Frontiers in Water and Environment 4, Issue 1 (2024) 1-14

! | Frontiers in Water and Environment

www.akademiabaru.com/submit/index.php/fwe

FRONTIERS IN
WATER AND
ENVIRONMENT

Journal homepage:

ISSN: 2785-9029

Production of Sustainable Bioplastic Derived from Renewable
Lignocellulosic Agricultural Biomass: A Comprehensive Review

Muhammad Asif>*, Mohammad Siddique?, Azhar Abass?, Abdulhalim Musa Abubakar?®, Musa
Askira Abubakar*, Gaurav Kumar Pandit>, Minza Igunda Selele®

Sindh, Pakistan

Department of Energy and Environment Engineering, Faculty of Agricultural Engineering, Sindh Agriculture University, Tando Jam, Hyderabad,

2 Department of Chemical Engineering, Balochistan University of Information Technology Engineering & Management Sciences (BUITEMS),

Quetta, Balochistan, Pakistan

3 Department of Chemical Engineering, Muhammad Nawaz Sharif (MNS) University of Engineering and Technology (UET), Multan, Punjab,

Pakistan

4 Department of Chemical Engineering, Faculty of Engineering, Modibbo Adama University, PMB 2076, Yola, Adamawa State, Nigeria
5 Department of Botany, Patna University, Patna, India
6  Department of Environmental Science and Technology, School of Engineering and Environmental Studies, Ardhi University, P.O. Box 35176

Dar es Salaam, Tanzania

ARTICLE INFO

ABSTRACT

Article history:

Received 3 July 2024

Received in revised form 17 July 2024
Accepted 8 August 2024

Available online 30 September 2024

Keywords:

Lignocellulose; Bioplastics;
Nanocellulose; Biodegradable polymers;
Cellulose; Biomaterials

Environmental pollution is increasing due to plastic materials which may find their
way into our food. Now, lignocellulose materials offer enormous potential for use in
the production of eco-friendly bioplastics and decreasing the environmental impact
of fossil fuels. These raw materials can be used to separate lignin and cellulose.
Research on bioplastics, derived from biological sources is currently gaining attention
for greener environment. Through surface alterations and other chemical
derivatizations, several materials are readily adaptable to the production of diverse
bioplastics. Polyhydroxyalkanoates, bio-polyethylene, polyurethanes, and nano
cellulosic bioplastics are examples of common bio-based polymers produced from
lignin or cellulose. The current review covers lignocellulose compositions, bioplastic
manufacturing methods, and applications in a range of industries. Bioplastics made
from lignocellulose will become a useful material in a variety of industries in no
distant time. On the hand, bio composites from food sources are currently being
recognized and researched.

1. Introduction

A significant amount of toxins have been produced by the extensive use of plastic products and
are typically disposed of in landfills when environmental deterioration is ongoing and adversely
affects natural resources as well as human health [1]. Due to the damage that plastics made from
petroleum cause to the environment and the depletion of fossil fuel supplies, there is an increasing
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interest in encouraging the development of bioplastics. In comparison to plastics made from
petroleum, bioplastics have a number of benefits, such as lower greenhouse gas emissions, quicker
biodegradation, and the use of sustainable materials [2]. These kinds of materials are desirable
inventions for environmental sustainability since they can be utilized to conserve natural resources.
They are created utilizing renewable biomass feedstock, like lignocellulose, proteins, and
biopolymers; vegetable oil; maize and pea starch; and so on. Lignocellulose feedstock is the most
prevalent and non-edible biomass among them. Large amounts of lignocellulosic waste are produced
daily by farming, food processing, the alcohol and timber industries, and the manufacturing of sugar
[3]. They are often disposed of in an unregulated way. Numerous issues with safety, health,
aesthetics, and the environment are brought on by their accumulation. Reusing these lignocellulosic
wastes is the best and most practical way to address such problems [4]. These agricultural wastes
can be used for a variety of purposes, including increasing soil fertility, producing paper, and
supplying conventional fuels. Only a small part of the wastes is used for these functions, though. It is
preferable to utilize this lignocellulosic biomass to create sustainable products using environmentally
friendly practices.

Waste lignocellulosic materials hold great promise for the production of a number of useful goods
[5]. Due to its chemical and morphological characteristics, as well as the fact that it is renewable,
researchers are interested in employing it as an alternative feedstock for producing a range of
important products. Due to its distinctive qualities, including biodegradability, biocompatibility,
environmental friendliness, and low cost, biomaterials have recently attracted a lot of attention in a
variety of disciplines. However, investigation from 2015-2024 in Figure 1 shows that research on the
conversion of lignocellulose to bioplastic as few, as evidenced in Google Scholar.
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Fig. 1. A decade old study of lignocellulosic production of
bioplastic in Google Scholar indexing platform

Bioplastics have been developed as a result of several scientific investigations into the potential
uses of lignocellulose waste conducted throughout the world [6,7]. Though the ecological and
financially viable use of lignocellulose wastes for bioplastics have been confirmed. This review hence,
provides an overview of the lignocellulose composition, sources, and numerous methods for
producing bioplastics, as well as its prospects for the future.
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2. Methodology

Cellulose and lignocellulose are crucial materials in the realm of bioplastic production, each
presenting distinct advantages and challenges. Cellulose in Figure 2, a linear polysaccharide found
abundantly in plant cell walls, offers good mechanical strength, high crystallinity, and
biodegradability, making it a favorable candidate for bioplastics. It can be sourced from a variety of
renewable biomass such as wood pulp, cotton, and agricultural residues. However, to enhance its
processability and mechanical properties for bioplastic applications, cellulose often requires chemical
modification, such as esterification. In contrast, lignocellulose encompasses a more complex
structure comprising cellulose, hemicellulose, and lignin. While lignocellulose provides additional
toughness and resilience due to the presence of lignin, it necessitates more intricate processing to
separate and utilize its components effectively.
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Fig. 2. Cellulose structure

This process involves breaking down the complex structure of woody biomass or agricultural
residues into cellulose, hemicellulose, and lignin, with cellulose then typically undergoing further
modification for bioplastic production. Despite these challenges, lignocellulose offers the advantage
of utilizing abundant agricultural and forestry residues that would otherwise go to waste,
contributing to the sustainability of bioplastic manufacturing. Both cellulose and lignocellulose play
crucial roles in advancing bioplastic technologies, offering unique properties and contributing to the
goal of developing environmentally friendly alternatives to conventional plastics. Extracting
lignocellulose involves various methods depending on the source material and desired outcomes, as
shown in Table 1.

Table 1
Method of extracting Lignocellulose
S/No. Method Description
1. Steam Explosion Biomass is treated with high-pressure steam and then rapidly decompressed,
disrupting lignocellulosic structure and facilitating enzymatic hydrolysis.
2. Acid Hydrolysis Biomass is treated with acids (e.g., sulfuric acid) to hydrolyze hemicellulose into
sugars, leaving cellulose and lignin intact.
3. Alkaline Hydrolysis Biomass is treated with alkaline solutions (e.g., sodium hydroxide) to remove lignin
and hemicellulose, leaving purified cellulose.
4, Organosolv Biomass is treated with organic solvents (e.g., ethanol, acetone) under acidic or
Fractionation alkaline conditions to dissolve lignin and hemicellulose, leaving cellulose as a solid
residue.
5. lonic Liquid Biomass is treated with ionic liquids (molten salts) to dissolve lignin and disrupt the
Pretreatment lignocellulosic structure, facilitating subsequent processing.
6. Mechanical Biomass is mechanically processed (e.g., milling, grinding) to reduce particle size
Methods and facilitate chemical or enzymatic treatment for lignocellulose extraction.




Frontiers in Water and Environment
Volume 4, Issue 1 (2024) 1-14

These methods are often combined or tailored to specific biomass types and desired end
products, such as cellulose for bioplastic production or sugars for biofuel production.

3. Availability of Lignocellulose Feedstock for Bioplastics Production

Bioplastics are beginning to replace fossil fuel-based plastics in order to decrease their
detrimental effects on both human health and the environment. Innovative processes have been
developed to transform lignocellulose-derived biomass into industrial-scale goods for a number of
industries, including bioplastics, fuels, lubricants, drugs, solvents, surfactants, cosmetics,
nutraceuticals and animal feed [8]. The environmental problems connected to the current
petroleum-based polymers have significantly enhanced the need to develop bio-based and
environmentally acceptable polymer systems over the past several years [9]. It is important because
the long-term sustainability of the bio-based sector depends on the development of high-
performance bio-based and renewable materials. Conventional biotechnological approaches to
converting biomass to produce industrially significant polymers have only partially succeeded. This
shows that complex networks must function together in order for biomass conversions to be
successful. According to a research by Jung et al. (2020), cone stover and other organic wastes can
greatly reduce the cost of making bioplastics from lignocellulosic feedstocks. Due to difficulties like
high production costs, employing lignocellulosic waste to manufacture bioplastics emphasizes the
need for technological advancements and innovations in the industry. It may lead to the
development of novel strategies for redesigning biosynthetic pathways for biomass conversion
synergistic behavior, and ultimately, inexpensive and effective ways to convert biomass into usable
products like biopolymers. This is due to the fact that it is an interdisciplinary topic of research that
is an excellent combination of engineering and living science [11].

4. Lignocellulosic Material

Lignin and holocellulose are components of lignocellulosic biomass. Holocellulose is the term for
cellulose and hemicellulose together, such as small amounts of protein pectin as well as extractives.
Lignocellulose consists of cellulose, hemicellulose, and lignin, providing structural integrity to plant
cell walls and requiring complex processing for bioplastic production. Hemicellulose, a branched
polysaccharide with diverse sugar units, offers potential as a source of sugars or as a component in
bioplastic formulations due to its solubility and adhesive properties. The majority of lignocellulosic
biomass is made up of the carbohydrate polymers cellulose (40-50%), hemicellulose (20-30%), and
lignin (10-25%) contents. In Figure 3, the chemical composition of lignocellulosic biomass is shown
schematically [12]. Due to cellulose crystallinity, lignin hydrophobicity, and lignin hemicellulose
matrix encapsulations of cellulose, lignocellulose has evolved to be resistant to breakdown. There
are several connections between cellulose, lignin, and hemicelluloses. The primary non-carbohydrate
component of lignocellulose is the three-dimensional polymer of phenyl propanoid units known as
lignin (CoH1002(OCHs)n) [13]. One of the many useful polyphenolic amorphous polymers is lignin,
which is composed of three p-hydroxyphenyl groups that are o-methoxylated on propanoid bases
(such as p-coumaryl, sinapyl alcohol, and coniferyl). P-hydroxyphenyl, guaiacol, and syringyl are the
names of the similar monomeric phenylpropanoid units in the lignin polymer [14]. The primary non-
carbohydrate component of lignocellulose is lignin, a phenyl propanoic-based polymer in three
dimensions. Lignin, which is made up of three p-hydroxyphenyl groups that are o-methoxylated on
propanoid bases, including p-coumaric, sinapyl alcohol, and coniferyl, is one of many important
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polyphenolic amorphous polymers. The units of p-hydroxyphenyl, guaiacyl, and syringyl, respectively,
are designated as similar monomeric phenylpropanoid units in the lignin polymer [15].
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Fig. 3. Primary chemical makeup and structure of lighocellulose biomass [16]

Carbon-carbon bonds and aryl ether bonds bind different monomer units together. Due to the
abundance of polar groups and hydroxyls, which create strong hydrogen bonds, lignin is insoluble in
the majority of solvents. It is a glassy transfer polymer that is amorphous. Hemicellulose (CsHgOs)n is
the second most common polymer. Xylan, galactomannan, glucuronoxylan, arabinoxylan, xyloglucan,
and glucomannan are among the polysaccharides combined in this [4]. Hemicellulose lacks a
crystalline structure, has a branching structure, is poor in polymerization, and contains the acetyl
group, making it easier to degrade in the presence of heat and chemicals. There are numerous
hemicellulose subclasses, including arabinoxylans, galactoglucomannans, linear mannans,
glucuronoxylans, galactomannans, glucomannans, xyloglucans, and h-glucans. The content of
hemicellulose varies by plant species. Hemicellulose can dissolve in both alkali and acidic solutions
[17]. The cellulose-hemicellulose-lignin network becomes stiffer as a result of hemicellulose's role as
a connection between lignin and cellulose. It serves as a physical barrier that restricts cellulase's
ability to access cellulose. As a result, the synthesis of cellulose units was made simple by the removal
of hemicellulose utilizing various pretreatments. Yang et al., [18] claim that hemicellulose produces
acetyl groups through ester bonds, which function as a catalyst for the breakdown of lignocellulose.
This process causes the hemicellulose to be completely removed, hastening the conversion. Cellulose
(CeH1006)n, a linear syndiotactical glucose polymer coupled by f-1,4-glycosidic linkages, is the main
component of lignocellulosic feedstock [19]. Due to its stereoregularity, hydrophobicity [20], and
biocompatibility, it is the most frequently used polymer on the planet. Its distinctive polymer chains
are strong and forceful, with a crystalline structure. Each cellulose glucosylic ring contains two
hydroxyl secondary groups and one primary hydroxyl unit [21]. As a result, cellulose is capable of a
variety of hydroxyl-based chemical reactions. The ability of these hydroxyl groups to establish
hydrogen bonds with other molecules has a significant impact on the structure and reactivity of
cellulose. Interchain hydrogen bonds in cellulose microfibrils regulate the crystalline or amorphous
nature of the cellulose framework, while intrachain hydrogen bonds in cellulose micro fibrils preserve
the chain's straightness. In most common solvents, including water, cellulose fiber does not dissolve
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due to strong contact forces [22]. In addition to these three primary components, lignocellulose also
contains protein, trace amounts of pectin [23], and extractives such as waxes made from
nonstructural sugars and chlorophyll. The properties of fermentation and enzymatic saccharification
will be partially inhibited by colors. There are also trace amounts of many metals, alkaloids, and
polyphenols [24].

5. Lignocellulose Sources

The term "lignocellulose feedstock" refers to the dry plant material that makes up a sizable
component of the biomass present on the surface of the earth. The three main types of lighocellulose
biomass are waste biomass, energy crops, and virgin biomass. Wood is a major source of
lignocellulose. Among the sources of lignocellulose biomass are the waste products produced by
natural forests, sawdust from sawmills, mulch, dead tree limbs, and swiftly expanding, transient
forests. Forests contain two different types of wood: hardwood and softwood. Softwoods are made
from gymnosperms. These trees have a faster rate of growth than hardwoods and have a lower
density. Angiosperms are woody plants [25]. This feedstock is preferable to employing seasonal
plants since it can be grown all year round, which allays concerns about long-term storage and ash
production. When compared to herbaceous biomass as a feedstock, this provides a number of
advantages in terms of production, processing, storage, and transportation. Non-wood sources are a
good option since they are readily available, develop quickly, are inexpensive, are simpler to process,
and require little time for growth [25]. Agricultural wastes, non-wood, and native plant fibers are the
three categories under which popular lignocellulose non-wood biomass is grouped. Herbaceous
crops are a term used to describe native plants. Comparing perennial grasses to other annual crops,
perennial grasses are simpler to cultivate, harvest, and process. They have also garnered a lot of
interest as active biomass feedstock since they produce more lignocellulose than typical tree species.
A substantial source of biomass made of lignocellulose other than wood is agricultural waste [26].
Given that agricultural wastes are primarily eliminated during plant processing, using them to make
bioethanol would be beneficial in any discussion regarding the use of agricultural land for both food
production and energy production.

Non-wood biomass containing lignocellulose is extensively utilized as fillers, absorbents, and in
the paper industry. Waste products created by civilization pose a range of risks to people's health,
safety, and environment. However, lignocellulose found in municipal and commercial solid waste can
be converted into biofuel. Food and kitchen waste, garden waste, paper and cardboard garbage, and
other unrelated leftovers make up the majority of municipal solid waste [27]. They contain
considerable amounts of biomass from plants, including lignocellulose, in the organic part, which has
the potential to be turned into useful goods and can mitigate the negative impacts it causes. As a
more affordable and plentiful raw substrate for lignocellulose biomass, marine algal sources can be
used. There are several opportunities for genetically altering various algae to create new bio-based
goods [28]. Algal biomass is not particularly suited to food production, unlike maize and sugarcane,
and it doesn't need agricultural land or freshwater irrigation. Additionally, the huge amounts of CO>
that marine algae absorb throughout their growth help to slow down global warming. This algae-
based feedstock might be a practical and reachable source of third-generation energy. In addition, it
can be used as a raw material to make crude oils, bioplastics, and aviation fuel [29]. Table 2 [29,30]
displays the main sources and compositions of lignocellulose feedstock.
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Table 2

Various Lignocellulose biomass sources and their essential elements

Type % Lignin % Hemicellulose % Cellulose References
Cherry wood 18 29 46 (4]
Corncob 15 32 52 [5]
Corn Stover 14.4 30.7 51.2 (4]
Sunflower shell 17 34.6 48.4 [6]
Almond shell 27.5 27.9 48.6 [7]
Wheat straw 17.5 38.2 27.4 (4]
Beech wood 20.7 30.6 44.5 (4]
Spruce wood 26.7 20.2 48.2 [5]
Hazelnut shell 41.3 28 24.2 [8]
Wood bark 42.6 28 23 [9]
Olive husk 47 23 23 [10]
Walnut shell 51 22 25 (4]
Corn leaves 15 13 26 (4]
Wheat bran 8-11 34-38 12-16 [11]
Rice husk 24-30 17-20 36-44 [12]
Rice straw 16-18 22-24 28-33 [13]
Sunflower stalk 13 18 34 (4]
Willow 20 22 36 [4]

6. Production of Bioplastics from Lignocellulose Feedstock

Although the markets for bioplastics are expanding steadily, they still only account for two
percentage points of the total plastic market. It is crucial to combine biomass with other
environmentally friendly elements to make profitable goods made from biomass technically,
economically, and environmentally viable [20,32]. Lignocellulose biomasses are heterogeneous,
complicated, and vary depending on the source, as was covered in earlier sections [33]. Bioplastics
made from biomass materials are produced using a variety of techniques, including pretreatment,
saccharification, liquid detoxification, fermentation, purification, and bio composite creation.
Lignocellulose biomasses are heterogeneous, complicated, and vary depending on the source, as was
covered in earlier sections. Bioplastics made from biomass materials are produced using a variety of
techniques, including pretreatment, scarification, liquid detoxification, fermentation, purification,
and bio composite creation [34]. Two separate conversion pathways, namely the lignin and cellulose
pathways, are used in the creation of bioplastics from lignocellulose biomass. Figure 4 shows a
schematic illustration of the primary two bioplastic manufacturing pathways. Three primary factors
should be taken into account in order to produce bioplastics from lignocellulose materials in an
economically viable and sustainable manner: namely, establishing a business model within a
framework for the bio economy, addressing political and environmental challenges that affect the
production of bioplastics, and following a novel approach. For lignin pretreatments, combining
analytical chemistry, computer modelling, and genetic engineering will result in efficient lignin
depolymerization and conversion [35].
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Fig. 4. Lignocellulose biomass-based materials [35]
6.1 Bioplastics

The names thermoplastics and thermosets refer to resins that, when heated, polymerize and
create cross-linked chains to create thermosets that can be molded and plastic compounds that can
be melt-molded (thermoplastics). Polyethylene terephthalate (PET), polycarbonate, and polyolefins
(PE, PP) are a few thermoplastics made from petrochemical feedstock. Common thermosets include
polyurethane (PUR) and phenol formaldehyde resin (PF) [36]. As discussed in the current review,
biobased components can be used to upgrade or replace the aforementioned polymers. Some of the
most common types of bio-based plastics are polylactic acid (PLA) [37], thermoplastic starch,
cellulose (including cellulose acetate and cellulose xanthate/cellophane), and first-generation
biodegradable bioplastics. Even though it is expanding, the market for bioplastics still only accounts
for a small portion of the overall plastics business [38]. In 2014, the capacity for bioplastic
manufacturing worldwide was about 1.7 million tonnes. While the global market for thermoplastics
reached over 215 million tonnes in 2012, thermoset plastic production exceeded 30 million tonnes
[39]. Various production pathways can be used to describe the evolution of bioplastics. The most
well-known ones for bioplastics made from forestry biomass are depicted in Figure 5.
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6.2 Environmental Benefits of Some Bioplastics

Wood-based feedstock has a huge advantage over fossil-based feedstock because of their
noticeably shorter carbon cycles, which lead to a balance between atmospheric carbon (carbon
dioxide) and carbon bonded in organic material. Available cradle-to-grave studies in OECD (2013)
show that, several bioplastics (e.g., PLA, BioPP, and BioPE) have lower greenhouse gas (GHG)
emissions than polymers derived from fossil fuels [42]. The cradle-to-grave results did however,
indicate that using bio-based products could reduce GHG emissions, although the findings were not
conclusive [41]. Utilizing renewable resources is one way to lessen a material's environmental impact.
In polyurethane polymers, for instance, polyols generated from plant oils are used commercially to
replace polyols made from fossil fuels. A further problem is that bio based polymers (such as polyols
formed from vegetable oils) may change how land is used, which could jeopardize the safety of food
production [43]. Given that wood may be cultivated in locations that are unsuitable for growing food,
the usage of polymers from wood, such as lignin-based polyols, can be a bio-based substitute that
does not compete with food production. The type of use for the bioplastic influences the choice of
waste treatment. Bio-based products may be used in durable applications, such as building supplies
[44]. Consequently, the lifespan of plastics may be advantageous if the application's main goal is to
reduce GHG emissions and the end-of-life option is energy recovery during burning or recycling.
Biodegradable polymers, including PLA and PHA, may be appropriate for use in short-term
applications like packaging and food disposal. This assertion must be taken with caution, though, as
certain research has indicated that this is not always the case [45]. An environmentally friendly way
to treat garbage is by biodegradation. The degradation process carried out by naturally occurring
microorganisms in nature is referred to as "biodegradation." Microorganisms produce CO; and water
when the environment is aerobic, whereas methane is created when the environment is anaerobic.
Unluckily, the word "biodegradable" is utilized indiscriminately when referring to bioplastics Figure
6, and not just in the contexts where it would be appropriate [46]. Remains of plastic, such as those
with a high surface area, may pollute the water supply and other elements of the ecosystem.
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Significant volumes of plastic waste pollute marine areas, which is a huge environmental problem

[47].
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Fig. 6. The distinction between biodegradation and degradation/fragmentation [47]

6.3 Major Bioplastics Made of Monomers

t\'@‘}

PHA, BioPE, and PLA are the three monomer-based bioplastics that are now offered for sale
(which are all made, for example, from maize by NatureWorks™). The raw materials derived from
forests can be used to make the monomers needed to make PLA, PE, and PHA Pretreatment is
necessary to separate the polysaccharides from other wood constituents when using wood-based
lignocellulose in manufacturing processes that call for monomeric sugar; however, maize and
sugarcane have an advantage over it because their sugars are easier to extract from plants and have
a lower degree of polymerization [48]. There are application and prospects for the bioplastics and
biopolymer shown in Figure 7. In addition, as previously mentioned, conversion procedures are
needed to break down the polysaccharides into monomeric sugar. It is difficult to carry out the
degradation without also generating substances that have a deterrent impact on the microbes

utilized in later process steps [49].
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6.4 Biomass Treatments for Bioplastics Production

Due to their complex and diverse structure and content, lignocellulose raw materials are difficult
to use to manufacture biochemical and bioplastics. Therefore, in order to assure the technological,
economic, and environmental viability of a given product [4], it is essential to combine the production
of that product from biomass with that of other components [50]. The technology and methods used
in bio refineries for the extraction and conversion of various products, the separation and purification
of the streams of intermediate compounds and end products, and their full integration into the
process as a whole are relevant to the topic at hand. These issues will be covered in the sections that
follow [51].

6.5 Separation Process of Forest Biomass

Depending on the sort of plant, forest biomass are softwoods, hardwoods, and/or gramineous
species. Lignocellulose materials can have a variety of compositions. Fortunately, the primary
elements are about 10-25% lignin, which is a complex volatile structure high in energy that is resistant
to biochemical transformation, 35-50% cellulose, which is a polymer of sugar, the most common form
of carbon on Earth, and 20-35% hemicelluloses, which are primarily composed of xylose, the second-
most abundant sugar in the environment [52]. Similar to hardwoods, agricultural residues'
lignocellulosic materials have a cellulose content of 41-52%, a hemicellulose content of 25-27%, a
lignin content of 18-25%, and an additional 0.5-10% of extractives and inorganics [53].

7. Conclusion and Future Outlooks

Lignocellulosic raw materials are a viable resource, notably in the creation of bioplastics, due to
their vast availability, range of surface changes, and usable mechanical characteristics of derived
materials. The origin and methods used for isolating certain biomaterials, such as lactate, alkanoates,
acids, or cellulose, define the precise properties and functionality of the finished goods. This review
gives readers a better understanding of the numerous lignocellulose raw material sources,
production processes, and forms of bioplastics. The optimal technique to generate a certain
bioplastic depends on the kinds of biomass feedstock that are accessible, the yield costs of the raw
materials, the recovery costs, and the infrastructure that is in place, making it difficult to pinpoint a
precise manufacturing path. These factors may also influence which specific bioplastic should be
developed. Green chemistry makes an effort to develop toxic-free industrial processes with lessen
reaction conditions, boosted yields, and a means to salvage enzymes used. Lignocellulose has the
potential to be a biomass that is utilized in large quantities to produce a number of valuable goods
with a variety of uses.

Acknowledgement
Research Laboratory of Coal and Resource at MUET are acknowledged by the authors.

References

[1] Brodin, Malin, Maria Vallejos, Mihaela Tanase Opedal, Maria Cristina Area, and Gary Chinga-Carrasco.
"Lignocellulosics as sustainable resources for production of bioplastics—A review." Journal of Cleaner
Production 162 (2017): 646-664. https://doi.org/10.1016/].jclepro.2017.05.209

[2] Sidek, Izathul Shafina, Sarifah Fauziah Syed Draman, Siti Rozaimah Sheikh Abdullah, and Nornizar Anuar. "Current
development on bioplastics and its future prospects: an introductory review." INWASCON Technol. Mag 1 (2019):
3-8. https://doi.org/10.26480/itechmag.01.2019.03.08

11


https://doi.org/10.1016/j.jclepro.2017.05.209
https://doi.org/10.26480/itechmag.01.2019.03.08

Frontiers in Water and Environment
Volume 4, Issue 1 (2024) 1-14

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

Chen, Xi, and Ning Yan. "A brief overview of renewable plastics." Materials Today Sustainability 7 (2020): 100031.
https://doi.org/10.1016/j.mtsust.2019.100031

Reshmy, R., Deepa Thomas, Eapen Philip, Sherely A. Paul, Aravind Madhavan, Raveendran Sindhu, Ranjna Sirohi et
al. "Bioplastic production from renewable lignocellulosic feedstocks: a review." Reviews in Environmental Science
and Bio/Technology 20 (2021): 167-187. https://doi.org/10.1007/s11157-021-09565-1

Raj, Tirath, K. Chandrasekhar, A. Naresh Kumar, and Sang-Hyoun Kim. "Lignocellulosic biomass as renewable
feedstock for biodegradable and recyclable plastics production: A sustainable approach." Renewable and
Sustainable Energy Reviews 158 (2022): 112130. https://doi.org/10.1016/j.rser.2022.112130

Kawaguchi, Hideo, Kenji Takada, Taghreed Elkasaby, Radityo Pangestu, Masakazu Toyoshima, Prihardi Kahar, Chiaki
Ogino, Tatsuo Kaneko, and Akihiko Kondo. "Recent advances in lignocellulosic biomass white biotechnology for
bioplastics." Bioresource Technology 344 (2022): 126165. https://doi.org/10.1016/j.biortech.2021.126165

Zhao, Xianhui, Ying Wang, Xiaowen Chen, Xinbin Yu, Wei Li, Shuyang Zhang, Xianzhi Meng et al. "Sustainable
bioplastics derived from renewable natural resources for food packaging." Matter 6, no. 1 (2023): 97-127.
https://doi.org/10.1016/j.matt.2022.11.006

Singh, Narendra, Oladele A. Ogunseitan, Ming Hung Wong, and Yuanyuan Tang. "Sustainable materials alternative
to petrochemical plastics pollution: A review analysis." Sustainable horizons2 (2022): 100016.
https://doi.org/10.1016/j.horiz.2022.100016

Andhalkar, Vaibhav Vilas, Richard Ahorsu, Pablo Dominguez de Maria, James Winterburn, Francesc Medina, and
Magda Constanti. "Valorization of lignocellulose by producing polyhydroxyalkanoates under circular bioeconomy
premises: facts and challenges." ACS Sustainable Chemistry & Engineering 10, no. 50 (2022): 16459-16475.
https://doi.org/10.1021/acssuschemeng.2c04925

Jung, Hye-Rim, Tae-Rim Choi, Yeong Hoon Han, Ye-Lim Park, Jun Young Park, Hun-Suk Song, Soo-Yeon Yang et al.
"Production of blue-colored polyhydroxybutyrate (PHB) by one-pot production and coextraction of indigo and PHB
from recombinant Escherichia coli." Dyes and Pigments 173 (2020): 107889.
https://doi.org/10.1016/j.dyepig.2019.107889

Zuin, Vania G., Mateus L. Segatto, and Luize Z. Ramin. "Plants as resources for organic molecules: Facing the green
and sustainable future today." Current Opinion in Green and Sustainable Chemistry9 (2018): 1-7.
https://doi.org/10.1016/j.cogsc.2017.10.001

Coppola, Gerardo, Maria Teresa Gaudio, Catia Giovanna Lopresto, V. Calabro, S. Curcio, and S. Chakraborty.
"Bioplastic from renewable biomass: a facile solution for a greener environment." Earth Syst Environ 5 (2021): 231—
251. https://doi.org/10.1007/s41748-021-00208-7

Gutschmann, Bjorn, Boyang Huang, Lara Santolin, Isabel Thiele, Peter Neubauer, and Sebastian L. Riedel. "Native
feedstock options for the polyhydroxyalkanoate industry in Europe: A review." Microbiological Research 264
(2022): 127177. https://doi.org/10.1016/j.micres.2022.127177

Price, Shawn, Unnikrishnan Kuzhiumparambil, Mathieu Pernice, and Peter J. Ralph. "Cyanobacterial
polyhydroxybutyrate for sustainable bioplastic production: critical review and perspectives." Journal of
Environmental Chemical Engineering 8, no. 4 (2020): 104007. https://doi.org/10.1016/].jece.2020.104007

Bishop, George, David Styles, and Piet NL Lens. "Environmental performance comparison of bioplastics and
petrochemical plastics: A review of life cycle assessment (LCA) methodological decisions." Resources, Conservation
and Recycling 168 (2021): 105451. https://doi.org/10.1016/j.resconrec.2021.105451

Deng, Weiping, Yunchao Feng, Jie Fu, Haiwei Guo, Yong Guo, Buxing Han, Zhicheng Jiang et al. "Catalytic conversion
of lignocellulosic biomass into chemicals and fuels." Green Energy & Environment 8, no. 1 (2023): 10-114.
https://doi.org/10.1016/j.gee.2022.07.003

Moshood, Taofeeq D., Gusman Nawanir, Fatimah Mahmud, Fazeeda Mohamad, Mohd Hanafiah Ahmad, and Airin
Abdul Ghani. "Expanding policy for biodegradable plastic products and market dynamics of bio-based plastics:
challenges and opportunities." Sustainability 13, no. 11 (2021): 6170. https://doi.org/10.3390/su13116170

Yang, Zeguang, Liming Cao, Yan Li, Min Zhang, Fanyan Zeng, and Shuangquan Yao. "Effect of pH on hemicellulose
extraction and physicochemical characteristics of solids during hydrothermal pretreatment of
eucalyptus." BioResources 15, no. 3 (2020): 6627. https://doi.org/10.15376/biores.15.3.6627-6635

Nanda, Sonil, Biswa R. Patra, Ravi Patel, Jamie Bakos, and Ajay K. Dalai. "Innovations in applications and prospects
of bioplastics and biopolymers: a review." Environmental Chemistry Letters 20, no. 1 (2022): 379-395.
https://doi.org/10.1007/s10311-021-01334-4

Valladares-Diestra, Kim Kley, Luis Daniel Goyzueta-Mamani, Ddo Pedro de Carvalho Neto, Patricia Beatriz Gruening
de Mattos, and Carlos Ricardo Soccol. "Second-Generation Bioplastics from Lignocellulosic Materials." In Second
and Third Generation Bioplastics, pp. 29-42. CRC Press, 2024. https://doi.org/10.1201/9781003344018-3

12


https://doi.org/10.1016/j.mtsust.2019.100031
https://doi.org/10.1007/s11157-021-09565-1
https://doi.org/10.1016/j.rser.2022.112130
https://doi.org/10.1016/j.biortech.2021.126165
https://doi.org/10.1016/j.matt.2022.11.006
https://doi.org/10.1016/j.horiz.2022.100016
https://doi.org/10.1021/acssuschemeng.2c04925
https://doi.org/10.1016/j.dyepig.2019.107889
https://doi.org/10.1016/j.cogsc.2017.10.001
https://doi.org/10.1007/s41748-021-00208-7
https://doi.org/10.1016/j.micres.2022.127177
https://doi.org/10.1016/j.jece.2020.104007
https://doi.org/10.1016/j.resconrec.2021.105451
https://doi.org/10.1016/j.gee.2022.07.003
https://doi.org/10.3390/su13116170
https://doi.org/10.15376/biores.15.3.6627-6635
https://doi.org/10.1007/s10311-021-01334-4
https://doi.org/10.1201/9781003344018-3

Frontiers in Water and Environment
Volume 4, Issue 1 (2024) 1-14

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

Ebrahimian, Farinaz, Joeri FM Denayer, and Keikhosro Karimi. "Potato peel waste biorefinery for the sustainable
production of biofuels, bioplastics, and biosorbents." Bioresource technology 360 (2022): 127609.
https://doi.org/10.1016/j.biortech.2022.127609

Ali, Sameh Samir, Esraa A. Abdelkarim, Tamer Elsamahy, Rania Al-Tohamy, Fanghua Li, Michael Kornaros, Antonio
Zuorro, Daochen Zhu, and Jianzhong Sun. "Bioplastic production in terms of life cycle assessment: A state-of-the-
art review." Environmental science and ecotechnology 15 (2023): 100254.
https://doi.org/10.1016/j.ese.2023.100254

Gimba, Abdullahi SB, Abdu Zubairu, Abdulhalim M. Abubakar, Ayuba Salihu, and Petrus Nzerem. "Extraction of
Pectin from Waste Orange Peels: Influence of Particle Size and Acid Type." Extraction 9, no. 5 (2022).

Rosenboom, Jan-Georg, Robert Langer, and Giovanni Traverso. "Bioplastics for a circular economy." Nature
Reviews Materials 7, no. 2 (2022): 117-137. https://doi.org/10.1038/s41578-021-00407-8

Kong, Uwei, Nurul Fazita Mohammad Rawi, and Guan Seng Tay. "The potential applications of reinforced bioplastics
in various industries: A review." Polymers 15, no. 10 (2023): 2399. https://doi.org/10.3390/polym15102399
Nargotra, Parushi, Vishal Sharma, Yi-Chen Lee, Yung-Hsiang Tsai, Yung-Chuan Liu, Chwen-Jen Shieh, Mei-Ling Tsai,
Cheng-Di Dong, and Chia-Hung Kuo. "Microbial lignocellulolytic enzymes for the effective valorization of
lignocellulosic biomass: a review." Catalysts 13, no. 1 (2022): 83. https://doi.org/10.3390/catal13010083

Awasthi, Mukesh Kumar, Raveendran Sindhu, Ranjna Sirohi, Vinod Kumar, Vivek Ahluwalia, Parameswaran Binod,
Ankita Juneja et al. "Agricultural waste biorefinery development towards circular bioeconomy." Renewable and
sustainable energy reviews 158 (2022): 112122. https://doi.org/10.1016/j.rser.2022.112122

Visco, Annamaria, Cristina Scolaro, Manuela Facchin, Salim Brahimi, Hossem Belhamdi, Vanessa Gatto, and
Valentina Beghetto. "Agri-food wastes for bioplastics: European prospective on possible applications in their
second life for a circular economy." Polymers 14, no. 13 (2022): 2752. https://doi.org/10.3390/polym14132752
Deivayanai, V. C., P. R. Yaashikaa, P. Senthil Kumar, and Gayathri Rangasamy. "A comprehensive review on the
biological conversion of lignocellulosic biomass into hydrogen: Pretreatment strategy, technology advances and
perspectives." Bioresource Technology 365 (2022): 128166. https://doi.org/10.1016/j.biortech.2022.128166
Marzo-Gago, Cristina, Ana Belén Diaz, and Ana Blandino. "Sugar Beet Pulp as Raw Material for the Production of
Bioplastics." Fermentation 9, no. 7 (2023): 655. https://doi.org/10.3390/fermentation9070655

Nahak, B. K., S. Preetam, Deepa Sharma, S. K. Shukla, Mikael Syvajarvi, Dana-Cristina Toncu, and Ashutosh Tiwari.
"Advancements in net-zero pertinency of lignocellulosic biomass for climate neutral energy
production." Renewable and Sustainable Energy Reviews 161 (2022): 112393.
https://doi.org/10.1016/j.rser.2022.112393

Unni, Rekha, R. Reshmy, Aravind Madhavan, Parameswaran Binod, Ashok Pandey, Mukesh Kumar Awasthi, and
Raveendran Sindhu. "Cellulose-Based Bioplastics." In Second and Third Generation Bioplastics, pp. 57-68. CRC Press,
2024. https://doi.org/10.1201/9781003344018-5

Zhou, Ningning, WPD Wass Thilakarathna, Quan Sophia He, and HP Vasantha Rupasinghe. "A review:
depolymerization of lignin to generate high-value bio-products: opportunities, challenges, and
prospects." Frontiers in Energy Research 9 (2022): 758744. https://doi.org/10.3389/fenrg.2021.758744

Menezes, Fabricia F., Viviane M. Nascimento, Gustavo R. Gomes, George JM Rocha, Mathias Strauss, Tassia L.
Junqueira, and Carlos Driemeier. "Depolymerization of enzymatic hydrolysis lignin: Review of technologies and
opportunities for research." Fuel 342 (2023): 127796. https://doi.org/10.1016/].fuel.2023.127796

Cheng, Xi, Bruna Palma, Heng Zhao, Hongguang Zhang, Jiu Wang, Zhangxin Chen, and Jinguang Hu. "Photoreforming
for  Lignin  upgrading: a critical review." ChemSusChem 16, no. 23 (2023): e202300675.
https://doi.org/10.1002/cssc.202300675

Chettri, Dixita, Shadab Ahmed, Anoop Anand Malik, and Anil Kumar Verma. "Lignin depolymerization for its
valorization." BioEnergy Research 16, no. 3 (2023): 1264-1279. https://doi.org/10.1007/s12155-022-10561-8
Yeong, Martin Hii Chun, and Risky Ayu Kristanti. "Potential use of rise husk as filler in poly lactic acid bio-composite:
mechanical properties, morphology and biodegradability." Frontiers in Water and Environment 1, no. 1 (2023): 28-
34.

Velvizhi, G., K. Balakumar, Nagaraj P. Shetti, Ejaz Ahmad, Kamal Kishore Pant, and Tejraj M. Aminabhavi. "Integrated
biorefinery processes for conversion of lignocellulosic biomass to value added materials: Paving a path towards
circular economy." Bioresource technology 343 (2022): 126151. https://doi.org/10.1016/j.biortech.2021.126151
Balan, Venkatesh, Weihang Zhu, Harish Krishnamoorthy, Driss Benhaddou, Jake Mowrer, Hasan Husain, and Artin
Eskandari. "Challenges and opportunities in producing high-quality edible mushrooms from lignocellulosic biomass
in a small scale." Applied Microbiology and Biotechnology 106, no. 4 (2022): 1355-1374.
https://doi.org/10.1007/s00253-021-11749-2

13


https://doi.org/10.1016/j.biortech.2022.127609
https://doi.org/10.1016/j.ese.2023.100254
https://doi.org/10.1038/s41578-021-00407-8
https://doi.org/10.3390/polym15102399
https://doi.org/10.3390/catal13010083
https://doi.org/10.1016/j.rser.2022.112122
https://doi.org/10.3390/polym14132752
https://doi.org/10.1016/j.biortech.2022.128166
https://doi.org/10.3390/fermentation9070655
https://doi.org/10.1016/j.rser.2022.112393
https://doi.org/10.1201/9781003344018-5
https://doi.org/10.3389/fenrg.2021.758744
https://doi.org/10.1016/j.fuel.2023.127796
https://doi.org/10.1002/cssc.202300675
https://doi.org/10.1007/s12155-022-10561-8
https://doi.org/10.1016/j.biortech.2021.126151
https://doi.org/10.1007/s00253-021-11749-2

Frontiers in Water and Environment
Volume 4, Issue 1 (2024) 1-14

(40]

(41]
(42]

(43]

(44]

(45]

(46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

Malik, Kamran, Priyanka Sharma, Yulu Yang, Peng Zhang, Lihong Zhang, Xiaohong Xing, Jianwei Yue et al.
"Lignocellulosic biomass for bioethanol: Insight into the advanced pretreatment and fermentation
approaches." Industrial Crops and Products 188 (2022): 115569. https://doi.org/10.1016/].indcrop.2022.115569
OECD. "OECD legal instruments." Organisation for Economic Coperation and Development, 2013.

Yu, Yan, Jie Wu, Xueyong Ren, Anthony Lau, Hamid Rezaei, Masatsugu Takada, Xiaotao Bi, and Shahabbadine
Sokhansanj. "Steam explosion of lignocellulosic biomass for multiple advanced bioenergy processes: A
review." Renewable and Sustainable Energy Reviews 154 (2022): 111871.
https://doi.org/10.1016/j.rser.2021.111871

Woo, Wen Xuan, Jing Wen Tan, Jian Ping Tan, Abdullah Amru Indera Luthfi, Peer Mohamed Abdul, Shareena Fairuz
Abdul Manaf, and Swee Keong Yeap. "An insight into enzymatic immobilization techniques on the saccharification
of lignocellulosic biomass." Industrial & Engineering Chemistry Research 61, no. 30 (2022): 10603-10615.
https://doi.org/10.1021/acs.iecr.2c01154

Sadare, Olawumi O., Kelvin O. Yoro, Kapil Moothi, and Michael O. Daramola. "Lignocellulosic biomass-derived
nanocellulose crystals as fillers in membranes for water and wastewater treatment: a review." Membranes 12, no.
3(2022): 320. https://doi.org/10.3390/membranes12030320

Singhvi, Mamata, and Beom Soo Kim. "Green hydrogen production through consolidated bioprocessing of
lignocellulosic biomass using nanobiotechnology approach." Bioresource Technology 365 (2022): 128108.
https://doi.org/10.1016/j.biortech.2022.128108

Wang, Liang, Maria NP Olsen, Christophe Moni, Alba Dieguez-Alonso, José Maria de la Rosa, Marianne Stenrgd,
Xingang Liu, and Liangang Mao. "Comparison of properties of biochar produced from different types of
lignocellulosic biomass by slow pyrolysis at 600° C." Applications in Energy and Combustion Science 12 (2022):
100090. https://doi.org/10.1016/j.jaecs.2022.100090

lles, Alastair, and Abigail N. Martin. "Expanding bioplastics production: sustainable business innovation in the
chemical industry." Journal of Cleaner Production 45 (2013): 38-49. https://doi.org/10.1016/].iclepro.2012.05.008
Govil, Tanvi, Jia Wang, Dipayan Samanta, Aditi David, Abhilash Tripathi, Shailabh Rauniyar, David R. Salem, and
Rajesh K. Sani. "Lignocellulosic feedstock: A review of a sustainable platform for cleaner production of nature’s
plastics." Journal of Cleaner Production 270 (2020): 122521. https://doi.org/10.1016/j.jclepro.2020.122521
Bangar, Sneh Punia, William Scott Whiteside, Priyanka Kajla, and Milad Tavassoli. "Value addition of rice straw
cellulose fibers as a reinforcer in packaging applications." International Journal of Biological Macromolecules 243
(2023): 125320. https://doi.org/10.1016/j.ijbiomac.2023.125320

Guo, Shuaihua, Zhiwei Wang, Gaofeng Chen, Mengju Zhang, Tanglei Sun, Qun Wang, Zhimin Du et al. "Co-pyrolysis
characteristics of forestry and agricultural residues and waste plastics: thermal decomposition and products
distribution." Process Safety and Environmental Protection 177 (2023): 380-390.
https://doi.org/10.1016/j.psep.2023.06.084

Potnuri, Ramesh, Chinta Sankar Rao, Dadi Venkata Surya, Abhishankar Kumar, and Tanmay Basak. "Utilizing support
vector regression modeling to predict pyro product yields from microwave-assisted catalytic co-pyrolysis of
biomass and  waste plastics." Energy  Conversion and  Management 292  (2023):  117387.
https://doi.org/10.1016/j.enconman.2023.117387

Vieira de Freitas, Pedro Augusto. "Valorisation of rice straw by obtaining active compounds and cellulosic materials
for the development of biodegradable food packaging systems." PhD diss., Universitat Politécnica de Valéncia,
2023.

Pradhan, Dileswar, Amit K. Jaiswal, and Swarna Jaiswal. "Emerging technologies for the production of nanocellulose
from lignocellulosic biomass." Carbohydrate Polymers 285 (2022): 119258.
https://doi.org/10.1016/j.carbpol.2022.119258

14


https://doi.org/10.1016/j.indcrop.2022.115569
https://doi.org/10.1016/j.rser.2021.111871
https://doi.org/10.1021/acs.iecr.2c01154
https://doi.org/10.3390/membranes12030320
https://doi.org/10.1016/j.biortech.2022.128108
https://doi.org/10.1016/j.jaecs.2022.100090
https://doi.org/10.1016/j.jclepro.2012.05.008
https://doi.org/10.1016/j.jclepro.2020.122521
https://doi.org/10.1016/j.ijbiomac.2023.125320
https://doi.org/10.1016/j.psep.2023.06.084
https://doi.org/10.1016/j.enconman.2023.117387
https://doi.org/10.1016/j.carbpol.2022.119258

