Hindawi

International Journal of Energy Research
Volume 2023, Article ID 9389270, 30 pages
https://doi.org/10.1155/2023/9389270

Review Article

WILEY | Q@) Hindawi

The Potential of Underutilized Plant Resources and Agricultural
Wastes for Enhancing Biodiesel Stability: The Role of Phenolic-

Rich Natural Antioxidants

Henry Kahimbi (»,"? Baraka Kichonge ()," and Thomas Kivevele

ISchool of Materials, Energy, Water and Environmental Sciences (MEWES), Nelson Mandela African Institution of Science and
Technology (NM-AIST), P.O. Box 447, Arusha, Tanzania

Department of Chemistry, College of Natural and Applied Science, University of Dar es Salaam, P.O. Box 35061, Tanzania

*Mechanical Engineering Department, Arusha Technical College (ATC), P.O. Box 296, Arusha, Tanzania

Correspondence should be addressed to Thomas Kivevele; thomas.kivevele@nm-aist.ac.tz
Received 28 March 2023; Revised 21 May 2023; Accepted 24 June 2023; Published 13 July 2023
Academic Editor: Sanjay Basumatary

Copyright © 2023 Henry Kahimbi et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Growing concerns about energy security and environmental sustainability have fueled demand for sustainable and renewable
energy sources in recent years. Biodiesel, a renewable alternative to conventional fuels, has gained significant attention as a
potential source of energy. However, the stability of biodiesel during storage and its susceptibility to oxidation remain major
challenges. To address these issues, researchers have turned their focus to the utilization of natural antioxidants. Studies on
sources of natural antioxidants, particularly those made from waste, such as food, have been extensively conducted. However,
there are still some restrictions, such as inconsistency in quality, the development of microbes, and difficulties with regulations,
all of which have an impact on sustainability and the phenolic contents. Phenolic compounds are known for their excellent
antioxidant properties and ability to inhibit the oxidation process. The review provides an overview of various underutilized
plant resources and agricultural wastes that are rich in phenolic contents and demonstrate higher antioxidant activities, such as
Vitex doniana, Uapaca kirkiana, Parinari curatellifolia, Tamarindus indica L, fruit peels, and crop residues. It discusses the
extraction methods employed to obtain phenolic antioxidants from these sources and highlights their antioxidant activities.
Additionally, the review examines the effects of phenolic antioxidants on key parameters, including induction period, peroxide
value, acid value, and viscosity. The review concluded by highlighting the potential of underutilized plant resources and
agricultural wastes as sustainable sources of phenolic-rich natural antioxidants for enhancing biodiesel stability. According to
the literatures, phenolic antioxidants present in underutilized plant resources and agricultural wastes can chelate metal ions,
scavenge free radicals, and break oxidation chain reactions, thereby preventing the degradation of biodiesel. Moreover, the
limitation of the use of natural antioxidants in the stabilization of biodiesel like instability at high temperatures has been highlighted.

1. Introduction

Energy consumption is increasing globally on a daily basis as a
result of population growth and technological advancements
[1, 2]. The International Energy Agency (IEA) estimates that
the demand for energy increased globally by 40% in 2019
compared to growth rates of 2018 [3]. Fossil fuels, which are
currently being exhausted and have a severe influence on the
environment as well as being the primary sources of

greenhouse gases, are the main source of energy that is globally
consumed [4, 5]. As a results of the aforementioned drawbacks
of fossil fuels, researchers have been driven to find a substitute
for conventional fossil fuel [6, 7]. Biodiesel, as one of the liquid
fuels produced from renewable sources, is a promising alterna-
tive to petro diesel; it can be locally produced, and it has a
number of benefits, including renewability [8], reduced green-
house gas (GHG) emissions [4], and minimized the “carbon
footprint” [9]. Biodiesel is greatly preferred as a substitute
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for petroleum diesel because it has comparable physical and
chemical properties [10]. Utilizing biodiesel as an alternative
fuel increases energy security, improves the environment and
air quality, and has safety benefits [11].

Despite its benefits, the biggest challenge with biodiesel
is the presence of unsaturated fatty acids, which severely
undergo oxidative degradation and render it unfit for use
in engines [12]. The result of biodiesel oxidation is increased
viscosity, acidity, and solid deposits in the fuel. Various stud-
ies, for example, by Suraj et al. [13], reported the increase in
peroxide and acid values of the biodiesel after one year of
storage. The surface tension, kinematic viscosity, and density
of the biodiesel all increased during the same period. More-
over, Acharya et al. [14] observed the same trend of increas-
ing kinematic viscosity and acid number with changes in
flashpoint and density for Jatropha and Mahua biodiesel in
comparison with mineral diesel. Tables 1 and 2 show the
changes in physical and chemical parameters as reported
by Suraj et al. and Acharya et al., respectively. From a chem-
istry perspective, the increase in viscosity begins when the
oxidation of methyl ester starts with the formation of perox-
ides [15]. The production of more polar, oxygen-containing
molecules and oxidized polymeric compounds during stor-
age enhances the viscosity of the methyl esters, which can
cause the development of gums and sediments that clog fil-
ters [16]. Free fatty acids, double-bond isomerization, and
the formation of higher molecular weight molecules are all
results of the oxidation process [17]. Hydroperoxide pro-
duced by oxidative degradation can undergo complicated
secondary reactions, such as breaking into more reactive
aldehydes, which subsequently oxidize into acids to increase
acid value [18]. These changes cause the quality of biodiesel
to decline, which makes marketing more difficult and thus
demonstrates the need for additional research on the oxida-
tive stability of biodiesel during storage for long periods,
thus adding antioxidants [19].

Some synthetic antioxidants, such as butylated hydro-
xyanisole (BHA), tertiary butyl hydroquinone (TBHQ),
butylated hydroxytoluene (BHT), and propyl gallate (PG),
have been used as additives to overcome the oxidative insta-
bility of biodiesel, but they frequently have drawbacks, such
as the fact that they are derived from fossil sources, which
raises the cost of production of biodiesel and is carcinogenic
[20]. Finding a natural alternative antioxidant that is inex-
pensive, renewable, and nontoxic in nature is necessary to
get around the drawbacks of synthetic antioxidants [21].
Natural antioxidants have proven to be effective in control-
ling the lipid oxidation of biodiesel [22]. These compounds
work by giving a hydrogen atom to free radicals or reactive
oxygen species, which stops the biodiesel from oxidizing
even at very low concentrations [23]. Despite their excellent
role, the sustainability of feedstocks is a critical issue in the
production of natural antioxidants [24]. To ensure the sus-
tainability of natural antioxidant production, feedstocks
should be free from socioeconomic conflicts. Numerous
studies including review paper have looked into sustainable
sources of natural antioxidants, particularly those derived
from food waste (Table 3). However, there are still limita-
tions such as inconsistent quality, growth of microorgan-
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TaBLE 1: Measured properties of fresh, aged Karanja biodiesel and
mineral diesel [13].

Physical chemical Fresh Karanja Aged Karanja  Mineral
parameter biodiesel biodiesel diesel
Viscosity (cSt) 5.10 5.75 2.90
Density (kg/m?) 889.9 893.3 825.5
Surface tension

(mN/m) 27.8 28.9 26.01
Acid value (mg

KOH/g oil) 0.35 1.45 —
Peroxide value

(meg/kg) 12.30 152.5 —
Rancimat induction

period (h) 4.14 0.33 —

isms, regulatory challenges, presence of heavy metals,
plastic fragments, and waste tableware which affect even
the level of phenolic contents and its sustainability [25].
Thus, there is a need to examine new (alternative) sustain-
able sources of natural antioxidants. According to the litera-
ture that has been examined, currently there is no review
study on the potential of natural antioxidants from underu-
tilized plants and agricultural waste for improving biodiesel
stability, therefore justifying this review paper.

As a result, the focus of this review paper is on the inves-
tigation of the potential of natural antioxidants produced
from underutilized plant resources and agricultural waste
to be utilized in improving biodiesel stability. Underutilized
plants and agricultural wastes pose less of a threat to food
production, have higher phenolic contents with consistent
quality, and are produced in large quantities, making them
readily accessible sources for the production of natural anti-
oxidants [26]. This is supported by the recently published
work (Table 4) on the use of natural antioxidants extracted
from noncompetitive resources such as agricultural wastes
and neglected species. The flow chart of the article selections
in this work has been depicted in Scheme 1. The review starts
with background information on biodiesel and its stability
issues, reaction mechanisms, and structural composition.
Antioxidants and their categories, extraction techniques, and
working mechanisms have been covered. Practical implica-
tions, technoeconomics, and future perspectives have also
been pointed out.

2. Methodology

A thorough and comprehensive search of the literature was
carried out to identify studies associated with the oxidative sta-
bility of biodiesel. A keyword in combination with the Boolean
operators “OR” and “AND” was used to retrieve all relevant
information. The keywords used was “Antioxidant” AND
“Phenolic compound” AND “Underutilized Plant” AND
“Biodiesel” OR “bio-0il” OR “biofuels” OR “Biodiesels” were
set for Scopus, Google Scholar, PubMed, HINARI, African
Journals Online (reached via Research4Life using Nelson
Mandela African Institutions of Science and Technology
(NM-AIST) library account) databases, University repositories,
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TaBLE 2: Physical-chemical properties of Mahua biodiesel and Jatropha biodiesel in comparison with mineral diesel [14].

Parameter Mahua biodiesel Jatropha biodiesel Mineral diesel
Density at 15°C (kg/m?) 882 870 824
Kinematic viscosity (mm®/sec) at 40 °C 4.2 4.1 2.30
Flash point (°C) 170 180 53

Acid value (mg KOH/gm) 0.45 0.38 0.25
Calorific value (MJ/kg) 38.5 39.9 42
Oxidation stability (h) 8.2 3.75 23.70

TaBLE 3: Antioxidants from various food waste materials.

Source of food waste Type of antioxidant/chemical Extraction technique Ref.
Grape skin Flavonoid High-pressure/high-temperature [27]
Peanut roots Resveratrol Deep eutectic solvent [28]
Dry tomato peel Lycopene and fS-carotene Supercritical CO, solvent extraction [29]
Spent coffee Carotenoid Soxhlet extraction [30]
Potato peel p-coumaric acid, salicylic acid, and vanillic acid Solvent extraction [31]
Apple industry waste biomass Fumaric acid Fermentation [32]
Ginger Gingerol and shogaol Solvent extraction [33]
TaBLE 4: Literatures on related works.
Source of Source of . .o
biodiesel antioxidants Experiment conducted Finding Ref.
Fish Oranee peel Kinematic viscosity, acid ~ Natural antioxidants signifying a protective influence and preventing [34]
biodiesel gep value, and oxidation stability the initiation step of oxidation
The extract could scavenge over 73% of DPPH radicals
S - The extract contained 74.66 mg GAE/g of phenolics and showed
Soybean Bael leaf Oxidation stability greater protection to soybean biodiesel than most of the natural (331
antioxidants reported protection factor of 3.03
Increased the biodiesel induction period compared to the control to
Oxidation stability 14.31h
Tallow Jabuticaba peels Kinetics Decreased the rate constants at each evaluated temperature [36]
Thermodynamics The oxidation process was nonspontaneous and endothermic in all
assays
Palm oil Ripe mango peel Oxidation stability IP of biodiesel blends with petro-diesel (B10) with antioxidants was [37]
extract greater than 24.00 h
Clove waste Engine performance test ~ Antioxidants provided substantial improvements in smoke opacity and
Colza thyme essential .. R [38]
ol Emissions test CO, emission
Soybean Pomegranate Oxidation stability Increment of the 1nduct¥o.n time of pure.b1(.)d1esel by up to 1.83 [39]
peel The extract is a promising natural antioxidant for biodiesel
Waste Camellia Thermal stability Addition of antioxidants has shown a significant improvement in
cooking assamica Storage stability thermal stability and reduced residual formation [40]
oil Oxidation stability Induction period of the B20 improved up to 9.2 h.

and conference books of abstracts were used to retrieve pub-
lished papers, peer-reviewed articles, case reports, and confer-
ence presentations as presented in Figures 1-3. In addition,
article references were cross-checked and saved as the source
of studies included in this review.

Citations were managed using the Mendeley software.
Mendeley is a referential system that has been used by a

number of national and international journals, including
Scopus, DOAJ, Google Scholar, and Thomson Reuters [41].
The author, the year of publication, the article’s title, as well
as the volume, issue, and page numbers of the sources, were
used to spot duplicate entries. The following criteria were
used to screen articles on oxidation stability of biodiesel, oxi-
dation mechanism, extraction of natural antioxidants, and
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Search relevant topic in databases.
Articles identified: 158

(ii) Reaction mechanisms
(iiii) - Structural composition

(i) Background information on biodiesel and its stability
issues

(i) Practical implications
(if) Techno-Ec
(i) Future perspectives

nglish language, Duplicates,
d published before 2015

86 Retrieved for detail review

(i) Antioxidants and their categories
(i) Sources of natural antioxidants
(iii) Extraction techniques
(iv) Working mechanisms

Underutilized plants

(i) Vitex doniana

(i) a
i) Pari oli
) Tamarindus indic:

5 Papers where excluded that were not relevant to
the topic

81 Papers include in final review

ScHEME 1: Flow chart of the review’s article selection

selection of antioxidants, solvent selection, and diagnostic
challenges in the storage of biodiesel:

(1) Published in English between 2015 and 2023, unless
there was limited information; (2) antioxidant feedstock that
is sustainable and economically feasible; and (3) some infor-
mation relating to oxidative stability tests and biodiesel deg-
radation mechanisms. Articles that had not been peer-
reviewed were expressly excluded. After using the aforemen-
tioned screening procedures, validity was evaluated, and the
complete text of each chosen article was retrieved for in-
depth examination.

3. Basics of Biodiesel Oxidation Mechanism

The ability of biodiesel to resist degradation is referred to as
“oxidation stability,” and it is crucial for determining how
long a biodiesel will last and how long it should be stored
[42]. The oxidation stability of biodiesel has a direct influ-
ence on its performance in engines and its storage time,
which is why it is important to monitor its stability over a
certain period of storage [43, 44]. The oxidation of hydrocar-
bons present in biodiesel occurs through three general
stages: initiation, propagation, and termination [45]. As with
all chain reactions, the mechanism can be described in terms
of the formation of free radicals during the initiation reac-
tion, their transformation into additional radicals during
the propagation reaction, and their combining to produce
stable products during the termination reaction [46]. Allylic
hydroperoxides are the main products of double bond oxi-
dation and undergo a variety of reactions, such as rearrange-
ment to produce products with a similar molecular weight,
fission to produce shorter-chain molecules (aldehydes and
acids), and dimerization to produce compounds with a
greater molecular weight, like dimer acids [47, 48]. As a
result, the physical chemical properties of the fuel, such as
kinetic viscosity, acid number, flash point, and flow charac-
teristics, are affected by the molecules formed. Moreover,
the corrosion impact in the engine is brought on by

molecules formed with higher acidic values, like organic
acids [49].

Initiation stage: this is formed when hydrogen atoms
from either the allylic or bisallylic carbon are lost when bio-
diesel comes into contact with an initiator during processing
or storage [50], creating a free radical carbon that is
extremely reactive, as is shown in

RH+1— R® +IH. (1)

In the propagation stages here, the fatty acid free radical
(R) quickly interacts with an oxygen molecule to produce
peroxyl radicals (ROO), as in equation (2). This peroxide
radical is extremely unstable and can interact with the fatty
acid substrate (RH) to produce both fatty acid hydroperox-
ide (ROOH) and free fatty acid radicals, which leads to a
self-sustaining chain reaction as in [51]

R® + 0, — ROO®, (2)

ROO® + RH — ROOH + R®. (3)

During this stage, antioxidants can be visualized playing
their role by scavenging the free radicals formed and stop-
ping the propagation process. By doing that, antioxidants
help maintain the stability of biodiesel.

In the termination stages here, two free radicals that are
similar to one another fuse to produce nonradical species,
as in [46]

R® + R® — R—R. (4)

or
ROO® + ROO® — Stable Product. (5)
These recombination reactions create monomers, which

turn them into stable and nonradical products, as seen in
Figure 4.
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FIGURE 1: Number of publications with the word (a) “phenolic compounds,” (b) “Underutilized Plants,” (c) “Agricultural wastes,” (d)
“Antioxidant” OR “Antioxidants” OR “Natural antioxidants,” and (e) “Biodiesel” OR “bio-0il” OR “biofuels” OR “Biodiesels” in the

PubMed data base from 2015 to 2023.

3.1. Operation Principle of Biodiesel Oxidation Mechanisms.
Transesterifying an oil or fat with an alcohol, usually meth-
anol, leads to the corresponding alkyl esters, which are
defined as biodiesel, as represented in Figure 5. Biodiesel
has the same fatty acid profile as the parent oil or fat. Due
to the fact that many vegetable oils, including nonedible
and edible ones such as jatropha, rapeseed, and soybean,
possess a significant amount of fatty acids with double
bonds, oxidative stability is of concern, especially when stor-
ing biodiesel over an extended period of time [52]. The pres-
ence of double bonds that are highly chemically reactive in
the fatty acid chain is the source of the primary oxidation
products, allylic hydroperoxides [53]. The formed hydroper-
oxide species, the original double bond, may have undergone
cis- or transisomerization [54, 55]. Hydroperoxides are
unstable and easily form a variety of secondary oxidation
products, which include fission to give shorter-chain com-
pounds (aldehydes and organic acids), rearrangement to

give products of similar molecular weight, and dimerization
to give products of higher molecular weight that affect the
quality of biodiesel, such as higher acid value and viscos-
ity [56].

3.1.1. Methylene Group (- CH,-) as a Site of Attack during
Autooxidation. The methylene group (-CH2-) carbons
between the olefinic carbons are the primary targets of attack
in biodiesel’s oxidative degradation [57]. During this
reaction, free radicals and reactive oxygen species detach a
methylene hydrogen atom from polyunsaturated fatty acids
to form a carbon-centered lipid radical [58]. A conjugated
diene is produced by the spontaneous rearrangement of
1,4-pentadiene. This conjugated diene interacts with molec-
ular oxygen to produce a lipid peroxyl radical, as seen in
Figure 6. The radical reaction is propagated by the removal
of a proton from nearby polyunsaturated fatty acids, which
results in the formation of a lipid hydroperoxide and the
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Scopus data base from 2015 to 2023.

regeneration of a carbon-centered lipid radical [59]. After an
initial induction period, this reaction can move very quickly
since it is a chain reaction. As a result, the quality of biodie-
sel is compromised [60]. The likelihood of autoxidation
increases with the amount of unsaturation in the oil used
to produce biodiesel. For example, Table 5 shows different
feedstocks for biodiesel production with their types of fatty
acids. As shown in Table 5, the higher degree of unsatura-
tion of the fatty acid present in biodiesel feedstock such as
Croton megalocarpus oil (90.30%), lin seeds (91.50%), and
castor seeds (97.64%) is the reason for it to be highly prone
to autoxidation upon exposure to factors that trigger an oxi-
dation reaction. Moreover, it has been reported that the rates
of degradation for methyl linolenate (C18:3) and methyl
linoleate (C18:2) are higher than those of methyl oleate
(C18:1) [61].

3.2. Physics behind Biodiesel Oxidation Mechanisms. The
physics behind biodiesel oxidation mechanisms can be
explained by considering the chemical reactions and physi-
cal properties involved. As it has been explained, in terms
of molecular structure, biodiesel is composed of fatty acid
methyl esters, which are typically derived from their feed-
stock such as edible and nonedible seeds [62], as shown in
Table 5. Unsaturated bonds that are found in fatty acid
methyl esters, including carbon-carbon double bonds, make
biodiesel vulnerable to oxidation reaction [63]. Furthermore,
the oxidation of biodiesel requires a certain amount of
energy to initiate the chemical reactions. This energy is
known as the activation energy. Light and heat can provide
the necessary activation energy to start the oxidation process
[64]. Once the reactions have started, they may go through a
number of stages, releasing energy and producing reactive
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species that compromise the quality of the biodiesel [65].
Moreover, the kinetics of biodiesel oxidation describe how
the oxidation reactions occur over time. The rate at which
the reactions take place is influenced by factors such as tem-
perature, oxygen concentration, and the presence of catalysts
[66]. Higher temperatures generally increase the reaction
rate, while the availability of oxygen and catalysts can
enhance the oxidation process [67]. Therefore, it is advised
that developing ways to prevent or minimize the oxidation
process requires an understanding of the mechanics or phys-
ics of biodiesel oxidation. By controlling factors such as
exposure to oxygen, temperature, and the use of antioxi-
dants, it is possible to slow down the oxidation process and
preserve the quality of biodiesel.

4. Antioxidants

Antioxidants are substances that slow down the production
of oxidants or stop the reproduction of free radicals through
a variety of mechanisms, including scavenging the species

that initiate peroxidation [76], chelation by metal ions to
delay propagation [77], terminating singlet oxygen to pre-
vent the production of peroxides [78], and stopping an
autoxidation chain reaction. Chain-breaking antioxidants
and hydroperoxide decomposers are two types of antioxi-
dants in terms of mechanism; the former are referred to as
primary antioxidants and the latter as secondary antioxi-
dants. Antioxidants interrupt the propagation process of free
radicals (such as radical ROO) by providing them with a
hydrogen atom from their major active group, OH or NH
[79]. As represented in Figure 7, the produced phenoxy rad-
icals are stable because they can take on a variety of meso-
meric configurations. Consequently, the phenoxyl radical
produced does not initiate additional reactions [80]. Cur-
rently, the use of antioxidants in the stabilization of biodiesel
has been increasing (Figure 8) [62]. The most widely used
primary antioxidants are substituted phenolic compounds,
secondary aromatic amines, and thiophenols such as 2,6-
di-tert-butyl-4-methylphenol, pyrocatechol, N-methylani-
line, and benzenethiol, as shown in Figures 9(a)-9(d) [81].
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FIGURE 5: Transesterification for biodiesel production.

Other typical examples include naturally occurring antioxi-
dants, like tocopherols and flavonoids (3-hydroxy-2-phenyl-
chroman-4-one), as seen in Figures 8(f) and 9(e).

4.1. Categories of Primary and Secondary of Antioxidants

4.1.1. Synthetic Antioxidants. Synthetic antioxidants are syn-
thesized in a laboratory or industry by combining chemical
compounds; they are chemically made substances since they
do not occur naturally, and they are added to biodiesel as
additives to help reduce fatty acid oxidation [82]. Chain-
breaking synthetic antioxidants such as phenolics and
amines have been most often used in biodiesel storage tech-
nology [83]. Examples of synthetic antioxidants are shown
in Figure 10, which include butylated hydroxytoluene, butyl-
ated hydroxyanisole, tertiary butylhydroquinone, pyrogallol,

and propyl gallate [82]. Synthetic antioxidants are often used
to protect biodiesel fuel from oxidation and degradation, but
the toxicity of these additives is a major concern [84]. It has
been found that some synthetic antioxidants can be toxic to
aquatic organisms and can accumulate in the environment
[78]. Furthermore, the overuse of these additives can cause
adverse effects on the quality of biodiesel, such as discolor-
ation and the formation of sludge.

To reduce the risk of toxicity, biodiesel producers are
increasingly turning to natural antioxidants such as rose-
mary extract, potato peel extract, and other plant extracts
[85]. These natural antioxidants provide an effective way to
protect biodiesel without introducing additional toxins into
the environment [86]. Furthermore, natural antioxidants
are typically more cost-effective and easier to source than
their synthetic counterparts [87]. In cases where natural
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antioxidants are not sufficient and perform poorly, synthetic
antioxidants can be applied in very small amounts so as to
enhance the efficiency of natural antioxidants [80]. For
example, Waweru et al. [88] made a blend of natural antioxi-
dants with the synthetic antioxidant 1,2,3-trihydroxybenzene
for the purpose of enhancing the performance of natural anti-
oxidants. The study reported that the performance of natural
antioxidants extracted from clove waste blended with 1,2,3-tri-
hydroxybenzene showed higher improvements in oxidation
stability by 398% at 800 ppm compared to unblended natural
ones, as seen in Table 6. The higher performance was triggered
by the synergetic effect of both natural and synthetic antioxi-
dants and the higher phenolic contents of clove waste extract.
However, while synthetic antioxidants can still be used in
some cases, it is important to take measures to reduce the risk
of toxicity and ensure that they are properly incorporated into
the biodiesel fuel [89].

4.1.2. Natural Antioxidants. Natural antioxidants are com-
pounds that occur in nature and attempt to keep a product’s
conditions ideal for a longer period of time by delaying
oxidative degradation [90]. They are compounds that can
be purposefully added to biodiesel in order to alter their
physical chemical properties, especially in improving oxida-
tive stability, or to increase their suitability for the purpose
for which they were designed [91]. Some of the most popular
natural antioxidants include tocopherols [92], polyphenols
[93], ascorbates [94], tocotrienols [90], lignin [95], chloro-
phylls [96], and carotenoids [97]. Natural antioxidants

contain one or more unstable hydrogens (from OH groups)
that can react with peroxide radicals generated during the
oxidative degradation of free fatty acid methyl esters
(Figure 11) [98].

Some of these naturally occurring antioxidants, such as
sterols, tocopherols, and tocotrienols, are present in feedstock
for the production of biodiesel [99]. These antioxidants
remain in the biodiesel throughout the production process,
but during the distillation and purification processes, these
built-in antioxidants are destroyed, making the product more
vulnerable to oxidation. As a result, it shows that the addition
of additional antioxidants is necessary. Numerous studies have
demonstrated that when natural antioxidants are properly
extracted and added to biodiesel in the right proportions, they
outperform synthetic antioxidants. For example, Rodrigues
et al. [100] compared the performance of synthetic antioxi-
dants with that of natural turmeric ethanolic extract on the
oxidation stability of biodiesel. The study revealed that, when
compared to synthetic antioxidants, natural antioxidants
(ECE) had the best reaction in slowing the oxidation process
at a reaction temperature of 110°C, as seen in Table 7. The
higher performance was related to the presence of phenolic
compounds named curcuminoids, with a total phenolic con-
tent of 7.95mg EAG/g. Furthermore, Li et al. [101] made a
comparison between natural antioxidants produced from
rosemary and synthetic antioxidant TBHQ in soybean oils
used for deep-frying French fries. The results showed that
when compared to TBHQ in terms of oxidation characteris-
tics, rosmarinic acid (RA), rosemary extracts (RE), and carno-
sic acid (CA) were the three antioxidants that performed the
best in terms of quality and stability, as seen in Table 8. The
performance of natural antioxidants is attributed to their struc-
tures; for example, rosmarinic acid antioxidant is a phenolic
acid consisting of four phenolic hydroxyl groups. The phenolic
hydroxyl groups are the ones that determine the higher perfor-
mance of phenolic antioxidants [102]. Narayanasamy et al.
[103] evaluated the effect of star anise as a natural antioxidant
on the oxidation stability of lemongrass oil. The study revealed
that the addition of antioxidant increased the induction period
from 2.50 to 19.79h at 1500 ppm. Therefore, it was concluded
that the addition of natural antioxidant with higher phenolic
contents enhanced the storage stability of biodiesel and thereby
improving its market value.

All of those studies suggest that natural antioxidants may
be used instead of synthetic ones because they are effective
and can completely replace them. However, some concerns
with natural antioxidants are the sustainability of their
sources, extraction techniques, and the type of solvent that
will be utilized throughout the extraction process [104].
These factors, as well as others, have an impact on how well
natural antioxidants work. For example, the sustainability of
antioxidant sources can have a significant impact on the sus-
tainability of biodiesel in the market [84]. Consumers and
stakeholders are increasingly concerned about sustainability
and are willing to pay a premium for more sustainable prod-
ucts [105]. Therefore, using sustainable sources of antioxi-
dants can help biodiesel producers differentiate themselves
in the market, gain a competitive advantage, and meet the
growing demand for more sustainable products. However,
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TaBLE 5: Fatty acid profiles of the selected biodiesel’s feedstocks.

Type of fatty acids

Biodiesel’s feedstock C14:0 Cl60  Clel  CI80  Cl&1  Cl182  CI83  Total unsaturated (%) R

Jatropha seeds 0.0 14.22 1.01 8.39 44.59 31.42 0.0 77.02 [68]

Soy bean 0.0 11.00 0.70 4.10 22.00 53.90 7.60 87.60 [69]

Neem seeds 0.2-0.26 14.90 0.10 20.60 43.90 17.9 0.4 62.30 [70]

Cotton seeds 0.53 10.33 0.37 3.64 32.82 39.29 0.0 72.48 [71]

Pongamia 0.99 39.97 0.0 14.10 34.13 10.16 0.0 44.73 [72]

Rape seeds 0.0 4.90 0.0 2.10 73.30 14.20 0.0 87.50 [73]

g;‘r’;’g gi’legalo 0.0 5.70 0.0 3.90 1180 7160 6.90 90.30 [74]

Sunflower seeds 0.0 7.29 0.0 13.55 18.79 58.98 0.12 77.89 [72]

Lin seeds 0.0 4.40 0.30 3.80 20.70 15.90 54.60 91.50 [70]

Castor seeds 0.0 1.96 0.0 0.40 4.70 89.74 3.20 97.64 [75]

HO tive, underutilized plant species for the manufacture of nat-
ural antioxidants is thus unavoidable.
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FIGURE 7: Mesomeric resonance of phenoxy radicals from resveratrol
natural antioxidants.

natural antioxidant composition can change depending on a
number of variables, including plant species, growing condi-
tions, and harvest period.

4.1.3. Sources of Natural Antioxidants. In order to ensure
sustainability and lower production costs, choosing the right
feedstock is crucial when generating natural antioxidants for
biodiesel storage. Waste materials, weeds, and nonedible
sources can be used as antioxidant feedstock. Currently, veg-
etables [106], fruits [107], cereals [108], and beverages [109]
are among the edible feedstocks used to extract antioxidants.
However, the named sources of natural antioxidants that are
most frequently used are connected to immediate food
sources, raising the possibility of socioeconomic concerns
about food insecurity and contributing to the product’s
unsustainability [110]. The utilization of nonedible feedstock
such as weeds, agricultural wastes [111], and less competi-

reported in our previous work [88], will assure sustainability
and reduce the overall cost of manufacturing antioxidants
because they are less competitive with other social uses and
thus make it easier to commercialize biodiesel. Moreover, a
stable cropping system can be built with more possibilities
if today’s underutilized plants are used more widely [113].
This will also increase their tolerance to abiotic and biotic
stresses. Through their products and uses, these plants sig-
nificantly contribute to providing raw materials for second-
ary production, such as natural antioxidants [112].

Africa, for example, is plentiful in biodiversity resources,
which is not surprising given the continent’s tropical and
subtropical climates [114]. There are a huge number of phe-
nolic compounds that are naturally produced by plants, and
the abundance of the plants themselves can be a driving fac-
tor in utilizing these potential resources in different fields
like biofuel technology. Here, more emphasis is placed on
the utilization of underutilized plants and agricultural wastes
in biodiesel storage. A summary of some underutilized
African plants and their potential antioxidants can be found
in Table 9.

5. Underutilized Plants

The word “underutilized plant” has been used to describe
plant species that have potential but have gone out of favor
for a variety of reasons, along with other terms like
“orphan,” “minor,” “new plants,” and “neglected”[112].
These plants have been found to be high in polyphenols
and flavonoids, which may explain why many researchers
recommend investigating them [124, 125]. Moreover, they
have been shown to be a good source of natural antioxidants
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FIGURE 9: Some representatives of primary antioxidants.

for storage technologies such as food and biofuel [126].
Underutilized plants can also adapt to various environmen-
tal conditions, ranging from drought areas to wet land. This
ensures their sustainability and increases the likelihood that
they could be used as a sustainable source of natural antiox-
idants. Figures 1(b) and 2(b) show how interest in applying
underused plants has been growing. Moreover, as depicted
in Figure 3, utilization of underutilized plants has been
increasing; for example, there was an increase from 1.24%
in 2015 to 28.57% in 2022. The rise in demand rates demon-
strates the promise of these species. The high phenolic con-
tent of this plant species, which has been proven, will help
scavenge free radicals when applied as a stabilizing agent

in biodiesel. The following are examples of some underuti-
lized plant species that have the potential to be used as alter-
native sources of natural antioxidants in biodiesel.

5.1. Uapaca kirkiana (Wild Loquat). Uapaca kirkiana is an
underutilized indigenous fruit tree that is well adapted to
the Miombo ecological zone in sub-Saharan Africa [127].
Fruits from the tree have an oval form, are yellow-brown
in color, have a fleshy skin, and have luscious pulp inside,
as shown in Figure 12. The fruit is commonly called
“Mikusu” or “Makusu” in Swahili and Miguhu in Hehe.
The plant is abundantly available in Tanzania, Malawi,
Zimbabwe, Zambia, Angola, and Mozambique, as depicted
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TaBLE 6: Performance of natural antioxidants blended with synthetic antioxidants [88].

Source and type of antioxidants Concentration Phenolic contents (mg GAE/g) Induction period improvement (%)
Clove waste (eugenol) 1000 220.0+0.1 153

Babul barks (catechin) 800 48.0+0.2 236

Blends of clove with PY 800 — 398

Babul with pyrogallol 800 — 46 decreased

in Figure 13. This natural plant, like other species, has a wide
range of phytochemical and functional properties because of
variations in soil quality and environmental conditions [128].

For instance, Muchuweti et al. [128] analyzed the phe-
nolic compounds found in U. kirkiana of ripe and unripe
fruits; the results showed that both ripe and unripe fruit
contained amounts of tannins, including phenolic acids,
that could work as antioxidants for scavenging free radi-
cals that could degrade lipids or biodiesel, hence perform-
ing a protective role. Moreover, Ndhlala et al. [129]
investigated the antioxidant effects of four wild fruits,
including U. kirkiana, and the results showed that the
peels of U. kirkiana had higher DPPH radical-scavenging
effects, reducing power, and superoxide-scavenging effects.
The reason for the results is related to the presence of
higher total phenolic contents in the extract. Chawafam-
birra et al. [130] investigated the relationship between the
functional and chemical properties of U. kirkiana fruit pulp,
and the findings revealed that the fruit extract exhibits a
higher antioxidant activity as a result of the presence of a
higher phenolic content of 82.5 + 0.01 g GAE/g.

Unfortunately, despite prior efforts to describe applica-
bility, knowledge on the full utilization of the plant is still
insufficiently documented, particularly on its use as a source
of natural antioxidants for biofuel technology. Based on the
aforementioned findings, this plant’s extract can therefore be
employed as a source of natural antioxidants for biodiesel
storage technology.

5.2. Vitex doniana. Vitex doniana is a wild plant that
belongs to the family Lamiaceae, and there are about 250
species in this family [130, 131]. Fruit from the plant is
commonly called “mfudu” or “mfulu” in Swahili and Hehe
[132]. It is green when immature and purplish-black on
ripening, with a starchy black pulp, as seen in Figure 14.
Each fruit contains one hard conical seed, which is about
1.5-2.0cm long and 1-1.2cm wide. Among these wild
plant resources, Vitex doniana is an abundant and wide-
spread species in African countries, including West Afri-
can countries [133], East African countries [134], and
Central Africa [135]. In Tanzania, for example, it is abun-
dantly available in coastal regions, southern regions, and
northern regions [136].
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TasLe 7: Comparative and natural

antioxidants [100].

study of synthetic

Samples Induction period (hours)

110°C 115°C 120°C 125°C
BHA 6.44+0.01 5.02+0.06 3.32+0.01 2.28+0.01
BHT 3.12+0.05 2.20+0.01 1.54+0.03 0.96+0.02
PG 10.18 £0.04 7.60+0.03 4.84+0.03 3.26%0.02
ECE 109+0.03 7.54+0.01 4.14+0.01 2.88+0.01
Control  1.98+0.01 1.56+0.01 1.08+0.01 0.64+0.01

TaBLe 8: Comparison of natural antioxidants and synthetic
antioxidant TBHQ [101].

Antioxidants Induction period (hours)

Days of frying 0 1 2 3 4 5
Control 38 26 26 2.1 1.8 1.8
TBHQ 8.1 2.7 2.7 2.2 1.9 1.6
Carnosic acid (CA) 59 3.0 26 2.5 25 28

Rosmarinic acid (RA) 41 39 34 2.4 24 27
Rosemary extracts (RE) 3.8 31 26 215 20 1.9

The fruits are rich in phytochemicals, such as polyphe-
nols, making the extract of this underutilized plant work as
an antioxidant source in various storage technologies such
as food and biodiesel. For example, [136] investigated the
antioxidant activities of Vitex doniana fruits from coastal
forests in Tanzania. The finding showed that the antioxidant
activities in (mg GAE/g) of wild fruits Vitex doniana
from two coastal regions (Tanga and Coastal) determined
using diphenly-1-picrylhydrazyl (DPPH) ranged between
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71.0+£0.4 and 49.11+0.04 in fruit samples from Tanga
and 65.6+0.1 and 48.3+0.1 in fruit samples from Coast
region, as seen in Table 10. In addition, Traore et al. [137]
analyzed the phenolic contents and antioxidant activities of
Vitex doniana fruit pulp and peel. The results revealed the
presence of a higher amount of phenolic compounds in peel
than pulp, and peel extract also showed the strongest antioxi-
dant capacities, as seen in Table 11. Thus, the considerable
antioxidant activity depicted by V. doniana indicated its
potential as a source of natural antioxidants. However, despite
the potential of V. doniana extract to show higher antioxidant
activities, it is still not applied in practical applications such as
food storage or biofuel storage technology. Given their
abundance, underutilized status, lack of social or economic
conflicts, and most significantly, their abundance of phyto-
chemicals with antioxidant potential, they constitute a sustain-
able source.

5.3. Parinari curatellifolia. Parinari curatellifolia, which
belongs to the Magnoliopsida class and is in the family Chry-
sobalancaceae, is quite diverse in terms of size and shape,
growing from a small shrub up to 3 meters tall to a huge tree
up to 15-20 meters tall. It is an evergreen with spreading
pale-green foliage that forms a dense, mushroom-like crown
[137, 138]. The tree has a single bare stem with bark that is
deeply gray in color. P. curatellifolia produces an ovoid
drupe fruit that is initially russet-yellow to gray before
turning orange-yellow when ripe (Figure 15). It contains
an edible kernel and a pale yellow-to-reddish mealy pulp.
The plant flourishes in environments with annual mean
temperatures of 10 to 30°C and rainfall ranging from 100
to 2700 mm at altitudes of 0 to 1900 m. P. curatellifolia plant
parts are used in traditional medicine [139, 140].

One of the most potent and therapeutically effective bio-
active molecules found in this plant is the family of aromatic
hydroxylated compounds known as polyphenols, which
includes flavonoids [141]. Because of the presence of those
polyphenol compounds, P. curatellifolia seed extract has his-
torically been used as medication to treat a number of
degenerative diseases of the central nervous system [142].
Additionally, it has been demonstrated that the plant extract
has stronger antioxidant properties [143]. For example,
[114] studied the lipid composition and antioxidant proper-
ties of 12 underutilized wild plant seeds from Burundi,
including Parinari curatellifolia. Results showed that P. cur-
atellifolia has the highest total phenolic content and has sig-
nificant antioxidant activity. Based on the study results, it
was suggested that this extract be employed in a variety of
practical applications, including those that deal with food,
cosmetics, pharmaceuticals, and lipochemistry, as well as
other storage technologies like biodiesel storage.

5.4. Tamarindus indica L. (Tamarind). The tamarind
(Tamarindus indica L.), which naturally grows in many
tropical and subtropical locations, is a member of the Legu-
minosae family [144]. The plant is abundantly available in
African countries such as Tanzania, Sudan, Sierra Leone,
Ivory Coast, Liberia, Ghana, Kenya, Cameron, the Republic
of Congo, and others [145]. Its fruits are generally used as



14 International Journal of Energy Research

TaBLE 9: Some of underutilized plants of Africa.

Common

Name of plant (scientific name) name Bioactive compounds Ref.
Punica granatum L. Pomegranate Punicalagin, arﬁlgzgflglﬁi(zzgld;? ;efifazehfvg;;;?;n 3-glucosides [115]
Garcinia kola Bitter kola  Anthocyanins, flavonoids, glycosides, phenols, tannins, triterpenoids, and steroids [116]
Bixa orellena Achiote Phenols, flavonoids and tannins [117]
Uapaca kirkiana Wild loquat Tannins, flavonoids, and phenolic acid [118]
Vitex doniana Black plum Polyphenols, flavonoids, and anthocyanin [119]
Parinari curatellifolia B/PI)TEzlla Flavonoids, anthc;cg;e;;;r;sl,l iﬁ:;;zs; Izlig«;lr:;dcsl,mszgzgsmdes, glycosides, [120]
Capsicum annum Paprika Capsaicinoids, carotenoids, and phenolic compounds [121]
Allium sativum Ginger Phenolic compounds and thiosulfinate [122]
Nicotiana rustica Tobacco Flavonoid and phenolic compounds [123]
Tamarindus indica L. Tamarind Phenolic compounds and flavonoid [124]

s

Malawi
e T4
Atlantic Ocean

South Africa Indian Ocean

FiGgure 13: The wild loquat distribution in some African countries [130].

a seasoning, spice, and beverage for medicinal purposes  yielding trees since they can flourish in poor soils and
[146]. The fruit has a little curvature and is composed of semi-arid climates [148].

55% pulp, 34% seeds, 11% shell, and a pod of fiber [147], Traditionally, dried or boiled tamarind leaves and
as seen in Figure 16. Due to their ability to tolerate extended  flowers have been applied as poultices to boils, sprains, and
droughts, tamarind trees are excellent low-input, high-  inflamed joints. Moreover, they used to make extracts that
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FIGURE 14: Vitex doniana plant with ripe and unripe fruits.

TaBLE 10: The percentage antioxidant activity of V. doniana fruits
from Tanga and Coast forests of Tanzania [136].

Concentration (pg/ml) Antioxidant activity

Tanga Coastal
1000 71.01 £0.39 65.61 £ 0.05
500 65.43£0.04 55.34+0.25
250 61.10+0.01 54.27+£0.01
125 57.83£0.04 51.03£0.00
62.5 49.11 £0.04 48.27 £0.06

were used to treat a variety of conditions, including conjunc-
tivitis, jaundice, erysipelas, hemorrhoids, and dysentery
[148]. The phenolic antioxidants present in tamarind
(Tamarindus indica) seeds, such as epicatechin, 2-hydroxy-
3,4-dihydroxyacetophenone, methyl 3,4-dihydroxybenzoate,
and 3,4-dihydroxyphenyl acetate, are the reasons for the role
they play [149]. For example, according to Leng et al. [150],
dried tamarind leaves have a high antioxidant capacity, sug-
gesting that tamarind can provide a natural alternative sup-
ply of antioxidants. Not only the fresh parts of tamarind but
also the byproducts from tamarind processing have been
used to extract antioxidants [151]. For instance, Martins
et al. [152] highlighted the most important bioactive chemi-
cals linked to byproducts of the processing of tamarind and
identified that the primary types of compounds from tama-
rind byproducts are phenolic compounds, fatty acids, and
polysaccharides, which when extracted can be used as
beneficial products such as antioxidants. Mota et al. [153]
extracted phenolic compounds from tamarind seeds that
can be used as potential antioxidants as seen in Table 12.
The extract showed higher phenolic contents as well as anti-
oxidant activity when tested with stable radicals. Additional
information from Table 12 shows that different conditions,
such as temperature and extraction technique, can result in
variation of phenolic contents as well as antioxidant

activities, for example, the total phenolic contents for etha-
nol extract at 60°C were 305.1 + 2.9 whereas for an ethanol
extract with 50% ethanol/water at 60°C was 128.5 + 1.4. This
suggests that attention should be paid to extraction condi-
tions when extracting antioxidants.

In general, there are a few obstacles that need to be over-
come in order to fully utilize the potential of underutilized
plant resources and agricultural wastes with plentiful and
high-phenolic contents as sources of natural antioxidants.
These obstacles include limited knowledge and awareness.
There is often limited information accessible regarding their
safety characteristics and chemical composition. This lack of
knowledge and correct information makes it challenging to
identify and utilize these plants effectively. Moreover, under-
utilized plants can display significant variation in their anti-
oxidant compositions due to factors such as environmental
conditions, genetic diversity, and cultivation methods. It is
crucial to establish standardized cultivation and processing
approaches to ensure consistent antioxidant compositions
in the plant material.

6. Extraction of Natural Antioxidants

In order to extract bioactive substances from plants, a num-
ber of steps must first be taken, including sample prepara-
tion, extraction, purification, and quantification [154]. The
required plant parts must be dried in an oven or under the
sun to remove the moisture content [150]. To ensure effec-
tive extraction, the dried sample is milled, ground, and
sieved to the proper sizes [155]. The extract can be utilized
for quantification once the extraction is finished, and this
is the most effective stage in order to enhance the polyphe-
nol extraction and processing process. Moreover, this stage
determines the quality of the polyphenol content and its
antioxidant capacity.

Polyphenols, or antioxidants, are extracted from their
feedstock (plants) using a variety of methods, such as
mechanical agitation, maceration [146], and Soxhlet [156],
as well as more advanced ones like microwave-assisted
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TasLE 11: Total phenolic contents, total flavonoid contents, and antioxidant activities in Vitex doniana fruit pulp and peel [137].

Sample location TPPu(lip(mg GAE/100g Il))e\(/e\{) P"flll:p(mg QE/100 g D\P!\Q31 palp AAT (mg/ml) et

Ferke 227.5+3.35 225.8+5.89 79.43+1.13 103.9 £ 0.66 1.90+£0.27 0.91+0.09
Tiébissou 202.5+£4.19 383.0+£6.54 75.71£1.03 145.6 £1.03 2.13£0.18 0.53+£0.06
Yamoussoukro 259.8 £2.81 463.5£6.85 77.95+0.72 141.5 £ 0.66 1.94 £ 0.06 0.48+£0.01

FIGURE 16: Tamarindus indica L. plant and fruits.

TaBLE 12: Total phenolic contents and antioxidants activities of extract from tamarind seeds [153].

Method Extraction solvent Total (pnlllgn((})kcE;g)n tents (ym(gl")FI])EIi Crg) (ymo??}gi Crg)
Supercritical fluid extraction CO, (60°C) 1.6 £0.1 29+0.1 1.3+£0.1
Pressurized liquid extraction Ethanol (60°C) 305.1+2.9 1927 +13.6 2606 + 10.0
Pressurized liquid extraction 50% ethanol/water (60°C) 1285+ 1.4 1265 +39.1 1981 +£9.0

Soxhlet Hexane (69°C) 1.7+0.1 1.9+0.1 1.9+0.1
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TaBLE 13: Total phenolic contents and antioxidants activities of Citrus sinensis peels [161].

Extraction methods TPC (mg GAE/g DW)

DPPH (IC50, ml extract/l)

ORAC of extract (uM TE/g)

MAE 12.09 £ 0.06
UAE 10.35+£0.04
ASE 6.26 +0.23
CSE 10.21 £0.01

337.2+8.45 482.3£57.43
433.1+£7.62 456.9 £ 35.09
450.4£9.49 338.0 +23.15
358.5+5.15 523.0 +48.16

extraction (MAE) [157], ultrasound-assisted extraction
(UAE) [154], supercritical fluid extraction (SFE) [158], and
pressurized liquid extraction (PLE) [159]. Different scholars,
for instance [157], have highly recommended UAE for
extracting polyphenols from natural source matrices since
it offers significant advantages over other approaches,
including decreased energy usage. However, on the other
side, MAE and PLE have recommended a higher yield; nev-
ertheless, it uses more energy during the extraction process
with a risk of degrading labile components [160]. Addition-
ally, Nayak et al. [161] compared the recovery of polyphe-
nols from Citrus sinensis peels using accelerated-assisted
solvent extraction, ultrasound, and microwave. It was con-
cluded that MAE extracts had a higher yield, higher total
phenolic contents of 12.09+0.06 (mg GAE/g DW), and
higher total antioxidant activity than other extracts made
using different methods, as seen in Table 13. Lower ICs,
values for MAE extracts when compared to other extraction
techniques indicate that MAE extract has significantly
higher antioxidant activities and better scavenging of DPPH
radicals than UAE, CSE, and ASE methods of IC;, values
(437.5+1.30, 357.4+6.02, and 450.4 +4.48ml extract/L,
respectively).

It can be noted that the efficiency of each strategy is closely
correlated with the operating conditions, according to the
aforementioned rationale. Certain factors, including solvent
composition, solvent-to-solid ratio, extraction temperature
and time, stirring, contact surface area, and the properties of
the plant matrix, especially its water content, should receive
extra care [162]. For example, the total phenolic contents pro-
duced by various processes are shown in Table 14. The results
can be attributed to the techniques themselves as well as the
solvents employed. Thus, while planning for extracting natural
antioxidants, both the technique and other operational condi-
tions such as type of solvent, temperature, plant matrix, and
others should be taken into consideration. Apart from that,
Table 15 shows the advantages and disadvantages of each
technique and gives the way forward for researchers to select
the technique based on their preferences with consideration
of cost and availability. Based on the data in Tables 14 and
15, it can be suggested that the best strategies to take into
account for increased yield and quality are microwave-
assisted, ultrasound-assisted, and supercritical fluids. This is
due to the numerous benefits of those approaches, including
their excellent selectivity, quick and easy handling, higher
yield, and moderately low extraction times.

6.1. Screening Potential Solvents for Extraction of Natural
Antioxidants. The type of solvent to be employed is one of

the most important factors in the extraction of natural anti-
oxidants since it will determine the yield and purity of the
antioxidants, which in turn will have an impact on the anti-
oxidants’ activity [170]. Preferably, the solvent should be
highly selective toward the target compounds while elimi-
nating unwanted matrix constituents [172]. Preferably, the
solvent should be highly selective toward the target com-
pounds while eliminating unwanted matrix constituents
[173]. Moreover, other critical factors for solvent selection
are polarity, cost, and solvent toxicity.

For instance, Pinho et al. [166], by screening various sol-
vents, examined the capability to extract carotenoids while
also examining the temperature and time of extraction.
The study revealed that, based on the polarity of solvent
carotenoids, they can be classified into two groups: nonpolar
carotenes and polar carotenoids. Mixed solvents (ethanol:
hexane) and (ethanol: ethyl acetate) yielded higher total
carotenoid contents than did ethanol, hexane, and ethyl
acetate solvents when used alone. It is possible that the
mixture of nonpolar solvents like hexane with polar solvents
like ethanol contributed to the improved solubility of beta-
carotene [174]. Additionally, [175] reported that the extrac-
tion yield increases with an increase in solvent polarity
which has a direct connection to the “like dissolves like”
principle. Further studies reported that a binary solvent
works better for phenolic extraction than a mono-solvent
[175, 176]. This demonstrates that, in addition to polarity,
a number of other solvent properties, including molecular
surface area, molecular size or volume, hydrogen bonding
strength, and polarizability, are related to solubility either
directly or indirectly.

7. Previous Works on Performance of Natural
Antioxidants on Oxidation
Stability of Biodiesel

Several studies have investigated the use of natural antioxi-
dants to improve the oxidation stability of biodiesel [155,
177]. These antioxidants are derived from natural sources,
such as plants and agricultural wastes, and are added to bio-
diesel to prevent oxidation and increase its shelf life, as seen
in Table 16. Studies have shown that different types of natu-
ral antioxidants, such as tocopherols [178], phenols [83],
and flavonoids [179], can be effective in improving the oxi-
dation stability of biodiesel. The effectiveness of these anti-
oxidants may depend on various factors, such as the type
and concentration of the antioxidant, as well as the type of
feedstock used to produce the biodiesel. For instance, [45]
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TaBLE 14: Various methods for synthesis of natural antioxidants.

Total phenolic contents

Source of antioxidants Synthesis method Solvent used (mg GAE/100 g) Ref.
Clove waste A steam distillation at high Ethyl acetate 220.0+0.1 [88]
temperature
Clove buds Steam-distilled at under Dichloromethane 2.75+£0.57 [163]
reduced pressure
Vegetables Solvent extraction under 70% (v/v) ethanol 7167 +73 [164]
room temperature
Babul Barks Soxhlets extraction Methanol in water (80:20) 48.0+0.2 [88]
Stem and fruits of clove Solvent extraction under Acetone 50% 240.7 [165]
room temperature
Guarana (Paullinia Ultra sonlcat.lon, f(.)llowed by Hexane, ethanol, and ethyl acetate 65.9 + 0.4 [166]
cupana) byproduct centrifugation
Bravo de Esmolfe’ apple MAE Mixture of ethanol and water (50:50, v : v) 4.44+0.32 [167]
Bravo de Esmolfe’ apple UAE Mixture of ethanol and water (50:50, v : v) 2.82+0.21 [167]
Osmanthus fragrans MAE Deep eutectic S(.)lvents, cho.hne .chlorlde, 155.05 to 238.09 [168]
(Lour) flower oxalic acid, and lactic acid
Spinach UAE Ethanol and HCl 3100 + 100 [159]
TaBLE 15: Advantages and disadvantages of antioxidants extraction techniques with some of their characteristics.
Name of . Extraction .
technique Advantage (s) Disadvantage (s) time Driving force Ref.
Moderate use of solvent, fast and  Risk of explosion (solvent used must have
MlFrowave easy to ha.ndle. the ablpty absorb n?lcrowave.power). 3-30 min Microwave power  [159]
assisted Higher yield. Expensive and requires filtration step.
Lower extraction times. Energy consuming.
Easy to handle and safe: Possibilities of degradation of compounds at
It runs under atmospheric . .
Ultrasound  pressure and room temperature high frequencies.
. . ’ Required filtration step. 10-60min  Acoustic cavitation  [169]
assisted Moderate solvent is used . . .
. Low yield compared to Microwave-assisted
reproducible.
Lo method.
Lower extraction times.
- High selectivity Combined
Supercritical . ; o . . .
fluids No filtering required. There are many parameters to be optimize. 10-60 min supercritical fluid and [170]
Fast and safe. pressure
Exposure risk to organic vapors.
- . It can result into degradation of thermos-
Soxhle‘g No sophisticated equipment labile compounds. 6-24h Heat [171]
extraction used. . .
Time consuming.
Leaving trace amounts of solvents.
Exposure risk to organic vapors.
It can result into degradation of thermos-
. . . labile compounds.
M.ech_amcal No sophisticated equipment Risk of spills. 24-76h Depends on solvent [161]
agitation used. contact

Compounds require filtration process.
Time consuming.
Increased consumption of energy.

analyzed the value of potato peel extract as a natural
antioxidant on the stability of biodiesel oxidation. The
study evaluated the effectiveness of natural antioxidants
in varying concentrations and compared them with syn-
thetic antioxidants. The results showed that, with varying
concentrations of potato peel extracts (from 100ppm to

250 ppm), the induction period of biodiesel increased
from 5.95h to 7.02h, which was higher than that of syn-
thetic antioxidants (TBHQ). The higher performance of
potato peel was attributed to higher total phenolic con-
tents and a higher number of hydroxyl groups in the
phenolic antioxidants.
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TaBLE 16: Performance of natural antioxidants from underutilized plants and agricultural wastes on oxidation stability of biodiesel.

Performance test

Source of natural TPC D(.)ml.nant on biodiesel .
o antioxidants . . . Observations Ref.
antioxidants (mg GAE/100 g) induction period
compound (h)
Antioxidant production from clove wastes is a simple
Clove 220.0+0.1 Eugenol 2.41-6.1 and inexpensive process. Clove waste antioxidants ~ [88]
show promise as biodiesel oxidation stability boosters.
Due to the presence of many hydroxyl groups in
Babul barks 48.0+ 0.2 Catechin 2 41-8.1 catechin structure, the most prevalept ploactlve [88]
component, pure natural Babul antioxidants at
800 ppm increased a longer induction period.
The methanolic Larrea tridentata extract
Caffeic acid, demonstrated a higher antioxidant activity, improves
Larrea tridentate 211.2+0.39 epicatechin, 1.25—-32.27 the oxidative stability of biodiesel, and has [181]
and catechin demonstrated efficacy as an alternative to synthetic
antioxidants.
Potato peel extract can improve biodiesel’s oxidation
N stability just as effectively as a synthetic antioxidant
Potato peels Gallic acid 2.95=7.02 TBHQ, and it can thus take the role of synthetic [45]
antioxidants.
The induction time of the biodiesel produced
increased at a minimum concentration of 100 ppm of
Thuja oreantalis L. 69.44 a-cedrol 6.79—11.04 thuja extract, meeting both the European (ENE14214) [182]
and American standards for biodiesel oxidation
stability (ASTM D-6751).
Thyme o Thymol 8.00=10.75 Thyme oil is a trad.ltlon extract tha.t is m@gler to use [183]
and less expensive than synthetic antioxidants.
As long as they can be effectively extracted and
Waste grape seeds . Catechin 0.18—9.81 solubilized, natur.al a.nt10x1dants. fqund in .grapeseed [184]
could play a significant role in improving the
oxidative stability of the biodiesel.
Increased induction period is due to the presence of
- 5.76 £0.11
Barley waste a-tocopherol higher amount of phenolic antioxidants in the extract [185]
The high concentration of phenolic compounds of
. . Catechin and 74.9 mgGAE/g with excellent antiradical activity
Passion fruit seed 749 epicatechin 6.00-108 against the model radical DPPH are the reason for the [186]
increased induction period.
Annona muricata The soursop peel can be used as a source of an
L. (soursop fruit 49.08 Terpenoid 10.30 £ 0.36 antioxidant for biodiesel because of the protective  [187]

peels)

effect demonstrated against biodiesel degeneration.

TasBLE 17: Effect of natural antioxidants of biodiesel storage (Jatropha biodiesel-lemongrass oil binary blend) [190].

Source of antioxidants

Total phenol content (mg GAE/100 g)

Scavenging effect (%) Induction period from 2.06 (h)

Sesame 97.37
Horse gram 39.99
Sweet basil 35.07
Coffee 30.15
Peas 25.25

76 9.92
86.51 8.10
75.28 7.74
74.15 7.10
70.78 4.10

Moreover, some studies have also explored the use of

a combination of different

natural antioxidants

to

improve the oxidation stability of biodiesel [179, 180].
For example, Buosi et al. [155] evaluated the performance
of combined natural antioxidants in comparison to syn-

thetic ones. The results showed that the best formulation
to prevent the oxidative process in biodiesel B100 was
that containing 50.00% of rosemary, 12.50% of oregano,
and 37.50% of basil extract. The resultant mixture of
antioxidants with higher phenolic contents and a larger
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number of hydroxyl groups is responsible for the better
performance.

7.1. Effect of Natural Antioxidants on Biodiesel Storage. As
previously stated, biodiesel is susceptible to oxidation when
exposed to factors that trigger oxidation reactions, such as
light, temperature, humidity, and impurities. As a result,
biodiesel can degrade while being stored, resulting in the for-
mation of unwanted byproducts that can harm engines and
reduce fuel efficiency [188]. Antioxidants are commonly
added to biodiesel to prevent oxidation and increase its shelf
life. Research has shown that the addition of natural antiox-
idants to biodiesel can significantly increase its induction
period and improve its storage characteristics [189]. For
example, the induction period of the Jatropha biodiesel-
lemongrass oil binary blend was increased by adding antiox-
idants extracted from peas, coffee, sweet basil, horse gram,
and sesame to 4.10, 7.10, 7.74, 8.10, and 9.92h, respectively,
in comparison to the binary blend without antioxidants, in
which the induction period was only 2.06h, as shown in
Table 17 [190]. The higher phenolic contents of sesame were
the reason for higher induction period.

On the other hand, during long storage, the physical
chemical parameters such as the acid number, peroxide
value, and viscosity tend to increase significantly due to oxi-
dation [35]. The addition of antioxidants has been reported
to reduce the acid number, peroxide value, and viscosity by
quenching the free radicals formed during biodiesel’s oxida-
tion [39]. Tables 18(a)-18(c) show the changes in physical
and chemical parameters with the addition of antioxidants.
For example, the peroxide value in Table 18(a) decreased
with the addition of leaf extract due to the presence of caro-
tene antioxidants. The drop in peroxide values demonstrates
that the addition of antioxidants slows down the oxidation
of biodiesel during storage by scavenging the free radicals
and hence inhibiting the production of peroxides. Moreover,
the degradation of biodiesel results in the formation of
short-chain products, such as aldehydes, ketones, and
organic acids, or polymeric products, which result in
increased acid value [191]. Table 18(b) shows the increase
in acid values of biodiesel upon storage for a long time; how-
ever, the addition of antioxidants has reduced the acid value,
which is explained by a decrease in the production of acid as
a secondary oxidation product.

Additionally, another crucial physical and chemical
parameter of the biodiesel used in compression ignition
engines is viscosity [192]. The chemical composition of bio-
diesel, which is a complex mixture of many fatty esters with
varied chain lengths and degrees of saturation, affects its vis-
cosity [193]. The viscosity of the biodiesel increases due to
the production of free fatty acids, isomerization at the
double bond positions, often from cis to trans, and the
formation of products with a larger molecular weight
[194]. The addition of antioxidants leads to a reduction
in viscosity because antioxidants inhibit the autooxidation
of biodiesel, which is the primary source of free fatty
acids, and other products with a higher molecular weight.
Table 18(c) shows the decrease in viscosity upon the addi-
tion of antioxidants.

International Journal of Energy Research

TaBLE 18: (a) Changes in peroxide value (PV) of biodiesel doped
with antioxidants [189]. (b) Changes of acid values (AV) of
biodiesel doped with antioxidants [189]. (c) Changes in viscosity
of biodiesel doped with antioxidants [189].

(a)

PV after adding 20 ml

Storage days of leaf extract (mEq/kg)

PV (mEq/kg)

0 6 2
15 10 4
30 14 6.5
45 18 9
60 20 11
75 20 13
90 17.5 15

(b)

AV after adding 20 ml

Storage days of leaf extract

AV (mg KOH/g)

0 0.06 0.04
15 0.08 0.05
30 0.13 0.05
45 0.17 0.05
60 0.21 0.07
75 0.25 0.15
90 0.31 0.21
(©)

Viscosity with 20 ml

Storage days leaf extract

Viscosity of B20 (cSt)

0 3.20 3.17
15 321 3.16
30 3.25 3.16
45 3.31 3.18
60 3.39 3.21
75 3.50 3.30
90 3.6 3.39

7.2. Analytical Methods Utilized to Monitor/Analyze the
Oxidation of Biodiesel. Monitoring the oxidation of biodiesel
during storage is essential for maintaining fuel quality, com-
plying with regulations, ensuring safety, and advancing
research in the field [195]. For example, in the safety aspect,
oxidation of biodiesel can also lead to the formation of
byproducts such as peroxides and other reactive compounds
that can pose a safety risk [196]. Therefore, by monitoring
the oxidation, one can detect the formation of these com-
pounds and take appropriate measures to ensure safe han-
dling and storage of the fuel [197]. There are several
analytical methods that can be utilized to monitor and ana-
lyze the oxidation of biodiesel, as tabulated in Table 19.
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TABLE 19: Analytical methods utilized to monitor/analyze the oxidation of biodiesel.
SIN Methods Analyzed parameters and remarks Ref.
Oxidation stability (induction period)
1 Rancimat Only the highly volatile oxidation products are detected through a combination of [198]
distillation and conductivity which might provide an incomplete analysis of the oxidation
stability of the sample
Oxidation stability (induction period)
2 PetroOXY Includes all volatile and nonvolatile oxidation products (82]
3 Ultraviolet spectrophotometry Monitoring of peroxide value and acid value [199]
4 Nuclear maenetic resonance It can analyze the signal intensities of the olefinic, bis-allylic, and allylic protons of the [200]
& chemical bonds and saturated acyl group proportions and classify some oxidation products
5 Vibrational techniques Monitoring oxidative stability index, acid number, and water content [201]
6 Fluorescence spectroscopy Can predict the biodiesel oxidation stability [202]
. The method can be used to monitor changes in the color and absorbance of the sample,
7 UV-visible spectroscopy which can be indicative of the degree of oxidation [203]
3 GC-MS Monitoring oxidation products, for example, hlgher and lower molecular weight products [204]
such as polymeric products
9 Fourier-transform infrared Monitoring the degradation process of biodiesel associated with structural and [203]
spectroscopy (FTIR) compositional changes
10 Viscometer Can monitor the changes of viscosity of the biodiesel [205]

8. Technoeconomic and Environmental
Aspects of Using Natural Antioxidants for
Improving Biodiesel Stability

To improve the stability of biodiesel, various methods can be
applied including the use of natural antioxidants. This approach
has both technoeconomic and environmental benefits.

8.1. Technoeconomic aspect. Technoeconomic aspects of
using natural antioxidants include feedstock costs and pro-
duction costs. Feedstocks for natural antioxidant production
are often agricultural waste or plants, which are generally
cheaper and more abundant than the raw materials used to
produce synthetic antioxidants [89]. Additionally, natural
antioxidants are often cheaper than synthetic antioxidants
in terms of production cost, and natural antioxidants can
often be produced using simpler and more cost-effective
production processes than synthetic antioxidants [206]. For
instance, the extraction of antioxidants from plant sources
can be a relatively simple process compared to the complex
and costly synthesis of synthetic antioxidants, making even
the total production cost of biodiesel cheaper [207].

8.2. Environmental Aspects. When biodiesel is burned in
engines, the byproducts produced during the process of oxi-
dation can cause undesirable emissions to be released into
the atmosphere and contribute to air pollution [208]. There-
fore, the addition of natural antioxidants reduces the forma-
tion of harmful compounds during oxidation, which leads to
a reduction in emissions and improved air quality [209].
Moreover, natural antioxidants are often derived from
renewable sources, making them a more sustainable option
than synthetic antioxidants. Biodegradability is another ben-
efit of using natural antioxidants as compared to synthetic
ones. This is because natural antioxidants break down natu-

rally in the environment and do not contribute to pollu-
tion [210].

9. Practical Implication and Limitation of
the Study

9.1. Practical Implication. Natural antioxidants can improve
the stability of biodiesel by reducing oxidation reactions that
can lead to the formation of harmful byproducts. This can
help ensure that biodiesel maintains its quality over time
and reduces the need for additional stabilizers [16]. Biodiesel
with antioxidants may have reduced emissions compared to
conventional diesel due to the lower levels of oxidation and
the resulting decrease in particulate matter [211]. Using
underutilized plants and agricultural wastes as sources of
natural antioxidants for biodiesel production can promote
sustainable production practices, reduce waste, and provide
economic benefits to farmers and communities [212]. More-
over, using natural antioxidants from underutilized plants
and agricultural wastes can reduce costs associated with
the production of biodiesel, as these sources are often readily
available and low cost.

9.2. Limitation of the Study. While natural antioxidants have
the potential to be effective in stabilizing biodiesel, there are
several limitations and challenges associated, including the
composition of natural antioxidants can vary depending on
various factors, such as plant species, growing conditions,
and harvest time [213]. This can result in inconsistent per-
formance of the antioxidants in biodiesel stabilization.
Moreover, some natural antioxidants may not be stable at
high temperatures, which can limit their effectiveness in bio-
diesel stabilization. This is particularly problematic during
the production and storage of biodiesel, where high temper-
atures can be present. Some natural antioxidants may have
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negative impacts on engine performance, such as reduced
fuel efficiency and increased emissions. Apart from that,
the use of natural antioxidants in biodiesel may be subject
to regulatory restrictions, which could limit their use or
make their use more complicated and costly.

10. Future Perspectives

While there are challenges associated with utilizing underu-
tilized plant resources and agricultural waste as sources of
natural antioxidants like the quantity and quality that vary
depending on factors such as crop yield, seasonal variations,
and harvesting practices, the future scope is promising when
the following is attained. For successful utilization of under-
utilized plants, the sustainable cultivation and processing
should be developed. Developing sustainable cultivation
practices for underutilized plants can promote their avail-
ability and minimize environmental impact. Furthermore,
optimizing processing techniques can help preserve and
maximize the antioxidant contents of these feedstocks, lead-
ing to improved utilization. The use of natural antioxidants
for improving the stability of biodiesel has promising future
perspectives, including the development of new sources,
combination with other stabilizers, commercialization,
application of nanotechnology, and standardization of test-
ing methods. These future perspectives will contribute to
the wider adoption of natural antioxidants in biodiesel stabi-
lization and promote the use of sustainable and renewable
energy sources.

11. Conclusions

The potential of natural antioxidants with high phenolic
content from underutilized plant resources and agricultural
wastes as additives for improving the stability of biodiesel
was reviewed. Underutilized plant resources and agricultural
wastes are potential sources of natural antioxidants because
they are locally available, making them sustainable and eco-
friendly sources. Moreover, because of their higher phenolic
contents, they have been proven to have higher antioxidant
activities for scavenging free radicles. It has been reported
that the use of natural antioxidants has been increasing from
1.24% in 2015 to 28.57% in 2022 for underutilized plant and
from 7.21% in 2015 to 18.69% in 2022 for agricultural waste.
Therefore, more research is needed. Additionally, the poten-
tiality of phenolic antioxidants present in underutilized
plants and agricultural wastes lies on its ability to chelate
metal jons and break oxidation chain reactions, thereby pre-
venting the degradation of biodiesel.

12. Recommendations

The following are our recommendations based on the cited
literatures that need further research:

(1) To explore and realize the full potential of agricul-
tural waste as a source of natural antioxidants,
research and development efforts must continue.
Optimizing extraction procedures, finding fresh
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sources of agricultural waste and underutilized
plants with high antioxidant content, and research-
ing the synergistic effects of mixing antioxidants
from various waste sources are some of the things
that are to be covered

(2) More study is needed to determine the shelf life of
natural antioxidants, including how long they may
be stored and under what media and environmental
circumstances that they will not degrade

(3) To tackle the challenge of biodiesel oxidation, several
upgrading/removing oxygen processes can be used.
These processes include hydrotreating, fractionation,
and catalytic hydrodeoxygenation

(4) The use of nanotechnology to encapsulate the anti-
oxidants in nanoparticles to enhance their stability
and solubility in biodiesel should also be studied.

(5) The study of predictive modeling and optimization
for the determination of the optimum concentration
or quantity of antioxidants to be added to biodiesel
for effective performance while maintaining the
quality of biodiesel should be done
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