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Abstract Fossil sources are common raw materials in the polymer industry because
they are cost-effective and ensure a straightforward manufacturing process. However,
the insufficient supply of fossil sources failed to afford adequate feedstock for
polymer production in the future. Fossil sources are projected to reach a satura-
tion point where supply would be less than demand due to the increasing human
population. Another important concern is the fact that fossil-based polymer creates
several environmental problems, such as non-degradable products, air pollution, and
wastewater contamination (Okkerse and Bekkum 1999). These two main reasons
are the main factors why the switch of the raw materials of polymers from fossil
to renewable materials is necessary, and the research on biobased polymeric mate-
rials becomes an interesting yet urgent topic. In this chapter, we review the current
updates on the development of biopolymers. The precursors, technological processes,
and updates on the currently available biopolymers are being reviewed. Challenges
and future perspectives are also being discussed.
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1 Introduction

Polymer materials are the most widely used applications in everyday life. The
production of synthetic polymers continues to grow, such as the use of polycar-
bonate, polyvinyl chloride, polyethylene (PE), polyethylene terephthalate (PET),
polypropylene (PP), poly(methyl methacrylate), and polystyrene, with an estimated
1.1 billion tonnes in 2050 (Geyer 2020). Increasing awareness of the environment and
limited fossil resources have led to the importance of replacing biobased materials
(biopolymer) to reduce greenhouse gas emissions. Biopolymers are polymers derived
from natural and renewable sources obtained from chemical polymerization reactions
(Das et al. 2022; Mohanty et al. 2022). There are classifications of biopolymers:
polysaccharides, nucleic acids, polyamides (PAs), polythioesters (PTEs), polyanhy-
drides, polyphenolic biopolymers, polyisoprenoids, and polyoxoesters (Sharma and
Dhingra 2021). The most widely available biopolymers on earth are cellulose, lignin,
rubber, and protein (Bay6n et al. 2018; Mikus and Galus 2022). The advantages of
biopolymer materials are low cost, easy to form, superior properties such as resis-
tance to water, biodegradable, and mechanical properties that can be improved for
various applications. However, the increased use of biopolymers is only about 1%
of the total industrial materials produced each year (Ranganathan et al. 2020).

This chapter book provides comprehensive information on biopolymers, current
research being developed, process, properties, production on a lab or commercial
scale, future, and perspective. The first is a summary of the sources of raw materials
derived from biomass for the production of biopolymers and bioprocesses. Then,
the precursors of biopolymers will be discussed in detail with a focus on current
production. The mass production of biopolymers raises concerns about economic
and environmental sustainability (Chang et al. 2016; Maraveas 2020). Consequently,
the production of biopolymers from renewable biological sources has received great
attention during the last decade. Currently, most of the precursors of biopolymers are
obtained from biomass sources such as starch, seaweed, and plant oil, which are in
direct competition with food production (de Jong and Jungmeier 2015; Popa 2018;
Gajula and Reddy 2021). To build a biobased economy, non-edible raw materials
must be used for the production of biopolymers. All petrochemical-derived chemicals
can be replaced with biopolymer materials produced from biobased materials, which
will significantly contribute to the economic progress (Isikgor and Becer 2015; Nanni
et al. 2021).
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2 Precursor of Biopolymers

2.1 Starch

Starch is a polysaccharide that plants produce to store energy. It is stored intra-
cellularly as spherical granules ranging in size from 2 to 100 wm. The majority
of market-available starches are derived from grains such as wheat, rice, and corn
or from tubers such as potato and cassava (tapioca) (Jiang et al. 2020). Starch is an
amorphous, soft white powder without any sweetness and insoluble in water, alcohol,
and ether. The starch granules are densely packed in a semicrystalline structure with
a density of about 1.5 g cm™>. Specific shapes, sizes, and surfaces (smoothness or
roughness) of starch granules from various botanical sources play a crucial role in
functionality and digestibility (Magallanes-Cruz et al. 2017).

Amylose and amylopectin are glucans that combine to form starch; most starches
consist of 10-20% water-soluble amylose and 80-90% water insoluble amylopectin
(Pokhrel 2015). Amylose is a linear polymer polysaccharide with 1-4-D-glucose
units. Amylase’s structure contributes to the gelling properties of heated and cooled
starches. Amylopectin has a backbone of a-(1 — 4) linkages as well, but it is also
branched through a-(1 — 6) linkages to the extent of 4-5%. Amylopectin is respon-
sible for the thickening during starch preparations, but it does not make a contribution
to the formation of a gel (Pokhrel 2015).

Starch has traditionally played a significant role as a food ingredient, but it is
finally starting to be used in other applications, such as textiles, paper, pharmaceu-
ticals, and pharmaceuticals. Starch can be applied in various ways, including pure
starch as thermoplastics, starch as blends formed by combining other polymers, and
copolymers formed by combining synthetic polymers (Pokhrel 2015; Encalada et al.
2018). There have been many studies conducted (Sriroth and Sangseethong 2006;
Ibrahim et al. 2017; Area et al. 2019; Mesias and Murillo 2020) related to the devel-
opment of starch-based products, one of which is thermoplastic starch that can be
applied as a raw material for bioplastics. As a result, the use of starch in biopoly-
mers is very promising, especially given that natural starch comes from agricultural
sources, which has the advantages of abundant supply, ease of filling, low cost, and
a wide range of applications and modifications in non-food products.

2.2 Seaweed

Seaweeds are macroscopic, multicellular, and benthic algae. Seaweed has a rapid
growth rate, resulting in a fast accumulation of biomass (Carina et al. 2021; Perera
et al. 2021). Edible marine macroalgae, or seaweed, is well-known for being
extremely nutrient-rich as both food and culinary additives. Coastal populations
all across the world, including Asians (Chinese, Japanese, Indonesian), Europeans
(Irish, Icelandic), and South Americans, among others, have harvested wild seaweed
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for food and other uses. Although wild seaweeds are still gathered from the coastal
areas of several nations, farmed seaweeds make up the majority of the seaweed and
seaweed products produced today (Padam and Chye 2020). More than US$6 billion
is thought to be generated by the international trade of seaweed each year. China
continues to be the world’s largest seaweed producer, producing 35.7 million tons,
or roughly 56.75% of the total, followed by Indonesia (27.86%) and Korea (5%)
(FAO 2021).

Around the world, there are more than 10,000 different varieties of seaweed. 10
seaweed species are intensively grown globally, out of the 221 species of seaweed
that have been commercially exploited (Padam and Chye 2020). Seaweeds remain an
unexplored resource with huge potentials such as food ingredients, cosmetics, agri-
chemicals, edible foods, fishmeal, biomaterials, and bioenergy molecules, yet also
having an important aspect in the ecosystem and economic profits (Padam and Chye
2020; Carina et al. 2021; Chudasama et al. 2021). Based on their color, seaweeds
can be divided into three groups: red seaweeds (Rhodophyceae), green seaweeds
(Chlorophyceae), and brown seaweeds (Phaeophyceae) (Perera et al. 2021).

Three major polysaccharides that are present in seaweed are alginate, agar, and
carrageenan. The majority of polysaccharides can swell in water under ambient
conditions or are water soluble (at high temperatures), producing colloidal, highly
viscous solutions or dispersions with pseudoplastic flow properties. Due to their
natural functional properties, such as thickening, stabilizing suspensions and emul-
sions, water retention and binding, and gelling, polysaccharides are advantageous
in a range of applications. Terrestrial plants do not possess polysaccharides with
specific and distinct characteristics that are received from a significant oceanic source
(Chudasama et al. 2021).

2.3 Plant Oil

Plant oil is a potential source for biopolymers since it offers availability, low cost,
easy processing route, and chemical functionality. Plant oil is a promising source
for polymer building blocks as it resembles the hydrocarbon composition of petro-
chemicals. Globally, plant oil production capacity was 209.42 million metric tons in
2019/2020, and only around 20 million tonnes were used in the chemicals industry
(Stempfle et al. 2016; USDA Foreign Agricultural Services 2021).

The total carbon atoms in the chain and the way carbon atoms are joined control
the properties of fatty acids. Single carbon atoms may join each other and connect to
the hydrogen atom by a single atom. Carbon atoms are also linked by a double bond
and joined to only one hydrogen each. The double bond increases the ratio of carbon
atoms to hydrogen because of the absence of two hydrogen atoms. The disappearance
of hydrogen generates fatty acids that are less “saturated” with hydrogen. This kind of
bond is called saturated, while the double bond fatty acid is called unsaturated (Pond
1998). Unsaturated fatty acids are unstable compared with saturated fatty acids. The
presence of a double bond makes the carbon atoms in this fatty acid more reactive.
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Fig. 1 Ester linkage hydrolysis (Mallakpour and Rafiee 2012)

Double bonds adjust the crystal packs; they limit the rotation of a carbon atom and
bend the chain (Gurr et al. 2002) (Fig. 1).

Polymer made from plant oil offers material with beneficial properties such
as hydrophobicity, flexibility, low melting temperature, and biodegradability.
Polyamide (Fan et al. 1997; Hablot et al. 2010), polyester (Quinzler and Mecking
2010; Testud et al. 2017), polyurethane (Hojabri et al. 2010; More et al. 2013), and
self-healing materials (Cordier et al. 2008) are examples of polymers that have been
synthesized from fatty acids.

2.4 Others

Classification biopolymers are (1) the agro-polymers that comprise polysaccharides,
proteins, and lipids; and (2) bio-polyesters (biodegradable polyesters), such as poly-
hydroxyalkanoate (PHA), polylactic acid (PLA), and aromatic and aliphatic co-
polyesters. Biopolymers classified as agro-polymers are biomass products obtained
from agricultural materials, such as polysaccharides, proteins, and lipids. Bio-
polyester is subdivided based on its source. The polyhydroxyalkanoate (PHA) group
is obtained from activity-derived microorganisms obtained by extraction. Exam-
ples of PHAs include Poly(hydroxybutyrate) (PHB) and Poly(hydroxybutyrate co-
hydroxy valerate) (PHBV). Another group is the polyesters obtained from biotech-
nology applications, namely by the conventional synthesis of monomers obtained
biologically, called the polylactide group. An example of a polylactide is polylactic
acid. The last group is obtained from conventionally synthesized petrochemicals
made from synthetic monomers. This group consists of polycaprolactone (PCL),
polyester amides, aliphatic co-polyesters, and aromatic co-polyesters.
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3 Production Process

3.1 Plasticization

Plasticizers are substances used to improve the flexibility, extensibility, and process-
ability of polymeric materials. Plasticizers have the property of lowering the melting
temperature, melt viscosity, and glass transition temperature, as well as having high
boiling points, molecular weights ranging from 300 to 600 and elastic modulus of
polymers without changing their chemical nature (Drobny 2015; Subramanian and
Varade 2017). Plasticizers are classified into three types: polyol (glycerol, polyethy-
lene glycols, and propylene glycol), oils/glycerides (acetylated monoglycerides,
castor oil, and fragmented coconut oil), and organic ester (phthalate ester, citrate ester,
triacetin, and dibutyl sebacate) (Foroughi-dahr et al. 2017). The amount of plasticizer
added to a polymer is determined by the intended result. To improve the workability
of the polymer melt, a small amount of plasticizer can be added, contrary to the
impression that large additions can completely transform the product’s properties
(Harrison 2002).

When starch is plasticized, the plasticizers break the inter- and intra-molecular
hydrogen bonds existing in the starch, causing it to become thermoplastic. The
basic crystalline structure of the starch granules is broken by the plasticizer, which
permeates them. Thermoplastic starch (TPS) becomes extremely brittle at low mois-
ture contents while becoming more flexible and softer at high moisture amounts.
When wet, it also rapidly loses strength. The effectiveness of TPS in situations with
extremely low or high humidity is obviously greatly constrained by its sensitivity to
moisture (Janssen and Moscicki 2009).

Plasticizers work by decreasing interactions between molecules and spreading
them out. Low viscosities and temperature coefficients of viscosity are character-
istics of efficient plasticizers. A polymer with a low molar mass and a higher free
volume is frequently used as a plasticizer. A crucial need is that the plasticizer be
perfectly blended at the molecular level, either in a homogenous mixture with the
polymer or with the plasticizer itself (Janssen and Moscicki 2009). A plasticizer’s
principal function is to improve process efficiency and flexibility. The glass transition
temperature is lowered by the plasticizer (T',). Due to different environmental issues
and rising petroleum product prices, plasticizers are becoming more and more impor-
tant. So that the process can be made both affordable and biodegradable, plasticizer
should be natural, affordable, and renewable (Khan et al. 2017).

The research about TPS and the effect of plasticizer processes obtained by melt
processing was carried out by (Carvalho et al. 2006) using 1,4-butanediol (BUT),
1,6-hexanediol, 2,5-hexanediol, glycerol, ethylene glycol (EG), diethylene oxide
glycol (DEG), trimethylene oxide glycol (TEG), ethylene glycol monomethyl ether,
D-sorbitol (SOR), propylene glycol (PG), polyethylene oxide glycol (PEG) 300 and
600, and polypropylene-oxide glycol (PPG). The results showed that compounds
containing OH had a good impact on the characteristics of TPS prepared by melt
mixing.
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3.2 Polymerization

Similar to fossil-based polymers, polymerization is a common technique to produce
biobased polymers. Polycondensation and ring-opening polymerization (ROP) are
examples of polymerization to get aliphatic biopolymers. Condensation polymeriza-
tion is a chemical reaction with the elimination of a small molecule, which results
in the repeat units in polymers having less atoms than when they are in the pres-
ence of monomers (Young and Lovell 2011). This technique was found by Wallace
Carothers who discovered the condensation polymerization technique and linear
polymers such as polyamides and polyesters which are still useful today (Carothers
1936, 1937). An example of polycondensation in biopolymers is the polycondensa-
tion of poly glycerol sebacate (PGS) which starts from glycerol and sebacic acid.
PGS is a biodegradable and bioresorbable polymer which suitable for biomedical
applications such as tissue engineering (Rai et al. 2012). Glycerol is a by-product
of the saponification process from oleochemical plants meanwhile sebacic acid is
originated from fatty acid (Tan et al. 2013). According to Wang et al. (2002), PGS
was prepared in two stages: pre-polycondensation and crosslinking. The equimolar
amount of sebacic acid and glycerol was mixed under argon at 120 °C for 24 h with
the pressure reduced over 5 h. For the crosslinking stage, the pre-polymer is kept
reacted at 40 mTorr and 120 °C for 48 h (Fig. 2).

Meanwhile, ring-opening polymerization (ROP) is a polymerization technique of
cyclic monomers that produces a polymer with identical molecular formulae to those
of the monomers (Young and Lovell 2011). For example, biobased polyamides can
be prepared from monomers with cyclic structure (lactams). An example of lactams
is g-caprolactone as the precursor of caprolactam for PA6 and w-laurolactam for
PA12. Evonik produces PA12 on an industrial scale with the tradename Vestamid
E Even though the monomer is mostly produced from fossil-based laurin lactam,
currently, the alternative laurin lactam is being developed by Evonik from palm
kernel through biotechnological process shows the ring-opening polymerization of
12-aminodecanoic acid (laurin lactam) to obtain PA12.

Even though ring-opening polymerization can obtain high-molecular-weight
polymers, however, due to few available cyclic monomers (Zhao 2018; Santoro et al.
2020) only limited polymers can be obtained. On the other hand, the polycondensa-
tion process brings possibilities and flexibility that are incomparable since could use
a variety of monomers.

o
HOYWOH Ho Y on - ——» e
I T I T

Sebacic acid OH Glycerol

Fig. 2 The polymerization scheme of poly glycerol sebacate (PGS) (Wang et al. 2002)
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3.3 Blending

To modify the properties of biopolymers to the intended use, various ways are
employed for their modifications, including absorption of fillers and reinforcements,
blending, plasticization, and impact modification (Rajeswari et al. 2021). Blending is
the simple mix of polymeric components without chemical reaction to generate novel
materials with appropriate qualities. From an industrial perspective, this procedure
can be conducted by employing regular machines, so a costly investment is unneeded.
Polymer blends are applied in a wide variety of industrial applications. In comparison
to alternative polymerization processes and the production of novel monomers, this
technique can obtain a wide range of characteristics, which meet the standard of the
targeted application at an efficient cost and time.

The aim of blending might be the optimization of the material performance,
reduction of the sensitivity to water, cutting down the cost, and improvement of
the application properties. The most significant motivation for mixing could differ
from other methods.

3.4 Fermentation

Biopolymers which are constructed from microorganisms need certain nutrients and
restricted environmental conditions. They are created directly by fermentation or
indirectly by chemical polymerization of the monomers produced by fermentation.
Most biopolymers are biocompatible and do not negatively affect biological systems.
Biopolymers derived from bacteria are considered to be produced due to their defense
mechanisms or as storage materials (Mohan et al. 2016). Biopolymers are synthesized
by biological organisms and produced by processive enzymes that connect building
ingredients such as sugars, amino acids, and hydroxy fatty acids to achieve a high-
molecular-weight molecule. Bacteria can produce various ranges of biopolymers,
including polysaccharides (composed of sugars and sugar acids linked by glyco-
sidic linkages), polyesters (composed of hydroxy fatty acids linked by ester bonds),
polyamides (consisting of amino acids linked by peptide bonds), and polyphosphates
(polyPs; composed of inorganic phosphates linked by anhydride bonds) (Fig. 3).
PLA and PHAs are examples of biopolymers that belong to the polyester group and
are formed when microorganisms are used in the processing step. PLA is produced
from a low molecular weight organic acid synthesized through microbial fermenta-
tion called lactic acid (LA). This acid is utilizing renewable sources such as cane
sugar, corn, and sugar beets. PHAs are an extensive family of bio-polyesters manu-
factured by diverse bacteria to store carbon and energy. Fermentation is influenced
by several parameters, including the substrate, temperature, pH, oxygen, and bacteria
used. The term “substrate” refers to the fermentable material that includes the essen-
tial nutrients for the growth and production of fermented products by bacteria. The
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Fig. 3 Bacterial polymer granules as biomaterials (Moradali and Rehm 2020)

bacterial strains used in the fermentation process can be divided into heterofermen-
tative and homofermentative methods. This homofermentative process is constantly
utilized in industry.

Lemoigne discovered PHAs in 1943 (Lemoigne and Girard 1943); they are a
family of naturally occurring polyesters generated intracellularly by many prokary-
otes as carbon and energy storage polymers. In general, PHAs can be synthe-
sized via three distinct carbon source-based steps: step I is mainly applied by
poly(hydroxybutyrate) (PHB) PHB-producing organisms such as C. necator and
Bacillus sp., whereas steps 1I and III exist in mcl-PHA-producing Pseudomonas sp.
Different monomers can be produced from different bacterial strains with varying
carbon substrates of the microorganisms; consequently, co-polymer proportions can
be modified based on the targeted applications of the final product (Fig. 4).

For the synthesis of PLA, raw material starch/sugar is extracted and fermented
using lactic acid bacteria (LAB), which results in the generation of lactic acid. The
fermentation of starch and other polysaccharides (sugar-containing materials), which
are readily available from corn, sugar beet, sugar cane, potatoes, and other biomasses,
accounts for 90-95% of the global lactic acid generation. Normal fermentation
provides 85-90% of L(+) lactic acid and 70-80% of D(—) lactic acid, depending
on the carbon source. During fermentation, anaerobic lactic acid bacteria (LAB)
consume pyruvic acid, the last product of the Embden—Meyerhof—Parnas (EMP)
route, via glycolysis. Prior to this, the carbon source sugars are converted to pyruvic
acid. L-lactate dehydrogenase or D-lactate dehydrogenase can convert pyruvic acid to
lactate while influencing the stereospecificity of the lactic acid generated. Lactic acid
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and Taguchi 2021)

is chemically processed and polymerized to create the final product by polyconden-
sation reaction, ring-opening polymerization, and azeotropic dehydrative condensa-
tion. Ring-opening polymerization produces a product with a high molecular weight,
making it the most practical method for producing PLA (Fig. 5).

(a) Fermentation and neutralization
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+

(b) Hydrolysis by H,SO,
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Fig. 5 Lactic acid production by fermentation procedure (Moradali and Rehm 2020)
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4 Biobased Polymers

In contrast to fossil fuel plastics, which are produced from petroleum, biopolymers
or organic plastics are generated from renewable biomass resources such as starch,
seaweed, and proteins. Biopolymers offer the additional advantages of conserving
fossil resources and reducing CO, emissions, making them an essential invention for
sustainable development.

4.1 Thermoplastic Starch

Native starch exists in granular form. Pure starch is hydrophilic, brittle, has a lower
thermal decomposition temperature, poor thermal processability, a high melting
point (Khan et al. 2017), and rapidly degrades when exposed to water (Janssen and
Moscicki 2009). Starch can be processed into thermoplastics by processing under
shear of melt extrusion and high temperatures with the addition of plasticizers (Ma
et al. 2009). Low-molecular-weight plasticizers are typically used during the gela-
tinization process to help break up the starch granules (Martin and Gonz 2017).
Thermoplastic is a material that may be molded into desired shapes because of its
weak physical crosslinks, which can be melted and reshaped in a heating and cooling
cycle (Sjoo and Nillsson 2018).

Nowadays, research on the development of TPS continues to increase using
various materials due to advances in TPS production technology. The raw mate-
rials include wheat starch (Moghaddam et al. 2018), cassava bagasse (Edhirej
et al. 2017), cornstarch (Baran et al. 2022), potato starch (Niazi et al. 2015),
mango starch (Agwamba 2021), cassava starch (Chotiprayon et al. 2020), rice
starch (Prachayawarakorn et al. 2010), and pea starch (Cao et al. 2009). TPS
can be processed by extrusion, blowing, thermocompression, or injection molding
(Castillo et al. 2013). The advantages of TPS are its low cost, renewable properties,
and wide availability. However, TPS has various drawbacks, such as being hygro-
scopic, hydrophilic, having a high sensitivity to moisture, poor mechanical properties
compared with conventional polymers, low gas permeability, and inadequate water
barrier characteristics (Bangar et al. 2021). Blending TPS with a different biodegrad-
able polymer and renewable filler are examples of methods of overcoming these
drawbacks. TPS can be used for various applications like food packaging, plastic
bags, disposable cutlery, etc. (Khan et al. 2017).

4.2 Seaweed Based Polymers

Polysaccharides from seaweed can be used as a potential active agent, a raw material
that is rich in polysaccharides, or extracts. The usefulness, sensory qualities, and
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sustainability of materials can all be enhanced by seaweed-based products. Seaweed
has drawn attention because of its biodegradability, non-toxicity, antioxidant prop-
erties, and great film-forming ability. Seaweeds are applied in active packaging
(Yildirim et al. 2018), edible films (Tran et al. 2020), and edible coatings (Aayush
et al. 2022). Different seaweed polysaccharides’ capacities for biocompatibility, gel
formation, emulsification, gelation, and foaming are based on their distinctive struc-
tural features. In addition to the seaweed’s natural qualities, its nutritional value,
which includes vitamins, antioxidants, minerals, and calories, is helpful in creating
edible coatings and films. When seaweeds are mixed with other polysaccharides,
nanoparticles, essential oils, or plant extracts, their barrier, thermal, mechanical,
antioxidant, and antibacterial characteristics are improved (Perera et al. 2021).

Active packaging combining sodium alginate and lemongrass oil can inhibit E. coli
and L. monocytogenes growth (de Oliveira et al. 2019). k-Carrageenan and mulberry
polyphenol extracts can improve antioxidant and pH-sensitive properties (Liu et al.
2019). Two seaweed polysaccharides, alginate and carrageenan, are extensively used
in the production of edible films and coatings. Film homogeneity and transparency
were favored by alginate and glycerol (Paula et al. 2015). Glycerol and k-carrageenan
enhanced the moisture barrier and tensile characteristics (Paula et al. 2015).

Food coatings serve a number of purposes, including changing the functional char-
acteristics of foods, serving as a barrier between the environment and food products,
and managing the moisture on the food’s surface (Perera et al. 2021; Aayush et al.
2022). The use of agar-based coatings has been beneficial in increasing the storage
shelf life of banana fruits by reducing fruit hardness and weight loss (Hussein Ziedan
et al. 2018). Carrageenan and chitosan, which are added to dragon fruit that is kept at
atemperature of 10 °C and a relative humidity of 90-95%, have been shown to reduce
weight loss. Bract chlorophyll concentration and freshness retention for 30 days (Thi
et al. 2021).

4.3 Polylactic Acid

Poly(lactic acid) (PLA) is a type of biodegradable thermoplastic polyester that is
projected to replace conventional petrochemical-based polymers. PLA is a desirable
biopolymer due to its processability, sustainability, and eco-friendliness; thus, it
has gained popularity in packaging, textile, automotive composites, and biomedical
applications. In terms of future industrial uses, the physical characteristics of PLA
are crucial, including glossy and translucent, stable at low temperatures, moderately
permeable to oxygen and water, and resistant to grease and oil. These characteristics
make it an excellent material for the production of film, bottles, cups, and trays
(Ranakoti et al. 2022).

PLA can be synthesized through direct lactic acid polycondensation, ring-opening
polymerization of lactide, and a lactic acid cyclic dimer. The ring-opening polymer-
ization method is a technique that combines a metal catalyst with lactide to produce
larger PLA molecules (Ebnesajjad 2012). Direct polycondensation requires extreme
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conditions to generate polymer with a high molecular weight at a short reaction
time, low pressure of 5 mm Hg, and temperatures as high as 180-200 °C, meanwhile
ROP can generate a high-molecular-weight PLA with a controlled molecular weight
distribution under mild reaction conditions (temperature of 130 °C at a short reaction
time) (Ashothaman et al. 2021). PLA is a kind of polyester that is often made from
hydroxy acid, one of the few polymers whose stereochemical form can be easily
modified. This is obtained by polymerizing a restricted mixture of L and D isomers,
which produces polymers with a high molecular weight that is either crystalline or
semicrystalline. Lactic Acid (LA) or 2-hydroxy propionic acid is the main monomer
component for PLA which includes an asymmetric carbon that generates two enan-
tiomeric forms, L-LA and D-LA (Fig. 6), which make PLLA and PDLA, respectively.
The combination of the two optical isomers results in PDLLA. The proportion of
D- and L-enantiomers results in various PDLLA stereo blocks. The ratio of these
isomers, which is the specific chemical composition of PLA, regardless of whether
itis PDLA or PLLA, and the structure of the PLA stereo block, may affect essential
aspects, such as crystallization extent and thermal properties. However, PLA can
be made with many qualities by modifying the polymer chains’ molecular weight,
composition, and stereoisomeric distribution (Jiménez et al. 2019).

PLA is one of the most potential biodegradable polymers due to its thermoplastic
processibility, mechanical properties, and biological properties, such as biocompat-
ibility and biodegradability. Glass transition temperature (7,) is the most important
parameter for amorphous PLA because significant changes in polymer chain mobility
occur at the glass transition temperature. The behavior of semicrystalline PLA can
be anticipated to influence critical physical characteristics such as T, and crystalline
melting temperature (T,,) (Revati et al. 2016) (Table 1).

4.4 Polyhydroxyalkanoates

Polyhydroxyalkanoates (PHAs) are polyesters of hydroxylic acid (HA) monomers
linked by an ester group. PHAs are bacteria-based biodegradable polymers that
encourage carbon neutrality and sustainable industry. The monomer composition
determines the elastomeric/thermoplastic characteristics of these polymers. Despite



32 A. Hanifah et al.

Table 1 Mechanical

properties of PLA (Jiménez Property PLA

et al. 2019) Density (g/cc) 1.25
Haze (%) 2.1
Tensile strength (MPa) 109.97
Tensile modulus (MPa) 3299.26
Ultimate elongation (%) 160
Tear resistance (g/mm) 0.3810

the significant potential and efforts to build cost-effective fermentative methods,
the PHAs production costs are still relatively high (5-10 $/kg), which hinders
the commercialization of these biopolymers as commodities materials (Ortelli
et al. 2019). According to ASTM standard, PHAs such as poly(3-hydroxybutyrate)
(PHB) and poly(3-hydroxybutyrate-co-3-hydroxy valerate) (PHBV) are defined as
biodegradable in all aerobic and anaerobic environments. They can be used to
make soil, marine biodegradable, and compostable products, which is an advantage
compared to synthetic non-degradable plastics (Mohapatra et al. 2021).

The main PHAs subcategories are short (3—5 carbons), medium (6—14 carbons),
and long (15+ carbons) (Meereboer et al. 2020). Unsaturated fatty acids form
short and medium-chain PHAs with double bonds. The common short-chain PHAs
are poly(3-hydroxybutyrate) (PHB) and poly(3-hydroxybutyrate-co-3-hydroxy
valerate) (PHBV). Other biodegradable PHAs include poly(3-hydroxybutyrate-
co-4-hydroxybutyrate) (PH4B), poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
(PHBHX), and poly(3-hydroxybutyrate-co-3-hydroxyoctanoate) (PHBO) (Fig. 7).

PHAs, such as poly(3-hydroxybutyrate-co-3-hydroxy valerate (PHBV) and
poly(3-hydroxybutyrate-co-3-hydroxy valerate (PHB), are brittle due to their high
crystalline degree. The chemical structure of PHAs is responsible for giving it these
characteristics. Therefore, given that these numerous varieties of PHAs each have
specific structural, physical, and chemical qualities, it is necessary to categorize them
according to those properties and then modify them so that they are simple to use for
the purposes that have been described. The general properties of the common types
of PHAs are shown in Table 2.

PHA s have various excellent properties, including a high volume-to-surface ratio,
a tiny pore size with a high chance of being recycled, biodegradability, and biocom-
patibility. Recent attention has been drawn to PHAs due to their multiple favorable
qualities, such as ease of processing, resistance to UV rays, and insolubility in water.
The biodegradable nature and other advantages of polyhydroxyalkanoates, such as
high-temperature stability, low degree of surface porosity, improved toughness, and
elasticity, result in their use in a variety of industries, including medicine, agriculture,
etc. (Chai et al. 2021).
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Table 2 The general properties of the common types of PHAs (Chai et al. 2021)

Property P(3HB) P(3HB-co-4HB)
Glass transition temperature, T (°C) 2-4 — 484
Melting temperature, T, (°C) 160-175 50-175

Tensile strength, o (MPa) 15-40 17-104

Young’s modulus (GPa) 12 0.07-1.5
Elongation at break (%) 1-15 14-1320
Crystallinity (%) 50-80 34-60

4.5 Plant Oil-Based Polymers

Plant oil has several functional groups coming from fatty acids that are useful for
polymer synthesis. Carboxylic acid and alkyl ester are the standard functional groups
in the fatty acid. There are also additional groups such as epoxy group (vernolic acid)
and hydroxyl (ricinoleic acid). Plant oil can be directly used for polymerization due
to these functional groups. Direct polymerization usually converts plant oil to polyol
through epoxidation.
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Junming and his co-workers (Junming et al. 2012) reported the preparation of
polyester polyols from oleic acid, a common unsaturated fatty acid in plant oils. The
synthesis consists of three steps: epoxidation, ring-opening reaction, and esterifica-
tion. The polyols appear as a viscous liquid at ambient temperature with OH number
ranging from 307 to 425 mg KOH g~!. Polyester polyol was then used to synthesize
polyurethane foams. The polyurethane synthesized from the oleic-based polyols and
isocyanate showed an acceptable result and reached the standard of rigid foam in
China as shown in Table 3.

The hazardous reaction of phosgene in isocyanates synthesis and the sustainable
demand in chemistry generated the development of the phosgene-free method. Plant
oils have double bonds and ester that can be synthesized into various new structures
including “bio” isocyanates. The major drawbacks of plant oil-based isocyanates are
that they are still not able to substitute current isocyanates on the market. Despite
that, Henkel Corporation Company and General Mills have commercialized dimer
fatty acid diisocyanates from fatty acid containing 36 carbon atoms in the chain.
Other raw materials, such as soybean oil, azelaic acid, and oleic acid, also have been
attempted to make diisocyanates and used for the synthesis of “green” thermoplastic
PU (Cayl and Kusefoglu 2008; Hojabri et al. 2010; More et al. 2013).

Rix et al. used mini-emulsion polymerization in their attempt to prepare non-
isocyanates polyurethane (NIPU). A fatty acid diamine, Priamine 1075, was reacted
with fatty acid-based bis-cyclic carbonates at 60 °C for several hours. The mini-
emulsion process was then prepared to obtain waterborne NIPU latexes with the
addition of surfactants and hydrophobic additives. The result obtained was NIPU
with a solid content reaching of 30wt%. The molar masses were low compared to bulk
NIPUs, and this is because of the existence of partial hydrolysis of the carbonates. The
NMR result of PHUs from the mini-emulsion process showed signals at 3.5—4 ppm
that are considered equal to protons of hydrolysis compounds (Rix et al. 2016).

Despite direct polymerization being an easy route to obtain plant-oil-based
polymer, only few polymers can be obtained through this route, such as bio-
polyurethane and epoxy. Other routes such as the dimerization of fatty acid, and
self-metathesis of methyl ester are needed to obtain various types of monomers with
double functional groups.

Table 3 Physical properties of polyurethane foams (Junming et al. 2012)

Properties Foam 1? Foam 2? Foam 3* China standard®
Thermal conductivity W/(m K) 0.028 0.037 0.076 0.024

Density (kg/m?) 31.3 40.6 58.1 30-50
Compressive strength (MPa) 150 210 230 150-300
Modulus of compression (MPa) 3.44 4.58 5.66 -

Bending strength (MPa) 0.28 0.34 0.41 -

¢ Foam 1 used polyols with hydroxy number 425; foam 2 used polyols with hydroxy number 361;
foam 3 used polyols with hydroxy number 307
b China standard (JC/T 998-2006): Spray polyurethane foam or thermal insulation
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Most of the fatty acids have only one functional group and act as a chain terminator
in polymer synthesis. Polymerization of fatty acid only occurs in dimer or trimer
fatty acids which have two or three functional groups. So, the fatty acid has to
be dimerized or trimerized before use (Mallakpour and Rafiee 2012). CRODA has
developed various functional dimer and trimer fatty acids for polymer synthesis such
as fatty acid, fatty diol, and fatty diamine.

Mecking and his groups (Quinzler and Mecking 2010; Stempfle et al. 2011; Trza-
skowski et al. 2011) have investigated the conversion of fatty acid into saturated
a,w-diacid and diol as a preparation of long-chain aliphatic semicrystalline polyester.
Oleic acid, erucic acid, or 10-undecenoic acid are modified into diacid through
carbonylation and olefin metathesis. Carbonylation converts the internal double bond
in the hydrocarbon to terminal ester groups while olefin metathesis coupling of two
=CH(CH;)nCOOR part and then the saturated product being hydrogenated. The
reduction mechanism of dicarboxylic acid is used to obtain diols. One of their results
has similar properties to low-density polyethylene (LDPE) and polyethylene. The
material has a melting temperature (7',,) of 103 °C and crystallize temperature (7'.)
of 87 °C while LDPE has T, 110 °C and T 94.09 °C. This material was prepared
by the linear incorporation of oleic acid and erucic acid. Equal amounts of dimethyl-
1,19-nonadecanoate and nonadecane-1,19-diol were prepared for polycondensation
of novel polyester catalyzed by titanium alkoxides (Quinzler and Mecking 2010;
Gaska et al. 2017).

Vilela and his groups used erucic acid to generate long-chain aliphatic polyester
via self-metathesis for monomer synthesis. Hydrogenation of erucic acid to obtain
dicarboxylic acid and reduction of the acid to get diols (Fig. 8). Polycondensation
of hexacosane-1,26-diol with a,w,-dicarboxylic acid generates long-chain aliphatic
polyesters 26,26 with excellent properties. The polyester has the highest 7', at 104 °C,
and the highest degradation temperature (7';) at 386 °C. The DSC graph of polyester
26,26 exhibits a sharp endotherm and crystallization peak indicating a high degree
of the polyesters (Vilela et al. 2012).

A long carbon chain of fatty acids is beneficial for the synthesis of hyperbranched
polyester. Testud et al. reported the preparation of hyperbranched polyester (HPBE)
from fatty acid methyl ester (FAME) with tunable properties. They use various plant

Self-
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Fig. 8 Conversion of erucic acid to 1,26 diacid and 1,26 diol and polymerization of both (Vilela
etal. 2012)
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Fig. 9 Thiol-ene scheme of polyamide monomer (Tiiriing et al. 2012)

oils as starting material for the synthesis of monomers of AB,, type (n =2 or 3) where
A is acid and B is diol moieties. The most efficient catalyst system that achieves high
molar masses (3000-10000 g mol~!) is shown by zinc acetate, sodium methoxide,
and 1,5,7-triazabicyclo [4.4.0] dec-5-ene (TBD). The glass transition of the samples
varies from —33° to 9 °C, with a degree of branching ranging from 0.07 to 0.45 and
thermal stability above 300 °C. A significant amount of hydroxyl group in HPBE
can have further modifications to reach desired properties (Testud et al. 2017).

Falkenburg et al. reported the preparation of polyamide-based fatty acid for the
first time in 1945. They synthesized polyamide from difunctional and polyfunc-
tional amines and polymeric fat acid (dimer and trimer). The polyamides result has
unique properties including strong adhesion to various surfaces, good water resis-
tance, soluble in alcohol, excellent mechanical properties, and flexible as described
in Table 2. It is suitable for resin, coating, elastomer, and hot melting adhesives
application (Falkenburg et al. 1945).

Thiol-ene addition was introduced in the synthesis of fatty acid monomers. Thiol-
ene additiona is an effective method for various transformations because it shows a
click reaction behavior. Tiirling and his co-workers prepared a fatty acid-based amine
monomer through thiol-ene addition to obtain polyamide. Cysteamine hydrochloride
addition to double bonds of Methyl-10 undecenoate, methyl erucate, and methyl
oleate produced a good multifunctional monomer (Fig. 9). The products were used for
polyamides with adipic acid and 1,6-hexamethylene. 1,5,7-triazabicyclo [4.4.0] dec-
5-ene (TBD) was used as a catalysts in copolymerization. The result yields polyamide
with excellent thermal and solubility properties. The resulted polyamide gave the
highest T, at 138 °C (Tiirting et al. 2012).

Nurhamiyah et al. have been synthesized a series of fully biobased polyamides
from a fatty acid biobased dicarboxylic acid and biobased diamine, PA36,36, and
PA36,9 (Nurhamiyah et al. 2021a, 2021b). PA36,36 was prepared from a facile
condensation of Pripol 1009 and Priamine 1075 at 220 °C at various times. It was
found that the optimum time to synthesize this biobased polyamide is at 24 h. PA36,36
has excellent properties, for example, zero water absorption, high toughness (14.21
+4.58 MI m~3), and large elongation at break (up to 2286%), and shows autonomous
self-healing behavior at room temperature (Nurhamiyah et al. 2021a). Meanwhile,
PA36,9 is a semicrystalline fully biobased polyamide elastomer that shows similar
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properties to the synthetic medium hardness, prospecting as an alternative substi-
tution. The example is a melting temperature (7,,) of 83.6 °C, a glass transition
temperature (7',) of 17.6 °C, a large elongation at break (1220%), a high tensile
strength (31.8 MPa), a medium hardness (Shore A/Shore D = 90/35), and excellent
hydrophobicity.

5 Challenges and Future Perspectives

Biopolymer production is growing rapidly, and the production process of precursors
of biopolymers (starch, seaweed, and plant oil) from renewable resources continues
to increase. This is due to the high demand for biopolymer materials from various
industries ranging from packaging, the automotive industry, the agricultural sector,
bioplastics, and electronics, as well as biopolymer research and development to
increase its capacity in industrialization. In the early stages of the biopolymer
industry, biodegradable materials were developed for short-term applications to solve
the problem of synthetic polymers. Currently, biopolymer production focuses on
the application of durable materials with sustainable bioprocesses using biomass-
derived materials in the hope of reducing greenhouse gas emissions and limiting
fossil resources. Development of new applications with the advantage of even better
properties. In general, the expected development and sustainability of biopolymer
materials in the future depend on a variety of applications and the quantity of biobased
materials. Particularly, advances in bioprocessing and the utilization of lignocellu-
losic biomass as a waste product for the production of biopolymers with low produc-
tion costs, sustainability, and material properties that can be modified according to
application based on renewable energy sources are becoming more attractive.
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