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Abstract The demand for renewable and alternative types of energy has taken a
new dimension; the primary reason is traceable to the climate change effects that
fossil-based fuels have in the earth atmosphere. Bioenergy is one of the many arrays
of renewable forms of energy that have taken centre stage in replacing the con-
ventional fossil-based energy sources. Biofuel is the liquid or gaseous fuel derived
from biological processes such as agriculture (biomass) or anaerobic digestion
(solid or liquid wastes) or a combination of both, rather than geological processes
that are known with the traditional fossil-based counterparts. Biomass energy is
readily available and environmentally friendly, because it does not lead to a net
increase in carbon dioxide levels and produces low amounts of sulphur. An
effective implementation of biomass in the current energy scheme would involve
the development of new technologies for the large-scale production of biofuel. The
two primary methods for converting biomass to biofuels are thermochemical and
biochemical processes. Thermochemical conversion is a major path for producing
products such as bioethanol, biodiesel, bio-oil, bio-syngas and biohydrogen. It
includes fast pyrolysis, liquefaction, combustion and gasification. Liquefaction of
biomass to bio-oils involves two main routes which are hydrothermal and catalytic
liquefaction. Catalytic liquefaction is very similar to hydrothermal liquefaction;
however, a catalyst is used to reduce the residence time, operating temperature and
pressure thereby increasing the quality of liquid products. Thermochemical biofuels
are getting much more attention lately as these biofuels offer several technical and
strategic advantages, such as highly developed industrial infrastructure and the
biofuels can be produced from virtually all sorts of available biomass in a rea-
sonable timeframe without significant modification in the overall process. At lower
reaction temperatures, thermal processing of biomass with catalytic methods offers
the possibility of selectively yielding a narrow range of products and reducing the
energy requirements of the transformations. In terms of catalysts used, for biodiesel
production, heterogeneous catalysts in comparison to homogeneous catalysts
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provide more effective separation steps for products and catalysts, eliminate
quenching process, and offer conditions for the continuous production process. The
objective of this review is to discuss the trends, recent advances in heterogeneous
catalysts and expected contribution to knowledge, specifically in nanocatalysts for
biofuel production, such as metal oxide catalysts (e.g. ZnO), metal supported by
metal oxide catalysts (e.g. Au–ZnO), Alloy (e.g. Cu–Co), Metal oxide supported by
metal oxide (e.g. KF–CaO–Fe3O4). Our focus will be on heterogeneous catalysts.

Keywords Renewable energy � Biodiesel production � Biomass
Thermochemical processes � Catalysis � Nanocatalysts � Heterogeneous catalysts

1 Introduction

Availability of cost-effective and reliable energy sources is considered one of the
important characteristic of modern society. Unfortunately, most of the societies in
the world continues to rely heavily on fossil fuels such as oil, natural gas and coal.
The production of fossil fuels have a significant societal and environmental impact
varied from production to utilization which affects water, air and earth temperature
that leads to global climate change. Alternative energy sources such as nuclear and
renewable energy (wind, solar and biomass) can offer new cost-effective solutions
to the energy production. These sources can increase the energy efficiency and help
to reduce the environmental impacts.

The world energy demand has continued to take an upward trend. The primary
reason for this increase is not unconnected with the world population and our
methods of energy consumption. Despite the recent reduction in crude oil prices,
fossil-based fuels remain energy sources that must eventually be replaced world-
wide due to the diminishing fossil fuel reserves along with climate change effects
caused due to constantly increasing levels of greenhouse gases in the earth atmo-
sphere (Matthews et al. 2016). Bioenergy has been touted as one of the best
alternative sources of energy to replace fossil-based fuels eventually. Biofuel is the
term denoted to liquid or gaseous fuels derived from biomass, and a transition from
fossil-based fuels to biofuels is assumed to reduce emissions of climatic gases (Berg
2013). The primary alternative sources of energy systems that can replace fossil
fuels are water, wind, solar energy and biomass. Biomass energy is readily available
and environmentally friendly because it does not lead to a net increase in carbon
dioxide levels and produces low amounts of sulphur (Akia et al. 2014). A major
hindrance to the growth of biomass energy is the competition on food/feed versus
fuel. This can be overcome by using non-food biomass sources. Lignocellulosic
biomass such as agri-residues, agri-processing byproducts and energy crops which
do not compete with food and feed can be used for biofuel production (Munasinghe
and Khanal 2010). However, for potential replacement of crude oil by biomass, it is
important to note that the petrochemical industry currently consumes three-quarters
of the crude oil to cover the demand for liquid hydrocarbon fuels of the
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transportation sector, whereas only a small fraction of the petroleum is utilized in
the synthesis of industrial chemicals and other derivatives. Consequently, an
effective implementation of biomass in the current energy system will necessarily
involve the development of new technologies for the large-scale production of
biofuel (Serrano-Ruiz and Dumesic 2011). Presently, 4.7% of liquid transportation
fuel production originates from renewable sources (Matthews et al. 2016). The two
primary methods for converting biomass to biofuels are thermochemical and bio-
chemical processes. Thermochemical conversion is a major path for producing
products such as bioethanol, biodiesel, bio-oil, bio-syngas and biohydrogen. It
includes fast pyrolysis, liquefaction, combustion and gasification as seen in Fig. 1.
Fast pyrolysis is used for pyrolysis processes with a very short residence time of
intense thermal treatment from 0.5–3 s at 400–600 °C. The shorter duration of heat
exposure of the biomass in fast pyrolysis process results in increased heat and mass
transfer, along with phase transition with chemical reaction kinetics. Long residence
times (few minutes to hours) and lower temperature range (200–350 °C) favour
charcoal formation (Verma et al. 2012). Liquefaction of biomass to bio-oils
involves two main routes, which are hydrothermal and catalytic liquefaction.
Hydrothermal liquefaction is based on the superior properties of water at higher
temperatures and pressures. The reactivity of biomass is considerable in water,
especially under hydrothermal conditions. Water is used as both reactant and sol-
vent in the liquefaction, which prevents any polymerization and prevents the for-
mation of solid products, such as coke and char. Catalytic liquefaction is very
similar to hydrothermal liquefaction, however a catalyst is used to reduce the
residence time, operating temperature and pressure thereby increasing the quality of
liquid products. It was seen that the crude bio-oils produced from catalytic lique-
faction flowed easily and were much less viscous than the bio-crude of

Fig. 1 Biomass thermochemical conversion pathways (Verma et al. 2012)
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noncatalyzed liquefaction (Akia et al. 2014). Gasification typically involves the
partial oxidation of biomass into fuel gases at high temperatures (>800 °C). It is
usually carried out with air or steam to generate a mixture of CO, H2, CO2, and
some light hydrocarbons. Gasification processes take place with or without catalysts
(Du 2013). Torrefaction is the thermal pretreatment of biomass in an oxygen-free
atmosphere over a temperature range of 200–300 °C and has been recognized as an
effective method to upgrade biomass into more energy dense and hydrophobic solid
fuels. It can be classified into three different severities: light (200–235 °C), mild
(235–275 °C) and severe (275–300 °C) torrefaction (Kumar et al. 2017).
Combustion of biomass in the presence of air at high temperatures (>800 °C)
converts the chemical energy into hot gases. A major drawback is a need for
standardized pretreatment processes, such as Sun/drum/vacuum/freeze-drying,
grinding, centrifugation and settling, so it is cost intensive. It is employed mostly
for biomass with less than 50% of moisture (Kumar et al. 2017).

Biochemical conversion pathway produces liquid or gaseous fuels through fer-
mentation or anaerobic respiration (Akia et al. 2014).The general biochemical
conversion pathways consist of five process steps, namely a biomass pretreatment
process, a biomass-to-gas conversion process (anaerobic digestion or gasification),
a gas cleaning process, a gas-upgrading process, and a the Fischer–Tropsch syn-
thesis (gas-to-liquid process) (Berg 2013). Thermochemical biofuels are getting
much more attention lately as these biofuels offer several technical and strategic
advantages such as highly developed industrial infrastructure and the biofuels can
be produced from virtually all sorts of available biomass in a reasonable timeframe
without significant modification in the overall process. In addition, the thermo-
chemical transformation is virtually independent of environmental conditions for
production purposes (Verma et al. 2012). At lower reaction temperatures, thermal
processing of biomass with catalytic methods offers the possibility of selectively
yielding a narrow range of products and reducing the energy requirements of the
transformations (Li et al. 2016). Compared with homogeneous catalysts, hetero-
geneous catalysts can provide clean and recyclable catalyst systems (Guo et al.
2012). The aim of this review is to discuss recent advances in catalysis, specifically
nanocatalysts for biofuel production. Metal oxide catalyst (e.g. ZnO), metal sup-
ported by metal oxide catalyst (e.g. Au–ZnO), alloy (e.g. AuCu), metal oxide
supported by metal oxide (e.g. KF–CaO–Fe3O4). Our focus will be on heteroge-
neous catalysts.

2 Metal Oxide Nanocatalyst for Biofuel Production

A nanocatalyst is a substance or material with catalytic properties that has at least
nanoscale dimension, either externally or in terms of internal structures.
Nanocatalyst has a large surface-to-volume ratio, and this results in enhanced
performance of the catalyst since there is more surface to react with the reactants.
Based on the existence of a catalyst in the same phase as the substrate, they can be
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classified into two broad groups, heterogeneous catalyst and homogeneous catalyst.
Biofuels can be grouped into bioethanol and biodiesel. Bioethanol is the most
common biofuel, accounting for more than 90% of total usage. Using sugar and
starch biomass as feedstock, it can be produced based on the enzymatic conversion
of starchy biomass into sugars, and fermentation of 6-carbon sugars with final
distillation of ethanol to fuel grade. While using lingocellulosic materials as feed-
stock, bioethanol production includes biomass pretreatment to release cellulose and
hemicellulose, hydrolysis to release fermentable 5- and 6-carbon sugars, sugar
fermentation, separation of solid residues and non-hydrolyzed cellulose and dis-
tillation to fuel grade. Biodiesel production is based on transesterification of veg-
etable oils and fats through the addition of methanol (or other alcohols) and a
catalyst, giving glycerol as a co-product. Catalyst plays a major role in the pro-
duction of biodiesel as it enhances the reaction rate of transesterification process
and aids in producing high yields of biodiesel (Hashmi et al. 2016). In recent years,
heterogeneous catalysis for biofuel production has been widely studied. Many metal
oxides have been examined for the transesterification process of oils and have
emerged as potential heterogeneous catalysts; these include alkali earth metal
oxides, transition metal oxides, mixed metal oxides, and supported metal oxides
(Refaat 2011). The structure of metal oxides is made up of positive metal ions
(cations), which consists Lewis acid and negative oxygen ions (anions) which
possess Bronsted base as seen in Fig. 2. ZnO is attractive because it is abundant.
The use of nanostructures has been proved to improve the catalytic performance of
ZnO.

In a thesis, Molina (2013) synthesized ZnO nanorods using a solution approach.
The nanorods were used as catalysts to produce biodiesel from olive oil. The
nanorods achieved conversions of 94.8% at 150 °C for reaction times of 8 h. They
also demonstrated better catalytic performance, which was attributed to their
increased degree of crystallinity than conventional ZnO (Molina 2013). Levy et al.
(2006) synthesized ZnO nanomaterials in supercritical water (SCW)using a
flow-type apparatus and a batch reactor. ZnAl2O4 was also successfully synthesized
with a high specific surface area. Zinc-based oxides were used as catalysts for the
conversion of glucose into H2. For the application of the catalytic reaction by the
metal oxide catalysts, biomass conversion in subcritical water was studied to pro-
duce H2. Glucose and H2O2 were used as model biomass and oxidant, respectively.
Sınağ et al. (2011) studied the effect of ZnO and SnO2 catalysts on the conversion
of cellulose to biofuel as shown in Fig. 3. He presented the contribution of nano
ZnO on cellulose conversion at 300 °C and 600 °C and nano SnO2 was an effective
catalyst for cellulose conversion at 400 °C and 500 °C. The lower H2 production

Fig. 2 Surface structure of
metal oxides (Zabeti et al.
2009)
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using the ZnO catalyst synthesized in a flow-type apparatus compared with those in
the batch reactor could be explained by the presence of sulphate on the surface of
the grain, which is an active poison for the catalyst (Levy et al. 2006).

Wen et al. (2010) prepared a KF–CaO solid base nanocatalyst from KF and CaO
with impregnation method and used this to convert Chinese tallow seed oil to
biodiesel. The catalyst had a porous structure with the particle size of 30–100 nm.
Under the optimal conditions, the biodiesel yield was 96.8% in the presence of
as-prepared KF–CaO catalyst (Wen et al. 2010). A promising route for the pro-
duction of biodiesel via transesterification of soybean oil (SBO) and poultry fat with
methanol in quantitative conversions (Fig. 4) at room temperature has been
developed (Venkat Reddy et al. 2006) using nanocrystalline calcium oxides as
catalysts with high yields. Under the same conditions, laboratory-grade CaO gave
only 2% conversion in the case of SBO, and there was no observable reaction with
poultry fat (Venkat Reddy et al. 2006).

The catalytic activity for the production of biodiesel with three morphologically
different nanocrystalline MgO materials prepared using simple, green and repro-
ducible methods was investigated by Verziu et al. (Verziu et al. 2008) The
nanocrystalline samples studied were MgO nanosheets (MgO (I)), conventionally
prepared MgO (MgO (II)) and aerogel prepared MgO (MgO (III)). The methods to
produce the catalysts include the following:

• 4-methoxy-benzyl alcohol-templated sol-gel process followed by supercritical
drying and calcination in air at 773 K (MgO (I)),

• from a commercial MgO that was boiled in water, followed by drying at 393 K,
and dehydration under vacuum at 773 K (MgO (II)), and

Fig. 3 Effect of nano and bulk ZnO and SnO2 particles on the conversion degree of cellulose
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• via hydrolysis of Mg(OCH3)2 in a methanol–toluene mixture, followed by
supercritical solvent removal with the formation of a Mg(OH)2 aerogel that was
dehydrated under vacuum at 773 K (MgO (III)).

These catalysts were tested in the transesterification of sunflower and rapeseed
vegetable oils at low temperatures, under different experimental conditions; auto-
clave, microwave and ultrasound. Working with these materials under microwave
conditions provided higher conversions and selectivity to methyl esters compared to
autoclave or ultrasound conditions. Under ultrasound, a leaching of the magnesium
was evidenced as a direct consequence of a saponification reaction. These systems
also allowed working with much lower ratios of methanol to vegetable oil than
reported in the literature for other heterogeneous systems. Also, these preparations
are very green, involving nontoxic reagents and synthesis routes. These metal oxides
are active, recyclable heterogeneous catalysts and can be used for transesterification
of vegetable oils at low temperatures, as it has been demonstrated for sunflower and
rapeseed oils. Thus, these investigations show that nanostructured MgO can be used
effectively as a heterogeneous catalyst system for biodiesel transesterification
(Verziu et al. 2008). Li et al. (2008) studied the preparation of nano-NiO particles
and their applications as catalysts in biomass pyrolysis (an important step in biofuel
production). First, nano-NiO particles were prepared via precursors, which were
obtained by homogeneous precipitation involving an aqueous solution of nickel
nitrate hexahydrate and urea. The formula of the precursor was identified as
NiCO3�2Ni(OH)2�nH2O, and it could be completely translated into NiO nanoparti-
cles below 360 °C under an air atmosphere. Furthermore, the catalytic activity of
nano-NiO particles in pyrolyzing three biomass components (cellulose, xylan and
lignin) was preliminarily investigated, and the results were compared with those of
micro-NiO particles under the same conditions. Nano-NiO particles demonstrated a
more efficient catalytic effect in biomass pyrolysis over micro-NiO particles. The
results indicated that the NiO catalyst could affect the pyrolysis process significantly,
with the primary reaction of decomposition to occur at a relatively lower temperature
and a marked decrease in the final yield of char as well as the activation energy of
biomass pyrolysis (Li et al. 2008).

Fig. 4 Synthesis scheme for biodiesel production from soybean oil (Venkat Reddy et al. 2006)
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3 Metal Oxide Supported by Metal Nanocatalyst
for Biofuel Production

Calcium oxide (CaO) has been widely used as a solid base nanocatalyst due to its
low cost and high activity. Kouzu et al. (2009) found that this high activity was
caused by calcium ions leaching into polar phases. These dissolved Ca ions,
therefore, act as homogeneous catalysis in the transesterification reaction, leading to
an additional cost for post-treatment and a short catalyst lifetime. To improve the
catalyst lifetime and stability, metals such as zinc and lanthanum have been used to
modify CaO for transesterification reactions. The catalytic activity and catalyst
lifetime were dramatically improved by doping with these elements (Yu et al.
1868). Studies by Gurunathan and Ravi (2015) suggested that transesterification
reaction could be optimized by using copper-doped zinc oxide (CZO) nanocatalyst
for biodiesel production from neem oil as seen in Fig. 5. They synthesized the CZO
nanocatalyst by chemical co-precipitation which could be recycled and observed a
highly porous and non-uniform surface, which led to the aggregation of CZO
nanoparticles in the form of multilayered nanostructures. Biodiesel yield of 97.18%
was obtained in 60 min reaction time at 55 C using 10% (w/w) CZO nanocatalyst
and 1:10 (v:v) oil: methanol ratio (Gurunathan and Ravi 2015). The heterogeneous
solid copper-doped zinc oxide nanocatalyst synthesized by chemical
co-precipitation was found to be effective for the production of biodiesel from neem
oil. In work done by Baskar et al. (2017) Manganese-doped zinc oxide was used as
a heterogeneous catalyst for the production of biodiesel from mahua oil. The
synthesized manganese doped zinc oxide nanocatalyst. The SEM and XRD results
confirmed the hexagonal structure of the catalyst with the particle size of 24.18 nm.
The 8% (w/v) catalyst concentration, 1:7% (v/v) of oil to methanol ratio, 50 min of
reaction time and 50 °C of reaction temperature were found to be the optimum

Fig. 5 Biodiesel production from neem oil using copper-doped zinc oxide heterogeneous
nanocatalyst (Gurunathan and Ravi 2015)
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process condition for the maximum biodiesel yield of 97%. The presence of methyl
esters in biodiesel was confirmed by FTIR and GC-MS analysis (Baskar et al.
2017). In the study done by Feyzi et al. (2013), Cs–Al–Fe3O4 nanocatalysts were
prepared and used for the biodiesel FAME (fatty acids methyl ester) production.
This research investigated the effects of different Cs–Al and Cs–Fe molar ratio and
calcination conditions on the catalytic performance of Cs–Al–Fe3O4 catalysts.
Results obtained showed high catalytic activity for biodiesel production and the
biodiesel yield reached 94.8% under the optimal conditions (Feyzi et al. 2013).
Lithium-impregnated calcium oxide has been prepared by wet impregnation
method in nanoparticle form and was examined by Kaur and Ali (2011). Calcium
oxide impregnated with 1.75 wt% of lithium was used as a solid catalyst for the
transesterification of karanja and jatropha oil, containing 3.4 and 8.3 wt% of free
fatty acids, respectively. The complete transesterification of karanja and jatropha
oils was achieved in 1 and 2 h, respectively, at 65 °C, utilizing 12:1 molar ratio of
methanol to oil and five wt% (catalyst/oil, w/w) of catalyst (Kaur and Ali 2011).
Iron–tin (ISnO) oxide nanoparticles were used as catalysts for the transesterification
of soybean oil as well as esterification of soybean oil fatty acids in the study done
by Alves et al. (2014). High yields, ca. 84%, were achieved, after 1 h reaction time
at 200 °C. The oxide was magnetically recovered and reused four times without loss
of its activity. ISnO also demonstrated catalytic activity for macauba oil, a highly
acidic substrate. Mixed iron–cadmium (ICdO) and iron–tin (ISnO) oxides were
prepared and tested as catalysts in biodiesel production through hydrolysis, ester-
ification and transesterification reactions using soybean oil. The surface area of the
ICdO catalyst was twice that of ISnO. Despite this difference in a surface area, no
significant catalytic activity difference was observed in the esterification reaction
(Alves et al. 2014).

In the study done by Montero et al. (2010), caesium incorporation via
co-precipitation on nanocrystalline MgO under supercritical conditions generates
Cs2Mg(CO3)2nanocrystallites. Wet impregnation proved less effective for modi-
fying MgO nanocrystals. A strong synergy between Cs and Mg components in the
co-precipitated material dramatically enhanced the rate of tributyrin transesterifi-
cation with methanol about undoped MgO and homogeneous Cs2CO3 catalysts.
Caesium was an effective promoter of MgO solid base catalysts for the transes-
terification of tributyrin with methanol. Doping via co-precipitation under
solvothermal regimes promoted the formation of Cs2Mg(CO3)2 nanocrystallites
with significantly enhanced base site densities and polarizabilities compared with
undoped MgO nanocrystals (Montero et al. 2010).

4 Alloy

Cu–Co bimetallic nanoparticles coated with carbon layers have been developed
through direct heating treatment of bimetallic oxide precursors incipiently deposited
with polyethene glycol (Chen et al. 2017). The simultaneous formation of carbon
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layers over the nanoparticles protects them from oxidation and deactivation. The
nanocatalyst performed excellently in the chemoselective hydrogenolysis of
5-hydroxymethylfurfural (HMF) to 2, 5- dimethylfuran (DMF). DMF is a biofuel
that can be produced through selective hydro-de-oxygenation of a platform mole-
cule from cellulose (5-hydromethylfurfural, HMF).The yield of DMF reached
approximately 99.4% and exceeded the results of supported noble metal catalysts.
The catalyst showed good recyclability and recoverability in a six-run recycling
test. This work provides a novel and insightful strategy to develop low-cost and
high-performance hydrotreating catalysts based on base metals for industrial
organic process and valorization of renewable biomass (Chen et al. 2017). Hybrid
nanocatalysts containing enzymes and metallic nanoparticles have also been used
for biodiesel production. In work done by Xie and Ma et al. (2010), lipase was
covalently immobilized onto magnetic Fe3O4 nanoparticles by using 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDAC) as an activating agent, and the
bound lipase was used to catalyze the transesterification of vegetable oils with
methanol to produce fatty acid methyl esters. It was determined that the immobi-
lized lipase exhibited better resistance to temperature and pH inactivation in
comparison to free lipase. The conversion of soybean oil to methyl esters reached
over 90% in the three-step transesterification when 40% immobilized lipase was
used. Moreover, the lipase catalyst could be used for three times without a sig-
nificant decrease in the activity (Xie and Ma 2010). Bimetallic gold–silver core–
shell nanoparticles (Au–Ag) were synthesized at room temperature, where gold
nanoparticles served as seeds for continuous deposition of silver atoms on its
surface. The catalytic activity of these nanoparticles towards biodiesel production
from sunflower oil through transesterification was studied by Banerjee et al. (2014),
and a yield of 86.9% biodiesel was attained. The fuel properties of the synthesized
biofuel were at par with standard biofuel. Further, the catalyst showed sustained
activity for three cycles of transesterification (Banerjee et al. 2014). Deng et al.
(2011) synthesized hydrotalcite-derived particles with Mg/Al molar ratio of 3/1 by a
co-precipitation method using urea as precipitating agent, subsequently with
(MHT) microwave-hydrothermal treatment, and followed by calcination at 773 K
for 6 h. These particles were micro-sized mixed Mg–Al oxides as characterized by
SEM and AFM. But actually, they were nanosized according to the calculations
from XRD data. Because of their strong basicity, the nanoparticles were further
used as a catalyst for biodiesel production from jatropha oil after pretreatment. At
the optimized condition, biodiesel yield of 95.2% was achieved. The catalyst can be
reused for eight times. The catalyst was only 7.3 nm by calculation, but according
to AMF analysis, they congregated to form a layered structure with size as large as
0.941 mm width and 381 nm thickness. The main reasons for catalyst deactivation
were the surface absorption of by-product glycerol as well as the collapse of the
layered structure. After removing the glycerol on the surface, the catalyst was
reused for eight times (Deng et al. 2011).
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5 Metal Oxide Supported by Metal Oxide Nanocatalyst
for Biofuel Production

Biodiesel is mainly composed of ethyl esters and fatty acid methyl esters (FAEE
and FAME) and is taken to be one of the clean and environmentally friendly
sources of energy. Biodiesel is produced from fats and oils via esterification and
transesterification in the presence of homogeneous or heterogeneous acid–base
catalysts (Basumatary 2013). Heterogeneous catalysts are preferred because they
are much easier to separate, have lower production cost and display environmen-
tally friendly features when compared with homogeneous catalysts (Borges and
Díaz 2012). Traditional heterogeneous catalysts (for example, zeolites, single-metal
oxides, hydrotalcite and supported alkali metal/metal ion) have been widely
demonstrated to have high efficiency for biodiesel production. However, there are
some drawbacks with these catalysts; they show weak strength, expensive and
complex to prepare, have relatively small surface area, low catalytic performance,
have little resistance to atmospheric CO2 and water pollution, require high tem-
perature and pressure and alcohol–oil ratios (Chang et al. 2014). These are the
reasons why biodiesel is not produced in large scale when these traditional catalysts
are employed. To remove the drawbacks mentioned above, the deployment of solid
mixed metal oxide catalysts as heterogeneous catalysts have stimulated substantial
interest recently for the production of biodiesel. Solid mixed metal oxide catalysts
typically refer to those comprising of two or more metal oxides in their makeup. For
example, base mixed metal oxide catalysts and acid-based bifunctional mixed metal
oxide catalysts.

• Base mixed metal oxide catalysts for biodiesel production

Base mixed metal oxide catalysts are typically doped with MgO or CaO to boost
their catalytic performance. These types of catalysts are very active for the trans-
esterification reaction in the production of biodiesel. In these catalytic processes, the
used raw materials (fats or oils), with a certain amount of free fatty acid content are
considered to be necessary; otherwise, it will cause base catalyst poisoning and
affect the quality of the biodiesel. Some research works carried out on mixed metal
oxide catalysts are detailed in Tables 1 and 2.

CaO- and MgO-based mixed metal oxide catalysts have stimulated interest in
research community due largely to their exceptional catalytic performance.
However, these catalysts usually show poor recyclability and poor resistance to
water and acid (Chang et al. 2014). Thus, these forms of catalysts are mostly used in
the transesterification of oil-bearing low acid and water contents. On the other hand,
acid mixed metal oxide catalysts prepared from corresponding transition metal salts
could simultaneously catalyze the esterification and transesterification reactions
though harsh reaction conditions are required such as high temperatures, high
alcohol/oil ratios, and longer reaction times (Chang et al. 2014).
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• Acid Mixed Metal Oxide catalysts for Biodiesel Production

In order to address the high free fatty acid content in raw oils used for biodiesel
production, different acid mixed metal oxide catalysts have been developed.
Table 3 shows some of the works carried on the production of biodiesel using acid
mixed metal oxide catalysts.

6 Synthesis and Characterization of Nanoparticles
for Biofuel Production

• Green synthesis of nanoparticles

Metal nanoparticles have been studied extensively due to their exceptional elec-
trical, optical and catalytic properties (Coe et al. 2002; Bruchez et al. 2013). For the
optimization and utilization of nanosized particles’ physical or chemical properties,
great research efforts have been focused on how to control their shapes and sizes
which are needed in the modification of their optical and physicochemical prop-
erties (Bar et al. 2009). For the synthesis of metal nanoparticles, different techniques
have been explored which are mainly divided into physical and chemical means.
The methods include electrochemical reduction (Liu and Lin 2004), heat evapo-
ration (Smetana et al. 2005), chemical reduction (Yu 2007), photochemical
reduction (Mallick et al. 2005), etc. Mostly, to prevent nanoparticles from aggre-
gation, surface passivator reagents are employed (Bar et al. 2009). However, a large
number of surface passivators (mostly organic) such as mercapto acetate, thiourea,
thiophenol, etc., are toxic to the environment when a large number of nanoparticles
are produced (Bar et al. 2009). In order to address this drawback, green biosynthesis
of nanoparticles is gaining traction in nanoparticles research community due to the
need to produce environmentally friendly alternatives. For example, research efforts
have been put into the production of biosynthetic inorganic materials (e.g. metal
nanoparticles) synthesized from microorganisms (Shahverdi et al. 2007; Basavaraja
et al. 2008).

Rao and Pennathur (2017) discussed the green and environmentally friendly
method of synthesis of cadmium sulphide (CdS) nanoparticles from the aqueous
cell-free extract of Chlamydomonasreinhardtii. From morphological analysis by
electron microscopy, the authors (Rao and Pennathur 2017) observed the presence
of spherical particles measuring roughly 5 nm under HRTEM. From structural
analysis using X-ray diffraction and FTIR, the authors (Rao and Pennathur 2017)
confirmed the cubic CdS nanoparticles that were capped with algal proteins. Optical
analyses of the nanostructures showed an increase in the band gap to 2.93 eV.
Photoluminescence spectrum of CdS nanoparticles revealed emission peaks at
430 nm and 470 nm. The nanoparticles were found to be stable in solution with a
zeta potential of −30.7 mV. The authors (Rao and Pennathur 2017) thus concluded
that the one-step strategy employed with algal cell-free extract to produce CdS

52 K. Saoud



T
ab

le
3

Pr
od

uc
tio

n
of

bi
od

ie
se
l
w
ith

ac
id

m
ix
ed

m
et
al

ox
id
e
ca
ta
ly
st
s

S/
N

C
at
al
ys
t

O
il

C
at
al
ys
t

am
ou

nt
(w

t%
)

A
lc
oh

ol
/

oi
l
ra
tio

R
ea
ct
io
n

te
m
p

(°
C
)

R
ea
ct
io
n

tim
e
(h
)

FA
M
E
(%

)
R
ef

1
SO

42−
–
Z
rO

2–
T
iO

2
O
le
ic

ac
id

5
16

:1
00

65
6

E
st
er
ifi
ca
tio

n:
42

.2
tr
an
se
st
er
ifi
ca
tio

n:
88

Sh
ao

et
al
.
(2
01

3)

2
Fe

2O
3–
Si
O
2

C
ru
de

Ja
tr
op

ha
oi
l

15
21

8:
1

22
0

3
T
ra
ns
es
te
ri
fi
ca
tio

n
>9

9
Su

zu
ta

et
al
.
(2
01

2)

3
Sn

O
2–
Si
O
2

So
yb

ea
n
oi
l

5
24

:1
18

0
5

T
ra
ns
es
te
ri
fi
ca
tio

n:
81

.7
es
te
ri
fi
ca
tio

n:
94

.6
X
ie

et
al
.
(2
01

1)

4
W
O
3–
Sn

O
2

So
yb

ea
n
oi
l

5
30

:1
11

0
5

T
ra
ns
es
te
ri
fi
ca
tio

n:
79

.2
X
ie

an
d
W
an
g
(2
01

3)

5
SO

42−
–
T
iO

2–
Si
O
2

W
as
te
so
yb

ea
n
oi
l

10
20

:1
12

0
3

T
ra
ns
es
te
ri
fi
ca
tio

n:
88

Sh
ao

et
al
.
(2
01

3)

Nanocatalyst for Biofuel Production: A Review 53



nanoparticles is an environmentally friendly and feasible economical approach for
the large-scale synthesis of CdS nanoparticles for deployment in photocatalysis.

Nadaroglu et al. (2017) used quail egg yolk (shown in Fig. 6) for the synthesis of
platinumnanoparticles of 7–50 nm. The authors (Nadaroglu et al. 2017) employed the
high protein and vitamin contents of the yolk for green synthesis in the reaction
medium without addition of any chemical reducing agent. Reaction conditions and
parameters (pH, temperature, time and concentration) were controlled in order to
attain the optimal reaction conditions to obtain platinum nanoparticles. The results
obtained showed that themaximumplatinumnanoparticleswere synthesized at 20 °C,
pH 6.0 for 4 h. Also, the optimal concentration of metal ions was established as
0.5 mM. For the characterization of the platinum nanoparticles, the authors
(Nadaroglu et al. 2017) employed UV–Vis spectroscopy, XRD and SEM (shown in
Fig. 7). The analysis showed that the synthesis of platinum nanoparticles was per-
formed based on direction, morphology and quantity characterization. Synthesized
platinum nanoparticles have a wide range of applications catalysis, electrocatalysis,
nanotechnology, pharmaceutical and chemical processes.

Bar et al. (2009) effectively synthesized silver nanoparticles from AgNO3 using
an environmentally friendly green resource latex of Jatropha curcas as capping as
well as reducing agent. For the characterization of the synthesized nanoparticles, the
authors (Bar et al. 2009) used X-ray diffraction, HRTEM and UV–Vis absorption
spectroscopy. X-ray diffraction analysis showed that the nanoparticles were of the
face-centred cubic structure. A comparison of the radius of nanoparticles obtained
from HRTEM image with the optimized cavity radius of the cyclic peptides present

Fig. 6 The processing for the
green reaction medium
(Nadaroglu et al. 2017)
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within the latex revealed that the particles having radius 10–20 nm are mostly
stabilized by the cyclic peptides. Also, HRTEM and UV–Vis spectroscopy showed
that there are two major distributions of particles size; the smaller particles are
majorly stabilized by the cyclic octapeptide (curacy cline A) and cyclic nonapeptide
(curacy Cline B). However, the larger and irregular shaped particles are majorly
stabilized by the curcain, the enzyme found in the latex. The authors (Bar et al.
2009) thus recommended further experiment for size-selective synthesis of silver
and gold nanoparticles using cyclic peptide found in the latex.

In the field of nanotechnology, synthesis of metal nanoparticles via eco-friendly
route is gaining momentum (Sharmila et al. 2017). Sharmila et al. (2017) presented
an environmentally friendly biogenic synthesis of palladium nanoparticles (PdNPs)
using leaf extract of Filiciumdecipiens. For characterization, the synthesized PdNPs
were studied by TEM, UV–Vis spectroscopy, FTIR and XRD. The PdNPs for-
mation was established by UV–Vis spectrophotometer and spherical-shaped PdNPs
with a size range of 2–22 nm was detected in TEM analysis. Energy dispersive
X-ray spectroscopy (EDS) analysis established the presence of palladium in the
synthesized nanoparticles. XRD pattern confirmed the crystalline nature of PdNPs.
The phytochemicals and proteins were identified by their functional groups in FTIR
spectrum and revealed the amide and amine groups present in Filiciumdecipiens
which could have been involved in the bio-reduction reaction for PdNPs synthesis
(Sharmila et al. 2017).

Wang et al. (2016) prepared S2O8
2−
–ZrO2 (solid superacid catalyst), by one-pot

method (a new synthesis route), treated with (NH4)2S2O8 (ammonium persulfate)
through vapour phase hydrolysis to increase biodiesel production with expired
soybean oil as a reactant. For the synthesized catalyst characterization, the authors
(Wang et al. 2016) used TEM, XRD and NH3-temperature programmed desorption

Fig. 7 SEM micrographs of
synthesized platinum
nanoparticles (Nadaroglu
et al. 2017)
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(NH3-TPD) to determine the optimal pretreatment conditions and to understand the
role of the active sites for transesterification. At 500 °C, S2O8

2−
–ZrO2 calcined was

seen to compose of tetragonal phase ZrO2 microcrystallites TEM examination and
showed an amorphous phase by XRD characterization. The microcrystallites which
anchored more S2O8

2− had abundant super acid and displayed high catalytic
activity in the transesterification under mild reaction conditions. The reaction
parameters over the catalyst were optimized and both the conversion of soybean oil
and selectivity of biofuel reached 100% under the conditions of 4 h of reaction
time, 110 °C of reaction temperature and 20:1 of methanol-to-oil molar ratio. The
author (Wang et al. 2016) observed the catalyst to show high stability in the
reactions and during cyclic utilization, no sulphur leaching was found in the bio-
diesel products.

• Non-green synthesis of nanoparticles

Banerjee et al. (2014) synthesized bimetallic gold-silver core–shell nanoparticles
(Au@Ag NPs) at room temperature, in which pre-synthesized gold nanoparticles
(AuNPs) served as seeds for continuous deposition of silver atoms on its surface.
For the characterization, the core–shell structure of the nanoparticles was analyzed
by TEM (shown in Fig. 8), UV–Vis spectroscopy and energy dispersive X-ray
(EDX). The authors (Banerjee et al. 2014) further studied the catalytic activity of
the nanoparticles towards biodiesel production from sunflower oil through trans-
esterification. The confirmation for biofuel synthesis was performed with FTIR
spectroscopy. The fuel properties were determined by standard ASTM (American
Society for Testing and Materials) protocols. The authors (Banerjee et al. 2014)
observed that at a certain temperature, reaction time and catalyst concentration,
86.9% (highest yield) of biodiesel was achieved. On further analysis, it was dis-
covered that the properties of the synthesized biofuel are the same with conven-
tional biofuel. Furthermore, the catalyst sustained its activity for three cycles of
transesterification processes.

Chen et al. (2017) synthesized Cu–Co bimetallic nanoparticles coated with
carbon layers through direct heating of bimetallic oxide precursors. Polyethene
glycol over the precursors acts as the reductant for metal species and carbon sources
of carbon layers. The as-synthesized nanocatalyst performed well in chemoselective
hydrogenolysis of 5-hydroxymethylfurfural to 2, 5-dimethylfuran yielding up to
99.4% of dimethylfuran, which surpassed the results obtained when supported
noble metals catalysts were used. The Co-based catalysts exhibit higher perfor-
mance than Cu-based catalysts. For the characterization, the synthesized bimetallic
nanocatalysts were characterized in details by X-ray diffraction (XRD), transmis-
sion electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS). The
results obtained showed that the bimetallic nanoparticles were encased in carbon
shells, capable of protecting them deactivation and oxidation. The authors (Chen
et al. 2017) carried out the six-run test, and the synthesized catalyst showed
excellent recoverability and recyclability. The authors (Chen et al. 2017) thus
concluded that the method employed provides an insightful and novel approach to
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developing high-performance and low-cost hydrotreating catalysts based on base
metals for deployment in renewable biomass.

Lapin et al. (2016) synthesized cerium oxide nanoparticles in water, ethanol and
ethanol-water solution for the first time by the use of laser (fundamental harmonic
of nanosecond Nd: YAG) ablation of bulk metallic cerium target. The authors
(Lapin et al. 2016) obtained nanocrystalline powders of cerium oxide from the
dispersion of average crystallite size of 17–19 nm. For the characterization, Raman
spectroscopy and XRD were used for the phase composition of the nanoparticles.
Carbon impurity (0.3–0.5% by weight) was discovered to be present on the surface
of CeO2 particles which would probably have appeared during the drying of the
dispersion. The authors (Lapin et al. 2016) thus recommended that further studies of
nanocrystalline ceria should be carried out by laser ablation in the liquid phase that
would include the study of surface properties and composition, as well as the study
of their functional characteristics for subsequent use catalytic applications (Fig. 9).

Table 4 gives a summary of some of the articles reviewed on nanocatalysts for
biofuel production; it shows the oil used, the catalyst size, the synthesis method and
the conversion obtained.

Fig. 8 Typical TEM image (a) and EDX spectrum (b) confirming the presence of both gold and
silver in the Au–Ag core–shell bimetallic NPs Banerjee et al. (2014)

Fig. 9 Morphology of CeO2nanopowders (the SEM image): from water (a), water-ethanol
(b) and ethanol dispersion (c) (Lapin et al. 2016)
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7 Conclusion

This work has reviewed the literature on nanocatalysts for biofuel production. The
review carried out focused on heterogeneous catalysts such as metal oxide (e.g.
ZnO), metal supported by metal oxide (e.g. Au–ZnO), alloy (e.g. Cu–Co), metal
oxide supported by metal oxide (e.g. KF–CaO–Fe3O4); their synthesis and char-
acterization (with much emphasis on green production). This is to highlight what
has been done and the stage reached, in order to give researchers a clear idea of an
expected contribution to knowledge in nanocatalysts for biofuel production.
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