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Preface

As the global community grapples with the urgent need for sustainable energy sources and

environmental conservation, the pivotal role of bioenergy production and biomass waste reutilization

has come to the forefront of scientific inquiry and technological innovation. This Special Issue

collection, “Advances in Sustainable Bioenergy Production and Biomass Waste Reutilization”, seeks

to illuminate the cutting-edge research and transformative developments in these critical fields.

The quest for sustainable energy solutions has never been more imperative, given the escalating

challenges posed by climate change, dwindling fossil fuel reserves, and the environmental impact

of conventional energy sources. Bioenergy, derived from renewable biological resources, emerges as

a promising alternative, offering the potential to mitigate greenhouse gas emissions and contribute to

a more sustainable and resilient energy landscape.

This collection assembles a diverse array of contributions from esteemed researchers, scientists,

and engineers who have dedicated their expertise to addressing the multifaceted aspects of

sustainable bioenergy production. From advancements in biomass feedstock selection and cultivation

to breakthroughs in conversion technologies, the papers within this collection span the entire

bioenergy production chain. Equally significant is the focus on biomass waste reutilization,

as sustainable practices demand not only efficient energy production but also the responsible

management of byproducts.

The interdisciplinary nature of the research presented in this Issue reflects the collaborative

efforts required to address the complex challenges associated with sustainable bioenergy.

Contributions encompass fields such as biology, chemistry, engineering, agronomy, and

environmental science, demonstrating the interconnectedness of diverse disciplines in achieving

comprehensive and viable solutions. As we embark on this journey through the pages of “Advances

in Sustainable Bioenergy Production and Biomass Waste Reutilization”, it is our hope that the insights

and discoveries shared herein will inspire further research, innovation, and policy developments. By

disseminating knowledge and fostering dialogue, this collection aims to contribute significantly to the

ongoing global efforts towards a more sustainable, resilient, and environmentally conscious energy

future.

We extend our gratitude to the dedicated researchers who have contributed their work to

this collection, as well as to the readers who share our commitment to advancing the frontiers of

sustainable bioenergy production and biomass waste reutilization.

May this compilation serve as a catalyst for positive change and propel us towards a future where

bioenergy plays a pivotal role in meeting our energy needs while preserving the delicate balance of

our planet’s ecosystems.

Steven Lim, Shuit Siew Hoong, Pang Yean Ling, and Santi Chuetor

Editors
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Abstract: This study explores the pyrolysis of disposable face masks to produce chemicals suitable
for use as fuel, addressing the environmental concern posed by single-use face masks. Co-pyrolysis
of biomass with face mask plastic waste offers a promising solution. The research focuses on the
co-pyrolysis of biomass and face masks, aiming to characterise the properties for analysis and optimi-
sation. Selected agricultural biomass and face mask plastic waste were subjected to temperatures
from 250 ◦C to 400 ◦C for co-pyrolysis. Slow pyrolysis was chosen because face masks cannot be
converted into useful bioproducts at temperatures exceeding 400 ◦C. The samples were tested in four
different ratios and the study was conducted under inert conditions to ensure analysis accuracy and
reliability. The results indicate that face masks exhibit a remarkable calorific value of 9310 kcal/kg.
Face masks show a two-fold increase in calorific value compared with biomass alone. Additionally,
the low moisture content of face masks (0.10%) reduces the heating value needed to remove mois-
ture, enhancing their combustion efficiency. This study demonstrates the potential of co-pyrolysis
with face masks as a means of generating valuable chemicals for fuel production, contributing to
environmental sustainability.

Keywords: pyrolysis; face mask; biomass; sustainability; EFB

1. Introduction

The World Health Organisation declared a pandemic in March 2020 in response to the
global outbreak of COVID-19 [1]. This outbreak has led to the loss of millions of lives and
directly impacted over 180 million individuals worldwide [2]. In quick response to this
crisis, many nations mandated the use of personal protective equipment, particularly face
masks [3–5]. With an estimated global production of over 120 billion face masks in 2020,
these masks became critical tools for controlling the spread of the disease [6].

Since the onset of the COVID-19 outbreak, the disposal of these face masks has become
an ongoing issue, from waste management to recycling challenges. In a local context,
Malaysia often resorts to incineration and landfilling for waste disposal. Compounding
the problem, no proper guidelines are set for the disposal of used face masks, leading to
a surge in mismanaged face mask waste and raising genuine environmental concerns [7].
Regarding biomass waste, Malaysia is blessed with agricultural abundance, making the
utilisation of waste from the agricultural industry, such as empty fruit bunch (EFB) and rice
husk, a common approach for energy production. Biomass encompasses the by-products of
crop cultivation and farming, including stems, husks, barks, grains, and leaves, which are
typically overlooked. This biomass serves as a unique feedstock rich in carbon that can be
repeatedly used without contributing to increased carbon dioxide emissions, thus aiding in
climate protection. Converting biomass into useful materials, through heat and chemical
reactions, plays a dual role by creating materials for renewable energy and promoting clean
energy production [8].
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Biochar is the solid product resulting from pyrolysis. It has a structure with hollow
spaces between the particles and contains a considerable amount of carbon [9]. Biochar
serves various purposes, such as extracting pollutants from water solutions [9,10], im-
proving and healing soil [11], and crafting bio-based composites [9,12], among other uses.
Therefore, the potential of biochar depends on the characteristics of the materials or feed-
stocks used [13]. Numerous studies have consistently shown that specific organic materials,
such as EFBs, rice husks, and leaves, can substantially increase the carbon content and
provide a substantial calorific value [14]. Commonly used agricultural biomass for biochar
or bio-oil production include EFB, rice straw, rice husk and food waste [2,9,10]. These
chosen agricultural biomass sources offer great potential due to their composition and
organic content. However, information and data on the synergy between face masks and
agricultural waste are lacking, which this study seeks to explore.

The most commonly used face masks, such as three-ply disposable face masks, are
composed of mixtures of metallic compounds and various polymer types, including poly-
acrylonitrile, polycarbonate, polyurethane, polyester, polystyrene, polyethylene, and pri-
marily polypropylene [15–17]. Disposable face masks have now become a major source
of microplastic waste generation, potentially causing harmful effects [18,19]. Therefore,
proper disposal of these masks must be ensured, as they may pose a major waste issue,
especially for marine life [8,20]. This research aims to address this growing waste issue
by repurposing both biomass and face mask waste for energy production. This approach
can reduce the carbon footprint and help manage greenhouse gas emissions. It not only
improves waste management but also contributes to renewable energy generation, pro-
moting a more sustainable environment. This approach offers a promising solution to
waste management challenges whilst simultaneously reducing greenhouse gas emissions
in Malaysia.

The incineration of waste is a major source of greenhouse gas emissions, as it often
releases carbon dioxide and other harmful pollutants into the atmosphere [21]. Addition-
ally, improper disposal of used face masks can contribute to pollution and worsen the
environmental waste problem. Co-pyrolysis aims to reduce greenhouse gas emissions
whilst repurposing waste materials through the co-pyrolysis of biomass and face masks.
This process can result in the production of biochar, a solid substance rich in carbon, which
can be used as a solid fuel, contributing to more environmentally friendly and sustainable
energy production. The carbon stored in biochar can help mitigate carbon emissions, and
has the potential to increase char production during combustion due to alterations in the
organic material’s composition and subsequent energy release. In essence, these specific
organic sources have proven effective in enhancing char production through combustion
thanks to their unique characteristics, including their considerable carbon content and
moderate calorific value.

Furthermore, biochar produces fewer emissions when used as a solid fuel compared
with conventional fossil fuels, resulting in an overall reduction in the carbon footprint. In
addition to contributing to proper waste management, this process also mitigates green-
house gas emissions into the environment by using the potential of waste materials to
create a valuable resource. This research direction aligns with Malaysia’s efforts to reduce
carbon emissions and achieve numerous environmental goals. The concurrent treatment of
waste management and greenhouse gas emissions through the co-pyrolysis of face masks
and biomass offers a more sustainable approach to addressing these issues in Malaysia. It
represents a step towards developing an energy- and environmentally friendly solution
that supports the nation’s sustainability initiatives and reduces its carbon impact.

This novel approach not only holds the potential to enhance waste management prac-
tices but could also bolster the generation of renewable energy. The concept of sustainability,
achieved through the conversion of waste into energy, provides a promising solution for a
nation dealing with persistent waste management challenges, encompassing both medical
and municipal waste. Furthermore, research on the combination of biomass is lacking,
especially regarding rice husk and EFB, combined with disposable face masks using the

2
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co-pyrolysis method to produce solid fuel for energy production. Studies have explored
the option of converting disposable face masks into biochar through pyrolysis [21–23].
However, unlike previous research, this study suggests innovative ways to manage medical
waste by combining used face masks with biomass to create biochar and bio-oil.

A low-temperature reactor with a retort heating system was used for the slow co-
pyrolysis to extract energy from the waste. The choice of slow pyrolysis is due to its low
rate of heating and low heating temperature. A determined maximum temperature of
400 ◦C with a heating rate of 5 ◦C and a nitrogen flowrate of 2 L/min makes slow pyrolysis
suitable for the type of feedstocks being used. The small size of face mask particles at
0.5 mm makes slow pyrolysis the preferred method, as the heat capacity of ground face
masks at slow pyrolysis settings helps extract more bio-products, leaving a substantial
amount of biochar and bio-oil from the various feedstocks used. The ratio of feedstocks is
also a crucial factor, as this greatly influences the quality and yield of the biochar due to the
synergistic effects each feedstock can contribute [24]. These criteria are essential to carefully
determine to ensure the optimum temperature, heating rate, and ratio are established.

In summary, this study explores the conversion of disposable face masks into biochar
through slow pyrolysis, which was chosen for its efficiency in extracting a better yield
of biochar and bio-oil. The selection of feedstocks and their ratios plays a critical role in
determining the biochar yield. The products from the co-pyrolysis undergo comprehensive
analysis to identify the most promising sample for further optimisation.

2. Selection of Feedstock Samples

The recycling of face masks poses a significant challenge, primarily due to the risk of
potential COVID-19 infections associated with their intricate structure. Improper disposal of
used masks is a common occurrence, exacerbated by the large quantity of waste generated,
which places additional stress on waste management systems [25]. This issue is even more
critical in developing nations, where waste management often receives minimal attention,
leading to uncontrolled disposal of face masks into aquatic environments, drainage systems,
and soil. Reports suggest that improper handling of solid waste, including face masks, can
increase the risk of COVID-19 transmission [26].

Directly incinerating masks is considered an easier disposal method as it effectively
eliminates germs through high-temperature combustion [27]. However, this approach
comes with numerous environmental challenges, including toxic gas emissions and air
pollution [9]. Hence, it is essential to develop an innovative method to address this
escalating waste problem. Thermochemical conversion is a highly promising approach for
breaking down and transforming disposable masks effectively [28].

To achieve successful waste conversion, specific optimal temperatures are required.
Combining face masks with other materials for co-pyrolysis offers the advantage of obtain-
ing bio-products at much lower temperatures [29]. Among various source materials, the
combination of face masks with biomass for conversion is viewed as a productive way to
create more valuable end products [30]. Agricultural waste is often chosen for pyrolysis
experiments due to its abundance. The high production of palm oil leads to substantial
EFB waste [31], and such valuable products should not go to waste. This applies for rice
husk and leaves as well. Although leaves can naturally decompose, optimising them as a
valuable resource is a more sustainable approach due to their rich content.

Table 1 presents various feedstocks commonly used for pyrolysis within the biomass
group, including those considered for this research. Sugarcane, wood chips, wheat straw,
and bamboo [32–35] are compared to the feedstocks selected for this study, taking into
account their calorific value and carbon content. In the case of face masks, their high
calorific value may be attributed to the presence of several polymer materials. However,
owing to the waste management challenges associated with face masks, they were chosen
as a feedstock for this research.

3
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Table 1. Feedstock Comparison.

Feedstocks Calorific Value (kcal/kg) Carbon Content (%)

Face Mask 9310 73.8
EFB 4113 43.3

Rice Husk 3411 35.8
Leaves 2955 31.8

Sugarcane 1969 58.28
Woodchip 3629 53.3

Wheat Straw 1808 46.2
Bamboo Leaves 4732 46.98

As for EFB and rice husk, these two materials are readily available in Malaysia, where
the project is based, making them suitable choices. Malaysia is one of the largest producers
of palm oil and rice, ensuring easy accessibility and abundance of these feedstocks. Leaves,
on the other hand, are a common agricultural waste readily available worldwide. Despite
their lower calorific value compared with face masks, EFB, wood chips, and bamboo, the
choice is motivated by waste management issues. Selecting leaves aims to highlight their
potential as an energy source due to their widespread availability and slow degradation.
Bamboo is a high-calorific biomass source rich in carbon, but its limited abundance and
waste management challenges, particularly in Malaysia, make it a less suitable choice.
Wood chips have alternative applications, such as furniture production (e.g., plywood
or pellets), which is why they are not the focus here. Environmental concerns, including
deforestation for wood production, further discourage the use of wood chips. Throughout
this project, substantial consideration is given to both environmental issues and economic
aspects to guide the research effectively.

2.1. Feedstocks

Feedstocks are chosen in this study for several reasons. Considering environmental
and economic factors, the selection is based on high availability and energy content.

2.1.1. Face Masks

Face masks have become a major waste issue during the COVID-19 outbreak. Even
before the pandemic, disposable face masks were among the most highly accumulated
medical waste. Recycling medical waste requires an efficient disposal method, and thermal
transformation processes are the most effective approach after considering the potential
constraints [36]. Co-pyrolysis offers a potential solution for the proper disposal of used
face masks, preventing them from ending up in landfills or being improperly discarded. By
converting face mask waste into valuable products through co-pyrolysis, environmental
impacts can be minimised, promoting sustainable waste management practices.

The uniqueness of face masks lies in the composition of the materials. They are
mostly made up of several plastics, such as polypropylene, often with fillers like polyester,
polyurethane, polyamide, polyethylene, polystyrene, polyacrylonitrile, polycarbonate, and
viscose fibre, with polypropylene having a high carbon content [37]. Referring to Table 1,
their high carbon and calorific value make face masks a suitable feedstock. The calorific
value can be converted into energy. With low moisture and oxygen content, face masks
require much less heat energy for the combustion process, making them an attractive option.

Although processing face masks can be complicated, the initiative to use face masks
is necessary due to the high waste volume despite COVID-19 being less prevalent nowa-
days [37]. Face masks still constitute a large portion of medical waste, and co-pyrolysis
of face masks can lead to the recovery of valuable resources such as biochar, bio-oil, and
bio-gas. These resources can be utilised for various purposes, including soil improvement,
renewable energy generation, and biofuel or biochemical production.
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2.1.2. Empty Fruit Bunch

Malaysia is a major producer of palm oil, and as a by-product of the palm oil industry,
EFB is readily available in copious quantities. The abundance of EFB makes it a convenient
and cost-effective feedstock for co-pyrolysis processes in the country. EFB has a high-energy
content due to its lignocellulosic composition [38]. As such, it is a favourable biomass
feedstock for co-pyrolysis, as it can contribute to the production of biochar, bio-oil, and
syngas with significant energy potential. The utilisation of EFB in co-pyrolysis processes
aligns with Malaysia’s objective of producing more renewable energy sources and reducing
its dependence on fossil fuels.

2.1.3. Rice Husk

Malaysia is a major producer of rice, and as a result, rice husk is available in massive
quantities as an agricultural residue. This abundant supply makes rice husk a viable and
cost-effective feedstock for co-pyrolysis processes in the country. Rice husk has a high
silica content, which makes it a suitable candidate for co-pyrolysis [39]. The presence of
silica acts as a catalyst or support material during the pyrolysis process, enhancing the
production of valuable products such as biochar and bio-oil. Additionally, rice husk has
a high calorific value, making it a desirable biomass feedstock for energy production in
co-pyrolysis applications.

2.1.4. Leaves

Leaves are readily available in Malaysia, particularly in tropical regions with dense
vegetation. As a common organic waste material, leaves can be easily collected, making
them a convenient and accessible feedstock for co-pyrolysis processes. Leaves also pose
a major waste management challenge when not properly disposed of. The challenges of
using leaves are commonly due to their state of accumulating dirt and having to undergo
thorough cleaning and grinding. The advantage of using leaves as feedstock is that they
have high carbon and calorific value, which may contribute to potential energy [40]. Co-
pyrolysis offers a sustainable solution by converting leaves into valuable by-products such
as biochar, bio-oil, and bio-gas. This process not only reduces the environmental burden
of leaf waste but also promotes resource recovery and contributes to sustainable waste
management practices in Malaysia [9].

3. Slow Co-Pyrolysis as a Medium for Energy Production from Disposal of Face Masks
and Agricultural Waste

Pyrolysis entails the controlled heating of biomass feedstocks, such as wood, agricul-
tural residues, or energy crops, in an oxygen-free environment, resulting in the production
of biochar, bio-oil, and syngas. Numerous research findings consistently demonstrate the
effectiveness of biochar as a soil amendment. Its porous structure enhances soil fertility by
improving water retention, reducing nutrient leaching, and promoting microbial activity.
Additionally, the carbon sequestration potential of biochar contributes to long-term climate
change mitigation [41].

The selection of these feedstocks for slow co-pyrolysis primarily stems from their
compatibility with lower heating rates and temperature ranges. It was observed that
subjecting the samples to higher temperatures above 450 ◦C [1] tends to result in ash
formation. Therefore, slow pyrolysis is the most suitable method for processing these
feedstock samples. This study focuses on biochar; therefore, maintaining the slow co-
pyrolysis setting is desirable, as it enhances both the quantity and quality of biochar
production whilst also yielding a significant amount of bio-oil [42]. The slow co-pyrolysis
settings employed in this research are as follows: a maximum temperature of 400 ◦C, a
heating rate of 5 ◦C per minute, and a nitrogen flowrate of 2 L/min. The average sample
volume is 10–11 g and is manually mixed inside the crucible. The sieve size during grinding
is set at 0.50 mm and the predetermined residence time is 30 min after reaching the target
temperature. Residence time is crucial for stabilising the char [43]. After numerous tests, a
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residence time of 30 min was found to be optimal, as extending it beyond this time leads to
the conversion of char into ashes.

Within the framework of co-pyrolysis, biochar is the solid, carbon-rich material pro-
duced when agricultural waste and used face masks are heated together in a low-oxygen
atmosphere. This co-pyrolysis addresses two critical issues: maximising the utilisation
of agricultural biomass waste and managing the increasing use of face masks due to the
COVID-19 pandemic. In the context of the specific feedstocks used in this study, the
primary emphasis is placed on the production of biochar. This choice is supported by
strong evidence indicating that during slow pyrolysis, the production of char significantly
surpasses that of bio-oil and bio-gas in terms of quantity. Additionally, biochar maintains a
notable calorific value post-combustion, making it an attractive and sustainable resource
for various energy applications.

The aim of co-pyrolysing these feedstocks is to produce biochar, a carbon-rich com-
pound with potential uses in improving soil quality and sequestering carbon for use as
a solid fuel. Biochar is a sustainable choice, as it repurposes waste materials to create a
valuable end product that addresses various environmental and agricultural challenges.
Biochar offers remarkable potential as a solid fuel due to its high-energy content, sustain-
ability, and positive environmental impact. It efficiently generates heat for cooking and
heating whilst also storing carbon, making it a carbon-negative option. Biochar combustion
results in fewer emissions [44], making it an environmentally friendly choice. This versatile
solid fuel can be used in various devices, and its local sourcing reduces transportation
costs. Furthermore, the residual ash from biochar combustion enhances soil quality and
agricultural output. Although the adoption of biochar as a solid fuel may vary, it aligns
with environmentally friendly and sustainable energy practices.

The potential of bio-oil as a renewable fuel source is already well known and com-
mon in the industry. Its high energy density makes it suitable for heating and electricity
generation, offering a sustainable alternative to conventional fossil fuels [45]. Moreover,
the further refining of bio-oil will allow for the production of biofuels and biochemicals,
addressing the need for cleaner and more sustainable alternatives. Bio-oil from the pyrol-
ysis of various plastic waste, such as polyethylene or polypropylene, is reported to have
calorific values of between 43% and 53%, respectively, whereas face masks, known for their
higher calorific value, yield between 43% and 80% of bio-oil [46].

Bio-gas, a valuable by-product of pyrolysis, has been extensively studied for its
versatility as a fuel source. It has shown promise in power generation through combustion
in gas turbines or internal combustion engines. Additionally, bio-gas serves as a valuable
feedstock for chemical synthesis, enabling the production of a diverse range of chemicals
and fuels. The yield and compound identification in the sample are influenced by the
heating temperature, heating rate, and mixture ratio [47]. However, co-pyrolysis produces
fewer nitrogen oxides and sulphur oxides due to the inert environment in which the
process takes place. This results in better quality and yield in the solid biochar and bio-oil
processes [48].

The chosen method for slow co-pyrolysis involves the utilisation of the Carbolite
Gero TG2 12/125/425, produced by Carbolite (Hope Valley, UK), which is a horizontal
tube furnace, as depicted in Figure 1. This specific apparatus is selected due to its ability
to operate over a broad temperature range, extending from as low as 30 ◦C to as high
as 1200 ◦C [49]. This wide temperature range enables the execution of numerous tests
aimed at determining the optimal temperature for feedstock combustion. The sample is
placed within the horizontal tube, and the combustion testing is carried out according
to predetermined settings. Upon completion of the testing, the apparatus is allowed to
cool down until it reaches a temperature below 100 ◦C, at which point the biochar can
be manually collected directly from the crucible. Subsequently, the biochar undergoes
proximate and TGA analysis as a second step to ascertain the char yield, facilitating a
comparison with raw samples. This comparative analysis is of paramount importance in
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the research, aiming to identify the most promising sample among the feedstocks and the
ideal ratio with the highest char yield.
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4. Design of Experiment

Figure 2 illustrates the methodology designed for this experiment. The process begins
with the preparation of feedstocks, which involves blending biomass and face masks within
a reactor. The feedstocks are subjected to grinding using a 0.5 mm sieve, and the average
sample mass used for testing falls within the range of 10–11 g. Following this, the mixture
is heated under an inert atmosphere within a temperature range of 250–400 ◦C [50]. The
sample ratios are categorised as 25%, 50%, and 75% of face mask to 75%, 50% and 25%
of biomass, as well as an exclusive 100% of all three types of biomass and 100% face
mask [24]. The heating rate is set at 5 ◦C/min, with a constant nitrogen flow of 2 L/min
to maintain an inert condition within the combustion chamber [51]. A dwelling duration
of 30 min is observed after reaching the target temperature, as experiments have shown
that a dwelling duration exceeding 30 min may result in the conversion of biochar into
ash. The residence time plays a critical role as it aids in completing and further enhancing
co-pyrolysis combustion [43].

The experimental properties are determined based on references from various re-
search studies [24] and numerous trial-and-error runs conducted to identify the optimum
temperature and heating rate for each sample. The processed samples remain within the
chamber until they attain the appropriate operating temperature before they are collected
and processed. This approach mitigates the risk of sudden temperature drops within the
combustion tube. The co-pyrolysis experiments entail variations in the process parameters,
including temperature, heating rate, and residence time, aimed at determining the optimal
conditions for the thermal degradation of the feedstocks.

The subsequent steps involve subjecting the by-products to characterisation. The
biochar produced in the experiments undergoes proximate and TGA analysis to determine
the calorific value and yield of the samples. Characterisation also encompasses the analysis
of the composition, heating value, viscosity, and density of the bio-oil. The experimental
data are subject to statistical analysis to identify one final potential sample. When no
significant improvements are noted in the yield, a re-evaluation of the parameters and
a round of optimisation become necessary. In summary, the methodology for studying
the co-pyrolysis of biomass with face mask waste entails a combination of experimental,
analytical, and statistical techniques to optimise process parameters, evaluate product
quality and yield, and assess the environmental and economic implications of the process.
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5. Results
5.1. Ultimate and Proximate Analysis

Ultimate and proximate analysis are two crucial methods employed to characterise
the composition of co-pyrolysis products. Ultimate analysis entails the determination of
the elemental composition of the co-pyrolysis products, typically achieved through the
combustion of a sample followed by a measurement of the resulting gases. This process
furnishes information concerning the quantities of carbon, hydrogen, nitrogen, sulphur, and
oxygen within the products. Proximate analysis provides data on moisture, ash, volatile

8
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matter, and fixed carbon in a material. These data are instrumental in evaluating the energy
content and potential applications of co-pyrolysis products. Face mask analysis adheres
to the ASTM E872-82 [52] and E1755-01 [53] standards [51]. For EFB, the ASTM E 1756-
01 [54] standard is utilised [55]. In the case of rice husk and leaves, ASTM-D7582-15 [56]
is used [57,58]. Table 2 presents the comprehensive results of the ultimate and proximate
analysis conducted to ascertain the precise elemental content within the feedstocks.

Table 2. Ultimate, proximate analysis and calorific value results.

Analysis Face Masks EFB Rice Husk Leaves

Moisture Content (%) 0.10 11.9 11.7 31.7
Ash Content (%) 8.62 1.36 16.3 12.0

Volatile Matter (%) 91.3 72.2 58.0 45.7
Fixed Carbon (%) <0.1 14.4 13.9 10.6

Carbon (%) 73.8 43.3 35.8 31.8
Hydrogen (%) 11.8 5.98 5.33 6.35
Nitrogen (%) 0.23 0.60 0.60 0.72
Oxygen (%) 14.2 50.1 58.2 61.0
Sulphur (%) <0.01 0.03 0.05 0.21

Gross Calorific Value
(kcal/kg) 9310 4113 3411 2955

5.1.1. Moisture Content

The moisture content of the sample is a crucial factor significantly influencing the
material’s strength properties. A low moisture content facilitates thorough combustion
by reducing energy consumption during the combustion process and often lowering the
heating rate during pyrolysis [59]. This absorbed moisture plays a role in creating binding
forces between the particles by occupying available spaces between the biomass particles.
Figure 3 illustrates that leaves have the highest moisture content at 31.7%, whereas EFB and
rice husk have moisture contents of 11.9% and 11.7%, respectively, owing to their origins
as agricultural residues. Face masks, due to their component materials, are expected to
exhibit the lowest moisture content. Although the initial moisture content of the biomass
particles was maintained at an optimised level, the samples remained prone to absorbing
moisture during feedstock preparation.
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Figure 3. Moisture content.

5.1.2. Volatile Matter

Face masks contain synthetic materials that are highly flammable, enabling them to
release numerous gases when subjected to heat. As depicted in Figure 4, face masks exhibit
a volatile matter content of 91.3%. EFB demonstrates a substantial amount at 72.2%, whereas

9
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rice husk possesses 58%, and leaves contain 45.7% of combustible materials, rendering them
suitable for applications such as biomass combustion or bioenergy production. Volatile
matter refers to the flammable substances within a material that can transform into gases
when exposed to heat. This percentage indicates how much of a material’s weight will
transition into gas during heating [60,61]. Materials with higher volatile matter content
hold greater energy potential and can serve as valuable sources of renewable energy,
whereas those with lower volatile matter content may find diverse uses, such as composting
or mulching.
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5.1.3. Ash Content

Ash content, the least desirable by-product arising from combustion, represents a
non-combustible residue left behind after the combustion process. This residue, known as
ash, comprises inorganic elements such as phosphorus, silicon, calcium, potassium, and
chlorine [61]. After burning the face masks, approximately 8.62% of their weight remains
as inorganic ash. This higher percentage may be attributed to the presence of additives
or synthetic materials in the masks. EFB leaves behind only 1.36% ash after combustion,
indicating a lower quantity of inorganic residue. This characteristic makes it suitable for
biomass energy production, as it leads to cleaner combustion. Rice husk exhibits an ash
content of 16.3%, whereas leaves exhibit 12.0% ash after combustion.

5.1.4. Fixed Carbon

For fixed carbon, face masks contain an insignificant amount of solid carbon (<0.1%),
as they are primarily composed of non-carbon materials such as synthetic polymers. EFB
contains a considerable portion of solid carbon (14.4%), whereas rice husk also contains a
significant amount of solid carbon (13.9%). Leaves exhibit a fixed carbon content of 10.6%.
Fixed carbon content is a critical factor in evaluating the energy potential and applicability
of these materials in different industries. Fixed carbon refers to the stable carbonaceous
material remaining within a substance after the removal of volatile matter and ash during
combustion [62]. It represents the carbon component that remains in solid form during
heating. Higher fixed carbon content indicates better energy yields during combustion
or conversion processes, whereas lower levels may lead to alternative uses, such as in
agriculture or composting.

5.2. Ultimate Analysis

Figure 5 shows that face masks possess a high carbon content of 73.8%. This ob-
servation suggests that a significant proportion of the mask’s weight comprises carbon,
commonly found in synthetic materials like polypropylene or polyethylene. EFB contains a
carbon content of 43.3%, whereas rice husk contains 35.8% carbon, with leaves exhibiting
the lowest carbon content of 31.8%. Carbon content is a critical factor for assessing energy
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potential. Materials with higher carbon content typically yield more energy during com-
bustion [21]. The hydrogen, nitrogen, and sulphur content in these samples is relatively
low. The low hydrogen content implies that the samples produce less heat energy, but this
can be balanced with oxygen levels [23].
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Figure 5. Carbon, Oxygen, and Hydrogen.

Materials with low nitrogen and sulphur content have only minimal amounts of these
elements, which is advantageous for energy production as it reduces harmful emissions
and environmental impacts. Concerning oxygen levels, face masks exhibit the lowest
value at 14.2%, whereas EFB has a high oxygen content of 50.1%, followed by rice husk
at 58.2%, and leaves at 61.0%. The higher oxygen content in the biomass samples may
be attributed to their origin from agricultural residue, which often contains cellulose and
hemicellulose. Having high oxygen content in biomass materials is beneficial, as it leads to
clean combustion and reduces harmful emissions like carbon monoxide and soot [63].

5.3. Calorific Value

Calorific value, also known as the heating value, denotes the amount of heat energy
released when a specific quantity of a substance undergoes complete combustion. It is
measured in kcal/kg and plays an important role in evaluating the energy content of
unconventional materials. As indicated in Figure 6, face masks exhibit a high calorific value
of 9310 kcal/kg, indicating a substantial energy content, making them a potentially valuable
energy source. EFB demonstrates a moderate calorific value of 4113 kcal/kg, rendering
it a suitable option for energy generation, especially given its abundant availability as a
by-product of the palm oil industry.

The calorific value of rice husk is 3411 kcal/kg, whereas leaves have a calorific value
of 2955 kcal/kg, offering a reasonable energy content and making them a practical choice
as a renewable energy source through combustion or gasification techniques. Higher
calorific values in materials render them more favourable for energy production, as they
provide greater heat energy per unit [62]. This knowledge facilitates the optimised selection
and utilisation of materials for specific energy applications, promoting efficient resource
management. A higher calorific value results in a stronger energy release during combus-
tion [63]. For example, the face mask boasts the highest calorific value at 9310 kcal/kg,
surpassing EFB, rice husk, and leaves, thereby potentially offering the most significant
energy output.
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5.4. Biochar Yield Results

Biochar yield, which is the amount of biochar produced through the pyrolysis process,
is a critical parameter often associated with the carbonisation of organic materials. Biochar
production is usually quantified in terms of weight or volume. Factors such as the type of
biomass used, pyrolysis conditions, and the equipment employed can influence the actual
quantity generated. Analysing biochar yield is pivotal for assessing the effectiveness and
success of biochar production. Biochar yield is computed using the formula:

Biochar yield (%) =

[
Weight of biochar

Weight of total feedstocks

]
× 100

Table 3 presents the results of biochar yield from samples subjected to co-pyrolysis.
The outcome for leaves with a face mask biochar is noteworthy, indicating the potential
effectiveness of the co-pyrolysis method in achieving a substantial biochar yield. The
absence of results for EFB with a face mask and rice husk with a face mask is a matter for
future research. Table 3 underscores how well the process transforms the starting materials
into biochar, demonstrating its practical and efficient use in biomass.

Table 3. Biochar yield results.

Feedstocks Biochar Yield (%)

Face Mask 27.08 [64]
EFB 34.27 [65]

EFB + Face Mask -
Rice Husk 33.07 [66]

Rice Husk + Face Mask -
Leaves 32.87 [9]

Leaves + Face Mask 40.20 [9]

Table 4 outlines the roadmap for the future phases of this study, delineating the
anticipated outcomes. These projections are based on insights from prior research in the
field, supported by logical analytical calculations and sound assumptions. The expected
values were derived from the lowest and highest yield results obtained from various
research efforts. This table serves as a guide for the upcoming work, providing direction
towards an in-depth understanding of the subject matter.
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Table 4. Expected biochar yield results.

Feedstocks Biochar Yield (%)

Face Mask 25–35
EFB 28–38

Rice Husk 30–43
Leaves 28–38

Leaves + Face Mask 30–45

6. Conclusions

The results were meticulously examined, and a comprehensive evaluation of the se-
lected samples for both biomass and plastic materials was conducted. This study primarily
focused on the comparison of feedstock samples for the production of biochar through
the co-pyrolysis process, both individually and in combination. The paper draws upon
existing research and proposes an alternative approach to generate solid fuel for energy
from waste management processes. Given the considerable amount of agricultural waste
globally, co-pyrolysis holds significant potential for further development and could make a
substantial impact in addressing the issue of environmental waste pollution.

The findings have unveiled the elemental composition of certain samples in terms
of percentage, assisting in determining the most suitable composition for use in the co-
pyrolysis process. Regarding ultimate carbon analysis, face masks exhibit over 70% carbon
content when compared with EFB. Notably, face masks also boast a calorific value exceeding
126% when compared with the second highest, which was EFB. The pivotal benchmark
here is the calorific value, as face masks display a calorific value twice as high as other
feedstocks. This implies that face mask raw samples can potentially contribute more energy
during combustion and may result in a higher energy content in biochar, a crucial factor for
achieving an enhanced biochar yield.

In addition to their low moisture content, face masks offer significant potential as a
feedstock for energy compared with other feedstocks. With the right ratios of feedstocks
and heating rates, they ensure a higher yield of char. Furthermore, the synergy achieved by
combining these two distinct materials may lead to an improved quality and yield of oil
and char. The biochar yield results demonstrate that the hybrid biochar of leaves with a
face mask exhibits a higher yield at 40.20% compared with the second-highest yield of EFB
at 34.27%. This finding underscores the potential for an enhanced biochar yield through
the synergy of combining face masks with agricultural waste. However, much research
needs to be conducted because of the lack of results for rice husk with a face mask and EFB
with a face mask.

Currently, scientific laboratories worldwide are actively engaged in developing inno-
vative technologies and conducting studies to further enhance the quality of bio-products.
This paper also discusses pilot-scale studies previously reported in the academic literature,
emphasising the need for additional research to achieve the best results and optimal out-
comes. There is a crucial need to delve deeper into the dynamics of the reactions, as they
play a pivotal role in obtaining the desired output and ensuring the efficient operation of
the co-pyrolysis process.
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33. Pedišius, N.; Praspaliauskas, M.; Pedišius, J.; Dzenajavičienė, E.F. Analysis of Wood Chip Characteristics for Energy Production

in Lithuania. Energies 2021, 14, 3931. [CrossRef]
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Management towards Energy Recovery during the COVID-19 Pandemic: The Example of Protective Face Mask Pyrolysis. Energies
2022, 15, 2629. [CrossRef]

37. De-La-Torre, G.E.; Aragaw, T.A. What we need to know about PPE associated with the COVID-19 pandemic in the marine
environment. Mar. Pollut. Bull. 2021, 163, 111879. [CrossRef] [PubMed]

38. Wee, M.; Jie, X. The Potentials of Co-Pyrolysis of Empty Fruit Bunch (EFB) and Disposable Face Mask Wastes. 2022. Available
online: https://www.icheme.org/media/18941/2021-research-melvin-wee-xin-jie.pdf (accessed on 26 August 2023).

39. Tt, A.K.; Mech, N.; Ramesh, S.; Gandhimathi, R. Evaluation of composite briquettes from dry leaves in energy applications for
agrarian communities in India. J. Clean. Prod. 2022, 350, 131312. [CrossRef]

40. Kumar, M.; Upadhyay, S.N.; Mishra, P.K. Pyrolysis of Sugarcane (Saccharum officinarum L.) Leaves and Characterization of
Products. ACS Omega 2022, 7, 28052–28064. [CrossRef]

41. Collard, F.-X.; Blin, J. A review on pyrolysis of biomass constituents: Mechanisms and composition of the products obtained from
the conversion of cellulose, hemicelluloses and lignin. Renew. Sustain. Energy Rev. 2014, 38, 594–608. [CrossRef]

42. Tan, H.; Lee, C.T.; Ong, P.Y.; Wong, K.Y.; Bong, C.P.C.; Li, C.; Gao, Y. Pyrolysis and Fast Pyrolysis on The Quality of Lignocel-
lulosic and Lignin-Based Biochar A Review on The Comparison Between Slow Pyrolysis and Fast Pyrolysis on the Quality of
Lignocellulosic and Lignin- Based Biochar. In IOP Conference Series: Materials Science and Engineering; IOP Publishing: Bristol,
UK, 2021. [CrossRef]

43. Sun, J.; He, F.; Pan, Y.; Zhang, Z. Effects of pyrolysis temperature and residence time on physicochemical properties of different
biochar types. Acta Agric. Scand. Sect. B Soil Plant Sci. 2017, 67, 12–22. [CrossRef]

44. Srivatsav, P.; Bhargav, B.S.; Shanmugasundaram, V.; Arun, J.; Gopinath, K.P.; Bhatnagar, A. Biochar as an Eco-Friendly and
Economical Adsorbent for the Removal of Colorants (Dyes) from Aqueous Environment: A Review. Water 2020, 12, 3561.
[CrossRef]

45. Diao, R.; Wang, C.; Luo, Z.; Zhu, X. The valorization of co-pyrolysis bio-oil derived from bio-oil distillation residue and walnut
shell via coupling fractional condensation and lyophilization. J. Clean. Prod. 2021, 294, 126263. [CrossRef]

46. Luo, Z.; Zhu, X.; Deng, J.; Gong, K.; Zhu, X. High-value utilization of mask and heavy fraction of bio-oil: From hazardous waste
to biochar, bio-oil, and graphene films. J. Hazard. Mater. 2021, 420, 126570. [CrossRef]

47. Özsin, G.; Pütün, A.E. Insights into pyrolysis and co-pyrolysis of biomass and polystyrene: Thermochemical behaviors, kinetics
and evolved gas analysis. Energy Convers. Manag. 2017, 149, 675–685. [CrossRef]

48. Jouhara, H.; Ahmad, D.; van den Boogaert, I.; Katsou, E.; Simons, S.; Spencer, N. Pyrolysis of domestic based feedstock at
temperatures up to 300 ◦C. Therm. Sci. Eng. Prog. 2018, 5, 117–143. [CrossRef]

49. Carbolite Gero. C. Tg2 12/125/425. Operation Manual; Carbolite Gero Ltd.: Hope Valley, UK, 2021; 74p.
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Abstract: Heavy metal pollution due to industrialization can threaten the surrounding environment
and living organisms. Phytoremediation is a green technique that uses hyperaccumulator plants to
eliminate or decrease heavy metals in polluted water bodies. The aim of this study was to investigate
the changes in morphology of Pistia stratiotes (water lettuce) and Eichhornia crassipes (water hyacinth)
before and after phytoremediation of zinc (Zn) by using scanning electron microscopy (SEM), electron
dispersive X-ray spectroscopy (EDX) and Fourier transform infrared spectroscopy (FTIR). The SEM
images showed the formation of small granular aggregates on the surfaces of the leaf and root. EDX
results confirmed the uptake of Zn metal, especially in the plant roots. The FTIR spectra showed
the Zn metal binding with several characteristic functional groups (O-H, C-H and C=O bonds).
Different parameters were also studied to optimize the Zn uptake rate. Water lettuce achieved 80.1%
phytoremediation of Zn after 5 days at optimum conditions (10 ppm of Zn, 6 ppm of sodium chloride
and natural solution pH). Meanwhile, water hyacinth reached up to 88% when increasing the sodium
chloride up to 9 ppm. In conclusion, Zn phytoremediation using both plants can be a potential
remediation method for improving the quality of water.

Keywords: phytoremediation; zinc; water lettuce; water hyacinth; characteristics; parameter studies

1. Introduction

Environmental pollution is slowly escalating to become a worldwide threat which
requires proper mitigation and prevention. To date, fast-paced industrialization and ur-
banization have contributed to the pollution of water, forcing around 40% of the global
population to face water scarcity [1]. According to the United States Environmental Protec-
tion Agency [2], metals or metalloids with a density of 5 g/cm3 and above are classified as
heavy metals, which includes aluminum (Al), arsenic (As), cadmium (Cd), chromium (Cr),
copper (Cu), lead (Pb), selenium (Se), mercury (Hg) and zinc (Zn). These heavy metals
are capable of leaching into drinking water from household plumbing pipelines, natural
mineral deposits, municipal waste disposal facilities and industrial activities which include
mining operations, electronic manufacturing, petroleum refineries and the pharmaceutical
industry. Once the polluted water is consumed by humans, even at a low concentration,
the health problems imposed will be fatal. For instance, Al can cause neurotoxic effects, Pb
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can cause impaired mental and physical development among children, Cr can potentially
damage the liver and cause vomiting, while Cd can be carcinogenic and cause multiple
diseases such as endocrine disruption and osteoporosis [3].

Environmental monitoring agencies in various countries have developed approved
limits for the heavy metal levels in consumable water in lieu of their detrimental effects on
the surrounding environment [4]. In general, industrial wastewater treatment technologies
can be divided into physical, chemical, physiochemical and biological methods, each with
their own pros and cons [1]. Physical treatment methods include membrane filtration,
screening and sedimentation and are generally cheaper and easier to operate but have a low
treatment efficiency. Chemical methods such as chemical precipitation, ion exchange and
solvent extraction can be metal-selective with a high treatment capacity but suffer from high
maintenance cost and the production of unwanted sludge. Meanwhile, physiochemical
methods include electrodialysis, coagulation and flocculation, as well as photocatalysis;
they can also be metal-selective and highly efficient, but the drawbacks are the relatively
expensive operation cost and that it is labor-intensive [1,5,6].

As a green alternative, biological treatment, which can extract harmful heavy metals
in a more eco-friendly manner, is strongly recommended by researchers [4]. In this con-
text, carrying out phytoremediation of heavy-metals-polluted water by using green plants
has become one of the research hotspots in the area of green remediation technology [7].
Phytoremediation is a technique that directly use various types of plants to adsorb/absorb,
accumulate or detoxify, reduce harmful effects and minimize heavy metal contamination
in any water sources or soils through biological, chemical and physical processes. It is a
cost-effective, long-term sustainable method that is less destructive to the surrounding
environment and highly suitable for under-developed and developing countries [8]. This
process uses green plants known as hyperaccumulator plants to remove heavy metal pollu-
tants from the polluted environment through different techniques such as phytovolatiliza-
tion, rhizofiltration, phytostabilization and phytoextraction [4]. Phytovolatilization refers
to the conversion of toxic metals into less harmful volatile forms before their release into
the atmosphere via the foliage system. On the other hand, rhizofiltration involves the
removal of pollutants from contaminated water through processes such as adsorption onto
roots or absorption by roots. Phytostabilization aims to immobilize heavy metals, reducing
their bioavailability within the food chain. Meanwhile, phytoextraction entails the uptake,
translocation and accumulation of contaminants in the aerial parts of plants [9]. According
to An et al. [9], a hyperaccumulator plant is a plant species which can accumulate significant
levels of heavy metals within their aerial parts without exhibiting phytotoxic symptoms.
In contrast to non-hyperaccumulator plants, hyperaccumulator plants can bioaccumulate
up to 100 times the amount of heavy metals under similar conditions. In recent years,
studies have shown that the research focus has been slowly shifting from the discovery of
hyperaccumulator plant species to the internal growth and metabolisms of the plants. This
is because a research focus on uncovering the underlaying characteristics of the plants can
help us understand and maximize the efficacy of phytoremediation as a solid and greener
choice among all the conventional wastewater treatment methods.

However, in order for the phytoremediation process to be as efficient as possible,
the selection of suitable plant species is imperative. Favorable characteristics of suitable
phytoremediation plants include having a high biomass yield, the ability to absorb and
tolerate copious amounts of heavy metals during its life cycle by transporting the absorbed
heavy metals to the aerial parts of the plant and a fast growth rate [4]. Apart from fa-
vorable characteristics for phytoremediation purposes, external factors such as climate,
temperature, pH, light irradiation, salinity and nutrient availability can also influence the
growth of plants and phytoremediation performance. Pistia stratiotes (water lettuce) and
Eichhornia crassipes (water hyacinth) are two of the most common hydrophytes used for
the phytoremediation treatment of heavy-metals-laden wastewater due to their widely
spread habitat, ease of maintenance and economical nature. Water lettuce, also known as
water cabbage or shellflower, belongs to the Araceae and is mostly found in lakes, ponds
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and streams. It has a rapid growth rate and is also capable of surviving under high metal
stress by accumulating metals in its roots and leaves, making it suitable for phytoextraction
purpose [10]. Meanwhile, water hyacinth is closely related to the Liliaceae and can be easily
found in large quantities throughout the year due to its inundation. The root of water
hyacinth is unique in that it can accumulate and extract large amounts of heavy metals such
as Cd, Cu, Pb, Zn and Hg. Similar to water lettuce, water hyacinth is highly recommended
for the phytoremediation treatment of industrial effluent containing heavy metals due to its
high biomass production rate and tolerance towards extreme surrounding environments, as
well as its high metal uptake rate [11]. Water lettuce and water hyacinth were chosen for the
Zn phytoremediation study due to their high growth rate, short growth cycles, low energy
demands and high availability in Malaysia. To date, reports on the change in the surface
characteristics of these two plants before and after performing phytoremediation when
treating Zn-containing wastewater is rarely found in the literature. Although work with a
similar idea has been conducted by Zheng et al. [12], in which the competitive interaction
between the Cu and Cd metal sorption on water hyacinth plant roots was studied, the
whole experiment was conducted based on the adsorption–desorption of metals on dried
plant roots, rather than the phytoremediation process. In addition, it was reported in the
literature that the phytoremediation period required to remove heavy metals was usually
about 1–4 months [13–16]. Thus, the novelty of this study is the focus on the differences in
the surface characteristics before and after phytoremediation, as well as the comparison
of phytoremediation performance between water lettuce and water hyacinth in a rather
short period. The aim of the present study was to analyze the important parameters (phy-
toremediation duration, Zn concentration, pH and salinity) affecting the phytoremediation
performance of both plants with regard to the Zn-contaminated wastewater through the
one-factor-at-a-time (OFAT) optimization method.

2. Materials and Methods
2.1. Chemicals and Materials

Fresh water lettuce and water hyacinth were purchased from the same local supplier
to ensure uniformity. Reagent-grade zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 98%) was
obtained from Sigma-Aldrich (St. Louis, MO, USA) as the zinc source. It has a molecular
weight of 297.49 g/mol and is highly soluble in water. Hydrochloric acid (HCl, 37%),
sodium hydroxide (NaOH, 99%) and sodium chloride (NaCl, 99%) were obtained from
Merck (Darmstadt, Germany). All the chemicals were used as received and distilled water
was used throughout the study.

2.2. Preparation of Plants

The fresh plants purchased were selected to have a weight of between 20 and 30 g
each with green young leaves. The plants were first washed with running tap water to
remove residual soil particles, dirt and insect larvae that had grown on them. These plants
were then transferred to water tanks containing only distilled water with light exposure in
a 10 h light/14 h dark cycle to allow them to acclimatize to their new surroundings. After
one week of acclimatization, the plants were harvested and patted dry using clean paper
towel, before being used in the subsequent experiment.

2.3. Preparation of Zn Stock Solution and Sodium Chloride Stock Solution

A total of 1000 ppm stock solution of Zn and sodium chloride was prepared by
dissolving the zinc salt and sodium chloride, respectively, in distilled water. The stock
solutions prepared were stored at room temperature and shielded from light exposure to
prevent any degradation in concentration.

2.4. Phytoremediation of Zn

The experiment was carried out in a glass beaker filled with 1 L of synthetic Zn-
containing wastewater solution under natural light irradiation. The solution was stirred by
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using a magnetic stir bar on a hotplate prior to the phytoremediation experiment to ensure
a uniform dispersion of the Zn content. Next, the acclimatized plants were transferred to
beakers filled with 1 L solution containing 5 ppm of Zn each in order to study the effect of
the duration of phytoremediation. Afterwards, 1 L solutions with different concentrations
of Zn (5, 10, 15, 20 and 25 ppm) were prepared from the as-prepared Zn stock solution.
This range of Zn concentrations was selected based on the US EPA standard’s regulated
maximum contaminant level of Zn in drinking water and the Malaysia national water
quality standard, as well as the limits for sewage and industrial effluent regulated under
the Environmental Quality Act 1974 [17–19]. After that, 1 M of hydrochloric acid and 1 M of
sodium hydroxide solutions were prepared and used to adjust the pH of the solution with
specific Zn concentrations. Finally, 1 L solutions of specific Zn concentrations with specific
pH and different salinity (3, 6, 9, 12 and 15 ppm) were prepared by using the as-prepared
sodium chloride stock solution. At least 3 replicates were obtained to calculate the errors
shown in the figures provided for the parameter studies. At the end of the experiment,
the treated plants were harvested and dried in an oven at 100 ◦C overnight, cut into small
pieces and stored in properly labeled polythene bags for further characterization analysis.

2.5. Plants Characterization

Both fresh and treated plants were washed and dried in an oven at 90 ◦C overnight.
The dried samples were cut and separated into leaf and root parts. The separated parts
were then finely cut into tiny pieces and passed through a No. 40 mesh sieve to obtain
uniformly sized samples for further characterization [20]. All characterization studies
were conducted using three replicates of both fresh and treated plant parts. The scanning
electron microscopy (SEM) images of the fresh and treated dried plants were studied by
using a Hitachi SEM S-3400N scanning electron microscope that was operated at 15 kV.
The samples were mounted on the aluminum holder with carbon-conductive tape. The
electron dispersive X-ray spectroscopy (EDX) analysis was conducted using Ametek EDAX
software. The Fourier transform infrared spectroscopy (FTIR) spectra of the fresh and
treated dried plants were analyzed by using the Thermo attenuated total reflection-FTIR
with a scan number of 64 through a range of wavenumbers between 400 and 4000 cm−1.

2.6. Analysis of Liquid Samples

After phytoremediation experiment, a certain volume of liquid sample was withdrawn
from the solution and a syringe filter with a pore size of 0.45 µm was used to filter out the
root hairs and other solid particles from the extracted liquid samples. The concentrations
of Zn in the liquid samples were determined by using Perkin Elmer inductively coupled
plasma–optical emission spectrometry (ICP-OES), model Optima 7000 DV. The removal
efficiency of Zn by the plants was calculated as follows:

Removal efficiency (%) = (C0 − Ct)/Co × 100% (1)

where C0 is the initial concentration of Zn before phytoremediation and Ct is the concentra-
tion of Zn at any reaction time t (days).

3. Results and Discussion
3.1. Characterization of Water Lettuce and Water Hyacinth before and after Phytoremediation of Zn

The functional groups of water lettuce and water hyacinth at their respective leaves
and roots before and after phytoremediation of Zn were studied by using FTIR analysis.
The results are shown in Figures 1 and 2, respectively.
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Figure 1. FTIR spectra for (a) leaf without Zn, (b) leaf with Zn, (c) roots without Zn and (d) roots with
Zn for water lettuce.

Figure 2. FTIR spectra for (a) leaf without Zn, (b) leaf with Zn, (c) roots without Zn and (d) roots with
Zn for water hyacinth.

Figure 1 shows the FTIR spectra of both the water lettuce leaf and roots. As illustrated
in Figure 1 (a) to (d), a wide and strong absorption band at 3340 to 3290 cm−1 could be
observed, which corresponded to the existence of stretching vibrations of O-H bonds due
to the presence of water remaining within the plant itself. As Zn was absorbed by the
water lettuce, it could be observed that the band shifted from 3340 to 3290 cm−1 and from
3300 to 3290 cm−1 for the leaf and roots, respectively. The shifting of the band could arise
from the cationic interaction between Zn2+ ions with the hydroxyl group for metal oxygen
binding [14]. Meanwhile, for the leaf of water lettuce before and after Zn uptake, two
sharp peaks could be observed at 2910 and 2850 cm−1, which were associated with the
stretching vibrations of C-H bonds within the cellulose structure of the water lettuce leaf.
According to [15], these bands can be attributed to the presence of asymmetric methylene
(CH2) stretching around 2930 to 2910 cm−1 and symmetric CH2 stretching around 2860 to
2840 cm−1, which suggested the presence of aliphatic materials within the leaf cuticle such
as wax and cutin. In contrast, the presence of C-H bonds around 2910 and 2850 cm−1 was
very minimal for the water lettuce roots, as evidenced by the insignificant intensity of both
peaks for Figure 1 (c) and (d). Additionally, a large absorption peak at 1600 to 1620 cm−1
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could also be observed in Figure 1 (a) to (d), which corresponded to the presence of C=O
bonds. As shown in Figure 1, upon Zn uptake, the FTIR spectra displayed alterations,
particularly in the bands associated with O-H, C-H and C=O. These changes suggested the
participation of cationic elements such as Na+ and K+ in the adsorption of Zn2+ ions onto
the plant surfaces through proton and metal exchange processes [16]. According to [21],
the interaction between metals with functional groups of water lettuce acting as active sites
could result in the alteration of shape, shifting of position and change in intensity of the
characteristic peaks.

Figure 2 illustrates the FTIR spectra for both leaf and roots of water hyacinths. Similar
to the water lettuce, a broad absorption band at around 3300 cm−1 could be observed in
all the leaf and roots of water hyacinth before and after Zn uptake, which suggested the
presence of O-H stretching vibration mode. Next, two smaller absorption bands at 2920
and 2850 cm−1 could only be found in the leaf of the water hyacinth which corresponded
to the stretching vibration of C-H bonds. As mentioned beforehand, the presence of these
aliphatic contents (symmetric and asymmetric CH2 stretching band) was exclusive to the
structure of the cuticles [15]. On the other hand, two absorption peaks were also found
at 1730 and 1600 cm−1 for the water hyacinth leaf before and after Zn uptake, which
were attributed to the stretching vibration of C=O bonds. However, the characteristic
peak for C=O bonding could only be observed at around 1620 cm−1 for the roots of water
hyacinth before and after phytoremediation of Zn. It could be observed that the intensity
of the characteristic peak for C=O bonding changed as the water hyacinth underwent Zn
phytoremediation, indicating possible interactions between the characteristic functional
group and Zn metals [14].

In short, the FTIR spectra showed that both water lettuce and water hyacinth contained
characteristic functional groups for most polysaccharides such as O-H, C-H and C=O bonds.
According to [20], the presence of these diverse functional groups could potentially act as
a binder for Zn ions. In this context, the binding interactions between the characteristic
functional groups and Zn metals during phytoremediation, which resulted in the alteration
of these characteristic peaks, were in good agreement with the results obtained by [14].

The surface morphology of the leaf and roots of water lettuce and water hyacinth
before and after phytoremediation of Zn were investigated by using SEM analysis. The
results are shown in Figures 3 and 4. Figure 3a,b show the SEM images of the leaf of
water lettuce before and after the uptake of Zn, respectively. The rod-like structure with
a folded shape of the leaf represented the trichomes of the plant, which were able to
trap tiny air bubbles and keep the water lettuce floating on the water surface. After the
phytoremediation of Zn, a cluster of small granules was observed around the voids between
the trichomes as indicated by the red arrow shown in the figure, which were absent in the
leaf prior to Zn uptake. According to [22], this could be associated with the formation of
Zn metal complexes that subsequently immobilized the complexes within the voids. On
the other hand, Figure 3c,d represent the SEM images of the water lettuce roots before
and after Zn phytoremediation, respectively. Prior to the absorption of Zn, the surface of
the plant roots was smooth and linear. Upon the Zn uptake, small aggregates and bulges
alongside a creased surface morphology could be observed on the plant roots. The altered
appearance of the plant roots could be attributed to the interactions between functional
groups present on the roots’ surface and the cationic Zn metal, leading to the formation of
stable metal-chelating complexes [23].
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Figure 3. SEM images for (a) leaf without Zn uptake, (b) leaf with Zn, (c) roots without Zn and
(d) roots with Zn for water lettuce.

Figure 4. SEM images for (a) leaf without Zn uptake, (b) leaf with Zn, (c) roots without Zn and
(d) roots with Zn for water hyacinth.

Figure 4a,b present the SEM images of the water hyacinth leaf before and after Zn
uptake. In general, the surface morphology of the leaf was linear and covered with a
copious amount of evenly distributed stomata. After the water hyacinth was subjected to a
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solution containing Zn metal, the stomata on the epidermis were saturated with aggregates
and the surface had swollen. The presence of aggregates suggested the binding between
the Zn metal and the carboxylic groups and other functional groups present to form stable
metal chelates [21]. On the contrary, Figure 4c,d show the SEM images for the water lettuce
roots before and after absorption of Zn. The epidermal cells of the water hyacinth roots
were originally oblong and closely packed. When Zn was absorbed, the oblong-shaped
roots broke into tiny fibrous roots which were also covered with small individual granules
and agglomerates. The dissociation of roots and formation of tiny granules on the surface
is in accordance with the result obtained by [22], where different features of plant surfaces
such as carboxylic groups, esters and lignin were highly involved in the absorption of
metals via the chelation of metal complexes.

Figures 5 and 6 represent the EDX mapping of water lettuce and water hyacinth leaf
and roots after Zn phytoremediation. Figure 5 confirms the presence of Zn in both the leaf
and roots of water lettuce, as indicated by its distribution across the plant tissues. Figure 5a
shows a lower density of Zn distribution within the leaf of the water lettuce compared
with its root counterparts that are shown in Figure 5b. Similarly, the distribution pattern of
Zn within both the leaf and roots of water hyacinth, as shown in Figure 6a,b, followed the
same trend, with a higher density of Zn distribution in the roots compared with the aerial
part of the plant.

The EDX results for all the plant samples are shown in Table 1. The EDX analysis of
the plant leaf and roots for both water lettuce and water hyacinth before Zn uptake consist
of carbon (C), oxygen (O), sodium (Na), calcium (Ca) and potassium (K) elements. The
Na and Ca were only observed in the roots and leaves of both plants, respectively, before
the Zn uptake. Meanwhile, prior to the uptake of Zn, K was detected in the leaf and roots
of water lettuce and water hyacinth. Ca and K were sources of nutrients for the growth
and sustainability of the plants. For instance, Ca was responsible for the development of
cell walls to resist diseases, and K was used to strengthen the plants during early growth
and for the retention of water. On the other hand, Na was not a necessary nutrient for the
growth and development of the plants, and a high amount of Na can induce salt stress,
which is unbeneficial to the plants [24]. The atomic percentage of K in the leaves of water
hyacinth was lower than its roots counterpart, which is in accordance with the findings
reported by [25]. The presence of these mineral elements (Na, Ca and K) was in part due to
the intake of nutrients in the previous surrounding environment during the growth of the
water lettuce and water hyacinth prior to the application of Zn metal for phytoremediation.

Figure 5. EDX mapping of (a) leaf and (b) roots after Zn uptake by water lettuce.
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Figure 6. EDX mapping of (a) leaf and (b) roots after Zn uptake by water hyacinth.

Table 1. Elemental atomic percentage of all samples extracted from EDX analysis.

Plant Sample
Elemental Atomic Percent (%)

C O Zn Na Ca K

Water lettuce

Leaf (without Zn) 43.3 33.7 - - 16.2 6.8
Leaf (with Zn) 57.1 41.5 1.4 - - -

Roots (without Zn) 44.4 35.7 - 4.1 7.6 8.2
Roots (with Zn) 40.6 52.1 7.3 - - -

Water hyacinth

Leaf (without Zn) 36.2 37.2 - - 18.4 8.2
Leaf (with Zn) 77.1 20.7 2.2 - - -

Roots (without Zn) 48.7 46.8 - 1.6 - 2.9
Roots (with Zn) 46.8 43.8 9.4 - - -

It was observed that as the plants were subjected to the solution containing Zn metal,
the atomic percentage of Zn was increased. For both types of plant, the atomic percentage
of Zn was found to be higher in the roots compared with their respective leaf counterparts.
Not only that, the atomic percentage of Zn in the leaf and roots of water hyacinth after
phytoremediation of Zn was also greater than that of the water lettuce. This finding
could be related to the higher contaminant reduction capability of water hyacinth, which
resulted in a greater amount of Zn being accumulated within the plant biomass [26]. After
the uptake of Zn, the mineral elements were not detected through EDX analysis due to
their release to the solution as a result of the stronger chelation ability of Zn2+ with the
negatively charged functional groups found on the plant roots, replacing the originally
bounded cationic mineral elements [12]. Meanwhile, the absence of mineral elements in the
plant leaves after Zn uptake indicated the utilization of the mineral elements to facilitate
cellular activities such as sequestration, compartmentalization and efflux of excess metals
to reduce the stress induced by metal [27].

3.2. Parameter Effect
3.2.1. Effect of Duration of Phytoremediation

The duration of phytoremediation of Zn by water lettuce and water hyacinth was
studied extensively, and the results are illustrated in Figure 7. The study on the duration of
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phytoremediation of Zn by both plants was conducted over a period of a week (7 days) to
determine the time required to achieve maximum Zn removal efficiency by both plants.

Figure 7. Duration of phytoremediation of Zn by water lettuce and water hyacinth.

Based on Figure 7, both plants exhibited the highest rate of removal efficiency during
the first day of phytoremediation, where the water lettuce and water hyacinth recorded a
49% and 39% Zn removal efficiency, respectively. Nevertheless, the efficiency of removal of
Zn by the water lettuce showed a continuous uptrend over the first four days of phytore-
mediation treatment, before reaching a constant removal rate on day 5 and onwards. The
removal rate of Zn achieved by using water lettuce in the present study was greater than
the one reported by [27].

On the other hand, water hyacinth experienced a steady increase in Zn removal
efficiency during the first five days, and therefore took a slightly longer period of time to
achieve a constant removal rate on day 6. The slight difference in time taken to achieve a
constant rate of Zn removal between the two plants might be due to the faster growth rate
of water lettuce, which could potentially absorb more Zn as one of the important nutrients
required for plant growth in terms of metabolic and physiological mechanisms [28]. Having
said that, both water lettuce and water hyacinth clearly showed a significant Zn removal
efficiency within the first five days, which was indicative of the quick attainment of the
saturation state. Upon reaching the saturation state, the plants were displaying a certain
degree of difficulty with further absorbing Zn from the solution, even though the Zn
concentration had reduced with the passage of time. In this context, a similar result was also
obtained by [29], where the water hyacinth and water lettuce showed similar performances
in terms of removing Zn. In this study, 5 days of phytoremediation duration was selected
for subsequent studies, as it was found to be the most optimum timeframe for both plants
to achieve their respective highest attainable Zn removal efficiency before saturation.

3.2.2. Effect of Zn Concentration

The phytoremediation of different concentrations of Zn by water lettuce and water
hyacinth were studied. The results of the study are shown in Figures 8 and 9. For water
lettuce, the Zn removal efficiency at different concentrations showed an uptrend for the
first four days of the experiment. As discussed previously, at 5 ppm Zn concentration,
the removal efficiency by water lettuce had reached its saturation point, with an almost
stagnant removal rate of 65% on day 5 of the study. Meanwhile, the Zn removal efficiency
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continued to escalate throughout the whole five days of study for 10 ppm and 15 ppm Zn
concentrations. The 10 ppm of Zn, in particular, had achieved the highest removal efficiency
of 72% on day 5 compared with other concentrations of Zn. The removal efficiency for
15 ppm of Zn was recorded at 59% on the final day of study, which was lower than both
the 5 and 10 ppm Zn concentrations. Nonetheless, the rate of removal for the 15 ppm Zn
concentration was still increasing even on the fifth day of the study, indicating a possibility
of achieving a higher Zn removal efficiency with a longer phytoremediation duration.

Figure 8. Effect of Zn concentration on the removal efficiency of Zn by water lettuce (duration = 5 days).

Figure 9. Effect of Zn concentration on the removal efficiency of Zn by water hyacinth (duration = 5 days).

On the other hand, the removal efficiency in higher concentrations of Zn at 20 and
25 ppm by water lettuce did not cross the 50% mark throughout the study period. At a Zn
concentration of 20 ppm and above, the rate of removal was increasing slowly and reached
a final removal efficiency of 44.1% on the fifth day of the study. Although the removal
efficiency at 20 ppm of Zn was increasing at a very slow pace, the obtained data suggested
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that similar to the cases of Zn concentrations at 10 ppm and 15 ppm, the water lettuce
could potentially remove more Zn contaminant if subjected to a longer study period. In the
meantime, instead of showing a slowdown in terms of removal rate, the removal efficiency
in 25 ppm of Zn on day 5 of the experiment was found to be lower than that on day 4,
which indicated a possible re-release of absorbed Zn contaminants by the wilting plant. It
was also observed that the plant leaves started to turn yellowish on day 4, which suggested
the chlorosis of the plant leaves and overall necrosis of the plant due to exposure to a high
concentration of Zn. This finding is in line with the result reported by [30]. In their study, it
was observed that a high concentration of Zn had reduced the expression of photosynthetic
pigments and interfered with the photosystem, as evidenced by the chlorosis of the fronds.

Moreover, [31] also reported that the growth of plants was retarded when exposed to
a higher concentration of Zn due to the toxicity imposed onto the plant itself, subsequently
causing the plant to suffer from wilting. Although hyperaccumulator plants such as
water lettuce were capable of defending themselves from phytotoxicity induced by toxic
heavy metals, excessively high concentrations of heavy metals could still endanger a plant’s
overall metabolic and physiological mechanisms. According to [32], reactive oxygen species
(ROS) could be produced as a consequence of excessive accumulation of toxic heavy metals
within the cytosol. The production of ROS could then lead to oxidative damage to the plant
cells and damaging of DNA, as well as hampering of the cell antioxidant and homeostasis
mechanisms. In addition, ROS could also damage the structure of the plant cells including
the cell membrane, chloroplast and photosynthetic pigments, ultimately causing serious
retardation to the plant’s growth [33].

Based on Figure 9, water hyacinth showed an overall uptrend in terms of removal
efficiency of Zn at all Zn concentrations except for 25 ppm of Zn. Similar to water let-
tuce, the water hyacinth’s efficiency of removal of Zn was the highest at 78%, which was
achieved when the plant was exposed to 10 ppm of Zn concentration. The second highest
removal efficiency of Zn (63%) was attained when the Zn concentration was at 5 ppm. The
difference in the removal efficiency with increasing Zn concentration could be associated
with the higher number of Zn2+ ions available in the solution that can be absorbed by the
plant. As the bioavailability of Zn was higher with an increased Zn concentration, the
phytoremediation efficiency of Zn by water hyacinth was also increased due to more Zn2+

ions being available at the uptake sites. However, as the Zn concentration was further
increased to 15, 20 and 25 ppm, the rate of removal of Zn by water hyacinth began to drop
in a similar fashion to that of water lettuce. The final removal efficiencies of Zn at these
concentrations were 44.7%, 33.7% and 13.9%, respectively, in ascending order. It could
be observed that the removal rates of Zn at concentrations of 5, 10, 15 and 20 ppm were
showing a continuing pattern even on the final day of the study, although the removal rate
at 5 ppm of Zn by water hyacinth was found to be reaching a stagnant condition on day 6
and onwards in our earlier study. Thus, it is highly likely that the Zn removal efficiency by
water hyacinth at these concentrations could reach even higher levels if given a longer time
to perform phytoremediation. On the other hand, the rate of removal of Zn was almost
identical during the first two days of the study when the plant was exposed to 20 and
25 ppm of Zn. Despite that, the similarity in their removal rate began to deviate starting
from day 2 onwards, where the removal efficiency at 25 ppm of Zn was declining from its
peak value of 18.9% to 13.9%. The reason behind the reducing Zn removal efficiency by
water hyacinth at a concentration of 25 ppm was also similar to that of the water lettuce.
During the study, the fronds of the water hyacinth were facing chlorosis at the relatively
high concentration of Zn, whereby the color of the plant leaves turned from green to yellow.
This chlorosis symptom was a direct result of the phytotoxicity experienced by the plant at
such a high concentration of Zn. Based on Figures 8 and 9, it can be seen that water lettuce
and water hyacinth demonstrated a great absorption and removal efficiency when subjected
to 10 ppm of Zn. The high removal rate of Zn by these two plants might be associated with
their special characteristics such as broad leaves and rapid growth rate, as well as their
highly vascular and fibrous root system. Notwithstanding their special features, the Zn
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removal efficiency of both plants showed a decline at concentrations of 15 ppm and above,
which could be attributed to the saturation of active sites for Zn absorption and the lower
tolerance of plants to such high concentrations of Zn [34]. Thus, the concentration of Zn
at 10 ppm was selected for subsequent studies, and the treated Zn concentration also falls
within the permissible limit of effluent discharge into water bodies as stated by [35].

3.2.3. Effect of pH Solution

The effect of the solution’s pH (pH 2, 4, 6, 8 and 10) on the water lettuce’s and
water hyacinth’s removal efficiency of Zn was studied, and the results are shown in
Figures 10 and 11, respectively. Based on Figure 8, pH 6, which was the natural solution
pH, led to the highest removal efficiency of Zn by water lettuce (75%). No removal was
observed at a solution pH of 2, even on the final day of study.

Figure 10. Effect of solution pH on the removal efficiency of Zn by water lettuce (duration = 5 days
and Zn concentration = 10 ppm).

Figure 11. Effect of solution pH on the removal efficiency of Zn by water hyacinth (duration = 5 days
and Zn concentration = 10 ppm).

The solution’s pH plays a crucial role in the phytoremediation of Zn by accumulator
plants. It is one of the external environmental factors which can significantly affect the
growth of a plant. According to [36], the pH of a solution is dictated by the concentration
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or percentage of hydrogen ions (H+). The solution pH can influence the toxicity of contami-
nants, and it also governs the form of substance in the solution. Not only that, hydrolysis,
precipitation, complexation and redox reactions are also pH-dependent, which can directly
affect the availability and speciation of heavy metals for absorption. Consequently, water
lettuce was not able to remove Zn in an effective manner at solution pH 2, while at this pH,
water lettuce was simultaneously showing symptoms of chlorosis, death and curling of
plant leaf tips on the second day of the study.

When the solution pH was increased to pH 4, maintained at its natural solution pH
(pH 6) or increased to pH 8, water lettuce was able to absorb Zn metal, showing removal
efficiencies of 49.1%, 75% and 65.7%, respectively. At a slightly acidic condition (pH 4), the
presence of H+ ions potentially caused the competition with the Zn2+ ions for the available
uptake sites of the plant roots. As a result, the amount of Zn metal removed from the
solution was lower in an acidic condition. This finding also aligns with [37], where the
removal efficiency of Zn by water lettuce was found to be the lowest (49.1%) at pH 4,
suggesting the binding of metal ions with inorganic acid which ultimately leads to the
formation of complexes and reduces the metal uptake. In this study, hydrochloride acid
(HCl) was used to adjust the solution pH to its acidic condition, and thus, the reaction
between Zn2+ ions and Cl− ions might produce the chloride complex, which resulted in
a lower availability of Zn for plant uptake during the phytoremediation process [38]. On
the other hand, when water lettuce was subjected to Zn-containing solution at pH 8, we
recorded and overall increment in the rate of removal of Zn throughout the whole study
period, with it reaching the saturation state on day 4 of the study.

Nevertheless, when the solution pH was further increased to pH 10, the overall
removal efficiency of Zn was poorer than for a solution pH of 8. The reduction in removal
efficiency of Zn at increasingly alkaline conditions could be associated with the presence
of OH− ions, which might react with the Zn2+ ions, thereby causing the formation of
Zn(OH)2 precipitate and subsequently leading to a lower availability of Zn2+ ions. As a
result, the formation of Zn precipitate at high-pH conditions could reduce the availability
of Zn2+ ions to be absorbed by the active sites on plant roots during phytoremediation [39].
At a solution pH of 10, the removal efficiency of Zn also started to show a decline after
the second day of the study, resulting in a final removal efficiency of only 26.6%. The
decrement in the removal efficiency of Zn after its peak value on day 2 (45.6%) at solution
pH 10 demonstrated that the re-release of absorbed Zn contaminants was evidenced by
the yellowing of green leaves and necrosis of the plant during the second day of the study.
According to [28], the ideal pH for healthy growth of water lettuce was neutral, and it was
able to tolerate a range of pH values from 4 to 8. Therefore, the decaying water lettuce
at both extreme conditions of solution pH (pH 2 and pH 10) observed in this study has
verified this result.

Based on Figure 11, water hyacinth exhibited the highest removal efficiency (82.5%)
of Zn at a natural solution pH of 6, while the removal efficiency of Zn was the lowest
(−30.5%) at a solution pH of 4. Meanwhile, there was no Zn removal by water hyacinth
at the solution pH of 2. From the obtained result, it can be observed that a lower removal
efficiency of Zn occurred at a higher and lower pH than the natural solution pH (pH 6).

At solution pH 4, the removal efficiency of Zn by water hyacinth was increasing
over the first four days of the study, before showing signs of plant necrosis and chlorosis,
which ultimately led to a removal efficiency of 30.5% on the final day of the study. The
same situation could be observed when water hyacinth was subjected to a Zn-metal-laden
solution at a pH of 10. Under this highly alkaline condition, the water hyacinth only
managed to survive up until the second day of experiment, before experiencing curling and
yellowing of young leaves as well as necrosis, which caused the re-release of absorbed Zn
contaminants and the natural decline in the efficiency of removing Zn. The water hyacinth
ended the study with a removal efficiency of 44.7% at a solution pH of 10. Nonetheless,
unlike solution pH 2, water hyacinth was able to survive better in solution pH 4 and 10
without immediate necrosis and chlorosis upon the beginning of the study. This finding is
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in accordance with the observation stated by [40], where water hyacinth was capable of
surviving within the range of pH 4 to 10 by adjusting the solution pH to its requirements.

Meanwhile, water hyacinth did not experience necrosis and chlorosis when subjected
to a solution pH of 8. As in the case of the natural pH solution, the Zn removal rate at a
solution pH of 8 was in an overall increasing pattern throughout the study period, with
a final Zn removal efficiency of 64%. The lower removal efficiency of Zn at solution pH
8 compared with the natural solution’s pH could be ascribed to the reduced availability
of Zn2+ ions for the plant’s uptake, since these reacted with the OH− ions present in the
alkaline solution and subsequently generated the Zn(OH)2 precipitate [39]. In short, both
water lettuce and water hyacinth exhibited the highest removal efficiency of Zn at the
natural solution pH of 6. As the ideal range for optimal growth of both plants was in
between pH 6 and 7, and the pH of the permissible discharge of glove industry effluent
was also between 6.5 and 7.5 [35], the natural solution pH of 6 was chosen as the optimum
solution pH for the following study.

3.2.4. Effect of Salinity Concentration

Salinity is one of the most important environmental conditions and could significantly
affect the metal phytoremediation performance of plants. According to [41], salinity stress
could negatively affect the growth, respiration and photosynthesis mechanisms of a plant.
In this context, sodium chloride was used as a source to alter the salinity of the solution.
The effect of salinity concentrations (3, 6, 9, 12 and 15 ppm) on the removal efficiency of
water lettuce and water hyacinth when removing Zn were studied, and the results are
shown in Figures 12 and 13, respectively. The plants’ efficiency when removing Zn was
observed to be highly dependent on the salinity of the solution.

Based on Figure 12, the water lettuce’s removal efficiency of Zn was the highest
(80.1%) when the salinity concentration was at 6 ppm, while the lowest removal efficiency
of Zn (5%) occurred at a salinity concentration of 15 ppm. According to [8], an increasing
salinity concentration could lead to a direct and detrimental effect on the growth of a
plant. This statement was clearly valid in conjunction with the results obtained from the
present study. As the concentration of salinity was increased from 6 ppm to 15 ppm, a
noticeable drop in removal efficiency of Zn could be observed. This was due to the excessive
presence of sodium and chloride ions under high-salinity conditions, which could impair
the growth and development of the plant through cytotoxicity. In addition, the high salinity
concentration could also induce the generation of ROS, which leads to oxidative stress,
distortion of genomic stability and damage of DNA [42]. The resulting damage imposed
onto water lettuce at such high salinity concentrations (12 and 15 ppm) could be observed,
as the removal efficiency of Zn started to reduce from its peak value on the second day of
the study.

Nevertheless, the overall removal efficiency of Zn was in a constantly increasing
pattern when the salinity concentration was increased from 3 to 9 ppm, which hinted at
the possibility of achieving a higher removal efficiency with extended phytoremediation
duration. In addition, the efficiency of removal of Zn also increased with a salinity con-
centration increase up to 9 ppm. The positive effects of low salinity concentrations on the
water lettuce suggested that the cellular metabolisms and antioxidant activity, as well as
a root-to-shoot translocation of nutrients, were not adversely affected [43]. In addition to
that, the formation of Zn-chloride salt complexes in the presence of a tolerable amount of
sodium chloride could potentially lead to a higher Zn removal rate by water lettuce. This
was in accordance with the study conducted by [44], which suggested that the ability of
accumulator plants to tolerate a low level of salinity stress could directly translate into an
increased translocation rate of salt from the surroundings to the aerial plant parts.
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Figure 12. Effect of salinity concentrations on the removal efficiency of Zn by water lettuce (duration = 5 days,
Zn concentration = 10 ppm and natural solution pH = pH 6).

Figure 13. Effects of salinity concentrations on the removal efficiency of Zn by water hyacinth
(duration = 5 days, Zn concentration = 10 ppm and natural solution pH = pH 6).

Based on Figure 13, the removal efficiency of Zn by water hyacinth was found to be the
highest (88%) at a salinity concentration of 9 ppm, where a slightly higher tolerance towards
salinity could be observed compared with water lettuce. On the other hand, identical to
water lettuce, water hyacinth also displayed the lowest removal efficiency of Zn (31%) at
a salinity concentration of 15 ppm. The overall trend of removal efficiency of Zn across
different salinity concentrations for water hyacinth was also highly analogous to that of
the water lettuce. Nevertheless, the most noticeable difference between these two plants
could be observed at a salinity concentration of 9 ppm. Unlike the water lettuce, water
hyacinth clearly showed its higher tolerance towards salinity in terms of the threshold limit
for salinity concentration. When the salinity concentration was increased from 3 to 9 ppm,
the reaction between positively charged Zn2+ ions and the salt-derived anions could form
stable Zn-chloride ligands with enhanced mobility. As a result, when the ligands arrived at
the root surfaces, Zn could then be absorbed by the plant roots via disassociation from the
ligands [45]. However, as the salinity concentration was further increased up to 15 ppm,
the effect of the enhanced Zn mobility was quickly outweighed by the negative effects
caused by high salinity, such as the closure of stomata, lower transpiration rate, growth
inhibition and oxidative damage caused by ROS generation [46]. Symptoms of necrosis
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and chlorosis could also be observed in water hyacinth at such high salinity concentrations,
with the plant suffering from curling leaves, premature fall of leaves and discoloration of
green young leaves. In conclusion, the optimum salinity concentration for water lettuce
and water hyacinth was selected to be 6 and 9 ppm, respectively.

3.3. Possible Phytoremediation Strategies of Zn

The phytoremediation process of Zn-contaminated solution involves several mecha-
nisms such as rhizofiltration, phytoextraction and phytostabilization, as shown in Figure 14.
Rhizofiltration involves the absorption and sequestration of metal contaminants from water
bodies. In this context, plants with a long and fibrous rhizosphere can potentially absorb a
large amount of water, thereby allowing vast amounts of metal contaminants to be absorbed
and adsorbed on the plant roots concurrently as well. According to [47], the rhizofiltration
mechanism is more suitable than other available phytoremediation mechanisms when
treating heavy metals from contaminated aqueous solutions. Aquatic plants such as water
lettuce and water hyacinth are able to take up and translocate metals by utilizing their roots
as active sites for adsorption on root surfaces or absorption into and sequestration within
the roots prior to translocation to the aerial parts of the plant.

Figure 14. Mechanisms involved in the phytoremediation of Zn-contaminated solution by water
hyacinth (left) and water lettuce (right).

Phytoextraction is defined as the process of accumulating heavy metals from the
contaminated surrounding via the roots and transferring them towards the aboveground
plant tissues, where the heavy metals are accumulated [48]. Due to the convenience of
harvesting just the plant shoots, which are metal-enriched, phytoextraction by cultivating
the plants directly on the contaminated sites is deemed the most commercially viable
method of phytoremediation. According to [49], the phytoextraction mechanism requires
the candidate plants to be tolerant towards metal-induced stress and capable of producing
a high quantity of biomass. Apart from that, the in situ phytoextraction treatment also
allows subsequent post-treatment handling methods such as composting, compaction and
thermal decomposition to further minimize the risk of handling biomass with high levels
of metal contaminants [50]. Plants can also establish phytostabilization, which is capable
of constraining the movement of metal contaminants within the vadose zone through
immobilization or root accumulation. Phytostabilization is technically a process used to
stabilize the metal contaminants and reduce their mobility in order to prevent further
intrusion into the food chain. In this context, [51] pointed out that both chemical (metal
availability) and biological (metal plant uptake, ecotoxicological essays) tests should be
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carried out to monitor the metal contaminants if phytostabilization is chosen as the method
for remediation.

3.4. Comparative Results and Literature Review

Table 2 lists several studies conducted by various researchers on the phytoremediation
efficiency of various plants relating to different types of heavy metals. Based on Table 2,
it can be noticed that most of the phytoremediation experiments were conducted with
at least 30 days of duration. For instance, during the experiment conducted by Shehata
et al. [52], both the Kenaf and Flax plants were cultivated for 8 weeks on the contaminated
soil, consisting of several heavy metals such as Cr, Co, Cd and Mn, before harvesting. The
phytoremediation efficiencies achieved by the Kenaf and Flax were between 12 and 36.5%
and 9.4 and 45.2%, respectively. On the other hand, in another experiment conducted by
Zhang et al. [53], Ryegrass, which is a hyperaccumulator plant, was incubated in sediment
consisting of Cd, Pb and Zn at a temperature of 25 ◦C and a light/dark cycle of 12 h/12 h for
a period of 30 days. After the incubation period, the phytoremediation efficiencies recorded
were 47.8% for Cd, 37.2% for Pb and 42.5% for Zn. Meanwhile, Spiny pigweed was chosen
by Njoku and Nwani [54] to be planted in pots containing heavy-metal-contaminated soil
sourced from a local refuse dump site situated in Lagos. After 12 weeks, the plant was able
to absorb 50.5, 49, 43.3 and 47.4% of the Cd, Cu, Pb and Zn, respectively. In the current work,
both plants demonstrated highly efficient Zn removal rates, with water lettuce achieving
80.1% removal and water hyacinth reaching 88% removal within a remarkably short period
of just 5 days.

Table 2. Phytoremediation efficiency of various plants for various heavy metals.

Plants Used Targeted Heavy Metals Phytoremediation
Duration Removal Efficiency Reference

Hibiscus cannabinus L. (Kenaf)
and Linum usitatissimum L. (Flax) Cr, Co, Cd and Mn 8 weeks

Cr—34%
Co—36.5%
Mn—17.1%
Cd—12%

Mn—45.2%
Cr—21.2%
Co—17%
Cd—9.4%

[52]

Clidemia sericea D. Don (Michelang) Cd, Hg and Pb 12 weeks
Cd—49.2%
Hg—18.4%
Pb—32.3%

[55]

Lolium perenne L. (Ryegrass) Cd, Pb and Zn 30 days
Cd—47.8%
Pb—37.2%
Zn—42.5%

[53]

Typha orientalis (Bulrush) Cd, Cu, Ni and Pb 60 days

Cd—80%
Cu—60%

Ni—68.9%
Pb— 8.6%

[56]

Cannabis sativa (Indian hemp) Cu, Fe, Mn,
Ni, Pb and Zn 60 days

Cu—75.9%
Fe—88.6%
Mn—70.8%
Ni—78.7%
Pb—83.9%
Zn—39%

[57]

Amaranthus spinosus
(Spiny pigweed) Cd, Cu, Pb and Zn 12 weeks

Cd—50.5%
Cu—49%

Pb—43.3%
Zn—47.4%

[54]

Pistia stratiotes (water lettuce)
and Eichhornia crassipes

(water hyacinth)
Zn 5 days Zn—80.1%

Zn—88% Current work
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4. Conclusions

This study demonstrated that both water lettuce and water hyacinth are capable
of removing Zn contents via a phytoremediation process. SEM images revealed small
granular aggregates on the surface of the plants as a result of the formation of stable
metal-chelating complexes after phytoremediation. Meanwhile, EDX results proved the
existence of Zn metal within the plants after the phytoremediation process, where the roots
of both plants were observed to be saturated with Zn. On the other hand, FTIR spectra
showed the shifting in bands for both plants after the phytoremediation process, which
could be attributed to the interaction between the cationic Zn2+ and the hydroxyl group for
the metal oxygen binding. The presence of several characteristic functional groups such
as O-H, C-H and C=O bonds in both plants suggested the potential binding interaction
between the functional groups and Zn metal ions, which could occur while keeping the
chemical composition of both plants unchanged. In this context, the water hyacinth has a
higher overall Zn content than the water lettuce, possibly due to its larger metal tolerance
and phytoremediation capability. These characterization results could prove useful by
shedding some light on the understanding of the underlaying complex mechanisms of the
interactions between hyperaccumulator plants and heavy metals. By studying the changes
in the morphological characteristics of both plants before and after phytoremediation, the
phytoremediation performance can be enhanced via modification of the plants, such as
through the transgenic method. Until now, to the best of our knowledge, transgenic plants
with improved metal tolerance and phytoremediation efficiency have been based on the
enhancement of the genes that are involved in the biosynthesis pathway of metal-binding
proteins as well as the conversion of toxic ion into a less toxic state [58].

After conducting experimental studies on the phytoremediation of Zn by using both
plants under different parameters, the optimum conditions for the highest removal effi-
ciency (80.1% for water lettuce, 88% for water hyacinth) were achieved at a phytoremedia-
tion duration of 5 days, Zn concentration of 10 ppm and natural solution pH of 6, as well
as salinity concentrations of 6 and 9 ppm for water lettuce and water hyacinth, respectively.
Hence, both plants were proven to be strong contenders for phytoremediation of Zn in
wastewater. Additionally, this information can be useful for enhancing the phytoremedia-
tion performance of plants, especially when selecting suitable hyperaccumulator plants
for wastewater remediation applications. However, proper disposal and handling of plant
biomasses after phytoremediation also require paying equal attention to fully maximizing
the potential of heavy metal phytoremediation without compromising the environmental
safety in the aftermath. While some studies have focused on post-phytoremediation plant
biomasses, more efforts are still necessary to identify their potential applications. For
example, phytomining, which involves recycling precious metals absorbed by hyperac-
cumulator plants, could offer insights into unlocking the largely untapped capabilities of
hyperaccumulator plants and subsequently increasing their economic and scientific value.
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Abstract: Among the alternative recycling methods for food waste, its utilization as a renewable
biomass resource has demonstrated great potential. This study presents empirical findings pertaining
to the cofiring of solid biomass fuel and coal for power generation. Various co-combustion ratios
involving food waste biochar (FWB) and coal (100:0, 85:15, 90:10, 95:5, and 0:100) were tested to
optimize combustion efficiency, monitor the emissions of NOX, CO, and unburned carbon (UBC),
assess ash deposition tendencies, and evaluate grindability. Two types of FWB and sewage sludge
were selected as biomass fuels. The results demonstrated that co-combustion involving FWB reduced
NOX and UBC emissions compared to coal combustion alone. In particular, the 10% FWB_A blend
exhibited the best combustion efficiency. Notably, FWB demonstrated lower tendencies for ash
deposition. The ash fusion characteristics were monitored via thermomechanical analysis (TMA),
and the corresponding shrinkage levels were measured. Furthermore, FWB exhibited superior
grindability compared to both coal and sewage sludge, reducing power consumption during fuel
preparation. This study suggests that FWB is a valuable co-combustion resource in coal-fired power
plants, thereby facilitating the efficient recycling of food waste while concurrently advancing clean
energy generation. Nevertheless, further research is required to validate its practical applicability
and promote its use as a renewable resource.

Keywords: biomass; food waste biochar; co-combustion (co-pyrolysis); thermomechanical analysis;
drop tube furnace; slagging; fouling; grindability

1. Introduction

The combustion of biomass fuels for power generation has garnered considerable
attention because of the carbon-neutral nature of biomass. The benefits of cofiring biomass,
including reduced greenhouse gas emissions, low cost, broad availability, and simple
application in plant facilities, have promoted its implementation in power generation [1,2].
Although various types of biomass fuels, such as sewage sludge, have been employed [3,4],
this study focused on food waste as a renewable biomass resource. The recycling rate of food
waste reached 96% in the Republic of Korea in 2019 [5]. However, because of limitations
in the recycling approaches, including feedstock, fertilization, and bio-gasification, the
development of alternative recycling methods targeting food waste is urgently needed. As
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an alternative recycling method, food waste is converted into food waste biochar (FWB)
via pyrolysis and demineralization. FWB, a solid product of pyrolyzed biomass, has shown
potential as a fuel owing to its high calorific value, high recycling rate in Korea, and low
chlorine and heavy metal contents [6,7].

The combustion of biomass may cause several issues in facility operations because
of the various combustion behaviors of different fuels and difficulties in their preparation.
In particular, ash fusion characteristics during the cofiring of biomass and coal have been
reported [8]. High inorganic contents such as alkali and alkali earth metals in biomass ash
lead to slagging, fouling, and corrosion [9–11]. The operating temperature of a biomass-
fired boiler decreases because of the attached biomass ash on its surface. Such inorganic ash
compositions in biomass eventually lower the combustion efficiency and cause maintenance
issues. Accordingly, when biomass and coal are cofired, ash fusion tests of the biomass by
thermomechanical analysis (TMA) must be conducted to predict key technical problems,
such as slagging tendencies [12,13]. For example, the shrinkage of biomass fuels with
increasing temperatures can be examined using TMA.

Another undesirable characteristic of biomass is its poor grindability [14,15]. A grind-
ing procedure is required for the preparation of fuel to maintain the homogeneous size of
both the biomass and coal before combustion. Fuel particle size is a key factor in efficient
combustion. In general, grindability is a critical problem in biomass cofiring because of the
high grindability index resulting from the fibrous nature of the biomass. Biomass with poor
grindability undergoes an additional fragmentation process, which requires more time
and cost.

This study set out to assess the feasibility of cofiring FWB and coal. To substantiate
the sustainability and environmental friendliness of cofiring FWB, this study investigates
the co-combustion of FWB and coal while monitoring the combustibility, ash deposition
characteristics, ash fusion tendencies, and FWB grindability. Various mixing ratios between
the FWB and coal were tested to determine the optimal operating conditions and maximize
combustion efficiency. Considering that most biomass is cofired at approximately 3–5%,
mixing ratios of 0%, 5%, 10%, 15%, and 100% FWB were used in this study. Sewage sludge,
another biomass fuel that is currently used in coal-fired power plants, was selected to
compare its overall co-combustion characteristics with those of FWB. A drop tube furnace
(DTF) was used to investigate NOX, CO, CO2, and unburned carbon (UBC) emissions from
cofiring. The ash deposition and fusion characteristics were also experimentally studied.
Because ash fusion characteristics are difficult to estimate from a single TMA, TMA was
conducted for all mixing ratios to observe changes in ash fusion trends with increasing
cofiring FWB ratio. To the best of our knowledge, this represents the first endeavor to
undertake an exhaustive analysis of the cofiring of FWB and to optimize co-combustion
ratios between FWB and coal. The authors believe that the results of this study will
encourage the use of FWB as a cofiring biomass fuel in coal-fired power plants.

2. Materials and Methods
2.1. Preparation of Solid Fuel

This study used two types of FWBs and sewage sludge as biomass. Food waste
was converted into FWB_A and FWB_B via pyrolysis and demineralization. The food
waste procured from the Gimpo Urban Management Corporation (Gimpo-si, Republic
of Korea) was shredded and dehydrated. FWB_A was produced through the pyrolysis
of dried food waste at 500 ◦C for 20 min. Pyrolyzed FWB was then demineralized using
acidified water (i.e., 3% citric acid) to reduce the chlorine content of the FWB, which was
referred to as FWB_A. This demineralization step was imperative due to the potential
emission of dioxin and dioxin-like substances associated with the high chlorine content in
FWB [16]. The detailed preparation process has been described in a previous study [17].
FWB_B was produced following the same protocol, albeit employing a slightly different
demineralization method involving deionized water. Before the experiment, FWB_A and
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FWB_B were sieved through a 2 mm mesh. Subsequent to the preparation procedures, the
yield of FWB ranged between 43.2% and 53.8%.

The sludge and coal were provided by Korea Midland Power. The preparation of
all samples involved an initial milling process followed by sieving to achieve a particle
size distribution within the range of 75 µm to 125 µm. A sieve shaker (AS 200, Retsch
GmbH, Haan, Germany) was employed for this purpose. Subsequent to the size reduction,
the samples were subjected to air drying based on the air-dried moisture content. The
experimental settings used in this study for biomass and coal are listed in Table 1.

Table 1. Experimental ratios of the coal and biomass fuels.

Combustion Co-Combustion

Coal 100% 0% 95% 90% 85% 85% 85%
FWB_A 0% 100% 5% 10% 15% 0% 0%
FWB_B 0% 0% 0% 0% 0% 15% 0%

Sewage sludge 0% 0% 0% 0% 0% 0% 15%
FWB: food waste biochar.

2.2. Characterization of Biomass and Coal

The fuel properties of biomass and coal were investigated via proximate analyses,
heating values, and elemental analyses. A thermogravimetric analyzer (TGA 701, LECO
Co., St. Joseph, MI, USA) was used for the proximate analysis based on the American
Society for Testing and Materials (ASTM) guidelines: ASTM D3173-11 for analytical mois-
ture, ASTM D3175-11 for volatile matter, ASTM D3174-12 for ash, and ASTM D3172-13
for fixed carbon [18–21]. The net calorific value was measured using a bomb calorimeter
(5E-C5508, CKIC, Changsha, China) according to ASTM D5865 [22]. The ash composi-
tion was determined using X-ray Fluorescence (XRF) following the German standard
(DIN 51729-10) [23].

2.3. Combustion Test Using DTF

In this experiment, a DTF was used to investigate the combustion emission charac-
teristics of NOX, CO, CO2, and UBC. A DTF has the advantage of maintaining a uniform
temperature and allowing for experiments over a wide range of temperatures. A schematic
representation of the experimental apparatus used in this study is shown in Figure 1 [24].
The experimental unit consists of a feeding section for injecting a mixture of pulverized
coal and biomass, a reaction section where the combustion reaction occurs, and a collection
section for capturing the combustion gases. The feeding part consists of injecting fuel and
reaction gas, which are divided into carrier gas and primary reaction gas streams. The flow
rate of the main reaction gas, which was directly injected into the reactor, was controlled
using a mass flow controller. The fuel and reactive gases meet, and chemical reactions occur
in the reaction section. A SiC heater is used to maintain a constant temperature, which can
reach up to 1500 ◦C.

To minimize experimental errors, each experimental condition underwent three itera-
tions. A real-time gas analyzer was used to measure the composition of the exhaust gas at
the rear of the DTF once per second. UBC was measured using the ash tracer method [25].
This approach was necessitated by the limited amount of char or ash available for direct
comparison with the amount of fuel. The method operates on the assumption of constancy
in the ash content of the fuel before and after combustion to determine the UBC of the fuel
by comparing its ash content before and after combustion using a proportional formula.
The formula used is as follows:

UBC (%) = [1 − A0(100 − Achar)

Achar(100 − A0)
]× 100 (1)

where A0 is the ash content of the raw coal and Achar is the ash content of the char captured
after the reaction.
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2.4. Ash Deposition Test Using DTF

An ash deposition experiment was performed using a probe placed at the bottom of
the DTF. Ten grams of biomass were supplied at a feeding rate of 0.2 g/min at 1300 ◦C.
Ash deposition was measured using capture efficiency (CE) and energy-based growth rate
(GRE) as indicators [26,27]. The CE was obtained by dividing the deposited mass by the
mass of ash particles flowing along the surface area of the probe during the experiment
(Equation (2)).

CE =
mDep

mFuel(
AP

100 )(
Acoupon
Areactor

)
× 100 [%kgDep/kgAsh] (2)

where mDep and mFuel represent the mass (kg) of ash deposited on the coupon surface
and fuel supplied during the experiment, respectively. AP, Acoupon, and Areactor are the ash
content (wet basis) in the fuel, the projected area of the coupon, and the cross-sectional area
of the DTF, respectively, where A denotes the amount of ash in the fuel. While the CE helps
in understanding the tendency of the adherent ash fraction, it may inadvertently neglect
the influence of the mineral components within the solid fuel and the correlation between
the solid fuel and its calorific value. To surmount this limitation, the GRE was calculated as
follows (Equation (3)):

GRE =
mDep

LHV·mFuel
[%gDep/MJ] (3)

The GRE is an indicator of the amount of ash deposition relative to the total energy
supplied to the solid fuel (mass unit: g). LHV represents the low heating value (MJ). The
characteristics of ash from solid fuels and the ash deposition rate based on energy can be
estimated using GRE.

2.5. Ash Fusion Behavior Test Using TMA

Melting experiments were conducted using TMA to analyze the melting tendencies of
ash particles in biomass fuel [28]. TMA was designed and fabricated at the Pusan Clean
Energy Institute at Pusan National University. The measurement method involved placing
a graphite crucible containing the sample on an alumina holder and positioning an alumina
rod on top of the sample. The crucible was then heated under a nitrogen atmosphere up
to 1600 ◦C, whereas the shrinkage rate of the sample was measured using a displacement
gauge. The shrinkage rate refers to the value obtained by dividing the shrinkage at each
temperature by the total shrinkage displacement. The experimental results are denoted
as TX%, where X% signifies the temperature at which the shrinkage rate reaches X%. The
schematic diagram of the TMA apparatus is presented in Figure 2.
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2.6. Evaluation of Grindability

The grindability of the solid fuel was measured using the Hardgrove Grindability In-
dex (HGI), following the guidelines outlined in the Japanese Industrial Standard M8801 [28].
Over 300 g of the solid fuel underwent grinding within the particle size range of 0.6 mm to
1.18 mm. Pulverized solid fuels (50 g) were placed in a grinding bowl under a pressure
of 284 N. The grinding bowl was operated at both 20 rpm and 60 rpm. Solid fuels sieved
through a 75 µm sieve were recorded to calculate the HGI, which was further modified
into the Thermally Treated Biomass Grindability Index (TTBGI) [29,30]. In this study, the
grindability of biomass samples was measured via the TTBGI method and leveraging HGI
(5E-HA60 × 50, Changsha Kaiyuan Instruments Co., Changsha, China) equipment.

3. Results and Discussion
3.1. Characterization of Biomass and Coal

The proximate and ultimate analyses of the solid fuels are presented in Table 2. FWB_A
exhibited the highest fixed carbon content, with a subsequent decrease observed in the
following order: coal > FWB_B > sewage sludge. The low fixed carbon content in sewage
sludge can be attributed, in part, to its predominant volatile matter, which surpasses that of
other solid fuels by approximately twofold. From the ultimate analysis, it becomes evident
that FWB_A, FWB_B, and the sludge contain notably elevated N levels (>7%) compared
with coal. Furthermore, both FWB variants displayed lower sulfur (S) contents than those
of coal and sewage sludge. Intriguingly, FWB_A and coal exhibited similar calorific values,
whereas the lowest calorific value observed in the sludge can be attributed to its high
oxygen and low carbon contents.

Table 2. Proximate and ultimate analyses of solid fuels.

Coal FWB_A FWB_B Sewage Sludge

Proximate analysis
Moisture (%) 2.24 3.49 3.56 5.07
Volatile matter (%) 25.59 30.92 30.93 61.05
Fixed C (%) 51.90 54.84 46.45 9.58
Ash (%) 20.26 10.75 19.07 24.30
Ultimate analysis
C (%) 78.73 73.43 69.97 48.18
H (%) 5.16 4.35 4.22 7.21
N (%) 4.26 7.27 7.28 7.83
S (%) 0.27 0.04 0.11 0.84
O (%) 11.57 14.91 18.41 35.93
Net calorific value (kcal/kg) 6244 6167 5286 4084
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3.2. Gaseous Emissions from the Combustion of Solid Fuels

The gaseous emissions, including NOX, CO, CO2, and UBC, from the combustion of
solid fuels are shown in Figure 3. As depicted in the figure, all co-combustion cases involv-
ing FWB_A and FWB_B exhibited reduced NOX emissions compared to the combustion of
coal or FWB_A alone. The NOX concentrations ranged from 96.38 ppm (5% FWB_A) to
136.08 ppm (100% coal). Generally, the incorporation of biomass in cofiring significantly
mitigated both NOX and SOX emissions [31,32]. The combustion of 100% FWB_A yielded
the highest NOX emission, likely attributed to the good combustibility of FWB_A due to
its elevated N content and low UBC value. The NOX emission exhibited a linear increase
with increasing FWB_A cofiring ratio. Given the consistency in furnace configuration
throughout the testing, discrepancies in NOX levels likely arise from differences in volatile
matter and fuel N contents.
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CO emissions can be used as an indicator of combustion efficiency [33,34]. Although
CO emission levels depend on various factors, such as fuel heterogeneity, size, and dis-
tribution, homogeneous fuel generally leads to improved combustion efficiency [35]. For
FWB_A, an increased mixing rate corresponded to a reduction in CO concentration. Specif-
ically, CO concentrations for 5% FWB_A, 10% FWB_A, and 15% FWB_A were recorded as
85.23, 62.67, and 51.47 ppm, respectively. Notably, when juxtaposed with the combustion
of coal or FWB_A alone, cofiring ratios of 10% FWB_A and 15% FWB_A demonstrated im-
proved combustion efficiencies, as evidenced by their CO concentrations of 70.19 ppm and
83.06 ppm, respectively. Interestingly, the co-combustion of 15% FWB_B and 15% sludge
exhibited the highest CO emissions, underscoring the superior combustion efficiency of
FWB_A compared to FWB_B and sludge.

The CO2 emissions (2.10% to 3.09%) remained consistent across all solid fuels. The UBC
levels were calculated by measuring the carbon content within the ash after combustion
(Equation (1)). In particular, the UBC concentration for 10% FWB_A was lower than that of
the other co-combustion ratios. Elevated UBC and CO emissions constitute the primary
factors contributing to reduced combustion efficiency [36]. Consequently, the gaseous
emission trends suggest that co-combustion with 10% FWB_A was the most effective in
achieving minimal NOX, CO, and UBC emissions.

3.3. Ash Deposition Rate

Reactor fouling and corrosion represent typical challenges inherent to biomass com-
bustion [11,36,37]. Ash deposited on the surface of the reactor functions as an insulating
layer, which reduces the heat transfer efficiency. Accordingly, a high ash deposition rate
may result in heightened fuel consumption and a reduction in thermal efficiency. Fur-
thermore, excessive ash deposition affects the operation and maintenance of combustion
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systems. The accumulated ash may cause flame instability and disturb the flow of gases
and the combustion process, necessitating more frequent maintenance intervals to uphold
the combustion system’s dependable operation. Therefore, a DTF deposition experiment
was performed to compare the ash deposition for each biomass sample. Figure 4 shows
the deposition characteristics of each biomass sample after combustion, obtained from the
results of the DTF deposition experiment.
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In the context of combustion of coal alone, the CE for coal approached approximately
17%, whereas the CE for 100% FWB_A was 14%. It is noteworthy that the FWBs exhibited
relatively lower ash deposition tendencies, as assessed through both the GRE and CE
indices. The CE and GRE values for FWB, as determined in this study, are comparably
lower than those reported for other biomass [17]. Low ash deposition on the surface of
the reactor indicates enhanced heat transfer and thermal efficiency in the combustion
process. Additionally, the operational challenges arising from ash deposition constitute
a noteworthy consideration in cofiring practices. The co-combustion of biomass and coal
can give rise to excessive ash deposition, necessitating heightened maintenance procedures
and downtime during combustion. In this regard, FWB presents advantages over other
wood and herbaceous biomass.

In the case of co-combustion scenarios involving 15% FWB_A, 15% FWB_B, and 15%
sewage sludge, ash CE values were 14.64%, 17.03%, and 16.50%, respectively. Additionally, the
ash deposition profiles for 5% FWB_A and 10% FWB_A exhibited similar CE values of 18.86%
and 19.05%, respectively. Previous studies have shown that biomass combustion usually
yields higher ash deposition rates than those yielded via coal combustion [13]. Our findings
in this study align with this pattern, showcasing elevated CE and GRE values for biomass
combustion. The smallest accumulated ash mass was observed in the case of FWB_A (100%,
0.062 g). When evaluated in terms of CE and GRE indices, FWB_A at 15% and 100% displayed
reduced ash deposition tendencies. It is essential to underline the substantial disparity between
GRE and CE in FWB_A combustion, potentially attributable to the distinct definitions of GRE
and CE. CE was derived solely from the accumulated ash content without considering the
calorific value of the solid fuel, whereas GRE was defined as the deposited ash per calorific
value. For instance, complete coal combustion resulted in approximately 0.54 g/MJ, whereas
FWB_A yielded 0.24 g/MJ. Co-combustion of 15% FWB_A and coal generated 0.46 g/MJ,
while 15% FWB_B and sludge produced 0.57 g/MJ (Figure 4). Furthermore, ash depositions
were recorded at 0.62 g/MJ, 0.61 g/MJ, and 0.46 g/MJ for 5% FWB_A, 10% FWB_A, and
15% FWB_A, respectively. These results show that low ash deposition occurred when
employing a 15% FWB_A cofiring ratio. Therefore, the combustion of FWB_A appears to
be advantageous in terms of ash deposition mitigation.
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3.4. TMA Characteristics

The fusion or melting behavior of biomass at elevated temperatures during combustion
exerts a direct influence on combustion efficiency. During biomass combustion, inorganic
components such as ash and volatile matter undergo thermal transformations. When the
ash fusion temperature is low, the ash particles tend to melt, forming sticky deposits on the
surface of the combustion reactor. This slag-like residue can disrupt airflow and hinder the
overall combustion efficiency. Furthermore, local oxygen-deficient zones can be formed
by these slaggy ash deposits, contributing to incomplete combustion of solid fuel and
increased emissions of pollutants such as CO, SO2, particulate matter, and volatile organic
compounds [38,39]. Thus, understanding and controlling the ash fusion phenomenon
hold paramount importance in reducing pollutant emissions and optimizing combustion
conditions. To this end, we conducted an ash fusion experiment using TMA to assess the
ash fusion tendencies of biomass fuels.

As shown in Figure 5, both coal and FWBs exhibit secondary to tertiary fusion points
rather than a singular, distinctive fusion point. This indicates the heterogeneity and nonuni-
formity of ash derived from biomass combustion. Coal displayed a primary fusion range
between 800 ◦C and 1100 ◦C, followed by a rapid secondary fusion between 1400 ◦C and
1500 ◦C, as evident in the TMA results (Figure 5). Specific temperature points T25, T50,
T75, and T90 for coal were recorded at 1095 ◦C, 1454 ◦C, 1494 ◦C, and 1512 ◦C, respectively.
Conversely, FWB_A exhibited a more intricate fusion behavior than that of general biomass,
manifesting at three different fusion rates. Its primary fusion was between 800 ◦C and 900 ◦C,
followed by a gradual secondary fusion between 1000 ◦C and 1400 ◦C, and a tertiary fusion
between 1400 ◦C and 1500 ◦C. For FWB_A, the temperature values for T25, T50, T75, and
T90 were measured at 926 ◦C, 1258 ◦C, 1458 ◦C, and 1504 ◦C, respectively, depicting fusion
characteristics relatively akin to those of coal. FWB_B exhibited a solitary, distinct fusion
point occurring between 1400 ◦C and 1500 ◦C. The corresponding temperature values
for T25, T50, T75, and T90 were 1431 ◦C, 1484 ◦C, 1516 ◦C, and 1532 ◦C, respectively. In
the case of FWB_B, the fusion of the entire ash component occurred at a relatively high
temperature, and single fusion occurred at a temperature higher than that of coal. Both
FWBs exhibited elevated fusibility levels akin to those of coal, suggesting compatibility in
ash fusion temperatures for FWB and coal and implies that cofiring of these fuels can be
more efficient and environmentally friendly. Sewage sludge has a lower fusion point than
that of coal and FWB, consistent with the general characteristics of biomass fuels [40,41].
The fusion points of sewage sludge were determined to be 910 ◦C, 951 ◦C, 977 ◦C, and
993 ◦C, which all fall below 1000 ◦C. In a previous study, the high metal content in sewage
sludge was identified as the main factor responsible for the low ash fusion temperature [40].
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The fusion tendency of the actual ash was not represented by the TMA results of the
single ash components or the combined trends extracted from each TMA result. Further-
more, the fusion temperature of biomass ash depends on its chemical composition [42].
Solid fuels with heterogeneous ash components exhibit inconsistent fusion characteristics
during co-combustion, rendering predictions of ash fusion points inherently challenging.

The fusion characteristics during co-combustion were examined by comparing the
TMA results of 15% cofiring with each biomass (Figure 5b). The primary fusion of 15%
FWB_A was observed between 800 ◦C and 1300 ◦C, followed by a distinctive secondary
fusion between 1400 ◦C and 1500 ◦C (T25 at 1203 ◦C, T50 at 1418 ◦C, T75 at 1448 ◦C, and
T90 at 1484 ◦C). Notably, FWB_A exhibited a higher first fusion temperature (T25) than
that of 100% coal, albeit its T75 and T90 were lower than those of coal. A single gradual
fusion was observed in 15% FWB_B. Notably, FWB_B showed the lowest fusibility up to
T75 during a single combustion and the highest fusion temperature at T90 when cofired
at 15% with coal. This trend was attributed to the inherently high fusion temperature of
FWB_B during single combustion. A distinct single fusion was observed for 15% sewage
sludge between 1400 ◦C and 1500 ◦C, similar to the tendency of coal, and in the case of
15% sewage sludge, T25 was at 1166 ◦C, T50 at 1430 ◦C, T75 at 1455 ◦C, and T90 at 1477 ◦C.
Overall, coal played a dominant role in the fusion of FWB_A and sewage sludge, leading
to an increase in fusibility.

Finally, a TMA fusion analysis was conducted on the co-combustions of 5% FWB_A,
10% FWB_A, and 15% FWB_A. The co-combustion of 5% FWB_A showed a similar tendency
to that of coal but with a slightly lower fusion point. In the case of 5% FWB_A, primary
fusion occurred between 800 ◦C and 1100 ◦C, followed by a rapid secondary fusion between
1400 ◦C and 1500 ◦C (T25 at 1066 ◦C, T50 at 1425 ◦C, T75 at 1469 ◦C, and T90 at 1502 ◦C).
The co-combustion of 10% FWB_A had the lowest fusion point, and this is presumed to
be due to the eutectic phenomenon. Primary fusion was observed between 800 ◦C and
1400 ◦C, and a drastic secondary fusion was observed between 1400 ◦C and 1500 ◦C. The
fusion points were relatively low, which is unfavorable for co-combustion. High alkaline
oxides such as CaO and MgO in biomass lower the ash melting tendencies, whereas SiO2
and Al2O3 have a negative effect on the ash fluidity of the coal [43]. High CaO content
in FWB, compared to coal, may decrease fusion temperature (Table 3). Fusibility did
not decrease with an increase in the co-combustion ratio. Furthermore, the fusibility at
blending rates of 5% and 15% did not differ significantly from that of the single combustion
of coal. In summary, at single fusion, sewage sludge exhibited the lowest fusion point and
poor melting properties, whereas relatively superior fusion characteristics were shown for
FWB_A and FWB_B. Understanding the ash fusion characteristics of biomass contributes
to the establishment of appropriate measures to prevent slagging issues and enhances the
combustion efficiency of biomass. To minimize ash deposition and optimize combustion
efficiency, the cofiring ratio or blending of solid fuel can be adjusted. These efforts may
promote environmentally friendly biomass combustion.

Table 3. XRF analysis results of ash components of solid fuels.

Coal FWB_A FWB_B Sewage Sludge

SiO2 86.02 4.36 6.56 25.00
Al2O3 9.25 0.00 0.00 16.53
Fe2O3 2.23 0.97 1.63 12.21
CaO 0.00 61.18 53.17 9.38
MgO 0.00 2.81 4.04 0.85
Na2O 0.00 0.00 0.00 0.00
K2O 0.00 2.30 0.78 2.68
SO3 0.00 2.68 3.51 0.01
P2O5 0.00 20.74 21.43 26.37
Etc. 2.50 5.0 8.9 7.0
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3.5. Grindability Evaluation

The grindability of biomass, which is its ability to be pulverized into smaller parti-
cles, directly influences the efficiency and effectiveness of biomass combustion. Biomass
needs to be ground to improve its combustion efficiency and heat transfer rates. In addi-
tion, solid fuels with high grindability have advantages in handling and storage because
fuel transportation and storage are more convenient and experience fewer bridging or
blockage problems.

The grindability of the biomass was evaluated based on the TTBGI [29]. As shown
in Figure 6, the TTBGI values of FWB_A and FWB_B were higher than those of coal and
sewage sludge. Coal with TTBGI 36% was classified as very hard, sewage sludge with
TTBGI 43% was classified as hard, and FWB_A and FWB_B with TTBGI values were 80%
and 75% each, so they were classified as medium-hard. In general, solid biomass fuels
have low grindability because of their high moisture content, irregular particle shape,
and biomass size. The heterogeneous composition of the biomass, including its inorganic
ash content, also results in low grindability. In particular, alkali metals in ash may cause
wear and damage to grinding equipment. However, in this study, high grindability using
FWB was achieved, likely due to the pyrolysis process. Such preprocessing reduces the
moisture and inorganic ash contents of biomass fuel. The higher grindability of the solid
fuel suggests that it is an efficient cofiring fuel that requires less power consumption during
fuel preparation.
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4. Conclusions

FWB was prepared and evaluated as a cofiring biomass fuel in this study. Combustibil-
ity, ash deposition characteristics, ash fusion tendencies, and grindability of FWB during
co-combustion were investigated. The following conclusions were drawn from this study:

I. FWBs showed similar calorific values with coal, approximately 2000 kcal/kg higher
than that of sewage sludge fuel.

II. The gaseous emissions of NOX and UBC from the combustion of FWB indicated
environmental benefits, especially at a 10% mixing ratio.

III. FWB_A exhibited melting behavior at low temperatures, indicating a potential nega-
tive impact on ash fouling and slagging. Similar fusion characteristics of FWB_A to
coal make it a more suitable cofiring resource. Lower fusion points for sewage sludge
imply potential operational issues.

IV. FWBs demonstrated higher grindability compared to traditional biomass fuels due
to the pyrolysis process. This high grindability is beneficial for fuel preparation,
transportation, and storage, reducing overall operational costs.

The findings of this study suggest that FWB_A is a valuable resource for co-combustion
in coal-fired power plants. Because the current study was limited to lab-scale experiments
using DTF, the findings cannot be generalized to the actual application of FWB in coal-fired
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power plants. Therefore, further studies are required to validate the feasibility of using
FWB in coal-fired power plants. Continued efforts in both research and energy policy are
required to make the FWB a more efficient renewable resource.
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Abstract: Organic and plastic waste (OPW) is diverted from landfills in order to lower carbon
emissions. Nevertheless, modern pyrolysis techniques are frequently utilized in laboratories (using
feedstocks that weigh less than 1 kg), which employ costly pure nitrogen gas (N2). This study
developed a fast pyrolysis system to produce pyrolysis oil or liquid (PyOL) from OPW using flue gas
as the pyrolysis agent. The added benefits included the efficient value-added chemical extractions and
the non-thermal plasma reactor upgraded PyOL. OPW was also pyrolyzed at a pilot scale using flue
gas fast pyrolysis in this study. In addition to lowering operational expenses associated with pure N2,
flue gas reduced the lifecycle carbon emissions to create PyOL. The results indicated that considerable
material agglomeration occurred during the OPW pyrolysis with an organic-to-plastic-waste (O/P)
ratio of 30/70. Furthermore, the liquid yields were 5.2% and 5.5% when O/P was 100/0 (305 ◦C) and
99.5/0.5 (354 ◦C), respectively. The liquid yields also increased when polymers (polypropylene) were
added, enhancing the aromatics. Two cases were employed to study their techno-economic feasibility:
PyOL-based production and chemical-extraction plants. The mitigated CO2 from the redirected OPW
and flue gas produced the highest revenue in terms of carbon credits. Moreover, the carbon price
(from RM 100 to 150 per ton of CO2) was the most important factor impacting the economic viability
in both cases. Plant capacities higher than 10,000 kg/h were economically viable for the PyOL-based
plants, whereas capacities greater than 1000 kg/h were financially feasible for chemical-extraction
plants. Overall, the study found that the pyrolysis of OPW in flue gas is a viable waste-to-energy
technology. The low liquid yield is offset by the carbon credits that can be earned, making the process
economically feasible.

Keywords: pyrolysis; lifecycle analysis; carbon emissions; techno-economic; feasibility

1. Introduction

The rapid urbanization and development of Malaysia have led to the production of
42 million tons of municipal solid waste (MSW) annually. Landfills receive about 74% of
MSW, which contains 40 to 60% of food waste [1]. Approximately 1.8 million tons of plastic
wastes are generated each year, where large plastic waste amounts are treated or converted
using processes that harm the environment. In 2019, Malaysian factories processed plastic
waste without the necessary permits or environmental controls. These plastic wastes were
sometimes left unutilized as factories were closed [2].

Although Malaysian economic growth is improving, MSW mismanagement is wors-
ening and 35% of Malaysians in rural areas are still living in poverty [3]. Those who fall
under urban poor category could be even higher, depending on the poverty estimation
methodology [4,5]. Malaysia generates an estimated 30,000 tons of MSW daily, which could
increase to 43,000 tons by 2025. Most of Malaysia’s MSW in landfills is a major environ-
mental concern, as greenhouse gas (methane) is 25 times more potent than carbon dioxide.
Both organic and plastic wastes (OPW) are included in MSW, composed of carbon-based
materials utilized as feedstock to create petroleum products (liquid or pyrolysis oil).
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Pyrolysis converts feedstock to liquid oil at a temperature of 300 to 600 ◦C in an oxygen-
deficient (or low-oxygen) environment [6,7]. This process has the potential to substitute
and minimizes the amount of crude oil derived from fossil sources while recovering and
reducing OPW and diverting it from landfills. Pyrolysis oil consists of a complex mixture
of chemical compounds, including oxygen-containing organic compounds derived from
OPW. Meanwhile, biomass-based pyrolysis oil comprises cellulose, hemicellulose, and
lignin components, which produce organic acids, alcohols, aldehydes, esters, phenols,
ketones, and dehydrated carbohydrates [8]. Formic acid, furfural, phenol, and guaiacol
are among the important chemicals that are recovered from the produced pyrolysis oil
or liquid (PyOL), and their shelf prices are approximately RM 70 to 96, 56 to 303, 125 to
437 RM/L [8–14]. Table 1 lists the application of each chemical extracted from pyrolysis oil
and its function.

Table 1. Extractable chemicals from pyrolysis oil and their function.

Extractables Function Bulk/Cost
(USD/ton)

Estimated Shelf
Cost (RM/Liter) [4]

Formic acid

• Preservative and antibacterial
agent in livestock feed.

• To process organic latex (sap)
into raw rubber.

44 [1] 70–96

Furfural

• Solvent for the extraction
of aromatics.

• As a transportation fuel, jet
fuel, gasoline additive, soil
enhancer, and organic fertilizer.

900–2000 [2] 56–303

Phenol

• Additive for products to
promote hardening, used in
paints and varnishes,
plastics, etc.

• Type of pesticide used to
destroy or inhibit the growth of
disease-causing mechanisms.

840 [3] 125–437

Generally, the produced PyOL from agricultural wastes or lignocellulosic-based mate-
rials is not directly utilized as fuels due to several factors, including high oxygen and low
energy contents [15,16]. A study by Sommani et al. reported the liquid fuel synthesis by
cracking using vegetable oil (UVO/WCO) mixed with polypropylene (PP) waste, whose
activated carbon was applied as a catalyst to increase the quality of the PyOL [17]. The
tests were conducted in a batch reactor with a constant hydrogen pressure of 0.1 MPa.
Thus, liquid fuels, such as naphthalene and gas oils, were successfully synthesized with
activated carbon in the study. A UVO:PP waste ratio of 30:70 obtained the highest total
liquid hydrocarbon yield of 80 wt% with selected conditions. These conditions included an
activated carbon to raw material ratio of 2.5 wt%, a reaction temperature of 430 ◦C, and a
reaction time of 30 min [17]. These conventional acid–alkali catalytic reactions also required
a lengthy reaction period and numerous separation procedures [18]. Hence, the PyOL
quality was improved using a novel plasma reactor to replace the traditional approach [15].
Atoms and molecules were also ionized in non-thermal plasma (NTP), producing radicals
and excited species and altering the chemical bonds in the exposed matter [19,20].

This study aimed to develop a waste-to-energy fast pyrolysis system for converting
OPW into PyOL, which was further applied as biofuels or value-added chemicals. Follow-
ing previous studies, most pyrolysis laboratory tests were conducted using pure nitrogen
(N2) or N2 mixed with a little oxygen (O2), feedstocks weighing less than 1 kg, and low
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heating rates of 20 ◦C min−1 [21–23]. Nevertheless, these small-scale laboratory tests did
not indicate the scalability and economic viability of the pyrolysis process. Therefore,
oxidative pyrolysis was performed in this study using a combination of air and flue gas
for an oxygen-deficient environment. The PyOL properties were also enhanced in this
study using an NTP reactor. Finally, a techno-economic feasibility (TEF) analysis was
conducted to ascertain the economic viability of a commercial OPW pyrolysis plant for
various processing capacities.

2. Methodology

This study aimed to evaluate the TEF (PyOL-based organic and plastic wastes) of a
pilot plant in Malaysia. As oxidative pyrolysis used less energy to reach the pyrolysis tem-
perature, using oxidative pyrolysis rather than pure N2 pyrolysis produced significant flue
gas savings. Conversely, the drawback of this method was lower liquid yield. Meanwhile,
the pilot-scale pyrolysis system provided the information for this study has several limi-
tations [24]. These limitations included underestimating the raw material or energy costs
and overestimating the product or service demands, which caused inaccurate profitability
estimates. Changing policy and market conditions also impacted the assumptions made.

2.1. Oxidative Pyrolysis of OPW

Instead of using pure N2 for pyrolysis, oxidative pyrolysis was applied, where non-
oxidative thermal degradation and heterogeneous oxidation occurred simultaneously [24].
This process was performed using air with flue gas for OPW pyrolysis. Exothermic reactions
require oxygen from the air, generating heat for the endothermic pyrolysis reactions. Unlike
laboratory studies, the heat for the pyrolysis process is caused by electrical heaters that are
not economically viable.

Flue gas has a temperature of between 150 and 200 ◦C, which is generated by power
plants or combustion processes. This gas is an untapped heat source for oxidative pyrolysis,
which lowers operational costs and pure N2 consumption [25,26]. A local supplier set
the price of N2 at USD 36 per kg (December 2021) or RM 6 per m3 (January 2022) [27].
Approximately 79% of flue gas is N2, 14% is CO2, and 7% is O2. Compared to N2-based
pyrolysis, oxidative pyrolysis is anticipated to produce a higher gas output [28]. For
example, the waste-to-energy system utilizing pyrolysis of food waste assisted with CO2
has increased CO generation. When CO2 is used during the pyrolysis of plastics, the
formation of polyaromatic hydrocarbons (PAH) and acidic chemicals are reduced compared
to N2-based pyrolysis [29,30]. This outcome is due to CO2 hindering the aromatization and
cyclization reactions while accelerating the thermal cracking of volatiles during pyrolysis.
In addition, CO2-assisted pyrolysis improves thermal efficiency, increases the breakdown
and rearrangement of volatile products, and inhibits the reactivity of volatile organic
compounds with gas [31,32].

2.2. Lifecycle Assessment (LCA) of the Pyrolysis System and Mitigated CO2

The CO2 emission factors for a linear economy were collected from several studies
where MSW was in a landfill, while chemicals were manufactured using fossil fuels (con-
ventional routes). Furthermore, the CO2 emissions per kg were compared to a circular
economy-based scenario in which landfill-based MSW produced PyOL (extracted chemi-
cals). For every 2500 tons of MSW, 3117 tons of CO2 emissions were recorded daily based
on the Bukit Beringin Landfill estimates in 2015 [33]. This observation amounted to 1.25 kg
of CO2 per kg of MSW. The “Our World in Data” database contained carbon emission data
related to food production [34]. Consequently, shrimp, fish food, chicken meat, and beef
produced 27, 14, 10, and 100 kg of CO2 per kg of MSW, respectively. The CO2 emission also
reported high-value chemical production, ranging between 4 and 5 kg of CO2 per kg of
MSW using conventional and methane-based methods [35].
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2.3. TEF Study for a Commercial Pyrolysis Plant

A TEF study assessed the potential of establishing a commercial pyrolysis plant that
generated value-added chemicals. This study was evaluated by sending survey forms to
potential pyrolysis oil off-takers, involving BASF, PETRONAS Research Sdn. Bhd., Alam
Flora, Jengka Advanced Renewable Energy Plant (JAREP), and other chemical companies
(see Figure 1). Three of the five comments concerned capital, collection, and operating costs.
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Figure 1. Potential off-takers of technology.

Academics from Curtin University and Manchester University, United Kingdom,
conducting TEF studies on industry-based pyrolysis were consulted in this study. Figure 2
portrays the overall process of performing the TEF studies. Capital expense data were
sourced from Fivga et al.’s study, which estimated the costs of waste plastic pyrolysis,
material balances, energy needs, and utilities using process simulation software (Aspen
HYSYS v8.6) [36].
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Figure 3 illustrates the formic acid, furfural, and phenol extraction methods [10,32,37].
Although the capital expenditures for extracting these compounds were unknown, the
average capacity and recent investment values in crude oil-to-chemicals (COTC) plants
were utilized instead [38]. The average capital cost was estimated to be RM 2722 per ton of
PyOL based on the investment lists and capacities of COTC plants (see Figure 4).
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The TEF analysis was performed for pyrolysis plants handling MSW values of 20, 100,
1000, and 10,000 kg/h in response to Fivga et al.’s study [36]. According to a Malaysian
Performance Management and Delivery Unit study, the waste collection cost was approx-
imately RM 150 per ton daily [39]. The waste collection cost was lowered to meet each
collector’s minimum wage (RM 1500 monthly). Therefore, these costs were reduced from
RM 300 ton/day to RM 275, 150, and 100 ton/day for plant capacities of 20, 100, 1000, and
10,000 kg/h, respectively.

The pyrolysis plant data using flue gas as a pyrolysis agent and OPW as feedstock
were not readily available. Thus, additional feasibility data were estimated using techno-
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economic analysis of pyrolysis plants employing woody biomass, rice husks, or plastics
as feedstock. These data were obtained from institutions like the National Renewable
Energy Laboratory (NREL) [40,41]. The pyrolysis fuel production cost for various plant
capacities was then evaluated according to Fivga et al.’s study [36]. Meanwhile, studies
by Wright [40], Jahirul [42] and Islam [43] provided the operating breakdown costs for
labor, operation, and maintenance (OM) of the proposed pyrolysis plants with an annual
operational time of 7008 h/yr. The OM cost involved clearing pipe blockages, repairing
conveyors, compressors, and air distribution plates, maintaining pyrolysis agent systems,
fixing pipe leaks, and a one-time payment for overhauling major equipment (heating
system and large material handling equipment).

The total operational costs increased with plant capacity due to rising energy costs
and the demand for consumables, such as liquid petroleum gas (LPG), to heat the reactor.
In contrast, the operational costs per kg of OPW decreased when the labor costs did not
increase linearly with plant capacity. The operating cost was hypothetically lower than
plants that employed pure N2 as the pyrolysis agent. Although the proposed pyrolysis
plant utilized flue gas for fluidization and pyrolysis processes, additional pumps and pipe
insulations were necessary to raise the pressure while maintaining the temperature.

For plants with capacities of 1000 and 10,000 kg/h, using flue gas at an average
temperature of 150 ◦C for heating the reactor to 350 ◦C decreased LPG consumption
by between RM 40,009 and 400,098 annually. Interestingly, this flue gas-based process
also prevented and reduced the CO2 released into the atmosphere. Depending on the
implementation of a domestic carbon trading mechanism and the carbon price (RM 35
to 150 per ton of CO2), the flue gas fast pyrolysis system provided additional revenue if
other carbon-emitting companies purchased carbon credits from the carbon offset of the
pyrolysis system [44].

The expected capital, OM expenditures, and revenue for two case studies were consid-
ered in the TEF analysis. The first case study demonstrated the PyOL as the sole product,
which the PyOL costing approximately RM 0.60 per kg based on a local PyOL manufac-
turing company survey. Likewise, the pyrolysis technology used in this study yielded a
5% PyOL. A higher yield was also possible (20 to 30%) with low condensation temperatures
(10 to −10 ◦C). Nonetheless, the low condensation temperature was assumed to be unavail-
able in the commercial plant owing to the high capital investment needed, producing lower
PyOL due to the limitation of energy consumption. The second case study reported the
chemical extractions of formic acid, furfural, and phenol from PyOLs through processes
presented in several studies [10,32,37]. These studies provided the estimated chemical
yields with the estimated minimum value prices (obtained from the Chemical Book and
Sigma-Aldrich or Merck websites) [45,46]. Hence, the values reported are presented as
follows:

• Yield of furfural: 1.0%, at RM 303/kg
• Yield of formic acid: 8.4%, at RM 96/kg
• Yield of phenol: 4.1%, at RM 437/kg

The specific unit pricing (expressed in RM/L) increased with order volume. Thus,
the specific unit price for phenol, furfural, and formic acid was averaged over quantities
ranging from 1 to 25 kg (or 1 to 25 L). The profitability per year (PF) was calculated as the
total annual income minus the total yearly operating, maintenance, and utility costs (PF).
Similarly, the actual cash flow per year (CFn) for Year n was calculated by multiplying PF
with a present value factor (PVn) and a discount factor r of 8%. Therefore, the actual PF
declines over time is as follows:

CFn = PF × PVn (1)

Since the construction and commissioning were supposed to take two years and the
capital investment (CI) was set at Year n (where n = 0, 1, 2, . . .), Years 1 and 2 demonstrated
no cash flow. From Years 3 to 8, the PV value decreased from 0.7938 (PV3) to 0.5403 (PV8).
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Subsequently, the net present value (NPV) and internal rate of return (IRR) for each scenario
are calculated as follows:

NPV = ∑8
n=o

CFn

(1 + IRR)n (2)

The NPV is set to null to determine the IRR.

3. LCA of Carbon Emissions for Pyrolysis and Chemical Production Plant

From the lifecycle assessment (LCA), the maximum possible total CO2 emissions
from the production of food, chemicals, and MSW from landfills is 19.25 kg CO2 per kg of
material, as shown in Figure 5. By utilizing MSW from landfills, the amount of CO2 that
is reduced is equivalent to the amount emitted per kg of MSW (−1.25 kg CO2/kg MSW).
The pyrolysis reactor emits 12% CO2, with a gas yield of 72% and total flow rate of 22 kg/h
(20 kg/h of MSW + 2 kg/h of pyrolysis agent), and the carbon emission from the fluidized
bed is estimated at 2.06 kg/h of CO2 or 0.10 kg CO2/kg MSW. These data are based on
experimental results from the pilot-scale trials.

When 0.012 kg of CO2/kg MSW was divided by 0.048 kg of chemical/kg MSW, 2.5 kg
of CO2/kg chemical was estimated as the chemical-extracted PyOL emission. By contrast,
the LCA did not include the CO2 quantity of CO2 emitted per kg chemical. This outcome
was observed due to the CO2 utilization in the pyrolysis process for the industry. If the
LCA was based on the weight of the substances, the chemical reduction generated via fossil
fuels would significantly reduce CO2 emissions. Thus, the decline was as much as −4 kg
of CO2/kg chemical (mean value). On average, 0.04 kg of chemicals were predicted to be
produced from each kg of pyrolysis oil. Therefore, the CO2 amount mitigated by chemicals
from PyO was insignificant at −0.01 kg of CO2/kg MSW.
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According to estimates, the total mitigated CO2 was −1.00 kg of CO2/kg MSW,
which resulted in lifecycle emissions of 13.79 kg of CO2 per kg of material (a reduction of
5.46 kg CO2 per kg of material). For the extraction of formic acid, furfural, and phenol,
grid emission factors estimated the carbon emissions from the COTC plant or chemical-
extraction procedures [10,32,37]. Using a flue gas fast pyrolysis system could offset indirect
CO2 emissions from the chemical-extraction process (from the supply chain), thus lowering
the carbon footprint. Nevertheless, only point emissions were considered in this study.

The MSW removal from landfills generated the highest saved CO2 amount (see
Figure 6). This value was even larger if indirect emissions related to changes in land
use and landfill leachates were considered. Figures 5 and 6 present the gross estimations
reported in the literature and the comparisons of numerous methods and models, respec-
tively. Thus, an accurate and comprehensive assessment of the LCA was demonstrated,
which was vital for further evaluation [47,48].
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Table 2. Summary of the labor cost breakdown for a commercial OPW co-pyrolysis plant. 

Organic and 
Plastic Waste 

Capacity (kg/h) 
20 100 1000 10,000 

Capital costs 
(RM mil) 

2.28 2.52 7.20 13.20 

Management, 
production 

(RM/yr) 
100,000.00 100,000.00 100,000.00 100,000.00 

Number of en-
gineers 

- - - 1 

Mean salary of 
engineers 

(RM/month) 
- - - 8333.33 

Engineers, pro-
duction 
(RM/yr) 

- - - 173,286.21 

Engineers, 
maintenance 

(RM/yr) 
- - - 173,286.21 

Number of op-
erators and 
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2 4 6 8 
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(RM/month) 

4166.67 4166.67 4166.67 2083.33 

Figure 6. The avoided CO2 amount using flue gas and MSW for the pyrolysis plant alongside the
CO2 emissions estimated using the grid emission factor [33].
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4. TEF Study of Commercial Pyrolysis Oil/Liquid and Chemical-Extraction Plant

Table 2 tabulates the labor cost breakdown for the first PyOL production case study,
while Table 3 provides a breakdown of costs for waste collection, operation, maintenance,
and utilities. Table 4 lists the PyOL revenue and the averted carbon. Based on data from a
local company employing a rotary kiln to produce PyOL at a rate of 15 tons per day, the
PyOL cost was RM 0.60 per kg.

Table 2. Summary of the labor cost breakdown for a commercial OPW co-pyrolysis plant.

Organic and Plastic Waste
Capacity (kg/h) 20 100 1000 10,000

Capital costs (RM mil) 2.28 2.52 7.20 13.20

Management, production
(RM/yr) 100,000.00 100,000.00 100,000.00 100,000.00

Number of engineers - - - 1

Mean salary of engineers
(RM/month) - - - 8333.33

Engineers, production
(RM/yr) - - - 173,286.21

Engineers, maintenance
(RM/yr) - - - 173,286.21

Number of operators and
technicians 2 4 6 8

Mean salary operators
and technicians

(RM/month)
4166.67 4166.67 4166.67 2083.33

Operators and
technicians, production

(RM/yr)
50,000.00 50,000.00 50,000.00 50,000.00

Operators and
technicians, maintenance

(RM/yr)
50,000.00 50,000.00 50,000.00 50,000.00

Number of executives 1 1 1 2

Mean salary of executives
(RM/month) 2500.00 2500.00 2500.00 2500.00

Executive (RM/yr) 30,000.00 30,000.00 44,362.73 103,971.73

Total Labor Costs 62,000.00 620,000.00 1,073,202.44 2,009,031.75

Table 3. Summary of the waste collection, operational, maintenance, and utility costs concerning
plant capacity. Breakdown of labor, collection, OM costs (pyrolysis liquid only).

Organic and Plastic Waste
Capacity (kg/h) 20 100 1000 10,000

Waste collection costs
(RM/ton/day) 300 275 150 100

Amount of waste
(tons/day) 0.24 1.20 12.00 120.00

Number of collectors
(staff) 1.00 5.00 25.00 180.00

Mean cost of collectors
(RM/month) 1752.00 1606.00 1752.00 1622.22
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Table 3. Cont.

Total Collection Costs
(RM/yr) 21,024.00 96,360.00 525,600.00 3,504,000.00

Clear blockage (RM/yr) 5000.00 7500.00 20,000.00 40,000.00

Repair conveyer (RM/yr) 50,000.00 75,000.00 200,000.00 400,000.00

Maintenance of
pyrolyzing agent systems

(RM/yr)
25,000.00 37,500.00 100,000.00 200,000.00

Repair compressor
(RM/yr) 25,000.00 37,500.00 100,000.00 200,000.00

Repair fluidized bed and
auxiliary equipment

(RM/yr)
25,000.00 37,500.00 100,000.00 200,000.00

Repair leakages (RM/yr) 20,000.00 30,000.00 80,000.00 160,000.00

Major equipment
overhaul (RM/yr) 100,000.00 150,000.00 400,000.00 800,000.00

Total Maintenance Costs
(RM/yr) 250,000.00 375,000.00 1,000,000.00 2,000,000.00

Organic and Plastic Waste
Capacity (kg/h) 20 100 1000 10,000

Power consumption
(RM/yr) 72,829.27 109,243.91 291,317.09 582,634.18

For heating up reactor
(RM/yr) 1391.65 6958.23 69,582.30 695,822.96

Total Utilities Costs
(RM/yr) 74,220.92 116,202.14 360,899.39 1,278,457.14

Table 4. Summary of the revenue from pyrolysis and carbon credit. Breakdown of revenue from
pyrolysis liquid and carbon credit.

Organic and Plastic Waste
Capacity (kg/h) 20 100 1000 10,000

Carbon price (RM/ton CO2) 50 to 150 (proposed by Penang Institute in 2019)

CO2 mitigated from landfill (kg
CO2/kg MSW) 1.25 [33]

CO2 mitigated from landfill
(ton CO2/yr) 140 701 7008 70,080

Flue gas flow rate (kg/h) 10 50 500 5000

Average CO2 content in flue
gas (%) 12 (based on power plant values)

CO2 mitigated from flue gas
(ton CO2/yr) 8 42 420 4205

Power consumption, including
OPW prep. (kW) 21 31 42 * 83

Grid emission factor (kg
CO2/kWh) 0.57 [33]

Grid emission per year (ton
CO2/yr) 83 125 166 332

Net CO2 mitigated (ton
CO2/yr) 101 794 9014 91,473

60



Sustainability 2023, 15, 14280

Table 4. Cont.

Yield of pyrolysis oil (%) 5 (based on exp. in this project published in [49])

Selling price of pyrolysis oil
(RM/kg) 0.60 [based on information from local company, 2022]

Tipping fees for pyrolysis plant
(RM/ton/day) 0 to 250 [39]

* similar to local company, 1250 kg/h pyrolysis plant.

Table 5 displays the estimated capital costs for various plant capacities for the second
chemical manufacturing case study from PyOL. These values were based on the investment
amount for COTC plants published by the IHS market, in which the plant capital expense
was RM 2722 per ton [50]. The chemical operational cost, power consumption, yield, and
price are also provided in Table 6.

Table 5. Summary of the estimated capital costs for the chemical-extraction plant. With value-added
chemicals extracted from pyrolysis oil.

Capacity (kg/h) 20 100 1000 10,000

Capital cost (RM million) * 2.66 4.43 26.28 203.97
* Based on min. shelf price, obtained from Sigma-Aldrich (Petaling Jaya, Malaysia) and Chemical Book.

Table 6. Summary of the yield, power consumption, emission factors, and price of chemicals. With
value-added chemicals extracted from pyrolysis oil.

Capacity (kg/h) 20 100 1000 10,000

Total operating costs annually
(RM/yr) 993,732 1,504,537 5,238,353 17,847,238

Power consumption, including
OPW prep. and chemical

extraction (kW)
41 62 166 332

Net CO2 mitigated (ton CO2/yr) 18 669 8516 90,476

Yield, liquid (kg/kg waste) 0.05 (based on exp. in this study)

Yield, formic acid (kg/kg waste) 0.084 [37]

Yield, furfural (kg/kg waste) 0.010 [29]

Yield, phenol (kg/kg waste) 0.041 [32]

Price of formic acid (RM/kg) 96 *

Price of furfural (RM/kg) 303 *

Price of phenol (RM/kg) 437 *
* Based on min. shelf price, obtained from Sigma-Aldrich and Chemical Book.

Depending on the carbon price and the tipping fee, the first case study (PyOL produc-
tion) indicated positive cash flows for the 10,000 kg/h plant (see Figure 7). The IRR was
41% when the carbon price was RM 150 per ton of CO2, which was reduced to 0% at RM
50 per ton of CO2. Subsequently, the IRR was 4% when the carbon price was RM 50 per ton
of CO2, with the daily tipping fee of RM 120 per ton MSW. Intriguingly, the IRR was still
4% when there were no carbon prices alongside a daily tipping fee of RM 120 RM per ton
MSW. The cash flow was negative for the remaining plant capacities.
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Figure 8 shows that for the second case study (chemical extraction from PyOL), there
are positive cash flows for the 1000 and 10,000 kg/h plants for carbon prices of RM 35 to
150 per ton CO2. The internal rate of return is 1 to 7% for the 1000 kg/h system, and 21 to
26% for the 10,000 kg/h plant, for carbon prices of RM 35 to 150 per ton CO2.

For the second case study (chemical extraction from PyOL) as shown in Figure 9, the
carbon prices ranged from RM 35 to 150 per ton of CO2, and positive cash flows were
recorded for the 1000 and 10,000 kg/h plants. Similarly, the IRR were from 1 to 7% and 21
to 26% for the 1000 kg/h and 10,000 kg/h plants, respectively.

62



Sustainability 2023, 15, 14280Sustainability 2023, 15, x FOR PEER REVIEW 14 of 18 
 

 

 
(a) 

 
(b) 

Figure 8. (a) Discounted cash flows per year for different plant capacities, carbon price, and tipping 
fee for chemical extraction from pyrolysis liquid. (b) Internal rate of return and different carbon 
prices for chemical extraction from pyrolysis liquid. 

For the second case study (chemical extraction from PyOL) as shown in Figure 9, the carbon 
prices ranged from RM 35 to 150 per ton of CO2, and positive cash flows were recorded for the 1000 
and 10,000 kg/h plants. Similarly, the IRR were from 1 to 7% and 21 to 26% for the 1000 kg/h and 
10,000 kg/h plants, respectively. 

Figure 8. (a) Discounted cash flows per year for different plant capacities, carbon price, and tipping
fee for chemical extraction from pyrolysis liquid. (b) Internal rate of return and different carbon
prices for chemical extraction from pyrolysis liquid.

Sustainability 2023, 15, x FOR PEER REVIEW 15 of 18 
 

 

 
Figure 9. Breakdown of costs for 10,000 kg/h chemical-extraction plant and PyOL-based plant. 

Compared to the PyOL-based production plant, the revenue from the chemicals out-
weighed all other costs of the chemical-extraction plant (excluding the capital costs). Con-
versely, these figures were indicative and were subject to change based on the supply-
and-demand dynamics. The TEF template in this study could be applied to future similar 
investigations. The assumptions and models employed in this study revealed that Malay-
sia was increasingly using pyrolysis plants as a more sustainable approach to managing 
waste-to-energy system while producing electricity. Therefore, pyrolysis facilities were 
viewed as a key technology in reducing the waste quantity sent to landfills by 30% in 2025. 

5. Conclusions 
In conclusion, this paper has shown that it is economically feasible to use a waste-to-

energy system to produce PyOL from OPW using flue gas as the pyrolysis agent. The flue 
gas fast pyrolysis system of OPW in a fluidized bed shows that the liquid yield is between 
5.2 and 5.5% under the operating conditions of 100/0 (305 °C) and 99.5/0.5 (354 °C), respec-
tively. This low liquid yield shows that it is still economically viable based on the carbon 
credits obtained by mitigating the carbon emissions from OPW in the landfills and the 
carbon in the flue gas. There are positive cash flows for the 1000 and 10,000 kg/h plants 
for carbon prices of RM 35 to 150 per ton CO2. Meanwhile, the internal rate of return is 1 
to 7% for the 1000 kg/h system and 21 to 26% for the 10,000 kg/h plant. This paper has 
shown that the economic viability of the fast pyrolysis system in developing countries 
depends on a number of factors, including the cost of the pyrolysis plant, the cost of the 
feedstock, and the revenue from the sale of pyrolysis products. The development of py-
rolysis plants in Malaysia can help to reduce the amount of OPW that ends up in landfills 
or the environment. It can also create employment opportunities and generate revenue for 
local communities. This paper has presented key factors that affect the development of 
pyrolysis plants by analyzing the detailed techno-economic feasibility and serve as a 
model for other developing countries to address the challenges of waste management and 
climate change. 

Author Contributions:. Conceptualization, methodology, investigation, resources, data curation, 
formal analysis, visualization, project administration, funding acquisition, writing—original draft 
preparation, M.L.; writing—review and editing, E.S.T. All authors have read and agreed to the pub-
lished version of the manuscript. 

Funding: This research was funded by Tenaga Nasional Berhad (TNB) grant number 
TNBR/SF367/2020. The publication cost was funded by AAIBE Chair of Renewable Energy 
202001KETTHA. 

Figure 9. Breakdown of costs for 10,000 kg/h chemical-extraction plant and PyOL-based plant.

63



Sustainability 2023, 15, 14280

Compared to the PyOL-based production plant, the revenue from the chemicals
outweighed all other costs of the chemical-extraction plant (excluding the capital costs).
Conversely, these figures were indicative and were subject to change based on the supply-
and-demand dynamics. The TEF template in this study could be applied to future similar
investigations. The assumptions and models employed in this study revealed that Malaysia
was increasingly using pyrolysis plants as a more sustainable approach to managing waste-
to-energy system while producing electricity. Therefore, pyrolysis facilities were viewed as
a key technology in reducing the waste quantity sent to landfills by 30% in 2025.

5. Conclusions

In conclusion, this paper has shown that it is economically feasible to use a waste-
to-energy system to produce PyOL from OPW using flue gas as the pyrolysis agent. The
flue gas fast pyrolysis system of OPW in a fluidized bed shows that the liquid yield is
between 5.2 and 5.5% under the operating conditions of 100/0 (305 ◦C) and 99.5/0.5
(354 ◦C), respectively. This low liquid yield shows that it is still economically viable based
on the carbon credits obtained by mitigating the carbon emissions from OPW in the landfills
and the carbon in the flue gas. There are positive cash flows for the 1000 and 10,000 kg/h
plants for carbon prices of RM 35 to 150 per ton CO2. Meanwhile, the internal rate of
return is 1 to 7% for the 1000 kg/h system and 21 to 26% for the 10,000 kg/h plant. This
paper has shown that the economic viability of the fast pyrolysis system in developing
countries depends on a number of factors, including the cost of the pyrolysis plant, the cost
of the feedstock, and the revenue from the sale of pyrolysis products. The development of
pyrolysis plants in Malaysia can help to reduce the amount of OPW that ends up in landfills
or the environment. It can also create employment opportunities and generate revenue
for local communities. This paper has presented key factors that affect the development
of pyrolysis plants by analyzing the detailed techno-economic feasibility and serve as a
model for other developing countries to address the challenges of waste management and
climate change.
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Abstract: This research used tomato waste as a substrate (fuel) in Single Chamber-Microbial Fuel
Cells (scMFC) on a small scale. The electrochemical properties were monitored, the functional
groups of the substrate were analyzed by Fourier Transform Infrared Spectrophotometry (FTIR) and
a microbiological analysis was performed on the electrodes in order to identify the microorganisms
responsible for the electrochemical process. The results show voltage peaks and an electrical current
of 3.647 ± 0.157 mA and 0.957 ± 0.246 V. A pH of 5.32 ± 0.26 was measured in the substrate with
an electrical current conductivity of 148,701 ± 5849 mS/cm and an internal resistance (Rint) of
77. 517 ± 8.541 Ω. The maximum power density (PD) displayed was 264.72 ± 3.54 mW/cm2 at a
current density (CD) of 4.388 A/cm2. On the other hand, the FTIR spectrum showed a more intense
decrease in its peaks, with the compound belonging to the phenolic groups being the most affected at
3361 cm−1. The micrographs show the formation of a porous biofilm where molecular identification
allowed the identification of two bacteria (Proteus vulgaris and Proteus vulgaris) and a yeast (Yarrowia
lipolytica) with 100% identity. The data found show the potential of this waste as a source of fuel for
the generation of an electric current in a sustainable and environmentally friendly way, generating in
the near future a mechanism for the reuse of waste in a beneficial way for farmers, communities and
agro-industrial companies.

Keywords: organic waste; tomato; microbial fuel cells; electric power; biomass; metal electrodes;
bioenergy extraction

1. Introduction

The uncontrolled increase in the consumption of electrical energy from fossil sources
has caused serious damage to the environment, resulting in significant changes in the
climate and natural disasters that have affected many countries [1,2]. Humans use this
type of energy daily for their activities, becoming a good and primary source worldwide
(81%), divided into oil (32%), coal (27.1%), and gas (22%) [3,4]. Each year, more than
130 million tons are processed, and thus far, approximately eight million have already been
processed [5]. In addition, recent statistics have shown that the consumption of electrical
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energy has increased from 13.72 billion KWH in 2000 to 24.57 billion KWH in 2018, which
was even higher in the pandemic era [6,7]. On the flip side, the generation of fruits and
vegetables has increased exponentially in recent years because human society has begun
to consume healthier food, resulting in an economic boost for agro-industrial companies
that export these products [8]. However, this increase in production has also generated
large amounts of organic waste (agro-industrial waste), which has become a problem for
governments because they do not have an organized method of collecting and managing
this type of waste [9,10]. It has been reported that municipal waste in 2017 in Europe was
58 million tons, of which 46% was organic waste, which is estimated to increase by 32% by
2030 [11]. Among all the fruits produced by agro-industrial companies, tomato production
(Solanum lycopersicum L.) is one of the most important; in 2019, its global production
was estimated at approximately 37 million tons, and it has been estimated that of every
130 million tons produced, approximately 8 million tons represent the waste generated
according to the World Processing Tomato Council (WPTC) [12–14]. This fruit contains
natural bioactive compounds and antioxidants and has anti-inflammatory properties, which
have beneficial health effects [15].

In the search to solve these two major problems that afflict the world, microbial fuel
cell technology is presented as a novel solution because it uses any type of waste as fuel
to generate electricity, which is due to the conversion of chemical energy into electricity
through the reduction-oxidation process that occurs within cells [16,17]. The MFC design
can have two chambers (anodic and cathodic) and a proton exchange membrane that joins
them on the inside and an external electrical circuit [18]. A large number of designs and
the use of various materials for their construction have been found in the literature, but
one of the best-known is the single-chamber microbial fuel cell (scMFCs). The scMFCs is a
low-cost cell. with its anode and cathode chambers in the same compartment, and because
the anode is in direct contact with the environment (O2), high power density values are
obtained, showing great potential for large-scale scaling [19–21].

In the literature, research has been conducted on the use of different types of organic
waste as a substrate for the generation of bioelectricity; for example, Asefi et al. (2019)
managed to generate 600 mV voltage spikes in their dual-chamber microbial fuel cells
using food waste as fuel and carbon felt as electrodes [22]. Likewise, Mohamed et al.
(2020) generated voltage peaks of approximately 585 mV and a maximum power density
of 33 mW/m2 in microbial fuel cells using graphite as electrodes [23]. Yaqoob et al. (2022),
using a mixture of rambutan, langsat, and mango residues, managed to generate peaks
of 175 mV and a power density (PD) of 0.30 mW/m2 in their scMFCs with graphite
electrodes [24]. In another study, Kondaveeti et al. (2019) used citrus peels in single-
chamber microbial fuel cells and generated maximum peak voltages and power densities
of 284 mV and 26.41 mW/m2, respectively, using graphite plates as electrodes [25]. Thus,
it has also been observed that the values of electric current can increase with the use
of electrodes of a metallic nature due to the intrinsic properties that these have to the
passage of electrons for the generation of electricity, the current values have been compared
to graphite electrodes, coal and its derivatives with equal amounts of substrate volume,
microbial fuel cell design and with equal environmental parameters; managing to generate
higher voltage, current and power density peaks [26–28].

This research has as main objective to observe the potential to generate bioelectricity
through MFCs at a laboratory scale using tomato residues as a substrate. To achieve this,
pH, current, voltage, pH, and electrical conductivity were monitored. Likewise, the values
of the power density, current density, and Rint. of the microbial fuel cells were measured, as
well as the micrographs of the biofilm of the anodic electrode. Finally, the microorganisms
present in the anode electrode at the end of the monitoring period were identified, and
the FTIR spectra of the initial and final substrates were observed. This research will
demonstrate the potential of tomato waste for use as fuel in single-chamber microbial fuel
cells, using low-cost materials such as copper and zinc electrodes. Likewise, it will be
possible to identify microorganisms that generate electrical energy for their subsequent use
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as biocatalysts, which will be able to repower microbial fuel cells. The replication of this
technology on a large scale could benefit companies dedicated to the sale and purchase of
these fruits in the near future.

2. Materials and Methods
2.1. Design of scMFCs

Three single-chamber microbial fuel cells (scMFCs) were manufactured for which
copper (Cu) electrodes were used in the anode and zinc (Zn) in the cathode, a 500 mL
polymethylmethacrylate tube was used and two 10 cm2 lids were used. At the ends of the
tube, a 5 cm hole was made at one end for the cathode to have contact with the environment
(O2), with an area of 60.12 cm2. The electrodes were joined by an external resistor joined
with a copper wire (0.15 cm diameter) (see Figure 1).
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Figure 1. Schematic of the single-chamber microbial fuel cells prototype.

2.2. Collection and Preparation of Tomato Waste

Organic tomato waste was collected from the La Hermelinda plant in Trujillo, Peru,
washed several times with distilled water to remove impurities (dust, insects or other
impurities) and dried in an oven (Labtron, Camberley, UK, LDO-B10) for 12 h at 25 ± 1 ◦C.
Obtain tomato juice (2 L, 500 mL per scMFC) using an extractor (Maqorito, Lima, Peru,
400 rpm).

2.3. Characterization of the scMFC

The monitoring time for the chemical–electrical parameters was 35 days. The voltage
and current were measured using a multimeter (Prasek Premium PR-85) with an external
resistance of 1000 Ω. The values of current density (CD) and power density (PD) were cal-
culated according to the method of Segundo et al. (2023), with the same external resistance
values [29]. Conductivity and pH were measured using a conductivity meter CD-4301 and
a pH meter (Oakton Series 110), the transmittance values were measured by FTIR (Thermo
Scientific IS50, Waltham, MA, USA). The electrochemical impedance spectroscopy (IES)
measurements were evaluated with a Metrohm Autolab 302N potentiostat/galvanostat
system on ensembled MFCs. The impedance spectra were obtained within the frequency
range of 10 mHz and 100 kHz with a constant voltage of 10 mV and the Nyquist plot is
shown in Figure.

2.4. Isolation and Molecular Identification of Anode Microorganisms
2.4.1. Isolation of Bacteria

From the anode (Copper-Cu plate), a sample was obtained by swabbing with a sterile
swab. The sample was transferred to BHI agar, and the sample was extended with a
bacteriological loop, making exhaustion streaks over the entire surface of the plate. The
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culture media were incubated in anaerobic jars at 36 ± 1 ◦C for 24 to 48 h. The colonies
that grew in the culture medium were seeded on Nutrient Agar and MacConkey Agar.
From the growth in these cultures, pure cultures were made on slant Nutrient Agar for
later identification.

2.4.2. Yeast Isolation

Sampling was carried out in the same way as the previous procedure, the only variation
was the culture medium and the incubation time. The medium used both for isolation and
for pure culture was Sabouraud Agar with 4% dextrose plus antibiotic (chloramphenicol).
While the incubation time was 30 ± 1 ◦C for 48 to 72 h.

2.4.3. Molecular Identification

The identification was carried out by the Analysis and Research Center of the labora-
tory “Biodes Laboratorios”. To accomplish this, axenic cultures of bacteria and yeasts were
sent to extract their genetic material (DNA) using the CTAB method. Amplification was
carried out by the PCR technique, and then sequenced in the Macrogen Laboratory (USA).
The sequences obtained were analyzed using the bioinformatics software Molecular Evolu-
tionary Genetics Analysis (MEGA). Alignment and comparison with other sequences were
carried out using the BLAST program (https://blast.ncbi.nlm.nih.gov/Blast.cgi (accessed
on 2 April 2023)), through which percentages of identity were obtained for both bacteria
and yeast. Finally, dendrograms of the species identified using MEGA X were constructed.

3. Results and Analysis

Figure 2a shows the voltage values observed during the monitoring of the scMFCs,
which showed a voltage increase from day 1 (0.801 ± 0.014 V) to day 12 (0.957 ± 0.246 V)
and later a slow decrease until day 35 (0.414 ± 0.297 V). Studies have shown that the
highest voltage values in MFCs are directly proportional to the oxidation reactions that
occur within these cells, while the decrease in the final monitoring stage is due to the
sedimentation of the used substrate [30,31]. In this sense, Aiyer, K. (2020) in their research
mentions that fruits with a high sucrose content generate a greater amount of voltage
compared to those that do not contain this compound, which is why sucrose can be added
to the waste used to observe any increase [32]. Figure 2b shows the values of electric current
monitored at the scMFCs, where the values increased from day 1 (2.026 ± 0.008 mA) to day
11 (3.647 ± 0.157 mA) and later decreased until the last day (1.91 ± 0.487 mA). The increase
in electric current values is due to the high content of nutrients that contributed to microbial
growth and a good biofilm formed on the anode electrode, while the decrease in electric
current values is due to the decrease in nutrients and the negative effect of the copper
electrode used on microorganisms in the final stage [33–35]. An important factor that
negatively affects the electrical values of the MFCs is the parameters of pH, temperature,
and electrical conductivity, which in the final stage of monitoring were affected by the
sedimentation observed in recent days due to inert organic matter [36].

Figure 3a shows the values of electrical conductivity observed from the substrate used,
during the 35 days of monitoring; being able to observe that the values increased up to
148.701 ± 5.849 mS/cm on the eleventh day to later show a decrease until the last day
(53.625 ± 3.562 mS/cm) monitored. The results before this investigation gave lower electri-
cal conductivity values because distilled water was used for it; but the values increased
using tomato waste as a substrate. The high values of electrical conductivity observed
indicate the low internal resistance of the scMFCs [36], which, compared to other works,
for example, Yaqoob et al. (2022) showed an electrical conductivity of 81 mS/cm using
wastewater as a substrate, managing to generate voltage peaks of 191 mV [37], which is due
to the fact that tomato has chemical compounds that help conduct electrons more easily [38].
On the other hand, the decrease in their values is due to the precipitation of tomato waste
at the bottom of the scMFCs in the process of generating electrical energy [39,40]. Figure 3b
shows the monitoring of the pH values of the scMFCs, being able to observe that the pH
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increases from the first (slightly acid) to the last (neutral) day, with its optimum operating
pH being on day eleven (5.32 ± 0.26). The optimal operating values of each MFC vary,
and different types of substrates used with different pH have been found in the literature;
one of the main reasons for this phenomenon is that the microorganisms are different and
each one grows at specific pH conditions, affecting the system performance [41,42]. For
example, Simeon et al. (2020) used sweet potato-shochu waste as a substrate at a pH of
approximately 4, managing to generate 0.0002 and 0.08 W/m3 of power density at pH
4.5 and 4.2, respectively, in their scMFCs [43]. Likewise, Priya A. and Setty Y. (2019) used
apple waste at pH 4.1, managing to generate voltage peaks and power density of 0.35 V
and 31.58 mW/m2 in their MFC [40].
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To calculate the internal resistance of the MFC-SC, Ohm’s Law (V = IR) was used,
where the voltage values were placed on the “y” axis and those of the electric current
on the “x” axis, which when performing a linear adjustment, the slope of the line is
the internal resistance of the system, see Figure 4a. Based on the work carried out by
Christwardana et al. (2020), this method represents an effective tool for the in-depth study
of MFCs [16,44], as unlike the electrochemical impedance method (EIS) used in other inves-
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tigations, internal resistance is obtained more directly. The IES method allows us to find
the different components of the internal resistance, such as the resistance of charge transfer,
diffusion, and resistance of the substrate, which is obtained with the intersection of the
Nyquist curve with the “x” axis measured from the origin. Calculated Internal Resistance
(Rint) was measured on the fourteenth day because this was the day in which the highest
values of current and voltage were found, giving a value of Rint. of 77.517 ± 8.541 Ω, this
value is relatively low compared to other investigations. For example, Antonopoulou et al.
(2019) showed an internal resistance of 38 Ω (by electrochemical characterization), man-
aging to generate a peak voltage of 0.488 V using vegetable debris as substrates in their
MFC-SC and graphite as electrodes [41]. So too, Daud et al. (2021) used rice waste as a
substrate, managing to show an internal resistance of 363.3 Ω (by Electrochemical tests)
using graphite rods as electrodes, generating 510 mV on the fourteenth day [42]. One of
the highest values found in the literature was the one reported by Simeon et al. (2020),
where they were able to generate 725 mV peaks using urine treatment waste as a substrate
in their MFC-SC with carbon electrodes, showing an initial and final internal resistance
of 269.94 and 1627.89 Ω (by polarization method), respectively, resistance values increase
from your control sample to the highest concentration of substrate (368.56 to 676.43 Ω) [43].
Figure 4b shows the power density (PD) values as a function of current density (CD),
achieving a maximum power density of 264.72 ± 3.54 mW/cm2 at a current density of
4.388 A/cm2 with a peak voltage of 879.56 ± 0.184 V. The high values shown are due
to the high inherent conductivity of the electrodes used, since being metallic in nature
they facilitate the passage of electrons within the electrical circuit [44]. Other researchers
have managed to generate higher values, but with the help of catalysts or biocatalysts,
for example, Yaqoob et al. (2022) managed to generate a maximum power density of
41.58 mW/m2 with an internal resistance of 813.73 Ω using food waste (rice mixed with
curry, vegetables, fish, cabbage, bones, and sweet cake pieces) as a substrate in MFC with
graphite rod electrodes, compared to his control sample of 14.1 mW/m2, the increase was
notorious [45]. Likewise, Du H. and Shao Z. (2022) managed to generate a maximum
power density of 14.1 mW/m2 at a current density of 320.1 mA/m2 using potato waste
as a substrate in their MFCs using carbon felts as electrodes [46]. Kamperidis et al. (2022)
managed to generate a maximum power density of 14.4 mW/m2 at a current density of
approximately 90 mA/m2 in their MFC-SCs using MnO2-coated graphites as electrodes
and a condensed food substrate, but these values do not show much of a difference from
their control sample, where a PD of 11.5 mW/m2 was observed [47].
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Figure 5 shows the FTIR spectra of the initial and final tomato waste, being able to 
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belongs to the C-H stretch of the alkane and the amide [48–50]. The decrease in the FTIR 
spectrum is mainly due to the decrease in the chemical components in the process of gen-
erating electrical energy by the microorganisms [51,52], as well as the degradation of the 
organic material that was observed in the last days of monitoring of the scMFC. Microor-
ganisms consume carbon-rich compounds for their metabolism, this process causes elec-
trons to be released and captured by the anode electrode and flow to the cathode, thus 
generating electric current [53]. In Figure 6, the micrographs of the initial and fine anodic 
electrode are observed, being able to observe a smooth surface belonging to the copper 
electrode; while the image belonging to the final state shows the formation of a porous 
biofilm due to the adhesion of the microorganisms present in the substrate, which were 
the electrical energy generators of the electrical device, observe the presence of carbon, 
oxygen, sodium, magnesium, calcium, copper and zinc; mainly in the EDS of the electrode 
in its final state. Hou et al. (2022) reported that the porosity in the form of round globules 
was due to the biomass forming an external layer on top of the biofilm, generating a dou-
ble biolayer [54]. Hirose et al. (2023) also mentioned that the formation and adhesion of 
the biofilm to the electrodes optimizes the generation of electricity because the microor-
ganisms generate the greatest number of electrons for the generation of electric current, 
but the durability of this depends on the environmental conditions given by the research-
ers [55]. 
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Figure 5 shows the FTIR spectra of the initial and final tomato waste, being able
to observe the most intense peak at the 3361 cm−1 wavelength belonging to the N-H
bond, O-H groups, carboxylic acids and phenolic groups, while the peak at 2917 cm−1

belongs to the C-H stretch of alkanes, ketones and aldehyde compounds [46]; while the
1712 and 1616 cm−1 peaks are associated with amine stretching and C=C [47]. Likewise,
the 1404 cm−1 peak confirms the presence of the C-H, C=C, C==N, and C-N stretching
belonging to the alkane, alkene, primary and secondary amine, respectively; finally, the
1052 cm−1 peak belongs to the C-H stretch of the alkane and the amide [48–50]. The
decrease in the FTIR spectrum is mainly due to the decrease in the chemical components in
the process of generating electrical energy by the microorganisms [51,52], as well as the
degradation of the organic material that was observed in the last days of monitoring of
the scMFC. Microorganisms consume carbon-rich compounds for their metabolism, this
process causes electrons to be released and captured by the anode electrode and flow to
the cathode, thus generating electric current [53]. In Figure 6, the micrographs of the initial
and fine anodic electrode are observed, being able to observe a smooth surface belonging
to the copper electrode; while the image belonging to the final state shows the formation
of a porous biofilm due to the adhesion of the microorganisms present in the substrate,
which were the electrical energy generators of the electrical device, observe the presence
of carbon, oxygen, sodium, magnesium, calcium, copper and zinc; mainly in the EDS of
the electrode in its final state. Hou et al. (2022) reported that the porosity in the form of
round globules was due to the biomass forming an external layer on top of the biofilm,
generating a double biolayer [54]. Hirose et al. (2023) also mentioned that the formation
and adhesion of the biofilm to the electrodes optimizes the generation of electricity because
the microorganisms generate the greatest number of electrons for the generation of electric
current, but the durability of this depends on the environmental conditions given by the
researchers [55].
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The Blast characterization performed at the anode electrode can be seen in Table 1,
where two bacterial isolates (MT-B01 and MT-B02) and one yeast (MT-L01) were obtained
from the anodic growth within the MFC. The two bacteria were identified as Proteus
vulagris (100.00% identity), while the yeast corresponded to Yarrowia lipolytica (100.00%
identity). Meanwhile, in Figures 7 and 8, the dendrogram of the identified species and
the phylogenetic relationships with other species support the Blast characterization. In
this sense, the microorganisms identified (Table 1) correspond to the bacterium P. vulgaris
(100.00% identity) and the Y. lipolytic yeast (100.00% identity). The microorganisms were
isolated from tomato waste, and their origin may be due to contamination with soil or
contaminated water. For example, P. vulgaris, is a Gram-negative rod-shaped bacterium
commonly present in habitats such as soil and fecal matter [54]. In the same way, Y. lipolytica
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is a yeast belonging to the genus Candida, which can be isolated from food products and
soil. This species stands out for its ability to degrade lipids and proteins [55].
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Figure 6. Micrographs (a) initial and (b) final of the surface belonging to the anode electrode of
the scMFC.

Table 1. Blast characterization of the rDNA sequence of microorganisms isolated from the anode
plate of the scMFC with tomato waste substrates.

ID Sample BLAST
Characterization

Length of
Consensus

Sequence (nt)
% Identity Accession

Number Phylogeny

Bacteria

MT-B01 Proteus vulgaris 1467 100.00 CP023965.1
Cellular organisms; Bacteria;

Proteobacteria; Gammaproteobacteria;
Enterobacterales; Morganellaceae; Proteus

MT-B02 Proteus vulgaris 1466 100.00 CP023965.1
Cellular organisms; Bacteria;

Proteobacteria; Gammaproteobacteria;
Enterobacterales; Morganellaceae; Proteus

Yeast

MT-L01 Yarrowia lipolytica 368 100.00 MN124085.1

Cellular organisms; Eukaryota;
Opisthokonta; Fungi; Dikarya;
Ascomycota; saccharomyceta;

Saccharomycotina; Saccharomycetes;
Saccharomycetales; Dipodascaceae;

Yarrowia
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Figure 8. Dendrogram based on the ITS regions of Yarrowia lipolytica isolated from the scMFC anode
plate with tomato waste substrate.

The identification of both bacteria and yeast indicates that they are part of a microbial
community that developed on the MFC anode, and to which electricity generation can
be attributed [56,57]. Figure 7 shows that P. vulgaris is phylogenetically related to other
Enterobacteriaceae. Some studies indicate that some enterobacteria, such as P. vulgaris, may
be associated with the generation of electricity in MFC with organic waste substrates [58].
On the other hand, it is known that in most studies on microbial communities of MFC
anodes, bacteria belonging to the Proteobacteria phylum are frequently isolated [59,60]. In
other investigations, P. vulgaris has been used in MFCs to generate bioelectricity due to
its metabolic reducing power, which through electron mediators can improve the energy
efficiency of the MFC [54,61,62].

Regarding the identified yeast, Y. lipolitica belongs to the Ascomycota phylum. Other
species within this phylum have been studied in MFCs to generate bioelectricity, such as
Candida boidinii, and Saccharomyces cerevisiae, among others [63–65]. However, these yeasts
are phylogenetically distant as shown in Figure 8. Studies have shown that using yeast in
MFCs has advantages over bacteria, being classified as ideal biocatalysts since most are
not pathogenic and grow in a wide range of organic substrates [63,66]. These can transfer
electrons to the anode through the use of mediators [63]; however, there is evidence that
there may be transfer by direct contact [67].

4. Conclusions

An electric current was successfully generated using tomato residue as a substrate
in scMFC at a laboratory scale using zinc and copper electrodes. It was possible to gen-
erate voltage and electric current peaks of 0.957 ± 0.246 V and 3.647 ± 0.157 mA on
days 12 and 11, respectively. The optimum operating pH was 5.32 ± 0.26 with an electrical
conductivity of 148.701 ± 5.849 mS/cm. Thus, it also showed a low internal resistance of
77.517 ± 8.541 Ω with a power density of 264.72 ± 3.54 mW/cm2 at a current density of
4.388 A/cm2. On the other hand, the FTIR spectra showed a decrease in their peaks between
the initial and final spectrum, being the peak belonging to the phenolic groups (3361 cm−1)
the one that presented the greatest decrease, while the SEM micrographs show the for-
mation of a porous biofilm. Finally, the molecular identification of the microorganisms
showed the presence of two bacteria (Proteus vulgaris and Proteus vulgaris) and one yeast
(Yarrowia lipolytica) with 100% identity on the anode electrode. This research contributes
greatly to the sustainability of electric power generation in remote locations, where this
type of fruit or its derivatives are harvested so that they can use their own waste as fuel in
combination with larger-scale microbial fuel cells, with efficient enough to power a house
overnight. Likewise, in the near future, companies will be able to use this technology as a
fuel to generate electricity and reduce their expenses, all in an environmentally sustainable
environment. For future work, it is recommended to standardize the pH value (5.32) to
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obtain the maximum potential of this residue, based on the results of this investigation;
as well as covering the metallic electrodes with some type of chemical compound that
is not harmful to microorganisms and the use of a catalyst or biocatalyst to enhance the
generation of electrical energy from this device.
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Abstract: Lignocellulosic biomass (LCB), such as the oil palm empty fruit bunches (OPEFB), has
emerged as one of the sustainable alternative renewable bioresources in retrieving valuable bioprod-
ucts, such as lignin, cellulose, and hemicellulose. The natural recalcitrance of LCB by the disarray
of lignin is overcome through the combinative application of organosolv pre-treatment followed by
microwave irradiation, which helps to break down LCB into its respective components. This physic-
ochemical treatment process was conducted to evaluate the effect of ethanol solvent, microwave
power, and microwave duration against delignification and the total sugar yield. The highest deligni-
fication rate was achieved, and the optimum level of total sugars was obtained, with the smallest
amount of lignin left in the OPEFB sample at 0.57% and total sugars at 87.8 mg/L, respectively. This
was observed for the OPEFB samples pre-treated with 55 vol% of ethanol subjected to a reaction
time of 90 min and a microwave power of 520 W. Microwave irradiation functions were used to
increase the temperature of the ethanol organic solvent, which in turn helped to break the protective
lignin layer of OPEFB. On the other hand, the surface morphology supported this finding, where
OPEFB samples pre-treated with 55 vol% of solvent subjected to similar microwave duration and
power were observed to have higher opened and deepened surface structures. Consequently, higher
thermal degradation can lead to more lignin being removed in order to expose and extract the total
sugars. Therefore, it can be concluded that organosolv pre-treatment in combination with microwave
irradiation can serve as a novel integrated method to optimize the total sugar yield synthesized
from OPEFB.

Keywords: oil palm empty fruit bunch; organosolv pre-treatment; microwave irradiation; delignification;
total sugars

1. Introduction

According to the Global Status Report (GSR) on energy consumption, approximately
80% of energy consumption is met by non-renewable fossil fuels, such as coal, petroleum,
and natural gases, as opposed to merely 18% of the energy that is obtained from renewable
energy sources, such as solar, wind, hydropower, and biomass [1]. Despite this fact, there
are several limitations that are associated with the dependency on fossil fuels, such as
finite reserves being located in politically unstable regions of the world [2], fluctuating
and uncertain fossil fuel prices, fossil fuels being non-renewable energy resources, and the
emission of greenhouse gases that pollutes the environment. These drawbacks on fossil fuel
use limit its applicability in meeting future energy and sustainable product requirements.
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Currently, the industry, as well as society, is moving toward the concept of “reuse
and recovery” of resources from the primitive conception of “take, make and dispose of”
resources [3]. This is to ensure a healthy and environmentally healthy society, at the same
time ensuring socio-economic prosperity. Biomass has emerged as one of the sustainable
alternative renewable bioresources. As such, due to the renewable nature of biomass, a
term for a parallel economy based on bio-based products has been coined by state policy
decision-makers, economists, and scientists: “bio-based economy” [4].

Lignocellulosic biomass (LCB) is composed of various polymers, such as polysac-
charides (comprising cellulose and hemicellulose) and phenol aldehyde lignin polymer,
along with some non-polar and polar substances, in which they are all interwoven together.
Hence, it can be deduced that the three main components of lignocellulosic biomass are
cellulose, hemicellulose, and lignin [5]. The natural recalcitrance of LCB by the disarray of
lignin can be overcome through the application of suitable pre-treatment methods, which
help to break down LCB into its respective components. Consequently, the accessibility
of hydrolyzing enzymes to the cellulosic and hemicellulosic components can be further
improved from the pre-treatment methods of LCB, in which the sugars can be fermented to
produce biofuels [6]. On the other hand, the polyphenolic lignin and other hydrolysates
that are extracted from the biomass can be converted into value-added chemicals that may
eventually be applied as building blocks for economically vital chemicals in the industry [7].

According to Diyanilla et al. (2020), the most popular biomass is the oil palm empty
fruit bunch (OPEFB) [8]. This is due to the ease of performing pre-treatment on such
biomass as a result of having a comparatively low lignin content ranging from 14.2% to
38.4%. There are various pre-treatment methods that can be employed on OPEFB [8].
These include physical, chemical, physicochemical, and biological pre-treatment methods.
A widely applied pre-treatment method for the environmentally friendly and efficient
fractionation of bioproducts from biomass, such as OPEFB, is biological pre-treatment,
such as enzymatic pre-treatment, due to its ability to maximize the sugar yield. However,
studies on different pre-treatment methods have shown that the combination of chemical
pre-treatments with an increase in physical conditions, where higher temperatures and
pressures are applied, can lead to a better delignification process [8]. Examples of combined
pre-treatment methods include steam explosion with alkaline delignification, hot water
with alkaline pre-treatment, alkaline pre-treatment with ultrasonication, electron beam
irradiation with ionic liquid pre-treatment, and steam-alkali-chemical pre-treatment.

Extensive research has been conducted over recent years on the bioproducts recovery
from LCB pre-treated with microwave-assisted irradiation or the organosolv pre-treatment.
A study was conducted on the sugar extraction from bamboo wood subjected to microwave
pre-treatment at 121 ◦C, where a 36.9% conversion with 16.8 g/100 g of sugar yield was
obtained [9]. Furthermore, a three-component deep eutectic solvent (DES) comprising
of lactic acid, glycerol, and choline chloride, subjected under microwave irradiation at
393 K for a duration of 30 min, with a solid-to-liquid ratio of 1:50, was able to achieve a
delignification rate of 45 wt% for the pre-treatment of wheat straw [10]. Moreover, the use
of a physical pre-treatment such as the microwave irradiation on wheat bran, corn stalks,
and miscanthus stalks was able to achieve hemicellulose solubilization of approximately
30%, which in turn led to an enhanced recovery of cellulose in these low-lignin yielding
plants [11].

On the other hand, organosolv pre-treatment is regarded as a promising technique for
the pre-treatment of biomass through the application of organic solvents, such as ethanol,
glycols, acetone, and small amounts of acids, to stimulate the pre-treatment efficiency [11].
Wei et al. (2021) compared the acid- and alkali-catalyzed ethylene glycol organosolv pre-
treatment for the production of sugars from bagasse. The results showed the efficiency of
the ethylene glycol-hydrochloric acid (HCl) pre-treatment in the removal of lignin (67.1%)
and hemicellulose (99.3%) due to the synergistic effect of the ethylene glycol solvent with the
HCl acid when compared with the single ethylene glycol pre-treatment [12]. Furthermore,
the organosolv pre-treatment of mustard biomass with acetone and acid catalyst at a
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constant autoclave temperature of 121 ◦C was able to yield 80% glucose [13]. Additionally,
the acid-catalyzed ethanol pre-treatment of poplar biomass was able to release up to 78%
of the polysaccharides [14]. A two-stage acid hydrolysis on ethylene glycol pre-treated
degraded OPEFB was also conducted on the sugar-based substrate recovery, where stage I
45 wt% of the acid coupled with high cellulose loading of 21.25 w/v% with 12 wt% of acid
at 65 ◦C for a duration of 30 min was able to release 89.8% of optimum sugar yield [15].

Thus, it can be realized that microwave-assisted pre-treatment methods have not
been widely explored and employed for the fractionation of biomass. As a result, this
research project was conducted to investigate this novel and facile process intensification
to address the issue that such a knowledge gap exists, especially for the re-utilization
of biomass waste such as OPEFB to remove the lignin while simultaneously facilitating
higher total sugar yield. As such, the main purpose of this research was to investigate the
effectiveness of the synergistic relationship between microwave irradiation and organosolv
pre-treatment (a physicochemical process) on OPEFB for delignification and total sugar
yield, as well as to characterize the physicochemical properties of the bioproducts extracted
from the pre-treatment method through various characterization studies. Consequently, the
novelty of this research work lies in the focus on the effectiveness of the microwave-assisted
organosolv pre-treatment method as opposed to the commonly applied singular approach
of either microwave irradiation (physical process) or organosolv pre-treatment (chemical
method) on OPEFB samples.

2. Experimental Material and Methods
2.1. Materials

The OPEFB samples were provided and collected from the Research and Develop-
ment Centre at Universiti Putra Malaysia-Malaysian Technology Development Corporation
(UPM-MTDC, Serdang, Malaysia). Chemicals such as phenol solution 89%, glucose stan-
dard solution, iodine solution (starch indicator), sodium thiosulphate (Na2S2O3) 99%,
potassium permanganate (KMnO4) 99%, and potassium iodide (KI) 99% were obtained
from Sigma-Aldrich, St. Louis, MO, USA.

2.2. Materials Preparation

The OPEFB was cut into smaller pieces before being dried in the oven at 80 ◦C
overnight (for 24 h). This was done to avoid fungal or microbial growth, as well as to
remove moisture from samples prior to grinding and blending. The dried pieces of biomass
waste were then ground, blended, and sieved using an appropriate mesh with a size of
150 µm to ensure a uniform size of feedstock material before the pre-experiment feedstock
characterization and microwave-assisted organosolv pre-treatment were conducted.

2.3. Microwave-Assisted Organosolv Pre-Treatment

The pre-treatment methods for the conversion of OPEFB biomass into the required
bioproducts are regarded as the most critical step due to the complicated structure of the
lignocellulosic biomass [16]. The pre-treatment method carried out in this research project
is the combination of the organosolv pre-treatment and microwave-assisted irradiation.
The organosolv pre-treatment of OPEFB samples using ethanol was added to the samples
before being placed into a modified microwave reactor. The solutions were pre-treated
using 35%, 55%, and 75% volume in aqueous solution of ethanol concentrations with
various microwave powers (65, 130, 260, 390, and 520 Watts) at various reaction times (30,
60, and 90 min). The residue obtained from the pre-treatment process was separated from
the solvent via filtration, and the solid residues were dried at 80 ◦C for 24 h to obtain a
constant weight. The pre-treated solid residues were then subjected to lignin analysis via
the Kappa number analysis, as well as the subsequent characterization. The schematic
design of the research activity and the research methodology flow chart (inclusive of the
pre-treatment stage) are displayed in Figure 1 and Figure 2, respectively.
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prepared (200 mL distilled water with 0.1 g pre-treated biomass waste + 25 mL of 0.1 N 
potassium permanganate (KMnO4) + 25 mL of 4.0 N sulphuric acid (H2SO4)). After obtain-
ing 10 min of reaction from the solutions by gently stirring the solutions contained inside 

Figure 1. The experimental rig set-up of the microwave reactor: (a) schematic diagram of experimental
set-up; (b) actual experimental rig set-up of microwave reactor: A: condenser tube; B: straight adapter;
C: microwave reactor; D: round-bottomed flask; E: PTFE plate.

Sustainability 2024, 16, x FOR PEER REVIEW 4 of 21 
 

weight. The pre-treated solid residues were then subjected to lignin analysis via the Kappa 
number analysis, as well as the subsequent characterization. The schematic design of the 
research activity and the research methodology flow chart (inclusive of the pre-treatment 
stage) are displayed in Figure 1 and Figure 2, respectively.  

(a) (b) 

Figure 1. The experimental rig set-up of the microwave reactor: (a) schematic diagram of experi-
mental set-up; (b) actual experimental rig set-up of microwave reactor: A: condenser tube; B: straight 
adapter; C: microwave reactor; D: round-bottomed flask; E: PTFE plate. 

 
Figure 2. The research methodology flow chart, including the OPEFB samples collection, the pre-
treatment processes and conditions, up to lignin and sugars analysis prior to further characteriza-
tion (such as SEM and FTIR). 

Each set of experiments was conducted in triplicates, where a mean value was ob-
tained for the characterization of lignin and total sugars analysis. Additionally, the stand-
ard deviation was computed for each set of data using the mean value. The calculated 
standard deviation did not exceed a value of 10, ensuring that the repeatability tests are 
reliable. 

2.4. Lignin Analysis 
Kappa number analysis was conducted to analyze the lignin content based on the 

different conditions employed during the pre-treatment process. A 250 mL solution was 
prepared (200 mL distilled water with 0.1 g pre-treated biomass waste + 25 mL of 0.1 N 
potassium permanganate (KMnO4) + 25 mL of 4.0 N sulphuric acid (H2SO4)). After obtain-
ing 10 min of reaction from the solutions by gently stirring the solutions contained inside 

Figure 2. The research methodology flow chart, including the OPEFB samples collection, the pre-
treatment processes and conditions, up to lignin and sugars analysis prior to further characterization
(such as SEM and FTIR).

Each set of experiments was conducted in triplicates, where a mean value was obtained
for the characterization of lignin and total sugars analysis. Additionally, the standard
deviation was computed for each set of data using the mean value. The calculated standard
deviation did not exceed a value of 10, ensuring that the repeatability tests are reliable.

2.4. Lignin Analysis

Kappa number analysis was conducted to analyze the lignin content based on the
different conditions employed during the pre-treatment process. A 250 mL solution was
prepared (200 mL distilled water with 0.1 g pre-treated biomass waste + 25 mL of 0.1 N
potassium permanganate (KMnO4) + 25 mL of 4.0 N sulphuric acid (H2SO4)). After
obtaining 10 min of reaction from the solutions by gently stirring the solutions contained
inside the volumetric flask, potassium iodide (KI) was added to the solution. Blank
(standard) was carried out using the same steps without the inclusion of the OPEFB sample.
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Titration was then carried out using 0.5 N sodium thiosulphate (Na2S2O3) and 1.0 N
indicator starch. The lignin content was calculated using the Equations (1)–(3):

p =
(b − a)× N

0.1
, (1)

Log k = Log
( p

W

)
+ 0.00093 (p − 12.5), (2)

% Lignin = 0.147 × k, (3)

where a and b are the volume of Na2S2O3 for OPEFB and blank titration, respectively (in
mL), N is the normality of Na2S2O3, p is the volume of Na2S2O3 (in mL), W is the weight of
the OPEFB sample used, and k is the Kappa number (volume of 0.1 N KMnO4 consumed
by 1 g of OPEFB).

2.5. Total Sugars Analysis

The total sugars analysis was carried out using the phenol–sulfuric acid method. A
glucose standard solution of 2 mL was prepared in various concentrations (0, 10, 20, 30,
and 60 ppm) mixed with 1 mL phenol solution (5% vol concentration) in respective test
tubes. After that, 5 mL of concentrated H2SO4 was dropped to the surface of the solution
vertically, and the mixture was left for 10 min before the measurement of the UV-Vis
spectrophotometer (PG Instruments T60) using deionized water as blank at wavelength
480 nm, with this result of the measurement known as the standard curve. Furthermore,
the sugar solution was prepared by mixing the OPEFB sample and distillate water at a
composition ratio of 1:250 as a sample solution. A 1 mL sample solution was extracted and
mixed with 1 mL distilled water in a test tube. 5 mL of H2SO4 and 1 mL of phenol solution
(5% vol concentration) were added simultaneously to a test tube containing 1 mL sample
solution mixed with distilled water prior to their UV-Vis spectrophotometer measurement.

2.6. Sample Characterizations

All the prepared samples (both pre-treated and without) were characterized using
a scanning electron microscope (SEM, Hitachi, S-3400N, Tokyo, Japan) to observe their
surface morphology. The samples were sputter-coated with gold prior to imaging with
SEM, with a magnification power ranging from ×100 up to ×2000.

Furthermore, Fourier transform infrared spectroscopy (FTIR, Nicolet, IS10, Waltham,
MA, USA) was used to characterize and determine the functional groups that were attached
to the samples. The FTIR spectra were obtained using a potassium bromide (KBr) pel-
let/disc containing the grounded sample. The sample was then scanned, with the spectra
being recorded between 400 cm−1 and 4000 cm−1 with a resolution of 4 cm−1.

3. Results and Discussion
3.1. SEM Characterization Study

Figure 3 shows the surface morphological changes of the untreated and microwave-
treated OPEFB samples in the SEM images through the observation of the external surfaces
of the samples. Figure 3a shows that the OPEFB fibers are made up of many oriented
microfibrils adhered to each other, with their surface morphology observed as having
smooth surfaces with few flakes, as well as no opened structures. Figure 3b,c also display
similar morphologies observed on the surface of OPEFB samples without being subjected
to microwave power and/or organosolv pre-treatment. Contrary to expectations, a flakier
surface was observed on the surface of OPEFB samples when microwaved at 130 W for
90 min, as seen in Figure 3d. Moreover, an opened and deepened structure was observed
in Figure 3e when the samples were microwaved at a slightly higher power of 390 W
for 90 min. Furthermore, Figure 3f demonstrates a more opened and deepened surface
structure along with flakier surfaces when the samples are microwaved at an even higher
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power of 520 W for the same duration. Cavities were observed for OPEFB samples when
subjected to microwave irradiation, revealing opened and deepened surface structures. This
is due to the microwave energy that heats up the inner part of OPEFB samples, resulting
in the disruption of the plant material’s cell wall as the pressure increases with higher
power [17].
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Microwave-irradiation heating can be explained via the thermal effect and athermal
(non-thermal) effect. The lignin and cell wall components are disrupted through an increase
in the temperature and pressure applied during the thermal effect, whereas relaxation and
polarization of dielectric substances under the influence of electromagnetic fields generate
non-thermal effect forces. The disruption of hydrogen bonds is caused by displacement
resulting from the realignment of the polar molecules, where the cell wall components,
such as the lignin and cellulose crystallinity breakdown, are destroyed, enhancing the
hydrolysis process. Hence, it can be said that the dielectric property is the principal factor
that affects the heating property of the biomass under microwave irradiation [2].

A study by Xiaokang et al. (2020) compared freeze-drying and microwave-assisted
extraction on mushroom samples, where the images obtained from the SEM showed that all
extractions led to the deformation of mushroom samples to some extent [17]. In the case of
the microwave extraction method, some cavities were observed due to the microwaves that
help heat up the inner part of the samples, which led to pressure build-up inside the cells
and resulted in cell wall disruption [18]; hence, this demonstrated that the opened surface
structure is indicative of the biomass cell walls being disrupted, which was in agreement
with the literature.

Figures 4 and 5 show the surface morphological changes of the microwave-assisted
organosolv pre-treatment of OPEFB samples in the SEM images through the observation of
external surfaces of the samples at the lower and higher microwave power of 65 W and
520 W, respectively. Flaky surfaces were seen on the OPEFB samples in Figure 4a when
being pre-treated with lower ethanol concentration (35 vol%) at lower microwave power
(65 W), whereas flakier surfaces with more opened and deepened surface structures were
observed on the surface of OPEFB samples in Figure 5b when pre-treated with higher
ethanol concentration (55 vol%) at higher microwave power (520 W).
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A deepened surface structure indicated that the delignification process successfully
took place in order for the total sugar analysis to be conducted for subsequent analysis. A
more deepened surface structure indicated that a higher delignification rate was achieved
for samples pre-treated with a slightly higher ethanol concentration of 55 vol% at higher mi-
crowave powers due to the higher thermal degradation attacking the lignin protective layer.
Since OPEFB is a lignocellulosic biomass comprised mainly of cellulose, hemicellulose, and
lignin, the functional groups in the ethanol organic solvent break through the lignin layer,
allowing for the extraction of cellulose and hemicellulose. On the other hand, microwave
power assists in increasing the temperature of the organic solvent to degrade the OPEFB,
helping the ethanol solvent to be more active in breaking the lignin protective layer of the
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biomass. The inclusion of an organic solvent such as ethanol as a pre-treatment process in
the microwave extraction of biomass helps shield the samples from the high-penetrating
power of the microwaves. Subsequently, this can lead to a higher recovery of the sugar
content from the biomass.
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Figure 5. SEM images of OPEFB samples: (a) pre-treated with 35 vol% ethanol; (b) pre-treated with
55 vol% ethanol at a microwave power of 520 W for 90 min.

A study by Gonçalves et al. (2015) observed that untreated coconut shell samples
showed a more highly ordered structure of the coconut fibers, whereas treated coconut shell
samples showed modified disoriented sample structures [19]. Another study by De et al.
(2014) used microwave irradiation in the presence of glycerol solvent for the pre-treatment
of bagasse, where they found that the physicochemical properties of the biomass changed
considerably before and after the pre-treatment processes, and a large amount of sugar
was released during hydrolysis [20]. Binod et al. (2012) studied the effect of microwave,
microwave-acid, microwave-alkali, and microwave-acid-alkali methods on enzymatic
saccharification, as well as the removal of lignin from bagasse. Their results pointed out
that microwave-assisted extraction methods, as opposed to microwave irradiation alone,
can lead to a significant yield of fermentable sugars and lignin removal [21]. This further
substantiates the efficiency of a physicochemical method such as the microwave-assisted
organosolv pre-treatment in the extraction of valuable bioproducts from OPEFB. The results
from the SEM images clearly demonstrated the disruption of the biomass cell wall, hence
indicating the successful removal of the lignin layer in order to extract the sugar content.

3.2. FTIR Characterization Study

It is imperative to first understand the structures of the cellulose, hemicellulose, and
lignin components of OPEFB before analyzing the FTIR bands. The structures of the three
main components of an LCB such as OPEFB, cellulose, hemicellulose, and lignin fibers, are
illustrated in Figure 6. The lignocellulosic polymers are linked to each other via specific
bonds and contribute to over 70% of the total biomass [2]. Cellulose is a beta β-(1,4)-linked
chain of glucose molecules. The resistance of the crystalline cellulose being subjected to
degradation is contributed by the hydrogen bonds between the different layers of this
particular polysaccharide.
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On the other hand, hemicellulose is composed of various five- and six-carbon sugars,
such as galactose, arabinose, glucose, xylose, and mannose. As for lignin, the three major
phenolic compounds that constitute this particular component include p-Coumaryl alcohol,
Coniferyl alcohol, and Sinapyl alcohol. Lignin is synthesized through the polymerization
of these three major phenolic compounds, where their ratio within the polymer varies
according to the different parts of the plants, such as the wood tissues and cell wall layers [2].
The linkage between lignin and polysaccharides is regarded as a lignin–polysaccharide
complex due to the composite links that connect lignin to the polyoses side groups of
arabinose, galactose, and 4-O-methylglucoronic acid, as depicted in Figure 7 [22]. Hence, the
difficulty in achieving a complete separation of lignin from lignocellulosic materials resulted
from the sterically structured component of lignin. Thus, a combination of methods, such
as a physicochemical method, is typically employed in order for the separation of lignin
from lignocellulosic biomass material to be accomplished [22]. The cellulose, hemicellulose,
and lignin components form structures known as microfibrils, which are then structurally
organized into macrofibrils that are responsible for mediating the structural ability in the
cell wall of plants.
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The FTIR spectra of untreated OPEFB samples, as well as OPEFB samples pre-treated
with 55 vol% of ethanol at the lower and higher microwave power of 65 W and 520 W,
respectively, for a duration of 90 min, are presented in Figure 8. The absorption peak at
2850 cm−1 represented the acetyl group (CH3C=O) of hemicellulose or methyl oxide group
(OCH3) of lignin; hence, this indicated that the ethanol solvent at both the lower and higher
microwave power with a longer duration was able to achieve a considerable delignification
rate, with a higher intensity of absorbance peak observed for 520 W compared with 65 W. It
can also be observed that the absorbance peak at 3330 cm−1 was intensified. This indicated
that the ethanol solvent at the higher microwave power with a longer duration was able to
achieve a significant delignification rate, thus further supporting the correspondence of the
absorbance peak at 3330 cm−1 to the hydrogen bond of cellulose [23].
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Figure 8. FTIR spectra of untreated OPEFB samples and samples pre-treated with 55 vol% ethanol
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The broadening of the band at 3200 to 3400 cm−1 was associated with the O-H stretch-
ing of the cellulose hydrogen bonds [24]. Furthermore, the absorption peak at 1243 cm−1

indicated the presence of lignin for the OPEFB samples pre-treated with both microwave
irradiation and organosolv pre-treatment due to the presence of the aryl alkyl ether (C-O-C)
bond [23]. Moreover, the absorbance peak at 1243 cm−1 observed for both the fresh and
pre-treated OPEFB samples was also attributed to both the C-O-C and OCH3 groups for
lignin [25]. The absorption bands at 1032 cm−1 were also present in both untreated and
microwave-assisted ethanol pre-treated OPEFB samples, attributed to the cellulose and
hemicellulose components of the biomass material [23].

However, a prominent difference was observed at an absorbance peak of 1735 cm−1

for both untreated and treated OPEFB samples, where a more intense peak was observed
for the untreated samples when compared to the treated samples. This observation corre-
sponds to the C=O stretching vibration in the ester groups of hemicellulose [26], where a
higher hemicellulose composition is associated with an untreated biomass sample, with the
hemicellulose content still present within the biomass material. For the OPEFB samples that
undergo microwave-assisted organosolv pre-treatment with ethanol solvent, the microwave
power increases the temperature of the solvent in order to allow for the functional groups
in the solvent to break through the lignin layer, allowing for the extraction of cellulose
and hemicellulose in OPEFB. However, some of the cellulose and hemicellulose dissolved
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in the solvent during the microwave irradiation process; hence, the smaller amount of
hemicellulose in the treated OPEFB samples was in line with the observation of the lower
intensity peak of 1735 cm−1.

3.3. Lignin Analysis

Figure 9 shows the amount of lignin left for OPEFB samples subjected to microwave
irradiation without organosolv pre-treatment, where a decreasing trend in the amount
of lignin left in the sample was observed when the samples were subjected to higher
microwave powers and longer duration. A higher microwave power of 520 W recorded
a higher delignification rate with 1.15% of lignin when compared to 4.61% of lignin for a
lower microwave power of 65 W, both at a longer duration of 90 min. This was attributed
to the working principle of microwave, where higher penetrating powers and energies are
associated with higher microwave powers, thus allowing for more disruption to take place
in the OPEFB cell walls, subsequently breaking the lignin protective layer and resulting in a
higher delignification rate and smaller lignin amount left in the OPEFB sample. Moreover,
the longer microwave duration allows for more lignin to be broken down and removed,
hence resulting in a higher lignin removal.
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Figure 9. Lignin analysis of OPEFB samples at different microwave (MW) powers without organosolv
pre-treatment.

For the OPEFB samples pre-treated with different concentrations of ethanol solvent
without being subjected to microwave irradiation, a significant decreasing trend in the
amount of lignin left in the sample was observed with an increase in ethanol concentrations
from 35 to 55 vol%, as seen in Figure 10. However, a slight increase in the amount of
lignin left in the sample was also observed when the ethanol concentration increased from
55 to 75 vol%. The OPEFB samples pre-treated with 35 vol% ethanol recorded a higher
delignification rate, with 9.87% of lignin compared with 4.90% of lignin when pre-treated
with 55 vol% ethanol; however, the delignification rate slightly increased by 7.52% of lignin
when pre-treated with 75 vol% ethanol. This observation can be explained by the effect of
the different ethanol concentrations on the Kappa number.
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The Kappa number analysis estimates the number of lignin left in the sample [5]. The
amount of lignin left in the sample (%) can then be calculated using the Kappa number, as
displayed in Equations (1)–(3). The amount of lignin left in the OPEFB samples decreases
significantly after a 35 vol% ethanol solvent is applied. This indicated an increase in
the number of degraded lignin by increasing the ethanol concentration. Therefore, this
observation was important for future cellulose and hemicellulose content determination.
Cellulose and hemicellulose were able to be converted into sugars through acid hydrolysis,
allowing us to investigate the effect of organosolv pre-treatment on sugar yield. The study
conducted by Nurfahmi et al. (2016) on the effects of organosolv pre-treatment and acid
hydrolysis on OPEFB reported a decrease in the Kappa number from 38 to 25.8 when the
ethanol concentration increased from 35 to 55 vol%, and the Kappa number increased
slightly from 25.8 to 26.4 when the ethanol concentration increased from 55 to 75 vol% [5].

Figure 11 displays the lignin amount left for OPEFB samples subjected to microwave-
assisted organosolv pre-treatment. A decreasing trend in the amount of lignin was observed
when the ethanol concentration increased from 35 to 55 vol%, with a smaller amount of
lignin also being observed for higher microwave powers with a longer pre-treatment period.
The OPEFB samples subjected to a higher microwave power of 520 W pre-treated with
55 vol% ethanol recorded a higher delignification rate, with 0.57% of lignin compared
with 2.30% of lignin for the lower microwave power of 65 W pre-treated with the same
concentration of ethanol, both over a longer duration of 90 min. A similar observation was
also noted, with a slight increase in the amount of lignin when the ethanol concentration
increased from 55 to 75 vol%.

The trend in observation for the amount of lignin left in OPEFB samples after under-
going the microwave-assisted organosolv pre-treatment process was also attributed to the
strong relationship between lignin solubility with microwave power and duration [27].
The high surface area of the OPEFB samples resulted in them being more susceptible
to chemical attacks, which enhanced the delignification and degradation of lignin. The
mechanism of the lignin depolymerization of organic solvents (such as ethanol) was mainly
conducted through the cleavage of aryl ether linkages [28]. The delignification achieved
by the ethanol solvent can be explained by the Hildebrand solubility parameter [29]. The
highest delignification achieved by ethanol is attributed to its closer Hildebrand solubility
parameter (a value of 26.2 MPa−1) when compared to that of lignin (a general value of
22.5 MPa−1) [30]. It was further supported that the smaller differences in the Hildebrand
solubility between the lignin and organic solvent used would result in the largest possible
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solubility [31]. A higher delignification rate (lower lignin amount left in the sample) is
achieved through a higher solubility of lignin in the ethanol solvent.
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It was also further reported that the lignin solubility increases when the ethanol
concentration reaches a maximum of 70 vol% [32]. This explains the slightly higher amount
of lignin left in the OPEFB samples subjected to a 75 vol% of ethanol pre-treatment due
to a slightly lower solubility of the lignin with higher ethanol concentrations, leading to a
slightly lower delignification rate. From the microwave-only OPEFB pre-treatment data
recorded in Figure 9, it was observed that the highest delignification rate with the lowest
amount of lignin left in the sample (1.15%) was achieved with the OPEFB sample subjected
to the highest microwave power of 520 W for the longer duration of 90 min. Contrary to
expectations, from the organosolv-only OPEFB pre-treatment data recorded in Figure 10,
it was observed that the highest delignification rate with the lowest amount of lignin
left in the sample (4.90%) was achieved with the OPEFB sample subjected to the 55 vol%
ethanol concentration. In comparison to the physicochemical process intensification of
the microwave-assisted organosolv pre-treatment of OPEFB samples, which recorded the
highest delignification rate with the lowest amount of lignin left in the sample (0.57%), it
was observed that the singular approaches of pre-treatment were less effective in breaking
the lignin protective layer, with the microwave-only pre-treatment being able to remove the
lignin approximately four times more effectively than the organosolv-only pre-treatment.
This observation was attributed to the penetrative ionizing powers of the microwave that
facilitated the breakdown of the lignin protective layer. With the inclusion of a combinative
approach by first pre-treating the OPEFB samples with ethanol before subjecting them
to microwave irradiation, the microwave powers helped increase the temperature of the
ethanol solvent, which in turn helped the solvent to be more active in attacking the OPEFB
lignin layer, subjecting it to a thermal degradation process that is less severe. Hence, the
microwave-assisted organosolv pre-treatment was proven to be more effective in achieving
the highest delignification rate, with the lowest amount of lignin left in the OPEFB sample
of 0.57%.
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3.4. Total Sugars Analysis

Figure 12 presents the total sugar yield obtained for OPEFB samples pre-treated with
35, 55, and 75 vol% of ethanol concentrations while subjected to various microwave powers
for different durations. It showcased the optimum (highest) yield of total sugars, which
was obtained at 87.8 mg/L using 55 vol% of ethanol concentration at a higher microwave
power and a longer microwave duration of 520 W and 90 min, respectively. Contrary to
expectations, the OPEFB samples pre-treated with 35 vol% of ethanol and subjected to a
lower microwave power of 65 W for a shorter treatment duration of 30 min yielded the
lowest total sugar content of 30.1 mg/L. This observation was attributed to the correlation
between microwave power and temperature [33], along with the mechanism or working
principle of microwave-assisted organosolv (ethanol) pre-treatment. The optimum sugar
yield was obtained for the highest microwave power of 520 W, which corresponds to
approximately 180 ◦C (see Figure 13) [17]. A temperature higher than 180 ◦C could lead to
the degradation of OPEFB bioactive compounds, such as hemicellulose [5]. Therefore, the
maximum microwave power used in this study is within the suggested range. Furthermore,
the mechanism of the microwave-assisted organosolv pre-treatment entails the microwave
power increasing the temperature of the ethanol solvent, effectively breaking down the
lignin protective layer. Consequently, this process leads to a lower amount of lignin left
in the OPEFB sample, subsequently necessitating the extraction of the total sugars from
within the OPEFB biomass sample. Thus, the optimum sugar yield was attained using
the combinative approach of the microwave-assisted organosolv process intensification
pre-treated with 55 vol% ethanol and subjected to the maximum microwave power with a
longer duration of 520 W and 90 min, respectively.
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The hydroxyl groups of solvents can influence the organosolv pre-treatment process.
Ethanol solvent has one hydroxyl group, where the mechanism of the hydroxyl group
involves the β-O-4 linkage cleavage of lignin; as such, this degradative pathway resulted
in the formation of a dissolved organosolv lignin. This relates back to the solubility
justification, where a higher delignification rate was achieved with higher solubility of
lignin in a higher concentration of ethanol solvent (55 vol%). However, the solubility of
lignin increases when the ethanol concentration reaches a maximum of 70 vol% [32], as
previously discussed in Section 3.3. Therefore, the slightly higher amount of lignin left in
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the OPEFB samples can be explained by the lower solubility of lignin at higher ethanol
concentrations, leading to a slightly lower delignification rate. Consequently, a comparison
could be made among the samples pre-treated with the lowest concentration (35 vol%),
slightly higher concentration (55 vol%), and highest concentration (75 vol%) of the ethanol
solvent. Samples pre-treated with 55 vol% of ethanol yielded the highest amount of sugar
extracted due to the higher delignification rate achieved, followed by those pre-treated
with 75 vol% and 35 vol% of ethanol.
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A further process parameter study was also conducted by further increasing the
microwave powers (beyond the maximum of 520 W), duration (beyond the maximum of
90 min), and ethanol concentrations (beyond the maximum of 75 vol%) in order to study
the effect of these three parameters on the amount of lignin and, consequently, the total
sugar yield. With an increase in microwave power to 100% (650 W) for the longer durations
of 105 and 120 min, the amount of lignin left in the 85 vol% ethanol pre-treated OPEFB
samples were recorded to be 0.67% and 0.65%, respectively; as a result, the total sugar yield
was recorded to be 76.7 and 77.9 mg/L, respectively. As such, it was observed that there
was a higher amount of lignin left in the OPEFB samples, with an increase in the process
parameters, consequently leading to a lower amount of sugar extracted. This observation
was attributed to the degradation of hemicellulose above 180 ◦C since the microwave
power of 650 W corresponds to a temperature exceeding the hemicellulose stability range,
which is between 180 ◦C and 340 ◦C [5,17]. Thus, this temperature range affects the total
sugars extracted, leading to a lower amount of sugars yield achieved. Moreover, the crucial
physicochemical property that became the subject matter of this research work, leading
to the effectiveness in extracting the total amount of sugars from OPEFB samples, is the
higher solubility of organosolv lignin in the ethanol solvent used. Organosolv lignin has a
tendency to aggregate in most solvents, affecting the process of lignin recovery. In a study
on Alcell lignin and its solubility in ethanol-water mixtures, it was demonstrated that the
solubility of lignin increased as the concentration of ethanol increased to a maximum of
70 vol% [32]. When the precipitation process of lignin was conducted by diluting solvent
with water, decreasing the amount of organic solvent, the solubility of lignin decreased.
This led to less lignin being recovered, with more lignin left in the sample. The decrease in
lignin solubility was attributed to the increased coagulation degree of lignin in the ethanol
solvent [32], with the larger particle size of lignin subsequently leading to a lower surface
area reaction [32] for the precipitation process to take place, thereby resulting in a lower
lignin recovery; hence, a lower amount of sugar was extracted due to the presence of lignin
that was not successfully recovered.
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There is a correlation between microwave power and temperature, whereby the
temperature increases as microwave power increases, as depicted in Figure 13. Increasing
the temperature helps promote the separation of bioactive compounds from the OPEFB,
which leads to a higher reaction rate to elevate and promote the separation and cleavage
of lignin bonds. However, high extraction temperatures may result in the degradation of
some thermolabile bioactive compounds. Nurfahmi et al. (2016) reported that the thermal
stability of hemicellulose was between 180 ◦C and 340 ◦C [5]. The maximum temperature
that was used in this research project was 80% microwave power (520 W), corresponding
to approximately 180 ◦C, as observed in Figure 13 [17]; hence, the maximum microwave
power did not exceed the suggested range.

Similarly, there is a correlation between microwave duration and microwave tem-
peratures, as depicted in Figure 14. The OPEFB sample, being pre-treated with 55 vol%
ethanol subjected to 80% of microwave power (520 W), was taken as an example of the
correlation demonstration. This was due to the temperatures of the samples being recorded
instead of the temperature of the microwave oven after each sample was subjected to
microwave irradiation, as the microwave oven used had no temperature probes for the
measurement of the corresponding microwave powers, resulting in different temperatures
being recorded for each sample (with different pre-treatment conditions). It was observed
that a cubic equation best represented the relationship between these two parameters, with
a higher correlation coefficient (R2 of 0.9057) being achieved in comparison to a slightly
lower R2 of 0.9015 achieved for a quadratic equation. The cubic correlation indicated that,
with a higher microwave duration, higher temperatures were recorded for the OPEFB
samples. Naturally, as seen in Figure 13, higher microwave powers corresponded to higher
microwave temperatures. Likewise, from the data recorded for all the experimental sets,
the temperature of the OPEFB samples increased with a rise in the microwave powers
applied. Therefore, this observation, as well as the cubic relationship plotted in Figure 14,
justified the correlation between microwave duration and temperatures.
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Under the working principle of microwave radiation, the occurrence of dipole rotation
takes place in dielectric materials containing polar molecules that encompass an electrical
dipole moment. Consequently, energy in the form of electromagnetic radiation is converted
into heat energy in the materials as a result of the interactions between the dipole and
the electromagnetic field [33]. In order to interlink the microwave power and treatment
temperature, it is imperative to understand the phenomenon of thermal runaway in a
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microwave irradiation process. Thermal runaway is defined as the dramatic change in
temperature resulting from small changes in the geometrical sizes of the heated material or
the applied microwave power [33]. This phenomenon may lead to positive feedback in the
material, where warmer areas are able to better accept more energy than the colder areas.

Theoretically, the relationship between temperature and the applied microwave field
strength (or microwave power) follows a characteristic “S”-shaped curve, as reported by
Brodie (2011) and represented in Figure 15 [33]. As the microwave power increases steadily,
the temperature also rises steadily along the stable lower arm of the power curve. In the
region of the critical power range, a small increase in the electric field strength may result
in the equilibrium temperature shifting from the lower limb to the higher limb of the curve,
for which the resulting change in temperature could be rather rapid and substantial. This
temperature jump gives rise to the phenomenon of thermal runaway. The organic solvent,
along with microwave irradiation (which provides high penetrating microwave power and,
thus, higher temperature), was able to extract the lignin and hydrolyses of hemicellulose
through the breakage of the lignin wall and the loosening of the crystalline structure of
cellulose and hemicellulose, enabling the extraction of total sugars.
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According to Kumar et al. (2020), the selection of suitable pre-treatments of the
biomass material is one of the most crucial factors in extracting valuable bioproducts for
various applications, in which the choice of the pre-treatment relies on the physicochem-
ical nature or properties of the biomass. This statement can be justified by the fact that
different biomasses require different methods to overcome the natural recalcitrance to
ensure that a higher sugar yield can be achieved [2]. Moreover, Tsubaki and Azuma (2011)
compared the conventional steam explosion method to the microwave irradiation process
and reported that the removal efficiency of lignin is comparable between the two meth-
ods; however, the microwave irradiation recorded a higher sugar yield since this physical
pre-treatment method specifically affects the polysaccharide fraction, as it has higher hy-
drophilicity, and thus, is more sensitive to hydrothermal catalysis when compared to the
steam explosion [34].

An experiment conducted by Tang et al. (2017) used an organic amine catalyst for
their pre-treatment method of corn stover, where the synergistic effect of n-propylamine
and aqueous ethanol reported a sugar yield of 83.2% [35]. Through the research conducted
by Pan et al. (2005) on the biorefining of softwoods by making use of ethanol as the
solvent for organosolv pulping, it was observed that more than 90% of the sugars were
retrieved by using a combination of the organosolv pre-treatment and enzymatic hydrolysis

95



Sustainability 2024, 16, 1275

on both softwoods and hardwoods [36]. Furthermore, Ravindran et al. (2018) reported
that the use of an organic amine catalyst that is capable of breaking the bond joining the
lignin and hemicelluloses, proving it to be an efficient use of an organic solvent for high
lignin-containing biomass. The sugar yield was achieved at 29.05 mg/g through the use of
ethanol-assisted organosolv pre-treatment of biomass (as spent coffee waste) [37].

Gümüşkaya investigated the chemical content of alkali sulfite pulp at temperatures
ranging between 120 ◦C and 200 ◦C and reported that the sugar content in the pulp slurries
increased with a rise in the treatment temperature [38]. Additionally, the lignin content
was reported to decrease with increasing heating treatment temperature. Therefore, it is
a good indicator to set the heating temperature above 120 ◦C during the delignification
process to obtain a higher sugar yield [38]. A high-temperature reaction can help promote
a higher rate of reaction, thus allowing for the separation of lignin from the biomass in
order to extract the sugar content. However, it was also reported that the thermal stability
of hemicellulose degrades at temperatures above 340 ◦C [5]; hence, a temperature higher
than 180 ◦C may decrease the total sugar yield due to hemicellulose degradation [39,40]. It
was also reported that a long duration of the biomass heating process by using ethanol as a
solvent seemed to dissolve some amount of hemicellulose and, at the same time, led to an
increase in the solubility of lignin in pulp slurries [39].

The increase in the total sugar yield as a result of increasing the ethanol concentration
was also attributed to the ether chain breaking of lignin and hemicellulose molecules. This
occurrence can be justified through a higher conversion of cellulose and hemicellulose into
sugars being achieved as the ethanol concentrations increase [5]. However, the total sugars
seemed to decrease when 75 vol% of ethanol concentration was applied in the OPEFB
pre-treatment. This was due to the effect of heavy ethanol concentration that caused some
hemicellulose content to be decomposed at above 60 vol% concentration of the ethanol
solvent [41].

4. Conclusions

In summary, it was concluded that OPEFB samples pre-treated with 55 vol% ethanol
concentration and subjected to a higher microwave power of 520 W for a longer duration of
90 min led to the highest delignification rate, with 0.57% of lignin remaining in the OPEFB
samples after the microwave-assisted organosolv pre-treatment, further corresponding to
the optimum yield of total sugars obtained as 87.8 mg/L. The data on surface morphology
supports this finding, revealing that OPEFB samples pre-treated with similar pre-treatment
conditions have a higher degree of opened and deepened surface structure. These observa-
tions were attributed to the higher thermal degradation achieved, where the microwave
power functions to an increase in the temperature of the ethanol solvent, which in turn
helps facilitate the breakdown of the OPEFB protective lignin layer, leading to more lignin
being removed in order to expose and extract the total sugars content.

The potential decomposition mechanism behind these observations on the lignin
amount and total sugar yield is the disruption of hydrogen bonds that is caused by the
displacement reaction resulting from the realignment of polar molecules, where cell wall
components, such as cellulose crystallinity, are destroyed, enhancing the hydrolysis process
of extracting the sugar. When LCB such as OPEFB is irradiated through microwave-
assisted irradiation, the atoms or molecules within the biomass are thermally vibrated,
corresponding to a rise in temperature of the organic material without rapid degradation of
the biomass samples, as the presence of the ethanol organic solvent along with the working
principle of microwave irradiation ensures a less severe process of thermal degradation,
thereby preserving the valuable bioproducts to be extracted. At the same time, the function
of the ethanol solvent is to allow for the cleavage of β-O-4 linkages and ester bonds, which
are the major mechanisms of lignin cleavage.

To conclude, these results suggest that OPEFB subjected to microwave-assisted ethanol
pre-treatment can help to extract the total sugars for various uses in industrial applica-
tions, such as its emergence as one of the sustainable alternative bioresources that are
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renewable in order to reduce the dependency on non-renewable resources, such as fossil
fuels. For instance, the impact of this research project could give rise to the application
of bioproducts extracted from OPEFB toward bioenergy technologies, such as biofuels
(biodiesel), biopower in the generation of heat and electricity, and biochemicals such as bio-
plastics. However, more research on other organic solvents for OPEFB microwave-assisted
pre-treatment is required and necessary to extract a higher yield of total sugars.
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Abstract: The development of heterogenous catalysts using renewable materials has received wide
attention. A heterogenous catalyst has been a preferred choice as it evades the disadvantages
of homogeneous catalysts, nevertheless, heterogenous catalysts has limited activity and a longer
separation process. The current study emphasises the preparation of a new magnetic catalyst using oil
palm empty fruit bunch (EFB) fibre as a carbon-based support material. The effect of different alkaline
pre-treatments over the methyl ester conversion rate were investigated. The catalyst preparation
parameters were studied by using the single factor optimisation approach, including the fibre loading,
impregnation time, calcination temperature, and calcination time. Their effects in the esterification of
oleic acid were investigated in this study. The optimisation study shows that the Na2CO3-treated(T)-
EFBC magnetic catalyst had the highest esterification rate of 93.5% with 7 g EFB fibre loading, a 2 h
impregnation time and a calcination temperature of 500 ◦C for 2 h. The catalyst possessed a good
acidity of 3.5 mmol/g with excellent magnetism properties. This study showed that the catalysts are
magnetically separable and exhibited good stability with 82.1% after five cycles. The oil palm EFB
supported magnetic acid catalyst indicates it as a potential option to the existing solid catalysts that
is economical and environmentally friendly for the esterification process.

Keywords: biomass; catalyst; magnetic; oil palm; oleic acid; energy

1. Introduction

The impact of global warming and the steady depletion of non-renewable energy
resources, such as fossil fuels, has led many researchers worldwide to intensively investigate
a potential substitution for fossil fuels [1]. With the increased attention in identifying new
resources, biodiesel, a mixture of fatty acid alkyl esters, is gaining much global interest due
to it being non-toxic, renewable, sustainable and environmentally benign. Traditionally,
homogeneous catalysts, such as sodium hydroxide (NaOH), potassium hydroxide (KOH)
and sulphuric acid (H2SO4), were used for biodiesel production. Despite their effective
catalytic activity to produce a high biodiesel yield, these catalysts, however, are noted to
be non-environmentally friendly as they are unrecyclable [2,3]. Besides having no catalyst
recyclability, contributing to equipment corrosion, there is the unavailability of the final
product to recover the catalyst due to its solubility nature resulting in further purification
processes, which leads to the production of large amounts of wastewater [4].

The development of a new heterogeneous catalyst for the catalytic process involves the
identification of a potential catalyst that can address the difficulties of using a homogeneous
catalyst in biodiesel production. Further, through a heterogeneous catalytic process, there
is a high possibility of obtaining a catalyst that can be recycled with the catalytic functions
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of the acidic sites on the surface and that does not cause any damage to the equipment [5].
Many metal oxides catalysts, such as mixed metal oxides, zeolites, graphene oxides, sul-
phated zirconia/titanium and ionic liquids, have been extensively used in the biodiesel
production process as they have high stability and a reduced effect on the ecosystem [6].
Despite their good stability and eco-friendliness, the difficulty in the separation of catalysts
from a large-scale reaction product is still unresolved.

Over the years, several researchers have focused on the use of biomass or carbon-based
materials for solid catalyst synthesis. A study conducted by Tang and Niu on the prepara-
tion of carbon-based solid catalysts from bamboo for the esterification reaction reported
that a high surface area of 1208 m2/g helped to achieve a high biodiesel yield of 97.3% [7].
The study showed that biomass-based catalysts are non-toxic, biodegradable and possess a
high surface area for a higher yield, thus proving that it can be a potential replacement for
the existing conventional catalyst. Additionally, another study on heterogeneous catalysts,
graphene oxide and sulfonated biochar for lactic acid esterification reported that the highest
yield of 35% was obtained after 420 min [8]. Although many solid catalysts have been
investigated in the past, the technical difficulty in separating the solid catalysts from the
product either by filtration or centrifugation remains as the main drawback, whereby more
time is required, and the catalyst is lost during the recovery process [9]. In regard to this,
several authors have claimed that the catalytic activity of sulphate metal oxide could be
enhanced by their rapid separation from the products [10,11].

Recently, the use of a magnetic catalyst has gained much interest due to its easy
separation from the product by using an external magnet. Feyzi and Norouzi worked
on a novel magnetic Ca/Fe3O4@SiO2 nano-catalyst for biodiesel production and further
reported that the catalytic performance of this catalyst proved to exhibit a high biodiesel
yield of 97% [12]. Besides, Gardy et al. also acquired excellent catalytic activity for the
methyl oleate and biodiesel production over a magnetic core-shell catalyst, with the highest
yield of 88% and 98.5%, respectively [13].

Agricultural waste is often referred to as lignocellulosic material consisting of lignin,
cellulose and hemicellulose [14]. Due to its limited usability and only as a possible source
of electricity and heat energy, the agricultural waste had low market value. However,
agricultural biomass is naturally composed of carbons that can be utilised as recyclable
carbon materials. As oil palm is one of Malaysia’s mainly grown crops with vast production,
enormous amounts of palm waste, such as oil palm fronds, trunks, empty fruit bunches,
shells and kernels, have been generated [15,16]. The oil palm empty fruit bunch (EFB),
which is of particular interest in this study, is produced as waste after the harvesting process,
whereby the oil extraction is done and primarily used as a power source in palm oil mill
incinerators [17]. Further, EFB, which is abundant within the lignocellulosic component,
can be a potential source of sustainable biomass.

This study aims to synthesise a magnetic solid catalyst using raw EFB fibres and
chemically treated fibres via a one-step impregnation and calcination method. The catalyst
was then used in the catalytic esterification of oleic acid and the catalytic performance was
evaluated through the optimisation of several parameters during the catalyst preparation
process. The synthesised catalyst was characterised by morphological analysis, elemental
analysis and an acid density test. Meanwhile, the esterified product from the catalysed
reactions at the optimum condition was analysed using gas chromatography (GC) analysis.

2. Materials and Methods
2.1. Materials

Oil palm empty fruit bunch (EFB) fibres were collected from Sztech Engineering Sdn.
Bhd. (Shah Alam, Selangor, Malaysia). Analytical reagents, including ferric sulphate
(Fe3(SO4)2), ferrous sulphate heptahydrate (FeSO4.7H2O), sodium bicarbonate (Na2CO3),
potassium oxide (KOH), calcium hydroxide (Ca(OH)2) and sodium hydroxide (NaOH)
chemicals used for the catalyst preparation were purchased from Suria Pembekal Umum
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Sdn. Bhd. (Kuala Lumpur, Malaysia). Industrial oleic acid with an acid value of 199 mg
KOH/g (R&M, Petaling Jaya, Selangor, Malaysia) used in the esterification reaction.

2.2. EFB Fibre Chemical Pre-Treatment

The raw EFB fibres were ground and sieved to the size range of 125–150 µm. Next, the
fibres were pre-treated with 0.1 M NaOH solution, and a solid-to-liquid ratio of 50 g/L was
employed. The oven-dried EFB fibres were pre-treated by stirring in the NaOH solution for
1 h with agitation at a speed of 350 rpm at room temperature. The fibres were immersed
in the alkali solution for 30 min after the process. The fibres were then washed repeatedly
with distilled water to remove the excess chemical until a neutral pH (~pH 7) was achieved.
The washed fibres were then poured onto an aluminium tray and oven-dried for 24 h at
105 ◦C. The same method was used to study the effect of chemical modification using
various alkalines, including KOH, Ca(OH)2 and Na2CO3, with the same concentration
(0.1 M). All treated fibres were stored for further use.

2.3. Synthesis of the Magnetic Solid Catalyst

The magnetic solid catalyst was synthesised via the one-step impregnation method.
Firstly, the method was conducted by mixing the treated EFB fibres with a 0.01 M FeSO4.7H2O
and 0.02 M Fe3(SO4)2 solution with continuous stirring at 60 ◦C for 2 h. A solid-to-liquid
ratio of 1:10 was employed. The solid was then oven-dried overnight at 80 ◦C. Following
that, the oven-dried samples were calcined using a vacuum furnace. Figure 1 shows the
summary of the magnetic catalyst synthesis. The EFB magnetic catalyst was prepared
using fibres treated differently with NaOH, KOH, Ca(OH)2 and Na2CO3, denoted as
NaOH-T-EFBC, KOH-T-EFBC, Ca(OH)2-T-EFBC and Na2CO3-T-EFBC, respectively.
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Later, the catalyst synthesis parameter conditions were optimised in terms of fibre
loading, reaction time, calcination temperature and calcination time via the single factor
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optimisation method. Table 1 shows the parameters and ranges for the optimisation of the
esterification reaction of oleic acid.

Table 1. The parameters and ranges for the optimisation study.

Factors Unit 1 2 3 4 5

EFB fibre loading g 1 3 5 7 9
Reaction time h 1 2 3 4 5

Calcination temperature ◦C 300 400 500 600 700
Calcination time h 1 2 3 4 5

2.4. Characterisation of the Fibre and Catalyst

The lignin content analysis was conducted using the acid detergent lignin (ADL)
method at MARDILab, Technical Services & Technology Commercialization Centre (Ser-
dang, Selangor, Malaysia). With regards to the characterisation, the morphology and ele-
mental composition of the samples were analysed by using a scanning electron microscopy
(SEM) equipped with energy-dispersive X-ray spectroscopy (EDS) (JSM-6010PLUS/LV,
Universiti Tenaga Nasional, Kajang, Malaysia). The acidity of the solid acid catalyst was
determined by using the acid–base titration method. The method involved titrating with
sodium hydroxide solution (0.1 M NaOH), with phenolphthalein as an indicator. The data
was recorded, and the acid density was calculated using Equation (1):

Acidic =
[OH]× VOH

m
(1)

[OH] = concentration of NaOH used, VOH = volume of NaOH required and m = mass
of catalyst.

2.5. Catalytic Performance

In total, 7 wt% of solid catalyst was mixed with 10:1 methanol and pre-heated oleic
acid in a three-neck flat-bottom flask at 60 ◦C for 2 h at 350 rpm. The solid magnetic
acid catalyst was separated by an external magnet, washed with ethanol and oven-dried
at 80 ◦C for further use. The collected liquid was then heated at 70 ◦C to evaporate the
excess methanol.

Next, the methyl ester conversion was examined via the base titration method using
KOH. The data was collected, and the acid value of the esterified sample and oleic acid
was calculated based on the ASTM D664 standard method (Equation (2)) [18], while the
esterification conversion rate was calculated using Equation (3) [19]:

Acid value =
([OH]× V × MM)

m
(2)

Conversion rate (%) =

(
(AVi − AVo)

AVi
× 100

)
(3)

V = volume of KOH titrated in mL, MM = molecular mass of KOH, [OH] = concen-
tration of KOH, m = mass of catalyst, AVi = initial acid value and AVo = acid value of
methyl oleate.

3. Results and Discussion
3.1. Effect of Various Chemical Pre-Treatments on the Esterification Reaction

NaOH, KOH, Ca(OH)2 and Na2CO3 are the essential alkalis used in the alkaline pre-
treatment to investigate their efficiency in the delignification process. The pre-treatment
process generally signifies the removal of lignin from lignocellulose material. The re-
moval of complex lignin attributes to the loosening of the crystalline structure of cellulose
and enhances the porosity of the biomass for catalyst preparation [20]. After alkaline
pre-treatment, the lignin content changed significantly and altered the surface texture of

102



Sustainability 2023, 15, 8637

the fibres. Lignin content is considered an important component influenced by alkaline
pre-treatment because lignin forms a three-dimensional network between cellulose and
hemicellulose [21]. The lignin content resulted in a range of 13.7–15.1% by using for differ-
ent alkalis at a standardised concentration (Figure 2). The results showed the percentage of
lignin content reduced after alkaline treatment compared to the untreated EFB fibres, with
16.5%, and this is similar to that reported by Ariffin et al. [22]. The effect of various alka-
line pre-treatments resulted 14.5%, 13.7%, 14.1% and 15.1% using NaOH, KOH, Ca(OH)2
and Na2CO3, respectively. Alkaline pre-treatment contributes to the chemically modified
structure of lignocellulosic EFB, breaking up the crystalline structure and increasing the
accessible surface area of EFB for a better interaction with metal sulphates in catalyst
preparation [23].
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The trends in the catalysts’ acidity and conversion rate over different alkaline pre-
treatments and untreated-EFB are shown in Figure 3. After alkaline pre-treatment, the
treated EFB fibres were used in the synthesis of magnetic solid catalysts. Five grams of
treated EFB fibres were added into the chemical solution (1:10) and stirred for 2 h at 60 ◦C.
The dried sample was calcined at 500 ◦C for 3 h in a vacuum furnace. The results indicated
that the highest catalyst acidity was reported for catalysts treated by Ca(OH)2 and Na2CO3,
with 3.5 mmol/g, compared to the catalysts treated by NaOH and KOH, which were
3.3 mmol/g and 2.5 mmol/g, respectively. Moreover, both Ca(OH)2-T-EFBC and Na2CO3-
T-EFBC catalysts observed a higher conversion rate of 85.1% and 87.8%, respectively,
compared with the catalysts treated by NaOH, KOH and untreated-EFB, which had 80.6%,
74.5% and 79.03, respectively. The highest acidity and conversion rate wsd obtained in
EFB treated with Na2CO3 (Na2CO3-T-EFB), showing that Na2CO3 pre-treatment has a
significant effect on the conversion rate. The dissociation of Na2CO3 in water produces
carbonic acid, and sodium hydroxide that has the potential to disrupt the structure and
remove silica on the EFB fibre surface [24]. Although the lignin content for Na2CO3-T-EFB
is higher compared to other alkaline treatments, the esterification rate was exhibited to
be higher using the derived catalyst. This could be due to the existence of hydrophilic
and hydrophobic groups, such as hydroxyl groups and polycyclic aromatic carbons, in the
carbonaceous catalyst [25]. The reactants can easily be absorbed onto the solid catalyst
surface to contact with the active sites. The active sites of sulfonic acid (-SO3H) and iron
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oxide (Fe-O) are known as Bronsted acid and Lewis acid, respectively, which contribute to
a higher conversion rate [26].
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3.2. Single Factor Optimisation

As the Na2CO3-T-EFBC magnetic catalyst recorded the highest conversion rate, the
Na2CO3 treated EFB fibres were utilised to investigate the effect of catalyst synthesis
parameters, such as EFB treated fibre loading, impregnation time, calcination temperature
and calcination time, on conversion rate and catalyst acidity (Figure 4a–d). The effect of
EFB fibre loading on the conversion rate is demonstrated in Figure 4a. As aforementioned,
the catalyst was synthesised with different ranges of EFB fibre loading by weight (1, 3, 5, 7
and 9 g). As shown in Figure 4a, the findings indicated an increase in the conversion rate
from 78.32% to 91.18% as the EFB fibre loading increased from 1 g to 7 g. The increment
of the esterification rate was observed to increase with the incline in the catalyst acidity
from 1.7 mmol/g to 2.2 mmol/g. The findings are supported by a previous study by Jing
et al., which stated that the concentration of support material or precursor is one of the
key factors that affects the preparation of the catalyst by the impregnation method [27].
Further, as biomass consists of a more complex polymer structure, which is made up of
functional oxygenated molecules, namely, carboxyl (-COOH) and hydroxyl (-OH) [28],
the addition of carbon material enhanced the existence of weak Bronsted acid sites in
the catalyst surface besides the presence of sulfonic acid (-SO3H) sites [29]. Thus, the 7 g
EFB fibre loading significantly increased the esterification rate with the highest acidity of
2.2 mmol/g, and the esterification reaction was favoured by the high acidity of the catalyst.
However, a further increment in the amount of EFB fibre loading (9 g) was insignificant
in the esterification reaction of oleic acid. This could be attributed to the limited active
sites and the lack of strong acid sites for the catalytic reaction, which resulted in a slight
reduction in the conversion rate to 90.81% with an acidity of 2.1 mmol/g.

In order to investigate the effect of the impregnation time in the conversion rate,
different reaction times of 1, 2, 3, 4 and 5 h were executed. Figure 4b illustrates that the
conversion rate increases with the increase in the impregnation time. It was observed that
as the impregnation time increased from 1 to 2 h, the conversion rate was observed as
88.02% and 91.18%, respectively. During the impregnation process, the interaction through
absorption between the pores of the support material with the bulk solution used requires
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a certain time to occur [30]. However, no significant effect was detected in the oleic acid
conversion after 2 h of impregnation time, which was similar to the decline in the acidity
of the catalyst after 3 to 5 h of the impregnation time. The low acidity contributed to the
decrease in the conversion rate from 89.32% to 79.87% after 5 h. A previous study reported
that the impregnation time highly depended on the support size, loading amount and the
temperature [31]. Based on the observation, at 2 h of impregnation time, the ferric sulphate
particles may be mostly adsorbed on the surface of the treated EFB fibres. Hence, at further
impregnation times, the particles have limited sites available for absorption, which reasons
the lower conversion rate of oleic acid after 2 h of impregnation time. Therefore, to achieve a
high conversion rate and the efficient formation of active sites, an appropriate impregnation
time is required; thus, the 2 h reaction time was found to be favourable for high catalytic
performance [32].
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Calcination temperature is an essential factor for a catalyst because of its effect on the
structural and catalytic properties [33]. The effect of calcination temperature on oleic acid
conversion was studied, and the results are shown in Figure 4c. The magnetic catalyst was
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calcined using a vacuum furnace at various calcination temperatures of 300, 400, 500, 600
and 700 ◦C. The findings indicated that the conversion rate gradually increases from 300 ◦C
to 500 ◦C with values of 89.95% and 91.18%, respectively. This shows that calcination
temperature has a significant effect on the catalytic activity as the temperature improves
the formation of particles on the catalyst surface [34]. However, a gradual decrease in
the conversion rate was noted at a higher temperature, which indicates that calcination
at a higher temperature would contribute to sintering of particles on the surface of the
support material, thus, resulting in a decrease in surface area, which eventually affects
the catalytic activity [35]. Previous studies have also stated that a suitable calcination
temperature was required for an effective esterification reaction because both low and high
calcination temperatures were not beneficial for the conversion of oleic acid [36,37]. Hence,
the suggested 500 ◦C was determined as an optimum temperature for the calcination
process of the catalyst.

The effect of the calcination time on the esterification rate was also investigated to
determine the optimum catalyst preparation parameters. The catalyst was calcined for a
range of calcination times (1, 2, 3, 4 and 5 h) at a fixed temperature of 500 ◦C. Figure 4d
presents the summary of the findings. It was found that calcination for 2 h produced an
active catalyst with the maximum conversion rate of 93.46% and an acidity of 2.4 mmol/g.
The high rate was attributed to the sufficient time for the formation of active components,
which helps to increase the conversion rate [38]. Furthermore, the results show that the
increment in calcination time was not favourable for esterification as the conversion rate
gradually decreased to 77.62% after 5 h of calcination. A reason for this could be the particle
sintering or agglomeration on the catalyst surface, which resulted in weak catalytic activity
after a longer calcination duration [39]. Besides, a longer calcination time could deactivate
the catalyst’s acidic sites [40]. Thus, an optimum calcination time of 2 h was essential to
synthesise an EFB supported magnetic acid catalyst. The optimum conditions for catalyst
preparation are: 7 g EFB fibre loading, 2 h impregnation time and a calcination temperature
of 500 ◦C for 2 h.

3.3. Morphology and Elemental Analysis

Additionally, scanning electron microscopy (SEM) was used to evaluate the morphol-
ogy of the raw EFB fibres, treated EFB fibres and the magnetic acid catalyst. Figure 5 depicts
the SEM observations of the effect of alkaline treatment on the EFB fibre surface. Figure 5a
indicates the presence of white granules, known as silica bodies, and impurities on the
surface of raw EFB fibres. However, these impurities and silica bodies were removed from
the EFB surface after the alkaline treatment using sodium carbonate, Na2CO3, as illustrated
in Figure 5b. Rosli et al. reported that the silica bodies are known as phytoliths, which
are found on the fibre surface and could lead to poor adsorption of particles on the fibre
surface [41]. After the silica bodies were removed using an alkaline treatment, a rough
surface and the appearance of tiny pores were noticed. Meanwhile, the SEM image of a
treated fibre impregnated with sulphated and iron oxide particles is presented in Figure 5c.
It showed that the catalyst had a rough surface, with the particles embedded on the EFB
surface after calcination at 500 ◦C for 2 h.

In addition, Table 2 presents the energy-dispersive spectrometry (EDS) results of
treated EFB fibres and the Na2CO3-T-EFB magnetic catalyst. The treated fibres, which
consist of pure carbon and oxygen, indicates that alkaline pre-treatment improves the EFB
fibre surface. Meanwhile, the EDS result of the impregnated catalyst shows the existence
of carbon (C), iron (Fe), oxygen (O) and sulphur (S) groups embedded on the surface of
treated EFB fibres with 37.88 wt%, 21.82 wt%, 34.78 wt% and 5.52 wt%, respectively. Hence,
the oxygen and sulphur content could indicate the existence of the sulfonic group (-SO3H)
in the catalyst [19]. Besides, the composition of iron and oxygen indicate that the catalyst is
comprised of Fe-O particles, which further induces its magnetic properties.
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Table 2. Elemental composition of treated EFB fibres and the EFB supported magnetic acid.

Samples
Elemental Composition (wt%)

Carbon (C) Oxygen (O) Iron (Fe) Sulphur (S)

Treated EFB fibres 57.76 42.24 n.d a n.d a

Na2CO3-T-EFB magnetic catalyst 37.88 34.78 21.82 5.52
a n.d = not determined.

3.4. Catalyst Reusability

The performance of the Na2CO3-T-EFBC magnetic catalyst was tested using the esteri-
fication reaction of oleic acid at 60 ◦C for 2 h, which obtained a conversion rate of 93.5%
(Figure 6). After the reaction, the used catalyst was collected by using an external magnet
and was washed and dried to be used in the next cycle of esterification. It was observed that
the conversion rate decreased in the second cycle to 89.5%, which was possibly due to the
leaching of active sites from the catalyst during the reaction. However, the conversion rate
slightly dropped to 86.3% and the catalytic activity was further retained between 82.9 and
82.1% after the fourth and fifth cycles. It was noticed that the catalyst performance remains
stationary after the fifth cycle. The stability of conversion rate over Na2CO3-T-EFBC could
be associated to the higher acidity after the fifth cycle of 2.8 mmol/g.
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3.5. Comparison of Surface Acidity on the Catalytic Activity of Biomass Derived Solid Catalysts

The surface acidity over esterification performance of the biomass-based solid acid
catalysts prepared in this study was compared with other studies in Table 3. It was observed
that the Na2CO3-T-EFBC magnetic catalyst has a comparable or higher conversion rate at a
shorter time of 2 h under a lower reaction temperature of 60 ◦C, which was attributed to
the strong acidity on the catalyst surface. Most importantly, the magnetic catalyst prepared
in this study had showed good stability compared to those in the studies reported. This
proves that the Na2CO3-T-EFBC magnetic catalyst was exhibited as a practical catalyst for
acid catalysed reactions.

Table 3. Comparison of the surface acidity over esterification performance of carbon-based solid acid
catalysts prepared in this work with other studies.

Catalysts

Surface Acidity Esterification Performance

Refs.By S Content
(mmol SO3H/g) a

By Base
Titration
(mmol/g)

By
NH3-TPD
(mmol/g)

Conditions b Conversion (%) Reusability

Spent coffee
grounds-derived solid acid

catalyst
3.36 4.22 - CL of 10 wt%, MeOH:OA of

10:1, 80 ◦C/7 h >90.0 ~70% after
4 cycles [42]

Cacao shell-derived solid
acid catalyst 1.48 4.56 - CL of 0.05 wt%, MeOH:OA

of 7:1, 42 ◦C/4 h 78.0 48.0% after
3 cycles [43]

EFB derived MBC02-SO3H - - 0.28 CL of 5 wt%, MeOH:OA of
8:1, 150 ◦C/1.5 h 81.0 Not reported [44]

Bamboo derived solid acid
catalyst (S150-4) 0.82 - - CL of 10 wt%, MeOH:OA of

8:1, 65 ◦C/8 h 98.0 79.2% after
4 cycles [45]

Dealkaline lignin derived
E−260-20-SO3H

(Supercritical ethanol)
1.41 5.05 - CL of 5 wt%, MeOH:OA of

12:1, 80 ◦C/7 h 95.4 ≥81.9% after
5 cycles [46]

Dealkaline lignin derived
E-P400−2-SO3H

(Subcritical ethanol)
1.06 5.35 - CL of 5 wt%, MeOH:OA of

15:1, 80 ◦C/5 h 95.5 ≥84.6% after
3 cycles

Na2CO3-T-EFBC magnetic
catalyst 1.72 3.50 - CL of 7 wt%, MeOH:OA of

10:1, 60 ◦C/2 h 93.5 82.1% after
5 cycles

This
study

a Surface acidity by S content (mmol SO3H/g) was calculated using the following formula: Surface acidity (mmol
SO3H/g) = (S content in catalyst/100) × 1000/32.07. b CL = catalyst loading, MeOH = methanol, OA = oleic acid.

3.6. Reaction Mechanism Using Na2CO3-T-EFBC

The possible reaction mechanism of the catalytic esterification of oleic acid with
methanol using Na2CO3-T-EFBC is able to be described in several steps and is presented
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in Figure 7. Meanwhile, -SO3H groups derived from the magnetic acid catalyst catalyse
the esterification reaction. Three-oxygen molecules accept electrons from sulphur to form
electron-withdrawing (-SO3H, sulfonic acid) groups, which act as the Bronsted acid active
sites [47]. The catalytic mechanism involves several steps: (1) The strong H+ proton of
the catalyst attacks the oxygen in the carboxyl group of oleic acid during the reaction,
(2) the alcohol molecule reacts with the activated carboxyl carbon through nucleophilic
substitution, (3) the intramolecular dehydration and hydrogen ion desorption lead to the
formation of water molecules, and lastly, (4) the formation of methyl esters. In addition,
the Lewis acid nature of iron oxide (Fe-O) particles also serve as active sites and contribute
to the catalytic activity.
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4. Conclusions

EFB fibres were utilised to produce efficient biomass-supported magnetic acid catalysts.
The EFB fibre-supported magnetic acid catalyst was successfully synthesised and the
performance of the catalyst was evaluated via the esterification of oleic acid. The effect of
chemical pre-treatments on the catalytic performance and acidity were investigated, and
the Na2CO3-T-EFBC magnetic catalyst showed a noticeable effect with a high conversion
rate of 87.8%. Further, under the optimal catalyst preparation conditions of 7 g EFB fibres
loading at 2 h impregnation time and 2 h of calcination at 500 ◦C, a high conversion rate of
93.46% was reported. The EFB fibre-supported magnetic catalyst revealed good properties
with a high acidic value, indicating the existence of the sulfonic group, which interacts
with methanol and oleic acid for the esterification reaction. Besides, the catalyst had strong
magnetism, and it was recovered using an external magnet. The catalyst reusability showed
good stability with 82.1% after five cycles. In conclusion, the EFB magnetic solid catalyst
had good properties, such as strong magnetism and high acidity, with good catalytic
performance. The findings in this study provide a potential substitution to be used as a
green heterogeneous catalyst in the biodiesel industry. Thus, this assures the prominent
usage of oil palm waste in wide applications and minimises waste.
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Abstract: Advanced biofuels can reduce fossil fuel use and the number of harmful compounds
released during combustion, by reducing the use of fossil fuels. Lignocellulosic materials, especially
waste biomass, are suitable substrates for the production of advanced biofuels. Among the most
expensive steps in the production of ethanol is enzyme-based hydrolysis. Using microorganisms can
reduce these costs. This study investigated the effectiveness of hydrolyzing three waste lignocellulosic
biomass materials (barley straw, oak shavings, spent grains) into ethanol, after biological pretreatment
with Trichoderma viride fungi. The number of fermentable sugars obtained from each substrate was
subjected to preliminary study, and the correlation between the temperature and fungal activity
in the decomposition of lignocellulosic materials was determined. Ethanol was produced by the
separate hydrolysis and fermentation (SHF) method. It was found that not all lignocellulosic biomass
is suitable to decomposition and hydrolysis in the presence of T. viride. Regardless of the process
temperature, the average enzymatic activity of fungi (activity index) ranged from 1.25 to 1.31. 94 mL
of distillate, with a 65% (v/v) ethanol concentration produced by the hydrolysis and fermentation of
the sugars released from the barley straw.

Keywords: waste biomass; lignocellulose; biological treatment; Trichoderma viride; ethanol

1. Introduction

The greenhouse effect, mainly caused by transport emissions, is driving the search for
solutions to curb global temperature rise and environmental pollution. Conventional fuels
can be substituted with biofuels. There are three main generations of biofuels, based on the
substrates that are used for their production [1]. First-generation biofuels (1G) are produced
from ingredients that are also intended for food and fodder; they are called conventional
biofuels [2]. In Directive 2015/1513 of the European Parliament and the Council of the
European Union of 9 September 2015, the share of first-generation biofuels was limited to
7%, in favor of advanced biofuels. In December 2018, the RED II Directive entered into force,
according to which the target for 2030 is 14% biofuels used in transport, with first-generation
biofuels no longer being included in renewable energy sources. Therefore, this favors the
sector of second-generation (2G) biofuels, the production of which involves non-food
energy plants, as well as waste lignocellulosic and third-generation (3G) biomass, which
are produced from algae biomass. Compared to the production of first-generation fuels,
the production of second-generation biofuels is more complex, but the use of residues, inter
alia, from agriculture, forestry, industrial processes, and municipal management, allows
for the production of biofuels with respect for the environment, under the conditions of
sustainable development [3,4], without competing with food production [5].

Lignocellulosic materials require appropriate preparation; however, they are a very
attractive, also for economic reasons, source of the sugars necessary for fermentation [6].
The ethanol obtained in this process, after dehydration, can be used as an additive to
gasoline, but it can also be an independent fuel. The first step in the production of ethanol
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is pretreatment, which separates lignin from cellulose and hemicellulose [7,8]. For this
purpose, the options include physical methods (milling, microwave, mechanical extrusion,
pyrolysis, pulse electric field), chemical methods (acid and alkali pretreatment, organosolv,
ionic liquids, ozonolysis), physico-chemical methods (ammonia fiber expansion (AFEX),
steam explosion, carbon dioxide explosion, liquid hot water (LHW), wet oxidation, SPORL
treatment), or biological methods based on the enzymatic activity of bacteria and fungi [9],
which have two types of exogenous enzyme systems. One of them is responsible for the
degradation of polysaccharides, while the other is the ligninolytic system [10]. Fungi
break down lignin more efficiently than bacteria [11]. Strains belonging to the genus
Trichoderma have a significant role in these processes [12,13]. Biological pretreatment is an
environmentally safe and low-energy method [14].

The next stage is enzymatic hydrolysis, incl. using cellulases and xylanases [15],
the aim of which is to depolymerize polysaccharides isolated from biomass and release
monomeric sugars [16]. These are five-carbon and six-carbon sugars, mainly glucose,
used by ethanol-fermentation microorganisms [17]. Hydrolysis conditions and biomass
types affect the conversion of lignocellulosic biomass to fermentable sugars [18]. In the
hydrolysis process, not only commercial enzymes but also microbial cells can be used. The
advantage of using microorganisms is the enzymatic activity closely adapted to the specific
type of biomass [19], and the technology itself is classified as one of the future-oriented
and promising methods favoring the increase in the level of saccharification [20]. The
hydrolysis can be carried out separately from the fermentation process or simultaneously.
Five basic methods are most often mentioned: separate hydrolysis and fermentation—SHF,
simultaneous saccharification and fermentation—SSF [21], separate hydrolysis and co-
fermentation—SHCF [22], simultaneous saccharification and co-fermentation—SSCF [23],
and consolidated bioprocessing—CBP [24]. The hexose fermentation process can be carried
out by bacteria and various types of mold fungi; however, on a commercial scale, mainly
due to the efficiency of sugar conversion to ethanol, fast growth rate, efficient production of
ethanol, and tolerance to its high concentration in the environment, Saccharomyces cerevisiae
yeasts are mainly used [25].

After the fermentation process is completed, the solution is distilled and rectified,
which not only increases the ethanol content but also purifies the biofuel [26]. The last stage
of bioethanol production is its dehydration [27].

The economic feasibility of ethanol production from lignocellulosic feedstocks is
currently a major challenge. The hydrolysis of lignocellulosic biomass applies commercial
enzymes with cellulolytic and hemicellulolytic activity. The utilization of such enzymes
increases production costs; therefore, it is necessary to search for simple and low-cost
alternatives, especially for fuel utilization of the waste biomass. The aim of this study was
to estimate the potential of Trichoderma viride to degrade different lignocellulosic materials,
considering the optimum conditions for enzymes biosynthesis, and to estimate the efficiency
of the enzymatic hydrolysis process based on ethanol yield. It was hypothesized that, under
appropriate conditions, using T. viride for the pretreatment and hydrolysis of lignocellulosic
substrates would enable simple sugars to be obtained, which are the ethanol precursors
during the ethanol fermentation process. Due to the biological treatment of biomass,
chemical compounds and a detoxification process are not required. Different species of
Trichoderma have been used during the pretreatment of lignocellulosic feedstocks or as a
source of the enzymes required for hydrolysis; however, to our best knowledge, this is the
first time that whole T. viride cells have been used simultaneously for both processes.

2. Materials and Methods
2.1. Feedstock for Ethanol Fermentation

The materials that were used in the research include brewing spent grain (from the
brewery), barley straw, and oak shavings (both from the university research center). The
biomass was ground using a laboratory mill to a particle size of 1–2 mm and then stored at
room temperature before pretreatment.
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2.2. Biological Biomass Pretreatment

The possibility of obtaining fermentable sugars from biomass was determined during
the enriched culture, which was carried out in Erlenmeyer conical flasks with a capacity of
250 mL. The flasks contained 100 mL of liquid medium with the following composition: (g/L)
peptone 1.0 (BTL), (NH4)2SO4 1.4 (cz.d.a., Chempur), KH2PO4 2.0 (cz.d.a., Chempur), urea
0.3 (cz.d.a., Chempur), CaCl2 0.3 (cz.d.a., Chempur), MgSO4·7H2O 0.3 (cz.d.a., Chempur),
(mg/L) FeSO4·7H2O 5.0 (cz.d.a., Chempur), MnSO4·H2O 1.6 (cz.d.a., Chempur), ZnSO4·7H2O
1.4 (cz.d.a., Chempur), and CoCl2 2.0 (cz.d.a., Chempur). Next, 1 g of substrate was added to
each of the flasks. The flasks with their contents were sterilized at a temperature of approx.
100 ◦C. Then, one disc (size 5 mm) cut from a 7-day T. viride culture was added to each flask
(Figure 1). The flasks were set in a thermostat at 25 ◦C. The experiment was carried out for
28 days. The samples subjected to enzymatic hydrolysis were subjected to the qualitative
test for monomer sugar content using Benedict’s test. The solutions from each culture flask
were taken into test tubes, Benedict’s reagent was added, and the whole was mixed and
placed for 5 min in a bath of boiling water. The color change and the presence of sediment
after the samples had cooled down were used to determine the presence of sugars and their
concentration. Analyses were performed in three replications after 7, 14, 21, and 28 days
of culture.
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2.3. Production of Cellulase—Index Activity

The cellulolytic activity of T. viride was assessed on a culture medium with a 1% addi-
tion of carboxymethyl cellulose (CMC; Sigma-Aldrich, St. Louis, MI, USA). The experiment
was prepared in accordance with the previously described methodology. Conical flasks
were inoculated with T. viride culture discs and then incubated for 7 days at 25, 30, and
35 ◦C, respectively. After one week, 0.1 mL of the culture solution was withdrawn from
each flask and transferred to a Petri dish with solidified medium. The Petri dishes were
incubated at 25, 30, and 35 ◦C for the next 7 days, and then the activity index (IA) was
determined. A 1% aqueous solution of Congo red (Sigma-Aldrich St. Louis, MI, USA) was
poured into the plates and left for 15 min. Then, the excess solution was poured off, and
1M NaCl solution was introduced to the dishes. Positive reaction was indicated by the
formation of a clear zone (halo) around the colony. The decolorization was carried out
over a period of 20 min. The cellulolytic activity index was determined by comparing the
hydrolysis zone visible in the form of brightening around the colony (A) to the diameter of
the colony (B), according to the following formula:

IA = A/B

where A—diameter of the hydrolysis zone (mm), and B—diameter of the colony (mm).

2.4. Experimental Procedure of SHF Method

The lignocellulosic biomass was subjected to physical and mechanical pretreatment. In
a laboratory mill, 200 g of the substrate was ground to 1–2 mm particle size. Then, thermal
treatment was applied. The substrate was placed in 2 L of water, boiled for about 30 min,
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cooled to 25 ◦C. and poured into a 3L polyethylene container. Ten discs were cut from a
7-day T. viride culture (5 mm in diameter). The experiment was prepared in three containers
to obtain enough solution for the fermentation process. The containers were kept in a
thermostat at 25 ◦C (optimum temperature for T. viride cellulolytic enzymes) for 21 days
and then sterilized at approx. 100 ◦C. The contents of the containers were filtered through
a mesh filter, separating the solid from the liquid fraction used for ethanol fermentation.
After filtration, 3.4 L of solution were obtained; therefore, fermentation of monomeric
sugars present in the hydrolysates was carried out in two fermentation containers with
a capacity of 3 L, with the participation of Saccharomyces cerevisiae distillery yeast (Turbo
Pure Yeast, MAXX Johnnie Cotton). The pH was set at 5.0 using 10 N sulfuric acid (cz.d.a,
Chempur). The containers were placed in a thermostat at 30 ◦C (optimum temperature for
S. cerevisiae activity) and incubated for 14 days. The wort was distilled at a temperature
of 78.32 ◦C in an apparatus equipped with a heating mantle with a power regulator, a
dephlegmator with a receiver, a cooler, and a thermometer that allowed for control of the
temperature of the vapors. The ethanol content of the distillate was determined with an
alcohol meter and is given as a percentage by volume (v/v). The experimental flow chart
for all stages is shown in Figure 2.
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2.5. Statistical Analysis

The results concerning the cellulolytic activity of the T. viride strain were analyzed
statistically. Software for Windows (Statistica version 13.3; Dell Inc., Tulsa, OK, USA) and
one-way analysis of variance were used. The standard deviation was also determined.

3. Results and Discussion
3.1. Susceptibility of Lignocellulosic Biomass to Biological Pretreatment

The production of second-generation biofuels is important both for environmental
and economic reasons [28]. Lignocellulosic biomass, especially waste biomass, is not
only a widely available but also a relatively cheap substrate for second-generation bio-
fuels’ production [29]. Its annual global energy potential is estimated at 100–270 EJ [30].
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These substrates contain polysaccharides, which are the source of ethanol-fermentable
monomeric sugars.

Different biomass types have different amounts of cellulose and hemicellulose, which
may affect the efficiency of the biofuel production using them [31]. This composition may
also be important in the processes of the biological treatment of lignocellulosic biomass,
which is confirmed by the conducted research. Not all lignocellulose substrates could be
used as a source of sugars for the alcohol fermentation obtained with the participation of
enzymes secreted by T. viride. During the first 14 days of incubation, no reducing sugars
were found in any of the cultures. After 21 days, a positive result was obtained in one of the
samples of barley straw. After 28 days of incubation, the presence of fermentable sugars in
the flasks containing oak sawdust was additionally noted. The lignin content in oak wood is
28% [32]. Lignin can bind to cellulolytic enzymes and reduce their effectiveness [33,34]. The
efficiency of lignin degradation depends on pretreatment method. Singhvi and Kim [35],
in a study of hydrogen production, treated raw maize cobs with peroxidase mimicking
CeFe3O4 and noted lignin degradation at the level of 43.26%. Wi et al. [36] carried out a
study on the conversion of lignocellulose to biofuel. The authors used hydrogen peroxide
and acetic acid (HPAC) for pretreatment, removing up to 97.2% of lignin from the substrate.
Biological methods are also effective. Su et al. [37] used the fungus Myrothecium verrucaria
to biological treatment of corn stover and reported a 42.30% reduction in lignin content.
Bari et al. [38] analyzed the effect of fungi on the degradation of beech wood and recorded
a decrease in lignin content from 22.23% to 9.67% for Pleurotus ostreatus and 9.47% for
Trametes versicolor after 120 days. Ghorbani et al. [39], during delignification of rice straw by
Trichoderma viride, reported an increase in lignin-removal efficiency of up to 74% under
optimal conditions. Ladeira Azar et al. [40], in their research on enzymatic hydrolysis
of low-lignin bagasse from sugarcane, confirmed that even slight differences in lignin
content can increase sugar yield. There is definitely less of it in barley straw. This straw
contains 31–45% cellulose, 27–38% hemicellulose, and 14–19% lignin [41]. Earlier studies
confirm the usefulness of this biomass for the production of cellulosic ethanol [19]. During
simultaneous microbial saccharification and fermentation, ethanol with a concentration of
15% (v/v) was obtained.

The sugar content in the flasks was relatively low and did not exceed 0.1–0.3 g/100 mL.
No reducing sugars were found in culture solutions in which the substrate was spent grains
(BSG). The composition of this material is variable, which may make their valorization diffi-
cult [42]. In a study by Mishra et al. [43], BSG contained 24.5% cellulose, 9.8% hemicellulose,
and 15.8% lignin. In the presented research, this substrate was not used by T. viride as a source
of carbon and energy. Barley straw was selected for the next stage of the research.

3.2. Cellulolytic Activity of Trichoderma Viride

The temperature had no statistically significant effect on the extracellular T. viride
hydrolase production. According to measurements of the hydrolysis zones (Figure 3), the
activity index (IA) values varied from 1.18 to 1.38, as shown in Table 1.
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Table 1. Enzymatic activity index of T. viride.

Index Activity (IA)

Temperature

25 ◦C 30 ◦C 35 ◦C

1.31 1.33 1.25
1.25 1.20 1.18
1.38 1.23 1.38

Mean ± SD 1.31 ± 0.7 1.25 ± 0.7 1.27 ± 0.10

Bhattacharya et al. [44] investigated the relationship between the cellulase production
efficiency of T. viride and temperature and found that the 30 ◦C is the optimum temperature
for the production of these enzymes. This was also confirmed by the results of previous
experiments on the evaluation of the potential enzymatic activity of T. viride for the de-
composition of various types of straw [45]. For barley straw, the activity index increased
from 1.45 at 25 ◦C to 1.82 at 30 ◦C. According to Malik et al. [46] an increase in temperature
above 30 ◦C reduces the production of enzymes by T. viride.

3.3. Separate Hydrolysis and Fermentation

Under optimal conditions, it is possible to obtain the sufficient amount of reducing
sugars necessary for the proper course of the next stage of the experiment—ethanol fer-
mentation. Therefore, according to the results obtained, the straw material was hydrolyzed
at a temperature of 25 ◦C. The solution after hydrolysis (3.4 L) was subjected to the ethanol
fermentation process, and the result was 94 mL of distillate with an ethanol concentration
of 65% (v/v). The available studies also confirmed the effectiveness of obtaining ethanol in
the process of separate hydrolysis and fermentation. Mitra et al. [47] investigated ethanol
production from lignocellulosic-starch biomass. Fermentation was carried out by SHF or
SSF with batch feed. Substrates were pretreated with steam or dilute sulphuric acid (DSA).
The highest ethanol yield (42.6 g/L) was obtained for separate hydrolysis and fermentation
with DSA. Mendez et al. [48] carried out an SHF process for sugarcane bagasse and obtained
a total ethanol concentration of 6.5% (v/v), including 33 g/L ethanol from the cellulose
fraction and 18 g/L from the hemicellulose fraction. Different results were presented by
Dahnum et al. [21]. When optimizing bioethanol production from an empty fruit bunch,
they obtained 4.74% ethanol by the SHF process and 6.05% ethanol by the SSF process. This
indicates that the efficiency of these processes also depends on other factors, including the
type of substrate used during ethanol fermentation.

For the production of 2G ethanol, different types of waste biomass are used, e.g., rice;
wheat and corn straw [49]; corn and cotton stalks and sugar cane processing waste [50];
and coffee pomace [51]. The amount of sugar obtained, precursors for the fermentation
process, and high ethanol concentration depend significantly on the type of lignocellulosic
biomass (Table 2).

Table 2. Example ethanol production from different types of lignocellulosic biomass.

Lignocellulosic Biomass Pretreatment Ethanol Yield References

barley straw biological 65% (v/v) present study
barley straw ionic liquids 18.5 g/L Lara-Serrano et al. [52]

maize residues - 10.22% (v/v) Cutzu and Bardi [53]
wheat straw deep eutectic solvent (des) 15.42 g/L Xian et al. [54]

sugar cane pulp dilute acid 15.5% Saka and Afolabi [55]
wheat straw steam explosion 21.3 g/L Tomás-Pejó et al. [56]

corncob alkaline 32.32 g/L Boonchuay et al. [57]
sugarcane bagasse acid 56.1 g/L Unrean and Ketsub [58]
sugarcane bagasse mixed H2O2 + NaOH 66 g/L Irfan et al. [59]
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Table 2. Cont.

Lignocellulosic Biomass Pretreatment Ethanol Yield References

rapeseed straw acid 39.9 g/L López-Linares et al. [60]
pineapple leaves waste hydrothermal 9 g/L Saini et al. [61]

sugarcane leaves and tops combination of oxidative
alkali–peroxide 13.7 g/L Dodo et al. [62]

The amount of substrate is also important. In a study by Paschos et al. [63], the concen-
tration of ethanol increased from 39.55 to 46.62 g/L when the amount of barley straw biomass
subjected to hydrolysis and the SSF process was increased from 15% to 20%. A similar relation
was reported by Zhang et al. [64] for corn stover. With 15% solids, they obtained 24.7 g/L of
ethanol, while 31.0 g/L, 39.3 g/L, and 40.6 g/L were obtained with 20%, 25%, and 30% solids,
respectively. On the other hand, these authors observed a correlation between increasing
solids content and decreasing ethanol yields, compared to theoretical values.

Conversion efficiency can be changed by using microorganisms other than yeast.
Tivari et al. [65], from rice bran with Bacillus cereus strain McR-3, obtained a maximum of
10.50 ± 0.10%. The efficiency of bioethanol production depended on temperature and the
appropriate pH. Da Silva et al. [66] used alkaline-pretreated Carnauba straw for ethanol
production. During simultaneous saccharification and fermentation (SSF), they used two
strains of Saccharomyces cerevisie; however, the highest yield above 7.5 g/L was recorded
for the Kluyveromyces marxianus strain. Takano and Hoshino [67] carried out simultaneous
saccharification and fermentation of rice straw. They used a mixture of commercial cellu-
lases for hydrolysis and a mutant of Mucor circinelloides J (a xylose-fermenting fungus) for
fermentation. Under aerobic conditions, 30.5 g/L ethanol was obtained after 36 h; however,
the straw was also pretreated with alkaline. Waghmare et al. [68] used Saccharomyces
cerevisiae (KCTC 7296) and Pachysolen tannophilus (MTCC 1077) to improve the yield from
2.113% and 1.095% for the single strains to 2.348% for the co-culture, respectively.

Our study demonstrated that biological methods could be used to produce a high
concentration of ethanol from lignocellulosic material. These methods do not require
chemicals, can be conducted at milder temperature conditions, and obtain strains that
actively degrade and hydrolyze lignocellulosic substrates, which would enable large-scale
ethanol production to be cost-effective [11].

4. Conclusions

The efficiency of the pretreatment method and the type of feedstock utilized both
determine the amount of ethanol produced from lignocellulosic substrates. Pretreatment
and hydrolysis with the participation of fungi do not require chemical and energy supply,
as they are effective and environmentally friendly; however, not every waste biomass is
a suitable material for obtaining fermentable sugars in biological processes. Among the
lignocellulosic materials used in the research, the susceptibility to bioconversion with the
participation of T. viride was demonstrated by oak chips and barley straw. The enzymatic
activity of fungi did not depend on the temperature, and the determined values of the
activity index ranged from 1.25 to 1.31. Ninety-four mL of distillate was obtained from
barley straw, subjected to pretreatment and hydrolysis with the T. viride strain, and then
fermented with the Saccharomyces cerevisiae strain. The ethanol concentration in the distillate
was 65%.
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Abstract: Water pollution due to heavy metals has become a serious environmental concern due
to their hazardous properties. Since conventional water remediation techniques are generally inef-
fective and non-environmentally friendly, phytoremediation has gained increasing attention from
worldwide researchers and scientists due to its cost-effectiveness and environmental friendliness.
Hence, this review first discussed soil and water remediations. Phytoremediation can be divided
into five techniques to remove heavy metals from the polluted environment, namely, phytostabiliza-
tion (phytosequestration), phytodegradation (phytotransformation), phytofiltration (rhizofiltration),
phytoextraction (phytoaccumulation), and phytovolatilization. Four common floating aquatic plants
(accumulator plants), such as duckweed (Lemna minor), water lettuce (Pistia stratiotes), water hyacinth
(Eichhornia crassipes), and watermoss (Salvinia) were discussed in detail due to their great capability
in absorbing the metal ions by their roots and further translocating the metal ions to the aerial parts.
Furthermore, the parameter studies, such as optimum pH and temperature of the water, exposure
duration, initial metal concentration, water salinity, and the addition of chelating agents, were evalu-
ated. The absorption kinetics of the plants was discussed in detail. In short, phytoremediation is a
promising green and sustainable water remediation approach. However, further research is necessary
to enhance its practicability and performance at large-scale implementation.

Keywords: phytoremediation; hyperaccumulator plants; heavy metals pollution; accumulation;
bioremediation

1. Introduction

Due to rapid urbanization and industrialization, about 40% of the world’s population
is facing water scarcity problems [1,2]. Some contributing factors to these issues are climate
change, food necessity, and the inefficient utilization of natural resources. In addition, a
study revealed that the death of 1.8 million people was linked to water pollution in 2015 [3].
The progressive revision and assessment of water resource policy at all levels are indeed
necessary. Water pollution has been linked to severe human health issues such as infectious
diseases, nervous system damage, and even death [4]. Moreover, water pollutants are
tremendously harmful to aquatic life. Therefore, the rehabilitation of wastewater is the
only remediation solution to cope with the greater demand for water for industrial and
agricultural use.

Nowadays, most of the surface waters are not achieving the optimal standard owing
to a variety of stressors that affect freshwater quality, namely point source and non-point
source pollution, the change in land use and climate, which further magnifies the challenge
of supplying water security [5]. In detail, point sources of water pollution are those dis-
charged from a single and identifiable origin. Contrarily, non-point sources of pollution are
those pollutants eliminated from various sources and diverse non-identifiable sources [6].
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In the United Kingdom, one of the primary stressors on water quality is an excessive
nutrient released from a diffuse source of water pollution [5]. On the other hand, in
China, other issues of heavy metal pollution are notable. The interactions between various
stressors in time and space could lead to additional effects [5]. For instance, an increase in
land-use change on account of vigorous agricultural activities and a potential rise in storm
frequency might escalate the distribution of nutrients, such as phosphorus and nitrogen,
and fine sediment to receiving water bodies. Eventually, the rapid expansion of industrial
and residential activities would negatively impact the water quality of rivers, lakes, and
oceans [4,7].

Phytoremediation is a promising green technology in wastewater remediation by
using plants and microorganisms to eliminate, translocate, immobilize, or degrade the
contaminants from the environment [8–12]. In other words, phytoremediation employs the
fact that a living plant can act as a photosynthetic-driven pump proficient in eliminating
pollutants such as metals and metalloids from the environment and water effectively [9,13].
Notably, aquatic plants play an essential role as a natural absorber in phytoremediation for
heavy metals and contaminants with their extensive root systems, making them the best
selection for the uptake of pollutants through their shoots and roots [1]. Phytoremediation
technology has received global attention among scientists and administration bodies due to
its effectiveness in lowering unparalleled environmental pollution via an environmentally
friendly pathway. Figure 1 demonstrates the increasing trend for phytoremediation based
on the data extracted from Scopus by using the keywords of “phytoremediation and
phytoremediation and water” from 2002 to 2022.
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Figure 1. Increasing use of aquatic plants in phytoremediation.

This review intends to examine the phytoremediation of heavy metals within different
accumulator plants. It focuses on the emerging phytoremediation results for the removal
of heavy metals from contaminated water and the main mechanisms occurring between
the heavy metals and the accumulator plants. The phytoremediation parameters and
kinetic studies were also updated and discussed. Lastly, this review also proposed some
useful prospects and challenges for further development to boost the development of
phytoremediation that is capable of improving the efficiency of the process.

2. Types of Phytoremediation

Phytoremediation can be applied to remove heavy metals in contaminated soil or
contaminated wastewater through the bioaccumulation process. The utilization of accu-
mulator plants is the crucial element of phytoremediation, and its selection is based on the
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bioaccumulation capacity of the accumulator plants on the targeted heavy metal. Some
studies have ascertained the bioaccumulation capability through a series of experiments.

2.1. Soil Remediation

Conventional soil remediation approaches such as chemical oxidation and solvent
extraction used to treat the contaminated soil with heavy metals and residues are generally
cost-intensive and destructive to soil nature. Additionally, these methods require the
transportation of contaminated substances to the treatment site, introducing additional
risks of secondary pollution [10]. Lately, phytoremediation has received attention in
remediating soil contamination sites due to its profitability, environmental friendliness, and
durable application. Phytoremediation employs plants and microorganisms to eliminate,
isolate, or degrade toxic substances away from the environment. The reliable mechanisms
for soil remediation are phytoextraction and phytostabilization [10]. Phytoextraction uses
plants to extract and capture the contaminant, whereas phytostabilization contains the
contaminant. Other workable phytoremediation mechanisms include rhizofiltration and
phytovolatilization. Rhizofiltration works by absorbing and adsorbing the contaminant. On
the other hand, phytovolatilization works by absorbing the contaminant from the medium
via plant roots and discharging them into the atmosphere [14].

Bioavailability expresses the degree of contaminants readily absorbed by plants
through exposure to them [14]. Plants will only absorb or uptake metals that are bioavail-
able to them. Metal bioavailability is vital in determining the success of phytoremediation
by plants. Low metal bioavailability is the primary factor that restricts the phytoextraction
of metal contaminants [15]. In addition, soil microbes play a crucial role in catalyzing redox
reactions, altering the metal bioavailability in soil and the tendency for root uptake.

The factors affecting the metal bioavailability in soil are the pH, microorganisms, root
exudates, soil organic matter, and competitive cations [10]. The acidity and alkalinity of the
soil determines the metal solubility and mobility in the soil. At acidic or low pH conditions,
plants liberate more metals into the soil solution to compete with hydrogen ions (H+),
thus enhancing the metal bioavailability. Under alkaline or neutral pH conditions, the
immobilization of metals such as lead (Pb) and chromium (Cr) would happen. Therefore,
the metals are not bioavailable to plants [16]. In addition, soil microorganism such as
the strain of Xanthomonas maltophyla was proven to accelerate the precipitation of Cr6+ to
trivalent chromium ions (Cr3+) from a state of high mobility to low mobility and less toxic
compounds [17].

Once taking up the heavy metals, the metals concentrate in the root tissues through im-
mobilization or further translocate towards the aerial part of the plant via xylem vessels [14].
In shoots, the metal accumulation usually happens in vacuoles, which are cellular organelles
that have a low metabolism. The hyperaccumulator plants are usually equipped with vital
metal tolerance mechanisms, namely metal detoxification and metal exclusion, to cope
with the toxic effects of metal ions at elevated concentrations [17]. For metal exclusion,
the excluders prevent metal absorption by roots and preclude further translocation and
accumulation in plant shoots.

The phytoextraction mechanism to eliminate soil contaminants includes five neces-
sities: (1) mobilization of metal ions in the rhizosphere, (2) uptake of metal ions through
plant roots, (3) translocation of metal ions internally to the shoots, stems, and leaves of the
plant, (4) heavy metal tolerance, and (5) metal sequestration in plant tissues [18]. Among
these requirements, heavy metal tolerance is an essential requirement for phytoremedia-
tion since higher plant tolerance to metal stress indicates that a higher number of metals
could be accumulated in the plant tissues with the lowest detrimental impacts on plant
health [18]. Metals such as cadmium (Cd) are easier to be absorbed from the soil via
phytoextraction [16].

The potential metal tolerance in a plant relies on some mechanisms, such as metal
binding in the plant cell wall, active transportation of metal ions into the plant vacuoles, the
formation of metal complexes, and the chelation of metal ions with peptides and proteins.
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Apart from the physiological processes dominating the plant tolerance, another crucial
factor in predicting the phytoextraction potential is the yearly production of biomass,
including the dry weight of shoots and the net composition of metal harvested [14].

2.2. Water Remediation

It has been reported that the application of aquatic plants in the remediation of wastew-
ater was initiated about 300 years ago [19]. Several plant species have been examined and
evaluated for their efficiencies in concentrating organic and inorganic contaminants from
the water via hydroponic, constructed wetlands, or natural habitats. However, in wetland
systems, the precipitated inorganic contaminants from the water often enter the sedi-
ments, leading to a complex recovery. Opposingly, floating plant systems could eliminate
contaminants via biomass harvesting [20].

Among the diverse floating aquatic plant species, phytoremediators such as Azolla,
Eichhornia, Lemna, Spirodela, Wolfia, and Wolfialla demonstrated high efficiency in removing
water pollutants through bioaccumulation in their plant tissues [19]. Explicitly, Lemna minor,
Eichhornia crassipes, and Pistia stratiotes are specifically employed to eliminate metal ions
present in the aquatic system [20]. For instance, Eichhornia crassipes can biodegrade inor-
ganic pollutants by concentrating various metal ions, such as copper (Cu), Cd, Cr, lead (Pb),
and zinc (Zn).

Additionally, it could remove other contaminants such as total dissolved solids (TDS),
total suspended solids (TSS), biological oxygen demand (BOD), and chemical oxygen
demand (COD) from industrial wastewater [21]. The harvesting process is comparatively
simple due to its floating and not-rooted structure [22]. Furthermore, the treatment by
plants such as Lemna minor and Pistia stratiotes successfully reduced the TDS, BOD, COD,
chloride, and sulphate in the wastewater.

3. Classification of Phytoremediation Technique

Several mechanisms are involved in phytoremediation to uptake heavy metals by
using aquatic plants from the polluted water bodies and subsequently transforming them
into a non-toxic form. These mechanisms are phytofiltration, phytoextraction, phytodegra-
dation, phytostabilization, and phytovolatilization, as shown in Figure 2 [23]. The appli-
cation of phytoremediation typically starts with the recognition and screening of suitable
aquatic plants with great potency to concentrate metals, dissolved nutrients, and other
pollutants [19,24]. Each mechanism has its unique characteristics, applications, and uptake
routes, which are discussed in the following subsections. For example, in a water environ-
ment, rhizofiltration works well by overcoming the inherent biological limitation found in
phytoextraction. Specifically, phytoextraction is more suitable for treating polluted soils at
shallow depths. Table 1 shows the phytoremediation strategies that are applicable for the
removal of different categories of contaminants present in the water bodies.

Table 1. Phytoremediation mechanisms for the removal of pollutants present in the aquatic
environment [19].

Pollutants Mechanisms Descriptions

Inorganic Phytoextraction Eliminate the contaminants in the form of harvestable plant biomass.
Phytostabilization Minimize the contaminants mobility.
Phytoaccumulation Hyperaccumulation due to hypertolerance.
Rhizofiltration Roots filter water via absorption or adsorption.

Organic Phytodegradation Degrade the contaminants in the plant.
Phytostimulation Stimulate the microbial activity to degrade the contaminants.
Phytoassimilation Transport and metabolize the contaminants in plants.
Phytovolatilization Extract the contaminants from media and liberate them through air.
Phytotransformation Degrade contaminants into a simpler form.
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Rhizo- implies root; thus, rhizofiltration/phytofiltration involves the adsorption or
absorption of pollutants in the solution adjacent to the plant roots. The working mechanism
in rhizofiltration is similar to that of phytoextraction. However, the plants are mainly used
to address the polluted water. The plant species for pollutant removal are cultivated in
greenhouses, in which their roots are in contact with water [26]. It could only happen
once the widespread fibrous root system has been successfully established. The plant
species that grew in the polluted area will uptake the water containing pollutants by their
roots. Once the plant roots reach the pollutant saturation limit, they will be harvested.
Plants with dense root systems are preferred for rhizofiltration to concentrate the maximum
concentration of the contaminants with the larger root adsorption area [20]. Some rootless
or floating macrophytes demonstrate high efficiency and potential for the rhizofiltration of
metal ions such as Cr, Pb, and Zn from an aqueous system. Nevertheless, the performance
of rhizofiltration will depend on the types of metal and the plant’s metabolism [21]. The
plants selected for rhizofiltration must be resistant to metal, tolerant to hypoxia, and have a
large surface area for absorption [14].

Meanwhile, phytoextraction could also be referred to as phytoaccumulation. The
phytoextraction mechanism involves the heavy metal uptake from the soil through the root
of crop species and further translocates into the aerial part of the plant [1]. The translocation
process is regulated by employing leaf transpiration and root pressure. According to
Shaari et al. [16], one of the strategies to improve metal solubility in the soil is through
the addition of chelating agents. Upon completion of the phytoextraction, the plant will
be harvested and disposed of with care [20]. In addition, the plant can be burned for
energy generation and further recovery or recycle important metal from the ash. The
hyperaccumulators selected should have high efficiency to accumulate high concentrations
of crucial micronutrients and uptake considerable quantities of non-crucial metals, such as
Cd [27]. Hyperaccumulators occupy environments rich in metals because of their greater
necessity for metals than normal accumulator and non-accumulator plants. Additionally,
plants with high biomass production are efficient in pollutant uptake. Lastly, plants with

127



Sustainability 2023, 15, 1290

high translocation factors, elongated roots, and simple harvesting processes are suitable for
phytoextraction [14].

On the other hand, phytostabilization/phytosequestration uses specific plant species
to deactivate contaminants contained in the groundwater and soil. As its name implies, phy-
tostabilization could be referred to as in-place immobilization or phytoimmobilization [1].
This process happens when the roots of plants absorb, accumulate, adsorb, or precipitate
the pollutants to restrict their movement. Microbes restrict the mobility of contaminants
by deliberating chelating substances, avoiding the upward migration of the contaminants
to the groundwater, and lessen the bioavailability of metal in the food chain [26]. For
example, Arbuscular mycorrhizal symbiosis could stabilize the metals in soil [20]. Further-
more, phytostabilization can restore vegetation cover at contaminated sites by employing
metal-tolerant plants, especially when the natural vegetation is unable to sustain in the
soils contaminated with metals or physically disturbing surface materials. Accordingly,
plants could limit the migration of pollutants via wind destruction, delivery of the affected
soil surface, and leaching of soil pollutants to groundwater. Apart from that, plants that are
inefficient in translocating the absorbed metals from the root to the aerial part are preferable
for phytostabilization [14].

In phytovolatilization, the plant absorbs contaminants from the soil and converts them
into various volatile compounds, then discharges the metal in gaseous form into the adja-
cent environment or atmosphere through the plant’s stomata via transpiration [1]. Phyto-
volatilization, primarily concerned with remediating organic acids, is also useful in treating
mercury (Hg) and selenium (Se). For the phytovolatilization of Se, with a long half-life of
327,000 years, the suitable plant species are Indian mustard and canola. Phytovolatilization
offers numerous advantages, including the unnecessary auxiliary management of vegeta-
tion, less soil corrosion, absence of soil interruption, unreturned harvesting, and dumping
of plant biomass. Furthermore, the presence of bacteria in the plant’s rhizosphere assists
in biotransforming the contaminant and eventually bolsters the phytovolatilization rate.
However, phytovolatilization is still an arguable method since it discharges toxic metals and
returns them to the atmosphere [20]. The research undertaken by Jeevanantham et al. [23]
suggested that the heavy metals taken up by plants could transform into a water-soluble
and non-toxic form while being transported from the root to the leaves of the plant and
being compartmented in the vacuole, followed by the volatilization of metal ions to the
atmosphere. The accumulation of metal begins in the epidermis of leaves, followed by the
accumulation in the mesophyll of leaves. However, a hyperaccumulator usually inhibits
the accumulation of metals in mesophyll with its high evaporation rate of modified soluble
metals. Therefore, no adverse effects could result on the plants.

Lastly, phytodegradation, also known as phytotransformation, involves the break-
down of contaminants into simpler molecules through the enzymatic metabolic activity in
plants with their corresponding microorganisms [21]. In certain circumstances, selected
plants possess the capability to uptake toxic compounds, followed by the detoxification and
metabolization of toxic compounds as nutrients [27]. The detoxification of toxic compounds
usually involves three stages, namely bioactivation, conjugation, and compartmentalization.
Each phase requires various types of enzymes, such as oxygenizes and nitro reductases,
classified by the properties and distribution of their reaction products. The enzymes gener-
ated by plants could catalyze and speed up the degradation process. The phytodegradation
process could be classified into internal and external processes [23]. In particular, two
mechanisms that work for the degradation are the plant’s enzymatic activity and photosyn-
thetic oxidation. In terms of external degradation, pollutants absorbed by plants will be
hydrolyzed into smaller sizes, whereas, for internal degradation, the organic pollutants
absorbed are further broken down into smaller sizes by plant enzymes and are eventually
used as metabolites.
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4. Accumulator Aquatic Plants

The selected plant species must have a high potential to take up various pollutants,
rapid growth, be easy to cultivate, and be simple to harvest [8]. Moreover, an ideal plant
species applied in phytoremediation should meet a few criteria: (1) plants that show a high
accumulation rate for heavy metals even at low concentrations, (2) plants that are easy
to harvest, (3) plants that have resistance towards pests and diseases, (4) plants that are
capable to uptake several types of heavy metals, and (5) plants that display environmentally
friendly and economical application [28]. In reality, aquatic plants such as water lettuce,
water hyacinth, and vetiver grass have demonstrated excellent capability to eliminate
different pollutants such as heavy metals, TDS, TSS, BOD, COD, and nutrients present
in wastewater.

4.1. Duckweed (Lemna minor)

Duckweed, with the scientific name Lemna minor, is the fastest-growing and smallest
plant species on the planet. The five aquatic genera under the Lemnaceae family are Lemna,
Landoltia, Spirodela, Wolffia, and Wolffiella [1]. The Lemnaceae family has been the focus of
recent research for phytoremediation due to their rapid growth, rapid biomass productiv-
ity, phytoplankton, microbial minimization, and high metal and nutrient accumulation
capability [19]. These plant species usually appeared in the form of small leaf-like structures
known as fronds. They can propagate under various environmental conditions, specifically
in the pH ranges from 3.5 to 10.5 and the temperature range between 7 and 35 ◦C [27].
Furthermore, duckweed can be cultivated in different seasons owing to its cold tolerance
characteristic. However, the growth of duckweed species needs special environmental
considerations owing to its high sensitivity towards various contaminants. Moreover,
diverse duckweed species have various metal tolerances depending on the ambient water
conditions such as temperature, pH, metal concentration, and electrical conductivity.

Based on the recent study conducted by Rezania et al. [29], the findings revealed that
duckweed has been widely used to recover the nutrients and heavy metals released from
agricultural and domestic wastewaters. Referring to another study, the results demon-
strated that Lemna gibba was more efficient than Salvinia minima and Azolla caroliniana, thus,
was appraised as a hyperaccumulator plant. Additionally, Lemna minor could accumulate
high concentrations of Cd, Cu, nickel (Ni), magnesium (Mn), Zn, arsenic (As), and uranium
(U). Wolffia globose possesses a great tolerance to concentrate 400 mg As per kilogram of
its dry weight and subsequently removes it effectively [19]. Nevertheless, the burning
of metal-contaminated duckweed has become an issue for safe disposal [1,30]. In addi-
tion, their degradation through carbonization, incineration, hydrolyzation, or anaerobic
digestion is necessary to avoid successive contamination in the environment.

4.2. Water Lettuce (Pistia stratiotes)

Water lettuce, with the scientific name Pistia stratiotes, is a free-floating macrophyte
that can absorb and concentrate pollutants in the plant body [31]. Pistia stratiotes, which
belongs to the Araceae family, is a floatable aquatic plant with a hanging root structure
submerged in water [29]. Water lettuce is abundant in many regions, such as the tropical
and subtropical areas of Asia and America, because of its simple growth requirements
and ability to adapt to an extensive range of growth environments. Based on the study
conducted by Gupta, Roy, and Mahindrakar [31], a considerable portion of iron (Fe), Mg,
Mn, Cd, calcium (Ca), and cobalt (Co) were adsorbed or deposited on the outer root
surfaces of water lettuce, whereas more aluminum (Al), Cu, Cr, Ni, and Pb were absorbed
by the plant roots. Pistia stratiotes are also an effective phytoremediator plant species
in treating Mn-polluted wastewater [32]. The advantages of water lettuce are that it is
fast-growing, able to cover large water surfaces, and that it requires an uncomplicated
harvesting process. Referring to Lu et al. [33], water lettuce possesses an excellent capability
in accumulating metal ions from the water bodies with a high concentration factor greater
than 102. By taking its bioconcentration factor as an indicator, this plant was regarded as a
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hyperaccumulator for Cu, Cr, Fe, Mn, Ni, Pb, and Zn. Therefore, it was feasible to apply it
for surface water remediation.

4.3. Water Hyacinth (Eichhornia crassipes)

Water hyacinth, with the scientific name of Eichhornia crassipes, is a rooted macrophyte
belonging to the families of Pontederiaceae and Eichhornia. Water hyacinth usually grows
largely in polluted water systems and eutrophic lakes [34]. This fast-growing free-floating
perennial aquatic weed appears with upright and rounded leaves with a dark blue root
system, and it has been demonstrated to be highly competent in remediating domestic
wastewater due to its highly resistant features [19]. It is one of the most prevailing invasive
vascular plants in the aquatic system due to its tolerance to high concentrations of heavy
metals, acetic acids, formaldehyde, formic acids, oxalic acids, and phenols. In addition, it
can rapidly adapt to various aquatic physiochemical surroundings, such as those caused by
drought and moist sediment conditions. Furthermore, it can uptake tremendous quantities
of contaminants, especially heavy metals and nutrients. Various researchers have claimed
that water hyacinth exhibited a modest accumulation efficiency towards Cd and Zn. Mean-
while, the plants were efficient in treating waters containing toxic Cr6+. Moreover, water
hyacinth was highly efficient in eliminating nitrogen and potassium from the aquatic sys-
tem. The plant’s pollutant removal efficiency was closely related to its maximum growth.
The optimal growth conditions for water hyacinth were a pH of 6 to 8, a temperature
between 10 and 40 ◦C, and a water salinity below 5 mg/L [29].

4.4. Watermoss (Salvinia)

Salvinia, which belongs to the Salviniaceae family, is a floating aquatic plant with
a fast growth rate and a high tolerance towards metal toxicities [29]. Salvinia species is
a popular plant for heavy metal remediation due to its inherent capacity to absorb and
concentrate high compositions of different heavy metals. Essentially, the roots of the plants
have shown an unreasonably high potential to accumulate metal ions, such as Cr, Ni, and
Pb, higher than their leaves [34,35]. In particular, Salvinia natans is a hyperaccumulator for
some specific heavy metals, and its leaves could accumulate more heavy metals compared
to the other parts of the plant. Table 2 summarizes the heavy-metal removal efficiencies
demonstrated by different aquatic plants in phytoremediation applications.

Table 2. Summary of heavy metals removal efficiency by floating aquatic plants in phytoremediation.

Aquatic Plants Conditions Heavy Metals
Removal Efficiency References

Duckweed
(Lemna minor)

Sampling time: 25 days
Temperature: 7 to 20 ◦C
Initial concentration (ppb): 16.31 As, 1.47 Cd, 67.37 Cr, 25.84 Cu,
0.36 Hg, 347.8 Ni, 23.37 Pb, 49.59 Zn
Framework: industrial wastewater

90.95% As, 97.79% Cd,
90.25% Cr, 98.46% Cu,
82.84% Hg, 98.08% Ni,
99.91% Pb, 98.00% Zn

[36]

Sampling time: 7 days
Temperature: 13 to 20 ◦C
Relative humidity: 70%
Photoperiod: 16 h light, 8 h dark
Concentration: 10−6 mol/L metal solutions

95% Cd, 93% Pb, 81.2% Zn,
86.5% Cu [36]

Water lettuce
(Pistia stratiotes)

Sampling time: 15 days
Initial concentration (mg/L): 0.08–0.46 Cu, 0.03–1.36 Ni,
0.09–0.86 Pb, 0.26–1.31 Zn
Framework: field

39.72–72.58% Cu,
28.96–68.79% Ni,
43.02–76.66% Pb,
26.99–79.57% Zn

[3]

Sampling time: 30 days
Initial concentration (mg/L): 22.17 Al, 5.03 As, 0.028 Cd, 2.84 Cr,
0.16 Cu, 14.70 Fe, 20.37 Mn, 5.25 Pb, 2.01 Zn
Framework: steel industry effluent

73% Al, 74% As, 82.8% Cd,
62.8% Cr, 78.6% Cu, 61%
Fe, 39.5% Mn, 73% Pb,
65.2% Zn

[37]
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Table 2. Cont.

Aquatic Plants Conditions Heavy Metals
Removal Efficiency References

Water hyacinth
(Eichhornia crassipes)

Sampling time: 15 days
Temperature: 25 ± 5 ◦C
Humidity: 72 ± 15%
Initial concentration (mg/L): 1.12 Fe, 0.62 Cu, 1.41 Ni, 0.77 Pb,
1.42 Zn
Framework: landfill leachate

87.56% Fe, 87.09% Cu,
81.56% Ni, 84.41% Pb,
90.18% Zn

[38,39]

Initial concentration (mg/L): 0.24 Pb, 1.20 Pb, 4.97 Hg, 3.34 Ni
Framework: industrial wastewater

97.50% Cd, 95.10% Ni,
99.90% Hg, 83.40% Pb [29]

Watermoss
(Salvinia)

Sampling time: 28 days
Initial concentration (mg/L): 0–12.39
Framework: field

72–91% Cd, 80% Cu,
72–91% Ni, 72–91% Zn [3]

Sampling time: 12 days
Temperature: 25 ◦C
Humidity: 70–75%
Photoperiod: 16 h light, 8 h dark
Initial concentration: 1.0 mg/dm3 Cr, 1.0 mg/dm3 Hg

74% Cr, 93% Hg [40]

5. Phytoremediation Mechanisms Using Accumulator Aquatic Plants

In general, heavy metal accumulation in plants involves the uptake of metals into
the plant tissue and the liberation of the absorbed metals back to the external medium.
In aquatic ecosystems, the adsorption of heavy metals onto the sediment takes place.
However, these adsorbed metals could be freed from the sediment and remobilized in
the water system if the sediment is disturbed or the water chemistry changes [41]. The
potential sediment disturbances could be due to bioturbation, resuspension, the presence
of organic matter, and an alteration in water salinity, thereby manipulating the equilibrium
concentration between the metal ions in the water and the sediment [42]. Heavy metal
remobilization is unwanted since this would contaminate clean areas when conveyed by
the water current. Free-floating plants take up metals from the water by their roots. Despite
uptake, the metals could be released back into the water and soil environments from the
plant tissue. Aside from that, metals could be liberated into the air in a gaseous form from
the surfaces of the leaves.

For instance, water lettuce must be harvested periodically not only to maintain growth
density at an optimal level but also to remove metals and nutrients efficiently from water
bodies. This is because the pollutants taken up by the plants will be released into the
aquatic environment following the death and decomposition of the plants [33]. In the cases
where a higher metal removal rate is desirable, the plant biomass should be harvested more
frequently and on time. Moreover, the residence time of metals in different mediums will
directly manipulate the metal concentration available in that particular medium [43]. Most
metals tend to accumulate in the soil and sediment, which are known as sinks. Contrarily,
metals usually have a shorter retention time in water and air since these mediums only
usually serve as transport mediums. Explicitly, the retention time of metals in water varies
depending on the type of heavy metals. For instance, Pb2+ exhibits a shorter residence time
compared to Zn2+ [43].

5.1. Absorption, Adsorption, and Efflux of Metals by Plants

Plants can function as accumulators and excluders in phytoremediation. Accumulator
plants can survive without being affected by a large number of metals concentrated within
their aerial tissues owing to their ability to biodegrade and biotransform the metals into non-
toxic forms. Opposingly, excluders limit the metal uptake into their plant biomass due to the
presence of barriers [43]. As a result, excluders demonstrate low metal uptake even at high
external metal concentrations. Normal plants commonly accumulate metals in quantities
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that do not exceed their short-term metabolic needs. Lower metal concentrations between
10 and 15 ppm are sufficient for the basic functioning of normal plants. Nevertheless,
an exception is hyperaccumulators, which can absorb and tolerate thousands of ppm of
metal concentrations within their tissues. The reason for this is that hyperaccumulators
possess more than one detoxification mechanism for preventing metal toxicity, such as
metal storage into vacuoles, metal chelation, and metal efflux [44].

According to Huynh, Chen, and Tran [45], there are two different mechanisms of heavy
metal absorption in plants, namely root absorption and foliar absorption. Concerning root
absorption, plant roots absorb heavy metals into the apoplast while absorbing water. The
presence of –COOH groups in the pectin of the plant roots allows the exchange of cations
within the cell membrane [46]. In turn, it becomes a transportation means for heavy metals
to move into the cell wall from the external medium through diffusion or mass flow,
where absorption actively takes place. The total concentration of metal uptake could be
bound to the anions in the cell wall, transported apoplastically, and into the cells [43]. The
distribution of the absorbed metals among these three locations relies on the types of metal
species and the genotype of the plants.

Since water hyacinths possess dense and fibrous root systems, aerobic bacteria are
well established in these aquatic environments. These bacteria gather the nutrients and
inorganic pollutants that serve as food for plant nourishment [45]. Hence, the plants grow
faster and are harvestable as phytoremediation plant biomass after storing the heavy metals
in their tissues. Aside from root absorption, foliar absorption might occur in the plants,
where the passive absorption of heavy metals occurs through stomata cells and cuticle
fissures on the plant’s leaves [46]. A high density of stomata cells stimulates greater ion
uptake capacity as most of the uptake process is initiated in the ectodesmata. However,
cuticle fissures could only act as weak ion exchangers owing to their non-esterified cutin
polymers and cationic pectin substances. Specifically, the penetration of ions occurs from
a low-charge density outer surface to high-charge density cell walls through the cuticle.
Correspondingly, cation absorption is more likely to happen over anion absorption in this
mechanism [43].

Furthermore, heavy metals could be adsorbed by plants with the aid of the bacteria
attached to the feathery and fibrous roots. Meanwhile, the ionic imbalance could happen
within the cell membrane [45]. In aquatic macrophytes, the usual metal transportation
mechanism is rhizofiltration, in which the metal is contained, immobilized, and accumu-
lated within the plant’s roots [34]. The roots exudate within the rhizosphere, allowing the
adsorption of metals on the root surfaces of the plant.

A different discovery was reported by Lissy and Madhu [46]; they suggested that
phytoextraction was the process accounting for the uptake of heavy metals from a contami-
nated aquatic system. Despite metal absorption, metal efflux could happen. Metal efflux is
a process of releasing the metal from the vacuole to the cytoplasm, from the cytoplasm to
the apoplast, and seepage from the apoplast to the external medium. Various liberation and
seepages are probably non-metabolic processes [43]. In addition, the efflux of metals from
the cuticular layer of leaves might happen when metal ions are exchanged with hydrogen
ions (H+) during acid rainfall. Metal ions, such as Hg in a gaseous form, might also be
liberated to the atmosphere through open stomata.

5.2. Bioconcentration, Translocation, and Distribution of Metals

The two important parameters for evaluating the heavy metal uptake by aquatic
plants are the concentration factor (CF) and the bioconcentration factor (BCF). The CF
is an indicator that assesses the total metal accumulation by plants through absorption
and adsorption, whereas the BCF is an index that accounts for the metal absorption by
plants from the external medium [15]. The BCF values are usually smaller than the CF
values, and the difference between both values is small if the absorption of metal ions is
dominant in plants. Furthermore, BCF values greater than 1000 are commonly regarded as
a sign of great phytoremediation potential [47]. The BCF is a more suitable indicator for
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distinguishing the hyperaccumulator from the normal plants since the concentration of
metals accumulated in the plant through absorption is more significant [33].

Furthermore, Greger [43] found that the majority of metals tend to bind to the cell walls
during their transportation. The findings revealed that there was about 75 to 90% metal
uptake by the plant’s roots while only 10 to 25% were further translocated in the shoots.
For instance, the distribution of Cd was lower in higher parts of the plants, following the
descending order: dense fibrous roots > storage roots > stems > leaves. Vesely et al. [48]
also found that more Pb was accumulated in water lettuce roots compared to that in the
leaves. Additionally, a higher accumulation of Pb in the roots of water hyacinth than that in
the stems and leaves was reported by [49]. On top of that, the addition of chelating agents
could increase the metal bioavailability in the soil and facilitate the transportation of metal
ions within the plant [14]. For example, the introduction of ethylenediamine tetraacetic
acid promotes plant Cd uptake.

The translocation factor (TF) is the ratio between the concentration of metal ions
accumulated in the plant shoot to that in the plant root. Ideally, a hyperaccumulator plant
should have a TF value greater than one [47]. A TF value larger than one indicates that the
heavy metals absorbed by the plants have been translocated effectively to the aerial parts
of the plant [31]. In contrast, a TF value lesser than one implies that the heavy metals tend
to accumulate and store in the plant’s roots with less translocation to the aerial parts. A
low TF value might be due to the exclusion strategy and restriction of metal movement
towards the plant’s aerial parts [47].

Generally, the TF value increased with an increased contamination level in the tribu-
tary. The translocation mechanism is crucial for the plant as it could prevent the excessive
accumulation of toxic metal ions in the plant’s roots [42]. The detoxification of metal ions
might happen within the leaves of the plants through evapotranspiration. Evapotranspira-
tion is an evaporation process of water from the plant leaves, promoting the absorption
of nutrients and other substances from the medium into the plant’s roots. Meantime, it
accounts for the movement of heavy metals into the plant’s shoots [13].

Another study reported on the metal distribution within the shoots and roots of plants,
indicated by the root/shoot (R/S) ratio. The R/S ratio implies the metal concentration
accumulated in the plant root over the shoot. For exemplification, approximately 80% of
Cr, Cu, Fe, and Ni accumulated in the plant root with an R/S ratio equal to or greater
than 6, while Fe has an R/S ratio greater than 17 [33]. Concretely, plant roots are the final
destination of the absorbed metals since the roots can concentrate a greater amount of metal
ions than their shoots. However, hyperaccumulator plants should have a shoot-to-root ratio
of greater than one, reflecting the effective transportation of metals from the plant’s roots to
the harvestable parts of plants. Nevertheless, non-accumulator plants have a shoot-to-root
ratio much smaller than one [13].

5.3. Phytotoxicity of Heavy Metals in Plants

Undesirable effects on the plant’s growth and development were observed due to the
accumulation of toxic metals in their roots, stems, and leaves. Bioactive metals could be
classified into two groups: redox-active and non-redox-active metals. Redox-active metals,
such as Cr, Cu, Mn, and Fe, could directly disrupt the plant cell homeostasis, break DNA
strands, defragment proteins or cell membranes, destroy photosynthesis pigments, and
cause cell death. Opposingly, non-redox active metals could impose oxidative stress on
plants [50]. Moreover, Kumar, Singh, and Chopra [31] reported that phytoremediation
using water lettuce to remediate sugar mill effluent containing Cd, Cu, Cr, Fe, Pb, Mn, and
Zn, induced the yellowing of the plant’s leaves as well as chlorosis and necrosis.

The phytotoxic responses of various plants to heavy metals are presented in Table 3.
For example, Mishra and Tripathi [34] reported that the exposure of water hyacinth to Cr
ions at 10.0 and 20.0 mg/L concentrations could result in the yellowing of plant leaves,
chlorosis, and root exfoliating. In addition, the chlorophyll, protein, and sugar content in
the plants were found to reduce along with the escalating metal concentration and exposure
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time. They also found that Cr demonstrated a higher degree of metal toxicity as compared
with Zn. In addition, Hasan, Talat, and Rai [51] revealed that Cd was more toxic than
Zn. The increase in Cd concentration affected the relative growth rate and demonstrated
a negative growth rate when the Cd concentration in the growth culture medium was
4.0 ppm and above. A similar declining plant growth trend was observed as increasing Zn
concentration from 2.0 to 12.0 ppm but without showing a negative growth rate.

Table 3. Phytotoxicity of heavy metals in plants.

Plants Heavy
Metals Concentration Experimental Layout and

Duration Phytotoxic Responses References

Water
hyacinth

Cr 10.0 to 20.0 mg/L
15 L experimental tanks filled with
10 L of tap water and investigated
up to day 11

Yellowing of leaves, leaf
chlorosis, and growth
retardation.

[34]

Zn 2.0 to 12.0 ppm

2 L container filled with 1 L tap
water and investigated up to day 16

Growth reduction, leaf
chlorosis, metabolism
disruption. [51]

Cd 1.0 to 4.0 ppm

Growth reduction, growth
retardation, new root growth
inhibition, root function
disruption, leaf chlorosis.

Duckweed
Cd >10 mM 10 L plastic reactors with 5 L of lake

water and investigated up to day 15
Pigment degradation and
photosynthesis restriction. [52]Cu >50 µM

Water
lettuce

Pb 1 to 2 mmol/L
60 L PE containers filled with 10 L
of Hoagland nutrient solution and
investigated up to day 8

Chlorophyll synthesis
inhibition, chlorophyll
reduction, loss of
photosynthesis activity.

[48]

Ni 1.0 and 10.0 ppm
Unknown size for hydroponic tubs
filled with 10% Hoagland’s solution
and investigated up to day 6

Plant wilting, chlorosis in
leaves, chlorophyll reduction,
carotenoid reduction, water
loss, browning of root tips,
and root damage.

[53]

At a Cd concentration of 3.3 ppm, the metal toxicity led to the retardation of plant
growth by hindering the growth of new roots and disrupting the function of the roots. The
leaf chlorosis was fast, implying the decaying of plant tissue due to acute metal toxicity.
This could eventually hinder the metabolism of plants [51]. Furthermore, exposure to
excessive Cr concentration could result in a loss of photosynthesis pigments, protein, and
sugar in plants. For instance, the presence of Cr in duckweed could result in a slower
growth rate due to the restriction in photosynthesis [52]. Kumar, Singh, and Chopra [31]
also found that higher heavy metal concentrations in wastewater could restrict aquatic
plant growth and limit plant metabolism and physiological processes.

Nevertheless, the exposure of water hyacinth to Zn could cause oxidative impair-
ments and alter the metalloenzymes of the plant. Moreover, the loss of chlorophyll could
interfere with photosynthesis because of the interrupted chloroplasts. The reduction of
sugar might slow down photochemical activities and chlorophyll initiation. Eventually, the
loss of protein content resulting from the production of protein complexes might impede
enzymatic activity [34]. The study presented by Buta et al. [49] suggested that the chloro-
phyll contents declined after six days of exposure to multi-metallic systems. Generally, the
carotenoid content in plants decreased in all plants. For water lettuce, the uptake of Zn and
Cu could restrict the biosynthesis of chlorophyll and carotenoids, resulting in an obvious
discoloration of the plant leaves [54].

6. Phytoremediation Parameters and Kinetic Studies

There are several influencing factors that enhance or inhibit the performance of phy-
toremediation of heavy metals, as shown in Table 4. The selection of appropriate types of
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plants is the key to the success of phytoremediation technology; additionally, the factors
such as solution pH, solution temperature, exposure duration, water salinity, initial metal
concentration and chelating agents’ concentration can also directly influence phytoremedi-
ation efficiency.

Table 4. Factors affecting on the phytoremediation performance in previous studies.

Plant Species Heavy Metals Influence/Enhancement Factor
and Details Significant Results Reference

Thlaspi caerulescens Cd, Zn pH
The soluble metal form of both Cd
and Zn was greatly increased with
decreasing pH.

[55]

Eichhornia crassipes Cd, As, Pb,
Zn, and Cu Temperature

The ideal water temperature for
growth is between 28 ◦C and 30 ◦C.
Temperatures exceeding 33 ◦C stifle
further development.

[45]

Elodea canadensis,
Potamogeton natans

Cu, Zn, Cd,
Pb

The metal concentration and
accumulations increased with
increasing water temperature.

[56]

Salinity The metal concentration increased
with decreasing salinity. [56]

Eichchornia crassipes Zn, Cd Exposure duration
The overall metal uptake by the
plant increased with the duration of
the exposure time.

[51]

Initial solution concentration
The uptake of heavy metals
increased with an increase in the
initial solution concentration.

[51]

Sasa argenteostriata
(Regel) E.G. Camus Pb

Chelating agents
(Ethylenediaminetetraacetic
acid (EDTA) and nitrilotriacetic
acid (NTA))

The combined application of EDTA
and NTA brought the accumulation
of Pb availability to a more
reasonable level than EDTA alone.

[57]

Zea mays L. Cd

Chelating agents
(ethylenediamine tetraacetic
acid (EDTA), diethylenetriacetic
acid (NTA), tetrasodium N,
N-diacetate (GLDA), aspartate
dibutyric acid ether (AES), and
iminodisuccinic acid (IDSA))

Total Cd extraction followed the
order AES (6 mmol kg−1) > GLDA >
NTA > EDTA > IDSA (3 mmol kg−1)

[58]

6.1. Effect of Solution pH

The uptake of metal ions by aquatic macrophytes is reliant on the solution’s pH.
According to Obinnaa and Ebere [3], the metal uptake was usually higher at a lower
solution pH of about 4, thus reducing the metal concentration in the external culture
medium. Notably, the pH of the medium would alter the metal speciation and metal
bioavailability [43]. In low pH or acidic environments, most heavy metal ions exist as free
positively charged species because of the higher H+ concentration in the water, implying
that more metals are soluble and bioavailable to biota. Therefore, plants could absorb
the heavy metal ions easily, resulting in higher metal uptake. According to Soltan and
Rashed [59], the pH of the water medium decreased with escalating metal concentrations
from 50 to 100 mg−1 owing to the ionic exchange potential and the discharge of proton
from the water hyacinth root while accumulating the metal ions.

Based on the study conducted by Singh, Gupta, and Tiwari [60], the author suggested
that plants showed a better accumulation of Pb2+ at pH 6 than that at pH 9. As evidence,
89% metal removal was attained at pH 6, while only 56% metal removal was achieved at
pH 9. Different findings were reported by Uysal and Taner [61], in which the highest Pb2+
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uptake by plants occurred at pH 4.5, followed by a decreasing metal accumulation within
pH ranges from 4.5 to 6 and a constant uptake rate within pH 6 to 8.

In addition to that, the pH level affects the growth of plants. Generally, the plant
cytoplasm environment was best maintained at pH 7 to ensure optimal plant growth and
survival. In addition, Hardy and Raber [62] found that the Cd2+ uptake by plants increased
within the pH ranges between 2 and 4. At pH 2, the acidic growth environment caused
the blenching of the plant’s roots and plant death, inhibiting metal uptake. In other words,
the heavy metal uptake by plants reduced significantly when the pH decreased from 4
to 2 due to the fact that there were fewer anionic sites available for the ion exchange and
more competitive metal binding between the protons and the metal ions to the plant’s cell
walls [63]. However, it was noteworthy that the presence of other contaminants in the
medium could affect the metal-uptake efficiency [64]. For example, a solution with pH
ranges between 6 and 9 might only be feasible for the remediation of wastewater without
heavy metal contamination.

6.2. Effect of Solution Temperature

Solution temperature is another crucial ecological factor affecting the performance
of metal uptake by aquatic macrophytes. The uptake of most metal ions by plants relies
upon the temperature of the medium. This is because the change in temperature might
influence the solubility and kinetic energy of the metal ions [65]. Based on the findings
presented by Singh, Gupta, and Tiwari [60], the removal percentage of Pb2+ by plants
increased by 22% when raising the temperatures from 20 ◦C to 28 ◦C. This finding was
in agreement with Rai [66], illustrating an increasing metal uptake trend by plants with
increasing temperatures. Uysal and Taner [61] also revealed that the Pb2+ accumulation by
plants was the highest at 30 ◦C and the lowest at 15 ◦C. However, at a temperature beyond
30 ◦C, the metal uptake reduced again. The sudden decrease in the metal accumulation by
plants might be due to the stress effects imposed on plants at the higher temperature of
35 ◦C, thus lowering the metal-uptake efficiency.

Similarly, Giri [67] reported that the removal of As and Cr metal ions by plants
gradually decreased when increasing the temperature from 25 ◦C to 45 ◦C. The author
suggested that the fast absorption rate and maximum metal removal by plants had taken
place at 25 ◦C, which might be owing to the wide availability of metal binding sites on the
plant roots during the initial ion exchange process. Hence, it was deduced that the metal
absorption processes of plants were regulated by an exothermic process. Additionally,
Rakhshaee, Khosravi, and Ganji [63] revealed that the metal uptake by plants increased
with increasing temperatures from 10 to 25 ◦C.

Apart from affecting the metal-uptake efficiency, the solution’s temperature influences
the growth of plants. The behavior of aquatic accumulators varies depending on the
temperature. Temperatures between 20 ◦C and 30 ◦C could result in the optimal cultivation
of most aquatic plants. Conversely, a temperature equivalent to or lower than 10 ◦C could
hinder the metabolic activities of most aquatic plants [64]. Additionally, it would hinder
the growth of plants and inactivate microbial activity, leading to a low metal removal
efficiency by plants [65]. Instead, a minimum temperature of 15 ◦C should be maintained to
ensure optimal pollutant removal by microbes. The study also suggested that the optimal
water temperature for the growth of water hyacinth was between 28 and 30 ◦C, while the
optimum air temperature was between 21 and 30 ◦C. Nevertheless, at greater than 33 ◦C,
it would suppress the successive growth of the plant [45]. Unfavorable culture medium
temperatures restricted the growth of plants and caused plants to cease the uptake. As a
result, the plants were incapable of accumulating the metals [68]. However, in some cases,
plants can grow at colder temperatures.

6.3. Effect of Exposure Duration

Various exposure durations of aquatic plants to the metal concentrations in the culture
medium resulted in various metal uptake performances. Lu et al. [33] reported that the
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total metal accumulation in the roots and shoots of the plant generally increased with
increasing exposure durations. In addition, Soltan and Rashed [59] discovered that the
plants cultivated in 100 mg/L of metal solution portrayed a declining metal uptake trend
at increasing exposure durations due to the wilting of the plants resulting from the high
toxicity of the metal accumulated in the plant tissue. Consequently, the metal uptake by
plants via diffusion and osmosis reduced significantly with increasing exposure times.

Furthermore, Hardy and Raber [62] found that the Cd2+ uptake rate by plants was fast
at the first 4 h but decreased linearly for the subsequent 72 h, implying that the percentage
of metal uptake declined with increasing exposure durations. The trend of Cd2+ and Zn2+

absorption by the plants as the function of exposure time at various concentrations has
been studied by [51]. The uptake of Cd2+ by the plants took place in two stages at higher
metal concentrations of 4.0 and 6.0 ppm. A greater uptake efficiency was observed during
the second stage, from the 6th to the 16th day, implying that the metal uptake rate increased
with increasing exposure times. However, at lower Cd2+ concentrations of 1.0 and 2.0 ppm,
the metal-uptake rate reduced with increasing exposure duration. The Zn2+ uptake trend
by plants only showed a single stage of biphasic at any exposure concentration.

6.4. Effect of Water Salinity

Another crucial parameter affecting the metal uptake by plants is water salinity. The
salt concentration of water affects the growth and reproductive potential of aquatic plants.
Different plants had varying degrees of salinity tolerance, which regulates the capability
of the plants to remove pollutants from the water environment. It revealed that floating
macrophytes, such as water hyacinth and water lettuce, were likely influenced by the low
water salinity at about 2.50% [69]. In the case of high salt concentrations in the water, it
slowed down the transpiration rates and reduced the total dry weight of the plants [64].
Moreover, high water salinity might induce the complexation of metal–chloride, making
the metal uptake process more complex, hence reducing the metal uptake by plants [43].
Correspondingly, the aquatic plants would die owing to the decreased osmotic potential
levels as the water molecules had a lower potential to flow from a less solute region to a
high solute region.

6.5. Effect of Initial Metal Concentration

The initial concentration of metal in the culture medium would also manipulate the
metal-uptake efficiency of the plant’s roots and leaves. The heavy metal uptake by plants
usually increases with increased initial metal concentrations [59]. A similar observation
was reported by Lu et al. [33], suggesting that the removal capacity of metal was higher
when the aquatic plants were cultivated in wastewater with higher metal contamination
levels. For instance, Pb2+ accumulated in the roots and leaves of plants increased with the
escalating Pb2+ concentration in the growth medium [48].

Moreover, Uysal and Taner [61] found that the amount of metal accumulated in
the plants increased with escalating initial metal concentrations ranging between 0 and
50 mg/L. However, it decreased when increasing the metal concentration from 50 to
100 mg/L. At higher initial metal concentrations, the plants wilted due to the metal toxicity
imposed on the plant tissues. The decreased metal accumulation might also be attributable
to the transpiration of the metal ions in the roots to the surrounding solution, imposing
adverse effects on the survival of the plants. The common phytotoxicity effect on the plants
was truncated plant growth resulting from hindered photosynthesis [59]. Furthermore,
the higher concentrations of metal ions in the medium imposed inhibitory consequences
on plant metabolism, alternately minimize plant growth, cause leaf necrosis, and destroy
the plant’s physiological systems [67]. In general, the high correlation coefficient of 0.9801
confirmed the positive relationship between the metal uptake by plants and the initial
metal concentration in the culture medium.

The metal concentrations in the sediment and the metal accumulated in the roots of
the plant reflected a positive linear correlation for most heavy metals, such as Co, Mn, Ni,
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and Sn, with R2 values of 0.3559, 0.4216, and 0.7616, respectively. This implied that the
plant could accumulate and remove more heavy metals at higher contamination levels [42].
However, the linear correlation between the metal concentration in the sediment and that
accumulated in the plant’s roots was weaker for the accumulation of Cu and Pb, with
R2 values of 0.3338 and 0.3011, respectively. For instance, when the plant was treated
with escalating Pb concentrations from 30 to 50 mg/L, it demonstrated a declining metal
accumulation rate [60].

Nevertheless, the accumulation of Cd, Sb, and Zn in the plant’s roots became constant
with escalating concentrations of metals in the medium upon reaching its absorption
limit. This was because the plant might restrict the metal uptake by immobilizing or
activating selective barriers in the plasma membrane when reaching the uptake limit
of metal accumulation [42]. A similar finding was reported by Greger [43], where the
metal uptake was not linearly correlated to the increasing initial metal concentration. The
over-accumulation of metal ions in the plant tissue saturated the limited binding sites,
subsequently reducing the metal removal rate. Therefore, it could be inferred that the
metal uptake from the soil, sediment, and water was the greatest at lower external metal
concentrations due to the less competitive ionic exchange process.

6.6. Effect of Other Metals Concentration

The presence of other metals in the culture medium also affected the metal uptake
by aquatic plants because of the metal binding competition at the plant cell wall [43].
For example, the absorption of Cd2+ by the plant’s roots declined when other cations
of escalating ionic radii or valency are present. Specifically, the Cd2+ uptake by plants
declined when increasing the concentration of Zn2+ in the medium [62]. Apart from that,
a slower rate of metal uptake in the multi-metallic system than the single metal system
was portrayed due to the competition between Cd2+ and Zn2+ metals for the similar
metal exchange sites of plants, limiting the metal-uptake efficiency during metabolism.
Moreover, Zn2+ could protect against Cd2+, giving rise to the loss of potassium ions at the
plant-membrane level [51].

6.7. Effect of Chelating Agent Addition

Another crucial factor affecting phytoremediation is the bioavailability of metals in
the soil that facilitates the transportation of metal ions within the plant [14]. Most metals
were not readily bioavailable to the plant due to their high binding abilities to the soil [70].
According to Prasad [71], heavy metals or metalloids, such as As, Cd, Cu, Ni, Se, and Zn,
were more bioavailable to plants. In contrast, Cr and Pb were the least bioavailable metals,
implying that these metals were more resistant to phytoextraction. Hence, the addition of
a chelating agent became an effective way to enhance the metal bioavailability in the soil
and improve the metal uptake by the plants. Upon the introduction of a chelating agent to
the soil, it formed water-soluble metal–chelant complexes, which were further taken up by
the plants via the apoplastic route [72]. The formation of complexes, in turn, restricted the
precipitation of the heavy metal, increased their mobility, enhanced the bioavailability of
the heavy metals, and promoted metal desorption [73].

Chelating agents could be generally classified into synthetic and organic types. Syn-
thetic chelating agents include ethylenediamine tetraacetic acid (EDTA), diethylene triamine
pentaacetic acid, and ethylene glycol tetra-acetic acid [14]. According to Dhaliwal et al. [74],
the addition of a chelating agent to the soil improved the phytoextraction of Cd2+ uptake
by plants. The results showed that the metal uptake was increased by about 15% with in-
creasing amounts of EDTA in the soil from 1 to 2 mg/kg levels. This might be attributed to
the higher bioavailability and mobility of the metal ions in the soil, thus boosting the metal
uptake and translocation by the plants. Additionally, a dosage of EDTA at 2.7 mmol/kg
enhanced phytoextraction [75].

EDTA was regarded as an efficient chelate, yet it had unfavorable toxic effects on plants,
soils, and ecosystems, which might introduce risks to the environment [76]. Accordingly,
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natural, biodegradable, non-toxic, and environmental-friendly organic chelators such as
citric, acetic, oxalic, and malic acids have been proposed to overcome the toxic effects that
resulted from the use of EDTA. Shinta, Zaman, and Sumiyati [75] suggested that citric
acid was more effective than EDTA as it acidified and lowered the pH level of the soil,
created a microbial community in the soil, and promoted the growth of plant roots. As a
result, the plants showed higher metal absorption due to faster growth. On the other hand,
Souza et al. [15] recommended that organic chelating agents might be employed during the
plant harvesting process to enhance the metal desorption and metal bioavailability in soil.

6.8. Kinetics of Phytoremediation

The kinetic model of phytoremediation is important to determine the efficiency, effec-
tiveness, and natural behavior of aquatic plants during heavy metal removal from water or
soil [77]. In addition, the kinetic model is useful for investigating the mass transfer rate of
metals from a medium to plant tissues. On top of that, the kinetic study provides insightful
information regarding the design and optimization of biological treatment technology at
a large scale. Based on the findings reported by Naaz [78], the bioaccumulation kinetics
of the heavy metals in the entire plant of water hyacinth were investigated. The results
showed that the experimental data could fit into a linearized first-order kinetic equation
with minimal adjustments, as presented in Equation (1). Moreover, Ingole and Bhole [79]
proposed linearized first-order kinetics for heavy metal removal by the plant, as shown in
Equation (2). Notably, the uptake rate constant (k) for the plants is an important parameter
for evaluating the metal uptake performance by plants. The linear relationship observed
from the plot of log (Ct) versus time (t) confirmed the first-order behavior of heavy metals
uptake by plants.

First-order kinetic equation with slight adjustment:

log(Ct) = − k
2.303

t + log(C0) (1)

First-order kinetic equation:

log(Ct) = −kt + log(C0) (2)

where

C0 = initial concentration of metal in water, mg/L
Ct = concentration of metal in water at time t, mg/L
k = first-order uptake rate constant, day−1

t = sampling time, days

The kinetic parameters of several heavy metal removals by accumulator plants are
summarized in Tables 5 and 6. According to Singh et al. [77], the first-order kinetics of heavy
metals uptake by the plants demonstrated the best-fit results with a high determination
coefficient (R2) greater than 0.82 and a rate constant larger than 0.023 mg/L·day. Similarly,
Ingole and Bhole [79] found that the heavy metal uptake by the plant fitted well to the
first-order behavior. The plant demonstrated the highest uptake rate of 0.1027 day−1 during
the removal of Pb compared to other metals such as Ni, Hg, Zn, As, and Cr. Overall, it
attained high R2 values larger than 0.789, confirming the fitness to the straight-line plot
of log (Ct) and t. Apart from that, Rakhshaee, Khosravi, and Ganji [63] revealed that the
removal of heavy metals by living plants corresponded to the first-order kinetic, following
the descending sequence of the first-order kinetic constant: Zn2+ > Ni2+ > Pb2+ > Cd2+. The
highest removal rate of 0.94 min−1 was attained for the removal of Zn2+ by the living plant,
while the lowest of 0.118 min−1 was achieved for the removal of Cd2+.
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Table 5. Summary of kinetic model and equilibrium isotherm model.

Plant Heavy Metal Research Highlight References

Dendrocalamus asper Cu The removal rate of Cu from the contaminated source had an
order of 2.71 and a kinetic constant of 0.0013 ppm−1.71 day−1 [80]

Bambusa merilliana,
Bambusa blumeana,
Dendrocalamus asper

Cu
The zero-order model has well described the uptake of metal
ions per mass of plant with a correlation value R2 of 0.954 and a
rate constant of 3.136 mg/(kg·day).

[81]

Eichhornia sp., Pistia sp. Cr
Pseudo-first-order (0.910) and pseudo-second model (0.665) are
more suitable for bioaccumulation kinetic in Pistia sp. rather
than Eichhornia sp.

[82]

Eichhornia crassipes,
Lemma valdniana As Pseudo-first-order gave a good correlation for both plants, with

a correlation value R2 > 0.8 for all the concentrations involved. [83]

Table 6. Kinetic parameters of heavy metals removal by plants.

Heavy Metal k (day−1) R2 References

Cd 0.0625 0.930

[77]

Cu 0.0700 0.890
Fe 0.0800 0.920
Mn 0.0825 0.870
Pb 0.0575 0.980
Zn 0.0875 0.890

As 0.0693 0.825

[79]

Cr 0.0548 0.968
Hg 0.0879 0.885
Ni 0.0937 0.950
Pb 0.1027 0.789
Zn 0.0749 0.990

According to Kamalu et al. [84], Richards’s pseudo-first-order (PFO) and pseudo-
second-order (PSO) models had been adopted through the verification with experimental
results. The kinetic model of a common plant hyperaccumulator was established by study-
ing the pathways starting from its rhizosphere to the atmosphere via the stem. By solving
the two systems of phloem and xylem ordinary differential equations for the upward and
downward transportation of the metal through the plant xylem and the phloem, the kinetic
models for both PFO and PSO were developed, as illustrated in Equations (3) and (4),
respectively. By deriving Equation (4), the PSO kinetic equation generated a dumb-bell
shape profile and eventually optimized the model, as displayed in Equation (5).

PFO kinetic model:
q = qm − (qm − q0)ek1(t0−t) (3)

PSO kinetic model:

q =
q0 − qm(qm − q0)ek2(t0−t)

1 − (qm − q0)ek2(t0−t)
(4)

Derivation of PSO kinetic model:

Dq =
k2

2(qm − q0)
2ek2(t0−t)

1 − (qm − q0)ek2(t0−t)
(5)

where

q = metal concentration at time t, mg/L
qm = maximum concentration of absorbed metal, mg/L
q0 = initial metal concentration, mg/L
k1 = PFO kinetic rate constant, day−1
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k2 = PSO kinetic rate constant, mg/L·day
t = sampling time, day
t0 = initial sampling time, day

The results showed that the phytoremediation process followed the PSO relationship
of Richard’s model, achieving high R2 values ranging between 0.9979 and 0.9991, implying
that the prediction obtained from the model were highly consistent with the experimental
data. Opposingly, the phytoremediation process showed a low degree of compatibility with
the PFO kinetic model [84]. Hence, it can be inferred that the natural phenomenal process
of phytoremediation demonstrated a sigmoidal profile. Moreover, the concentration of
metal uptake by the plants via the xylem tissue generally decreased with time. On the
other hand, the uptake of heavy metals via the phloem exhibited an increasing trend or
a free-fall profile along with time, which means that the sigmoidal profile might set in at
longer exposure times due to its natural behavior.

7. Conclusions

Water plays an irreplaceable role in sustaining the life of living beings, including hu-
mans, animals, and plants. Increasing water contamination with heavy metals has become
a serious concern nowadays due to rapid industrial development, growing population,
and frequent anthropogenic activities. Therefore, phytoremediation using floating plants
is regarded as a promising green technology to remediate the heavy-metal-contaminated
water in an environmentally-friendly and cost-effective way. This research study inves-
tigated various process parameters affecting the phytoremediation behavior by aquatic
macrophytes, such as the solution pH, solution temperature, exposure duration, water
salinity, initial metal concentration, presence of other metals concentration, and the addition
of chelating agent. The findings revealed that the optimal solution pH and temperature
were pH 4 and 30 ◦C. In addition, it was found that the metal uptake by aquatic macro-
phytes generally enhanced with increasing temperature, exposure duration, and initial
metal concentration in the growth culture medium. Additionally, the metal uptake was
enhanced with the addition of chelating agents on the soil. However, it decreased with
increasing water salinity and the presence of other metals concentration.

The kinetics of phytoremediation were studied to determine the effectiveness and
natural behavior of plants during heavy metal uptake. The finding revealed that aquatic
plants obeyed the first-order kinetic model, illustrating a linear relationship between the
metal uptake concentration with time. On the other hand, some plants demonstrated
good fitness to the PSO of Richard’s model, reflecting a natural sigmoidal profile of heavy
metal uptake by plants. Apart from that, various post-harvested biomass disposal methods
were studied. These disposal methods included composting, compaction, direct disposal,
leaching, pyrolysis, incineration, and nanoparticle synthesis. Each method had different
working principles and demonstrated various performances and limitations. Among these
methods, incineration was regarded as the most feasible technology due to its ability to
significantly reduce biomass volume, save transportation costs, and decompose almost all
the organic matter in the contaminated plant biomass.

In a nutshell, all of the research objectives were attained. The aquatic plants, especially
water hyacinth, demonstrated great efficiency in absorbing various metal ions. Most of
the metal absorption processes by aquatic plants followed the first-order kinetic model.
In short, phytoremediation is a promising green water remediation technique. However,
further research and studies are required to enhance its feasibility and practicability at
large-scale implementation.
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Abstract: In this research, an emerging study of the utilization of black soldier fly (BSF, Hermetia
illucens) larvae for the preparation of biodiesel (and organic waste treatment) and the generation
of alternative feed for improved food production was mapped bibliometrically from the Scopus
database. BSF is a promising biological agent for tackling the waste-food-energy (WFE) nexus, which
is a problematic vicious cycle that may threaten Earth’s sustainability, hence its emergence. With
its short life cycle, ability to consume organic waste equal to its own weight on a daily basis, and
ability for conversion to larvae with a high protein and lipid content, BSF larvae is the perfect choice
as a one-step solution of the WFE nexus. To further perfect the research of BSF for the WFE nexus,
this bibliometric analysis, and the citation evolution profile, were carried out with the objectives
of characterizing the progress of publications in the last 10 years (2011–2022) in order to determine
future research directions in this field, identify the top publications for wider reach to the public, and
identify productive authors and leading countries to visualize opportunities for future collaborations.

Keywords: black soldier fly; biodiesel; bibliometric analysis; waste-food-energy nexus; publications

1. Introduction

Earth is facing a simultaneous crisis of water (wastewater), food, and energy, called
the waste-food-energy (WFE) nexus. The population is projected to reach 9 billion people in
2050 [1]. However, this growth is not balanced with the replenishment of natural resources
in terms of quantity and quality, especially with the limited supply of land and reduction
in fossil fuels. Therefore, there is an urgent need to alleviate this energy issue before it
jeopardizes other aspects in the near future. Attempts to obtain alternative sources of
renewable energies such as hydro [2,3], wind [4,5], geothermal [6,7], and solar [8,9] have
been carried out. In addition, another renewable energy that has received global attention
is biodiesel [10–13].

Biodiesel is a product of the transesterification reaction between triglyceride and alco-
hol (commonly methanol) to produce fatty esters (biodiesel) and glycerol [11]. Biodiesel
is an alternative fuel that can be employed in commercial diesel engines without fur-
ther modification of the engine [14], and does not need to be mixed with fossil fuel.
Therefore, the application of renewable energy can be carried out without sacrificing
the consumer’s convenience.

Initially, biodiesel was produced from edible oils such as palm oil or soybean oil [10,15].
However, due to the conflict of interest with the human food supply, biodiesel has started
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to be prepared from non-edible plants such as Jatropha curcas [16], Chinese tallow [17], and
microalgae [18]. However, those non-edible plants possess limitations such as a long time
to harvest (several months) and high water content, which definitely reduces the calorific
content of these plants [15]. Thus, an alternative is needed to resolve this issue.

Black soldier fly (BSF, Hermetia illucens), as shown in Figure 1, is an insect that can
consume nutrition from low-cost materials, such as municipal wastes (household, restau-
rant, food industries, etc.) and manure (chicken, cow, sheep) [15,19]. The larvae of BSF
reproduce in a short time (10–20 days), have high protein and lipid contents, and low
moisture, therefore possessing a high calorific value [20]. Generally, the larvae of this insect
are directly fed to farmed animals without additional processing. However, with the spirit
of generating value-added products, BSF larvae are further processed to obtain biodiesel
as one of the products [21–24]. Biodiesel from BSF larvae is considered a simultaneous
solution for some problems such as the energy crisis and waste processing (without the
need for an excessive area for waste storage, and a reduction in the volume of waste that
must go to the landfill).
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In addition to the aforementioned energy-related advantages, BSF larvae also represent
an additional solution for the improvement of the quantity and quality of animal-based
food products when implemented as animal feed. This paper bibiliometrically maps the
important role of BSF larvae in the fields of organic waste treatment, food (or feed), and
alternative energy, or for the waste-food-energy (WFE) nexus.

2. Materials and Methods

The data for this research were produced from 2011 to 2022 and were collected from the
Scopus database (Elsevier) on October 2022 using the Scopus search query in Table 1. The
first query was “black soldier fly” and “biodiesel”, resulting in 488 entries, and the second
query was the use of BSF’s scientific name “Hermetia illucens” and “biodiesel” in order
to obtain complete data from the current publications. The two sets of publication data
were combined and duplicates removed to obtain a set of 535 publication data, including
their keywords.

A preliminary qualitative analysis of the keywords of this set of publication data
obtained from https://www.wordclouds.com/ (accessed on 14 October 2022) is shown
in Figure 2. The dominant keywords in this research can be seen as “black soldier fly”,
“Hermetia illucens”, “larvae”, and their components, along with “waste”, “bioconversion”,
“feed”, “food’, “lipid”, “protein”, etc. This quick illustration shows that the utilization of
BSF larvae is on the right track for solving the waste-food-energy (WFE) nexus. However,
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the obtained set of 535 publication data must be further analyzed to obtain more in-depth
results displaying the metrics, qualities, research trend, and prominent authors in the field
of the preparation of biodiesel from BSF. Furthermore, to acquire a wider understanding
of the recent research and determine the research trend, the obtained set was further
processed to obtain the visualization of similarities (VOS) using VOSViewer software,
a powerful software for bibliometric networks visualization (Version 1.6.17, developed
by [25], http://www.voswiever.com (accessed on 24 August 2021)).

Table 1. Scopus search query used to obtain the publication data of papers with the keywords of
black soldier fly (and/or Hermetia illucens) and biodiesel.

Scopus Search Query Resulting Entries

(TITLE-ABS-KEY (black AND soldier AND fly)) AND (biodiesel) 488

(TITLE-ABS-KEY (hermetia AND illucens)) AND (biodiesel) 431

Combined search result, with duplicated items removed 535
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3. Results and Discussion
3.1. Characteristic of Publications (2011–2022)

It was found that the publication of biodiesel from BSF was pioneered in 2011 [15,26],
but there was limited development until 2016 (a total of 37 publications). However, between
2017 and 2022, the number increased rapidly (498 publications) or by more than one degree
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of magnitude under the same span of duration (Table 2). It is believed that this boost was
catalyzed by the Sustainable Development Goals established by United Nations General
Assembly in 2015 (UN SDGs https://sdgs.un.org (accessed on 1 November 2021)), with
goals such as #1 No Poverty, #6 Clean Water and Sanitation, and #7 Affordable and Clean
Energy supporting the development of BSF for biodiesel (and other products) to tackle the
water-food-energy (WFE) nexus.

Table 2. Number of publications of papers with the keywords of black soldier fly (and/or Hermetia
illucens) and biodiesel (2011–2022).

Year Number of Publications

2011 2

2012 5

2013 4

2014 4

2015 13

2016 9

2017 23

2018 50

2019 71

2020 104

2021 119

2022 131

3.2. Top 20 Journals

In addition to the launching of the UN SDGs in 2015, the BSF research to date has
been amplified by the establishment of the Journal of Insects for Food and Feed (JIFF, 2021
impact factor 5.099) by Wageningen Academic Publishers Netherlands. It is clearly shown
in Table 3 that this journal leads the top 20 publications supporting the development of the
utilization of BSF larvae (although it mainly includes development for food, feed, and their
nutritional properties rather than biodiesel fuel), with the highest number of 33 publications.
Trailing JIFF with 22 publications is the Journal of Cleaner Production and Waste Management,
both from Elsevier (displaying a high 2021 impact factor of 11.072, and 8.816, respectively).
It is worth noting that 8 of the top 20 journals in Table 3 are from Elsevier, signifying the
role of Elsevier in the development of BSF to solve the WFE nexus, contributing a total of
103 high-impact articles (with an average 2021 impact factor of 8.133) from a wide range of
areas such as energy, waste treatment, environmental, feed, etc. Moreover, a considerably
new open-access publisher, Multidisciplinary Digital Publishing Institute (MDPI), also
collectively published more than JIFF, with a cumulative total of 35 articles. In addition,
there are also some publishers with publications ≤ 10 articles with impact factors ranging
from 3.313 to 8.431 (namely Elsevier, Frontiers Media S.A, Public Library of Science (PLoS),
Springer Nature, MDPI, and Nature Publishing Group) or without an impact factor (due
to the publication of conference papers only, such as the Institute of Physics (IOP) and
American Institute of Physics (AIP)).
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Table 3. Top 20 journals (with the keywords of black soldier fly (and/or Hermetia illucens) and
biodiesel) with the highest number of articles.

No. Journal Name Publisher 2021 Impact Factor Total Articles

1. Journal of Insects as Food and Feed Wageningen Academic
Publishers 5.099 33

2. Journal of Cleaner Production Elsevier 11.072 22

3 Waste Management Elsevier 8.816 22

4. Animals Multidisciplinary Digital
Publishing Institute (MDPI) 3.231 17

5. Insects MDPI 3.139 15

6. IOP Conference Series: Earth and
Environmental Science Institute of Physics (IOP) - 15

7. Journal of Environmental Management Elsevier 8.910 15

8. Science of the Total Environment Elsevier 10.753 14

9. Sustainability MDPI 3.889 12

10. Frontiers in Microbiology Frontiers Media S.A. 6.064 10

11. Renewable Energy Elsevier 8.634 10

12. Aquaculture Elsevier 5.135 9

13. PLoS ONE Public Library of Science
(PLoS) 3.752 9

14. Waste and Biomass Valorization Springer Nature 3.449 9

15. AIP Conference Proceedings American Institute of Physics
(AIP) - 8

16. Processes MDPI 3.352 8

17. Scientific Reports Nature Publishing Group 4.996 8

18. Environmental Research Elsevier 8.431 6

19. Environmental Science and Pollution
Research Springer Nature 5.190 6

20. Animal Feed Science and Technology Elsevier 3.313 5

3.3. Top 20 Articles

Among the publishers engaging with the issue of the WFE nexus, there are individual
articles that have had a high impact, as demonstrated by their 100 citations or more, as
tabulated in Table 4. Please note that there are two articles in 20th position due to the
identical number of citations (146 citations). This list is championed by a review of the use
of insects as animal feed [27], cited 789 times. This is of high interest since high-quality feed
means enhanced production of meat as a protein source (poultry, beef, and fish meat). This
is a such a pioneering and fundamental paper that the four articles below it only barely
reach half its number of citations (300–400 citations), with all of them discussing the future
applications of BSF for food and/or feed as part of solving the WFE nexus [28–31]. In sixth
position, there is a paper focused on fly larvae for organic waste treatment (although it is
not focused exclusively on the preparation of biodiesel) [32].

In the next 7–20 papers, there are 5 papers that specifically highlight biodiesel produc-
tion [21,33,34], including the classic trailblazer papers in 2011 that paved the way for the
development of BSF for biodiesel [15,26], with around 180–200 citations. The rest of the
papers are focused on waste management [35–37] and/or alternative feed or food [38–42].
In addition, the average number of citations in Table 4 is 258.9, with average 2021 impact
factor of 6.537.
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The top 20 articles in Table 4 were obtained from the search terms in Table 1, which
were limited to “black soldier fly”, “biodiesel”, and “Hermetia illucens”. These search terms
were chosen to reflect the exploration of the research of alternative renewable energy from
organic waste (waste-energy nexus) and as the priority in this report. On the other hand,
the food-related nexuses (mainly the waste-food nexus, followed by the food-energy nexus)
were less prioritized in this study. The analyses of the food-related nexuses were derived
from the data collected using the methods defined in Table 1 (for the waste-energy nexus).
This limitation was used because of the open debate about the acceptance of BSF larvae for
human consumption [31,43], especially regarding its implication to the halal status of meat
products [44]. Furthermore, the nexus(es) addressed by the top 20 articles investigated in
this study are classified in Table 4, column 6.

Table 4. Top 20 articles (with the keywords of black soldier fly (and/or Hermetia illucens) and biodiesel)
with the highest number of citations.

No. Title Journal Name Citations 2021 Impact
Factor

Type(s) of
WFE Nexus Year Burst

Begins
Burst
Ends Peak Ref.

1. State-of-the-art on use of
insects as animal feed

Animal Feed
Science and
Technology

789 3.313 Food (or
feed) 2014 2015 2022 2021 [27]

2.

Feed conversion, survival and
development, and
composition of four insect
species on diets composed of
food by-products

PLoS ONE 403 3.752 Food (or
feed) 2015 2016 2022 2021 [29]

3.

Nutritional composition of
black soldier fly (Hermetia
illucens) prepupae reared on
different organic waste
substrates

Journal of the
Science of Food
and Agriculture

395 4.125 Food (or
feed) 2017 2017 2022 2021 [30]

4.
Review on the use of insects
in the diet of farmed fish: Past
and future

Animal Feed
Science and
Technology

385 3.313 Food (or
feed) 2015 2015 2022 2021 [28]

5.
Review of black soldier fly
(Hermetia illucens) as animal
feed and human food

Foods 312 5.561 Food (or
feed) 2017 2019 2022 2021 [31]

6. The use of fly larvae for
organic waste treatment

Waste
Management 280 8.816 Waste 2015 2016 2022 2022 [32]

7.

Nutritional value of the black
soldier fly (Hermetia illucens
L.) and its suitability as
animal feed-a review

Journal of Insects
as Food and Feed 241 5.099 Food (or

feed) 2017 2018 2022 2021 [45]

8.

Environmental impact of food
waste bioconversion by
insects: Application of Life
Cycle Assessment to process
using Hermetia illucens

Journal of
Cleaner
Production

230 11.072 Waste 2017 2017 2022 2021 [46]

9.

Nutritional value of two
insect larval meals (Tenebrio
molitor and Hermetia illucens)
for broiler chickens: Apparent
nutrient digestibility,
apparent ileal amino acid
digestibility and apparent
metabolizable energy

Animal Feed
Science and
Technology

216 3.313 Food (or
feed) 2015 2015 2022 2021 [38]

10.
Bioconversion of organic
wastes into biodiesel and
animal feed via insect farming

Renewable
Energy 215 8.634 Waste,

energy 2016 2017 2022 2021 [21]

11.

Bioconversion of dairy
manure by black soldier fly
(Diptera: Stratiomyidae) for
biodiesel and sugar
production

Waste
Management 214 8.816 Waste,

energy, food 2011 2013 2022 2020 [26]

12.

Evaluation of the suitability
of a partially defatted black
soldier fly (Hermetia illucens
L.) larvae meal as ingredient
for rainbow trout
(Oncorhynchus mykiss
Walbaum) diets

Journal of
Animal Science
and
Biotechnology

213 5.032 Food (or
feed) 2017 2018 2022 2021 [39]
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Table 4. Cont.

No. Title Journal Name Citations 2021 Impact
Factor

Type(s) of
WFE Nexus Year Burst

Begins
Burst
Ends Peak Ref.

13.

Effect of rearing substrate on
growth performance, waste
reduction efficiency and
chemical composition of black
soldier fly (Hermetia illucens)
larvae

Journal of the
Science of Food
and Agriculture

209 4.125 Waste 2018 2019 2022 2022 [35]

14.

Effects of feedstock on larval
development and process
efficiency in waste treatment
with black soldier fly
(Hermetia illucens)

Journal of
Cleaner
Production

206 11.072 Waste 2019 2019 2022 2022 [36]

15.
Sustainability of insect use for
feed and food: Life Cycle
Assessment perspective

Journal of
Cleaner
Production

184 11.072 Food (or
feed) 2016 2017 2022 2020 [40]

16.

From organic waste to
biodiesel: Black soldier fly,
Hermetia illucens, makes it
feasible

Fuel 180 6.609 Waste,
energy 2011 2012 2022 2021 [15]

17.

Decomposition of biowaste
macronutrients, microbes,
and chemicals in black soldier
fly larval treatment: A review

Waste
Management 165 8.816 Waste 2018 2019 2022 2021 [37]

18.

Double the biodiesel yield:
Rearing black soldier fly
larvae, Hermetia illucens, on
solid residual fraction of
restaurant waste after grease
extraction for biodiesel
production

Renewable
Energy 160 8.634 Waste,

Energy 2012 2015 2022 2020 [33]

19.

Nutritional value of a
partially defatted and a highly
defatted black soldier fly
larvae (Hermetia illucens L.)
meal for broiler chickens:
Apparent nutrient
digestibility, apparent
metabolizable energy and
apparent ileal amino acid
digestibility

Journal of
Animal Science
and
Biotechnology

147 5.032 Food (or
feed) 2017 2018 2022 2021 [41]

=
20a.

Partial or total replacement of
soybean oil by black soldier
fly larvae (Hermetia illucens L.)
fat in broiler diets: Effect on
growth performances,
feed-choice, blood traits,
carcass characteristics and
meat quality

Italian Journal of
Animal Science 146 2.217 Food (or

feed) 2017 2017 2022 2021 [42]

=
20b.

Biodiesel production from
rice straw and restaurant
waste employing black soldier
fly assisted by microbes

Energy 146 8.857 Waste,
energy 2012 2015 2022 2020 [34]

In addition to the citation growth of the aforementioned articles in Table 4, the citation
burst profiles of these articles were also analyzed (Table 4, column 8–9) and are visualized
in Figure 3. The citation burst analysis is useful for assessing the evolution of a topic over
time in order to detect emerging research [44,47]. For the papers with the keywords of BSF
and/or Hermetia illucens and biodiesel, there is a unique observation in that some focused
on the nexus of food (or feed), as shown in Figure 3a,b. Both figures show the citation
evolution in the nexus of food (or feed), but Figure 3a shows those with >300 total citations
while Figure 3b displays those with 140–300 citations.

It can be observed that although the reports have the keywords of BSF and biodiesel,
they were also of interest for food (or feed) applications and were popular and mostly
cited from 2015–2016 (except for #1, from 2014). The citations of the papers in Figure 3a,b
increased up to 2022 but with some signs of slowing down, where the citations peaked in
2021. This diminishing trend might have resulted from the shift from the nexus of food to
the nexus of waste, as shown in Figure 3c. The citation burst for the nexus of waste showed
variation (between 2015 and 2019 for five papers), and the burst has not finished (up to
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2022), with only two papers showing a reduced number of citations (#8 and #17 peaked
in 2021).
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Figure 3. Citation burst of the top 20 articles from Table 4 (with the keywords of black soldier fly
(and/or Hermetia illucens) and biodiesel) from 2011–2022. (a) Nexus: food (or feed), total citations
>300, (b) nexus: food (or feed), 140–300 citations, (c) nexus: waste, (d) nexus: waste-energy, and
(e) nexus: waste-food-energy.

For the papers about BSF in the energy-related nexuses (waste-energy in Figure 3d
or waste-food-energy in Figure 3e), the trend is different from that shown in Figure 3a–c.
Papers that focused on the energy-related nexus started early (between 2011 and 2013),
suggesting the research priority of alternatives to renewable energy during this period.
Although the total number of citations is moderate for the papers shown in Figure 3d,e,
their longevity must be appreciated. Their citation burst has continued to 2022 while
the peak of their citation burst occurred in 2020, which is comparable to those shown in
Figure 3a–c (mostly peaked in 2021). Therefore, based on Figure 3, it is suggested that the
research directions in terms of BSF for food, feed, waste treatment, biodiesel as renewable
energy, etc. are still considered exciting and on the right track for the near future. Based on
this finding, the biodiesel production processes from BSF larvae are covered in Table 5 in
order to provide the state-of-the-art of this particular research direction.

153



Sustainability 2022, 14, 13993

Table 5. Selected biodiesel production processes from BSF larvae.

No. Pretreatment Reactant BSF Feed Mixing Ratio Reaction Condition Biodiesel
Yield

Unit of
Yield Ref.

1. None Dried BSF
larvae Wheat bran

Dried
BSFL/methanol/
hexane = 1/4/2
w/v/v

Acid -catalyzed
reaction

H2SO4 60% at
120 ◦C for 90 min 28.4

wt.% per
dried BSF
larvae

[48]

2.

Solvent
extraction with
petroleum ether
for 6 h

BSF larvae
oil Soya residue

Oil/methanol =
1/8, 1/10, 1/12,
1/14, 1/16 molar
ratio

Acid -catalyzed
reaction followed
with alkaline
-catalyzed
reaction

H2SO4 1% in
methanol, 45 ◦C,
60 min, followed
with NaOH
(0.5–1.5%),
45–65 ◦C, 20–40 min

35–90
wt.% per
BSF larvae
oil

[49]

3.

Solvent
extraction with
petroleum ether
for 24 h

BSF larvae
extract

Fermented
coconut
endosperm
waste

Extract/methanol
= 1/8 w/w,

Acid -catalyzed
reaction followed
with alkaline
-catalyzed
reaction

H2SO4 1% in
methanol, 75 ◦C,
200 rpm, 1 h,
followed with KOH
0.8% in methanol,
65 ◦C, 200 rpm,
30 min.

35–40
wt.% per
powdered
BSF larvae

[50]

4.

Solvent
extraction with
petroleum ether
for 24 h

BSF larvae
extract

Fermented
coconut
endosperm
waste
(0.0–2.5%
mixed-
bacteria,
0–28 days
fermentation

Extract/methanol
= 1/8 w/w,

Acid -catalyzed
reaction followed
with alkaline
-catalyzed
reaction

HCl 1% in
methanol, 75 ◦C,
1 h, followed with
KOH 1% in
methanol, 65 ◦C,
30 min.

35–38.5
wt.% per
powdered
BSF larvae

[51]

5.

Solvent
extraction with
petroleum ether
for 6 h, followed
with addition of
1% (v/v)
concentrated
H3PO4 (85%)

BSF larvae
oil

Restaurant
kitchen
waste

Oil/methanol =
1/10 molar ratio

Acid -catalyzed
reaction followed
with alkaline
-catalyzed
reaction

H2SO4 1% in
methanol, 50 ◦C,
41 min, followed
with NaOH 1.1% in
methanol, 62 ◦C,
61 min

97
wt.% per
BSF larvae
oil

[52]

6.

Solvent
extraction with
petroleum ether
for 6 h

BSF larvae
oil

Restaurant
kitchen
waste

Oil/methanol =
1/6–1/14 molar
ratio

Acid -catalyzed
reaction followed
with alkaline
-catalyzed
reaction

H2SO4 1% in
methanol, followed
with NaOH
(0.5–1.5%),
35–65 ◦C, 40–60 min

24–95
wt.% per
BSF larvae
oil

[53]

7

Solvent
extraction with
petroleum ether
for 6 h, followed
with addition of
1% (v/v)
concentrated
H3PO4 (85%)

BSF larvae
oil Pig manure

Grease/methanol
= 1/8 w/w (for
acid -catalyzed
reaction), 1/6 (for
alkaline-
catalyzed
reaction)

Acid -catalyzed
reaction followed
with alkaline
-catalyzed
reaction

H2SO4 1% in
methanol, 75 ◦C,
60 min, followed
with NaOH 0.8% in
methanol, 65 ◦C,
30 min

94.91
Wt.% per
BSF larvae
grease

[54]

8.

Solvent
extraction with
petroleum ether
for 48 h (twice)

BSF larvae
extract

Restaurant
food waste

Extract/methanol
= 1/8 for acid
-catalyzed
reaction, 1/6 for
alkaline
-catalyzed
reaction

Acid -catalyzed
reaction followed
with alkaline
-catalyzed
reaction

H2SO4 1% at 75 ◦C
for 1 h, followed
with NaOH 0.8% at
65 ◦C for 30 min

36.3
wt.% per
dried BSF
larvae

[33]

9.

Solvent
extraction with
petroleum ether
for 16 h

BSF larvae
grease

Fresh
manure

Grease/methanol
= 1/8,

Acid -catalyzed
reaction followed
with alkaline
-catalyzed
reaction

H2SO4 1% in
methanol, 73 ◦C,
2 h, followed with
NaOH 0.8% in
methanol, 65 ◦C,
30 min

96.34
wt.% per
BSF larvae
grease

[26]

10.

Solvent
extraction with
petroleum ether
for 48 h

BSF larvae
extract Pig manure

Extract/methanol
= 1/8 for acid
-catalyzed
reaction, 1/6 for
alkaline
-catalyzed
reaction

Acid -catalyzed
reaction followed
with alkaline-
catalyzed
reaction

H2SO4 1% at 75 ◦C
for 1 h, followed
with NaOH 0.8% at
65 ◦C for 30 min

27.9
wt.% per
dried BSF
larvae

[15]

11.

Solvent
extraction with
petroleum ether
for 12 h

Milled dried
BSF larvae

Solid
digestate of
chicken
manure and
rapeseed
straw

200 larval/150 g
digestate

Alkaline
transmethylation

Fatty residue
dissolved in hexane,
KOH 5% in
methanol, mixed
for 5 min.

14.36 g per kg
waste [55]

12.
Solvent
extraction with
hexane for 24 h

BSF larvae
extract Food waste Extract/methanol

= 1/8 w/w
Alkaline-
catalyzed
reaction

KOH 5% at 65 ◦C
for 8 h 33.9

wt.% per
dried BSF
larvae

[56]

13.
Solvent
extraction with
n-hexane for 48 h

BSF larvae
fat Wheat bran

Fat/methyl
acetate = 1/14.64
molar ratio

Enzymatic
reaction

Novozym 435 (4%
concentration,
loaded at 17.58%
shaken at 40 ◦C,
12 h.

96.97 wt.% per
BSF [57]
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Table 5. Cont.

No. Pretreatment Reactant BSF Feed Mixing Ratio Reaction Condition Biodiesel
Yield

Unit of
Yield Ref.

14.
Solvent
extraction with
n-hexane for 48 h

BSF larvae
fat Wheat bran

Fat/methanol =
1/6.33 molar
ratio

Enzymatic
reaction

Novozym 435 (4%
concentration,
loaded at 20%,
shaken at 26 ◦C,
9.48 h.

96.18 wt.% per
BSF fat [58]

15. None Dried BSF
larvae Food waste

Dried
BSFL/methanol
= 1/10 w/w

Non-catalytic
reaction

SiO2 at 390 ◦C for
1 min 34.7

wt.% per
dried BSF
larvae

[56]

16.
Solvent
extraction with
hexane for 24 h

BSF larvae
extract Food waste Extract/methanol

= 1/20 w/v
Non-catalytic
reaction

SiO2 at 390 ◦C for
1 min 34

wt.% per
dried BSF
larvae

[56]

17.
Solvent
extraction with
n-hexane for 48 h

Powdered
BSF larvae Wheat bran

Methanol/BSF
powder = 4:1 to
10:1 mL/g

Switchable
-solvent
-catalyzed (using
polarity
switchable
solvent, DBU
(1,8-diazabicyclo
[5.4.0]undec-7-
ene))

DBU/biomass = 8:1
to 20:1 mL/g,
90–120 ◦C,
30–120 min.

96.2%

actual
biodiesel
produced
per
theoretical
biodiesel
produced

[59]

The selected processes for the production of biodiesel from BSF larvae shown in Table 5
are dominated by the two-step esterification reaction [48–56], i.e., acid-catalyzed reaction
(dilute H2SO4 or HCl, typically 1% in methanol), followed by alkaline-catalyzed (NaOH or
KOH, 0.8–5.0% in methanol) reaction, as pioneered by [15,26,33]. In addition, the grease, fat,
or oil from BSF larvae are mostly pretreated using solvent extraction (with petroleum ether
or n-hexane) for 6–48 h to extract the lipid content for a further transesterification process
to produce biodiesel. The BSF larvae were fed various feed such as wheat bran, restaurant
waste, coconut endosperm waste, soya residue, and manure (pig, chicken, human) to
achieve larval growth. It is therefore interesting to explore the research on renewable
energy from organic waste or underutilized carbon sources to lower the carbon footprint
via the utilization of BSF larvae.

Interestingly, there are several novel approaches to the production of biodiesel from
BSF larvae in addition to the common acid- and alkaline-catalyzed two-step reactions.
A green approach using enzymes represents a breakthrough, where the use of acid and
alkaline in methanol is eliminated [57], or a tandem with methyl acetate is used as an
alternative to methanol [58]. The elimination of catalyst (acid, alkaline, enzymes) is also
quite a radical approach, as shown by [56] by their non-enzymatic process involving SiO2.
However, there is still a drawback where a high temperature of 390 ◦C is required. In
addition, the use of a unique solvent with a switchable polarity (DBU, 1,8-diazabicyclo
[5.4.0]undec-7-ene) is also a novelty [59], with relatively mild conditions. However, the
price and availability of this kind of solvent must be properly assessed.

3.4. Attributes of the Top 20 Articles
3.4.1. Analysis of Keywords

After the specific investigation of the top publications and top articles with their
respective metrics, it is also important obtain a broader vision of the set of 535 publication
data by visualizing them in a web of entangled keywords as shown in Figure 4. It was
found that there are 342 significant items (that occurred more than 5 times) classified into
6 clusters, with 20,380 links and a total link strength of 54,160. Each cluster is differentiated,
as shown in Table 6, with a different color and group to summarize the co-occurrence and
connectedness of each keyword represented by the 20,380 links. The top 10 keywords
included in Figure 4 are shown in Table 7.
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Figure 4. Visualization of the keywords from the 535 articles (with the keywords of black soldier
fly (and/or Hermetia illucens) and biodiesel). Items = 342, clusters = 5, links = 20,380, total link
strength = 54,160. The classification of the clusters can be observed in Table 6.

Table 6. Classification of the clusters in Figure 4.

Cluster Color Description

1 Red Animal feed preparation and experiments

2 Green Entomology, microbiology, biochemistry

3 Yellow BSF and biodiesel, biofuels

4 Blue Agricultural waste management

5 Violet Municipal waste management

Table 7. Top 10 keywords in each cluster in Figure 4.

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5

Hermetia illucens nonhuman fly black soldier fly
larvae biotransformation

larva maggot simuliidae biomass manure

animals biodegradation waste
management black soldier fly fertilizers

diptera bioremediation food waste hexapoda waste treatment

animal heavy metal organic waste fatty acids composting

animal food microbial
community waste disposal insect nitrogen

fatty acid human animalia biodiesel nutrients

protein intestine flora fermentation proteins pH

animal experiment livestock refuse disposal lipid manures

animal feed rearing growth rate biofuel moisture
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3.4.2. Analysis of a Single Keyword (“Biodiesel”)

Biodiesel, of particular interest in this manuscript, can be further traced in the VOSViewer
software, with the other terms associated with biodiesel shown in Figure 5. This illustrates
that one can click a specific circle with ease in VOSViewer software in order to instanta-
neously observe the interconnection with other keywords. In Table 8, the details of the top
20 keywords that are linked with biodiesel, along with the weight and cluster, are shown.
Figure 5 and Table 8 demonstrate that BSF as an insect and its larvae are directly correlated
with biodiesel or biofuel ingredients (fatty acid(s), lipid, obtained via the transesterification
process) for a greener world with advanced waste management of food waste and for
feedstocks to synergistically solve the waste-food-energy nexus.Sustainability 2022, 14, x FOR PEER REVIEW 14 of 20 
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Figure 5. Biodiesel as a specific keyword of interest, along with terms associated with it (from various
clusters). Item = biodiesel, links = 218, total link strength = 729.

Table 8. Top 20 terms associated with biodiesel obtained from Figure 5.

No. Terms Associated with Biodiesel Weight Cluster

1. Hermetia illucens 25 4

2. fly 21 3

3. black soldier fly larvae 21 4

4. biofuel 20 3

5. larva 20 3

6. biodiesel production 17 4

7. black soldier fly 16 3

8. biomass 14 4

9. nonhuman 14 2

10. fatty acids 13 3

11. hexapoda 12 5

12. food waste 11 4

13. lipid 9 4

14. waste management 9 1

15. fermentation 8 1

16. feedstocks 8 2

17. fatty acid 8 3

18. biofuels 8 5

19. transesterification 8 5

20. organic wastes 7 4
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3.5. Authors and Countries

In addition to the analysis of the publication data, the data of the authors were also
analyzed in order to identify their impact and productivity regarding the research of
biodiesel from BSF as one of the solutions of the WFE nexus. The analysis of the authors is
shown in Figure 6. Out of 1818 authors, 108 authors have at least 5 publications, and only
94 of them are connected with each other. The authors are classified in 6 distinct clusters,
connected with 424 links. The result of Figure 6 was extracted to obtain the top 10 authors,
as shown in Table 8.
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In Table 9, at least 15 co-authored publications are considered in the top 10 list. In
addition, J.K. Tomberlin of Texas A&M University, United States of America, leads the
pack with 39 articles, and a total of 7878 Scopus citations. However, in terms of citations,
J.J.A. van Loon has around twice the number of J.K. Tomberlin’s citations of 14,095, and
the highest h-index. However, collectively, Huazhong Agricultural University, China
dominates the list, with 5 personnel with more than 3900 citations on average. It is also
worth noting that the first two papers on biodiesel from BSF in 2011 are authored by them.
In addition to the majority of authors being from China and the Netherlands, there is also a
scientist from Malaysia, J.W. Lim, that is on the list with 16 co-authored publications and
more than 4500 citations.

Countries that are influential regarding research on the utilization of BSF for biodiesel
and other problems in the WFE nexus are displayed in Figure 7, with the top 10 countries
shown in Table 10. It can clearly be observed that China and the United States, as global
academic powerhouses, lead the list and demonstrate strong cooperation as indicated by
the thick link. In the same cluster with China and the United States is also Italy with
22 links of cooperation with Asia, Europe, and Africa.

There is, however, a unique observation in that non-tropical European countries in
Table 10 (located 40◦–60◦ North, such as Italy, the Netherlands, Germany, Belgium, and the
United Kingdom) are very enthusiastic regarding research on BSF, although BSF research
is mainly distributed in 45◦ North to 40◦ South (according to the map of Swiss Federal
Institute of Aquatic Science and Technology [19]) or geographically distributed in North
America, some southern parts of South America, South Africa, and Pacific Asia (Japan,
China, Taiwan, Indonesia, Australia) [60].
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Table 9. Top 10 authors with the most co-authored articles with the keywords of black soldier fly
(and/or Hermetia illucens) and biodiesel.

No. Author Name Affiliation Citations h-Index Number of Co-Authored
Publications

1. Tomberlin, Jeffrey
Keith

Texas A&M University, College
Station, the United States of
America

7878 48 39

2. Zhang, Jibin Huazhong Agricultural
University, Wuhan, China 3198 32 37

3. Yu, Ziniu Huazhong Agricultural
University, Wuhan, China 9479 52 35

4. Zheng, Longyu Huazhong Agricultural
University, Wuhan, China 2795 30 31

5. Cai, Minmin. Huazhong Agricultural
University, Wuhan, China 1961 26 23

6. Li, Qing Huazhong Agricultural
University, Wuhan, China 2075 23 17

7. Lim, J.-W. Universiti Teknologi Petronas,
Malaysia 4562 39 16

8. van Loon, J.J.A.
Wageningen University &
Research, Wageningen, the
Netherlands

14,095 66 15

9. Li, Wu. Hubei Polytechnic University,
Huangshi, China 1017 13 15

10. Wang, Cunwen Wuhan Institute of Technology,
Wuhan, China 3912 31 15
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Table 10. Publication productivity of the top 10 countries.

No. Country Documents

1. China 114

2. Italy 80

3. The United States 65

4. Malaysia 55

5. Indonesia 36

6. The Netherlands 35

7. Germany 28

8. Belgium 25

9. The United Kingdom 21

10. Taiwan 21

Based on the co-authorship analysis in Figure 7, the strong desire to study and research
alternative energy and food sources of the aforementioned European countries is fulfilled
by cooperation with Asian countries (Malaysia, Indonesia, Taiwan, Thailand, and especially
China). In addition to this, related to the geographical location, the link strength as a
function of the continents is shown in Table 11. It is clearly shown that Europe leads with
the highest link strength of 170.5, followed by Asia in second place with a link strength of
131.5, and others (Africa, Americas, Australia) with a combined link strength of 130 (similar
to that of Asia). Based on Table 11, it can be suggested that Asia needs to catch up with
Europe regarding research on BSF for biodiesel, food waste processing, alternative feed,
and other applications related to the waste-food-energy nexus, especially because Asia’s
geographical position is favorable for BSF.

Table 11. Strength of the connection and research collaboration in different continents related to BSF
for biodiesel and other applications.

Continent Link Strength

Africa 66

America (North, South, Central, Canada) 58.5

Asia (East, South, Southeast) 131.5

Australia (Australia, New Zealand) 5.5

Europe 170.5

Total 432

4. Conclusions

Research from the last 10 years (2011–2022) on black soldier fly (BSF, Hermetia illucens)
larvae as biodiesel and other promising applications (organic waste treatment, food and
feed source) was bibliographically analyzed. The publication data captured by a trusted
research database, Scopus, was retrieved, filtered, and sorted to reveal the characteristics of
publications in the last decade, which has experienced a substantial increase since 2017. In
addition, the top 20 journals and top 20 articles were also identified based on numerous
citations, demonstrating their high impact on the research in this field. Based on the citation
burst analysis, it is suggested that the research topics of BSF larvae for food, feed, organic
waste treatment, and biodiesel as a renewable energy are still sustainable research directions
for the foreseeable future.

The current publication data has a vast array of keywords, which were analyzed and
distinguished using VOSViewer software to form five clusters of research. The research on
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biodiesel is, in fact, related to five distinct clusters, revealing the multifaceted approach to
BSF larvae as a biological agent to tackle the global issue of the water-food-energy nexus.
Therefore, research on BSF is on the right track towards the avenues of (1) waste treatment
that is highly useful for (2) creating alternative feed to generate a sustainable food source,
and the (3) production of green bioenergy. Furthermore, prominent authors and influential
countries regarding research on BSF for biodiesel (also waste treatment and alternative
feed or food) were also identified. Global BSF research on biodiesel and other applications
in the waste-food-energy nexus was also mapped in this study, which is currently led
by European countries. However, Asian countries are encouraged to reach the research
performance of European countries in the future, particularly for tropical Asian countries
for which BSF is comfortable with.
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Abstract: Cellulose fibers isolated from oil palm empty fruit bunches (OPEFB) have been studied as
a potential reinforcement for polyvinyl alcohol (PVA) biocomposite. Analysis of variance (ANOVA)
showed that all three parameters—hydrolysis temperature, time and acid concentration, as well as
their interactions—significantly affected the yield of cellulose. Moving Least Squares (MLS) and
Multivariable Power Least Squares (MPLS) models demonstrated good fitness. The model also
proved that acid concentration was the dominant parameter, supported by the Fourier transform
infrared spectroscopy (FTIR) analysis. Hydrolysis using 54% acid at 35 ◦C and 15 min achieved the
highest cellulose yield of 80.72%. Cellulose-reinforced PVA biocomposite films demonstrated better
mechanical strength, elongation at break, moisture barrier properties, thermal stability and poorer
light transmission rate compared to neat PVA due to the high aspect ratio, crystallinity and good
compatibility of cellulose fibers. These findings suggested the potential of cellulose fibers-reinforced
PVA biocomposite film as water-soluble detergent capsules.

Keywords: oil palm empty fruit bunch; polyvinyl alcohol; cellulose fiber; biocomposite; Moving
Least Square; Multivariate Power Least Square

1. Introduction

Over the years, the demand for packaging materials has been rising rapidly due to
the growing population worldwide and the demand for more convenient products with
extended shelf life. Plastic materials offer outstanding qualities such as lightweight, hy-
gienic, high strength, versatile, durable and flexible, making them the first choice for most
packaging applications. Nevertheless, plastics are generally non-biodegradable and usually
take thousands of years to decay. The associated environmental issues such as plastic
pollution [1], increased emissions of greenhouse gasses [2] and global warming [3] have
encouraged the development of “greener” or environmental-friendly materials to replace
conventional petroleum-based plastics. These materials are usually biodegradable. In addi-
tion, they are extracted from renewable biomass sources such as crops and lignocellulosic
biomass, promoting sustainability.
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Polyvinyl alcohol (PVA) is a colorless polymer that is water-soluble and highly
biodegradable. It is widely used in industries with good commercial value, given several
advantages, such as good film formation, strong conglutination, high thermal stability and
flexibility [4]. In addition, PVA-based films or composites possess high moisture absorption
properties due to hydrophilic hydroxyl groups. Another unique feature of PVA is its low
water barrier properties. These properties favor its application in the laundry detergent
industry. In recent years, detergent capsules have gained interest in the laundry and home
care sector [5]. The modern innovation of detergent capsules concentrates and packs the
active ingredients of liquid detergent in a single unit dose. The capsule will dissolve
upon contact with water and its content will release. Despite the favorable characteristics
mentioned earlier, PVA films experienced low elongation at break, poor decomposition
temperature and low glass transition temperature [6]. These make their usage as eco-
friendly packaging materials very challenging. Much research proposed incorporating
other polymers or fillers into the PVA matrix to improve its mechanical properties [7–9].

Cellulose fiber-reinforced biocomposites have attracted significant attention due to
their appealing properties such as low density, non-toxic, low cost, non-abrasive and low
resistance to biodegradability [10]. There are many applications of cellulose fibers in this
context. To name a few, cellulose fibers can be oxidized for the preparation of poly(methyl
methacrylate) (PMMA) nanocomposites [11], poly(2-acrylamido-2-methylpropanesulfonic
acid/poly(acrylic acid (PAMPS/PAA) hydrogels [12], polygluronic acid [13] and bioad-
sorbent for paraquat [14]. In addition, various works have proven that adding cellulose
fibers into PVA could provide a significant reinforcing effect to tackle the poor mechanical
properties of the PVA film [15–18]. Cellulose can be extracted from agricultural wastes such
as rice husk, corn stover, palm oil bunches, etc. [19–21]. In Malaysia, about 3.31 million
hectares of land are under oil palm cultivation [22], and the amount of biomass wastes
generated is an average of 231.5 kg dry weight/year [23]. Oil palm biomass wastes consist
of the oil palm empty fruit bunches (OPEFB), oil palm trunk (OPT) and oil palm fronds
(OPF). These wastes are of low commercial value and are usually landfilled. Therefore,
incorporating cellulose fibers from agricultural waste into the PVA matrix to form cellu-
lose fibers-reinforced PVA biocomposite film as water-soluble detergent capsules could
promote sustainability.

In the present work, cellulose was isolated from the OPEFB and incorporated with
PVA to form cellulose-reinforced PVA biocomposite film. OPEFB was selected as the raw
material because of its high cellulose content, i.e., as high as 40% to 65% reported [24–26].
In order to maximize the recovery of cellulose fibers from OPEFB, it is vital to investigate
the effect of different process parameters on the efficiency of cellulose fiber isolation during
the hydrolysis reaction. The Moving Least Squares (MLS) and Multivariable Power Least
Squares (MPLS) methods were applied in combination as the numerical tools for regression
modeling to study the process parameters correlations in cellulose isolation from the
biomass. The MLS method, proposed by Lancaster and Salkauskas [27], can produce a
continuous equation in a successive series of arbitrary functions. Meanwhile, the MPLS
method [28] could correlate the multivariate data as a power function. The MPLS method
applied in this work aims to investigate the significance level of manipulated variables
and provide a regression model to represent the hydrolysis reaction. The MLS method
has been widely applied in finite element analysis and image processing, and the method
has potential to be used for parameter study. Meanwhile, the MPLS method was recently
proposed in our previous work [28] as an alternative for design of an experiment tool.
In this article, we combined both methods to form the novel MLS–MPLS method, which
is new yet robust in parameter study. Last but not least, the effect of different cellulose
loadings in the PVA matrix was evaluated by comparing the physical, mechanical, moisture
barrier and thermal properties of the biocomposite films formed.
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2. Materials and Methods
2.1. Materials

OPEFB was donated by Kwantas Oil Sdn Bhd, Malaysia. The biomass was washed
thoroughly with distilled water and dried in an oven (Carbolite AX 120, Verder Scientific,
Derbyshire, UK) at 60 ◦C for 24 h. The dried OPEFB underwent size reduction and was
screened through a mesh size of 0.5 mm. The sample was stored in an air-tight container be-
fore being used. Sodium hydroxide (99% purity), acetic acid glacial (99.8% purity), sodium
chlorite (80% purity), sulphuric acid (95–98% purity) and polyvinyl alcohol (>95% purity)
were the commercial source, and they were used without further purification.

2.2. Alkaline and Bleaching Treatment of OPEFB

Alkaline pretreatment of OPEFB was conducted with 4% (w/v) sodium hydroxide
solution at a solid-to-liquid ratio of 1:30. The reaction mixture was heated at 70 ◦C for
3 h under continuous stirring, as suggested by Zailuddin and Husseinsyah [29]. This
pretreatment process was repeated three times to ensure high lignin degradation to facilitate
the extraction of cellulosic fibers from the OPEFB. In each pretreatment, the pretreated
fibers were filtered and washed with distilled water to achieve pH 7 to ensure complete
removal of residual alkali, followed by drying in the oven at 90 ◦C overnight. The resulting
dried fibers were subjected to bleaching treatment by mixing the fibers with a solution of
equal parts of acetic acid buffer (2.7 g sodium hydroxide and 7.5 mL acetic acid in 100 mL
of distilled water) and aqueous sodium chlorite (1.7%, w/v), at a solid-to-liquid ratio of
1:20. The bleaching treatment was performed at 80 ◦C for 4 h under continuous stirring.
The bleached fibers were filtered, washed and dried in the oven at 90 ◦C overnight.

2.3. Isolation of Cellulose through Acid Hydrolysis

Acid hydrolysis was performed by mixing 1 g of bleached OPEFB fibers with 10 mL
sulphuric acid. The reaction was performed at three different acid concentrations: 54%,
60% and 64%, and temperatures: 35 ◦C, 45 ◦C and 55 ◦C, for 60 min with sampling at
15 min intervals. Hydrolysis was performed under constant stirring at 85 rpm. Soon after
the hydrolysis reaction, 20 mL of cold distilled water was added to stop the reaction. The
cellulose suspension was immediately subjected to the washing process under centrifu-
gation (Universal 320R, Hettich, UK) at 8000 rpm for 15 min. The washing process was
repeated until the supernatant showed pH 7. Lastly, the drying process was carried out in
the oven at 40 ◦C overnight. The weight of extracted cellulose was recorded, and the yield
was computed using Equation (1):

Yield of cellulose (%) = wc/wtreatedOPEFB × 100 (1)

where wc and wtreatedOPEFB represent the weight of dried cellulose after acid hydrolysis (g)
and the weight of dried, bleached OPEFB (g), respectively. All experiments were conducted
in duplicate.

2.4. Preparation of Cellulose-Reinforced PVA Biocomposite Films

Biocomposite films containing PVA and cellulose fibers were formed through solution
casting method. PVA pellets were soaked in distilled water (10%, w/v) for 1 h to enhance
their solubility, followed by heating the mixture at 97 ◦C for 30 min under continuous
stirring. Cellulose fibers of different loadings (1, 2.5 and 5%, w/w) were added to the PVA
solution, and the mixtures were stirred for 1 h. The mixed polymers solution of 5 g was
cast on a Petri dish and dried at 40 ◦C for 24 h. A thin film of biocomposite was formed
once the polymer solution was completely dried. A control sample (known as neat PVA)
was formed by repeating the experiment without adding cellulose fibers.
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2.5. Moving Least Squares (MLS) Method

MLS method is a method to construct a continuous function from a set of scattered
data, as shown in Equation (2):

yh =
m

∑
j=1

Pj(x)µj = PTµ (2)

where yh is the predicted response, P is the user-defined polynomial interpolants, µ is their
associating coefficients, x = [x1 x2 . . . xm] is the manipulated factors, while m is the number
of manipulated variables. The discrete norm can be determined using Equation (3):

J =
n

∑
i=1

WiR2 =
n

∑
i=1

Wi

[(
m

∑
i=1

(
Pj(x)µj

)
)

i

− yi

]2

(3)

where n is the number of variables within the specific set of manipulated variables, while
y represents the actual response. W is the weight function, which can be defined using a
quartic spline function as shown in Equation (4):

Wi = 1− 6ri
2 + 8ri

3 − 3ri
4 (4)

where

r =
|x− x|
‖x‖ (5)

In the MLS method, the coefficients µ can be determined by taking the minimization
of the discrete norm such that:

∂J
∂α

= 0→ Aµ = B→ µ = A−1B (6)

where

A =
n

∑
i=1

WiPi(xi)Pi
T(xi) (7)

B = WiPi(xi) (8)

2.6. Multivariate Power Least Squares (MPLS) Method

MPLS method was developed through modification of MLS model and presented
as [28]:

yh = ax1
b1 x2

b2 · · · xm
bm (9)

where a is the MPLS coefficient while b = [b1 b2 . . . bm] is the index for x. The discrete norm
can be obtained as:

J =
n

∑
i=1

(
In(yi)− In

(
yi

h
))2

(10)

Upon minimizing Equation (10), the value of a and b can be determined by solving
Equation (11) and the matrix in Equation (12), respectively.

a = exp

[
1
n
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n
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where

γj = n
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∑
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∑
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The subscript k represents the value of the second subscript of the term λ.
A normalized x, X as expressed in Equation (16) can be used to obtain the normalized

MPLS equation:

X = C +
x− xmin

xmax − xmin
(16)

where C is a positive integer, and in this paper, C = 1 is applied. The analysis of the
significance level can be conducted by comparing the magnitude of index b. The larger
the magnitude of b, the more significant the manipulated variable is. However, the sig-
nificance level analysis is only valid if the coefficient of determination R2 for Equation (9)
exceeds 0.5 [28]. The coefficient of determination, R2 can be defined mathematically as in
Equation (17):

R2 =

n
∑

i=1

(
yh

i − y
)2

n
∑

i=1
(yi − y)2

(17)

where y is the average value for y.

2.7. Scanning Electron Microscopy (SEM) Analysis

Surface morphology of raw OPEFB, bleached-OPEFB and isolated cellulose fibers was
observed using a scanning electron microscope (Hitachi VP-SEM SU1510, Hitachi, Japan),
operating at an accelerating voltage of 15 kV. Before the examination, the specimens were
sputter-coated with gold using Hitachi E1010 Ion Sputter (Japan) to prevent electrostatic
charging and poor resolution. Few images were taken at different magnifications, and the
sizes of fibers were also measured for comparison purposes.

2.8. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

Fourier transform infrared spectroscopy (FTIR) analysis was conducted using FTIR
Spectrometer (PerkinElmer Spectrum 400, PerkinElmer, USA) to identify the variation
in the chemical compositions in the OPEFB fibres after each treatment. About 0.5 mg to
1.0 mg sample was mixed with potassium bromide (KBr), and the mixture was pressed
to form a disk. The sample was scanned with the spectra transmittance region between a
wavenumber 4000 cm−1 to 500 cm−1 at resolution of 4 cm−1.

2.9. Transparency Analysis

Transparency of the biocomposite films was measured with the aid of Secomam
UviLine spectrophotometer 9400 (France). The biocomposite film was cut into a rectangular
shape of 5 cm × 2.5 cm (length × width) and placed at the cuvette position. The light
absorbance of the film was measured for wavelength ranging from 190 nm to 400 nm.
Transparency value of the film was calculated using Equation (18) [30]:

Transpancy value = A400/x (18)

where A400 is the light absorbance value at 400 nm wavelength, and x is the thickness of
the film in mm.

168



Sustainability 2022, 14, 11446

2.10. Mechanical Properties

Mechanical properties for the biocomposite films were carried out according to the
ASTM D882 standard using a tensile machine (Zwicki Z5.0TH, Zwick Roell, Germany).
Each sample was cut into a rectangular shape of 15 cm × 2.5 cm (length × width). A
stress-strain curve was obtained to study the mechanical performance of biocomposite
films in terms of tensile strength, percentage of elongation at break, and Young’s Modulus.
The values of the tensile properties are the averages of five measurements.

2.11. Water Vapor Transmission Rate (WVTR) Test

Water vapor transmission rate (WVTR) test was performed based on the standard
testing method specified under ASTM E96. Before the test, the biocomposite films were
placed in a drying cabinet for 5 days to remove the film’s moisture. A plastic cup was
used as an impermeable dish, some silica gels were placed inside the cup, and the cup’s
mouth was firmly sealed with biocomposite film. The whole assembly was weighed before
placing in a controlled environment (desiccator) along with a plastic cup of distilled water.
The assembly was taken from the desiccator and weighted every 24 h. The experiment
was conducted for 5 consecutive days. Subsequently, the WVTR was calculated using
Equation (19):

WVTR ((g/day)/m2) = G/(t × S) (19)

where G is the weight gain of the biocomposite film (g), t is the testing duration (day), and
S is the exposed surface area of the film (m2).

2.12. Thermagravimetric Analysis (TGA)

Thermagravimetric analysis (TGA) was carried out using the thermal analysis instru-
ment (Q50, TA Instrument, USA). It was carried out under nitrogen atmosphere with a
heating rate of 20 ◦C/min. The weight of the film was maintained, and heating scans were
conducted in a temperature range from 30 ◦C to 600 ◦C.

3. Results and Discussion
3.1. Cellulose Isolation via Acid Hydrolysis

The compact arrangement of cellulose, hemicellulose and lignin within the OPEFB
makes the biomass recalcitrance and limits the accessibility to its cellulose component. To
isolate the high quality of cellulose from the biomass, pretreatment of OPEFB is essential.
Alkaline pretreatment was applied to break the linkage between the lignin-carbohydrate
complex to increase the accessibility of carbohydrates such as cellulose. Further treatment
of the OPEFB with sodium chlorite increased the cellulose percentage in the OPEFB by
removing the lignin and hemicellulose components. Subsequent acid hydrolysis removed
the amorphous regions of the cellulose and retained its crystalline regions [31], resulting in
agglomerated cellulose in micrometer size. The dissolution of cellulose in acid hydrolysis
was affected by its process parameters. The following sections discuss their individual and
interaction effects and significance level in detail.

3.1.1. Effect of Hydrolysis Temperature and Time on the Yield of Cellulose

The effect of acid hydrolysis temperature and time on the yield of cellulose was
presented in Table 1. At the temperature of 35 ◦C, the highest cellulose yield of 80.72% was
obtained at the hydrolysis condition of 35 ◦C and 15 min. With an increment of 10 ◦C in
hydrolysis temperature, the cellulose yield decreased to 78.18% and subsequently to 68.42%
at 55 ◦C, at the same hydrolysis time and acid concentration. This observation implies that
temperature favored the hydrolysis reaction, and as a result, cellulose isolation suffered
due to extensive depolymerization. Similarly, the hydrolysis trend was reported by Zhang
and his co-authors [32]. This phenomenon is because a higher hydrolysis temperature
encourages the breakage of glycosidic bonds by protons (H+) within the cellulose structure.
On top of that, high temperature not just hydrolyzed the disordered amorphous domains
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of cellulose but also has the potential to hydrolyze the highly ordered crystalline domains
of cellulose [33].

Table 1. Average yield of cellulose at various hydrolysis temperatures and times.

Acid Concentration (%) Temperature (◦C) Time (min) Yield of Cellulose (%)

54

35

15 80.72 ± 0.31
30 79.09 ± 0.56
45 78.36 ± 0.02
60 75.63 ± 0.18

45

15 78.18 ± 0.59
30 72.64 ± 0.20
45 73.14 ± 0.24
60 71.93 ± 1.11

55

15 68.42 ± 1.58
30 50.29 ± 1.91
45 58.41 ± 0.55
60 50.51 ± 0.92

For all the investigated hydrolysis temperatures, isolation of cellulose increased grad-
ually with the reduction of hydrolysis time. The crystalline regions of cellulose were
converted to amorphous cellulose during the acid hydrolysis. Therefore, the amount of
cellulose isolated reduced with hydrolysis time. An analysis of variance (ANOVA) study
was conducted to examine the significance level of each parameter and its interaction on the
yield of cellulose isolated. ANOVA for the yield of cellulose based on hydrolysis tempera-
ture and time is presented in Supplementary Data (Table S1). F0 for hydrolysis temperature,
time and temperature–time interaction was compared to Fcritical using α value of 0.05 as
the significance level. All F0 values were greater than their corresponding Fcritical values.
Therefore, it can be concluded that the main effect of hydrolysis temperature and time were
significant, as well as the interaction between the hydrolysis temperature and time.

3.1.2. Effect of Acid Concentration and Time on the Yield of Cellulose

Table 2 shows the effect of acid concentration and hydrolysis time on the yield of
cellulose. Among the acid concentrations investigated, the lowest acid concentration of 54%
yielded the highest amount of cellulose. Relatively lower cellulose yields were obtained at
higher acid concentrations at all reaction times. As a result, the lowest cellulose yield of
13.10% was obtained for acid hydrolysis with 64% acid concentration for 60 min. The low
yield of cellulose was suspected due to the extreme dissolution of the cellulose caused by
high acid concentration. Concentrated acid has the potential to cleave the hydrogen bonds
holding cellulose in the crystalline state [34], thus converting it to its monomer (sugars) and
resulting in lower cellulose isolation. A similar report was found in Hamelinck et al. [35],
which claimed that complete cellulose hydrolysis to sugar monomers at low temperatures
was possible when a long reaction time and a highly concentrated acid were applied. The
amorphous cellulose was degraded to undesired products of sugar monomers at a high
acid concentration [36].

From Table 2, a similar trend of cellulose yield can be observed as shown in the effect
of temperature discussed earlier, where the amount of cellulose isolated progressively
decreased with hydrolysis time regardless of the acid concentration used. The effect of
hydrolysis time was more pronounced at a higher acid concentration of 64%. The cellulose
yield was drastically reduced from 60.36% to 13.10% when acid hydrolysis was performed
at 15 min and 60 min, respectively. The longer the hydrolysis time, the more cellulose was
converted into simple glucose [37], resulting in less cellulose isolated from the OPEFB.
ANOVA on the yield of cellulose isolated based on acid concentration and hydrolysis time
is available in Supplementary Data (Table S2). Similarly, all F0 values were greater than
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their corresponding Fcritical values, suggesting that the acid concentration, time and their
interaction significantly affected cellulose yield.

Table 2. Average yield of cellulose at various acid concentrations and hydrolysis times.

Temperature (◦C) Acid Concentration (%) Time (min) Yield of Cellulose (%)

35

54

15 80.72 ± 0.31
30 79.09 ± 0.56
45 78.36 ± 0.02
60 75.63 ± 0.18

60

15 69.37 ± 0.28
30 68.30 ± 0.51
45 63.37 ± 1.94
60 60.38 ± 2.28

64

15 60.36 ± 0.69
30 34.19 ± 1.12
45 16.10 ± 1.57
60 13.10 ± 0.39

3.2. Process Modeling Using MLS and MPLS Methods

Mathematical modeling was constructed via least squares methods, particularly the
MLS and MPLS methods. The models obtained for these two regression methods are
presented in Equations (20) and (21), respectively.

yh = −1650.7524 + 68.1638x1 − 15.7560x2 + 4.8021x3 − 0.7042x1
2

−0.0632x2
2 + 0.0075x3

2 + 0.3879x1x2 − 0.0118x2x3 − 0.0914x1x3
(20)

yh = 1.1345x1
−1.4582x2

−0.6287x3
−0.6153 (21)

where yh, x1, x2, and x3 denote yield of cellulose (%), acid concentration (%), hydrolysis
temperature (◦C) and time (min), respectively. The coefficient of determination R2 for the
MLS and MPLS models were 0.9725 and 0.7693, respectively. Since the R2 obtained were
larger than 0.5 indicated the goodness of the models in representing the reaction. The
fitness of the models can also be visualized graphically using predicted value versus actual
value plot, as shown in Figure 1. The closeness of the data to the diagonal lines signified
the excellent representation of the regression models to the actual situation.
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The significance of process parameters can be evaluated through the indices of the
factors in the MPLS model. The higher the index of the factor, the greater the significance
level of the parameter towards the response. Therefore, the most dominant parameter
affecting the yield of cellulose was acid concentration (x1), followed by hydrolysis tem-
perature (x2) and time (x3). In acid hydrolysis, H+ ions tend to attack oxygen atoms in
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the β-1,4-glycosidic bond within cellulose polymers, resulting in a shorter chain of sugar
molecules [38]. By using concentrated acid, the decomposition rate of the cellulose was
accelerated as the concentration of H+ ions increased. Therefore, acid concentration was
the most significant parameter affecting the cellulose isolation efficiency from the OPEFB.
The MPLS model could also provide information on the interactions between parameters in
affecting the cellulose yield. The positive coefficients are expected to cause a positive impact
on the yield, while negative coefficients indicate that the parameters would negatively
affect the cellulose yield. Based on Equation (21), all the three parameters are negative
coefficients, which agreed with the discussion made earlier, whereby the cellulose yield was
favored at low acid concentration, low hydrolysis temperature and short hydrolysis time.

3.3. Morphology of Cellulose Fibers

The surface morphology of cellulose isolated from the OPEFB through acid hydrolysis
was compared with raw and bleached OPEFB. As shown in Figure 2, significant physical
differences were observed from the SEM images after each chemical treatment. Initially,
the raw OPEFB was coated with irregular deposition of residual waxes, lignin or other
inorganic substances (Figure 2a), which was similar to other findings reported earlier [39,40].
After pretreated with an alkaline solution and bleached with acidified sodium chlorite,
the surface of the fibers became cleaner and rougher, where more fibers were exposed,
as shown in Figure 2b. The clean fibers’ surface was due to the removal of unwanted
substances such as wax and cuticle through the interaction with sodium ions during the
alkaline pretreatment [41]. The elimination of lignin increased the contact area, where the
fibers became more exposed during the bleaching treatment.
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Further treatment with sulphuric acid caused the formation of individual long cellulose
fibrils, which were segregated from the thick fiber bundles (Figure 2c,e). The SEM images
have revealed that highly purified cellulose was successfully isolated from the OPEFB with
the removal of lignin and hemicellulose. A similar observation was reported by Chimentão
and his co-authors [42]. It can be seen that the bundle sizes of fibers were gradually reduced
after every treatment. Eventually, micro-size cellulose fibers were obtained. As depicted
in Figure 2d, the fiber diameter of 739 nm was observed for cellulose isolated under the
condition of 35 ◦C, 15 min and 54% acid concentration. At the higher acid concentration
of 60% under the same hydrolysis temperature and time, the fibers obtained were of
smaller diameter of approximately 317 nm, as shown in Figure 2f. This observation further
confirmed that a stronger acid was more effective in cellulose hydrolysis and produced
cellulose fibers of smaller size, but at the same time suffered from a lower cellulose yield
due to extensive depolymerization and product degradation.

3.4. Structural Analysis of Cellulose Fibers

FTIR spectroscopy is a useful tool to monitor the change of functional groups in
samples. FTIR spectra of raw OPEFB fibers, bleached OPEFB fibers and cellulose fibers
are illustrated in Figure 3a. From the figure, few peaks (1735 cm−1 and 1228 cm−1) in
the raw OPEFB fibers sample were not found in the bleached OPEFB fibers and cellulose
fibers spectra. Peak at 1735 cm−1 is associated with the presence of the acetyl and uronic
ester groups of hemicelluloses or the ester carbonyl groups of lignin [43,44], while peak at
1228 cm−1 is attributed to the syringyl ring unit and C–O stretching in lignin and xylan [45].
The disappearance of these peaks in the spectra of bleached OPEFB fiber and cellulose fiber
verified the removal of hemicelluloses and lignin during the bleaching and hydrolysis of
OPEFB fibers.

FTIR spectra of the treated and untreated fibers showed a broad absorption band at
3340 and 2900 cm−1. These peaks correspond to the OH stretching vibration in cellulose
and C–H stretching vibration of CH2 and CH3, respectively [44,46]. Peak at 3340 cm−1 can
also be attributed to the hydroxyl groups in cellulose [45]. Peak at 1035 cm−1 appeared in
all samples attributed to the C–O–C pyranose ring (anti-symmetric in phase ring) stretching
vibration [47]. From the figure, sharper peaks were observed after each chemical treatment.
This was due to the removal of non-cellulosic components in the OPEFB fiber during the
treatment processes.

Figure 3b–d shows the FTIR spectra of cellulose fibers with variations in hydrolysis
temperature, time and acid concentration, respectively. All samples displayed similar
spectra, suggesting no changes in their chemical composition or new bonds formation
during the acid hydrolysis. Same vibration bands at 3340, 2900, 1635, 1427, 1373, 1035,
and 894 cm−1 were found in all cellulose fibers. Peak at 1635 cm−1 originates from the
bending vibrations of the OH groups of cellulose [48,49]. Peaks at 1427 cm−1 and 1373 cm−1

reflect the symmetric bending of CH2 and the bending vibrations of the C–H and C–O
groups of the aromatic rings in cellulose, respectively [50,51]. Peak at 894 cm−1 relates to
the characteristic of cellulose with β-glycoside bonds of glucose ring [52]. By comparing
the FTIR spectra of cellulose fibers at all investigated parameters, the difference in peaks
intensity was more pronounced with variation of acid concentration. This finding was
consistent with the earlier discussion, whereby acid concentration was the most dominant
parameter for isolating cellulose fibers through acid hydrolysis.

3.5. Light Transparency of Cellulose-Reinforced PVA Biocomposite Films

Different formulations of cellulose-reinforced PVA biocomposite films were inves-
tigated to examine the suitability of the biocomposite films as packaging material for
detergent capsules. Figure 4a shows the physical appearance of all formulations of PVA
films. The blue background can be seen through for all the films, showing that these films
were transparent. For better evaluation, the films’ transparency values were calculated,
and the results were tabulated in Table 3. Neat PVA film exhibited excellent transparency
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compared to cellulose-reinforced biocomposite films, whereby the transparency value of
the biocomposite films gradually decreased with the increase in cellulose loading. This is
due to the presence of opaque particles of cellulose fibers that blocked the light passage
through the films.
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Table 3. Transparency value of neat PVA film and biocomposite films at different cellulose loadings.

Sample Transparency Value

Neat PVA 19.4
PVA/1% cellulose 16.1
PVA/2.5% cellulose 14.8
PVA/5% cellulose 14.7

Film with good UV-barrier properties reported longer shelf life of packed detergent
products due to the delay of active ingredients degradation, which will diminish the quality
of the product. For example, propane-1,2-diol, which is a common liquid laundry detergent
ingredient, is known to discolor upon exposure to sunlight [53] and to form a colored
complex with iron (III) [54]. UV-vis spectrophotometer was used to evaluate the light
transmittance of the fabricated films. Spectrum study was conducted by measuring the
light transmittance throughout the wavelength of 190 to 400 nm. The chosen wavelength
range covers three UV light radiations, including UV-A (320–400 nm), UV-B (280–320 nm)
and UV-C (190–280 nm).

Figure 4b illustrates the percentage of light transmittance for all the biocomposite films.
Neat PVA was included as the control sample. Overall, light transmittances of biocomposite
films were close to light transmittance of neat PVA film. A decrease in light transmittance
can be observed with the increase in cellulose fibers loading. At the wavelength of 400 nm,
neat PVA film was transparent with light transmittance of 84.9%. The biocomposite film
with 1% cellulose fibers showed a slight decrease in light transmittance, resulting in 84.5%
of light transmittance. The light transmittance continued leveling off to 83.0% and 81.3%
for the biocomposite films containing 2.5% and 5% cellulose fibers, respectively. This result
indicated that the presence of cellulose fibers in the biocomposite films had blocked the
passage of light, which eventually reduced the percentage of light transmittance of the
films. Another reason was light reflection caused by the non-uniformity dispersion of
the cellulose fibers within the biocomposite films, which reduced the light transmittance
through the cellulose-reinforced biocomposite films.

Naduparambath and his co-authors [15] reported similar observations, in which a
lower light transmittance was observed at higher microcrystalline cellulose (MCC) loading
in PVA/MCC biocomposite films. Likewise, Ching and his co-authors [55] observed that
the percentage of light transmittance reduced for nanocellulose-reinforced PVA films when
the amount of nanocellulose increased. It was due to the presence of agglomerated fibers
in the biocomposites. In short, the cellulose-reinforced PVA biocomposite film is preferred
as it is more resistant to light transmission, which could provide a better protective layer to
the detergent capsule from UV light emitted from sunlight.

3.6. Mechanical Properties of Cellulose-Reinforced PVA Biocomposite Films

The packaging material should exhibit adequate mechanical strength to prevent and
reduce the chances of detergent leaking and product contamination from broken deter-
gent capsules within the same storage container. Inadequate mechanical strength may
also lead to premature bursting of detergent capsules during packing, transportation
and storage. Therefore, it is essential to evaluate the mechanical properties of cellulose-
reinforced PVA biocomposite films by analyzing their tensile strength, elongation at break
and Young’s modulus.

Table 4 tabulates the tensile properties of different formulations of cellulose-reinforced
PVA biocomposite films. The results showed a significant improvement in tensile strength
when cellulose fibers were reinforced in the PVA matrix. The highest tensile strength
of 36.09 MPa was obtained for the film that consisted of 2.5% cellulose fibers. The in-
crease in tensile performance was due to the formation of hydrogen bonds between the
cellulose fibers and the PVA, which contributed to the dispersion of fibers in the polymer
network [56]. However, biocomposite film’s tensile strength was slightly reduced when
its cellulose loading increased to 5%. The same finding was obtained by Li and his co-
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authors, where the 5% and 10% addition of cellulose nanofibers from pea hull waste into
carboxymethyl cellulose film had a tensile strength of 32.95 MPa and 25.02 MPa, respec-
tively. The decreased tensile strength may be due to the imperfection in fibers dispersion at
high cellulose loading, which is also supported by the works reported by Asser et al. [57]
and Oyeoka et al. [58]. The study has a higher tensile strength compared to the litera-
ture. For example, biocomposite produced from Areca nut husk cellulose fibers, PVA and
chitosan film had a tensile strength of 9.46 MPa [59], and water hyacinth cellulose fibers,
PVA-gelatin films had tensile strength ranges from 7.91 MPa to 13.83 MPa [58].

Table 4. Tensile strength, elongation at break and Young’s modulus of neat PVA film and biocomposite
films at different cellulose loadings.

Sample Tensile Strength
(MPa)

Elongation at Break
(%)

Young’s Modulus
(MPa)

Neat PVA 28.65 97.18 3.05
PVA/1% cellulose 34.60 125.55 2.77
PVA/2.5% cellulose 36.09 119.96 2.96
PVA/5% cellulose 31.63 92.19 3.63

Similarly, elongation at break had greatly enhanced with the increment in fibers
loading up to 2.5%. Among all, PVA/1% cellulose possessed the highest elongation at
break at 125.55%. This observation might be due to the optimized compatibility between
the cellulose and the PVA, which made the biocomposite film a highly toughened and
flexible material. With the increase in cellulose loading to 5%, elongation at break was
reduced due to particle saturation, which resulted in phase segregation. Heterogeneity of
the sample affected its ability to be elongated. Similarly, this work has a better elongation
at break than the literature. Biocomposite films produced from Areca nut husk cellulose
fibers-PVA-chitosan film and water hyacinth cellulose fibers-PVA-gelatin films had an
elongation at break of 19.35% [59], and 45.8% to 81.2% [58].

On the other hand, an increase in Young’s modulus with cellulose loading indicated
that stress had been successfully transferred from the PVA matrix to the cellulose fibers
due to effective dispersion and adhesion of cellulose fibers in the biocomposite film. This
observation is due to the formation of a large interfacial area when many cellulose fibers
of relatively smaller size were used as fillers [60]. The stress-strain behavior can also be
illustrated using a stress-strain plot, as shown in Figure 5. It shows that PVA/5% cellulose
samples had the highest stress-strain properties compared to neat PVA and biocomposite
films containing 1% and 2.5% cellulose fibers.

In this study, the size of cellulose fibers used to reinforce the PVA was not consistent.
Different fiber lengths have different effects on mechanical properties. For example, longer
fibers could contribute to better tensile strength than shorter fibers [61]. This may be
one reason for having results that were not aligned for all the three mechanical properties
evaluated. Nevertheless, the best composition was PVA reinforced with 2.5% cellulose fibers
because it had the best mechanical properties, except for a slight reduction in film stiffness.
On top of that, tensile strength is the most crucial property among all the mechanical
properties evaluated as it is used to measure the premature bursting of detergent capsules.

3.7. Moisture Barrier Properties of Cellulose-Reinforced PVA Biocomposite Films

The moisture barrier of biocomposite film is another critical property to be considered
in packaging materials. This is because water vapor is one of the main permeates present
in the environment, which could quickly diffuse through the packaging film—as a result,
affecting the product quality and shelf life of content. The film should exhibit good moisture
barrier properties as a detergent packaging material. By reducing the chances of water
vapor being captured by the biocomposite film, dilution of detergent concentration and film
solubility alteration could be minimized. WVTR is a standard indicator to measure the rate
of water vapor permeates through the composite film at a specific thickness, temperature
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and relative humidity. Figure 6 shows the WVTR of all the samples over 4 days. It
was observed that all the biocomposite films fabricated possessed better moisture barrier
properties than neat PVA. Hydrophilic groups in the PVA increased their interactions with
water molecules, leading to higher WVTR. On the other hand, the cellulose fibers in the
biocomposite films served as impermeable physical barriers in the PVA matrix. These fibers
prevented the water molecules from traveling and passing through the film by forming
tortuous pathways, as shown in Figure 7. As a result, improvement in moisture barrier
performance was observed in all the cellulose-reinforced PVA biocomposite films.
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biocomposite film.

Among all the biocomposite films fabricated, the film with 1% cellulose fibers loading
exhibited the best moisture barrier properties. The observation was due to fibers agglomer-
ation at higher cellulose loading, which was ineffective in creating tortuous pathways for
water vapor to pass through the film. As a result, the WVTR was significantly reduced with
increased cellulose fibers loading in the biocomposite film. Similar results were reported by
Shankar et al. [62] and Yang et al. [63]. Ali and his co-authors [6] also reported an increasing
trend of WVTR with MCC loading in the PVA matrix. In another work by Patil et al. [64], a
negative relationship was also obtained between the WVTR and cellulose fibers loading.
The observation was due to the hydrogen bond interactions between the MCC and the
PVA, which increased the hydrophilic groups in the biocomposite and, subsequently, the
WVTR. These findings signified the importance of incorporating cellulose fibers into PVA
in a suitable ratio so that favorable characteristics of biocomposite film could be formed to
suit its application.

3.8. Thermal Stability of Cellulose-Reinforced PVA Biocomposite Films

TGA was used to evaluate the thermal performance of neat PVA and different for-
mulations of cellulose-reinforced PVA biocomposite films. TGA thermogram in Figure 8a
shows the percentage of weight loss with respect to the temperature for a heating profile
of 30 ◦C to 600 ◦C. The figure shows that all the films exhibited three main weight loss
regions. The first region appeared in a temperature range of 80 ◦C to 140 ◦C with weight
loss of approximately 7%. It corresponded to the evaporation of the adsorped moisture
in the films [58,65]. The significant weight loss of approximately 60% happened in the
second region of 230 ◦C to 370 ◦C. The weight loss was due to the structural depolymeriza-
tion, dehydration and decomposition of the biocomposite films, as confirmed by Salh and
Raswl [66] and Oyeoka et al. [58]. The third region happened at temperatures above 370 ◦C.
The weight lost observed could be due to the cleavage backbone of PVA composite films or
the combustion of carbon materials [67,68]. Constant weight of 4% to 6% was observed at
temperatures of 500 ◦C onwards.

As seen in Figure 8a, the incorporation of cellulose fibers in the PVA film had a
negligible effect on the thermal profile of the PVA film. Cellulose-reinforced PVA film with
1% cellulose loadings exhibited the highest thermal stability. The observation will be more
significant by presenting the thermogram in differential thermagravimetry (DTG), which
plots the rate of material weight changes upon heating against temperature, as shown in
Figure 8b. It can be seen that the curve for 1% cellulose-reinforced biocomposite film was
moved to a higher temperature compared to the neat PVA. The increase in thermal stability
in cellulose-reinforced PVA film could probably be due to the strong hydrogen bonding
between the hydroxyl groups of cellulose and the PVA matrix, as reported by Lee and his
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co-authors [69]. Another plausible reason could be the insulation effect and mass transport
barrier exhibited by the cellulose fibers, which inhibited the generation of volatile products
during decomposition [70].
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4. Conclusions

Cellulose fibers were successfully isolated from the OPEFB through sulphuric acid
hydrolysis. The reaction was greatly affected by acid concentration, hydrolysis temperature
and time in descending order. An apparent interaction effect was also observed between
hydrolysis temperature and time as well as acid concentration and hydrolysis time. The
cellulose yield was favored at low acid concentration, low hydrolysis temperature and
short hydrolysis time, supported by both experiments and mathematical modeling. A max-
imum cellulose yield of 80.72% was attained at hydrolysis using 54% acid concentration at
35 ◦C for 15 min. The well-dispersed cellulose fibers showed good reinforcement effects
in the PVA matrix. Tensile strength and elongation at break were greatly enhanced. In
addition, the biocomposite films exhibited reduced light transmission rate, good absorp-
tion of UV rays and thermal stability, as well as reduced water vapor transmission rate.
These properties are essential, especially in the detergent packing industry, to prevent the
breakage of packaging material and product deterioration. Among all the biocomposite
formulations investigated, PVA/2.5% cellulose was the most promising biocomposite film
as it exhibited good mechanical and moisture barrier properties and blocked UV rays. The
results indicated that cellulose-reinforced PVA biocomposite film is a potential material for
biodegradable detergent capsules packaging.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su141811446/s1, Table S1: ANOVA for the yield of cellulose
based on hydrolysis temperature and time; Table S2: ANOVA for the yield of cellulose based on acid
concentration and hydrolysis time.
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Abstract: There is a pressing demand for new sustainable eco-friendly approaches to producing
green energy worldwide. This study represents the novel production of biodiesel feedstock from
the medicinal mushroom Ganoderma lucidum QRS 5120 using state-of-the-art biotechnology tools.
Response surface methodology (RSM) was used to enhance G. lucidum production in a repeated-batch
fermentation strategy. By referring to the broth replacement ratio (BRR) and broth replacement time
point (BRTP), RSM that was formulated using a central composite design (CCD) resulted in a signifi-
cant model for all tested variables, which are exopolysaccharide (EPS), endopolysaccharide (ENS) and
biomass, with BRR (%) of 60, 75 and 90, and BRTP (days) of 11, 13 and 15. The model was validated
using the optimised conditions, and the results showed 4.21 g/L of EPS (BRR 77.46% and BRTP
12 days), 2.44 g/L of ENS (BRR 60% and BRTP 12.85 days), and 34.32 g/L of biomass (BRR 89.52%
and BRTP 10.96 days) were produced. Biomass produced from the G. lucidum was subsequently used
as feedstock for biodiesel production. Approximately 20.36% of lipid was successfully extracted
from the dried G. lucidum biomass via a solvent extraction and subsequently converted to Ganodiesel
through a transesterification process. The Ganodiesel produced fulfilled most of the international
standards, i.e., US (ASTM D6751-08) and EU (EN 14214). Overall, this study demonstrates the
optimised G. lucidum production and its lipid production as a new biodiesel feedstock.

Keywords: biodiesel; bioreactor biomass; Ganoderma lucidum; mushroom cultivation; repeated-batch
fermentation

1. Introduction

The consumption of food, water, energy and electricity has risen dramatically due
to the rapid population growth linked with the commensurate need for improvements in
the lifestyle around the world [1,2]. The global population is estimated to reach 10 billion
people by 2050, which will place increasing pressure on energy and food production [3,4].
Currently, fossil fuels dominate the world’s demands for energy and the economy, es-
pecially in the transportation sector. A high consumption of fuel is greatly affecting the
environment [2,5]. Moreover, fossil fuels are non-renewable, with day-on-day depletion.
Therefore, bio-based fuels such as biodiesel have been proposed as an alternative to fossil

184



Sustainability 2022, 14, 10764

fuels as they are sustainable, cost-effective, free of toxic chemicals (such as sulphur) and
have greater lubricity (for automobiles) [6].

Although it is greener to utilise biodiesel than fossil fuel, the production of biodiesel
also faces technical challenges [7]. For instance, it relies upon high yields of materials that
may affect market demand, i.e., oil from crops [6,8]. Consequently, it has been estimated
that using crops such as sunflower seed or rapeseed requires large-scale plantations and
long durations to achieve existing biodiesel goals. For these reasons, it is important to
find new sources of raw materials (the feedstocks) that can reduce the production price
of biodiesel without competing with food security [9]. Recently, researchers tend to focus
on biodiesel production from various feedstocks including plant-based oils, animal fats,
waste oils, algal oils or even biomass [8]. However, there is an apparent gap in evidence-
based research on the smart use of fungi-based feedstock to meet this pressing opportunity.
Fungi are fast-growing and have been used for decades for biotech applications, thus, the
production of biodiesel from fungal species could serve as a potential resource for new
energy [10,11].

Ganoderma lucidum has been extensively used in traditional Asian medicine for more
than 2000 years [12,13]. This mushroom is edible and has many health benefits such as for
the treatment of various diseases, most commonly cancer [12–16]. G. lucidum undergoes
four stages of its life cycle; (1) spores, (2) spore germination, (3) mycelium and (4) fruiting
body. G. lucidum can easily be cultivated from its mycelium in a short period with the help
of biotechnological practices and a suitable set of nutrients. A longer cultivation duration
is required if growing G. lucidum using its fruiting body or spores [14,17]. Based on a recent
study, G. lucidum mycelium can be cultivated using submerged fermentation (SmF), which
takes 3 to 6 months to be fully completed [12,18,19]. A high biomass yield could be obtained
after 10 days of the fermentation process, which can reduce the time needed to produce
by-products and prevent the risk of contamination. Moreover, the active ingredients of
G. lucidum are usually extracted for medicinal purposes. Apart from medicinal benefits,
Ganoderma lucidum is also used as a reliable source of biomass and polysaccharides [11,20].
There is a growing awareness of the transformative potential of medicinal mushrooms,
including the use of G. lucidum, in supporting and enabling green enterprises where its
disruptive innovation potential will be actualised and accelerated through the forging of
collaborative partnerships internationally between subject-matter experts in academia and
industries, using connected innovation hubs [3,4].

In order to evaluate biomass production, a response surface methodology (RSM) can
be applied using the broth replacement ratio (BRR) and broth replacement time point
(BRTP) as the key parameters. By looking at the interaction and correlation between the
main parameters, RSM is used to find the optimum conditions for the cultivation of polysac-
charides and biomass production [21]. On the other hand, repeated-batch fermentation
(RBF) is conducted, and it is a modification of the fermentation technique. This technique
involves extracting a portion of the medium and, without changing the existing culture,
thus replacing a fresh medium for continuous growth [22,23]. RBF offers many benefits,
such as the formation of a long-term supply and a reduced workload, resulting in great
savings of time and manpower [24–26].

Therefore, the extraction of lipids from G. lucidum for biodiesel production requires
knowledge of the appropriate extraction techniques and factors that can affect the lipid
yield. There are three extraction methods, namely physical, mechanical and chemical.
These include Soxhlet extraction (SXE), solvent extraction (SVE), supercritical fluid extrac-
tion, aqueous enzyme extraction and pressurised liquid extraction [27]. Lipid extraction
consumes around 90% of the energy used in biodiesel production and is costly, making
the process difficult [28]. Thus, the implementation of green extraction techniques that
can extract lipids with less duration, energy and solvent consumption without losing lipid
quality is the key factor for cost-effective and environmentally sustainable processes. Earlier
studies have shown that the amount of oil yielded from extraction methods is influenced
by the sample size, temperature, solvent volume, solvent types and time [29,30].

185



Sustainability 2022, 14, 10764

The identification of the BRR and BRTP in producing the highest polysaccharide and
biomass concentration from the mycelium of Ganoderma lucidum QRS 5120 will be the
primary aim of this study. Therefore, it focuses on different extraction strategies; SXE,
SVE and ultrasonic-assisted extraction (UAE), for the extraction of G. lucidum mycelia
biomass lipids (GMBLs) cultured through SmF. The yield of the GMBL will be identified
and compared to determine the most effective extraction technique for GMBLs. Thus,
maximum yield with the shortest fermentation cycle can be achieved to reach an industrial
level and meet the global market demand to produce biomass lipids.

2. Materials and Methods
2.1. Microorganism and Medium

G. lucidum strain QRS 5120 was obtained from Functional Omics and Bioprocess
Development Laboratory, University Malaya. Medium compositions for both seed culture
and repeated-batch fermentation were (in g/L): yeast extract (1), glucose (30), NH4Cl (4),
MgSO4 (0.5), K2HPO4 (0.5) and KH2PO4 (0.5) [21,23].

2.2. Stock Culture and Inoculum Preparation

Stock culture of G. lucidum (Figure 1a) was prepared by cutting its mycelium from
the mother plate into a size of 1 × 1 cm and sub-culturing it onto the potato dextrose agar
(PDA). The inoculated culture was incubated at 30 ◦C for 7 days and stored in a 4 ◦C chiller
until further use. The inoculum was prepared by cultivating the first seed for 10 days and
then the second seed for 7–15 days with BRTP set at 30 ◦C and 100 rpm. From a seven-day
plate (Figure 1b), three mycelial agar squares were cut into a size of 1× 1 cm and inoculated
in 100 mL of prepared medium. After 10 days, formed mycelium in the first seed culture
was collected and homogenised using a sterile Waring blender. Then, 20 mL (20% v/v) of
the first seed culture was transferred to another flask containing 80 mL and incubation was
continued for another 7–15 days. The second seed culture was collected and homogenised
for the fermentation process.

2.3. Batch Fermentation

Batch fermentation was conducted using an incubator shaker with the conditions
set at an initial pH of 4.0, a temperature of 30 ◦C, an agitation speed of 100 rpm and
an aeration rate of 2.0 vvm for regulated dissolved oxygen. To optimise the BRR, three
different predetermined BRRs [60%, 75% and 90%] were studied. In addition, three batch
fermentation growth curves obtained from previous research [11] were chosen to identify
the appropriate BRTP as shown in Figure 1c. There are three main phases in each curve: the
logarithmic, transition and stationery, which represent an increasing, highest and stabilising
concentration, respectively.

2.4. Optimisation of Medium Compositions Using RSM

The optimisation of medium compositions to produce G. lucidum was conducted using
RSM. To perform the RSM, a CCD was used to construct the experimental set using Design
Expert version 12.0 software by StatEase®, Minneapolis, MN, USA. A BRR of 60% and BRTP
of 7 days were set as the lowest variable, while a BRR of 90% and BRTP of 15 days were set
as the highest variable. Meanwhile, the α-value was set to 1.0. EPS yield (g/L), ENS yield
(g/L) and biomass concentration (g/L) were set as the response parameters of this study.
At the end of the process, an analysis of variance (ANOVA) was generated to evaluate the
optimisation model and validated using the optimised experimental parameters.

2.5. Repeated-Batch Fermentation Using Optimised Condition

Repeated-batch fermentation (RBF) was carried out until the maximum possible
number of cycles to achieve the maximum biomass concentration until the fermentation
broth reached the highest viscosity. The process was conducted by refilling the current
mixture of medium fermentation with 80 mL of fresh medium for every cycle. As the main
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purpose of RBF is to eliminate the lag phase, five days of the feeding interval were chosen
for the full fermentation cycle.
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2.6. Extraction of Lipid

The extraction of lipids from G. lucidum mycelial biomass was conducted using three
different extraction techniques, which are Soxhlet extraction (SXE), solvent extraction (SVE)
and ultrasonic-assisted extraction (UAE). Prior to the extraction process, mycelium was
dried at 60 ◦C for 3 days in a drying oven. Then, the dried biomass obtained was ground
into a fine powder. All three extraction techniques used hexane as a solvent and 5 g of
G. lucidum mycelia biomass with the heating temperature set at 60 ◦C. After extraction, the
lipids of G. lucidum (Figure 1d) were collected by filtering, followed by the evaporation of
the lipid mixture using a rotary evaporator to remove the solvent [27].

2.6.1. Soxhlet Extraction

SXE was carried out using Soxhlet equipment with 5 g of Ganoderma biomass powder
added in 50, 100 and 150 mL of hexane heated at 60 ◦C for 3, 6 and 9 h.

2.6.2. Solvent Extraction

SVE was conducted using 500 mL of a sample bottle containing 100, 150 and 200 mL
of hexane mixed with 5 g of biomass powder and put on a hot plate at 60 ◦C with magnetic
stirring of 200 rpm for 1, 2 and 3 h.
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2.6.3. Ultrasonic-Assisted Extraction

UAE was performed using an ultrasonic water bath equipped with a 500 mL sample
bottle containing 5 g of biomass powder mixed with 100, 200 and 300 mL of hexane and
put in an ultrasonic water bath at 60 ◦C for 1, 3 and 5 h.

2.7. Ganodiesel Production through Transesterification

Using modified transesterification techniques [28], extracted lipids were converted
to biodiesel. Acid-catalysed transesterification was conducted in accordance with the
European Standards (EN 14103) in a 1000 mL round-bottomed glass flask. The reaction
product was evaporated in a rotary evaporator at 70 ◦C for 20 min followed by gravity
separation that separated Ganodiesel in the form of fatty acid methyl ester (FAME) from
glycerol as a by-product. FAME was later washed with distilled water to neutralise the
catalyst, then purified using silica gel and dehydrated with anhydrous sodium sulphate
before gas chromatography (GC) analysis. FAME was filtered using a disposable polyte-
trafluoroethylene (PTFE) filter fitted to a glass syringe. The mixture of 1.5 mL of oil extract
and 1 mL of 15% H2SO4 in methanol was then poured into a boiling tube. The tube was
placed in a heating block at 70 ◦C for two hours. After heating, 1 mL of distilled water
was added to the tube before aggressively shaking the mixture. The solution was left to
allow the oil layer to separate. The FAME layer was further diluted with n-hexane before
being injected for Gas Chromatography (GC) analysis. The FAME was examined with a
GC–MS (Shimadzu, Nakagyo-ku, Kyoto, Japan) equipped with an Agilent Zorbax C18
column (80 Å, 3.5 µm, 1 × 150 mm, Agilent, Santa Clara, CA, USA).

2.8. Analytical Methods
2.8.1. Determination of Extracellular Polysaccharide Yield

EPS precipitation was collected by adding a 4:1 ratio of 95% ethanol (v/v) to the
supernatant and kept at 4 ◦C overnight. EPS precipitate was filtered through filter paper that
had been pre-dried and weighted and rinsed with 5 mL of 95% ethanol twice. The weight
of EPS was recorded after drying in a food dehydrator to a constant weight (Figure 2a).

2.8.2. Determination of Endopolysaccharide Yield

ENS was isolated from the pellet mycelium after being drained from the extracted
fermentation broth. Filtered mycelium was dried using a food dehydrator overnight and
weighed to measure the amount of distilled water needed. The extraction of ENS was
performed by rinsing dried mycelium with the ratio of 1:20 (w/v) of distilled water and then
heating at 121 ◦C for 30 min. Then, the ENS was further treated by mixing the supernatant
with ethanol at the ratio of 4:1 and kept overnight at 4 ◦C. The formed precipitate was
filtered using pre-dried and weighed filter paper, followed by drying to a constant weight
in the food dehydrator (Figure 2a) (Supplementary Materials, Table S1).

2.8.3. Determination of Biomass Concentration

The filtration of harvested fermentation broth through a Büchner funnel filter set
attached to a water pump produced biomass. The mycelial biomass was washed repeatedly
(three times) with distilled water, followed by a drying process in a food dehydrator to a
constant weight. The weight of the dried mycelial biomass (Figure 2a) was recorded.

2.8.4. Determination of Lipid Yield

The lipid remained dissolved in the hexane solvent after the extraction process. By
using a rotary evaporator, the excess solvent was eliminated by applying the concept of
heat and pressure [27,30]. The mass of the recovered lipid after the removal of solvent was
weighed. The extracted lipid yield (%) was estimated by using the equation below [30]:

Lipid yield (%) = mi/ms× 100 (1)
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where the coefficient mi (g/L) is the mass of recovered lipid while ms (g/L) is the mass
of dried material (5 g of G. lucidum mycelial biomass) used for the extraction of SXE, SVE
and UAE.
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2.9. Kinetic Calculations

By following [31], the kinetic parameters were calculated.

EPS/ENS/Biomass productivity, PEPS/PENS/PX
( g

L day−1)

= Xmax−X0
the time f or product recovery at certain cycle in repeated−batch culture

(2)

where the Xmax is the maximum cell concentration achieved at the stationary phase and X0
is the initial cell concentration at inoculation.

2.10. Statistical Analysis

Triplicates for each sample were analysed and GraphPad Prism Version 9 by Dotmatics
(GraphPad Software, San Diego, CA, USA) was used to calculate the mean and standard
deviation with displayed error bars. Optimum BRR and BRTP for EPS, ENS and biomass
were then assessed through response surface methodology (RSM).

Hence, the equation below demonstrates the influential factors and correlation, which
are based on a quadratic second-order model for the responses:

Y = b′0 + ∑n
i=1 biXi + ∑n

i=1 biiX2
i + ∑n

i=1 ∑n
j>1 bijXiXj (3)

where
Y: predicted response bij: interaction coefficient
b′0: constant coefficient bii: quadratic coefficient
bi: linear coefficient XiXj: coded values

Meanwhile, statistical analysis for lipid extraction from Ganoderma lucidum mycelial
biomass was carried out by Minitab version 18 software. Extraction techniques (SXE, SVE,
UAE) were conducted in triplicates. Analysis of variance (ANOVA) was used to calculate
the mean ± S.D.
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2.11. Determination of Biodiesel Properties

The biodiesel characteristics of Ganoderma lucidum fatty acid methyl esters (GLFAMEs)
were examined by conducting a variety of tests following international guidelines [32,33].
Mini Pour/Cloud Point Tester MPC-102 was used to determine the cloud and pour point at
−60 ◦C to 51 ◦C, which was subsequently evaluated according to ASTM D6749 and ASTM
D2500, respectively. The automatic Kinematic Viscosity Measuring System AKV-201 was
used to measure the kinematic viscosity at 40 ◦C, as mentioned in ASTM D445. Following
ASTM D637, the measurement for the cold filter plugging point was conducted using
Automated Cold Filter Plugging Point Tester AFP-102. By referring to the ASTM D4530, a
test for carbon residue was carried out using Micro Carbon Residue Tester ACR-M3. The
ignition point test was performed using Pensky-Martens Closed Cup Automated Flash
Point Tester APM-7 by referring to the ASTM D93. Certified instrumentations provided
by TANAKA Scientific Ltd., Tokyo, Japan, were used to carry out all the tests. In addition,
the stability of the oxygen has also been tested using Rancimat 743 (Metrohm, Herisau,
Switzerland) following ASTM 14,112. Additionally, tests for ester content, monoglyceride,
diglyceride, triglyceride, total glycerol content, acid number, iodine value and water content
were measured in accordance with European Standard Methods [32].

3. Results
3.1. Optimization

The influences of BRR and BRTP on the production of EPS–ENS–biomass from Gano-
derma lucidum strain QRS 5120 mycelium were analysed using RSM. Tables 1 and 2 show the
experimental designs and responses. The tables summarise that thirteen sets of conditions
for culture were applied for RSM optimisation. This was defined by CCD and will be
used to assess the coefficients using non-linear regression analysis. The determination of
the model coefficient was analysed using analysis of variance, and the study reported the
significance was p < 0.05. Based on Table 1, EPS and ENS concentrations were found to be
the highest during day 13 of the BRTP with 4.34 g/L and 2.44 g/L, respectively. A total
of 75% BRR at day 11 BRTP was the optimised variable for biomass production with the
actual response of 34.31 g/L, as mentioned in Table 2.

Table 1. Experimental design and responses for production of EPS and ENS from G. lucidum mycelia.
The experiments for the actual responses were conducted under controlled conditions.

Run No.

EPS (g/L) ENS (g/L)

Variables Responses Variables Responses

BRR (%) BRTP (Day) Actual Predicted BRR (%) BRTP (Day) Actual Predicted

1 75 11 3.63 3.56 75 11 2.02 2.10
2 75 11 3.63 3.56 60 13 2.36 2.44
3 75 11 3.63 3.56 75 13 2.29 2.30
4 90 11 2.91 3.15 75 13 2.25 2.30
5 75 13 4.34 4.19 60 11 2.26 2.18
6 60 11 2.80 2.9 75 15 1.98 1.92
7 75 9 2.66 3.15 75 13 2.35 2.30
8 90 9 2.96 2.68 90 15 1.87 1.94
9 60 9 2.75 2.54 75 13 2.43 2.30

10 75 11 3.63 3.56 90 11 2.24 2.23
11 90 13 3.79 3.83 90 13 2.44 2.38
12 60 13 3.37 3.48 60 15 2.11 2.11
13 75 11 3.63 3.56 75 13 2.21 2.30
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Table 2. Experimental design and responses for production of biomass from G. lucidum mycelia. The
experiments for the actual responses were conducted under controlled conditions.

Run No.

Biomass (g/L)

Variables Responses

BRR (%) BRTP (Day) Actual Predicted

1 60 11 12.02 14.70
2 75 9 20.39 21.82
3 60 7 18.05 17.71
4 75 9 20.39 18.91
5 75 7 22.44 21.82
6 75 9 20.39 21.82
7 90 9 26.26 27.45
8 60 9 15.57 16.20
9 75 9 20.39 21.82
10 90 11 32.38 34.78
11 90 7 20.73 20.11
12 75 11 34.31 24.74
13 75 9 20.39 21.82

3.1.1. Optimization of EPS Production

Table 3 shows the ANOVA for EPS production and the 3D plot is expressed in Figure 2b.
According to the table, the expected determination of the coefficient (R2 = 0.8404) suggests
that this model can express 84.04% of the response variability and as p < 0.05, thus it proved
the significance of the model. The validity of the model is indicated by the value of the
modified coefficient determination (Adj. R2 = 0.727), which was adequate in comparison to
the expected R2 value. In the equation below, the model was regressed in terms of actual
EPS variables and expressed as a final equation in terms of absolute factors.

EPS = (−8.65135) + 0.34713× BRR− 0.46309× BRTP + 1.75000e−3

×BRR× BRTP− 2.38774e−3 × BRR2 + 0.026940× BRTP2 (4)

Table 3. Experimental results of the CCD quadratic model using ANOVA for EPS production from
Ganoderma lucidum.

Source Sum of Squares DF Mean Square F Value Prob > F

Model 2.560 5 0.510 7.39 0.0103 * significant
A: BRR 0.091 1 0.091 1.32 0.2889
B: BRTP 1.630 1 1.630 23.55 0.0018 * significant

AB 0.011 1 0.011 0.16 0.7019
A2 0.800 1 0.800 11.50 0.0116 * significant
B2 0.032 1 0.032 0.46 0.5183

Residual 0.490 7 0.069
Lack of Fit 0.490 3 0.160 not significant
Pure Error 0 4 0
Cor Total 3.05 12

Std. Dev. = 0.26 R2 = 0.8408 Adeq Precision = 9.232
Mean = 3.36 Adjusted R2 = 0.727

* Significant value.

3.1.2. Optimization of ENS Production

Table 4 shows the ANOVA for the production of ENS, and Figure 2b displays the
3D plot. The model’s R-squared was 0.8341, which means it could represent 83% of the
response. The p-value was 0.0117, showing the model was significant as p < 0.05. It
clearly shows that more variances can be explained if the number of R2 is high so that the
optimum model can be generated. The adjusted R2 was 0.7155, indicating that the model
was significant and showed consent to the expected R2 value. If more non-significant
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variables are added to the model, the difference between the R2 and the adjusted R2 will
thus be greater. An equation as shown below has been formulated and regressed in terms
of the actual factor of ENS, by considering the significant terms from the model:

ENS = (−8.46282)− 0.049201× BRR + 1.99825× BRTP− 1.83333e−3

×BRR× BRTP + 4.73563e−4 × BRR2 − 0.073362× BRTP2 (5)

Table 4. Experimental results of the CCD quadratic model using ANOVA for ENS production from
Ganoderma lucidum.

Source Sum of Squares DF Mean Square F Value Prob > F

Model 0.310 5 0.062 7.04 0.0117 * significant
A: BRR 5.40 × 10−3 1 5.40 × 10−3 0.62 0.4578
B: BRTP 0.052 1 0.052 5.98 0.0445 * significant

AB 0.012 1 0.012 1.38 0.2779
A2 0.031 1 0.031 3.59 0.1002
B2 0.240 1 0.240 27.19 0.0012 * significant

Residual 0.061 7 8.75 × 10−3

Lack of Fit 0.031 3 0.010 1.39 0.3664 not significant
Pure Error 0.03 4 7.48 × 10−3

Cor Total 0.37 12

Std. Dev. = 0.094 R2 = 0.8341 Adeq Precision = 8.237
Mean = 2.22 Adjusted R2 = 0.7155

* Significant value.

3.1.3. Optimization of Biomass Production

Table 5 shows the ANOVA for mycelium biomass production, with a 3D graph in
Figure 2b. The predicted coefficient determination demonstrated that this model can
explain 83.74% (R2 = 0.8374) of the response variability. The model (p < 0.05) is applicable.
The model’s validity was suggested by the R2 value of 0.7213, which was in reasonable
agreement with the predicted R2 value. The model was regressed and expressed as an
equation in terms of the actual biomass variables by considering the relevant terms.

Biomass = +77.50102 + 1.30728× BRR− 27.91759× BRTP
+0.14733× BRR× BRTP− 0.015057× BRR2 + 1.01806× BRTP2 (6)

Table 5. Experimental results of the CCD quadratic model using ANOVA for biomass production
from Ganoderma lucidum.

Source Sum of Squares DF Mean Square F Value Prob > F

Model 375.44 5 75.09 7.21 0.0110 * significant
A: BRR 189.62 1 189.62 18.21 0.0037 * significant
B: BRTP 50.98 1 50.98 4.90 0.0626

AB 78.15 1 78.15 7.50 0.0289 * significant
A2 31.70 1 31.70 3.04 0.1246
B2 45.80 1 45.80 4.40 0.0742

Residual 72.89 7 10.41
Lack of Fit 72.89 3 24.30 not significant
Pure Error 0 4 0
Cor Total 448.34 12

Std. Dev. = 3.23 R2 = 0.8374 Adeq Precision = 10.332
Mean = 21.82 Adjusted R2 = 0.7213

* Significant value.

3.1.4. Verification of Optimised Conditions

Verification for a statistical model of the highest EPS–ENS–biomass is shown in Table 6
by applying the optimised variables. Various experiments were performed to validate the
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strength and precision of the model according to the Equation EPS/ENS/biomass. Under
optimised conditions, EPS production gained was 4.21 g/L, ENS production was 2.44 g/L
and 34.32 g/L of mycelium biomass was obtained. These correspond to the prediction
values of the EPS, ENS and biomass (g/L); 4.19, 2.44 and 34.78, respectively. Therefore, the
validity of the model (Equation EPS/ENS/biomass) is verified for EPS, ENS and biomass
production. However, due to different broth replacement time points for EPS, ENS and
biomass (BRTP: refer to Section 2.3), the maximum production for the combination run was
inapplicable and only an individual response for each run was achievable in this study.

Table 6. Verification of model with the optimised variables.

Run
Variables Responses

BRR BRTP EPS (g/L) ENS (g/L) Biomass (DCW g/L)

EPS 77.46 13.00 4.21 − −
ENS 60.00 12.85 − 2.44 −

Biomass 89.52 10.96 − − 34.32
− Not available.

3.2. Repeated-Batch Fermentation Using Validated EPS–ENS–biomass Condition
3.2.1. Effect of BRR

Figure 3 displays the growth curves of EPS–ENS–biomass production in a repeated-
batch fermentation. The growth curves included the extracted EPS–ENS–biomass for all
six cycles (R1–R6). R0 was derived from the previously defined growth profile (Figure 1d).
Using the pre-optimised conditions, 75%, 60%, and 90% were set as BRR for EPS, ENS,
and biomass, respectively. The BRR procedure involved the removal and addition of fresh
media to the flasks. Samples withdrawn in 120 h (5 days) intervals were analysed for their
polysaccharide and biomass content.

3.2.2. Effect of BRTP

A study on the effect of time points was conducted based on the pre-optimised
conditions. The broth replacement was carried out on day 13 for EPS and ENS, while
biomass broth replacement occurred on day 11. According to Table 7, the production of EPS–
ENS–biomass was observed and a total of six batches in a row could be conducted using
the RBF process. It demonstrated the capability of G. lucidum cells toward this technique.

Table 7. EPS–ENS–biomass productivity from pre-optimised conditions in a repeated-batch fermen-
tation strategy at day 13 (75%), day 13 (60%) and day 11 (90%).

BRTP
(Day) BRR (%) Kinetics a

RBF Cycles b Sum
(R1–R6)R1 R2 R3 R4 R5 R6

13 75 PEPS (g/L day−1) 0.3467 0.0720 0.0813 0.1413 0.1080 0.0413 0.7906
13 60 PENS (g/L day−1) 0.0087 0.1160 0.0813 0.0927 0.0613 0.0833 0.4433
11 90 PX (g/L day−1) 0.6880 0.7480 0.6600 0.5860 1.0160 1.1200 4.8180

a PEPS (g/L day−1) = EPS productivity, PENS (g/L day−1) = ENS productivity, PX (g/L day−1) = biomass
productivity. b Cycles repetition (R1–R6)

3.3. Evaluation of Lipid Yield

The extraction of GMBLs using SXE, SVE and UAE were evaluated. It was observed
that all three techniques were able to extract GMBLs with different lipid yields obtained.
The amount of lipid yield was not as high as expected. The highest GMBL yield, of 20.36%,
was achieved using SVE (3 h/200 mL), followed by 18.8% through SXE (6 h/150 mL) and
7.5% through UAE (5 h/200 mL). Based on research, 1 g of mycelium of G. lucidum has a
lipid content of approximately 1.67% (Hou et al., 2017). Therefore, Table 8 shows statistical
analysis using analysis of variance for all techniques. Two factors have been tested upon the
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yield of GMBL which were the solvent volume and extraction time as well as the interaction
between both independent variables.
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biomass was observed and a total of six batches in a row could be conducted using the 
RBF process. It demonstrated the capability of G. lucidum cells toward this technique. 

Table 7. EPS–ENS–biomass productivity from pre-optimised conditions in a repeated-batch fermen-
tation strategy at day 13 (75%), day 13 (60%) and day 11 (90%). 

BRTP 
(Day) BRR (%) Kinetics a 

RBF Cycles b Sum 
(R1–R6) R1 R2 R3 R4 R5 R6 

13 75 PEPS (g/L day−1) 0.3467 0.0720 0.0813 0.1413 0.1080 0.0413 0.7906 

Figure 3. Production of EPS (a), ENS (b) and biomass (c) from the mycelium of Ganoderma lucidum
QRS 5120 in a repeated-batch fermentation strategy from the pre-optimised conditions (EPS, 75%
broth replacement ratio (BRR); ENS, 60% BRR; and biomass, 90% BRR).

Table 8. Experimental results of SXE, SVE and UAE using ANOVA.

Extraction Techniques a Source DF Sum of sq Mean sq F-Value p-Value

(a) SXE

Solvent volume 2 14.560 7.2800 67.55 0.000
Extraction time 2 139.253 69.6267 646.02 0.000
Solvent volume
Extraction time 4 22.897 5.7242 53.11 0.000

Error 9 0.970 0.1078

Mean = 12.12 R2 = 0.9945
Variance = 10.45 Adjusted R2 = 0.987
Std. Dev. = 3.03 Predicted R2 = 0.9782

(b) SVE

Solvent volume 2 9.906 4.9532 31.60 0.000
Extraction time 2 137.224 68.6118 437.73 0.000
Solvent volume
Extraction time 4 43.766 10.9415 69.80 0.000

Error 9 1.411 0.1567

Mean = 13.44 R2 = 0.9927
Variance = 11.31 Adjusted R2 = 0.9261
Std. Dev. = 3.36 Predicted R2 = 0.9707
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Table 8. Cont.

Extraction Techniques a Source DF Sum of sq Mean sq F-Value p-Value

(c) UAE

Solvent volume 2 1.0844 0.54222 9.76 0.006
Extraction time 2 19.1878 9.59389 172.69 0.000
Solvent volume
Extraction time 4 1.4056 0.35139 6.33 0.010

Error 9 0.5000 0.05556

Mean = 9.24 R2 = 0.9775
Variance = 5.34 Adjusted R2 = 0.9574
Std. Dev. = 2.31 Predicted R2 = 0.9098
a SXE, Soxhlet Extraction; SVE, Solvent Extraction; UAE, Ultrasonic-assisted Extraction.

3.4. Effect of Solvent Volume and Extraction Time

The volume of hexane and time of extraction affects the yield of the GMBLs. Lipid
extraction using SXE recorded a highest yield of 150 mL (6 h) and a lowest yield of 50 mL
(3 h), SVE demonstrated a high of 200 mL (3 h) and a low of 100 mL (1 h), and UAE a high
of 200 mL (5 h) and a low of 100 mL (1 h). The results obtained clearly show that lipid yield
increased with the increase of the solvent volume and extraction time.

4. Discussion
4.1. Optimization of EPS–ENS–biomass Production

BRTP (B) and BRR2 (A2) of EPS, as mentioned in Table 3, show that both factors
influence their production at p < 0.05 compared to others (A, B2 and AB). Figure 2b
illustrates the correlation effect between the BRR and BRTP for EPS production. From the
figure, an increase in the BRTP leads to an increase in the production of EPS, and BRR at all
ranges records the lowest EPS production. According to this, it was shown that the BRTP
influenced the production of EPS and there was no correlation between the BRR and BRTP.
Maximum production of EPS (red area) was 75% on day 13 with 4.34 g/L of EPS achieved.

According to the ENS model (Table 4), both the BRTP (B) and quadratic terms of
BRTP (B2) show the effect on the production of ENS as p < 0.05. However, BRR (A) and
other quadratic terms (A2 and AB) present a negative result. Figure 2b demonstrated the
combined effect of BRR and BRTP on the production of ENS. From the figure, the BRTP
on day 13 shows the most production of ENS and is least affected by the BRR. By this, it
was concluded that the production of ENS was strongly affected by the broth replacement
time point (BRTP) and there was no interaction between the BRR and BRTP. In contrast
with EPS and biomass, the ENS model showed two red areas which indicate the optimised
production of ENS. The highest distribution of red area fell on day 13 (60%) compared with
the least red area, also on day 13 (90%). This also might be due to the insignificance of
BRR which does not influence ENS production. Therefore, the highest production of ENS
(2.44 g/L) obtained was on day 13, with 60% BRR.

Therefore, BRR (A) and a quadratic term (AB) of the biomass model (Table 5) present
significant values as both terms record p-values of less than 0.05. However, BRTP (B) and
other quadratic terms (A2 and B2) show a negative effect on the production of biomass.
Figure 2b explained the relationship between BRR and BRTP. According to the figure, all
ranges of BRTP record the lowest production of biomass. Nevertheless, BRR and BRTP
show a linear correlation as the production of biomass increased when their value increased.
From this, it can be summarised that there was a relationship between BRR and BRTP. The
maximum production of biomass (34.31 DCW g/L) achieved was at 90% on day 11.

However, the total error Sum of Square (SS) and Mean of Square (MS) has indeed been
zero for EPS and biomass as shown in Tables 3 and 5, respectively. All these values were
very small and insignificant. The explanation for these findings may have been because
the model’s SS value of regression was much higher than the residual SS value. The null
value of pure error, both SS and MS, showed that the lack of fit (LOF) test had no p-value
and F value. Adequate Precision calculated the ratio of signal to noise and it is preferable
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if this value is greater than 4. As the model for EPS and biomass had a 9.232 and 10.332
ratio, respectively, the signal was adequate, and this shows that the model is applicable for
navigating the design area.

4.2. Repeated-Batch Fermentation Using Validated EPS–ENS–biomass Condition
Effect of Broth Replacement Ratio and Broth Replacement Time Point

As mentioned in Figure 3, fermentation for EPS–ENS–biomass production can be
tolerated for up to six cycles (R6) when they show sustained continuous growth of the
fungus during the RBF. The repeated-batch cell cycle has demonstrated its ability with
repeated use. In this repeated-batch fermentation study, the lag phase has been reduced
by sampling at five day intervals. Therefore, it resulted in the continuous production of
EPS, ENS and biomass. The amount of EPS–ENS–biomass produced could be similar to or
higher than that of batch fermentation (R0). As mentioned by Naritomi et al., productivity
from repeated batch culture is higher rather than productivity from the standard batch
culture [26]. Pre-optimised BRRs and BRTPs were used during the RBF process, with EPS
(75%, day 13), ENS (60%, day 13) and biomass (90%, day 11).

According to Figure 3, the lowest development of EPS, ENS and biomass were ob-
served on the sixth (R6), first (R1) and fourth (R4) days, respectively. The lowest production
was due to some fungi attempting to cope with the new environment and conditions as new
media were introduced, making some of the fungi enter the phase of death caused by stress.
Meanwhile, in the first (R1), second (R2) and sixth (R6) cycles, the highest performance of
EPS, ENS and biomass was recorded. This is due to the capability of the fungus to stabilise
and preserve its production until the environmental viscosity was high for further growth.
As similar cells of fungus (G. lucidum) have been used throughout the RBF process, which
was in between the first cycle (R1) and the sixth cycle (R6), it was crucial to replace the
volume at an optimised time point by changing the media to maintain the level toxicity
of the EPS–ENS–biomass concentration. However, towards the end of the cycle for the
present study, the EPS–ENS–biomass was still being produced. Therefore, future work can
be conducted to identify the highest cycle for their production.

In general, the consistency of EPS and ENS productivity was recorded after the second
cycle (R2) with (g/L day−1) 0.0413–0.1413 and 0.0813–0.1160, while biomass was observed
along with the six batches (R1-R6) with 0.5860–1.1200 g/L day−1. Overall, total PEPS, PENS
and PX (g/L day−1) recorded were 0.7906, 0.4433 and 4.8180 with average readings of 0.1318,
0.0739 and 0.8030, respectively, from the six cycles. Furthermore, the highest productivity
was reported for EPS (0.3467 g/L day−1) at the first cycle (R1), ENS (0.1160 g/L day−1) at
the second cycle (R2) and biomass (1.1200 g/L day−1) at the sixth cycle (R6).

4.3. Evaluation of Lipid Yield

Table 8 shows the fitness models analysed which were 0.9945 for SXE, 0.9927 for SVE
and 0.9775 for UAE. These indicate that the lipid yield was strongly affected by the volume
of solvent and time for extraction. The table displays that there were significant effects and
interactions between the factors for all three extraction techniques (p-value < 0.05). A few
factors have been suggested by previous findings as affecting the yield of lipids, including
type and volume of solvent, extraction time and temperature [29,30]. According to Table 9,
a comparison between the three different techniques used in the extraction of GMBL can
be summarised. SXE and SVE have been recorded to be effective in extracting lipids
and are widely used in many studies [34,35]. In extracting GMBLs, SVE (14.57–20.36%)
and SXE (9.44–18.80%) were observed to have a higher yield compared with the use of
UAE (4.30–7.50%).

In SXE and SVE, the transfer of heat between solid and liquid occurs from the outside
to the inside of the sample membrane; meanwhile, the mass transfer happens and vice
versa (from the inside to the outside) [27,36]. On the contrary, UAE utilises the frequency of
electrostatic interactions arising from the development of high-intensity wave propagation.
The UAE process involves a physical mechanism whereby the penetration of the cell walls
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and washing out of the cell material takes place before it becomes disrupted [36,37]. Low
lipid yield in UAE may be caused by the lack of transmission consistency and being exposed
to the sonic power which affects the biomass cell wall.

Table 9. Comparison between three lipid extraction techniques on GMBL yield [27,34,36–38].

Aspects Extraction Techniques

SXE SVE UAE

Procedure

An appropriate size of cellulose
thimble was chosen for the sample
before being placed in the Soxhlet
extractor. The solvent in a round

bottom flask heated with a mantle

Sample soaked in the solvent
with a magnetic stirrer in a flat
bottom flask and then heated

by a hot plate

Sample soaked in solvent, and
placed in an ultrasonic water

bath equipment

Solvent hexane hexane hexane

Sample size 1–5 g 1–5 g 1–5 g

Temperature 60 ◦C 60 ◦C 60 ◦C

Solvent volume 50–150 mL 100–200 mL 100–300 mL

Extraction time 3–9 h 1–3 h 1–5 h

Advantages No filtration is needed, easy to use Short extraction duration Moderate extraction duration, easy
to use

Disadvantages Long extraction duration Filtration needed High solvent amount,
filtration needed

Lipid yield 9.44–18.80% 14.57–20.36% 4.30–7.50%

Quantity Moderate High Low

4.4. Effect of Solvent Volume and Extraction Time

Based on the results obtained, a high solvent volume will help to accelerate the
chemical reaction resulting in enhanced lipid production. Indeed, one study found a
correlation between solvent volume and extraction time, in which a high solvent quantity
was caused by the higher extraction time required [39]. Additionally, the author reported
that a sufficient volume of the solvent is needed to guarantee the complete immersion of
sample particles during the extraction process. Hexane has been selected for this analysis
because it can be quickly recovered, is non-polar, has low latent vaporisation heat and has
high solvent selectivity [29,40,41]. Alternatively, an optimal solvent volume and extraction
time could be determined to enhance the yield of GMBLs.

In SXE, the lipid yield decreased when the time was set to the highest at 9 h (50 mL to
150 mL), while when the time was set up from 3 h to 6 h the lipid yields increased. This
is because SXE reached an optimal time (3 h–6 h) and therefore after 6 h there was not
much lipid to be obtained. Therefore, the lower duration is more efficient compared to
the higher duration. In comparison to SXE and UAE, SVE had the shortest time duration
(between 1 h to 3 h) and the smallest volume of solvents (100 mL to 200 mL) for the highest
lipid production. The higher yield of GMBLs in SVE could be due to the use of a magnetic
stirrer that continuously mixed the biomass sample with hexane solvent throughout the
extraction process, while in SXE and UAE the sample was static [36,42].

4.5. Comparison of the Current Study with the Literature
4.5.1. Comparison of G. lucidum Optimization Using SmF

Table 10 presents the latest statistical optimisation in determining the best technique
for achieving the efficient production of EPS, ENS and biomass from Ganoderma lucidum
through shake-flask fermentation. As mentioned, it indicates that only three studies using
Ganoderma lucidum in EPS, ENS and biomass production have previously been published
using SmF.
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As stated, the method of cultivation using RBF has been shown to doubly increase
the productivity of EPS compared to the normal batch fermentation technique performed
by Supramani, Ahmad [21]. They used the same ideal glucose concentration of 26.5 g/L
and pH of 4, and were designed using RSM. Meanwhile, a low concentration of EPS was
achieved when using an orthogonal matrix (1.723 g/L) and Taguchi orthogonal matrix
(0.42 g/L), as studied by Chang, Tsai [43] and Yuan, Chi [44], and concentrations of just
0.42 g/L and 1.723 g/L EPS were reported, respectively.

Therefore, the study of Supramani, Ahmad [21] was the only one to produce ENS,
but different cultivation methods and batch fermentation were applied in their research.
Meanwhile, in the current study, RBF has been used and optimised by RSM for ENS
production, and it showed the efficiency of this technique compared to their result. This
can be seen in Table 10, where the present study generated the highest ENS with 2.44 g/L;
meanwhile, 1.52 g/L was the result from Supramani. As a result, the current study suggests
that the best productivity for ENS production could be achieved with numerous advantages.

In addition, referring to Table 10, Chang, Tsai [43] mentioned that under several
optimum conditions, biomass production was significantly enhanced. Yuan, Chi [44] in
their findings reported that the production of biomass was significantly increased by the
optimal media. RSM was used in both the study of Supramani, Ahmad [21] and the present
study. However, high biomass production was achieved in this study, demonstrating that
the method proposed was effective compared to other works in the literature.

Table 10. Comparison of Ganoderma lucidum optimization using SmF with the previous studies.

Ganoderma
lucidum
Strains

Optimization
Method

Cultivation
Mode

Cultivation
Method

Total Prep.
Time (Days)

Initial
pH

Glucose
Concentration

(g/L)

Agitation
(rpm)

EPS
(g/L)

ENS
(g/L)

Biomass
(g/L) References

Ganoderma
lucidum

QRS 5120

Response
surface

methodology

Shake
Flask

Repeated-
batch

fermenta-
tion

5 (up to 6
cycles) 4 26.5 100 4.34 2.44 34.31 Current

study

Ganoderma
lucidum

QRS 5120

Response
surface

methodology

Shake
Flask

Batch fer-
mentation 10 4 26.5 100 2.64 1.52 5.19 [21]

Ganoderma
lucidum
CCRC
36124

Taguchi’s
orthogonal

array

Shake
Flask

Batch fer-
mentation 7 6.5 12.1 160 0.420 NA a 18.70 [43]

Ganoderma
lucidum

CAU 5501

Orthogonal
matrix

Shake
Flask

Batch fer-
mentation 4 - 50 150 1.723 NA a 7.235 [44]

a NA, Not Available.

4.5.2. Comparison of Ganoderma Lipid Profile

Lipids from Ganoderma lucidum were extracted with hexane as the extraction solvent
using a Soxhlet apparatus based on a modified method [45]. Supernatants produced from
the extract centrifugation for 20 min at 1500 rpm were then filtered and dried (sodium
sulphate anhydrous). Therefore, using a rotary evaporator, supernatants were concentrated
at 30 ◦C under a vacuum and the weight was recorded. Lipid profiling was analysed in
accordance with ASTM E2881 [46].

The fatty acids in GMBLs primarily comprised 66.1 wt% oleic acids (C18:1), 16.2 wt%
palmitic acid (C16:0) and 13.2 wt% linoleic acids (C18:2), as shown in Table 11. Therefore,
a total of 95.5 wt% fatty acids contents were accounted for from all three fatty acids. In
comparison, Ganoderma austral and Ganoderma applanatum mainly consisted of 49.5 wt%
and 58.2 wt% linoleic acids (C18;2), respectively [47,48]. In this study, lipids produced
from G. lucidum contained the highest saturated fatty acid, including palmitic acid (16:0)
compared with lipids from G. austral and G. applanatum. According to Lin and Chiu [49],
high saturated fatty acids cause a slow deterioration rate of lipids due to their high oxidative
and thermal stability. Therefore, they are beneficial for long-term storage or surrounding
high temperatures as they can delay the fuel degradation process.
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Table 11. Comparison of Ganoderma lipid profile with previous studies.

Fatty Acid Structure Ganoderma
lucidum (wt%)

Ganoderma
austral (wt%)

Ganoderma
applanatum

(wt%)

Palmitic 16:0 16.2 10.7 10.2
Palmitoleic 16:1 2.2 1.9 2.0

Stearic 18:0 2.3 2.7 2.5
Oleic 18:1 66.1 30 15.5

Linoleic 18:2 13.2 49.5 58.2

References This study [47] [48]

4.6. Biodiesel Properties of Ganoderma lucidum FAME

A comparison of biodiesel properties between GLFAMEs and international standards
is shown in Table 12 [46]. Generally, GLFAMEs fulfilled the most necessary biodiesel
properties according to the standard. By referring to the standards of the US (ASTM D6751-
08) and the EU (EN 14214), our study found that GLFAMEs fell within the range including
the ignition point (153.5 ◦C), kinematic viscosity (3.8 mm2/s), water content (345 mg/kg),
total glycerol content (0.15%), ester content (97.5%), iodine value (112 g(I2)/100 g) and acid
number (0.38 mg(KOH)/g). However, the oxidation stability was low (6 h) and this may
be due to the 81.5% unsaturated fatty acids in G. lucidum oil which is considered to be
high. This property does not satisfy the EU standard that requires more than 8 h of oxygen
stability. However, it still passes the EU standard compliance countries, which is the US
standard (>3 h), therefore the addition of antioxidants to GLFAMEs for longer storage
capacity is recommended. On the other hand, the positive outcome of highly unsaturated
fatty acids content in GLFAMEs could be seen from its expected excellent performance
at low temperatures, represented by the good values of pour point (−3.0 ◦C), cold filter
plugging points (−2.0 ◦C) and cloud point (−1.0 ◦C).

Table 12. FAME Properties of Ganoderma lucidum methyl esters in comparison with
international guidelines a.

Properties Method Unit GLME (Biodiesel) US (ASTM D6751-08) EU (EN 14214)

Kinematic
viscosity (40 ◦C) ASTM D445 mm2/s 3.8 1.9–6.0 3.5–5.0

Carbon residue ASTM D4530 wt% 0.10 ≤0.05 <0.30
Pour point ASTM D2500 ◦C −3.0 - -
Cold filter

plugging point ASTM D6371 ◦C −2.0 - -

Ignition point ASTM D93 ◦C 153.5 ≥130 >101
Cloud point ASTM D6749 ◦C −1.0 - -
Oxidation
stability EN 14112 h 6 - 8

Ester content EN 14103 wt% 97.5 - >96.5
Monoglyceride EN 14105 wt% 0.05 - <0.80

Diglyceride EN 14105 wt% 0.03 - <0.20
Triglyceride EN 14105 wt% n.d. b - <0.20

Total glycerol content EN 14105 wt% 0.15 <0.24 <0.25
Water content EN ISO12937 mg/kg 345 <500 <500
Acid number EN 14104 mg(KOH)/g 0.38 <0.50 <0.50
Iodine value EN 14111 g(I2)/100 g 112 - <120

a CEN (2019); ASTM (2008). b n.d., not detectable.

5. Conclusions

The implementation of CCD RSM to optimise EPS–ENS–biomass production from
Ganoderma lucidum strain QRS 5120 was verified using SmF. The maximum production
of EPS (4.34 g/L−1), ENS (2.44 g/L−1) and mycelial biomass (34.31 g/L−1) was achieved
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under the optimised conditions of a 75% BRR, with day 13 and day 11 at 60% and 90%,
respectively. All EPS, ENS and mycelial biomasses were accomplished within up to six
cycles in a RBF strategy, as shown by continuous growth in the sixth cycle. Nevertheless,
the RBF strategy offered high productivity of EPS, ENS and biomass, and reduced the
fermentation period. Meanwhile, the total amount of GMBLs obtained from all three
extraction methods was low. The SVE (20.36%) and SXE (18.8%) techniques extracted
a higher amount of GMBL compared with the UAE method (7.5%). In SVE, the GMBL
yield was enhanced as the amount of hexane (100–200 mL) and extraction time (1–3 h)
increased. To maximise the lipid yield, the shortest time (3 h) and lowest volume of hexane
solvent (200 mL) were needed in SVE. Among the extraction techniques used, SVE could be
suggested as an effective extraction strategy to acquire lipids, as it requires a short extraction
period with a moderately low solvent volume. The findings of this study will enhance the
production of Ganoderma lucidum strain QRS 5120 and the capability to produce lipids as a
new biodiesel feedstock. Therefore, the present study may be extended to different kinds
of fungal fermentation for the effective production of EPS, ENS and biomass, and is ideal
for the process of upscaling, allowing it to be introduced on an industrial scale to meet
market demands. However, future research work should focus on other novel extraction
techniques the optimisation of the extraction parameters in improving the lipid yield from
G. lucidum mycelial biomass.
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