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ABSTRACT

The spike in the spontaneous discharge of greenhouse gas (GHG) emissions into
the atmosphere and oil spills on land are placing the environment and natural
systems under threat. These two contemporary challenges are heightened by the
excessive exploitation of fossil fuels, coiled with rising energy demand pooled by
population growth, and industrialization. Therefore, the quest for clean, low-cost,
and sustainable energy is environmentally and economically driven. Energy from
biomass especially biodiesel is poised to take a lead as an alternative to
conventional diesel due to its renewability, non-toxicity, and less potent to GHG
emissions. Hence, this paper put together the merits and demerits of the various
renewable sources of energy, alongside the biodiesel production processes and
output of some countries for the year 2020, which fell short of reporting. The first
segment of this paper highlights the potential of biodiesel and its advantages over
other renewable energies. The production output and various parametric effects
were subsequently discussed for optimum biodiesel production. Then, the
economic feasibilities and environmental benefits of biodiesel were emphasized
among other attractive attributes of the fuel and enumerate gaps for future
exploration.
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1. Introduction

he exhaustion of petroleum reserves

and rising environmental emissions

coupled with growing energy demand

due to the population hike, constitute

some of the global challenges today.
The demand for fuel inevitably becomes larger
soon considering the symmetrical increase in
world population. Hence, finding alternative
sources of fuel which are proficient to satisfy the
growing energy demand remained a subject of
interest among countries worldwide [1]. This is
in a bid to reduce over-dependence on imported
oil, diversify energy portfolios, derive to
safeguard the environment by reducing carbon
emissions footprint, and derive revenue influx
from the biodiesel industry [2], though it is an
undisputed fact that the exploitation and
production of fossil fuels contributed immensely
to the economic growth and drove the
development of many countries. However, on
the other hand, is considered as a curse
especially now that the adverse effects of
environmental emissions are resonating
unpleasantly, leaving legacies such as flared
gases, spills on land due to oil and gas
exploration, and increasing heatwaves across
the globe [3]. These GHG emissions are presently
threatening the well-being of today and
tomorrow’s generations. Therefore, pollution
abatement and mitigation of anthropogenic GHG
emissions  through  green  remediation
technologies are vehemently needed to counter
the effects of global warming and climate
change. In this context, the current global thrive
towards low carbon emission sources, signaled
that the bulk of future energy must be derived
from clean and renewable sources [4].

The uncertainty in prices of fossil-based fuels
particularly crude oil in the international oil
market, is another issue of steam concern among
oil-producing countries, thereby making crude

oil unstable and unpredictable [5]. Although the
Organization of the Petroleum Exporting
Countries (OPEC) influences the price of the
commodity by regulating the production output
and supply chain, this sometimes brought about
a monopoly leading to rising economic and
political conflicts among member countries [6].
Over-dependence on crude oil may be
responsible for unrest among regions or
member states, particularly among those ones
relied heavily on it as a major revenue generator
like Nigeria. This is because when the supply
chain is broken, the market breadth is closed,
and thus socio-economic welfare of the populace
in the affected regions or countries is in jeopardy
[7]- It is, therefore, obvious that the lack of
sustainability of fossil fuels, paves the way for
the need for renewables, as an alternative
energy resource that is proficient to satisfy the
ever-growing energy demand of today without
compromising that of tomorrow. Thus, the
paradigm shift from fossil fuel to renewables is a
way to go (Figure 1), this would assist to limit
the extreme weather and climate impacts posed
by GHG emissions, while simultaneously
ensuring clean and sustainable energy. In this
context, biodiesel is considered a plausible and
better candidate considering its renewability,
sustainability, and low emission profile, which
made it a cleaner-burning fuel with reduced
emissions of CO; [8]. While other renewable
energies such as solar, hydro, the wind are
mainly utilized to power the electric grid, energy
from biomass particularly biodiesel will in
addition to provide electricity, will also support
to quench the thirst for bulk liquid fuel demand
by the transport sector, at the same time
minimizing CO; emissions through
photosynthetic process [9]. Therefore, this
review put together the potentials and prospects
of biodiesel compared to other renewables,
discussed the types and suitable parameters for
optimum biodiesel production, and underline
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the environmental benefit and economic
feasibility of biodiesel, which was short felt of
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reporting in the literature of the best our
knowledge.

" Natural gas |

= Coal

Crude oil __J

Byproducts

e
~Jf

Biomass

Figure 1. A scheme for paradigm shift from fossil fuel to renewable energy

1.1 Biodiesel in preference to other renewables
energies

Energy derived from natural sources, that is
non-depleting is simply called renewable
energy. Looking at ASEAN countries, Malaysia is
one of the countries that witnessed tremendous
economic growth, and this worked out when the
government initiate the utilization of renewable
energy alongside fossil fuels in the country’s
energy mix since 1980, with the diversification
policy came into play [10]. More recently in
2018, Malaysia passionately targeted a 20%
infusion of renewable energy in its energy mix
by 2025, the aim was to balance the utilization of
other non-renewable energy resources, for the
enhancement of energy security and stability.
However, the use of hydropower is largely
driven due to abundant water resources and
represents the largest portion of renewable
energy (86 %) in Malaysia’s energy mix [4].
Interestingly, nature being a part of the
environment becomes economically gainful by
boosting the economy from hydropower plants
via electricity generation to underpin industrial
development, derive revenue, and provide
employment opportunities. On the opposite
side, hydroelectric dams are associated with
several environmental issues, including water
quality control and ecological problems.

Hydrogen fuel is also another potent source of
energy, with about 74 % mass of the entire
Universe. Unfortunately, its susceptible to
liberate GHG emissions since hydrogen atoms
are usually found in association with oxygen,
carbon, and nitrogen and as a result, separating
this bond requires a lot of energy [11]. Likewise,
considering the proximity of Malaysia to the
equator, abundant solar rays are present all year
round and this proffers the utilization of solar
energy for electricity generation in Malaysia
[12]. Therefore, the derivation of renewable
energy from solar is popular compared to the
other renewables like hydro, wind, and wave
energy for electricity generation. Although the
cost of solar panels and other installation
gadgets reduced significantly since 2010, which
accounted for the economic expansion of the
solar industry. Regrettably, despite the popular
use of solar energy in urban areas, its
implementation requires all-inclusive urban
planning especially the synergy between solar
energy and urban morphology [13]. Moreover,
the hazardous substances accompanied by the
production process and short life span of the
solar modules are foreseen to foster serious
environmental and economic consequences
[14]. Consequently, these types of renewable
energy (solar, hydro, and wind) have only made
a tiny dent in the energy mix, as they are mainly
used for electricity generation. Whereas the
diversification target includes meeting the liquid

274




2022, Volume 4, Issue 3

fuel demand for industrial, commercial, and
transport sectors. However, researchers are
working further towards tapping energy from
other renewables like nuclear waste and flying
wind power to complement other renewables
[15]. Thus, the need to explore other renewable
energy options particularly energy from
biomass.

Therefore, to achieve the ambitious goals of
more than sixty countries binding to the Paris
agreement of 2005, on the need to curtail the
effects of climate change in a just and inclusive
transition by bringing down carbon footprint to
net-zero emissions by 2050, energy from
biomass should be a critical player. This put to
speed the production of biofuels and their
blends such as bioethanol, biodiesel, and biogas,
including bio alcohols like biopropanol,
biobutanol, and biomethanol [16]. Bioenergy
otherwise known as biofuel is a type of energy
derived from organic materials (plants and
animals). In other words, they are further
produced from renewable sources through the
process of biological carbon fixation. This form
of energy is central to the pollution abatement of
CO; emissions derived from fossil combustion
through the process of photosynthesis [17].
Therefore, biofuels and other bioproducts would
help to minimize the extreme of global warming.
In 2020, the leading producing countries of
biofuel were the USA, Brazil, and Indonesia,
recording outputs as 1347, 884, and 283
petajoules, respectively. While Germany takes
the lead in Europe with about 146 petajoules
[18]. Generally, the growing demand for biofuels
could be attributed to the compulsory use of this
type of fuel and its blends in many countries.
This is to reduce dependence on imported oil,
support energy security mission, cut down GHG
emissions, and drive towards the net-zero
target, etc. In Malaysia, for instance, the
government implemented many green energy
policies to drive the local industry from 2001 to
2011, with energy from biomass particularly
biodiesel being of keen interest, considering the
abundance of palm oil as a major feedstock in the
production of biodiesel [5]. Thereafter,
Renewable Energy Act was gazetted in 2011 and
has continuously been reviewed leading to the
emergence of the National Biomass Strategy
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2020 as the latest energy policy in Malaysia [4].
Thus, bioenergy is strategic in the context of the
modern civilization and will continue to
consolidate unabatedly toward meeting global
energy stability.

Biogas is another type of renewable energy, but
not green energy since is not close to carbon
neutrality. It is produced by the degradation of
microbial organic matter through an anaerobic
process, a technique believed to be effective in
converting biomass into energy for electricity,
heating cooking, and transport fuel [19]. The
technology for biogas production in most
advanced countries like the USA and some
European countries is taking to the next level.
But on the contrary, in places like China and
most Asian countries, the development of the
biogas industry was barely close to none since
the 1990s [20]. Nevertheless, there were some
levels of improvements in biogas technology
after years of research and experiments. This is
augmented by the benefits of biogas in the areas
of wastewater recycling, enhancing energy
dependence, and the environmental
conservation. While the high cost of producing
biogas, biopropanol, and biobutanol affected
their outspread. Moreover. Besides economic
difficulty, other issues of concern are GHG
emissions associated with biogas production
from its composition [21]. Additionally, the need
for professionals to handle and routinely
maintain the biogas plant is crucial to its
sustainability. Other problems include leakage
from the reactor due to factors such as
operational failure, shoddy piping, and excessive
biogas strain which is attributed to the
shutdown of biogas plants in many countries
[20].

Bioethanol is likely another promising type of
biofuel that has the potential to contribute to
energy security. In 2020, about 142.9 billion
liters of bioethanol were produced globally and
were mostly consumed by the transport sector
[22]. The USA and Brazil alone, produced about
84 % of the total production worldwide,
followed by European countries representing 5
% of the total global output of 5443 million
liters. Although, fuel ethanol is mainly produced
from the fermentation of many feedstocks such
as kernel, edible starchy crops, sugarcane, corn,
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barley, wheat, and lignocellulosic with many
processes involved during production including
fermentation, enzymatic hydrolysis, and
gasification [23]. These are known as first-
generation feedstock for bioethanol production
and are widely embraced at an industrial scale.
However, the USA and Brazil produces about
94% and 99% of the total bioethanol from corn
and sugarcane, respectively in  2019.
Additionally, similar edible feedstock types
including wheat (18.7 %), maize (19.6 %), sugar
beet (57.9 %), barley (1.9 %), and rye (1.9 %)
were used in the production of bioethanol in
European countries [24]. Consequently, the
argument of food versus fuel competition for
these feedstocks often declined the production
rate of bioethanol [25]. Thus, the production of
bioethanol shifted from biobased feedstocks to
algal and industrial waste CO; often addressed
as the third and the fourth-generation feed
stocks, respectively [26]. Another issue of steam
debate is that of neutrality of carbon emissions
from bioethanol during production, in which a
large quantity of CO; is liberated. Other
problems associated with bioethanol include
low energy content compared to gasoline, ease
of moisture absorption leading to hydrolysis of
bioethanol, high possibility of corroding metal
engines, storage containers, difficulty to
vaporize at low-temperature environment
setting which often results in delaying engine
starting, and susceptibility to enzymatic attack
during fermentation [27]. Consequently, these
are some of the factors which compromised the
broader production of bioethanol and
subsequently set the bar higher to produce
biodiesel as the most preferred candidate.

Biodiesel is a renewable fuel which can be
produced from oil crops, animal fats, or recycled
oil through the transesterification process. This
occurs when the oil or fats reacted with a
solvent; (methanol, ethanol) in the presence of a
catalyst; (acid, base, acid-base, or enzymes), to
form fatty esters (biodiesel) and glycerol. One of
the sole aims of the transesterification process is
to lower the viscosity of the vegetable oil [28].
The produced fatty esters are considered
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environmentally friendly due to their low
toxicity and are readily biodegradable. However,
pyrolysis, micro-emulsification, blending with
mineral diesel, esterification, and trans-
esterification are the common methods of
producing biodiesel but the latter seems to be
the most frequently used method [29]. Several
factors, such as catalysts type, reaction
temperature, free fatty acid (FFA) contents, and
alcohol to feedstock ratio have great influence in
determining the success of the trans-
esterification process [30]. Usually, a catalyst is
used to improve the rate of the reaction and
biodiesel, yield by shifting the equilibrium to the
product side since the reaction is reversible [31].
Some of the benefits of biodiesel include a
contribution to the growth of energy
dependence, promoting resource conservation,
protecting the environment, and creating job
opportunities through improved social and
economic prosperity which fosters the growth
and development of rural economies [14].

2. Biodiesel production

The production and consumption of biodiesel
have continued to grow exponentially with
many countries developing interest as one of the
leading alternative sources of energy. Reports by
the World Bioenergy Association [32] revealed
that in 2020, 144 billion liters of biofuels were
generated worldwide, with biodiesel accounting
for about 26 %, bioethanol contributing the
lion’s share of 62 % while the remaining are
from other sources. In 2020, the highest
biodiesel production came from the USA, with a
sum of 6.9 billion liters, followed by Brazil
generating 6.3 billion liters and Argentina
accounting for 1.6 billion liters. The statistics
further show that Germany and France
produced 2.49 and 2.09 billion liters,
respectively. Furthermore, Indonesia take lead
in Asia with 6.0 billion liters, while China and
Malaysia, generated 1.5 and 1.2 billion liters,
respectively with a linear projection that
biodiesel production will increase significantly
by 2030 [33].
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Figure 2. Biodiesel production output of some countries in 2021

Doubtless, Figure 2 testifies that biodiesel is
increasingly becoming a demanded commodity
in the world today. However, ensuring
sustainable  biodiesel = production  and
maintaining its longevity, remained a top
priority. Because one major obstacle in the
commercialization of biodiesel is the high cost of
feedstock in many countries. In Europe, for
instance, biodiesel is being sold at cheaper
prices compared with petroleum diesel, due to
the tax benefits given by the government to

improve the potency of using biodiesel in
various applications. Therefore, research-based,
and profitable strategies for its production are
consistently reviewed and upgraded to ensure
sustainability. Figure 3 shows a simple scheme
for biodiesel production methods. These
available processes for biodiesel production are
blending the biodiesel with conventional diesel,
esterification, transesterification, micro-
emulsification, and pyrolysis [34].

Esterification &
Transesterification

Blending with
mineral diesel

Figure 3. Methods for biodiesel production
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2.1 Factors affecting biodiesel production

Biodiesel has received all-inclusive attention as
a dependable substitute for conventional fuel in
the past few years. This is evidenced by the
growing biodiesel production in recent times,
especially in the USA, Europe, and Asia. Although
Covid-19 pandemic impacted the biofuels
industry negatively, a total of 144 billion liters of
biodiesel was produced globally in 2020,
equivalent to 2480 thousand barrels per day
(kb/d). The phenomenon represents about an
11.6 % decline from 2019 production output,
and the first annual production cut recorded in
the last two decades. Numerous works have
been done to identify suitable parameters for
optimum biodiesel production [35]. Yet, the
choice of processing parameters and variables,
particularly solvent, reaction temperature, and
catalyst remained paramount. Several factors
must be considered to attain an optimal
production within the stipulated reaction time.
Alcohol/oil ratios, temperature, catalyst nature,
loading, stirring effects, and fatty acid
composition of the oil are all the most influential
parameters.

2.1.1 Types of catalysts

The choice of a suitable catalyst is considered
as a key for the optimum trans-esterification
process. Several works have been conducted
using a homogeneous, heterogeneous, enzyme
catalyst, ionic liquids, and carbon-based catalyst
[36]. According to Chavan & Gaikwad [37], a
base-catalyzed reaction tends to be faster than
an acid-catalyzed homogenous reaction. This

Table 1. Classification of various types of catalyst
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according to the authors, is due to their
efficiency in facilitating reaction at low
temperatures. Saluja et al., [38] reported that
low cost, short reaction time, and ability to
perform optimally at low temperature are some
factors credited to the broader acceptability of
base-catalyzed trans-esterification [39].
However, the  wider acceptance  of
heterogeneous catalysts as the preferred option
was attributed to their ability to work in both
esterification and transesterification processes.
Inevitably, the use of heterogeneous catalysts
has its portion of weaknesses including high
reaction temperature, pressure, catalyst
concentration, and the possibility to corrode
metal surfaces [40]. Alternatively, enzyme
catalyst is currently trending in the research
phase, with the possibility of taking over the
chemical catalysts [41]. The use of enzymes
catalyst for biodiesel production resolved the
effect of longer reaction time during production,
catalyst wastage, generation of side products,
and vulnerability to high FFA [42]. Moreover, the
use of ionic liquids (ILs) and non-catalyzed
routes under supercritical conditions have
currently been adapted and found to be
successful on a laboratory scale by some
researchers [43]. Nevertheless, high cost, non-
product recovery, and low reusability were
some of the identified operational problems as
barriers to their large-scale industrial
acceptance. Table 1 reports the percentage
yields, merit, and demerits of various types of
catalysts. Therefore, transesterification using
homogeneous catalysts remained the most
favorable and applicable process for laboratory
and industrial-scale biodiesel production.

Type of catalyst Y(ifl q Advantages Limitations Ref.
- low cost
- effective in producing, - poor refining ability,
Homogenous acids up 1o - high biodiesel yield, - and greater susceptibility to
e.g., HCI, H2504, 89 - insensitive to moisture, corrode pipelines, fuel tanks, and [44]
HNO3. - no soap formation, metal containers during storage,
- Suitable for transesterification Slow reaction rate.
and esterification reactions.
- low cost, ~ high possibility of soa
Homogenous bases | 96- - short reaction time, f _igh pe Y P
; ormation in oils having FFA > 2.5 | [39]
e.g., NaOH, KOH 98 - perform optimally at low WE %
temperature, T

278




2022, Volume 4, Issue 3

Journal of Chemical Reviews

- readily available.

- poor sensitivity to heat during
transesterification,
unresponsiveness to fatty acid

Heterogenous acids

- improved ease of separation, -

- requires high reaction
temperature, pressure, and catalyst
which leads to an increment in the

overall production cost,

of product contamination due to

~ - catalyst recovery after use, leaching,
€.g., Zr02-Al203, <90 | - relatively higher product yield, - complex synthesis procedure [45]
WO03/Zr03, SO4- . . : ) .
. . - insensitive to moisture and leading to the high cost of the
2/Ti02-Si02, etc.
FFA content. catalyst,
- poor sensitivity to FFA, and the
possibility to corrode metal
surfaces,
complicated and expensive.
Heterogenous - fast reaction rate, - possibility of leaching catalyst,
bases e.g., ZnO, <90 - mild reaction condition, - prepared refined vegetable oil, [46]
CuO. - easy product separation non-recovery of glycerol.

Enzyme’s catalyst 99
FFA,

- resolved the effect of longer
reaction time during production,
- catalyst wastage,

- minimize generation of side -

products and vulnerability to high -

- Insensitive to moisture,
- Simple purification step.

- lack of product recover,
high cost,
non-recyclable, [47]
- slow reaction rate,
low stability of most enzymes.

lonic liquids (ILs) -

- Serve as solvent and catalyst,
Easy product separation, -

high cost,
non-product recovery,

catalyst

and non-catalyzed i - Act as amphoteric (behaving as - slow reaction rate, [43]
acid and base catalyst). - low reusability
. - - high alcohol to oil ratio
- high thermal stability, . L
Carbon-based <90 2 reusability, - high chances of forming [48]

- simple and chief synthesis.

leaching,
- veryslowrate. [48]

2.1.2 Types of feedstocks

The steam debate of food versus fuel
competition for the edible crops as feedstock
prompted the reviewed strategies towards using
non-edible sources, micro-based algae, and
waste from sludge, as feedstocks for biodiesel
production. This is to cut down the cost of raw
materials, accounting for the high cost of
biodiesel and ensuring the sustainability of
biodiesel production. However, the
appropriateness of different feedstock types for
effective biodiesel production is continuously
been studied [49]. Although biodiesel can be
prepared using either edible or non-edible oils,
locally available and low-cost feedstocks are the
two critical factors mostly considered when

choosing a suitable feedstock for biodiesel
production. Normally, the viability of non-edible
oils as feedstock for biodiesel production is
highly dependent on the number of fatty acids
and free fatty acid (FFA) content present in the
oils. The other interesting factors are the
possibility of high oil yield from the feedstock,
and the ability to withstand environmental
influence after production [16]. The choice of
feedstock for biodiesel synthesis is paramount
and this is mainly hinged on the availability of
the production site and cost. For instance,
soybean oil is predominantly used in the USA,
Argentina, and Brazil, while rapeseed oil is
mainly utilized in Europe [33], palm oil and
coconut oil in Southeast Asia mainly Malaysia
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and Indonesia [50], as presented in Table 2.
However, with over 350 oil-bearing crops
identified as potential feedstock sources for
biodiesel production, the high cost of feedstock
remained a major barrier to the broader
utilization of biodiesel. This is due to the point
that many countries resort to exploring their
resources for use as feedstock for biodiesel

2022, Volume 4, Issue 3

production. Table 3 presents a summary of the
first, the second, the third, and the fourth-
generation types of feedstocks with their merits
and demerits. Therefore, researchers and
biodiesel producers were energized owing to the
availability of various feedstocks for producing
biodiesel for compression ignition engine
applications.

Table 2. Leading biodiesel producers, major used feed stocks, and price per litre in 2021

. . . The market price % Production
Rank Region/countries Predominant feedstock in USD/L share
1. European Union Rapeseed oil/waste oils 1.39 36
2. USA Soybean/other oils B100, 1.4742 19
3. Brazil Soybean B100, 0.59 12
4. Indonesia Palm oil B20, 1.09 10
5. Argentina Soybean - 7
6. Thailand Palm oil B20, 0.84 4
7. Malaysia Palm oil B10, 0.49 3.34
8. China Waste oil - 3
9. Columbia Palm oil - 1.5
10. Canada Waste oils B100, 1.046 1.4
Table 3. Different types of feedstocks for biodiesel production
Type of q isad f
feedstock Advantages Disadvantages References
e Low cost, e Food versus fuel clash in the
The first- o Effective in production, competition,
generation o High biodiesel yield, o Adecline in edible oil for consumption,
(edible e Readily available and o Excessive exploration leads to [44]
oils) affordable, deforestation and destroying the ecosystem,
e High oil content after e Only partly blended with conventional
extraction. diesel.
The ° Ch|e1_‘ly avallablg, o High free fatty acid (FFA) content, thus
¢ High quality, less toxic, and P -
second P ' greater possibility of soap formation,
. better engine efficiency e . .
generation e 76ro cost ' o Difficulty in collection,
(non- e Low sulohur and :a\romatic e High moisture content can cause [25]
edible cF())ntent hydrolysis of esters,
oils) o Produced biodiesel meet ASTM | ¢ Intractable structure of the feedstock.
requirements.
° Hlgahngr:atig(r:tflg:tégggtén|t area e Complex in harvesting and lipid
o Biodegradable and less toxic, . elx traction fpr(()jcedulief, fuels i
The third « Have much greater ol . mlcroatgae asa _ee”sto<_: bIor uels is
generation | production capacity than other oil noteconomically viabie, .
(micro- CroDS e Requires a high purity process, making [51]
rops, it tedious, time-consuming, and cost,
algae) e Can grow in water ponds on : L . o
non-arable land. saline water and | ® High possibility of undergoing oxidative
- - degradation due to predominant unsaturated
wastewater which are unsuitable for £ :
oil crops, atty acids.
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¢ Reduce pollution by minimizing
GHG emissions.
The e Zero co_st,
fourth e Easy conversion rate, o
generation * Serve the d_uaI purpose of

(sludge converting waste into a value-added

Waste) . product,_ _
e Had a higher calorific value and

neutral lipid.

d

Easily undergoes microbial degradation,
High possibility of forming deposits
uring storage due to greater viscosity,
Have unpleasant smelt, presence of
metal traces and toxic substances.

[48]

2.1.3 Reaction time, temperature, and type of
solvent

Other process variables such as solvent type,
temperature, reaction time, and alcohol to oil
ratio are essential factors for the optimum
biodiesel production. According to Srivastava et
al. [34] for the stoichiometry of the reaction to
shift to the product side, an alcohol to
triglycerides molar ratio of 6:1 is primarily used
in most trans-esterification processes. In such a
process, the temperature is maintained at 60 °C,
and the reaction usually completes within one
(1) hour. Similarly, research conducted by
Refaat et al. [52] observed that 65 °C, the
reaction temperature is the optimum
temperature for trans-esterification processes
of many types of oils, with a reaction completion
period of 30 min. Therefore, the conversion of oil
to ester is mainly dependent on reaction time
and temperature. Similarly, intense mixing is
further another essential factor for a smooth
trans-esterification process. According to the
authors, effective stirring facilitates the
dissolution of solute in the solvents, harmonizes
the solution, and ultimately increases the
reaction yield. Hence, 1000 rpm is the optimum
stirring rate for both motionless and high-shear
mixers. Moreover, solvent polarity plays a
significant role in fast-tracking the rate of the
trans-esterification process. Thanh et al. [53]
reported that methanol is the most suitable
solvent due to its greater polarity, easy recovery,
and low cost. While Chai et al. [54] discovered
that the use of tetrahydrofuran (THF) can speed
up product separation after the trans-
esterification reaction. Research carried out by
Ho et al. [55] observed that polar solvents such
as THF, DMF, ethanol, methanol, and water are

suitable for improving the solubility, shortening
the reaction time, and improving yield.

2.2 Economic feasibility and environmental
benefits of biodiesel

As the demand and consumption of biodiesel
are gradually increasing across the globe,
producers of biodiesel are re-directing towards
locally available, low-cost feedstock, and the
cheap cost of production. This is to avail the
affordability of the commodity at a lower rate
compared with mineral diesel, for generous
patronage. The broader acceptance of biodiesel
at a commercial scale is hinged on its techno-
economic  feasibility, circumscribed by
parameters such as the cost of raw materials
particularly feedstock, production cost, and the
market price of selling the produced biodiesel in
comparison to mineral diesel, are key for the
long-term viability of biodiesel production [56].
However, the effects of biodiesel on the global
market prices are considered less significant due
to the demand for the commodity. Therefore,
factors considered for evaluating the viability of
biodiesel production were operational costs
comprising raw materials (feedstock price,
chemicals, labor, and utilities), fixed charges
(tax), and general costs such as insurance,
transport, electricity, research, and
development [57], all of which are binding to the
profitability of biodiesel production which can
be visible if the net present cost is lesser than the
net present benefit. The cost of feedstock price is
the key determinant factor for biodiesel cost,
accounting for about 80% of'the total production
cost. However, the cost of catalysts and other
chemicals has a negligible influence on the
production cost. Because of this, the focus
shifted from edible to non-edible, to erase the
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food versus fuel controversy and minimize cost.
Likewise, the utilization of microalgae and
sludge wastes, addressed as the third and the
fourth-generation feed stocks respectively, were
equally targeting cost reduction and conversion
of the waste into value-added products in line
with the circular economy. It is against this
backdrop, that the Malaysian palm oil board
(MPOB) established several methods to produce
biodiesel from crude palm oil by-products [58],
tailored toward reducing the cost of production,
and minimizing the environmental problems
associated with the generated wastes, in line
with ensuring the sustainability and cost
viability of biodiesel production.

Looking at the environment, utilizing biodiesel
reduced hazardous emissions profile due to low
carbon combustion. This supports GHG emission
abatement strategies that heightened global
warming and accelerate climate change [59].
The utilization of non-edible oils, microalgae,
and waste from sludge help in remediating the
environment. This is because the left-over
accumulation of these wastes and their
indiscriminate discharge in open spaces at some
points liberates GHG such as CH4 and N;O that
contaminate and often make the environment
unattended, a common problem in both urban
and rural areas. Therefore, biodiesel is
considered as a promising type of fuel, because
it is produced from various renewable sources
which are less toxic, biodegradable, and
environmentally benign. It is an oxygenated fuel
with improved combustion efficiency, low
carbon emission profile, and reduced risk of
flammability. Furthermore, it is safer in terms of
handling, storing, and transporting, due to
higher flash points than mineral diesel. The
absence of sulfur, and other aromatic
compounds, coupled with low carbon content,
minimizes CO emissions due to the low
combustion profile [60].

3. Conclusion and future directions

The symmetrical growth in the world
population day by day, coupled with increased
emissions from fossil fuel combustion, ignited
the quest for clean, affordable, and sustainable
energy globally. As the population grows, more
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means of transportation become readily
available, and this upends the growing demand
for energy in the future. Thus, finding reliable,
affordable, and sustainable clean energy would
support quenching the energy thirst and
remediating the confronting climate change
induced by the influx of CO, and GHG emissions.
Accordingly, the utilization of renewable energy
resources  particularly  biodiesel, would
contribute to the diversification policy for
enhanced energy security, quench the thirst for
the bulk liquid fuel demand, create a window for
employment, and support revenue influx from
biodiesel production. Therefore, besides the cost
viability and availability of raw material, the
other factors related to selectivity need to be
considered to ensure biodiesel’s high
production yield and affordability. Concurrently,
to replace mineral diesel with biodiesel
substantially for usage in the transport and
other sectors, the production of biodiesel needs
to be expanded at the current rate. In conclusion,
the following recommendations were made for
future work towards improving the longevity
and sustainability of biodiesel production.

e Despite the abundant waste especially
from sludge and non-edible oils
discarded at restaurants, researchers
have not done enough towards exploring
the potential of these types of feedstocks
for biodiesel production. This will foster
economic viability for low production
costs, ensure sustainability, and promote
bioremediation through waste recycling.

e In addition, little has been done on the
utilization of fruit and vegetable wastes
as bioethanol and bio-methanol in place
of the conventional solvent for biodiesel
synthesis. This will equally flow in line
with the circular economy by converting
waste to value-added products, while
simultaneously fostering sustainability,
waste recycling, and drastic reduction of
production costs.

e Most naturally occurring feedstocks used
in biodiesel synthesis, contained a certain
quantity of natural antioxidants, which
are considerably reduced or washed out
during the oil refining process,
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distillation, or purification. Thus, to
address this issue, a new method called
solvent-aided crystallization can be used
to replace wet washing during
purification. This is to preserve the
natural antioxidants and eliminate the
wastewater generation which needs
further treatments afterward.

Other drawbacks to address include the issue
of low energy content, poor oxidation stability,
poor cold flow leading to filter blockage, poor
ignition and volatility, incomplete combustion,
and poor atomization, which ultimately
compromise the engine compatibility, leading to
increase maintenance cost and diminishing
broader marketability of biodiesel.

Acknowledgment

The authors are thankful to respective places of
work in Nigeria for granting them the full-time
study leaves in order to pursue postgraduate
studies.

Authors' contributions

Dahiru A. Ajiya and Aisha A. Abdullahi midwifed
the idea, Usman Bello, and Chinedu M. Agu
performed most of the work by organizing and
drafting the manuscript, Auwal A. Mahmoud,
and Livingstone Udopia revised and carried out
the proofreading, while Musa Muhammad and
Nuruddeen M. Lawal prepared the tables
including graphical illustrations. All authors
went through and agreed to publish the
manuscript.

Declaration of interests
The authors declare no competing interests.
Orcid:

Usman Bello
https://orcid.org/0000-0002-9669-243X

Chinedu M. Agu
https://orcid.org/0000-0003-4660-3475

Dahiru A Ajiya
https://orcid.org/0000-0020-6287-757

Journal of Chemical Reviews

Auwal A. Mahmoud
https://orcid.org/0000-0002-1773-9886

Livingstone Udofia
https://orcid.org/0000-0003-3458-0923

References

[1]. G. Ofosu-Peasah, E. Ofosu Antwi, W. Blyth,
Renew. Sustain. Energy Rev., 2021, 148, 111259.
[Crossref], [Google Scholar], [Publisher]

[2]. U.K. Ibrahim, N. Kamarrudin, M.U.H.
Suzihaque, S. Abd Hashib, IOP Conf. Ser. Mater.
Sci. Eng., 2017, 206, 012040. [Crossref], [Google
Scholar], [Publisher]

[3]. U. Bello, L. Udofia, 0.A. Ibitowa, A.M.
Abdullahi, I. Sulaiman, K.M. Yahuza, J. Geosci.
Environ. Prot., 2021, 09, 151-167. [Crossref],
[Google Scholar], [Publisher]

[4]. S.N.A. Latif, Chiong M.S., Rajoo S., Takada
A., Chun Y.Y.,, Tahara K., Ikegami Y., Energies,
2021, 14, 1-26. [Crossref], [Google Scholar],
[Publisher]

[5]. T.H.Oh, M. Hasanuzzaman, ]. Selvaraj, S.C.
Teo, S.C. Chua, Renew. Sustain. Energy Rev., 2018,
81, 3021-3031. [Crossref], [Google Scholar],
[Publisher]

[6]. LW. Ngarayana, J. Sutanto, K. Murakami,
IOP Conf. Ser. Earth Environ. Sci, 2021, 753,
012038. [Crossref], [Google Scholar], [Publisher]
[7]. N. Norouzi, Adv. J. Chem. A. Theor. Eng.
Appl. Chem., 2021. 4, 244-257. [Crossref],
[Google Scholar], [Publisher]

[8]. S. Jain, M.P. Sharma, Renew. Sustain.
Energy Rev., 2010, 14, 667-678. [Crossref],
[Google Scholar], [Publisher]

[9]. M. Sajjadnejad, S.M.S. Haghshenas, V.
Tavakoli Targhi, H. Ghafarian Zahmatkesh, M.
Naeimi, Adv. J. Chem. A, 2020, 3, 493-5009.
[Crossref], [Google Scholar], [Publisher]

[10]. S.E.Hosseini, M.A. Wahid, N. Aghili, Renew.
Sustain. Energy Rev., 2013, 28, 400-409.
[Crossref], [Google Scholar], [Publisher]

[11]. IRENA, Hydrogen: a Renewable Energy
Perspective, International Renewable Energy
Agency, 2019. [Google Scholar], [Publisher]
[12]. C.S.Good, G. Lobaccaro, S. Harklau, Energy
Procedia, 2014, 58, 166-171. [Crossref], [Google
Scholar], [Publisher]

[13]. A. Giwa, A. Alabi, A. Yusuf, and T. Olukan,
Renew. Sustain. Energy Rev., 2017, 69,. 620-641.



https://orcid.org/0000-0002-9669-243X
https://orcid.org/0000-0020-6287-757
https://orcid.org/
https://doi.org/10.1016/j.rser.2021.111259
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CFactors+characterising+energy+security+in+West+Africa%3A+An+integrative+review+of+the+literature%2C%E2%80%9D+&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1364032121005463
https://doi.org/10.1088/1757-899X/206/1/012040
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CLocal+Fruit+Wastes+as+a+Potential+Source+of+Natural+Antioxidant%3A+An+Overview%2C%E2%80%9D+&btnG=
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CLocal+Fruit+Wastes+as+a+Potential+Source+of+Natural+Antioxidant%3A+An+Overview%2C%E2%80%9D+&btnG=
https://iopscience.iop.org/article/10.1088/1757-899X/206/1/012040/meta
https://doi.org/10.4236/gep.2021.912010
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CRenewable+Energy+Transition%3A+A+Panacea+to+the+Ravaging+Effects+of+Climate+Change+in+Nigeria%2C%E2%80%9D&btnG=
https://www.scirp.org/journal/paperinformation.aspx?paperid=114258
https://doi.org/10.3390/en14082200
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CThe+trend+and+status+of+energy+resources+and+greenhouse+gas+emissions+in+the+Malaysia+power+generation+mix%2C%E2%80%9D+&btnG=
https://www.mdpi.com/1996-1073/14/8/2200
https://doi.org/10.1016/j.rser.2017.06.112
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CEnergy+policy+and+alternative+energy+in+Malaysia%3A+Issues+and+challenges+for+sustainable+growth+%E2%80%93+An+update%2C%E2%80%9D+&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1364032117310468
https://doi.org/10.1088/1755-1315/753/1/012038
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CPredicting+the+future+of+Indonesia%3A+Energy%2C+economic+and+sustainable+environment+development%2C%E2%80%9D&btnG=
https://iopscience.iop.org/article/10.1088/1755-1315/753/1/012038/meta
https://doi.org/10.22034/AJCA.2021.283638.1255
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CThermodynamic+and+Exergy+Analysis+of+Cogeneration+Cycles+of+Electricity+and+Heat+Integrated+with+a+Solid+Oxide+Fuel+Cell+Unit%2C%E2%80%9D+&btnG=
http://www.ajchem-a.com/article_131440.html
https://doi.org/10.1016/j.rser.2009.10.011
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=Stability+of+biodiesel+and+its+blends%3A+A+review&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1364032109002421?via%3Dihub
https://dx.doi.org/10.33945/SAMI/AJCA.2020.4.11
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CUtilization+of+Sustainable+Energies+for+Purification+of+Water%2C%E2%80%9D+&btnG=
http://www.ajchem-a.com/article_100707.html
https://doi.org/10.1016/j.rser.2013.08.045
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CThe+scenario+of+greenhouse+gases+reduction+in+Malaysia%2C%E2%80%9D+&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1364032113005856
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Hydrogen%3A+a+Renewable+Energy+Perspective%2C+International+Renewable+Energy+Agency&btnG=
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2019/Sep/IRENA_Hydrogen_2019
https://doi.org/10.1016/j.egypro.2014.10.424
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9COptimization+of+Solar+Energy+Potential+for+Buildings+in+Urban+Areas+-+A+Norwegian+Case+Study%2C%E2%80%9D+&btnG=
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9COptimization+of+Solar+Energy+Potential+for+Buildings+in+Urban+Areas+-+A+Norwegian+Case+Study%2C%E2%80%9D+&btnG=
https://www.sciencedirect.com/science/article/pii/S1876610214017913

Journal of Chemical Reviews

[14]. [Crossref], [Google Scholar], [Publisher]
[15]. N. Gomesh, L. Daut, M. Irwanto, Y.M. Irwan,
M. Fitra, Energy Procedia, 2013, 36, 303-312.
[Crossref], [Google Scholar], [Publisher]

[16]. M.S. Hossain, M.I. Hossain, T. Jahangir, M.
A. Hasan, An Initiat. Int. Cent. Res. Resour. Dev.,
2020. [Crossref], [Google Scholar], [Publisher]
[17]. A. Demirbas, Energy Convers. Manag.,
2008, 49, 2106-2116. [Crossref],

2022, Volume 4, Issue 3

25. [Crossref], [Google Scholar], [Publisher]
[31]. U. Bello, G.A Shallangwa, S.0. Idris, M.
Musa, A.A. Aisha, Bayero J. Appl. Sci., 2018, 11,
136-141. [Crossref], [Google  Scholar],
[Publisher]

[32]. S.S. Pantoja, L.R.V. Da Conceicao, C.E.F. Da
Costa, J.R. Zamian, G.N. Da Rocha Filho, Energy
Convers. Manag., 2013, 74, 293-298. [Crossref],

Scholar], [Publisher]
[18]. ]J. Barber, P.D. Tran, J. R. Soc. Interface,
2013, 10, 20120984. [Crossref],

[Google  [Google Scholar], [Publisher]
[33]. W. B. Association, “Global Bioenergy
Statistics,” World Bioenergy, 2020, 1-64.
[Google  [Publisher]

Scholar], [Publisher]

[19]. Statista, “Biodiesel Magazine of United
State.” 2020. [Publisher]

[20]. B. Molinuevo-Salces, A. Mahdy, M.
Ballesteros, C. Gonzdlez-Fernandez, Renew.
Energy, 2016, 96, 1103-1110, [Crossref],
[Google Scholar], [Publisher]

[21]. LS. Chang, ]. Zhao, X. Yin, J. Wu, Z. Jia, L.
Wang, Renew. Sustain. Energy Rev., 2011, 15,
1442-1453. [Crossref], [Google Scholar],

[34]. A. Galadima, O. Muraza, J. Clean. Prod.,
2020, 263, 121-135. |[Crossref], [Google
Scholar], [Publisher]

[35]. N. Srivastava, M. Srivastava, V.K. Gupta, A.
Manikanta, K. Mishra, S. Singh, S. Singh, P.W.
Ramteke, P.K. Mishra, 3 Biotech, 2018, 8, 1-11.
[Crossref], [Google Scholar], [Publisher]

[36]. N. Yusuf, S.K. Kamarudin, Z. Yaakub,
Energy Convers. Manag., 2011, 52, 2741-2751.
[Crossref], [Google Scholar], [Publisher]

[Publisher]

[22]. T. Seljak, K. Pavalec, M. Buffi, A. Valera-
Medina, T. Katrasnik, D. Chiaramonti, J. Eng. Gas
Turbines Power, 2019, 141, 1-9. [Crossref],
[Google Scholar], [Publisher]

[23]. A. Duque, C. Alvarez, P. Doménech, P.
Manzanares, A.D. Moreno, Processes, 2021, 9, 1-
30, [Crossref], [Google Scholar], [Publisher]
[24]. C. Piccolo, F. Bezzo, Biomass Bioenerg.,
2009, 33, 478-491. [Crossref], [Google Scholar],
[Publisher]

[25]. N. Kumar, Varun, S.R. Chauhan, Int. J.
Ambient Energy, 2016, 37, 121-135. [Crossref],
[Google Scholar], [Publisher]

[26]. M. Munir, M. Ahmad, M. Saeed, A. Waseem,
A.S. Nizami, S.Sultana, M. Zafar, M. Rehan, G.R.
Srinivasan, A.M. Ali, M.I. Ali, Renew. Sustain.
Energy Rev., 2021, 138, 110-115. [Crossref],

[37]. M. Hamza, M. Ayoub, R.B. Shamsuddin, A.
Mukhtar, S. Saqib, I. Zahid, M. Ameen, S. Ullah,
A.G. Al-Sehemi, M. Ibrahim, Environ. Technol
Innov., 2021, 21, 101-120. [Crossref], [Google
Scholar], [Publisher]

[38]. S. Chavan and A. Gaikwad, Biomass
Bioenerg., 2021, 144, 105897. [Crossref],
[Google Scholar], [Publisher]

[39]. RK. Saluja, V. Kumar, R. Sham, Renew.
Sustain. Energy Rev., 2016, 62, 866-381.
[Crossref], [Google Scholar], [Publisher]

[40]. H. Wang, Y. Pu, A. Ragauskas, B. Yang,
Bioresour. Technol, 2019, 271, 449-461.
[Crossref], [Google Scholar], [Publisher]

[41]. 1. del Campo, 1. Alegria, M. Zazpe, M.
Echeverria, I. Echeverria, Ind. Crops Prod., 2006,
24, 214-221. |[Crossref], [Google Scholar],
[Publisher]

[Google Scholar], [Publisher]
[27]. L. Gouveia, A.C. Oliveira, J. Ind. Microbiol.

Biotechnol., 2009, 36, 269-274. [Crossref],

[42]. ].S. Sidhu, T.A. Zafar, Food Qual. Saf., 2018,
2, 183-188. [Crossref], [Google Scholar],
[Publisher]

[Google Scholar], [Publisher]
[28]. Z. Yaakob, B.N. Narayanan, S.

Padikkaparambil, S. Unni K., M. Akbar P., Renew.
Sustain. Energy Rev., 2014, 35, 136-153.
[Crossref], [Google Scholar], [Publisher]

[29]. S.S.Prasad, A. Singh, SN Appl. Sci., 2020, 2,
1-9. [Crossref], [Google Scholar], [Publisher]
[30]. K.A.Zahan, M. Kano, Energies, 2018, 11, 1-

[43]. S.Liu, Z. Wang, S. Yu, and C. Xie, Bull. Chem.
Soc. Ethiop., 2013, 27, 289-294. [Crossref],
[Google Scholar], [Publisher]

[44]. B.Y. Han, T. Li, R.Q. Deng, X.F. Xiong, C.Y.
Chen, Appl. Mech. Mater., 2013, 389, 46-52.
[Crossref], [Google Scholar], [Publisher]

[45]. M.D. Putra, L.LF. Nata, C. Irawan, Data Br.,
2020, 28, 104879. [Crossref], [Google Scholar],

284



https://doi.org/10.1016/j.rser.2016.11.160
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CA+comprehensive+review+on+biomass+and+solar+energy+for+sustainable+energy+generation+in+Nigeria%2C%E2%80%9D+&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1364032116309108
https://doi.org/10.1016/j.egypro.2013.07.035
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CStudy+on+Malaysian%E2%80%99s+perspective+towards+renewable+energy+mainly+on+solar+energy%2C%E2%80%9D+&btnG=
https://www.sciencedirect.com/science/article/pii/S1876610213011211
https://doi.org/10.13140/RG.2.2.10156.69765
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CDirect+Utilization+of+Geothermal+Energy+with+Trends+and+Potential+Role+in+a+Sustainable+Future+Outgrowth%2C%E2%80%9D+&btnG=
https://www.researchgate.net/publication/346028487_Direct_Utilization_of_Geothermal_Energy_with_Trends_and_Potential_Role_in_a_Sustainable_Future_Outgrowth?channel=doi&linkId=5fbabe6692851c933f4ff1b1&showFulltext=true
https://doi.org/10.1016/j.enconman.2008.02.020
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CBiofuels+sources%2C+biofuel+policy%2C+biofuel+economy+and+global+biofuel+projections%2C%E2%80%9D+&btnG=
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CBiofuels+sources%2C+biofuel+policy%2C+biofuel+economy+and+global+biofuel+projections%2C%E2%80%9D+&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0196890408000770
https://doi.org/10.1098/rsif.2012.0984
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CFrom+natural+to+artificial+photosynthesis%2C%E2%80%9D+&btnG=
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CFrom+natural+to+artificial+photosynthesis%2C%E2%80%9D+&btnG=
https://royalsocietypublishing.org/doi/full/10.1098/rsif.2012.0984
https://www.statista.com/statistics/274163/global-biofuel-production-in-oil-equivalent/
https://doi.org/10.1016/j.renene.2016.01.090
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CFrom+piggery+wastewater+nutrients+to+biogas%3A+Microalgae+biomass+revalorization+through+anaerobic+digestion%2C%E2%80%9D+&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0960148116300908
https://doi.org/10.1016/j.rser.2010.11.013
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=Comprehensive+utilizations+of+biogas+in+Inner+Mongolia%2C+China&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1364032110003825?via%3Dihub
https://doi.org/10.1115/1.4041312
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CChallenges+and+Solutions+for+Utilization+of+Bioliquids+in+Microturbines%2C%E2%80%9D+&btnG=
https://asmedigitalcollection.asme.org/gasturbinespower/article-abstract/141/3/031401/368042/Challenges-and-Solutions-for-Utilization-of?redirectedFrom=fulltext
https://doi.org/10.3390/pr9020206
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=Advanced+Bioethanol+Production%3A+From+Novel+Raw+Materials+to+Integrated+Biorefineries&btnG=
https://www.mdpi.com/2227-9717/9/2/206
https://doi.org/10.1016/j.biombioe.2008.08.008
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=A+techno-economic+comparison+between+two+technologies+for+bioethanol+production+from+lignocellulose&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S096195340800202X?via%3Dihub
https://doi.org/10.1080/01430750.2014.907208
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=Evaluation+of+the+effects+of+engine+parameters+on+performance+and+emissions+of+diesel+engine+operating+with+biodiesel+blend&btnG=
https://www.tandfonline.com/doi/full/10.1080/01430750.2014.907208
https://doi.org/10.1016/j.rser.2020.110558
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=Biodiesel+production+from+novel+non-edible+caper+%28Capparis+spinosa+L.%29+seeds+oil+employing+Cu%E2%80%93Ni+doped+ZrO2+catalyst&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S136403212030842X?via%3Dihub
https://doi.org/10.1007/s10295-008-0495-6
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=Microalgae+as+a+raw+material+for+biofuels+production&btnG=
https://academic.oup.com/jimb/article/36/2/269/5993702
https://doi.org/10.1016/j.rser.2014.03.055
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CA+review+on+the+oxidation+stability+of+biodiesel%2C%E2%80%9D+&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1364032114002275?via%3Dihub
https://doi.org/10.1007/s42452-020-2883-0
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=Economic+feasibility+of+biodiesel+production+from+Pongamia+Oil+on+the+Island+of+Vanua+Levu&btnG=
https://link.springer.com/article/10.1007/s42452-020-2883-0
https://doi.org/10.3390/en11082132
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CBiodiesel+production+from+palm+oil%2C+its+by-products%2C+and+mill+effluent%3A+A+review%2C%E2%80%9D+&btnG=
https://www.mdpi.com/1996-1073/11/8/2132
http://dx.doi.org/10.4314/bajopas.v11i2.16
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=Synthesis%2C+spectroscopic+characterization+and+in+vitro+antibacterial+activity+studies+of+Cu%28II%29+complexes+derived+from+6-+hydroxyflavone+Schiff+bases&btnG=
https://www.ajol.info/index.php/bajopas/article/view/185893
https://doi.org/10.1016/j.enconman.2013.05.025
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=Oxidative+stability+of+biodiesels+produced+from+vegetable+oils+having+different+degrees+of+unsaturation&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0196890413002859?via%3Dihub
https://www.worldbioenergy.org/uploads/201210%20WBA%20GBS%202020.pdf
https://doi.org/10.1016/j.jclepro.2020.121358
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CWaste+materials+for+production+of+biodiesel+catalysts%3A+Technological+status+and+prospects%2C%E2%80%9D+&btnG=
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CWaste+materials+for+production+of+biodiesel+catalysts%3A+Technological+status+and+prospects%2C%E2%80%9D+&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0959652620314050?via%3Dihub
https://doi.org/10.1007/s13205-018-1264-5
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CRecent+development+on+sustainable+biodiesel+production+using+sewage+sludge%2C%E2%80%9D&btnG=
https://link.springer.com/article/10.1007/s13205-018-1264-5
https://doi.org/10.1016/j.enconman.2010.12.004
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=Overview+on+the+current+trends+in+biodiesel+production&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0196890410005352?via%3Dihub
https://doi.org/10.1016/j.eti.2020.101200
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=A+review+on+the+waste+biomass+derived+catalysts+for+biodiesel+production&btnG=
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=A+review+on+the+waste+biomass+derived+catalysts+for+biodiesel+production&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S2352186420315005?via%3Dihub
https://doi.org/10.1016/j.biombioe.2020.105897
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=Extraction+and+recovery+of+lignin+derived+phenolic+inhibitors+to+enhance+enzymatic+glucose+production&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0961953420304311?via%3Dihub
https://doi.org/10.1016/j.rser.2016.05.001
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=Stability+of+biodiesel+%E2%80%93+A+review&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1364032116301113?via%3Dihub
https://doi.org/10.1016/j.biortech.2018.09.072
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=From+lignin+to+valuable+products%E2%80%93strategies%2C+challenges%2C+and+prospects&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0960852418313257?via%3Dihub
https://doi.org/10.1016/j.indcrop.2006.06.014
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=+%E2%80%9CDiluted+acid+hydrolysis+pretreatment+of+agri-food+wastes+for+bioethanol+production%2C%E2%80%9D+&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S092666900600080X?via%3Dihub
https://doi.org/10.1093/fqsafe/fyy019
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CBioactive+compounds+in+banana+fruits+and+their+health+benefits%2C%E2%80%9D+&btnG=
https://academic.oup.com/fqs/article/2/4/183/5164297
https://doi.org/10.4314/bcse.v27i2.14
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CTransesterification+of+waste+oil+to+biodiesel+using+br%C3%B8nsted+acid+ionic+liquid+as+catalyst%2C%E2%80%9D+&btnG=
https://www.ajol.info/index.php/bcse/article/view/88834
https://doi.org/10.4028/www.scientific.net/AMM.389.46
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CA+review+on+br%C3%B8nsted+acid+ionic+liquids+catalysts+for+biodiesel+synthesis+through+transesterification%2C%E2%80%9D+&btnG=
https://www.scientific.net/AMM.389.46
https://doi.org/10.1016/j.dib.2019.104879
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=Biodiesel+production+from+waste+cooking+oil+using+heterogeneous+catalyst%3A+Biodiesel+product+data+and+its+characterization&btnG=

2022, Volume 4, Issue 3

[Publisher]

[46]. F. Aladedunye, R. Przybylski, B. Matthaus,
Crit. Rev. Food Sci. Nutr., 2017, 57, 1539-1561.
[Crossref], [Google Scholar], [Publisher]

[47]. LM. Atadashi, M.K. Aroua, A.R. Abdul Aziz,
N.M.N. Sulaiman, Renew. Sustain. Energy Rev.,
2012, 16, 3456-3470. |[Crossref], [Google
Scholar], [Publisher]

[48]. L.C. Meher, M.G. Kulkarni, A.K. Dalai, S.N.
Naik, Eur. J. Lipid Sci. Technol., 2006, 108, 389-
397. [Crossref], [Google Scholar], [Publisher]
[49]. ].M. Marchetti, V.U. Miguel, A.F. Errazu,
Renew. Sustain. Energy Rev. 2007, 11, 1300-
1311. [Crossref], [Google Scholar], [Publisher]
[50]. M. Takase, W.Feng, W. Wang, X. Gu, Y. Zhu,
T. Li, L. Yang, X. Wu, Fuel Process. Technol., 2014,
123, 19-26. |[Crossref], [Google Scholar],
[Publisher]

[51]. R. Nelofer, R.N. Ramanan, R.N.Z.R. Abd
Rahman, M. Basri, A.B. Ariff, Ann. Microbiol.,
2011, 61, 535-544. [Crossref], [Google Scholar],
[Publisher]

[52]. Y. Nan, J. Liu, R. Lin, L.L. Tavlarides, J.
Supercrit, Fluids, 2015, 97, 174-182. [Crossref],
[Google Scholar], [Publisher]

[53]. A.A. Refaat, N.K. Attia, H.A. Sibak, S.T. El
Sheltawy, G.I. ElDiwani, Int. J. Environ. Sci.
Technol.,, 2008, 5, 75-82. [Crossref], [Google

Journal of Chemical Reviews

[54]. L.T. Thanh, K. Okitsu, L. Van Boi, Y. Maeda,
Catalysts, 2012, 2, 191-222. [Crossref], [Google
Scholar], [Publisher]

[55]. F.Chai, F. Cao, F. Zhai, Y. Chen, X. Wang, Z.
Su, Adv. Synth. Catal.,, 2007, 349, 1057-1065.
[Crossref], [Google Scholar], [Publisher]

[56]. L.H. Ho, N.F. Ramli, T.C. Tan, N. Muhamad,
M.N. Haron, Sains Malaysiana, 2018, 47,99-107.
[Crossref], [Google Scholar], [Publisher]

[57]. A.T. Brimmo, A. Sodiq, S. Sofela, I. Kolo,
Renew. Sustain. Energy Rev., 2017, 74, 474-490.
[Crossref], [Google Scholar], [Publisher]

[58]. M.A.H. Shaah, M.S. Hossain, F.A.S. Allafi, A.
Alsaedi, N. Ismail, M.O. Ab Kadir, M.I. Ahmad, RSC
Adv., 2021, 11, 25018-25037. [Crossref],
[Google Scholar], [Publisher]

[59]. S. Sumathi, S.P. Chai, A.R. Mohamed,
Renew. Sustain. Energy Rev. 2008, 12, 2404-
2421. [Crossref], [Google Scholar], [Publisher]
[60]. AW. Nursulihatimarsyila, K.Y. Cheah, T.G.
Chuah, W.L. Siew, T.S.Y. Choong, Am. J. Appl. Sci.,
2010, 7, 434-437. [Crossref], [Google Scholar],
[Publisher]

[61]. S. Kalligeros, F. Zannikos, S. Stournas, E.
Lois, G. Anastopoulos, C. Teas, F.
Sakellaropoulos, Biomass Bioenerg., 2003, 24,
141-149. [Crossref], [Google  Scholar],
[Publisher]

Scholar], [Publisher]

Usman Bello: He obtained a bachelor’s degree in Industrial Chemistry from
Abubakar Tafawa Balewa University (ATBU), Bauchi-Nigeria (2012), and later
had his master’s degree in Inorganic Chemistry from the renowned Ahmadu
Bello University, Zaria-Nigeria (2018). He is a lecturer in the Department of

~ Chemistry at ATBU and currently pursuing his Ph.D. in Chemical Engineering,

researching in the area of Green Chemistry and Sustainable Energy. Usman is a

§ multidisciplinary researcher cutting across Renewable Energy, Environmental

Chemistry, and Chemical Engineering and is a registered member of the
Chemical Society of Nigeria (CSN).

Chinedu M. Agu: A seasoned researcher and lecturer in the Department of
Chemical Engineering, College of Engineering & Engineering Technology,
Michael Okpara University of Agriculture, Umudike, Abia State, Nigeria. He is
a Ph.D. holder in Chemical Engineering, obtained from the prestigious Nnamdi
Azikiwe University, Awka, Nigeria (2019). In the same vein, he holds a master’s
in engineering degree in Chemical Engineering from Nnamdi Azikiwe
University, Awka, Nigeria (2015). Earlier, he obtained a bachelor’s in
engineering degree in the same discipline from the Enugu State University of


https://www.sciencedirect.com/science/article/pii/S235234091931234X?via%3Dihub
https://doi.org/10.1080/10408398.2013.777686
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=Performance+of+antioxidative+compounds+under+frying+conditions%3A+A+review&btnG=
https://www.tandfonline.com/doi/full/10.1080/10408398.2013.777686
https://doi.org/10.1016/j.rser.2012.03.004
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=The+effects+of+water+on+biodiesel+production+and+refining+technologies%3A+A+review%2C%E2%80%9D+&btnG=
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=The+effects+of+water+on+biodiesel+production+and+refining+technologies%3A+A+review%2C%E2%80%9D+&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1364032112001840?via%3Dihub
https://doi.org/10.1002/ejlt.200500307
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=Transesterification+of+karanja+%28Pongamia+pinnata%29+oil+by+solid+basic+catalysts&btnG=
https://onlinelibrary.wiley.com/doi/10.1002/ejlt.200500307
https://doi.org/10.1016/j.rser.2005.08.006
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=Possible+methods+for+biodiesel+production&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1364032105001073?via%3Dihub
https://doi.org/10.1016/j.fuproc.2014.01.032
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CSilybum+marianum+oil+as+a+new+potential+non-edible+feedstock+for+biodiesel%3A+A+comparison+of+its+production+using+conventional+and+ultrasonic+assisted+method%2C%E2%80%9D+&btnG=
https://www.sciencedirect.com/science/article/pii/S0378382014000423?via%3Dihub
https://doi.org/10.1007/s13213-010-0170-9
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CSequential+optimization+of+production+of+a+thermostable+and+organic+solvent+tolerant+lipase+by+recombinant+Escherichia+coli%2C%E2%80%9D+&btnG=
https://link.springer.com/article/10.1007/s13213-010-0170-9
https://doi.org/10.1016/j.supflu.2014.08.025
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=Production+of+biodiesel+from+microalgae+oil+%28Chlorella+protothecoides%29+by+non-catalytic+transesterification+in+supercritical+methanol+and+ethanol%3A+Process+optimization&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S089684461400268X?via%3Dihub
https://doi.org/10.1007/BF03325999
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=Production+optimization+and+quality+assessment+of+biodiesel+from+waste+vegetable+oil&btnG=
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=Production+optimization+and+quality+assessment+of+biodiesel+from+waste+vegetable+oil&btnG=
https://link.springer.com/article/10.1007/BF03325999
https://doi.org/10.3390/catal2010191
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=Catalytic+Technologies+for+Biodiesel+Fuel+Production+and+Utilization+of+Glycerol%3A+A+Review&btnG=
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=Catalytic+Technologies+for+Biodiesel+Fuel+Production+and+Utilization+of+Glycerol%3A+A+Review&btnG=
https://www.mdpi.com/2073-4344/2/1/191
https://doi.org/10.1002/adsc.200600419
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CTransesterification+of+vegetable+oil+to+biodiesel+using+a+heteropolyacid+solid+catalyst%2C%E2%80%9D+&btnG=
https://onlinelibrary.wiley.com/doi/10.1002/adsc.200600419
https://doi.org/10.17576/jsm-2018-4701-12
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CEffect+of+extraction+solvents+and+drying+conditions+on+total+phenolic+content+and+antioxidant+properties+of+watermelon+rind+powder%2C%E2%80%9D+&btnG=
http://www.ukm.my/jsm/pdf_files/SM-PDF-47-1-2018/12%20Lee-Hoon%20Ho.pdf
https://doi.org/10.1016/j.rser.2016.11.162
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=Sustainable+energy+development+in+Nigeria%3A+Wind%2C+hydropower%2C+geothermal+and+nuclear+%28Vol.+1%29&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1364032116309169?via%3Dihub
https://doi.org/10.1039/d1ra04311k
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CA+review+on+non-edible+oil+as+a+potential+feedstock+for+biodiesel%3A+physicochemical+properties+and+production+technologies%2C%E2%80%9D+&btnG=
https://pubs.rsc.org/en/content/articlelanding/2021/RA/D1RA04311K
https://doi.org/10.1016/j.rser.2007.06.006
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=%E2%80%9CUtilization+of+oil+palm+as+a+source+of+renewable+energy+in+Malaysia%2C%E2%80%9D+&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1364032107000937?via%3Dihub
https://doi.org/10.3844/ajassp.2010.434.437
https://scholar.google.com/scholar?hl=de&as_sdt=0%2C5&q=Deoiling+and+Regeneration+Efficiencies+of+Spent+Bleaching+Clay&btnG=
https://www.thescipub.com/abstract/10.3844/ajassp.2010.434.437
https://doi.org/10.1016/S0961-9534(02)00092-2
https://scholar.google.com/scholar?q=An+investigation+of+using+biodiesel/marine+diesel+blends+on+the+performance+of+a+stationary+diesel+engine,%E2%80%9D&hl=de&as_sdt=0,5
https://www.sciencedirect.com/science/article/abs/pii/S0961953402000922?via%3Dihub

Journal of Chemical Reviews

2022, Volume 4, Issue 3

Science and Technology (ESUT) Enugu, Nigeria (2008). He has supervised and co-supervised both
undergraduate and post-graduate students in Chemical Engineering. Dr. Agu has over 32 impact factor
publications in international peer-reviewed journals, book chapters and a conference paper with American
Oil Chemists’ Society (2020). He is a cooperate member of the Nigerian Society of Engineers (NSE), as
well as a registered/practicing Engineer with the Council for the Regulation of Engineering in Nigeria
(COREN).

Dahiru A. Ajiya: He is a lecturer in the Department of Chemistry, Faculty
of Sciences, Abubakar Tafawa Balewa University, Bauchi, Nigeria. He is a
Ph.D. holder from Universiti Tun Hussein Onn Malaysia graduate school
(2018), M.Sc and B.Tech (Hons) Industrial Chemistry both from Abubakar
Tafawa Balewa University, Bauchi. Presently he is the Examination officer
in the department serving for the second term. Dr. Ajiya has over 20
publications in both local and international peer-reviewed journals, and he is
an active member of the Chemical Society of Nigeria (CSN), and the
Institute of Chartered Chemists of Nigeria (ICCON).

Auwal Adamu Mahmoud: Attended Universiti Tun Hussein Onn Malaysia
graduate school in 2013 and graduate with a Ph.D. in science (Nano
chemistry). Before this, he had his Masters in Inorganic Chemistry (2012) and
Bachelor of Technology (B. Tech) in Industrial Chemistry (2010) both from
Abubakar Tafawa Balewa University (ATBU), Bauchi. Presently, Dr. Auwal
is an Associate Professor in Chemistry Department ATBU, with over 35
publications to his credit in learned journals, conference proceedings, and
technical papers. He held various functional positions in the department,
including the industrial training (IT) coordinator, Postgraduate Coordinator,
and Assistant Examinations Officer, and served on many other university

3 administrative ~ committees. Mahmoud is a member of many
professional bodies, including the prestigious Chemical Society of Nigeria CSN, Institute of Chartered
Chemist of Nigeria ICCON, and Science Association of Nigeria SAN. His Ph.D. research won a gold medal
at the research and innovation competition in UTHM Malaysia (2015) and a silver medal at the
27" International Invention, Innovation and Technology Exhibition (ITEX) held at Kuala Lumpur,
convention Centre Malaysia in 2016. Other awards won are the graduation on-time award and publication
award.

Livingstone Udofia: He is currently doing his doctoral research at the
Department of Chemistry, Otto von Guericke University, Magdeburg. He
obtained his master’s degree in Industrial Chemistry from the University of
Ibadan in 2017. His research focuses on Renewable energy fuels and
Sustainable catalysis with hybrid materials

286




2022, Volume 4, Issue 3

Journal of Chemical Reviews

Nuruddeen Muhammad Lawal; Is a lecturer from the Department of
Chemistry, ATBU Bauchi. He holds B.Tech (Hons) and M.Sc in Industrial
Chemistry both ATBU Bauchi and currently pursuing his Ph.D. in Industrial
Chemistry at Modibbo Adama University Yola, Adamawa state. He has many
publications to his credit and is a registered member of the Chemical Society
of Nigeria (CSN).

Aisha Abdullahi Abubakar: She is a lecturer in the Department of
Chemistry, Faculty of science, Abubakar Tafawa Balewa University, Bauchi-
Nigeria. Aisha obtained her M.Sc and B.Sc in Inorganic Chemistry and Pure
Chemistry respectively, both from Bayero University Kano-Nigeria. Her
research interest was vested in synthesis, characterization, and antimicrobial
studies of metal complexes incorporated with Schiff base ligands. She has
many publications in both local and international journals, and she is a
registered member of the Chemical Society of Nigeria (CSN).

Musa Muhammad: Mr Musa is a lecturer in dept of chemistry, Faculty of
science, Abubakar Tafawa Balewa University, Bauchi-Nigeria. And he is
pursuing his Ph.D. in inorganic chemistry with a research interest in synthesis,
characterization, and antimicrobial activity of complexes of natural products.
Had his M.Sc in Inorganic chemistry from Bayero University Kano-Nigeria
(2017) and have bachelor’s degree from Kano University of Science and
Technology Wudil, Kano-Nigeria (2011) and he is presently a postgraduate
diploma coordinator in the industrial chemistry dept of Abubakar Tafawa
Balewa University, Bauchi-Nigeria and an active member of the chemical
society of Nigeria (CSN).

Copyright © 2022 by SPC (Sami Publishing Company) + is an open access article distributed under the
Creative Commons Attribution License(CC BY) license (https://creativecommons.org/licenses/by/4.0/),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.



http://www.samipubco.com/
https://creativecommons.org/licenses/by/4.0/

