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Abstract: In the life cycle of a material, there will be either chemical or physical change due to varying
environmental factors such as biological activity, light, heat, moisture, and chemical conditions.
This process leads to polymer property change as pertains to functional deterioration because of
the physical, biological, and chemical reactions that result in chemical transformations and bond
scission and thus can be regarded as polymer degradation. Due to the present demand for sustainable
polymers, bio-based polymers have been identified as a solution. There is therefore a need to compare
the sustainability impacts of bio-based polymers, to maximize their use in functional use stage
and still withhold the bio-degradation capability. This study focuses are poly (lactic acid) (PLA),
Poly (ε-caprolactone) (PCL), polyhydroxyalkanoates (PHA), and polyamides (PA) as biopolymers
of interest due to their potential in technological applications, stability, and biodegradability. For
preparing bio-based value-added products, an appropriate selection of the fabrication or functional
modification process is a very important factor for particular industrial or biomedical applications. The
literature review indicates that in vivo is preferred to in vitro because it suits an overall study of the
experiment’s effects on a living subject. This study will explore these features in detail. In particular, the
review will cover processing and biodegradation pathways for each of the biopolymers. In addition,
thermal degredation and photodegradation are covered, and future trends and conclusions are drawn.

Keywords: bio-based polymers; biodegradation; environment; photodegradation; polymerization;
thermal degradation

1. Introduction

The proliferation and persistence of plastic waste in the environment have attracted
the attention of many commentators [1], promoting innovations in the production of plastic
materials many of which can be degraded biologically. Despite the ongoing innovations for
the plastic industry to be green [2,3], consumers are more confused about the sustainability
potential of plastic products, possibly due to the lack of clarity in terminology. Biopolymers,
which are sourced from living organisms, have been identified as the solution in achieving
sustainability, and biopolymers can be either natural or bio-based polymers. Herein, bio-
based polymer pertains to the artificial synthesis of natural resources such as biomass while
natural polymers refer to polymers that are obtained from nature. However, not all biopoly-
mers undergo biodegradation, and they include polyphenols and polyisoprenoids. Studies
and marketing strategies have used the terms bio-based and biodegradable interchangeably
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without clarifying what constitutes each category [3]. It should be noted that bio-based
and biodegradable plastics are distinct products with different sustainability pathways that
are not necessarily known to ordinary consumers. According to Lambert and Wagner [3],
bio-based polymers are from renewable sources contrary to biodegradable plastics, which
can be from renewable or non-renewable feedstocks but can easily disintegrate and biode-
grade in the environment. This clarity is necessary given that bio-based plastics may not
necessarily disintegrate in the environment due to the presence of chemical additives to
increase their life span [4].

While plastics from organic materials, either bio-based or biodegradable, are consid-
ered as a preferred alternative to conventional plastics, there is a need to compare the
sustainability impacts of the two alternatives. This comparison is required considering that
the production of bioplastics (bio-based or biodegradable) may exhibit marginal sustain-
ability advantages over conventional polymers and vice versa due to some externalities
that are inherent in their production processes. According to Geissdoerfer et al. [5], circu-
lar products may have negative effects on sustainability while Oke et al. [1] argued that
pro-environmental policies and behaviour may not necessarily contribute positively to
sustainability. Similarly, Lambert and Wagner [3] concluded that biodegradable plastics
may not eventually degrade when emitted into the environment.

For this work, bio-based polymers here is described as a partial polymer material
made up of renewable and sustainable source materials or feedstock. This differentiates
it from biopolymers that are purely derived from living organisms. As indicated earlier,
the production route for these bio-based polymers influences their degradation. These
biopolymers have been selected based on the ease of their production from naturally
derived polymers with or without depolymerization. It is worth noting that some of
the polymers, such as bio-polyethylene terephthalate (PET) and bio-polyolefins, cannot
be involved with natural biological cycles as they are mostly non-biodegradable at the
moment. Herein, we attempt to identify the processes involved with their applicability
based on a cradle-to-grave assessment and potentials. While bio-based polymers can be
biodegradable [6], the biopolymers of interest in this study are poly (lactic acid) (PLA), Poly (ε-
caprolactone) (PCL), polyhydroxyalkanoates (PHA) (including polyhydroxy butyrate (PHB)),
and polyamides (PA) (PA4, PA6, PA66 and PA11). These bio-based polymers (Figure 1) are
produced as either biomass or by-products during the formation cycle of the organisms.
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To make informed decisions about the transition to bio-based plastic products, studies
on whole lifecycle and life-costing assessment of plastics, from production to disposal,
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should be conducted to establish the environmental, social, and economic impacts of
bioplastics and conventional plastics. This will involve the analysis of material and energy
balance at each stage of the plastic production process and across its entire supply chain.
For instance, a material balance may reveal that using starch-rich products such as maize
and wheat as the key constituents of bioplastics creates more negative socio-environmental
impacts in the upstream supply chain, particularly during cultivation and transportations
of feedstock. This is consistent with the work of Benavides et al. [7], who observed that
the production pathways of biomass-derived PET are associated with increasing water
extraction compared to the production of conventional plastics that consume less water.

Using the findings of different studies, Karamanlioglu et al. [4] reported that PLA
has significant advantages over petroleum-based polymers. According to their study, the
life cycle assessment (LCA) shows that PLA utilizes about 55% less fossil energy during
production than conventional plastics and emits about 1600 kg CO2/metric ton during
decomposition compared to around 7150 kg CO2/metric ton for petroleum-based polymers.
However, there is a need to access the circularity and linearity potential of bio-based and
biodegradable plastics for a better understanding of their impacts on the environment and
socio-economic wellbeing. If microorganisms can be isolated to decompose polyester and
polyurethane, efforts should focus on how conventional non-biodegradable plastics that are
currently in circulation can be recovered while promoting the production of biodegradable
plastics. Using potato, corn, and wheat starch as raw materials for bio-based plastics will not
only have negative consequences on the environment through deforestation but will also
impact the supply chain of agri-food production due to increasing demand. According to
Karamanlioglu et al. [4], starch feedstocks in the production of bio-based plastics will cause
land-use to change and exert pressure on agriculture. The consequences of the possible
bioaccumulation of residues from bio-based or biodegradable plastic decomposition in
living tissues, that may contaminate the food chain, are unknown and should be addressed
in future research.

2. Processing and Synthesis of Bio-Based Polymers

As stated earlier, the evolving trend is the soaring demand for polymers that are
naturally benign with low toxicity to human health and that will subsequently become
more sustainable than their petroleum-derived counterparts. However, processing the
bio-based feedstock, especially through environmentally friendly refining and manufac-
turing processes, as well as the potential for recycling, are still at infancy stage. Feedstock
complexity provides an avenue for the innate chemical and biological characteristics that
should be explored, but this complexity will require extra considerations depending on
the polymer. This section involves exploring these characteristics as well as their synthesis,
material behaviour, and in-use performance.

2.1. Processing of PLA-Based Materials

Among bio-based polymers, PLA has shown great potential and commercial value
in different areas. PLA is a compostable and transparent synthetic polymer that can
be obtained from natural resources such as rice, corn starch, potatoes, sugar beet, or
sugarcane through ring-opening polymerization using a preparation of lactide or the
condensation polymerization of lactic acid [8,9]. Although PLA can be produced chemically,
microbial fermentation accounts for a majority of produced PLA worldwide while the
remaining part is produced chemically by hydrolysis of lactonitrile. This is followed with
purification of the lactic acid and the generation of cyclic dimer (lactide). The synthesis
ends with the ring-opening polymerization of the lactide. In addition, it has thermoplastic
properties and possesses good mechanical strength, biocompatibility, non-toxicity, easy
availability, environment-friendly nature, good processability, and broad application range
commercially compared to conventional thermoplastics [10,11]. Furthermore, PLA is the
most produced bio-based polymer because of the compatibility with varying processing
techniques. PLA has a relatively high glass transition, which makes the final product brittle
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and shows brittle fracture behaviour at room temperature. However, in comparison to other
bio-based polymers, i.e., PHB, PLA has better mechanical properties. It is worth noting that
the other limitations of PLA are its inadequate thermal stability and low heat resistance.
Therefore, researchers have proposed the blending of PLA with suitable materials as a
strategy to improve the insufficient properties and inadequate characteristics of the virgin
polymer [12].

In terms of end products, PLA, including other biopolymers, has a low oxygen barrier
and poor resistance to heat. The barrier properties can be enhanced by coating it with
materials, lamination of two or more biopolymers, blending, physical and/or chemical
modification, and making micro-/nano-composites. Genovese et al. [13] designed bio-
based PLA triblock copolymers for sustainable food packaging and showed better barrier
and mechanical properties as compared to only PLA [13]. In another study, a twin-screw
extrusion of PLA/carbon nanotubes (CNTs) was performed to prepare nanocomposites,
and the crystallinity, mechanical, and electrical properties of the PLA/CNTs nanocomposites
was enhanced with the increased content of CNTs due to nucleation and good dispersion of
CNTs [14]. Further, compatibilized PLA was blended with natural rubber (NR)/CNTs and
prepared nanocomposites by using melt-blending. Then, the effect of CNTs with different
loadings (1–8 phr) was also investigated on rheological properties of PLA/NR nanocomposites.
The results showed improved storage and loss modulus as compared to blends without CNTs.
The increased content of CNTs exhibited no frequency-dependent behaviour [15].

Therefore, it is worth noting that the modified CNTs and PLA can provide an improve-
ment in desired properties of PLA-based nanocomposites. In this regard, Zhou et al. [16]
prepared PLA/oxidized-carbon nanotubes (OCNTs) nanocomposites by using a melt-
blending process, where poly (butylene adipate-co-terephthalate) (PBAT) and ethylene-butyl
acrylate-glycidyl methacrylate (E-BA-GMA) were applied as toughening resin and compat-
ibilizer, respectively. In this study, 0.5% OCNTs showed a good combination of strength
and toughness and higher thermal stability than that of only PLA [16]. The blending of the
polymeric systems can also be beneficial based on the application. In this case, the electrospun
PLA/CNTs/chitosan (CS) nanocomposite fibers showed good preservation behaviour for
strawberries and demonstrated the best results with fiber having 7 wt% CS. In this study,
these fibers delayed physiological changes in strawberries and extend their shelf life [17].

Apart from CNTs for nanocomposites, the use of nanocellulose as a renewable resource
has shown potential in fabricating polymeric nanocomposites for industrial and biomedical
applications. In this case, various (from various sources) nano-cellulose-reinforced PLA-
based nanocomposites have been fabricated using different processing methods [18]. For
example, Li et al. [19] prepared novel PLA/TEMPO-oxidized bacterial cellulose (TOBC)
composites by using the Pickering emulsion approach, and screw extrusion was used to
prepare PLA/TOBC filaments for fused deposition moulding (FDM). In this study, low con-
tent of TOBC showed effective enhancement in mechanical and crystallization properties
of PLA due to uniform dispersion and was optimized up to 1.5 wt% of TOBC. Further, the
increased amount of TOBC reduced the mechanical and crystallization properties of PLA
nanocomposites [19]. Further, PLA and cellulose nanocrystals (CNCs) have been used for
making bio-based, ultra-strong nanocomposites with an aligned structure and can be pre-
pared at a large scale via surface functionalization of CNCs, liquid-assisted extrusion, and
solid-state drawing. The nanocomposites can achieve high ultimate strength (353 MPa) and
toughness (107 MJ/m3) that are superior to those of other thermoplastic materials. More-
over, a relatively high glass temperature and strain-responsive birefringence behaviour
were observed in these nanocomposites, and they have potential structural and optical
strain-sensing applications [20]. In another study, electrically conductive and environment-
friendly nanocomposites composed of PLA/polyaniline (PANI)/nanocrystalline cellulose
(NCC) were prepared using the solvent-casting process. The incorporation of 1% NCC
showed electrical conductivity up to 2.16 S.m−1. Further, enhanced dispersion stability
and reduced viscosity/viscoelasticity of PLA/PANI/NCC suspensions were observed. In
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addition, the incorporation of NCC showed significant improvement in the mechanical
properties of PLA/PANI/NCC nanocomposites [21].

UV-shielding and biodegradation abilities were significantly enhanced by incorporat-
ing 15% hybrids of CNC-zinc oxide (ZnO) into a PLA matrix [22] as shown in Figure 2. The
transmittance of PLA-based nanocomposite films was slightly decreased with the increased
content of CNC-ZnO hybrids (up to 15 wt%) as compared to pure PLA (see Figure 2Aa).
Pure PLA film showed poor UV-shielding ability with utmost low absorbance in UVB and
UVA regions (200–400 nm), whereas the incorporation of CNC-ZnO hybrids enhanced the
absorption of UVB and UVA regions (200–400 nm), and the transmittance was reduced
at the wavelength range of 320–400 nm (see Figure 2Ab). Therefore, the synergistic UV-
shielding effects of CNC-ZnO hybrids into the PLA matrix showed excellent UV-shielding
activity as compared to pure PLA matrix. Furthermore, apparent changes occurred on the
surfaces of PLA/CNC-ZnO nanocomposite films before and after hydrolytic degradation
(see Figure 2Ba) including after soil degradation (see Figure 2Bb).J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 6 of 59 
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and transparency of PLA/CNCs-ZnO and PLA/ZnO nanocomposite films. (B) Digital images of
PLA-based nanocomposite films with apparent changes before and after (a) hydrolytic degradation
and (b) after soil degradation [22], copyright 2023, Elsevier.
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In addition, the incorporation of cellulose nanowhiskers (CNWs, 1–9 phr) along with
montmorillonite (MMT, 5 phr) into PLA matrix improved the crystallinity, biodegradability,
and thermal stability of the nanocomposite system. By incorporating 1 phr CNWs, highest
tensile strength (~36 MPa) and ductility by 87% were significantly enhanced. However,
Young’s modulus was linearly increased with increasing CNWs content [23]. Further-
more, compared to CNCs or CNWs, cellulose nanofibres (CNFs) were used to enhance
the properties. The effect of foaming method on shape-memory behaviour of cellulose
nanofibr (CNF)-reinforced PLA/thermoplastic polyurethane (TPU) nanocomposites in the
form of cylindrical shapes and sheets was analysed. The forming process resulted in a
tangible increase in force recovery ratio (up to 40%) and an extensive reduction in actuation
force (up to 10 times). Statistically, the existence of CNFs in the foamed nanocomposite
showed a significant increase in actuation force and reduction in force recovery ratio. Addi-
tionally, a significant deviation between shape-memory properties was observed between
experimental and analytical evaluation [24].

Similar to work performed with CNCs/CNWs, Herrera et al. [25] used chitin nanocrys-
tals (ChNCs) and prepared modified blown films of plasticized PLA/ChNCs nanocompos-
ite using melt-compounding and film blowing for packaging applications. The incorpo-
ration of 1 wt% ChNCs enhanced 175% tear strength, 300% puncture strength, and 4 ◦C
glass transition temperature (Tg), as well as slightly improved the degree of crystallinity
of films as compared to PLA films without ChNCs. Additionally, nanocomposite blown
films showed lower fungal behaviour and exhibited lower electrostatic attraction between
film surfaces that led to the easy opening of the plastic bags. However, barrier, optical, and
thermal degradation of the films were not improved significantly with the incorporation of
ChNCs [25].

In terms of processing sustainability and large-scale production, for blown films
(Figure 3a–f) for food packaging, magnesium oxide (MgO)-reinforced PLA nanocompos-
ite films have been fabricated using melt-processing through an industrial-level blown
film extrusion setup. In this study, up to 1–2% incorporation of nano-MgO in PLA ma-
trix enhanced the UV shielding (optical), barrier, mechanical, and antibacterial proper-
ties significantly [26]. For other industrial applications, linear low-density polyethylene
(LLDPE)-toughened PLA nanocomposites were prepared by incorporating organophilic
modified MMT. In this study, the increased content of MMT exhibited improved Young’s
and the flexural modulus. LLDPE enhanced the impact strength with a reduced tensile
and flexural strength of the PLA nanocomposites. Furthermore, the increased content of
MMT also decreased the tensile and flexural strength of the PLA/LLDPE nanocomposites,
including the elongation at break and the impact strength. However, the thermal stability
of PLA/LLDPE nanocomposites was improved with increased content of MMT. Below
glass transition temperature, the storage modulus of PLA/LLDPE nanocomposites en-
hanced with increased content of MMT [27]. To promote a sustainable and green economy,
PLA/organoclays nanocomposites have been developed for use in cosmetic packaging.
The level of overall migration in a range of stimulants (maximum 0.88 ± 0.44 mg/dm2)
from all PLA/organoclays nanocomposites was well below the total established legislative
migration limit (10 mg/dm2). In addition, the migration extracts from nanocomposites
encouraged minimal toxicity to the skin [28]. Furthermore, Nam et al. demonstrated the
effect of organoclays on PLA/cellulose acetate butyrate (CAB) nanocomposites and found
that thermal stability and mechanical properties were improved with the incorporation of
organoclays [29].

Selective additives with special characteristics such as lotader AX8900 (impact modi-
fier), triethyl citrate (TEC; plasticizer), and halloysite nanotubes (HNTs; a reinforcement)
have been extruded with PLA in different compositions. PLA/HNTs nanocomposites
exhibited 20 times higher storage modulus after rubbery state. The incorporation of lotader
in PLA/HNTs decreased the crystallinity from 21% to 2% without affecting glass-transition
temperature (Tg), whereas the addition of TEC resulted in the opposite effect. Further, the
incorporation of HNTs along with lotader and TEC enhanced elongation 19 times, where
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lotader and TEC synergistically improved the ductility of PLA while maintaining similar
tensile properties [30]. An effective process has been presented for improved interfacial
compatibility between matrix (PLA) and modified graphene via an elastomer modifier for
better properties [31]. The reduction of graphene oxide (GO) by using glucose (rGO-g)
shows high electrical conductivity and high efficiency in enhancing the electrical conductiv-
ity of PLA. Therefore, 1.25% rGO-g in the composite showed a high conductivity (2.2 S/m)
due to chemical reduction (by glucose) and thermal reduction (during the compression
moulding process) [32].
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PLA also has shown good potential in tissue engineering and drug delivery appli-
cations. The addition of PLA in nanocomposite scaffolds composed of hydroxyapatite
(nHA) and CS provided a homogenous composite network that significantly resists high
stress and showed enhanced elastic modulus (in situ precipitation process) [33]. Further,
nHA was blended with PLA/starch/Poly (ε-caprolactone) (PCL) via melt-blending and
produced antibacterial nanocomposites with an encapsulated drug. The increased nHA
content improved hydrophilicity, antibacterial, and drug-release behaviour. In this case, 3%
nHA exhibited good compromise between hydrolytic degradation and release profile (see
Figure 4). Additionally, electrospun fibres of the optimum blend exhibited an enhanced
fibroblast cell attachment [34].

For bone tissue engineering, Alam et al. [35] produced antibacterial metal/alloy
nanocomposite scaffolds composed of PLA, copper (Cu), bronze (Br), and silver (Ag)
particles using additive manufacturing (FFF, fused filament fabrication) for bone tissue
engineering applications (see Figure 5a,b). In this study, metal/alloy particles increased the
elastic modulus from 10% (0%, PLA-Br) to 27% (90%, PLA-Br) and effected a significant
increase in antibacterial properties (~20–25%). The stiffness was increased up to 103% for
PLA-Ag. In addition, the scaffolds treated with acid improved the bioactivity (~18–100%)
for all samples, and maximum enhancement was observed for PLA-Cu (~100%) [35]. Fur-
ther, PLA scaffolds have been prepared by reinforcing magnetic (iron oxide, Fe2O3) and
conductive (carbon structures, CNF) nanofillers using FFF (additive manufacturing), and
their biodegradation and bioactivity properties were evaluated for promising use for bone
regeneration or replacement. Both nanofillers enhanced the water absorption capacity,
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bioactivity, and biodegradation response. In vitro bioactivity exhibited improvement from
~2.9% (PLA) to ~5.32% and ~3.12% for PLA/CNF and PLA/Fe2O3 nanocomposites, respec-
tively. However, stiffness values were decreased from ~680 MPa (PLA) to ~533 MPa and
~425 MPa for PLA/CNF and PLA/Fe2O3 nanocomposites, respectively [36].
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2.2. Processing of PCL-Based Materials

PCLs are synthesised through the ring-opening polymerization of ε-caprolactone
(ε-CL) ions in the presence of diethylene glycol (DEG). PCL is a semi-crystalline polymer
with sustained biodegradability, more flexibility, intrinsic hydrophobic nature, and ease
of processing, but they do not possess good mechanical properties [37,38]. However, their
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properties can be enhanced by incorporation of blends and fillers to form composites. An
example is the composite of organic NPs (CNFs) and PCL introduced into the polypropy-
lene (PP) matrix, where the elastic modulus of the hybrid composite was enhanced by the
incorporation of 1% CNF only. In addition, crystallization of blend polymers in hybrid
composites started at a higher temperature compared to single polymers [39]. Furthermore,
the incorporation of ZnO NPs initiated an accelerated degradation in PLA/PCL blends
prepared by using the melt-mixing method, whereas complex viscosity and elastic modulus
were reduced with an increased amount of ZnO NPs, and this is correlated to the degrada-
tion and polymeric chain scission introduced by the ZnO NPs [40]. The higher loading of
ZnO NPs resulted in a substantial decrease in pH (i.e., acidic pH) and thereby increased
the extent of degradation (see Figure 6A). After 8 days of PBS incubation, higher physical
degradation with smaller pieces was observed, and it was possibly due to the advanced
molecular degradation of the nanocomposites with high ZnO content (see Figure 6B,C).
Moreover, an elevated degradation rate was observed due to the synergistic effect of the
higher content of ZnO NPs and acidic compounds. Furthermore, the PLA/PCL blend
and nanocomposites exhibited a rapid weight loss pattern with different rates through the
mechanism of degradation of ester bond caused by NaOH, and an advanced degradation
rate was observed with increased content of ZnO NPs (see Figure 6D).

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 10 of 59 
 

 

 
Figure 6. (A) pH values of PLA/PCL blend and PLA/PCL/ZnO nanocomposites in PBS at 80 °C after 
16 days, (B) physical degradation of PLA/PCL blend and PLA/PCL/ZnO nanocomposites, (C) 
weight loss (%) vs. ZnO content in PBS at 80 °C after 8 days (B), and (D) weight loss (%) of 
PLA/PCL/ZnO nanocomposites in NaOH at 25 °C after 12 h [40], copyright 2023, Elsevier. 

Recently, PCL has shown great potential in different applications, especially biomed-
ical applications. For example, in the treatment of cancerous tumours, Guadangno et al. 
[41] developed antitumor electrospun PCL/functionalized-Fe3O4 (Fe3O4 from citric acid 
(CA)) hybrid membranes. In this study, the anticancer activity of the produced mem-
branes was analysed against two different melanoma cell lines (low metastatic A375 and 
high metastatic A2058) and found a dose-dependent reduction against both cells’ viability 
without affecting activity as compared to non-functionalized Fe3O4. In addition, the prom-
ising antitumour activity of membranes against uterine HeLa cells was also observed [41]. 
Similarly, PCL/ZnO from CA nanocomposite films has been prepared using the solvent-
casting and evaporation method, in which enhanced elastic modulus and tensile strength 
of the nanocomposite films was observed, including good in vitro bioactive behaviour (the 
formation of HAp) in simulated body fluid (SBF) [42]. For guided bone regeneration, a 
silicon and magnesium co-doped fluorapatite (Si-Mg-FA) nanoparticles (NPs)s reinforced 
PCL fumarate (PCLF)/gelatin electrospun nanocomposite was prepared. In this study, 
PCLF with 5 wt% Si-Mg-FA NPs showed significant improvement in mechanical strength, 
whereas 10 wt% Si-Mg-FA NPs exhibited significant improvement in biodegradation of 
PCLF/gelatin in phosphate buffer saline (PBS), and no cytotoxicity was observed. How-
ever, PCLF/gelatin electrospun membranes with 5 wt% Si-Mg-FA NPs demonstrated ap-
propriate mechanical and biological performances with good biodegradation rates [43]. 
In another study, bioresorbable magnesium hydroxide (MH) NPs were blended with PCL 
at 5 and 20 wt%, and the composite scaffold was fabricated using 3D printing technology. 
A significant improvement was observed in tensile modulus, while accelerating the 

Figure 6. (A) pH values of PLA/PCL blend and PLA/PCL/ZnO nanocomposites in PBS at 80 ◦C
after 16 days, (B) physical degradation of PLA/PCL blend and PLA/PCL/ZnO nanocomposites,
(C) weight loss (%) vs. ZnO content in PBS at 80 ◦C after 8 days (B), and (D) weight loss (%) of
PLA/PCL/ZnO nanocomposites in NaOH at 25 ◦C after 12 h [40], copyright 2023, Elsevier.

Recently, PCL has shown great potential in different applications, especially biomedi-
cal applications. For example, in the treatment of cancerous tumours, Guadangno et al. [41]
developed antitumor electrospun PCL/functionalized-Fe3O4 (Fe3O4 from citric acid (CA))
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hybrid membranes. In this study, the anticancer activity of the produced membranes
was analysed against two different melanoma cell lines (low metastatic A375 and high
metastatic A2058) and found a dose-dependent reduction against both cells’ viability with-
out affecting activity as compared to non-functionalized Fe3O4. In addition, the promising
antitumour activity of membranes against uterine HeLa cells was also observed [41]. Simi-
larly, PCL/ZnO from CA nanocomposite films has been prepared using the solvent-casting
and evaporation method, in which enhanced elastic modulus and tensile strength of the
nanocomposite films was observed, including good in vitro bioactive behaviour (the for-
mation of HAp) in simulated body fluid (SBF) [42]. For guided bone regeneration, a
silicon and magnesium co-doped fluorapatite (Si-Mg-FA) nanoparticles (NPs)s reinforced
PCL fumarate (PCLF)/gelatin electrospun nanocomposite was prepared. In this study,
PCLF with 5 wt% Si-Mg-FA NPs showed significant improvement in mechanical strength,
whereas 10 wt% Si-Mg-FA NPs exhibited significant improvement in biodegradation of
PCLF/gelatin in phosphate buffer saline (PBS), and no cytotoxicity was observed. However,
PCLF/gelatin electrospun membranes with 5 wt% Si-Mg-FA NPs demonstrated appro-
priate mechanical and biological performances with good biodegradation rates [43]. In
another study, bioresorbable magnesium hydroxide (MH) NPs were blended with PCL at 5
and 20 wt%, and the composite scaffold was fabricated using 3D printing technology. A sig-
nificant improvement was observed in tensile modulus, while accelerating the weight loss
of the composite scaffolds and reducing the molecular weight of PCL over a prolonged im-
mersion time (150 days) in PBS at 37± 0.5 ◦C (pH 7.4). Furthermore, the composite scaffold
was shown to be nontoxic and promoted osteoblast metabolic activity compared to only
the PCL. Moreover, 3D-printed PCL/MH composite scaffolds could improve osteoblastic
behaviour and moderate accelerated degradation behaviour [44]. Furthermore, for bone
tissue regeneration, hydroxyapatite (Hap) (20 wt%) and HNTs (different amounts) incorpo-
rated in the PCL matrix showed considerable enhancement in mechanical properties and
an improvement in degradation temperature [45]. In addition to this, precise and orderly
complex porous PCL/HAp-based, composite, 3D, fibrous structures were manufactured
using melt-electrospinning writing (MEW; as a direct additive manufacturing) for better
infiltration and growth of cells compared to random 3D fibrous structures. The results
showed faster degradation of PCL/HAp scaffolds in an alkaline environment (37 ◦C) than
only PCL and facilitated a favourable environment for human osteoblast cell infiltration
and growth, including HAp-induced bioactivity [46].

In another study, the addition of functionalized bioactive glass (BG) NPs improved
the mechanical properties of PLA/PCL (80/20) nanocomposites. The values of maximum
tensile (38 MPa) and flexural (94 MPa) strength were obtained using 3 wt% BGNPs, and
it showed better human osteoblastic cell attachment and growth compared to only the
polymer blend [47]. In addition, PCL/GO-based microporous scaffolds were prepared by
using porogen leaching and an SC-CO2-assisted solvent removal process (see Figure 7). The
results exhibited a microporous interconnected network of scaffolds, and no cytotoxicity
was observed towards L-929 mouse fibroblast cells, while triggered cell spreading was
observed in the presence of GO [48].

Another thriving area of PCL application is their incorporation into membrane tech-
nology. Sadeghi et al. [49] investigated the gas permeation properties of PCL-based
polyurethane-silica nanocomposite membranes and found a reduction in gas permeability
but improvement in O2/N2, CO2/N2, and CO2/CH4 ideal selectivity [49]. A salient poten-
tial for PCL is the extraction of heavy metals and removal of lead (Pb) from aqueous waste;
to this end, a bio-nanocomposite based on cyclodextrin-PCL-titanium oxide (TiO2) was
prepared using a solution blending method, and it found maximum Pb adsorption as 98%
(pH 9.7), 10 ppm with 0.005 g dosage. In this case, Pb(II) followed pseudo-second-order
kinetics, and the adsorption data fit the Langmuir isotherm [50]. Similarly, silver (Ag) and
TiO2 NPs-incorporated PCL electrospun mats were fabricated for possible use as a reusable
SERS substrate for trace pollutants (quantitative analysis), photocatalyst for organic pol-
lutant degradation, and antibacterial agent. In this study, the produced nanocomposite
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exhibited highly effective detection of 10 mM for methylene blue (MB) as reusable analysis,
complete photocatalytic degradation of MB and ibuprofen (Ibu) under UV irradiation
for 180 min, and high bactericidal activity against E. coli (Gram-negative) and S. aureus
(Gram-positive) bacteria [51].
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2.3. Processing of PHA-Based Materials

PHAs are considered potential alternatives for conventional plastics from fossil sources
and are derived in the form of intracellular granules from different bacteria [52]. PHA was
first discovered in 1925 by Lemoigne during an investigation of Bacillus megaterium. It
is produced by several bacteria through various renewable sources of waste feedstocks
and mostly by fermentation. Generally, this fermentation process involves fermentation,
isolation, and purification from a fermented broth. Usually, mineral materials are treated
with a culture of seed that possesses bacteria. The feedstock ranges from bio-oils and
biowaste, to cellulosic and fatty acids based on the PHA needed. The vessel is continuously
sourced with carbon to encourage cell growth and increase PHA accumulation. The
simplest and most common form of PHA is PHB, which was discovered by Lemoigne in
1926 as a component of bacteria Bacillus megaterium [53].

At present, over 150 PHA monomers have been identified that make up PHAs, and this
range of diversity enables the production of bio-based polymers to suit specific applications.
The PHA currently developed by several companies is the PHA copolymer with usually
80 to 90% (R)—3- hydroxybutyric acid monomer and 10 to 20% of a completing monomer
to improve PHA properties. Examples of PHAs include:

• (PHA): Polyhydroxyalkanoates
• (PHB): Polyhydroxy butyrate
• Poly(3HB): Poly(3-hydroxybutyrate)
• Poly(3-HB-co-4HB): Poly(3-hydroxybutyrate-co-4-hydroxybutyrate)
• Poly(3HB-co-3HH): Poly(3-hydroxyoctanoate-co-hydroxyhexanoate)
• Poly(3HO-co-3HH): Poly(3-hydroxyoctanoate-co-hydroxyhexanoate)
• Poly (4-HB): Poly(4-hydroxybutyrate)

Generally, most of the bacteria for PHA biodegradation has been evaluated to gen-
erate just one PHA degradation but produce a minimum of varying extracellular PHA-
depolymerases with the differences being their biochemical properties. In 1990, Imperial
Chemical Industries (ICI) created biopol using PHBV as source material that can be de-
graded by microorganisms within months of being disposed in the environment. Sub-
sequently, other companies such as Procter & Gamble and Du Pont showed interest in
producing various PHAs; Batelle who produced PHA completely from vegetable oils.
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Other sources of production from high-glucose intensity materials include potato scraps,
corn, molasses, and beets [54,55].

Similar to other bio-based polymers, PHA composites or nanocomposites have shown
great potential for various biomedical applications, catalysis, biosensors, and adsorbents [56–58].
PHAs are bio-based polymer with non-toxicity and belong to the polyester family. Poly
(3-hydroxybutyrate) (PHB) is a form of PHA and possesses a limited processing tempera-
ture range with high crystallinity and high brittleness [59]. In this case, the melt-processing
of PHB is a challenge due to chain scission during the melting process (i.e., thermal de-
composition) [60]. Therefore, various approaches have been used to reduce its crystallinity,
melting point, and broad processing range compared to only PHB [61,62]. In addition,
to improve the mechanical performance of PHB, various forms of studies have been per-
formed with nano reinforcements and polymers [63]. Among the family of PHAs, PHB
and poly (3-hydroxybutyrate-co-3-hydroxy valerate) (PHBV) copolymers are the most
often studied bio-based polymers for various applications, especially the biomedical field.
Furthermore, PHB degrades at a higher rate than PHBV [64–66].

Focusing on their application, it is worth noting that PLA foams are mainly used as
packing materials; high expansion and fine cells are difficult to achieve by using injection
foam moulding (FIM) due to intrinsically low melt strength. Therefore, Lee et al. [67] added
nanofibrils of polytetrafluoroethylene (PTFE) to improve entanglements of molecular chains
and PHA to improve the impact strength of PLA foams processed using high-pressure
FIM combined with a mould-opening technique, where a constant amount of supercritical
nitrogen (0.6 wt%) was injected into FIM to obtain uniform mixtures and further injected
into the mould cavity to make highly expanded foamed PLA specimens [67]. It is also
known that PHAs suffer from poor oxygen barrier, poor strength and heat resistance,
and severe bacterial contamination that limit their wide applications, especially in food
packaging. In this case, tailor-made long alkyl chain quaternary sat (LAQ) modified-GO
(GO-g-LAQ) was blended with PHA, which prepared PHA/GO-g-LAQ nanocomposites
with significantly improved heat resistance, oxygen barrier, mechanical properties, and
antibacterial properties (99.9%) against Gram-negative and Gram-positive bacteria [68]. In
polarized optical microscopy (POM) analysis, PHA exhibited large sized spherulites due to
inferior crystallization behavior, whereas GO nanosheets agglomerated in the PHA matrix
and acted as nucleators in PHA/GO in improving overall crystallization rate of PHA.
Further, a smaller size of spherulites with no aggregation was observed within 5 min in the
case of PHA/GO-g-LAQ, and it crystalized completely in 20 min (see Figure 8A(a–c)). In a
mechanical analysis, GO-g-LAQ significantly enhanced the tensile strength, but it restricted
the deformation of PHA in PHA/GO-g-LAQ nanocomposite films, especially after 1 wt% of
GO-g-LAQ (see Figure 8B(a,b)). Oxygen permeation was found to be enhanced significantly
with increasing GO-g-LAQ content. The gas barrier mechanism of the nanocomposite can
be seen in Figure 8C(a,b). Furthermore, no leaching of LAQ from the nanocomposite films
was observed (see Figure 8D(a,b)).

Furthermore, Jayakumar et al. [69] biologically synthesised PHB/Ag nanocomposite
films using a dairy-industry by-product (cheese whey) for food packaging applications
and found it to be stable hydrophobically and significantly antimicrobial against common
food pathogens. Further, it exhibited good mechanical properties and less migration of
food stimulants than the overall migration limit accepted for food contact materials [69].
In another study, PHB/biosynthesized-Ag nanocomposite films were prepared, and Ag
NPs did not show any effect on thermal properties, but they showed a slight reduction
in crystallinity. In addition, nanocomposite films exhibited significant antimicrobial ac-
tivity towards food-borne pathogens, and complete bio-disintegration occurred within
composting conditions during the first 40 days, not affected by the presence of AgNPs [70].
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inhibition zone analyses of PHA and PHA/GO−g−LAQ5 nanocomposite (black sample) for (a) E. coli
and (b) S. aureus [68], copyright 2023, Elsevier.

For biomedical applications, different nanofillers such as GO and CNF in PHBV and
prepared films, where PHBV/GO showed higher cell proliferation towards time, as well
as cell attachment and antibacterial activity, than the PHBV/CNF composite [71]. The
nanocomposite coatings on bioceramic materials have shown great potential for bone tissue
regeneration. In this advancement, a PHB-CS-multi-walled CNT-based nanocomposite
coating was deposited on nano-bioglass/TiO2-based scaffolds prepared using a foam repli-
cation method. The obtained scaffolds showed improved interconnected porosity and
surface roughness, increased pH and degradation rate, enhanced apatite-forming ability,
significant viability of cells, and high secretion of alkaline phosphatase [72]. Furthermore,
gamma radiation-induced grafting of CS onto PHB was performed, and polyurethane com-
posite scaffolds composed of PHB-g-CS and silica NPs were prepared by the salt-leaching
method, and composite scaffolds showed good cytocompatibility [73]. Similarly, for skin tis-
sue engineering, PHB-g-n-hydroxyethyl acrylamide (PHB-g-HEAA) as novel polyurethane
scaffold showed good potential for wound dressing [74]. Furthermore, antioxidant and
antimicrobial maleic anhydride-grafted PHBV (PHBV-g-MA)/fish scales (FSs) composites
were prepared and processed in 3D printing filaments (as shown in Figure 9). Herein,
improved adhesion between PHBV-g-MA and FSs and enhanced mechanical properties
of the composite were demonstrated as compared to PHBV/FSs. However, human fore-
skin fibroblast cell viability was lower with PHBV-g-MA/FSs composites than PHBV/FSs
composites [75].

In addition, biomaterials with bioactivity and sustained release of drugs are very
promising in the treatment and prophylaxis of bone infection. Hence, injection-moulded
nanocomposite composed of PHBV, nanodiamond, and nHAp loaded with vancomycin
(VC) was prepared using a rotatory evaporator or spray-dryer. The nanocomposites showed
improved flexural elastic modulus by 34% (similar to human bone) with the addition of NPs
and exhibited a sustained release of VC for 22 days. Furthermore, VC provided antibacterial
behaviour even after processing at 178 ◦C in an injection-moulding machine. In addition,
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good cell attachment and growth on the nanocomposite was observed [76]. To improve
properties, aminated-bacterial cellulose (BCA)-reinforced PHBV nanocomposite sponges
were prepared using the impregnation method. Compared to only PHBV or PHBV/BC,
enhanced thermal stability, reduced degradation, and improved compressive mechanical
properties were observed with PHB/BCA nanocomposites, including good stability in
simulated physiological environment and high swelling behaviour [77]. Pal et al. [62]
prepared organically modified, nanoclay-reinforced PHBV/poly (butylene adipate-co-
terephthalate) (PBAT) nanocomposite films processed through compression moulding
and cast film extrusion. In this study, a pelletized nanoclay masterbatch was prepared
by blending 20% nanoclay with PBAT using melt-extrusion and then was reinforced with
PHBV/PBAT blend matrix to create nanocomposite pellets using a melt-extrusion process.
The cast-extruded PHBV/PBAT/nanoclay (1.2%) nanocomposite films showed enhanced
oxygen and water vapour barrier properties and % elongation at break (567.6 ± 0.1) as
compared to compression-moulded films, due to better dispersion of the nanoclay and
interaction between the nanofiller and matrix [63].
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To enhance the mechanical performance of PHA in biomaterials such as scaffolds, PCL
pellets were blended with PHA-based pellets. When the mixing ratio of PCL increased to
50%, the elongation at break of the blend was enhanced, and the gauge area of tensile-test
specimens whitened and became porous, and this behaviour was understood using a rheo-
optical technique based on near-infrared (NIR) spectroscopy while observing mechanical
deformation of the blends during static tensile-tests. In this test, two-dimensional correla-
tion spectra show the predominant deformation of the PCL phase. Figure 10 exhibits the
digital images just after the break of specimens, and it demonstrates a flat fracture surface
of PCL 0% specimen in Run 1 showing a brittle fracture. When the mixing ratio of PCL
was increased, stringy fracture surfaces were observed in the specimens of Runs 2 and 3,
in which the Run 3 specimen became partially white and looked porous. In addition,
the specimen of Run 4 showed whitening and necking after maximum stress, but porous
and stringy areas were decreased with an increased mixing ratio of PCL. Whereas, after
maximum stress, Run 5 of only PCL showed a translucent necking area, and the necking
area became thin and finally led to the break of the specimen [78].

Biocomposites composed of plasticized-PHB and defibrillated wood waste fibres (CF)
were prepared, and the obtained biocomposite exhibited enhanced thermal and mechanical
properties compared to only PHB. This is possibly due to the presence of lignin on the CF
surface, which facilitated the interaction between PHB and CF. Furthermore, the doubling
of plasticizer amount in PHB led to more flexible biocomposites [79]. In addition, different
amounts of CNCs were reinforced in PHB/PCL (75/25) blends, and films were prepared
using solvent-casting followed by melt-compounding and then were subjected to a thermo-
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compression process. In this study, 3 wt% CNCs in PHB/PCL (75/25) blend provided good
wettability and optical, thermal, and mechanical properties [80].
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High transparency in all developed films was observed (see Figure 11a). Visually, no
significant variations between loaded or unloaded nanocomposite films were observed,
while only a slight change in tones (i.e., dark) were observed as the content of CNCs was
increased. Further, the highest transmittance was noticeably observed with 3 wt% CNCs
in PHB75/PCL25/CNCs 3 wt% as compared to PHB75/PCL25, and this is due to good
dispersion of CNCs and the interaction between matrix and CNCs (see Figure 11b). The
disintegration or brittleness of nanocomposite films was enhanced with the incorporation
of CNCs in the PHB75/PCL25 matrix, and the level of disintegration was improved with
increasing the content of CNCs and/or time period (see Figure 11c). Figure 11d shows
the resulting weight loss during disintegration analysis towards incubation/disintegration
time. Similarly, the compatibility between PHB and PCL by reactive extrusion with di
cumyl peroxide (DCP) has been successfully explored, while in another study the effect
of surface-modified HNTs on the properties of the PHB/PCL (75/25) blend improved the
thermal and mechanical properties [80–82].

2.4. Processing of PA-Based Materials

Polyamides (PAs), which consist of varying forms, are commonly used thermoplastics
for textiles, automotive industries, sports, textile filaments, and packaging due to their
ease of processing, chemical resistance, high strength, stiffness, and durability [83–85].
Polyamides are linked by amide bonds, which form hydrogen bonds to the closest polymer
chain. There are various PA6 prefix examples, PA4, PA6, PA10, PA11, and PA12, with the
number describing the number of carbon atoms connecting amide bonds, and with the
best-known forms being PA6 and PA66. Sustainable manufacturing of PA and PA blends in
green chemistry is the basic principle.

Generally, bio-polyamides are niche products due to them being increasingly high
performing polymers, and they account for 5% of the present biopolymer market. Although
most bio-based PAs are quite recent achievements, PA11 (rilsan) obtained from castor oil
has been synthesised and applied since the 1940s. Winnacker and Rieger [86] classified the
bio-based PA to match its synthesis routes (ROP and polycondensation) with the initial
materials needed to evaluate the possibility of this novel perspective. In addition, several
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forms of diamines and dicarboxylic acids ease the tuning of PA properties, and PA can
also be altered in the nitrogen atom. In polyamide chemistry, the task of investigating
crystallinity through x-ray diffraction is a major factor. Figure 12 below shows a generic
synthesis of PA.
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Figure 12. General structures and approaches for the synthesis of sustainable polyamides [86],
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There are generally two broad methods of developing bio-PA, i.e., bio-based polyamides
through polycondensation reactions and bio-based polyamides through ring-opening
polymerization of lactams, which includes the polycondensation of diamines, dicarboxylic
acids, and bio-basedω, α—amino acids. The major source for building blocks of bio-based
PA is castor oil from Ricinus commis [87] due to castor beans having an unusually high
oil content (45–60%) that mostly contains C18 fatty acid (80–90%) and is available in the
form of triglyceride ester, which is a reliable source of producing bio-PA in commercial
amounts [88]. The castor beans are separated from their shells and pressed mechanically to
obtain triglycerides (oil) (Table 1 provides the differences in properties).

Table 1. Selected properties of SA/DAII and SA/DAB copolymers [86], copyright 2023, Elsevier.

Poly Amide
Monomer Feed,

mol Ratio (a)

(DAB/DAII)

Built-in
Composition

(DAB/DAII) (b)

Mn (c)

[g mol−1]
Pre-Polymer

Mn (d) after
SSP

T5%
[◦C]

Tm
[◦C]

Tc
[◦C]

PA1 1.0/0 1.0/0 9600 21,900 424 246 221

coPA2 0.91/0.09 0.89/0.11 6500 21,300 388 242 209

coPA3 0.83/0.17 0.86/0.14 5000 18,700 379 236 201

coPA4 0.78/0.22 0.80/0.20 5500 20,400 377 232 198

coPA5 0.55/0.45 0.57/0.43 2500 3900 321 198 156

PA6 0/1.0 0/1.0 4200 - 300 152 96
(a) Determined via weighed-in monomers; (b) Determined via NMR; (c) Determined for polyamides before solid
state polymerization by SEC; (d) After solid-state polymerization.

This undergoes either the saponification step or transesterification step (with both steps
being effective for splitting the ester bonds) to obtain ribonucleic acid or any corresponding
methyl ester, respectively. Sebacic acid is derived from the alkali fission of ribonucleic acid
and NaOH (Figure 13 depicts the synthesis of PA 11).

For the bio-polyamides obtained from carbohydrates, rosin and terpene acids through
polycondensation, bio-based sebacic acid (SA), and carbohydrate derived from alcohol
are used to prepare total bio-based semi-crystalline polyamides, and diamino butane is
used to produce copolyamides with varying monomer feeds used [89]. The prepolymers
are synthesised through polycondensation and subsequently passed to a solid-state poly-
merization process, which leads to an increment in molecular weight to provide varying
polyamides (Milstein catalyst) [90]. The DSC and XRD study images on PA 11 are shown in
Figure 14.
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In the bio-based PA through ring-opening, polymerization of lactam lysine derived
from glucose is cyclized and undergoes deamination to produce CL. This approach is more
sustainable although the stereo information is annihilated. Bio-based ε-caprolactam can be
derived from 5-hydroxymethylfurfural (fructose), which takes two steps to be transformed
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and then must be treated with ammonia obtain CL. When lactam is heated in a vacuum or
when argon has a low HCL amount, PA with high molar masses in thousands are obtained.
The specific chain length plays a crucial role, with PA showing high melting points of
around 289 ◦C, which creates a scenario for use in high-performance applications. The
derivation of lactam from camphor and nopinone is schematically represented in Figure 15.
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Similar to the previous bio-based polymers, further improvement in their properties
(including mechanical) is required of PAs, and this has been obtained by incorporating fillers
or nanofillers depending on the filler dispersibility. Moreover, PAs have been applied in
diverse applications based on their performance in areas such as anticorrosive coatings [91],
tissue engineering [92], flame retardant materials [93], and antifouling properties [94]. To
this end, several methods have been explored to improve PA performance.

Touchaleaume et al. [95] developed a facile method to prepare PA6/pristine or organo-
modified MMT clay nanocomposites using a water-assisted extrusion method, which
improves the clay dispersion and reduces melting temperature of PA6 by 66 ◦C, leading to
the prevention of polymer matrix degradation during processing. It is worth noting that
the dispersion state and the thermal and mechanical properties of pristine MMT clay were
found to be similar to that of organo-modified MMT clay [95]. By using melt-extrusion and
injection moulding, a PA6/combined ratio of biocarbon/nanoclay-based nanocomposites
was prepared, and fillers did not affect the degree of crystallization, while there was a strong
influence on crystallite orientation. In this study, a small fraction of nanoclays in hybrid
fliers exhibited improved coefficient of thermal expansion and mechanical properties.
Furthermore, the obtained injection-moulded nanocomposites with ~28.5 wt% bio-based
amounts showed excellent mechanical properties as well as enhanced dimensional stability
suitable for use in sustainable automotive parts [96]. Further, the incorporation of rice husk
ash (10–20 wt%) in fully (PA10,10) and partially (PA6,10) bio-based composites showed
significant improvement in young’s modulus, a slight reduction in tensile strength, and
a large reduction in the deformation at the break. Both PAs showed similar matrix-filler
stress transfer with rice husk ash, while exhibiting better properties than those of PLA.
In addition, the addition of modified clay (Cloisite 30B) with 10 wt% rice husk ash in
the composites exhibited the best thermo-mechanical properties [97]. In another study, a
newly synthesised semi-aromatic PA and organo-modified-MMT-based nanocomposite
were developed to improve flammability and thermal properties as compared to only a
semi-aromatic PA matrix [98]. Further, semi-aromatic PA was reinforced with MWCNTs
and prepared nanocomposites using a solution-mixing method, and improvements were
observed in flame retardancy of semi-aromatic PA/MWCNT nanocomposites as compared
to only PA [99].
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In terms of thermal performance, to prevent excessive thermal degradation during
high-temperature processing (i.e., compression moulding and injection moulding), ther-
mally stable PA11/sulfated-CNC nanocomposites were prepared using the industrially
viable method of ball milling followed by a compounding process. This industrially viable
method of milling and compounding can be seen in Figure 16. The results showed en-
hanced storage modulus (in rubbery plateau) and Young’s modulus while maintaining the
toughness of PA11. In this study, the surface charge density of the CNCs exhibited good dis-
persion and improved mechanical performances. In addition, ball-milled nanocomposite
samples exhibited higher stiffness compared to compounded nanocomposite samples [100].
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In another study, the effect of nonmodified or aminosilane-modified CNCs on the
isothermal and non-isothermal crystallization behaviour of PA6/CNC nanocomposites
was investigated. In this study, nanocomposites were prepared using in situ anionic
ring-opening polymerization and subsequent melt-extrusion. Morphological analysis
showed a network-like fibrillar structure for nonmodified CNCs, while fine dispersion
(mostly as individual whiskers) was observed for modified CNCs. The morphology and
surface functionality of CNCs control the crystallization activity of PA6 composites. In
this case, nonmodified CNCs hindered the polymer crystal growth, and modified CNCs
improved the nucleation rate of the crystal [101]. Further, modified CNCs led to sig-
nificant improvements in solid-state mechanical properties of the PA6/modified CNC
nanocomposites due to fine dispersion and rigid interfacial layer, and they significantly
enhanced melt elasticity and strength in shear and elongational flow in the nanocomposite
systems [102]. PA11/dried CNF nanocomposites were prepared using direct melt-mixing,
and the obtained nanocomposites exhibited good thermal and mechanical stability and
melt processing behaviour. Peak force-quantitative nanomechanical mapping (PF-QNM) of
nanocomposites showed higher structural order with 3 and 5 wt% CNFs and lower with
8 wt% CNFs as compared to the PA11, demonstrating good mechanical properties [103].

Another aspect to consider for PA processing is that due to the antifouling properties
PA possesses, biofouling causes degradation of membrane properties such as permeability,
selectivity, and long-term stability when utilized in membrane technology. To prevent this
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biofouling, Ali et al. [94] used Ag-doped GO (GO-Ag) as nano reinforcement in PA thin-
frame membrane and prepared PA/GO-Ag-based thin films via interfacial polymerization.
The results exhibited a high-water flux recovery ratio (89%) and low irreversible resistance
(10%) after hydraulic washing of PA/GO-Ag (80 ppm) nanocomposite membrane. Further,
good antifouling properties of PA/GO-Ag (80 ppm) were observed with 86% reduction
in viable E. coli cells in bacterial suspensions, with slight bacterial adherence only on the
surface of nanocomposite membranes [94]. Further, nanofibrous scaffolds from PA66 and
CS blends were fabricated using a one-step co-electrospinning method, and PA66/CS20%
exhibited enhanced hydrophilicity and mechanical properties as well as osteogenic proper-
ties, including a high apatite-forming ability compared to only PA66 nanofibrous mats and
other sample groups [104].

As a result of the biofouling, the biodegradation control function for this polymer is
crucial. Therefore, Masui et al. [105] prepared visible light-sensitive PA4-TiO2 nanocompos-
ite films (using the solvent-casting method) with antibacterial activity upon fluorescent light
irradiation, and they improved it with increased concentration of TiO2 under fluorescent
light irradiation. Nanocomposite films showed high antibacterial activity with increased
illumination intensity and irradiation time. Furthermore, biodegradation of PA4 was con-
trolled by incorporating visible-light-sensitive TiO2, where biodegradation is activated in
the dark and suppressed when exposed to fluorescent light irradiation [106]. In addition,
layered double hydroxides (LDH) as an alternative to silicate crystals were used to prepare
PA6/LDH nanocomposite from organo-modified LDH using melt-processing. In this case,
exfoliated nanocomposites were prepared with a low exchange capacity LDH, and residue
tactoids were found with a high exchange capacity LDH [106]. In another study, flame
retardant PA6/bridged 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO)-
derivative (PHED) nanocomposite filament yarns were prepared through melt-spinning,
and they produced knitted fabrics. The PA6/PHED (15 wt%) nanocomposite filament yarns
showed enhanced thermos-oxidative stability and self-extinguishment of fibre strands and
knitted samples within 1s followed by the significant reduction of melt-dripping and
melt-drop flammability [85].

3. Bio-Based Polymer Degradation

In the life cycle of material, there will be either chemical or physical change due
to varying environmental factors such as biological activity, light, heat, moisture, and
chemical conditions, which is referred to as aging. This process leads to polymer property
change as pertains to functional deterioration because of the physical, biological, and
chemical reactions, which result in chemical transformations and bond scission, and thus,
this can be regarded as polymer degradation. Degradation is noticeable when a material
property changes in regard to mechanical, electrical/optical characteristics, erosion, delam-
ination/phase separation, discolouration, cracking, and crazing. The degradation changes
include new functional group formations, both bond scission and chemical [107]. Examples of
the various polymer degradation routes are biological, photo, or thermal as shown in Table 2.

Table 2. Various polymer degradation routes.

Factors (Requirement/Activity) Photo-Degradation Thermo-Oxidative Degradation Biodegradation

Active agent UV-light or high-energy radiation Heat and oxygen Microbial agents

Requirement of heat Not required Higher than ambient temperature
required Not required

Rate of degradation Initiation is slow; ut propagation is
fast Fast Moderate

Other consideration Environment friendly if high-energy
radiation is not used Environmentally not acceptable Environment friendly

Overall acceptance Acceptable but costly Not acceptable Cheap and very much
acceptable
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There is an increasing trend of polymer consumption in both industrial and domestic
applications, which is inherently coupled with the substantial environmental threat the gen-
erated waste poses because of the lack of efficient waste management control. Degradation
techniques, which include biodegradation as well as thermal and photo degradation, have
been devised as a strategy for curtailing the effect of polymer disposal. For a bio-based poly-
mer to be biodegradable, it should be hydrolysable at decomposition temperature (~50 ◦C)
for a defined duration (usually 6 to 12 months). Due to hydrolysis, the polymer degrades
in physiological environments through macromolecular chain scission into smaller parts
and subsequently into a simpler end product with stability. Therefore, the hydrolysable
linkages serve a vital role in the degradation of the polymer molecules through energy
interactions. Basically, biodegradation of biopolymers can be categorized into two types,
which are extracellular and intracellular depolymerases [108,109]. Biodegradation occurs
when organic substances break down from the actions of living or unliving organisms.
This is mostly used in the context of waste management, environmental remediation, and
polymeric material because of its longevity. Organic materials degrade through either
anaerobic (no oxygen) and aerobic (with oxygen) processes. Another related term is biomin-
eralization, which is when organic materials are transferred to minerals [110]. Polymers
undergo aerobic biodegradation in nature and anaerobic degradation in landfills and sedi-
ments, also breaking down partially aerobically and anaerobically within soil and composts.
Overall, large polymers break down to carbon dioxide with the aid of a variety of several
organisms, while parts of the polymer break down to their constituent monomers, and
other constituents use monomers which excrete waste compounds in the form of usable
by-products. Table 3 summarizes the various microorganisms that degrade polymers.

Table 3. List of different microorganisms reported to degrade different types of polymers [99],
copyright 2023, Elsevier.

Polymer Micro-Organism Incubation Time Reference

Poly(3-hydroxybutyrate-co-3-
mercaptopropionate) Schlegelella thermodepolymerans 18 h [111]

Poly(3-hydroxybutyrate) Pseudomonas lemoignei 60 h [112]

Poly(3-hydroxybutyrate-co-3-
mercaptopropionate) Pseudomonas indicaK2 18 h [111]

Poly(3-hydroxybutyrate)
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) Streptomyces sp. SNG9 30 days [113]

Poly(3-hydroxybutyrate-co-3-
hydroxypropionate) Ralstonia pikettiiT1 18 h [111]

Poly(3-hydroxybutyrate-co-3-
hydroxypropionate) Acidovorax sp. TP4 100 h [114]

Poly(3-hydroxybutyrate)
Poly(3-hydroxypropionate)
Poly(4-hydroxybutyrate)
Poly(ethylene succinate)
Poly(ethylene adipate)

Alcaligenes faecalis

120 days
[115]

Pseudomonas stutzeri

Comamonas acidovorans

Poly(3-hydroxybutyrate) Alcaligenes faecalis 20 h [116]

Poly(3-hydroxybutyrate) Schlegelella thermodepolymerans 2–3 days [117]Caenibacterium thermophilum

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) Clostridium botulinum
14 weeks [118]Clostridium acetobutylicum

Poly (ε-caprolactone)
Clostridium botulinum

14 weeks [118]Clostridium acetobutylicum

Fusarium solani 60 days [119]
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Table 3. Cont.

Polymer Micro-Organism Incubation Time Reference

Poly (lactic acid)

Fusarium moniliforme 40 weeks [120]

Penicillium roquefort
Amycolatopsis sp.

14 days, 7 days [121,122]

Bacillus brevis - [123]

Rhizopus delemer - [124]

Polymer Blends

Starch/polyethylene
Aspergillus niger

8 weeks [125]Penicillium funiculosm
Phanerochaete chrysosporium

Starch/polyester
Streptomyces
Phanerochaete
chyrsosporium

8 weeks [125]

Biodegradation research on polymers is carried out both in vitro and in vivo studies.
In vitro techniques refer to when the procedure is carried out in controllable conditions,
outside of a living cell. Most cellular biological experiments are performed outside of
organisms. The downside of in vitro techniques is the failure to reproduce the exact
conditions of the cell (Marshall protocol), notably a microbe. In vivo techniques refer to the
use of living organisms instead of a partially or totally dead organism. In vivo techniques
exist in two forms, which are clinical trials and animal studies. In vivo is preferred to
in vitro because it suits an overall study of the experimental effects on a living subject [126].

3.1. PLA Biodegradation

Lactic acid is a chiral molecule that has two known enantiomers as L and D (lactic
acid) and has the molecular formula CH3CH(OH)COH and organic acid. When in the
solid-state, it is extremely soluble in water and white in colour. The solubility of lactic acid
is extremely high, i.e., 1 unit of lactic acid dissolves in 12 units of water [127]. In liquid
state, lactic acid is a colourless solution. Lactic acid is based on an aliphatic—hydroxy acid
(AHA) because of the carbonyl group adjacent to the hydroxyl group, and its conjugate
base is termed lactate [128,129]. PLA production is depicted in Figure 17a.

PLA single monomer is the lactic acid that is produced through either chemical syn-
thesis or fermentation. Both optical active configurations D (−) and L (+) stereoisomers
via fermentation are produced with bacterial fermentation (heterofermentative and ho-
mofermentative) of carbohydrates [127]. For industrial production of lactic acid, the lactic
fermentation process is utilized instead of synthetic production of PLA due to major
limitations such as capacity limitation, because of huge dependence on another process
by-products, high cost of manufacturing, and lack of ability to produce the much desirable
L—lactic acid stereoisomer. These stereo forms are pictorially represented in Figure 17b.

The degradation of PLA and PLA-based bio-composites involves the hydrolysis of
the ester groups into either carboxyl or hydroxyl groups. This phase further enhances
the autocatalytic action of the PLA composites that enable hydrolytic degradation. The
oligomers and any fillers diffuse within the PLA matrix to a buffer solution that encourages
autocatalytic activity. The degradation at the environmental level of PLA occurs through
a two-step process. At the initial degradation phase, the large polyester chains are hy-
drolysed to create a smaller molecular weight oligomer. This reaction is boosted with
either bases or acids and is heavily affected by moisture and temperature levels. Polymer
embrittlement occurs at this step at certain stages where molar weight (Mn) reduces to less
than 50,000 Da. In addition, at similar Mn, the degradation process of microorganisms in
the environment is not interrupted through the conversion of smaller molecular weight part
to humus, carbon dioxide, and water [130,131]. Vert et al. [132] and Li et al. [133] studied
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the degradation of the mechanism of parallelepiped material comprising various PLA/GA
polymers, copolymers, and stereo copolymers [124,125]. It was concluded that a greater
size of PLA/GA polymers degraded heterogeneously, with the internal part degrading
faster than the surfaces where degraded materials formed, and this is attainable for both
in vivo and in vitro techniques [134].
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For moulded PLA components, the structural integrity reduces with molecular weight
reduction and finally the material decomposing. On this note, Shimpi et al. [135] investi-
gated the polymer composites of isotactic polypropylene (iPP) and PLA (iPP/PLA) and
iPP/PLA packed with calcium carbonate nanoparticles (nCaCO3). The biodegradable
experiment was an in vitro study with a submerged culture of fungus P. chrysosporium for
the microbial degradation of iPP/PLA and iPP/PLA/nCaCO3 composites. The suspen-
sion (1%: 105 spores per ml) was inoculated into a sterilized basic method with varying
preweight composites. These samples were incubated for varying days (7, 14, 21, and
28 days) at ambient temperature. The extracellular protein was excreted, and biomass
produced from the fungus (reacting metabolically when degrading) was obtained and
analysed at the incubation stage. A noticeable change occurred in the growth of fungus due
to culture density changes. In addition, from the turbidity of the solution, it was observed
that there was fungi growth (as seen in Figure 18a,b).
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In the Shimpi et al. [135] study, all the compositions exhibited fungal growth be-
tween 7 to 28 days. Maximum turbidity was noticed at the 28th day because of the
stationary phase and lyses fungal biomass. Figure 19 shows that the P. chrysoporium
aided the maximum growth process of biomass production iPP/PLA composites and
iPP/PLA/nCaCO3 nanocomposites. The study concluded that both iPP/PLA composites
and iPP/PLA/nCaCO3 nanocomposites support fungal growth of P. chrysoporium, which
leads to degradation and is revealed through the production of biomass, excretion of extra-
cellular protein, and reshaping of the matrix structure with a proportion transformation
in degradation.
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In a previous study, it was ascertained that with the secretion of protein, an increase
in degradation of both iPP/PLA/nCaCO3 and iPP/PLA composites occurred due to the
addition of nCaCO3 [136]. In addition, the better spacing of the treated montmorillonite
(MMT) allowed for easier water absorption into the polymer chains which triggered the
degradation rate with fungal growth within the polymeric matrix. Due to this microbial
attack, the mechanical properties of both composites after degradation were observed to
reduce, owing to the maximum fungal growth associated with segregation of the rein-
forcement and polymeric chains. Generally, PLA is highly resistant to degradation when
subjected to regular environmental conditions compared to any other type of aliphatic
bio-based polymers, which makes PLA not readily available for degradation. However, in
comparison to P(3HB,4HB) blends, they both biodegrade in varying conditions (i.e., soil
depth), with PHA degrading faster with the sequence of its increasing weight content in a
composite, as well as faster than the PLA alone. Although PLA will hydrolytically degrade
through bulk hydrolysis (decrease of carbon content while oxygen content increased),
PHA biodegradation is the result of bacteria-catalyzed erosion initiated at the surface that
spreads inwards. For PLA, this hydrolysis cleaves the ester bonds that generates oligomers
and monomers of lactic acid. Therefore, microbial strains and humidity conditions are
key parameters for PLA biodegradation. In addition, the introduction of nanoclays into
PLA has been established as a method of enhancing the PLA degradation rate due to the
presence of hydroxyl groups related to the silicate layers in the clay. However, this depends
on the affinity of the microbial strain to the nanoclay.
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3.2. PA Biodegradation

Polyamides are a useful class of polymers due to their exhibition of electrical insu-
lation, abrasion resistance, tensile strength, high impact and tunability, and biocompati-
bility, depending on the structure of the PA. This positions PAs for a variety of industrial
applications [136].

PA6 biodegradation was studied in intrauterine devices (IUD), with an in vivo tech-
nique, by Hudson and Crugnola [137] over two years. The results were obtained with the
aid of synthesised 14C, labelled PA66, exposed in vitro to varying enzymatic solutions.
PA66 was noticed to be unaltered by esterase but degraded when in contact with trypsin,
papain, and chrymtpysin although this degradation is minute [138]. From biochemical
studies carried out on the biodegradation of PA66 with lignin-degrading fungi [139,140],
the presence of polyamide degradation from enzymes was noticed in the culture medium
of a white decayed fungus strain. A polyamide degradation scheme does not rely on
external hydrogen peroxide (H2O2), but catalase inhibits it. A nuclear magnetic resonance
(NMR) study suggested that there was an attack by the enzyme on the methylene group
adjoined to the nitrogen atom on the polymer chain, and the subsequent reaction occurred
oxidatively, as shown in Figure 20.
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Yamano et al. [141] researched the mechanism and characterization of PA4 using
Pseudomonas sp. It was deduced that polyamide hardly degrades naturally in the environ-
ment, although protein possesses an amide bond, which easily degrades when applying
proteolytic activity. However, some microorganisms are known for degrading polyamides;
for example, flavobacterium sp. K127 can degrade PA6 oligomers hydrolytically [142], but
PA6 polymers cannot be degraded by it. Deguchi et al. [139] observed that white decayed
fungi strain IZU -154, Trametes Versicolor, Phanerochaete, and chrysosporium exhibit PA6
and PA66 biodegradation activity via a process of oxidation.

Yamano et al. [141] also reported on the biodegradation mechanism of PA4 and
described the seclusion of PA4-degrading bacteria from an initiated slurry. NMR analysis
showed that Pseudomonas sp. caused degradation of PA4, with the ND-11 strain having
higher degradation than the ND-10 strain. The CO2 gas increased within the trap, and
NO3

− ions were observed in the culture broth, which indicates that the end products of
PA4 degradation by ND-10 and ND-11 were NO−3 and CO2.
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Figure 21 shows the PA4 degradation by ND-11 strains after 14 days in aerobic condi-
tions. The PA4 degraded by 0.5% (wt/vol) due to the ND-11 strain, whereas there was an
increase in the total organic carbon (TOC). This result suggests that there was a conversion
of PA4 into water-soluble minute molecules. The difference in PA4 and PA6 degradation
based on the microorganisms used is due to the varying biodegrading mechanisms between
the two polymers despite the fact that they possess identical amide bonds in their molecular
structure. From the culture supernatants analysed (as seen in Figure 21b), measurement of
the enzymatic actives of the supernatants was carried out, and there was a degradation
of PA4 emulsion by the supernatant. Both the supernatant protein concentration and PA4
degrading activities had increments with time; there was no increase in the protease activity.
Based on the results, it was suggested that the degrading enzyme for PA4 varies with
proteases measured, with azocasein being a substrate. This calls for future study on the
characterization of degrading enzymes [141]. In terms of molecular weight measurements,
Figure 21 depicts the changing polymer residue amount. The reduction of polymer residue
intensity with changing time shows the degradation of the polymer; however, there was
no reduction in molecular weight. This indicates that for PA4 degradation, it started from
the polymer surface, and the lower molecular weight dissolved was removed quickly by
the aqueous phase solution. Due to this, there was no change in the molecular weight
of the remaining polymer. The results suggest that the use of degrading bacteria on PA4
produces extracellular enzymes and converts PA4 to GABA (gamma-aminobutyric acid).
With the use of this enzyme, continuous production through a chemical recycling system
can generate PA4.
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Essentially, PA is hydrolysable and more susceptible to biodegradation because of
the presence of extracellular hydrolases involved in protein and cellulose degradation.
However, polyamides such as PA6 are highly resistant to microbial interaction. Although
their amide linkages are similar to peptide bonds of protein, they differ in that the alkyl
component of the PA is less polar than the proteins, and the proteins have no presence
of varying side chains. In addition to hydrolase, there are other hydrolysis enzymes for
PA (i.e., protease, amidase, and cutinase) that can bolster microbial activities. Besides
hydrolysis, enzymatic oxidation also contributes to the oxidative degradation of PA.

In addition, PAs have strong cohesive intermolecular force created from the hydrogen
bonds between the molecular chains of the PA, which makes them have poor degradation in
comparison to other polyesters. Through the use of these extracellular enzymes, hydrolytic
and oxidative degradation of the PA occurs from chain scission of the chains, which results
in short-chain polymers and small molecular bits such as oligomers, monomers, and dimers.
From this review, it was observed that the level of biodegradation for PAs is mainly noticed
from the reduction in molecular weight. Other observations are the oxidative discolouration
of the PA, with possible degradation into the production of linear and cyclic monomers, as
well as oligomers based on the result of enzymatic hydrolysis.

3.3. PCL Biodegradation

Poly (ε-caprolactone) (PCL) belongs to the biodegradable polyester family. Natu-
ral polyesters are known by the general formula (R-OCO-R) nx majority of the aliphatic
polyesters and are derived from lactone ring polymerization. The most prominent polyesters
are Poly (ε-caprolactone), which are industrially synthesised through ring-opening poly-
merization of ε-caprolactone (Figure 22) with the aid of a catalyst (metal oxides).
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Most early known reports on aliphatic polyester biodegradability were based on
PCL; it is also a biocompatible polymer with the ability to be degraded by a wide range
of cell types. PCLs exhibit an intrinsic hydrophobic nature, due to their poor wetting
surface and interaction with biofluids, hence avoiding cell proliferation and adhesion [144].
This relatively high hydrophobicity and crystallinity is responsible for the seemingly slow
degradation of PCL. Due to the nature of toxicity of polycaprolactam, it is mostly included
as an unreactive monomer in the wastewater of PA6 industries, and therefore extraction of
PCL from the waste stream is critical. Successive metabolism stages of caprolactam using
nitrogen and carbon as the sole sources were studied [145]. Pseudomonas aerugiosastrain,
mcm B-407 was secluded from the activated slurry that treats waste from industry-produced
PA6 [146]. This microorganism can extract poly-caprolactam with a subsequent decrease in
chemical oxygen demand (COD).

Lam et al. [147] characterized the PCL degradation mechanism through in vitro stud-
ies by DSC, GPC, and SEM and suggested that HO- radical is a noteworthy cause of the
degradation of PCL implants. Woodward et al. [148] also carried out an in vitro degra-
dation and concluded that PCL shape plays no role in degradation rate; rather, it is a
homogenous degradation that dominates this procedure. Diaz et al. [143] carried out the
studies on in vitro degradation of PCL/nanohydroxyapatite (nHA) composite scaffolds.
The technique of fabrication for this research was thermally induced phase separation
(lyophilization) and the addition of nHA before fabrication of the composite scaffold; this
procedure allowed for the proper homogenous dispersion of the nHA particles. From the
analysis, the degradation kinetics relied highly on the molecular weight of the polymer.
Materials with large molecular weight take more time to degrade and are added through
the polymer chain length. The number of ester bonds to be cleared is determined depending
on the increase in chain length from higher molecular weight, and this is necessary for the
generation of water-soluble oligomers/monomers that allow for erosion, with subsequent
degradation taking longer. The PCL polymer is hydrophobic semi-crystalline, with its
crystallinity continuously reducing with increasing molecular weight.

From Figure 23, based on SEM imaging, the nHA particle present in the PCL scaffold
tends not to have any impact on pore size. However, nHA presence leads to an irregular
morphology, as there is no disturbance of the solvent crystallization and pattern changes in
crystal growth by the nHA particle. Mechanical properties are an aspect of the research
due to the scaffolds acting as conveyors of growth and protein factors.
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From Figure 24, the mechanical properties (yield strength and compressive modulus),
which are a function of degradation time, linearly increase with an increase in nHA particles
added to the scaffold, with a variation when there is a higher nHA content but constant
sample size. This can be attributed to the immediate shift in the scaffold morphology, which
is due to high nHA concentrations assuming a fibrous appearance.
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The degradation behaviour relies on the hydrolytic cleavage of ester bonds, which
leads to scission of the random chains. Although the mechanical properties of PCL were
retained in Diaz et al. [143], PCL/nHA composite properties reduced during the degra-
dation process; the samples with the higher nHA concentration were more affected. The
incorporation of nHA particles to PCL accelerated the degradation; depending on the
purpose of use, variation in nanoparticle sizes might increase or reduce degradation.

Sun et al. [149] conducted an in vivo study to grasp the adsorption, degradation, and
excretion of a PCL-based implant device. This was observed for 3 years in rats. For this
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study, radiolabeling was used to trace to the adsorption, excretion, and distribution of PCL.
The device was a 2-year contraceptive implant, which used composites of PCL/pluronic
F68 compound and levonorgestrel solvent (LNG) powder as a filler; this implant is both
organic acid water-soluble and pharmaceutically applied as an emulsifier. The change in
molecular weight of the PCL capsules at changing time intervals were evaluated.

As shown in Figure 25, the PCL matrix tends to decline with time after implanting
the rats. There was a noticeable relationship between time and the logarithm of molecular
weight, which affirms the earlier stated mechanism of the ester linkages undergoing random
hydrolytic chain scission. Figure 25b graphically shows the degradation of the implants at
changing times within 3 years. In brief, the in vivo degradation in the PCL study indicates
a two-stage pattern. At the first stage, there is molecular weight reduction but no mass
deformation or loss. However, at the second stage, there is degradation when the molecular
weight arrives at 5000 Da; at this stage, the material is shattered, and mass loss occurs.

Basically, PCL degrades due to hydrolytically unstable ester bonds. PCL degradation
is a bulk process that can be divided into two stages, the first of which is the degradation
of the amorphous phase, which increases PCL crystallinity, which is due to the reduction
of chain scission and molecular weight as the cleavage occurs in the amorphous region.
In the second stage, most of the amorphous region has degraded, which is followed by
degradation at the crystalline phase. PCL is then susceptible to cleavage of the ester bond,
and at that point the enzymatic surface erosion advances. This creates chain scission that
reduces with the onset of weight loss. This reduction in the rate of chain scission is linked
to crystallinity increase as cleavage occurs in the amorphous area of the polymer. The
material weight loss is affiliated to the rise in chain scission of lower molecular weight and
break up into the production of smaller particles. Essentially, PCL hydrolyzes through the
bulk degradation mode from elevated kinetics at increased degradation temperatures and
reduced molecular weights.
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Biodegradation of PCL results in the fragmentation of the polymer until total decom-
position into H2O and CO2 through microbial interactions. Enzymatic degradation occurs
on the PCL surface from microorganism interaction while hydrolytic degradation occurs
very slowly due to PCL’s hydrophobic nature. Similar to the other bio-based polymers,
PCL is sensitive to environmental conditions, and the observed weight loss is because of
increased chain scission at a low molecular weight from degradation. In addition, it is
obvious that PCL tends to degrade faster in compost than in aqueous conditions. From the
review, it can be deduced that in natural conditions, enzymatic hydrolysis is common while
in laboratory conditions there is more chemical hydrolysis. Therefore, PCL is significantly
influenced by the enzymatic attack from microorganism interactions in natural conditions
instead of chemical hydrolysis, which is resisted by PCL.

3.4. PHA Biodegradation

PHAs are hydrolyzable bio-polyesters with their composition being the determi-
nant of thermal and mechanical properties. The glass transition temperature varies from
45 to 190 ◦C and is reliant on the chemical composition. PHA has similar properties to
polypropylene and has an anion barrier and moisture resistance properties [150,151]. PHB
acid derived from neat PHB is relatively stiff and brittle while PHB copolymers, which
contain fatty acid (β—hydoxyvaluric acid), will probably be elastic.

When certain limitations are taken out, the microorganism that creates and stores
PHAs, which are limited in nutrients, may undergo degradation and metabolize [152].
However, there is no guarantee that the ability of PHA to be stored will result in degra-
dation in the environment [153]. Simple polymers can be too big to pass directly through
the bacteria cell wall. Therefore, the bacteria release extracellular hydrolases that can
convert the polymers to their matching hydroxyl acid monomers [151]. R-3 hydroxybu-
tyric acid is produced from PHB hydrolysis [154,155] while both 3-hydroxyvalerate and
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3-hydroxybutyrate are produced from PHBV [156]. These monomers are soluble in water
but little enough for diffusion through the cell wall; in one study, tricarboxylic acid cycle
and β—oxidation oxidized PHA for carbon dioxide production and water as by-products in
aerobic conditions. Methane can also be obtained when under anaerobic conditions [157].

Generally, there is no harmful by-product or intermediate during PHA degradation.
A variety of anaerobic and aerobic microorganisms which degrade PHA (fungi and bac-
teria) undergo isolation in several environments [158]. Acid Vorax faecicios, Variovoxax
paradoxes are readily found in soil, while the activity slurry has Allengenes faecals and
Pseudomonas being isolated. Moisture does not solely affect PHA, and it is always stable
in the atmosphere.

Shah et al. [159] studied an isolated streptocytes strain (Streptoyerticillum kashme-
riense AF1), which can degrade PHB and PHBV, while the bacteria strain bacillus mega-
terium AF3 degrades PHBV. This was achieved through soil containing active sewage
slurries based on the production of clear zones during hydrolysis of PHB and PHBV
that contain a mineral salt algae dish. The rate of microbial degradation for PHBV films
present in soil was based on distribution of a population of the microbes and the capability
of the production of the PHBV-degrading microorganism that occupied the incubated
PHBV film surface [160]. From this team of researchers’ previous study [161], the SEM
imaging captured (Figure 26) the PHBV film deep in the soil containing sewage slurry
for about 120 days, showing degradation accompanied by surface roughening, cavities,
disintegration, pits, and grooves.

Subsequently, S. kashmirense AF1 obtained on a PHBV film surface showed that
the degradation activity was a combining effect of a microbial occupation of the film
surface, which includes antinyocetes, bacteria, and fungi. The study aligns with that of
Molitoris et al. [162] who observed varying irregular erosion pits on the surface of PHA,
caused by Comamonas [162]. The Sturm test is also widely used to study biopolymer
biodegradation for aromatic and aliphatic compounds [163]. The CO2 evolved was gravi-
metrically calculated based on PHB and PHBV degradation as a result of Bacillus mega-
terium AF3 via Sturm test; from the results obtained for all cases, the CO2 amounts involved
during this activity were higher than the control.

For extracellular PHB depolymerases, several microorganisms have a crucial role
in PHB metabolism in the environment and have been widely studied in the litera-
ture, i.e., the use of isolated and purified microorganisms such as Alcaligenes [164],
Comamonas [112,165], and Pseudomonas species [166–168]. This proves that extracel-
lular PHB depolymerases are predominant in the environment. From these analyses, it was
revealed that enzymes are made up of catalytic domains, a substrate body domain, and a
linking region that contains the two domains.

Essentially, the degradation of PHAs is reliant on the chemical structure (i.e., monomeric
composition and side chain) and physical structure, which includes the sample dimension,
surface morphology, crystallinity, and molecular weight. Similar to PLA, other factors are
the depolymerase, moisture content, temperature, and microbial strain availability. It can
be concluded from this review that the degradation of PHA is initiated by bond cleaving.
The blends with 3HV and 3HB (medium chain length monomers) enhance the hydrolytic
stability of the PHBV copolymer due to the higher hydrophobicity of PHBV over the PHB.
For PHA, the PHA depolymerases, which are sequenced from organisms with degrad-
ing capabilities, are vital enzymes for degradation. PHA depolymerases hydrolyze the
long, water-insoluble PHAs into smaller water-soluble materials that can absorb microbes
that metabolize the monomers as if they were nutrients. Although bio-based polymer
biodegradation rate may be unpredictable, certain concepts such as functionalization can
be beneficial. Polymer functionalization offers a broad range of robust and reproducible
degradation activity that is suitable to meet the objectives of sustainable polymer materials.
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4. Other Influential Forms of Degradation

As stated earlier, degradation behaviour is an essential function of a biobased polymer
and is dependent on the polymers’ applications. Therefore, degradation can be either un-
wanted when it occurs during processing or needed in situations of biomedical utilizations.
Degradation can either be biotic or abiotic, the former being involved with a biocatalytic
process as described above [169] while in abiotic degradation, the biobased polymers go
through certain changes over time when subjected to various environmental conditions
such as heat (thermal) and light (photo), which are the inducers. These changes have a
major impact on the properties and the service life of the polymers. Degradation because
of heat is accelerated by exposure to reaction compounds such as ozone and stress [170].

4.1. Thermal Degradation

Thermal degradation is molecular deterioration as an outcome of overheating; this
is an abiotic process that occurs mostly during manufacturing and thus is not wanted.
At higher temperatures, the parts of the long-chain backbone disintegrate and react with
each other to alter the properties of the polymer. The chemical reaction that occurs in
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thermal degradation results in optical and physical changes with regards to the original
specific properties.

As the material degrades, there will be a decline in mechanical properties such as
composition, molecular weight, and molecular weight distribution of the polymers. Other
molecular changes include chalking and cracking, colour changes, ductility, embrittlement
(chain hardening), and softening (chain scission) [79].

A generic model for the mechanism path for thermal degradation is in the following paths:

(i) Initiation;
(ii) Propagation;
(iii) Termination.

An illustration of this degradation mechanism is shown in Figure 27 below, where the
free radical is represented by R.
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In general, an aliphatic polyester such as PLA has poor thermal stability. The degrada-
tion process can be initiated at lower temperatures such as 215 ◦C [171], whereas the main
degradation can be derived from TGA to cover between 215–370 ◦C [171–173]. The peak
of degradation falls at roughly 360 ◦C [171–173]. However, Carassco et al. [173] noticed
that the thermal stability increases with the molecular weight increase. For the case of
α—hydroxy ester PLA, it was finalized that the carbonyl-carbon-oxygen will probably break
in heating with the reaction kinetics of the first order [172]. The thermal degradation mech-
anism seems to be complex, involving trace water amounts undergoing thermal hydrolysis,
a zipper form of depolymerization, erratic oxidations of the central chain scission, and
intra/intermolecular transesterification [168]. In addition, unreactive initiation monomer
residual catalysts, reactive end groups [169–171], and impurities have been noticed to
increase the thermal degradation of PLA [171,174]. PLA hydrolysis within processing is a
key factor for molecular weight reduction as observed in some studies [169,175]. Therefore,
efficient PLA granule drying is necessary for the extrusion process in order to reduce
residence time and processing temperature.

Kopinke et al. [171] suggested that PLA can be degraded via inter and intrachain
transesterification, which matches the outcome of the study by McNeill and Leiper [176]
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via cis elimination, non-radical, and radical reactions, which provide CO2, CO, acrylic acid,
acyclic oligomers, and methyl ketone. Jamshidi et al. [177] and McNeill and Leiper [176]
described the necessity of a non-radical destructive ester exchange, which involves terminal
hydroxyl groups. Additives such as those produced by hydroxyl functional groups or
deactivators of unused catalysts can enhance PLA melt stability [176–178]. Tsuji and
Fukui [179] demonstrated an improvement of thermal stability lower than 260 ◦C from the
formation of stereo complex PDLA/PLLA. Exceeding this temperature, there is a noticeable
benefit of blended films, which can be attributed to stereo complex breakages and therefore
the return to single PLA-chain properties. In addition, Ohkita and Lee [180] researched
the thermal degradation of PLA/corn starch (CS) biocomposites; for all composites, a
two-stage mass loss was noticed. The first stage of degradation was at 280–350 ◦C as a
result of CS decomposition, which is similar to neat CS. For the second stage, the high
temperature was within the range of 350–400 ◦C, matching the degradation of PLA. With
an increasing weight % of CS, thermal degradation temperatures of the composite were
reduced. It was concluded that the thermal stability reduced with CS addition, and
the introduction of lysine diisocyanate (LDI) into the composite increased the thermal
degradation temperature.

A two-stage degradation mechanism was proposed by Persenaire et al. [181]. It
was finalized that the initial process showed a polyester chain rupture through an ester
pyrolysis reaction. The evolved gas was recognized as CO2, H2O, and 5-hexenoic acid.
The second stage resulted in the formation of ε-caprolactone (cyclic monomer) due to
the unzipping depolymerization process. It is expected that the degradation rate would
be massively reduced with PCL chain length. This behaviour can be attributed to the
activation of the chain cleavage through pyrolysis reaction at the initial degradation stage.
The acetylation of a hydroxyl end group has demonstrated an ability to mitigate the
possibility of degradation from depolymerization. Although this is not the same for the
second degradation mechanism where the initial obstruction of the terminal hydroxyl end
group cannot prevent the degradation. In addition, the water molecules produced at the
first stage can hydrolyse the polyester chains to produce a free hydroxyl end group and
carboxylic acid. There was also a suggestion that the substitution of oxygen for helium
could trigger an increase in degradation rate via thermoxidation.

The study by Rattanapan et al. [182] prepared and tested a bio-based polyurethane
foam (PUF) from natural rubber and PCL diol. Based on the thermal degradation study ob-
tained through TGA, the molar ratios between the four samples of the PUF with HTNR and
PCL were 1/0 (PUF1), 1/0.5 (PUF2), 1/1 (PUF3), and 0.5/1 (PUF4), respectively. A two-step
thermal degradation was noticed for the PUF1 sample while from the other sample there
was a three-step thermal degradation. The first-stage degradation at 326–333 ◦C matched
the methane bond breaking, the second stage of 352–370 ◦C matched the decomposition of
HTNR [183,184], and the third stage of 437–465 ◦C matched the PCL diol decomposition.
The maximum degradation temperature of the second and third stages relied on the PCL
diol content.

PU thermal degradation can occur via various paths/methods such as cleavage of
end chain, crosslinks, and random chain cleavage. Furthermore, a report by Chattopad-
hyay and Webster [185] emphasised that crosslink and random chain cleavage are the
major decomposition paths, because PU crosslink cleavage requires higher thermal energy.
Therefore, this decomposition begins with side-chain degradation.

PHB and Poly (3HB-co-HV) undergo thermal degradation at temperatures between
250–400 ◦C in nitrogen based on the study by Li et al. [186]. Poly (3HB-co-HV) seemed to
have better thermal stability than PHB. The initiation for this degradation can be attributed
to chain scission of the ester linkage. The PHB yield from this degradation is 2-butenoic
acid, propane, and propenyl-2-butenoate, while that of poly (3HB-co-HV) are 2-butenoic
acid, 2-pentanoic acid, CO2, propenyl-2-butenoate, and butyl-2-butenoate.

Aoyagi et al. [187] experimented on the thermal degradation of PHB, PCL, and PLA.
Through the activation energy for thermal degradation, PHB was proven to be greater
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than PCL and matched PLA. However, there was a complexity in setting parameters for
PHB thermal degradation solely through the TGA techniques, as PHB yields a less volatile
product. Therefore, it was suggested that other techniques to analyse extensive parameters
of this process in the melt phase be further researched.

Catalysts have proven to be influential in PLA and PHA thermal degradation by
enhancing the depolymerization in a gentle condition and the yields formed [171,187–192].
Using a catalyst such as aqueous dibutyltin dimethoxide for thermal degradation of PHA
leads to a cyclic ester, which can be easily repolymerized to the initial polymer, while an
alkali earth compound catalyst produces vinyl monomers, which can be further reacted
to yield higher Tg polymers [187] or can undergo microbial repolymerization to co- or
homopolymers [189,190,192,193].

A major drawback for PHB has been its thermal instability during melt processing [191].
The study of the thermal degradation of PHB and other PHAs has gained increasing interest.
Lately, it has been proven that PHB can be chemically recycled with final products such as
cyclic trimer, linear oligomers (crotonate end group is present), [194] and crotonic acid [188].
Therefore, if materials sourced from renewable resources can be properly recycled, with
specific controls of their thermal degradation (Figure 28), an efficient recycling process for
these materials that minimizes production energy and resources should be provided.
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Controlled thermal degradation with applicable catalysts is recommended for im-
proved results. Other than biodegradability, the thermal degradation and stability char-
acteristics of a bio-based polymer are necessary for their full application, processing, and
thermal recycling [187].

4.2. Photodegradation

This form of degradation causes polymers to show a decrease in molecular weight and
loss of mechanical property. This photochemical reactivity makes it a good fit for certain
applications such as films that are exposed to sunlight and different weather situations,
although this solution may not be sufficient for the initial problem of total degradation
in a shorter span. Biodegradation will also be incorporated, although the potency relies
on some factors such as the chemical and physical properties of the surface, inherent
microbiota, and material composition [195–197]. The impact of these factors is massive to
the extent that slight variation in the chemical structure may lead to significant changes as
it relates to biodegradability. In the same way, other factors that hugely affect the progress
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of biodegradation include the specific microorganisms to be used and environmental
conditions [198].

In addition, some factors that could likely lead to photodegradation of biopolymers
can be split into two parts [199,200]:

(1) Internal impurities—may possess chromophoric groups (acids, carbonyls, esters, etc.)
that are being added to macromolecules in a polymerization process and storages,
and they are:

(a) Catalyst residue.
(b) Carbonyl.
(c) Charge-transfer complexes with oxygen.
(d) Hydroperoxide.
(e) Unsaturated bonds(-C=C-).

(2) External impurities—which possesses chromophoric groups are:

(a) The compounds from polluted environments and smog (naphthalene and
anthracene).

(b) Traces of metals and metal oxides from machines and equipment (Cr, Fe,
and Ni).

(c) Traces of catalysts and solvents.
(d) Additives (dyes, pigments, photo stabilizers, and thermal stabilizers).

Photodegradation specifically is a process whereby photons are absorbed, espe-
cially the wavelengths within the UV-visible spectrum, which leads to degradation of
the molecules [201]. In this process, the molecules evolve and convert to new species. There
are generally three types of photodegradation, which are:

1. Photooxidation—for the process there is a combination of UV lights and oxidants
such as H2O2, Fenton or O3 to enhance the degradation rather than solely UV [202].

2. Photolysis‚—this process utilizes radiation and ultraviolet (UV) light to produce some
reactive species, e.g., excited molecules, ions, and radicals [202,203]. The impact of
radiation in the compound relies on the energy amount transferred through radiation
and the compound’s nature. The intensity can be increased in aqueous solutions
via the formation of primary products from photolysis of water; this acts as an
intermediate species and generates hydroxyl (OH−), electrons (e−aq), and hydrogen
radicals (H−), which decompose the solutes.

3. Photocatalysis—this comprises a photoinduced reaction, which is enhanced through
catalytic reactions. The process is initiated when the photon has the required energy
(equal or greater than catalysts bandgap energy) to be absorbed. Consequently, there
will be a separation of charges due to the movement of the excited electron (e−) from
the valence band to the conduction band of the catalysts; this produces a hole (h+).
The electron-charged holes can meander to the surface of the catalyst, which can move
into other species that are spotted on the surface.

Certain semiconductors (such as TiO2, CdS, Fe2O3, ZnS, and ZnO) can behave as
catalysts because of the electronic structure of the metal atoms, which is known to have
an empty conduction band (separated by the bandgap) and a filled valence band. The
popular semiconductor is mostly used as a catalyst in TiO2; this can be attributed to its
biological and chemical inertness, ease of production and use, efficient catalytic reactions,
and photocatalytic stability. It is also cost-effective and has a very low environmental
impact [204]. ZnO can also be used as an efficient substitute.

Luo et al. [205] studied the effect of TiO2 nanoparticles on PLA photodegradation.
It was demonstrated from a sample preparation that was subjected to photodegradation
through UV irradiation. There was an observation that the photodegradation was initiated
at the interface of PLA/TiO2 between the nanofiller and polymer matrix; there was also
an indication of bulk erosion and heterogenous degradation mechanisms of all samples.
The variations in FTIR structure with the degradation time showed that TiO2 nanofillers
modified the PLA’s degradation when subjected to increased artificial UV radiation. An



J. Compos. Sci. 2023, 7, 213 40 of 54

increased degradation rate of PLA was observed with the introduction of TiO2 nanofillers,
and this impacted the level of dispersion for TiO2 nanofillers. It was finalized that PLA
photo degradability can be controlled by addition of TiO2 nanofiller whereby the key factor
is effective dispersion and distribution of TiO2 nanoparticles. A depiction of a TiO2-induced
PLA photodegradation mechanism is presented in Figure 29.
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Photodegradation mechanisms on PCL were studied by França et al. [206]; they
were analysed by subjecting the samples to UV-B radiation for 9 weeks. From the results
obtained, it was obvious that PCL was affected by radiation based on the alteration of the
elongation at break and elastic modulus of the samples, which was linked to the obtained
SEM images of fibrous and erosion morphologies. In addition, FTIR tests showed changes
in the carbonyl group, which were verified from the appearance of microcracks in the
microscopy results. There was also a noticeable increase in the degree of crystallinity with
longer exposure time; this can be attributed to the result of chemi-crystallization.

The research conducted by Wellen et al. [207] on the photo stabilization and pho-
todegradation of PHB within 12 weeks concluded that the extent of photodegradation relies
on the hv/light (energy) content. This change is not solely based on the chemical structure
but also on the colour of the samples. PHB with greater hv content is lighter than PHB of
lesser hv content, and, as a result, the UV radiation penetrates at deeper lengths into the
samples (test bars). Furthermore, fracture surface damage, molecular weight, mechanical
properties, and whiteness were prominent on PHB with greater hv content. In terms of
photostability, the addition of antioxidant additives and UV absorbers enhanced the UV
stability of PHB and reduced the photodegradation rate as noticed from the degree of
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crystallinity, mechanical properties, and molecular weight. This will be valuable for the
design of materials with better stability during processing.

Han et al. [208] successfully prepared a free-standing, controllable visible light pho-
todegradable PLA/chitosan (CTS)/molybdenum disulphide (MOS2) film composite. The
photodegradation mechanism of the PLA/CTS/MOS2 film composite subjected to visible
light was presented as follows:

MoS2 + hv→MoS2(e−, h+) (1)

e− + O2 → O2
− (2)

h+ + O2
− → 1O2 (3)

O2
0− + H2O→ HO0

2 + OH− (4)

2HO2
0 → H2O2 + O2 (5)

H2O2 + hv→ 2HO0 (6)

h+ + OH− → HO0 (7)

h+ + H2O2 → HO0 + H+ (8)

The MOS2 small bandgap was highly reactive to visible light and enhanced the
absorption abilities of the visible light of the material. When exposed to visible light, MOS2
in the composite absorbed photons, which resulted in the movement of the excited electrons
from the valence band to the conduction band and generated a hole (h+) on the valence
band and an electron (e−) on the collection band. These generated species reacted with
environmental H2O and O2 to yield several free radicals (e.g., OH−, H2O2, O2

−, and 1O2).
These active radicals were moved to the surface of the material and attacked the close
carbon chain, and a redox reaction with the materials occurred. These resulted in composite
polymer chain breakage and degradation to oligomers and further degradation of H2O and
CO2 [208].

The visible-light photodegradation of the PLA/CS and PLA/CS/MoS2 composite
films is shown in Figure 30. The photodegradation of PLA/CS/MoS2 films was much
faster as compared to PLA/CS films (see Figure 30A). Further, the photodegradation rate
of PLA/CS/MoS2 was reduced with increased irradiation time and prolonged exposure to
visible light exhibited some wrinkles on the surface of the PLA/CS/MoS2 composite films
(see Figure 30B).
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This was also a similar mechanism for the research on bio-based PLA [203]. Natural
additives are also potentials for photodegradation; the reviewed additives are quercetin
(natural flavonoid antioxidants) [209], phoebe zhennan wood [210], and orontic acid, used
as a nucleating agent on PLA and increasing the rate of degradation [211].

5. Potential Applications and Trends

Over the last few decades, there has been a rise in economic, environmental, and
social demand for alternative materials, resources, and energy to replace existing fossil-
fuel-based, nonrenewable sources. Bio-based polymeric materials derived from renewable
feed sources are now a strategic avenue for sustainable development. A key advantage
of bio-based polymers relies on biodegradability; however, from this review it has been
deduced that not all bio-based polymers are inherently biodegradable. Other factors that
influence their appeal are accessibility, low carbon footprint, economic efficiency, and
low toxicity. Environmentally, bio-based polymers are beneficial to the earth and living
organisms as they reduce the carbon footprint because they interact with microorganisms
to degrade into constituent monomers with bi production of water, CO2, and CH4 without
emitting toxic elements. Bio-based polymers are presently being applied industrially. Based
on the ability of bio-based polymers to mitigate long-term economic and environmental
threats from waste, they serve an integral role within the circular economy. For both
economic and environmental considerations, aligning bio-based polymers with the current
recycling network garners appealing propositions. However, they require a collegiately
developed assessment of the life cycle and global incorporation of efficient organic waste
management, as there is growth in specific feed material biowaste collection. It should be
noted that not all bio-based polymers, including composites, are environmentally friendly,
and hence, a polymer should be labelled as environmentally friendly only based on its
lifecycle assessment rather than its origin. Bio-based polymers have the benefit of being
capable of biological handling at the end of service life either through anaerobic digestion
or composting.

To entirely adopt bio-based polymers into the circular economy, processing should be
circular as well, which facilitates the use of waste streams and renewable sources. Hence,
bio-based material can be repaired, reused, recycled, and remanufactured. The circular
economy here is not solely restricted to resources but also includes the life cycle path, which
may be based on economic, environmental, and technological cycles, especially for the
future. There is a dire need for bio-based polymers produced from bio-based materials, and
they can be processed through biological, chemical, or mechanical means. The combination
of conventional and renewable raw materials facilitates bio-based polymer production.
In terms of processing parameters, the multipronged approach is considered appropriate
for the evaluation of processing viability. This implies that various techniques should
be utilized in prioritizing, weighing, and ascertaining the sustainability parameters for
assessing alternatives such as petroleum-based products against bio-based products. The
key efficient processing methods for these polymers include extrusion (higher mixing
efficiency, short processing time, and continuity), melt compounding, electrospinning, and
extraction. A novel processing technique is the biorefining strategy, which uses biomass
efficiently to prepare bio-based polymers. Industrially, the biorefinery process will need
a highly efficient conversion rate of the feedstock to produce biopolymers. Furthermore,
the pretreatment method serves a critical role in the processing of bio-based polymers
regarding to any requirement in altering the chemical composition.

Recently, microwave-assisted synthesis is being championed industrially as it offers
feasible alternatives to conventional heating techniques that enable benchmarking in terms
of energy and time efficiency. They possess the capability of reducing heating duration
and materials with superior homogeneity, which serve a central role in the optimization
of the production processes, as heating is needed for chemical alterations, and polymer
processing can improve in-service performance. Moreover, microwave irradiation is appli-
cable in deriving bio-based polymers from natural biomass at an industrial scale. Another
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disruptive processing technique is 3D printing, which manufactures tailor-made products
in a layer-by-layer approach using computer-aided design, which is expected to some
extent to replace the conventional polymer manufacturing technique. There is also the
exploration of 4D printing, which has time as a dimension. Basically, the use of 3D printing
of bio scaffolds with bio-based polymers is a growing area, and it is expected to witness
exponential growth in the future. The key advantage is where a bio-based polymer such as
PLA is applied as a bio scaffold that degrades into components viz, anhydrides, carbonates,
esters, amides, etc., making it compatible with the human body. Consequently, the major
application of bio-based polymers is the medical industry because of their biocompatibility
and biodegradation with nontoxic effects. They are increasingly being used as elastomers,
plastics, and adhesives. Regardless of current progress with bio-based polymers, further
evaluations are required to establish the feasibility of bio-based polymers replacing their
petroleum-based counterparts.

Despite the massive environmental impact bio-based polymers provide, the full uti-
lization of bio-based polymers is hindered by their relatively poor barrier and mechanical
properties in comparison to petroleum-sourced counterparts. This creates the need for rein-
forcing them with fillers and compounds that boost their properties and performance. In
terms of the effect of UV irradiation on biodegradation, industries such as agriculture have
recently been using biopolymers such as PLA for making films for mulching applications
due to their biodegradability [212]. These mulching films, which enable moisture retention
in the soil and the regulation of surface temperature, have their mechanical properties
impacted by solar radiation. This is attributed to the crosslinking that occurs and tends
to impede biodegradation due to the decrease in the ability of higher molecular weight
polymers in absorbing microorganisms [213]. Hence, further investigation is needed on
the effect of ultraviolet (UV) irradiation on the biodegradability of bio-based polymers. To
improve the mechanical properties of the bio-based polymers in a reproducible approach
at a commercial scale, the monomers undergo isolation, modification, or/and synthesis.
The polymers can also be reinforced with organic and inorganic fillers, and processing
factors can be optimised. These reinforcing agents or compatibilizers are introduced into
the polymers to make them feasible for structural application. Whereby the properties
of these bio-based polymers are bolstered by reinforcements to form composites, varying
processing synthesis techniques are constantly investigated based on their applicability.
The final properties of these biocomposites are dependent on several elements including
viz, crystallinity, morphology, molecular weight, and processing technique. The various
processing methods including the UV curing technique also emphasise the need to mainly
use specific feedstock, when necessary, which enlarges the potential and scope for process-
ing. Amongst the challenges in sourcing the feedstock for bio-based polymers, is the fact
that they are prevalently in the form of food and drugs for consumption. Post consump-
tion, biowaste material is generated, which can be harnessed. However, this circumstance
has several issues, of which the main one is the necessity for real-time waste collection
and processing. Researchers are enthusiastic that improving accessibility, ease, and sup-
portability of bio-based polymers from every plausible source can rectify this challenge.
Additionally, a long-term challenge for polymers based on feedstock is deforestation, and
this will require improved strategies for the utilization of recovered cellulose as a source
for bio-based polymers.

Unfortunately, the bio-based polymer market has not yet stabilized. Noticeably, the
market for the consumption of bio-based polymers is to an extent unpredictable, and
consequently, bio-PET is not viewed as sensationally as PLA. Apparently, a safe environ-
ment and awareness of health hazards are major factors for the popularity of polymers.
However, unless the cost efficiency is improved by recycling using low-cost techniques,
the cost will remain a limitation. This will serve as a distinct procedural improvement
that does not have a negative effect on the ecosystem. Currently, bio-based polymers
account for a small portion of the global thermoplastic market. In fact, according to Busi-
ness Wire [214], the global application of bio-based polymers constituted roughly 0.25%
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of total thermoplastic use. Nonetheless, they possess a significant potential for tremen-
dous growth when considering the circular economy. Presently, bio-based polymers have
reached a wide market, which comprises several applications that range from everyday
use to highly sophisticated applications for advanced research development in varying
fields such as (a) bio-based polymers and applications, (b) the global bio-based market
growth of biopolymers, (c) bio-based polymers derived from renewable resources, and
(d) biopolymer application in the marine industry. More investigations of bio-based poly-
mer applications in varying fields are expected, with more focus on the biomedical flied.
A multi-disciplinary research effort will be essential in fully determining technical and
commercial success of utilizing bio-based polymers.

The several bio-processing techniques are deduced to be economically more expensive
than petroleum-based counterparts due to the complexity involved. This serves as a major
barrier to bio-based polymer adoption. The mitigation strategy has been identified as
the application of good manufacturing practices, process monitoring, and quality control
techniques. Hence, the future of bio-based polymer products is reliant on consumer af-
fordability, preference, and government legislation. The difference in the constitutional
framework also indicates how the bio-based products should be prioritized and favoured,
through benefits such as Bio Preferred (United States), the UK Plastic Pact (United King-
dom), and the Lead Market Initiative (European Union). The universal appeal even adds
more pressure on the need for replacing petroleum-based polymers with renewable sourced
materials for producing environmentally friendly polymers. As already stated, that fact
that the raw materials for bio-based polymers are wood impacts food and other agricul-
tural resources. To avoid competition between biopolymer and agricultural resources,
derivatives of renewable biomass are currently being investigated. In addition, sustainable
processing is viewed to have the potential for complying with the concept set by the United
Nations Sustainability Development Goals (UN SDGs). The positive attitude of govern-
ment legislation and customer support are congruent in the development of bio-based
products. At the moment, not all bio-based polymers are fully utilized. However, there
is an expectation that future industrial growth will not be problematic because of general
public awareness. Therefore, the socio-economic and physical factors should be frequently
estimated with the tenets of sustainability, such as the economy, which includes production
benefits and cost; social acceptance, which includes employment opportunities and public
acceptance; and bio-physical considerations, which refers to the mass balance.

Improving bio-based processing technologies involves increasing mass production and
direct cost reduction. Bio-based polymers have significant potential but are only limited to a
select number of polymers that have been industrialized currently. Monomers are essential
in the development of biopolymers, especially for high thermal stability. Procedures
such as the microbial synthesis of these aromatic monomers by fermentation, which is
important, remain a challenging research field as the aromatic monomers are complex
to produce using fermentation. Although researchers are investigating extraction of the
aromatic compounds from wood lignin, many aromatic compounds can be simultaneously
synthesised from lignin, which hampers their use as raw materials for plastics. This
process remains expensive and energy demanding [215]. Hence, appropriate processing
techniques are greatly needed. The large-scale industrialization of these materials at this
stage is challenging due to the lack of experience and skill transferability along with
supply/demand balance estimation. The challenges faced by industry regarding the use
of bio-based polymers are the dearth of composting infrastructure on an industrial scale;
the incapability of certain anaerobic digestion plants to process compostable polymers;
differences between actual and laboratory test conditions as the rate of biodegradation
will vary, which affects the processing time; and lastly, sensitization to synthetic polymer
recycling as a way of life for composting because biopolymer processing is at an early stage
of adoption. Some of these challenges are to be addressed by achieving the vital technology
economy through improved: (a) novel microbial enzymes, (b) efficiency of processing
techniques for recovering bio-based materials, (c) novel and innovative manufacturing
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pathways with higher yields, and (d) logistics for the feedstock. Another limiting factor for
the broad adoption of bio-based polymers is providing vital contributions in every aspect
presently dominated by their petroleum-sourced counterparts. This will reduce dependence
on fossil fuels, and consequently, positive environmental results can be attained by reducing
the CO2 footprint. Regardless of the technological challenges being experienced, it is in a
developing phase.

There are several directions the sustainability of bioprocessing can progress in based
on strategies currently being investigated with potentials for optimization being considered
as well. They are outlined as follows: (1) improved synthesis of water-degradable poly-
mers that contain functional groups such as acetal, which do not rely on precise biological
conditioning prior to biodegradation; (2) the incorporation of specific functional groups
into the main polymeric functional group via ring-opening metathesis polymerization
(R.O.M.P), which enables the production of a broad range of complex polymeric com-
pounds; (3) investigating lignin-based polymers for methods of improving the operative
temperatures of bio-based polymers, which at the moment is considered poor; and (4) the
development of novel polymerization chemistry for the use of low-cost abundant feed-
stocks. Of note, bio-based polymers are not the sole way to attain polymer sustainability;
other tools will be required. This includes mechanical and chemical recycling of synthetic
polymers that enables a waste-free circular economy.

In conclusion, regardless of the enumerated challenges, bio-based polymers will
play a critical role in achieving global sustainability goals and will serve as a contrib-
utor to the solution. This is because there is a clear rise in demand by consumers for
inexpensive and functional bio-based polymer products. Furthermore, more laboratory
innovations will invigorate the collective switch from conventional polymers to sustainable
and bio-based polymers.

6. Concluding Remarks

Bio-based plastics are derived from renewable sources contrary to biodegradable
plastics that can be derived from renewable or non-renewable feedstocks but can easily
disintegrate and biodegrade in the environment. These materials have unique opportunities
as a preferred alternative to conventional plastics. There is, however, a need to compare
the sustainability impacts of the bio-based polymers, to maximize their use in functional
use stage and still withhold the bio-degradation capability. This study therefore focuses
on poly (lactic acid) (PLA), Poly (ε-caprolactone) (PCL), polyhydroxyalkanoates (PHA),
and polyamides (PA) as biopolymers of interest due to their potential in technological
applications. The review covers the processing and biodegradation pathways for each
biopolymer. In addition, thermal and photodegradation are covered, and future trends and
conclusions are drawn.

The processing methods for bio-based polymers can be performed based on their
properties, and applications exist in native forms and blends, hybrids, and compos-
ite/nanocomposite materials with a range of natural and synthetic polymers. For preparing
bio-based, value-added products, selection of fabrication or functional modification process
is an important factor for industrial or biomedical applications. Therefore, the development
of new bio-based materials is needed depending on the processing approach via single or
in combination. Some selected bio-based polymers and their processing approaches are
discussed in the various sections.

In the life cycle of material, there will always be either chemical or physical change
due to varying environmental factors such as biological activity, light, heat, moisture,
and chemical conditions. This process leads to polymer property change as pertains to
functional deterioration because of the physical, biological, and chemical reactions that
result in chemical transformations and bond scission and thus can be regarded as polymer
degradation. Biodegradation research on polymers is carried out with both in vitro and
in vivo studies. This literature review indicates that in vivo is preferred to in vitro because
it suits an overall study of the experimental effects on a living subject.
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