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Abstract: The excessive consumption of petroleum resources leads to global warming, fast depletion
of petroleum reserves, as well as price instability of gasoline. Thus, there is a strong need for
alternative renewable fuels to replace petroleum-derived fuels. The striking features of an alternative
fuel include the low carbon footprints, renewability and affordability at manageable prices. Biodiesel,
made from waste oils, animal fats, vegetal oils, is a totally renewable and non-toxic liquid fuel
which has gained significant attraction in the world. Due to technological advancements in catalytic
chemistry, biodiesel can be produced from a variety of feedstock employing a variety of catalysts
and recovery technologies. Recently, several ground-breaking advancements have been made in
nano-catalyst technology which showed the symmetrical correlation with cost competitive biodiesel
production. Nanocatalysts have unique properties such as their selective reactivity, high activation
energy and controlled rate of reaction, easy recovery and recyclability. Here, we present an overview
of various feedstock used for biodiesel production, their composition and characteristics. The major
focus of this review is to appraise the characterization of nanocatalysts, their effect on biodiesel
production and methodologies of biodiesel production.
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1. Introduction

Excessive consumption of gasoline, fast depletion, price instability and serious environmental
damage are the principle issues that have called for the sustainable alternatives of gasoline. Liquid
transportation biofuels such as biodiesel and bioethanol are promising renewable fuels that have low
carbon footprints and have the potential to fulfill the continuously increasing energy demand. They are
an eco-benign and non-toxic drop-in biofuel which is used in standard diesel engines. Biodiesel can
be used directly without any modification or can be blended with conventional diesel in any ratio.
Biodiesel produced from non-food sources offers an economic, robust alternative of petroleum-derived
fuels. However, the production cost, availability of raw feedstock and process complications are
among the main principle factors which strongly influence the biodiesel production at commercial
level [1]. For biodiesel production, a wide range of feedstocks such as vegetable oils, oils from algae
and microorganisms, seeds from energy crops (Jatropha curcus, Pongamia pinnata, etc.), and animal fat
are used worldwide. Following biodiesel production methods such as pyrolysis, the supercritical fluid
method, and transesterification are commonly used for biodiesel production. Amongst these methods,
transesterification is the most widely used [2,3].
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Biodiesel can be produced through triacylglycerides transesterification reactions using four different
catalytic routes: (i) base-catalyzed processes, (ii) acid-catalyzed processes, (iii) enzyme-catalyzed
processes, and (iv) use of supercritical conditions. Moreover, the advantages and disadvantages of
all these different routes have been already discussed in several review articles [4,5]. As far as the
homogeneous base-catalyzed process for biodiesel production is concerned, different bases such as
sodium hydroxide (NaOH), potassium hydroxide (KOH), sodium methoxide (NaOCH3), and sodium
ethoxide (NaOCH,CH3) are routinely used as the catalysts. However, there are many limitations
associated with these base catalysts [6,7]. Similarly, there are a few drawbacks associated with
acid-catalyzed processes [8]. Hence, in order to overcome the limitations of the above-mentioned two
catalytic routes (i.e., base-catalyzed and acid-catalyzed processes), enzyme-catalyzed processes are
being used as promising alternatives and more sustainable routes for biodiesel production [3,7]. In this
context, lipases are effectively used as promising catalysts in biodiesel production, due to their higher
specificity towards transesterification of triacylglycerides to fatty acid methyl esters (FAMEs) or fatty
acid ethyl esters (FAEEs), compared to the various other conventional chemical catalysts commonly
employed in industrial biodiesel production [8].

In addition to all these conventional catalytic routes, recently, nanotechnology-based biodiesel
production has gained global interest because of the development of the most promising
nanocatalysts [9]. Nanocatalysts have several advantages over traditional catalysts used in biodiesel
production such as high reactivity, good selectivity, and the optimum yield. For biodiesel production,
heterogeneous catalytic reactions seem more feasible because of the easy and fast recovery of catalysts
from the reaction mixtures [10]. The nano-catalyst-mediated esterification process offers several
unique advantages, for instance, an increased rate of mixing with reactants, saving of reaction times,
and fast and easy separation from the reaction mixture. The basic inherent catalytic activity and
selectivity can be easily regulated by altering the physical and chemical properties of the catalysts [11].
Alkaline-catalyzed methods (NaOH, KOH), acid catalyzed methods (HCl, HySO,4) and enzyme- (lipase)
catalyzed methods are in vogue. Lipases are heterogeneous biochemical catalysts that are exclusively
produced by microorganisms. Homogeneous acid catalysts present some unique advantages over
alkali-catalyzed methods.

In this paper, we discuss the various feedstocks used for biodiesel production and the conventional
methods of biodiesel production using catalyst-assisted approaches (acid-catalyzed, alkaline catalyzed
and lipase catalyzed). Specifically, the role of nanocatalysts and their symmetric correlation in biodiesel
production has been presented in detail.

2. Important Feedstocks Used in Biodiesel Production

Biodiesel is usually produced from renewable feedstocks, such as vegetable oils, animal fats,
greases, waste cooking oils, algae oils, oleaginous microorganisms, etc. [12-15]. Some of the important
feedstocks commonly used for the production of biodiesel are shown in Figure 1. These sources contain
a mixture of fatty acid—alkyl esters, which will be converted into biodiesel after the transesterification
and esterification processes [15]. Generally, industrial production utilizes oil crops, mainly soybean,
sunflower and rapeseed oils [16]. In 2018, technologies involving animal fat and waste oil provided
about 6-8% of all biofuel output [17].

Biodiesel is considered as eco-friendly unlike petroleum-derived fuels because of lower sulfur
and aromatic compounds contents [15]. Moreover, this biofuel is oxygenated, non-toxic, less polluted
and biodegradable, and moreover, its use in engines does not require any adaptation [14]. The increase
in population leads to a tremendous increase in energy demand and consequently, competition for
agricultural lands and crops since the first-generation biodiesel uses edible oils [12]. The growing
concern about food and environmental impacts encourages researchers to think about new and surplus
available feedstocks, including non-edible oils, and biotechnological processes. Some of the important
feedstocks commonly used in biodiesel production are discussed below:
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Seed oils
Flaxseed, Soybean,
Apricot, Papaya,
Groundnut, Coconut,
Sunflower, Canola, etc.

Figure 1. Some of the important feedstocks commonly used for the production of biodiesel.
2.1. Seed Oils

Seed oils are one of the most commonly used feedstocks for biodiesel production. However, not
all seeds are able to act as feedstock for biodiesel production, since they need to have high quantities of
lipids and large availability round the year [16], besides the presence of FAMEs in long-chain with
more than 50% of unsaturated fatty acids [18]. Some of the seeds exhibit a huge variability in their oil
composition depending on the variety of specific plant, for instance, sunflower oil, which contains
either linoleic or oleic acid in high quantities [19]. Table 1 shows some of the vegetable species that have
demonstrated the potential for biodiesel production and their fatty acid composition profile [19-25].

Table 1. Examples of oleaginous plants used in biodiesel production.

Seed (Oil) Fatty Acid Composition (%) Reference
Flaxseed Linolenic (51.56), palmitic (5.7), stearic (5.6), oleic (20.66), linoleic (15.86), [19]
arachidic (0.2), g-linolenic (0.23) and behenic (0.18) acids; SFA (11.69) and UFA (88.31)
Oleic (60), capric (0.5), palmitoleic (0.35), palmitic (19.53), linoleic (6.78), stearic (11.50),
Cascabela ovata oleic (59.30) and arachidic (1.56) acids [20]
Spindletree Llnqlelc (49_.3), palmitoleic (2..0?, palmitic '(14.5), oleic (29.8), stearic (3.1), [21]
11-eicosenoic (0.1) and arachidic (0.07) acids, SFA (17.67) and UFA (81.21).
Papaya seed Oleic (47.7), linoleic (37.3) and palmitic (6.1) acids; UFA (87.5) [22]
Apricot Palmitic (5.9), stearic (2.51) and behenic (0.66) acids; UFA (89.7) [22]
Soybean Lauric (14.44), myristic (41.04), palmitic (3.46), stearic (1.5), oleic (14.54), linolenic (5.65)  [23]
Coconut Lauric (7.45), myristic (33.54)), palmitic (2.1), stearic (7.79), oleic (8.58), linolenic (9.2) [23]
Groundnut Lauric (14.57), palmitic (4.75), stearic (12.07), oleic (12.72), linolenic (5.22) [23]
Linoleic Palmitic (6.18), stearic (3.98), oleic (21.13), linoleic (66.79) linolenic (<0.20), arachidic [24]
sunflower oil (0.20), behenic (0.24) and tetracosanoic acid (0.24); SFA (11.27) and UFA (87.92)
Palmitic (5.20), stearic (3.36), oleic (58.91), linoleic (32.24) linolenic (0.20),
Oleic sunflower  arachidic (<0.20), behenic (<0.20) and tetracosanoic acid (<0.20); SFA (8.56) and [24]
UFA (91.35)
Canola Palmitic (4.98), stearic (2.14), oleic (60.86), linoleic (22.42) linolenic (8.11), [25]

arachidic (0.88), myristic (0.14) and palmitoleic (0.32) acid
Saturated fatty acids (SFA); Unsaturated fatty acids (UFA).
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2.2. Microbial Oils

Oleaginous microorganisms are the microorganisms which contain lipid content over 20% of their
dry weight and comprise some microalgae, yeasts, fungi (molds) and bacteria [26]. These microbial
oils are the effective alternative sources of triglycerides and are similar to oleaginous seed lipids in
the composition and hence are promisingly used for biodiesel production via the transesterification
process [13,26,27].

Lipid accumulation process occurs when nitrogen contents are limited and carbon in excess,
starting at the end of the logarithmic growth phase until the depletion of carbon source, converting
substrate into lipid reserves [12,27]. Microbial production of biodiesel occurs using either synthetic or
complex media with sugars, oils, lignocellulosic biomass, etc. as carbon sources. Microorganisms are
able to grow and accumulate oil in different types of substrates, presenting as advantage the ability
to use wastes as feedstocks, such as waste oils, urban wastes and lignocellulosic biomass. Table 2
represents some microorganisms used in biodiesel production, divided into four groups: yeasts, fungi,
microalgae and bacteria [26,28-34].

Table 2. Important microorganisms used in biodiesel production.

Microorganism Specie Substrate Reference
(Group)
Rhodotorula graminis Glucose [26]
Yeast P
Candida tropicalis and Yarrowia lipolytica Palm oil mill effluent and [28]
crude glycerol
Coniochaeta hoffmannii Carrot pomace [29]
P . Iternaria alternata, Cladosporium
ungt cladosporioides, Epicoccum nigrum,
; 3 ., Sugarcane molasses [30]
Fusarium oxysporum, Aspergillus parasiticus
and Emericella nidulans
) Chlorella minutissima Inorganic salts [31]
Microalgae
Scenedesmus obliqguus and Desmodesmus spp.  Municipal wastewater [32]
Serratia sp. Municipal secondary sludge  [33]
Bacteria
Bacillus sp. Sewage sludge [34]

2.3. Urban Wastes

Some urban wastes can also be used as biodiesel feedstock due to their high lipid contents or even
as a substrate to grow oleaginous microorganisms. Waste palm oil generated after the cooking process
was reported as having large amounts of fatty acids, composed mainly of oleic, palmitic and linoleic
acid, i.e., with 42.39%, 36.63% and 9.85% of fatty acids respectively [35]. Apart from these, another
urban waste used for biodiesel production is yellow grease, a waste from cooking that also contains
a high percentage of free fatty acids. Gaurav et al. [15] demonstrated that canola oil was reported
as having palmitic, oleic and linoleic acid. Sakdasri et al. [36] used waste palm oil from a restaurant
and Giragol et al. [37] studied cooking soybean oil residues from homes for biodiesel production.
Moreover, other residues, such as municipal wastewater, can be utilized to grow oleaginous algae
commonly used for biodiesel production [32]. In another study, Tran et al. [38] investigated grease trap
waste for low-cost biodiesel production, as did Kech et al. [39] with wet urban sewage sludge. All the
above-mentioned studies clearly indicated that a variety of urban wastes generated from different
sources can be efficiently used as promising feedstocks for the production of biodiesel. Moreover, it is
believed that the utilization of urban organic wastes for the production of biodiesel will also help to
solve the problem of waste management as disposal of urban wastes is one of the major concerns for
local municipal corporations.
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3. Conventional Methods Used for Biodiesel Production

Several methods have been investigated in the few last decades for biodiesel production as a
substitution of fossil fuels. However, some methods present critical problems due to high viscosity,
low volatility and polyunsaturated properties of employed oils [40]. Other products such as aldehydes,
ketones, polymers, shorter chain fatty acids and others may be produced during esterification due to the
oxidation of fatty compounds [41]. The presence of these compounds may negatively affect biodiesel
quality, which may become a major problem considering fuel injection and combustion [42]. This allows
the development of techniques that permits the utilization of several lipidic feedstocks, such as natural
oils [20,21,43], urban oils [44], or even some oils produced by microorganisms [20,28]. The implication
of different techniques such as transesterification is presented as the conventional methodology for the
production of industrial biodiesel and can be performed by employing homogeneous or heterogeneous
catalysis methods [45], which present unique advantages and disadvantages as shown below.

3.1. Catalyst-Assisted Methods

Transesterification is considered the best route for the utilization of oils in substitution to fossil
diesel, once it generates the biodiesel with similar viscosity and cetane index [46]. The catalyst-assisted
approaches are the most traditional proposals for the production of biodiesel and can be performed
using homogeneous or heterogeneous methods (Figure 2). Homogeneous catalysis is presented as
a simple, fast and high-yielding process, with a strong catalytic agent with fewer disadvantages or
limitations [47]. Heterogeneous catalysis is presented as an interesting approach as far as biodiesel
production is concerned because this approach is more selective and eco-friendly [44].

The transesterification of different oils can be performed by adding alcohol, generally methanol or
ethanol for the production of esters and glycerin [40]. Generally, a catalyst is added to the reaction,
promoting a three-step cascade breakdown of triglyceride in diglyceride and finally to monoglyceride
in the last step. From the produced monoglyceride, glycerin is obtained. Several relevant variables are
described in the literature such as different alcohol, catalysts, reaction temperature, mixing intensity;,
as well as the alcohol to catalyst ratio for the effective utilization of oils [44]. The most employed
catalysts applied to biodiesel production are alkali, acid and enzymatic. Figure 2 shows traditional
approaches for the production of biodiesel from oils.

Biomass

Y

Microorganism Vegetal oil Urban waste oil
(algae, bacteria,fungi) (corn, floxseed, soybean) (waste frying oil)

[ Transesterification ]- Alcohol
(methanol, ethanal)

Homogenous Heterogeneous

| } | , l

Alkaline Acid Alkaline Acid Enzymatic
(NaOH, KOH) (H50,, Hcl) |oxides, alkaline zealites clays) (suifonated carbon) {lipases)
Glycerol
BIODIESEL

Figure 2. Traditional approaches for the production of biodiesel from oils.



Symmetry 2020, 12, 256 6 of 21

3.1.1. Alkaline-Catalyzed Methods

Homogeneous base-catalyzed reactions are inexpensive due to the availability of reagents such
as NaOH and KOH, which are currently the most employed alkali catalysts. The application of
these catalysts can be performed in all kinds of oils, such as refined, crude or frying oils [44,48].
The transesterification reactions are performed in mild temperature and pressure conditions and
required short reaction time [44]. The limitation of this technology is based on process sensitivity to
the reactants purity, the employed fatty acids and the water concentration presented in the sample.
Too much water may result in the hydrolysis of triglycerides in diglycerides and FFA (free fatty acids),
so water use must be controlled in this process in order to obtain high-quality biodiesel. The resence of
FFA in large concentrations may lead to saponification and consequently, soap production instead
of biodiesel production, promoting an emulsion formation and increasing the downstream recovery,
increasing the purification processes cost and generating large amounts of contaminated liquid
effluent [42,44].

The development of new green heterogeneous catalysts has been increased in the latest years,
as they are easy to reuse, does not present corrosion problems and presents longer lifespans [40].
The utilization of heterogeneous based-catalysts is usually employed in high-purity feedstocks and low
water and FFA content [44]. Recent studies showed effective utilization of heterogeneous based-catalysts
composed by the utilization of several metal oxides, alkaline zeolites and some clays [41,49-51].
These processes may be employed alone or a combination with some other approaches [43]. However,
the major drawbacks of the heterogeneous based-catalysts are the presence of low levels of FFA, high
molar alcohol and oil proportion, diffusion limitation, high cost when compared with traditional
reactions and catalyst leaching stills makes the commercialization of heterogeneous catalysts as a major
challenge [40,44].

3.1.2. Acid-Catalyzed Methods

Hydrochloric acid (HCI) and sulphuric acid (H»SO,) are the most commonly employed catalysts
for acid-catalyzed transesterification. A homogeneous acid catalyst presents some advantages when
compared with alkali-catalyzed methods, e.g., it can catalyze esterification and transesterification
simultaneously and it is not sensitive to the presence of FFA, allowing its employment on low-cost
feedstocks such as waste frying oils in order to reduce the acidity of a medium [44,47]. The present
disadvantages of this method are the necessity of more severe conditions, such as temperature, reaction
time and oil to alcohol ratio, when compared to the alkaline method. Other typically associated
problems are product recovery after neutralization and residue generation [44].

Heterogeneous acid catalysis is majorly executed by the utilization of inorganic polymeric
materials such as heteropoly acid and sulfonated carbons, which promotes a sustainable technology
as it presents an easy separation from the reaction medium, reusability and does not cause the
equipment corrosion as the homogeneous acid catalyst [44,48]. The metal-organic frameworks (MOFs)
and covalent-organic frameworks (COFs) are also cited as presenting advantages when compared
to other catalysts, such as larger surface area and regular pore, resulting in a high capacity for
storing ions [52]. The highly cross-linked amorphous covalent-organic polymers (COPs) such as
the mesoporous melamine-formaldehyde polymer (MMEFP) are considered an outstanding chemical
by its hydrothermal stabilities, also presenting the characteristics presented on MOFs and COFs.
The utilization is limited at some crucial points for utilizing the HPA as low surface area, high solubility,
low thermal stability and difficulties in fabrication of chemically antagonistic functions [52] and
low contents of acid sites are related to the nanoporous inorganic-oxides regularly presenting low
catalytic activity.
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3.2. Lipase-Catalysed Methods

Lipases are heterogeneous biochemical catalyzers majorly produced by microorganisms and used
for the production of biodiesel and glycerol. They can be used as the catalyst for transesterification
and esterification reactions and present a great industrial interest once it can be employed as an
effective catalyst for lipidic feedstocks, acting in mild temperature and pressure conditions at present
high reactional yields [53]. The biocompatibility and biodegradability of the lipases make it as
the most environmentally accepted method, promoting its utilization for agricultural and medical
applications [45].

Several microorganisms have been reported in the literature as the efficient producers of lipase
which commonly used in biodiesel production. Candida antarctica is reported as the most important
yeast as far as production of lipase B is concerned, however, apart from this, some other Candida species
are reported as good producers of lipases [53]. Some of the studies performed also demonstrated that
the possibility of production of lipases from filamentous fungi like Rhizomucor, Thermomyces, Aspergillus
and Penicillium [54]. Similarly, bacterial species like Proteus and some Streptomyces also reported to
produce lipases and the produced lipases were efficiently used for the biodiesel production [53].

In addition, recombinant heterologous lipases have been developed which showed improved
thermostability and tolerance towards denaturation from methanol. As lipases naturally occur in
free from, several support materials have been developed for the immobilization of these enzymes,
such as alginate, chitosan and silica gel [55]. Several techniques such as physical adsorption, ionic
bonding or covalent bonding, entrapment cross-linking techniques, etc. can be promisingly used for
immobilization of lipases [56]. Whole-cells have also been studied as a new method for the production
of biodiesel and present some advantages such as simplified operation process and production costs
reduction [57].

Solid enzymatic preparation (SEP) is another technique which is associated with solid state
fermentation (SSF), where the fungal cells can grow naturally in immobilization structures to secretes
the lipases which will be used as biocatalysts [58]. The disadvantages associated with enzyme-catalyzed
transesterification are mainly related to production of lipases such as enzyme robustness, low yields,
purification and stability [53]. In addition, the high production cost of enzyme and longer enzymatic
reaction time are some other limitations of enzyme-catalyzed transesterification when compared to the
alkali catalysis transesterification [58].

4. Nanocatalysts in Biodiesel Production

As discussed earlier, biodiesel (fatty acid methyl esters) usually prepared through the
transesterification oils derived from animal, plant, or oleaginous microorganisms after their reaction
with alcohol like methanol [59]. However, this technology has some major problems which mainly
include saponification, deactivation of the catalyst and low reaction rate [60]. Therefore, in order to
overcome these challenges scientists believed that nanotechnology can be effectively used. Over the
period of last few years, nanotechnology has emerged as the most promising technology having
revolutionary applications in numerous fields. It is commonly defined as synthesis, manufacturing
and applications of the matters with atomic or molecular precision at dimensions in the size range
of 1-100 nm [61]. Nanomaterials are considered to be the building blocks of nanotechnology that
possess several novel and unique properties. Nanomaterials like metal nanoparticles reported to
have the surface area several hundred times more than their equal weight of macroscale materials.
Besides the extensive increase in surface area, other properties like tenacity, elasticity, catalytic activity,
electricity, strength, etc. were also found to be enhanced at the nanoscale [59]. Recent advances in the
field of nanotechnology and some of the noteworthy studies performed proposed that among all the
above-mentioned properties, the potential catalytic efficacy of nanomaterials makes them the most
popular catalysts in biofuel production, and particularly in biodiesel production.

To date various nano-based normal or functionalized heterogeneous catalysts having promising
catalytic properties such as high activity, surface reactivity, large pore size, large surface area, etc. have
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been synthesized and utilized for the production of biodiesel [62]. Kumar et al. [63] proposed that
a typical heterogeneous catalyst usually consists of few nanoparticles dispersed on highly porous
material having surface area up to 250 m?/g. Some of the important solid nanocatalysts which have been
used in biodiesel production are metal oxides (Cao, MgO, Fe3O4, Ca/Al/Fe3;0,, KF/Al,O3, SnOy, etc.),
sulfated oxides, hydrotalcites, zeolites, zirconia, etc. [64,65]. Among these, some of nanocatalysts
have been briefly discussed below. Figure 3 shows the important nanocatalysts commonly used in
biodiesel production.

Metal oxides based
nanocatalysts

A

Important
< i nanocatalysts > Zeolites/
used in biodiesel Nanozeolites
production

Magnetic
nanocatalysts

e

Nanohydrotalcites

Figure 3. The important nanocatalysts commonly used in biodiesel production.
4.1. Metal Oxide-Based Nanocatalysts

Among different heterogeneous nanocatalysts, metal oxide-based nanocatalysts are considered as
most promising and hence widely studied in production of biodiesel from a variety of feedstocks.

Faria et al. [66] synthesized nanosized SiO,/ZrO, catalyst by the sol-gel method having high
surface area. Further, this catalyst was evaluated for its efficacy in the transesterification of soybean oil
for biodiesel production. It was reported that this catalyst exhibit promising catalytic activity showing
about 96.2 + 1.4% biodiesel conversion yield after 3 h of reaction. Moreover, it was also observed
that after recovery, this catalyst can be reused for six more cycles of transesterification with little drop
in catalytic efficiency (biodiesel conversion yield = 84.1%). Qiu et al. [67] synthesized C4;H;OsHK
(potassium bitartrate)-loaded ZrO, nanocatalyst with size ranges from 10 to 40 nm, and investigated
its use in the production of biodiesel via the transesterification of soybean oil and methanol in different
molar ratios. Moreover, various other reaction parameters like reaction temperature, nanocatalyst
concentration, and reaction time were also optimized. The results obtained revealed that the maximum
biodiesel yield of about 98.03% can be achieved at methanol and oil molar ratio of 16:1 having 6.0%
nanocatalyst at 60 °C for 2 h.

Madhuvilakku and Piraman [68] successfully synthesized s TiO,-ZnO nanocatalyst and employed
in transesterification of Palm oil to produce FAME. Formation of defects on the catalyst surface due
to the substitution of Ti on the Zn lattice improves catalytic activity and stability. They reported
98% oil conversion, and a 92% biodiesel yield was obtained under the reaction conditions of 200 mg
catalyst, a methanol to oil molar ratio of 6:1, 60 °C temperature and 5 h time. Other studies performed
demonstrated the synthesis of sulfated doped TiO, solid acid nanocatalyst which can be promisingly
used in a petroleum refinery in various process. According to the authors, these catalysts showed
better performance compared to other sulfated metal oxides and this is mainly due to the acid strength
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of the TiO, particles which can be increased by loading of the SO4%~ groups on the surface of TiO,.
These catalysts showed promising efficacy in the synthesis of biodiesel from cooking oil [69,70].
Similarly, bimetallic catalysts supported on metal oxides i.e., Cu-Ni supported on TiO,, ZrO,, CeO,,
etc. were also found to be most effective in catalysis of reaction responsible for biofuel like biodiesel
production [71,72]. Baskar et al. [73] reported on Mn doped ZnO nanomaterial for the transesterification
of Mahua oil and found that the catalyst calcined at 600 °C shows maximum biodiesel yield of 97%
under the optimized reaction conditions such as 8 wt.% catalyst loading, 7:1 methanol to oil ratio,
50 min time and 50 °C temperature. The kinetic study of the reaction shows that 181.91 k]/mol activation
energy is required for transesterification of Mahua oil using Mn doped ZnO catalyst.

In another study, acid-functionalized magnetic nanoparticles were synthesized and used as
heterogeneous nanocatalysts for the production of biodiesel. In this study, sulfamic and sulfonic
acid functionalized silica-coated crystalline Fe/Fe3O4 core/shell, magnetic nanoparticles were used
in transesterification of glyceryl trioleate. The results obtained show that both acid-functionalized
(sulfamic and sulfonic acid) nanocatalysts found to have a promising catalytic performance. However,
the sulfamic acid-functionalized nanocatalysts showed considerably enhanced activity compared
to sulfonic acid-functionalized nanocatalysts [74]. Alves et al. [75] demonstrated the feasibility of
application of mixture of iron/cadmium (Fe/Cd) and iron/tin (Fe/Sn) oxide nanoparticles having magnetic
properties for the production of biodiesel from soybean oil as a rapid and easy nanotechnological
approach. Among these two nanocatalysts, Fe/Sn oxide nanoparticles showed maximum catalytic
performance with a biodiesel yield of 84%. Further, authors suggested that such nanocatalysts exhibits
significant potential toward hydrolysis, transesterification, and esterification of soybean oil and their
fatty acids.

Similarly, CaO-based nanocatalysts are also found to be efficient catalysts for the transesterification
process of different oil feed stocks for the production of biodiesel [76]. According to Kumar et al. [63]
there are four forms of CaO nanocatalysts like neat CaO, doped CaO, loaded Cao and waste CaO,
all these are commonly used as effective nanocatalysts in synthesis of biodiesel form different oil feed
stocks. However, loaded CaO and doped CaO based catalysts are mostly preferred than neat CaO
because these rapidly form hydrogen bond with methanol and glycerol. Reddy et al. [77] attempted to
use neat CaO nanocatalysts for the production of biodiesel from poultry fat with alcohol:oil molar
ratio of 10:3 at room temperature and it was found that this used a CaO-based nanocatalyst showing
100% yield conversion at this reaction condition. Similarly, another study involving the use of same
nanocatalyst with palm oil as feedstock and alcohol:oil molar ratio of 15:1 at 60 °C showed 95.7%
yield conversion [78]. Moreover, in case doped of supported CaO, Wen et al. [79] synthesized KF/CaO
nanocatalyst by impregnation method having with size range in between 30-100 nm and evaluated
their activity towards production of biodiesel from Chinese tallow seed oil. This study reported about
96.8% of biodiesel yield showing potential of such nanocatalyst for the biodiesel industry. In another
similar study, Hu et al. [80] demonstrated the production of biodiesel using microporous solid base
KF/CaO as nanocatalyst from rapeseed oil with alcohol:oil molar ratio of 6:1-12:1 at 70-90 °C. The results
recorded showed about 93% yield conversion. In another similar study, graphite oxide-supported CaO
nanocatalysts were used to achieve higher yield of biodiesel. It was reported these catalysts showed
about 99% conversion rate with 15:1 alcohol:oil molar ratio at 70 °C from jatropha oil and about 97.8%
yield from soybean oil with 15:1 alcohol:oil molar ratio at 60 °C [81]. Apart from these, Tahvildari
et al. [82] investigated the production of biodiesel from cooking oils, using CaO and MgO nanoparticles
synthesized by sol-gel and sol-gel self-combustion methods, respectively. CaO nanoparticles showed
significant increase in the biodiesel yield compared to MgO nanoparticles. The above-mentioned
reports discussed are enough to drawn a conclusion that various metal oxide based nanocatalysts one
of the most efficient heterogeneous catalysts as far as biodiesel production from different feedstocks
is concerned.
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4.2. Nanohydrotalcites

Hydrotalcites are the another kind of materials which are quite prevalent in nature and these are
gaining growing interested day by day because of their very wide range of potential applications and
uses. However, it is also possible to prepare hydrotalcite and in for this co-precipitation methods are
the most preferably used [83]. Considering the wide spread utility of hydrotalcite, recently researchers
are focusing on development of nanohydrotalcites which are commonly known as anionic clays
or aluminum-magnesium layered double hydroxides. The hydrotalcite compounds are among the
class of two-dimensional nanostructured anionic clays that contains two types of metallic cations
accommodated with the aid of a close packed configuration of OH groups in a positively charged
brucite-like layer [83,84].

Some of the studied performed in recent past demonstrated that nanohydrotalcites can be
effectively used in the production of biodiesel. Deng et al. [85] developed hydrotalcite-derived
nanoparticles with Mg/Al oxides by a co-precipitation method using urea as precipitating agent and
further evaluated their catalytic efficacy for transesterification of Jatropha oil. The author claimed that
the used nanocatalysts were promising and showed 95.2% yield of biodiesel. In another study, Dias et
al. [86] synthesized cerium modified Mg-Al hydrotalcites and further it was used as catalysts in the
methanolysis of soybean oil for the production of FAMEs, the results obtained showed that FAMEs
yields higher than 90% can be obtained using such catalyst. Another report also demonstrated the
synthesis of Mg-Al nanohydrotalcite and for the first time used them as a catalyst for transesterification
of Pongamia oil, a maximum biodiesel conversion of about 90.8% was achieved at 6:1 molar ratio of
methanol and catalyst, 65 °C temperature [87]. It was proposed that nanoengineered macroporous
hydrotalcites potentially enhanced the catalytic production of biodiesel. The macroporous Mg-Al
hydrotalcites synthesized through alkali-free co-precipitation showed higher catalytic performance
in the transesterification of C4—Cjg triglycerides. Moreover, it was claimed that the high catalytic
performance of Mg-Al hydrotalcites was mainly because of diffusion of bulky triglycerides due to
porous nature of catalyst and easy accessibility of active sites present on the developed catalyst [88].

Similarly, Manivannan and Karthikeyan [89] developed Mg-Al nanohydrotalcites and used as
solid base catalysts in a heterogeneous manner for the methanolysis of neem oil to obtain methyl esters.
Further, they also studied effect of the various reaction parameters like temperature, time, catalyst
amount, and methanol/oil molar ratio on the efficacy of Mg-Al nanohydrotalcite. The observations
recorded suggested that the reaction temperature play important role in the resulting yield of biodiesel.
It was found that at room temperature the yield of FAME is low and it increases with increases
in temperature at particular temperature. The maximum yield of 84% was reported at reaction
temperature of 65 °C; however, further increase in temperature decline the yield of FAME.

Gao et al. [90] prepared different KF/Ca-Mg-Al hydrotalcite with different cation ratios. Further,
they evaluated effects of different cation ratio of the Ca-Mg-Al hydrotalcite and the methanol/oil molar
ratios on the yield of FAME through the transesterification of palm oil. The results obtained suggested
that all these hydrotalcite showed considerably high catalytic efficacy in the transesterification reactions
to obtain biodiesel. About 90% yield of FAME was obtained within 10 min of reaction with 12:1
methanol/oil molar ratio, and 5% (wt/wt oil) catalyst amount at 338 K. Moreover, it also observed
that even higher yield of FAME (99.6%) can be achieved in 10 min using KF/Ca-Mg-Al hydrotalcite
with specific amount of each content of this catalyst (i.e., 2.2:0.8:1 Ca/Mg/Al; KF mass ratio of 100%).
According to Chelladurai and Rajamanickam [84] application of nanohydrotalcite for the production
of biodiesel is environment friendly because the process can be carried out at ambient temperature.
In this context, authors proposed the use of nano-Zn-Mg-Al hydrotalcite as solid base catalysts for the
production of biodiesel from neem oil through transesterification. It was reported that the catalytic
performance of the used nano-Zn-Mg-Al hydrotalcite is significantly increased due to incorporation
of Zn into the surface of Mg-Al hydrotalcite material. A maximum FAME conversion of 90.5% was
recorded for 10: 1 methanol: oil molar ratio and 7.5 g at 65 °C, 450 rpm for 4 h reaction and with
the catalysts ratio of Zn-Mg-Al as 3:3:1. Recently, Prabu et al. [91] also found that the modification
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of Mg-Al nanohydrotalcite can enhance its catalytic performance. Therefore, authors developed
Mg/Al/Zn-based hydrotalcite/SBA-15 composite material and investigated their catalytic activity for
the transesterification of vegetable 0il (soybean oil) in the presence of methanol. It was reported that
the incorporation of Zn in Mg/Al hydrotalcite greatly influences the textural characteristics, density of
the basic sites, and the catalytic activity of this nanohydrotalcite composite. Moreover, Mg/Al/Zn-based
hydrotalcite/SBA-15 reported to have high catalytic performance which was proved from high yield of
biodiesel (90%) achieved at ambient reaction conditions.

Above mentioned reports presented that application of Mg/Al catalysts at different molar ratios
(i.e., within the range of 1.5-5) can be promisingly used in biodiesel production. It was also found that
high ratios of Mg/Al catalyst showed excellent characteristics despite a low surface area [92]. However,
Di Serio et al. [93] claimed that calcined Li/Al hydrotalcites were most active in the glycerolysis of fatty
acid than Mg/Al material due to high Lewis basicity. Similarly, Gutiérrez-Ortega et al. [94] reviewed
the role of Co/Fe-mixed oxides as heterogeneous catalysts in the production of biodiesel. In this article,
authors mentioned that all the different kinds of nanohydrotalcite including Co/Fe-mixed oxides can
be effectively used for transesterification of various oils. Therefore, from all the studies discussed
herewith, it can be concluded that the application of different nanohydrotalcites in biodiesel production
will be novel ecofriendly alternative.

4.3. Zeolites/Nanozeolites

Zeolites are another kind of catalysts which are also used in industrial production of biodiesel.
These are known for their promising catalytic performance due to the presence of strong acid sites, high
surface area, shape selectivity, and unique molecular sieving properties hence being used for a variety
of catalytic application since many decades [95]. Considering the wide range of catalytic applications
of zeolites including biodiesel production, currently scientific community focusing on devolvement
and utilization of nanozeolites for even better efficacy. Nanozeolites are hydrophobic supports having
high external surface areas, and their high dispersibility in both aqueous solutions and organic media
allows better access of the enzymes to the substrate. Moreover, as discussed earlier enzyme-catalyzed
processes involving the use of lipases enzymes were found to be effective in transesterification of
triacylglycerides. Considering these facts, researchers have developed nanozeolites-enzyme complexes
as a most promising catalysts for the enhanced production of biodiesel. It is proved that application
of nanozeolites as solid support for the immobilization of catalytic enzymes like lipases increases
the catalytic of activity of immobilized enzyme compared to free enzyme. It is believed that the
increase in the catalytic activity of immobilized enzymes was mainly due to their enhanced stability
towards higher temperature and other environmental conditions. Apart from these, the most important
advantage in the application of such nanozeolite—enzyme complexes is their reusability. Due to the
immobilization of catalytic enzymes on solid nanosupports it is possible to recover them and reuse
them in consecutive cycles of transesterification of triacylglycerides [8,96].

In this context, de Vasconcellos et al. [8] studied the possibility of nanozeolites with
various crystallographic structures functionalized with (3-aminopropyl) trimethoxysilane (APTMS)
and cross-linked with glutaraldehyde as solid supports for immobilization of lipase recovered
from Thermomyces lanuginosus. Further, authors also demonstrated the role of the developed
enzyme—-nanozeolite complexes in ethanolysis transesterification of microalgae oil to FAEEs. The results
obtained in this study revealed that the used nanozeolites functionalized with APTMS and
cross-linked with glutaraldehyde showed ability to immobilize higher amounts of enzymes and
these enzyme-nanozeolite complexes also reported to exert comparatively higher enzymatic activities
than free enzyme (non-functionalized). The FAEEs yield above 93% was recorded using these
lipase-nanozeolite complex. After first reaction, the catalyst was recovered as reused for next five
consecutive cycles of ethanolysis transesterification and most interestingly same yield was obtained
even after five cycles, this indicated the stability of immobilized enzyme. Moreover, it was reported
immobilization of enzyme through covalent bonding found to be more promising compared to physical
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adsorption, in case of enzyme-nanozeolite complex prepared using These observations indicated
that development of highly efficient biocatalysts for the production biodiesel is possible via chemical
modulation of nanozeolite surfaces.

In another study, Al-Ani et al. [95] developed nanostructured zeolites as intracrystalline
mesoporous basic Faujasite-type catalysts. In this study, authors have synthesized basic cation-rich
hierarchical zeolites X and Y through a combination of post-synthesis modifications and ion exchange
and further evaluated their efficacy in biodiesel production from vegetable oils. The results obtained
showed promising catalytic performance of the prepared cation-rich hierarchical zeolites which was
indicated from increased conversion of triglycerides through tranesterification process of vegetable oils.
Similarly, in their recent study, Al-Ani et al. [97] developed another type zeolite based nanostructured
catalyst, i.e., ion-exchanged zeolite P for the production of biodiesel and here also authors reported
better catalytic performance of the used nano-sized zeolite.

Saeedi et al. [98] prepared zeolite imidazolate framework (ZIF-8) doped with potassium
(KNa/ZIF-8) and these catalysts were used in the production of biodiesel from soybean oil as the
feedstock via transesterification process. Further, to increase the basicity and to enhance the catalytic
performance of ZIF-8 during transesterification with methanol, sodium and potassium were added to it.
A remarkable conversion of >98 was recorded in case of KNa/ZIF-8 at methanol/oil molar ratio of 10:1
and 3.5 h of reaction time. Moreover, this solid catalyst was recycled for about three times and reused.
Recently, Amalia et al. [99] demonstrated the production of biodiesel from Castor (Ricinus communis)
oil was using heterogeneous KOH/zeolite catalyst through the process of transesterification. After
optimization of different reaction parameters and condition, promising transesterification was observed
at 55 °C, 7 h reaction time and 70% catalyst concentration.

Since last few years, production of biodiesel from used vegetable oil is attracted a great deal of
attention because it involves the use of waste edible oil and their recycling which as considered as one
of the major social problem worldwide. In this context, Brito et al. [100] demonstrated the efficacy of
zeolite Y with different Al,O3 content as catalyst for the methanolysis transesterification of waste oil.
It was observed that these catalysts showed promising catalytic efficacy in between 466 and 476 °C,
12.35 and 21.99 min reaction time, and a methanol/oil molar ratio of 6. Similarly, in another study,
zeolite-based catalyst was prepared from a fine powder and kaolinite by pelletization process. Further,
it was used to produce FAMEs which are noting but the biodiesel from waste cooking oil containing
high amounts of free fatty acids. The data obtained indicated that the synthesized zeolite-based
catalyst has ability to simultaneously catalyze two different processes, i.e., the esterification of fatty
acids and transesterification of triglycerides. The maximum conversion of triglyceride (46%) was
achieved at 50-85 °C reaction temperature, 2.6-6.0 methanol/waste cooking oil molar ratio and 2-10 h
of reaction time [101]. Apart from various other attempts were made for the use of different zeolites
and nanozeolites in the production of biodiesel and hence related reports are also reviewed in some
review articles published in last few years. Overall, all these studies confirmed that zeolites and
nanozeolites can be effectively used as heterogeneous catalysts for enhanced catalytic performance.

4.4. Magnetic Nanocatalysts

Like solid supported nanocatalyst, nowadays, magnetic nanocatalysts have attracted a great of
attention from researchers. Because of outstanding magnetic properties, magnetic nanocatalysts can be
reused more than one cycle of transesterification. Various attempts have been made in this direction and
a variety of magnetic nanocatalysts were developed and employed in the transesterification of different
feedstocks for the production of biodiesel. The easy recovery and reuse of same nanocatalysts provide
the economic viability to the process. In this context, Hu et al. [102] have developed novel magnetic
nanocatalyst i.e., KF/CaO-Fe3O4 having porous structure and used as for synthesis of biodiesel from
Stillingia oil. Thus, synthesized magnetic nanocatalyst reported to have particle diameter of about
50 nm. The Brunauer-Emmett-Teller surface area was 20.08 m?/g compared to only 4.6 m?/g for
CaO. The results obtained showed about 95% yield FAMEs at optimal conditions like temperature at
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65 °C, a methanol/oil molar ratio of 12:1 and a catalyst concentration of 4 wt.% after 3 h of reaction.
Moreover, it was also observed that same magnetic nanocatalysts can be reused up to 14 times without
much loss in its activity and it is possible to recover more than 90% of catalyst when used at above
mentioned condition.

Alves et al. [75] developed a rapid, simple, economically viable nanotechnological approach for
the production of biodiesel from soybean oil. Here, authors synthesized a mixture of iron/cadmium and
iron/tin oxide nanoparticles with magnetic properties by co-precipitation method and the synthesized
nanocatalysts were evaluated for their efficacy in hydrolysis and transesterification of soybean oil
as well as esterification of soybean oil fatty acids. In the esterification assisted by iron/tin oxide
nanoparticles high yields, ca. 84%, was recorded, at 200 °C and 1 h of reaction time. Further, these
nanocatalysts were magnetically recovered and reused about four times without loss in its activity,
however, a loss of activity was observed for iron/cadmium oxide nanoparticles catalyst. In another
study, Feyzi and Norouzi [103] reported synthesis of a Ca/Fe304@SiO, nanocatalyst using combination
of two different approaches, i.e., sol-gel and incipient wetness impregnation method. Thus synthesized
nanocatalysts reported to have strong magnetic properties, further, this magnetic nanocatalyst was
used in the production of biodiesel. The data obtained revealed that the used magnetic nanocatalysts
showed very effective catalytic activity at optimum conditions which was indicated from maximum
yield of biodiesel (about 97%). The magnetic nature of nanocatalyst supported its reuse for several
times without significant loss in its catalytic activity. In a similar approach, Alaei et al. [104] synthesized
magnetic and reusable MgO/MgFe,O4 nanocatalyst for biodiesel production from sunflower oil. Here,
considerably high conversion of about 91.2% was reported using this catalyst at optimum conditions
such temperature of 110 °C, methanol-to-oil molar ratio of 12, catalyst concentration of 4 wt.% and
reaction time of 4 h. This indicated the promising catalytic potential of the used magnetic catalysts
towards production of biodiesel. However, after recovery same nanocatalyst was reused for next five
consecutive transesterification reactions that the results were very acceptable and finally the lowest
conversion recorded was about 82.4%.

Recently, Salimi and Hosseini [105] reported the synthesis of ZnO/BiFeO3; magnetic nanocatalyst
by co-precipitation method and demonstrated their use for the biodiesel production from canola
oil through a transesterification reaction. Authors, claimed that application such cheap and novel
magnetic nanocatalyst could be helpful in its easy separation from the reaction products by applying
magnetic field. A promising catalytic efficacy was reported for this catalyst which was indicated from
the high yield of biodiesel, i.e., 95.43 and 95.02% in first and second cycle, respectively at optimum
conditions such as molar ratio of methanol/canola oil of 15:1, a reaction temperature of 65 °C and a
catalyst amount of 4 wt%, The catalyst was reported to reused for about five times and, the FAME
yield maintained more than 92.08% after five times. Similarly, another recent report by Ghalandari
et al. [106] demonstrated the synthesis of a magnetic core-mesoporous shell KOH/Fe3;0,@y-Al,O3
nanocatalyst using the Fe;O4@y-Al,O3 core-shell structure as support and KOH as active component.
The catalytic efficiency this magnetic catalyst was indicated from the high biodiesel yield (97.4 %) which
was achieved under specific optimum reaction conditions through transesterification of canola oil.

Moreover, several acid-functionalized magnetic nanomaterials have been successfully developed
and used in the production of biodiesel from wide range of feedstocks. Zillillah et al. [107] synthesized
promising, highly catalytic and recyclable magnetic nano-size solid acid catalyst (HPW-PGMA-MNPs).
The core of this catalysts was consist of iron oxide magnetic nanoparticles (MNPs) consist of MNPs poly
(glycidyl methacrylate) (PGMA) in present in the form of the shell of this catalyst, and phosphotungstic
acid (HPW) was used as the surface acid group. Further, the developed HPW-PGMA-MNPs catalyst
was used for transformation of waste grease to biodiesel (i.e., FAMEs) via simultaneous esterification of
free fatty acids (FFAs) and transesterification of triglycerides with methanol. A considerably high yield
of FAMEs (98%) was achieved using this magnetic catalyst at optimum reaction conditions. An easy
recovery of HPW-PGMA-MNPs catalyst and their reuse for multiple reaction cycles was promising
which was indicated from the 95% productivity of FAMEs after the 10th reaction cycle. Wang et al. [74]
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synthesized acid-functionalized magnetic nanoparticles and used them as heterogeneous nanocatalysts
for the production of biodiesel from waste cooking oil as illustrated in Figure 4. Here, acid functionalized,
i.e., sulfamic and sulfonic silica-coated crystalline Fe/Fe;O4 core/shell magnetic nanoparticles were
prepared and their catalytic performance was demonstrated for transesterification of glyceryl trioleate.
The results obtained showed that both acid-functionalized nanocatalysts showed promising catalytic
performance. However, the sulfamic acid-functionalized nanocatalysts showed comparatively higher
activity than the sulfonic acid-functionalized nanocatalysts.
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Figure 4. Synthesis of sulfonic acid functionalized magnetic nanoparticles and sulfamic acid
functionalized magnetic nanoparticles (adapted from Wang et al. [74] with copyright permission
from the American Chemical Society).
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Erdem et al. [108] proposed the novel approach for the surface modification of magnetic iron oxide
nanoparticles by silica layer via Stober method followed by functionalization of chlorosulfonic acid.
Thus, developed acid-functionalized magnetic nanoparticles were as potent nanocatalyst in biodiesel
production. Further, the catalytic activity of the coated and non-coated solid (acids-functionalized)
nanocatalyst was evaluated in palmitic acid-methanol esterification which is one of the common
industrial process for biodiesel synthesis. Authors reported that the application of a silica layer on the
surface of magnetic nanoparticles creates a minor obstacle with respect to magnetism, but it showed
accelerated mass transportation due to its relatively porous structure and magnetic core found to be
more stable in the acidic reaction medium by means of covering process. Due to its properties, the
developed acid-functionalized nanocatalyst showed promising acid catalyzed esterification. Apart
from above discussed reports, there are some other reports are also available which all proposed
that development of magnetic nano-size solid acid catalyst will be potentially useful for the green
and economic production of biodiesel from various feedstocks. All the reports discussed above
demonstrated different advantages of nanocatalysts over other traditional heterogeneous catalysts.
The application of nanocatalysts particularly, magnetic nanocatalysts, is of great importance as far as
production of biodiesel through heterogeneous catalysis is concerned. Because of their strong magnetic
properties, magnetic nanocatalysts can be reused for multiple cycles of transesterification which
ultimately reduce the cost involved in the production of biodiesel and make the process economically
viable. Moreover, nanocatalysts can works at ambient operational conditions and hence, catalytic
processes involving the use of nanocatalysts becomes more easy and convenient.

5. Conclusions and Future Directions

Biodiesel is considered one of the most promising alternative fuel to diesel. Biodiesel is a clean
and renewable fuel unlike conventional diesel which is non-renewable and cause harmful greenhouse
gas emissions. Renewable feedstock such as oils from plant seeds, animal fat, microorganism and algae
are the primary sources of biodiesel. It is basically produced via catalytic transesterification carried
out by homogeneous or heterogeneous catalysts. Alkaline catalysts such as potassium hydroxide,
sodium hydroxide is mainly used in transesterification process of fat. However, these catalysts
cause difficulty in transesterification of low-quality feedstock. Therefore, heterogeneous catalysts
(i.e., lipase, solid catalysts) are in demand in order to overcome the challenges linked with homogeneous
catalysts. Among different heterogeneous catalysts, nanocatalysts in the form of metal oxide based
nanocatalysts, nanohydrotalcites, zeolites/nanozeolites, and magnetic nanocatalysts are considered
promising catalysts in production of biodiesel from a variety of feedstocks with high yield and better
selectivity. Heterogeneous catalysts facilitate the simple and fast recovery of products and sub-products
from the reaction mixture. Nanomaterial-based catalysis has the potential to revolutionize the biodiesel
production at industrial growth augmenting the biorefineries.

Although heterogeneous catalysis is considered as a promising approach among the various
approaches available for transesterification of fatty acids, there is a huge potential to further develop this
concept. It can be achieved through the improvement of various factors associated with it such as type
of catalyst and reactor configuration. It is possible to develop a modified catalyst and reactor symmetry
which can easily work under various dynamic operation conditions. It will collectively lead to the
development of an improved design of catalytic processes which are in association with the changing
demands of this sector. In this context, it is believed that nanocatalysts developed in recent years are the
most appropriate catalysts for heterogeneous catalysis because they possess many advantages including
to enhance the efficiency of conventional heterogeneous catalysis approach. However, toxicological
concerns of nanocatalysts is the topic of debate and need intensive research to overcome the toxicity
effects. There are mixed opinions about the toxicity of nanocatalysts used in biodiesel production, but
surely there is a prime necessity of further extensive studies on the evaluation of toxicity of various
nanocatalysts used in biodiesel production. In biofuels and biochemicals production, nanocatalysts can
play a pivotal role in the improvement of overall productivity. Nanocatalysts, by virtue, have a high
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surface area and catalytic activity, eventually alleviating the problems of mass transfer resistance, fast
deactivation and inefficiency. As a whole, the implication of nanocatalysts is not only important for
the sustainable biodiesel production but also in production of cellulosic fuels, renewable commodity
chemicals and other bio-based products employing the versatile biorefinery platform.
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