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Abstract: Due to the rising worldwide demand for green chemicals, the bio-based polymer market
is anticipated to expand substantially in the future. The synthesis of functional polymers has been
a burgeoning area of research for decades. The primary driving force behind the development of
bio-based polymers has been their compostability and biodegradability, which are critical given
the public concern about waste. Significant advancements in the method for refining biomass raw
materials towards the creation of bio-based construction materials and products are driving this rise.
Bio-based polymers with this chemical structure are more flexible and adaptive, which allows them
to attain their intended characteristics and functionalities. In commercial applications and healthcare
and biotechnology, where completely manufactured, naturally occurring biomolecules are utilized
and such polymers have the greatest impact. At the same time, limitations in polymer architectural
control, biostability, and structural dynamics hinder the creation of biocompatible and functionally
varied polymers. From this standpoint, the importance of functional biosynthetic polymers in the
future years is highlighted, as well as new methods for addressing the aforementioned challenges.
The article comprehensively highlighted the current strategies, market dynamics, and research trends
of emerging Bio-Based Polymers. In addition, the most recent scientific breakthroughs in bio-based
polymers are discussed.

Keywords: polymers; biocompatible; biodegradable; compostable; sustainable; market dynamics;
research trends

1. Introduction

Polymeric materials derived from renewable resources have lately garnered more
attention as environmentally friendly and sustainable chemistry, demonstrating the variety
obtained through synthesis and semi-synthesis [1-3]. The principal source of greenhouse
gas emissions is the use of fossil fuels in various industrial operations. Concerns about the
increasing carbon footprint of major manufacturing facilities have prompted the industry to
switch from biosources to polymers, bringing the possibility of the phasing out of traditional
polymers closer to reality. In 1840, Hancock and Rudersdorf developed the first artificial
polymers by blending natural rubber with sulfur to create a strong and flexible material [4].
Major advancements in polymer chemistry facilitate the development of purely synthetic
or complex polymer materials. The two key advantages of bio-based polymers, according
to scientists, have yet to be acknowledged politically. The first advantage is the replacement
of fossil carbon in the process of production with renewable carbon from biomass, which
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is vital for a sustainable and climate-friendly plastics industry. The second benefit is that
biodegradable bio-based polymers account for approximately a quarter of all bio-based
polymers (depending on the environment). Corn, sugar cane, vegetable oils, soybeans,
and cellulose can all be used to produce this polymer. Plant-derived bio-based polymers,
also known as the next-generation polymers which have been used to reduce fossil fuel
usage and may be a solution for the issue of plastics uncollected and unprocessed in an
environment, and such polymers biodegrade without leaving microplastics behind [5,6].
Furthermore, owing to the extensive use of live and controllable polymerization techniques,
biocompatible synthetic materials have been reported as one of the most relevant and
fruitful disciplines of polymer chemistry in recent decades. Biosynthetic polymers are a
kind of material that is utilized in numerous applications, including new biomolecular
stabilizers, biosensors, therapeutic agents, biomedical adhesives, drug delivery, biomimetic
scaffolds, and vehicle antifouling materials [7]. Bio-based polymer branches are dynamic
and versatile, and they are in many stages of development, ranging from research to
preliminary market acceptance to application in long-term high-performance polymers
such as cellulose and nylon, which indicates market growth.

National policy, technology, raw material costs, competition (fossil fuels and biomass),
consumer acceptance, crude oil prices, and accessibility to clear and reliable market data are
all factors that influence the rate of expansion of bio-based polymer branches. This article
examines a variety of bio-based polymers, focusing on their characteristics, production
processes, and commercial uses. The review highlighted the composition and usage of
bio-based polymers including polylactic acid, polyhydroxyalkanoate, biopolyethylene, and
polysuccinic acid succinate. Furthermore, the process economics of conventional petroleum-
based polymers were compared, as well as the process economics of monomer and polymer
synthesis. Researchers working on the synthesis of conventionalpetroleum-derived raw
material-based and bio-based polymers may find this paper useful [8]. For example, we
described:

(1) Structural dynamics of polymer assemblies,
(2)  Architecture control of synthetic components, and
(3) Biostabilization (storage, release, and biotolerance) of therapeutic contents [9].

The authors also point out that the outcome of this review is quite beneficial for re-
searchers. As a result, the research focuses on the benefits of simple formulations for the
development of highly functional biosynthetic polymers, as well as current trends, break-
throughs, and potential applications. The merits of simple synthetic polymer formulations
include the potential challenges of using bio-based materials in a variety of applications, as
well as the solutions and key industry players that may help bring these materials to market.
The conclusion offers a predicted position on future growth in the area, which is contingent
on the ability to surpass sustainability limitations [10]. The review investigated market
conditions, growth rates, market share, market momentum, challenges and opportunities,
risk and entry barriers, sales channels, distributors, and future trends. In this context, our
creative efforts to go beyond what nature has mastered are showcased.

2. Biopolymer

Sources, variety, and characteristics of biopolymers are still increasing due to the rising
interest. Biopolymers are often divided into three categories: bio-based and biodegrad-
able, petroleum-based and biodegradable, and bio-based and non-biodegradable [1].
Traditional petroleum-based polymers, except for poly(e-caprolactone) (PCL), polybuty-
lene adipate terephthalate (PBAT), and poly(butylene succinate) (PBS), are typically non-
biodegradable [11,12].

2.1. Bio-Based Polymers

Bio-based polymers consists of at least one polymer generated from renewable sources
and are either biodegradable or non-biodegradable [12-14]. The starting component of a
bio-based polymer, for example, could be formed from corn or sugar cane, and the rest
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could be composed of carbon derived from fossil fuels. Bio-based polymers have a low
CO;, impact and are linked with the sustainability approach. Concerns about the depletion
of fossil fuels and global warming are related to the use of petrochemicals. Bio-based
polymers are further divided into natural and synthetic polymers. The entire plants and
animals are made out of polymers. The most widely used type of polymer is synthetic
polymer [15]. Polyethylene, PVC, and synthetic rubber are examples of synthetic polymers.
Plants, microbes, and animals all seem to be sources of renewable biomass. Bio-based
polymers can be made solely from sustainable biomass resources (such as cellulose) by
monomer biosynthesis followed by polymerization (PLA, etc.) or microbial production
(PHA, etc.) [16]. Alternatives to petroleum-based polycarbonates include bio-based polycar-
bonates and isosorbide polycarbonates, and certain bio-based polymers have recently been
produced commercially. Bisphenol A (BPA) monomers have been replaced by corn-based
isosorbide. Bio-based polybutylene succinate (PBS) resin made from bio-based succinic acid
and bio-based 1,4-butanediol can replace biodegradable petrochemical-based PBS (BDO).
Green polyethylene is commercialized via bio-based ethylene. In 109 product categories,
the United States Department of Agriculture (USDA) has established the minimum content
of bio-based components. To be certified as a bio-based material by the BIO preferred
program, the reference product must achieve the basic standards. According to the ASTM
D6866 standard, testing is necessary [17]. In addition to the BIO preferred label, which
itself is based on ASTM D6866 testing, there is a slew of alternative bio-based labels, such
as Vincotte’s OK bio-based. The composition of bio-based products may be assessed by
measuring the *C concentration, according to ASTM D6866-05 (2005). For disposable
tableware manufactured of or coated with plastic, the smallest proportion of bio-based
material is 72%. This is attributable to the fact that radiocarbon (}4C) from fossil-based
carbon depolymerization has a half-life of 5730 years. There is currently no equivalent ISO
standard test technique used to determine the bio-based content of materials.

2.2. Synthetic Bio-Based Polymer

Biosynthetic polymers, also known as synthetic bio-based polymers, are polymers
based on renewable materials that must be chemically processed into polymers. These are
materials that connect synthetic components to biopolymers or parts to generate realistic-
looking reproductions [18]. Biopolymers that have been synthetically modified, such
as functionalized hyaluronic acid derivatives, make up synthetic bio-based polymers or
proteins that have been tagged through cell instruction. In the first instance, site-specific
conjugation and subsequent purification are frequently problematic when reactive domains
(amine, thiol, hydroxyl, and carboxylic acid) are conservatively present as many copies
in biopolymers such as polysaccharides or proteins. Through various grafting processes,
other biosynthetic polymers are bimolecularly connected to synthetic polymers, allowing
for more exact control over sophisticated topologies, fictionalization, and dynamic function.
The main disadvantage of synthetic polymers is that they are by-products of petrochemicals
that are used for short-term purposes although they endure for a long time, resulting
in a slew of environmental issues such as soil erosion, water pollution, and toxic-gas
emissions [19,20].

Many traditional polymers can be produced using renewable resources. Corn starch,
for example, is hydrolyzed into fermentative raw ingredients for biological conversion to
lactic acid, which is then chemically processed into PLA [21]. Even if the source is renewable,
polymers produced in a chemical plant are not considered “natural”. The majority of
polymers presently in use are renewable bio-based polymers, which are produced from
non-sustainable petroleum resources. Synthetic plastic use is estimated to account for
7% of global fossil fuel consumption. People have been compelled to search for green
chemicals to create polymer materials from a range of natural resources due to the depletion
of petroleum resources and increasing interest in the environment and society. Two main
types of natural resources are now being considered.
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The first are natural polymers such as cellulose, hemicellulose, lignin, and polysaccha-
rides. These natural polymers are widely used in everyday life and are often recognized
among the most plentiful and affordable biodegradable polymers (BDPs). Because of
their intricacy and pre-existing macromolecular structures, natural polymers can only be
enhanced by physical mixing or minor chemical alterations. The second kind of natural
resource is molecular biomass, which comprises fatty acids, lactic acid, vegetable oils, hy-
droxyalkanoates, and other biomasses. Many synthetic polymers made from petroleum re-
sources may be polymerized with this type of molecular biomass, which can be molecularly
transformed into monomer subunits to perform a variety of polymerization operations [22].
Natural molecular biomass is categorized based on the composition of carbon, hydrogen,
and oxygen content, which can originate from several sources. Figure 1 illustrates the
natural molecular biomass.

Oxygen-rich Molecular
Biomass

Hydrocarbon

eSuccenic Acid Biomass

eLaconic Acid eEthene

eLevulinic Acid *Propene

*Polyols (Glycerols) elsoprene

eDianhydroaldetols Furans «Butene

eLactic Acid

* Carboxylic Acid Hydrocarbon-rich Non-hydrocarbon

Biomass Biomass

svegetable oils eCarbon Dioxide
*Fatty acids eCarbon Monoxide
sTerpenes
sTerpanoids
*Resin acids

Figure 1. Natural molecular biomass in each category.

(1) Oxygen-rich molecular biomass with a molar ratio C/O of less than 5.0;
(2) Hydrocarbon-rich molecular biomass with a C/O ratio of more than 5.0;
(3) Hydrocarbon molecular biomass;

(4) Non-hydrocarbon molecular biomass.

As a result, natural molecular biomass has a better chemical structure, and the creation
of various polymers from biomass with regulated topologies and specific properties has
aroused attention recently, emerging as a potential research subject.

2.3. Biodegradable Polymer Plastics

A novel category of biodegradable plastics, biodegradable polymer plastics, are con-
nected to the degradability of polymeric materials. When using these plastics, it is necessary
to ensure comparable health and applicable application performance. Following the comple-
tion of the procedure, the material can be quickly degraded in a natural setting, providing or
destroying environmental pieces. Over time, additional deterioration progressively returns
to nature as oxidising products (CO, and water). It is critical to research perishable polymer
materials in light of environmental pollution brought on by plastic waste, environmental
protection, and human requirements. Biodegradable polymers’ chemical makeup varies
over time and in certain environmental circumstances. Biodegradable plastics may be
classified into two groups: biodegradable plastic and photodegradable plastic, depending
on what causes the changes in their chemical makeup [23].
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2.3.1. Degradation System of Degraded Plastics

Degraded plastic generally refers to a form of plastic that can be broken down into
smaller molecules by the action of microorganisms in the soil or by the exposure to sunlight.
It complies with the demands of the use of items and is simple to process as a result.
Biodegradable characteristics: The process by which sunlight interacts with polymer
materials is known as photooxidation degradation because UV light and oxygen in the
air interact in a unique way. Consider polyolefin as an illustration of the mechanism of
photooxidation degradation. In essence, photooxidation causes the polymer chain to split
or crosslink, resulting in the formation of certain functional groups containing oxygen,
such as carboxy acids, peroxides, ketones, and alcohols. The primary causes of degradation
include catalyst residues in polymers, peroxide production, and carboxyl groups added
during processing. The chemical composition of polymers and their molecular weight can
vary as a result of being eliminated or metabolically altered by microorganisms (mostly
fungus, bacteria, or algae) [24]. There are two primary categories of operation:

(1) Biophysical activity—This physical activity in the polymer generates mechanical
damage and results in oligomer fragments due to the stimulation of microbes, organic
cell development, and fermentation of polymers, ionisation, or protonation, which
are the objective of physical degradation.

(2) Biochemical activity—This activity is brought on by the breakdown of enzymes
generated by fungus or bacteria, which causes plastics to degrade or undergo oxidative
destruction as well as the breakdown of insoluble polymers into new tiny molecule
compounds (CHy, CO,, Hy, CO,, etc.).

There are typically two ideas on the process by which polymer materials degrade
through biodegradation. The third concerns the reactive end(s) of polymer chain. Therefore,
structural characteristics including composition, main and side chain structure, end group
size, and the presence or lack of spatial steric resistance play a significant role in determining
the fate of degradation. The primary chain qualities are more significant features among the
process of degradation. If the main chain of polymerhas bonds that are simple to hydrate,
biodegradation will occur quickly. Then, a flexible spine will degenerate at a very rapid
rate, whereas a hard, regular spine would degenerate at a slower rate. By branching and
cross-linking, polymer materials are less likely to degrade biologically. For instance, the
addition of hydrophobic groups to the polylactic acid (PLA) molecular chain at the end
of the chain lowers the rate of erosion during the initial stages of deterioration. This is
due to the fact that during the actual disintegration process, erosion rate of PLA mostly
depends on the structure of the molecular network, and it decreases when hydrophobic
groups are added [25]. Additionally, some researchers have examined the chemical makeup
of polymers as well as the relative molecular weight of elements that are crucial to their
destruction.

2.3.2. Development of Biodegradable Plastics
The following is the route that biodegradable polymers will follow in the future:

(1) Block copolymerization of biodegradable plastics employing currently available stan-
dard polymers, microbial polymers, and natural polymers has been researched and
produced in order to create biodegradable plastics by investigating the biodegradation
mechanism of the damaged polymers.

(2) Regulation of the pace of breakdown and creation of efficient degradation promoters
and stabilisers to boost perishable biodegradable performance of plastics, lower their
price, and broaden their market application has been selected as an area of interest.

(3) Development of a common definition of deteriorated plastics, improvement of biodegra-
dation assessment techniques, and a deeper understanding of degradation mechanisms
all require further research [26].
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3. Characteristics
3.1. Compostability

Compostable materials are described as materials that are biodegradable under aerobic
circumstances that convert to biomass, water, carbon dioxide, and inorganic compounds
while releasing no noxious chemicals and disintegrating throughout the fermentation
phase [27]. Furthermore, biodegradable materials should not create difficulties in the
composting process or in the compost itself, according to the CEN standard. BDPs are not
compostable, while compostable polymers are deemed biodegradable, resulting in high
demand. In this topic, taking into consideration of temporal decay and needs during the
composting process that do not create difficulties, as well as compostability. To meet the
compostability requirements, polymers must be evaluated according to ISO, ASTM, and
EN standards.

EN 13432 is the main European standard for packaging compostability. Industrial
compost is the subject of test procedures and certifications [28]. Temperature (58 °C),
ventilation, humidity, and the compost cycle must all be carefully controlled in industrial
compost (thermophilic period—3 months, maturity period—3 months). Composting at
home, on the other hand, typically occurs under distinct circumstances. Temperatures in the
compost pile are lower and can change greatly throughout the season. Furthermore, there
are no international criteria for home compostability, and the performance of industrial
compostable goods (EN 13432) in household composting is unknown. Vincotte certifies
“OK Compost Home” compostable household items. The certification passes the EN13432
test standard, although at a lower temperature (20 °C to 30 °C instead of 58 °C) and for
a longer duration of time (365 days instead of 180 days). There are other certifications
available, such as “compostable”.

3.2. Biodegradability

A variety of international (ISO, ASTM, CEN) and national (DIN, etc.) organizations
have established biodegradability standards [29]. According to the European Commit-
tee for Standardization, biodegradable materials decompose into biomass, CO,, and/or
methane, as well as water (CEN). Other definitions include Directive 94/62/EC of the
European Parliament and Council, which states that biodegradable packaging waste must
be physically, chemically, thermally, or biologically degraded to convert materials primarily
to CO,, biomass, and water. Different publications on biodegradability standards are avail-
able on different issues. These publications describe the complexity of the biodegradation
process compared to several polymer detection methods [30].

4. Degradation vs. Biodegradation

Each polymer degrades with time, resulting in a loss of strength, quality, and molec-
ular weight. It is well known that most polymers require 100-1000 years to completely
degrade. By-products of BDPs include carbon dioxide, methane, water, and inorganic
chemicals, as well as biomass that may be readily scavenged by microbes. They degrade
extremely quickly in comparison to non-BDPs [31]. Many pro-oxidants (ferromanganese
and cobalt salts) are formulated for use in composting, garbage, and soil treatment poly-
mers. According to scientific recommendations and studies, these additives may regulate
the life of plastic films and goods when combined with conventional polymers in the right
proportions, enabling plastic waste to be destroyed without having to be collected and
disposed of. This oxidized molecular fragment is biodegradable and hydrophilic, according
to the study, and the molar mass value is reduced by more than a tenth. It has been reported
that polymers containing the above additives are fragmented into smaller parts that are
invisible to the naked eye, but it is unclear whether these parts are truly biodegradable; that
is, whether they are accessible to microflora (bacteria, fungi, etc.) to convert and assimilate
carbon in any substrate, and if so, at what rate [32].

At this point, residue fragmentation and cross-linking with moisture, heat, sunshine,
and/or enzymes create persistent residues, which weaken or break the polymer chains.
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Biodegradation is the next stage of this process. Only when the fragmented residues
are fully absorbed as food or energy by the microorganism at an appropriate pace does
biodegradation begin. Because it has yet to be shown, the fragmentation of photodegradable
(fragmentable) polymers by biodegradation based on polyethylene with pro-oxidants
remains an open concern. It failed because of conflicting biodegradable standards and
specifications. The most recent developments are bio-based polymers produced from
bacterial fermentation, which are focusing on the creation of monomers made of cellulose,
fatty acids, and starch from renewable resources [33].

5. Environmental Biodegradation Steps of the Polymer

The polymer material is employed either during the induction phase, or the polymer
chains undergo abiotic degradation (mainly oxidation). Chemicals (impurities, metals, cat-
alyst residues, additives, and so on), energy (light, heat, and sound), the environment, and
other factors may all play a role. All of these components may work together throughout
fabrication, preservation, in and after service. Exposure to photoirradiation and/or heat
energy may accelerate abiotic biodegradation [34]. Figure 2 depicts the environmental
biodegradation processes of polymers.

Environmental biodegradation
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Figure 2. Environmental biodegradation steps of the polymer.

The real biodegradation occurs after that, with the aid of fragmented microorganisms,
and the previously segmented polymer chains further scission and fracture. The degrad-
ing bacteria absorb and mineralize the segments of the polymer chain, and this process
continues [35]. Biodegradation of polymer materials has an impact on the morphological
characteristics of the polymer as well as its chemical integrity. Surface regions of amorphous
polymers deteriorate faster than crystalline regions, which have less free space and more
solid linkages across polymer chains.

5.1. Types

Agro-polymers are biomass products, and BDPs are split into two types based on their
fabrication technique [36]. Oil-derived polymers, traditional synthesis from bio-derived
monomers, and polymers obtained via microbial processes are the three major types of bio-
polyesters. Polysaccharides and proteins are two subcategories within the biomass products
category [37]. Polysaccharides and other agricultural resources are used to produce agro-
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polymers. Polysaccharides seem to be the most common macromolecule found naturally
(complex carbohydrates). The most well-known polysaccharide is starch, which is derived
from grains and tubers. Other polysaccharides include chitosan, chitin, and pectin. Proteins
derived from amino acids are the second kind of agricultural polymer. The most essential
characteristic of polymers is their capacity to regenerate. Casein, collagen, gelatin, and
keratin are examples of animal proteins that are commonly utilized in the food business,
whereas wheat protein, soy protein, and maize protein are examples of plant proteins.
The main bacterial proteins are lactate dehydrogenase, chymotrypsin, and fumarase [38].
Even though such polymers are primarily utilized in the food business, the packaging
industry has yet to discover a method to replace traditional plastics with agro-polymers.
Bio-polyesters (BPEs) are the second kind of BDP, and they may be composed of either
living or non-living materials (synthetics).

5.2. Examples

There are two types of lactic acid: D-lactic acid and L-lactic acid are well-known
and widely utilized biopolymers in a variety of sectors. They are produced in two ways:
biologically and chemically [39]. Lactobacillus (bacteria) or fungi are used in the former
technique to ferment carbohydrates. Lactic acid may also be formed as a result of chemical
chain reactions. When a person’s muscles are fatigued, this response may occur in the body.
Lactic acid is mostly utilized in the manufacturing of cosmetics in the industrial sector.
Polyhdroxyalkanoates (PHAs) are a form of intracellular biopolymer generated by bacteria
as intracellular carbon or energy storage granules because of their biodegradability [40].
They are utilized in the packaging and medical sectors, among others. The most typical
BDPs are petroleum by-products. Petroleum-based polyesters such as polycaprolactone,
aliphatic co-polyesters, and aromatic co-polyesters are soft materials at room temperature.

5.3. Non-Pharmacological Applications of Biopolymers
5.3.1. Bio-Plastics (BPs) for Packaging

Bio-based polymers are slowly reaching mainstream use in today’s world, with the
packaging being one of the most significant types of it [41]. As yearly sales rise by 20% to
30%, polymers produced from renewable “raw materials” may soon compete with over-the-
counter plastics. Packaging is one of the fastest-expanding businesses on the planet, with
plastic accounting for almost 40% of all packaging material [42]. Despite this, the growing
usage of plastics continues to represent a significant environmental risk. Consumers and
package makers are starting to note the significance of balancing ecosystems as a result
of the growth of digital media, and they are beginning to embrace sustainable packaging
materials, with a preference for ecologically friendly and recyclable materials. As a result of
these concerns, demand for BPs that replace conventional plastics, particularly biodegradable
BPs, is rising [43]. Films, cover films, bottles, flip-top cartons, shipping bags, trash collection
bags, and food service supplies are just a few examples of BP applications. The market for
BPs and biopolymers is expected to be worth USD 6.95 billion in 2018 and USD 14.92 billion
by 2023, according to estimates. From 2018 through 2023, the annual growth rate is 16.5%.
Between 2018 and 2023, this indicates a CAGR of 16.5% [44]. This strong demand is causing
the increase in the use of BPs in packaging in the developing nations.

The bio-based polymer industry will be substantially expanded in consumer product
applications, and government laws that increasingly concentrate on sustainability and
green procurement policies will boost the BP and biopolymer market [45]. Based on their
diverse types, BPs and biopolymers are divided into biodegradable and non-biodegradable
BPs. Biopolymers and BPs that are not biodegradable are anticipated to be the most pop-
ular and fastest-growing. The packaging industry’s rising need is causing the increasing
demand for non-biodegradable BPs. Bio-PET seems to be the most popular category of
non-biodegradable BPs and biopolymers, owing to its cheap cost and simple production
method [35]. Automotive and transportation, agriculture and horticulture, packaging,
consumer goods, textiles, and other end-use industries are among the BP and biopolymer
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markets. Packaging is the most significant and fastest-growing application for BPs and
biopolymers. Food and beverage sectors, for example, require sustainable solutions. Fur-
thermore, advances in industrial and manufacturing technology are pushing food and
beverage businesses to use BPs in their packaging [46]. The use of BP packaging to cover
organic foods and high-quality or branded goods is becoming more popular. Natural or
organic polymers generated from biomass sources such as carbohydrates, lipids, bacteria,
and oils dominate the packaging end-use industry.

Due to its cutting-edge technology and industrial standing, well-established expertise,
and creative bio-based product production, Europe now has a market leadership posi-
tion [47]. However, the fast adoptions of products are hampered by the unclear efficacy
and the lack of transparency of market. Although the use, development, and extension of
bio-based and compostable products and materials are highly limited within agriculture,
progress has been achieved with the expansion of the use of biodegradable (compostable)
and bio-based packing materials due to two key considerations: (a) the open debate for
biodegradation about testing agricultural biodegradable plastics for in-soil farm use and
(b) the open debate on biodegradation about testing agricultural biodegradable plastics [48].

The first stymies work on labelling schemes and appropriate certification, such as when
used in tandem with the recently developed labelling system concerning agricultural plastic
wastes. For almost the same reason, there is indeed a lot of uncertainty about the ways in
which these materials work in real-world soil conditions, which is limiting them from being
employed in agricultural applications more generally [49]. When packaging, shipping,
distributing, and storing the goods, extreme caution must be exercised. It is required for
the transportation and storage of items for a wide range of sectors, including institutional,
industrial, and retail. The importance of polymer and the usage of packaging goods provide
protection and confinement while also causing a shift in consumer behavior. To wrap
various kinds of goods, the packaging business uses a range of materials (polymers, metals,
glass, wood, etc.). Plastic constitutes 40% of all packaging. Because of the characteristics
of plastics, such as flexibility, impermeability, and high-water resistance, their usage is
growing, but new environmental laws have restricted the use of traditional polymers.
This is enabled in particular in packaging and handbags, which fuels the need for BPs
and biopolymers. Food packaging, pharmaceutical packaging, cosmetic packaging, and
shopping bags are just a few of the uses for packaging. Bio-PE is used to pack a variety
of cosmetic goods by Procter & Gamble and Johnson & Johnson. Because of its excellent
recyclability, PLA is often utilized. For goods such as PLA, PHA, and starch-based polymers,
it is difficult to develop eco-friendly packaging manufactured from bio-based polymers for
a variety of uses [35,50].

5.3.2. Consumer Goods

Circuit boards, housings, speakers, mobile housings, touch screens, computer hous-
ings, keyboard components, laptop mice, and vacuum cleaners are just a few examples of
where BPs and biopolymers are used in consumer goods. SUPLA has created a PLA that is
specifically designed for use in the electronics sector. Kuender also developed the world’s
first BP touchscreen computer in conjunction with a Taiwanese OEM/ODM [51]. Excellent
high gloss, high impact resistance, and steady and precise processing may be obtained
by mixing PLA mixture into the display. Europe is a significant consumer and producer
of BPs and biopolymers. It dominates the BP and biopolymer industries and is utilized
directly in the packaging end-use sector. These reasons have prompted collaboration in the
development of bio-based polymers, which are expected to transform the plastics industry.
Market penetration of BPs and biopolymers has been aided by political and economic
circumstances [52]. BASF in Germany, Nature Works in the United States, Braskem in
Brazil, Toray Industries in Japan, Novamont in Japan, Nova Corbion in Italy, Total Corbion
in the Netherlands, Biome BPs in the United Kingdom, Mitsubishi Chemical Corporation
in Japan, Plantic Technologies in Australia, Bio-On in the Netherlands, and Mitsubishi
Chemical Corporation in Japan are among the leading players in this field [53]. BDPs are a
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kind of polymer that decomposes rapidly and produces ecologically beneficial by-products,
which is a solution to the environmental pollution produced by non-degradable plastics.

5.3.3. Reuse and Recycle

The recyclates are melted and pelletized in mechanical recycling, which is an easy and
energy-efficient technique. The majority of plastics nowadays are recovered mechanically.
Unfortunately, these materials are frequently of poor quality, possess qualities inferior to
virgin materials, and lack permission for use in food. These factors limit the amount of uses
for mechanically recycled plastics, which can be found in items such as watering cans, spray
bottles, and cleaning supplies. Due to a lack of demand for recycled materials, a recent
survey indicated that only 37% of all collected plastic garbage is actually recycled. In France,
Germany, the UK, Spain, and Italy, the recycling rates range from 21 to 42%; however, this
figure also takes into account exports for recycling in other nations. The possibility of plastic
items to be recycled has recently received a lot of attention. Although this development
is significant, the key roadblock appears to be defining the uses for recovered plastics.
Recyclability is not very useful unless it truly decreases the consumption of materials
made from virgin fossil fuels. Several potential techniques for dissolving polymers into
monomers, which can then be utilized to create new polymers, are included in chemical
recycling which require more energy compared to mechanical recycling. On the contrary,
chemical recycling processes are frequently less sensitive to mixed and contaminated
plastics, and the resultant polymers exhibit comparable performance to virgin materials.
The technological, economic, and ecological elements of chemical recycling technologies,
however, need to be examined more closely because they are still in the early stages of
becoming widely used [54].

Plastics manufactured from renewable feedstock, such as plants, can be used in part
or in full in bio-based products. Furthermore, new materials are created from biological
waste, industrial side streams and residues, or even CO,. They all bind carbon from the at-
mosphere, which is something they all have in common. The carbon in materials produced
from fossil fuels, on the other hand, originates from the geosphere and is released into the
atmosphere after the useful lives of these materials. By 2020, just 1% of all plastics would
be produced using bio-based feedstock. To lead the shift to bio-based plastics, however,
a growing number of businesses have emerged. The recycling and waste management
systems also need to take this into consideration. Some bio-based plastics, such as bio-PE
and bio-PP, are chemically equivalent to the polymers made from fossil fuels and donot
need to be managed differently in the waste stream. On the other hand, PLA is a popular
bio-based polymer whose quantities are yet insufficient to establish distinct PLA recycling
streams. It is sometimes criticized as “non-recyclable” or even hazardous to current re-
cycling streams because of this; however, the arguments are generally unsupported by
evidence. In contrast, research reported that up to three weight percent of PLA was safe
to use on injection-moulded PP recycling materials and may therefore be redirected into
the PP stream. An economically viable dedicated PLA stream may already be possible at
volumes greater than this. Moreover, many PLA-based goods may be naturally recycled
in composting facilities; however, at present, this is reliant on the regional guidelines and
composting equipment [55].

6. Polymers in Biomedical Applications

As a biocompatible material, BDPs have opened the door to integrating with a variety
of medical problems [56]. BDPs are used in the medical sector since they are less hazardous
than other materials. Unlike in typical BDP applications, there are several factors to consider
when utilizing biodegradable materials as biomaterials (BMs). Non-toxicity, stabilizability,
efficacy, and biocompatibility are among these characteristics. Although it is impossible
to gain all of the information about most BDPs, scientists, physicians, and engineers have
discovered that certain BDPs may be utilized as BMs which closely interact with live cells.
There are two common applications of BMs. BMs can be used in waste items, such as
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blood bags, catheters, and syringes, representing the first application. The second use is in
surgical support materials. BMs may be used for tissue replacement prosthetics such as
lenses, dental implants, and breast implants, as well as artificial organs such as artificial
hearts and kidneys [57]. Table 1 highlights a list of some biopolymers and their emerging
applications.

Table 1. Emerging applications of various biopolymers.

BIOPOLYMERS APPLICATIONS

Textile, cigarette filter, wound dressing,

Cellulose Acetate frames, toothbrushes

Metal protection film, sutures, contraceptives,

Polycaprolactone (PCL) implants, paint

Compost bags, packaging, agriculture,

Polyhydroxyvalerate (PHV) horticulture, film, Rubbermaid

Bone plates, bone screws, surgical sutures,
Polylactic acid (PLA) fibers, films, foam, camera, electronics, molded
plastic parts, heat-stable applications

Films, medical, cups, disposable, lids,
Polyhydroxybutyrate (PHB) containers, cutlery, compost bags, Rubbermaid,
packaging, agriculture, horticulture

Disposable goods, fibers, pot, molding,

Polyalkylene alkanoate (PBS) injection, fishing gear

Film, sheets, packaging, flower pots, plastic

Aliphatic-aromatic (co)polyester (PBAT) envelope, agriculture, compost bags

BDPs have many surgical applications [56,58]. BDPs with bioabsorbable characteristics
are utilized for bonding, closure, separation, scaffolding, and capsulation. BDPs are used
in operations for tissue adhesion and sealing. In this instance, liquid polymers are utilized.
The liquid will turn to gel and halt bleeding as soon as it is applied to the damaged tissue.
The gelled substance will gradually dissolve and integrate into the body as the damaged
tissue heals. Bone fixation using biodegradable pins, screws, and wires follows the same
procedures. Biodegradable polymers are used in drug delivery systems. This may include
both invasive and non-invasive medication delivery techniques. These polymers serve
as a transporter in this instance, and after transporting the medication to the appropriate
location, they will rapidly integrate into the body without causing damage. The most basic
example encountered in everyday life is pill covers and coatings in various colors. The
medication is contained inside the cover, which should be eliminated without causing harm
to the body. BDPs are used to create these coverings and coatings.

Over the last two decades, significant progress has been made in the development
of biocompatible and biodegradable substances for biomedical and industrial applica-
tions [58]. Biomedical research aims to develop and characterize artificial materials, or
“spare parts”, for use in the human body to assess, repair, and enhance physiologic func-
tion, as well as to improve survival and quality of life. Inorganic (metals, ceramics, and
glasses) and polymeric materials include artificial heart valves (polymeric or carbon-based),
synthetic blood vessels, artificial hips (metallic or ceramic), medical adhesives, sutures,
dental composites, and polymers for controlled slow drug delivery [59]. When design-
ing innovative biocompatible materials, bioactivity as it relates to interacting with and
becoming integrated into the biological environment, as well as other customizable features
dependent on the specific in vivo application, are all taken into account.

Biomimetics is a related field that might be characterized as “the abstraction of out-
standing design from nature” or, to put it another way, “stealing ideas from nature”. The
goal is to develop materials inspired by nature and integrated with non-biological tech-
nologies or processes for non-biological purposes. This is swiftly emerging as a new topic
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of research. Biocompatible polymers have been a popular focus of research for regulated
medication delivery [6,60,61]. It developed out of a need for more precise and extended
pharmaceutical delivery. The goal of controlled release devices is to keep medicine within
the prescribed limit with a single dose. Localized drug delivery to a specific physiologi-
cal compartment lowers systemic drug levels, reduces follow-up care, preserves quickly
degraded medicines, and improves patient comfort and/or compliance. The architecture
of the system determines release rates, which are virtually independent of environmental
variables.

7. Pharmaceutical Applications of Biopolymers

Biopolymers have progressively started to replace conventional materials due to their
unique features. Although initially they were primarily employed in the food sector, they
swiftly found usage in other adjacent industries. Biopolymers were first employed in the
pharmaceutical sector for the same reason they were in the food sector: as thickening and
emulsifying agents, host molecules, bulking agents, or fibers. Additionally, their applica-
tion in cosmetics has grown significantly. By the end of 2021, the global biopolymer market
is predicted to have grown by approximately 17% from 2017 to 2021, reaching an estimated
value of USD 10 billion. With approximately41.5% of the worldwide market, Western
Europe dominates the largest market sector. Polymers have been effectively employed
in biomedicine in both experimental and in vivo settings, including for drug administra-
tion, tissue engineering, wound dressing, and the construction of medical devices with
electronics, sensors, and batteries. In addition, biopolymers are perfect materials com-
monly employed in the food and pharmaceutical industries due to their physical, thermal,
mechanical, and optical qualities [62].

The internal structure-dependent functional qualities of biopolymers, such as mi-
crostructure, permeability, and chargeability, may be obtained by modifying the compo-
sition and matrix of the polymer. The ability of particles to aggregate and form bonds
inside the biopolymer matrix is influenced by their electrical properties. The biopolymer
fractions with a high electrical charge are those that inhibit aggregation. Based on these
characteristics, biopolymers are effectively employed to create nanoparticles, nanoemul-
sions, nanogels, or hydrogels that are used as carrier systems in the biomedical industry.
To supplement or replace synthetic materials, polysaccharides are the most often employed
class of biopolymers. They can be used alone or in mixes with other biopolymers. In
both micro- and macrocapsules, encapsulation entails preventing live cells from being
destroyed by trapping them in biopolymer membranes. It is a process wherein one or more
materials—representing the active component or core material—are embedded or covered
with another material or system, which serves as a mantle, shell, carrier, or encapsulant [63].

The very substantial discrepancy between surface area and volume is a distinguishing
characteristic of macrocapsules. As a result, a high quantity of nutrients must be used to
provide a proper diffusion gradient for nutrient entry. The crucial nutrients for the cells also
fall under this category. Living cells are contained in macrocapsules, which are composed of
sizable diffusion chambers that are shaped as flat sheets, hollow fibers, and semi-permeable
discs. Both intra- and extra-vascular devices can utilize macrocapsules. Cells are positioned
outside the artificial capillaries and linked to the circulation using intravascular devices.
They are located close to blood circulation, facilitating the quick movement of beneficial
and nourishing materials such asoxygen. Although, the risk of developing thrombosis
is the main drawback. To avoid the necessity for direct circulatory access, research is
leaning towards use of microcapsules as extra-vascular devices with cells contained within
semi-permeable diffusion chambers that are applied transdermally or in the peritoneal
cavity. This only requires modest surgery and enables a quick and simple replacement
if the graft fails or the transplant needs to be changed for other reasons. Microcapsules
efficiently transport helpful compounds and faithfully replicate the release of molecules
such as insulin or glucose. The majority of studies concentrate on creating microcapsules
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with minimal or no inflammatory reactions due to their advantages. Endocrine problems
are effectively treated by using this characteristic.

As materials for encapsulation, several biocompatible polymers have been employed.
This requires a biopolymer to fulfill the following requirements: (i) stability and absence of
interaction with the drug it contains; (ii) non-interference with cellular function or viability;
(iii) non-toxicity, low cost, and biodegradability; (iv) molecular weight, solubility properties,
glass transition temperature, microstructure, and chemical functionality allowing for proper
drug diffusion and release; (v) biosafety; and (vi) biocompatibility [64].

The controlled release techniques may change depending on the mechanism governing
the release of active agents from the delivery system. As a result, biopolymer erosion,
diffusion, and swelling may occur before diffusion or degradation. To control the release of
macromolecules, hydrogels must first be hydrolyzed. Water-insoluble biopolymers must
then be solubilized by reactions with groups hanging from the covalently bonded atoms of
the polymer, and finally, hydrolytically labile bonds within the covalently bonded atoms of
the biopolymer must be broken. The biopolymer present in controlled release device allows
an encapsulated medicine or other active agents to pass through the outer membrane
of capsules during the diffusion process. Diffusion-controlled systems require a drug
delivery system that is stable in the biological setting and retains its size and form despite
swelling or deterioration. When additional bioactive chemicals are mixed with biopolymers,
for instance, the medicine must be able to permeate through the molecular structure of
the polymer or via its pores to reach the biological environment. The biopolymer itself
must stay unchanged at this point. Devices with swelling controlled release mechanisms
are those that, while initially dry, swell after they enter the body and encounter bodily
fluids or water. Changing the environmental conditions of delivery systems can cause
the ability of biopolymers to swell. This is one of the most significant and practical
properties of biopolymers since it allows for the control of medication or integrated active
ingredient release by adjusting temperature or pH. Last but not least, a biodegradation
of polymers in the body is a natural procedure that allows the active component to be
entirely removed [65].

The use of synthetic polymers as encapsulating agents for various medicinal com-
pounds has long been of interest. Despite having better pharmacokinetics than small-
molecule medications, their buildup in the body has led to toxicity concerns. The choice
of the appropriate compounds based on the requirement and desired effects are the main
challenge with the reorientation of the medical business towards the usage of biopolymers.
Not all biopolymers are effective drug encapsulation agents. Since oral or intravenous
administration is the two most common routes of administration, the active ingredient must
be released to the target location at the appropriate time, safely, and without any negative
side effects. The biopolymers based on polysaccharides, such as sodium alginate, chitosan,
agar, starch, and cellulose, are the most widely utilized and the subject of this review.
They have minimal toxicity, exhibit non-immunogenic behavior, interact synergistically
with other biopolymers and polymers, and are compatible with tissues and cells. These
polysaccharides are used to create microcapsules, microspheres, or nanocapsules and are
stable both in vitro and in vivo. They demonstrated significant levels of biocompatibility
and biodegradability when evaluated in vivo, which facilitated treatment, reduced side
effects, and enhanced the state of health. Their high solubility makes them ideal for use
as disintegrants in tablets that are soluble in water. For instance, the starch and chitosan
coating added to tablets enhanced their aesthetic presentation, shielded the medication
from deterioration, and masked the compound’s bad flavor. Alginate, a vegan alternative to
gelatin, or cellulose for hard capsules, was substituted for gelatin when utilized as capsule
material [66].

A relevant category of controlled-release systems is the mechanism that governs the
release of the chemical in question. The most common approach is diffusion. A reservoir
device, in which the bioactive material (drug) is confined and encircled by an inert diffusion
barrier, is the first type of diffusion-controlled system. These systems include membranes,
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capsules, microcapsules, liposomes, and hollow fibers. The active chemical is spread or
dissolved in an inert polymer in a monolithic device, on the other hand. The rate-limiting
phase in drug release is drug diffusion through the polymer matrix, much as it is in reservoir
systems, and release rates are limited by the polymer used and its influence on the diffusing
and partitioning ratio of the drug to be released [67,68].

Chemical control may be achieved via bio-erodible or pendant links in chemically
controlled systems. The use of bio-erodible (or biodegradable) systems is justified since
bio-erodible devices are absorbed by the body and therefore do not require surgical removal.
The transition of a water-insoluble material into a water-soluble substance is known as
polymer bio-erosion. The drug in a bio-erodible system is disseminated equally throughout
the polymer, similar to the way it is in monolithic systems. When the polymer that
surrounds it erodes, the drug escapes. Water or enzymes trigger bond scission, releasing
the drug which is covalently bonded to the polymer in a pendant chain form [49,69]. In
solvent-activated controlled systems, the active component is dissolved or dispersed inside
a polymeric matrix and is impossible to permeate through. As the environmental fluid
(e.g., water) enters the matrix, the polymer expands and the glass transition temperature
drops below the ambient (host) temperature in one kind of solvent-controlled system [70].
As a result, the encapsulant’s enlarged polymer becomes stretchy, enabling the medication
to pass through. Figure 3 represents various drug delivery devices.

Reservoir diffusion controlled drug delivery device
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Figure 3. Schematic representation of reservoir diffusion-controlled drug delivery device, mono-
lithic (matrix) diffusion-controlled drug delivery device, and biodegradable (bio-erodible) drug
delivery device.
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8. Sustainability

There should have been a debate on the limits to biomass usage for energy purposes
since the turn of the century to reduce man-made CO; emissions. Bioenergy is now
subjected to a slew of new regulations. After all these years, how do we see ourselves
overcoming the situation?

8.1. Sustainability: From 18thCentury to Present

Bio-based polymers’ long-term viability allows them to be used for both general
and specialized applications, and deal with any issues or advancements in the polymer
sector. However, if humanity abandons accuracy and disregards biomass usage restrictions
to reduce CO; emissions, its continual use would be impossible. Our world generates
approximately 200 billion tonnes of biomass each year. For food production, 9 billion is
required; 3 billion tones are used yearly; therefore, there seems to be enough space for some
energy generation. However, it is represented worldwide that yearly energy consumption
in biomass requires 45 billion tonnes. It is known that burning 4 billion tonnes of biomass,
mostly wood, straw, and dung (in particular in basic usage in poor nations) would result in
the remaining 40 billion tones being used to provide the same amount of energy as fossil
fuels already do (2 tonnes of biomass roughly equals 1 tonne of fossil fuel) [71].

8.2. Controversy on Limits to Biomass Use

It is an ongoing debate about whether biomass should be used for energy production
or not. Biomass use has been a preferred plan of climate activists and policymakers since
the turn of the century. Almost every sustainable energy concept involving biomass has
been accepted. Despite this, there used to be a lack of comprehensive knowledge of the
potential of solar, wind, and hydro energy, as well as other sources of energy [72]; regarding
genuine options, the general understanding used to be extremely limited. Biomass is a
convenient option since it was projected to expand in use at a fast pace, using the size,
infrastructure, and long history of food production and commerce [47]. It may have been
obvious at the time that for the sake of convenience, humanity would prefer to utilize
food components (sugar, maize, and palm oil), but that argument was dismissed. The
cultivation of fast-growing crops on empty land is imperative, according to proponents.
However, the dispute about whether utilizing farmlands for biofuels enhances the emission
of greenhouse gases as a result of land-use change started in 2008 and is still ongoing today.
If production of crops such as maize were to be initiated, the outcome would be a decrease
in CO; emissions from fossil fuels. Because the CO; produced during biofuel incineration
has already been absorbed by the growing crop, the advantaged and disadvantages sum
up to zero (if we disregard diesel oil for tractors and energy used in fertilizer production).

There are other issues with biofuels. The simplest biofuels are prioritized above food
production and (once again) tropical forests. Sugar or wheat dietary components are the
simplest sources of bioethanol. Vegetable oils are required for biodiesel, such as palm oil
(also a food component), for which large areas are burnt down in tropical forests (again)
in Indonesia and Malaysia [73]. It is challenging to combat such activities of Western
headquarters and cities, since merchants are always looking for the path of least resistance.
However, significant policy changes have occurred since 2008, such as the promotion of
“second generation” biofuels (produced from straw and other non-food resources) over
“first generation” biofuels (produced from food ingredients).

8.3. Outlook and Future Prospects

Sustainable polymers based on renewable resources are now gaining traction, and
so, in the coming future, society will seek and require materials that are less environmen-
tally harmful. Initial breakthroughs in the production of sustainable polymers resulted
in the creation of commodities which are largely used in packages and as fiber. The dis-
covery of raw materials or structural components which can be easily generated from
abundant feedstocks, do not compete for resources with food crops, and do not affect the
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environment is a major challenge. Innovations in crop growth and harvesting practices
such as yield optimization are predicted to increase the economic impact of bio-derived
polymers while minimizing their environmental impact. Examples of industrial as well as
agricultural waste are corn stover, fruit pulp, forestry debris, and CO, emissions which
might be employed as monomers. The ubiquitous availability of lignocellulosic biomass
offers another substantial opportunity; nevertheless, improved biopolymer separation,
degradation, and transformation chemistry, as well as biochemistry, will be required to
maximize both monomer yield and affordability. Prioritizing monomer and polymer paths
that are interoperable with the present industrial base is an important, but frequently
disregarded design factor. Low cost and efficient purity of raw materials and products
for highly oxygenated bio-based materials need much greater customization. Retrofitting
existing industrial systems to support sustainable polymer manufacturing will remain a
significant driver in lowering expenses and accelerating uptake [74].

The end-of-life fate of sustainable polymers used in throwaway applications such as
packaging will have a huge impact on the implementation of bio-based materials. Novel
recycling, degrading, and disposal options are projected towards becoming increasingly
important in the future for preventing new materials from adding to current plastic waste
concerns, and policy and law may be able to affect the outcome. Although quantitative
assessment and assessment of sustainable polymers with petrochemical-derived equiv-
alents is still in its initial stages, many studies have shown that production impacts are
decreased in many cases, particularly in terms of greenhouse gas emissions and fossil
resource depletion. Studies should also examine the product’s life beyond manufacturing
and the consequences of disposal. Only a few polymers have been created that are totally
biodegradable; however, aliphatic polyesters such as polylactide are notable examples.
Bio-based polymers are currently widely used in packaging, although they are still unable
to compete with petrochemical-derived polymers in regard to price. Bio-based polymers
should instead compete in high-value, high-performance markets including thermoplas-
tic elastomers, engineering plastics, and composite materials. To ensure success, it is
important to customize and improve the properties of these polymers. Heat-resistant poly-
mers, for example, might compete with semi-aromatic polyesters and nylons are available
on the market. Elastomers with higher elongation-at-break values could compete with
petrochemical-derived polymers. Another area of research is understanding and develop-
ing bio-based polymer degradation patterns, such as combining long-term durability with
triggered disintegration. The task of broadening the scope and range of sustainable poly-
mers is enormous; to solve these complex problems, researchers from agriculture, biology,
biochemistry, catalysis, polymer chemistry, materials science, engineering, environmental
impact assessment, economics, and policy fields will need to collaborate. In the future,
humanity will require more materials that are effectively produced from natural waste and
are recyclable or biodegradable [75].

8.4. Future of Polymers Is a Sustainable Future

Stahl is a firm believer in the use of cutting-edge technology that allows us to produce
future-proof, long-lasting, and environmentally friendly polymers for use in coatings,
paints, varnishes, sealants, building chemicals, inks, and adhesives. Creation of superior
technologies is possible by using water and bio-based technology, as well as APEO-, VOC-,
solvent-, and label-free solutions. Legislation and various other efforts have put us on
the road to a more prosperous future. These advancements are reshaping our industry’s
future, paving the way for a new generation of future-proof technology that will contribute
to a more sustainable and prosperous sector. Professionals from all sectors are search-
ing for the most recent developments, including the automobile industry, construction
chemicals, graphic arts, mechanical engineering, aerospace, and shipbuilding, as well as
architecture, particularly in regard to the beautiful use of wood or metal in architectural
masterpieces [76].
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8.5. Relationship with Sustainable Development Goals of United Nations Organizations
(2030 Agenda)

The Sustainable Development Goals of United Nations Organizations (2030 agenda)
put forward 17 Sustainable Development Goals and 169 targets which demonstrated the
scale and ambition of this new universal Agenda. It commits to lessen the harmful effects
of urban activities and polymeric materials that are harmful to the environment and human
health, including through environmentally sound management and safe use of polymers,
waste reduction, and recycling, and more effective use of water and energy. The main
objective states that by 2030, there will be a significant decrease in the number of fatalities
and illnesses caused by hazardous non-BDPs, as well as pollution and contamination of
the air, water, and soil. The next major target is improving the water quality by decreasing
pollution, eliminating dumping, and minimizing the release of dangerous polymeric mate-
rials, half the share of untreated wastewater, and greatly boosting recycling and safe reuse
internationally. The final objective entails achieving environmentally sound management
of polymeric waste and all other chemical waste throughout their life cycles by established
international frameworks, and significantly reducing their release to air, water, and soil in
order to minimize their detrimental effects on human health and the environment [77].

9. Economic Potential

The market for bio-based polymers is anticipated to reach USD 29.8 billion by 2027,
expanding at a CAGR of 18.2% from 2022 to 2027. Sustainable polymers known as “bio-
based polymers” are created from renewable resources including biomass, starch, and
rubber, among others. Bio-based polymers’ starting components originate from plants,
animals, enzymes, or microbes. Polylactic acid, also known as polylactide, is considered
to be compostable and biodegradable. One of the key factors influencing the market for
bio-based polymers during the projected period is the rise in environmental concerns
regarding the disposal and recycling of synthetic polymers. The market expansion for
bio-based polymers is also being supported by the increasing acceptance of bio-based
materials in the end-use sectors, including packaging, pharmaceutical, construction, and
consumer products, among others. Chitosan is one of the most popular bio-based polymers
because it has amino groups on its polymer backbone, making it a rare natural cationic
polymer. Global bioplastics output in 2021 was 2.42 million tonnes, according to figures
released by European Bioplastics in partnership with the nova-Institute. Nevertheless, over
the projection period of 2022-2027, the market expansion is projected to be hampered by
the high cost of bio-based polymers. The market share of polyhydroxyalkanoates, which
was over 30% in 2021, is expected to increase significantly over the course of the projected
period. PHAs safeguard the environment and aquatic life by degrading in soil, water, and
municipal waste treatment facilities. The demand for the polyethylene sector is being driven
by the rising need for rigid and flexible packaging across a variety of industries, including
food, beverage, and pharmaceutical industries. Numerous packaging materials, including
carry bags, plastic films, and bottles, among others, employ polyhydroxyalkanoate. In 2020,
49 million metric tonnes of bottled drinking water will be produced annually, according to
DCC China [78].

Approximately 58% of the market in 2021 was accounted for by the packaging seg-
ments, which are predicted to expand at a noteworthy CAGR. The packaging sector now
has increasing need for bio-based polymers due to consumer lifestyle changes and tighten-
ing environmental laws regarding the use of synthetic polymers. The packaging business
has boosted demand for polymers because of the great durability and water resistance
of plastics. Among additional packaging uses for bio-based polymers are shopping bags,
cosmetic and personal care packaging, healthcare packaging, and food packaging. All
merchants will now be required to pay a levy for the use of plastic shopping bags starting
in July 2020, except for those that are biodegradable and those made with at least 25%
renewable plant-based resources. The Coca-Cola Company manufactures over 3 million
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tonnes of plastic packaging annually, according to the Forbes article. These are a few of the
elements influencing the packaging market.

In 2021, the Asia Pacific area accounted for up to 42% of the global market for bio-based
polymers, because of the booming packaging, food and beverage, and pharmaceutical
sectors. The market expansion in the area is being fueled by the presence of growing
countries such as China and India. The area demand is further supported by a large
supply of raw materials and a readily available workforce. Leading manufacturers of
food, drink, and personal care products, including Nestle, PepsiCo, Coca-Cola, LOreal
SA, Procter & Gamble, Beiersdorf AG, Unilever PLC, and others, are present in the region,
supporting regional growth during the course of the projection period. The China Chain
Store and Franchise Association reported that the country’s food and beverage (F&B)
market reached over USD 595 billion in 2019. Because bio-based polymers have a high cost
of polymerization, their manufacturing costs are typically 20% to 80% higher than those of
conventional polymers. In comparison to their petrochemical equivalents, which have been
developing quickly for more than 50 years, bio-based products are generally still in the
development stage and have not yet reached the same degree of commercialization. Only
1% of the world’s total polymers are produced from bio-based materials, as opposed to 99%
of the widely accessible conventional polymers. While standard polymers are available for
USD 1/kg to US D 2/kg, bio-based polymers range in price from USD 2/kg to US D 5/kg.
Because of this, the market expansion during the projected period is being constrained by
the high cost of bio-based polymers [79].

10. Current Strategies, Market Dynamics, and Research Trends
10.1. Current Strategies

Material selection is one of the most important tactics for the successful commercial-
ization of bio-based polymers. The right feedstock must be chosen by researchers before
bio-based polymers can be produced. The choice of feedstock is critical since it can alter the
characteristics of the polymer and the environmental effect. Several feedstocks are available
for the manufacturing of bio-based polymers, including sugarcane, maize, potato, and
other biomass sources. For instance, maize is used to make polylactic acid (PLA), which has
high processing, biodegradability, and mechanical qualities. The choice of feedstock must
take into account its accessibility, affordability, and environmental effect. The process of
synthesizing polymers is another important tactic. Bio-based polymers must be produced
using specialized polymerization processes that are suited to the particular feedstock. To at-
tain the required molecular weight, crystallinity, and other qualities, the reaction conditions
must be optimized. In the case of polyhydroxyalkanoates (PHAs), microbial fermentation
is used. The resultant polymer is versatile, biodegradable, and has high mechanical char-
acteristics. In order to achieve consistency in quality, cost-effectiveness, and commercial
viability, the polymerization process must be optimized.

Another essential tactic for a successful commercialization is the scaling up of the man-
ufacture of bio-based polymers. To guarantee cost-effectiveness and consistency in quality,
the production process must be optimized as part of the scaling-up process. The scale-up
procedure must take into account a number of variables, such as reactor size, feedstock
supply, and downstream processing. In the scale-up process, the deployment of pilot plants
is also crucial. Enzymes are used to depolymerize waste PET, which is followed by purifi-
cation and repolymerization of the resultant monomers to produce bio-based polyethylene
terephthalate (PET). This procedure has been successfully scaled up to allow for the com-
mercial production of bio-based PET. Other crucial tactics in the commercialization of
bio-based polymers include certification and regulatory compliance. To guarantee their
safety and effectiveness, bio-based polymers must adhere to strict regulatory standards.
To guarantee that they adhere to the appropriate criteria for biodegradability, toxicity, and
other important factors, testing and certification are required. Testing for biodegradability
in a variety of settings, including soil, the ocean, and commercial composting facilities, is
often required for the certification of bioplastics. Moreover, bio-based polymers need to
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adhere to a number of rules, such as the REACH regulation of the European Union, which
seeks to ensure the safe use of chemicals in the EU [45].

10.2. Market Dynamics

The market dynamics of emerging bio-based polymers are influenced by a variety of
factors, including regulations, feedstock availability, cost-effectiveness, and competition
from other sustainable materials. One of the primary factors influencing the market
dynamics of emerging bio-based polymers is regulatory requirements. Governments across
the world are implementing regulations to reduce the use of single-use plastics and promote
the use of eco-friendly alternatives. For example, the European Union’s Single-Use Plastics
Directive aims to reduce the consumption of single-use plastics and promote the use of
bio-based and biodegradable materials. Such regulations create a favorable market for
bio-based polymers, as companies seek to comply with these requirements.

Another key factor impacting the market dynamics of bio-based polymers is feedstock
availability. Bio-based polymers are primarily produced from agricultural crops such as
corn and sugarcane. The availability and cost of these feedstocks can significantly impact
the cost of bio-based polymers. In recent years, researchers have been exploring alternative
feedstocks, such as waste streams from various industries, to reduce the cost of bio-based
polymers and increase their availability. Cost-effectiveness is also a significant factor in
the market dynamics of bio-based polymers. While bio-based polymers are eco-friendly,
they must also be cost-effective to be competitive with traditional plastics. Companies
are exploring innovative methods for the production of bio-based polymers to reduce
production costs and increase efficiency. For example, researchers are developing microbial
fermentation processes for the production of bio-based polymers, which has the potential
to reduce production costs significantly.

Competition from other sustainable materials is another factor impacting the market
dynamics of bio-based polymers. While bio-based polymers offer a sustainable alterna-
tive to traditional plastics, they are not the only option. Companies must compete with
other materials, such as recycled plastics and paper-based materials, to provide the most
sustainable and cost-effective solutions for their customers. Consumer demand is another
significant driver of the market dynamics of emerging bio-based polymers. Consumers
are becoming increasingly aware of the environmental impact of traditional plastics and
are seeking eco-friendly alternatives. As a result, there is a growing demand for bio-based
polymers from consumers who aim to reduce their carbon footprint [80].

10.3. Research Trends

The rapid development of novel feedstocks is one of the key research themes in
the creation of bio-based polymers. Many bio-based polymers are now produced from
agricultural crops such as maize and sugarcane, but scientists are also examining additional
biomass sources such waste streams from different sectors, agricultural and forestry wastes,
and algae. These feedstocks may be more affordable, more readily available, and less
in conflict with food crops. Researchers are also searching for ways to develop more
productive and environmentally friendly production processes in order to maximize the
conversion of these feedstocks into bio-based polymers. The alteration of current materials
to enhance their qualities is a significant topic of research in the realm of bio-based polymers.
For instance, scientists are researching the ways to modify polylactic acid (PLA) in order
to increase its flexibility and robustness. Nowadays, PLA is utilized in many different
contexts, including packaging, but its brittleness has restricted its use in other contexts.
Other bio-based polymers with potential for use in the medical and pharmaceutical sectors,
such as polyhydroxyalkanoates (PHAs), are also being studied for methods to enhance
their mechanical qualities.

Another significant trend in research is the biodegradability and compostability of bio-
based polymers. These characteristics are crucial to the way bio-based polymers affect the
environment and their capacity to reduce plastic waste. To increase the biodegradability and
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compostability of bio-based polymers, researchers are examining the ways to improve their
chemical structure and molecular weight. Researchers are also investigating the possibility
of creating novel biodegradable materials that may offer a larger variety of applications,
including textiles, electronics, and automobile components. A prominent research topic
in the area of bio-based polymers is the upcycling and recycling of materials. Recycling
and upcycling have the ability to lessen the environmental impact of bio-based polymers
just as well as biodegradable and compostable products in terms of plastic waste reduction.
In order to recycle bio-based polymers, scientists are considering several strategies, such
as using enzymes and microorganisms to break down the materials into their component
components, which may then be utilized to create new bio-based polymers. Another
method being researched as a way to lessen waste and advance the circular economy is
upcycling, which is turning waste materials into goods with higher value.

Improved characteristics, broader potential applications, and cost-effective large-scale
production are the main goals of the current research trends in new bio-based polymers.
Significant research is conducted in the areas of examining novel feedstocks, modifying
current materials, and enhancing biodegradability and compostability. Investigations into
recycling and upcycling are especially crucial in the field of bio-based polymers because
they have the potential to cut waste and advance the circular economy. These developments
in research are essential for the creation and commercialization of bio-based polymers,
which have the potential to drastically lessen the environmental effect of plastics and
advance the progression of a more sustainable future [81].

11. Conclusions

Future growth of the bio-based polymer sector is anticipated to be significant due to
the growing need for green chemicals on a worldwide scale. For decades, scientists have
been investigating the production of functional polymers. The primary inspirations for the
development of bio-based polymers—which are necessary for a society that cares about
reducing waste—are compostability and biodegradability. This increase has been fueled by
significant advancements in the production of bio-based construction materials and technol-
ogy for the processing of biomass raw materials. Because of this, the chemical structure of
bio-based polymers is uniquely versatile and flexible, enabling them to achieve the desired
properties and functions. Such polymers play a major role in biomedical and biotechno-
logical applications as well as industrial applications, where biomolecules that naturally
exist are meticulously produced. At the same time, restrictions on the management of
polymer design, biostability, and structural dynamics obstruct the efficient production of
biocompatible and functionally diverse polymers despite major advancements. In light
of this, the significance of functional biosynthetic polymers in the next years has been
highlighted, and innovative methods have been created to address the aforementioned
difficulties. The most recent technical developments in bio-based polymers are also dis-
cussed. Due to the importance of polymer research in our daily lives, demand is growing
fast. The production of polymeric materials that are green, sustainable, energy-efficient,
high-quality, and affordable will guarantee that the best solutions are available everywhere,
and these polymers will be the foundation of the new millennium. In an effort to provide
the greatest goods with sustainable qualities, scientists and researchers keep working to
develop this material via studies and research. These people are finding successful careers
in the rubber, polymer, petroleum, and oil industries because of their increased polymer
engineering skills. Conversely, less attention is directed towards the end-of-life fates of
polymers. We suggest shifting more of a focus on chemical recycling in the future; chemical
recycling recognizes the value in plastic trash and promotes a closed-loop plastic economy.
The synthetic polymer community should regularly seek out the systems viewpoint offered
by life cycle assessment to help keep us on the path towards sustainability.



C 2023, 9,30 21 0f 23

Author Contributions: Conceptualization, T.M.].; methodology, TM.].; validation, TM.J., K.SJ.,
AB.U, DKM, J.H. and S.T,; formal analysis, TM.]., K.S.J., A.B.U. and D.K.M,; investigation, T.M.J.;
resources, ].H. and S.T.; data curation, TM.J. and D.K.M.; writing—original draft preparation, TM.].;
writing—review and editing, T.M.]. and D.K.M.; supervision, ].H. and S.T.; project administration,
J.H. and S.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Not applicable.
Acknowledgments: A.B.U. acknowledges NCN Sonata- UMO-2021/43/D/ST5/01114.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Niaounakis, M. Biopolymers: Applications and Trends; William Andrew: New York, NY, USA, 2015; ISBN 978-0-323-35433-2.

2. KI, S.; Nutenki, R.; Joseph, T.M.; Murali, S. Structural, molecular and thermal properties of cardanol based monomers and
polymers synthesized via atom transfer radical polymerization (ATRP). . Macromol. Sci. Part A 2022, 59, 403-410. [CrossRef]

3. Muringayil Joseph, T.; Murali Nair, S.; Kattimuttathu Ittara, S.; Haponiuk, J.T.; Thomas, S. Copolymerization of Styrene and
Pentadecylphenylmethacrylate (PDPMA): Synthesis, Characterization, Thermomechanical and Adhesion Properties. Polymers
2020, 12, 97. [CrossRef]

4. Hayward, W.W. The History of Hancock, New Hampshire, 1764-1889; Vox Populi Press, S. W. Huse & Co.: Philadelphia, PA, USA, 1889.

5. Muringayil Joseph, T.; Mariya, H.].; Haponiuk, J.T.; Thomas, S.; Esmaeili, A.; Sajadi, S.M. Electromagnetic Interference Shielding
Effectiveness of Natural and Chlorobutyl Rubber Blend Nanocomposite. J. Compos. Sci. 2022, 6, 240. [CrossRef]

6. Nayak, AK,; Hasnain, M.S; Pal, D. Natural Polymers for Pharmaceutical Applications: Volume 1: Plant-Derived Polymers; CRC Press:
Boca Raton, FL, USA, 2019; ISBN 978-1-00-058682-4.

7. Kumar, P; Mahapatra, D.K,; Kumar, D.; Taleuzzaman, M.; Borikar, S.; Gulecha, V.S.; Zalte, A.G.; Dadure, K.M.; Puranik, M.; Das,
M.; et al. Liposomal Delivery System for the Effective Delivery of Nutraceuticals and Functional Foods; Apple Academic Press: Palm Bay,
FL, USA, 2022; pp. 173-184.

8. Joseph, TM.; Mahapatra, D.K.; Luke, PM.; Haponiuk, J.T.; Thomas, S. Perspectives of Cashew Nut Shell Liquid (CNSL) in a
Pharmacotherapeutic Context; Apple Academic Press: Palm Bay, FL, USA, 2021; pp. 123-133, ISBN 978-1-00-305745-1.

9. Luke, PM,; Dhanya, K.R,; Joseph, T.M.; Haponiuk, J.T.; Rouxel, D.; Thomas, S. Developments of Health Care: A Brief History of
Medicine; Apple Academic Press: Palm Bay, FL, USA, 2021; pp. 3-30, ISBN 978-1-00-305745-1.

10. Boichenko, S. Advance in Petroleum and Gas Industry and Petrochemistry [IPIOPUTET KATEIOPIf IKOCTI B CYYACHUX
YMOBAX TTAJINBO3ABE3IIEUYEHHA EKOHOMIKHM YKPATHU; Lviv Polytechnic National University: Lviv, Ukraine, 2022.

11. Shokri, Z.; Seidi, F; Saeb, M.R.; Jin, Y.; Li, C.; Xiao, H. Elucidating the impact of enzymatic modifications on the structure,
properties, and applications of cellulose, chitosan, starch and their derivatives: A review. Mater. Today Chem. 2022, 24, 100780.
[CrossRef]

12.  Seidi, F; Arabi Shamsabadi, A.; Ebadi Amooghin, A.; Saeb, M.R; Xiao, H.; Jin, Y.; Rezakazemi, M. Biopolymer-based membranes
from polysaccharides for CO; separation: A review. Environ. Chem. Lett. 2022, 20, 1083-1128. [CrossRef]

13.  Zheng, L; Seidi, F; Liu, Y.; Wu, W.; Xiao, H. Polymer-based and stimulus-responsive carriers for controlled release of agrochemi-
cals. Eur. Polym. J. 2022, 177,111432. [CrossRef]

14. Adampourezare, M.; Hasanzadeh, M.; Dehghan, G.; Hosseinpourefeizi, M.-A.; Seidi, F. An innovative fluorometric bioanalysis
strategy towards recognition of DNA methylation using opto-active polymer: A new platform for DNA damage studies by
genosensor technology. J. Mol. Recognit. 2022, 35, €2981. [CrossRef] [PubMed]

15.  Joseph, T.M,; Pallikkunnel, M.L.; Mahapatra, D.K,; Kallingal, A.; Thomas, S.; Haponiuk, J.T. Polyurethane—Epoxy Composites:
Recent Developments and Future Perspectives. In Polyurethane Chemistry: Renewable Polyols and Isocyanates; ACS Symposium
Series; American Chemical Society: Washington, DC, USA, 2021; Volume 1380, pp. 257-280. ISBN 978-0-8412-9840-8.

16. Dalton, B.; Bhagabati, P.; De Micco, ].; Padamati, R.B.; O’Connor, K. A Review on Biological Synthesis of the Biodegradable
Polymers Polyhydroxyalkanoates and the Development of Multiple Applications. Catalysts 2022, 12, 319. [CrossRef]

17.  Standard Test Methods for Determining the Biobased Content of Solid, Liquid, and Gaseous Samples Using Radiocarbon Analysis.
Available online: https://www.astm.org/d6866-22.html (accessed on 30 December 2022).

18. Functionalized Masks: Powerful Materials against COVID-19 and Future Pandemics—Seidi—2021—Small—Wiley Online Library.
Available online: https:/ /onlinelibrary.wiley.com/doi/full /10.1002 /sml1.202102453 (accessed on 30 December 2022).

19. Environmental Problems Caused by Polymers. Available online: https:/ /www.azocleantech.com/article.aspx?ArticleID=1189
(accessed on 30 December 2022).

20. The Harmful Effects of Petrochemicals on the Environment | Sciencing. Available online: https://sciencing.com/harmful-effects-
petrochemicals-environment-8771898 html (accessed on 30 December 2022).

21. Balla, E.; Daniilidis, V.; Karlioti, G.; Kalamas, T.; Stefanidou, M.; Bikiaris, N.D.; Vlachopoulos, A.; Koumentakou, I.; Bikiaris,

D.N. Poly(lactic Acid): A Versatile Biobased Polymer for the Future with Multifunctional Properties—From Monomer Synthesis,
Polymerization Techniques and Molecular Weight Increase to PLA Applications. Polymers 2021, 13, 1822. [CrossRef]


http://doi.org/10.1080/10601325.2022.2053288
http://doi.org/10.3390/polym12010097
http://doi.org/10.3390/jcs6080240
http://doi.org/10.1016/j.mtchem.2022.100780
http://doi.org/10.1007/s10311-021-01349-x
http://doi.org/10.1016/j.eurpolymj.2022.111432
http://doi.org/10.1002/jmr.2981
http://www.ncbi.nlm.nih.gov/pubmed/35767372
http://doi.org/10.3390/catal12030319
https://www.astm.org/d6866-22.html
https://onlinelibrary.wiley.com/doi/full/10.1002/smll.202102453
https://www.azocleantech.com/article.aspx?ArticleID=1189
https://sciencing.com/harmful-effects-petrochemicals-environment-8771898.html
https://sciencing.com/harmful-effects-petrochemicals-environment-8771898.html
http://doi.org/10.3390/polym13111822

C 2023, 9,30 22 0f 23

22.

23.

24.

25.
26.

27.

28.

29.
30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Delidovich, I.; Hausoul, PJ.C.; Deng, L.; Pfiitzenreuter, R.; Rose, M.; Palkovits, R. Alternative Monomers Based on Lignocellulose
and Their Use for Polymer Production. Chem. Rev. 2016, 116, 1540-1599. [CrossRef]

Haider, T.P; Volker, C.; Kramm, J.; Landfester, K.; Wurm, F.R. Plastics of the future? The impact of biodegradable polymers on the
environment and on society. Ang. Chem. Int. Ed. 2019, 58, 50-62. [CrossRef]

Rai, P.; Mehrotra, S.; Priya, S.; Gnansounou, E.; Sharma, S.K. Recent advances in the sustainable design and applications of
biodegradable polymers. Biores. Techol. 2021, 325, 124739.

Leja, K.; Lewandowicz, G. Polymer biodegradation and biodegradable polymers-a review. Pol. J. Environ. Stud. 2010, 19, 255-266.
Mohanty, A.K.; Misra, M.A.; Hinrichsen, G.I. Biofibres, biodegradable polymers and biocomposites: An overview. Macromol.
Mater. Eng. 2000, 276, 1-24. [CrossRef]

Kyrikou, I.; Briassoulis, D. Biodegradation of Agricultural Plastic Films: A Critical Review. ]. Polym. Environ. 2007, 15, 125-150.
[CrossRef]

Rujnié-Sokele, M.; Pilipovi¢, A. Challenges and opportunities of biodegradable plastics: A mini review. Waste Manag. Res. 2017,
35, 132-140. [CrossRef]

Bastioli, C. Biodegradable materials—Present situation and future perspectives. Macromol. Symp. 1998, 135, 193-204. [CrossRef]
Harrison, ].P,; Boardman, C.; O’Callaghan, K.; Delort, A.-M.; Song, ]. Biodegradability standards for carrier bags and plastic films
in aquatic environments: A critical review. R. Soc. Open Sci. 2018, 5, 171792. [CrossRef]

Wojtowicz, A. Biodegradability and Compostability of Biopolymers. In Thermoplastic Starch; John Wiley & Sons, Ltd.: Hoboken,
NJ, USA, 2009; pp. 55-76. ISBN 978-3-527-62821-6.

Briassoulis, D.; Dejean, C. Critical Review of Norms and Standards for Biodegradable Agricultural Plastics Part I. Biodegradation
in Soil. J. Polym. Environ. 2010, 18, 384-400. [CrossRef]

Wolter, B.; Hintzen, HM.T.; Welsing, G.; Tiso, T.; Blank, L.M. Microbes and Plastic—A Sustainable Duo for the Future. In Good
Microbes in Medicine, Food Production, Biotechnology, Bioremediation, and Agriculture; John Wiley & Sons, Ltd.: Hoboken, NJ, USA,
2022; pp. 294-311, ISBN 978-1-119-76262-1.

Eubeler, ].P,; Bernhard, M.; Knepper, T.P. Environmental biodegradation of synthetic polymers II. Biodegradation of different
polymer groups. TrAC Trends Anal. Chem. 2010, 29, 84-100. [CrossRef]

Ashter, S.A. Introduction to Bioplastics Engineering; William Andrew: New York, NY, USA, 2016; ISBN 978-0-323-39407-9.
Mangaraj, S.; Yadav, A.; Bal, L.M.; Dash, S.K.; Mahanti, N.K. Application of Biodegradable Polymers in Food Packaging Industry:
A Comprehensive Review. |. Packag. Technol. Res. 2019, 3, 77-96. [CrossRef]

Kahraman Ilikkan, O.; Bagdat, E.$.; Yalgin, D. Evaluation of prebiotic, probiotic, and synbiotic potentials of microalgae. Food
Health 2022, 8, 161-171. [CrossRef]

Nasrollahzadeh, M.; Sajjadi, M.; Iravani, S.; Varma, R.S. Starch, cellulose, pectin, gum, alginate, chitin and chitosan derived
(nano)materials for sustainable water treatment: A review. Carbohydr. Polym. 2021, 251, 116986. [CrossRef]

Lasprilla, A.J.R.; Martinez, G.A.R.; Lunelli, B.H.; Jardini, A.L.; Filho, R.M. Poly-lactic acid synthesis for application in biomedical
devices—A review. Biotechnol. Adv. 2012, 30, 321-328. [CrossRef]

Albuquerque, P.B.S.; Malafaia, C.B. Perspectives on the production, structural characteristics and potential applications of
bioplastics derived from polyhydroxyalkanoates. Int. J. Biol. Macromol. 2018, 107, 615-625. [CrossRef]

Tolinski, M.; Carlin, C.P. Plastics and Sustainability Grey Is the New Green: Exploring the Nuances and Complexities of Modern Plastics;
John Wiley & Sons: Hoboken, NJ, USA, 2021; ISBN 978-1-119-59197-9.

Hellvig, E.L.E; Flores-Sahagun, T.H.S. Investments in Braskem Green Polymers: Extraordinary Profits or Decarbonization of the
Environment? Preprints 2020, 2020120036. [CrossRef]

Chia, W.Y,; Ying Tang, D.Y.; Khoo, K.S.; Kay Lup, A.N.; Chew, K.W. Nature’s fight against plastic pollution: Algae for plastic
biodegradation and bioplastics production. Environ. Sci. Ecotechnol. 2020, 4, 100065. [CrossRef]

Kabir, E.; Kaur, R; Lee, J.; Kim, K.-H.; Kwon, E.E. Prospects of biopolymer technology as an alternative option for non-degradable
plastics and sustainable management of plastic wastes. J. Clean. Prod. 2020, 258, 120536. [CrossRef]

Moshood, T.D.; Nawanir, G.; Mahmud, F.; Mohamad, F.; Ahmad, M.H.; Abdul Ghani, A. Expanding Policy for Biodegradable
Plastic Products and Market Dynamics of Bio-Based Plastics: Challenges and Opportunities. Sustainability 2021, 13, 6170.
[CrossRef]

Welz, PJ.; Linganiso, L.Z.; Murray, P.; Kumari, S.; Arthur, G.D.; Ranjan, A.; Collins, C.; Bakare, B.F. Status quo and sector readiness
for (bio)plastic food and beverage packaging in the 4IR. S. Afr. J. Sci. 2022, 118, 1-9. [CrossRef]

Scarlat, N.; Dallemand, J.-F.; Monforti-Ferrario, F,; Nita, V. The role of biomass and bioenergy in a future bioeconomy: Policies
and facts. Environ. Dev. 2015, 15, 3-34. [CrossRef]

Gerassimidou, S.; Martin, O.V.; Chapman, S.P.; Hahladakis, ].N.; lacovidou, E. Development of an integrated sustainability matrix
to depict challenges and trade-offs of introducing bio-based plastics in the food packaging value chain. J. Clean. Prod. 2021,
286, 125378. [CrossRef]

Mitrus, M.; Wojtowicz, A.; Moscicki, L. Biodegradable Polymers and Their Practical Utility. In Thermoplastic Starch; John Wiley &
Sons, Ltd.: Hoboken, NJ, USA, 2009; pp. 1-33, ISBN 978-3-527-62821-6.

Pal, K.; Paulson, A.T.; Rousseau, D. Biopolymers in controlled-release delivery systems. In Modern Biopolymer Science; Academic
Press: Cambridge, MA, USA, 2009; pp. 519-557.


http://doi.org/10.1021/acs.chemrev.5b00354
http://doi.org/10.1002/anie.201805766
http://doi.org/10.1002/(SICI)1439-2054(20000301)276:1&lt;1::AID-MAME1&gt;3.0.CO;2-W
http://doi.org/10.1007/s10924-007-0053-8
http://doi.org/10.1177/0734242X16683272
http://doi.org/10.1002/masy.19981350122
http://doi.org/10.1098/rsos.171792
http://doi.org/10.1007/s10924-010-0168-1
http://doi.org/10.1016/j.trac.2009.09.005
http://doi.org/10.1007/s41783-018-0049-y
http://doi.org/10.3153/FH22016
http://doi.org/10.1016/j.carbpol.2020.116986
http://doi.org/10.1016/j.biotechadv.2011.06.019
http://doi.org/10.1016/j.ijbiomac.2017.09.026
http://doi.org/10.11648/j.ijsdr.20210701.13
http://doi.org/10.1016/j.ese.2020.100065
http://doi.org/10.1016/j.jclepro.2020.120536
http://doi.org/10.3390/su13116170
http://doi.org/10.17159/sajs.2022/9748
http://doi.org/10.1016/j.envdev.2015.03.006
http://doi.org/10.1016/j.jclepro.2020.125378

C 2023, 9,30 23 0f 23

51.

52.

53.

54.

55.
56.

57.
58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.
74.
75.
76.

77.
78.

79.

80.

81.

Chapagain, S. Biodegradable Polymer Synthesis from Renewable Sources. Available online: http://www.theseus.fi/handle /1002
4/500874 (accessed on 30 December 2022).

Mehmood, A.; Raina, N.; Phakeenuya, V.; Wonganu, B.; Cheenkachorn, K. The current status and market trend of polylactic acid
as biopolymer: Awareness and needs for sustainable development. Mater. Today Proc. 2023, 72, 3049-3055. [CrossRef]

WORLD BIOPOLYMERS MARKET 2019-2020. Available online: https://ect-center.com/blog/biopolymers-market-2019
(accessed on 30 December 2022).

Butenegro, J.A.; Bahrami, M.; Abenojar, ].; Martinez, M.A. Recent progress in carbon fiber reinforced polymers recycling: A
review of recycling methods and reuse of carbon fibers. Materials 2021, 14, 6401. [CrossRef]

Ignatyev, L.A.; Thielemans, W.; Vander Beke, B. Recycling of polymers: A review. ChemSusChem 2014, 7, 1579-1593.
Nanomedicine: Review and Perspectives | Concise Ency. Available online: https://www.taylorfrancis.com/chapters/edit/10.1
081/E-EBPPC-70/nanomedicine-review-perspectives-ali-zarrabi-arezoo-khosravi-ali-hashemi (accessed on 30 December 2022).
Nicholson, ].W. The Chemistry of Medical and Dental Materials; Royal Society of Chemistry: London, UK, 2020; ISBN 978-1-78801-530-1.
Kronenthal, R.L. Biodegradable Polymers in Medicine and Surgery. In Polymers in Medicine and Surgery; Polymer Science and
Technology; Kronenthal, R.L., Oser, Z., Martin, E., Eds.; Springer: Boston, MA, USA, 1975; pp. 119-137. ISBN 978-1-4684-7744-3.
Bronzino, J.D.; Peterson, D.R. Tissue Engineering and Artificial Organs; CRC Press: Boca Raton, FL, USA, 2016; ISBN 978-1-4200-0387-1.
Polymers in Drug Delivery. Available online: https://www.scirp.org/journal/paperinformation.aspx?paperid=62762 (accessed
on 30 December 2022).

Shokrani, H.; Shokrani, A.; Seidi, F.; Munir, M.T; Rabiee, N.; Fatahi, Y.; Kucinska-Lipka, J.; Saeb, M.R. Biomedical engineering of
polysaccharide-based tissue adhesives: Recent advances and future direction. Carbohydr. Polym. 2022, 295, 119787. [CrossRef]
Udayakumar, G.P; Muthusamy, S.; Selvaganesh, B.; Sivarajasekar, N.; Rambabu, K.; Banat, E; Show, P.L. Biopolymers and
composites: Properties, characterization and their applications in food, medical and pharmaceutical industries. J. Environ. Chem.
Eng. 2021, 9, 105322.

Abdelhak, M.]. A review: Application of biopolymers in the pharmaceutical formulation. J. Adv. Bio-Pharm. Pharmacovigil. 2019,
1,15-25.

Joseph, T.M.; Kallingal, A.; Suresh, A.M.; Mahapatra, D.K.; Hasanin, M.S.; Haponiuk, J.; Thomas, S. 3D printing of Polylactic acid:
Recent Advances and Opportunities. Int. |. Adv. Manuf. Technol. 2023, 125, 1015-1035. [CrossRef]

Joseph, T.M.; Hasanin, M.S.; Unni, A.B.; Mahapatra, D.K.; Haponiuk, J.; Thomas, S. Macromolecules: Contemporary Futurist
Thoughts on Progressive Journey. Eng 2023, 4, 678-702. [CrossRef]

Joseph, T.M.; Mahapatra, D.K.; Esmaeili, A.; Piszczyk, L.; Hasanin, M.S.; Kattali, M.; Haponiuk, J.; Thomas, S. Nanoparticles:
Taking a unique position in medicine. Nanomaterials 2023, 13, 574.

Langer, R. New Methods of Drug Delivery. Science 1990, 249, 1527-1533. [CrossRef]

Kost, J.; Langer, R. Controlled release of bioactive agents. Trends Biotechnol. 1984, 2, 47-51. [CrossRef]

Hollinger, J.O.; Leong, K. Poly(x-hydroxy acids): Carriers for bone morphogenetic proteins. Biomaterials 1996, 17, 187-194.
[CrossRef]

Hopfenberg, H.B.; Apicella, A.; Saleeby, D.E. Factors affecting water sorption in and solute release from glassy ethylene—Vinyl
alcohol copolymers. J. Membr. Sci. 1981, 8, 273-282. [CrossRef]

Kopetz, H. Build a biomass energy market. Nature 2013, 494, 29-31. [CrossRef]

Poupeau, F.-M. Central-Local Relations in French Energy Policy-Making: Towards a New Pattern of Territorial Governance.
Environ. Policy Gov. 2014, 24, 155-168. [CrossRef]

Dauvergne, P. The Global Politics of the Business of “Sustainable” Palm Oil. Glob. Environ. Polit. 2018, 18, 34-52. [CrossRef]
Zhu, Y.; Romain, C.; Williams, C.K. Sustainable polymers from renewable resources. Nature 2016, 540, 354-362. [CrossRef]
Spontak, R.J.; Patel, N.P. Thermoplastic elastomers: Fundamentals and applications. Curr. Opin. Colloid Interf. Sci. 2000, 5,
333-340.

Cortés, M.G.R; Diaz, B.M.V,; Perilla, ].E.P. Biopolymers as materials for developing products in pharmaceutical applications and
biomedical uses. Ing. E Investig. 2008, 28, 57-71. [CrossRef]

Do you know all 17 SDGs? Available online: https://sdgs.un.org/goals (accessed on 20 February 2023).

Jemghili, R.; Ait Taleb, A.; Khalifa, M. A bibliometric indicators analysis of additive manufacturing research trends from 2010 to
2020. Rapid Prototype J. 2021, 27, 1432-1454. [CrossRef]

Karnik, N.; Bora, U.; Bhadri, K.; Kadambi, P.; Dhatrak, P. A comprehensive study on current and future trends towards the
characteristics and enablers of industry 4.0. J. Ind. Inf. Integ. 2022, 27, 100294. [CrossRef]

Elvers, D.; Song, C.H.; Steinbiichel, A.; Leker, ]. Technology trends in biodegradable polymers: Evidence from patent analysis.
Polym. Rev. 2016, 56, 584-606. [CrossRef]

Ullah Khan, W.; Ahmed Al-Harthi, M. Research Trends in Carbon Chain Polymers and Their Derivatives: Highlighting the
Decade-Long Research. Chem. Rec. 2022, 22, €202200167. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://www.theseus.fi/handle/10024/500874
http://www.theseus.fi/handle/10024/500874
http://doi.org/10.1016/j.matpr.2022.08.387
https://ect-center.com/blog/biopolymers-market-2019
http://doi.org/10.3390/ma14216401
https://www.taylorfrancis.com/chapters/edit/10.1081/E-EBPPC-70/nanomedicine-review-perspectives-ali-zarrabi-arezoo-khosravi-ali-hashemi
https://www.taylorfrancis.com/chapters/edit/10.1081/E-EBPPC-70/nanomedicine-review-perspectives-ali-zarrabi-arezoo-khosravi-ali-hashemi
https://www.scirp.org/journal/paperinformation.aspx?paperid=62762
http://doi.org/10.1016/j.carbpol.2022.119787
http://doi.org/10.1007/s00170-022-10795-y
http://doi.org/10.3390/eng4010041
http://doi.org/10.1126/science.2218494
http://doi.org/10.1016/0167-7799(84)90007-6
http://doi.org/10.1016/0142-9612(96)85763-2
http://doi.org/10.1016/S0376-7388(00)82315-7
http://doi.org/10.1038/494029a
http://doi.org/10.1002/eet.1637
http://doi.org/10.1162/glep_a_00455
http://doi.org/10.1038/nature21001
http://doi.org/10.15446/ing.investig.v28n1.14868
https://sdgs.un.org/goals
http://doi.org/10.1108/RPJ-11-2020-0274
http://doi.org/10.1016/j.jii.2021.100294
http://doi.org/10.1080/15583724.2015.1125918
http://doi.org/10.1002/tcr.202200167

	Introduction 
	Biopolymer 
	Bio-Based Polymers 
	Synthetic Bio-Based Polymer 
	Biodegradable Polymer Plastics 
	Degradation System of Degraded Plastics 
	Development of Biodegradable Plastics 


	Characteristics 
	Compostability 
	Biodegradability 

	Degradation vs. Biodegradation 
	Environmental Biodegradation Steps of the Polymer 
	Types 
	Examples 
	Non-Pharmacological Applications of Biopolymers 
	Bio-Plastics (BPs) for Packaging 
	Consumer Goods 
	Reuse and Recycle 


	Polymers in Biomedical Applications 
	Pharmaceutical Applications of Biopolymers 
	Sustainability 
	Sustainability: From 18thCentury to Present 
	Controversy on Limits to Biomass Use 
	Outlook and Future Prospects 
	Future of Polymers Is a Sustainable Future 
	Relationship with Sustainable Development Goals of United Nations Organizations (2030 Agenda) 

	Economic Potential 
	Current Strategies, Market Dynamics, and Research Trends 
	Current Strategies 
	Market Dynamics 
	Research Trends 

	Conclusions 
	References

