducting properties of WOj3, its polymorphous structure, its optical characteristics and its
wide band gap. Tungsten trioxide shows several temperature dependent phase transitions: at room
temperature, and up to 133 °C, the stable phase is the monoclinic one I (y-WOj3). Upon heating above
330 °C, y-WOj3 is converted to orthorhombic 3-WO3, which is stable up to 740 °C. At T > 740 °C the
tetragonal a-WOj3 phase is found. A metastable phase, the hexagonal WO3 (h-WOj3) may also be
obtained by opportune chemical synthesis [15,16] with potential advantages over the larger band gap
v-WO;3 phase [17]. In WO3 powders, doped with H, Na, Li or other impurity atoms or in WOj3 thin
film form, the cubic c-WOj3 phase also occurs [18,19]. This cubic phase is considered as the ideal high
temperature phase and is consequently used as the reference for the structure of WO;3 [20]. The cubic
perovskite-like structure is shown in Figure 1 and consists of corner sharing of regular octahedra with
oxygen atoms at the corners and tungsten atoms at the center of each octahedron.

Metals 2020, 10, 475; d0i:10.3390/met10040475 www.mdpi.com/journal/metals


http://www.mdpi.com/journal/metals
http://www.mdpi.com
https://orcid.org/0000-0001-6171-8620
https://orcid.org/0000-0002-9434-145X
https://orcid.org/0000-0003-2411-825X
https://orcid.org/0000-0002-3673-6509
http://www.mdpi.com/2075-4701/10/4/475?type=check_update&version=1
http://dx.doi.org/10.3390/met10040475
http://www.mdpi.com/journal/metals

Metals 2020, 10, 475 20f21

Figure 1. WOj3 cubic structure. Reproduced with permission [20]. Copyright 2019, Wiley.

The electronic bandgap value for WO3 has been found in the range 2.6-3.3 eV, depending on the
WOj3; phase and microstructure [9,21,22].

Together with SnO,, WOj3 is the most widely used metal oxide semiconductor in commercial
sensors due to its high sensitivity. Good sensing performances have been largely demonstrated for NOx
gas [23-27], but good detection of NHj3 [28,29], H,S [30], Hy [31] and SO, [32] was also demonstrated.
In addition, due its good catalytic properties, WO3; was also used as the metal oxide auxiliary phase in
high temperature electrochemical sensors for NO, and CO detection [5] and for on board diagnostic
(OBD) [33,34].

The gas sensing mechanism of metal oxide semiconductors is due to the resistivity changes in the
presence of the adsorbed gas. According to Yamazoe and Shimanoe [35], the power laws that describe
the change in semiconductors’ resistance under exposure to a target gas can be derived by combining a
depletion theory of semiconductors, which deals with the distribution of electrons between surface
state (surface charge) and bulk, with the dynamics of adsorption and/or reactions of gases on the
surface, which is responsible for the accumulation or reduction of surface charges. The role played
by the negatively charged oxygen adsorbates on the sensing characteristic of the semiconductor gas
sensors is the most extensively accepted explanation. In air the surface of a metal oxide is covered
by several oxygen adsorbates such as O,~, O~ and O?~. In the case of n-type semiconductors, these
oxygen adsorbates build a space-charge region on the surface of the metal oxide grains, resulting in an
electron-depleted surface layer due to the electron transfer from the grain surface to the adsorbates.
The depth of the space-charge layer is a function of the surface coverage of oxygen adsorbates and
intrinsic electron concentration in the bulk.

The resistance of an n-type semiconductor gas sensor in air is rather high due to the development
of a potential barrier to electronic conduction at each grain boundary. In the presence of a reducing
gas, free charge carriers are released to the conduction band, whereas the reaction product desorbs
thermally from the semiconductor. The electrons trapped by the oxygen adsorbates are transferred
back to the oxide grains leading to a decrease in the potential barrier height and a resistance drop,
as depicted in Figure 2 [36].

The resistance of a metal oxide semiconductor, and therefore its sensing properties, is affected
by the depth of the space charge region L and by the crystallite size D of the material, as shown in
Figure 3. The sensor element may be described as consisting of a chain of uniform crystallites of size D
connected to each other by the necks of grain boundaries. Depending on the relative size of D and L,
three different cases may occur [37]. If D is much greater than 2L (D >> 2 L), most of the volume of the
crystallite is unaffected by the surface interaction, and resistivity is dominated by grain boundaries.
When D > 2L, the grain size decrease in the depletion region extends deeper into the grains and the
resistivity is controlled by the neck between grains.
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Figure 2. Structural and band models of conductive mechanism in n-type metal oxide semiconductor
upon exposure to target gas, (a) with or (b) without CO [36].

When D < 2L the depletion region extends in the whole grain, the crystallites are almost fully
depleted of electrons and resistance is dominated by the grain size effect. In this latter case of grain
control sensing mechanism with a higher sensitivity and therefore a higher gas response are observed
with respect to the other two cases, because of the larger quantity of adsorbates which can react with
the target gas. The use of ultrafine grains of D comparable with or less than 2L is to achieve the state
where the transducer function of the elements is operated by the grain-control mechanism [37].

It is therefore extremely important to reduce the calcination temperatures of the materials and/or
the operating temperature of the gas sensor to avoid grain size increase. The morphology of the
semiconducting oxide also plays a fundamental role in gas sensing performances. Each morphology
has its own advantages, contributing to increased active sites on the surface, accelerated response
speeds and enhanced gas diffusion. Among the various morphologies, hollow nanostructures and
core-shell nanostructures show superior performances due to their larger specific surface areas, which
allow both the inner and the outer surface to absorb the target gases [38].

The gas sensing of many WO; nanostructures has been investigated: nanoparticles,
nanospheres [39,40], nanosheets [41], nanorods [42], nanowires [43,44]. In addition, doping with noble
metals (Au, Ag, Pt and Pd) effectively enhances the catalytic properties of WO3; and metal oxide
semiconductors [45].

(a) D >> 2L (grain boundary-control)

(b) D > 2L (neck-control) core region
(low resistance)

space-charge region
(c) D < 2L (grain-control) (high resistance)

C_ oD

Figure 3. Schematic model of the grain size effect on a metal oxide semiconductor. Grain is represented
by grey colour and depletion layer by white colour. Reproduced with permission [37]. Copyright
1991, Elsevier.
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Several methods have been reported for the synthesis of WO3; powders and nanostructures, such as
thermal decomposition [46], precipitation [47], hydrothermal synthesis [48-50], electrodeposition [51],
sol gel [52], etc.

Thin WO; films are usually grown using physical vapor deposition (PVD) techniques such as radio
frequency sputtering [10,53], pulsed laser deposition [54], thermal [55] and e-beam evaporation, [56] or
chemical vapor deposition (CVD) [57].

Ionic Liquids

Ionic liquids (ILs) have been known about since the late 1980s. They have been defined as salts
having melting temperatures below 100 °C [58]. This general definition includes the more specific
one related to room temperature ionic liquids (RTILs), i.e., salts liquid at room temperature. As a
consequence of the above feature, RTILs can be used as solvents, and since their first appearance
in literature, they have been claimed as an eco-friendly alternative to conventional organic solvents.
ILs are formed by organic cations and organic or inorganic anions (Scheme 1).
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Scheme 1. Structures of most common cations and anions.

This endows them with low vapor pressure and flammability and high thermal stability.
Consequently, their use allows all environmental issues generally deriving from the volatility of
organic solvents to be avoided. The above-mentioned properties heavily depend on the cation or anion
structure. On this subject, the melting point is determined by ion symmetry, as well as by the length of
the alkyl chain on the cation. Properties like density and viscosity are affected, beyond the alkyl chain
length, also by the cation hydrogen bond donor or the anion coordination ability. The latter feature
also influences ILs thermal stability [59,60].

ILs also show high solubilizing ability and, being formed only by ions, high conductivity. The first
feature explains why ILs have been applied in different fields of chemistry research. Indeed, they are
able to dissolve both organic and inorganic small solutes, but also polymeric materials. In the latter
case, they proved very efficient in dissolving natural polymers hard to solubilize in water or organic
solvents, like cellulose and lignin [61,62].

Thanks to their conductive behavior they have been widely used in electrochemistry, in the
preparation of lithium batteries, but also as electrolytes in dye sensitized solar cells. In some of the
above-mentioned applications, IL use is advantageous with respect to inorganic electrolytes, as a
consequence of their lower corrosivity [63,64].

Notwithstanding the plethora of different applications, the use of ILs as reaction media is probably
the most widely applied and investigated [65-70]. They have been used to perform classical organic
reactions, such as nucleophilic aromatic substitution, elimination reaction, ring to ring interconversion
in heterocyclic systems, cycloaddition reaction and so on [71-77].
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Interestingly, ILs, and in particular imidazolium-based ILs, proved very efficient in performing
organocatalyzed reactions, taking advantage from the high activity of electrogenerated N-herocyclic
carbenes [78-83].

As far as inorganic materials are concerned, ILs also interact well with metallic species and, in this
context, their use in combination with metal oxides, with the aim to obtain efficient catalytic systems
or sensors, is a very active area of research.

To this aim, they have been used to obtain gas sensors [84], but also to prepare noble metal clusters
to be used in alcohol oxidation processes [85]. Independently from the nature of the processes in which
they are used, ILs are frequently able to improve performance of processes. Indeed, they are able to
increase both yield and reaction rates, but in some cases, they are also able to decrease the temperature
of the processes. All the above effects allow their classification as valuable alternative to conventional
solvents to be justified.

All of the above advantageous effects are generally explained taking in consideration the ionic
nature of these solvents and considering the possibility to tailor properties of ILs to the features of
the performed processes. Indeed, the behavior of ILs can be significantly changed, bringing small
variations to cation or anion structures.

On this subject, it is worth noting that two different points of views are frequently detected in
literature about the effect of ILs, as reaction media. The first one considers ILs as salt solutions and
explains the effect using classical solvent parameters [86-88]. Differently, in some other cases, above all
in the presence of aromatic ILs, the effects are rationalized considering the supramolecular network
that features these solvents, justifying their description as polymeric supramolecular fluids [89,90].

In addition to simple ILs, task specific ionic liquids (TSILs) must also be considered. In this case a
catalytic function borne on the cation or anion structure endows the salt not only with solvent but also
catalyst function [85,91,92].

Irrespective of the nature and function of the IL, one of the most important advantages in using
ILs lies in the possibility of their reuse, as simple liquid-liquid extraction allows the solvent/catalyst to
be obtained in its pure form, ready for recycling. Clearly, the above aspect is relevant not only from
an economical point of view, but above all from an environmental point of view. Indeed, in many
cases they can be reused for at least five cycles, inducing a small decline in the degree of solution, as
observed in the phosphorylation of corn starch using 1-butyl-3-methylimidazolium chloride as solvent
medium [93].

Other systems that allow efficient IL recycling are the supported ionic liquid phases (SILPs) [94-96]
or systems in which ILs are immobilized in a gelatinous network, giving rise to the obtainment of the
so-called ionogels [97-101].

Besides the applications, the biological and environmental effects of these solvents have also been
recently addressed to minimize the impact at the time of disposal. The tailoring property is very
useful also in this context. Indeed, a suitable choice of substituents on the cation or anion structure
allows the impact of these solvents to be significantly decreased, both on the environment and human
health [102]. On this subject, aliphatic cations are generally preferred to aromatic ones, and among
the anions, the ones deriving from amino acids, alkyl sulphates, halides and sugar-based anions are
considered the most environmentally friendly [103].

Lastly, biobased ILs have also recently played a pivotal role. Indeed, the possibility of preparing
these solvents using waste materials represents a way to improve their life cycle [104]. Indeed, several
building blocks, including sugars, aminoacids, amino alcohols and so on, can be used as a precursor
of ILs, and biobased ILs are solvents that should be suitable for processing their starting material.
This, as recently reported by Socha et al., should allow a closed-loop biorefinery able to satisfy its own
need of solvent to be realized [105].

As previously stated, ILs can be successfully used in various application fields. The synergic effect
of WOj3 and ionic liquids in gas sensing and desulfurization reactions has been only recently studied,
and this can be attributed to the ability of ILs to dissolve inorganic compounds (thus allowing the
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production of composites with a high active area) and to the solubility of water and permeability of
some gases in certain ionic liquids, thus allowing the concentration of analytes (gases) on the surface
of the sensor, while lowering the negative effect of high levels of humidity (vide infra).

We herein want to review the contextual and synergic use of WO3 and ionic liquids in the field
of air pollution, from the point of view of the quantification of gaseous air contaminants (pollutant
gas sensing, paragraph 2) and from the point of view of the possibility of decreasing the extent of
SOy liberation in the atmosphere due to impure fuel combustion (hydrodesulfurization and oxidative
desulfurization, paragraph 3).

2. WO3 and Ionic Liquids in Pollutant Gas Sensing

Air quality assessment is one of the main tasks of recent (and future) years. In fact, “Air pollution
kills an estimated seven million people worldwide every year. WHO data show that 9 out of 10
people breathe air containing high levels of pollutants. WHO is working with countries to monitor air
pollution and improve air quality” [106]. In particular, air pollution can be divided into two different
categories (based on ambient and pollution source): indoor and outdoor. Indoor (household) air
pollution is mainly due to incorrect fuel utilization (in cooking or stoves), while outdoor (ambient) air
pollution has a larger number of sources [107]:

e  Fuel combustion from motor vehicles (e.g., cars and heavy-duty vehicles),
e  Heat and power generation (e.g., oil and coal power plants and boilers),

e Industrial facilities (e.g., manufacturing factories, mines and oil refineries),
e  Municipal and agricultural waste sites and waste incineration/burning,

e  Residential cooking, heating and lighting with polluting fuels.

It is thus evident that cheap, light, easy-to-use, non-polluting and/or recyclable gas sensors are
the topic of current research [108,109]. One of the main differences between indoor and outdoor gas
sensing is the very different level of humidity of these two ambients, very high outdoor and controllable
indoor. High levels of humidity can compromise the operations of the sensor devices [110].

Many are the materials used in air pollutant sensors, and among them semiconducting metal
oxides are very popular [111]. In particular, WOs3, due to its peculiarities, is often used as sensor
material [112-115].

More recently, in order to enhance the performance of WOj3 sensors, ILs have been used both in
the WO;3 production process (i.e., incorporating ILs in WOj3 structures or influencing such a structure)
and in the sensor device construction process (i.e., incorporating ILs in the device). In both cases better
performances were obtained in comparison to the same sensors obtained without using ILs.

Li and coworkers reported the use of two very common imidazolium ILs
(1-butyl-3-methylimidazolium and 1-carboxymethyl-3-methylimidazolium chlorides, BMImCI and
CMImCI, respectively) in the synthesis of nanostructured WO; particles [116]. In particular,
nanorods could be selectively obtained using 1-carboxymethyl-3-methylimidazolium chloride, while
nanoparticle-constructed spheres could be selectively obtained using 1-butyl-3-methylimidazolium
chloride, in both cases starting from WCl.

The effect of the nature and amount of imidazolium ionic liquids on the morphology of the
produced nanoparticles was evidenced, and a hypothesis of mechanism was reported. In all cases,
starting from WClg as tungsten source and after calcination, monoclinic WO3 was obtained, in pure
form and well crystallized, but in the absence of IL, nanoplates were obtained (1 hundred nm size),
while in the presence of CMImCI nanorods (30 nm diameter), and in the presence of BMImCl, spheres
(1500 nm size, formed by subunits of 40 nm size) were obtained. The morphology of produced
nanostructured WOj3; not only depends on the nature of the substituents on the imidazolium cation
(butyl or carboxymethyl), but also on the amount of IL. In fact, in the case of CMImCl, only an
equimolar amount of IL (with respect to WCly) led to the formation of nanorods, while increasing the
IL amount led to irregular particles being formed. Using BMImCI (butyl group on the imidazolium
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cation), the situation was the opposite: an equimolar amount of IL led to the formation of irregular
particles, while an excess of IL yielded nanoparticle-constructed spheres.

The authors suggested that in the case of CMImCI, the IL can be selectively adsorbed on the
surface of crystals, thus leading to an alteration of the anisotropic growth process. In the case of
BMImCI, the hypothesis is that this IL can act as a template for the growth of nanospheres. The spheres,
once formed, aggregate by different kind of interactions (electrostatic, hydrogen bonding, 7-7t stacking),
yielding the nanoparticle-constructed spheres.

The produced WO3; nanoparticles were used in conductimetric sensors for the detection of various
pollutant gases (ethanol, methanol, isopropanol, ethyl acetate, toluene); the optimal temperature of the
sensors was 240-300 °C, with short response (3-25 s, depending on the analyte and its concentration)
and recovery times, and with 5 ppm as the lower detection limit.

Furthermore, Cheng and coworkers reported the wuse of an imidazolium IL
(1-butyl-3-methylimidazolium tetrafluoroborate) in the process of WO3 nanoparticle formation [117].
The nanoparticles were characterized using IR, XPS and XRD analyses. The produced nanoparticles
were tested in a NO, electrochemical sensor, showing enhanced properties with respect to the
corresponding WO3 nanoparticles sensor in which no IL was used. The authors suggested that the
better performances could be due to residue IL on the surface of the particles, with increased oxygen
adsorption. The lower detection limit was 0.1 ppm, with a very high selectivity towards NO, (in the
presence of ethanol, nitrobenzene, acetone, ammonia, carbon dioxide, etc) at the noteworthy low
temperature of 50 °C. The reaction is the adsorption and reduction of NO, (outlined in Figure 4), which,
in the presence of oxygen, yields NO3~, followed by the formation of a superoxide anion. This process
traps electrons from WOj3 particles, leading to an increase of sensor resistance.

Operating temperature 50 °C
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Figure 4. Proposed NO, detection mechanism. Reproduced with permission [117]. Copyright
2019, Elsevier.

2

As previously stated, outdoor gas detection suffers from high humidity levels, which in most cases
lower the sensor performances. ILs can overcome (in part) this problem, as reported by Bendahan and
coworkers, regarding a WOj3 sensor for aromatic volatile compounds (benzene, toluene, ethylbenzene
and xylenes) [118]. A cheap and reliable removable filter, based on common imidazolium ILs,



Metals 2020, 10, 475 8 of 21

was englobed into the sensor, with no loss in sensitivity and selectivity, for the efficient removal of most
of the humidity, with significant improvement of the sensor performances, as reported in Figure 5.

Sensor response (%)

Sensor response (%)
=

|
|
)
4 |
0 _..,._.._...__...,_._..j__._ r——
2 4 6 8

0

Time (min)

(a) (b)

Figure 5. Effect of an ionic liquid (IL)-composed filter on aromatic volatile compound detection. Sensor
response under 500 ppb compounds. (a): dry air; (b): wet (50%) air. Left, without filter, right with filter.
Reproduced with permission [118]. Copyright 2018, ISFA.

Mahmoud and coworkers reported the use of WO3 nanoparticles, obtained using a sol-gel method
and glycerol IL, as components of a flexible poly-vinyl alcohol (PVA) membrane inserted between the
two electrodes of a portable H,S electrochemical sensor [119]. Along with excellent reproducibility
of the results and long-term stability, the best operation temperature was quite low (80 °C), with
a reasonable response time (19.1 + 3.4 s). This result is quite significative, as the majority of metal
oxide-based sensors operate at higher temperatures (200 °C or higher). The detection limit of this

sensor was 10 ppm of H,S, also in the presence of noteworthy amounts of interferents (Hy, C,Hy),
as reported in Figure 6.

= 80 °C

S (%)
S

H,S C,H, H,

300 ppm 50000 ppm 50000 ppm

Figure 6. Selectivity of a WO3; nanoparticles-glycerol IL-based H,S sensor when exposed to H,S, H;
and Cp,Hy at 80 °C. Reproduced with permission [119]. Copyright 2017, Elsevier.

This electrochemical sensor is based on electrochemical reduction of HjS in the presence of
adsorbed oxygen, generating SO,. The same authors reported an improvement of the H,S sensor using
chitosan instead of poly-vinyl alcohol (PVA) in the flexible membrane (containing WOj3; nanoparticles
and IL), obtaining an electrochemical sensor less humidity dependent and working at the very low
temperature of 40 °C [84]. In this case, the cooperation of WO3 nanoparticles, adsorbed oxygen, IL and
chitosan seems to allow better results, as depicted in Figure 7.
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Figure 7. Participation of all sensor components in HyS detection at 40 °C. Reproduced with
permission [84]. Copyright 2020, Elsevier.

The possibility of using a common imidazolium IL (EMIm-BF,) in a conductimetric CO, gas
sensor was recently reported by Daves and Ersoez [120]. In particular, the authors exploited the
properties of organic IL, while combining them with the mechanical stability of inorganic compounds.
The electrochemical sensor was formed using an ionogel (obtained by the combination of the IL and
an inorganic porous host) deposited over WO3. The very good performances of this kind of sensor
are due to the permeability to CO, of the ionogel layer (also compared to pure IL, due to the high
enhancement of the surface for the presence of the porous inorganic host).

Although ILs have only recently started to be used to enhance the performances of metal
oxide-based electrochemical gas sensors (with reference, in particular, to WOj3-based sensors),
the recognition of their role has been clearly asserted. In fact, not only ILs do heavily influence the
structure of WO3 nanoparticles when used in the synthetic step (nanoplates, nanorods, nanospheres,
etc.), but their residues, eventually present on the surface of nanoparticles, can improve the sensed
gas adsorption, thus yielding better performances. We hope that the virtually infinite possibility to
vary the structures of ILs (and thus their physico-chemical characteristics) will lead to the fabrication
of organic-inorganic hybrid devices with optimal gas sensing performances, in terms of sensitivity,
selectivity, reproducibility and low humidity dependence.

3. WO3 and Ionic Liquids in Fuel Desulfurization

One of the main problems in fuel combustion (beside CO, formation) is the production of polluting
and toxic gases, such as SO, and SOj3. In particular, naphtha shows the highest sulfur and olefine
content, with a high octane number. The target of the desulfurization process is thus the elimination of
the highest possible sulfur amount, while preserving a high olefine content (maintaining a high octane
rating), in order to have good fuel performances during combustion, lowering to a minimum level the
emissions of sulfurated compounds.

Of the organic sulfur compounds present in petroleum derivatives, thiols, sulfides, disulfides and
thiophenes are among the most important (Figure 8).
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Figure 8. Main sulfur-containing compounds in petroleum fuels. Reproduced with permission [121].
Copyright 2016, Elsevier.

Regarding the available methods to carry out liquid fuel desulfurization, hydrodesulfurization
(HDS) and oxidative desulfurization (ODS) are among the most used.

3.1. WO3 and lonic Liquids in Hydrodesulfurization (HDS)

Hydrodesulfurization (HDS) is the removal of sulfur compounds from liquid petroleum derivatives
by reaction with molecular hydrogen at a high temperature (300-350 °C). High pressures of H; are
needed for this reaction (20-100 atm), and sulfur compounds are transformed into HyS and hydrocarbons
in the presence of catalysts. H,S is at the end removed from the reaction mixture and transformed into
elemental sulfur [121]. This process is quite efficient to remove aliphatic compounds (thiols, sulfides,
disulfides), while thiophene derivatives are quite recalcitrant, needing more drastic conditions, which
influence the cost of the process, among other things. The difficulty of removing thiophenes seems to
be related to a lower adsorption on the catalyst surface.

ILs can play an important role in catalyst synthesis, in order to obtain compounds with improved
performances. To this regard, it should be remembered that HDS catalysts promote both sulfur
transformation into H,S and olefine saturation, which is a highly undesired side reaction (lowering
the octane number of the produced fuel). Daage and Chianelli [122] and Topsee [123] elaborated a
model to understand the selectivity of desulfuration over olefine saturation using supported metal
sulfide catalysts (the brim-edge model). In particular, the brim sites of a multistack metal sulfide HDS
catalyst (the top and bottom layers) catalyze both hydrodesulfuration and olefine saturation, while the
edge sites catalyze only hydrodesulfuration. The conclusion is that a good HDS catalyst contains a
high edge to brim ratio, and this ratio can be in part controlled by controlling the interactions between
the catalyst and its support (necessary to disperse the metal catalyst, enhancing its surface). Such an
interaction should be a compromise in order to have good metal dispersion, minimizing side reactions.
Moreover, the incorporation of a “promoting element” (usually Co or Ni) can increase the number of
edge sites.

Bao, Yuan and coworkers reported that the use of an IL, tetraethylammonium bromide (TEAB), in
an aqueous solution at room temperature allowed an organic-inorganic nanocomposite (TEA; W¢O19)
to be formed [124]. The characteristic of such a composite was its core-shell structure (WgO19~ core
and TEA™* shell), which led to monodispersion, useful to deposit it onto alumina (the support) in the
presence of a Ni promoter. The amount of dispersed Ni, along with the kind of dispersion, created
catalyst structures with different edge to brim ratios, as evidenced in Figure 9. For a useful comparison,
a catalyst obtained using the conventional impregnation method is also reported (Figure 9d).
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Figure 9. Schematic representation of different supported Ni promoted WO3/Al,O5 catalysts. NiO
content: (a) < 4.8 wt.%, (b) 4.8 wt.%, (c) > 4.8 wt.%, (d) 4.8 wt.% (impregnation method). Reproduced
with permission [124]. Copyright 2015, Elsevier.

The catalysts thus obtained, with a compromise between metal dispersion and stacking, yielded
enhanced performances, of which the improvement of HDS selectivity, minimizing olefine saturation,
was of noteworthy importance. The ability of ILs to induce the formation of particular structures
(in this case a core-shell one) allowed the improvement of the catalyst performances.

3.2. WO3 and Ionic Liquids in Oxidative Desulfurization (ODS)

As previously said, thiophene derivatives are less prone to HDS reaction. In order to improve
thiophenes abatement, while maintaining acceptable process costs, oxidative desulfurization (ODS)
can be considered a promising method, due to its simplicity and high efficiency [121,125,126]. ODS is
the chemical oxidation of sulfur compounds in liquid fuels (using as an example H,O, as oxidant),
yielding products which can be easily removed from the reaction mixture using a non-miscible solvent.
In this regard, ILs can be efficiently used as extractive solvents of both starting and oxidized sulfur
compounds and can be considered “greener” alternatives to conventional volatile organic compounds
(VOCs).

As an example, Li and coworkers efficiently carried out the oxidative desulfurization of fuel
using H,O, as the oxidant agent in the presence of a WO3/C composite catalyst [127]. The extraction
of sulfur compounds was carried out using an imidazolium IL (1-ethyl-3-methylimidazolium ethyl
sulfate), added to the fuel as a non-miscible solvent (biphasic reaction medium). The WO3/C composite
was oxidized to the complex Hy[W>03(0,)4(H,0),] in the IL phase, which also extracted from fuel
the aromatic sulfur compounds; the complex then oxidized dibenzothiophene (DBT) to its sulfone
(DBTO;), which remained in the IL phase, allowing an easy separation. The same process could be
carried out using 1-butyl-3-methylimidazolium tetrafluoroborate as DBTO, extraction solvent [128].

In addition, Zhu, Li and coworkers reported the ability of an imidazolium IL (C;,MImBr) to direct
the synthesis of a WO3-5iO, composite towards a mesoporous material (W-5i0,-20, Figure 10), which
exhibited a high dispersion of tungsten throughout the structure (enhancing the catalytic activity) [129].
The synthesis of the mesoporous catalyst was carried out starting from a polyoxometalate compound
([C16mim]3PW1,040) in a one-pot gel of tetraethyl orthosilicate, which was then calcinated at 550 °C.
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Figure 10. TEM images of the W-5i0,-20 catalyst. Reproduced with permission [129]. Copyright
2016, Elsevier.

The mesoporous catalyst was characterized using the usual techniques and efficiently used in
ODS reactions (Figure 11) at the low temperature of 60 °C. The reaction times were quite short and
very good yields were obtained after only 30 min. Moreover, the process did not require additional
organic solvents as extractants.

| C__JDBT Il BT Il 4,6-DVMDBT [l DT

Sulfur removal (%)

10 20 30 40 50 60
Time (min)
Figure 11. Removal of sulfur compounds in oxidative desulfurization (ODS) with the W-5iO,-20
catalyst. DBT: dibenzothiophene; BT: benzothiophene; 4,6-DMDBT: 4,6-dimethyldibenzothiophene;
DT: 1-dodecanethiol. Reproduced with permission [129]. Copyrights 2016, Elsevier.

The same authors reported a similar synthesis, utilizing a different support (in this case mesoporous
ZrQO,) evidencing as both IL and calcination temperature, influenced the morphology and the
dispersion of WO3 [130]. The best obtained catalyst (calcinated at 700 °C, using a Cjg-ammonium IL,
700-C14-WO3/ZrO,) performed very well in oxidation desulfurization. Dibenzothiophene (DBT) could
be completely oxidized to DBT sulfone (DBTOZ2). Moreover, the catalyst could be recycled ten times
with very low efficiency loss.

A functional IL ([(C16H33)2N(CHz3)2],W2011) acted as WO3 nanoparticle precursor and a large
surface area (203 m?/g) few-layer g-C3Ny support was used to disperse them, yielding a supported
catalyst [131]; this composite was characterized using SEM (Figure 12), TEM, FT-IR, XRD and XPS,
showing highly dispersed nanoparticles. The analysis showed that during the synthetic process of
WO; dispersion on the support, the structure of few-layer g-C3N, was not destroyed (Figure 12D vs C),
leading to a WOj3 catalyst with a very high surface, not obtainable using pure WO3, whose structure
showed agglomerates (Figure 12A).
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Figure 12. SEM images of (A) WOs, (B) bulk g-C3Ny, (C) few-layer g-C3Ny, (D) WO3/few-layer g-C3Ny.
Reproduced with permission [131]. Copyright 2019, Elsevier.

The enormous amount of exposed active sites rendered the composite an excellent catalyst in ODS
processes, with the removal of 100% refractory sulfur-containing molecules at 50 °C in 1 h. Moreover,
the catalyst was recycled up to six times without efficiency loss. A possible reaction mechanism is
depicted in Figure 13.

DBT

few layer
g-C5N,

Figure 13. Possible ODS mechanism using WOs/few-layer g-C3Ny as catalyst. Reproduced with
permission [131]. Copyright 2019, Elsevier.

Last, tungsten trioxide-carbon nanotubes composite (WO3/CNT) was demonstrated to be a very
good catalyst in ODS of recalcitrant aromatic sulfur compounds, as reported by Li and coworkers [132].
The catalyst synthesis was quite easy and was carried out in the presence of an imidazolium IL
(C16MImCl), using phosphotungstic acid (HPW) as tungsten source (Figure 14).
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Figure 14. Schematic description of WO3/CNT catalyst preparation. Reproduced with permission [132].
Copyright 2019, Wiley and Society of Chemical Industry.

The characterization of such a composite showed that the IL played a crucial role in determining
the dispersion degree and the crystal phase of WOj3 on the carrier (carbon nanotube, CNT). In fact,
the IL improved the transformation of tungsten trioxide from monoclinic to tetragonal, inhibiting
at the same time the growth of metal oxide grains. In this way, high WO3 dispersion was obtained,
enhancing the catalytic activity. Moreover, a comparison of catalytic activity of different supported
tungsten oxide forms was carried out, demonstrating the following activity order in sulfur oxidative
removal: tetrahedral > tetragonal > monoclinic.

In conclusion, this section demonstrated the possibility of using an IL to enhance WO; dispersion
on an inorganic support, ensuring the formation of composites with a very large number of exposed
catalytic sites. In addition, in some cases the IL was demonstrated to be able to direct the morphology
of WOj3 particles.

4. Conclusions and Perspectives

The synergy between WOj3 and ILs in increasing the performances of the corresponding devices
is quite recent. During the last decade, ILs were demonstrated to be able to enhance the ability of
tungsten trioxide in polluting gas sensing and in desulfurization processes, and the increasing number
of publications on this topic gives an idea of future developments. This is due to the virtually infinite
possibility to vary the structures of ILs (and thus their physico-chemical characteristics) changing the
nature of cation and anion.

As ILs interact well with metal oxides (in particular with WQO3), they can be easily used as
alternatives to classical organic solvents, with the advantage of minimizing air pollution (due to their
virtually null vapor pressure) and the actual possibility of their recycling. Moreover, their ability to
dissolve inorganic compounds can play a noteworthy role in producing highly dispersed composites,
enhancing their activity. Furthermore, their hygroscopy can be successfully exploited in producing gas
sensors with increased resistance to high humidity levels (especially for outdoor devices, for which
humidity can be a serious problem). When using an IL in WO3 production processes, it is possible to
induce the formation of particular structures (nanorods, nanospheres, etc.), depending on the nature of
the IL. Moreover, in some cases these salts are inglobated into the metal oxide structure, enhancing
the performances of the corresponding gas sensor by increasing the gas adsorption on the surface of
the composite.

It is thus probable that in the near future these peculiarities of ILs will lead to devices with better
sensing performances, also lowering the environmental impact by choosing biocompatible ILs.

Another approach to air pollutants, besides their sensing and removal, is related to the decrease
of their production. In particular, when referring to outdoor air pollution, fuel combustion plays a
giant part. It is thus important to remove any possible source of pollution before combustion, in order
to lower the environmental impact. As sulfur oxides are among the toxic pollutants deriving from fuel
combustion, fuel desulfurization is a priority for the oil industry.
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In this context, WO3 in combination with ILs plays a pivotal role. In fact, ILs enhance the extent
of adsorption of sulfur derivatives on the surface of the WO; catalyst, enabling better conversions also
in the case of thiophene derivatives, which are among the most refractory sulfur compounds in fuel.

Although it is not possible, at this stage, to define the optimal WO3 nanostructure morphology
for all the applications reported in this review, the strong suggestion evinced from literature data is
the ability of ILs to induce the formation of core-shell nanostructures allowing the improvement of
the catalyst performances. The higher the surface to volume ratio, the better the performances of the
WO; catalyst, both in the case of pure tungsten oxide compounds (higher number of active sites),
and in the case in which IL fragments are present on the catalyst surface (allowing for a higher number
of functionalized sites). Moreover, nanoparticles of 10-50 nm size seem optimal for the applications
here reported.

Due to the increasing work of the scientific community in producing task-specific ILs showing
better performances, along with an environmentally benign fingerprint (from both synthetic and
disposal point of view, using biomasses as starting materials), we are confident that the synergy
between ILs and metal oxides will make a considerable contribution to the field of air pollutant sensing
and remediation.
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