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For the last two decades, the biodiesel attracted increasing attention as a promising
biofuel to replace fossil diesel. However, the non-recyclability of homogeneous alkali
catalysts and waste generation due to subsequent water washing remained as one
of the major drawbacks of the biodiesel production process in the industry. lonic
liquids are one of the best alternatives to replace alkali catalysts owing to their unique
properties such as non-volatility, excellent solubility for various organic and inorganic
materials, structure tunability, environment-friendliness, and wide liquid temperature.
However, high viscosity and difficult recovery have limited their application. Recently,
heterogenization of ionic liquids on solid supports has been proposed to circumvent
these issues. Among these solids, nanoporous materials have shown great potential
in providing stable supports with high porosity and specific surface area. This paper
reviews the recent developments in designing ionic liquids deposited on nanoporous
materials as catalysts for biodiesel production. The emphasis was on the application of
this type of catalysts for the optimization of reaction conditions. Moreover, challenges
and opportunities for improving the overall production process in the presence of these
catalysts were discussed. Despite that high biodiesel yields were obtained over many
of nanoporous material-supported ionic liquids, their significantly higher cost compared
to the conventional catalysts remained a major challenge. This issue can be overcome
by employing less expensive cations and anions, increasing the loading amount of ionic
liquids, and improving catalyst reusability in future studies.

Keywords: biodiesel, nanoporous materials, ionic liquids, catalyst, transesterification

INTRODUCTION

Nowadays, due to the non-renewability of fossil fuels and their negative environmental impacts,
the necessity of finding alternative energy sources is well-established. With this respect, renewable
energy sources have been considered as one of the most promising options for the last few
decades, as they are cleaner and more environment-friendly and can contribute to the sustainable
development of societies (Dincer, 2000; Panwar et al., 2011).
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As the most common renewable energy resource, biomass has
a significant contribution to the world economy and provides
a range of biofuels and chemicals (Chum and Overend, 2001;
McKendry, 2002; Dodds and Gross, 2007). In 2017, nearly 11%
of the world’s energy demand was supplied by biomass. However,
contributing to 65% of the world’s total final consumption, oil
has remained as the main energy source in the transportation
sector (International Energy Agency, 2019). This necessitates
more production and incorporation of biofuels, especially in the
transportation fleet, to reduce dependence on petroleum and its
negative impacts on the environment.

Biodiesel is one of the popular forms of biofuel which is
obtained from vegetable oils and animal fats and is considered
as an attractive alternative to fossil diesel (Van Gerpen, 2005).
It is renewable, non-toxic, biodegradable, sulfur, and benzene-
free, can be used in common diesel engines with no modification,
and its blending with fossil diesel at any given ratio is possible
(Demirbas, 2006; Nabi et al., 2006; Khan et al., 2009; Kumar et al.,
2010; Mekhilef et al., 2011). Owing to these benefits, 36 billion
liters of biodiesel were produced around the globe in 2017. This
figure is expected to rise by 9% through 2027 (OECD/FA, 2018).

Despite paramount advantages, biodiesel has some technical,
economic, and environmental drawbacks. Compared to fossil
diesel, biodiesel presents weaker oxidative stability and cold
flow properties, higher viscosity and density, and higher NOy
emissions (Monyem and Van Gerpen, 2001; Agarwal et al,
2006; Canakci, 2007; Tesfa et al., 2010). However, the most
challenging disadvantage of biodiesel is its higher production
cost in comparison with fossil diesel, which is mainly due to
the high cost of feedstock and ineflicient production processes
(Hasheminejad et al., 2011; Yaakob et al., 2014; Ullah et al., 2015).

The most common and economically feasible method of
biodiesel production at an industrial scale is the alkali-catalyzed
transesterification of fresh vegetable oils (Gebremariam and
Marchetti, 2018). However, over 80% of biodiesel production
cost stems from employing fresh edible oils as feedstock (Mansir
et al., 2018). Therefore, the best way to reduce the production
cost of biodiesel is the use of alternative, cheaper sources of lipids
such as waste cooking oil, non-edible Jatropha, algae, municipal
sewage sludge, and recycled grease trap waste (Nagarajan et al.,
2013; Yusuf and Kamarudin, 2013; Olkiewicz et al., 2016;
Abdurakhman et al., 2018; Tran et al., 2018). Nevertheless,
the high free fatty acid (FFA) content of these feedstocks
results in saponification and emulsification in the presence of
homogeneous base catalysts, which reduces biodiesel yield and
hinders its separation from glycerol (Ghiaci et al., 2011; Alegria
etal., 2014). Moreover, these catalysts are corrosive, difficult to be
recovered and reused and are removed from the reaction mixture
by water washing, which produces considerable amounts of
wastewater (Takase et al., 2014; Lee et al., 2015; Sirisomboonchai
et al., 2015).

One way to avoid the saponification problem is the use
of homogeneous acids such as sulfuric acid and hydrochloric
acid. These acids are tolerant of FFAs and esterify them into
biodiesel, but they require higher temperature and pressure,
a higher amount of alcohol, and longer reaction time to
yield high biodiesel conversion (Su, 2013). Furthermore,

corrosiveness, undesired byproducts, negative environmental
impacts, the requirement of additional neutralization and
separation processes, and difficult recovery have restrained the
application of homogeneous acid catalysts at industrial scale
(Han et al., 2013).

Ionic liquids (ILs) have recently emerged as one of the
most promising options to replace conventional homogeneous
catalysts. ILs are organic salts composed of cations and anions
with melting points below 100°C (Liu C. Z. et al., 2012; Fang
et al., 2014). They are nearly non-volatile, soluble in organic
and inorganic materials, remarkably less toxic compared to the
traditional organic solvents, possess wide liquids temperature
and significant thermal and chemical stability (Fauzi and Amin,
2012; Muhammad et al., 2015). These unique materials are
also recyclable and environmentally-friendly (Fan et al., 2013;
Montalban et al., 2018; Gholami et al., 2019). More importantly,
the properties of ILs can be altered and designed for a
specific application by changing the type of cation or anion
in their structure (Pandey, 2006; Luo et al, 2013). Owing
to these interesting properties, ILs have been employed not
only in catalysis but also as base materials and solvents in
electrochemistry (Osada et al., 2016; Watanabe et al., 2017),
extraction, and separation (Ventura et al., 2017; Berthod et al.,
2018), biology and biotechnology (Egorova et al., 2017; Claus
et al.,, 2018) and tribology (Amiril et al., 2017).

With regards to biodiesel production, ILs have been used
as catalysts for the transesterification reaction, as cosolvents
for stabilizing enzymes in biocatalyzed transesterification, and
as solvents for extracting lipids from biomass, FFAs from oily
feedstocks, and unsaturated esters and triacylglycerols from
biodiesel (Troter et al., 2016). Employing ILs as novel catalysts
for transesterification of triglycerides into biodiesel could lead
to high yields with the less complex production process
and reduces equipment corrosion, saponification, and waste
generation (Ullah et al., 2018). Nevertheless, several drawbacks
have hindered the widespread application of ionic liquids in
the biodiesel industry. These include high cost, high viscosity,
tedious recovery demanding expensive and energy-consuming
processes, and large concentration in catalysis (Vallette et al,
2006; Bourbigou et al., 2010; Troter et al., 2016). The high cost
of ILs can be outweighed by their overall benefits in many cases
(Troter et al., 2016), but their high viscosity and inconvenient
separation procedure remain a serious challenge for employing
ILs in industrial plants.

To overcome the aforementioned problems, ILs can be
heterogenized using solid materials. These supported ILs (SILs)
provide the reaction catalysis with new opportunities, as
they inherit the characteristics of both homogeneous and
heterogeneous catalysts. Using SILs combines the possibility of
facile separation and recovery of heterogeneous catalysts with
the homogeneous media for reactants, the latter is provided by
the IL layer on the solid surface. Moreover, fixed-bed reactors
can be used for continuous production (Riisager et al., 2006a,b).
Hence, many studies have investigated the utilization of SILs
as catalysts for transesterification, in which a variety of solid
carriers such as silica (Zhen et al., 2014), resin (Abreu et al.,
2005), and polymers (Liang, 2013a,b) have been employed.
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However, these catalysts exhibit weak catalytic activities due to
high mass-transfer resistance and low amount of ILs grafted on
the surface of the carrier. The main reason for these drawbacks
is attributed to the small specific surface area, low pore volume,
wide-range pore distribution, and irregular pore shape of the
conventional solid supports (Zhen et al,, 2012; Zhang et al,
2013). Therefore, the search for more suitable solid supports for
immobilization of ILs continues.

Nanoporous materials are of great potential in tackling
the aforesaid issues associated with ILs heterogenization. They
possess high surface area, uniform pore distribution, and a large
number of active sites per unit surface area. In virtue of these
characteristics, these solids have been used not only as novel
supports for ILs (Selvam et al., 2012), but also as green catalysts
for biofuel production (Fu et al., 2018; Sharma et al., 2018).

Regarding to the role of ILs, nanoporous materials or their
combination in various processes, many valuable reviews can be
found in the literature. However, no review has solely focused
on the function of nanoporous materials as supports for ILs in
biodiesel production. Consequently, there is a lack of information
on the present status of this research area, such as different
nanoporous supports, synthesis routes, and optimum reaction
conditions. In this paper, we comprehensively discussed the
recent developments in synthesizing ILs-nanoporous materials
hybrid catalysts for biodiesel production. We mainly focused
on the application of different types of these catalysts for
the optimization of transesterification reaction conditions. The
results from each category were compared together to highlight
the most promising classes for future studies. Moreover, to
put further light on the future pathways, challenges, and
opportunities for improving the overall production process in
terms of technical and economic aspects were discussed.

NANOPOROUS MATERIALS-SUPPORTED
ILS IN BIODIESEL PRODUCTION

Nanoporous materials are a class of substances that contain
nanoscale pores (Fu et al., 2018). According to the International
Union of Pure and Applied Chemistry, these materials are
divided into three groups based on their pore diameter:
microporous (pore diameter under 2nm), mesoporous (pore
diameter between 2 and 50 nm) and macroporous (pore diameter
above 50 nm) (Rouquerol et al., 1994). They have been widely
used in industrial areas such as petroleum refining, detergents,
medicinal applications, and separation since the dimensions of
the pores are controllable (Valtchev et al., 2009).

To date a variety of nanoporous materials have been used
to heterogenize ILs for transesterification catalysis. Figure 1
depicts the classification of these materials. In the majority
of the researches that have been performed to date, silicon-
based supports and polymers have been studies, followed by
metal-organic frameworks (MOFs) and nanoporous carbon.
Furthermore, in terms of pore size, mesoporous materials
have attracted the most attention. On the other hand, only a
few studies investigated the effect of micro and macroporous
materials-supported ILs as catalysts for biodiesel production.

This might be related to the interesting properties of mesoporous
solids which will be discussed in the following sections.

ILs Supported on Silicon-Containing

Materials

ILs on Microporous Silica-Gel

Zeolites are the most common type of microporous silica-based
materials. However, they are not very good candidates for being
used as supports for ILs in biodiesel production. This can be
ascribed to their small pore sizes which restrict the diffusion
of large molecules like triglyceride to the active sites (Valtchev
et al.,, 2009). As a result, instead of zeolites, Cao et al. (2016)
focused on the immobilization of IL on microporous silica-
gel. They prepared an acidic IL with 1-allyl-1H-imidazole, 1,3-
propyl sulfonic acid lactone and H,SO4. This IL was then
immobilized on thiol-group functionalized microporous silica-
gel to fabricate a solid catalyst for biodiesel production from
waste cooking oil (3-Mercaptopropyl) trimethoxysilane was
employed to functionalize silica-gel with thiol groups. The
resultant catalyst showed a high specific surface area (278.6 m?/g)
and was not decomposed below 250°C. By using the catalyst
dosage of 5 wt.% and methanol to waste cooking oil molar ratio
of 25-1, the maximum yield of 87.58% was obtained over the
catalyst at 60°C and reflux of methanol for 20 h. The reaction
yield decreased to around 70% after the catalyst was reused for
5 times. This resulted from the leaching of IL from the surface of
the silica-gel support.

ILs on Mesoporous SBA-15

The limited pore size of zeolites and other microporous silica
materials led to the invention of mesoporous silica materials,
which have unique properties such as well-defined and uniform
pore size, significantly high surface area, large pore volume, and
facile surface functionalization (Al Othman, 2012; Da'na, 2017).
Owing to these properties, mesoporous silica-based materials
have had the most contribution to the heterogenization of ILs for
biodiesel production.

SBA-15 is a type of mesoporous silica-based material
containing uniform hexagonal pores which have a tunable
diameter of 5-15nm. In addition to the general benefits
of mesoporous solids, it is cheap, chemically inert, and
thermodynamically stable. Moreover, it possesses narrow pore
size distribution and various functional chemical groups could
be grafted on its surface due to the presence of abundant active
sites (Yuan et al., 2020).

Mesoporous materials based on silicon have one weakness
in common: They possess a limited number of functional
groups. This reduces the loading rate of IL as well as
catalytic activity (Cheng et al, 2013; Liang, 2014). The
functionalization of these materials by acidic groups turns them
into an attractive heterogeneous catalyst for the esterification
of carboxylic acids. However, one problem associated with the
utilization of mesoporous silica in this reaction is its hydrophilic
nature. This results in the deactivation of active sites in the
presence of water, which is a by-product of the esterification
reaction. To address this issue, and Vafaeezadeh
(2012) confined the IL 1-methyl-3-octylimidazolium hydrogen
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FIGURE 1 | Classification of nanoporous materials used as supports for ILs in (trans)esterification reaction (SBA, Santa Barbara Amorphous; PILs, Polymeric ionic
liquids; MIL, Materiaux de I Institute Lavoisier; HKUST, Hong Kong University of Science and Technology; UiO, Universitetet i Oslo).
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sulfate ([MOIm]HSO4) inside the mesochannels of SBA-15-
functionalized propylsulfonic acid by impregnation method. To
this end, the solid support was impregnated with [MOIm]HSO4
in an acetone solution. The supported IL was obtained after
stirring at room temperature for 3 h and evaporation of acetone
under vacuum. The resultant catalyst was able to effectively
catalyze the esterification of different carboxylic acids with
ethanol at room temperature, in which at least 87% yield was
obtained within 40h. The high yield was attributed to the
synergetic effect between the grafted sulfonic acid groups and
the anions of IL. The incorporation of the hydrophobic IL
bearing N-octyl group also improved the mass transfer rate and
expelled the produced water out of the catalyst surface during
the reaction.

Incorporation of metals into SBA-15 is another way to adjust
its catalytic performance (Sasidharan et al., 2009). Zhang et al.
(2012) synthesized an iron incorporated SBA-15 (Fe-SBA-15)
and used it as a support for Bronsted acidic IL 1-(propyl-
3-sulfonate)-3-(3-trimethoxysilylpropyl) imidazolium hydrogen
sulfate ([SO3H-PIm-CPMS] [HSOy4]). The IL was immobilized
on the support by the impregnation method. First, Fe-SBA-
15 was activated at 150°C for 10 h. Then both support and IL
were added to toluene and the mixture was heated to reflux for
20h under the N, atmosphere. The final product was washed
with diethyl ether and dried under vacuum. This catalyst was
employed in esterification of oleic acid with methanol, where
under the conditions of 5 wt.% catalyst dosage, methanol to oleic
acid molar ratio of 6-1, a reaction time of 3 h and temperature of
90°C, the conversion of oleic acid reached to 87.7%. Compared
to the case when IL was supported on SBA-15, the IL/Fe-SBA-
15 showed a higher catalytic activity despite having less Bronsted
acidic sites. This was attributed to the cooperative effect of Lewis
and Bronsted acidic sites.

In another study conducted by Wang et al. (2018), three acidic
ILs 1-(3-sulfonate)-propyl-3-allylimidazolium hydrogen sulfate,
trifluoromethanesulfonate, and dihydrogen phosphotungstate
were covalently immobilized on SBA-15 through thiol-ene
reaction. To this end, SBA-15 was modified with KH-590 to
obtain a thiol-group functionalized SBA-15 (SBA-15-SH). In

the next step, IL was dissolved in methanol at around 40°C,
and then SBA-15-SH was dispersed in the solution. To initiate
the thiol-ene reaction, azobisisobutyronitrile was added and the
mixture was heated at 60°C for 12h. The produced solid was
separated by filtration, washed with methanol and dried at 60°C
under vacuum for 3 h. The supported 1-(3-sulfonate)-propyl-3-
allylimidazolium dihydrogen phosphotungstate showed the best
catalytic performance in the esterification of palmitic acid with
methanol due to high acidity of phosphotungstic acid and higher
loading rate compared to the other two catalysts. Another factor
responsible for the higher yield for phosphotungstate based
catalyst was its larger molecule, which resulted in remarkable
stearic hinderance and more exposure of active sites to the
reactants. The catalyst could be reused 5 times without a
considerable decrease in ester yield, which demonstrates the high
potential of thiol-ene reaction to produce supported ILs with
high stability.

Generally, the conversion of triglycerides to methyl/ethyl
esters can be achieved under milder reaction conditions when
basic ILs are used (Gholami et al, 2019). Accordingly, the
potential of SBA-15-supported basic IL 4-butyl-1,2,4-triazolium
hydroxide in transesterification of soybean oil with methanol was
investigated by Xie et al. (2015a). The catalyst was synthesized
by grafting of 4-butyl-1-triethoxysilylpropyl-triazolium chloride
onto the surface of SBA-15 through the formation of Si-O
bonds. To this end, after dissolving the IL in anhydrous toluene
and adding the SBA-15, the mixture was refluxed in the N;
atmosphere for 24 h. The mixture was allowed to cool down to
room temperature, and then a solid was obtained by filtration,
washing with acetone and drying under vacuum at 40°C for
3h. The obtained solid was then extracted with diethyl ether
and dichloromethane mixture for 6h and was dissolved in a
tetramethylammonium hydroxide solution in methanol. The
solution was stirred at room temperature for 4 h, through which
the chloride anions were exchanged to hydroxides. Finally,
the catalyst was obtained after filtration, washing with ethanol
and drying at 60°C under vacuum for 12h. Employing this
heterogeneous catalyst resulted in the conversion of 95.4% at
optimum reaction conditions of 8 h, 65°C, methanol to oil molar
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ratio of 20-1 and catalyst concentration of 7 wt.%. After 4
catalytic cycles, the conversion remained over 84%.

The catalytic activity of basic ILs strongly depends on basicity.
However, it should be noted that excessive loading of IL on the
support results in decreased catalytic activity, as it reduces the
specific surface area. Therefore, the amount of grafted IL on the
support should be optimized. As an example, in another work by
Xie et al. (2015b), the basic IL 1,3-dicyclohexyl-2-octylguanidine
(DCOG) was anchored onto the SBA-15 by grafting method. In
the first step, DCOG and 1,3-glycidyloxypropyl-trimethoxysilane
were added to dry N,N-dimethylformamide and the mixture
was stirred at room temperature for 48 h under N, atmosphere
to yield DCOG-organosilane. Afterwards, SBA-15 was dispersed
in dry toluene and refluxed for 2h with stirring under N,
atmosphere. The DCOG-organosilane containing solution was
then added to SBA-15 and toluene solution at room temperature.
The resultant mixture was refluxed with stirring in the N;
atmosphere for 24h. The mixture was cooled down to room
temperature and the solid product was filtered, washed with
toluene and methanol, extracted with a diethyl ether and
dichloromethane mixture at 70°C and dried under vacuum at
60°C for 12h. By using 8 wt.% of this catalyst, the conversion
of soybean oil reached 92.6% after 15h. The catalytic activity
increased when the loading amount of IL was lower than 2.5 g/g
SBA-15, while a further increase of this figure did not show a
significant effect on the catalytic performance.

ILs on Mesoporous Organosilica

The inclusion of organic functional into the structure of
inorganic mesoporous silica materials leads to the formation
of mesoporous organosilicas. These organic-inorganic hybrid
mesoporous materials compensate the drawbacks of both
siliceous mesoporous supports, i.e., limited number of functional
groups, and organic carriers, i.e., low mechanical strength, weak
thermal stability, and poor structure of the pore.

One problem associated with the use of SBA-15-supported
ILs in the esterification reaction is the leaching of ILs from the
surface of the support, which limits catalyst recoverability and
reusability. Elhamifar et al. (2014) demonstrated that this issue
can be overcome by covalent bonding of IL on mesoporous silica.
Using this method, they supported 1-methyl-3-octylimidazolium
hydrogen sulfate ([OMIm]HSO4) IL on sulfonic acid
functionalized periodic mesoporous organosilica (PMO-IL-
SO3H). After the preparation of PMO-IL, it was modified
through grafting of (3-mercaptopropyl) trimethoxysilane. To
this end, PMO-IL was added to dry toluene at room temperature
under stirring for 5min (3-mercaptopropyl) trimethoxysilane
was then added to the solution and the mixture was refluxed
under the argon atmosphere for 24 h. The resultant solid, PMO-
IL-SH, was separated by filtration, washed with dry toluene and
dried at 70°C for one night. In the second step, SH groups were
oxidized to SO3H using H,O,. In this process, PMO-IL-SH was
added to hydrogen peroxide and stirred at room temperature
for 24 h. Afterwards, a dilute solution of sulfuric acid was added
to the mixture under stirring for 30 min. PMO-IL-SO3H was
obtained after filtering, washing with deionized water and
ethanol and drying at 60°C for 12h. The obtained catalyst

was used in the esterification of various carboxylic acids with
different alcohols, where the yield remained over 82%. The high
efficiency was ascribed to the presence of imidazolium anion and
sulfonic acid groups in the mesochannels of the carrier and their
synergetic cooperation. They also stated that the nanostructure
of PMO-IL with the imidazolium framework was responsible for
the good stability of sulfonic acid sites.

Fan et al. (2018) prepared the acidic organosilica material
SOi_ /ZrO,-Si0, (Et) by a one-step co-condensation method and
the subsequent hydrothermal treatment. Acidic IL sulfonic acid
functionalized imidazolium hydrogen sulfate ([Ps-im] HSO4)
was then immobilized on the acidic organosilica carrier by the
chemical grafting. Figure 2 illustrates the four steps involved
in the production process of the catalyst. First (3-chloropropy)
triethoxysilane and SO?{/ZrOz—SiOZ(Et) were dispersed in dry
toluene. After stirring at 90°C for 24 h, the mixture was cooled,
and SOi_/ZrOz-SiOZ(Et)-(CH2)3-Cl was obtained by filtering,
washing with toluene, dichloromethane and diethyl ether and
drying at 100°C for 12 h. In the second step, this product along
with imidazole was added to dry toluene, and SOﬁ_ /ZxO;-
SiO,(Et)-im was produced using the same process as the previous
step. In the next step, this product was dispersed in dry
toluene and 1,3-propane sultone was added to the mixture. After
undergoing the same process as the previous steps, SOi_/ZrOZ-
SiO,(Et)-Ps-im was obtained. Finally, this solid was suspended
in dry dichloromethane and concentrated sulfuric acid (98%)
was added dropwise at 0°C under vigorous stirring. The mixture
was then stirred at room temperature for 24 h. After washing the
resultant material with dichloromethane and diethyl ether and
drying it at 100°C for 12h, the catalyst [SOif/ZrOZ—SiOZ(Et)—
Ps-im]HSO,4 was obtained. This catalyst was used to produce
biodiesel from soybean oil, where under optimum reaction
conditions of 5 wt.% catalyst concentration, the temperature
of 150°C, methanol to oil molar ratio of 18-1, a 99% yield
was obtained after 3h. The hybrid support possessed stronger
Bronsted and Lewis acid sites compared to SOi_/ZrOz, which
was attributed to the improved hydrophobicity and porosity of
the surface resulted from the incorporation of ethane-bridge
organosilica moieties. Despite having lower acidity, the catalyst
gave a higher yield as compared with the pure ([Ps-im] HSO4)
owing to the synergetic impact of Bronsted and Lewis acid sites.
The catalyst maintained its activity after 5 consecutive runs and
exhibited excellent resistance to oleic acid and water.

ILs on Magnetic Mesoporous Silica

Magnetic mesoporous silica is one of the most important classes
of mesoporous materials that have been used as carriers for ILs.
Magnetic mesoporous materials can combine the benefits of
mesoporous and magnetic materials, and facilitate the separation
of the catalyst from reaction mixture through a magnetic field.
By immobilizing the acidic IL 1-Allyl-3-(butyl-4-sulfonyl)
imidazolium trifluoromethanesulfonate ([BsAIm][OTf]) on
magnetic mesoporous silica, Zhen et al. (2012) prepared a
magnetic mesoporous silica-supported IL for esterification of
oleic acid with methanol. Figure 3 illustrates the process for the
synthesis of this catalyst. The magnetic carrier was synthesized
by embedding the cobalt ferrite nanoparticles in silica using
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the sol-gel method and then modified with (3-mercaptopropyl)
trimethoxysilane to add sulfhydryl groups to its structure. The
IL was then supported on the modified magnetic mesoporous
silica through a radical reaction between the allyl and sulthydryl
groups. After 12h, the conversion of oleic acid reached 87%
using a 10 wt.% catalyst dosage. They found that an increase
in sulfhydryl loading of modified mesoporous silica resulted
in a decrease in pore diameter, the amount of IL supported
on the carrier, and conversion. Moreover, the catalyst did not

show high stability and reusability due to the hydrolysis or
alcoholysis of the Si-O bonds on the support under harsh
reaction conditions 110°C.

The catalytic performance of mesoporous silica-based ILs
could be even better than that of the ILs supported on
nanoparticles. Zhang et al. (2013) prepared 1-Allyl-dodecyl
imidazolium hydroxide ([ADIm][OH]) basic IL immobilized
on magnetic mesoporous SiO,/CoFe;O4 nanoparticles (SCF)
and magnetic CoFe;O4 nanoparticles (CF) and compared
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their catalytic activity in the transesterification of glycerol
trioleate. For the synthesis of [ADIM][OH]/SCE, the carrier was
first modified with 3-mercaptopropyltrimethoxysilane through
thermal treatment at 110°C for 24 h. The modified SCF particles
were washed with acetone and dried. In the next step, IL
was supported on the carrier through the free radical reaction
between allyl groups of IL and sulthydryl groups of the carrier.
To this end, [ADIm][Br] was first produced from the reaction
between 1-allylimidazole and n-dodecyl bromide at 60°C for
24h. After washing with diethyl ether and drying in vacuum,
[ADIm][Br] and modified SCF were added to acetonitrile and
the reaction was initiated by azobisisobutyronitrile at 100°C
for 24 h. The produced solid [ADIm][Br]/SCF was washed with
methanol and then was added into a flask along with NaOH and
dichloromethane. The mixture was reacted at room temperature
for 24 h and [ADIm][OH]/SCF was obtained after washing with
water and ethanol and drying at 60°C. Both catalysts showed
better catalytic performances than NaOH, with IL/SCF led to a
slightly higher yield than CF. The mesoporous structure of SCF
made it difficult for the large molecule of triglyceride to diffuse
into the pores and reach the active sites of IL, so the reaction rate
and yield were low at the beginning of the reaction. However,
the long and narrow pores also prevented the triglyceride and
intermediate diglyceride to escape from the surface of the carrier,
thus providing longer contact opportunities for reactants and

intermediate with catalytic sites. On the other hand, there were
no pores on the surface of CE and as a result, all the catalytic
active sites in the bulk of IL/CF were easily accessible for
reactants, increasing the reaction rate compared to IL/SCF at
initial stages of transesterification. Nevertheless, because of the
absence of pores and pore diffusion effects, triglyceride molecules
were able to leave the catalytic sites freely, reducing the reaction
yield at longer reaction times compared to the IL/SCF. The
existence of mesopores and pore diffusion effect also provided
the active sites with more protection and reduced their loss to
some extent, due to which IL/SCF exhibited a higher yield in
comparison to IL/CF after three cycles.

Wan et al. (2015a) employed Fe3O4 nanoparticles to
fabricate a magnetic mesoporous silica material and used it as
support for acidic IL 3-sulfopropyl-1-(3-propyltrimethoxysilane)
imidazolium hydrogen sulfate ([SO3H-PIM-TMSP] HSOy). The
Fe304 nanoparticles were produced by the solvothermal method.
Then, they were coated with silica layer through hydrolysis
and condensation of tetraethyl orthosilicate in the mixture of
water, ethanol and ammonia, producing Fe3;O4@SiO; particles.
Afterwards, these particles were coated with a composite
layer consist of cetyltrimethylammonium bromide (CTAB)
and silica by using tetraethyl orthosilicate and CTAB. After
removing CTAB, magnetic mesoporous Fe;04@SiO,@mSiO;
particles were obtained. In the next step, the IL was supported
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on the mesoporous silica by covalent immobilization, with
Fe3O4 and mesoporous silica-based IL as core and shell,
respectively. Typically, a mixture of IL and mesoporous carrier
in dry toluene was prepared. The mixture was refluxed for
24h under N, atmosphere. Then, the produced material was
washed with diethyl ether and dried under vacuum at 323K
for 8h, yielding IL/Fe304@SiO2@mSiO;. In this catalyst, the
function of non-porous inner silica layer was to protect the
Fe304 nanoparticles, while the outer mesoporous layer acted
as support. At optimum reaction conditions of 10.6 wt.%
catalyst dosage, oleic acid to ethanol molar ratio of 6-1, a
reaction time of 4h and a temperature of 110°C, the catalyst
yielded 93.5% conversion in the esterification of oleic acid
with ethanol.

Based on the above discussion, there are two main methods
for supporting ILs on silicon-based materials: Impregnation and
grafting. Impregnation consists of physical adsorption of the IL,
whereas in grafting the IL is immobilized on the surface through
a chemical bond. Impregnation is simpler and less expensive than
chemical grafting, but the resultant catalyst does not usually show
good stability because the active sites are fallen off the surface
of the support. In contrast, chemical grafting results in catalysts
with higher stabilities, but it is more complicated and time-
consuming, as well as consumes extra chemicals and reagents
which increases the fabrication cost.

In chemical grafting, the IL is immobilized on the carrier
surface through Si-O-Si covalent bonds. These bonds are formed
by a chemical reaction between the silane groups and silanol
groups on the carrier surface. There are two ways to incorporate
silane groups in the structure of final catalyst. In the first method,
which we call carrier modification, the as-synthesized carrier is
functionalized with silane groups. Then, IL is connected to the
silanol group through another group such as propyl or thiol.
In the second method, called direct immobilization, the silane
groups are first incorporated in IL structure, and then the IL is
directly immobilized on the support.

Table 1 summarizes the optimized reaction conditions over
ILs/silicon materials hybrid catalysts. As can be seen, all
studies synthesized catalysts with large specific surface areas and
obtained high biodiesel yields. Except for researches conducted
by Karimi and Vafaeezadeh (2012) and Zhang et al. (2012),
chemical grafting was used in all other studies for catalyst
synthesis. Although Karimi and Vafaeezadeh (2012) did not
report the biodiesel yield after several catalytic cycles, the results
reported by Zhang et al. (2012) show that impregnation may also
result in a catalyst with good stability. As impregnation is simpler
and less-expensive than grafting, further studies on using this
synthesis method with critical attention on recyclability are worth
conducting in the future.

The high specific surface area of microporous silica-gel led
to a comparable biodiesel yield with mesoporous silica supports.
However, a higher amount of alcohol and longer reaction time
was required which can be attributed to the smaller pore diameter
of silica-gel and limited diffusion of the reactants as a result.
These problems may be overcome by employing basic ILs which
accompany lower alcohol consumption and shorter reaction time
compared to acidic ILs. The effect of direct immobilization of IL

on the recyclability of the final catalyst can also be investigated in
future research.

Most studies in this category have been focused on SBA-
15. By comparing the results, one could conclude that the
modification of carrier with thiol groups (Wang et al., 2018)
has the same effect on reaction yield and catalyst stability as the
impregnation method (Zhang et al., 2012). On the other hand,
by supporting basic ILs on SBA-15 using direct immobilization,
Xie et al. (2015a,b) synthesized heterogeneous catalysts with
higher stabilities. When the carrier is modified through thiol-
ene reaction, the silane group on the surface is first attached
to one atom of S through a propyl group. Then, this atom is
connected to the cation of IL via another propyl group. In direct
immobilization, on the other hand, the IL is directly attached to
the silane group through a propyl group.

Among all the research on IL/silicon-based supports, Fan
et al. (2018) obtained the best results. They reported almost 99%
efficiency in transesterification of soybean oil with relatively low
catalyst concentration and more importantly, the reaction yield
remained over 95% after 5 catalytic cycles. Moreover, when the
water and oleic acid contents of the feedstock were 5 wt.% and
9 wt.%, respectively, the yield of biodiesel was higher than 98%.
These results indicate that mesoporous organosilica materials
have great potential in (trans)esterification. Despite that Fan et al.
(2018) first modified the organosilica by silane groups, they used
a step-by-step procedure to immobilize the IL on the carrier
so that the cation of IL was finally attached to the organosilica
support by propyl-Si-O-Si bonds, the same method employed by
Xie et al. (2015a,b).

Finally, in all three studies on magnetic mesoporous silica
supports, high yields were reported. However, the catalysts
fabricated by Zhen et al. (2012) and Zhang et al. (2013) did
not show good recyclability due to the leaching of active sites,
which was resulted from the breaking of Si-O bonds under
harsh reaction conditions. In both studies, the support was first
functionalized with thiol groups and then IL was attached to the
support via free radical addition reaction between allyl groups
of the IL and thiol groups on the surface of the carrier. On the
contrary, Wan et al. (2015a) first functionalized the IL with silane
groups, and then directly immobilized it on the magnetic silica
support. The reaction yield remained over 87% after the catalyst
was reused for 6 times.

In summary, direct immobilization of IL on the surface of
mesoporous silica carrier through silane groups seems to reduce
the leaching of IL and improve the catalyst recyclability compared
to the case where thiol groups are used.

ILs Supported on Nanoporous Polymers
Organic polymers containing nanopores possess controlled
wettability, flexible chemical tenability, and remarkable
chemical stability in addition to the high surface area.
Generally, these materials can be easily fabricated through
hard-templating, soft-templating and template-free methods,
and are functionalized by several strategies such as post-
modification, co-polymerization of skeleton molecules with
functional groups and self-polymerization of functional organic
groups (Sun et al., 2015).
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TABLE 1 | Supported ILs on silica-based materials.

Feedstock Catalyst Surface area Pore volume Average pore Catalyst Temperature Alcohol/oil Reaction Yield (%) Yield after Reuse times References
(m2/g) (cm®/g) diameter dosage (°C) molar ratio time (h) reuse (%)
(nm) (wt.%)
Oleic acid [BsAIm][OTf|@ 267.15 - - 10 100 - 12 87 - - Zhen et al.,
SiOQ/COF€204 201 2)
Waste cooking IL/silica-gel 278.6 - 1.382 5 60 25 20 87.58 70 5 Cao et al.,
ail 2016
Different [MOIM]HSO4/SBA-15-Pr- - - - - 25-30 - 40 87-96% - - Karimi and
carboxylic SOsH Vafaeezadeh,
acids 2012
Oleic acid [SOsH-PIm- 305 0.87 6.2 5 90 6 3 87.7 80.8 6 Zhang et al.,
CPMS][HSO,4)/Fe-SBA-15 2012
Palmitic acid ~ SBA-15@IL 162.5 0.269 6.57 15 65 9 8 88.1 80 5 Wang et al.,
2018
Soybean oil SBA-15-pr-ILOH 341 0.78 5.58 7 65 20 8 95.4 84.7 4 Xie et al.,
2015a
Soybean oil SBA-15-pr-DCOG 267 0.48 4.25 8 65 15 15 92.6 86.2 5 Xie et al.,
2015b
Different PMO-[OMIM]HSO4-SO3H 504 0.93 9.3 - 60-75 - 12-24 82-95% - - Elhamifar
carboxylic etal., 2014
acids
Soybean oil SO%’/ZrOz—SiOQ(Et)—[PS» 200.6 0.459 8.8 5 150 18 3 98.99 95.22 5 Fan et al.,
imJHSO4 2018
Glycerol [ADIM][OH]@ SiO,/CoFeyO4 - - - - 170 - 6 86.54 <40 3 Zhang et al.,
trioleate 2013
Oleic acid [SO3H-PIM- 175 - - 10.6 110 6 4 93.5 87.4 6 Wan et al.,
TMSPJHSO.4/Fez04@ 2015a
Si0,@mSiO,
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Polymeric lonic Liquids

The functionalization of nanoporous polymers with ILs leads
to the fabrication of so-called polymeric or polymerized ionic
liquids or poly(ionic liquids)s (PILs). These polyelectrolytes
consist of a polymeric backbone and an IL species in each
monomer repeating units. PILs have been widely used as catalyst,
catalyst support and pre-catalyst as they are mechanically stable
and their catalytic influence can be controlled by the possibility
of choosing a variety of cations and anions and tuning the
macromolecular structure (Qian et al,, 2017). There are two
principal strategies to fabricate PILs, i.e. direct polymerization
of IL monomers and post-modification of an already existing
polymer. The structure, merits, and shortcomings of a PIL
strongly depend on the synthesis technique and polymerization
methodology (Yuan and Antonietti, 2011).

In the post-modification route, an existing precursor polymer
is functionalized via chemical reactions. PILs obtained from
this strategy possess the same number of monomeric units,
architecture, and monomer composition as the primary polymer
chains. Consequently, the desirable architecture and composition
of PILs can be achieved by choosing a precursor with suitable
structure, mass, and architecture (Yuan and Antonietti, 2011).
The modification of nanoporous polymers for the preparation of
PIL catalysts and their use in the biodiesel production process
was first reported by Liu F. et al. (2012). They synthesized
several mesoporous superhydrophobic polydivinylbenzenes by
solvothermal co-polymerization of divinylbenzene with a series
of vinyl-based monomers, followed by quaternary ammonization
with CH3I and ion exchange with HSO3CF3. Compared to
the same homogeneous ILs and ILs supported on SBA-15
and Amberlyst 15, the obtained IL-functionalized mesoporous
polymers gave higher palmitate yield in transesterification of
tripalmitin. This was attributed to the excellent adsorption of the
reactants on the catalyst as a result of its significant wettability
for the reactants. The catalyst was also well-recyclable because
of the stable polymer structure. However, very high alcohol to
tripalmitin molar ratio (90-1) and long reaction time (16 h) were
required to achieve high yields.

Templating is an effective method for the synthesis of
nanoporous polymers. Noshadi et al. (2014) successfully
synthesized acidic PILs with an average pore size of 11.1 nm using
resol and Pluronic F127, as precursor and template, respectively.
The crosslinker hexamethylenetetramine (HMTA) was used to
link the precursor to the template. After template removal
through calcination, an ordered mesoporous resin (OMR-
[HMTA]) was obtained using the crosslinker HMTA. Following
modification of the mesoporous polymer through quaternary
ammonization with 1,4-butanesultone and anion exchange with
H,SOy4, the polymeric ionic liquid OMR-[C4HMTA][SO4H]
was obtained. Due to high acidity, high specific surface area,
and a stable hydrophobic polymeric structure, this catalyst
outperformed HCI and Amberlyst 15 in the esterification of a
brown grease feed with high FFA content. The conversion of
FFA to biodiesel reached 99.5% only with a methanol-to-grease
molar ratio of 9:1 at 65°C within 1.5 h. The yield of esterification
decreased from 99.5 to 96% after 5 times of the PIL catalyst

recovery indicating its reasonable chemical stability. The brown
grease with a FFA content of 90% was transesterified with a
yield of 75% in the presence of this catalyst. The corresponding
value for Amberlyst 15 was 65%. However, due to the need for
high volumes of alcohol (the methanol-to-feed molar ratio of
40-1) and moderate yield, this catalyst is not suitable for the
transesterification reaction presumably due to its small pores
that do not provide adequate space for the diffusion of larger
triglyceride molecules.

Adding sulfonic groups to a polymer functionalized with
an acidic ionic liquid (IL) may significantly improve both
acidity and catalytic activity. After synthesizing a mesoporous
polymer through copolymerization of divinylbenzene with 1-
vinylimidazole, Pan et al. (2016) functionalized the resulting
polymer with an IL through quaternary ammonization with 1, 3-
propanesultone and anion exchange with H,SOy4. The resulting
acidic PIL was sulfonated with chlorosulfonic acid to add a
sulfonic acid group to the monomer. Within 4 h, the conversion
of oleic acid reached 98% in the presence of a 5 wt.% catalyst
with a methanol-to-oil molar ratio of 30-1 at 100°C. Moreover,
simultaneous esterification and transesterification of Jatropha oil
with a high acid value of 15 mg KOH/g were carried out in the
presence of the catalyst. A conversion of 94% was obtained within
8h at 160°C with a methanol-to-oil ratio of 50:1 (mol/mol) and
6 wt.% catalyst. Despite the lower acidity of this catalyst than
Amberlyst 15, its BET surface area was 5 times higher leading to
a significant increase in the conversion.

One limitation of some PILs used in biodiesel production
is their nano-scale particles causing loss of catalyst during
separation from reaction products. Increasing the particle
size to micro-scale facilitates catalyst separation and reduces
relevant costs. Using the procedure shown in Figure 4, Feng
et al. (2017) synthesized acidic PIL microspheres with an
approximate diameter of 500 pm through copolymerization of 1-
vinylimidazole, divinylbenzene and styrene and then quaternary
ammonization with 1,3-propanesultone and anion exchange with
H,S0y4. The resulting catalyst, P(VB-VS)HSOy, had an oleophilic
mesoporous polymer network with a high specific surface area
and abundant mesopores leading to the increased contact area of
reactants with active sites and thereby enhanced mass transfer.
Due to the good chemical and thermal stability of the catalyst,
the conversion of transesterification of soapberry oil remained
over 90% after 6 times of catalyst recovery. Interestingly, catalyst
loss was nearly zero during recovery and reuse due to micron-
sized catalyst particles. Moreover, the resulting PIL led to a
high biodiesel production yield from various feeds with high
acid values.

It has been reported that post-modification of the mesoporous
melamine-formaldehyde as a class of covalent organic polymers
(COPs) with ILs creates an ideal PIL for catalyzing esterification
reactions. The repeating units in the mesoporous melamine-
formaldehyde are connected through irreversible covalent bonds
leading to high chemical and hydrothermal stability. Since this
polymer is synthesized from low-cost available monomers, i.e.,
melamine and para-formaldehyde, its production cost is lower
than divinylbenzene-based polymers. As another advantage,
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FIGURE 4 | Fabrication procedure of P(VB-VS)HSO, [Redrawn with modification from Feng et al. (2017)].
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many aminal groups and triazine rings in the polymer network
provide abundant sites for functionalization. Pan et al. (2019)
synthesized this polymer by templating using Pluronic F127
and sodium dodecyl sulfate as templates. The polymer was
then modified with 1,3- propanesultone and anion exchange
with H3PW ;5049 to obtain the MMFP-IL PIL. High acidity
and surface area of this catalyst led to a yield of 95% in
converting oleic acid to biodiesel. Strong covalent bonds between
the polymer and IL as well as the stable structure of the catalyst
led to its acceptable activity after 4 times of reuse.

There has been recently a great interest in the use of cheap
monomers to reduce PIL production costs. For instance, Pei
et al. (2019) used petroleum pitch as a monomer to produce a
mesoporous polymer through hypercrosslinking. The resulting
polymer was first functionalized by allyl chloride and then
imidazole and ultimately modified through reaction with 1,3-
propanesultone and anion exchange with 1,3-p-toluenesulfonic
acid to achieve the PIL [HCPpitch-Im-Pros][Tos]. Oleic acid
was esterified on this catalyst up to a yield of 93%, and the catalyst
was used 5 times with an insignificant catalyst loss. Since the
chlorine ions are replaced with imidazole groups in this method,
the number of functional groups in the polymer increases with
further chlorine grafting on the polymer leading to an increase in
catalytic activity.

Direct copolymerization of divinylbenzene with IL
monomers is a less expensive process for the synthesis of
PILs which eliminates the use of expensive coupling reagents.

Polydivinylbenzene can enhance the mass transfer rate and
prevent the acid sites from falling off the surface owing to its high
hydrophobic BET surface area. Liang (Liang, 2013a) fabricated
an acidic PIL using the procedure illustrated in Figure 5.
The Bronsted acidic IL monomer [SO;H(CH;); VIm]HSO4
was synthesized via the reaction between 4-vinylpyridine and
1,3-propane sulfonate, followed by acid treatment with H,SOy4.
The obtained monomer then was successfully copolymerized
with divinylbenzene and was used in transesterification of
waste cooking oil with methanol. After 12h, a 99.1% biodiesel
yield was achieved with 50 mg catalyst amount at 70°C and
methanol to oil molar ratio of 15-1. After being used for
6 times, the reaction yield was still 99%, demonstrating its
high stability.

Some PILs have a small specific surface area leading to
inadequate access of reactants to catalytic sites. Hard templating
of nanoparticles can be used to overcome this problem,
which is a facile and effective method for producing porous
materials with a suitable pore structure. However, a suitable
template is required for this purpose to generate a uniform
pore structure and its facile removal from the polymer at
the end of the process. Wu et al. (2016a) used Fe3Oq4
nanoparticles as a template for the synthesis of a PIL catalyst.
To this end, Fe3O4 nanoparticles were first modified with
3-methacryloxypropyltrimethoxy-silane and then polymerized
with the IL monomer 1-vinyl-3-(3-sulfopropyl)imidazolium
hydrogen sulfate. An acidic macroporous catalyst was obtained
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FIGURE 5 | The synthesis procedure of mesoporous acidic PIL [Redrawn with modification from Liang (2013a)].

by removing Fe3;O4 nanoparticles by water/ethanol/hydrochloric ~ and hydrogen sulfate groups. The PIL was reused up to 6 times
acid solution and ultrasonication. Conversion of over 90% was  without leaching its acidic sites.

obtained with this PIL to convert oleic acid to methyl oleate. In another study, Wu et al. (2016¢) synthesized a magnetic
The resulting PIL contained a large number of sulfonic acid  PIL functionalized with phosphotungstic acid using Fe3Oy4
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nanoparticles and copolymerization of the acidic IL monomer
1-vinyl-3-(3-sulfopropyl) imidazolium hydrogen sulfate with the
crosslinker divinylbenzene. To functionalize Fe3O4 nanoparticles
with vinyl groups, 3-(trimethoxysilyl)propyl methacrylate was
used. The highly acidic catalyst used for esterification of oleic
acid at a methanol-to-oil molar ratio of 12:1 at 90°C led to a
conversion of 93.4% after 5h in the presence of 13 wt.% catalyst.
Due to good magnetic properties, the catalyst was easily separated
from products and reused for 6 times.

In addition to hydrophobicity, tunable wetting of catalyst for
both reactants and products is of great importance, as it improves
the performance and recoverability of the catalyst. A basic PIL
was synthesized through radical polymerization of 1-octyl-3-
vinylimidazolium bromide with the crosslinker 1,4-butanediyl-3-
bis-1-vinylimidazole and then anion exchange with KOH (Jiang
et al, 2017). The resulting polymer contained mesopores with
an average diameter of 35 nm and basicity of 3.67 mmol/g. The
rough surface of this polymer with a unique porous structure,
an organic hydrophobic framework, and long chains of IL
monomers led to a superhydrophobic polymer. Moreover, the
high affinity of this catalyst for methanol and soybean oil led
to the high yield of transesterification reaction. On the other
hand, the basic PIL was incompatible with glycerol leading to
desorption of the byproduct, glycerol, from the catalyst surface.
The catalyst resisted against a water content of up to 1.5 wt.%
(relative to oil) and the triglyceride conversion reduced from 96.3
to 85% after 5 times of catalyst reuse. The conversion was lower
than the heterogeneous CaO catalyst due to the lower basicity
of the PIL. However, due to the lack of metal ions in the PIL
structure, it does not cause environmental pollution unlike CaO.

The free radical polymerization between an IL monomer
and divinylbenzene in the presence of the radical initiator
azobisisobutyronitrile (AIBN) is a common method for the
synthesis of PILs. Bian et al. (2019) synthesized an acidic
PIL by this method and used it for esterification of oleic
acid. The IL monomer was synthesized through the reaction
of methyldiallylamine with 1,3-propanesulton and then ion
exchange with trifluoromethanesulfonic acid. Despite the lower
acidity of the resulting catalyst than Amberlyst 15, it led to
a higher yield for methyl oleate production due to the higher
surface area of the PIL (301.1 m?/g) than Amberlyst 15 (47.2
m?/g). The resulting PIL also had a reasonable recovery and
reuse capacity.

The results of research on biodiesel production over PILs are
summarized in Table 2. As can be seen, except for the conversion
of brown grease (trans)esterification was successfully catalyzed
by all the synthesized PILs with yields higher than 90%, and the
minimum yield after several catalytic cycles was 74%.

The post-modification method was used in the first six studies
(Liu F. et al,, 2012; Noshadi et al., 2014; Pan et al.,, 2016, 2019;
Feng et al., 2017; Pei et al., 2019), in which the IL is supported
on an as-synthesized polymer. This method is based on three
consecutive steps including polymer synthesis, modification
through quaternary ammonization, and ion exchange. Among
the aforementioned studies, Liu F. et al. (2012) reported the
highest reaction yield and best recyclability, which can be
ascribed to the use of super acid SO3CF3 anion. However, this

result was accompanied by the highest alcohol consumption and
the longest reaction time in this category, which is probably
due to the lack of catalytic sites on the imidazolium cation.
This speculation is confirmed by investigating the results of the
next studies, in which more moderate reaction conditions were
obtained by attaching a sulfonic acid group to the cations of PILs.
When more acid sites are available for reactants, the reaction rate
is increased and less alcohol is consumed.

In the next five studies (Liang, 2013a; Wu et al., 2016a,b,¢;
Jiang et al., 2017; Bian et al., 2019), direct polymerization was
employed in which the IL monomer is first prepared and then the
resultant PIL is obtained from copolymerization of IL monomer
and divinylbenzene. Among this group, Liang (2013a) reported
the best results in the transesterification of waste cooking oil. A
yield of higher than 99% with only 1 wt.% catalyst dosage was
obtained and the yield remained at 99% after 6 catalytic cycles.
This significant activity and reusability of the catalyst can be
due to the very high specific surface area (>500 m?/g) and the
simultaneous presence of SO3H and HSO4 groups in the cation
and anion, respectively.

The only basic PIL in this group was fabricated by Jiang
et al. (2017) and showed high yield and good stability in
the transesterification of soybean oil. However, given to its
basic nature, lower alcohol consumption and shorter reaction
time are expected compared to the acidic PILs, which is not
observed. This may be due to the presence of octyl groups on
the imidazolium cation of PIL and its complex cross-linker.
Although incorporating these groups enhances hydrophobicity
and expels glycerol from the surface of the catalyst, it limits the
diffusion of reactants toward the active sites.

Among all studies focused on PILs, Bian et al. (2019)
synthesized the only PIL with a non-cyclic diallylamine cation
and obtained good results both in terms of yield and mild
reaction conditions in the esterification of oleic acid.

From what mentioned earlier, it can be concluded that both
post-modification and direct polymerization could result in
highly active PIL catalysts for (trans)esterification. Nevertheless,
given the low price of divinylbenzene, using a template-free
method could reduce the fabrication cost of final polymer
compared to the templating technique. Furthermore, direct
polymerization is less complicated than the post-modification
method, so the synthesis cost of PILs could be reduced by direct
polymerization of IL monomer with the cheap divinylbenzene
as co-polymer.

Polymeric lonic Liquids Supported on Silicon-Based
Materials

In addition to the direct use of PILs as esterification
and transesterification catalysts, the immobilization of these
materials on nanoporous supports has also been studied.
For example, palygorskite is a mineral with a nanofiber-like
structure containing aluminum and hydrated magnesium. These
nanofibers have a diameter of 100-500nm with a length of
1-2 pm. High specific surface area, high thermal and mechanical
stability, and abundant silanol units on the surface have
turned this substance good support. Moreover, this substance is
abundant in nature and sufficient hydroxyl groups can be created
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TABLE 2 | Polymeric ionic liquid catalysts for (trans) esterification.

Feedstock Catalyst Surface area Pore volume Average pore Catalyst Temperature Alcohol/oil Reaction Yield (%) Yield after Reuse times References
(m?/g) (cm®/g) diameter dosage (°C) molar ratio time (h) reuse (%)
(nm) (wt.%)

Tripalmitin PDVB-[C3vim][SO3CF3] - - - 6 65 90 16 >99.9 98.1 LiuF. etal.,
2012

FFA OMR-[C4HMTA][SO4H] 406 0.5 1.1 5 65 9 1.5 99.5 96 Noshadi et al.,
2014

Brown grease 65 40 75 -

Oleic acid MPD-SO3zH-IL 281 0.94 27 100 30 98 93 Pan et al.,
2016

Jatropha oil 6 160 50 94 74

Soapberry oil  P(VB-VS)HSO,4 100.1 0.33 18.9 8.7 150 29.1 95.2 90.9 Feng et al.,
2017

Oleic acid 90 8.7 97.5 -

Oleic acid MMFP-IL 283 - - 90 12 95 88 Pan et al.,
2019

Oleic acid [HCPpitch-Im-Pros][Tos] 380 0.21 2.56 8 70 93 92 Pei et al., 2019

Waste cooking Acidic PIL 523 - - 1 70 15 12 99.1 99 Liang, 2013a

ail

Oleic acid FesO04@(poly[VSIM][HSO4]) 43.6 - - 8.5 80 12 4.5 92.6 89.3 Wu et al.,
2016a

Oleic acid FezO4@PILPW - - - 13 90 12 5 93.4 89.6 Wu et al.,

2016a,b

Soybean oil BPIL 103 0.32 35 9.15 65 21.9 9.33 96.3 85 Jiang et al.,
2017

Oleic acid PIL-M 301.1 2.249 - 6 80 9 3 95.9 >90 Bian et al.,
2019
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by acid activation to increase its grafting density. Zhang W. et al.
(2017) synthesized a mesoporous acidic PIL with an average pore
diameter of 19 nm. The vinyl groups were grafted on the surface
of palygorskite through reaction with y-methacryloxypropyl
trimethoxy silane and then grafting polymerization of the acidic
IL monomers 1-butysulfonate-3-vinylimidazole hydrogensulfate
in the presence of AIBN was performed. In the synthesis of
this PIL, the weight ratio of the IL to palygorskite, temperature,
reaction time and AIBN level affect the amount of ionic liquid
immobilized on the support and thus should be optimized. A
yield of 69% was reported for methyl ester in the presence of
the immobilized PIL, which reduced to 22% after 6 times of
catalyst recovery. This significant reduction in reaction yield was
attributed to the dissolution of IL in methanol and its reduced
loading on the support, adhesion of esters on the support and
reduced specific surface area and active sites and catalyst loss in
the recovery process.

Later, the palygorskite-supported PIL was used for the
preparation of a hybrid organic-inorganic pervaporation
catalytic membrane. In addition to the catalytic effect, these
membranes increase the efficiency of equilibrium reactions by
removing one of the products from the reaction medium. The
membrane was prepared by mixing poly(vinyl alcohol) with the
PIL supported on palygorskite and succinic acid was used to link
Poly(vinyl alcohol) through crosslink reaction. Adding a solid
catalyst to poly(vinyl alcohol) improved thermal and mechanical
stability and hydrophobicity of the PIL. Although the membrane
successfully removed water produced from esterification of oleic
acid, the maximum yield was about 5% due to very low PIL levels
supported on palygorskite in the membrane structure and its
very low effective contact area (24.6 cm?) (Li et al., 2020).

Another class of supports used for immobilizing PILs is
nanoporous magnetic silica that facilitates PIL separation from
the reaction mixture by an external magnetic field. Zhang
H. et al. (2017) immobilized a basic PIL on the magnetic
mesoporous support, Fe304@Si0,@SBA-15 (FnmS), by radical
polymerization. Figure 6 shows the fabrication route to this
catalyst. To prepare the support, Fe3O4 nanoparticles were first
prepared by the solvothermal method and then coated with
SiO; by the sol-gel method to obtain Fe304@SiO, microspheres.
Thereafter, the external layer of the mesoporous silica was
formed on the support by adding tetraethyl orthosilicate,
P123, and HCl. The resulting magnetic mesoporous support
was functionalized with sulfhydryl groups after reaction with
(3-mercaptopropyl)trimethoxysilane. The IL monomer was
produced from the reaction of 1-vinylimidazole with ethyl
bromide and then participated in precipitation polymerization
with a crosslinker and 2,2/-azobis(2-methylpropionitrile).
Eventually, the hydroxide ions replaced bromide ions through
ion exchange with tetramethylammonium hydroxide to obtain
the basic Fnms-PIL catalyst. In addition to a high surface area,
the density of basic sites was high and grafting of organic
functional groups did not negatively affect the mesoporous
structure. The yield of transesterification reaction of the non-
edible vegetable oil in the presence of this catalyst under mild
reaction conditions including a methanol-to-oil molar ratio of

9:1, a catalyst concentration of 4 wt.% and the reaction time of
5h at 85°C was 92.8%, which remained about 90% after 5 times
of catalyst reuse.

As mentioned above, water as an esterification product
negatively affects the catalytic activity and causes leaching of
active sites. In another study, Zhang et al. (2018) synthesized
several acidic FnmS-PIL catalysts and found an increase in the
catalytic activity and resistance to water with increasing the
length of alkyl groups attached to FnmS$ and anion acidity. An
increase in the length of alkyl groups used for functionalizing the
support improved its hydrophobicity. Among various catalysts
containing the anions CF3SO5, HSO,, CI~, 1/3 PWIZOio_, the
catalyst containing CF3SO; showed the highest yield due to
the higher acidity of this anion. The catalyst showed a good
performance in converting oleic acid and Euphorbia lathyris L
with a high acid number. A yield of over 90% was obtained when
the water content in the feed increased up to 6 wt.%.

Fe3;04 nanoparticles are coated by a silica layer primarily
for two reasons. First, magnetic nanoparticles are aggregated
and form large clusters due to the bipolar-bipolar magnetic
property. This in turn causes the non-uniform distribution of
the catalyst in the reaction mixture and thereby reduced catalytic
activity. Second, the silica layer prevents corrosion of iron oxide
nanoparticles under harsh conditions. Recently, an acidic catalyst
has been synthesized through radical copolymerization of the
IL monomer 1-vinyl-3-(3-sulfopropyl)imidazolium hydrogen
sulfate and Fe304/SiO; nanocomposites functionalized with
vinyl groups (Xie and Wang, 2020). The vinyl groups were
grafted on the Fe304/SiO, support through reaction with
1-vinyltriethoxysilane. The resulting hybrid organic-inorganic
catalyst successfully converted 93.3% of oil to biodiesel through
esterification and transesterification of oil with high FFA content,
whereas FFA was completely converted into biodiesel. The
conversion of the oil to biodiesel was lower in the presence
of the unsupported homopolymer. Given the same number of
acidic sits, this was related to the lower surface area in this case.
Moreover, due to strong covalent bonds between the grafted IL
and the support, the active acidic sites were preserved on the
support surface so that conversion of over 80% was obtained after
5 times of catalyst reuse.

To summarize the above discussion, the supported PILs are
synthesized by copolymerization of the IL monomer and carrier,
and Si-O-Si bonds are used to attach the cation of IL to the
surface of mesoporous silica. To connect the cations to Si atoms,
various chemical groups such as vinyl, propyl, and thiol have
been employed.

Table 3 compiles the results of previous research on biodiesel
production over mesoporous silica-supported PILs. Overall,
excluding the results found by Zhang W. et al. (2017) and Li et al.
(2020), the other studies reported satisfactory findings.

In both studies conducted by Zhang W. et al. (2017) and Li
et al. (2020), the catalyst was fabricated by copolymerization
reaction between the IL monomer I1-butysulfonate-3-
vinylimidazole hydrogensulfate and palygorskite as the support.
In each unit of the resultant catalyst, the imidazolium cation is
attached to one Si atom through a long chain containing propyl
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and vinyl groups. In the presence of PAL-PILs catalyst, the
reaction yield fell dramatically after 6 cycles, which was due to
the leaching of the PILs and active sites and significant reduction
in specific surface area (from 43 to 11 mz/g) as a result of the
adhesion of esters on the palygorskite. Therefore, the stability of
active sites should be improved, for which the IL can be attached
to palygorskite through silane or thiol groups.

On the other hand, the very low yield was obtained by
Li et al. (2020) when CPVA/PAL-PILs were employed. This
resulted from the limited number of active sites and negligible
specific surface area of the catalyst. In PAL-PILs, the amount
of PIL loaded on the support was 41%. But the main issue is
associated with the loading amount of PAL-PILs on the CPVA
which was very low (around 2%), which dramatically reduces
the number of accessible active sites. Moreover, polyvinyl alcohol
may cover these active sites and limit the diffusion of the
reactants. Therefore, increasing the specific surface area and PIL
loading will be the main challenge in future studies.

The sole basic PIL in this group was synthesized and
supported on magnetic mesoporous silica by Zhang H. et al.
(2017). They used thiol groups to attach the imidazolium cation

of PIL to the carrier which led to a high biodiesel yield and
good stability. The same method was employed for immobilizing
an imidazolium-based acidic PIL on magnetic mesoporous silica
and satisfactory results were obtained (Zhang et al, 2018).
These results demonstrate the good performance of the thiol-ene
reaction for supporting PILs on silica materials.

Finally, vinyl groups were employed by Xie and Wang
(2020) for the immobilization of an acidic PIL on a magnetic
mesoporous silica carrier. The strong covalent bonds were
responsible for the reasonable recyclability and high biodiesel
yield in the transesterification of soybean oil. Therefore,
incorporation of vinyl groups can result in high stability catalysts.

ILs Supported on MOFs

Metal-organic frameworks (MOFs) are crystalline nanoporous
materials that are obtained by combining inorganic nodes
(including metal ions or clusters of metal ions) and organic
ligands. MOFs have numerous advantages such as high thermal
stability, ordered structures, very low density, a large internal
surface area up to over 6,000 m?/g, and facile preparation through
self-assembly (Gangu et al, 2016). Depending on the type of
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metal ions and organic linkers and direction of linkages between
ions, many MOFs with a variety of framework geometries can
be designed. These structures contain voids or pores that their
size, shape, and functionalization can be well-controlled unlike
zeolites. Therefore, these pores can be used to confine the desired
molecules (Safaei et al., 2019).

MOFs have recently played a key role in heterogenizing ILs to
be used in various areas including gas adsorption, catalysis, and
fabrication of nanoporous carbon. In addition to a large number
of nanopores in their crystalline structure, their properties such
as pore size, surface area, framework topology, and polarity
of the inner surface are tunable (Fujie and Kitagawa, 2016).
MOFs are very similar to ILs in this regard. As properties of ILs
are determined by cations and anions used in their structures,
properties of MOFs can be designed by using various metal ions
and organic ligands.

In general, there are two methods for incorporation of ILs
in the structure of MOFs: ionothermal synthesis and post-
synthetic modification. As a solvothermal method, an IL is
used as a solvent in the ionothermal method, and IL cations
are attached to negatively charged MOF frameworks. Given
the strong interaction of cations and the MOF framework, the
useful properties are limited in comparison with the bulk IL.
Furthermore, functional groups used in this method should be
compatible with the host MOE, thus a limited number of ILs and
MOFs can be used. In contrast, ILs are used in the as-synthesized
MOFs in the post-synthesis method. As a result, the need for
compatibility of ILs and MOFs is eliminated to a large extent and
a wide range of both materials can be used (Cota and Martinez,
2017). Accordingly, the post-synthesis method has been used in
all studies on the application of hybrid IL-MOF catalysts for
biodiesel production.

MIL Supported ILs

For the first time, Wan et al. (2015b) confined ILs in the
polyoxometalate-based MIL-100(Fe) (POM-MIL-100) to be used
as a heterogeneous catalyst for biodiesel production. The MOF
was synthesized by the hydrothermal method by combining
FeCl3.6H, 0, phosphotunhstic acid (H3PW,049), and benzene-
1,3,5-tricarboxylic acid (H3BTC) leading to confining of
H3PW 204 in the MIL-100(Fe) framework. The IL 1-(propyl-
3-sulfonate) imidazolium hydrogen sulfate [SO3H-(CH3)s3-
HIM][HSO4] was converted into the IL [SO3H-(CH,)s-
HIM]3PW 1,04 through anion exchange with H3PW ;049 and
encapsulated in the MOF framework. To this end, POM-MIL-
100 was added to the IL-methanol solution and the resulting
mixture was vigorously stirred for 10min and then treated
with ultrasound waves for 30 min. The mixture was stirred for
another 12 h at room temperature. Eventually, the resulting solid
was centrifuged and washed with diethyl ether and dried in a
vacuum oven at 60°C. The catalyst (POM-IL@MIL-100) led to a
conversion of 94.6% in converting oleic acid with ethanol under
optimal conditions. It was more active than MIL-100 and POM-
MIL-100, which can be related to the high acidity (1.74 mmol/g)
of the catalyst caused by the synergistic effect of Bronsted acid
sites of the IL and Lewis acid sites provided by Fe'l ions. The
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catalyst was recovered 6 times and reused without any significant
reduction in the conversion.

In 2016, Han et al. (2016) developed a novel method for
confining the dicatonic IL [SO3H-(CH;)3-IM],C4[HSO4], in
the MIL-100(Fe) framework. In this method known as the
impregnation-reaction-encapsulation process, small molecules
of the IL diffused into nanopores of the MOF and began to grow
in the nanopores up to a point that was no longer able to escape
from the MOF cages due to their large size. To this end, [SO3H-
(CH;)3-HIM][HSO4] was added to a solution of methanol and
MIL-100(Fe). After stirring for 30 min, 1,4-dibromobutane was
dropwise added to the mixture at 0°C and stirred for 12h at
25°C and for another 12h at 60°C. The resulting solid was
centrifuged and after washing with methanol, was performed
with methanol at 40°C for another 12 h. Eventually, the product
was dried under vacuum at 80°C for 12 h. 15 wt.% of the catalyst
(MIL-100(Fe)@DAILs) converted 93.5% of oleic acid into methyl
oleate. After 5 times of reuse, the conversion reduced to 86%.
The results of FTIR spectra revealed that the size of dicationic IL
molecules (length: 1.93 nm, width: 0.9) caused their confinement
in the mesocages of the MOF (diameter: 2.9) so that they were
not able to escape through 0.86 nm apertures. In contrast, the
catalyst obtained from direct impregnation of the IL [SO3H-
(CH3)3-HIM][HSO4] (length: 1.05nm, width: 0.6 nm) led to a
conversion of 22.3% after 5 times of reuse indicating leaching of
large amounts of the IL from the MOF mesocages.

In recent years, magnetic MOFs have been used as the support
of ILs in biodiesel production. Wu et al. (2016b) prepared
an acidic heterogeneous catalyst for ethyl oleate production
through confining the Brensted acidic IL 1,4-butanediyl-3,3’-
bis-(3-sulfopropyl) imidazolium dihydrogensulfate in the
magnetic MOF Fe3;O04@NH,-MIL-88B(Fe). The magnetic
support functionalized with amino groups was obtained through
thermal treatment of 2-aminoterephthalic acid, FeCls;.6H,O0,
N,N-dimethyl formamide, and Fe3O4 nanoparticles. The support
was then dispersed with the IL in ethanol and mixed for 24 h at
110°C to obtain the catalyst DAIL-Fe3;O4@NH,-MIL-88B(Fe)
through the interaction of amino and sulfonic acid groups. A
conversion of 93.2% was obtained for the reaction of oleic acid
with ethanol, which was higher than the unsupported ionic
liquid catalyst. A lower conversion was obtained when the
monocationic IL [SO3H-(CH;)3-IM][HSO4] was immobilized
on the support due to the lower number of SO3H and HSO4
groups and thereby a lower acidity.

Besides direct use of ILs, tandem post-synthetic modification
can be also used for the incorporation of ILs in the MOF
structure. One approach is to place functional groups on the
IL and then immobilization of the functionalized IL on MOFs.
Using this method, Han et al. (2018) first functionalized the
ILs 2-mercaptobenzimidazole (MBI) with electron-enriched thiol
groups. The resulting IL was then immobilized on the surface
of MIL-101(Cr) through S-Cr coordination bonds. To synthesize
the catalyst, MBI was first dissolved in ethanol and then MIL-
101(Cr) was added. After 24h mixing at room temperature,
centrifugation, washing the solid with ethanol, and drying under
vacuum at 60°C, MIL-101(Cr)@MBI was obtained. Thereafter,
MIL-101(Cr)@SO3-(CH;)3-HMBI was obtained by dispersing

MIL-101(Cr)@MBI in ethyl acetate and reacting with 1,3-
propanesulfonate for 12h at 60°C. Eventually, the product was
dissolved in ethanol and reacted with H,SOy4 for 24 h at 60°C to
obtain MIL-101(Cr)@[SO3H-(CH;)3-HMBI][HSO4]. Figure7
shows the procedure for the synthesis of this catalyst. The
results showed that immobilization of the acidic IL on MIL-
101(Cr) through S-Cr coordination bonds not only increased the
oleic acid conversion but also improved catalyst reusability as
compared with the neat MOF.

UiO Supported ILs

In a recent study by Xie and Wan (2019), the IL [SO3;H-
(CH,)3-HIM][HSO4] was encapsulated in the POM-UiO-66-
2COOH framework. The MOF was synthesized through the
in-situ reaction of ZrCly, H3PW 5,040, and 1,2,4,5-benzene-
tetracarboxylic acid. Subsequent anion exchange between the
acidic IL and the heteropoly anion led to the synthesis of
ILs/POM/UiO-66-2COOH. A conversion of 95.8% was obtained
for transesterification of soybean oil with methanol using
this catalyst under optimal conditions. Strong interactions
between sulfonic acid groups and heteropoly tungstate molecules
effectively prevented the loss of active species from the MOF
support and led to reasonable stability of the catalyst during
multiple recoveries and reuse cycles. The catalyst showed higher
activity in FFA esterification than the transesterification of
soybean oil.

Ye et al. (2019) proposed a new method for confining
the acidic IL 1,3-biscarboxymethyl-imidazolium hydrosulfate in
the UiO-66 framework. In the so-called approximate ligand
substitution method, parts of ligands were eliminated through
MOF etching by propionic acid to produce the hierarchical
porous UiO-66 with a large number of defects and Lewis
acid sites. Then, the IL precursor was supported on H-UiO-66
through bidentate coordination bonds between a COO~! group
and two unsaturated Zr ions. The final catalyst was obtained by
the addition reaction of the modified MOF with H,SOy4. This
catalyst showed higher activity in the esterification of oleic acid
(93.8%) than the bulk IL (89.2%), UiO-66 (25.6%), and H-UiO-
66 (78.6%). UiO-66 also showed a catalytic activity due to defects
and unsaturated Zr atoms in its natural structure leading to the
opening of Lewis acid sites. However, these Lewis acids are not
well accessible due to the lower diameter of pore aperture than
the oleic acid molecule. By opening this MOF structure and
with an increase in the size of pores, the catalytic activity of H-
Ui0O-66 becomes much greater than MOF. By immobilizing the
IL in the MOF structure, Bronsted acid sites are added to the
Lewis acid sites leading to an increase in the acidity and thereby
reaction yield.

HKUST Supported ILs

Using the tandem post-synthetic modification method, ILs with
ions larger than the aperture diameter of the pores can be
incorporated into MOF pores (Fujie and Kitagawa, 2016). In
another approach of this method, MOFs can be functionalized
through unsaturated metal centers (UMCs). In this method,
active species are grafted through coordination covalent bonds
with UMCs. Chen et al. (2016) used this method for the
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functionalization of HKUST-1 through coordination bonding
of Cu?" metal centers with thiol functional groups (S-Cu
coordination bonds). For the synthesis of thiol-functionalized
HKUST-1, ethanedithiol was dissolved in anhydrous toluene
and HKUST-1 was gradually added to the resulting solution.
The mixture was stirred for 24 h at room temperature and the
resulting suspension was centrifuged. The resulting solid was
washed with ethanol and then dried under vacuum at room
temperature. Thereafter, this substance was dispersed in the IL
[HVIm-(CH;)3SO3H]HSOy4 in anhydrous ethanol. After rising
the temperature to 80°C, AIBN was added under nitrogen and
the reaction continued for 30 h. The product was separated by
filtration and then was washed several times with ethanol to
remove excess IL. Finally, the catalyst IL@HKUST-1 was obtained
by drying under vacuum at 60°C for 12h. The catalyst was
synthesized through covalent bonding of the vinyl groups of
the IL with thiol groups in the HKUST-1 structure to achieve a
conversion of 92.1% in the esterification of oleic acid to methanol.
The conversion reduced to 86.3% after 5 catalytic cycles due to
the decomposition of the HKUST-1 structure and thereby loss of
active IL.

In another study, Xie and Wan (2018) immobilized amino-
functionalized ILs on the magnetic HKUST-1. The layer-by-layer
assembly was used to prepare Fe304@HKUST-1 composites. The
Fe3Oy4 nanoparticles were first modified with mercaptoacetic acid
and then added to the Cu(CH3C0OQ),.H,O solution in ethanol.
The resulting mixture was stirred for 30 min at 70°C and the
obtained solid was dispersed in H3BTC solution in ethanol. After

1h stirring of the mixture at 70°C and separation of the solid
with a magnet and washing with ethanol, the production cycle
was terminated. After 20 same cycles, Fe;O4@HKUST-1 with
a core-shell structure was obtained. The composite was then
added to the amino-functionalized IL solution in ethanol and
the mixture was stirred for 24 h at 60°C. Eventually, the basic
magnetic catalyst Fe30,@HKUST-1-ABILs was obtained after
magnetic separation, washing with ethanol, and drying. In this
process, the IL was added to the MOF structure through N-
Cu coordination bonds. The basic catalyst led to a conversion
of 92.3% in transesterification of soybean oil at an ethanol-to-
oil molar ratio of 30:1 and a catalyst dosage of 1.2% within 3 h.
The catalyst was used 5 times without a significant reduction in
the conversion.

Table4 presents the results of previous studies on
(trans)esterification of various feedstock over MOF-supported
ILs. As can be seen, yields of higher than 90% were obtained in
all studies.

Regarding the research on MIL supports, ILs were either
encapsulated inside the MIL framework (Wan et al., 2015b; Han
et al., 2016) or immobilized on the surface of the framework
(Wu et al,, 2016a,b; Han et al., 2018). The results suggest that
encapsulation leads to catalysts with better recyclability (higher
yield after multiple reuses) compared to surface immobilization.
On the other hand, a higher amount of catalyst is required for
high biodiesel yields when encapsulation is employed. This can
be attributed to the fact that when IL is confined inside the
framework, the leaching of active species is reduced but the active
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° ) ) - o - sites are less exposed to the reactants. On the contrary, in surface
§ TaTe ‘f 2T 4525 & g o 2o immobilization, the catalytic sites have more exposure to the
3;'-’_, “C; S % SR % S 28 ® 5 2% reactants and lower catalyst dosage is required for a certain yield.
K = I =91 o i.j 5 o However, as the IL is attached to the surface of the framework, its

leaching will rise. Immobilization of IL on the surface of the MIL
é framework through SO3H-NH,; bonds (Wu et al., 2016a,b) has
= © © © o 6 b ©  © shown the same effect on recyclability as the direct attachment of
% the IL via S-Cr bonds (Han et al., 2018).
o Ye et al. (2019), which employed the etching method
. for confining IL (CH,COOH),IM][HSO4] inside UiO-66
% % R o8 o g framework, obtained a higher yield and better performance after
29 8 © @ g ®g B A several catalytic cycles by using a lower catalyst dosage. The MOF
s £ framework is partly broken by etching and more catalytic sites
present in the IL are exposed to the reactants. This reduces the
9 N required catalyst concentration. On the other hand, leaching is
% g § § = § E S § decreased because the IL is attached to the framework through
s 2 strong double Zr-O coordination bonds, which improves the
reaction yield after multiple reuses.
c In both works connected with HKUST-1, the ILs were
% % b e Y 4 9 ew e o immobilized on the surface of frameworks. Chen et al. (2016)
S E ~ - first functionalized the framework by thiol groups and then the IL
" was attached to the framework through vinyl-thiol interactions.
Therefore, the IL was immobilized on the framework via S-
E % o Cu coordination bonds. On the other hand, Xie and Wan (Xie
.g 5 T o g e 8 83 ¥ 8 and Wan, 2018) first functionalized the IL with amino groups
- TE’ ; and then attached it to the surface of the framework through
N-Cu coordination bonds. Both resultant catalysts showed
g good activities, especially Fe30,@HKUST-1-ABILs which with
g 9 T 5 g9 5 2 23 g g only 1.2 wt% dosage led to over 90% biodiesel yield in
g - -7 transesterification of soybean oil.
e Given to what mentioned earlier, all three methods have
resulted in catalysts with high activity and reasonable reusability.
g %;\; o e 6 e am o« However, .the etching m.ethod .c.omt.)ine§ the ‘ad\.zantages of
ggg | - - © - = =3 - = encapsulation and surface immobilization in fabricating a MOF-
o°= based IL catalyst. Thus, further research on the synthesis of
new catalysts using this approach with an emphasis on the
§ = transesterification of non-edible and high FFA content oils
S % g o DN 3 A - is recommended.
o 8 o o o o
< ILs Supported on Nanoporous Carbon
3 Graphene-based nanomaterials as novel carbon materials with
- N\a 5 ¥ 2 2 g o 2~ a nano§heet stFu.cFure have a high 51.1r'face area and good
= é E - ~ S 5 ~8 & mechanical flexibility and thermal stability (Novoselov et al.,
S a 2004; Wang et al., 2012; Zhou et al., 2014; Hu et al., 2015, 2017).
E This causes reduced mass transfer resistance, good exposure of
% . é g 9 active sites, and improved recyclability of these nanomaterials
2 " S +=9 9; D and turns them ideal supports for active species such as ILs (Liu
5 s 2 £ 588 z - etal,, 2015).
£ L8 & U@)% % % - 9 Despite these advantages, the synthesis of graphene-based
g = 3 g ?; - § = § J8—' % g nanomaterials with high surface area and abundant nanopores
I E ;’ e & % = I % 8% & through a facile low-cost method is a great challenge. Moreover,
é s S § Zgs5+% 589 @& these nanomaterials are chemically neutral making their
£ functionalization by acidic functional groups difficult (Tang et al.,
% » = = 2015). Doping can be used to overcome this drawback and to
M f_ﬁ % g § § < % (% = modify other properties of nanoporous carbon materials (Albero
2 3 s g g g . L9 9o & and Garcia, 2015). Liu et al. (2015) produced a graphene-like
S 5 o © O & &o ©° 3 nanoporous carbon by carbonizing melamine and glucose and
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subsequent doping with N,. Melamine and glucose were first
mixed and crushed and then carbonized in a tube furnace under
N, gas flow at 800°C. After cooling down the furnace, N-
doped graphene-like nanoporous carbon (GNC) was obtained.
Thereafter, GNC was added to a mixture of toluene and 1,3-
propanesultone and the resulting mixture was refluxed at 110°C
for 24 h to complete the quaternary ammonization reaction. After
cooling down to the room temperature, the mixture was stirred
for 24h at room temperature for anion exchange with toluene
and HSO3CFs. Finally, the solid was separated by filtration
and washed with CH,Cl, and dried for 12 h at 60°C to obtain
the heterogeneous acidic catalyst GNC-[C3N][SO3CF3]. This
catalyst was used for the transesterification of tripalmitin with
methanol. After 14h, a conversion of 88.5% was obtained at
65°C, which was higher than that in the presence of Amberlyst
15, SBA-15-SO3H and H3PW,049. The catalyst also showed
good activity in the transesterification of sunflower oil, which
was comparable with sulfuric acid. In addition to high acidity,
2D nanosheets provide the very good accessibility of reactants
to active catalyst sites. Moreover, the good stability of the
catalyst provides the possibility for 5 times of reuse in the
transesterification reaction.

Despite good results, the use of nanoporous carbon materials
functionalized with ILs as a catalyst for biodiesel synthesis is
limited to this study. Thus, there is an obvious need for further
research in this area.

LIMITATIONS AND PROSPECTS

In general, a suitable heterogeneous catalyst for
(trans)esterification of oil should have a porous structure with
abundant pores, high BET surface area, high basicity or acidity,
high density of active species, and good dispersion of active
sites. These properties increase the contact area of active sites
with reactants leading to enhanced diffusion and mass transfer
and thereby catalytic activity (Pirez et al., 2012; Wang et al,
2015). According to the above discussions, by combining unique
properties of ILs and nanoporous materials, a catalyst with
high activity and reasonable stability can be synthesized. Since
these properties can be tailored, hydrophobicity, adsorption of
reactants, and desorption of products from the catalyst surface
can be well-designed.

In most of the studies, a BET surface area of higher than 100
m?/g was reported. However, according to the results of Wu et al.
(2016a), Xie and Wang (2020), and Xie and Wan (2018, 2019)
high yields can be obtained with smaller surface areas. Xie and
Wan (2019) reported a 95.8% biodiesel yield in transesterification
of soybean oil over AILs/HPW/UiO-66-2COOH with a specific
surface area of 8.63 m?/g. On the other hand, the very low yield
was obtained with a BET surface area of 0.00246 mz/g (Li et al.,
2020). Therefore, a minimum BET surface area of 8 m?/g is
recommended to achieve high conversions.

The catalyst acidity or basicity plays a key role in the catalyst
activity so that acidity or basicity of the surface is directly related
to the catalytic activity. Acidic or basic sites are required for the
activation of carbonyl groups in the triglyceride molecules and

initiation of the transesterification reaction (Xie and Wan, 2019).
The acid content of acidic ILs/nanoporous materials varied from
1.13 to 4.3 mmol/g in the literature. The corresponding range
for basicity was 2.03-3.67 mmol/g. Based on these results, one
can conclude that the minimum acidity and basicity to achieve
high biodiesel yields are around 1 and 2 mmol/g, respectively.
Furthermore, the resistance of acidic catalysts against heat as well
as water and FFA content of the feedstock prevent loss of active
sites and improve recoverability and reusability of the catalyst.

The average pore diameter is another important factor that
specifically affects reaction time. According to Granados et al.
(2007) and Coenen (1986), a minimum pore diameter of 3.5 nm
is preferable for producing biodiesel. However, high conversion
and yield after multiple reuses was reported by Pei et al. (2019),
using an average pore diameter of 2.56 nm. Therefore, a pore
diameter of >2.5 nm should be considered to achieve high yields
under mild reaction conditions.

The most serious obstacle for employing IL/nanoporous
material hybrids is the high synthesis cost. To compare
the cost of supported ILs with traditional catalysts, a cost
estimation based on the synthesis routes proposed by previous
studies was performed. The cost for all chemicals and
reagents were obtained from Sigma-Aldrich. For NaOH and
H,S804, the prices presented by industrial manufacturers on
Alibaba website were used. Table 5 gives information on the
estimated fabrication cost of some supported ILs. As can
be seen from the table, with a synthesis cost of $1/g, the
acidic PIL Poly[SO3H(CH,)3VIm]HSOy is the cheapest of all,
following by IL/silica-gel and SBA-15-pr-ILOH. On the other
hand, magnetic mesoporous ILs Fe304,@HKUST-1-ABILs and
Fe304@Si0,@SBA-15-BPIL are the most expensive which is
obviously due to the more reagents required and longer and more
complicated fabrication process of these catalysts.

It should be noted that the final cost of catalyst in the biodiesel
production process is mostly affected by catalyst dosage and
the number of reuse times. Lower catalyst dosages and more
catalytic cycles reduce the final cost of catalyst. For example,
among other catalysts, synthesis of 1g of Fe304@HKUST-1-
ABILs costs the most. However, taking into account the catalyst’s
low consumption and good reusability, it is the second least
consumed catalyst and costs lower than some of the other
supported-ILs in the production of 1,000¢g biodiesel. Even by
considering these two key factors, the costs of heterogeneous IL
catalysts per 1,000 g biodiesel is far higher than the conventional
NaOH and H,SOj. The acidic PIL Poly[SO3H(CH;)3 VIm]HSO4
costs the least among all other heterogeneous ILs with only
$1.67/1,000 g biodiesel. This is roughly 44 times higher than
the cost for H,SO4 which is a common homogeneous acid
catalyst for (trans)esterification of high FFA oils. On the other
hand, Fe304@HKUST-1-ABILs is the most cost-effective basic
supported IL, which costs ~5,040 times higher than NaOH.

One should consider that these estimations are based on
the synthesis processes in laboratories. These figures would
significantly reduce if heterogeneous ILs were produced at
the industrial scale. DeSantis et al. (2017) estimated a total
production cost of $53.75/kg ($0.054/g) for HKUST-1 at a plant
capacity of 50,000 ton/yr, which is 108 times as high as the cost for
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TABLE 5 | Estimation of synthesis cost for various types of heterogeneous ILs.

Catalyst Catalyst cost ($/g) Catalyst dosage Reuse time Catalyst used for Catalyst cost for
(wt.%) production of 1,000g production of 1,000g
biodiesel (g) biodiesel ($)
IL/silica-gel 1.32 5 10 13.2
SBA-15-pr-ILOH 3 4 17.5 52.5
S02~/2r0,-SiO5 (Et)-[Ps- 4.4 5 10 44
imJHSO4
P(VB-VS)HSO4 4.3 8.7 6 14.5 62.4
Poly[SO3H(CH2)sVIMIHSO, 1 1 6 1.67 1.67
Fe30,@SiO, @SBA-15-BPIL 6.9 4 5 8 55.2
Fez0,@HKUST-1-ABILs 10.5 1.2 5 2.4 25.2
NaOH 0.0005 1 0 10 0.005
H2SO4 0.00025 15 0 150 0.0375

NaOH. Also, the supported IL costs could be further reduced by
increasing the loading amount of IL and improving the catalyst
reusability. In the case of Poly[SO3H(CH;)3VIm]HSOy, as an
example, decreasing the catalyst dosage by half and increasing the
number of reuse times to 100 would result in an approximately
same cost/1,000 g biodiesel as H,SOy4. Another option is the use
of cheaper anions and cations for IL synthesis. For instance,
choline-based ILs are less expensive compared to many ILs
because choline chloride as the main raw material is relatively
cheap and commercially available for purchase (Andreani and
Rocha, 2012).

FUTURE PERSPECTIVES OF BIODIESEL
PRODUCTION PROCESS OVER
IL-NANOPOROUS MATERIAL HYBRIDS

According to the results in the above, almost in all studies,
the reaction conversion, number of catalytic cycles, and yield
after multiple recovery and reuse are reasonable indicating
the accurate design of the catalyst by selecting suitable ILs
and nanoporous materials. These results also indicate the high
potential of IL-nanoporous material (NPM) hybrids as good
alternatives for traditional catalysts for biodiesel production.
Nonetheless, by focusing on some limitations in future studies
a big step can be taken toward the use of these catalysts in the
biodiesel industry.

Oleic acid has been used in most studies as the feedstock.
It should be noted that esterification of oleic acid is only a
model reaction for biodiesel production, and esterification and
transesterification of diverse feedstocks such as algae (Nagarajan
et al,, 2013), municipal sewage sludge (Olkiewicz et al., 2016),
and recycled grease trap waste (Tran et al., 2018) may provide
more realistic results on the catalytic activity of IL-NPM
hybrid materials. This becomes more significant considering that
optimal conditions reported for transesterification are harsher
than esterification.

The other challenge is harsh reaction conditions, especially
high alcohol-to-oil molar ratios (up to 90:1) and long reaction
times (up to 40h). This is originated from the heterogeneous
nature of the catalyst leading to the formation of three

phases in the reaction medium and reduced mass transfer
due to the immiscibility of oil and alcohol. To achieve mild
reaction conditions, intensification processes such as microwave,
microchannel, hydrodynamic cavitation, and ultrasonic reactors
can be used (Tabatabaei et al., 2019). Using various technologies,
these reactors increase the mass transfer rate while reducing
the reaction time. For example, hydrodynamic cavitation
significantly increases the contact area of cavitation-induced
alcohol and oil phases and facilitates transesterification reaction
with a high yield at room temperature with lower energy
consumption and also alcohol-to-oil molar ratio (Gholami et al.,
2018).

In most studies, optimal conditions for biodiesel production
have been obtained through the one variable at a time
method. Since this methodology does not consider the effect
of interactions of effective variables on the reaction yield,
the resulting conditions and yield do not necessarily reflect
optimal conditions (Montgomery, 2013). On the other hand,
the pore size of nanoporous materials, especially MOFs, can be
tailored. However, this advantage has not been still used for the
optimization of transesterification conditions. The synthesis of
catalysts with different pore sizes and investigation of the effect of
this parameter on the yield and reusability may help to develop an
optimal stable catalyst. Moreover, optimal conditions and more
realistic maximum yields can be obtained by combining this
innovation with the design of experiments (DOE) and response
surface methodology (RSM).

Further studies on the kinetics of transesterification in
the presence of IL-NPM catalysts, especially in intensification
reactors, may lead to design a suitable alternative process
for conventional industrial units. Since ILs and nanoporous
materials can be produced from a wide range of eco-
friendly materials, the above process may play a key role
in the sustainable development and reduction of adverse
environmental effects.

CONCLUSION

The literature on biodiesel production using nanoporous
materials functionalized with ILs as catalyst was reviewed. A
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variety of hybrids of ILs and nanoporous materials including
nanoporous silica, polymers, MOFs, and carbon materials have
been used for catalyzing the (trans) esterification reaction.
All these materials have led to satisfactory results in biodiesel
production. Moreover, these hybrids were considered attractive
alternatives for conventional homogenous catalysts due to
ease of separation, good stability, and activity after multiple
catalytic cycles. Nonetheless, high synthesis cost, harsh
reaction conditions, especially high alcohol-to-oil molar
ratios, and long reaction times due to the heterogeneous
nature of the catalyst were considered great challenges.
The use of intensification processes may be a suitable
solution to this problem. Moreover, tunable properties
of IL-nanoporous material hybrids such as pore size and
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