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Abstract: The impact of plastics on the environment can be mitigated by employing biobased and/or
biodegradable materials (i.e., bioplastics) instead of the traditional “commodities”. In this context,
poly (butylene succinate) (PBS) emerges as one of the most promising alternatives due to its good
mechanical, thermal, and barrier properties, making it suitable for use in a wide range of applications.
Still, the PBS has some drawbacks, such as its high crystallinity, which must be overcome to position it
as a real and viable alternative to “commodities”. This contribution covers the actual state-of-the-art of
the PBS through different sections. The first section reviews the different synthesis routes, providing
a complete picture regarding the obtained molecular weights and the greener alternatives. Afterward,
we examine how different strategies such as random copolymerization and the incorporation of fillers
can effectively modulate PBS properties to satisfy the needs for different applications. The impact
of these strategies is evaluated in the crystallization behavior, crystallinity, mechanical and barrier
properties, and biodegradation. The biodegradation is carefully analyzed, highlighting the wide
variety of methodologies existing in the literature to measure PBS degradation through different
routes (hydrolytic, enzymatic, and soil).

Keywords: poly (butylene succinate); copolymerization; biocomposites; mechanical properties;
crystallization; barrier properties; degradation

1. Introduction

Plastic consumption has undergone an incredible increase over the last decades,
reaching a record of 367 million tons produced in 2020 worldwide, with a rise of 5.2% with
respect to 2017 [1] and a slight decrease of 0.3% compared to 2019 due to the COVID-19
pandemic [2]. Since the 1950s, worldwide plastic production has increased by a factor of
more than 200, with a compound annual growth rate (CAGR) of 8.4% [3–5]. The forecast
exposes a CAGR of 10% for 2018–2023 [6]. As plastic production increases, plastic waste
follows a similar increment. This fact is a significant problem, as most plastic materials are
single-use products, which implies that they end up in the environment, such as landfills,
or directly in the oceans, remaining there for many years. Over the last decades, research
on biodegradable polymers has exponentially increased, motivated by the need to diminish
human impact on the environment and reduce global plastic pollution, which is also
related to the emission of greenhouse gases [7]. Plastic wastes produced within the last
seven decades have reached the astonishing amount of 6300 million tons [3,6], setting
up plastic pollution in the spotlight as a highly concerning problem to be solved with
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haste. Among the multiple applications, packaging leads plastic wastes production, with
almost 150 million tons in 2015, of which less than 4% were recycled [4]. Additionally, the
more concerning fact is that about 1–5% of all plastics end up in marine environments,
as around 80% of oceanic wastes come from landfills [8]. The direct consequence of this
is the production of microplastics, which cause important damage in the terrestrial and
marine wildlife [7], while also affecting human beings, not only producing health issues,
but also damaging tourism, fishing, and shipping industries [9]. Although the COVID-19
pandemic has slightly diminished the total production of plastics, the problem of wastes
has increased for all the single-use plastic products required in this pandemic situation,
such as masks, face shields, gloves, and other personal protective equipments [4]. Within
this context, research on biodegradable polymers, defined as those “whose chemical and
physical characteristics undergo deterioration and completely degrade when exposed to
microorganisms, aerobic and anaerobic processes”, has attracted increasing attention [10].

Poly (butylene succinate) (PBS or PBSu), also known as poly (tetramethylene succinate)
(PTMS), is an aliphatic polyester that can be included in fossil-based biodegradable poly-
mers. However, many advances have been made in preparing 100% bio-based PBS (Bio-PBS)
produced from bio-based 1,4-butanediol [11]. Among the group of bioplastics, polyhydrox-
yalkanoates (PHAs), which can be produced in aqueous environments by the actions of
different microorganisms [7], present many advantages that make these materials suitable
for many applications, such as packaging, biomedical devices, electronics, and agricultural
purposes, among others [12]. Notwithstanding the higher production of PBS compared to
PHAs (4.3% vs. 1.2% of total bioplastics production in 2019) [13], as well as the higher cost
of PHAs against PBS (USD 4000–15,000/t of PHAs vs. USD 2000–5000/t of PBS) [12,14,15],
make PBS a more suitable candidate to be used for commercial purposes in the field of
biodegradable plastics. Furthermore, a drop in price for Bio-PBS by almost half is expected,
a move from USD 4400/t to prices of USD 2700/t [16].

PBS presents interesting physicochemical properties; it is biodegradable and nontoxic,
making this polymer a good candidate for various biomedical applications, packaging,
agriculture, and others. In an extensive review by Gigli et al., the main biomedical applica-
tions of PBS are summarized, including its employment as scaffolds for tissue engineering
or matrixes for drug delivery [17]. In agriculture, PBS has been investigated to develop
biodegradable polymeric mulch films to reduce plastic accumulation in soil [18]. PBS has
also been studied for the fabrication of soft packaging because, in comparison to poly
(lactic acid), PBS is more flexible with a higher value of elongation at break, and presents
similar good barrier properties to oxygen and water vapor [19]. Despite extensive research
on PBS and its potential applications, the widespread employment of this polymer is still
limited due to its relatively high cost. Hence, many strategies are being developed to,
on the one hand, lower the cost of PBS and, on the other hand, modify the mechanical,
physicochemical, and thermal properties of PBS to adjust degradation times and meet
specific requirements for selected applications. Such approaches include the formation of
blends, the synthesis of copolymers, and the addition of filler materials to prepare compos-
ite materials [20]. Over the last few years, many reviews have provided a thorough analysis
of the thermal, mechanical, and biodegradation properties of PBS in comparison to other
biodegradable polyesters [21], in PBS composites and nanocomposites with incorporated
natural fillers [5], and in blends with other polymers, most notably with poly (lactic acid)
(PLA) [22]. It is important to remark that, even if the blending of PBS with synthetic
and natural polymers constitutes one of the most straightforward routes to modulate
PBS properties, PBS-based blends are often immiscible, leading to phase separation and
hence poor mechanical properties. One alternative is using compatibilizers or crosslinkers
in the blend, aiming to improve phase mixing in the blends. However, such a strategy
might compromise the degradability of the material [23]. In this regard, a recent study
has shown the employment of a PBS-based copolymer as an effective compatibilizer in a
compostable ternary blend made of PBS, random PBS-based copolymers, and plasticized
wheat flour [24].
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For PBS, random copolymerization constitutes a common strategy for combining the
desired properties of two different homopolymers. In PBS copolyesters, the comonomer
composition strongly influences the crystallization behavior, which in turn affects their
biodegradation, thermal, and mechanical properties [25]. It follows that a thorough inves-
tigation of the crystallinity behavior of PBS copolymers as a function of the comonomer
composition is necessary to design PBS-based materials with the physical and biodegrada-
tion properties required for specific applications. In the current review, we summarize and
quantitatively compare the results corresponding to PBS copolyesters synthesized in our
group and other research groups to determine, on the one hand, the influence of different
synthetic routes on the resulting molecular weight of PBS copolyesters and, on the other
hand, the impact of the comonomer content on the crystallization behavior and resulting
mechanical properties of the selected PBS copolyesters, including a series of biodegradable
PBS-ran-PCL synthesized and characterized in our group [26]. Such analysis is extended to
PBS composite films, for which the effect of the incorporation of the selected fillers on the
mechanical and barrier properties is analyzed. In a recent study from our group, authors
presented the peculiar rheological properties for these PBS-ran-PCL copolymers, and their
applications such as hot melt adhesives [27]. Moreover, a thorough analysis of experimental
protocols aimed to determine the biodegradation of PBS and its copolyesters is provided,
with emphasis on PBS enzymatic degradation. Finally, future perspectives for the design of
PBS-based materials with tailored properties are discussed.

2. Synthesis of PBS

Poly (butylene succinate) is obtained from two monomers: succinic acid (SA) and
1,4-butanediol (BD). SA can be obtained through the hydrogenation of fossil-derived maleic
acid (anhydride) or 1,4-butanediol. The BD is produced through the hydrogenation of
1,4-butynediol, previously obtained from acetylene and formaldehyde. The BD can also
be obtained through the hydrogenation of methyl maleate ester derived from maleic an-
hydride. In order to move to greener production methods, SA can be prepared through
fermentation, whereas it is possible to obtain the BD monomer from a genetically modified
organism [28,29]. The polymerization routes for the production of PBS can be divided into
two categories: petroleum-based synthesis and bio-based polymerization. The petroleum-
based synthesis relies on polycondensation reactions, generating higher molecular weights
(MW) than the bio-based polymerization. However, the latter is based on enzymes as cata-
lysts of the reaction, representing a greener alternative. The description of the experimental
methodology for each of the polymerization routes is provided below.

2.1. Petroleum-Based Synthesis: Transesterification Polymerization: Melt, Chain Extender,
and Solution

The petroleum-based synthesis is based on transesterification polymerization (shown
in Scheme 1), carried out in the melt or in solution. Through these methods, PBS of
intermediate and high MWs can be obtained.

Intermediate MWs, e.g., the number average molecular weight, Mn ~60,000 g/mol and
the weight average molecular weight, Mw ~100,000 g/mol [30,31], are obtained through a
transesterification polymerization carried out in the melt. This polymerization employs
dimethyl succinate (DMS) and BD, as monomers, in stoichiometric relation or with an
excess of BD below 10 mol%. Titanium (IV) butoxide (TNBT) or titanium (IV) isopropoxide
(TTIP) are commonly used as catalysts of the reaction [32] (see Figure 1). Before the reaction
process, the reactor is filled with nitrogen at room temperature to remove air and avoid
oxidation during the transesterification step. After that, the reaction system is heated at a
temperature ranging from 150 ◦C to 190 ◦C, with constant stirring and under a nitrogen
atmosphere to start the transesterification reaction (see Scheme 1a). Then, a distillation step
is needed to discard most of the methanol and water produced during the reaction. In a
second stage, polycondensation (see Scheme 1c) is carried out under vacuum at a higher
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temperature to remove the BD formed in the reaction and polymerize the oligomers to the
polymer [33].Polymers 2022, 14, x FOR PEER REVIEW 4 of 41 
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Figure 1. Chemical structures of 9 different catalysts employed in the transesterification step:
(a) titanium (IV) butoxide (TNBT) and (b) titanium (IV) isopropoxide (TTIP).

A second option for petroleum-based syntheses is the direct polymerization (see
Scheme 1b) of both monomeric units (SA and BD), starting from dicarboxylic acids and
alkyl diols. High MWs can be obtained by using a chain-extension step. Direct poly-
merization can be carried out in the melt or in solution. In the melt, the polymerization
consists of two steps: first, the esterification reaction occurs at temperatures from 150 ◦C
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to 200 ◦C, under atmospheric pressure, or in a low vacuum. In the second step, the poly-
condensation is carried out under a high vacuum at a higher temperature (220–240 ◦C)
for deglycolization. It is important to note that both steps should be done under a nitro-
gen atmosphere to avoid oxidation [34]. For high-MW PBS production, an extra chain-
extension step (see Scheme 2) is added to the melt condensation polymerization, achieving
Mn ~80,000 g/mol and Mw ~250,000 g/mol. Some authors have reported even higher
values: Mn ~180,000 g/mol and Mw ~450,000 g/mol [35], Mw ~500,000 g/mol [36], or
up to Mw ~1,000,000 g/mol [37]. These values are supported by Showa Denko, which
commercially produced high-MW PBS (Bionolle) with a chain extender (hexamethylene
diisocyanate, HMDI), reaching Mn ~200,000 g/mol and Mw ~300,000 g/mol (see Scheme 2).
A chain extender with two functional groups can react with the terminal –OH or –COOH
of PBS. The reaction conditions for the chain extension are not as critical as the direct melt
polycondensation. Therefore, the chain extender incorporation decreases the biosafety
and could affect the biodegradability of PBS, which might prevent the employment of the
so-obtained PBS in food packaging. Many chain extenders have been investigated, e.g.,
isocyanate [31], oxazoline [38], anhydride, biscaprolactamate [39], silazane [40], and epoxy
compound [36]. Diisocyanate and anhydride are suitable for extending the –OH of the
PBS, whereas oxazoline and epoxy compounds are used to extend the –COOH groups
of PBS [32].
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Scheme 2. Chain-extension step with hexamethylene diisocyanate (HMDI) to produce high-MW PBS.

In the polymerization from solution, the monomers are dissolved in a solvent, such
as xylene or decahydronaphthalene. This procedure improves the removal of the small
molecular materials formed in the reaction process. Both reactions, esterification, and poly-
condensation proceed at lower temperatures, which avoids the oxidation of PBS, although
the reaction time increases [32]. Regarding the MWs obtained, Mn ~120,000 g/mol and
Mw ~280,000 g/mol can be achieved [41], although lower values are also obtained [42,43].

2.2. Bio-Based Polymerization: Enzymatic Synthesis

This method is relatively recent with respect to petroleum-based synthesis and presents
the advantages of milder reaction conditions and the absence of residual metals and metal
salts. Candida antarctica lipase B (CALB) is usually employed as a catalyst in synthesizing
PBS from the monophasic reaction mixtures of diethyl succinate (DES) and 1,4-butanediol
(see Scheme 3). In this case, the reaction temperature dramatically affects the MW of
the polymer. In general, reaction temperatures are below 100 ◦C, with reaction times of
24 h. Another remarkable result obtained from this procedure is the narrow dispersity
index of the PBS obtained. However, the MW is low compared to other polymerization
methods [44]. Debuissy et al., reported a “green” enzymatic procedure to obtain PBS
starting from telechelic hydroxylated poly((R)-3-hydr-oxybutyrate) (PHB-diol) oligomers
and employing CALB and BD in a single-step process. The same authors also described
another procedure for this enzymatic synthesis, where the main difference is that the
PHB-diol oligomers were introduced after 24 h of the CALB-catalyzed reaction [45]. Cyclic
butylene succinate oligomers have also been obtained through enzymatic ring-opening
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polymerization (eROP) employing CALB as the catalyst at temperatures below 100 ◦C.
The obtained oligomers presented low MWs: 4700 g/mol and 6100 g/mol for Mn and Mw,
respectively [46].
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Scheme 3. Enzymatic synthesis of PBS by the employment of CALB.

3. PBS Copolyesters

This section illustrates the effect of the preparation conditions of selected PBS-based
copolyesters on (a) the MW and (b) the general trends found in the literature on the effect
of comonomer content on the crystallization behavior and mechanical properties. All the
results are plotted as a function of the PBS content.

3.1. Influence of the Preparation Conditions on the Molecular Weight

PBS copolyesters are obtained through the same experimental procedures, trans-
esterification, or enzymatic synthesis described for the PBS homopolymer in Section 2.
Figure 2 shows the variation of the MW with the PBS composition for representative PBS
copolymers synthesized previously by some of us and reported in the literature, such
as PBS-ran-ε-caprolactone (PBS-ran-PCL), PBS-ran-butylene adipate (PBS-ran-PBA), and
PBS-ran-butylene azelate (PBS-ran-PBAz).
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3.2. Enzymatic Synthesis for PBS-Based Copolyesters

As can be observed in Figure 2, the use of enzymatic synthesis to prepare PBS-ran-PCL
copolyesters results in polymers with lower MWs than those obtained for PBS-ran-PCL
copolyesters synthesized by transesterification synthesis. The experimental procedure
followed for the synthesis of PBS-ran-PCL through transesterification is similar to that
followed for the synthesis of PBS-ran-PBA and PBS-ran-PBAz copolyesters.

Different polymerization pathways were followed for obtaining PBS-ran-PCL copolyesters,
giving rise to a wide range of MWs. For the lowest Mw copolyesters (4000–14,000 g/mol),
an enzymatic synthesis was performed, starting from dimethyl succinate and 1,4-butanediol,
at a mild mixing temperature (below 100 ◦C) to obtain cyclic BS oligomers. Later on, the
enzyme (immobilized lipase CALB) was added to the reaction medium (in a ratio of 1:1
to the reactants). The cyclization reaction was maintained for 48 h under nitrogen flow.
The preparation methodology continued with the dispersion of the reaction mixture in
chloroform and the recovery of the enzyme by filtration. The copolyesters were finally
obtained by mixing the cyclic reactants (BS and CL) with CALB (50% w/w relative to
the total mass of reactants) at 130 ◦C for 24 h under a nitrogen flow, and finished with
the dispersion in chloroform and recovery of the enzyme, as in the previous step for the
obtaining of cyclic BS oligomers [46].

3.3. Transesterification/ROP Reaction

Safari et al. synthesized PBS-ran-PCL copolyesters with different Mw ranges following
a transesterification/ROP reaction and a polycondensation step, mixing dimethyl succinate,
1,4-butanediol, and ε-caprolactone at different ratios. The first reaction was conducted at
160 ◦C for 4 h, and later on, the polycondensation step was performed at 190 ◦C at a high
vacuum, in the case of the medium Mw copolymers (17,000–30,000 g/mol) [47]. For the
high Mw copolyesters (35,000–91,000 g/mol), the polycondensation step lasted longer (6 h
instead of 4 h) and was carried out at higher temperatures (220 ◦C instead of 190 ◦C) [26].

PBS-ran-PBA copolyesters were synthesized following a two-stage melt polyconden-
sation reaction (polycondensation and postpolycondensation) starting from a bio-based
SA (obtained by fermentation of glucose), BD, and adipic acid (AA). For the esterification
step, the reaction temperature was kept at 200 ◦C. Later on, TTIP catalyst was introduced
into the reactor (210 ◦C, with argon flux). For the second step (postpolycondensation),
the temperature was slowly raised to 230 ◦C, and reduced pressure was employed to
avoid uncontrolled foaming and to minimize oligomer evaporation. This procedure led
to copolymers with Mw in the range 30,000–57,000 g/mol and a polydispersity index of
1.6–2.0, as observed in Figure 2 [48]. Similarly, a two-stage melt polycondensation has been
employed to synthesize PBS-ran-PBAz copolyesters with some modifications: esterifica-
tion of dimethylazelate (DMAz), SA, and BD was carried out at 200 ◦C at atmospheric
pressure employing TNBT as the catalyst. The polycondensation step was carried out at
reduced pressure, and for this step, the temperature was raised to 250 ◦C. The MWs of the
so-obtained copolymers were in the 40,000–160,000 g/mol (Mw) range, improving the latter
in the case of the copolymers in comparison with the homopolymers [49]. Other authors
have followed a similar procedure to synthesize PBS-ran-PBAz copolyesters, giving rise to
lower Mw than the one observed in Figure 2, due to milder synthesis conditions [50].

3.4. Crystallization Behavior in PBS Copolyesters as Determined by DSC

PBS is a promising material since it combines good thermal and mechanical properties
with easy processability and relatively low cost. PBS possesses a relatively high melting
temperature (110 ◦C) and a low glass transition temperature (−25 ◦C) crucial for applica-
tions. Its mechanical properties are comparable to commodity nonbiodegradable polymers,
like polyethylene (PE) and polypropylene (PP). PBS is fully biodegradable, but its high
crystallinity slows down its degradation rate and induces low barrier properties. Thus, to
overcome these disadvantages and tailor the final properties of the PBS, its chain structure
is modified, mainly to decrease its crystallinity, either by adding additives or a second
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phase, e.g., copolymerization. In this way, the range of applications of the PBS-based
materials is broadened, and its price is reduced [51–53].

Different strategies have been used to tailor the properties of PBS, such as blending
with other polymers, incorporating natural fibers, nanofillers, or through copolymerization,
as block and random copolymers. Here, for brevity, we will focus on the thermal behavior
of the PBS-based random copolymers.

In general, the random copolymerization allows achieving final properties in between
those of the parent components. From a crystallization point of view, different crystalliza-
tion modalities, namely (a) comonomer exclusion, (b) isomorphism, and (c) isodimorphism,
have been reported and recently reviewed [54]. Further details of the different crystalliza-
tion modes can be found elsewhere [54,55]. Briefly, if we consider a PA-ran-PB copoly-
mer, three scenarios can occur: (a) Total Comonomer Exclusion: In the PA-rich phase, B
comonomers are totally excluded from the PA crystals, and vice versa. Such excluded B or
A comonomers will hinder the crystallization of the PA- or PB-rich crystals, respectively.
Therefore, only the PA- and PB-rich phases can crystallize with low B or A comonomer
content, e.g., 20% of the randomly distributed co-units along the chain are enough to
inhibit the crystallization completely [54]; (b) Isomorphism: The PA-ran-PB copolymer can
crystallize in a single phase due to the total inclusion (cocrystallization) of the respective
comonomer (isomorphism); (c) Isodimorphism: In between cases (a) and (b), the PA-rich
phase allows a partial inclusion of B comonomers and vice versa, making possible the crys-
tallization in all the composition range. For isodimorphic random copolymers, when the
melting point (Tm) is plotted as a function of the comonomer content, as in Figure 3, a clear
pseudo-eutectic behavior is typically obtained. Considering Figure 3 as an example, to
the left of the pseudo-eutectic point or region, the PA-rich phase crystallizes with some
inclusion of B comonomers; thus, structurally, the copolymer crystallizes with a PA unit cell
with distortions, i.e., expansion or shrinkage of the unit cell, caused by the inclusion of B
comonomers in the crystal lattice. The opposite, i.e., the PB unit cell with A comonomers in-
clusion, occurs at the right side of the pseudo-eutectic point or region. In some cases, it has
been demonstrated that both PA- and PB-rich phases can be formed at the pseudo-eutectic
point [26,46–48,51,54,56–61].
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Figure 3 shows that, typically, the PBS-based copolymers display an isodimorphic
behavior, exhibiting a clear pseudo-eutectic point. The determination of the position
of the pseudo-eutectic point is still unclear; however, it seems that it depends on the
crystallization ability of the material [62–64]. The PBS possesses a symmetrical chemical
structure, adopting an all-trans conformation within its unit cell, facilitating the forma-
tion of a highly ordered crystalline structure [63]. This provides a high melting point to
the PBS and a more stabilized crystalline structure than other copolyesters. In general,
those polymers that can form isodimorphic copolymers with PBS are characterized by
a strong crystallization ability [63]. Thus, the PBS-based copolymers display a pseudo-
eutectic point or region around 50%, as the PBS-ran-PBAz [57–60], PBS-ran-PBA [48,51],
and PBS-ran-PCL [26,46,47,56,61] studied by our group and shown in Figure 3. In these
random copolymers, the pseudo-eutectic point or region displays the crystallization of both
crystalline phases.

Pérez-Camargo et al. [48,51,54] found that for 50:50 PBS-ran-PBA copolymers, the
“double-crystallization” behavior depends on the cooling rate. Similar results are also reported
by Arandia et al. [57–60] in 58:42 PBS-ran-PBAz copolymers and Safari et al. [26,46,47,56,61]
in 45:55 PBS-ran-PCL copolymers of different MWs. In these systems, a slow cooling rate,
e.g., 5 ◦C/min, is favored for the crystallization of the PBS-rich phase, which has ample
time (note that the crystallization of the PBS occurs first) to develop spherulites with a
relatively high degree of crystallinity. This forces the second component, i.e., PBA, PBAz, or
PCL, to crystallize in the confined interlamellar spaces of the PBS-rich crystalline lamellae.
However, such confinement effect at slow cooling rates hinders the crystallization of the
second phase.

In contrast, at faster cooling rates, e.g., 50 ◦C/min, the PBS-rich phase in 58:42
PBS-ran-PBAz crystallizes during cooling but develops a lower degree of crystallinity.
This gives a chance to the PBAz to crystallize during the fast cooling within the inter-
lamellar regions of the PBS spherulitic templates [57]. For 50:50 PBS-ran-PBA and 45:55
PBS-ran-PCL copolymers, the rapid cooling inhibits the crystallization during the cooling of
the PBS, allowing the PBA- or PCL-rich phases to develop crystallinity. In the subsequent
heating, both crystalline phases displayed a sequential cold-crystallization and melting.
The PBS crystallizes and melts at higher temperatures than the other phase, either PBA or
PCL; for more details, see [48,54]. In the 40:60 PBS-ran-PBA, it was found that only favor-
able thermodynamic conditions, e.g., slow cooling rates, allow the crystallization of the
minority PBS phase. In contrast, the PBA phase is the only one able to crystallize without
these conditions [48,65]. Similarly, under isothermal tests, a low crystallization temperature,
Tc, favored the formation of both PBA- and PBS-rich phases, while at high Tc a PBS-rich
phase was the only one formed. Safari et al. reported similar behavior in 45:55 PBS-ran-PCL
copolymers. It is important to remark that Safari et al. [26] studied the PBS-ran-PCL copoly-
mers in a wide range of MWs, obtaining a pseudo-eutectic behavior in all the cases, and
similar trends due to the MWs are above the critical MW for entanglements. In a more
recent contribution, Pérez-Camargo et al. [51] found that comonomer inclusion depends
on the crystallization conditions. The fast crystallization, i.e., nonisothermal test, favored
the BA inclusion inside the PBS crystals, whereas slow crystallization (i.e., isothermal test)
strongly limits it. Intermediate crystallization, i.e., a combination of nonisothermal and
isothermal tests, generated in a successive self-nucleation and annealing test, causes an
intermediate situation.

Figure 3 shows that most of the PBS-based copolymers possess similar behaviors;
however, there are exceptions, e.g., comonomer exclusion and isomorphism, and below,
these cases are briefly described.

3.5. Pseudo-Eutectic Point at Different Content, Comonomer Exclusion, and Isomorphism in
PBS-Based Copolymers

The pseudo-eutectic point at a PBS content of around 50% for PBS-based copolymers
has its exceptions, as found by Yu et al. [63]. These authors studied PBS-ran-cis-butene
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succinate, PBS-ran-PcBS, copolymers with a pseudo-eutectic point located at 20% of PBS
content. This means that the PBS mainly dominates the copolymer crystallization. This
behavior was surprising since the PBS and the PcBS have the same chain length and similar
monomer size, but the PcBS possesses one cis double bond in the alkyl unit, generating
such a particular behavior. The authors attributed the “atypical” pseudo-eutectic behavior
for PBS-based copolymers to the different crystallization abilities. The cis-isomer in the
PcBS introduces “kinks” into the main chain. This difficulty in forming crystals as perfect as
the PBS (i.e., all-trans configuration, which generated a more stabilized crystalline structure)
resulted in a weaker crystallization ability.

In the PBS-ran-propylene succinate (PBS-ran-PPS) copolymers, prepared by Papageor-
giou and Bikiaris [66], and more recently by Debuissy et al. [67], the very slow crystallization
kinetics of the PPS limited the copolymer crystallization to the PBS-rich phase. Such very
slow crystallization is caused by the odd chain length of the 1,3-propanediol group [68].
For the as-received samples directly obtained from the synthesis, the WAXS experiments
at RT reveal that the PBS-ran-PPS copolymers display PBS unit cells even when it is in
the minority phase (i.e., 40%). In contrast, the PPS-rich unit cell is only present with a
PPS content from 80% to 90% [66,69]. The behavior dramatically changes when the initial
thermal history is erased, revealing a more complex trend. After erasing the thermal history
and cooling the sample from the melt, only the PBS-rich compositions can crystallize, while
the PPS-rich compositions cannot crystalize, as shown in Figure 3. After crystallization
from the melt, such behavior is similar to a comonomer exclusion case. Similar findings
were reported by Papageorgiou and Bikiaris [66].

The isomorphic behavior, which is not commonly reported, has been found in PBS-
based copolymers. The PBS-ran-butylene fumarate (PBS-ran-PBF) copolymers [70] can form
isomorphic copolymers. Ye et al. [70] found that Tm increased linearly with the PBF content,
the melting enthalpies hardly changed, and all the copolymers displayed similar crystal
structures. These authors attributed the isomorphism to the match of all-trans conformation
adopted by PBS and PBF comonomers. Similar behavior was also found by Zheng et al. [71]
in multiblock copolymers of PBS-co-PBF. In the following contribution, Ye et al. found that
in random terpolyester PBS-ran-PBF-ran-PBA [72], the PBS and the PBF can cocrystallize in
an isomorphic mode, despite the presence of the PBA comonomer. Such isomorphism was
even found recently in PBS/PBF blends [73]. In this case, the isomorphism is located in the
PBS-rich blends due to the strong hydrogen bonding ability of fumarate units [73].

3.6. Influence of the Comonomer Content in the Crystallinity

Figure 4 plots the degree of crystallinity (Xc) as a function of the comonomer content.
Xc is calculated according to Equation (1), which is applicable in copolymers.

Xc =
∆Hm

∆H0
m·∅

(1)

∆Hm and ∆H0
m are the melting enthalpy and the equilibrium melting enthalpy of the

phase under consideration and ∅ is the weight fraction of the phase under consideration.
In general, the extent of Xc depression is related to the easiness of comonomer cocrystalliza-
tion. As Müller et al. [54] pointed out, the decrease of the Xc with the comonomer inclusion
indicates that the co-units represent defects for the crystal. For instance, for comonomer
exclusion, a strong depression of Xc with the composition is expected since the excluded
comonomer decreases the length of the crystallizable sequence (by limiting the number of
second comonomer units) included in the crystalline lattice. In contrast, for the isomorphic
copolymer, it is reported that Xc remains unchanged or even increases with comonomer
content [70], as the comonomer does not represent an interruption for the crystallizable
sequences. In the case of isodimorphic copolymers, as shown Figure 4, a pseudo-eutectic
behavior of the Xc vs. comonomer content is often obtained due to the partial inclusion of
comonomer units.
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As a summary, Figures 3 and 4 show that in PBS-based copolymers, the second phase
(i.e., second comonomer) tailors the temperature of the use of the copolymer as well as
the crystallinity. Such behavior influences these copolymers’ mechanical properties and
degradation, as shown in the following sections.

3.7. Effect of Comonomer Content on Mechanical Properties

PBS presents a lower Young’s modulus value compared to other common polyesters,
such as polyethylene terephthalate (PET) or polylactic acid (PLA), and similar values for
elongation at break to low-density polyethylene (LDPE), polypropylene (PP), or polycapro-
lactone (PCL) [29]. The mechanical properties range of values commonly reported, for PBS
in the literature is: Young’s modulus of 0.5–1 GPa [74–77], a tensile strength of 30–50 MPa,
and elongations at break varying from values below 5% up to 500% [78–85]. The mechanical
properties—MW dependence has also been studied in the literature. It has been found that
at higher MWs, the elongation at break increases, which ranges from 355% (high MW) to
25.2% (low MW). Similarly, the tensile strength slightly increases with the MW [32].

Figure 5a,b show, respectively, Young´s modulus (E) and the elongation at break (ε)
obtained from the stress–strain curves of selected PBS-based copolymers plotted against
the PBS content of the copolymers.

Generally speaking, for the PBS homopolymer, introducing a comonomer results in
a decrease in the Young´s modulus and an increase in the elongation at break values.
Going into detail on the results for each particular copolymer shown in Figure 5a, the
variation of the Young’s modulus with PBS content has been determined for the whole
range of BS compositions for PBS-ran-PCL and PBS-ran-PHS copolyesters. For these two
copolymers, the variation of E is clearly dependent on the composition range, exhibiting a
pseudo-eutectic behavior, registering the minimum properties at the pseudo-eutectic point,
i.e., at 45% and 35 mol % PBS for PBS-ran-PCL [26] and PBS-ran-PHS [52], respectively.
This is in line with the variation of the Tm and Xc values as a function of the PBS content
(Figures 3 and 4, respectively). As expected, these results show a direct correlation of the
mechanical properties on Xc. The PBS-co-PBF multiblock copolymers show a different trend,
since the E values remain practically unchanged with the PBS content. This particular trend
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is caused by the isomorphic-like behavior reported for the PBS-co-PBF system. Moreover,
the PBS and PBF have similar elastic moduli values [71].
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For the other copolymers, shown in Figure 5a, PBS-ran-decamethylene succinate
(PBS-ran-PDMSu) [86], PBS-ran-butylene terephthalate (PBS-ran-PBT), PBS-ran-isosorbide
succinate (PBS-ran-PIS) and PBS-ran-butylene furanoate (PBS-ran-PBFur) [87], and
PBS-ran-thiodiethylene glycol succinate (PBS-ran-PTDGS) [88], the variation of E with the
PBS composition has only been determined for the BS-rich composition range (at composi-
tions higher than ~60 mol% PBS) and show a linear decrease of E with the introduction of
the comonomer in the PBS-rich compositions. A corresponding increase in the values of
the elongation at break is depicted in Figure 5b for these same copolymers. It is important
to note that, in the case of PBS-ran-PTDGS, the elongation at break increases up to 35 times
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at 80 mol% PBS with respect to the PBS homopolymer. Such a result is promising for using
this copolyester in soft packaging applications [88].

4. PBS Nanocomposites: Modulation of Mechanical Properties

The incorporation of organic and inorganic fillers to produce nanocomposites are
common routes for the modulation of mechanical properties and directly impacts the
barrier properties of PBS. Figure 6 shows representative results corresponding to the
variation of the mechanical properties, elastic moduli, and elongation at break of PBS
nanocomposites as a function of filler content. Here, we have selected PBS/nanoclays
nanocomposites, which incorporate organo-modified montmorillonite (CLOISITE® 25A,
C25A) and other examples of PBS nanocomposites, such as those incorporating zinc oxide
nanoparticles (ZnO), hydroxyapatite nanoparticles (HA), or cellulose nanocrystals (CNC).
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As shown in Figure 6, PBS/nanoclays nanocomposites such PBS/C25A increased
their elastic moduli up to 1.25 times at 3 wt% nanofiller. Then, above this concentration,
a decrease of the elastic moduli is observed, ascribed to the clay degradation during
processing [82]. Several reviews on the development of PBS nanocomposites, through the
incorporation of clays and nanoclays as fillers, show different preparation routes, including
in situ intercalation, solution casting, melt intercalation, transesterification, and master
batch [89]. The types of clays commonly employed for the formation of PBS nanocomposites
are mainly constituted by the family of 2:1 phyllosilicates: montmorillonite (MMT), saponite
(SAP), and fluorohectorite (FHT) [90].

Figure 6 also shows the results corresponding to PBS nanocomposites prepared by
incorporating inorganic nanoparticles, like zinc oxide (ZnO) and hydroxyapatite (HA).
Incorporating ZnO nanoparticles (100 nm average size) gives rise to a slight increase in
the elastic moduli for PBS nanocomposite films up to a ZnO concentration of 10 wt% and
a decrease of the values corresponding to the elongation at break. The rigidity of the
ZnO nanoparticles, the restriction of the chain entanglement, and the rearrangement of
crystallized PBS chains induced by the nanoparticles explained the results found for these
PBS nanocomposites [79]. The incorporation of hydroxyapatite nanoparticles also increases
the values of the elastic moduli up to 1.5 times at an HA concentration of 5 wt% [91].
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Finally, the incorporation of bionanofillers constitutes an important field of research
nowadays due to the possibility of preparing fully biodegradable polymer nanocomposites.
As an example, Figure 6 shows the variation of the mechanical properties for PBS ternary
nanocomposites obtained through the mixing of PBS, poly(ethylene glycol) (PEG), and
cellulose nanocrystals (CNC) in a weight ratio of 80:20 in PBS:PEG, and increasing amounts
of CNC (2, 4 and 6 wt%). PBS/PEG/CNC nanocomposites showed a slight increase of
the elastic moduli up to CNC contents of 4 wt%. Above this content, the elastic mod-
uli decreased compared to the pristine PBS because of the poor dispersion of the CNC
within the PBS matrix [81]. Other bionanofillers that have been employed to modify the
mechanical properties of PBS are isora nanofibers (INF) extracted from Helicteres isora by
thermo-mechano-chemical treatments [92], wood flour (WF) [93], oil palm mesocarp fibers
(OPMF) [65], or konjac fly powders (KFP) [94], among others.

In summary, the general trend found for PBS nanocomposites is that incorporating
nanofillers, even at a low content (less than 6 wt% filler), results in an increase of the elastic
moduli and a decrease of the elongation a break. However, many factors play a key role,
such as the degree of dispersion, the crystallinity or the orientation of the nanoparticles, and
the interactions between the polymer matrix and the nanoparticles, which are necessary
to propagate the stress through the nanocomposite. That is why each particular PBS
nanocomposite has to be studied separately to extract proper conclusions on the variation
of the mechanical properties with the nanofiller content.

5. Barrier Properties

The study of barrier properties in the materials field is an important step for their
evaluation for food packaging applications and food-related categories [95,96]. It is also
important for other applications such as coatings for many different substrates [97] or
mulching films that can be employed to protect crops in agriculture [20,98,99]. This type of
study must consider both gas and liquid barrier properties, as packages should protect the
food from both external gases and liquids. Moreover, the shelf life of the product is also
affected by these permeants, water vapor being one of the most relevant [100]. Regarding
the liquid barrier properties, the most commonly studied one is water [101,102], although
other liquids have also been studied, such as acetic acid, ethanol, or isooctane, among
others [103].

Nevertheless, having a material that accomplishes the required gas barrier properties
is a must, as food needs to be preserved under certain atmospheric conditions. Thus,
novel materials should be designed to fulfill all the requirements for food packaging in
terms of gas permeability. For this purpose, the most abundant gases in the atmosphere
are commonly studied (e.g., water vapor, oxygen, carbon dioxide, and nitrogen) [104].
Some reports have also included helium, argon, methane or hydrogen, or vapors such as
methanol or dimethyl carbonate [105,106]. It is crucial to have the oxygen levels under
control, as high values could accelerate the enzymatic degradation of the food, whereas
too low levels could lead to tissue deterioration. Carbon dioxide is related to antimicrobial
properties, whereas nitrogen is used to complete the inside atmosphere of the package,
being inert to food and protecting the film from breaking [107].

The most studied and commonly used materials for food packaging are synthetic poly-
mers (e.g., PET, PP, and PE), although PLA has already become one of the most important
alternatives to these “commodities” among biodegradable polymers [108,109]. Nonetheless,
PBS is promising due to its good processing conditions and its wide range of thermome-
chanical properties. It also shows similar/enhanced barrier properties compared to PLA,
positioning PBS as a real alternative in the field of biodegradable polymeric packages.

Figure 7a shows an overview of the gas barrier properties (O2 and CO2) corresponding
to several polymers. As it can be appreciated, gas permeabilities of polymeric materials
cover a wide range of values, starting from the extremely low values of polyacrylonitrile
(PAN) or a liquid crystal polymer (LCP) from Vectra, which present triple bonds or aromatic
rings in their structures, to the very high values for silicones, such as polydimethylsiloxane
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(PDMS) or poly(1-trimethylsilyl-1-propyne) (PTMSP). When expressing the permeabilities
in Barrers (1 Barrer = 10−10 × cm3

STP × cm × cm−2 × s−1 × cm × Hg−1, where cm3
STP

stands for standard cubic centimeter, representing the number of moles of gas that would
occupy 1 cm3 at standard temperature and pressure), a common unit used to express
gas permeability, a range over 10 orders of magnitude can be achieved. In the previous
expression, cm3

STP × cm−2 × s−1 denotes the gas flux through the material, cm comes from
the thickness of the film, and cm × Hg−1 stands for pressure drop across the material.

Within the group of “commodities” (nonbiodegradable polymers) commonly em-
ployed in food packaging, or in other applications where gas permeabilities play an impor-
tant role (e.g., mulching films for crops protection), we can see that some of them present
excellent barrier properties (PVDC), good barrier properties (PET, PVC, and Nylon 6),
or average barrier properties (HDPE, LDPE, and PP). In the field of biodegradable poly-
mers, few polymers show excellent barrier properties: chitosan and ethylene vinyl alcohol
(EVOH) [95] are two examples. Within the group of biopolymers with good barrier prop-
erties, we can find PLA, PCL, PHB, PHBV, or collagen [110], among others. Regarding
PBS, it shows slightly enhanced barrier properties compared to those mentioned above,
which leaves PBS in an advantaged place towards barrier properties within biodegradable
polymers, and similar barrier properties to those of PVA [101,111] (see Figure 7b).Polymers 2022, 14, x FOR PEER REVIEW 19 of 41 
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5.1. PBS-Based Copolymers

One possibility of modulation of PBS barrier properties is the copolymerization of PBS
with different comonomers. A comparison of the permeability of PBS, PBS-ran-PBA, and
PLA to oxygen and carbon dioxide showed a higher permeability of the three polymers to
CO2 compared to oxygen, as can be observed in Figure 7a. Among these three polyesters,
PBS-ran-PBA showed improved barrier properties to both gases with respect to PLA,
while PBS showed a lower permeability for oxygen but higher to CO2. These results are
quite promising for PBS, turning it into an alternative to PLA, one of the most employed
polymers for biodegradable packaging films [103]. Other authors showed that PLA/PBS-
ran-PBA [123] and PLA/PBS [122] (80/20) multilayer blend films achieved similar barrier
properties to those of PLA and PBS, and much better than neat PBS-ran-PBA.

Genovese et al. studied the influence in oxygen and carbon dioxide permeabilities (i.e.,
O2P and CO2P) of different poly(butylene succinate-ran-thiodiethylene glycol succinate)
(PBS-ran-PTDGS) copolymers. It was found that the barrier properties to both gases were
improved when compared to a commercial PLA. When compared to the PBS homopoly-
mer, PBS-ran-PTDGS copolymers showed a similar performance towards oxygen, with
a reduction of up to ~25% in the oxygen transmission rate. Therefore, these materials
present a similar or even better barrier to oxygen than the PBS homopolymer. However,
the incorporation of thioether linkages resulted in a worsening of the barrier properties
of PBS towards carbon dioxide, with transmission rates that doubled those of the PBS ho-
mopolymer. This behavior was not due to a decrease in crystallinity, but was explained by
the lower chain mobility induced by the higher MW in the copolymers. Notwithstanding,
the PBS-ran-PTDGS copolymer with 30 mol% thiodiethylene glycol units exhibited the best
barrier properties of the whole series, with a better behavior towards oxygen and a similar
performance towards carbon dioxide compared to PBS, making it a potential candidate for
food packaging applications [88].

Duan et al. synthesized two different sugar-based PBS copolymers, employing two
cyclic alditols: isosorbide and 2,3-O-isopropylidene-L-threitol. Results showed that isosor-
bide copolymers presented a ~60% diminishment in oxygen permeability compared to the
PBS homopolymer, whereas the threitol-based copolymers reduced the O2P by more than
35% when compared to PBS [124].

The opposite behavior was found when PBS was copolymerized with neopentyl glycol
and 2-butyl-2-ethyl-propanediol, leading to worse barrier properties than the PBS homopoly-
mer. PBS-ran-neopenthyl succinate (PBS-ran-PNS) and PBS-ran-2-butyl-2-ethyl-propylene
succinate (PBS-ran-PBEPS) showed a significant increase in gas transmission rates with
respect to PBS: more than a 300% increase for CO2, ~700% increase in the case of O2, and
~800% increase for N2 for the PBS-ran-PBEPS copolymers; whereas for the PBS-ran-PNS
copolymer, the gas transmission rates doubled when compared to neat PBS. According
to the authors, this behavior was due to a reduction in the crystallinity degree, as gas
molecules find it easier to diffuse through the amorphous regions [107]. Despite this, some
of these copolymers presented similar or even better barrier properties to those of LDPE,
commonly employed in flexible food packages.

5.2. PBS-Based Nanocomposites

Besides the variation of mechanical properties, the incorporation of nanofillers within
the PBS matrix (and their copolyesters matrices) is a strategy widely employed for the
modulation of the barrier properties of this biopolyester. This is a promising approach
for enhanced materials for food packaging applications. The reason for this improvement
is the physical hindrance to gas molecules due to the presence of fillers in the polymer
matrix [125].

The reinforcement of PBS with nanocrystalline cellulose (NCC) and nanoclays en-
hances the barrier properties of this biopolyester [102]. The study of Xu et al. based on PBS
nanocomposites with NCC fillers showed a large improvement in gas barrier properties.
With a low amount of NCC (3 wt%), the gas transmission rates were reduced to ~40% and
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~60% for water vapor and oxygen, respectively. Furthermore, the addition of 4 wt% of a
compatibilizer (methylene diphenyl diisocyanate, MDI) to the PBS with 3 wt% of NCC
resulted in a higher reduction of water vapor and oxygen transmission rates to ~63% and
~97%, respectively, compared to the PBS homopolymer [78]. In another example, with
PBS-ran-PBA nanocomposites prepared by adding unmodified nanoclays (5 wt%), the O2P
of the PBS-ran-PBA was reduced by ~35%. A further reduction of the O2P to values of
~50% was obtained with the organic modification of the nanoclays (5 wt%) due to better
compatibility with the PBS-ran-PBA matrix, which improved the dispersion of the modified
clays [114]. Cloisite 30B, an organically modified montmorillonite (OMMT), was studied
in PBS/PLA blends (50/50) to improve the PBS barrier properties. A linear relationship
between the cloisite content and oxygen/water vapor permeability was found, showing
a decrease of ~50% for both gases with 7 wt% of the OMMT [126], in a similar way as for
the PLA/PBS-ran-PBA and PLA/PBS clay nanocomposites [127], whereas other authors
reported a lower reduction of O2P in PLA/PBS blends (80/20 w/w) with Cloisite 30B [115].
A similar reduction was achieved for PBS nanocomposites with organically modified lay-
ered silicate (OMLS) [112,128], and organomodified beidellite clay nanocomposites [129].
For PBS-ran-PBA nanocomposites with native montmorillonite and OMMT, the gas perme-
abilities drop between 60% and 70% in water-injection-extruded PBS-ran-PBA/Cloisite 30B
nanocomposites [113].

Similarly, Petchwattana et al. reported that the incorporation of ZnO into PBS films
led to a considerable reduction of the gas permeability, as the transmission rates were
reduced between ~25% and 30% for water vapor and oxygen, respectively, for the PBS
nanocomposite with a 10 wt% of ZnO [79]. The addition of 2 wt% graphene nanoplatelets
to PBS involved a ~35% and ~40% reduction of oxygen and water vapor permeabili-
ties, respectively, which was attributed to an increased tortuosity due to the presence of
the filler [120].

The compatibility between banana starch nanocrystals (SNC) and PBS was evaluated
for its application as bionanocomposites for packaging films. Both water vapor and oxygen
transmission rates were improved with the incorporation of the modified SNC to PBS,
achieving better barrier properties with higher nanocrystals content (9 wt%). These param-
eters were reduced by ~50% and ~60% for water vapor and oxygen, respectively [130].

Considering PBS/PLA blends (60/40), the study of the influence in barrier properties
of two different types of zeolites (5A and 13X) showed that both zeolite nanocomposites
achieve lower O2P (~60% reduction) and CO2P (~40% reduction) when compared to the
PBS/PLA blend. This behavior is attributed to the tortuosity and the porosity of zeolites,
as O2 and CO2 molecules are smaller than the zeolite pores. On the other hand, the water
vapor permeability increased by ~60% because of the highly polar nature of zeolites [131].

As we have seen within this section, PBS barrier properties can also be modulated
by copolymerization with different monomers or by preparing PBS nanocomposites. In
PBS copolymers, barrier properties may be enhanced or worsened depending on the
nature of the second monomer. The preparation of PBS nanocomposites commonly leads
to less permeable materials, as the presence of fillers induces a more tortuous pathway
for gas molecules [90,101,102,132–135]. Although results may differ from one study to
another, the general trend has shown that polymeric nanocomposites, and particularly
PBS nanocomposites, present better barrier properties than PBS. The aforementioned ways
of modulation, linked to the good barrier properties inherent to PBS, compared to other
biodegradable polymers (see Figure 7b), make it a potential candidate within this polymer
category for certain applications where barrier properties must be taken into consideration,
such as food packaging.
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6. Biodegradation of PBS

Research on biodegradable polymers has become more and more important over
the last few years. Nowadays, wastes and landfill accumulation are an increasing con-
cern worldwide, and biodegradable polymers emerge as a promising alternative for its
reduction [136,137]. The situation is especially dramatic regarding plastic waste into the
oceans, where plastic fragments within the range of a few micrometers to several cen-
timeters end up in the ocean and cause significant damage to the local wildlife and the
ecosystems [7,138,139].

PBS, as already mentioned in this review, is a biodegradable polyester that can ef-
fectively decompose into water and carbon dioxide (CO2). PBS can be included in the
fossil-based biodegradable polymers, although many advances have been made in the field
of bio-based PBS (Section 2). Because of this, PBS and many of its copolymers can be biode-
graded (i.e., naturally occurring enzymes and microorganisms) despite its monomers (SA
and BD) being mainly produced from petroleum derivatives. Several reviews can be found
in the literature that discuss the most common biodegradation routes for biodegradable
polymers, such as PCL, PLA, or PHAs [34,140]. Nevertheless, less information regarding
PBS biodegradation is available, as research is still ongoing. PBS degradation methods
include hydrolytic degradation, enzymatic degradation, and biodegradation in environ-
mental conditions, such as burial, activated sludge, and compost [32].

6.1. Hydrolytic Degradation

One of the most common mechanisms of polymer degradation is hydrolytic degrada-
tion. In this case (and in the case of enzymatic degradation), the degradation rate depends
on PBS crystallinity. Hydrolytic degradation occurs faster in the lower density amorphous
regions, facilitating water penetration. This phenomenon causes an increase in the overall
degree of crystallinity due to the faster degradation of amorphous domains (that can crys-
tallize once degraded) compared to the more crystalline ones [141]. Some authors report
no variation in weight for PBS when exposed to hydrolytic degradation [142], while others
report low weight loss [143,144]. One study reported a ~31% weight loss for PBS after
24 weeks of hydrolytic degradation at 37 ◦C. This result could be explained due to the
relatively low crystallinity (~56%, as determined by DSC) of the PBS used [145]. The pH of
the media is also an important parameter that must be taken into account. Morales-Huerta
et al. reported a 10% weight loss for hydrolytic degradation at pH = 7.4 after 30 days,
whereas the weight loss increased to values higher than 25% for a pH = 2.0 media [146].

As can be deduced from different studies, PBS can be effectively degraded by the
hydrolysis of the ester bonds, achieving different results depending on many different
parameters involved, such as the synthesis method, MW, crystallinity, or the experimental
conditions of the biodegradation assays.

6.2. Enzymatic Degradation

So far, enzymatic degradation is regarded as one of the most attractive and effective
methods for the biodegradation of biopolyesters. The main reason is the presence of labile
ester bonds in the chemical structures of biopolyesters, where enzymes can attack [99].
Then, the enzymatic degradation process usually starts with the attachment of the enzyme
on the surface, and hydrolysis proceeds via surface erosion. Among all the different types
and families of enzymes that can effectively biodegrade PBS and its copolymers, some
examples are included in this manuscript. Table 1 shows various enzymes and different
experimental conditions for PBS enzymatic biodegradation.



Polymers 2022, 14, 1025 19 of 35

Table 1. Classification of enzymes by families for different PBS enzymatic degradation studies.

Family Enzyme Substrate Experimental
Conditions Results Reference

Cutinase Fusarium solani PBS films
30 × 10 × 0.1 mm3

pH = 8.0 at 40 ◦C,
20 µg/mL

100% weight loss
in 6 h [147]

Cutinase Pichia pastoris PBS films
30 × 10 × 0.5 mm3

pH = 7.4 at 37 ◦C,
0.15 mg/mL

100% weight loss
in 12 h [148]

Cutinase Fusarium solani PBS films
30 × 10 × 0.1 mm3

pH = 7.4 at 37 ◦C,
10 mg/mL

98.4% weight loss
in 12 h [149]

Cutinase Fusarium solani PBS films
30 × 10 × 0.5 mm3

pH = 7.2 at 37 ◦C,
18 U/mL

~100% weight loss
in 26 h [150]

Lipase Candida antarctica
(CALB)

PBS films
30 × 10 × 0.5 mm3

pH = 7.2 at 45 ◦C,
18 U/mL

95.1% weight loss
in 26 h [150]

Lipase Candida rugosa PBS films
10 × 10 × 0.5 mm3

pH = 7.4 at 30 ◦C,
0.1 mg/mL

2% weight loss
after 7 weeks [151]

Lipase Pseudomonas cepacia PBS films
20 × 30 × 0.3 mm3

pH = 8.0 at 40 ◦C,
0.06 mg/mL

2% weight loss
after 90 h [152]

Lipase Candida antarctica
(CALB) N435

PBS films
30 × 10 mm2

pH = 7.4 at 37 ◦C, 1.2
mg/mL

1.8% weight loss
after 90 h [153]

Lipase Porcine pancreas PBS films
30 × 10 mm2

pH = 7.4 at 37 ◦C, 0.8
mg/mL

0.9% weight loss
after 90 h [153]

Lipase Pseudomonas cepacia PBS films
10 × 10 × 0.1 mm3

pH = 6.86 at 45 ◦C,
0.22 mg/mL

4.6% weight loss
after 50 h [154]

Lipase Porcine pancreas PBS film discs
10 × 10 × 0.2 mm3

pH = 7.4 at 37 ◦C,
1 mg/mL

21% weight loss
after 30 days [146]

Lipase Pseudomonas
fluorescens

PBS films
10 × 10 × 0.2 mm3

pH = 7.3 at 37 ◦C,
2 mg/mL

No visible degradation
after 300 h [155]

Lipase Pseudomonas cepacia PBS films
10 × 10 × 0.1 mm3

pH = 6.86 at 45 ◦C,
0.53 mg/mL

100% weight loss
after 288 h [71]

Lipase Pseudomonas cepacia PBS film discs
20 × 20 × 0.05 mm3

pH = 7.4 at 37 ◦C,
1 mg/mL

6% weight loss
after 50 h [156]

Lipase Rhizopus delemar and
Pseudomonas cepacia

PBS film discs
50 × 50 × 2 mm3

pH = 7.2 at 30 ◦C,
0.09 & 0.01 mg/mL

2% weight loss
after 360 h [66]

Enzymatic degradation assays for biopolyesters and PBS are commonly carried out at
physiological temperature (i.e., 37 ◦C) [146,149,152]. However, it has been demonstrated
that this degradation method is favored at a temperature close to Tm (the PBS melting
temperature is above 100 ◦C) [157]. Some authors have reported low weight loss values for
PBS homopolymer at different experimental conditions, reaching a 3.5% weight loss after
12 days in the presence of Pseudomonas cepacia lipase [157], or even lower [151,153]. The low
degree of degradation obtained could be attributed to the high crystallinity of this polymer
compared to other aliphatic polyesters [157]. Other studies carried out under different
experimental conditions report much higher degradation rates. For example, for enzymatic
degradation assays employing cutinases, weight losses reach almost 100% in just 12 h [149],
as seen in Table 1. An interesting study developed by Shi et al. showed the influence of
two different enzymes (Fusarium solani cutinase and Candida antarctica lipase B, CALB) in
the degradation rate of PBS. They found that the PBS degradation rate was much faster by
the action of cutinase. PBS degraded in the presence of cutinase reached ~50% weight loss
in 4 h, whereas those degraded in the presence of lipase reached ~20% weight loss over the
same time. For both cases, a nearly total decomposition was achieved after 26 h [150].

Figure 8 shows the results corresponding to different biodegradation studies where
the weight loss (%) of PBS in the presence of lipase from Pseudomonas cepacia has been
reported. As can be observed in Figure 8, only one study shows a relatively high weight
loss of PBS with this enzyme (higher than 40% in 100 h) [71]. For the rest, the weight loss
reached after several hours in contact with Pseudomonas cepacia is very low (less than 6%),
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which could be attributed, in part, to the low concentration of the enzyme employed for
some of the studies [152,154,156].
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6.3. PBS-Based Copolymers: Hydrolytic and Enzymatic Degradation

In the case of PBS copolymers, different (and opposite) results are reported depending
on the nature of the second comonomer. For instance, the biodegradability of aromatic
polyesters is less favored than in the case of aliphatic polyesters such as PBS [146]. Thus,
incorporating a second comonomer in the structure of PBS could favor or prevent the
degradation of the polyester, attending to the nature of the second constituent.

Hydrolytic and enzymatic degradation of PBS-ran-PBFur copolyesters have been
determined by placing 60:40 and 40:60 copolymers in a pH = 2.0 or pH = 7.4 medium
at 37 ◦C [146]. Firstly, the enzymatic degradation was more effective than hydrolysis, reach-
ing 15–20% of weight loss versus 3–5% for the latter (hydrolysis) after 30 days. Furthermore,
the behavior of the copolyesters was more similar to that of PBS in the case of enzymatic
degradation. Regarding the acidic medium, the results were in between enzymatic and
hydrolytic degradation, but far away from those obtained for the PBS homopolymer, as the
homopolymer achieved a 30% of weight loss, compared to the 10–15% weight loss of the
copolymers.

Han et al. studied the enzymatic degradation behavior for different poly(butylene
succinate-ran-butylene 2-methylsuccinate) (PBS-ran-PBMS) copolyesters, reporting higher
degradation rates for those copolymers with a higher PBMS content. Considering the
copolymer with 20% mol in PBMS, the hydrolytic degradation (without the enzyme)
showed a negligible weight loss compared to that of the enzymatic degradation (amano
lipase from Pseudomonas fluorescens), achieving a 30% weight loss in 300 h [155].

The copolymerization of PBS with salicylic acid was studied as an attempt to produce
polymer films with potential applications in agricultural applications. Enzymatic degrada-
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tion assays carried out in the presence of Candida antarctica lipase B (CALB) showed very
low degradation after 20 days (~1.5 wt% for neat PBS); however, the addition of salicylic
acid increased this value up to ~3.5 wt% [158].

In the case of the enzymatic hydrolysis of PBS and PBS-ran-PBA copolymers in the
presence of Candida cylindracea lipase [159], the highest degradation was obtained for the
copolyesters containing 25% and 50% mol of butylene succinate, reaching 20% and 30% of
weight loss, respectively, after 90 h. It is necessary to remark that the enzymatic degradation
is not affected by the MW; hence, similar results are obtained for low MW (i.e., Mw of
6300 g/mol) and high MW (i.e., Mw of 29,000 g/mol) [160].

6.4. Biodegradation in Environmental Conditions

Although enzymatic hydrolysis (laboratory conditions) has shown satisfactory re-
sults for PBS biodegradation, this biopolyester commonly degrades in environmental
conditions [161]. The study of the biodegradation of PBS under environmental condi-
tions will give an idea for the implementation of PBS in agricultural applications such as
mulching films [53,100,162]. PE films are commonly employed for this application, being
an effective method for promoting plant growth during the cold seasons (i.e., spring and
autumn). The problem here is the recyclability of the PE film due to the contamination
caused to the soil itself, so a biodegradable film is required, and PBS is a suitable candidate
to solve this issue [163].

The experiments for this type of biodegradation are usually carried out following
different standards from international organizations (ISO, ASTM, and EU). Because of
this, the definition of more experimental parameters is required as compared to enzymatic
and hydrolytic assays. As the conditions and parameters differ from one study to another
(as well as the soil employed for the tests and the microorganisms content in the soil),
biodegradation in environmental conditions covers a wide range of variable results [164].
Below we summarize the representative results corresponding to biodegradation studies
carried out under environmental conditions for PBS homopolymer and copolymers, with
special focus on PBS composites with biofillers (PBS-based biocomposites).

6.4.1. PBS Homopolymer and PBS-Based Copolymers

PBS biodegradation in environmental conditions usually takes more time as compared
to enzymatic/hydrolytic PBS degradation. Kim et al. reported a low degradation of PBS
when exposed to environmental degradation (below 8% weight loss after 120 days) [165].
Similar trends have been obtained by Huang et al. (below 3% weight loss in 100 days) [166]
and other reports [137]. However, the study of PBS biodegradation in a controlled compost
at 58 ◦C (based on ISO 14855-2) showed that PBS powder biodegradation reached 60%
weight loss in 40 days and increased to 80% in less than 80 days. These results are highly
promising, opening a path for the establishment of experimental protocols to determine the
environmental biodegradation of this aliphatic polyester [136]. Kunioka et al. also reported
very high biodegradation rates for PBS in powder form, reaching almost 80% weight loss
in less than 80 days [136]. These outstanding results are explained as the PBS was tested
in powder form, which differs from the tensile specimens commonly used to determine
environmental biodegradation.

The biodegradation of PBS and PBS-ran-PBA copolymers subjected to different envi-
ronments, as biodegradation in compost, soil, and artificial weathering, has been reported.
For the artificial weathering, both polymers were submitted to UVA radiation and artificial
rain, whereas in soil and compost experiments, no radiation was employed. For the first
assay, a ~30% weight loss was achieved for PBS in 24 weeks (~50% in the case of the
PBS-ran-PBA copolymer). In contrast, biodegradation in soil and artificial weathering
showed negligible degradation for PBS, while PBS-ran-PBA presented a ~20% weight
loss for the biodegradation in soil experiment and negligible for artificial weathering [98].
In another study, the biodegradation of PBS-ran-PBFur copolymers in compost at 58 ◦C
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showed the best results for the 20 mol% of furanoate composition, achieving an almost
100% of degradation in 80 days [87].

6.4.2. PBS-Based Biocomposites

The presence of fillers in PBS biocomposites has been widely studied to modulate the
degradation in environmental conditions, as in the case of other types of degradation and
thermomechanical and barrier properties, as we have seen in previous sections. Special
cases are natural fillers, that, in addition to being easily biodegraded, can potentially
increase the degradation rate of PBS. Table 2 includes several examples of biodegradation
studies carried out under environmental conditions for different PBS-based biocomposites.
Among all the examples presented in this table, some interesting results will be commented
on below. As a general idea to consider, the trend shows that PBS-based biocomposites
degrade faster than neat PBS.

Table 2. Different biodegradation studies of PBS and PBS biocomposites carried out in environmental
conditions.

Filler Filler Content Experimental Conditions Results (Weight Loss) Reference

Rubberwood powders (RWP) 0–40 wt% 60 days, no UV radiation, water
control each 48 h

<1% (PBS)
2–10% (PBS/RWP) [137]

Rice husk flour (RHF) and
wood flour (WF) 0–40 wt% 4 months 7% (PBS)

8–12% (PBS/RHF and PBS/WF) [165]

Sugarcane rind fiber (SRF) 0–15 wt% 100 days, natural soil in cropland,
water control each 24 h

2.5% (PBS)
10–20% (PBS/SRF) [166]

Microcrystalline cellulose
(MCC) and nanofibrillated

cellulose (NFC)
0–40 wt%

75 days, simulated compost, 58 ◦C,
pH = 5.7–6.3, 50 wt%

water content

100% in 75–80 days (PBS)
100% in 65–70 days (PBS/MCC

and PBS/NFC)
[167]

Cotton fiber (CF) 0–40 wt%
Based on ISO 14855-2

100 days, 58 ◦C, 10 mL/min
air flow

~60% (PBS)
~90% (PBS/CF) [168]

Rice husk flour (RHF) 0–40 wt%
Based on ASTM D 6003-96

80 days, 30 ◦C, pH = 7, 50–60 wt%
water content

~12% (PBS)
13–18% (PBS/RHF) [169]

Jute fiber (JF) 0–30 wt% 180 days, compost soil, 30 ◦C,
constant water control

31.4% (PBS)
47.3–62.5% (PBS/JF) [170]

Abaca fiber (AF) 10 wt%
180 days, black soil and leaf mold

for gardening, 25–30 ◦C, water
control each 48 h

~30% (PBS)
~50% (PBS/AF) [171]

Soy, canola, and corn gluten
meals (SM, CM, CGM) and

switchgrass (SG)
25 wt%

Based on ASTM D6400
200 days, 3 month-old compost,

58 ◦C, pH = 7–8, 50–55 wt% water
content

~95% (PBS)
~85% (PBS/SG)

90–95% (PBS/SM, PBS/CM and
PBS/CGM)

[172]

Organically modified
montmorillonite (OMMT) 0–10 wt%

180 days, natural compost, 30 ◦C,
pH = 7.46, 60–70 wt%

water content

~9% (PBS)
~3.5–5% (PBS/OMMT) [173]

Nanofibrillated cellulose (NFC)
and recycled cellulose (rCell)

0–15 wt% (PBS/NFC)
0–50 wt% (PBS/rCell)

80 days, 58 ◦C, pH = 5.7–6.5, >50
wt% water content

~80% (PBS)
~85–92% (PBS/NFC)

100% in 70 days (PBS/rCell)
[174,175]

Pistachio shell flour (PSF) 0–30 wt%
Based on ISO 20200

112 days, compost, 58 ◦C, 55 %
relative humidity

~18% (PBS)
~14–17.5% (PBS/PSF) [176]

Although the experimental conditions differ from one study to another, it has been
observed that cellulose fillers (micro- or nano-sized) achieve one of the best results for PBS
degradation. Platnieks et al. have studied many different PBS/cellulose-based composite
films: microcrystalline cellulose (MCC) [167], nanofibrillated cellulose (NFC) [153,160], and
recycled cellulose from TetraPak® [175]. The experimental conditions were similar for all the
studies, employing a simulated compost under aerobic conditions at 58 ◦C, with a slightly
acidic medium (pH = 5.7–6.5) and a water content of 50% or higher. The authors found
that, although almost every sample was completely disintegrated within 75–80 days, PBS-
biocomposites degraded 5–10 days earlier than neat PBS films. In general, the degradation
rate was faster at higher filler content. However, for the PBS/rCell biocomposite with the



Polymers 2022, 14, 1025 23 of 35

highest content in rCell, the degradation rate was faster in the early stages of the assay,
whereas it slowed down during the course of the experiment (see Figure 9a–c). If we
compare the results corresponding to the PBS biocomposites with high filler content (i.e.,
40 wt%), it was found that the PBS/MCC composite degraded faster than the other two
biocomposites (i.e., PBS/NFC and PBS/rCell) which present a similar behavior, being
much faster than the biodegradation of neat PBS (see Figure 9d).
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Other PBS biocomposites include rubberwood powder (RWP) from sawdust wastes as
a natural filler (lignocellulosic nature). The environmental degradation of these PBS/RWP
biocomposites was studied, showing a ~10 wt% weight loss after 60 days of soil burial
testing. This behavior was attributed to the decrease in the crystallinity of the PBS biocom-
posites with the increasing content of RWP [137]. In another example, the biodegradation
of the PBS biocomposites with rice husk flour (RHF) and wood flour (WF) in soil burial
testing showed a 10 wt% degradation for the RHF composites after 120 days [165]. In both
cases, the weight loss was directly related to the biocomposite content, increasing with the
filler content.

In this section, we have discussed the biodegradation of PBS and PBS-based materials
in environmental conditions, which could lead to the employment of this biopolyester
as mulching films for agricultural purposes. As has been commented on within this
section, PBS presents a slower degradation rate when subjected to environmental conditions
than enzymatic and hydrolysis conditions. However, its effective disintegration in the
environment opens the door to many interesting applications where the material should
not remain in the environment but needs to be usable for a certain period of time, as for the
aforementioned agricultural uses such as plastic mulching films [99].
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7. Conclusions and Future Perspectives

This paper focused on reviewing the current strategies to modulate the thermo-
mechanical, barrier, and biodegradation properties of PBS. The modulation of the high
crystallization and low degradation rates are desired for the commercial applications of PBS.
With this aim, we revised the random copolymerization of PBS. PBS random copolyesters
displayed a rich crystallization behavior since they can crystallize in three crystalliza-
tion modes: isomorphism, comonomer exclusion, and isodimorphism. Independently of
the crystallization mode, the PBS-rich compositions can crystallize, in most cases with a
depression of the transition temperatures and the crystallinity. These thermal properties
depression, on the one hand, extends the applications of PBS copolymers to a broad range of
final use temperatures, and, on the other hand, represents the desired reduction of the high
crystallinity of PBS, which influences its mechanical properties and degradation, among
others. As a result, PBS-based copolymers are promising materials, as copolymerization is
an excellent route to tune the properties of PBS.

The modulation of the mechanical and barrier properties can also be achieved by using
fillers (micro- and nanosized particles) as additives, creating composite materials based on
PBS. Currently, in this revision, we have found that several fillers are being investigated to
tailor the PBS properties, including inorganic and organic fillers with bio-based nanofillers.
One of the most investigated bio-based nanofillers is cellulose nanowhiskers due to the
possibility of achieving fully biodegradable composite materials. The mechanical and
barrier properties improvements are generally attained at a low filler content. Nevertheless,
the design of composite PBS materials and the study of the resulting properties must be
done on a one-by-one case because the final performance depends on many variables (filler
dimensionality, interaction between the polymer matrix and the filler, and many others).

This review highlights the wide variety of existing methodologies in the literature
to measure PBS degradation through different routes (hydrolytic, enzymatic, and soil).
Enzymatic degradation constitutes one of the most promising routes to biodegrade this
polymer. However, the results reported in the literature are highly influenced by the type
and concentration of the enzyme employed in the experiments and the experimental condi-
tions (i.e., temperature), making it difficult to establish common trends in the enzymatic
degradation of PBS. It is then foreseeable and necessary to develop standard protocols
or set up general experimental methodologies to measure enzymatic PBS degradation to
support the rapid development of PBS and its copolymers.

Future research is needed to continue tailoring PBS properties. From a synthesis point
of view, implementing sustainable and efficient polymerization routes from bio-based
monomers will be required. In this line, “green catalysts” (i.e., enzymes, revised in this
contribution) emerge as a strong alternative, intending to achieve high-MW PBS with
comparable properties to those obtained from traditional polycondensation routes. For
the modulation of PBS properties, investigating the structure–properties relationship of
PBS and PBS-based materials and its relation to processing is necessary in aiming to design
commercial applications for this biopolyester. The modulation strategies should strive
to achieve the desired changes, e.g., decreasing the crystallinity, without affecting the
biodegradable character of the PBS.
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Abbreviations

Symbol/Acronym in the Text Definition
∆Hm Melting enthalpy
∆H0

m Equilibrium melting enthalpy
E Young’s modulus
ε Elongation at break
∅ Weight fraction
Mn Number average molecular weight
Mw Weight average molecular weight
Tc Crystallization temperature
Tm Melting temperature
Xc Degree of crystallinity
AF Abaca fiber
ASTM American Society for Testing and Materials
BD 1,4-butanediol
BS Butylene succinate
C25A Cloisite® 25A
CALB Candida antarctica lipase B
CF Cotton fiber
CGM Corn gluten meal
CL Caprolactone
CM Canola meal
CNC Cellulose nanocrystals
CO2P Carbon dioxide permeability
DES Diethyl succinate
DMAz Dimethylazelate
DMS Dimethyl succinate
DSC Differential scanning calorimetry
eROP Enzymatic ring-opening polymerization
EVOH Ethylene vinyl alcohol
FHT Fluorohectorite
HA Hydroxyapatite
HDPE High-density polyethylene
HMDI Hexamethylene diisocyanate
INF Isora nanofibers
ISO International Standardization Organization
JF Jute fiber
KFP Konjac fly powders
LCP Liquid crystal polymer
LDPE Low-density polyethylene
MCC Microcrystalline cellulose
MDI Methylene diphenyl diisocyanate
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MMT Montmorillonite
MW Molecular weight
NCC Nanocrystalline cellulose
NFC Nanofibrillated cellulose
NR Natural rubber
O2P Oxygen permeability
OMLS Organically modified layered silicate
OMMT Organically modified montmorillonite
OPMF Oil palm mesocarp fibers
PAN Polyacrylonitrile
PBF Poly(butylene fumarate)
PBMS Poly(butylene 2-methylsuccinate)

PBS

Poly(butylene succinate)
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SNC Starch nanocrystals
SRF Sugarcane rind fiber
TNBT Titanium (IV) butoxide
TTIP Titanium (IV) isopropoxide
ULDPE Ultra-low-density polyethylene
UVA Ultraviolet A
WAXS Wide Angle X-ray Scattering
WF Wood flour
Copolymers cited within the review.
Acronym in the Text Definition and Chemical Structure

PBS-co-PBF

Poly(butylene succinate-co-butylene fumarate)
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