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Due to the increasing use of single-use plastics in daily life, plastic trash is expanding annually, destroying our
ecology and producing an unparalleled waste disposal crisis. Bioplastics like poly(butylene succinate) (PBS)
and poly(butylene succinate-co-adipate) (PBSA) can substitute certain non-biodegradable polymer
materials and can effectively biodegrade under predefined environmental conditions. Both PBS and PBSA
were traditionally synthesized from petroleum resources, but in recent years, PBS and PBSA have been
reported to be produced from a hybrid of petroleum and renewable resources. PBS and PBSA polymers
have good ductility and strength, but their high production costs and limited production volume limit their
widespread packaging usage. Therefore, they are usually blended with other polymers and fillers to
improve processability, mechanical properties, and biodegradability. Thus, recent polymer processing
advances have made these blends/composites an appealing material platform for packaging and
agricultural applications with composting compliance. Despite this, few studies have investigated the
application of these polymers in real food packaging uses and in agricultural applications, thus highlighting
a research gap. Nevertheless, PBS and PBSA-based commercial items are currently on the market, with
examples including flexible packaging materials, compostable cutlery, and disposable tableware. Therefore,
the purpose of this article is to provide an overview of research trends on PBS and PBSA, including the
sustainability of their green synthesis routes using LCA studies, their biodegradability, applications in food
packaging and agriculture, and end-of-life considerations. This study aligns with the United Nations'
sustainability goal of responsible consumption and production (Sustainable Development Goal 12).

Polybutylene succinate (PBS) and polybutylene succinate-co-adipate (PBSA) are home compostable plastics (at a specific thickness) which are used for flexible

applications in food packaging and agricultural sectors. With the global ban on single-use plastics gaining momentum, PBS and PBSA usage is set to increase
considerably. This review examines the current state of research on PBS and PBSA synthesis using environmentally friendly methods, emphasizing sustainability

assessed by life-cycle assessment studies. Biodegradable blends and composites formed using these polymers using industrial manufacturing techniques, their
applications and their end-of-life options post-usage are also discussed. These materials therefore can drive the circular economy forward promoting sustainable

resource usage. This study aligns with the Sustainable Development Goal 12 (responsible consumption and production) presented by the United Nations.

1 Introduction

Packaging is of utmost importance because it safeguards
products from different environmental factors

moisture, light, temperature, mechanical shocks, compressive
forces, and vibrations during transportation and storage.
Moreover, it is also used to convey information to the consumer,
such as nutritional content, expiration date, and tamper iden-
tification.™” The packaging industry has grown to be one of the
biggest industries in the world, not only in the food sector but
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across various industries as commercializing products without
effective packaging solutions would not be feasible. For pack-
aging applications, conventional petroleum-based non-
biodegradable polymers such as polyethylene (PE), poly-
propylene (PP), polyethylene terephthalate (PET), polystyrene
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(PS), etc. are widely used because of their wide availability at low
prices along with superior tensile and tear strength, flexibility,
barrier to moisture and oxygen, heat sealability and so on.?
However, the widespread use of such plastics has an adverse
effect on the environment owing to the accumulation of plastic
wastes in landfills and oceans and poses an End-of-Life (EoL)
disposal challenge worldwide.** To put matters into perspec-
tive, 5 trillion plastic bags are generated annually, and 1 million
plastic bottles are bought every minute worldwide.® Almost 36%
of the total plastic manufactured is used for production in
packaging sectors, which includes bags, containers, bottles,
straws, cups, and grocery bags, among others.” Each year, they
produce more than 150 million tonnes of plastic trash that
should either be recycled, landfilled, or burned. By the year
2050, the quantity of discarded plastics produced has been
predicted to exceed 25 000 million tonnes.?

Significant strides have been made in recent years towards
the recovery of energy and recycling of plastic wastes; however,
the vast majority of these materials are still destined for land-
fills. In Canada, specific programs are underway to systemati-
cally collect and recycle plastic wastes used in agricultural
practices. As of 2022, around 149 million units of plastic
containers, 392000 units of drums/totes for pesticides and
fertilizers, and 12 700 tonnes of agriculture films/baler twine
plastics have been collected for recycling.” Considering this,
planning and implementing environmentally conscious
methods to manage such an enormous plastic garbage crisis is
of paramount importance. Therefore, the idea of biodegradable
packaging materials has garnered popularity over the years,
motivating researchers, investors, and concerned institutions to
look toward biodegradable plastics that may be sustainable and
reduce the harmful impact on the environment.

Aliphatic polyesters are a particularly intriguing group of
polymers when developing biodegradable polymers for pack-
aging applications because of their biodegradability and good
mechanical properties. Aliphatic polyesters, which function as
biodegradable structural materials can be categorized into two
groups: poly(alkylene dicarboxylate)s, which are synthesised via
a polycondensation reaction between diols and dicarboxylic
acids, and poly(hydroxyalkanoates), which are polymers of
hydroxy acids, HO-R-COOH, as repeating units. Hydroxy acids
can again be divided into a-, B-, and w-hydroxy acids, based on
the position of the hydroxyl (OH) group with respect to the
carboxyl (COOH) end group. All such structures are depicted in
Table 1. Poly(alkylene dicarboxylate) is a class of biodegradable
polyesters first pioneered by Showa Highpolymer under the
trade name “Bionolle” in 1993. The company developed
different grades of Bionolle, including poly(butylene succinate)
(PBS) and poly(butylene succinate-co-adipate) (PBSA).* In 2003,
Mitsubishi Chemical Corporation (Japan) began producing PBS
branded as GS Pla, that was derived from fossil fuels. In 2015,
a bio-based (50% biobased content) PBS commercial produc-
tion plant was established in Thailand under the brand name
BioPBS, in collaboration with PTT Public Company Limited
(Thailand).?®

PBS and PBSA exhibit properties similar to commonly used
packaging materials such as LDPE, HDPE, PP, etc.,**° with good
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elongation properties and a wide processing window, making
them suitable for extrusion, cast and blown films, and injection
molding.**** PBS and PBSA have much lower melting points
compared to other bioplastics such as polylactic acid (PLA) and
poly(hydroxybutyrate-co-3-hydroxyvalerate) (PHBV). Moreover,
properties like high ductility, high heat deflection temperature,
and good degradation rate have increased interest in PBS and
its copolymers among researchers and industries alike.?®%**
Though PBS is more rigid and less flexible compared to PBSA,
by controlling the molecular weight and copolymerization, the
physical characteristics and biodegradation rate can be altered.
PBS and its copolymers are biodegradable due to the presence
of ester bonds in the soft chains, making them susceptible to
hydrolysis.***” Presently, for synthesizing PBS and PBSA, more
focus is being placed on the green development of their
monomer units. They can be commercially synthesized from
a variety of renewable resources, including biomass derived
from starches, cellulose, and glycerol using fermentation tech-
niques.”® Despite the increase in the popularity of PBS and its
copolymers for different applications, its widespread use is
hindered because of its high cost. To address this, various
strategies are being explored, such as reducing the polymer
production cost and adjusting the properties of the polymer to
tailor its properties for specific applications. These approaches
involve blending, copolymer synthesis, and incorporation of
fillers to create composite materials.*® A timeline of the devel-
opment of PBS and PBSA research is presented in Fig. 1.

This surge in interest in PBS and PBSA also extends into food
packaging applications due to their eco-friendly and user-
friendly attributes. Bioplastics used in food packaging are ex-
pected to safely enclose the food, protecting it from the external
surroundings and preserving its quality. As such, for perform-
ing these functions, controlling and altering the polymeric
properties with blends and fillers are done extensively.?
Furthermore, PBS and PBSA are often incorporated with nano-
materials or antibacterial ingredients (such as essential oil and
plant extracts) to improve their functionality resulting in the
shelf-life extension of food products.**** These composite
materials can interact with the packaged product or release the
ingredients into the headspace containing the food product,
which can prevent its deterioration.* For example, molecules
like quercetin when incorporated into PBS resulted in the film
having superb radical scavenging activity and good antimicro-
bial activity making them suitable for extending the shelf life of
food products.**> Further research is necessary to determine the
effect of bioplastics upon contact with food products. By
replacing traditional wraps, films, labels, and laminates made
of fossil fuels with biodegradable ones, we may make substan-
tial progress in our battle against environmental pollution.
Recently, with further advancements in technology, extensive
research has been performed on functional polymeric materials
for enhancing soil fertility, controlled delivery of agrochemicals
and nutrients, and water management, among other applica-
tions.** However, using bioplastics is only the first step towards
sustainability; ensuring proper EoL options like recycling and
composting facilities is equally important. Composting facili-
ties allow bioplastics to break down naturally under the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table1l The unitstructures of commonly used aliphatic biodegradable polyesters and their global producers. Modified with permission from ref.

10, Wiley 2000
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influence of microorganisms, temperature, etc.** Effective recy-
cling programs also ensure that bioplastics may be recycled or
transformed into other beneficial goods, which preserves
resources and minimizes waste. Thus, while the use of bio-
plastics is a step in the right direction, it is imperative to think
about the EoL options for bioplastics that can ultimately reduce
packaging waste and lower the carbon footprint. Therefore, it is

© 2025 The Author(s). Published by the Royal Society of Chemistry

Examples Global producers

e Polyglycolic acid (PGA), R = H PGA

e Polylactic acid (PLA), R = CH; e Kureha Corporation™"
e BMG Inc.”?
PLA

o NatureWorks LLC*?

e Total Corbion™*

e Zhejiang Hisun Biomaterials
Co. Ltd"

e Futerro'®

e Poly(hydroxybutyrate) (PHB),
R = CH,

e Poly(hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV),

R = CHj, C,H;

e Danimer Scientific'”

e TianAn Biologic Materials'®

e Yield10 Bioscience (formerly
Metabolix, Inc.)"®

e Perstorp UK Ltd (sold to
Ingevity in 2019)*°
e BASF*'

Poly(e-caprolactone) (PCL), X = 5

e Poly(butylene succinate) (PBS),
X=4,Y=2

e Poly(butylene succinate-co-butylene
adipate) (PBSA), X =4,Y=2,4

e Poly(butylene
adipate-co-terephthalate) (PBAT)

PBS and PBSA

e Mitsubishi Chemical
Group®

e Xinjiang Blue Ridge Tunhe
Sci. &Tech. Co., Ltd*®

e Shangdong Life
Chemical***®

PBAT

e Xinjiang Blue Ridge Tunhe
Sci. &Tech. Co., Ltd*

o BASF*°

e Jinhui Zhaolong Co. Ltd*’

not surprising to see a growing amount of research being per-
formed around biodegradable food packaging films and their
biodegradation behavior. The extent of biodegradation of PBS
and PBSA-based blends and composites is studied across
different environmental conditions such as soil, compost, and
other settings. These studies help understand the biodegrada-
tion mechanisms of PBS and PBSA and how to further enhance
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Early Exploration: With the rise in popularity of biodegradable polymers,
investigations on Polybutylene Succinate (PBS) as a potential biodegradation

1990s

polymer are conducted.

Development and synthesis of PBS: Researchers begin developing PBS, a

biodegradable polymer capable of synthesizing from renewable resources.

Advancements in PBS Production: Researchers optimise PBS
manufacturing to improve its mechanical properties, biodegradability and
processability. Research focuses on the challenges of processing and

2000s

delayed degradation of PBS.

stiffness.

films for different applications.

2010s

and fillers.

Research Timeline

Focus on Renewable Feedstocks: The industry is considering

Introduction of Polybutylene Succinate Adipate (PBSA): PBSA was
synthesized as a co-polymer of PBS with enhanced flexibility and lower

Commercialization: Companies begin commercializing PBS and PBSA

Modification of properties: Research efforts intensify to improve the
mechanical, barrier and biodegradation performance using additives

renewable feedstocks for PBS and PBSA manufacturing to meet

sustainability goals.

2020s

Home composting: Evaluating and exploring the home composting with

different fillers and additives.

Home compostable PBS and PBSA films are developed that depends on

limited thickness of the films.

Fig. 1 An infographic representation of PBS and PBSA research highlighting key milestones over time. The designer created the figure by

incorporating ideas from the authors.

their biodegradability by the addition of different fibers, poly-
esters, and additives. Moreover, the ongoing biodegradation
studies will help us optimize the composting conditions effec-
tively, which will lead to effective waste management strategies
and the creation of environmentally friendly materials.

Extensive research has been conducted on PBS and PBSA-
based blends and composites using the injection molding
technique****” and they have been extensively reviewed; this
review however specifically focuses on the PBS and PBSA-based
films/sheets emphasizing their relevance in flexible packaging
and agricultural applications. It addresses the biodegradability
case studies and EoL options for these materials which have not
been sufficiently summarized. This review offers a perspective
on different petroleum and biobased synthesis techniques of
PBS and PBSA. Detailed discussions on the production of
blends and composite films using PBS and PBSA, as well as their
applications in food packaging and controlled-environment
agriculture are provided. In a later section, the biodegrad-
ability of PBS and PBSA-based blends and composites under
industrial, home-composting and other conditions is also
presented.

1270 | RSC Sustainability, 2025, 3, 1267-1302

2 PBS and PBSA synthesis

2.1 Synthesis of PBS monomers

PBS is an aliphatic polyester consisting of 1,4-butanediol (BDO)
and succinic acid (SA) as its monomer unit that is typically
derived from fossil fuels. SA is produced using different
methods such as carbonylation of ethylene glycol, oxidation of
butane, and maleic anhydride (MA) catalytic hydrogenation.?®*®
Similarly, BDO is also synthesized from petrochemical feed-
stocks by methyl maleate ester hydrogenation, which is derived
from MA, reacting acetylene and formaldehyde, isomerizing
propylene oxide, and oxidation of butane.*®*® These traditional
methods are environmentally damaging and demand a lot of
energy.

Naturally, to develop sustainable biobased PBS and its co-
polymer, the monomeric units should be obtained industrially
through an eco-friendly method. Industrial manufacturing of
bio-based monomers was made possible by recent advances in
fermentation technology. SA is produced in large quantities
from a diverse array of fermentable substrates, including corn
starch, glycerol, wood hydrolysates, and cane molasses, by
using specialized bacterial strains such as recombinant

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Escherichia coli, Anaerobiospirillum succiniciproducens, Actino-
bacillus succinogenes, and Mannheimia succiniciproducens to
name a few.*>*° The fermentation process used to synthesize SA
is considered safe for the environment because it uses carbon
dioxide (CO,) to transform the feedstock into the products.
Reverdia uses recombinant yeast fermentation technology to
produce biobased SA.

Likewise, a biobased method to synthesize BDO includes the
fermentation of starch, sugars, glucose, etc., by using microor-
ganisms to yield SA, followed by the catalytic reduction of SA to
obtain BDO.** Typically, BDO is produced via a three-step
process: fermenting maize glucose to create benzoic acid,
purifying the acid by electrodialysis, and then catalytically
reducing the acid to BDO.** Significant financial resources have
been committed to the synthesis of BDO of biological origin.
Novamont in 2016 launched the first direct pathway commer-
cial facility for BDO production from renewable raw materials.”®
Recently, genetically modified E. coli has been used to directly
ferment BDO from xylose, glucose, sucrose, and other biomass-
based mixed sugar streams.** Also, Corynebacterium glutamicum,
a genetically modified bacterium, has been tested for improved
SA production efficiency.*>** Early studies focused on microbes
using glucose as the energy source, which sparked concerns
about SA production's future in light of fossil fuel prices. Over
the past decade, low-cost carbon feedstock resources and
synthesis routes have been the main focus. Glycerol, a potential
alternative carbon source, is a possible option due to its massive
production as a byproduct of biofuels.?***

2.1.1 Synthesis of PBS. The PBS polymer is commercially
manufactured by a two-step polycondensation reaction: (1)
esterification of BDO and SA, or transesterification of BDO and
dimethyl succinate, which forms PBS oligomers, and (2) the
oligomers undergo polycondensation with the removal of
BDO.** 1t is possible to accomplish direct polycondensation of
PBS; however, this typically results in a lower molecular weight.
Showa Highpolymer Co., Ltd produced PBS using organome-
tallic catalysts at reaction temperatures of 190 °C, which led to
a high molecular weight PBS.>*

Different organo-metal-based catalysts used for PBS poly-
condensation include titanium tetrabutoxide, Sc(NTf,)s,
Sc(CF3S0)3, and titanium(wv) isopropoxide phosphate acid.*
Titanium-based catalysts are seen as a sustainable option for
synthesizing PBS and PBSA due to their relative abundance in
the earth's crust and low supply risk compared to other metal
catalysts. Their inherent Lewis acidity and established
biocompatibility make the catalysts desirable for sustainable
polymerization catalysis. Additionally, they pose fewer chal-
lenges in terms of catalyst residue removal, enhancing their
suitability for eco-friendly applications.”**® Titanium-based
catalysts offer a broad range of transformations, including o-
olefin polymerizations, esterification, and transesterification.*”

Titanium tetrabutoxide (TBT) is one of the most effective
catalysts for the polycondensation reaction.* For example, PBS
was synthesized using BDO, 1,2-decanediol, and SA in a two-
stage esterification and condensation polymerization process
with TBT as a catalyst. Other catalysts used in synthesizing PBS
include Sn, Zr, Bi, Hf, etc.>** Several catalysts such as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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distannoxane,* lanthanide triflates,*” and titanium tetraiso-
propoxide®® were previously used to produce high molecular
weight PBS. Han et al.** introduced an easy method utilizing
PBS oligomers with SA and BDO, resulting in the synthesis of
a very high molecular weight PBS. Ring-opening polymerization
of macrocyclic lactones with a poly(ethylene glycol) macro-
initiator results in high molecular weight block copolymer
production that cannot be achieved by traditional melt poly-
condensation of SA and BDO.*” Another technique to obtain
high molecular weight PBS involves esterification at a low
vacuum and low temperature followed by direct melt poly-
condensation in a high vacuum.®® Nevertheless, the mechanism
behind the role of titanium-based catalysts is challenging due to
their uncontrolled and quick exchange reactions with esters,
alcohol and carboxylic acids. Additionally, the catalyst readily
hydrolyses, resulting in a complex mixture of titanium dioxide,
oxo-alkoxides, and oligomeric species.*® Titanium-based cata-
lysts are susceptible to moisture, and water is the byproduct
produced during the esterification process. Therefore, it is
shown that adding the catalyst during the polycondensation
stage increases the catalyst activity, but adding titanium-based
catalysts during the esterification process lowers the activity
of the catalyst. This is due to the instability of the catalyst
during the esterification process in the presence of water (by-
product).®®¢”

Sn-based catalysts are a versatile family of catalysts used in
chemical and industrial applications and exist with common
oxidation states being +2 and +4. Sn(u) catalysts are employed
extensively in the industrial-scale polymerization of poly-
esters.®® Sn(Oct), is a common catalyst used for synthesizing
polyesters like PBS and PLA due to its catalytic activity. For
polymerizing lactide, Sn(Oct), when combined with a primary
alcohol, accelerates the polymerization process and creates
a stable alkyl ester end group, enhancing the efficiency and
stability of the reaction.®® Moreover, it is also U.S. Food and
Drug Administration (FDA) approved as a food additive.*® Lab-
ruyére et al” prepared high molecular weight PBS using
Sn(Oct), of butyl succinate lactone. This lactone was derived
from PBS oligomers using zinc oxide as a catalyst. Lee et al.®®
used Sn(Oct), as a catalyst to develop high molecular weight PBS
with some block co-polymers of PBS in the presence of a mac-
roinitiator polyethylene glycol.

Industrial-scale production of biobased PBS is achieved
through fermentation of renewable feedstock (like corn or
sugar) by using suitable microorganisms to obtain bio-based
SA. SA and BDO are then esterified to form PBS oligomers, fol-
lowed by a polycondensation reaction to obtain biobased PBS.
This process takes place at high temperatures, followed by
cooling and purification to obtain the final product (Fig. 2).
Expanding upon this foundational approach, more investiga-
tion has helped to improve the production of biobased PBS.
Velmathi et al.®* synthesized high molecular weight PBS with
a residence time of 20 min using microwave irradiation. High
molecular weight polymers can also be developed using chain
extenders, which cannot be achieved by conventional
methods.*” Some of the most common chain extenders used in
PBS synthesis bisoxazoline,”* maleic and

are acid,”
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Fig. 2 Schematic representation of biobased-PBS synthesis. The synthesis of biobased PBS involves the fermentation of feedstock from
renewable sources with the help of microorganisms that generate SA. SA is converted into BDO in the presence of a catalyst. Subsequently, the
polymerization reaction of SA and BDO yields biobased PBS. Companies like Mitsubishi chemicals have started synthesizing biobased PBS and
PBSA with bioderived SA. The designer created the figure by incorporating ideas from the authors.
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hexamethylene diisocyanate.”? With a chain extender (hexam-
ethylene diisocyanate), Showa Denko commercially manufac-
tured high-molecular weight PBS (Bionolle) having an M,, of
~300 000 g mol * [Fig. 3(a)].*®

Enzymatic synthesis of PBS has been investigated as
a potential substitute for the traditional method that uses toxic
metal and metal-oxide catalysts.” Candida antarctica lipase B
has recently been explored to synthesize PBS via enzymatic
catalysis of BDO and diethyl succinate, and this method has
decent yields and prospective industrial uses””* [as shown in
Fig. 3(b)]. The most critical factor affecting PBS molecular
weight is reaction temperature. Generally, the suitable reaction
temperature is set below 100 °C for a reaction period of 24 h.
Debuissy et al.”® proposed a method where PBS is obtained from
BDO and diethyl succinate in the presence of Candida antarctica
lipase B (CALB) as a catalyst at 90 °C and 24 h. Enzymatic ring-
opening polymerization using CALB as the catalytic agent at
temperatures less than 100 °C has also been used to produce
cyclic butylene succinate oligomers.”” The results with CALB

View Article Online
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have shown higher yields via solution polymerization than melt
polymerization, with molecular weights ranging from 60 000 to
73000 g mol~".7*7> Additionally, increasing enzyme concentra-
tion enhances the reaction rate; however, excess enzymes have
a detrimental effect on the molecular weight.”® The promising
outcomes from the studies have demonstrated a greener
production technique of the PBS polymer. Unfortunately, diffi-
culties with enzyme leaching and inactivation, along with the
use of solvents to prevent polymer precipitation and the low
molecular weight of the PBS produced, hindered the develop-
ment of this approach.”

2.2 Synthesis of PBSA monomers

Apart from SA and BDO, adipic acid (AA) is required to be
produced in large quantities to meet the demand for PBSA
production.®* Commercial AA is generally produced from
benzene (a non-renewable petrochemical-based resource),
which is its primary feedstock. AA is manufactured through
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a two-step oxidation process where benzene is first reduced to
cyclohexane, which is then oxidized to cyclohexanol and cyclo-
hexanone.®* The mixture is then reacted with excess nitric acid
to form AA under the influence of a catalyst (copper or vana-
dium) [Fig. 4(a)].** Another method includes butadiene hydro-
cyanation, following which it 1is hydroisomerized to
adiponitrile, which is then hydrolyzed.** However, nitrous oxide
is the major byproduct of oxidation reactions involving AA
synthesis and emits N,, NO, NO,, and N,O into the atmo-
sphere.®” The NO, emissions pose a serious threat to the envi-
ronment and contribute significantly towards global warming
and ozone layer depletion, and as such, several new routes to
synthesize AA are being explored. Different petroleum, bio-
based feedstocks and oxidants have been assessed in the
development of novel NO,-free and more sustainable chemical
pathways to AA.

One of the sustainable approaches for synthesizing AA
includes H,0, and O, as alternative oxidants. In recent years, AA
has been produced by oxidizing cyclohexane in a one-step
oxidation process wusing H,0, and peroxy tungstate
catalysts.®*® Several studies have demonstrated higher AA yield
with almost 99% purity.***” A method using O, involves a two-
step oxidation process in which cyclohexane is initially con-
verted to cyclohexanone/cyclohexanol. The remaining cyclo-
hexane is recycled, whereas the cyclohexanone/cyclohexanol
mixture is used to synthesize AA by undergoing a second
oxidation step in an acetic acid solvent in the presence of
a metal catalyst.***® Along with alternative oxidants, phenol,
adiponitrile, or butadiene are used to synthesize AA from
feedstocks.?” Several routes for the bioproduction of AA are also
considered nowadays due to the higher yield of AA by fermen-
tation using engineered or selected microorganisms. These
pathways typically generate AA directly from different carbon
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sources or by biosynthesizing a precursor that is then trans-
formed into AA by conventional chemical catalysis. One
approach is the reverse adipate pathway, which produces AA
from succinyl CoA and acetyl CoA in Thermobifida fusca.*® An
enhanced version of this route in E. coli has been developed
using enzymes from many sources, including Clostridium ace-
tobutylicum, Acinetobacter baylyi, Ralstonia eutropha, and Ther-
mococcus gammatolerans.®® Another route for the biosynthesis of
AA uses a combination of B-oxidation with w-oxidation for
degrading fatty acids via oxidation. E. coli and Candida tropicalis
can be bioengineered to produce AA using glycerol and coconut
oil, respectively, as carbon sources using this pathway.®
Another approach includes the synthesis of AA from malonyl-
CoA and succinyl CoA intermediates.”

AA can be synthesized by using precursor intermediates like
cis,cis-muconic acid, or glucaric acid, whereby a renewable
feedstock is transformed chemically into the precursor inter-
mediate through fermentation or another process, and the
intermediate is then further processed chemically to become
AA.*>*! For instance, glucaric acid is synthesized using a three-
step bio-based pathway involving enzymes such as myo-
inositol oxygenase synthase, myo-inositol-1-phosphate, and
uronate dehydrogenase, where glucose is converted to glucaric
acid using E. coli as the host.”> Additionally, biobased AA is
produced directly from sugar via glucaric acid using a two-step
oxidation-hydrodeoxygenation reaction with Pt/SiO, and
Ru,,Pt, nanoparticles as catalysts [Fig. 4(b)].**** For muconic
acid synthesis, microorganisms, such as Pseudomonas putida,
Klebsiella pneumoniae, and several Sphingobacterium spp., use it
as an intermediary in their B-ketoadipate and amino-aromatic
biosynthesis pathways.®*** Various catalysts, such as activated
carbon or platinum, can be used to chemically transform
muconic acid into AA through hydrogenation.®*

O
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— > OH
Excess HNO; o
Cyclohexanone Adipic Acid

OH 0

Adipic Acid

(a) Conventional method for adipic acid (AA) synthesis. Redrawn from ref. 81, MDPI, 2013 (Open Access); (b) a green approach for

synthesizing AA. Redrawn from ref. 82, Royal Society of Chemistry, 2021.
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2.2.1 Synthesis of PBSA. The PBSA polyester can be
synthesized from monomer units SA, BDO, and AA by a two-step
polycondensation  reaction (esterification and trans-
esterification).”> The transesterification polycondensation
reaction from the melt with an organometallic catalyst is the
most common and promising method for the synthesis of high
molecular mass aliphatic polyesters from diol and diacid
monomeric units. Industrially, PBSA (Bionolle grade) was
synthesized using the aforementioned route where poly-
condensation reactions between BDO and dicarboxylic acids
such as SA and AA take place®® (Fig. 5).

Titanium-based catalysts are the most effective organome-
tallic catalysts for the transesterification reaction, as shown in
the literature, as compared to Zr, Sn, Hf, and Sb-based cata-
lysts.”” Titanium isopropoxide was used as a catalyst for the
synthesis of PBSA from SA, BDO, and AA using a two-step
procedure of esterification and deglycolization.®® In another
study, titanium butoxide was used as a catalyst for the synthesis
of PBSA with an average molecular weight (M,,) of 86 400 from
a reaction mixture of dimethyl adipate, dimethyl succinate, and
BDO.*” Tserki et al,'® also used a chain extender, hexam-
ethylene diisocyanate, in their study to obtain high molecular
weight PBSA.

SnCl, is a well-known catalyst for the synthesis of aliphatic
polyesters, and it is typically used in the production of polyesters
of high molecular weight. Compared to other Lewis acids, SnCl,
possesses several desirable qualities like high stability, easy
handling, tolerance towards water, and reduced corrosivity.*®
Cho et al.* in their work studied the catalytic activity of SnCl,-
-H,0 in esterification reactions of carboxylic acid with different
alcohols. They reported that higher catalyst concentrations and
reaction time increased the yield of esters. PBSA can be prepared
from the direct polyesterification of its diols and dicarboxylic
acid using SnCl, as a catalyst. In comparing the effect of other
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catalysts like Na,COj, p-toluene sulfonic acid, SnCl,, and Sn
powder, including SnCl,, it was observed that Na,CO; and SnCl,
exhibited poor catalysis behavior and a slow reaction rate while
SnCl, was the most effective catalyst.'” Like PBS, biobased PBSA
is also synthesized using an enzyme to initiate the reaction.
Metal catalysts used in polymer synthesis have been associated
with pollution and toxicity problems. Biocatalysts like lipases can
help mitigate this problem. Lipases are capable of catalyzing
ester bond cleavage in an aqueous medium and can also catalyze
ester bond formation in an organic medium. Therefore, by using
the enzyme CALB, PBSA can be synthesized by reacting BDO with
a dimethyl ester of AA and SA.'*

2.3 Disadvantages of bioplastic production and life cycle
analysis of biobased PBS and PBSA

The majority of bioplastics have been recognized for their
contribution to sustainable living, but we have been looking at
them through green-tinted lenses. For instance, brands like
Pepsi have been praised for using 100% biobased PET which,
while bio-based, is not biodegradable.'® The International Union
of Pure and Applied Chemistry (IUPAC) has elucidated that
a biobased polymer with attributes comparable to a petroleum-
based polymer is not necessarily more environmentally friendly
until Life Cycle Analysis (LCA) indicates otherwise.'® Despite the
potential of plastics derived from biobased sources, limited
research is conducted on different perspectives like acquisition
of raw materials, land and water use, optimization procedures,
etc.'® For instance, maize or corn are often used for the
production of PBS, PBSA, PLA, and other bioplastics and the land
allocated to produce the raw materials can cause food insecu-
rity.’”” This could lead to a dramatic increase in food prices due
to the increased allocation of agricultural land to produce bio-
plastics and biofuels, disproportionately affecting economically
disadvantaged segments of society. LCAs have demonstrated that
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Fig. 5 Schematic diagram representing the synthesis of PBSA. Redrawn with permission from ref. 96, Elsevier, 1998.
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there is a significant issue with the production of bioplastics vs.
food, but according to research from the Institute for Bioplastics
and Biocomposites in Hannover, bioplastics require just 0.02%
of agricultural land.** However the production of crops for bio-
plastics requires the use of chemical fertilizers and pesticides;
the chemical processing required to convert biomaterials into
bioplastics might also require harmful chemicals.** Production
of crops for bioplastics requires huge amounts of fresh water
during cultivation. LCA studies of bio-based plastic production
rarely study the water footprint analysis; however, some alarming
results indicate that switching to bioplastics for packaging could
increase water usage equivalent to nearly one-fifth of the EU's
total freshwater withdrawal.'**'* Moreover traditional fossil fuel-
based plastic manufacture has a lower impact on the ozone layer
than bioplastic production.**®

Therefore, LCA studies are important to know whether the
production process has a lower carbon footprint and is sustain-
able as claimed by the manufacturer. LCA is an essential method
for identifying the potential environmental impacts of bio-
plastics throughout their entire life cycle. An LCA, also known as
a cradle-to-grave study, evaluates the environmental effects of
every step in the production process, from the acquisition of raw
materials to their disposal.'® LCA studies on PBS and PBSA can
tell us whether their production from bioresources is more
sustainable than traditional synthesis methods. As mentioned
earlier, monomers (SA, BDO, and AA) for PBS and PBSA are
nowadays synthesized using biological sources but to ascertain
their actual environmental impact, an in-depth LCA study of the
production process needs to be carried out.

Bio-SA is a viable industrial substitute for its petroleum
counterparts. Moussa et al.' compared the environmental
impact of SA production (biobased and petro-based) using LCA.
This LCA's foreground data came from actual production data
by an establishment in Louisiana, USA, that produces SA from
non-food crop feedstock. Bio-SA exhibited significantly lower
global warming potential and non-renewable cumulative energy
demand by 385% and 1045%, respectively in comparison to
petroleum-based SA. The authors noted that heat generation
and electricity use had the highest impact on the environmental
and energy efficiency of bio-SA. Gadkari et al.** studied the LCA
of bio-SA developed from bread waste and found that the
greenhouse gas (GHG) emissions and non-renewable energy use
(NREU) were significantly lower than those of petroleum-based
systems. The result indicated that heating oil and steam are the
major contributors to NREU and GHG emissions. Bello et al.**®
reported that bio-SA from the paper and pulp industry had
a lower carbon footprint compared to its fossil alternatives
although it had a higher carbon footprint than SA derived from
sorghum. LCA of bio-BDO also had a lower impact on the
environment compared to fossil-derived BDO. Adom et al."** in
their study found that compared to fossil fuel-based BDO, the
cradle-to-grave GHG emissions of bio-BDO made from sugars
extracted from maize stover were around 52% lower. The
techno-economic analysis of commercial bio-BDO from corn-
based dextrose was conducted by Satam et al'*®* The proce-
dure was shown to be economically viable having a minimum
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selling price (MSP) of $1.82 per kg in comparison to the market
price of $2.5 per kg.

Evaluating the sustainability of bio-based PBS production
requires LCA and techno-economic risk assessment to compare
its environmental impact with that of petrochemical-based PBS.
The LCA study of PBS production obtained from food waste was
conducted by Rajendran et al.**® The cost of BDO and solvent
used during PBS purification contributed significantly to the
overall economics of the process. The process resulted in a GHG
emission equivalent to 5.19 kg CO,-eq. per kg of PBS which is
lower than traditional PBS production while achieving an MSP
of $3.5 per kg. Ioannidou et al.**” in their study assessed the
production of cost-competitive PBS from sugar beet pulp, corn
stover, and corn glucose syrup. They reported that acidification
potential, human toxicity potential, and eutrophication poten-
tial were lower when the above raw materials were used; the
MSP for PBS was $1.37 per kg. The techno-economic risk
assessment suggests that PBS could be developed from bio-
sources at market prices comparable to biaxially oriented
polypropylene (BOPP) ($1.4 per kg) and general-purpose poly-
styrene (GPPS) ($1.72 per kg). Rebolledo-Leiva et al.**® found
that wheat straw-based PBS has a lower environmental impact
than fossil-based and GPPS. It's worth noting that the majority
of the negative effects on the environment from monomer
manufacturing occur during the bioconversion or pre-
treatment, separation, and post-purification phases.

Sustainable PBSA production requires bio-based SA and
BDO, along with an eco-friendly synthesis of AA. Integrating AA
with a low carbon footprint is essential to develop PBSA in
a sustainable manner. As such, Corona et al.'*® developed bio-
based AA by using lignin only as the fuel and predicted a lower
environmental impact for the bio-based route (~62 to 78%
lower) compared to conventional AA synthesis. Another study by
Aryapratama et al.”** found that biobased AA had a lower impact
on photochemical ozone creation, eutrophication, and global
warming, than fossil-based synthesis but had a higher acidifi-
cation impact. Also, developing biobased AA using acid-
catalyzed pretreatment was more sustainable than alkaline
(NABH,) pretreatment. Duuren et al'** reported that CO,
equivalent emissions from AA can be reduced by switching to
a biobased method. Currently, there is limited research on the
lifecycle analysis of PBSA highlighting the need for more
research and focus on studying the effects of PBSA synthesis on
the environment. This will provide a comprehensive under-
standing of PBSA's ecological footprint and help us reduce the
carbon footprint associated with bioplastic manufacturing in
general by identifying the key contributors to pollution.

3 Developments in PBS and PBSA-
based blend and composite films
3.1 Blends of the polyester family in sustainable packaging

The mechanical and barrier performances of a polymer are
some of the most important criteria for evaluating the potential
commercial viability in flexible packaging applications. With
the use of polymer blends, it is possible to combine already-
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existing components to create new products with improved
qualities. Polymer blending allows the mixing of different types
of biopolymers to create novel compounds with enhanced
mechanical strength, thermal stability, and barrier perfor-
mance because of the selection of biopolymers with comple-
mentary properties and careful optimization of processing
conditions."” Polymers, when blended, can either exhibit
miscibility or immiscibility at a molecular level. Melt-blending
two miscible polymers forms a homogeneous single-phase
material. In such instances, the blend demonstrates proper-
ties that fall between those of the individual constituents, like
a single glass transition temperature (T,) value between the T,
of the two original components.™ PBS and PBSA exhibit greater
elongation but lower tensile strength and modulus compared to
other bioplastics such as PHB, PHBV, PLA, etc. Therefore, the
properties of PBS and PBSA can be optimized by blending with
other bioplastics to achieve the desired performance.****** Fig. 6
illustrates the tensile properties of different bioplastics and
commodity plastics.”® Although thermodynamically, the
majority of the polymers are immiscible and form a two-phase
structure when blended. The final blend morphology during
processing is determined by a dynamic interplay where
competition occurs between the breakdown and coalescence of
the constituents because of applied stress. The resultant
morphology influences the blend properties, such as rheolog-
ical and mechanical properties.'*®

3.1.1 Unmodified biopolyester blends

3.1.1.1 PBS/PBSA and PBAT blends. Aliphatic polyester resins
exhibit good stability under typical settings and offer the
properties of common polymers. The biodegradable polyester
poly(butylene adipate-co-terephthalate) (PBAT) is an excellent
polymer choice for PBS blends. It offers toughness and ductility
and can be processed using conventional film extrusion tech-
niques to produce films with mechanical properties like LDPE.
PBAT has an inferior modulus and stiffness due to its poor
crystallinity and random structure, unlike PBS, which is semi-
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Fig.6 The tensile properties of different biodegradable polyesters and
non-biodegradable commodity plastics. Reproduced with permission
from ref. 28, Elsevier, 2021.
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crystalline and less ductile compared to PBAT.** Therefore,
a blend film of PBS and PBAT at 25, 50, and 75 wt% PBS
concentration was developed by De Matos Costa et al.*® using
compression molding. Due to the stiffer nature of PBS
compared to PBAT, the stiffness of the films increased as the
PBS percentage went up; also, a dramatic drop in elongation at
break (EAB) was seen for films with PBS percentages higher
than 25 wt%. However, the gas and moisture barrier properties
of neat PBS films decreased with an increase in PBAT content.
This i