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Abstract: Due to increasing concerns about global warm-
ing and dwindling oil supplies, the world’s attention is
turning to green processes that use sustainable and envi-
ronmentally friendly feedstock to produce renewable
energy such as biofuels. Among them, biodiesel, which is
made from nontoxic, biodegradable, renewable sources
such as refined and used vegetable oils and animal fats,
is a renewable substitute fuel for petroleum diesel fuel.
Biodiesel is produced by transesterification in which oil
or fat is reacted with short chain alcohol in the presence
of a catalyst. The process of transesterification is affected
by the mode of reaction, molar ratio of alcohol to oil, type
of alcohol, nature and amount of catalysts, reaction time,
and temperature. Various studies have been carried out
using different oils as the raw material; different alcohols
(methanol, ethanol, butanol); different catalysts; notably
homogeneous catalysts such as sodium hydroxide, potas-
sium hydroxide, sulfuric acid, and supercritical fluids;
or, in some cases, enzymes such as lipases. This article
focuses on the application of heterogeneous catalysts for
biodiesel production because of their environmental and
economic advantages. This review contains a detailed dis-
cussion on the advantages and feasibility of catalysts for
biodiesel production, which are both environmentally and
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economically viable as compared to conventional homo-
geneous catalysts. The classification of catalysts into dif-
ferent categories based on a catalyst’s activity, feasibility,
and lifetime is also briefly discussed. Furthermore, recom-
mendations have been made for the most suitable catalyst
(bifunctional catalyst) for low-cost oils to valuable bio-
diesel and the challenges faced by the biodiesel industry
with some possible solutions.

Keywords: bifunctional catalysts; biodiesel; esterifica-
tion; heterogeneous catalysts; transesterification.

1 Introduction

Currently, fossil fuels are the major contributors for fulfill-
ing the total world energy demand and are still the main
source of the global energy (Veld 2012, Wallington et al.
2012, Mohr et al. 2015, Datta and Mandal 2016, Tinprabath
et al. 2016). It has been reported that the use of oil, coal,
and gas will increase by 30-50% of the current use, and it
ishoped that 75% of the energy produced would still be due
to coal, gas, and oil in 2040 (Carbon Tracker 2016). As the
world has become more industrialized and the population
has increased, the demand for energy has also increased
dramatically over the last few decades (Tonn et al. 2007,
Sadeghinezhad et al. 2014, Ugursal 2014, Utama et al.
2014, Jamil et al. 2016). According to an Energy Informa-
tion Administration EIA (2016) report, it is estimated that
the world’s total energy consumption will increase by 71%
between 2000 and 2030, and consequently, the carbon
dioxide emission is expected to increase by up to 35%.
However, the reliance on fossil fuel energy is unrealistic as
man will continuously seek to secure adequate supplies
of energy. The increasing trend in dependency/reliance on
fossil fuels to meet the increasing energy demand will also
cause an increase in the greenhouse gases emission into
the atmosphere, thus creating severe environmental prob-
lems (Hartstein 1986, Moan and Smith 2007, Suranovic
2013, Capellan-Pérez et al. 2014, Ribé 2014). It would not
be wrong to say that if the world continues to use fossil
fuels for energy production at the present speed/rate, a
time will come when this planet would not be a suitable
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place for living (Scott 2005, Dincer and Zamfirescu 2014,
Shi et al. 2016).

The transition from fossil fuels to sustainable energy
systems that utilize renewable energy sources has now
become indispensable for sustainable environmental
and economic growth (Muradov and Veziroglu 2008,
Mathiesen et al. 2011, Panwar et al. 2011, Garcia et al. 2013,
Yanine and Sauma 2013, Mallapragada et al. 2014, Toka
et al. 2014, Watt 2014, Hassan et al. 2015, Corach et al.
2016). This transition would be a challenge not only for
researchers and technologists but also for economists and
environmentalists, as it would include economic and envi-
ronmental considerations. In addition, it is also important
for the harmonious coexistence of humans and the envi-
ronment as well as for sustainable development (Lin et al.
2011, Igbal et al. 2014, Kempton 2014). The looming global
energy demand will be met by the diversification of energy
sources and a global energy mix concept that is undergo-
ing a transition from an energy portfolio dominated by
fossil fuels to an energy portfolio that covers a range of
different fuels (Troldborg et al. 2014, Asadi et al. 2016).

Biodiesel has gained worldwide popularity as a
renewable liquid fuel due to its clean combustion and
renewability (Dewulf et al. 2005, Demirbas 2007a,b, Fang
et al. 2008, Knothe 2008, Bouaid et al. 2016). In addition
to being biodegradable and non-toxic, biodiesel is also
essentially free of sulfur and aromatics, producing lower
exhaust emissions that are more highly oxygenated than
those from the conventional petroleum-derived diesel,
providing similar properties in terms of fuel efficiency
(Demirbas 2009a,b, 2007, Anitescu and Bruno 2012,
Mofijur et al. 2013). Biodiesel is produced from natural
oils and fats (Balat 2007, Chhetri and Islam 2008, Demir-
bas 2008) and can be used as a substitute for petroleum-
derived diesel without any modification in the existing
diesel engine (Qi et al. 2010, Can 2014, Shahir et al. 2014).
Biodiesel production is a fast-growing biofuel technology
due its renewability and environment-friendly character-
istics. For example, global biodiesel production increased
from 15,000 barrels per day in 2006 to 289,000 barrels
per day in 2014 as shown in Figure 1. The global biodiesel
production is expected to reach 24 billion liters by 2017
(Programme WWA and Unesco 2009, Silitonga et al. 2011).

2 Biodiesel as an alternative fuel
source

Biodieselis a term used to denote alkyl esters synthesized
from the transesterification of edible and non-edible oil
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Figure 1: Global biodiesel production (Biodiesel Production Report,
EIA 2015).

with methanol or ethanol (Rashid et al. 2009, 2011a,b,c,
2013, 2014, Jamil et al. 2016). The energy content and the
physical and chemical properties of biodiesel are similar
to those of the conventional diesel fuel; therefore, it can
be used either on its own or mixed with conventional
diesel in the existing conventional compression-ignition
engines without the need for engine modifications (Xue
2013, Rizwanul et al. 2014). Compared to petroleum-
derived diesel fuel, biodiesel offers several advantages
including renewability, biodegradability, negligible
toxicity, environment-friendly emission profile, higher
combustion efficiency, higher cetane number, higher
flash point, and better lubrication, and it also contains
10-11% oxygen by weight, which improves the combus-
tion process, leading to a decreased level of tailpipe pol-
luting emissions (Bart et al. 2010, Coniglio et al. 2014,
Wang et al. 2014). Despite all these advantages, there
are several disadvantages of biodiesel, which include
cost of feedstock — it accounts for up to 80% of the bio-
diesel cost; week storage stability due to the presence
of oxygen, which tends to cause oxidation; less energy
content as compared to petro-diesel; and poor low tem-
perature properties such as cloud-, pour-, and cold filter
plugging-point, and moreover, it is also observed to have
high NO_emissions (Ruhul et al. 2015). Several methods
are currently used to produce biodiesel using different
feedstocks. However, the four main processes employed
for biodiesel production are direct use and blending of
raw oils (Roy et al. 2014, Mat Yasin et al. 2014, Silva et al.
2015), micro-emulsions (Amais et al. 2010, Nguyen et al.
2010, Yusuf et al. 2011), thermal cracking (Seames et al.
2010, Olivares-Carrillo et al. 2012, Laksmono et al. 2013),
and transesterification (Aransiola et al. 2014). Among
them, the most commonly used method for converting
oils to biodiesel is transesterification, in which veg-
etable oils or animal fats are chemically converted into
their corresponding fatty acid esters. Transesterification
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is preferred among other techniques because it is faster,
is less expensive, does not require precise equipment,
and gives better quality product and the biodiesel pro-
duced by this technique only can meet international
standards.

In the transesterification reaction (also called alco-
holysis), the triglyceride molecules of vegetable oils react
with an alcohol in the presence of a suitable catalyst to
produce three molecules of fatty acid alkyl esters and one
molecule of glycerol (Chouhan and Sarma 2011, Aran-
siola et al. 2014). A suitable catalyst is used to improve
the reaction rate and yield. Because the transesterifica-
tion reaction is reversible, excess alcohol is used to shift
the equilibrium to the product side (Phan and Phan 2008,
Atapour and Kariminia 2011). Three moles of alcohol are
required for one mole of triglycerides as shown below
(Meher et al. 2006).

Triglyceride + Methanol <> Methyl Ester + Diglyceride
Diglyceride + Methanol <> Methyl Ester + Monoglyceride
Monoglyceride + Methanol <> Methyl Ester + Glycerol

Biodiesel can be synthesized by consuming differ-
ent kind of alcohols such as ethanol and butanol besides
methanol only (Moser 2009). Transesterification in the
presence of methanol is conventionally adopted for bio-
diesel production due to facile product separation and
higher yield of biodiesel. However, when ethanol is used
for biodiesel production, it is observed to have a low reac-
tion rate as compared to when methanol was used as the
reactant. The low reaction rate can be due to low reactiv-
ity of ethoxide ions as compared to methoxide ions, which
can be attributed to the fact that increasing the carbon
number of oxide ion causes the decrease in nucleophilic-
ity, which tends to give a higher reaction rate with metha-
nol as compared to ethanol. Meanwhile, butanol is also
used for biodiesel production, but, as it is less polar as
compared to the short chain alcohols such as methanol
and ethanol, it becomes completely miscible with oils
and makes product separation difficult. Transesterifica-
tion in the presence of butanol is monophasic, and as it
is a reversible reaction, the extent of transesterification is
affected due to the presence of the product, the by-prod-
uct, and the unreacted reactant in the same phase (Moser
2009, Sivasamy et al. 2009). In conclusion, methanol is
preferred over other short chain alcohols for transesteri-
fication due to easy product separation, higher reaction
rate, and better quality biodiesel.

There has been an increasing interest in biodiesel
production since the 1900s, and a great deal of research
has taken place, which led to increase in the production
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Table 1: Worldwide production of biodiesel with cost (Biodiesel
Production Report, EIA 2015).

Country Volume potential (1) Production (S/1)
Brazil 2,567,000,000 $0.62
Indonesia 7,595,000,000 $0.49
Argentina 5,255,000,000 $0.62
Malaysia 14,540,000,000 $0.53
USA 3,212,000,000 $0.85
Netherlands 2,496,000,000 $0.75
Germany 2,024,000,000 $0.79
Philippines 1,234,000,000 $0.53
Belgium 1,213,000,000 $0.78
Spain 1,073,000,000 $1.71

of biodiesel worldwide. Table 1 shows the quantity of bio-
diesel produced by different countries along with the cost
of production in US dollars in 2014 (Biodiesel Production
Report, EIA 2015). It is evident that Malaysia and Indone-
sia are the largest producers of biodiesel, while Indonesia
produces biodiesel at a much lower cost. Brazil has com-
mercialized biodiesel production regardless of its high
associated costs.

Almost 95% of biodiesel is produced from edible oils,
but based on several facts such as global imbalance to the
market demand and food supply by their high prices and
the reduction of food sources, its production should be
shifted on to non-edible oils (Mofijur et al. 2013). The pres-
ence of some toxic components in non-edible oils such as
protein curcin and purgative(s) in jatropha plant, protein
ricin in castor plant, glucoside cerberin in fruits of sea
mango and flavonoids pongamiin, and karajiin in karanja
oil is not considered good for the health (Bankovi¢-Ili¢
et al. 2017). Biodiesel produced from non-edible resources
can overcome many problems of food-versus-fuel contro-
versy and the economic issues related to edible oils.

Non-edible oil-producing plants are grown all over
the world. They are of different types and can be grown
over barren lands not suitable for cultivation. Moreover,
they help to reduce CO, in the environment. Besides this,
production of biodiesel from non-edible resources can
become a major poverty alleviation program for rural
areas by providing them energy security and upgrading
the rural non-farm sector. Finally, all these factors lead to
the feasibility of biodiesel production. However, it must
be pointed out that the global biodiesel feedstocks should
not rely only on certain sources as it might be counter-
productive in the long run. The world’s dependence on
the fossil fuels is the perfect example. Therefore, biodiesel
feedstocks should be as diversified as possible, depending
on their geographical locations in the world.
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2.1 Advantages of non-edible feedstock

Based on the previous research on various non-edible oils

for biodiesel production, it can be concluded that there

are several advantages of it such as follows (Sajjadi et al.

2016, Mardhiah et al. 2017):

— Non-edible oils have the potential to be converted
to biodiesel and, being disease-resistant, used as
pesticides.

— Non-edible oils are preferred because of their liquid
nature portability, ready availability, renewability,
higher heat content, lower sulfur content, lower aro-
matic content, and biodegradability.

- Due to their high potential for conversion to biodiesel,
they can generate rural employment and fix up to
10 t/ha/year CO, emissions.

— By using non-edible feedstock, there will be no com-
petition for food and cattle-feed as non-edible oils are
not suitable for human and animal consumption due
to their toxic nature.

—  Due to their high efficiency and environment-friendly
nature, they are preferred among the first-generation
feedstocks. Meanwhile, conversion in terms of quality
and quantity of non-edible oil to biodiesel is compa-
rable with that of edible oil to biodiesel.

- The leftover material after extraction of oil from bio-
mass is useful in many ways; it can be processed to
activated carbon, which, in turn, can be used as a
catalyst.

— They do not compete with the existing agricultural
resources.

2.2 Issues in commercialization of
non-edible oil

Currently, non-edible oil, due to its high-energy potential

as an alternative biodiesel feedstock in the transportation

sector, is critical towards achieving higher self-reliance

and energy security. Therefore, non-edible oil presents a

challenge as well as an opportunity to look for the replace-

ment of fossil fuels for both economic and environmental

benefits. But due to the existing scenario of non-edible

oils being of waste biomass origin, the difficulties being

encountered are as follows:

— the collecting from different locations, high dor-
mancy, and problems in picking;

— o proper and reliable marketing channels; so, it is
difficult to obtain uniform quality feedstock; and

— non-remunerative prices, wide gap between potential
and actual production, absence of state incentives

DE GRUYTER

promoting biodiesel as fuel, and economics and cost-
benefit ratio.

3 Catalysts for biodiesel production

3.1 Alkali metals catalysts

Conventional catalysts used for commercial biodiesel
production using different sources of oil, whether from
edible or non-edible sources, are alkali-based catalysts
in the form of hydroxides and methoxides such as NaOH,
KOH, or CH,ONa (Yan et al. 2010a,b, Fadhil 2013). Alkali
methoxides are more commonly used on an industrial
scale as compared to alkali hydroxides, because it does
not produce water when reacted with methanol. Alkali
catalysts are readily used based on several factors such
as shorter reaction completion time, requirement of mild
operating conditions for reaction, easy availability, low
cost, and high conversion rates. However, the process for
biodiesel production using homogeneous alkali catalysts
is limited due to the mode of process, which is based on
batch processing and the fact that it requires high energy
inputs. This results in a high product cost and leads to
the search for alternative catalysts that can be recovered
and reused with different process modes. Furthermore,
the water formed in the product can cause side reactions,
which leads to saponification that ultimately progresses
to a reduction in yield of methyl esters (Atadashi et al.
2012). Additionally, the use of alkali metal is restricted
to the free fatty acid (FFA) of oils used for biodiesel pro-
duction, because FFA higher than 3 wt% requires pre-
treatment to reduce the acid value using specific acid
catalysts. Consequently, to counter this problem, a two-
step process is required: esterification in the presence of
acidic catalyst and transesterification in the presence of
basic catalysts, which results in more time and higher
associated costs. In the case of homogeneous alkali cata-
lysts, it is probably impossible to separate catalysts from
the product; thus, it requires an excessive amount of
water to neutralize the catalyst at the end product. Addi-
tionally, the water used for washing must be treated to
reduce the harmful environmental effects before being
disposed of (Lee et al. 2009, Taufig-Yap et al. 2013). All
these factors add up to the total cost of biodiesel produc-
tion. A comprehensive list of alkali catalysts used for bio-
diesel production with different operating conditions is
shown in Table 2.

High yield of biodiesel with/under moderate oper-
ating conditions has been the requirement for the
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Table 2: Biodiesel production using alkalis.
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Catalyst Time Temperature  Methanol:oilratio  Yield (%) Reference
(min) (°0)

Homogenous
KOH 72.5 55 5.8:1 89.5 Rashid etal. (2011a,b,c)
KOH 60 60 6:1 97.1 Rashid et al. (2013)
KOH 30 45 4:1 98 Thanhetal. (2013)
KOH 40 45 6:1 89.5 Hingu et al. (2010)

Heterogeneous
Na,0Si0, 60 60 9:1 99.6  Longetal. (2014)
Activated Carbon with K,CO, 120 65 15:1 99.6 Lietal. (2013)
SBA-15, AISBA-15, with K,CO,, K,SiO, and Kac 150 60 9:1 95  Wuetal. (2014a,b)
MgO, AL,0,, Ca0, Sn0,, SiO, and Zr0, with K,CO, 120 70 12:1 96 Liangetal.(2009)
LiASiOA 120 65 18:1 98 Wangetal.(2012)
Ash with Li 180 65 24:1 99.5 Chenetal. (2013)

selection of catalysts. As shown in Table 2, using homo-
geneous alkali catalysts leads to higher reaction rate and
improved yield; meanwhile, the alkali catalyst is in the
heterogeneous phase and, despite a long reaction time,
gives a high yield and is recyclable. Alkali catalysts, when
impregnated with different base material for heterogene-
ous phase, give a high conversion rate to biodiesel but
under changed operating conditions. Alkali materials
are thought to have a basic nature, and they can be uti-
lized for transesterification as solid catalysts when doped
with porous base materials. Sodium is the most electro-
positive alkali material with a basic nature and can be
used with silica in the form of sodium silicate as a solid
basic catalyst (Long et al. 2014). In this work, microwave
irradiation technique was used for biodiesel production
from rapeseed and Jatropha oils. The yield of biodiesel
was 95.8% when produced from rapeseed oil and 92.8%
when processed from Jatropha oil. This catalyst showed
good recyclability with the yield of triglyceride decreas-
ing to only 83.6% in the fourth cycle. Furthermore, the
catalyst was calcined at 400°C and used for hydrogen
production from the by-product glycerol by hydrothermal
gasification and obtained a hydrogen yield of 82.8%. The
efficiency of the catalyst was also evaluated based on the
power at 100-500 W consumed by microwave for heating.
It was observed that at low power, the yield of biodiesel
was as low as 18%, while at high power, it increased
up to 90%, which indicates the effect of heating on the
biodiesel yield and conversion of FFA to biodiesel. The
optimum conditions obtained for 95.8% conversion were
11:1 methanol to oil ratio, 4 wt% of catalysts, and 400-W
power for microwave for a 5-min reaction time.

Yin et al. investigated the transesterification of sun-
flower oil using NaOH as a catalyst (Yin et al. 2012). The
process was carried out in a three-neck flask but with four

different modifications, which included mechanical stir-
ring, flat plate ultrasonic irradiation, flat plate ultrasonic
irradiation with mechanical stirring, and probe ultrasonic
irradiation. All these modifications were applied in order
to observe the most suitable method, which requires
less energy, reaction time, and amount of catalyst for
maximum yield of biodiesel. The most suitable operat-
ing conditions were found to be 7: 1 methanol to oil ratio
while using flat plate ultrasonic irradiation and 1.5 wt% of
the catalysts.

Felizardo et al. (2006) carried out transesterifica-
tion of waste cooking oil using NaOH. Due to the high
free fatty acid (FFA) content of the waste cooking oil,
it was first pre-treated in the presence of magnesium
sulfate to reduce the FFA of the waste cooking oil. The
transesterification was carried out in a two-neck flask
with an attached temperature sensor to observe the
process temperature. The reaction was carried out for 1 h,
and the most suitable alcohol to oil ratio was observed
to be 4:8 for the maximum yield of the methyl ester. It
was observed that the quantity of either the catalyst or
the methanol used simplified the separation process.
It was also reported that a purity level of up to 98% of
the biodiesel can be achieved. It was concluded that the
basic catalyst in the homogeneous phase is suitable for
biodiesel production under normal operating conditions
such as 65°C and atmospheric pressure. Based on their
observation(s), the process was extended to a pilot scale
for commercialization.

Meng et al. (2008) produced biodiesel by transesterifi-
cation in the presence of homogeneous alkali catalysts. As
waste cooking oil has a high FFA content, it required treat-
ment, where sulfuric acid was used for pre-treatment prior
to transesterification in the presence of NaOH. Experi-
mental conditions included a temperature of 30-70°C; a
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methanol to oil ratio of 3:1, 5:1, 6:1, 7:1, and 8:1; and
a catalyst amount of 0.5-1.2 wt%. These conditions were
found to be optimum for maximum yield of methyl esters.
The conversion to biodiesel was 89.8%, this was achieved
with a methanol to oil ratio of 9 : 1 with 1 wt% of NaOH at
50°C and 90 min. Finally, the quality of the product was
evaluated by testing it in a diesel engine in blend forms
B20 (20% biodiesel and 80% diesel) and B50 (50% bio-
diesel and 50% diesel) with commercial diesel. It was
found that biodiesel can be a potential replacement based
on its physical and chemical characteristics such as calo-
rific value of 40.11 kJ/g, flash point of 175°C, and density
of 879 kg/m? and that it can run in the engine without any
modification. The environmental effect of exhaust gas
was also examined and reported to release less CO to the
atmosphere.

In another study, Yusup and Khan (2010) carried
out base transesterification of crude palm oil and
rubber seed oil blends in different ratios in the pres-
ence of KOH in a three-neck flask. They also evaluated
the operating variables, which included temperatures
of 45-65°C; oil to methanol ratioof1:6,1:8, and 1:10;
and a catalyst amount of 0.5, 1, and 2 wt% to optimize
the conditions. They observed about 98% vyield of
methyl esters when the process temperature was 55°C,
oil to methanol ratio was 1:8 with 2 wt% of the catalyst,
and reaction time was almost 5 h. It was concluded that
the yield of methyl ester increases with temperature
and the amount of the catalyst. Also, less quantity of
methanol favors soap formation and results in product
losses. The quality of the end product was compared
with commercial diesel and the biodiesel was thought
to be a potential alternative.

Dias et al. (2008) evaluated the performance of
KOH, NaOH, and CH,ONa on transesterification of waste
cooking oil and edible refined oils. It was found that
edible refined oils had high conversion of up to 97% com-
pared to waste cooking oil, which was found to be 92%
under optimum conditions. When NaOH and CH,ONa
are used as catalysts, the optimum condition with the
maximum conversion and end product according to the
European biodiesel standard are 0.6 wt% of CH,0ONa for
neat oils and 0.6 wt% of NaOH for sunflower and 0.8 wt%
for soybean oil and the same amount of both catalysts
0.8 wt% was found to be effective for waste cooking oil.
Compared to NaOH and CH,ONa, KOH was found to be
less effective based on the product evaluation accord-
ing to the European biodiesel standard. It is evident
from this example that the selection of feedstock is vital
for improved yields. For example, neat oil was found
to be more temperature sensitive and a lower amount
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of catalyst was required for its transesterification when
compared to waste cooking oil.

The effect of catalyst concentration on conversion of
oil to biodiesel was studied (Georgogianni et al. 2007).
The catalyst concentration tested ranged from 1 to 2 w/w
using different methods, namely, ultrasonication and
mechanical stirring. In the ultrasonication method, an
alkali catalyst NaOH was used for transesterification with
a frequency of 24 kHz. On the other hand, the mechanical
stirring method was set up at 600 rpm and the optimum
amount for catalyst concentration was found to be 2 wt%
NaOH. Overall, the ultrasonic method was found to be
more efficient where less time was required to achieve
better quality biodiesel as compared to the mechanical
stirring method. After analyzing the physiochemical prop-
erties of the produced biodiesel, it was concluded that the
biodiesel had properties similar to those of commercial
diesel with the exception of the cetane number, which was
found to be higher in the produced biodiesel. Addition-
ally, the biodiesel sulfur content was negligible.

A comparative study between single-step and two-
step transesterification for increasing the yield of bio-
diesel was performed (Cayli and Kiisefoglu 2008). The
catalyst used was an alkali-based sodium hydroxide. The
reactions were carried out at room temperature where in
the two-step process, 4.2 g of NaOH was used as a cata-
lyst for 1000 g of spent oil with 140 ml methanol, followed
by a second step in which the amount of catalyst was
reduced to 1.8 g and 60 ml of methanol. A thermo gravi-
metric analysis TGA instrument was used to measure the
quality of the end product instead of gas chromatography
although it was not possible with this technique to differ-
entiate between monoglycerides and diglycerides. None-
theless, the total amount of methyl esters was measured.
It was found that the two-step process was more efficient
as compared to the single-step process in terms of yield of
methyl ester as it was 96% for the two-step process while
it was only 86% for the single-step process.

In conclusion, the homogeneous phased alkali cata-
lyzed transesterification was the first route for biodiesel
production from edible oils before nonedible oils were
considered. Currently, most industrial scale production
depends on homogeneous catalysts of hydroxides of
potassium or sodium, which are economical when oils
with low FFA are used for biodiesel production. There are
many challenges associated with the use of homogeneous
phase catalysts: difficulty in separating produced glyc-
erol from the biodiesel, infeasible catalyst recovery from
the products, and additional washing required to obtain
a better quality end product, all of which increase the
process cost. Furthermore, when the feedstock with high
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FFA is used for biodiesel production, an additional step is
required to reduce the FFA, which generally involves treat-
ment with acidic solution. Alkali materials doped with
suitable carriers can be used as potential basic catalysts.
This is due to the high basic strength and the electroposi-
tive nature of alkali materials when combined with suit-
able porous materials, which possess a high surface area,
such as alkaline oxides or transition metal oxides. Such
materials can be used as potential catalysts for methanol-
ysis of edible and nonedible oil for biodiesel production.
Despite its importance in the context of second generation
biofuels, waste biomass has been less extensively investi-
gated in the context of catalyst preparation, and for this,
most studies are focused on the carbonaceous solid acid
catalysts. It can therefore be concluded that alkali metals
doped with solid carriers might be the most economically
feasible method for biodiesel production when compared
to homogeneous phase catalysts for biodiesel production
by transesterification.

3.2 Alkaline earth metals catalysts

Alkaline earth metals have been the focus of many
researchers due to several advantages, such as less
energy intensive, occurring under mild operating condi-
tions, reusability, activity, and high basic strength. The
basic strength of alkaline metal oxides follows the order
BaO>SrO>Ca0>MgO (D’Cruz et al. 2007, Zabeti et al.
2009, Refaat 2011). Basicity of alkaline earth metal oxides
is demonstrated from the charge present on the elements
on respective oxides. In general, it can be denoted as
M?2+-2- jon pairs, which further depends on the coordina-
tion environment (Hattori 1995). As alkaline metal oxides
are used as a highly active base material, they have been
used for several organic reactions such as isomerization,
dehydration, and synthesis of monoglyceride. Based on
biodiesel production reactions, transesterification of the
oxides of these materials with high basic strength can be
applied. Activity of alkaline earth metal oxides is largely

Table 3: Biodiesel production by using alkaline earth metals.
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dependent on their surface morphology, which relies on
the synthesis method and thermal treatment for its activa-
tion (Sharma et al. 2011, Borges and Diaz 2012).

Cao is the most commonly used alkaline metal oxide
for biodiesel production because of its easy availability,
low cost, and high activity towards fatty acid methyl ester
(FAME) yield (up to 98%). In order to increase the basic
strength and the active basic sites of CaO, it is necessary
to decrease the particle size. The stability of CaO is the
biggest challenge as it loses its activity after multiple runs.
This is addressed by combining CaO with several other
oxides such as MgO, ZnO, zeolite, A1203, Si0,, and La,0,
by which its basic strength and life span can be increased.
Thus, CaO gives promising results for transesterification,
up to 99% biodiesel yield under mild operating condi-
tions, but due to its leaching, its reusability is low. Alka-
line catalysts have been applied by different researchers
as shown in Table 3.

Teo et al. (2014) carried out transesterification of
Jatropha curcas oil for synthesis of biodiesel in the pres-
ence of two different calcium-based catalysts, CaO-NiO
and Ca0-Nd,0,. Higher density of basic sites was present
in CaO-NiO (6.32x10* mol/g) while that for CaO-Nd 0,
was 4.09x10-° mol/g. Based on the transesterification
reaction, it was evaluated that CaO-NiO gave a FAME
yield of 86.3% as opposed to 82.2% for Ca0-Nd 0,. The
optimal conditions in obtaining a yield of more than 80%
was a ratio of 15:1 methanol to oil, 5 wt% catalyst, and
a reaction temperature of 65°C. Stability and reusability
of the catalyst were analyzed, and it was concluded that,
without the loss in activity, both catalysts can be used at
least six times. Consequently, these new mixed metallic
oxides, synthesized by co-precipitation method, can be
potential catalysts for the synthesis of fatty acid methyl
ester from crude Jatropha oil.

The high basicity of alkaline oxides makes them highly
active towards transesterification; however, process tem-
perature tends to be high. Furthermore, calcium oxide,
along with supporting materials such as those mentioned
in Table 3, gave a higher yield compared to magnesium

Catalyst Time (min)  Temperature (°C)  Methanol:oilratio  Yield (%) Reference

Mg-Al hydrotalcite (2: 1) 240 65 9:1 77.2  Gomesetal. (2011)
Hydrated lime 120 60  0.17 (vol) 100  Sanchez-Cantl et al. (2014)
Ca0-Zr0, 120 65 30:1 92.1 Molaei and Ghasemi (2012)
Ca0-La,0, 180 58 20:1 ~96.0 Yan et al. (2007)

Mg-Al hydrotalcite 360 120 24:1 >90  Brito etal. (2008)

CaO0 (Clamshell) 180 60 6:1 >89  Nairetal.(2012)

Cao0 treated with (NH,),CO, 150 70 9:1 93  Zhuetal. (2006)
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oxide. Nonetheless, magnesium oxide works well in
supercritical conditions and results in high conversion of
fatty acids to their methyl esters.

Moreover, CaO from waste as an industrial by-product
can be used for transesterification for producing biodiesel.
In one study, Sanchez et al. (2015) used shells of Mytilus
galloprovincialis waste from fish industry as a catalyst for
transesterification of Jojoba oil. The catalyst was mainly
Ca0, which was calcined immediately before it was used
to avoid the poisoning/contamination of it with CO, and
H,0. The effect of operating conditions was studied such
as temperature (45-65°C), methanol to oil ratio (6-12), and
catalyst (610 wt%). Process temperature was observed to
have a positive effect on the yield of biodiesel; however,
increasing the methanol to oil ratio and catalyst loading
has some opposing effects, which affect the biodiesel
yield. Moreover, there is a significant decrease in the cata-
lyst activity if there is a long- time delay after calcination
due to poisoning/contamination of CaO with water and
CO,. It was observed that there was a 35% decrease in the
biodiesel yield when it was used immediately and 21 days
post calcination.

Kouzu et al. (2016) also studied the effect of calcined
scallop shell as catalyst for transesterification of rapeseed
oil. The activity of calcined scallop shell and calcined
limestone was studied, and sodium content was the main
focus. The amount of sodium detected for scallop shell
was (0.33%); however, very little (< 0.01%) was found in
limestone. However, sodium content of limestone was
prepared by using a brine solution for 2 weeks and it was
observed that the sodium content increased to 0.3%. As
the calcined catalyst from scallop shell and the salty lime-
stone were found to be less active than the original lime-
stone, they reported scallop shell to be highly active for
transesterification.

Taufiq-Yap et al. (2014) worked on Jatropha curcus oil
where mixed oxides of calcium and lanthanum (Ca-to-La)
were used for the synthesis of fatty acid methyl ester. The
Ca-to-La ratio significantly affected conversion as well
as the FAME yield. It was also observed that La,0, alone
exhibited no activity towards transesterification. Besides,
when the ratio of Ca-to-La was increased from 2 to 10, it
resulted in an increase in the conversion and FAME yield.
However, as the ratio was increased from 4 to 10, the con-
version to biodiesel as well as FAME yield decreased. This
could be due to the filling of the pores of the base material
at high ratio resulting in decreased catalyst activity. The
optimal conditions for obtaining maximum yield (86.51%)
was a methanol to oil ratio of 24:1, a reaction tempera-
ture of 65°C, and a catalyst amount of 4%. Reusability
tests performed on the catalyst revealed that the catalyst
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needed regeneration in order to remove organic deposits
such as glycerol, biodiesel, and partial reacted oil using
air oxidation at high temperature.

Mootabadi et al. (2010) carried out transesterification
of palm oil to produce biodiesel by using ultrasonic tech-
nology in the presence of different alkaline metal oxides
such as Ca0, SrO, and BaO. The catalyst activity was evalu-
ated on the basic strength. The basicity of the alkaline
metal oxides lies in the order CaO <SrO <BaO. The ultra-
sonic assisted esterification was actually a batch process
that operated with the frequency of 20 kHz, and the range
of reaction parameters was reaction time of 10-60 min,
methanol to oil ratio from 3: 1to 15 : 1, amount of catalyst of
0.5-3 wt%, and ultrasonic amplitude from 25 to 100%. The
optimal yield (95% of biodiesel) was achieved after 1 h of
reaction time. There was a dramatic increase in the yield of
biodiesel for different catalysts; for example, the yield for
CaO increased from 5.5% to 77.3%, that for SrO increased
from 48.2% to 95.2%, and that for BaO increased from
67.3% to 95.2%. These improvements occurred by chang-
ing the amplitude of the ultrasonic waves, and the optimal
amplitude for maximum conversion was 50%. If the ampli-
tude is increased further, it leads to physical changes in
the catalyst. SEM images as presented in Figure 2 show the
change in catalyst morphology before and after the reac-
tion. It has been shown that BaO deactivates first among
all others and is totally dependent on the material’s affin-
ity towards the reactants for becoming soluble.

Yoosuk et al. (2010) also used CaO as a heterogeneous
catalyst for biodiesel production. In this study, a different
method was adopted for CaO preparation. Rather than
the decomposition of CaCO, by which CaO was observed
to have a large surface area and a high number of basic
sites, CaO, of improved quality, was obtained by calcining
natural calcites by hydration and dehydration approach,
which was found to be more suitable for biodiesel produc-
tion. Treatment with water affects the crystallinity of CaO,
but surface increase gives a highly textured and rough
surface, which results in the expulsion of carbon dioxide
and water from the lattice when exposed to air. The pore
shape is changed by water treatment, but the pore char-
acteristics remain the same although the surface area and
the pore volume increase dramatically. While synthesiz-
ing, the carbonates were decomposed, which led to the
formation of Bronsted base sites due to the hydration
of calcium oxide. The yield of biodiesel improved from
75.5 wt% to 93.9 wt% by using better quality CaO. The
preparation of CaO with hydration and dehydration shed
new light on the effect of water on the structural behavior
and activity of CaO synthesized by hydration followed by
thermal treatment of calcined calcite as shown in Figure 3.
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Figure 2: Scanning electron micrographs (SEM) of (A) BaO catalyst before reaction, (B) BaO catalyst after reaction, (C) CaO catalyst before
reaction, (D) CaO catalyst after reaction, (E) SrO catalyst before reaction, and (F) SrO catalyst after reaction (Mootabadi et al. 2010).
Reproduced with permission from Mootabadi et al.; copyright 2010 Elsevier Ltd.

Figure 3: SEM images of (A) fresh calcite, (B) CaO S, (C) CaO 600, and (D) used Ca0 600 (Yoosuk et al. 2010). Reproduced with permission
from Yoosuk et al.; copyright 2010 Elsevier Ltd.
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Despite the activity of CaO for transesterification, it
has several drawbacks. One of them is low surface area
and its affinity towards methanol due to leaching. To over-
come this, MgO can be introduced for transesterification
to produce biodiesel. MgO is widely used among alkaline
earth metal oxides with a high potential as a heteroge-
neous catalyst. Di Serio et al. (2007) were the pioneers
to carry out the transesterification to produce biodiesel
using MgO and calcined hydrotalcites as a catalyst. Four
different types of basic sites prepared by modification of
MgO and calcined hyrotalcite catalysts were studied. It
was observed that strong basic sites promote transesteri-
fication reaction at very low temperatures, while the cata-
lyst with medium basic site promotes transesterification
at higher temperatures. However, the prepared catalyst is
highly repellent to water content that affects the activity of
the prepared catalyst.

Ilgen and Akin (2008) investigated the transesteri-
fication of canola oil in the presence of heterogeneous
catalyst KOH supported on MgO. Transesterification was
carried out under different operating conditions such as
range of methanol to oil ratio from 6 : 1 to 15: 1, loading of
KOH varying from 10% to 30%, temperature of 30-65°C,
catalyst amount of 1.5-6, and reaction time of 1-9 h. The
maximum yield of methyl ester was 95.05%, and this was
achieved after a 9-h reaction time while the conversion
under the same conditions was 99.36%.The catalyst was
with 20 wt%, while catalyst amount was 3% with metha-
nol to oil ratio 6: 1. After the material characterization, it
was concluded that K interacts with Mg and allows 0% to
be more available. CO, from the environment interacts,
and this forms K,CO,, which remains on the surface of the
catalyst and leads to an enhanced activity of the catalyst,
and so, biodiesel is produced under more stable condi-
tions. The stability of the catalyst was examined as well,
KOH/MgO with 20% of KOH loading was filtered and dried
after the first run of transesterification and used again
under the same optimal operating conditions. The yield
was only 26.45% FAME, which indicates that the catalyst
is not as stable as it lost its activity dramatically. Deacti-
vation of the catalyst can be denoted by the role of the K
species, and it might be due to its dissolution in heteroge-
neous KOH/MgO catalyst.

Nano-sized MgO as a catalyst for biodiesel prepara-
tion in the presence of supercritical or subcritical metha-
nol was appraised (Wang and Yang 2007). It was observed
that the rate of reaction increased when 3 wt% of nano-
MgO was used for transesterification and the process was
completed in 10 min. During this process, all critical para-
meters effective for transesterification were studied and it
was observed that catalyst content, reaction temperature,
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and the methanol to oil molar ratio can alter the rate of
reaction of oil to FAME. Higher methanol to oil ratio
favored the higher FAME yield (almost 36 : 1) with the tem-
perature maintained at 260°C under 24-MPa pressure. The
activation energy required when nano-MgO was used was
75.9 kJ/mol and without catalyst, 92.5 kJ/mol, which was
quite less. Due to this, the time of reaction is reduced and
reaction can be completed in 10 min, which is very less
as compared to the conventional process time. In fact,
the rate of reaction can also be altered due to the stirring
speed, which leads to the concept of diffusion and solubil-
ity by which it can be illustrated that, by increasing the
stirring speed, the mass transfer increases, which short-
ens the rate of reaction. The optimum revolution rate to
complete reaction was 1000 rpm, catalyst amount was
3 wt%, time was 10 min, temperature was at 200°C, and
methanol to oil ratio was 36: 1.

The basicity of alkaline earth metal oxides increases
from top to bottom in the second column of the periodic
table, and SrO among alkaline earth metal oxides pos-
sesses the highest number of basic sites with its insoluble
nature. Rashtizadeh et al. (2014) carried out the transes-
terification of soybean oil for biodiesel production in the
presence of Sr-Al mixed oxides nano-composite in the
form of Sr Al O,. The reaction process parameters included
a methanol to oil ratio of 3:1-30:1, time of 15-90 min,
and catalyst amount of 0.5-1.5 and were evaluated on the
experimental plan developed by response surface meth-
odology based on Box-Behnken technique. Strontium alu-
minate appeared to be highly crystalline with a number
of basic sites observed from carbon dioxide-temperature
programmed desorption CO,-TPD. The oxide of Sr-Al pos-
sesses the ability to adsorb more CO, as compared to
oxides of calcium and magnesium due to the high density
of basic sites, and this unique property gave a high yield
of methyl esters by transesterification of soybean oil in the
presence of a lower amount of catalyst and in a shorter
time. The optimum conditions for maximum yield, 96%,
were obtained at 25:1 methanol to oil ratio, a catalyst
amount of 1.3 wt% within 61 min. The stability test of
Sr-Al was not promising due to the continuous decrease
in biodiesel yield, while the biodiesel produced was up to
the standards set by the American Society for Testing and
Materials ASTM and European standards EN.

Work done by Liu et al. (2007) on the transesterifica-
tion of soybean oil in the presence of solid alkaline basic
oxide SrO showed that SrO possesses a high density of
basic oxides, H_=26.5, which tends to make it resistant
towards CO,, and due to its insolubility in methanol, veg-
etable oil, and methyl ester, it can be used up to 10 times
with very little decrease in biodiesel yield. Comparison
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studies for biodiesel production using different con-
ventional homogeneous catalyst, which include NaOH,
KOH, NaOCH,, and KOCH,, and heterogeneous catalyst
SrO revealed that the maximum yield using homoge-
neous catalysts was 90% within 10 min. In the case of
SrO, the reaction rate was slow but the biodiesel yield
was 98% and the catalyst could be reused several times.
However, this is not the case with homogeneous cata-
lysts as they cannot be reused. The yield was attributed
to the higher basicity of SrO compared to conventional
homogeneous catalyst.

In summary, after evaluating the advantages and
disadvantages of using alkaline earth oxides for trans-
esterification of bio-oil from low-cost biomass, it can
be concluded that they should be used as a promoter or
composite rather than the support material. Ca0O, with its
moderate basicity in the alkaline group, is highly active
for transesterification, but due to solubility, which leads
to leaching, it tends to reduce the interest for commer-
cialization. In comparison, MgO offers a high surface area
and is less soluble in reactants in transesterification of oil
but, due to its lower basicity, causes a lower yield to be
achieved. SrO offers high basicity but less surface area as
compared to CaO and MgO, which make it commercially
infeasible. It can thus be concluded that using alkaline
earth oxides individually or as a support will not be profit-
able, in order to synthesize a commercially viable catalyst
with a highly stable nature, and that the alkaline earth
oxides should be utilized with different neutral support
materials with high surface area and less solubility.

3.3 Transition metal oxide catalysts

Biodiesel from vegetable oils or oils with low FFA can
be produced using the basic character of solid catalysts.
However, in order to proceed with oils with high FFA,
there should be some amphoteric material that can effec-
tively handle oils with high FFA. Table 4 demonstrates the
different transition metal oxides for biodiesel production.

Table 4: Biodiesel production using transitions metals.
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It can be observed that using transition metal oxides as
catalysts requires high operating temperatures and long
reaction times to be completed as compared to alkali
metals either in homogeneous or in heterogeneous phase.
Nevertheless, based on their many positive aspects such
as insensitivity to high FFA, non-corrosiveness to the
reactor, and the ability to simultaneously catalyze esterifi-
cation and transesterification, stable and recyclable tran-
sition metal oxides are preferred.

Dehkordiet al. (2012) used CaO with ZrO, in different
molar ratios as heterogeneous catalysts for biodiesel pro-
duction from waste cooking oil. Based on different param-
eters such as reaction temperature, Ca:Zr ratio, catalyst
amount, methanol to oil ratio, and reaction time, a cata-
lyst was evaluated for transesterification. Zirconium oxide
has been shown to help to activate and stabilize the cata-
lyst for biodiesel production. However, the activity of the
catalyst mainly depends on the amount of calcium oxide.
Experimental results revealed that increasing the Ca:Zr
ratio resulted in an increased yield of biodiesel; however,
for stability, it is vice versa. By increasing Ca: Zr, the sta-
bility of the catalyst decreases due to leaching of calcium
ions. The optimal conditions for 92.1% yield were on oper-
ating temperature of 65°C, methanol to oil ratio of 30:1,
reaction time of 2 h, and a catalyst loading of 10 wt%,
while Ca to Zr ratio was 0.5. The results also suggest that
the catalyst can be recyclable and is reusable.

Gombotz et al. (2012) used waste vegetable oil in the
form of a yellow grease with FFA to produce biodiesel in
the presence of transition metal oxides such as manga-
nese oxide and titanium oxide. MnO and TiO, both were
found to be active catalysts for biodiesel production. Two
reactions simultaneously occurred. First, esterification
was followed by transesterification. These catalysts can
be effective for low-cost feed stocks with high FFA content
up to 15%. MnO was more effective as compared to TiO,
based on conversion; lower conversion was observed with
TiO, with a much higher amount of soap formation using
TiO, in high FFA. Stability tests for both catalysts revealed
that the impurities that affect the life of the catalyst are

Catalyst Time (min)  Temperature (°C)  Methanol: oil ratio Yield (%)  Reference

Sr/Zr0, 169 115.5 29:1 79.7 Omar and Amin (2011)
ZnO-LaZO3 180 220 42:1 96 Yan et al. (2010a,b)
TiO,-MgO mixed oxides 360 160 50:1 92.3 Wen et al. (2010)

WO, /ALO, 120 110 0.3 (wt/wt%) 97.5 Komintarachat et al. (2015)
Zinc Stearate/SiO, 600 200 18:1 98  Jacobson et al. (2008)
ZnO-LaZO3 180 200 - 96 Yan et al. (2010a,b)

Zn, La1 (Lanthanum modified Zn0) 180 200 26:1 92.3 Guo etal. (2012)
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free acids, moisture, wax formation, and accumulation of
residual proteins. In order to check the stability of the cat-
alyst, the reaction time was increased, and it showed that
MnO is effective for at least 75 h. However, some soap was
produced in the reaction vessel but within tolerable range.
Furthermore, this can be reduced by product washing.
These catalysts were shown to exhibit little loss of activity
in tests lasting 3 days.

Santiago-Torres et al. (2014) used solid-state reaction
to synthesize the catalyst Na ZrO, for biodiesel produc-
tion from soybean oil by transesterification in the pres-
ence of methanol. Analysis revealed that NaZrO, is a
basic catalyst, highly stable with uniform distribution of
active sites with crystalline nature as shown in Figure 4.
The FAME conversion reached an excellent efficiency of
98.3% after 3 h at 65°C. Additionally, the biodiesel char-
acterization corroborated the FAME conversion and other
parameters, such as its high purity, composition (typically
9, 12, octadecadienoic, hexadecanoic, and octadecanoic
acid methyl esters), and degree of unsaturation (between
0.89 and 1.09). The biodiesel produced with Na,zrO,
showed similar conversions relative to other basic het-
erogeneous and homogeneous systems, and the obtained
biodiesel had potential characteristics to be used as fuel.
Finally, the cyclic behavior revealed that the catalyst is
highly stable. Nevertheless, Na,ZrO, should be further
analyzed and improved to maintain its high initial FAME
conversion. All of these results suggest that Na,ZrO, could
become an alternative solid base catalyst for scalable and
cost-effective production of biodiesel.
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Moving to a different kind of biomass, Krohn et al.
produced biodiesel in the presence of titania microporous
catalyst in fixed bed continuous process from different
types of algae such as Dunaliella tertiolectra, Nannochlo-
ropsis oculata, freshwater microalgae, and macroalgae
lipids (Krohn et al. 2011). Based on the potential of titania
microsphere catalyst, it is used to carry out esterification
and transesterification simultaneously to synthesize bio-
diesel. The whole process was carried out in the presence
of supercritical methanol. The product biodiesel was of
comparable quality with biodiesel produced from soybean
oil as its cloud point was notably lower at —16°C. Due to
the high FFA content of algal lipids, they were processed
under high temperature and pressure and titania gave a
maximum conversion of 94.7%.

Brito et al. (2008) produced biodiesel from soybean
oil using catalysts as series of complexes with a general
formula M(n-butoxide)4—x(maltolate)x, where M=Ti or
Zr and x=0-4, for transesterification and esterification.
The compounds containing different ratios of maltolate
and n-butoxide ligands were synthesized from the reac-
tion of maltol (3-hydroxy-2-methyl-4-pyrone) and n-butox-
ide metal precursors. The transesterification of soybean
oil was carried out at methanol: oil: catalyst ratio of
400:100: 1 and a temperature of 65°C. It is also important
to note that very low differences in the catalytic activity
among the two groups of complexes (Ti and Zr derivatives)
were due to differences in the stoichiometries of the malto-
late ligands. It was also observed that only one maltolate
ligand seems to be the more active. This performance

Figure 4: XRD pattern and SEM images of the Na,ZrO, catalyst synthesized by solid-state (Santiago-Torres et al. 2014). Reproduced with

permission from Santiago-Torres et al.; copyright 2014 Elsevier.
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suggests that the protonolysis of the complex, independ-
ent of the starting maltolate content, leads to a similar
catalytic active specie, probably with only one maltolate
effectively coordinated to the metal center. All complexes,
containing maltolate as ligand, were very efficient as cata-
lysts in esterification, mainly those based in zirconium. In
contrast, the catalysts here displayed very poor activity for
transesterification.

In conclusion, heterogeneous basic catalysts have a
tendency for catalyzing methanolysis of oil at higher rates
as compared to acidic catalysts; thus, a number of transi-
tions metals oxides with an amphoteric nature have been
applied for transesterification. Transition metal oxides are
stable and possess a high surface area and, due to the dis-
advantages associated with heterogeneous basic catalyst
such as leaching and instability, can be reduced by incor-
porating highly basic oxides with transition metals. Fur-
thermore, some of the transition metal oxides offer varied
Lewis base character, which can be cashed on/exploited
by applying it for simultaneous transesterification and
esterification for producing biodiesel from low-cost feed-
stock, which tends to make the process economically
viable.

3.4 Acidic catalysts

A number of heterogeneous catalysts that are character-
ized as acidic catalysts and, based on the concept of either
Lewis acid or Bronsted acid, are available in eclectic range
are being used for transesterification of oils for biodiesel
production (Chen et al. 2007). The acidic catalysts are
thought to be less active compared to the basic catalyst,
and normally, the reaction temperature required to com-
plete the transesterification process is higher. However,
it has a number of positive outcomes as compared to
the basic catalyst. For example, they are capable of con-
ducting esterification and transesterification simultane-
ously for the oils with low cost, high FFA content; can be
easily separated from the product; eliminate the washing
step for product biodiesel; give higher yield of product
biodiesel; require small quantity of catalyst; are easily

Table 5: Biodiesel production by using acidic catalysts.
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regenerated and recycled; and favor the reduction of cor-
rosion problem (Juan et al. 2011, Usai et al. 2013, Wang
et al. 2013, Amani et al. 2014). Furthermore, in order to
make biodiesel economically viable, it has been of interest
to develop a continuous flow system with a heterogeneous
acidic catalyst (Medina-Valtierra and Ramirez-Ortiz 2013,
Tran et al. 2013). Less work has been reported for the pro-
duction of biodiesel using single-step transesterification
in the presence of heterogeneous acidic catalyst. Reaction
pathway studies show that this might be due to several
limitations such as low reaction rates and the formation of
undesirable by-products. Table 5 shows the various acidic
catalysts used for biodiesel production.

Mar and Somsook (2013) synthesized propyl sulfonic
acid functionalized mesoporous silica SBA-15 by a single-
step co-condensation method for esterification of fatty
acid. The propyl sulfonic acid functionalized mesoporous
silica SBA-15 was prepared in the presence of Pluronic 123
polymer and H,0, in an aqueous solution of HCL. The activ-
ity of the developed material was analyzed by esterifica-
tion of oleic acid, and it was reported that the catalyst was
found to be highly thermally stable as it did not undergo
any internal or external changes when it was tested with
boiling water. The synthesized catalyst was highly active,
while the reaction due to its large mesoporous structure
acidic sites in excess was available for oleic acid, which
led to the conclusion that it has almost the same activ-
ity and strength of acidic sites as compared to phenyl
ethyl sulfonic acid functionalized silica and higher acidic
strength from commercially available ion exchange resin
amberlyst-15. Excess methanol was used for esterification
in order to make the reaction move forward, and autoca-
talysis of oleic acid was much less as it only gave 1% con-
version, while for SBA-15 alone, it was also 1% after 2 h
but it increased, to a large extent, when SBA-15 was loaded
to form SBA-15-PrSO,H. Catalyst can be regenerated after
each successful run. Firstly, it was washed-dried at 100°C
for 4 h and then dipped with dilute sulfuric acid for 2 h
and then neutralized, followed by drying. The rate of
esterification is highly influenced by catalyst loading.

Moreover, Xie et al. (2012) synthesized heterogene-
ous acid catalyst (SnO,/SiO,) for biodiesel production

Catalyst Time (min) Temperature (°C) Methanol: oil ratio Yield (%) Reference

50,2 /Ti0,-Si0, 120 200 9:1 92 Chen et al. (2007)
5042’/Zr02 240 120 9:1 93.6 Jitputti et al. (2006)
Fe,(S0,),/C 180 95.15 18:1 98 Gan et al. (2010)
H,PW 0, H,0 60 30 (1.3 kW reboiler duty) 67.9:1 93.98 Noshadi et al. (2012)
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from soybean oil. It was observed that by changing the
Sn loading (1-16 wt%) on SiO,, the oil conversion varied;
however, changing the calcination temperature of catalyst
also altered the conversion to biodiesel. The maximum oil
conversion obtained was 81.7% when 8 wt% of Sn was
loaded on Si0,, and the catalyst was calcined at 873 K
while operating conditions for transesterification were
methanol to oil molar ratio of 24:1, 5 wt% catalyst, and
a reaction time of 5 h. The synthesized catalyst was suit-
able for high FFA containing oil. Despite this, the activity
of catalysts was also tested for esterification of FFA and a
conversion of 94.6% was observed. The synthesized cata-
lyst was recoverable and was reported to be reused with
any treatment up to four reaction cycles.

In another study, Chen et al. (2014) produced bio-
diesel from vegetable oil in the presence of mesoporous
silica catalyst Ti-SBA-15 with different Ti loading as a solid
acid heterogeneous catalyst capable of sustaining both
esterification and transesterification reactions simultane-
ously. The activity of the synthesized catalyst is related
to tetrahedral Ti** ions, which possess weak acidic sites,
and Ti** ions are easily dispersed on the surface of SBA-15,
which gives rise to a highly active catalyst. It was observed
that the activity of Ti-SBA-15 for the transesterification
of Jatropha oil to synthesize biodiesel was much higher
than that of microporous titanosilicate TS-1 and commer-
cially available TiO, nanocrystallites. The optimum condi-
tions for maximum yield of biodiesel were 2.46 mol% of
Ti loading, while the reaction was carried out at 200°C
with methanol to oil ratio of 27 and a reaction time of 3 h.
Excess methanol with methanol to oil ratio of 108 speeds
up the reaction, while the time of exposure of catalyst to
reactant also enhances the conversion to biodiesel. The
most unique property was the tolerance of 3Ti-SBA-15 with
water up to 5 wt% and, for free fatty acid, up to 30 wt%,
which exhibits a performance several times better than
that of currently homogeneous and heterogeneous cata-
lysts used for higher quality biodiesel production.

The most commonly used catalyst supports for het-
erogeneous acidic catalyst are ZrO, and SBA-15, while the
most active precursor for solid acidic catalyst is sulfonic
acid because homogeneous acidic catalyst H,SO, is highly
active for esterification and has high tolerance to FFA
and water. Muthu et al. (2010) used sulfated zirconia (SZ)
as heterogeneous acidic catalyst for esterification with
methanol of Neem oil for biodiesel production by two-
step process. Heterogeneous acidic catalyst has a signifi-
cant effect on the high FFA content Neem oil due to which
the FFA level of oil was reduced from 24.76 mg KOH/g oil
to 2 mg KOH/g, which denotes its high acidic strength.
The optimal conditions for esterification at maximum
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conversion of 94% were reaction temperature of 65°C,
methanol to oil ratio of 9:1, and a reaction completion
time of 2 h. Consequently, this pre-treatment reduces
the overall complexity of the process and a conversion
efficiency of 95% is achieved when transesterification of
pre-treated oil is carried out with MeOH in the presence of
homogeneous basic catalyst KOH.

Park et al. (2008) investigated the effect of acidic
heterogeneous catalyst SO,>*/Zr0,, SO,?-/AlL0,, SO,**/SiO,,
and WO,/ZrO, for conversion of free fatty acids in vegeta-
ble oil to produce biodiesel in a continuous process. For
the continuous process of biodiesel production, the most
effective catalysts were WO,/ZrO, and SO,’"/ZrO, based
on conversion, while in terms of stability, the SO,*"/ZrO,
losses its activity after a certain time, whereas WO3/ZrO2
was effective for longer operations; up to 70% conversion
can be achieved upon using it for 140 h. Powder-type cata-
lyst was found to be more effective as compared to pellet
size, as in pellet size catalyst, there comes the limitation
for mass transfer as well the pore size. Pellet size catalyst
has a smaller pore size with a larger surface area, which
reduces the conversion of FFA, while for powder-type cat-
alyst, the pore size is larger and the surface area is smaller
due to which the mass transfer increases with the increase
in the conversion of FFA content present in the oil.
Figure 5 shows FFA conversion over various powder-type
catalysts. While SO,>"/ZrO, catalyst was observed to face
leaching of acidic sides into product; in the case of WO,/
ZrQ,, the leaching effect is minimum, but in case leach-
ing occurs, it does not contaminate the product. Catalytic
activity of WO3/ZrO2 is related to the oxidation state of W,
and its activity can be retained by simple re-calcination
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Figure 5: FFA conversion over various powder-type catalysts; (A)
$0,27/AL0,, (B) SO,>7/Si0,, (C) H-zeolite, (D) SO,*-/Zr0,, (E) WO,/
Zr0,, and (F) Cs-heteropolyacid (Park et al. 2008). Reproduced with
permission from Park et al.; copyright 2008 Elsevier.
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in the presence of air. It was revealed that the most uni-
formly distributed acidic sites were in WOE/ZrOZ, while
deactivation of catalyst can be related to oxidation stabil-
ity of tungsten. Much more study is required for catalyst,
optimization, and oxidation stability of WO..

Liu et al. (2013) converted waste cooking oil with FFA
content to biodiesel by transesterification with ethanol
in the presence of a heterogeneous catalyst (aminophos-
phonic acid resin) by using microwave technology. Reac-
tion mechanism followed was as follows: first, D418 with
aminophosphonic acid functional groups eliminates H*
ions to protonate the hydroxide part of carboxylic acid,
by which the electron accepting power of carbonyl group
increases, which causes nucleophilic attack of ethanol.
In order to increase the rate of reaction for esterification,
microwave heating is applied, which helps to increase the
yield of fatty acid methyl ester under moderate operating
conditions. Effect of temperature and time on the conver-
sion ratio of stearic acid with ethanol was observed, and
the conversion ratio increased with the increase in the
temperature as well as time and reached a steady state,
which indicates that time for the steady state becomes
small with an increase in temperature. Conversion results
to biodiesel was promising at 90% obtained by micro-
wave heating with 9 wt% of catalyst with 11:1 ratio of
ethanol to steric acid at 80°C at atmospheric pressure in
7 h, while for conventional heating, the yield was less at
87.88% and it took 12 h to complete the reaction. Pseudo
homogeneous mechanism was followed, and D418 as
a solid catalyst for biodiesel production by microwave
heating is considered to be stable and reusable as the
yield only decreased to 87% after the fifth run and it is
also eco-friendly.

Another class of heterogeneous catalysts that are
highly active for synthesizing biodiesel and have moder-
ate operating conditions is heteropolyacids (HPAs) with
high acidic strength. Due to their flexible structure and
high activity, they are applicable for both esterification
and transesterification. Due to solubility in polar solvents
and low surface area, leaching may be the major problem
for using HPA. The aforementioned problem can be over-
come by introducing organically functionalized support
with high surface area. Li et al. (2009). used Eruca sativa
oil with high FFA content to produce biodiesel in the
presence of HPAs Cs, H PW O, . HPA was observed
with high activity based on a biodiesel yield of 99% at
the relatively low temperature of 55°C, reaction time of
45 min, and methanol to oil ratio of 5.3: 1, which is way
more energy efficient than biodiesel produced by the con-
ventional homogeneous catalysts NaOH and KOH. Major
reasons for the high activity of HPA are that the acidity of
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such catalysts is not affected by FFA content and mois-
ture, while in terms of reusability without affecting the
activity, these catalysts can be used for six consecutive
runs. The resultant biodiesel was highly stable, and it can
be stored for a long time without any internal changes
and has a flash point higher than that of the conventional
diesel at 127°C.

Duan et al. (2013) performed esterification of palmitic
acid by methanol in the presence of magnetic nanopar-
ticles (MNPs) where HPAs were used as a precursor. It
was synthesized by a conventional acid-base interac-
tion between functionalized magnetic nanoparticles and
HPAs. Due to the destructive behavior of the by-product,
water, during transesterification, modification was done
by organic groups to save the catalyst activity by restor-
ing the active sites. The hybrid SiO,-MNP-HPW consists of
a core of magnetic iron oxide MNPs, silica shell, amino-
silica, and organic groups on the surface, which cata-
lyzed the esterification of palmitic acid with methanol
to give 90.4% FFA conversion within 2 h and a high TOF
of 4.95x102 h! under mild reaction conditions. There
are several advantages of using this novel catalyst due
to its small particle size. There are no limitations to mass
transfer, and active sites are easily available for reactants
on the catalyst support material, which makes this cata-
lyst unique as compared to other solid catalysts used for
biodiesel production. Reusability tests revealed that the
catalyst can be used for five consecutive runs without any
activity loss and separated from products very easily.

Alsalme et al. (2008) did esterification and transes-
terification of hexanoic acid, ethyl propanoate and ethyl
hexanoate, respectively, in the presence of HPAs, and the
results were compared with conventional esterification
done in the presence of H,SO,. Conventional acid catalyst
has low core catalytic activity (turnover frequency, TOF)
as compared to HPA catalysts esterification and transes-
terification reactions. Bulk caesium salt Cs, H ,PW O,
exhibits high catalytic activity as well as high resistance
to leaching. The only problem faced by HPA catalyst was
leaching and acting like a homogeneous catalyst after
leaching.

In summary, solid acid catalysts are currently being
focused on for biodiesel production based on several
factors such as adjustable acidic character, high thermal
stability, and flexible structures. Acidic catalyst has low
surface area, which can be overcome by impregnating it
on high surface area supports used conventionally, which
will modulate their acid site density. Furthermore, promis-
ing new solutions for transesterification and esterification
of low-cost feedstock with high moisture content is that
acidic catalyst should be hydrophobic and oleophilic in
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nature. The major drawback for acidic catalyst is that they
are less active and require a high processing temperature,
but they are insensitive to high FFA oil.

3.5 Enzyme catalysts

Organic materials as catalysts offer several advantages
over metallic catalysts. For example, no feedstock treat-
ment is required, no catalyst removal is required, no
by-products are formed, and it runs under low operat-
ing conditions with less energy input and is reusable
without any treatment. Organic catalysts are referred to
as enzymatic catalysts (immobilized lipase) synthesized
through different lipases and are mainly obtained from
microorganisms, plants, and animals (Gupta et al. 2004,
Ranganathan et al. 2008, Guldhe et al. 2015). Enzymatic
catalysts are expensive but are highly active, and the
activity is not affected by the amount of free fatty acids
and water content present in the oil to be converted into
biodiesel. There are generally two types of enzymatic
catalysts, extracellular lipases and intracellular lipases. It
should be noted that the yield of the biodiesel is affected
significantly by both temperature and pH (Tupufia et al.
2013). Not all lipase catalysts are capable of biodiesel
synthesis; some of them are active in organic solvent and
some catalyze in a solvent-free system (Royon et al. 2007,
Xu et al. 2012). Rectified ethanol (95%) extracted from
some renewable material can be effectively used for bio-
diesel synthesis (Xie and Ma 2010). Enzymatic catalysts
are biodegradable and non-toxic unlike some chemical
catalysts. By-products such as glycerol act to reduce the
activity of the enzyme by forming the hydrophilic film,
which does not allow the reactant molecules to interact
with enzymes charged for transesterification (Zhang et al.
2010, Baadhe et al. 2014). Consequently, in order to retain
the activity of the enzyme, some organic substances such
as acetone or silica gel are added to remove the glycerol by
absorption. Additionally, enzymatic catalysts are environ-
ment friendly and biodegradable (Knezevic et al. 2006).
Xie and Wang (2014) and Xie and Zhao (2014)
reported biodiesel production from soybean oil by using
immobilized lipase on Fe O,/poly(styrene-methacrylic
acid) magnetic microsphere as a biocatalyst. The syn-
thesized magnetic composite poly(styrene-methacrylic
acid) microsphere was obtained by consuming oleic acid-
coated magnetic nanoparticles as seeds by microemul-
sion copolymerization of methacrylic acid and styrene
(St). Meanwhile, the Candida rugose was used to obtain
lipase, which was covalently bound with magnetic
polymer-coated microspheres with activation reagent
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1-ethyl-3-(3-(dimethylamino)propyl)-carbodiimide hydro-
chloride (EDAC). It was observed that immobilized lipase
microspheres with improved pH and thermal stability
were more efficient as compared to free lipase. So, the
synthesized biocatalyst was found to be highly active
for transesterification with 86% conversion to biodiesel
under mild operating conditions such as temperature
35°C in 24 h. Moreover, it was recoverable and could be
reused for up to four reaction cycles.

Moreira et al. (2007) did the transesterification of palm
oil with ethanol in the presence of immobilized lipase from
different sources such as porcine pancreatic, Thermomy-
ces lanuginosus, Burkholderia cepacia, Pseudomonas fluo-
rescens, Candida Antarctica, and Penicillium camembertii
in a solvent-free system, while immobilization of lipase
was carried out on hybrid support polysiloxane-poly-(vinyl
alcohol). Due to excess availability of palm oil and ethanol
extracted from biomass, the production of biodiesel is an
exceptional option for Brazil. The source of the enzyme
influenced the yield of biodiesel by transesterification.
It was observed that the maximum vyield with conversion
of 98% in almost 24 h of reaction was obtained by using
lipase from Pseudomonas fluorescens. The biodiesel pro-
duced was straw yellow in color and was obtained with
no trace of glycerol, proved by Nuclear Magnetic Reso-
nance NMR 13C (APT, attached proton test). Furthermore,
characterization showed that biodiesel was on the ASTM
D6751 standard of biofuel with low water content of 0.02%,
0.8 specific gravity, and 4.97 cSt viscosity.

Dizge and Keskinler (2008) prepared biodiesel by
transesterification of canola oil with methanol in the pres-
ence of enzymatic catalyst prepared by immobilization of
lipase within hydrophilic polyurethane foams using poly-
glutaraldehyde synthesized from the immobilization of
T. lanuginosus lipase. Immobilization does not affect the
optimum enzyme conditions due to which the optimum
pH for free and immobilized enzyme was six, which gave
an immobilization yield of 80%. In the transesterifica-
tion of canola oil in the presence of immobilized lipase
T. lanuginosus, the following parameters were examined:
enzyme loading, molar ratio of oil to alcohol, concen-
tration of water, and temperature of the reaction. The
optimum conditions for the transesterification of 20 g
of refined canola oil in the presence of methanol were
430 mg lipase, oil/methanol molar ratio of 1:6, 0.1 g of
water, and a reaction temperature of 40°C. In the reusabil-
ity test, the maximum methyl esters yield was 90%, which
remains almost the same even after 10 consecutive runs,
while tert-butanol was added to minimize the adverse
effect of by-product glycerol within each run to maintain
the activity of the lipase, as shown in Figure 6.
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Figure 6: Reusability test for enzymatic transesterification (Dizge
and Keskinler 2008).

Modi et al. (2007) used oil from different feedstocks
such as Jatropha curcas (jatropha), Pongamia pinnata
(karanj), and Helianthus annuus (sunflower) to prepare
biodiesel in the presence of immobilized lipase-catalyzed
for which ethyl acetate was known to be acyl acceptor.
Maximum yield of biodiesel obtained was 90%, 91.3%, and
92.7% from three different sources such as crude karanj,
jatropha, and sunflower oils, respectively, under optimum
conditions such as the following: ethyl acetate were
10% of Novozym-435 (immobilized Candida antarctica
lipase B) based on oil weight, ethyl acetate to oil molar
ratio was 11: 1, and the reaction period was 12 h at 50°C for
interesterification. Reusability of the lipase revealed that
lipase with ethyl acetate would retain its activity for inter-
esterification and ethanolysis for almost 12 consecutive
runs, but it reduced to six runs when ethanol was used as
an acyl acceptor.

Lee et al. (2011a) did transesterification of canola
oil with methanol in the presence of enzymatic catalyst
with an additional substrate feeding system of silica-gel
base to prevent the formation of film on the catalyst with
methanol. Due to the addition of silica-gel, methanol was
adsorbed in it, which caused silica gel to swell after which
the methanol was released but in a suitably controlled
manner to avoid an excess amount of methanol, which
was a major cause for affecting the activity of the enzyme.
The process was optimized for the following parameters:
enzyme loading, molar ratio of methanol to oil, amount of
silica gel, glycerol content, and methanol feeding method.
These were tested in the presence of commercially avail-
able immobilized enzymes such as Novozym 435 and
Lipozyme RM IM from Novozymes. The results revealed
that the conversion of canola refined oil was maximized
by precise substrate feeding rather than direct methanol
addition, which led to the conclusion that the method
adopted was helpful in avoiding enzyme inhibition, which
allows for the limited amount of methanol for reaction.
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Pizarro and Park (2003) determined that approxi-
mately 40 wt% of oil in waste bleaching earths from crude
vegetable oil can be obtained. Low-cost 0il can be used
as biodiesel, while vegetable oil samples obtained from
waste bleaching earth samples were extracted by organic-
solvent method, and it was found that samples contain
soybean, palm, and rapeseed oil. Transesterification was
done in the presence of Rhizopus oryzae lipase, while high
water content was present and methanol added once to
R. oryzae lipase was found to be active and stable up to
or less than 4 milli-equivalents of methanol in concentra-
tions and with water content of 75%. The optimum con-
ditions for maximum conversion yield of 55% (w/w) by
transesterification of palm oil were water content of 75%
(by weight of substrate), molar ratio of oil to methanol of
1:4, and substrate with concentration of 67 IU/g spun at
175 rpm for almost 96 h at temperature of 35°C.

In conclusion, regardless of the advantages of enzy-
matic catalysts, commercialization of the process is a big
challenge based on several aspects such as lipase cata-
lyst being more expensive than heterogeneous catalyst.
It requires a longer reaction time for processing, and its
reusability is limited because of the longer operating time.
The production of biodiesel by using enzymatic catalyst
is highly dependent on enzyme source and operating
conditions. Furthermore, there is an interplay between
the operational conditions and the catalytic properties of
enzymes.

3.6 lonic liquids as catalysts

Ionic liquids are a potential accelerator that can be used
as a catalyst for transesterification of oil for the synthe-
sis of biodiesel. Ionic liquids are simply the combination
of both cations and anions, with no vapor pressure, and
that below 100°C exists in the liquid state. They have a
unique chemical and thermal stability (Elsheikh et al.
2014, Huang et al. 2014, Xie and Wang 2014, Xie and Zhao
2014). The flexible property regarding the acidic and basic
nature depends on the combination of cations and anions
in the liquid, and this can be altered according to the
process requirement (Diego et al. 2011, Wu et al. 2014a,b).
Ionic liquids are soluble in both organic and inorganic
compounds depending on their affinity towards either,
while they can be biphasic or multi-phasic due to which it
can be separated from the reaction mixture (Xie and Wang
2014, Xie and Zhao 2014). The use of ionic liquids as cata-
lysts is promising in biodiesel synthesis. Due to the pres-
ence of ionic liquids in liquid phase, they are considered
as a homogeneous catalyst for oil transesterification and
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thus possess the advantage of homogeneous catalysts. In
addition, ionic liquids have an ability to be reused for con-
secutive experiments. Additionally, they can facilitate as
heterogeneous catalysts due their ability to separate from
products, which reduces the process cost. Ionic liquids
have gained popularity for biodiesel production due to
both of those advantages (Demirbas 2009a,b, Lai et al.
2012, Fauzi and Amin 2013). Furthermore, ionic liquids
have several advantages such as high catalytic activ-
ity, excellent stability, easy product isolation, and envi-
ronmental benefits. Thus, based on all these facts, ionic
liquids are preferred over conventional liquid and solid
catalysts to be used as a catalyst (Fauzi and amin 2013,
Guo et al. 2013).

Fan et al. (2013) prepared biodiesel from soybean
oil by transesterification in the presence of basic ionic
liquid catalyst. Among all [Ch][OH], [Ch][OMe], [Ch][Im],
NaOH, and KOH basic ionic liquids catalysts, it was deter-
mined by basicity test that [Ch][OH] has maximum basic
strength. Results revealed that due to high basic strength,
choline hydroxide [Ch][OH] catalyst was a better catalyst
for transesterification of soybean oil with methanol. The
optimum conditions were methanol to soybean oil molar
ratio of 9:1, catalyst amount of 4 wt% without any soap
formation, reaction temperature of 60°C, and reaction
time of 2.5 h with maximum biodiesel yield of 95.0%. [Ch]
[OH] catalyst was found to be more effective than conven-
tional basic homogeneous catalysts NaOH and KOH, as
it gave a yield of 95% of biodiesel, while for NaOH and
KOH, it was 93.1% and 92.2%, respectively. When [Ch]
[OH] catalyst was used within the range of 2-10 wt%, it
was observed that there was no soap formation, but soap
formation occurs only for 2.5% for NaOH and KOH under
optimum operating conditions. Reaction temperature,
when increased from 30 to 60°C, increased the yield of
biodiesel, which decreased as the reaction temperature
increased further. Reaction time enhances the conversion
of soybean oil and biodiesel yield as well, it was 85.2%
at 0.5 h, but its formation is increased with the increase
of the reaction time from 0.5 h to 2.5 h. By the reusability
test of [Ch][OH], it was observed that the yield of biodiesel
remains 90.1% for the second time, and after four succes-
sive runs, it only dropped to 82.5%.

Guo et al. (2012) used ultrasonic irradiation technique
for synthesizing biodiesel from soybean oil by transesteri-
fication with methanol in the presence of Brgnsted acidic
ionic liquid-based catalyst. Effect of various process
parameters was studied such as the following: process
temperature range was 20—80°C; within this range, yield
of FAME increases from 20 to 60°C but decreases above
it. This was due to evaporation of methanol; the amount
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of ionic liquid was charged within the range of 0.25-1%
by which the yield of FAME was enhanced by increasing
the amount of catalyst due to the increase in acidity in
the reaction system. The power of ultrasonic was applied,
which was 100, 150, 200, 250, and 300 W from which it
was observed that by increasing the power of ultrasonic,
the conversion to biodiesel was increased. Maximum yield
obtained was 93.2% under the optimum conditions such
as methanol to oil ratio of 9: 1, catalyst amount of 1 wt%,
ultrasonic power of 200 W, reaction temperature of 60°C,
and reaction time of 60 min. It was observed that catalytic
activity was better by using Brgnsted acidic ionic liquid-
based catalyst for soybean oil transesterification than
conventional homogeneous catalyst sulfuric acid and
potassium hydroxide for biodiesel.

Xie et al. (2015a,b) used ionic liquid as heterogeneous
catalyst by supporting them on mesoporous SBA-15 silica
for synthesizing biodiesel from soybean oil. The catalyst
was synthesized from SBA-15 grafted with 4-butyl-1,2,4-tri-
azolium hydroxide by using 3-chloropropyltriethoxysilane
as coupling reagent. The characterization of synthesized
catalyst revealed its successful synthesis and showed to
be highly active for transesterification for biodiesel pro-
duction. The maximum conversion was 95.4% obtained
at optimized operating conditions such as methanol to
oil molar ratio of 20:1, catalyst loading of 7 wt%, 65°C
temperature, and 8-h reaction time. The catalyst could be
recovered and reused up to four reaction cycles without
sufficient loss in activity.

Rafiee and Eavani (2014) tested the esterification of
oleic acid with methanol in the presence of synthesized
new ionic liquid with organic-inorganic hybrid polyoxo-
metalate from 12-tungstophosphoric acid with different
sulfonated organic cations. Special attention was paid to
the temperature-dependence solubilities of these hybrids
as a function of their organic cations. Acidity of POM-ILs is
a major factor that should be considered in their catalytic
application. The Bronsted acidity was determined using
Hammett method. H, refers to values of the catalysts.
We could summarize the acidity order of the catalysts as
follows:  [MIMPS]PW >[QPS]PW > [PyPS]PW > [TMAPS]
PW. This order could be found consistent with the order
of the catalytic activity in the esterification reaction. An
important factor in the development of solid acids for
biodiesel production is the reusability of the catalyst.
This aspect was considered by recovering the [QPS]PW
after each catalytic run by filtration and reusing it in a
new cycle. More than 98% of the catalyst could usually
be recovered from each reaction run. The catalyst could
be reused at least five times, and the decrease in the FFAs
conversion was 3%. The present catalyst can be used in
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the single-step process for biodiesel production from feed-
stock with a high FFA and moisture content.

Zhen et al. (2014) did esterification for biodiesel pro-
duction of oleic acid in the presence of [BsAIm][OTf]/SiO,
and further on transesterification of glycerol trioleate.
Acidic ionic liquid ([BsAIm][OTf]) was immobilized on
sulfhydryl-group-modified SiO, (MPS-Si0,) via a free
radical addition reaction. The [BsAIm][OTf] loading on
acidic ionic liquid-functionalized silica ([BsAIm][OTf]/
Si0,) was controlled by tuning the sulfydryl (SH) content
of MPS-5i0,. The results showed that with the increase of
[BsAIm][OTf] loading on SiO,, the specific surface area and
pore volume of [BsAIm][OTf]/SiO, decreased, and the pore
diameter of [BsAIm][OTf]/SiO, narrowed. In the esterifica-
tion of oleic acid, the oleic acid conversion increased with
the increasing [BsAIm][OTf] loading. In the transesterifi-
cation of glycerol trioleate, with the increasing [BsAIm]
[OTf] loading, the glycerol trioleate conversion decreased
and the selectivities to glycerol mono-oleate and methyl
oleate increased. Reusability of [BsAIm] [OTf]/SiO, is seri-
ously affected by the binding mode of MPTMS to silanol
groups. When one molecule of MPTMS combined with two
or three silanol groups, [BsAIm][OTf]/SiO, shows better
reusability than that combined with one silanol group.

It can be concluded that the application of ionic
liquids for biodiesel production is thus still in its infancy
for commercialization from an economic perspective.
Enormous potential has yet to be tapped through research
and pilot plant experimentation. Results published to
date do show that it is likely to be a worthy competitor to
current production techniques.

3.7 Bifunctional catalysts

A significant amount of work has been carried out on
homogeneous (acid and base) and heterogeneous (acidic
and basic) catalysts for synthesizing biodiesel from low-
cost feedstocks such as waste frying oil, rubber seed oil,
etc. High FFA content requires pre-treatment before trans-
esterification with acidic catalyst to reduce FFA content.
The pre-treatment increases the cost of the end product,
which contributes to the high cost of biodiesel produced.
In order to have simultaneous reactions, esterification
and transesterification are only possible using bifunc-
tional catalysts with uniformly distributed active sites
of acidic and basic nature. Selecting the suitable carrier
material, with amphoteric nature, can be utilized for
bifunctional catalysts by loading acidic and basic promot-
ers. Moreover, when using a homogeneous acidic catalyst,
the apparatus should be capable of resisting the corrosion
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due to the acidic environment. Nevertheless, the use of a
heterogeneous catalyst with a bifunctional nature would
be desirable.

Alhassan et al. (2015) synthesized a bifunctional
catalyst of ferric-manganese doped with sulfated zirco-
nia nanoparticle solid acid to produce biodiesel from
waste frying oil with high FFA content. Consistent with
earlier reports, the iron-manganese doped sulfated zir-
conia catalyst showed a higher surface area as compared
to the zirconia sample. The dispersed Fe,0, and MnO
particles beside the sulfate group prevented the zirconia
particles’ agglomeration leading to an enhanced surface
area, acidity, and hence its catalytic activity, which was
reflected by a remarkable yield of biodiesel under opti-
mized conditions compared to the production of biodiesel
via zirconia and sulfated zirconia. It showed a reduc-
tion of the free fatty acid content to 0.300%, confirming
that the bifunctional FMSZ catalyst was very successful
for simultaneous synthesis of the biodiesel. The catalyst
was reused six times without loss in its activity with the
maximum yield of 96.5+0.02% achieved under the opti-
mized conditions of the reaction temperature of 180°C,
stirring speed of 600 rpm, 1:20 M ratio of oil to alcohol,
and 3 wt/wt% catalyst loading and then dropped sharply
to around 87+0.02% in the seventh run, suggesting the
successful reusability of the catalyst for six runs. Addi-
tionally, the fuel properties of producing biodiesel from
waste cooking oil were investigated and compared with
those of the American and European standards.

Farooq et al. (2013) prepared a bifunctional heteroge-
neous catalyst of Mo-Mn/y-A1,0.-15 wt% MgO for biodiesel
production from waste cooking oil with an improved cata-
lytic activity and stability. The Mo-Mn/y-AL0,-15 wt% MgO
catalyst provided the maximum biodiesel yield of 91.4% in
a reaction time of 4 h at a reaction temperature of 100°C,
methanol to oil molar ratio of 27 : 1, and an agitation speed
of 500 rpm. Moreover, the bifunctional heterogeneous cat-
alyst showed substantial chemical stability and could be
reused at least eight times without any major loss in its
catalytic activity.

It can be concluded that bifunctional catalyst is defi-
nitely advantageous as compared to all other catalysts
discussed before for the production of biodiesel. Due to
bifunctional heterogeneous catalysts, there is an integra-
tion of esterification and transesterification in a single
step for oils with high FFA content. As discussed earlier,
based on literature, it is known that it is highly stable and
also the product obtained is rich with FAME content.

Based on the above discussions and the brief review
on the various types of catalysts, their common advan-
tages and disadvantages are summarized in Table 6.



286 —— F.Jamiletal.: Heterogeneous catalysts for biodiesel production

DE GRUYTER

Table 6: Advantages and disadvantages of different types of catalysts being used in biodiesel production.

Type Advantages

Disadvantages

Alkali catalysts Rate of reaction quite high.
Reaction occurs at mild operating conditions.

Easily available at low cost

Alkaline
catalysts

Better reaction rate than transesterification in
presence of acid catalysts.

Reaction requires mild operating conditions.
Allows favorable kinetics for transesterification

Acid catalysts
content.

Suitable for non-edible and low-grade feedstock.

Soap formation is not observed in the products

Enzyme Can be suitable for oil with high FFA and water.
catalysts Moderate temperature, suitable for reaction with low
methanol to oil molar ratio.
Product can be obtained with simple purification step
lonic liquids Acts as a solvent as well as catalyst.

Product can be recovered easily.

Active in both ways, acidic and basic
Insensitive to low grade high FFA content oil.
Offers esterification and transesterification
simultaneously.

Easy product separation

Bi-functional
catalysts

Insensitive to oil with high FFA content and water

Sensitive to FFA.

Soap is obtained as by-product if FFA content is higher than

2 wt%.

Yield and rate of reaction decreased due to soap formation
and it requires excess amount of water for product purification
Catalysts can be poisoned when contacted to atmosphere due
to moisture.

Reaction should occur under anhydrous conditions and is
sensitive to high FFA.

Product could be contaminated due to leaching of active sites
Rate of reaction is very low.

Requires high operating conditions such as temperature,
alcohol to oil molar ratio, and time.

Expensive due to high-energy demand and corrosive to
reactor material

Rate of reaction is low.

Methanol can deactivate the lipase catalysts so it is highly
sensitive towards methanol.

Highly expensive

Rate of reaction is low.

High cost and difficult separation of ionic liquid from glycerol.
Slow reaction than conventional biodiesel

Mild higher operating conditions.

Slow reaction rate as compared to conventional homogenous
base catalyzed reaction

4 Influence of feedstock composition
on biodiesel quality

Biodiesel is the most abundantly researched and com-
mercialized alternative fuel worldwide. It is thought to be
potentially the most suitable alternative to fossil diesel
based on several factors inasmuch as it is produced from
renewable and sustainable feedstocks; it is biodegrada-
ble, is non-toxic, and has a positive environmental impact
due to its low and relatively harmless emissions (Moser
2009, Go et al. 2016). The quality and fatty acid profile
of biodiesel are largely dependent on the nature of the
feedstock. Each feedstock has a different chemical com-
position; therefore, when the feedstock changes, the fuel
properties of produced biodiesel also change due to which
biodiesel produced from each feedstock should be charac-
terized completely and satisfy the defined ranges of fuel
properties by ASTM and EN before its commercialization
(Fang et al. 2008, Rashid et al. 2011a,b,c, 2014, Coniglio
et al. 2014, Datta and Mandal 2016). Some of the impor-
tant biodiesel properties that are directly influenced by
biodiesel composition are low temperature operability,
storage and oxidative stability, energy content, cetane

number, viscosity, and exhaust emission. Low tempera-
ture operability is determined based on three parameters
such cloud point, pour point, and cold filter plugging
point. Cloud point refers to the minimum temperature at
which enough crystals (0.5 um < diameter) appear so that
they are visible to the naked eye, and if the temperature
is further reduced, these crystals agglomerate and hinder
the free pouring of biodiesel known as pour point. Mean-
while, cold filter plugging point (CFPP) is the minimum
temperature at which a defined amount of biodiesel flows
through a wire-mesh filter screen within 60 s. These all
low temperature properties to depend on the structural
features of the chemical compounds. The chain length
and degree of unsaturation largely influence low-temper-
ature properties such as the biodiesel with saturated com-
pounds with excess amount has poor low temperature
properties; however, if unsaturated compounds in the
same carbon chain length are in excess amount, biodiesel
has better low temperature properties (Ahmad et al. 2014,
Jamil et al. 2016).

Rancimat using EN 1411 measured the oxidation
stability of biodiesel and termed it as oil stability index
(OSI). The chemical composition of biodiesel has a major
influence on its low-temperature properties. The biodiesel
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with some portion of unsaturated fatty acid in ester leads
to a decrement in the oxidation stability of biodiesel. The
oxidation in biodiesel occurs basically due to its contact
with air as well as with metal contaminants during
storage. Exhaust from engine after combustion of fuel is
an important aspect, and it depends on the type and com-
position of fuel being combusted. Emission from engine
involves oxides of nitrogen NO,, particulate matter PM,
hydrocarbons HC, and oxides of carbon CO,. It has been
noticed that by combusting biodiesel, PM, HC, and CO are
reduced by 48%, 77%, and 48%, respectively, but the NO_
was observed to increase by 12%. The emission of NO_ is
dangerous for environment especially in sensitive areas
like public parks and urban centers (Mofijur et al. 2013).
Chemical composition of biodiesel has an influence on
NO, emission; it has been reported that by decreasing the
chain length of esters or if the number of double bonds are
increased in carbon chain, NO,_emission is increased (Can
2014, Mat Yasin et al. 2014). So, feedstock composition has
a major influence on the emission of exhaust gases.
Energy content, also known as heat of combustion,
is the amount thermal energy liberated when a speci-
fied amount of fuel is combusted. It is measured accord-
ing to standard method ASTM D240. Energy content of
a fuel is largely dependent on its chemical composition,
and biodiesel produced from biomass has less energy
content as compared to fossil diesel. Fossil diesel alone
and blends of biodiesel such as B20 and B100 were tested,
and the obtained results were 46.7, 43.8, and 38.1 MJ/kg
(De Oliveira et al. 2006). So, biodiesel either used in blends
or pure has less energy content, which can be attributed
to the fact that it contains oxygenated compounds. More-
over, saturation and unsaturation of FAME also affect the
energy content of biodiesel. As the degree of unsatura-
tion increases, the energy of biodiesel decreases. Also,
longer chains of saturated compounds have higher energy
content. Thus, energy content reflects its dependency on
the composition of biodiesel which, in turn, varies from
feedstock to feedstock. Due to higher value of kinematic
viscosity of plant-based oils and animal fats, they are pro-
cessed to produce biodiesel. Meanwhile, biodiesel is less
viscous and it is a major factor because it can affect the
injection in the engine as well as atomization required
for injection. Kinematic viscosity is largely dependent on
chemical composition as the chain length increases and
the large ester head group tends to have higher kinematic
viscosity (Moser 2009). Another parameter that is largely
dependent on biodiesel composition is cetane number:
it is basically the ignition delay that occurs when it is
injected into the combustion chamber of a diesel engine.
The biodiesel with a higher cetane number tends to have a
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shorter delay in ignition. Thus, the longer the chain length
of FAME, the higher is the cetane number, but when the
degree of unsaturation is increased, it tends to decrease
the cetane number (Moser 2009). So, the cetane number
is dependent on the biodiesel chemical composition and
an important parameter to be determined for the quality
assessment of biodiesel. It can be concluded that feed-
stock characterization is very important because it has a
major influence on the quality of biodiesel.

5 Challenges to biodiesel industry

In the current era, the biodiesel industry is gaining greater
attention, and it is considered to be a serious step towards
adoption of alternative fuels to overcome the depletion of
fossil reserves. Moreover, it directs us towards sustainabil-
ity and allows the use of renewable energy to overcome
the depletion of fossil reserves and empowering the non-
renewable sources as energy source (Xie and Fan 2014,
Xie et al. 2015a,b). Despite all advantages of the biodiesel
industry, there are several challenges to be overcome
before commercializing biodiesel on a large scale. Chal-
lenges are faced in each step of biodiesel production from
feedstock to final product, which includes quality meas-
urements of biodiesel. Prior to processing, the feedstock
issues are of greater importance in the efficient and eco-
nomical production of biodiesel. Normally, when a hike
in feedstock prices occurs along with a high processing
cost, producers pay less attention to feedstock selection.
To overcome this, problem suitable feedstock should be
carefully selected and its price should not be more than
50% of the production cost (Atabani et al. 2012, Mofijur
et al. 2012). However, another problem occurs when the
feedstock demand increases and it disturbs their market.
So, to tackle this problem, the biodiesel production plant
should be capable of processing diversified feedstock.
In terms of policy making, fuel vs. food controversy and
deforestation issues are all challenges that are faced in
feedstock selection, to avoid food vs. fuel controversy,
non-edible and waste biomass sources are considered to
be suitable feedstock for biodiesel industry (Anuar and
Abdullah 2016).

The major challenge that occurred during the process
of biodiesel production that is still to be resolved to date is
that of waste management due to formation of glycerol as
a by-product, whose low market value has been ignored.
So, due to this, biodiesel production becomes uneconomi-
cal under certain conditions. Moreover, it causes environ-
mental problems due to its decomposition. This can be
resolved by further processing glycerol to a value-added
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product. Much work has been reported in converting glyc-
erol from biodiesel industry to an oxygenated green fuel
additive. This product helps to enhance the fuel proper-
ties of diesel. The production of value-added product from
glycerol has led to economical production of biodiesel and
has reduced the overall production cost (Go et al. 2016).

Once biodiesel is produced, it must undergo quality
inspection to ensure that it complies with/adheres/con-
forms to the international standards defined by ASTM
and EN. The quality is measured based on several physi-
ochemical properties, which includes density, viscosity,
cloud point, CFPP, oxidative stability, cetane number,
flash point, etc. The values of these properties should
lie within the range defined by ASTM and EN standards.
Moreover, compliance with the high-quality standards,
process optimization, and biodiesel refinement are also
important aspects to be considered (Anuar and Abdullah
2016). Despite all these factors, there is the important
aspect related to society or end user to accept biodiesel
as a potential alternative fuel, which can offer them
sustainable fuel, but generally, it faces poor acceptance
that might tend to decrease the interest of investors for
biodiesel industry and relaxation in terms of govern-
ment policies for the biodiesel industry to flourish. For
example, one of the automobile companies in Japan
rejected biodiesel due to its temperature incompatible
properties that may cause filter plugging and corrosion
and because it is not suitable to the engine material. So,
in order to change the world’s point of view about the
new product, a sound model has to be developed that
can change the old perception of biodiesel (Anuar and
Abdullah 2016, Go et al. 2016).

6 Valorization of glycerol

Glycerol is produced as a major by-product after transes-
terification of oil, which is almost equal to a tenth of the
product obtained (Abas et al. 2015). The demand for bio-
diesel is increasing due to which the production of glycerol
is also increasing, and probably, it will follow the same
trend in the future. It has been estimated that by year 2020,
the global consumption of biodiesel in transportation and
industry will be six times of the current production (Moser
2009). Moreover, the excess amount of glycerol produced
should be utilized to produce some value-added products.
Thus, to make the biodiesel industry more economically
feasible, the ultimate need is to convert glycerol to value-
added products (Christoph et al. 2006, Bagheri et al. 2015).
The direct usage of glycerol is not preferred as its calorific
value is low with high boiling point and high polarity.
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Figure 7: Pathways which glycerol can undergo to give valuable
products.

Figure 7 shows some reactions from which glycerol can be
transformed into various valuable products.

Dehydration of glycerol in the presence of acidic cat-
alysts can be done to obtain acrolein, and further on, it
can be oxidized to produce acids and esters. The products
obtained from dehydration of glycerol have wide applica-
tions in the polymer industry (Konaka et al. 2013). If the
reduction of glycerol is done in the presence of hydro-
gen, it can lead to give 1,2-propanediol or 1,3-propanediol
depending on the catalysts used for reaction. 1,2-Propan-
ediol and 1,3-propanediol are industrially important such
as 1,2-propanediol can be used as a solvent or an anti-
freezing agent and 1,3-propanediol can be used as a build-
ing block in polymers and also as an antifreezing agent.
Moreover, oxidation of glycerol leads to give dihydroxyac-
etone and glyceric acid, which are used in the food and
pharmaceutical industry (Rahmat et al. 2010, Gholami
et al. 2014). Glycerol has been also used for synthesized
oxygenated fuel additives through etherification reaction
with isobutenes, and the product obtained was used as
octane enhancer, while if it is subjected to acetalization
with either aldehyde and ketone or condensation in the
presence of carbonic acid, it tends to give diesel additive
(Izquierdo et al. 2012). Thus, glycerol can also be used for
syn-gas production. It can be concluded that there are
many pathways that can be adopted for valorizing the
glycerol obtained as by-product from biodiesel product.
Valorization of glycerol will economize biodiesel produc-
tion by reducing its cost.

7 Economic perspective of biodiesel

In June 2005, the US Energy Department released data
regarding the cost of diesel and biodiesel, which were
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$0.74/1 and $0.89/1 for diesel and biodiesel, respectively.
However, it was observed that prices increased with time
and reached their maximum in 2008 up to $1.29/1 and
$1.22/1 for biodiesel and diesel, respectively, and then
due to shale oil discovery in 2009, it dropped to its lowest
and became $0.85/1 and $0.58/1 for biodiesel and diesel,
respectively. Further on, the prices have increased since
then and are in range of $(1.1-1.2) £ 0.1/1and $(1-1.1) £ 0.1/1
for biodiesel and diesel, respectively, and are the same up
to date (Go et al. 2016). Many researchers who worked on
economic analysis of biodiesel production concluded that
the process economics depends on several factors such as
the following (Mosarof et al. 2015):

1. cost of fossil oil and refining charged per liter in local
area,

cost for cultivating feedstock per unit area annually,
cost of fuel used for cultivating and harvesting,

cost of fuel used as fertilizer on land per unit area,
cost of labor,

taxation of cultivated land, and

process cost for biodiesel production (catalysts, alco-
hol, and energy).

Nowaw N

Although there is limited in-depth review covering all
the factors mentioned above for an economic study for
biodiesel production, mostly researchers agree that the
major challenge lie in the reduction of feedstock prices,
which contribute up to 80% of the total cost while the
processing cost varies by the type of process (Gulsen
et al. 2014). It can account for 10% and between 25%
and 40% of the total cost for small-scale and large-scale
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production plants, respectively. The total cost for produc-
ing biodiesel can be reduced by selecting a cheaper raw
material such as the oil extracted from agricultural waste
or waste cooking oil rather than using edible vegetable
oil. However, biodiesel plants supporting diversification
in feedstock can be helpful in reducing the cost and to
remain stable in uneven financial and agricultural condi-
tions. The processing cost relies on the type of process,
for example, batch or continuous, type of catalyst, and
process integration. A continuous transesterification
process using fixed bed reactors would be one of the ways
to lower the production cost by simplifying product sepa-
ration. The foundations of this process are a shorter reac-
tion time and greater production capacity. Nowadays,
much focus has been put on continuous process with
bifunctional catalysts, which is superficial as compared
to a homogeneous catalyst based on their reusability and
stability. However, the by-product of such glycerol gener-
ated from biodiesel production worth up to $0.04-0.06/1
and excess methanol can be recovered, which tends to
reduce the overall cost of process (Acevedo et al. 2015).
Due to the eco-friendly nature of biodiesel, it is preferred
to be used as a fuel, for which demand is gradually
increasing. In the last decade, high inflation has had a
major impact on the edible oil prices. Moreover, biodiesel
production while using microalgae has been optimized
for cost-effective economical production and obtained
optimized production cost of biodiesel $2.49/kg (Pinedo
et al. 2016). Figure 8 shows the price of biodiesel from dif-
ferent vegetable oils from 2001 to 2010. Based on this, the
price of biodiesel produced also varies (Lee et al. 2011a,b).
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Figure 8: Price for biodiesel produced from different vegetable oils (Lee et al. 2011b). Reproduced with permission from Lee et al.; copyright

2011 Elsevier.
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The type of catalyst either in the homogeneous phase
or heterogeneous catalyst affects the cost of the product
due to its reusability or otherwise. Various studies have
been done to compare the cost of producing biodiesel
using homogeneous and heterogeneous catalysts. The
studies revealed that by using heterogonous catalyst, the
process becomes more economically feasible and better
quality product and by-product are produced (West et al.
2008, Sakai et al. 2009).

8 Conclusions and future
recommendations

Due to notable concerns regarding alternative energy
sources in the world, biodiesel produced from agricul-
tural waste can play a vital role. Biodiesel is certainly
an attractive alternative due to its environment friendly
nature and the fact that it is synthesized from renewable
resources. The most common methods adopted currently
for biodiesel production are esterification and transesteri-
fication, which basically involve the reaction of oil with
methanol in the presence of a catalyst. A base homoge-
neous catalytic process is most commonly used due to
several benefits such as high reaction rate, high yield,
mild reaction conditions, and low cost with easy avail-
ability despite the fact that these are sensitive to oil with
FFA content (>3 wt%) and not recoverable and reusable,
which add up to the cost of biodiesel. However, acid cata-
lyzed process is insensitive to high FFA content oil and
water content but is corrosive, has a slow reaction rate,
and is not separable. Moreover, base and acid heteroge-
neous catalysts have some advantages over homogeneous
catalysts as they allow easy separation of catalyst and
reusability, but similarly, base homogeneous catalysts
and base heterogeneous catalyst are sensitive to oil with
FFA content (>3 wt%); however, this can be overcome
with acid heterogeneous catalysts, but they are corrosive
and allow slow reaction rate. So, due to excessive work
done on the types of catalysts available for the conver-
sion of oil to biodiesel in different parts of world, the
focus should be on the synthesis of catalysts with tailored
surface morphology, which has balanced active sites of
acidic and basic nature. To overcome the major challenge
also of the economic feasibility of biodiesel production,
catalysts with a dual nature are the most suitable solution.
These are the potential areas of catalyzing the transesteri-
fication and esterification reactions simultaneously and
to limit the formation of by-products such as water, which
inhibits the catalyst activity. The development of efficient
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heterogeneous catalysts is important as they open up the
possibility of another pathway for biodiesel production.
The efficiency of the heterogeneous process depends,
however, on several variables such as the type of oil,
molar ratio alcohol to oil, temperature, catalyst type, and
even the type of reactor. According to the aforementioned
works, the advantages of working with heterogeneous
alkaline catalysts are evident and encourage further and
deeper research with them mainly in the area of reaction
engineering (kinetics and reactor design). In the future,
catalysts with a hybrid nature will be the main focus for
biodiesel production. Despite all the positive aspects of
using heterogeneous catalysts for biodiesel production,
they still require a long time for the reaction to complete.
In the future, the reaction time should be reduced and the
recyclability of catalyst increased.

Funding: The Research Council, Oman, (Grant/Award
Number: “RC/ENG/PCED/14/01”).
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