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Abstract: The last few decades have witnessed significant advances in the development of polymeric-
based foam materials. These materials find several practical applications in our daily lives due
to their characteristic properties such as low density, thermal insulation, and porosity, which are
important in packaging, in building construction, and in biomedical applications, respectively. The
first foams with practical applications used polymeric materials of petrochemical origin. However,
due to growing environmental concerns, considerable efforts have been made to replace some of these
materials with biodegradable polymers. Foam processing has evolved greatly in recent years due to
improvements in existing techniques, such as the use of supercritical fluids in extrusion foaming and
foam injection moulding, as well as the advent or adaptation of existing techniques to produce foams,
as in the case of the combination between additive manufacturing and foam technology. The use of
supercritical CO; is especially advantageous in the production of porous structures for biomedical
applications, as CO; is chemically inert and non-toxic; in addition, it allows for an easy tailoring
of the pore structure through processing conditions. Biodegradable polymeric materials, despite
their enormous advantages over petroleum-based materials, present some difficulties regarding their
potential use in foaming, such as poor melt strength, slow crystallization rate, poor processability,
low service temperature, low toughness, and high brittleness, which limits their field of application.
Several strategies were developed to improve the melt strength, including the change in monomer
composition and the use of chemical modifiers and chain extenders to extend the chain length or create
a branched molecular structure, to increase the molecular weight and the viscosity of the polymer.
The use of additives or fillers is also commonly used, as fillers can improve crystallization kinetics by
acting as crystal-nucleating agents. Alternatively, biodegradable polymers can be blended with other
biodegradable polymers to combine certain properties and to counteract certain limitations. This
work therefore aims to provide the latest advances regarding the foaming of biodegradable polymers.
It covers the main foaming techniques and their advances and reviews the uses of biodegradable
polymers in foaming, focusing on the chemical changes of polymers that improve their foaming
ability. Finally, the challenges as well as the main opportunities presented reinforce the market
potential of the biodegradable polymer foam materials.

Keywords: biodegradable polymers; blowing agents; foams; foaming; lightweight; processing;
blends; biocomposites

1. Introduction

In material science, a foam can be understood as a structure composed of spherical
voids, normally called cells, which are filled with gas and distributed within a denser
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polymeric matrix. The polymeric matrix, the number and size distribution of these voids or
cells within the matrix, and their dimensional stability dictates the properties of the foam.
In other words, polymer foams can be defined by their density, average cell size, cell density
(understood as the number of cells per unit volume), and the volume expansion (ratio
between the volume occupied by the cells and the volume of the polymer) [1]. Compared
to bulky polymeric materials, polymer foams present many advantages depending on the
specific application, such as low density, lower cost associated with a lower use of polymeric
material, good heat and sound insulation, higher cushioning effect in the packaging of
sensitive products, and high specific strength, among others [2-4]. Due to these advantages,
polymeric foams have increasingly more practical applications in modern day life, namely in
thermal insulation [5,6], in protective packaging [7-9], in cushioning [7,10,11], or in the health
sector, in the development of scaffolds for applications in tissue engineering [12,13]. These
applications come from the properties of polymeric foams compared to the properties of
bulk polymeric solid materials, namely lower thermal conductivity, lower density without
losing mechanical strength, porosity, and interconnected pores, essential in this last case for
biocompatibility with living tissues [14-18].

Polymer foams can be prepared using several methods ranging from solvent casting up
to melt-based processing methods, such as extrusion [19,20] and injection moulding [21,22].
This review will discuss only materials and foam preparation techniques based on processes
involving the effect of temperature. This also includes non-conventional processes using
supercritical fluids at low temperatures applied to biodegradable thermoplastic materi-
als. Therefore, this review will not cover foams prepared by solvent casting, sol-gel [23],
or salt leaching technologies and foams whose preparation process involves chemical
polymerization reactions, as in the case of polyurethane foams [24].

Today, most of the polymeric materials produced worldwide come from non-renewable
petrochemical-based sources. These plastics are increasingly used in areas such as packag-
ing, the automotive industry, building materials, and frames for electrical and electronic
devices, among others [25]. Another area were plastics find wide application is the area
of disposable and single-use materials, which is responsible for the major and growing
environmental problem associated with plastics. These materials do not undergo natural
degradation and when discarded without proper recycling, they accumulate in landfills
and remain there for many years or end up in the oceans, causing serious environmental
problems [26].

Precisely the environmental problems associated with the increasing use of single-use
and disposable plastic utensils have generated increasing environmental concerns. In this
context and in line with some of the United Nations” (UN’s) Sustainable Development Goals,
there has been a growing interest in bioplastic materials in recent years. These so-called bio-
based plastic materials are derived from biological sources and formed entirely or partially
from renewable feedstock, such as biomass, or by microorganisms, employing less toxic
reagents and solvents during the production process, resulting in bio-based or biodegradable
polymers or both (i.e., bio-based and biodegradable polymeric grades) [27-29].

Equally important has been the focus on the polymer’s biodegradability, that is, its
degradation by natural processes after use, normally by the action of naturally occurring
microorganisms, avoiding the accumulation of plastics in landfills for many years [30]. Thus,
biopolymers provide improved circularity and a lower carbon footprint by using renewable
resources and biodegradation as an alternative end-of-life option besides adequate material
properties with a view to practical application [28]. Some published review manuscripts
discuss the shift in focus from polymers of petrochemical origin to the use of polymers of
biological origin and the importance that biodegradability has on the environment [27,31,32].

In this context, biodegradable polymers, those who degrade due to the action of mi-
croorganisms present naturally in the environment without releasing any toxic or distinct
residue, can be broadly divided in those that originate from renewable resources, such
as poly (lactide acid) (PLA) [33] that is chemically synthetized from monomers produced
from biomass, and those that are synthetized from monomers produced from petrochem-
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ical monomers, such as polycaprolactone (PCL) [34]. The biodegradable polymers have
properties (mechanical, thermal, etc.) like those of more conventional petroleum-based
polymers, such as polypropylene (PP), polyethylene (PE), polyethylene terephthalate (PET),
etc. Currently, biodegradable polymers find increasingly more applications in the food
packaging and agricultural sectors [35,36], with the global bioplastics production capacity
expected to increase in the next five years from around 2.18 million tonnes in 2023 to
approximately 7.43 million tonnes in 2028 [37].

This review provides a comprehensive overview of the recent developments in the
foaming of biodegradable thermoplastic polymers, which is an area of material science
that can help to reduce the negative impact on the environment that results from the
massive use of non-renewable and non-biodegradable plastic materials. The first part
provides the basics of the foaming technology, discussing the blowing agents and the
foaming mechanisms. The following section is focused on the processes commonly used in
the melt-based foaming of thermoplastic polymers. The last section provides the recent
developments in thermal or melt-based foaming technologies for each of the main used
biodegradable polymers, their blends, and composite materials.

Figure 1 shows the graphical map of keywords most relevant to this study using
VOSviewer co-occurrence analysis. This provides an overview of the evolution of this area
in the last two decades and is based on a literature analysis in Web of Science with the key
terms “biodegradable polymer” and “foam” or “foaming” and “melt-based” or “thermal
process”. On the VOSviewer algorithm displayed below, lines connect the different terms,
and the strength of the circle sizes indicates the number of occurrences of a keyword at least
10 times. After considering the experimental articles and retrieving the review manuscripts,
it was observed that the term foams occurred with higher relevance. The software also
highlights that it is possible to observe different clusters (purple colour) and that the use of
melt-based technologies to produce biodegradable porous structures or scaffolds for tissue
engineering applications occurred mainly in the first decade.
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Figure 1. VOSviewer output of keyword co-occurrence relationship in papers published in biodegrad-
able foaming polymers using melt-based or thermal processes, in Web of Science 2004-2023.
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In the last decade (green and yellow colours), studies involving foams or foaming have
focused on the main biodegradable polymers and their mixtures or composites and their
characterization in terms of mechanical properties, morphology, crystallization, rheology,
and biodegradability aspects. Reinforcing agents such as cellulose, lignin, fibres, chitosan,
and nanoparticles are also considered to improve the foam properties. Moreover, the
use of non-conventional technologies, such as supercritical CO; for foaming and reactive
extrusion, are also highly mentioned. Regarding the polymer matrices, PLA has a higher
prevalence in the more recently published research studies and is followed by starch,
poly(butylene succinate) (PBS), PCL, its blends, and its composite foams.

2. Basics of Foaming Technology

In thermoplastic polymers, foaming is achieved by adding a blowing agent to the ther-
moplastic material, whose expansion inside the material will give rise to the desired cellular
structure. This expansion of the blowing agent is normally triggered by a sudden distur-
bance, for example, a drop in pressure or increase in temperature, of the polymer/blowing
agent mixture [38]. Typically, the blowing agent could be either of a chemical or physical
origin. Physical blowing agents (PBAs) are substances that are mixed or injected into the
thermoplastic during the melting process. PBAs can be added to the polymer in liquid,
gaseous, or supercritical form. Examples of gaseous PBAs include carbon dioxide (CO;)
and nitrogen (N) gas [39], while liquid PBAs include hydrocarbons such as isopentane [40].
CO; has much higher solubility and lower diffusivity in molten polymers than N, and is
mostly used in the extrusion foaming of low-density foams. In contrast, N, is more em-
ployed in manufacturing high-density foams using the foam injection moulding technique.
Hydrocarbons, such as pentane, have higher solubility and lower diffusivity in polymers
compared to Ny or CO,, but their use is being discontinued due to environmental issues
and side effects such as toxicity and flammability [41]. A supercritical fluid (SCF) is any
substance at a temperature and pressure above its critical point but below the pressure
required to compress it into a solid. The main supercritical fluid employed as a PBA in
polymer foaming is CO,, although Ny, sometimes in conjunction with CO;, is also em-
ployed [42,43]. In contrast, chemical blowing agents (CBAs) are chemical substances that
are dispersed or dissolved within the polymeric matrix and decompose thermally into
non-reacting gases, such as CO;, and/or Ny, during the foaming process. Examples of
CBAs include azodicarbonamide [44—47], N, N-Dinitroso pentamethylene tetramine (also
known as H foaming agent) [48,49], sodium bicarbonate (NaHCO3) [10], and zinc carbonate
(ZnCO3) [50]. After the decomposition of the CBA, the formation of a separate gas phase
can be instantaneous, or it can take some time depending on the solubility of the gas within
the polymer. As the gas released by the CBA decomposition reactions is normally N or
CO,, which are also used as PBAs either as gases or in the form of supercritical fluids,
it is also necessary to trigger a sudden drop in pressure or an increase in temperature to
reach a state of supersaturation of the gas and initiate the foaming process. Compared to
PBAs, CBAs present some drawbacks such as their mostly exothermic nature that makes it
difficult to control the foaming process and the presence of harmful residues in the foams
that can cause allergic reactions, limiting, therefore, the application of the foams [38].

Several review papers have addressed the foaming process [6,38,50-52], so the topic
will be briefly described.

In general, the foaming process of thermoplastics consists of the following steps
shown in the schematic diagram of Figure 2: (1) Dissolution of the blowing agent within
the polymer matrix giving rise to a homogeneous blowing agent/polymer mixture. The
blowing agent could be either a gas or supercritical fluid (PBA) or instead it could be some
solid compound (CBA) that is mixed with the polymer and subsequently generates gas
at elevated temperatures during melting. (2) Formation of small gas bubbles, which are
normally called cells, in a process known as cell nucleation, when the mixture becomes
super-saturated due to some thermodynamic instability, such as an abrupt pressure drop
or an increase in temperature. (3) Growth of the air bubbles or cells. (4) Upon cooling, the
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cell growth ends due to the vitrification or crystallization of the thermoplastic polymer,
which stabilizes the cell morphology. Each step will be explained briefly.

Mixing/
Dissolution/Diffusion

Cell nucleation Cell growth Cell structure stabilization

Figure 2. Main steps of polymeric foaming process. BA stands for blowing agent, which could be gas
(PBAs) or some compound that could release gas during foaming (CBAs).

The first step, the formation of the homogeneous polymer/blowing agent mixture,
is important in the foaming process. This step depends on the characteristics of both the
blowing agent and the polymer. In case the blowing agent is a gas that is added directly to
the polymer, its diffusion within the polymer depends on factors such as gas concentration,
temperature, pressure, as well as other factors such as the interaction of the gas with
the polymer or the polymer free volume [53,54]. The solubility of the gas in the polymer
increases with increasing gas concentration, increasing polymer free volume, and increasing
pressure, but it decreases with increasing temperature. In the case of melt mixing methods
(extrusion or injection moulding) that imply the application of shear rates on the material,
the increase in the shear rate promotes a greater alignment of the polymer chains and a
consequent decrease in the free volume of the polymer that in turn results in a decrease in
the solubility of the gas within the polymer [55].

The second step involves the formation of small nuclei that will give rise to bubbles
or cells within the polymer matrix. The formation of these nuclei, or nucleation, is caused
by a sudden drop in pressure, or alternatively an increase in temperature, which causes a
sudden decrease in the solubility of the blowing agent within the polymer. As the blowing
agent is dissolved in appreciable amounts within the polymer, a sudden drop in solubility
causes the molten polymer to become supersaturated with gas. To reach a new equilibrium,
the gas in excess is forced out of the polymer. Nucleation begins with the formation of
small clusters of gas molecules within the polymer [56,57]. The nucleation rate depends on
the magnitude of the pressure drop. Larger pressure drops yield larger nucleation rates
and cell densities [58].

In the third step, the gas bubbles, or cells, grow as more gas molecules join the clusters
of gas molecules that were formed during the cell nucleation process. This process is
enhanced by the decrease in the solubility of the gas inside the polymer and is affected
by factors that influence the solubility and diffusion of the gas within the polymer, such
as temperature and pressure [59]. The viscoelastic properties of the polymer also strongly
influence this process as the material is subject to deformations during cell growth [60,61].
The last step involves the stabilization of the foam morphology (cell size and cell distri-
bution), since the continuous cell growth would lead to cell coalescence (fusion of cells)
and coarsening (growing of the bigger cells at the expense of the small ones) causing an
overall deterioration of the foam properties. Stabilization is carried out by reducing the
temperature of the polymer which in turn increases the viscosity of the melt. The viscosity
of the melt also increases due to the diffusion of the gas out of the polymer, as the gas acts
as a plasticizing agent [62]. Another important factor affecting cell stabilization is the strain
hardening. Strain hardening arises from stretching that causes a large-scale alignment of
the chain molecules in the stretch direction. Due to strain hardening, the thin sections of the
cell walls, created by the stretching of the cells during their growth, become more resistant,
which makes their further extension difficult. Thick sections are extended instead, as they
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were less subject to the phenomenon of strain hardening, giving rise to the phenomenon of
self-healing [60,63]. Important polymer properties that affect foam stabilization include the
polymer molecular structure, molecular weight distribution, degree of chain branching, and
degree of crystallinity [64,65]. Foaming can also be controlled by the inclusion of additive
fillers with a high aspect ratio [66]. The main process parameters that affect foaming are
the blowing agent concentration, the pressure drop (how much and how it is carried out),
and the temperature at which the thermodynamic instability promoting the cell nucleation
is triggered [67]. In general, keeping constant the temperature and gas concentration,
faster decompression rates yield foams with smaller cell sizes, while foaming at higher
temperatures and keeping other factors constant yields foams with larger cell sizes [68].

In addition, some particulate pore-forming substances can act as porogens and can be
used to control the nucleation and, in that way, the morphology of the solid foams, by serv-
ing as sites for heterogenous nucleation initiation. Many published results demonstrated
that nucleation efficiency strongly relies on the particles’ size, shape, and surface properties
and their dispersion within the polymer [69,70]. Examples of porogen substances include
ammonium bicarbonate [71], sucrose particles [72], hydroxyapatite, nanocellulose and
graphene oxide [73], and sodium chloride [74,75], among others.

In polymeric foaming, temperature and pressure conditions must be carefully selected.
When using CO; as blowing agent, the polymer should be solid during foaming, to al-
low for a stable foaming process, but at the same time, the polymer must allow a large
solubilization of CO,. For this, the saturation of the polymer with CO, normally takes
place at temperatures near the glass transition temperature, when considering amorphous
polymers, or near the melting point in the case of crystalline polymers. Moreover, when
selecting the foaming temperature, it must be considered that a polymer’s glass transition
and crystallization temperatures decrease due to the plasticizing effect of CO, [76,77].
The presence of crystals during foaming also affects the final foam structure, as crystal
formation not only boosts bubble nucleation but also decreases the CO, amount dissolved
in the polymer because CO; can be dissolved only in the amorphous regions [78]. The
CO; content also plays an important role in foam expansion, since a low CO; content does
not lead to significant foam expansion, while larger CO, contents show intense shrinkage
upon ageing. Reignier et al. [79] found a narrow processing window for CO, content,
between 7 wt.% and 8.3 wt.%, in PLA foaming. In addition, they found that an increase
in pressure enhances cell nucleation, thus leading to foam densities lower than 30 kg/m?3.
Supercritical CO; can also act as a sterilizing agent during the foaming process, which is
useful in the preparation of bio-based polymer scaffolds with a controlled pore size for
tissue engineering applications [80].

Polymer foams can be characterized by their cell size distribution, expansion ratio
(ratio between the unfoamed material density and the foamed material density), cell density
(number of cells per unit volume of the foam), and porosity (open cell content). Polymer
foams can also be characterized as flexible or rigid foams according to their physical prop-
erties and pore morphology. Additionally, and depending on the average cell size, polymer
foams can be divided in macrocellular (>100 pm), microcellular (1-100 um), ultramicrocel-
lular (0.1-1 pm), and nanocellular (0.1-100 nm) [81]. Polymer foams can also be divided in
open-cell foams (also known as “strut foams”), interconnected cell foams, and closed-cell
foams. In general, open-cell foams show an open-cell content higher than 90% in volume
while closed-cell foams have open-cell contents lower than 10% in volume [82]. In open-cell
foams, cells do not have walls to confine the air inside them, while in closed-cell foams, the
cells are separated from each other and surrounded by cell walls. Cell structure has great
repercussions on the mechanical performance and on the thermal and acoustic insulation
properties of the foams. In general, open-cell foams offer better absorptive capability and
find applications in acoustic, while closed-cell foams possess lower permeability, which
provides improved thermal insulation properties [81]. The literature also shows that the
thermal insulation of a polymer foam can be improved by changing the foam morphology,
particularly by decreasing the foam cell size in the micro-range to restrict air flow within
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pores and thus reduce the air conductivity [5,83,84]. Decreasing the cell size further to
the nano-range can improve thermal radiation conductivity due to thinner cell walls, thus
cancelling the effect of reducing the air conductivity by restricting the air flow [5,85]. Me-
chanical performance can be improved by adjusting the foam morphology. Regarding cell
size, some studies have indicated that nanocellular foams tend to show both higher impact
resistance and elongation at break, compared to microcellular foams. Regarding cell density,
foam polymers with higher cell density usually show higher mechanical performance in
terms of tensile strength and Young’s modulus [57].

Several studies have shown that the foam morphology can be adjusted through dif-
ferent strategies, ranging from simply varying the foaming conditions to modifications
in the polymer structure, namely in the crystalline structure and in the crystallinity de-
gree of the polymer [86-88] and changes in the molecular structure via crosslinking [89],
branching [86,90], grafting [89], or chain extending [89,91], all aimed to improve the melt
strength. The melt strength is understood as a measure of the extensional viscosity and can
be defined as the opposition of the polymer melt to stretching [50]. A higher melt strength
improves the cell morphology during the cell growth phase by eliminating cell coalescence
and rupture [82]. Some polymers, namely PLA, have low melt strength, which makes
the foaming process more difficult due to the mentioned cell coalescence and cell-wall
rupture. Besides the above mentioned strategies that can be implemented to increase the
melt strength of some polymers and improve their behaviour during the foaming process,
several studies showed that the addition of nanofillers promoted a more heterogeneous
nucleation process while improving melt strength [92-94]. In fact, an increase in melt
strength limits the loss of gas during the foaming process, resulting in an increase in the
foam density accompanied by a closed-cell structure.

3. Foaming Processes

Polymer foams can be obtained by different processing technologies, namely foam
extrusion, foam injection moulding, batch processing (i.e., in an autoclave), bead foam-
ing, microwave foaming, or additive manufacturing. Several published review papers
have reviewed several polymer foam production processes [39,41,50-52,95,96]. This re-
view will provide an overview of these main processes of foaming commonly applied to
biodegradable thermoplastic polymers to obtain lightweight parts.

3.1. Extrusion Foaming

Conventional polymer extrusion is a well-established industrial continuous process
used to produce plastics with a defined profile geometry. Extrusion foaming was developed
by combining conventional polymer extrusion with a process for dispersing a blowing
agent within the melt. The dispersion of a blowing agent within the polymer melt can be
achieved by injecting a gas directly into the molten polymer (PBA) or by mixing chemical
agents (CBA) that will release the gas during the melting process. However, the use of
PBAs (nitrogen or carbon dioxide) is more common [38]. In extrusion foaming, the polymer
in the form of pellets is fed into the extruder through the hopper. The blowing agent is
either injected at high pressure into the extruder barrel (gaseous PBAs) or is previously
mixed with the polymer pellets before the feeding (solid CBAs). The pellets are melted
inside the extruder barrel due to the high temperatures and are further mixed with the
blowing agent, forming a homogenous mixture of the blowing agent combined with the
melted polymer. A representative diagram of the extrusion foaming process is shown in
Figure 3.

The melted mixture is conveyed by the screw into the direction of the extruder die.
As the polymer/gas melted mixture exits the barrel, the mixture is subjected to ambient
conditions and an abrupt pressure drop ensues. Thermodynamic instability ensues due
to this pressure drop, which will cause phase separation [97]. Cell nucleation occurs
and the formed cells start growing. Foam stabilization soon follows, which depends on
the temperature and on the viscoelastic and rheological properties of the polymer [52].
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Polymer pellets
+ CBA

The shape of the extruded foam is given by the geometry of the die and can be further
calibrated and cut. The blowing agent concentration, the flow rate, and the die temperature
can control the cell density and expansion ratio. Nevertheless, the decompression rate in
the extrusion die has been recognized as the key parameter that controls the cell nucleation
and determines the cell density, with higher pressure drop rates promoting increased cell
densities [98].

Blowing agent
(PBA)

Polymer foam

Figure 3. Diagram of extrusion foaming showing the two options for combining the blowing agent
and the polymer.

An extrusion line that combines two extruders is also common and is called a tandem
line. In this process, melting and cooling are performed in separate barrels, which makes it
possible to obtain better results [99]. However, tandem lines are more complex and expen-
sive and prone to gas leakage, making the process less attractive [51]. Lee et al. [100] used a
tandem foaming extrusion line to manufacture low-density PLA foam sheets. They used
the primary extruder to efficiently melt the PLA resins, whereas the secondary extruder
was used to effectively cool the melt to maximize the melt strength. The blowing agent
iso-butane was injected in the primary extruder at a constant flow rate. Tabatabaei et al.
also used tandem extrusion to study the strain-induced crystallization behaviour of PLA
during foaming [101]. Wang et al. [102] also used a first extruder to melt the polymer resin
and disperse the blowing agent within the melt and a second extruder to further mix and
cool of the melt.

In the extrusion foaming of biodegradable polymers, expansion has been achieved
mostly with the use of PBAs. CBAs are rarely used for the reasons stated above. Examples
of CBAs used and reported in the literature in extrusion foaming include azodicarbonamide,
which was used mainly with PLA [103,104], PLA blends with poly(butyleneadipate-co-
terephthalate) (PBAT) [105], and PLA composites. Other studies that used CBAs reported a
mixture of sodium bicarbonate and citric acid to obtain the foamed material [106,107].

Regarding PBAs, CO, is the most common PBA used. CO; has a plasticizing effect
on polymers, which enables the use of lower temperatures to decrease the viscosity and
achieve the required melt strength to prevent cell rupture or high open-cell contents [108].
In addition, processing at a lower temperature significantly increases the cell nucleation rate
since higher melt viscosity induces higher pressure drop rates [109]. Several studies have
demonstrated the dependence of foam density on CO; concentration. Low CO; concentra-
tions resulted in low polymer expansions [110]. On the contrary, higher concentrations of
CO; resulted in foams with lower densities [79,111].

The extrusion can largely benefit from the use of supercritical CO,. Supercritical CO,
can be defined as a fluid state of carbon dioxide where CO; is held at a pressure and
temperature above its critical point (critical temperature of 31.0 °C and critical pressure
of 7.38 MPa) [95]. Supercritical CO, is very popular in foaming because carbon dioxide is
non-toxic, chemically inert, and its supercritical conditions are easily reached. Supercritical
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CO; acts as a blowing agent during the polymer expansion, which occurs when the polymer
exits through the extruder die. Besides the expansion effect, supercritical CO; also acts as a
plasticizer agent, improving the extrusion processing by creating conditions that prevent
the thermal decomposition of the polymer.

Nofar [92] used extrusion foaming with supercritical CO, as a blowing agent to
study the effect of nano-/micro-sized additives in PLA foaming by a single-screw tandem
extruder. The supercritical CO, was injected through a syringe pump in the first extruder
barrel, which was used to melt the polymer and to deliver a homogeneous polymer-CO,
mixture. The second extruder was used to achieve a uniform cooling profile for the mixture
before foaming was triggered. Pilla et al. [112] used a single screw extruder to foam a blend
of PLA/PBAT with supercritical CO, as a blowing agent. The polymers in pellet form
and the filler based on talc were fed into the extruder barrel and were completely melted
before reaching the gas injection port, from where the blowing agent was injected into the
extrusion barrel. The effect of talc, which was added to promote heterogeneous nucleation,
and die temperature on the crystallinity, volume expansion, and cell morphology were
studied. They reported that the addition of talc has decreased the average cell size and
volume expansion rate and increased the cell density and crystallinity.

3.2. Foam Injection Moulding

Like foaming extrusion, foam injection moulding (FIM) is a variant of the conventional
injection moulding process. The main differences are the use of a blowing agent and some
additional equipment features such as a special nozzle. As in the case of extrusion foaming,
the blowing agent can be added jointly with the polymer pellets through the hopper (in
the case of CBAs) or directly injected into the molten polymer in the barrel. The screw
pushes the gas/polymer mixture along the barrel and injects it into the mould. The foaming
process within the mould can occur by two different processes that differ mainly in the
pressure inside the mould cavity (see Figure 4). In the case of low-pressure FIM, the mould
is just partially filled with the gas/polymer melted mixture, which triggers a sudden drop
in the pressure to which the mixture is subjected. This leads to immediate foaming, causing
the polymer to expand and occupy the entire mould cavity. In the other variant, so called
high-pressure FIM, the mould is first pressurized and then the melt is injected at high
pressure into the mould to fill the entire cavity. Afterwards, the mould is partially opened,
causing an increase in the mould volume and a drop in the pressure, which triggers, in this
way, the foaming and the expansion of the injected molten polymer.

Blowing agent

(PBA) Low-pressure FIM
Polymer pellets
+CBA r
Hopper —
Motor 1
/ Movable mould wall

High-pressure FIM

Figure 4. Diagram of the foam injection moulding with the two options for the addition of the
blowing agent and the two mould-filling concepts. Adapted with permission from Standau et al. [38].
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The foaming mechanisms associated with the high-pressure FIM variant have been
significantly investigated to understand the mechanism of cell nucleation and growth. The
pressure profile inside the mould cavity has been determined as the dominant factor in
controlling cell morphology. Using this technique, foams with improved surface quality
were obtained mainly due to the elimination of early cell growth at the flow front during
the mould-filling step [113]. The rate of mould opening is another process parameter that
has been shown to effectively control cell structure [114,115].

The high-pressure FIM enables a better control of the cell nucleation and coalescence,
as opposed to low-pressure FIM, in which the control of cell nucleation and growth is
more difficult, due to inevitable shearing that arises during the completion of the filling of
the mould cavity with foam expansion, yielding less uniform foam structures [116]. The
use of a gas counter pressure in the high-pressure FIM prevents the premature foaming
during the mould-filling stage, enabling the attainment of higher void fractions and more
uniform foam structures [117]. Hou et al. [118] reported a gas-assisted microcellular
injection moulding technique by combining microcellular injection moulding with gas-
assisted injection moulding. In this technique, due to the high pressure, the amount of
polymer melt that is required to completely fill the mould cavity is lower compared with
the amount required in the microcellular injection moulding, thus yielding a large reduction
in the weight of the foamed part. The high pressure used can also dissolve all the cells
that are formed during the mould-filling step. The foaming is triggered by releasing the
high pressure, yielding foamed parts with an excellent foam morphology and a compact
skin layer.

As previously mentioned, both chemical and physical blowing agents can be used in
FIM, although CBAs are seldom used with biopolymers [119]. Few studies were found
in the literature regarding the use of CBAs in the injection moulding of biodegradable
polymers. The few examples found used Azodicarbonamide [119,120]. The main PBAs
used in foam injection moulding include CO, [121,122] and N [123-126]. Nitrogen has a
higher cell nucleating force, although it shows a lower solubility in polymers compared to
carbon dioxide [53]. Supercritical N can also be used as foaming agent in FIM [127,128].
The microcellular injection moulding process known as Mucell® moulding [129], patented
by Martini-Vvedensky et al. [130], is an injection moulding technique that mixes the poly-
mer melt with gas at a supercritical state (known as supercritical fluid inert gas, CO; or
Nj) to generate a single-phase polymer/gas solution and to produce lightweight prod-
ucts [127,129]. In addition, by acting as a plasticising agent, supercritical N, decreases
the melt viscosity of the polymer, allowing for lower processing temperatures to be used,
which is beneficial when using temperature-sensitive materials such as bio-based poly-
mers [131,132]. In general, using N, as blowing agent results in improved cells when
compared to CO, due to its low solubility, high diffusivity, and larger nucleation rate. In
addition, using the same amount of gas foaming agent, N, induces a higher cell density
and higher expansion ratio when compared to CO,. Moreover, the injection-moulded
parts foamed with the aid of N, shrink less than those foamed with CO, [133]. Thus, this
injection moulding foaming technology requires a higher control of several processing
conditions, namely mould temperature and mould cavity pressure, which are the key
factors determining the surface quality of the foamed part. They will determine both the
solid skin layer thickness and foam core characteristics (e.g., cell size and cell density),
which regulate the apparent density, weight reduction, and the mechanical properties of
the foamed parts [129].

3.3. Batch Foaming

Unlike extrusion foaming and foam injection moulding, batch foaming is a discon-
tinuous foam technique where cell nucleation and growth steps are conducted after and
separately from the step of the saturation of the polymer with the blowing agent. Another
difference is that, unlike extrusion foaming and foam injection moulding, in batch foaming,
the polymer to be foamed is in a solid state, contrary to the former two techniques in
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which the foaming takes place when the polymer is in a molten state. Normally, the cell
growth step occurs inside an autoclave, and the foaming process takes several hours to
complete. This, combined with the fact that small samples are normally obtained, makes
the technique unattractive at an industrial level, with its use being basically reduced to
scientific research. This process has two main variants that are distinguished by the way
the foaming is triggered, which can be temperature-induced or pressure-induced. In both
variants, at first, the polymer sample to be foamed is saturated in a pressurized container or
autoclave for a certain period. Afterwards, foaming is induced, depending on the variant,
by applying a pressure drop or changing the temperature. Figure 5 shows a schematic
comparison between both variants of batch foaming that are discussed next.

Pressure-induced Batch Foaming

r

—~— &

by

Blowing agent
saturated sample

Temperature-induced Batch Foaming Expansion with

Valve open

() )

Heating  Blowing agent Expansion with Cooling
saturated sample low pressure
Valve open

Cooling

high temperature

Figure 5. Diagram representing both the pressure-induced batch foaming and the temperature-
induced batched foaming processes. Adapted with permission from Standau et al. [38].

3.3.1. Temperature-Induced Batch Foaming

In the case of the temperature-induced variant, the polymer sample is saturated with
the blowing agent at high pressure and below its glass transition temperature (Tg). Next,
the sample is depressurized and removed from the autoclave vessel. At this stage, the
polymer sample does not experience an expansion. The polymer expansion is obtained
by immersing the sample in a hot oil [134] or glycerine [135,136] bath at a temperature
kept above the Ty of the polymer [137]. The foaming is triggered by the huge drop in the
solubility of the blowing agent in the polymer due to the increased temperature (above the
Tg), which results in cell nucleation and subsequent cell growth. The cell nucleation and
subsequent growth are further induced by the increased mobility of the polymer chains as
the polymer becomes softened due to the higher temperature [51]. Increasing the foaming
temperature reduces the polymer viscosity, which in turn reduces the resistance to cell
growth and results in increased cell size [99]. Finally, the foamed sample is subjected to a
cooling step to stabilize its shape.
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Temperature-induced batch foaming is seldom used and only a few studies reported
the use of this variant. Wang et al. [138] used temperature-induced foaming for PLA
following a CO, saturation at 5 MPa for 12 h. The samples were removed from the vessel
after a rapid quench of pressure and were quickly transferred to an ultrasonication water
bath running at a frequency of 20 kHz, after which the foamed samples were quenched
in cold water after foaming. Ultrasonication was introduced at the start of the foaming to
achieve cell structure and cell density uniformity in PLA samples with high crystallinity,
since high crystallinity usually yields a nonuniform cell nucleation and hampers cell growth
when using solid-state foaming. Ultrasonication will be further addressed in Section 3.5.
Briitting et al. [139] used temperature-induced batch foaming to produce low-density PLA
foamed beads with a density lower than 100 kg/m?3. The PLA beads were saturated with
CO; in an autoclave. After gas sorption, the beads were placed in an oven at 100 °C to
induce foaming.

3.3.2. Pressure-Induced Batch Foaming

In the case of the pressure-induced variant, the solid polymer sample is saturated
with the blowing agent inside an autoclave vessel at a high pressure and at a defined
temperature. Afterwards, the vessel is subjected to a sudden pressure drop, which makes
the heated polymer over-saturated with the blowing agent and starts phase separation. In
turn, the phase separation triggers cell nucleation and its subsequent growth, which results
in the expansion of the polymer sample. In the last step, the sample is cooled so that the
stabilization of the foam structure can be achieved [99,140].

Pressure-induced foaming is the most used variant in batch foaming processes. Sev-
eral processing parameters of the pressure-induced batch foaming process have a strong
influence on the final foam properties [141,142]. These include (i) the saturation pressure, at
the stage of saturation with the blowing agent, which controls the solubility of the blowing
agent; (ii) the temperature, which affects the chain mobility and hence the crystallization be-
haviour; (iii) the saturation time, which also affects the amount of blowing agent dissolved
in the polymer and hence the corresponding plasticizing effect on the polymer; and finally,
(iv) the pressure drop, which impacts on the nucleation rate and the overall foaming pro-
cess [143]. Chen et al. [144] used a constrained foam method to prepare microcellular PLA
foams with a wide range of cell structures by tuning saturation pressure in a supercritical
CO; solid-state batch foaming process. Their results showed decreased cell wall thickness
and increased cell size and cell density with increased saturation pressure. Athanasoulia
et al. [145] studied the effect of the depressurization rate on the structure of PLA foams
prepared by batch foaming with supercritical CO,. Foams with a thin wall pore structure
and characterized by anisotropy, with a pore diameter ranging from 100 to 650 pm, were
obtained when supercritical CO;, was instantaneously depressurized. When a slow depres-
surization rate was applied instead, foams with highly organized pore structures, with
thicker pore walls and pores with diameters raging between 10 and 350 pm, were obtained.

Interestingly, Tammaro et al. [146] developed an innovative pressure vessel to perform
batch foaming using multiple conditions in a single foaming experiment. The developed
technology consists of a pressure vessel containing several reaction chambers, each one
enabling a different set of foaming temperature and pressure drop rates. The pressure vessel
was tested using PCL and CO; as a blowing agent in one single test and it confirmed a
strong dependency of the foaming process on the foaming temperature. The dependence on
the pressure rate was less clear, but a slight decrease in density was observed by increasing
the pressure drop rate while fixing the foaming temperature.

Several strategies can be used to improve the properties of polymers during batch
foaming. Yan et al. [2] introduced stereo-complex crystallites as an effective modifier to
reinforce PLA and improve the cellular morphology, cell uniformity, and increase the
expansion ratio at high foaming temperatures. The followed methodology enabled the
fabrication of high-expansion PLA foams with improved thermal insulation and compres-
sive performance. Dreier et al. [147] used reactive extrusion on a twin-screw extruder to
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modify PLA with dicumyl peroxide as a melt strength enhancer and polycarbodiimide
as a hydrolysis stabilizer, in order to protect PLA against thermal degradation and hy-
drolysis and to improve its melt strength during batch foaming. Li et al. [148] introduced
long-chain branching structures into PLA by employing soybean oil under the initiation of
trace amounts of cyclic peroxide to improve the melt strength of PLA and its crystallization
performance during a batch foaming process.

3.4. Compression Foaming

Compression moulding foaming can be considered as a batch-type process that is used
in the production of thick foams. In this method, a mixture of a polymer and blowing agent
(usually a CBA) is initially placed inside a mould. The foaming process is carried out by
the decomposition of the blowing agent inside the hot and pressure-closed mould [149].
This process gives rise to a limited expansion rate. Figure 6 shows a representative diagram
of this process. To obtain foams with lower densities, a two-step compression moulding
process is used. In this two-step process, a pre-expanded foam is first produced with
the aid of a CBA. Subsequently, the remainder of the CBA decomposes, leading to foam
expansion, roughly 40 times the original size, which completely fills a preheated mould.
In the first step, which involves mixing the polymer, additives and blowing agent, a solid
sheet is produced, which is then placed inside a mould at a certain temperature and for a
certain amount of time to partially decompose the blowing agent. The gas released in the
decomposition of the blowing agent dissolves in the polymer due to the high temperature
and pressure. Subsequently, after opening the mould, nucleation occurs and the material
expands directly out of the mould, giving rise to pre-expanded foam. In the second foaming
step, the cell growth step, the pre-expanded foam is placed in a second mould and heated
to higher temperatures to complete the decomposition of what remains of the CBA. The
foam is then expanded to fill this second mould, which will give the foam its final shape.
A rapid cooling is critical to avoid gas escape and subsequent foam collapse [82]. The
addition of a nucleation agent, such as talc, can reduced the bulk density of the foam [150].

Pressure

o N

Demoulding

P ITTT N

Heated mould Compression moulding

Figure 6. Diagram showing the steps of the compression moulding technique.

The foaming process of some aliphatic polyesters is difficult due to their low molecular
weight and linear chains, which causes a low melt strength. One way to increase the melt
strength of aliphatic polyesters is through crosslinking or branching. Improved foams can
be obtained by compression moulding foaming by using crosslinked or branched polymers
through use of crosslinking agents and curing co-agents. Using this approach, closed-
cell PBS foams with a degradable property were successfully produced using dicumyl
peroxide as a crosslinking agent and trimethylolpropane trimethacrylate as a curing co-
agent to modify PBS and azodicarbonamide as a blowing agent [151]. The release of
azodicarbonamide during the foaming process can result in cell collapse due to heat release.
The heat released can be absorbed using endothermic expandable microspheres that prevent
cell collapse and enable the tailoring of the cell size of PBS foams [152].

3.5. Baking

The bake foaming technique is inspired in the backing technology commonly used in
food processing and is specially used in starch-based foams. In this method, a starch-water
batter is firstly baked in a heated and closed mould. The water acts both as a plasticizer
and as a blowing agent. During baking, the starch granules are gelatinized, yielding a
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thick paste. The paste expands intensely, as the entrapped water evaporates rapidly due
to heating, filling up the mould cavity. The starch foam gradually dries, by releasing
the residual water by evaporation, and acquires the shape of the mould. Upon cooling,
the foam is demoulded, keeping the shape acquired from the mould [153]. The process
is somewhat time consuming, taking between 125 and 300 s to obtain a homogenized
and stabilized foam. Furthermore, the amount of material inserted in the mould must
be carefully determined in order to obtain an adequate filling of the mould cavity. Bake
composition, mould temperature, and baking time are other important process variables.
Baked foams typically have a dense outer skin layer with closed-cell and small pore size
morphology, due to the rapid loss of water from the foam zone that is most in contact with
the hot mould walls, and a less dense and large interior with open-cell and larger pore-size
morphology [7,154].

As the composition of starch depends on its origin and type, it is expected that the
type of starch used has some kind of influence on the foam properties. Starch foams made
of wheat, potato, or tapioca starches have shown superior properties compared to foams
made of corn starch [155]. The foam properties can also be affected by the viscosity of the
batter, as an increase in the viscosity causes a decrease in the foam expansion. To counteract
this effect, a higher amount of batter is needed to ensure the complete mould filling [156].
Fillers, such as fibres, can be added to starch to increase the batter viscosity [153].

3.6. Ultrasound-Aided Foaming

The ultrasound foaming technique is not a stand-alone technique of polymer foaming
but is rather applied in the context of the batch foaming technique. In this context, the
foaming process is enhanced by the application of external ultrasonic vibrations to improve
cell interconnection and permeability. This technique can be particularly useful in the field
of tissue engineering, namely in the development of scaffolds with open cells without
resorting to the use of solvents or leaching methods. These more traditional techniques,
such as leaching or freeze-drying, make it possible to control the porosity of the materials
but reduce the biocompatibility with living tissues due to the persistence of solvents and
leaching residues [157,158]. The batch foaming technique that uses CO, as a blowing agent
makes it possible to avoid the use of solvents, but the resulting foams have a closed-cell
morphology, which, in view of some biomedical applications, makes them of little use due
to their lack of permeability to biological cells or fluids. The application of ultrasound can
overcome these issues by breaking the pore walls and creating an open-cell solid-state foam
to improve the permeability of the solid-state fabricated foam [159].

The technique is based on the application of instantaneous energy generated by
acoustic vibration, micro-jet, and ultrasonic cavitation to increase the permeability between
the closed cells of the polymer foam. The foam is dipped in water and when the foam micro-
bubbles are excited by the power ultrasound, they vibrate and can further expand, shrink,
or collapse. During the cavitation process, the collapse of the bubbles/cells generates high
temperatures and pressures in a very confined space that are sufficient to break the cell
walls. This process is enhanced by the micro-jet-induced current shot at high velocity that
promotes further cell rupture (see Figure 7) [159]. The ultrasonic step can be applied either
at the beginning or after the cell nucleation, and depending on that, cell morphology is
greatly affected. If the ultrasonic step is applied at the beginning of the cell nucleation, the
ultrasonication leads to the nucleation of a large number of small cells resulting in a higher
cell density. On the other hand, if the ultrasonic step takes place after cell nucleation and
growth, the ultrasonication results in cell wall rupture, yielding a more open cell structure
and interconnected cells [160].

Wang et al. [138] used ultrasonic irradiation on PLA saturated with CO, and showed
that ultrasound irradiation when applied at the beginning of the nucleation step results
in enhanced cell nucleation, which in turn results in an increased expansion ratio and cell
density and improved cell structure uniformity. Commonly used process parameters of the
ultrasound foaming technique that affect the foam structure include ultrasound frequency
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and intensity, ultrasound exposure time, and the temperature of the water bath. The best
combination of parameters of the ultrasound treatment to improve the permeability of the
cell structure includes high ultrasound power, low ultrasound frequency, and high water
temperature [161,162]. The initial foam cell size plays a crucial role in determining the
effectiveness of the ultrasound treatment. Previous studies have shown that foams with
bigger cell sizes allowed for the obtainment of foams with higher cell interconnectivity
after ultrasound treatment [162]. Guo et al. [159] reported the increase in ultrasound power
as the main factor to improve cell interconnectivity in PLA foams.
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Figure 7. Diagrams of ultrasound-assisted porosity improvement in PLA foams that show the effect
of acoustic vibration, micro-jet, and ultrasonic cavitation. (a) initial state and (b) cell rupture state.
Reprinted with permission from Guo et al. [159].

3.7. Microwave Foaming

The microwave foaming process can be used to fabricate the foam itself by using water
as the blowing agent. Using this approach, Lopez-Gil et al. [163] produced starch-based
foams filled with natural reinforcements using water both as the plasticizer and as the
blowing agent. Zhao et al. [164] also used water as the blowing agent in PVA foaming
by microwave irradiation. By adjusting the microwave intensity and water content, the
morphology of the foamed materials could be tailored. Using CO, as a blowing agent
instead of water, Sundarram et al. [165] prepared PLA foams by CO, saturation followed
by microwave foaming and reported that power and temperature were the main factors
affecting the pore morphology in PLA foam:s.

3.8. Foam 3D Printing

The term “additive manufacturing” (AM) in polymer materials refers to a variety of
polymer processing technologies, where the parts are built up layer-by-layer from a CAD
model. Commercially important techniques for polymer-based materials include powder
bed fusion technologies, such as multi-jet fusion (MJF) and selective laser sintering (SLS),
where the polymeric material in powder form is deposited as a layer in the printing bed
and fused using infrared light (in the case of MJF) or melted /sintered locally using a special
laser (in the case of SLS), and material extrusion technologies such as fused deposition
modelling (FDM) (also known as fused filament fabrication), where a polymer filament is
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fed to the printer, melted in a printing head, and deposited on a printing platform [166].
Among these technologies, the extrusion-based technologies are nowadays more used in
the production of foamed thermoplastics and will be discussed in more detail.

Briefly, the FDM technique starts with the design of the part to be printed using 3D
design software. This digital design is then sliced by a slicing software into a series of
layers and transmitted to the printer, which reproduces it layer-by-layer on a printing
platform. During printing, a continuous thermoplastic filament is fed to the printer, which
is melted in the printing head and deposited as thin lines on the printing platform. The 3D
part to be printed is treated as a continuous set of 2D layers, with each one of them being
built at a time by moving the printing head horizontally in the x- and y-directions. The
movement of the printing platform in the vertical z-direction enables the printing of one
layer on the top of the previous one, building up the 3D part layer-by-layer [167]. Based
on the geometry of the model part to be fabricated, a support structure may be built up
in the same way to support the model material. Just like the model material, the support
material is fed into the head of the machine in the form of a filament. Once the model part
is completed, the support structures are removed [168]. Printing quality is controlled by
printing parameters such as the filament diameter, line width, layer height, infill degree,
infill pattern, nozzle temperature, printing speed, cooling speed, and temperature of the
printing platform [169]. The FDM technique can also be used to produce polymer foamed
structures. The foam structure may be generated during printing, in the same way as
extrusion foaming, using variants of the FDM technique, or the FDM technique may be
used to fabricate polymer-based multiscale 3D freeform structures that are subsequently
gas-foamed in a two-step process. Both methodologies, the in situ foaming of filaments
containing a blowing agent and the post-foaming of pre-formed solid structures, will be
discussed below.

3.8.1. Foaming during Printing of Filaments Containing Blowing Agent

The FDM technique has been used to produce foamed structures using filaments
previously saturated with PBAs or incorporating CBAs. In this approach, the foaming takes
place during the print stage and is triggered by a pressure drop at elevated temperatures,
which leads to thermodynamic instability. The prepared polymer is initially saturated with
a blowing agent gas, normally CO,, in a high-pressure chamber at a certain temperature and
pressure. The gas diffuses into the polymer matrix and a polymer/gas solution equilibrium
originates. During printing, this equilibrium is broken by a pressure drop at elevated
temperatures and cell nucleation is induced. Further cell growth enables the formation
of a foam structure. Foam morphology can be tailored by adjusting certain processing
parameters during the gas saturating phase, such as the saturation pressure, and during
the printing phase, such as the pressure drop rate, foaming temperature, feed rate, infill
ratio, nozzle temperature, and printing speed [170-172]. Figure 8 presents a representative
diagram of the printing process using CO, pre-saturated polymer filaments. As in extrusion
foaming, cell nucleation and growth take place at the nozzle and are prompted by the
sudden pressure drop as the filament exits the printing nozzle.

In this AM process, the blowing agent must remain in the polymeric material until
the printing stage for the technique to be feasible. Therefore, blowing agents with low
solubility in polymers, such as N, present serious difficulties since the gas would be
lost even before the filament is heated in the printer. Certain hydrocarbons have high
solubility in polymers; however, due to environmental concerns, more environmentally
friendly blowing agents have replaced these materials. CO,, although not as soluble as
some hydrocarbons, presents itself as an alternative to saturate the polymer filaments
used in 3D-printed foams. The solubility and permanence until the printing stage of
the gas blowing agent within the polymer is influenced by the chemical structure of
the polymer [173,174]. For example, the tendency for CO, desorption in PLA could be
remedied by increasing PLA’s molecular weight or by increasing the number of branches
in the polymer structure. In this way, a material with higher chain entanglements could
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encapsulate higher amounts of CO, during the saturation phase and gas desorption could
be delayed [52,175]. Marascio et al. [176] used foaming during the printing technique by
combining AM with supercritical extrusion foaming to manufacture 3D structures with
well-controlled porosity. The materials used, PLA as a control, a PLA composite, and
a PLA/PCL copolymer, were saturated at high pressure with supercritical CO, which
was released during the deposition of the molten filament in the printing platform. The
pores’ morphology was tailored by process parameters such as the temperature, nozzle
geometry, and printing speed. Higher temperatures enabled a more expanded foam due
to increased cell growth after cell nucleation, while the lower temperature tested was
shown to be insufficient to enable proper cell growth after cell nucleation. Higher foam
expansion was also obtained with increased printing speed due to the induced higher
depressurization rate.
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Figure 8. Schematic diagram of print head in foam 3D printing using pre-saturated polymer filaments.

Filaments incorporating CBAs were also developed. To improve PLA foamability,
Choi et al. [177] employed a reactive extrusion process to increase the molecular weight of
PLA by a chain extension reaction in order to improve its rheological properties during
extrusion foaming. During extrusion, the PLA was also blended with the CBA azodi-
carbonamide, yielding a PLA foamable filament filled with the CBA. The filament was
subsequently foamed at the CBA decomposition temperature (at 200 °C) by combining ex-
trusion foaming and 3D printing, yielding a dual-pore PLA scaffold with sub-macro-sized
pores (10-60 pm) and macro-sized pores (200-300 pm). Process parameters commonly
used to tailor foam density and structure include the printing temperature, which is closely
connected to the rate of decomposition of the CBA, and flow rate. Studies have shown an
increase in the foam density with an increase in the flow rate, while increasing the printing
temperature and activating the foaming agent results in an increase in the quantity and
size of the bubbles, thus decreasing the foam density [178].

3.8.2. Post-Foaming 3D-Printed Structures

Foamed materials can also be produced by combining the traditional technique of 3D
printing with a later stage of foaming. This last foaming stage involves two steps: a first
one in which the printed material is saturated with gas in a high-pressure chamber and a
second step, after leaving the high-pressure chamber, in which the material expands due to
the sudden pressure drop. Figure 9 displays a schematic diagram of the FDM combined
with a later stage of foaming.
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Figure 9. Diagram of the foaming stages using FDM and gas foaming combined technology. Adapted
from Hu et al. [179]. Optical image of the 3D-printed sample and the cross-sectional SEM images of
the foamed samples adapted with permission from Kakumanu et al. [180].

Several research groups have combined the FDM and batch foaming techniques to fab-
ricate tissue-engineered scaffolds using PLA [170,181]. Using this approach, Park et al. [182]
produced PLA-based multiscale 3D structures through the combination of 3D printing tech-
nology with a two-step gas foaming stage to yield foams within the 3D-printed structures
for use in thermal insulation. Kakumanu et al. [180] used a combined AM and solid-state
foaming approach to obtain a highly porous dual-pore network PLA foam. The first step
included the preparation of a polymer template with the appropriate architecture using the
additive manufacturing technique. A foam structure with a pore size around 200 pm was
obtained in this way. Afterwards, the second porous network with a pore size in the order
of tens of microns was obtained by subjecting the obtained template to a solid-state foaming
process. Samples were saturated with CO, in a pressure vessel at room temperature. After
depressurization, the samples were placed in a glycerine bath at 90 °C to foam, which
resulted in reduced spacing between the struts of the first porous network.

Parts formed by the combination of AM and batch foaming generally have a denser
skin layer due to the lower concentration of the blowing agent in the vicinity of the filament
surface. To remedy this situation, Song et al. [183] used a mixture of PLA and PVA in
the production of scaffolds using AM and batch foaming. After foaming, the PVA was
removed by solvent etching, yielding a hierarchical macro-/microporous biodegradable
scaffold with interconnected pores and without any dense skin layers made of PLA. The
use of PVA, as a sacrificial barrier polymeric, combined with PLA can also be used in
surface patterning through selective foaming. Using this principle, Loffredo et al. [184]
printed a PVA solution as a selective coating on a thin PLA film, which was subsequently
exposed to a gas-foaming process. PVA, a well-known gas-barrier polymer, prevented
the premature gas loss, thus enabling the effective foaming of the PLA film only on areas
where PLA was coated by PVA. After removing the PVA, a bubble-patterned PLA foam
was obtained. Sanz-Horta et al. [185] combined multi-material fused deposition modelling
with two other complementary techniques, supercritical CO, batch foaming and the breath
figures mechanism, to produce well-defined objects with internal and external porosity.
The fused deposition modelling was used to make structures that combined PCL and PLA.
The supercritical CO; foaming and breath figures mechanism were subsequently used to
selectively yield internal (with pore sizes ranging between 80 and 300 um) and external
pores (sizes ranging between 2 and 12 pum) solely in those areas that contained PCL.
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Three-dimensional printing enables the production of complex scaffolds with different
architecture designs, high fidelity, and different pore size and interconnectivity for high-
demand uses, such as the health sector [186,187]. However, the technique has certain
limitations with regard to the minimum pore size (a porosity of less than 10 pum is difficult
to construct), as the pressure increases sharply as the nozzle diameter decreases, which
limits the printing capacity of the printing nozzles [170]. Lepcio et al. [188] employed 3D
printing pre-alignment combined with subcritical CO; crystallization towards the growth of
highly ordered PLA crystallites, which acted as a template for the development of oriented
microporous canals upon foaming in a heated oil bath. The semi-crystalline character
of PLA enabled the formation of fine channels, as the amorphous phase allowed for the
growth of pores while the crystalline phase served as a template for pore growth.

3.9. Bead Foaming

Bead foaming is a foaming technique that is already industrialized on a large scale and
is well established in the packaging sector. This technique is mostly suitable for producing
low-density foam packages with complex shapes such as the ones used in the packaging of
fragile goods during transportation. The parts produced by this technique are basically
made of a large number of foamed particles welded together, forming three-dimensional
items with densities in the range of 15-120 kg/m3 [58]. Normally, these parts have similar
properties as the foams obtained by extrusion with comparable densities, such as low ther-
mal conductivity, high acoustical insulation, and good impact energy absorption. The main
advantage over foams obtained by extrusion is the production of extremely lightweight
and geometrically complex shapes with high dimensional accuracy, which are important
features for cushioning fragile items. The most common polymers used in this technique
include polystyrene (PS), known as expandable PS (EPS) and used mostly in packaging and
building insulation [189], and polypropylene, known as expanded PP (EPP) and used in
the automotive sector [190]. Considering the use of biopolymers in bead foaming, PLA has
been the subject of particular attention in attempts to replace petroleum-based polymers
with bio-based biodegradable materials, with a view of significant sustainability [96,191].

The PLA bead foaming technique is analogous to the one normally used to produce
EPS [96]. Bead foaming is usually performed in two steps. The first step of this technique
involves the saturation of polymer granules with a blowing agent, normally CO;, at a
temperature below Tg to make the single foamed beads. In the second step, these single
foamed beads are further expanded and subsequently welded or sintered to generate the
final part. Usually, this is achieved using a steam chest moulding machine to give the
part the desired shape. Foamed beads can be produced using two different methods. In
the first, expandable beads are created, which are further pre-expanded. In the second,
expanded beads are directly obtained. Expandable beads are polymer particles saturated
with a blowing agent (usually pentane) that are expanded in a subsequent step before the
sintering or welding process that yields the final foamed product. This enables a more
efficient transportation of the unfoamed beads as they occupy less space. Given the fact
that the material in a solid state must hold the blowing agent for some long periods of
time, only amorphous thermoplastic resins can be employed in this technique. When
using semi-crystalline thermoplastics, expanded beads are produced instead, since the
storage of a blowing agent within the solid bead is hampered by the existence of crystalline
domains [192]. A brief description of the variants of the foamed bead technique follows.

There are several routes to produce the single foamed beads, but only the ones com-
monly applied to biopolymers will be addressed. As already mentioned, depending on the
route followed, expandable (amorphous polymers with Tg higher than room temperature)
or already expanded beads (semi-crystalline polymers with Tg lower than room tempera-
ture) can be obtained. One route used to obtain expandable beads is the impregnation of
micro-granules with the blowing agent in an autoclave [193]. Firstly, the micro-granules are
prepared by extrusion. Subsequently, the micro-granules are impregnated with a blowing
agent under pressure in a closed vessel, such as an autoclave, at temperatures close to the
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melting point. In the case of amorphous polymers, the impregnation must be carried out at
a temperature below the Tg of the polymer. Other alternatives include charging the parti-
cles with the blowing agent inside an autoclave together with a dispersion medium such as
water. After the impregnation step, pre-foaming of the expandable beads is achieved in an
expansion vessel with hot water or using hot air, yielding low-density expanded beads.

Another route to obtain expandable beads uses extrusion combined with underwater
granulation [194,195]. The melt mixture of the polymer and blowing agent is extruded
into a pressurized water chamber and granulated by rotating knives. Foaming during
extrusion is prevented by maintaining the water pressure above the vapour pressure of
the blowing agent, in this way trapping the blowing agent within the solidifying polymer
during cooling. The gas-loaded expandable beads are subsequently pre-foamed at low
pressure by hot vapour, triggering cell nucleation and further growth and allowing for
the release of the trapped gas, yielding low-density expanded beads at the end. This
method presents several advantages compared to the impregnation method such as the
dosing of the blowing agent and additives into the melt and the fact that it is a continuous
method [38,58]. Figure 10 illustrates the methods mentioned in this review for producing
expandable beads.
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Figure 10. Methods for producing expandable beads.

The parts from bead foams are manufactured by welding together the previous formed
expanded beads using a steam chest moulding machine. For this, the surface of the
expanded beads is softened or melted, using hot steam at high pressure, inside a specially
designed mould. The beads’ cohesion is achieved through the entanglement of polymer
chains between neighbouring beads [196]. The mould is responsible for the shape of the
final part, enabling the production of geometrically complex parts with very low density.
A brief description of the method follows. More details can be found in the review of
Raps et al. [58]. The process takes place within a mould, which contains steam nozzles or
valves in the walls to enable the steam to enter the foam chamber during the process. With
the mould closed, the foam chamber is filled with foamed beads using special injectors.

The heating of the mould takes place by flowing hot steam through the mould. The
air between the beads is also removed by the steam that flows through the chamber by
keeping all valves open to allow for the purging of the air. The hot steam flows through
the mould in various directions by opening and closing the valves accordingly to ensure a
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homogeneous temperature distribution. The steaming step is crucial to enable the creation
of a foam skin and guaranty uniform welding throughout the whole part. Afterwards, the
mould is cooled down to avoid further expansion of the foam beads once the part is out of
the mould. This can be performed by flowing cold water through the mould. Finally, the
mould is opened to allow for the exit of the final part. Figure 11 illustrates the process of
producing a foamed part using expandable beads.

Expandable Beads
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H
ot vapour
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Steam chest moulding

Figure 11. Diagram representing the process for producing foamed parts using expandable beads.

The production of expanded PLA bead foams presents some challenges compared
to expanded polystyrene, especially the sintering step to join the foamed PLA beads.
Amorphous PLA grades and semi-crystalline PLA grades with a lower melting point
(around 150-160 °C) can be used to produce bead foam parts by sintering, contrary to
PLA grades with a high melting point (around 170-180 °C), which can be pre-foamed
but the foamed beads cannot be thermally sintered due to the high melting point [197].
Bead foams of semi-crystalline PLA grades are generally more difficult to sinter, compared
to bead foams of amorphous PLA grades, because semi-crystalline regions hamper the
melting process and consequently hinder the sintering of the foamed beads [197]. Some
strategies were developed to improve the sintering of expanded PLA beads, namely the
use of expanded PLA beads with a double-crystal melting peak structure (i.e., the crystals
with a high melting temperature and crystals with a low melting temperature) [198]. The
high-temperature melting peak crystals generated during the isothermal gas-saturation
step can be used to preserve the part geometry during sintering in the steam chest moulding
step, which uses low-temperature melting peak crystals that melt during the sintering
stage. The steam temperature is in between the low-temperature melting peak and the
new high-temperature melting peak, which was created during the gas-saturation step.
The steam temperature is sufficient to melt the low-temperature melting peak crystals,
which is enough to enable the sintering of the PLA beads but not the high-temperature
melting peak crystals, which remain unmolten, enabling in this way the preservation of
the original geometry of the beads. Using this approach, the effect of temperature, CO,
pressure, and saturation time on the double crystal melting peak generation and on the
subsequent foaming behaviour was investigated [199]. PLA bead foams with average cell
sizes ranging from 350 nm to 15 um were obtained. The measured tensile properties of
the steam chest-moulded foamed parts, namely a tensile strength of nearly 0.5 MPa and
Young’s modulus of nearly 27 MPa, were comparable to those of available expandable
polypropylene foams.

The blend of PLA with other bio-based polymers has been explored to overcome
some drawbacks of PLA, such as brittleness, poor processability and low melt strength,
and to improve its final properties. PLA /Polybutylene adipate-co-terephthalate (PBAT)
and PLA /Poly(butylene succinate-co-butylene adipate) (PBSA) blends have been recently
reported in the context of bead foaming [200]. The blends were previously prepared by
an internal mixer and by twin-screw extrusion. In turn, the bead foams were prepared
by impregnating the samples with supercritical CO; at a high pressure in an autoclave
chamber. After saturation with the blowing agent, the pressure was quickly released and
the chamber was afterwards cooled in a water bath. The method showed that different
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microcellular bead foam morphologies could be obtained by using blends with several PLA
grades differing in molecular weight as well as different processing techniques.

The use of PVA in the manufacturing of bead foams by the techniques applied to other
polymers presents difficulties due to the high melting point (226 °C) and semi-crystalline
nature of PVA. These difficulties encouraged the development of a different approach to
achieve the production of PVA bead foams. In this approach, the expandable PVA beads
are produced by polar solvent plasticization, followed by a solid-state supercritical CO,
impregnation and a surface plasticization by coating with a polar solvent. Foaming is
triggered by exposing the PVA beads to microwave radiation, which heats the polar solvent
at the surface and in internal sections of the beads [201]. This method enables the expansion
and the sintering of the beads in a single step, yielding complex-shaped PVA bead foam
objects with excellent adherence between the beads and good elasticity.

4. Biodegradable Polymers in Foaming

According to IUPAC recommendations, biopolymers are defined as macromolecules
(including proteins, nucleic acids, and polysaccharides) formed by living organisms. How-
ever, the term biopolymer is frequently applied to classify polymers that are either bio-
based, biodegradable, or show both properties, which creates some confusion and leads to
misrepresentation of the information. The prefix bio is normally perceived by laypeople as
something that is biodegradable or is completely natural based. However, some polymers
made from renewable bio-based raw materials, such as biomass-derived polyethylene
(PE), show high resistance to biodegradation. On the other hand, some synthetic polymers
derived from petrochemical sources, such as polycaprolactone, are considered biodegrad-
able [202]. Biodegradation is this context is understood as the chemical conversion process
of materials into natural substances, such as water, carbon dioxide, and compost, by mi-
croorganisms available in the environment without the need of artificial artefacts, such as
additives, to accelerate the process [30]. In this review, only the foaming of biodegradable
polymers will be addressed. Figure 12 shows the classification of different biodegradable
polymers, some of which are bio-based while others are not.
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Figure 12. Classification of different biodegradable polymers used as matrix in foaming by thermal
or melt-based technologies. Adapted from Gurunathan et al. [203] and Rajeshkumar et al. [204].
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Biodegradable polymers are largely different in terms of raw material source, synthesis
and chemical structure [205]. They can be broadly divided between polymers of natural ori-
gin and synthetic polymers. Some synthetic polymers use bio-derived monomers, such as
PLA, while others, such as PCL, use petrochemical-derived monomers. The first and second
groups (Figure 12) are based on polymers synthesized naturally by living organisms such as
plants, algae, or microorganisms. It includes polysaccharides, protein-based polymers, and
polymers obtained from microorganisms. The polymers are extracted and purified and are
further used without modification of its chemical structure, or they are slightly modified to
address specific applications, such as the conversion of starch into thermoplastic starch [153].
From the first group, starch is commonly used in foaming. The third group includes polymers
synthetized from bio-derived monomers. They are not natural polymers, because they are
synthetized and not extracted from plants or microorganisms, although the raw material is
bio-based, meaning that the original monomers come from biomass. The last group includes
biodegradable polymers synthetized from petrochemical-derived monomers. Of the men-
tioned polymers, these polymers from the last group are the only ones that are not bio-based,
since the raw materials do not come from biomass. Of all these biodegradable polymers,
PLA is the most used in foaming [206-211]. Other biodegradable polymers that have been
applied in foaming include poly(vinyl alcohol) [212,213], poly(propylene carbonate) [214,215],
poly(butylene succinate) [216,217], poly(e-caprolactone) [17,218-222], Poly(butylene adipate-
co-terephthalate) [223], poly(ethylene oxide) [224], poly(hydroxyalkanoates) [225,226], poly
(lactic-co-glycolic acid) [211,221], and poly(ethylene glycol) [213,227]. In the following sub-
sections, a brief description of the uses of some of these biodegradable polymers in foaming
will be detailed. Each section will also include the foaming of composite materials, in which
the polymer in discussion is used as the matrix. Blends of various polymers, including their
composites with various fillers, will be discussed in the polymer blends section.

4.1. Poly (Lactic Acid) (PLA)

PLA is a renewable and a biodegradable aliphatic thermoplastic polyester that is
synthetized from lactic acid (2-hydroxypropanoic acid). This monomer exists in two enan-
tiomeric forms, L-lactic acid and D-lactic acid, that are mainly obtained by the bacterial
fermentation of starch-rich plants, such as cassava, sugarcane, corn, and sugar beet. PLA
can be synthetized using several polymerization routes including the ring opening polymer-
ization of lactide (the cyclic dimer of the basic repeating unit), polycondensation of lactic
acid, and enzymatic polymerization. Detailed information on the synthesis of PLA can be
found in the review papers from Van Wouwe et al. [228] and Campos de Franga et al. [33].
Due to the existence of the two enantiomeric forms, three stereoisomers (poly(L-lactic
acid) (PLLA), poly(D-lactic acid) (PDLA), and poly (DL-lactic acid or Meso-lactide)) can
be obtained. Poly(DL-lactic acid) can be obtained also from the reaction of racemic lac-
tide. PLA’s overall properties depend on the proportion of the enantiomers, especially the
crystallinity, the melting temperature, and the glass transition temperature [229]. PLA’s
melting and glass transition temperatures decrease when the PLLA content in the PLA
decreases [230]. When D-lactic acid content is above 10%, PLA becomes fully amorphous,
while PLA with L-lactic acid content higher than 90% tends to be crystalline [231]. In
addition, some studies have demonstrated the influence of the D-lactide content in the com-
postability of PLA foams, with foams with higher D-lactide content showing faster compost
rates [232]. PLA has properties comparable to those of petrochemical-derived polymers,
such as polypropylene (PP), polyethylene (PE), and polystyrene (PS). These include good
mechanical strength, modulus, stiffness, stability, and transparency [229]. PLA can be
processed using conventional technologies such as extrusion, injection moulding, blown
film thermoforming, and fibre spinning and has found a wide field of applications, namely
in packaging, cutlery, textiles, and agriculture [229]. In addition, its foams can be produced
by conventional manufacturing methods, such as extrusion foaming and foam injection
moulding. Several additives can be added to PLA to improve the flame retardancy proper-
ties of PLA foams and broaden its fields of application [233-236]. Milovanovic et al. [237]
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published a concise overview of the main developments in the processing of neat PLA
using CO, under elevated temperatures that covers the last decade. Table 1 shows some
usages of PLA in foaming processing.

It has been demonstrated that the foaming conditions, such as foaming temperature
and time, blowing agent concentration, and saturation time, greatly affect the crystallinity,
density, and dimensional stability of PLA foams [238]. Particularly, the dissolved gas
used in foaming has great influence on the crystallization and melting behaviours of
PLA [239,240]. Among the gases commonly used in PLA foaming, CO, is much more
soluble in PLA compared to Ny [39,76]. Dissolved CO, increases PLA’s crystallization
rate, while Nj has a neutral impact on PLA’s crystallization rate due to its low solubility
in PLA [117]. In addition, the dissolved gas has a plasticizing effect, influencing the
crystallization, the melting, and the glass transition temperatures, lowering them with
increasing CO; pressure [76,77,238]. Figure 13 illustrates the relationship between crystal
morphology and temperature and the corresponding suitable foaming window. The plot
includes polarized optical micrographs of PLA samples annealed at different temperatures
under 16 MPa for 30 min. At temperatures below 100 °C, the photographs show spherulites
with concentric bands and a pattern in the form of a Maltese cross. Under the effect of CO,
plasticization and high temperature, a disordered crystal morphology is observed due to
increased chain mobility, which hampers the regular arrangement of the molecular chains,
which in turn results in a disordered crystal morphology at 110 °C and no polarizing optical
effect at 120 °C. Region II represents the suitable foaming window (foaming temperature
between 80 °C and 100 °C), with crystallinity between 30% and 25%. The formed ring-
banded spherulites became more packed at higher temperatures and the interface between
the crystalline and amorphous regions may act as heterogeneous nucleating sites during
depressurization, enabling higher volume expansion ratios and the formation of a uniform
cell morphology [209].
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Figure 13. Foaming windows according to the crystallinity and crystal structure dependence on
temperature. The inserts show polarized micrographs of CO;-induced isothermal crystallization in
PLA samples using different annealing temperatures. Region I, first micrograph scale bar 200 um
and Region II and Region III micrographs scale bars at 50 um. Adapted with permission from
Yang et al. [209].

Despite the potential of PLA in the preparation of foams, the use of this material
presents some difficulties. The low melt strength and the crystallization behaviour of PLA
are regarded as the main drawbacks in the preparation of foams with a large expansion
ratio and uniform cell diameter due to cell coalescence and cell-wall rupture, resulting
in poor foamability [241,242]. In addition, low melt strength is also responsible for the
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loss of gas during foam expansion, resulting in foam shrinkage. Several strategies were
developed to improve the PLA melt strength, including the use of chain extenders to
create a branched molecular structure [107,243-246], monomer composition [247-249], the
blending with other polymers [250,251], and the addition of additives or fillers [92,252,253].
Hou et al. [254] published a feature article that reviews the recent advances to improve the
performance and the cell structure of PLA foams.

The improvement in crystallization kinetics during foaming can also overcome the
PLA low melt strength and increase the expansion capacity of PLA by reducing the loss of
gas and cell coalescence, although the excess in crystallinity can hamper foam expansion
due to higher stiffness and a lower ability to dissolve gas [255-257]. The formed crystalline
zones can also improve the melt strength by acting as physical entanglement locations
that strengthen the support of the cell walls and enhance the modulus and strength of
the foams [258]. In addition, the presence of crystals within the material has the same
effect as additives or fillers by serving as nucleating agents. The crystallization kinet-
ics of PLA can be improved by using additives that can act as crystal-nucleating agents.
Crystal-nucleating agents have the effect of increasing the nucleation density and decreas-
ing the crystals’ size while improving the crystallinity of the material and accelerating
its crystallization kinetics [259]. Commonly used additives for that purpose, including
talc [139,259], phenylphosphonic acid zinc salt [260], zinc citrate [261], D-Mannitol [262],
cellulose nanocrystals [72,263,264], cellulose nanofibers [265], lignocellulosic fibre or par-
ticles [266-268], rice husk [269], biochar [270], clay platelets [271], organoclay [8], and
graphene oxide [272,273], have been shown to be effective in improving foaming, by
reducing average cell size and increasing cell density.

Chen et al. [260] developed a methodology to prepare high-volume expansion ratio
microcellular PLA foams using phenylphosphonic acid zinc salt as a crystallization nucle-
ating agent. The results showed that the addition of the nucleating agent improved the
crystallinity and crystallization temperature of unfoamed PLA. In addition, the nucleating
agent played an important role in improving the cellular morphology of PLA foams, yield-
ing a cell density of 1.0 x 10M cells/cm?® with a cell size around 1.9 pum. Haham et al. [270]
studied the ability of biochar in assisting the PLA foaming through a supercritical CO,
batch process. The source and concentration of biochar has been shown to have an effect
on the foam morphology, with 0.25 wt.% of biochar particles proving to be an effective
nucleating agent by increasing the cell density up to four orders of magnitude and reducing
the average cell size compared to the neat PLA foams 10-fold. Higher amounts of biochar
resulted in particle aggregation, which in turn resulted in heterogeneous foam densities.
Tang et al. [274] prepared low-density PLLA microcellular foams by using dibenzoyl hy-
drazide sebacate to induce crystallization. The nucleating agent enhanced the crystallinity
by providing a high number of crystallization nucleation sites and in this way improved the
melt strength of PLLA during foaming. The large number of cell nucleation sites, provided
by the large number of crystallization sites, also restricted the growth of PLLA cells. The
density of PLLA microcellular foam with 1 wt.% of the nucleating agent was improved
by two orders of magnitude, while the foaming expansion ratio was improved ten-fold
compared to neat PLLA foam.

Although PLA has mechanical properties comparable to those of the most common
petroleum-derived polyolefins, it nevertheless presents some drawbacks, such as low
toughness and impact strength, high brittleness, and poor performance at high temperature
and humidity, that limit its applicability in certain industrial areas. One strategy that has
been adopted to improve some of these negative aspects of PLA is the reinforcement of
PLA with additives, especially additives of natural origin and that are biodegradable, such
as natural fibres, so as not to lose the biodegradable characteristic of PLA. In addition,
the use of these low-cost additives makes it possible to reduce the cost besides altering
the properties of PLA foams in the attempt to expand the use of biodegradable PLA in
the packaging, cushioning, and construction (thermal and sound insulation) industries.
Mort et al. [275] explored the impact of ground coffee chaff and rice hulls on the physical



Polymers 2024, 16, 1286

26 of 79

properties of PLA foams. The PLA composites were prepared by extrusion and then foamed
by extrusion with the aid of a CBA or supercritical CO,. They reported that the addition of
10 wt.% rice hull or 5 wt.% ground coffee chaff did not produce a significant improvement
in density compared to the neat PLA foam. In the same study, the filler/PLA composite
foams showed remarkable mechanical properties with only 5 wt.% content resulting in the
doubling of the compressive modulus, compared to the neat PLA foam. Hassan et al. [276]
produced kenaf fibre-reinforced PLA foams by extrusion using azodicarbonamide as a
foaming agent. The PLA /kenaf (80/20 wt.%) composite foams exhibit the highest tensile
strength (9.3 MPa) and the lowest density (1.11 g/cm?®) when the lowest blowing agent
content was used. Zhang et al. [22] studied the effects of short shot size, cotton fibres,
and lubricant on the crystallinity and foaming behaviour of PLA. They reported that the
overall crystallinity of the injection-moulded unfoamed and foamed samples was relatively
low due to the fast processing cycle and the low crystallization rate of PLA, although
with increasing amounts of cotton fibre, the crystallinity slightly increased. In the same
study, the foam morphologies are improved when a lower short shot filling condition was
employed compared to the fully filled samples, although with the continuous decrease of
the shot size and the increase in the amount of cotton fibre, the cell uniformity worsened,
which deteriorated the overall mechanical properties.

Certain additives may be included in the PLA matrix to provide certain special prop-
erties such as antimicrobial activity [211,277] or provide electromagnetic interference (EMI)
shielding [3,278,279]. Table 2 shows some usages of additives in PLA foaming. Regard-
ing the EMI shielding effect, Wu et al. [278] prepared lightweight and biodegradable
PLLA/PDLA/carbon nanotube (CNT) composites with an efficient EMI shielding effect
through a melt blending method that were subsequently foamed using a batch foaming
process aided by supercritical CO,. They reported that the shielding of the foams was
dominated by absorption phenomena due to the microcellular morphology of the foams
and that as the foam expansion ratio increased, the EMI shielding effect gradually decreased
due to a reduced amount of CNT per unit volume. Kuang et al. [279] developed an ori-
ented segregated structure under pressure-driven flow in PLA /tetramethylenedicarboxylic
dibenzoylhydrazide (TMC-306)@Ni-CNT composites, with PLA/TMC-306 as the polymer
matrix and Ni-CNT as the conductive segregated filler. They reported increased complex
viscosity of composites with increasing Ni-CNT content, which affected the flow orienta-
tion during the pressure-driven flow and the pore growth during the ensuing supercritical
CO, foaming process. The composite foams exhibited a high electrical conductivity of
7.58 x1072S/cm and a high EMI shielding effectiveness of 25.2 dB at a low Ni-CNTs
content of 0.805 vol%. Regarding antimicrobial activity, certain plant extracts can be in-
corporated in the PLA matrix to provide antimicrobial activity aiming at applications in
food packaging. Rojas et al. [277] studied the application of supercritical CO, foaming
technology in view of the development of PLA nanocomposite foams functionalized with
cinnamaldehyde as an antimicrobial agent. In a two-step approach, they first foamed the
PLA filled with organo-modified montmorillonite cloisite nanoclay using a batch foaming
process assisted by supercritical CO,. The second step involved the impregnation of the
obtained PLA nanocomposite foams with the antimicrobial agent cinnamaldehyde also
assisted by supercritical CO,. They reported PLA foam samples with homogenous micro-
cellular closed-cell morphology with average cell size ranging between 20.1 and 23.4 um.
The presence of the nanoclay in PLA and the inclusion of the antimicrobial agent increased
the foam’s cell density and slightly decreased the average cell size. The impregnation of
PLA with certain compounds using supercritical CO, takes advantage of the affinities of
this solvent for non-polar and lyophilic compounds. Moreover, supercritical CO, shows
high diffusion in polymers, acting as a molecular lubricant and enhancing its chain mobility.
By inducing polymer swelling, the increased free volume of the polymer matrix enables
the incorporation of compounds that are soluble in supercritical CO, [211].

The addition of fillers or other additives to PLA not only harms its compatibility
with other polymer matrices but also changes the purity of the polymer, jeopardizing
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the biodegradation and recycling possibilities of the material. Other strategies than the
addition of external nucleation agents could be used to boost cell nucleation. Long et al. [78]
explored the viability of homogeneous crystal nuclei to improve and control cell nucleation
and growth in PLLA foams without the addition of external nucleating agents. Amor-
phous PLLA was annealed at temperatures close to its glass transition temperature to
favour the local alignment of polymer chains into nanosized aggregates, which they called
homogeneous crystal nuclei. The results showed that these homogeneous crystal nuclei
strongly affected the foam morphology by acting as heterogeneous nucleation sites for cell
nucleation and growth.

The linear molecular structure of PLA together with its weak crystallization ability and
low molecular weight are disadvantages that hinder the application of PLA in the foaming
field. Chain extension and branching are commonly used methods to increase PLA’s
molecular weight and improve PLA’s foaming behaviour [280,281]. The chain extension
reactions through the formation of ramifications and/or crosslinking structures makes it
possible to increase the molecular weight of the polymer and thus also its viscosity, allowing
for the improvement in the melt strength in order to reduce the loss of the blowing agent
gas and prevent cell coalescence during foaming. Furthermore, chain extension has the
additional objective of modifying the crystallization behaviour of PLA, allowing for the
development of crystalline regions, whose interfaces with amorphous regions will serve
as heterogeneous nucleation sites [282]. The combined effects of higher nucleation and
higher melt strength allow for the formation of foams with a higher volume expansion
rate and higher cell density. Venkatesan et al. [283] studied the efficacy in improving the
elongational viscosity and foamability of PLA of two food-grade multifunctional epoxies’
chain extenders with low and high epoxy equivalent weights. Both chain extenders were
shown to be effective in branching PLA and in increasing its viscosity and molecular
weight and decreasing its crystallinity with increasing chain extender amount, due to
chain entanglements. The PLA branched foams showed an eight-fold expansion ratio
with a high void fraction (up to approximately 85%) and a more uniform cell morphology
compared to unfoamed PLA. Li et al. [284] investigated the rheological, crystallization,
and foaming properties of a long-chain branched PLA produced by the insertion of cyclic
organic peroxide into linear L-PLA through reactive extrusion. They found that the foaming
performance of the modified PLA was largely improved due to the enhanced crystallization
properties and melt strength. The addition of 0.5 wt.% of cyclic organic peroxide increased
the nucleation efficiency to 74.5% and raised both the crystallinity by 15 times and the
expansion ratio by 50 times. Li et al. [285] developed a strategy for the production of
open-cell PLA-based foams by using a stereocomplexation mechanism between PLLA
and a newly synthesized star-shaped PDLA. The addition of the star-shaped PDLA with
eight arms to PLLA prompted the formation of stereocomplex PLA, which improved the
crystallization and the melt strength. The microcellular foaming of PLLA /star-shaped
PDLA yielded open-cell foams with high expansion ratios and high porosity.

The positions of the functional groups on the chain extenders and branching co-
reagents determine the distribution of the branched chains along the polymer backbone.
If the segments between neighbouring branched chains are long enough to be stretched,
there is a slight increase in viscosity and an improvement in melt strength due to the
entanglement of the PLA chains. However, if the segments between neighbouring branches
in polymer chains are too short to be stretched, an excessive and non-wanted increase in
the viscoelasticity is observed, leading to increased difficulties in the processing of such
long-chain branched PLA grades. Dual-functional 4-vinylbenzyl glycidyl ether (VBGE) can
be used as a branching co-reagent with cyclic peroxide to prepare long-chain branched
PLA with tailored structures [286]. VBGE can be grafted onto the PLA chain through the
vinyl group, or its terminal epoxy group can react with the carboxyl groups of the PLA
chain, meaning that each VBGE molecule can only introduce a branched chain of the same
length as the original PLA in the PLA chain. The crystallization behaviour and the melt
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strength are greatly improved while the viscosity increases only slightly, leading to both
improved processing flowability and foamability.

Table 1. Processing conditions and main outcomes of studies that have been reported for PLA-based

foamed materials.

Objectives Foaming Conditions Key Features Ref.
. . . PLLA and PLLA /PDLA blends were totally amorphous.
. . The solid-state foaming using . .
Investigate the influence CO» was carried out in a CO; saturation promoted the formation of the
of foaming temperature hi 121_ ressure vessel mesomorphic structure in PLLA and PLLA/
and foaming time on the sP . ) PDLA blends.
L . After saturation, the saturated . . .
crystallization behaviour . The foaming process induced the formation in situ of
specimens were transferred to a [257]
and cell morphology of lvcerol oil bath to obtain PLA homocrystal (HC) and PLA stereocomplex
PLLA and Poly(L-lactic fn iycroceuular s, The foamed  Crystallites (SCs) in PLLA and PLLA/PDLA.
acid)/Poly(D-lactic acid) structure was fixed b wenchin The in situ formed PLA SC could stabilize cell structure
(PLLA/PDLA) foams. the foams in cold wag;fl & and suppress cell coalescence, which facilitated the
’ volume expansion of PLLA/PDLA foams.
CO; saturation pressure, temperature, and fibre content
significantly affected the crystallinity and foaming
. . behaviours of PLA.
Batch foaming using CO, as .
. A . A low CO, pressure generated nonuniform foam and a
foaming agent carried out in a large unfoamed area due to too high crystallinity with a
Effects of compressed CO,  high-pressure vessel. After the & . 1 cIy Y
. . close-packed structure. An intermediate pressure
and cotton fibres on the saturation, the vessel pressure .
o . - generated a fine cell structure due to the occurrence of
crystallization and was quickly released to trigger [256]
. : : . numerous less closely packed crystals that served as cell
foaming behaviours foaming and the chamber with . .
. . nucleating agents. A high CO, pressure also led to a
of PLA. the sample was immediately . ) .
. : uniform cell structure but with larger cell sizes due to
dipped into a cold-water bath to 1l deteriorati
freeze the foam structures cell deterioration.
’ The morphology of cells was improved by the addition
of low contents of cotton fibres due to transcrystals
surrounding the fibres.
Batch foaming using CO, as
Improve the foaming agent in a high-pressure  The introduction of PEG improved the foaming
h gro hilicity and autoclave. behaviour of PLA and promoted the formation of open
fg;mir}: behe?\,ziour of PLA After gas saturation, the autoclave  cells through the reduction in the PLA matrix strength. [257]
b blen%:lin with pol was quickly depressurized, which ~ The obtained PLA /PEG scaffolds exhibited a high
(e};h lene ‘(1; col) (}ID’E (};) triggered foaming. expansion ratio, high open-cell content, and
y &Y’ ' After foaming, the specimens super-hydrophilicity.
were cooled in ice water.
Fabricate oriented Foaming is performed at a
microcellular PLLA temperature slightly higher than ~ Highly ordered microfibrils are arranged in the
materials using solid hot the glass transition temperature to  stretching direction, inducing the formation of a dense
. & prevent the damage of the and aligned shish-kebab-like structure, which enhanced
drawing technology. . " . .
Investioate the influence oriented structure. crystallization and provided more sites for
of orier%cation and foamin PLLA was saturated with CO, cell nucleation. [288]
rocess on melting and & using high pressure in an The low-temperature supercritical CO, foaming process
}C)r stallization be}%aviour autoclave at 80 °C. Foam was induced the oriented PLLA to form a shish-kebab-like
an)il cellular morpholo triggered by depressurization to crystal structure, improving the overall
of PLLA foams PROIOEY  ambient pressure. The foam was ~ mechanical properties.
’ then cooled to room temperature.
Single-screw extrusion foaming.
Improve the heat Isopentane encapsulated in D-lactide content affected the crystallinity of the foam
Prov expandable microspheres and structures. Annealing was shown to be effective in
deflection temperature of [289]

PLA foams by annealing.

azodicarbonamide as foaming
agents. Foam samples were
annealed in a hot air oven.

inducing cold crystallization. Lower D-lactide content
resulted in a higher degree of crystallinity.




supercritical CO; in the
production of PLA foams.

blowing agent.
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Table 1. Cont.
Objectives Foaming Conditions Key Features Ref.
L . The crystalline nucleation at high temperature and
ShC; ins S;lrfas té(;}rlleir;r?a{llgh-pressure spherulite growth rate at low temperature controlled the
Study the effect of CO; on or stalliz'a tion of PLA crystallization behaviour of PLA under CO,.
crystalline nucleation and Y The crystallization kinetics and crystallization
. underwent for four hours. After . . [290]
spherulite growth of morphology of PLA were influenced by the increased
that, the sample underwent . 2. . .
PLA crystals. . chain mobility, the decreased molecular chain density,
pressure quenching and was d th Kened i hain i ion d
cooled down and the weakened interchain interaction due to
) dissolved CO,.
Modify the molecular
weight, molecular chain Batch foaming in a high-pressure
structure, the ming ughp The changes in crystallization and in the rheological
L vessel using supercritical CO; as a . .
crystallization, and blowing agent properties showed an influence on the
rheological behaviours of CO satgur§ tiOI’.l at hich foaming behaviour. [272]
PLA using an epoxy-based 2 e Cell density of modified PLA increased by nearly 4-fold
. . temperature. Foaming triggered 1 . . .
chain extension method to by pressure dro with increasing chain extension.
improve the foamability yPp p-
of PLA.
ﬁijli;lizio(gf?f;nlial The modifications in PLA structure led to an increase in
croxide and y melt strength that resulted in a more uniform cell
Fnulti functional epoxide) Foam extrusion using a tandem morphology and an improved compression strength.
poxI extrusion line; 8 wt.% CO, was Peroxide-modified PLA showed the highest expansion
to change the rheological .. . . . . [20]
behaviour of PLA and injected as the blowing agent in with a foam density of 32 kg/m3. The foamed
imDrove its the twin-screw extruder. peroxide-modified PLA doubled the compression
foarinabili ty in a foam strength compared to neat PLA foam even at a density
extrusion process. 30% lower.
. The foams were proc'iuced by The modified PLA displayed higher complex viscosity
Study the long-chain batch foaming in a high-pressure . . . o
. and a higher melting point under super critical CO5.
branched PLA structure vessel using CO, as a . . . .
. . Crystal nucleation also improved with the long-chain
prepared by UV-induced blowing agent. branchine structure
reaction extrusion with Samples were saturated at high & ' .
. . Long-chain branched PLA possesses better foaming [243]
trimethylolpropane pressure in the heated vessel. ) . ) .
. . . behaviour at a high temperature and high pressure with
triacrylate on the cell After saturation, foaming was .
. . improved cell morphology and reduced coalescence, no
morphologies of triggered by a sudden pressure . e N
. collapse, and uniform cell distribution originating in
PLA foams. drop, which was followed by . :
cooling to room temperature nanocells, while other samples showed microcells.
tE}fie;i;‘f t;;cll; preasrsutilrsnon By increasing the back pressure, the percentage of the
the mecﬁanicfly roperties Foam injection moulding. blowing agent inside the injection chamber is smaller, [291]
of PLA foams prop and therefore foaming is less effective.
The temperatures before and inside the die were the
Study the operating most important parameters that influenced the
conditions of extrusion Foam extrusion using foam properties.
foaming assisted by supercritical CO; as a Die temperature between 109 and 112 °C induces low [292]

crystallinity and promotes large and open cells.
Die temperature below 107 °C induces higher levels of
crystallinity resulting in closed cells.
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Table 2. Principal fillers or reinforcing agents that have been applied to improve the foamability of

PLA or the overall properties of PLA-based foams and main outcomes.

Filler Objectives/Applications Foaming Conditions Main Achievements Ref.
Foaming led to nanographite reorientation,
which dramatically improved the electrical
conductivity (by six orders of magnitude) of
i?;g; (:)‘;ﬁz:hﬁe tic Foam injection moulding  the microcellular PLA /graphite
Graphite inter ferenfe (EMI) using N as blowing nanocomposite foam compared to the [3]
shielding effect agent. unfoamed material. A microcellular
& PLA /graphite foam, with a thickness of 2 mm
and a density of 0.7 g.cm3 a, shows a total
EMI shielding effectiveness of up to 45 dB.
CB particles and CNTs are loosely entangled
Foaming in an autoclave with each other in the PLA matrix, with no
with sugercritical CO» as synergistic effect. The electrical conductivity
a blowiﬁg agent 2 of the CB/CNT/PLA composite is in between
Carbon black .. Saturation with CO, at those of.the CB/PLA and CNT/PLA
(CB) and Study of the synergistic 0°C for 12 h. Samples composites.
carbon effect of carbonaceous were foame d b p After foaming, the CB/CNT/PLA composite [293]
nanotubes fillers on the electrical immersion in aywa ter foam exhibits the synergistic effect of fillers -
(CNTs) conductivity of PLA foams. bath at 75 °C for 30 s due to the formation of PLA cells with an
Finallv. the foamed ’ unbroken wall structure, which is favourable
sam lye’ s were quenched for the establishment of conductive filler
in a}(; °C wa tel"{ba th networks with fewer defects, resulting in
' better electrical conductivity than both the
CB/PLA and CNT/PLA composite foams.
Study the effect of a chain ~ Batch foaming process in Incorporatlon. O.f the chain extender improved
. the melt elasticity and decreased the
extender on the a high-pressure vessel. crystallization rate and final crystallinity of
crystallization behaviour of ~ Samples saturated with th}el PLA /wood flour composi tZs y
Wood Flour the PLA /wood flour CO; at 180 °C and high A finer and more uni formpcell str.uc ture and a [294]
composites and on the cell ~ pressure. Foaming was . . . .
morphology of the tricoered by sudden much higher expansion ratio was observed in
compositegf}; ams reg;gsure dr}c,) composite foams with increasing chain
p ’ p p- extender content.
Study the crystallization Cellulosic fibres acted as crystal-nucleating
behaviour of Foam injection moulding  28€tS increasing the crystallization
o PLA /cellulosic fibre . ) . & temperature and the crystallinity.
Cellulosic fibre . with N as blowing . . [295]
composite foams produced asent A finer and more uniform cell morphology
using foam injection gent: was achieved in the cellulosic fibre composite
moulding. foams compared to neat PLA foams.
ir}t:ieritéiiéi\:jnefffiii()f Isobutane produces foams with a smoother
reinforcement e;n d surface and better dimensional stability
blowing agen t, tvpe on the Extrusion foaming using  compared to CO;.
Pulp fibre Viscositg bge havi}c])};r and CO; and isobutane as Isobutane yielded a narrower cell size [19]
foam m}(])r holoe of pul blowing agents. distribution compared to CO,.
fibre-r infpr d%’}i A pulp The addition of fibres reduced the viscosity of
Corr?pcfsiteos ce the chain-extended PLA.
Batch foaming using
supercritical CO; in a
Use CNTs to increase the high-pressure autoclave.  The incorporation of CNTs in PLA had a
Carbon melt viscoelasticity and Composite samples distinct reinforcement influence on melt
nanotubes foamability of PLA and saturated at 170 °C and viscoelasticity. Biodegradable PLA/CNT [296]
S repare -base a for 2 h. After nanocomposite foam showed a high volume
(CNT: prepare PLA-based 15 MPa for 2 h. Af posite f h d a high vol

nanocomposite foams.

cooling, foaming was
triggered by sudden
pressure drop.

expansion ratio of 49.6 times.
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Table 2. Cont.
Filler Objectives/Applications Foaming Conditions Main Achievements Ref.
. . . The porous composite systems showed
i?lﬁ_szzzesiﬁzrégg;s:;g improved elastic modulus and compressive
Calcium Fabrication and au%oc?ave o 2 strength as well as well-interconnected
hosphate- characterization of highly catura tior{ dur?n 3days Macropores (~ 78% open pores at 30 vol.% of
phosp porous (up to 91%) 5 Y filler) compared to neat PLA foam. The pore  [297]
based glass at 2.4 MPa. Foaming was
articulate composite foams for bone triegered by an abrupt size of the composite foams decreased with
p tissue engineering. terig ora tur}e; rise in aI; increasing filler content from an average of
o er}: at 80 °C 920 um for neat PLA foam to 190 um for PLA
v ’ with 30 wt% of filler.
Addition of CNFsand  Twin-screw extrusion 11 trusion induced the reducton n the
study the processing with CO; as a blowing o .
rC1:1111(l)lfli(l))seis conditions of foaming agent. A static mixer was ts(;rzf /i)e(sh(ljf) ;c:ati};eiil y<1ir50§7/:1; O(l:ft}cleNeFS;er bond [298]
(CNFs) extrusion to accelerate the ~ used before the die to exhigi ted the hi hgs + .foam. eox ansion. while
kinetic crystallization of improve the dissolution 8 o P ’
Nanocomposites of the oas samples containing 2.0 wt.% of CNFs
p ' gas. exhibited the most uniform cell distribution.
improve e iy EG mproved o ml st nd sty
Expanded PLA melt through a Twin-screw extrusion frompthe matrix &
graphite (EG) h:cl)rc;zzrswuesxi:uﬁici?erent :vzl:)};li(c:gﬁ:)onami deasa The addition of EG yielded microcellular [69]
nanoplatelets p Y & foams with higher void content and cell

aspect ratios and loadings

blowing agent.

of EG.

density and a higher uniformity in cell
distribution within the matrix.

4.2. Poly(e-Caprolactone) (PCL)

PCL is a semi-crystalline, petrochemical-based, and completely biodegradable aliphatic
polyester composed of hexanoate repeating units [34]. PCL is obtained by the ring open-
ing polymerization of e-caprolactone with the aid of a catalyst. A detailed description of
the synthesis methods and catalysts used can be found in the review by Labet et al. [34].
PCL has a low melting point (around 65 °C) and a very low glass transition temperature
(about —60 °C). It is easy to process by extrusion, injection moulding, film blowing, and
melt-spinning. In addition, it shows good biocompatibility, hence the significant interest
of its use in tissue engineering. However, its rather low mechanical strength and poor
thermal properties narrow its potential in some specific uses for the health sector [299].
Table 3 shows some usages of PCL in foaming processing. PCL foams have potential
applications in tissue engineering due to the possibility of the manufacture of foams with
interconnected pores to promote cell proliferation and vascularization. These foams or
scaffolds with potential applications in tissue engineering can be formed using several
techniques, although 3D printing and supercritical foaming have become more interesting
due to the absence of organic solvents, whose residues may remain in the foamed material
and hinder its use in tissue engineering applications. Foaming with supercritical CO, has
attracted a special interest due to a combination of the easy tailoring of the pore structure,
through processing conditions, and high compatibility with biological tissues as CO, is
non-toxic and chemically inert. This method produces low-density foams (lower limit
about 0.2 g/cm3, corresponding to a porosity of 80%) when using a temperature range from
30 to 65 °C and a pressure between 10 and 20 MPa [300]. The combination of supercritical
CO;, foaming with the use of leaching methods with particulate porogens and sacrificial
polymers can produce scaffolds with more open and well-defined porosity with narrow
pore size distribution, although an extra step is required to remove the porogen by solvent
(water) or thermal leaching [71,74]. Polymer leaching is basically based on blending a
water-soluble polymer, such as poly(ethylene oxide) (PEO) or poly(vinyl alcohol) (PVA)
that will serve as the sacrificial polymer, with the scaffold building material, in this case



Polymers 2024, 16, 1286

32 0f 79

PCL. The porous structure is then formed by removing the sacrificial polymer with water
in a process known as leaching. This technique was applied by Huang et al. [301] in
the fabrication of 3D-fibrillated interconnected porous PCL scaffolds by the microcellular
injection moulding of PCL/PEO blends and using the water-soluble PEO as the sacrificial
polymer. During foam injection moulding, the incorporated PEO smoothed the processing
of PCL by decreasing its viscosity, and after leaching, the porosity and interconnectivity of
the PCL scaffolds was significantly improved. A similar polymer leaching step to remove
sacrificial PEO was used by Hou et al. [302] after the batch foaming of PCL/PEO blends by
supercritical CO,. They reported an increase in pore density and a decrease in the pore size
as PEO content increased, and after the polymer leaching process, highly interconnected
pore morphologies were obtained. Li et al. [303] combined supercritical CO, foaming
with particle leaching to produce PCL/cellulose nanofiber composite foams with highly
interconnected pores. NaHCOj3, used as a chemical blowing agent, as a heterogeneous
nucleating agent, and as a porogen, provided more CO, for cell nucleation and growth.
The presence of cellulose nanofibers, acting as a heterogeneous nucleating agent, enhanced
the nucleation efficiency but reduced the cell growth rate due to hydrogen bonding and the
mechanical entanglement among individual nanofibers that resulted in a rigid network.
The highly interconnected porous structure obtained had an open-cell content of 82%, as
well as a cell size of 15.8 um and cell density of 6.3 x 107 cells/cm>. Although CO, is
generally used under supercritical conditions, Duarte et al. [14] evaluated the possibility of
using CO; under subcritical conditions (5.0 MPa and 45 °C) to prepare 3D PCL scaffolds for
bone regeneration. The reported foams showed 73-99% porosity with a pore size ranging
between 164 and 882 um and 79-99% pore interconnectivity.

Bone tissue engineering seeks to produce structures that mimic the natural structure of
bone in order to try to reproduce the microenvironment of the extracellular matrix of natural
bones. Porosity should be at least 65% but ideally around 90% [18,304]. Studies have shown
that large pores with a diameter greater than 100 pm are useful for stem cell adhesion,
proliferation, and migration, whereas small pores with a diameter ranging from 1 to 50 pm
are useful for transporting nutrients and waste within the scaffold [219]. In addition,
an interconnected porosity to allow for the vascularization and diffusion of nutrients,
besides an adequate pore size to promote cell adhesion, is an essential characteristic when
considering tissue engineering applications [18,305]. The pore size range most suitable for
cell culture depends on the material and the type of cell, but for the case of bone generation,
the suitable pore size is between 100 and 400 um [306]. A two-step depressurization rate can
be used to increase the range of pore sizes in the scaffolds, where a slower depressurization
step at a long foaming time that enables the formation of large pores is followed by a fast
depressurization step that triggers the development of new small pores and the additional
growth of those that previously existed [307]. This two-step depressurization foaming
process using supercritical CO, was used by Chen et al. [219] in the production of PCL
scaffolds that yielded large pores (over 100 um), that formed in the slow depressurization
step and coalesced during the holding stage, and small pores (below 40 um) nucleated in
the fast depressurization step.

Generally, foams with poor pore interconnectivity are obtained with supercritical CO,
foaming due to the fact that the force of the expanding gas is not sufficient to surpass
the force of the polymer matrix [303]. Pore interconnectivity can be further improved
by advanced plasticizers such as Eugenol, which has interesting bioactive properties
such as antioxidant, antimicrobial, and anti-inflammatory activities that can be useful in
tissue engineering applications [308]. In an effort to modulate the porous structure of
PCL scaffolds, Song et al. [309] have studied the relationship between PCL rheological
and crystallization properties and their scaffold final structure and showed that an early
and fast crystallization facilitates the solidification of the porous structure by eliminating
the growth and rupture of pores, while on the other hand, the decrease in viscosity is
advantageous for the deformation of pores during their growth and rupture.
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Supercritical CO, foaming results in foams formed by a porous inner core surrounded
by a non-porous skin layer. The non-porous skin layer is the result of the fast diffusion
of the dissolved gas out of the sample boundaries. However, an entirely porous structure
can be achieved by combining the supercritical CO, foaming with the breath figures
technique [310]. This technique consists in the immersion of the foam samples in an organic
solvent in the presence of a humid atmosphere. In the first stage, the interfacial temperature
decreases due to the evaporation of the thin layer of solvent deposited on the polymer
surface, which in turn leads to the condensation of water droplets on that polymer surface.
The subsequent evaporation of these water droplets from the surface of the polymer is
what gives rise to the formation of porosity in the outer layer.

Interesting is the use of supercritical CO, not only to generate the foams but also to impreg-
nate them with certain agents with a view of potential applications. Garcia-Casas et al. [218]
reported the foaming and impregnation of PCL with quercetin using a supercritical CO,
batch foaming technique. PCL was previously physically mixed with Quercetin before
being placed inside the foaming apparatus where it was saturated with CO,, at a maximum
pressure of 30 MPa and using temperatures ranging between 35 and 60 °C, and then foamed
under batch conditions by subsequent depressurization. The obtained foams showed a
heterogeneous porosity with a nonuniform dispersion of quercetin throughout the sample,
and higher pore densities and smaller pore sizes were obtained with a lower temperature
and a higher pressure and depressurization rate (35 °C, 300 bar, and 20 MPa min~!). Cam-
pardelli et al. [311] developed PCL porous patches for drug delivery using CO; to foam
and impregnate the polymer with Nimesulide, a well-known anti-inflammatory medicine
with good solubility in supercritical CO,. The foaming of PCL and its impregnation with
Nimesulide were carried out simultaneously in a one-step process inside an autoclave.
Foams impregnated with 35 wt.%. of Nimesulide with circular and uniform pores were
generated at 17.0 MPa and at 35 °C. Using higher foaming temperatures did not yield
foaming. Kravanja et al. [312] prepared PCL-based biodegradable scaffolds incorporating
bioactive calcium phosphate ceramic hydroxyapatite and different amounts of Chitosan as a
biocompatible and antimicrobial agent by using supercritical CO, batch foaming. Foaming
was triggered by a pressure drop of the high-pressurized autoclave, yielding scaffolds with
improved mechanical properties and high porosity. Other studies using the same procedure
of combining foaming and impregnation were reported for mesoglycan [313], thymol [314],
5-fluorouracil, nicotinamide and triflusal [315], Ketoprofen [71], Simvastatin [316], natural
compounds extracted from Patagonian usnea lichen [317], Copaiba oleoresin as a promising
bioactive agent to control Aedes aegypti proliferation [318], and an antibacterial agent
based on Usnea lethariiformis extract [319].

Table 3. Processing conditions and main outcomes of studies that have been reported for PCL foams.

Objectives Foaming Conditions Key Features Ref.
Produce PCL-based porous Fn(;;éjl:;(;?ﬁ:;ctle?—il:awere Obtention of solid scaffolds with 67-70% porosity.

s P . . The incorporation of fibroin and nHA in the
scaffolds with improved high-pressure stainless-steel scaffolds increased the compressive modulus
osteoconductive and vessel and pressurized with . P o ’

. . . . .. cellular adhesion, and calcium deposition. [320]
osteoinductive properties using CO; at supercritical he impl induced end
PCL, silk fibroin, and conditions. Foaming was The implanted constructs induced endochondral
nan(;—h droxva /atite (nHA) tricoere db' depressarizing to bone formation and revealed the synergistic effect of
Y yap ’ an%t;gi ent prZssuI;)e & silk fibroin and nHA on the bone repair extent.
PCL was pressurized with

Evaluate the effect of soakin CO; in a stainless-steel Longer soaking times enabled higher quantities of
time on the preparation of PgL autoclave at 39 °C using CO; to be dissolved in the polymeric matrix,

prep different soaking periods. resulting in more homogeneous scaffolds with a [16]

scaffolds by supercritical
CO;, foaming.

Foaming was triggered by
depressurization of the system
to atmospheric pressure.

higher density of pores with lower sizes and a
higher degree of pore interconnection.




dexamethasone as
bioactive agents.

agent without using
supercritical conditions.
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Table 3. Cont.
Objectives Foaming Conditions Key Features Ref.
Increasing soaking time decreases the pore
size distribution.
Evaluate the effects of foaming Astride the melting point (Tm) at a given CO,
conditions, namely foaming Batch foaming using pressure, the PCL shifted from solid-state to
temperature, pressure, soaking supercritical CO; in a melt-state, which led to a broad pore size [321]
time, and depressurization rate, stainless-steel distribution above Tm and a dense and small pore
on the pore structure of high-pressure autoclave morphology with narrow pore size distribution
PCL foams. below Tm.
Lowering the depressurization rate induces pores
with higher and broader size distribution.
Porosity increased and average pore size decreased
Investigate the effect of processing with increasing saturation pressure.
conditions such as CO; pressure, Adding HA nanoparticles reinforced the mechanical
ratios of the PCL polymers with Supercritical CO; batch properties but decreased both the porosity and the
different molecular weight, and foaming in a average pore size. [322]
amount of added hydroxyapatite = high-pressure tank. Incrementing the ratio of the
(HA) nanoparticles as filler on the lower-molecular-weight PCL to the
scaffold properties. higher-molecular-weight PCL in the scaffolds
resulted in less uniform and larger pores.
Decreasing the saturation pressure, temperature,
. . and time results in structures with
Investigate the influence of hi ..
R - igher crystallinity.
foaming conditions such as . . .
: Decreasing the saturation time and pressure leads to
saturation pressure, temperature, .. .
. . a narrow pore distribution.
and time on the resulting L . . .
, . . . The addition of a porogen unit results in an increase
foam’s properties. Batch foaming process using . . Lo
. L s . in the density of the nucleation sites and degree of
Investigate the application of supercritical CO; in a - . . [70]
. . . crystallinity and a decrease in the pore size
various pore-forming substances,  high-pressure autoclave.
compared to the foam made of neat PCL.
such as cellulose, . . . .
An increase in concentration of Hydroxyapatite
carboxymethylcellulose, . . . . .
hvd : grains at the microscale results in an increase in the
ydroxyapatite, and graphene di dad in th densi
oxide in the properties of foams pore diameter and a decrease in the pore density,
’ while the opposite effect was obtained with
Hydroxyapatite grains at the nanoscale.
Study the effects of PCL/HNT scaffolds showed lower average pore size
hydroxyapatite (HA) and Extrusion foaming using compared to PCL/HA scaffolds due to higher
halloysite nanotubes (HNTs) on supercritical N, and viscosity and stronger nucleation effect caused by
the rheological behaviour, poly(ethylene oxide) (PEO) as  the smaller size and higher aspect ratio of HNTs. [323]
mechanical properties, and a sacrificial material followed = Mechanical performance of PCL/HNT scaffolds was
microstructure of PCL by water leaching of PEO. higher compared to PCL/HA scaffolds with the
composite scaffolds. same filler content.
Microcellular injection
Fabricate interconnected porous moulding, combining Sodium bicarbonate used both as a CBA and as a
PCL tissue engineering scaffolds supercritical CO, as PBA and  porogen improved pore interconnectivity. [324]
by microcellular sodium bicarbonate as CBA, Scaffolds with higher porosity showed lower
injection moulding. followed by particulate mechanical properties.
leaching.
Preparation of 3D PCL-based The 3D foams were obtained Foams showed a pore size range of 164-882 pm,
foam scaffolds combined with at 5 MPa and 45 °C and dense ~ 73-99% porosity, and 79-99% interconnectivity.
beta-tricalcium phosphate and CO, was used as the foaming  Feasibility of using dense CO, to produce in one [14]

step a porous matrix loaded with active agents
aiming at new injectable systems for in situ foaming.

4.3. Poly(Butylene Succinate) (PBS)

PBS is a biodegradable aliphatic polyester that is synthetized mostly by the polycon-
densation of 1,4-butanediol with succinic acid, both currently obtained from renewable
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feedstocks. There are several grades of PBS, differing in the monomeric unit, that are
produced by using different diols and diacids and hence show different properties and
degradation rates. PBS is a semi-crystalline polymer that has a glass transition temperature
of —45 to —10 °C and a melting point ranging between 90 and 120 °C [11,325,326]. In addi-
tion, PBS is easy to process, has good chemical and thermal resistance, and has mechanical
properties similar to those of polypropylene and polyethylene [202,326,327]. Different tech-
niques can be used for processing thermoplastic PBS, such as extrusion, injection moulding,
blow moulding, and fibre spinning, resulting in applications that include electronics, cutlery,
packaging, and civil applications. However, the foaming of PBS is rather limited by its linear
molecular chains and low molecular weight that results in poor melt strength [328]. Table 4
shows some usages of PBS in foaming processing. The melt viscosity and the melt strength
of PBS can be improved by adding Carboxyl-ended polyester and solid epoxy to PBS
through crosslinking reactions using crosslinking agent dicumyl peroxide and crosslink-
ing co-agent trimethylolpropane trimethacrylate, enabling the production of foams [329].
Another strategy to increase the melt strength of PBS consists in the incorporation of ionic
groups into polymer chains that enable the formation of physical crosslinking sites. The
reversible physical crosslinkages are formed when ionic groups aggregate, restricting the
chain mobility and consequently rising the viscosity [330,331]. Ru et al. [330] synthetized
PBS ionomers containing different contents of aromatic cationic groups by the condensation
polymerization of succinic acid and 1,4-butanediol in the presence of Kalium salt of 10H-
phenoxaphosphine-2,8-dicarboxylic acid,10-hydroxy-,2,8-dihydroxyethyl ester,10-oxide, a
rigid ionic group. The PBS phosphorus-containing ionomers showed a significant increase
in the melt strength due to physical cross linking that was caused by the phosphorus-
containing ionic group aggregation, and their foams, prepared via a supercritical CO, batch
foaming method, showed about a 100% closed-cell structure and high orientation of cells.

Following another strategy, Zhou et al. [332] improved the melt strength of PBS by
melt-blending it with vinyltriethyl silane as graft material and benzyl peroxide as an
initiator. The obtained silane graft-crosslinked PBS copolyester materials showed improved
tensile strength, elongation at break, and melt strength compared to linear PBS. PBS with a
ramified or semi-reticulated molecular structure will generate a finer cell structure than PBS
with a linear molecular structure due to higher viscosity combined with strain hardening
behaviour, which will limit cell coalescence and will generate foams with a homogenous
cell structure [333]. Other reported strategies to prepare chain-extended PBS include use
of a chain extender having multiple epoxy groups based on a styrene-acrylic oligomer
and 2-ethyl-4-methylimidazole as an accelerant [4,334,335] and epoxy groups based on
ethylene-glycidyl methacrylate copolymer [336], triglycidyl isocyanurate [335] and dicumyl
peroxide as a crosslinking agent, and an aliphatic polyisocyanate as a branching agent [44].

Besides chain extension and branching, several additives, such as organic montmoril-
lonite (OMMT) [216], cellulose nanocrystals (CNC) [4,15], carbon black (CB) [217], halloysite
nanotubes [337], carbon nanotubes [338], carbon fibres [339], or chitin nanocrystals [340],
can also be employed to improve the melt strength and at the same time serve as nucleating
agents. Zhou et al. [216] employed OMMT to improve the crystallization behaviour of
chain-extended PBS and at the same time act as a nucleating agent during foaming. The
crystallization temperature and crystallinity of PBS increased by 4 °C and about 2%, re-
spectively, due to the added filler. Chen et al. [217] fabricated high-strength, lightweight,
and electrically conductive PBS/CB nanocomposite foams with densities ranging between
0.107 and 0.344 g/cm? by a solid-state supercritical CO, foaming process. The addition
of CB enhanced the rate of crystallization, improved the thermal stability, and increased
the viscosity of PBS/CB nanocomposites. In addition, the foamed composites showed
a higher cell density, a lower average cell size, and a narrower cell size distribution as
compared to neat PBS foams. Fu et al. [340] added chitin nanocrystals (ChNCs) treated
with sulfuric acid to PBS. The PBS/ChNC nanocomposites showed improved melt vis-
coelasticity, crystallization behaviour, and thermal stability. They also reported changes at
the level of the pore structure, with the pore strut changing from thin to thick and finally
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into a wall with increasing ChNC content. Yin et al. [4] fabricated branched PBS/ cellulose
nanocrystal nanocomposite foams for thermal insulation applications using supercritical
CO, as a blowing agent. PBS was first modified by an epoxy-based chain extender to
improve the crystallization behaviour, the rheological properties, and the foamability of
PBS. In addition, to improve the compatibility between the CNC and PBS, the surface of the
CNC was modified by acetylation yielding acetylated cellulose nanocrystals (ACNCs). The
added cellulose nanocrystals showed a heterogeneous nucleation effect by improving the
cell density. Figure 14 shows a diagram that depicts the foaming sequence of the several
PBS systems used.
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Figure 14. Diagram showing the foaming sequence, SEM images of obtained foams, and cell size
distribution of several PBS systems. (a) neat PBS; (b) BPBS; (c) BPBS/CNCs; (d) BPBS/ACNC:s.
Adapted with permission from Yin et al. [4].
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Using branched PBS, heterogeneous cell nucleation occurred at the interface between
the spherulite and amorphous phases. The inclusion of nanocellulose nanocrystals gener-
ated additional heterogeneous cell nucleation sites at the interface between branched PBS
(BPBS) and the cellulose nanocrystals. The SEM images show poor cell morphology for neat
PBS due to its low melt strength that caused cell rupture and coalescence. The branching
of PBS improved the melt behaviour and thus reduced the cell rupture and yielded cells
with thin walls and a polygonal cell morphology. The cellulose nanocrystals promoted
the formation of cells with lower cell sizes and lower cell size distribution, especially the
acetylated cellulose nanocrystals.

PBS foams with complex cellular structure can be generated using supercritical CO,
batch foaming, by following a two-step depressurization method [15,326]. The two-step de-
pressurization method is used to create a bimodal cell structure by allowing cells nucleated
and stabilized in the first step to continue to grow during the second depressurization step,
during which new cells are formed. The cells formed in the second step will have less time
to grow and therefore will have a smaller size.

PBS can be used to improve the foamability of other biodegradable thermoplastic
polymers by blending. The blend composition must be chosen considering improvements
in crystallinity, in cell nucleation, or in the solubility and in the diffusivity of the blowing
agent. For this purpose, PBS was blended with thermoplastic gelatine (TPG) by melt
mixing and the blend was subsequently batch foamed with supercritical CO; [341]. PBS
decreased the melt viscosity and increased not only the CO; diffusivity but also the thermal
stability of TPG, yielding blend foams with a higher cell density and lower average cell size
compared to the neat TPG foam due to the higher gas diffusivity and lower melt viscosity
of the blend.

Table 4. Representative studies that have been reported for PBS foams.

Objectives

Foaming Conditions Main Results Ref.

Investigate the foaming
ability of PBS grades by

The influence of melt rheology on foam structure was
established and cell sizes/density were efficiently adjusted by
the melt viscosity. Low-viscosity polymers tend to produce
foams with low cell density and higher average cell size,
whereas the opposite effects are observed in

high-viscosity polymers.

Single-screw extrusion
using an endothermic CBA

single-screw extrusion (sodium bicarbonate) onan  Branched polymer structures with strain-hardening effects in %81
using CBA. industrial extrusion line. extensional flows should be preferred over linear polymers as
they promote the higher stabilization of the cell growth.
PBS was shown to have high sensitivity to the residence time
within the extruder due to interfacial tension between CO,
and the molten polymer.
PBS’ crosshnkl'ng agent Crosslinking degree, viscosity, and storage modulus of PBS
dicumyl peroxide, and CBA . D . L.
Study the effect of . : increased with increasing content of crosslinking agent.
. . azodicarbonamide were - . - .
dicumyl peroxide on the . . . . PBS foams with an expansion ratio of 7.03, average cell size of
melt mixed in an intensive [45]

crosslinking neat PBS
foaming materials.

by compression moulding

200 pm, and cell-closed porosity percentage of about 94%
were obtained with 6 wt.% of crosslinking, 1 wt.% of CBA,
and 160 °C as the foaming temperature.

mixer. Foams were obtained

at 120 °C.

Fabricate microcellular
PBS foams using

chain extender
(ethylene-glycidyl
methacrylate).

pressure of 20 MPa and

Small spherocrystals were formed in modified PBS, which

were positive to increase the cell density and decrease the

average cell size.

With increasing chain extender content, the average cell size [336]
and volume expansion ratio decreased, and the cell density
increased due to enhanced melt strength and viscosity caused

by the chain extension.

Batch foaming in an
autoclave at a saturation

temperature of 115 °C.
Foaming triggered by
sudden pressure drop.
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Table 4. Cont.
Objectives Foaming Conditions Main Results Ref.
Improvement in the Adding CNTs significantly improved the thermal and
corllj ductivity of Batch solid-state foaming electrical conductivity as well as the crystallization,
PBS /Carborz]nanotube with supercritical CO; in a viscoelasticity, and mechanical properties.
(CNT) conductive high-pressure autoclave. Foaming increased the electrical conductivity of the [338]
olvmer composites b Foaming was triggered by nanocomposite (foamed PBS with 5 wt.% CNTs with cell size
}sju };rcritical (Ié) o foam};n rapid depressurization. of 15.6 pm and cell density of 1.03 x 107 cells/cm?) by 104%
P 2 & compared to solid PBS/CNT nanocomposite.
Bimodal open-porous PBS scaffold with well-defined bimodal
Fabricate a porous o open-pore structure composed of small pores (around 11 pm
Two-step depressurization Lo S
PBS/ cellulose nanocrystal in a supercritical CO in diameter) and large pores (about 68.9 pm in diameter),
(CNC) composite scaffold foaminp ocess in a2 with high open porosity (approximately 95%). [15]
with a bimodal open-pore . &P Scaffolds showed good biocompatibility, hydrophilicity,
. high-pressure autoclave. o . . .
interconnected structure. in vitro degradation rate, and good mechanical compressive
properties (compressive strength of 2.8 MPa at 50% strain).
F?)]lj)r;rcliiecf)?rrlld(l)lscittlevsebase d Melt mixing with hot Composites prepared by solution mixing and hot pressing
poly P . pressing (145 °C, 10 MPa). showed improved mechanical properties, electrical
on PBS and CNTs using . .. . .. L [342]
different processing Solution mixing with hot conductivity, and thermal conductivity compared to the
conditions pressing (100 °C, 60 MPa). composites prepared by melt mixing and hot pressing.

4.4. Polyvinyl-Alcohol (PVA)

PVA is a water-soluble synthetic biodegradable and non-toxic polymer consisting of
1,3-diol units or 1,2-diol units, depending on the conditions used in the polymerization.
PVA has a semi-crystalline structure containing mostly amorphous phases with only a small
portion of crystallinity [343]. It shows excellent biocompatibility and chemical stability, and
it is broadly used in medicine, such as in the manufacturing of medicine cachets, biological
carriers, in food packaging, coatings, and detergents, among other uses [35]. The properties
of PVA are strongly related to its molecular weight, crystallization behaviour, and crystal
structure [35]. In addition, PVA is a highly hydrophilic polymer due to the large number of
hydroxyl groups in the polymer chain, which makes it moisture-sensitive.

The foaming of PVA is strongly influenced by its high melt strength that results from a
high degree of hydrogen bonding. In addition, the melting and degradation temperatures
of PVA are very close; therefore, plasticizers are used to disturb the crystalline regions of
the polymer and lower its melting temperature, in addition to increasing its fluidity and
thermal stability. Following this approach, PVA is usually blended with Poly(ethylene
glycol) (PEG), which acts as a plasticizer and nucleating agent. Yin et al. [212] blended
PVA with PEG at different concentrations and supercritical CO, as foaming agent, which
lowered the melting point and enlarged the processing window of PVA. The plasticizer
affected the crystallization and the melt strength of PVA, thus improving the foaming
process of PVA. The results showed an increase in the cell size and in the expansion rate of
the foam with increasing plasticizer content. Liu et al. [213] also blended PVA with PEG
to prepare polymer scaffolds by thermal processing and subsequent bimodal supercritical
CO; foaming and obtained a bimodal interconnected open-cell morphology. The larger
pores were generated from the nucleation sites in the PVA phase during the rapid depres-
surization step, while smaller pores were formed in the PEG phase and were incorporated
in the larger pores from the PVA phase. Zhao et al. [164] developed a method that used
microwave irradiation and water as a blowing agent to trigger foaming and produce PVA
foams. After mixing PVA with water, the mixture is allowed to rest for some time so that
water can diffuse within the PVA sample. Due to the absorption of microwave power, the
temperature rises and both the free energy barrier for bubble nucleation and the surface
tension between the gas and liquid phase decrease, triggering cell nucleation and further
growth. Nucleating agents can be added to PVA to improve the efficiency of foaming by
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increasing the number of nucleation sites and decrease the nucleation barrier, although the
induced polymer crystallization might hamper the diffusion of a gaseous blowing agent.
Li et al. [344] prepared PVA /montmorillonite nanocomposites by melt intercalation and
studied their foaming behaviour by melt-extrusion using azodicarbonamide as a CBA.
Montmorillonite acted as a nucleating agent and instigated the crystallization of PVA.
Improved melt strength and increased complex viscosity were achieved due to the strong
interaction between PVA and montmorillonite, which limited the motion of PVA molecules.
The results showed a decrease in cell coalescence and the rupture of the composite foams,
thinner cell walls, and lower cell size distribution with increasing montmorillonite content.
Xiang et al. [345] investigated the effect of several amines (formamide, ethylenediamine,
polyamide dendrimer, and polyhedral oligomeric silsesquioxane) in the foaming behaviour
of PVA. Results showed that formamide and polyhedral oligomeric silsesquioxane had
some plasticization effects on PVA and that formamide and ethylenediamine had a nucle-
ating effect that improved the foaming behaviour of PVA. Song et al. [346] used starch as
a pore-forming agent and formaldehyde as a crosslinking agent to produce porous PVA
foams reinforced with cellulose nanocrystals. During the process, starch granules swelled
at higher temperatures and under acidic conditions, prompting the hydrolysation of starch
and filling a space within the PVA matrix. Upon the complete acetalization of PVA and
aldehyde, the hydrolysed starch is leached with water, leading to the formation of the pores.
The results showed an increase in the foam density and a decrease in the average pore size,
as well as improved mechanical performance, with the addition of cellulose nanocrystals.
Azimi et al. [347] investigated numerically and experimentally the pore nucleation and
growth in PVA during foaming while using supercritical CO, as a blowing agent. They
reported an increase in the average of pore density with an increasing depressurization
rate during foaming. Moreover, pore growth was controlled by the PVA viscosity and
CO, diffusion.

4.5. Poly-Hydroxyalkanoates (PHAs)

PHAs are natural aliphatic polyesters produced and gathered within the cytoplasm of
the cells by microorganisms via the fermentation of renewable and bio-based feedstocks,
which are then extracted [348]. PHAs are sustainable polymers with great potential to
replace synthetic petrol-based polymers. PHAs with tailored chemical structures and molec-
ular weights can be processed using conventional technologies such as extrusion, injection
moulding, film blowing, film casting, and fibre spinning and have been used in a wide
range of applications, such as packaging (foams and bags), automotive, disposable cutlery,
office and personal utensils (pens and toothbrush and razor handles), and agriculture
mulch films, among others [348]. Among PHAs, poly-3-hydroxybutyrate (PHB) has been
the target of special attention given the similarity of its properties to those of Polypropy-
lene. P3HB has a linear chain made of 3-hydroxybutyric acid residues linked by ester
bonds [349]. Other poly-hydroxybutyrates include poly 4-hydroxybutyrate (P4HB), poly-
hydroxyvalerate (PHV), and their copolymers. P3HB has a crystallinity of more than 50%,
with a melting temperature of 180 °C and a glass transition temperature of 55 °C [11]. P3HB
is quite unstable at temperatures above its melting temperature and even at temperatures
slightly below its melting temperature, this polymer can undergo a reduction in its chain
length. In addition, the low impact strength, stiffness, and excessive brittleness of P3HB
limits the practical applications of this material. To circumvent these situations, P3HB is
normally copolymerized with other alkanoates or blended with other polymers [11]. An im-
provement in PHB was the development of Poly 3-hydroxybutyrate-co-3-hydroxyvalerate
(PHBV). PHBYV is a semi-crystalline copolymer that is mainly produced from the bacterial
fermentation of several bio-based feedstocks, such as plant oils and sugars, and consists
in the introduction of the monomer hydroxy valeric acid in the molecular structure of
P2HB through copolymerization [350]. PHBV is biologically compatible and presents
higher flexibility, ductility, and toughness than P3HB [351]. Moreover, PHBV shows barrier
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properties to water and air, making it a potential candidate for disposable packages and
other uses [352].

PHBYV has a narrow processing window (between 145 and 170 °C), which prevents the
efficient control of its viscosity through temperature control, and it is processed at tempera-
tures close to its degradation temperature, which increases the possibility of the occurrence
of both hydrolysis in the presence of water and thermally induced chain scission [353]. The
proximity of melting and degradation temperatures makes the continuous processing of
PHBYV by extrusion and foaming a challenge. In addition to the vulnerability of PHBV
to thermal degradation at temperatures close to its melting point, the use of this polymer
in foaming is further hampered by its low melt viscosity and slow crystallization rate.
Szegda et al. [354] investigated the extrusion foaming of PHBV using sodium bicarbonate
and citric acid as CBAs and calcium carbonate as a nucleation agent. They used a negative
gradient temperature profile, to minimize the thermal degradation and improve the melt
strength, to achieve the stabilization of the pore morphology and obtained a density reduc-
tion near 60%. However, the melt viscosity decreased with higher amounts of the CBA due
to increased hydrolytic degradation in connection with water release during the decompo-
sition of the sodium bicarbonate. The difficulties associated with continuous extrusion and
foaming of PHBV can be circumvented by the addition of a post-extrusion step, to both
cool the foams after exiting from the die and to favour crystallization as a reinforcement
mechanism to increase the melt strength and prevent cell coalescence and yield a more uni-
form pore structure [353]. In addition, CBAs such as azodicarbonamide can be used instead
of sodium carbonate to avoid the release of water during the thermal decomposition of the
CBA [46]. Xu et al. [355] conducted an investigation on PHBV foaming using supercritical
CO, as a PBA. They reported microcellular structures with cell densities ranging from
108 to 1.2 x 107 cells/cm? and average cell sizes ranging from 6 to 22 pm by selecting
suitable temperatures (145 to 165 °C) and different CO; saturation pressures (10 to 29 MPa)
during foaming. The CO; affected the crystallization behaviour of PHBV foams, as the
crystallization of foamed PHBV occurred during cell growth. Moreover, stretching during
cell growth enhanced the crystal nucleation rate and the formed crystals further accelerated
the crystallization rate. The average cell size increased with increasing temperature, while
the cell density and relative density decreased, as the solubility of CO; in the PHBV is lower
at higher foaming temperatures. Oprica et al. [356] fabricated PHBV-based foams using
expandable microspheres as a blowing agent and bacterial cellulose nanofibers to improve
biocompatibility and also as a reinforcing agent. The obtained PHBV foams showed a
well-organized porous structure with a porosity of 65% and the presence of both small
and large pores. The presence of expandable microspheres and the cellulose nanofibers in
the composites showed the opposite effect both in the degradation temperature and in the
stiffness of the composite, with the expandable microspheres decreasing the degradation
temperature and lowering the stiffness.

Other PHA copolymers, other than PHBYV, can be made by bacterial synthesis from
several monomers, such as hydroxyhexanoate to prepare poly(3-hydroxybutyrate-co-
hydroxyhexanoate) (PHBHHXx) and 4-hydroxybutyrate to prepare poly(3-hydroxybutyrate-
co-4-hydroxybutyrate) (P(3HB-co-4HB)). PHBHHXx has a higher amorphous content that
could be useful to achieve higher expansion and can be made with higher molecular weight,
and thus higher viscosity, which could offer improved melt strength. However, its crys-
tallization time tends to be longer, which could negatively affect the foaming process. To
circumvent the higher crystallization time, PHBHHXx could be blended with PHBV to take
advantage of PHBYV, as a nucleating agent, in promoting solidification and avoiding cell
coalescence in PHBHHXx [357]. The foaming of P(3HB-co-4HB) has been studied by Zhang
et al. [358] using supercritical CO,. The effect of monomer composition on foaming was
investigated and it was reported that an increase in the amount of P4HB decreases the crys-
tallinity of P(3HB-co-4HB) needed for the cell growth, thus requiring a lower temperature
for foaming, with less crystallinity and showing improved foamability and more uniform
cells (Figure 15).
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Figure 15. The temperature at which foaming is triggered depends on the 4HB content. In the case
of P(3HB-co-4HB) with 10% of P4HB, foaming develops when processed at 130 °C, while when
using 16% of P4HB (lower relative crystallinity), foaming develops when processed at 100-110 °C.
Using 30% P4HB, the copolymer is non-crystalline, and foaming is triggered at a lower tempera-
ture (50-80 °C). When using 5% P4HB, foaming is not achieved in the temperature range studied.
Reproduced with permission from Zhang et al. [358].

As already mentioned for other polymers, branched structures can improve the melt
strength and, consequently, the foamability of PHA. Ventura et al. [225] used an epoxy-
functionalized chain extender to increase the molecular weight, and in this way the melt vis-
cosity and the melt strength, of poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P3HB4HB);
however, the viscosity decreased and coarser cellular structures were obtained, although the
addition of the chain extender prevented the polymer degradation. Fillers have also been
used in PHA to improve its overall properties and the foamability. Panaitescu et al. [226]
used nanocellulose and expandable microspheres containing a blowing agent to obtain
PHBV /foams with uniform cells, high energy absorption, and good deformability. The
mixing of the polymer, nanocellulose, and expandable microspheres containing low-boiling-
point isopentane as a blowing agent was performed in an intensive mixer and the sub-
sequent foaming was carried out by compression moulding. They reported foams with
near-perfect pores and a closed-cell structure with a density 2.5-2.7 times lower than that of
neat PHBV. Nanocellulose contributed to a more uniform cell size distribution and the sta-
bilization of the cell structure. Besides improving the cell morphology, fillers can be added
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to PHA to achieve specific properties such as electromagnetic interference (EMI) shielding.
In this capacity, graphene nanoplates (GNPs) were added to PHBV and foamed with super-
critical COy, yielding a lower volume expansion rate and pore size with increasing GNP

content [359]. Table 5 shows some other usages of PHA in foaming processing.

Table 5. Representative studies that have been reported for PHA foams.

Objectives Foaming Conditions Key Features Ref.
Thermal and hydrolytic degradations observed when
using a water-generating blowing agent.
Study the effects of the . . . Extruded foams showed mostly closed-cell morphology
. . Extrusion foaming using . . .
rheological behaviour of the . . .. . with cell sizes ranging between 50 and 200 mm.
sodium bicarbonate and citric
polymer, the nucleation agent, . . Lower screw speed resulted in higher expansion of the
. acid as CBAs and calcium . . . [354]
the blowing agent, and the carbonate as a foams due to higher residence time for the
processing conditions on the nucleation agent decomposition of the CBA.
foam density and structure. gent. Addition of calcium carbonate yielded a much finer cell
structure, although at the cost of an increase in the
density of the foams.
Previous preparation of a masterbatch by twin-screw
extrusion and its dilution during the foaming process
’ improved clay dispersion without widespread thermal
Prepare? PHBV/qrgano clays Extrusion foaming using degradation of PHBV.
nano-biocomposite foams by itical lav di ion f dh [360]
extrusion foaming supercritical CO;. Good clay dispersion favoured homogeneous
’ nucleation while restraining pore coalescence, yielding
more homogeneous nano-biocomposite foams and
higher porosity up to 50%.
NFC served as a nucleating agent, enabling the early
. Batch foaming experiments onset of crystallization.
?(::i}i’;hiz;};s‘?iﬂfa:}l:;iigf using CO; as the PBA. Higher amounts of NFC led to extended thermal
stabili 5 and de ra/da tion of Foaming of CO;-saturated degradation of the PHBV matrix and to lower solubility
PHBVt/};ano fibr%llate d samples was triggered by a and increased desorption diffusivity of CO, in the [361]
cellulose (NFC) biodegradable rapid pressure drop and a PHBV /NFC nanocomposites.
nanocomposites & rapid temperature increase (in ~ Generally, addition of NFC showed an inhibiting
p ' a hot oil bath). behaviour of the foaming due to lower CO; sorption,
faster CO; loss, and a higher degree of crystallinity.
BétCh foaming in a Increasing GNP content from 0 to 6 wt.% resulted in a
high-pressure autoclave . . .
Development of ; i, decreased pore size and volume expansion ratio of
using supercritical CO, as the
PHBV /graphene nanoplates PHBYV foams.
. . PBA. Samples were saturated . . .. [359]
(GNPs) with electromagnetic at 160 °C and 20 MPa GNPs improved the electrical conductivity by 12 orders
shielding effect. Foaming triggered by. of magnitude.
. . . 3
pressure drop at 140 °C. EMI shielding effectiveness reached 27.4 dB cm”/g.
. Foam e Cthl:l moulding Cell density, uniformity of the cellular structure, and
Preparation of (FIM) using nitrogen as a . o . .
. . higher ductility of PHBH microcellular foam, obtained
Poly(3-hydroxybutyrate-co-3-  physical blowing agent. A at a melting temperature of 150 °C. The polvmer melt
hydroxyhexanoate) (PHBH) core-back operation was used 8 P ) s [126]

microcellular foams by using
melt memory effect.

to promote the foamability
and control the cell size and
density of the foams.

memory effect was maintained for the melting
temperature in the range 150-160 °C, providing cell
nucleation sites through the crystals in foams.

4.6. Polybutylene Adipate-Co-Terephthalate (PBAT)

PBAT is a petrol-based biodegradable aliphatic-aromatic co-polyester, synthetized by
the polycondensation of 1,4-butanediol with a mixture of adipic and terephthalic acids.
The melting temperature of PBAT is 120 °C and the glass transition temperature is about
—35 °C. PBAT shows excellent properties, such as high flexibility and toughness, and at a
terephthalic acid content of more than 35% mol, it shows good biodegradability. However,
the biodegradation rate decreases for terephthalic acid concentrations above 55% [10]. PBAT
applications extend across many areas, including bottles, films, and moulded products.
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However, the expansion in the use of PBAT is hindered by its high production cost and
low thermomechanical resistance [362]. The mechanical properties of PBAT are also closely
related to the structure and to the molecular weight of the polymer. With increasing tereph-
thalate content, elongation at break decreases, while Young’s modulus increases [363,364].
In addition, elongation at break decreases and tensile strength increases with the increasing
molecular weight of the polymer [289]. The mechanical and thermal properties of PBAT
can be improved by blending with starch, cellulose, and other biodegradable polymers that
show complementary characteristics to those of PBAT to widen its range of applications [11].
For example, PBAT shows a mild stiffness, but blending PBAT with PLA, a material that
shows high stiffness and low flexibility, offers a possibility of obtaining a material with
better mechanical performance and which is still biodegradable [365].

The preparation of PBAT foams presents some difficulties that are related to its low
molecular weight, the linear structure of its polymeric chain, its poor melt strength, and
its relatively fast crystallization rate. Some strategies can be applied to address these
difficulties. Like other polymers, chain extension and branching have also been attempted
with PBAT. Song et al. [366] modified PBAT by chain extension using an epoxy-based
chain extender to improve the rheological properties, the crystallization behaviour, and the
foamability of PBAT. The introduction of the chain extender increased the average molecular
weight and improved the viscosity of the polymer, and the crystallization temperature
increased from 74.2 to 86.9 °C. Supercritical CO, foaming of the chain-extended PBAT
yielded microcellular foams with cell density larger than 10'° cells/cm? and average cell
size lower than 4 um. With higher amounts of the chain extender, both the cell density
and the volume expansion ratio increased, from 3.4 x 10'0 to 8.7 x 10'° cells/cm? and
from 1.5 to 2.0 times, respectively. The same research team studied the effect of chain
extension with styrene-acrylonitrile-glycidyl methacrylate terpolymer (SAG) on PBAT
foams prepared by solid-phase batch foaming in the presence of supercritical CO; as a
blowing agent [367]. Results showed an increase in the branching degree and in the intrinsic
viscosity of modified PBAT, as well as an increase in the crystallization temperature and
crystallinity, which enabled the production of PBAT foams with complex cellular structures,
as observed in Figure 16. The cell walls of PBAT foam were thicker compared to those
of PBAT-SAG foams due to the low melt strength of PBAT that was not able to support
the cell growth, yielding a small cell size. The introduction of the chain extender (SAG)
led to the formation of a complex cellular structure. The average cell size increased with
increasing SAG content. However, with SAG contents of 5 and 7 wt.%, the complex cellular
structure was not formed, and the cell structure became more homogeneous again due to
the saturation of the branching structures.

Besides the use of epoxy-based chain extenders to enhance the melt strength and
viscoelasticity of PBAT, Cui et al. [368] added ACNCs to further improve the crystallization
behaviour and rheological properties of chain-extended PBAT/ACNC nanocomposites.
The introduction of ACNC nanoparticles led to an increase in cell density and a decrease
in both the average cell size and the cell size distribution due to the heterogeneous cell
nucleation effect of ACNC nanoparticles. An approach for manufacturing PBAT foams
with bimodal cellular structure was also reported by Cui et al. [369], which used an
Ethylene-glycidyl methacrylate copolymer chain extender and batch supercritical CO,
foaming technology. The chain extender improved the melt strength, the viscoelasticity,
and the crystallization properties of PBAT. By varying the content of the chain extender
and the foaming temperature, it was possible to tune the bimodal cellular structure of the
PBAT foams.

The application of electron radiation has been attempted in the foaming of PBAT
on the basis that the irradiation may increase viscosity and may positively influence the
formation of an appropriate cellular morphology [370]. It was reported that irradiation
of PBAT improved its average molecular weight and, therefore, its viscosity. In addition,
the foaming of irradiated PBAT yielded foams with a homogeneous cellular morphology
and with lower density compared to the foaming of non-irradiated PBAT. Cai et al. [371]
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reported one of very few studies on the preparation of PBAT bead foams via the supercritical
fluid foaming technology using CO, as the blowing agent. The cell density of PBAT bead
foams ranged between 5.0 x 107 and 3.0 x 108 cells/cm® depending on temperature
and pressure conditions. In addition, the incorporation of PLA improved the mechanical
performance of the bead foams. Using optimal foaming conditions, the cell density of
the PBAT/PLA bead foam was 4.08 x 108 cells/cm® and the expansion ratio reached
13.44. Wang et al. [223] reported the microcellular foaming of PBAT with mixed blowing
agents (N, and CO») to address foam-shrinkage issues related to PBAT microcellular foams.
They reported PBAT foams with a high expansion ratio (almost 15-fold) and with limited
shrinkage (less than 6%). The use of N, and CO; as co-blowing agents effectively stabilized
the foam morphology and limited the shrinkage of cell walls.

Q.0 A a0 A
0 0N ad
Cell nucleation o) Cell growth O
Torqued PBAT —_— 0o o ey O(j O OO
O
§ T\ g Q O
— P,
W 0, ', XV
PBAT-SAGI 1 ' Cell growth »
TP Cell nucleation Q O
PBATSAGS [~ . /| |5, —_— OQ OO
s ~ v PN o»\
O O
: P90t e%e
] oo O
PBAT-SAGS L Cell nucleation o 7o ¢ | Cell growth | QO
SAG 7Y W o —_— AN
PBAT-SAG7 X Lo QO Q
¢ O 7 =t
> Ur O ) .
% O O 0,
* Branching structure O Cell nucleus C Cell

Linear structure

Cross-linkng structure

Figure 16. Microcellular morphology of several PBAT foams at the foaming temperature of 80 °C:
(a) PBAT foam, (b) PBAT-SAG], (c) PBAT-SAGS3, (d) PBAT-SAGS5, (e) PBAT-SAG7. Adapted with
permission from Song et al. [367].

Nanofillers, such as carbon nanotubes (CNTs) or graphene nanosheets [372], peach
palm tree fibre [373], lignin [374], basalt fibre [375], and nanoclay [376], have been reported
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as reinforcements of PBAT foams. Additives are commonly employed to improve the
mechanical properties, EMI shielding effect, barrier properties, and thermal stability, among
others, of polymers and, in the case of polymer foams, to induce foaming by acting as
nucleating agents. The use of fully degradable fillers, such as natural lignocellulosic fibres,
are of special interest as they combine the environmental benefit of biodegradability, which
is important when using biodegradable polymers, with lightweight, low cost, improved
mechanical performance [373,377], and antimicrobial properties [378]. The use of peach
palm tree fibre in PBAT composites, compared to neat PBAT foams, yielded foams with a
more heterogeneous pore size distribution and a reduced average pore size, with the pores
being formed at the interface between the matrix and the fibre [373]. Hong and Hwang [374]
fabricated a fully biodegradable foam of a PBAT composite by the addition of lignin up to
50 wt. %, towards the development of a low cost, biodegradable, and sustainable foam to
be used in packaging applications. Foaming was achieved by using azodicarbonamide as
the CBA and an epoxy-based chain extender, combined with crosslinking agent dicumyl
peroxide, which was used to improve the foaming properties of PBAT. They reported that
the cell structures of the lignin-reinforced PBAT composites collapsed when the lignin
content, without the addition of the chain extender, exceeded 20 wt.%, but the use of the
chain extender enabled them to obtain a foam with good quality with a lignin content
as high as 30 wt.%. The effects of CNT and graphene nanoplatelet (GNP) content on the
crystallization, melting behaviour, conductivity, and foaming behaviour under supercritical
CO; of PBAT-based nanocomposites were studied by Wei et al. [372]. The addition of CNTs
and GNPs improved the rheological properties and cellular structures of PBAT. The fillers
improved the melt viscoelasticity of PBAT and with increasing amounts of filler, a bimodal
pore structure was gradually formed in the PBAT composite foams while at the same time
the average pore size decreased. The larger pores in the PBAT composite foams were
possibly triggered by the CNTs while the GNPs induced the formation of the smaller pores.

4.7. Starch

Starch is a polymeric carbohydrate composed of numerous glucose units linked by
glycosidic bonds that is used by plants to store carbohydrates. It is composed of a mixture of
amylose, a linear and helical polysaccharide, and amylopectin, a highly branched and high-
molecular-weight polysaccharide (Figure 17). Amylose is made of «-1-4 linked glucopyra-
nosyl units, with a molecular weight in the order of 104 to 105 and a degree of polymeriza-
tion between 250 and 1000 of D-glucose units [379]. Amylopectin is made of (1-4)-linked
a-D-glucopyranosyl units in chains linked by (1-6) linkages with a molecular weight in
the order of 106 to 108 and has a degree of polymerization of about 5000-50,000 D-glucose
units [153]. Depending on the plant, such as wheat, corn, potato, and rice, starch generally
contains 18 to 28% amylose and 72 to 82% amylopectin by weight [379,380]. The relative
composition between amylose and amylopectin has a major influence on the overall prop-
erties of starch [381,382]. Starch-based films with higher rates of amylose tend to show both
a higher Young’s modulus and tensile strength and lower elongation at break compared
to those with low amylose rates [383]. Starch has some drawbacks that prevent its direct
usage as a material capable of replacing basic petrol-based polymers, such as its highly
hydrophilic nature and its overall poor mechanical properties, which limits its usage in
foaming or in other possible applications such as in packaging [36]. Alternatively, starch is
frequently used as plasticized starch or thermoplastic starch (TPS). Starch is plasticized by
the combined effect of shear and heat with the aid of plasticizers such as water or glycerol,
the most used plasticizers, or other molecules capable of forming hydrogen bonds with
the hydroxyl groups of starch, such as sorbitol, sucrose, glucose, and fructose [380,384,385].
The plasticizer improves chain mobility by decreasing the inter-molecular bonds between
polymer chains [386]. The TPS can then be melted at elevated temperatures and flow
like any other thermoplastic to make films, moulded articles, and foams by conventional
techniques, such as extrusion or injection moulding. However, TPS plasticized with water
has poor dimensional stability and exhibits poor mechanical performance, in addition to
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amylopectin (m~30, n>10)

being hygroscopic. With moisture, the properties of TPS tend to deteriorate further, while
with a loss of water, TPS becomes brittle. These problems can be overcome by mixing TPS
with other polymers or fillers using high-temperature extrusion [36,387].
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Figure 17. Molecular structures of amylopectin and amylose. Adapted with permission from
Wiercigroch et al. [388].

A commonly used technique to produce starch-based foams is the baking tech-
nique [153]. In this system, a batter of starch and water is baked in a closed and heated
mould for a few minutes. During the process, the starch granules gelatinize, resulting in
the formation of a thick paste as the retained water evaporates rapidly, which leads to a
large expansion of the paste. Residual water evaporates further as the starch thick paste
fills up the mould cavity and eventually the dry paste takes the shape of the mould [7].
Starch-based foam properties can be tailored by paste composition (starch source and ratio
with water), baking temperature (in the range of 180-250 °C), and baking time (usually
between 125 and 300 s). Starch-based foams can also be processed by extrusion. Extrusion
has some advantages compared to baking as it is a continuous process, which can lower
the production costs, besides producing a homogeneous mixing with lower residence
times [389]. The extrusion of a mixture of starch and water at temperatures above 100 °C
originates pores due to water evaporation and steam expansion as the material exits the die.
The foam eventually takes the shape given by the profile of the die. Foam properties can be
tailored by starch source, starch—water ratio, and extrusion processing parameters, such as
the temperature profile, screw speed, feed ratio, and cooling rate [7]. Aguilar et al. [390]
studied the influence of the ratio between cassava starch and avocado seed, which contains
41% of starch content, in the properties of starch trays produced by thermocompression.
The inclusion of avocado seed yielded thicker and denser trays but with lower porosity
compared to trays based only on cassava starch. In addition, the composite trays showed
higher stiffness, higher hydrophobicity, and more water resistance due to the presence
of proteins, lipids, and fibres and due to the higher amylose content in the avocado seed.
Meng et al. [384] reported a critical point in the amount of water (between 16 and 18%) at
which the expansion ratio changes significantly and as the pore morphology changes from
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open to closed. With lower amounts of water, the melt temperature of starch increased and
melt strength decreased, which results in foams with a stable and open-cell morphology.
On the contrary, higher amounts of water and lower melting temperature yielded increased
melt strength, a closed-cell morphology, and foam shrinkage. This effect can be observed
in the diagram of Figure 18.

a

die

die

Figure 18. Diagram representing the exit of the starch-based material from the die using steam:
(a) sample containing higher level of moisture that yields foams with closed-cell structure and
shrinking; (b) sample containing low levels of moisture that yields foams with open-cell structure
and solidified bubbles. Reproduced with permission from Meng et al. [384].

Several studies have focused on various strategies to overcome the limitations of starch
foams, including their overall poor mechanical performance and high-water absorption.
These strategies include modifications of starch by oxidation with hydrogen peroxide [391],
by acetylation [392], by esterification [392], silylation [154,392], by citric acid [393,394], and
by the use of alkyl ketene dimer (AKD) as a sizing agent [395]. Rostamabadi et al. [396]
published an interesting review paper that addresses the strategies for modifying starch
through its combination with other molecules.

Bergel et al. [397] developed a solution to circumvent the problem of the high water
absorption of starch by coating the TPS foam with PLA, as a hydrophobic material, to
prevent the contact of TPS with water. The starch foams were made by mixing potato
starch, water, and glycerol as a plasticizer at 70 °C until gelatinization and homogenization,
and subsequent compression moulding took place at 180 °C with 2.5 tons of pressure for
240 s. The PLA coating was produced by immersing the starch foam in a PLA solution.
Results of the PLA-coated starch foams showed a reduction of 225% in water absorption
when compared to TPS foams. Reis et al. [398] coated a PLA /starch foam with a beeswax
emulsion to produce biodegradable trays with reduced water vapor permeability. Results
have shown a sharp decrease in water vapor permeability with higher beeswax content. In
another reported study, starch was modified with silanes (3-chloropropyl trimethoxysilane
and methyltrimethoxysilane) to exchange starch hydroxyl groups for the less polar silane
groups and make starch less water sensitive [154]. Results from water absorption and
mechanical tests have shown that these silane-modified starch foams absorb less water and
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become more resistant. Iriani et al. [395] modified the surface of cassava starch-based foam,
using alkyl ketene dimer (AKD) as a sizing agent to improve the hydrophobic characteristics
of starch foam, and reported a reduction in the water absorption of AKD-coated starch by
an average of 83.26% compared to the foam without the AKD coating.

Other works have focused on modifying starch through the addition of fillers to
improve the overall properties of starch foams. The used fillers include fish scale pow-
der [399], coconut residue fibre [400], cellulose fibres [394], cellulose nanofibers [401],
cellulose microfibres [402], sesame cake [403], sugarcane bagasse fibres [404,405], grape
stalks [406,407], peanut skin [408], barley straw fibres [163], sisal fibres [409], silica or nano-
silica particles [410,411], aluminium hydroxide [412], calcified green macroalga [413], egg
shell and shrimp shell [414], natural oat fibres [415], sunflower oil press cake [416], water
hyacinth fibres [417], Khlum fibres [418], and cotton fibres [419]. Kaewtatip et al. [414] re-
ported starch/egg shell composite foams prepared by a baking process with lower density
(0.2056 g/cm?), a narrower pore size distribution, and higher impact strength compared
to neat starch foams and attributed the improvement of the foam properties to the steady
growth of steam bubbles due to the nucleating effect of the egg shell which helped to pre-
vent the bubbles from collapsing during the baking process. Versino et al. [416] investigated
the use of urea as a plasticizer and crosslinking agent and of sunflower oil press cake as a
reinforcing agent in starch foams obtained by thermocompression. They also investigated
the contribution of urea to foaming, as urea decomposes at 150 °C by releasing NH3 and
CO,, which can act as gaseous blowing agents and contribute to the foaming process.
The inclusion of the sunflower oil press cake changed the structure of the starch foams,
yielding denser and harder materials with improved water uptake capacity. Moreover,
urea addition yielded foams that were more flexible to flexural deformation. Nugroho
et al. [417] reported that the addition of 10% water hyacinth fibre enhanced the physical
and mechanical properties of starch foams; however, it increased the amount of filler and
showed some degradation of the foam properties, such as a lower compression strength,
increased water absorption, and foams with a darker appearance.

The moisture barrier of starch/cellulose composite foams can be improved by blocking
some of the hydroxyl groups of starch and cellulose through crosslinking using citric acid
as crosslinking agent. These starch/cellulose composite foams crosslinked by citric acid
and fabricated by the compression moulding technique have shown increased thermal
stability, tensile strength, and flexural strength and decreased hydrophobicity and water
absorption capacity [394].

Blending starch with other polymers is another alternative to improve the moisture
resistance of starch-based foams. PVA is a good alternative to be used in blending with
starch due to its biodegradability, which makes the starch/PVA still biodegradable, and due
to its polar nature and its good compatibility with starch, which results in a single-phase
mixture [420]. Kahvand et al. [421] studied the effects of PVA and glycerol /water plasticizer
contents on the cellular morphology of starch foams prepared by melt extrusion. Blending
starch with 20% PVA enabled them to obtain foams with lower density (decreased about
70%), higher cell density (increased up to 60-fold), lower water absorption (decreased about
60%), and a more uniform cell structure compared to starch foams. Table 6 shows some
other representative studies that have been reported for starch foam materials.

Table 6. Representative studies that have been reported for starch foams.

Objectives

Foaming Conditions Key Features Ref.

Study the biodegradability
and application of
starch-based foams
incorporated with grape
stalks for packaging foods
with low moisture content.

Grape stalks, guar gum, magnesium stearate,
and water (55 wt%) were mixed with cassava
starch (32%wt) and glycerol (5% wt). The
resulting mixture was poured in a
Teflon-coated metal mould and compression
moulded in a heated hydraulic press at 70
bar and 180 °C for 7 min.

Loss of crystallinity of starch after expansion
(an amorphous material was formed).
Foams were completely biodegraded

after 7 weeks.

Foams of starch/grape stalks showed good
properties in the applicability test.

[406]




grape wastes, and cardoon
wastes) by microwave
radiation.

step, the starch sheets were foamed by
microwave radiation.

rigid foam.

The use of barley straw fibres and cardoon
waste showed a decrease in the average cell
size while the addition of grape particles did
not change the average cell size of foams.

Polymers 2024, 16, 1286 49 of 79
Table 6. Cont.
Objectives Foaming Conditions Key Features Ref.
The intrinsic viscosity of the starch solutions
decreased as the degree of oxidation
increased, indicating a molecular weight
. .. reduction in the starch due to chain scission
Improve the expansion The paste containing starch, water, and other [
. . . . caused by oxidation.
capability of starch foam additives was placed in a mould coated with
: . . o Number of C-H and C-O bonds decrease due  [391]
by chemical modification ~ Teflon and compression moulded at 190 °C . .
. 1 . to the conversion of CH,OH-6 into
of starch via oxidation. for 40 min.
carboxyl groups.
Foams from the modified starches showed
decreased density (142 kg/m?) compared to
foams from regular starch (308 kg/ m3).
Observed an antimicrobial effect caused by
Evaluate the effect of . C 1 . .
Thermocompression. Sweet potato starch, small essential oil drops trapped in the first
thyme (TEO) or oregano .
1 water, TEO or OEOQ, plasticizer (glycerol), layers of the foams.
(OEOQ) essential oil on the . . .
hvsical and antimicrobial and the release agent (magnesium stearate) The foams with OEO showed a higher [422]
prc}: erties of foams based  VeTe mixed for 10 min. The batter was antimicrobial effect than the foams with TEO.
proper subsequently thermocompressed at 160 °C The presence of the essential oils reduced the
on native sweet . s .
and 60 bar for 10 min. solubility and water absorption of the
potato starch. .
starch matrix.
Starch pellets were prepared by melt mixing  The starch-based foam showed higher liquid
Investigate the feasibility potato starch, maleic anhydride, and glycerol  retention capacity than expanded
of starch-based composite  at 130 °C in a twin-screw extruder. polystyrene, with no impairment of chicken
foam (SCF) as fresh Afterwards, starch pellets, PLA, PVA, meat quality during refrigeration storage. [423]
chicken meat packaging nanoclay, and azodicarbonamide (CBA) were  The incorporation of 2% of nisin into the
during refrigerated melt-blended and foamed in a twin-screw starch-based composite foam resulted in a
storage. extruder at 160 °C. Foams with 2% nisin as lower microbiological growth in the chicken
an antimicrobial agent were also prepared. meat during storage.
The natural reinforcements increased the
Fabrication of starch-based g\gel(;l(l););,nsstrength, and the toughness of
composite foams (with In the first step, starch was plasticized with . T . .
. SO During foaming, the flexible and solid
natural reinforcements, water by extrusion; in the second step, pellets thermanplastic starch sheet turned into a
such as barley straw fibres, were thermoformed into sheets; in the third P [163]

4.8. Poly (Propylene Carbonate) (PPC)

PPC is a biodegradable amorphous aliphatic thermoplastic copolymer of carbon

dioxide and propylene oxide that shows some promising properties such as good oxygen
barrier properties and ease of processability. In this context, it is being increasingly used in
films for agricultural mulching, packaging [424,425], and is considered in electromagnetic
interference (EMI) shielding and sensor systems [426]. However, the widespread use of PPC
is limited by performance limitations, such a low glass transition temperature (35 °C), low
mechanical strength, poor dimensional stability, and low thermal degradation temperature.
To overcome some of these problems, various approaches have been tried, including
increasing the molecular weight of the polymer or mixing it with other polymers [427].
Regarding foaming, PPC shows poor intrinsic melt strength, which, combined with the low
glass transition temperature, is a major hindrance to prepare PPC polymeric foams with
good quality [428]. However, PPC is a polymer with high affinity towards CO,, capable of
absorbing 23.1 wt.% of CO; [215].

Manavitehrani et al. [214] studied the processing parameters of gas foaming to opti-
mize the porosity, pore size, and pore interconnectivity of PPC scaffolds for tissue engineer-
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ing applications. They found that by using slower depressurization rates, both the average
pore size and the porosity increased, given that with a slow depressurization rate, the cells
had more time to grow into large pores, while a quick depressurization rate generated
higher supersaturation and a nucleation rate that yielded small pores and a lower overall
porosity. In addition, they reported that the pore size increased significantly with increasing
temperature while keeping the pressure constant due to decreased polymer viscosity, which
facilitated CO; solubilization within the polymer matrix and led to larger pores.

Most studies of the foaming of PPC reported in the literature use PPC blended with
other polymers. Kuang et al. [428] used PPC blended with PBS and polytetrafluoroethylene
(PTFE) to significantly improve the melt strength and foaming ability of PPC without
compromising their excellent biodegradability. During extrusion, the synergistic effect
between the PBS domains and the PTFE nano-fibrils network improved the foaming
behaviour of PPC and yielded higher cell densities (by two orders of magnitude) and a
higher compressive modulus (30-fold). Liu et al. [215] blended PPC with PBAT using an
epoxy-based chain extender as a compatibilizer in an effort to improve the compatibility
between PPC and PBAT. The blend was saturated with CO, at 90 °C and high pressure
after which foaming was triggered by the release of pressure, yielding uniform and resilient
biodegradable foams with a density of 0.083 g/cm? and average cell size of 15 um.

Many efforts have been carried out to circumvent the poor mechanical and thermal
properties of PPC. A common strategy, also used in other polymers, resorts to the use of re-
inforcements or fillers, such as graphene oxide [429], CB [430], carbon nanostructures [426],
and calcium carbonate (CaCO3) [431,432], among others. Among these fillers, nano-CaCOs
shows special interest in foaming due to its ability to increase the melt viscosity of the
matrix and at the same time act as a nucleating agent. Yu et al. [432] prepared and foamed
PPC/nano-CaCO3 composites using supercritical CO; as a blowing agent. They reported an
increase in the glass transition temperature with the addition of nano-CaCOj3. In addition,
the homogeneous dispersion of the fillers, achieved with 3 wt.%, yielded the finest cell struc-
ture with a narrow cell size distribution. Higher amounts of nano-CaCOj yielded larger
pores due to the aggregation of the fillers. Cui et al. [430] fabricated conductive chlorinated
PPC/CB foams with a well-defined closed-cell structure by a two-step method combining
melt blending and subsequent chemical foaming using azodicarbonamide as the foaming
agent. They reported a decrease in the electrical percolation threshold from 2.48 vol% (solid
composites) to 0.14 vol% after the foaming process. Moreover, the foams showed lower
resistance with increasing temperature due to the thinning of cell walls induced by the gas
expansion and the subsequent lower distance between adjacent CB particles.

Yang et al. [429] added graphene oxide into PPC to improve the thermal stability
and the mechanical strength of PPC and reported a 10 °C increase in its glass transition
temperature after incorporation of the filler. The obtained PPC/graphene oxide composites
were subsequently foamed using supercritical CO; with the aim of evaluating the effect of
the saturation pressure, saturation temperature, and saturation time in the preparation of
scaffolds for tissue engineering applications. With an increase in temperature, an increase
in pore size was observed due to lower viscosity of the polymer matrix that facilitated the
foaming. An increase in the saturation pressure also yielded an increase in pore size. At
last, with increasing saturation time, larger pore size and lower pore density were obtained.
It is believed that longer saturation time resulted in more sorption of CO;. The increase in
both saturation pressure and saturation time led to the increased adsorption of CO,, which
decreased the viscosity of the nanocomposite and increased the period of pore growth,
resulting in larger pores.

4.9. Biodegradable Polymer Blends

Most biodegradable or bio-based polymers have some interesting mechanical prop-
erties to add to the sustainability factor and can be considered as adequate replacements
for petroleum-based polymers in some applications. However, these biodegradable poly-
mers have some substantial setbacks such as low melt strength, slow crystallization rate,
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poor processability, low service temperature, low toughness, and high brittleness, which
limit their field of application. To surpass these limitations, bio-based or biodegradable
polymers can be reinforced with fillers with the intention of improving certain properties.
Alternatively, they can be blended with other polymers to combine certain properties of the
individual components of the blend to counteract certain limitations. For instance, PLA is
one of the most used biodegradable polymers because of its good overall mechanical prop-
erties; however, its poor melt strength and low crystallization rate pose great processing
challenges regarding foaming. To overcome these limitations and to improve its properties,
PLA has been blended with various biodegradable polymers such as PCL, PBAT, PBS,
and Novatein.

PCL has a high elongation at break and toughness and excellent crystallization prop-
erties, although it has low tensile strength, so blending PCL with PLA can decrease the
brittleness and improve the ductility and toughness of PLA and at the same time improve
the tensile strength of PCL. Considering their complementary properties, blending PLA
with PCL becomes a good alternative to improve the properties of PLA without compro-
mising its biodegradability [133,250,433,434]. Zhao et al. [435] blended PCL with PLA to
manufacture a vascular scaffold foam with open-cell morphology by one step supercritical
CO; batch foaming. Differential scanning calorimetry measurements showed that PCL and
PLA were immiscible. The open-cell morphology of the scaffold was achieved at 40 °C
and a sodium hydroxide solution was subsequently used to hydrolyse off the PLA phase
from the scaffold surface and improve the porosity and hydrophily in order to improve the
mechanical properties and promote the cell culture.

The relative difficulty in preparing PLA foams with open-cell morphology via batch
foaming is well known and PCL can be added to PLA to promote the formation of foams
with open-cell morphology. In this context, Wang et al. [436] blended PLA and PCL
to fabricate open porous PCL/PLA scaffolds for tissue engineering applications. They
studied the relationship between, on the one hand, the blend ratio and foaming processing
parameters, including the temperature, pressure, and CO, saturation time, and on the
other hand, both the foam morphology and the mechanical performance. They reported
increased cell size with increasing temperature and time and increased tensile strength
and elastic modulus with the increase in the average cell size when higher PCL content
was used. When higher PLA content was used, the cell size also increased with increasing
temperature and time, but the tensile strength and stiffness decreased with the increase
in the average cell size. The nucleation took place at the phase interface between the
PCL matrix (soft phase with low melt strength) and PLA (disperse phase with higher
melt strength) due to the low interfacial energy. Further cell growth and collision took
place, in which the cell walls became thinner and eventually broke, and an open structure
was formed.

Sun et al. [434] fabricated high-strength biodegradable and highly interconnected
porous polymeric scaffolds of PCL/PLA blends by twin-screw extrusion followed by solid-
state supercritical CO, batch foaming, which was controlled by foaming temperature,
pressure, and time. They reported a substantial increase in the average cell size and a
gradual decrease in the cell size uniformity with increasing temperature, while the opposite
occurred with the increase in the foaming pressure. In addition, high porosity and an open-
cell content greater than 90% was also obtained. Lv et al. [437] fabricated PCL/PLA (70 wt.%
of PCL and 30 wt.% of PLA) foam blends containing fibrils with open-cell morphology and
high porosity via a one-step batch foaming process. The interconnected cells with flexible
PCL fibrils were generated due to the high tensile stress experienced during cell expansion.

The foaming of thermoplastic blends can be improved using the in situ fibrillation
technique [438]. In this technique, in the first stage, a blend of polymers is prepared by
extrusion. One of the polymers acts as a matrix while the other, with a melting temperature
40 °C higher than the melting temperature of the polymer used as a matrix, acts as a
dispersed phase. The processing temperature must be higher than the melting temperature
of both polymers and the melt that exits from the die is either hot-stretched or cold-pulled
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by a rotating roller. During pulling, the dispersed phase undergoes from spherical to
fibrillar domains due to plastic deformation. Finally, fibrillar composites are moulded using
a processing temperature that is between the melting temperatures of the two polymers
to preserve the nano- or microfibrils of the dispersed phase. Blends with fibrils show
improved crystallization kinetics and improved foaming ability. Using this technique,
microfibrillated PCL/PLA composites were easily created by melt-blending PLA and
PCL using a twin-screw extruder, followed by hot-stretching [438]. The samples before
stretching showed spherical PLA domains, which transformed into fibrillar structures
after stretching. During batch foaming, the fibrillated samples induced foams with an
improved open-cell morphology compared to foams from neat PCL and non-stretched
PCL/PLA samples.

Poly(L-lactide-co-e-caprolactone) (PLCL) is a copolymer from PLA and PCL. PLCL and
PCL are completely compatible without phase separation when less than 30 wt.% of PLCL
is used. PLCL enables the enhancement of the melt strength of PCL, which allows for an
improvement in cell nucleation and growth during supercritical CO, foaming [439]. Using
PCL/PLCL blends with a PLCL content of 30 wt.%, foams with 77% open-cell content, pore
size of 24.9 um, and cell density of 1.23 x 10° cells/cm? can be obtained [439]. PLCL can
also be used as a compatibilizer between PLLA and PCL phases and chain entanglements
that results in an improvement in the stretch ability of the polymer blend [440].

As mentioned before, PBS is a biodegradable aliphatic polyester with properties like
those of polypropylene, namely high flexibility, high impact strength, good thermal and
chemical resistance, and they are easy to process. These properties of PBS can complement
the properties of PLA, by blending PBS with PLA in order to improve the mechanical
properties of PLA foams [441]. Several studies report immiscibility between PBS and
PLA, although good compatibility and excellent mechanical properties can be attained by
blending PLA with less than 20 wt% of PBS [231]. Blending PLA with PBS is a common
strategy to produce high-expansion PLA /PBS open-cell foams through the supercritical
CO, foaming process. The blending of immiscible polymers enables the dispersion of
a soft phase in a hard matrix or the dispersion of a hard phase in a soft matrix, thus
providing a heterogeneous melt structure that facilitates cell ruptures. Using this approach,
Li et al. [442] prepared highly interconnected PLA /PBS foams with an open-cell structure
using supercritical CO, foaming, by using PLA as the matrix and PBS as the cell opener.
They reported PLA /PBS foams with an expansion ratio of 43.6 and a porosity of 97.7%.
A similar strategy was followed by Sun et al. [443], who reported PLA /PBS foams with
an open-cell structure and cell growth at the interface between PBS and PLA phases, and
Yu et al. [444], who reported an immiscible PBS phase dispersed as large domains or tiny
spheres within the PLA matrix that yielded open-cell morphology with high rates of open
cells (97%). Vorawongsagul et al. [10] added cellulose fibres to PLA /PBS blends to prepare
PLA/PBS/ cellulose fibre composite foams by extrusion foaming using sodium bicarbonate
as the blowing agent. The addition of cellulose fibres to the PLA /PBS blend decreased the
viscosity of the blend and yielded a higher number of closed cells and a more uniform cell
distribution. Shi et al. [137] fabricated microcellular PLA /PBS foams by the batch foaming
process using supercritical CO,. PLA and PBS were shown to be immiscible and the PBS
phase formed separated domains within the PLA matrix. PBS decreased the gas solubility of
CO,, which promoted a larger average cell size and smaller cell density in addition to a more
uniform size distribution and improved the crystallization behaviour of PLA. Cells were
nucleated around the interface between PLA and PBS, resulting in an open-cell morphology
compared to the closed-cell morphology of neat PLA foam. Tian et al. [445] prepared
biodegradable PLA /PBS/multi-walled carbon nanotube (MWCNT) nanocomposites with
segregated structures by melt blending. They reported that the MWCNTs were mainly
dispersed in the PBS phase, which resulted in an ultralow percolation value of 0.071 vol%.
With a MWCNT content of 0.499 vol%, and the nanocomposites with segregated structures
exhibited an electrical conductivity of 7.15 x 1073 S/m, a value that is six orders of
magnitude higher than that found in nanocomposites with normal structures.



Polymers 2024, 16, 1286

53 of 79

The compatibility between PLA and PBS can be improved by compounding the
PLA/PBS blend in the presence of dicumyl peroxide. Dicumyl peroxide can be used as an in
situ compatibilizer and chain extender for biopolymers through the formation of crosslinked
or branched structures between both PLA and PBS polymers, creating improved interfacial
adhesion between the two polymers. Campuzano et al. [446] prepared PLA /PBS blends
using decumyl peroxide as a compatibilizer and chain extender in an effort to enhance
the melt crystallization rate, the viscosity, and the melt strength of the blend. The foams
produced by injection moulding using azodicarbonamide as the CBA showed a closed-cell
structure, narrow cell size distribution, higher cell density (1.8 x 10° cells/ cm3), and foam
density of 0.85 g/cm3. Chen et al. [447] used poly(ethylene glycol) (PEG) to improve the
compatibility between PLA and PBS in order to fabricate PLA-based scaffolds with high
porosity through supercritical CO;, foaming. The PLA /PBS/PEG blend (composition of
90/10/10) foamed under 100 °C showed a volume expansion ratio of 13.98 and open cell
rate of 95.9%.

PLA was also blended with other PBS copolymers, such as poly (butylene succinate-co-
adipate) (PBSA) [8,127] and poly(butylene succinate-butylene terephthalate) (PBST) [448] in an
effort to enhance the crystallization rate and the thermal properties of PLA. Pradeep et al. [127]
studied the foaming of blends of PLA /PBSA compatibilized by coupling agent triphenyl
phosphite via injection moulding using supercritical N, as the blowing agent. The com-
patibilized foamed blends showed an improvement in crystallinity compared to their
unfoamed blend counterparts. In addition, compatibilized foamed blends showed higher
storage moduli compared to the non-compatibilized foams. Kim et al. [21] investigated
the effect of blend morphology on the cell structure of PLA /PBSA foams using several
blend ratios that were fabricated by a core-back foam injection moulding process. They
reported a millefeuille-like cellular structure for PLA/PBSA (50/50) blends, which was
created by synergistic effects between foaming conditions, blend morphology, and viscosity
differences between PLA and PBSA. Chen et al. [448] fabricated PBST /PLA microcellular
foams by using supercritical CO, as the blowing agent. PLA improved the rheological
properties and increased the crystallization temperature of PBST, while at the same time it
controlled the solubility and diffusion of CO; in the blends and served as a heterogeneous
nucleation centre during foaming, enabling the formation of foams with open-cell morphol-
ogy. The PLA dispersed droplets acted as the heterogeneous nucleation sites and the cells
first nucleated and then grew around them, as shown in Figure 19.

To overcome the brittleness and low toughness of PLA, PBAT can also be selected as a
blending option due to its flexibility and toughness. PLA and PBAT generate immiscible
blends without the use of any compatibilization agent. Epoxy chain extenders, besides
being primarily used as a chain extender of the linear structure of the polymers, can also
be used as a compatibilizer to promote the compatibility between PLA and PBAT and
subsequently improve the foamability of the polymer blend [449].

PBAT significantly affects the overall mechanical performance and the crystallization
behaviour of PLA, as the toughness and ductility of the blend, as well as the crystallization
rate of PLA, increase with the addition of PBAT although the modulus and the tensile
strength show a decrease [231,450]. Moreover, the addition of PBAT has been shown to
improve the rheological behaviour and both the crystallization and the crystal morphology
of PLA, which affect the foaming behaviour by preventing the escape of foaming gases,
producing changes in the cellular morphology of the PLA foams [451]. The effect of the
addition of a second phase of PBAT on PLA foaming has a great influence on the cell
morphology, with PLA /PBAT foams showing a more uniform cell distribution with an
open-cell structure due to the interface between PLA and the soft immiscible PBAT phase
as a separated domain [452]. Zhang et al. [105] prepared PLA /PBAT blend foams using a
single-screw extruder and azodicarbonamide as the CBA and reported the improved melt
strength, crystallization, and viscosity of the blend due to PBAT. The PLA /PBAT foams
showed a more homogenous distribution of the cells with a larger average cell size and
more uniform shapes compared to neat PLA foams. Pilla et al. [112] studied the effect
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of compatibilization in PLA /PBAT blends foamed by the microcellular extrusion process
using CO, as a blowing agent and showed that the improved compatibilization between
PLA and PBAT generated an increase in the cell density and a decrease in both the average
cell size and volume expansion.

Interface Cell

-

PBST matrix PBST matrix

Cell nucleation

Microcellular foam Cell growth

Figure 19. Diagram showing the cell morphology evolution of the PBST/PLA foams. Cell nucleation
took place at the interface between the PLA dispersed phase and the PBST matrix. As the foaming
temperature was close to the melting point of PBST, the interfacial tension of the PBST phase was
much lower than that of the PLA phase and so the nucleated cells tended to grow toward the PBST
matrix, creating a flower-like cell structure in which the cells grew around the PLA phase. Adapted
with permission from Chen et al. [448].

Polymer blending was also used as a technique to improve some of the properties of PHVB
that are important in foaming, such as low melt viscosity and high crystallinity. Examples
include blending PHBV with PCL [352,453], which is a semi-crystalline polymer with high
miscibility in CO,, with PBAT [376], and with PLA [128,251]. Jenkins et al. [453] showed that
PHBYV and PCL are immiscible when blended using mechanical means, but the same blends
were miscible when produced using supercritical methods. Oluwabunmi et al. [352] blended
PHBV with PCL to foam PHBV by a batch foaming process using subcritical CO,. A
two-stage depressurization was used to increase the time for cell growth and assist the cell
nucleation and growth in this way. Foams obtained from neat PCL showed the highest
expansion ratio and porosity, and as PHBV was added, the porosity gradually decreased.
Zhao et al. [251] blended PHBV with PLA to improve the microcellular foam morphology.
The blends were foamed by microcellular injection moulding using supercritical N, as a
blowing agent. They found that the PLA /PHBV blends were only miscible when using
low PHBV contents, as with a PHBV content higher than 30%, the PLA/PHBYV blends
were immiscible. In addition, the increase in PHBV content decreased the glass transition
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temperature in the PLA /PHBV blends, increased the cell density, and decreased the average
cell size of the microcellular foams. Briitting et al. [454] also reported that PHBV and PLA
are immiscible and that the increase in PHBV content in the blend yields foams with slightly
higher foam density and lower cell size due to an increased cell nucleation rate.

Novatein® Thermoplastic Protein (NTP) is a semicrystalline patented formulation of
bloodmeal with chemical additives that can be extruded and injection-moulded like any
other thermoplastic. However, NTP has poor mechanical properties due to its hydrophilic
nature and its tendency to lose plasticizer during use [455]. In addition, neat NTP cannot
yield a cellular structure. To overcome these problems, NTP has been blended with other
biopolymers such as PLA [455,456]. To improve compatibility between NTP and PLA, the
compatibilizer itaconic anhydride was grafted onto PLA using dicumyl peroxide as the
radical initiator. Walallavita et al. [456] used this approach to produce PLA/NTP blend
foams by a batch foaming method. The obtained PLA/NTP blend (50/50 wt.%) foams
showed a cell density of 8.44 x 10%! cells/cm3 and cell sizes of 3.36 um, which are a smaller
cell size and a higher cell density than those obtained for neat PLA.

PBAT foams normally face shrinkage issues, related to the collapsing and merging
of cells, when supercritical CO; is used as the blowing agent. Blending PBAT with other
polymers, such as PBS [457,458], PVA [459], PLA, and PPC [460], can be an approach
to avoid these issues. Hu et al. [457] studied the foaming of PBAT/PBS blends using
supercritical CO; in an effort to provide an anti-shrinkage strategy in order to produce
PBAT foams. They reported an improvement in the mechanical performance and in the
crystallization behaviour of the blend, although accompanied by a deterioration of melt
strength after the inclusion of PBS. In addition, during foaming, PBS improved the cell
nucleation and decreased the cell wall thickness, enabling the creation of foams with
an open-cell morphology. Li et al. [458] also blended PBS with PBAT to improve the
foamability of PBAT by supercritical CO;. The regularity of the molecular chain of PBS
improved the crystallization behaviour of the blend and ensured higher strength to the
foams, while the micro-phase separation structure in the PBAT /PBS blend improved the
cell growth and yielded a higher expansion ratio. Tian et al. [460] prepared foams of
PBAT/PPC blends by extrusion foaming using Azodicarbonamide as the blowing agent.
PBAT was previously modified through the bis(tert-butyl dioxy isopropyl) benzene chain
extender. They reported that an amount of 30 wt.% of PPC in the blend yielded foams
with a cell density of 2.35 x 10° cells/cm?. However, with higher amounts of PPC, the
cells collapsed and the cell density of the foams decreased. Instead, PBAT can be used to
improve the foam properties of PBS foams. Studies on PBS/PBAT blend foaming have
revealed significant improvements in the toughness and flexibility of PBS/PBAT blend
foams after adding PBAT to PBS, although the addition of PBAT enhanced the viscosity of
the PBS/PBAT blend very slightly and produced only small changes in the average cell
size of PBS/PBAT foams compared to PBS foams [461].

PPC presents some drawbacks when it comes to foaming due to poor melt strength.
Blending with other biodegradable polymers is a possibility to improve the foaming ability
of PPC without sacrificing its excellent biodegradability. Using this approach, PPC was
blended with PBS and PTFE particles. The high shear stress during the extrusion process
enabled the fibrillation of the PTFE particles into networks within the PPC polymer matrix,
and the synergistic effect between this PTFE nano-fibrils network and that of the PBS
domains on the foaming behaviour yielded higher cell densities and improved compressive
performance of the foamed blends [428]. Blending PPC with PBAT is difficult due to the
lack of compatibility, and so a compatibilizer agent can be used to improve compatibility.
Using an epoxy-based chain extender and compatibilizing agent, foams of PPC/PBAT
blends with a cell size of 15 um and foam density of 0.083 g/cm3 were successfully prepared
under high CO, pressure foaming [215].

PCL is a semi-crystalline polyester with good toughness and ductileness and low
toxicity to cell growth and proliferation. However, PCL has a low melt strength, which is
not capable of sustaining the pore morphology during the microcellular foaming process.



Polymers 2024, 16, 1286

56 of 79

Therefore, PCL can be blended with other biodegradable polymers, such as PLA [133,462]
or poly (lactic-co-glycolic acid) (PLGA) [80,463], in an effort to improve its melt strength.
In this regard, Guo et al. [463] studied the foaming behaviour of PCL/PLGA blends and
the effect of blend composition on the porous morphology, using solid-state batch foaming
with supercritical CO; as the blowing agent. They reported increased viscosity, which
facilitates the foaming of PCL, decreased pore size, and both increased open-cell content
and cell density with increased PLGA content. Xu et al. [462] prepared PLA /PCL/rice straw
composite foams for wall insulation applications using azodicarbonamide as a blowing
agent. They reported that the addition of 40 wt.% PCL improved both the impact and the
compression strength. The water resistance of the foams was also improved by more than
800% and all foams showed an excellent insulation performance of about 0.040 w/(m-K).

As mentioned before, TPS shows two big drawbacks that undermine potential appli-
cations: it has poor mechanical properties and is strongly hydrophilic. Additionally, when
using supercritical CO; as the blowing agent, its poor melt strength makes it difficult for
the biopolymer to hold the blowing agent within it, leading to the rapid diffusion of the
gas out of the biopolymer, which generates starch foams with poor pore morphology. To
overcome these issues, TPS is often blended with other biopolymers. PLA is an obvious
candidate to complement the weaknesses of TPS due to its relatively good strength and
modulus, thermal stability, and biodegradability, although PLA is hydrophobic, which may
pose some compatibility issues. With this objective in mind, PLA has been blended with
TPS [402,464,465]. Chauvet et al. [465] prepared PLA /TPS blends by melt extrusion and
subjected the blends to extrusion foaming using supercritical CO, as the blowing agent.
They reported evenly foamed samples obtained from the blend made of 80 wt.% PLA and
20 wt% TPS, that showed high porosity (up to 96%) and a similar behaviour to neat PLA in
terms of expansion and the type of porosity. On the other hand, samples obtained from the
50/50 (in wt.%) blend performed badly in terms of foaming, showing lower porosity and
high cell coarsening due to the strong incompatibility between the two biopolymers. These
results have shown that higher amounts of TPS in the blend would require the addition
of a compatibilizing agent to improve the compatibility between the two biopolymers.
Compatibilizing agents used to modify TPS and improve the interfacial adhesion between
TPS and PLA include maleic anhydride. Studies have demonstrated that maleated TPS
showed lower crystallinity and polarity and enhanced interaction with PLA, which resulted
in improved barrier properties and improved mechanical performance of the PLA /TPS
blends [466].

Other biopolymers, including PBAT [467], PCL [468], and PVA [421], can be used to im-
prove TPS mechanical properties and circumvent poor foamability issues. Chang et al. [467]
blended PBAT with TPS to improve the foamability of TPS by supercritical CO, as a blow-
ing agent. The TPS surface was modified using a compatibilizer, in the form of a silane
with an epoxy group, to improve compatibility between TPS and PBAT. In addition, the
use of the compatibilizing agent improved the melt strength of TPS and promoted the
formation of intermolecular entanglement between PBAT and TPS that enabled the blend to
withstand the cell morphology during the cell growth process. The reported results showed
that the modified TPS/PBAT foams had a lower foam density (0.16 g/cm3) and better
tensile properties compared to unmodified TPS/PBAT foams (foam density: 0.349 g/cm3).
Torrejon et al. [469] blended TPS from different sources (tapioca and corn) to produce foams
by mechanical foaming with gas injection. They reported foams with densities of nearly
45-50 kg/m3 and compression properties comparable to expanded polystyrene foams.
PVA is a non-toxic, polar, and water-soluble synthetic polymer that is compatible with
starch, which means that blending PVA and TPS produces a miscible one-phase blend. Kah-
vand et al. [421] investigated the effect of PVA and glycerol/water plasticizer contents on
the mechanical properties and on the pore morphology of TPS/PVA blend foams produced
by extrusion foaming. They reported a lower foam density, higher pore density, and a more
uniform pore structure in the TPS/PVA blended foams compared to the TPS foam.
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5. Circular Economy and Market Aspects of Biodegradable Foams’ Production

Plastics are unique useful materials, playing a key role in the global economy; however
the continuing paradigm of extracting natural resources to support society’s increasing
demands via global linear production and consumption is becoming an impossibility to
sustain [470]. Currently, most parts of the recycled plastics are not going to the recycling
facilities and bioplastics are expected to follow suit as well. According to statistics, 79% of all
plastic waste ends up in landfills, promoting microplastic and marine pollution, where the
burning of plastic garbage also has a negative effect on both the environment and human
health [471]. The global industrialization and high dependence on non-renewable energy
sources have led to an increase in solid waste and climate change, demanding for strategies
to implement a circular economy in all sectors to reduce carbon emissions in 45% by 2030
and to achieve carbon neutrality by 2050 [472-475]. The Circular Economy Action Plan
presented by the European Commission (EC) in 2020 [476] points to the directions towards
which the economic model is being developed. Briefly, the products should be designed
to be reusable and recyclable or more durable. Packaging materials should be reduced,
restricted to certain applications, and designed to be recyclable. Restrictions on the creation
of single-use items are also necessary. To encourage circularity in industry, the document
also suggests giving the bio-based sector additional support. However, the report and other
studies also note that there are emerging challenges regarding the sourcing, labelling, and
use of bio-based, biodegradable, and compostable plastics [29,476]. The EC also suggests
that the policy will support, via financial and regulatory incentives, the growth of the
bioplastics industry, as one way to move towards a low-carbon economy [476]. Thus, there
is a clear increasing concern regarding the environmental impact of plastic waste and related
emissions of greenhouse gases motivating the transition to a more effective circular plastic
economy [28,470,473]. Furthermore, in the framework of a circular economy model, the use
of non-renewable resources and waste production can be minimized through the careful
design of new products and the use of new industrial process, while reuse and recycling
dominate the life cycles of materials. Bio-based, compostable, and biodegradable plastics
are examples of alternative polymers that could be a more environmentally friendly option
than fossil fuel-derived, non-biodegradable plastics. When compared to standard foams
derived from fossil fuels, bio-degradable foam materials based on biopolymer matrices
exhibit comparable physical properties and are more environmentally friendly with a lower
carbon footprint, contributing to a sustainable development [28,477].

Increasing awareness about environmental conservation and the negative effects of
non-biodegradable waste leads to an increase in demand for bio-based and biodegradable
products. Innovations in biodegradable foam materials as shown in this review have led to
the development of high-quality biodegradable foams with properties similar to the fossil-
based polymers. Currently, biodegradable materials such as polylactic acid (PLA) or starch-
based polymers offer a sustainable alternative to conventional foam products, accelerating
the market growth [478]. Despite all the benefits of bio-based and biodegradable products,
they also have trade-offs and sustainability issues of their own that need to be properly
evaluated [478-480].

The main obstacles are primarily related to the economic aspects of bio-based foams
production costs, since biodegradable foams often have higher production costs as com-
pared to commodity foam materials, being more expensive for end users. Another barrier
is the limitation in terms of their physical properties, since those polymers may have
lower strength, reduced heat resistance, or limited durability for some specific uses, com-
promising the adoption in industries where specific performance requirements must be
accomplished. The availability of raw materials for biodegradable foams is also mentioned
as a constraint, since manufacturers may find it difficult to secure a sustainable supply
of raw materials because of factors including seasonal variations, land use rivalry, and
fluctuations in agricultural productivity. Considering recycling and waste management,
a proper disposal or composting infrastructure is also needed for collecting, sorting, and
processing biodegradable foam waste as it already exists for commodity plastics. Therefore,
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insufficient recycling and waste management systems may restrict biodegradable foams’
end-of-life options and impede their sustainable disposal [470,478]. On the consumer and
plastic converters side, “greenwashing” information on environmental and sustainability
issues related to biopolymers is being passed around, leading to inconsistent labelling
and contradicting life cycle assessment that can be overpassed with the establishment of
consistent information and global identification standards [28]. Regarding the need of
sustainable products, it is also critical to dissipate any unfavourable perceptions about
polymers that would discourage engineers, researchers, and designers from employing
commodity plastics; in certain circumstances, though, those polymers might be preferable
in terms of establishing a closed-loop system for certain applications. Thus, biodegrad-
able and non-biodegradable plastic wastes can contribute to a circular plastic economy, if
used properly.

Considering the economic aspect, the global biodegradable foam market was valued at
USD 906.1 Mn in 2023 and it is expected to exhibit a CAGR of 10.5% over the forecast period
of 2023 to 2030, as highlighted in the report published by Coherent Market Insights [478].
The North of America represents a market share of 29%, followed by Europe with 23%
and Asia Pacific with 16%. The market-drivers for the growing demand in those regions
are mostly related to the increasing awareness about the environmental impact of non-
biodegradable foams, growing demand of producers for biodegradable food and beverage
packaging solutions from natural resources, and the increasing focus on sustainability, lead-
ing to government regulations under those product solutions. Globally, it can be stated that
the worldwide foam market is prepared to provide cost-effective and sustainable solutions
that are compostable and biodegradable alternatives to the traditional polymer foams.

6. Conclusions and Future Perspectives

The increase in environmental awareness has served as a motivation to change the
plastics industry paradigm to become more sustainable. Intensive research has been carried
out to replace non-biodegradable petrochemical-based plastic materials with biodegradable
materials from renewable sources. Polymeric foams are lightweight materials with im-
proved properties such as low density, good thermal and sound insulation, electromagnetic
shielding, and high specific strength compared to fully solid polymeric materials. Foams
have increasingly found practical applications such as in insulation, packaging, medicine,
construction, automotive industry, and aeronautics, among others.

Many developments in foaming research are carried out using batch foaming on a
small scale. However, from the point of view of practical application and production on an
industrial scale, many of the outcomes of that research would gain immensely if they were
converted to a continuous process, such as extrusion foaming or foam injection moulding.
It is therefore necessary to develop technologies and processes that allow for the transfer of
knowledge from batch foaming to continuous foaming processes. This is more important
considering that the practical application of these foams based on biodegradable polymers
depends on the collaboration with industry. Moreover, athe industry will only be interested
in materials and technologies that can be used in industrial continuous processes.

In situ foam 3D printing initially involved printing previously saturated filaments. Us-
ing this approach, the main issue is the ability of the polymer to retain the dissolved expan-
sion gas (PBA) without loss until the printing stage, given that in the case of biodegradable
polymers, especially in view of biomedical applications, the use of CBAs is not interesting
due to toxicity problems. As the retention of the expansion gas in various polymers de-
pends to a large extent on their molecular structure, the application of in situ 3D printing
will be strongly linked to research in polymer chain extension, crosslinking, and branching
methods in those materials where the technique is feasible. The other 3D printing technique
reviewed, the direct printing of a saturated polymer/gas mixture, depends greatly on the
modification of existing machinery used in common 3D printing to enable foaming in the
die nozzle, similar to what occurs now in extrusion foaming. The expansion gas would
be injected into the extruder barrel of the printer, and so it would not be necessary for the
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polymer to have a large capacity in retaining the expansion agent, thus enabling a great
expansion of the range of materials that could be used in this technique.

The control of the porosity structure in foams has advanced recently with the de-
velopment of the multi-step foaming process, which has been applied successfully in
the production of bimodal foams for biomedical applications. This technology relies on
a two-step pressurization/depressurization process that allows for controlling the pore
nucleation and growth processes and thus providing foams with tailored morphology. This
multi-step process has also been combined with a heating/cooling step, by increasing or
decreasing the temperature during CO; saturation at high pressure to control polymer
recrystallization, to improve the mechanical properties of the foams.

The application of ultrasonication proved to be effective in improving the nucleation
processes and enabling the formation of an interconnected open-cell structure, with tailored
structures being obtained depending on applying the ultrasonication at the beginning or
after the nucleation. Much research will be needed to apply this technique to the many
available biodegradable polymers to improve the cell density, cell structure uniformity, and
expansion ratio of the foams and ultimately extend the potential applications of the foams.
Another feature that would be interesting to investigate would be to relate the properties
of biopolymers to their responses to ultrasound, so that it could be possible to modify the
polymer structure regarding its desired response to ultrasound and obtain foams with
customized micellar structures.

Regarding the different biodegradable polymers, as this review shows, many efforts
have been made to address the many limitations that these materials present during
the foaming process. Foaming processes are complex and vary greatly from polymer to
polymer, as foaming processes depend greatly on the rheological and thermal properties of
polymers and these properties are strongly dependent on the structure of the material.

Melt strength is the main factor that limits the use of biodegradable polymers in
foaming. To circumvent this issue, a great variety of chemicals has been investigated with
the aim of increasing the molecular weight and producing modifications in the polymer
structure, such as branching or crosslinking to improve the rheological behaviour to enable
foaming. Depending on the biodegradable polymers, several strategies to improve the
foam morphology were reported and reviewed. Changes in the properties of biodegradable
polymers and in their crystallization behaviour make it possible to expand the number
of techniques that can be applied to each biodegradable polymer and the range of foam
morphologies that can be obtained, allowing in this way the gradual replacement of
petroleum-based polymers by their biodegradable counterparts, and so, this issue should
be further researched.

The use of supercritical CO; has been increasingly used in foaming; however, not all
biodegradable polymers are suitable for CO, foaming due to the low melt strength of the
polymer or the low solubility of CO; in the polymer. These problems can be overcome once
again by changing the structure of the polymer or blending it with other polymers.

The melt strength and nucleation of biodegradable polymers can also be improved
by incorporating additives such as nucleating agents. These nucleating agents, by altering
the melt strength, the crystallinity, and the solubility of blowing agents, allow for an
improvement in the pore structure, such as the formation of bimodal pores, in addition
to providing other desirable properties to the foam such as the electromagnetic shielding,
which can be achieved by the addition of carbon nanotubes. Each type of additive or
filler has specific outcomes depending on its properties and, therefore, it is important to
determine the best additive for each polymer, considering the biodegradable polymer
and characteristics of the foam to be obtained. In addition, the effect of the additive on
the foaming process and in the resulting foam morphology needs to be further explored
and understood.

In addition to improving the characteristics of the biodegradable polymers to be
foamed, whether by chemical means or by simple blending with other biodegradable
polymers, the foaming process can also be improved by adjusting the process conditions,
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and therefore they also deserve to be studied. This combination of parameters can be
studied using theoretical modelling and computer simulation combined with statistical
tools such as Response Surface Methodology to optimize the factors that allow for obtaining
the best results in terms of foam performance.

The development of biodegradable polymer-based materials with high porosity and
adjustable morphology in terms of pore size and density considerably expands the areas
of use of these materials. This development has been achieved through the improvement
in techniques that allow for the development of these porous structures. One area that
has received major attention is the area of medical devices, which generally involve the
use of polymers of natural origin and that are preferably biodegradable. Monitoring
the morphology of these porous materials based on biodegradable polymers opens new
possibilities for application in the biomedical area, such as in scaffolds, or in other areas
such as smart packaging, microfiltration and separation of solvents, breathable textile
articles, and pollutant sorbent materials, among other applications.

Although foam based on biodegradable polymers already finds some applications,
namely TPS in disposable packaging, certain properties of these foamed materials need to
be improved so that they can successfully replace foamed polymers of petrochemical origin
at a large scale. In addition, although consumers are increasingly aware of environmental
problems and gradually develop a positive behaviour towards sustainability and concomi-
tantly prefer sustainable products, the higher price of biodegradable polymers often drives
consumers away. To improve the interest of the consumers, it is necessary to increase the
scale of production of biodegradable materials and their application in products, so that
the price to the consumer can be lowered, combined with consumer awareness campaigns
so that even if the price is slightly superior to the corresponding petroleum-based product,
the consumers still prefer to buy the sustainable one.

From an environmental point of view, biodegradable foams have advantages over
compact biodegradable materials. Not only do they use less material to produce a product
of similar dimensions, but biodegradable polymer foams have higher degradation rates
than the corresponding non-porous biodegradable materials. Foam morphology also
influences foam degradation, as open cells and foams with larger cells facilitate foam
degradation. Nevertheless, the issue of the degradation of biodegradable polymer foams
has not received much attention in research. Given the importance of sustainability in the
global agenda, more research into foam degradation is needed.

Plastic waste, especially that resulting from disposable plastic packaging, is currently
considered one of the main environmental problems given the significant increase in plastic
waste that accumulates in the oceans. The replacement of materials of petrochemical origin
with materials of sustainable origin, as well as their biodegradation, is considered a viable
and urgent solution to combat environmental ruin. Research should focus on the objective
of ensuring that, in the future, biodegradable polymer-based materials can successfully
replace traditional polymers manufactured from fossil resources, preferably aligned with
principles of circular economy. Certain problems need to be resolved. For example, TPS is
highly sensitive to moisture, which limits its use in packaging. To improve this and other
aspects, TPS has been mixed with a variety of additives in order to improve its properties,
such as improving the resistance against moisture, microbes, or degradation caused by UV
rays, or even to increase the barrier properties against oxygen migration. Despite this, it
is necessary to increase consumer awareness so that they are willing to accept a product
that may be a little more expensive or of lower quality but that is more sustainable and
environmentally friendly. This should not be difficult in the case of packaging or single-use
disposable products where quality and appearance are less important as the useful life of
the material is very short.

In short, although the foaming process has been known for several years and has been
successfully applied to biodegradable polymers, it will remain a vivid area of research in
the coming years.
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