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Abstract: This article proposes a foaming method using supercritical carbon dioxide (scCO2) to obtain
compostable bionanocomposite foams based on PLA and organoclay (C30B) where this bionanocom-
posite was fabricated by a previous hot melt extrusion step. Neat PLA films and PLA/C30B films (1,
2, and 3 wt.%) were obtained by using a melt extrusion process followed by a film forming process
obtaining films with thicknesses between 500 and 600 µm. Films were further processed into foams
in a high-pressure cell with scCO2 under constant conditions of pressure (25 MPa) and temperature
(130 ◦C) for 30 min. Bionanocomposite PLA foams evidenced a closed cell and uniform cell structure;
however, neat PLA presented a poor cell structure and thick cell walls. The thermal stability was
significantly enhanced in the bionanocomposite foam samples by the good dispersion of nanoclays
due to scCO2, as demonstrated by X-ray diffraction analysis. The bionanocomposite foams showed
improved overall mechanical performance due to well-dispersed nanoclays promoting increased
interfacial adhesion with the polymeric matrix. The water uptake behavior of bionanocomposite
foams showed that they practically did not absorb water during the first week of immersion in water.
Finally, PLA foams were disintegrated under standard composting conditions at higher rates than
PLA films, showing their sustainable character. Thus, PLA bionanocomposite foams obtained by
batch supercritical foaming seem to be a sustainable option to replace non-biodegradable expanded
polystyrene, and they represent a promising alternative to be considered in applications such as food
packaging and other products.

Keywords: foaming; PLA; organoclay; nanocomposites; food packaging

1. Introduction

Environmental concern has increased in the last decade, and consequently, the use
of non-renewable petrochemical-based resources should be determined not only by man-
ufacturers but also by consumers. In the same way, packaging materials should not be
hazardous for the environment after their useful life. Thus, short-term applications, such
as food packaging, should be biodegradable or destined to be reused and/or recycled.
Meanwhile, the amount that reaches landfills should be minimized, according to the cir-
cular economy model. In this regard, biodegradable and bio-based plastics have been
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introduced into the field of packaging, hence making it possible to reduce the consumption
of non-renewable materials as well as to prevent their accumulation in landfills after their
useful life. Altogether they can ensure that nature is preserved for future generations [1,2].

One of the most studied biopolymers for packaging materials is poly (lactic acid)
(PLA). PLA is a biodegradable thermoplastic polyester produced from renewable resources,
which today is one of the most promising polymers to commercially replace conventional
petrochemical-based materials such as LDPE [3]. This biopolymer can be produced from
various natural raw materials such as corn or sugar cane, and it can also be degraded
under composting conditions by means of a hydrolysis process followed by microorganism
attack [2,4,5]. Moreover, PLA can be processed by usual thermoplastic technologies already
available in the plastic processing industry (i.e.,: extrusion, injection molding, thermoform-
ing, film forming, and foaming) [6]. In this context, PLA foams have emerged in recent
years as a promising alternative for sustainable food packaging and other fast-moving
consumer goods compared to conventional polymer foams based on polyolefins such as
polystyrene (PS), as they have the already mentioned inherent renewable carbon content
and compostability as a sustainable end-of-life option [7,8].

PLA foaming can be carried out by chemical blowing agents, supercritical CO2 (scCO2)
batch processing (i.e., in an autoclave), foam injection molding, or extrusion foaming [9–11].
Foaming with supercritical fluids (SCF) is a complex dynamic process that needs a complete
understanding of the fundamentals of thermodynamics; physics; the chemistry of solutions,
interfaces, and interacting species during the whole process; as well as polymer sciences
and process engineering. scCO2 is the most commonly used process engineering [12–14].
Moreover, scCO2 as physical blowing agents is advantageous because it expands rapidly
due to a phase change at the blowing temperature and pressure. In general, dense CO2
has a high foaming efficiency, is non-toxic, environmentally friendly, non-flammable, and
chemically inert, and has high thermal stability [12,15]. Thus, from an industrial point
of view, scCO2 foaming shows crucial advantages over the chemical foaming processes.
Although supercritical CO2 foaming process optimization and scale-up are required for
the transfer of scCO2 technology from laboratory scale level to industrial production of
compostable foams, it should be highlighted that scCO2 foaming is a simple, flexible and
low-cost process, since it allows the use of commercial films to be foamed. Therefore,
it is expected that the transfer of scCO2 technology for the commercial production of
compostable foams can be easily feasible.

On the other hand, in the development of foams it has been observed that the formation
of cells depends on the nucleation sites inside the polymer. Some studies have shown
that the addition of nanoclays to the polymer matrix provides more heterogeneous cell
nucleation sites through local pressure variations created around the nanoparticles, in
turn improving the melting strength and storage modulus of the polymer [16–18]. Many
researchers have demonstrated that the use of nanoparticles both organic (i.e.,: cellulose
nanofibers) and inorganic (i.e.,: nanoclays) as nucleation agents can successfully improve
PLA thermomechanical and barrier properties. The major challenge for the development of
nanocomposites is to achieve a homogeneous dispersion of nanoparticles into the polymeric
matrix with the goal to obtain an adequate interfacial adhesion with the matrix [19]. Among
nanoparticles, organically modified nanoclays such as Cloisite 30B (C30B) are of particular
interest since the dispersion of crystalline layered silicates of montmorillonite (MMT)
constituted of stacks of clay platelets with two external layers of silicon oxide tetrahedra
with a central sheet of aluminum or magnesium oxide octahedra within the PLA polymeric
matrix is relatively homogeneous. This is due to the fact that in organically modified
montmorillonites (OMMT), the alkali counter-ions have been exchanged with cationic-
organic surfactants that make OMMT more compatible with hydrophobic PLA, leading
to a nanocomposite with improved overall performance [20,21]. Therefore, it is expected
that the use of nanoclays favors the formation of smaller cells (nanocells) compared to
conventional PLA foams. In fact, it was demonstrated that by adding only 1 wt.% of
nanoclay (Cloisite 30B) as a nucleation agent into the PLA matrix, the foam density can
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be reduced, and an increase in the modulus is also observed. In addition, using Cloisite
30B nanoclay as the nucleation agent allows obtaining small and uniform cells [22]. In
fact, the cell sizes in PLA foams can be adjusted from micro to nano scale by varying the
amount of nanoclay incorporated into the polymeric matrix [23,24]. Consequently, the
operating conditions and the characteristics of the fillers, such as their size, shape factor,
and surface chemistry, play an important role in the final foam morphology [12], allowing
the production of foams with specific desired properties.

Biopolymer foams are commonly obtained by foam processing in batches previously
obtaining pellet or films through casting processes [25,26], injection molding [27], compres-
sion molding [28,29] or melt extrusion [23,30,31]. However, with the aim to transfer the PLA
foaming process from the laboratory to the industrial scale, films made by high-productivity
techniques, such as extrusion, should be converted into foams.

In this work, the effect of different nanoclay loading levels (C30B in 1, 2 and 3 wt.%)
on the morphological, structural, thermal, and mechanical properties of melt-extruded PLA
foams obtained by the supercritical foaming batch process was evaluated with the aim of
the proposed process as a simple, quick, and scalable method to obtain cell-closed PLA
foams intended for sustainable food packaging applications. Since the moisture gain in
food contact materials is a critical issue and water uptake leads to dimensional instability
of the packaging materials, water absorption measurements were conducted. Finally, since
these foams are intended for the biodegradable food packaging sector, their disintegration
under composting conditions was conducted at a laboratory-scale level.

2. Materials and Methods
2.1. Materials

Poly (lactic acid) (PLA), 2003D (specific gravity 1⁄4 1.24; MFR g/10 min (210 ◦C,
2.16 kg)), was purchased from Natureworks® Co. (Plymouth, MN, USA); Minnetonka (Min-
neapolis, MN, USA). The commercial organoclay-modified (montmorillonite), Cloisite®

30B (C30B) (100 meq/100 g) was provided by Southern Clay Products (Texas, TE, USA).
Carbon dioxide (CAS No: 124-38-9) was supplied by Linde (Santiago, Chile).

2.2. Preparation of PLA Films and Bionanocomposites

PLA films without additives and with organoclay C30B (1 wt.%, 2 wt.% and 3 wt.%)
were prepared by using a co-rotating twin-screw extruder Scientific Labtech® LTE20 (Samut-
prakarn, Thailand). The temperature profile of the extruder was from 175 to 200 ◦C (from
die to hopper), at a screw speed of 30 rpm, and the films were then collected in a Scien-
tific Labtech® LBCR-150 chill roll attachment (Samutprakarn, Thailand) at 1.8 rpm. PLA
powder as well as the C30B clay were previously dried at 60 ◦C for 24 h. The resulting
films presented thicknesses between 500 and 600 µm measured by a digital micrometer
Mitutoyo ID-C112 and were stored in a desiccator until being used for the supercritical
foaming process.

2.3. Supercritical Foaming of PLA Composites

Supercritical fluid foaming of PLA films and bionanocomposite PLA films loaded with
1 wt.%, 2 wt.% and 3 wt.% of C30B was performed using a system schematically described
in Figure 1. This process was carried out in the Laboratory of Membrane Separation
Processes (LabProSeM) of the University of Santiago de Chile. A 100 mL high-pressure
cell was used and loaded with scCO2 by means of a Teledyne® ISCO 260D high-pressure
pump and an ISCO 500D syringe pump (Lincoln, NE, USA) operated at a constant pressure
rate during the foaming runs. The experiments were carried out under constant conditions
of pressure (25 MPa) and at a temperature of around 130 ◦C inside the cell according to
preliminary studies reported by Jeong et al. [32]. The temperature of the high-pressure cell
was controlled using a thermostatic electric resistance around the cell. The temperature
inside the high-pressure cell was controlled by an electro-thermal resistance strip around
the cell. The process to obtain the foam from the film once the pressurized (25 MPa) and
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temperature conditions (130 ◦C) were reached inside the cell took 30 min. Subsequently,
once the saturation of the PLA films with CO2sc was reached, the high-pressure cell was
depressurized to atmospheric pressure by quickly releasing CO2 within 1 s and the system
was stabilized through convective air chilling at room temperature (25 ◦C approximately).
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2.4. Film and Foam Characterization
2.4.1. Viscosity Molecular Weight

Firstly, the intrinsic viscosity [η] of all the PLA bionanocomposite films and foams was
determined by the measurement of its capillary viscosity using a Ubbelohde viscometer
(type C) according to ISO 1628. All the samples were diluted in chloroform (Sigma-Aldrich
99% purity) and measured keeping the viscometer in a water bath with a controlled
temperature of 25 ◦C and at least five concentrations of each sample were used. Then,
the viscosity molecular weight (Mv) can be estimated by means of the Mark–Houvink
Equation (1):

[η] = K × Ma
v (1)

where K and a are 1.53 × 10−2 and 0.759 respectively, for PLA [33].

2.4.2. Morphological Analysis

Film samples, previously frozen in liquid N2, were cryofractured and sputtered with a
gold palladium alloy layer to be observed by FESEM in a Supra 55-Zeiss.

Cell structures were analyzed by Scanning Electron Microscopy (SEM), using a JSM-
5410 Jeol Scanning Microscope with accelerating voltage at 10 kV. Samples were previously
frozen in liquid nitrogen, cryo-fractured and then coated with gold/palladium layer using a
Sputtering System Hummer 6.2 cathode spraying system, and SEM micrographs of surface
and cross-section samples were taken.

In order to obtain the cell size distribution, the size (d) and mean cell wall thickness (δ)
of at least 100 cells in the core part of the cross-section of the fractured foam was measured
by digital image analysis, using ImageJ software. The cell densities (NC) were calculated by
Equation (2) [23]. The mass density of both pre-foamed (ρp) and post-foamed (ρ f ) samples
in g cm−3 were estimated by using the method of buoyancy by submerging sample in a
graduated cylinder of water and observing the increase in volume, following Archimedes’
principle [23].

NC =
1 − ρ f /ρp

10−4 · d3 (2)
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Meanwhile, the porosity or void fraction (Vf ) was given by Equation (3) [29].

Vf = 1 − ρ f /ρp (3)

2.4.3. Fourier Transform Infrared (FTIR)—Attenuated Total Reflectance
(ATR) Spectroscopy

FTIR–ATR spectra of developed foams as well as neat and bionanocomposites PLA
were recorded using a Bruker Alpha spectrometer (Wismar, Germany) equipped with an
attenuated total reflection diamond crystal accessory (Bruker, Platinium). This analysis was
used to characterize the presence of specific chemical groups in the developed materials.
The spectra were obtained with a resolution of 4 cm−1 in a range of wave numbers from
4000 to 400 cm−1 with 100 scans. Spectrum analysis was performed using OPUS software
version 7 (Bruker, Ettlinger, Karlsruche, Germany). To obtain comparable results, spectra
were normalized using the absorbance value at 1455 cm−1 assigned to the asymmetric
bending of CH3 group and known to be a suitable as internal standard for PLA [34].

2.4.4. X-ray Diffraction (XRD)

Crystalline phases of PLA bionanocomposite films and foams were studied by means
of X-ray diffraction using Siemens D5000 diffraction equipment. The samples were
mounted on an appropriate sample holder and surface scanning was performed. The
patterns for profile fitting were obtained using CuKα radiation at the 2θ◦ scanning angle,
between 2◦ and 30◦, with a scanning step of 0.02◦, at a collection time of 10 s per step.

2.4.5. Thermal Properties

Differential Scanning Calorimetry (DSC) analysis was performed using a Mettler
Toledo DSC 822e International colorimeter (Schwerzenbach, Switzerland). Thermal analy-
sis experiments were evaluated to analyze the foaming process in relation to the modifica-
tion of the polymeric crystalline structure. Normally, aluminum capsules were prepared
containing between 5.0 and 8.0 mg of samples from each run; however, in this study, due
to the low density of foams, they were prepared between 1.0 and 2.0 mg. Samples were
heated from 25 to 200 ◦C at a heating rate of 10 ◦C min−1 under a nitrogen atmosphere to
avoid hermos-oxidative degradation of the samples.

Thermogravimetric analysis (TGA) tests were performed using a Mettler Toledo Gas
Controller GC20 Stare System TGA/DCS (Schwarzenbach, Switzerland). Samples were
heated from 30 to 600 ◦C at 10 ◦C min−1 under a nitrogen atmosphere with a flow rate of
50 mL min−1 to avoid hermos-oxidative degradation of the PLA samples. Decomposition
temperature was evaluated at 5% of mass loss (Td, 5%) and the maximum degradation
temperature (Tmax) was determined from the first derivative curve. TGA analysis allowed
to determine the type of degradation and to evaluate the thermal stability of the different
PLA foams.

2.4.6. Mechanical Properties

Mechanical properties were measured with a Shimadzu AGS-X 100N tensile testing
machine (Shimadzu Corporation, Kyoto, Japan) equipped with a 100N load cell, at a
crosshead speed of 10 mm min−1 and initial length of 30 mm. Experiments were carried
out on rectangular samples with a size of 5 × 50 mm and at least five specimens were tested
for each formulation. The average percentage elongation at break (ε%), Young modulus €
and tensile strength (TS) were calculated from the resulting stress–strain curves.

2.4.7. Water Absorption Analysis

Water absorption of PLA bionanocomposite films and foams here developed was
analyzed as recommended by the standard ISO 62:2008. For this, square samples of
15 × 15 mm2 were immersed in deionized water for a period of 81 days in a room with a
controlled temperature of 23 ± 1 ◦C. During the test period, once a week samples were
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extracted from the bath, dried with an absorbent cloth, and weighed on an analytical balance
QUINTIX125D-1S analytical balance (Sartorius, Gotinga, Germany) with an accuracy of
0.00001 g. The samples then were again immersed in the deionized water. To ensure the
accuracy, tests were carried out in triplicate. The percentage of absorbed water (∆mt) was
calculated following Equation (4):

∆mt(%) =

[
Wt − W0

W0

]
× 100 (4)

where Wt is the sample weight after an immersion time t and W0 is the initial weight of
the dry sample before immersion.

2.4.8. Disintegration under Standard Composting Conditions

Disintegration under composting conditions was performed by following the ISO-20200
standard [35]. Solid synthetic waste was prepared by mixing 10% of compost commercial,
30% rabbit food, 10% starch, 5% sugar, 1% urea, 4% corn oil, and 40% sawdust and it was
mixed with water in 45:55 ratio. Water was added periodically to the reaction container to
maintain the relative humidity in the compost [36]. PLA film and bionanocomposite sam-
ples were prepared in squares of 1.5 × 1.5 cm and they were buried 6 cm in depth in plastic
reactors containing the solid synthetic wet waste. Each sample was contained in a textile
mesh to allow its easy removal after treatment, but allowing the access of microorganisms
and moisture at the same time as it allows to recover the disintegrated samples [37]. Reac-
tors were introduced in an air circulation oven (Memmert GmbH, Schwabach, Germany)
at 58 ◦C for 30 days. The aerobic conditions were guaranteed by periodical gentle mixing
of the solid synthetic wet waste [21,36,37]. Films were recovered from the disintegration
container at different times (1, 3, 7 and 14 days), washed with distilled water, dried in a
vacuum-oven at 40 ◦C for 24 h, and re-weighed in a QUINTIX125D-1S analytical balance
(Sartorius, Gotinga, Germany). Photographs were taken of all samples once they were ex-
tracted from the composting medium to qualitatively check the visual aspect of the samples
during the disintegration phenomenon [37]. Meanwhile, the disintegration degree was
quantified by normalizing the sample weight at each day of incubation to the initial weight
and 90% of disintegration was considered as the goal of samples’ disintegrability [33,38,39].

2.5. Statistical Analysis

Data analysis was carried out using Statgraphics Plus 5.1 (StatPoint Inc., Herndon, VA,
USA). This software was used to implement variance analysis with the ANOVA test. The
experimental design was random-type. Statistically significant differences were considered
significant for p < 0.05, with a 95% confidence level.

3. Results
3.1. Processing of PLA Bionanocomposite Films and Foams

PLA film bionanocomposites with different C30B contents (1.0 wt.%, 2.0 wt.% and
3.0 wt.%) were prepared by melt-blending by means of an extrusion process directly fol-
lowed by a film-forming process, as was described in Section 2.2. Figure 2a shows samples
of film containing C30B. As shown in Figure 2a, homogeneous and transparent films were
obtained, indicating that no visible agglomerations of C30B can be observed in the sam-
ples produced by the extrusion process. PLA bionanocomposite films were subjected to
scCO2-assisted foaming (described in Section 2.3). The temperature was assessed in ranges
from 125 ◦C to 135 ◦C and the system pressure in ranges from 10 to 25 MPa. Preliminary
tests were able to obtain a saturation rate of scCO2 at 30 min under conditions of 130 ◦C
and 25 MPa. The depressurization rate was kept constant at 1 second. Figure 2b shows
the images of the foams obtained from neat PLA and PLA bionanocomposites. As can be
seen, the resulting foams were white due to the rearrangement of the polymer chains and
its effect on the refraction of light. Furthermore, asymmetric shapes were observed due to
biaxial growth during the foam expansion.
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3.2. Viscosity Molecular Weight

Table 1 gathers the results obtained for the intrinsic viscosity and the estimated molec-
ular weight calculated by the Mark—Houwink Equation (1). The temperature and shear to
which the material is subjected during the processing may cause certain thermal degrada-
tion and a diminution of the Mv value [33]. In this sense, respecting the Mv value of the
PLA pellet, which was ~186,000 g mol−1, for the PLA-processed film developed in this
work a reduction of around 10% was observed; whereas, the addition of the C30B particles
further increases this Mv reduction with increasing content of C30B. Particularly, in the
case of PLA 3% C30B, the highest reduction of 33% with respect to the PLA pellet and a
reduction of 15% in regard to PLA film were observed. This effect on the molecular weight
of the PLA matrix when C30B are used as reinforcement particles have been reported
previously in other works [40]. In this regard, Iturrondobeitia et al. ascribed this behavior
to the rapid water absorption characteristic of the nanoclays, which induce the hydrolysis
phenomenon that occurs as well in the composite processing. Similarly, Zhou and Xanthos
(2009) also observed a reduction in the molecular weight of C30B-loaded PLA and ascribed
these changes to the thermal and hydrolytic degradation effects as well as to the extent
of the filler dispersion, which they also related to the presence of organomodifiers on the
filler surface that may act as catalysts leading to higher reduction of the molecular weight
during processing [41].
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Table 1. Mean values for intrinsic viscosity (η) and molecular weight (Mv) of the PLA and PLA
bionanocomposite films and foams (PLAf).

Sample η (mL g−1) Mv (g mol−1)

films
PLA neat 133.55 165,000

PLA 1% C30B 119.64 140,200
PLA 2% C30B 120.89 142,000
PLA 3% C30B 111.02 125,400

foams
PLAf neat 121.72 144,750

PLAf 1% C30B 113.89 129,950
PLAf 2% C30B 105.82 117,750
PLAf 3% C30B 110.62 123,050

Although the foaming process by supercritical fluid also reduced somewhat the
molecular weight, this reduction was less marked than the extrusion process. The CO2
diffusion inside the polymer matrix which produces the formation and growth of the cell
together with the temperature and pressure used for the foam production are factors which
can modify the viscosity and molecular weight of the PLA. Taking into account that the
foaming process was performed after the film extrusion, the final Mv value for the neat PLA
foam (PLAf) decreased to 144,750 g mol−1, which is around 14% less than neat PLA film.
For the PLA-C30B bionanocomposite foams, the presence of an external nucleating agent
(e.g., solid particles such as nanoclays, nanocrystals, etc.) provides sites with lower surface
energy at the polymer–particle interface and promotes higher cell formation rates [42].
Therefore, increasing the cell nucleation during the foaming process, the CO2 molecules
can diffuse easily into the polymer matrix and are more homogeneously distributed; hence,
the modification over the molecular weight is less marked than in the case of neat PLA
foam. A noticeable result can be observed for the PLAf 2% C30B, whose Mv value is the
lowest, although being of the same magnitude order. Nevertheless, it should be mentioned
that the morphological and foam parameters discussed previously show that the PLA
foam with 2% C30B content was the more heterogeneous structure obtained. Thus, it could
be proposed that the biggest mean cell size and the lowest cell density sites where CO2
interacts with the material are less but more profitable, and this is reflected in a higher
reduction of the molecular weight.

3.3. Morphological Results

The incorporation of the nanoclay and its distribution in the polymer matrix structure
of the different formulations can be evaluated by means of SEM analysis. SEM micrographs
of the cross-section of freeze-fractured samples of all film formulations are shown in Figure 3.
PLA films showed a mostly homogeneous surface with no apparent phase separation; the
SEM micrographs of the cryofractured surface of the bionanocomposites (Figure 3b–d) are
rougher than those of the unfilled PLA films (Figure 3a); there is a different texture due to
the presence of C30B, which is more prominent in the sample reinforced at 3 wt.%. The
increasing roughness due to the higher contents of C30B is in good agreement with already
reported C30B reinforced PLA films [21].

The effect of organoclay addition on the cell morphology of the PLA foam and PLA
bionanocomposite foams has been already studied in a previous work by Rojas et al.,
2022 [43] and it is shown in Figure 4, while in this work we have studied the cell diameter
distribution based on a Gaussian distribution approximation. SEM microscopies of the
cross-section and their corresponding cell distribution diameters of PLA foams are depicted
for neat PLAf (Figure 4A), PLAf 1% C30B (Figure 4B), PLAf 2% C30B (Figure 4C), and PLAf
3% C30B (Figure 4D). The cell diameter distribution was determined based on a Gaussian
distribution approximation. PLA foams evidenced a closed cell structure and presented an
average diameter between 21.6 µm and 26.5 µm; this could be due to the different levels of
scCO2 saturation inside the polymer matrix and C30B amounts. From micrographs it can
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be concluded that the cell structure was influenced by the presence of nanoclays, obtaining
in general terms more uniform, smaller, and well- distributed cells in the PLA-C30B foams.
This may be due to the presence of nanoclays which induced the crystal formation, acting
as an effective nucleating agent and increasing the PLA’s low melt strength [12]. Several
studies have reported that these nanoparticles can act as heterogeneous nucleating agents
allowing the formation of cells with closed structures (in most cases), besides acting on
their stabilization during biaxial stretching in cell growth (foam expansion), due to their
alignment along the cell walls, and increasing their resistance to the stretching force,
thereby inhibiting cell rupture. In addition, the cell sizes in PLA foams can be adjusted
from micro to nano cell sizes by varying the amount of nanoclay incorporated into the
polymeric matrix [23,44]. Compared with the SEM micrographs, the cell size of the PLA
foam changed when the organoclay nanoparticles were incorporated. It could be seen that
the sample of neat PLA foam has a smooth fractured surface compared to the foam of PLA
bionanocomposites. The neat PLA foam exhibited a uniform cell structure and thin cell
walls (Figure 4A), in contrast to bionanocomposite PLA foams (Figure 5B–D). The reduction
in cell size of bionanocomposites and the increase in cell density are considered to be the
result of the cell nucleation effect of C30B nanoparticles during the foaming process of
PLA foam bionanocomposites. During the formation of the PLA foams, the organoclay
nanoparticles act as nucleating agents able to produce more cell formation sites and, thus,
PLA bionanocomposite foams produce smaller cells than neat PLA foam [32]. Furthermore,
in Table 2 an organoclay addition effect was observed when the C30B content was higher
than 2 wt.%. The cell density increased from 4.9 × 1011 cell/ cm3 to 8.2 × 1011 cell/cm3.
With increasing C30B content, cell size decreased to 21.6 µm and wall thickness increased
to 486 nm. A decrease in porosity (Vf ) was observed in the PLAf foam 3% C30B (Vf = 0.83),
compared to the neat PLA foams which reaches 90% (Vf = 0.90). Therefore, the space inside
a foam cell is larger in neat PLA foams than in the case of bionanocomposite PLA foams.
Moreover, all the foams obtained were classified as microfoams because their cell sizes
resulted in average diameters between 1–100 um, in agreement with those obtained by
previous researchers [45,46].

In conclusion, the formation of PLA composites with C30B nanoclay resulted in
foams with a more homogeneous cell size and higher cell density compared to virgin PLA
foams. The results indicated that the foaming parameters, including the foaming pressure,
temperature, and scCO2 dissolution time, influence the morphology [29]. It was found that
adding 1 wt.% of C30B nanoclay resulted in a foam with fine cell size, but the lowest cell
density among the samples and with closed-cell structure.

Right side: cell diameter distribution of PLA foams: (A’) neat PLAf, (B’) PLAf 1%
C30B, (C’) PLAf 2% C30B, and (D’) PLAf 3% C30B nanocomposites.

Right side: cell diameter distribution of PLA foams: (A’) neat PLAf, (B’) PLAf 1%C30B,
(C’) PLAf 2%C30B and (D’) PLAf 3% C30B nanocomposites.

Table 2. Cell size (d), wall thickness (δ ), cell density (NC) and void fraction (Vf).

Sample d (µm) δ (nm) NC
(× 1011 cell/cm3) Vf

PLAf neat 26.47 ± 6.11 a 376 ± 119 a 4.9 0.90
PLAf 1% C30B 23.35 ± 6,71 b 395 ± 129 a 7.1 0.91
PLAf 2% C30B 26.69 ± 6.52 a 421 ± 136 a 4.7 0.89
PLAf 3% C30B 21.58 ± 3.84 b 486 ± 172 b 8.2 0.83

a, b Different superscripts within the same column indicate significant differences between formulations (p < 0.05).
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Figure 4. Left side: SEM micrographs of cross-sections of samples freeze-fractured at 1.0 kx of
PLA foam samples (A) neat PLAf, (B) PLAf 1% C30B, (C) PLAf 2% C30B, and (D) PLAf 3% C30B
nanocomposites, reprinted from Rojas et al. [43] under Creative Commons CC BY license.
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Figure 5. Left side: SEM micrographs of cross-sections of samples cryofractured at 4.0 kx and wall
thickness distribution of PLA foam cells. PLA foam samples (A) neat PLAf, (B) PLAf 1% C30B,
(C) PLAf 2% C30B, and (D) PLAf 3% C30B nanocomposites, reprinted from Rojas et al. [43] under
Creative Commons CC BY license.
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3.4. FTIR Spectra Results

Figure 6 shows the FTIR spectra of neat PLA and PLA-based nanocomposite foams
containing organoclay C30B. PLA samples presented their characteristic peaks, such as the
carbonyl vibration at approximately 1747 cm−1, and peaks at 1040 cm−1, 1080 cm−1, and
1180 cm−1, associated with C–O stretching, C = O, and C–O symmetric stretching and C–O–
C stretching, respectively [46]. The carbonyl group, centered at 1753 cm−1 in the neat PLA
sample, was shifted to somewhat lower wavenumbers in bionanocomposites (1748 cm−1)
probably due to the crystalline carbonyl stretching as a consequence of the C30B nucleating
effect. Due to the fact that nanoclays were incorporated at low concentrations, all PLA
nanocomposites presented similar spectra corresponding to PLA characteristic bands.
Additionally, the vibration bands corresponding to the stretching of hydroxyl groups and
cations from the octahedral sheet in the region of 3100 and 3500 cm−1 were not observed
(not shown), and the small bands at 2955 and 3004 cm−1 are a result of the presence of
water adsorbed on the polymer surface [47]. This can be corroborated by FTIR analysis
revealing that the carbonyl stretching intensity band decreases with the presence of Cloisite
(Figure 7), which indicates that the oxygen of carbonyl group is involved in hydrogen
bonding interactions with the hydroxyl groups of the organic modifier of C30B [21].
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In conclusion, the samples of neat PLA and PLA-based bionanocomposites did not
present significant differences in their chemical structure, which suggests that the process-
ing of batch foaming by scCO2 did not modify its chemical structure to any great extent.

3.5. X-ray Diffraction (XRD)

X-ray diffraction patterns were used to study the crystalline structure of C30B loaded
films and foams. It is well known that the when the silicate layers are uniformly and com-
pletely dispersed in a continuous polymeric matrix, an exfoliated or delaminated structure
is achieved. The intercalation of the polymeric chains typically increases the interlayer
spacing of the organoclay leading to a shift of the diffraction peak towards lower angle
values [48]. Figure 8 shows the X-ray diffraction pattern of Cloisite 30B, PLA films as well
as PLA-based foams and their nanocomposites. As expected, all transparent film samples
showed a mainly amorphous structure with an amorphous halo centered at 2θ = 16.5◦,
characteristic of the reflection of PLA crystals corresponding to the (203) lattice plane [49].
OMMT powder shows the typical peak of C30B centered at 2θ = 4.82◦ [50] corresponding to
d-spacing (d001) to a mean interlayer space of 1.86 nm [51] (see diffractogram a in Figure 8),
while the C30B-loaded PLA films display a peak at 2θ = 2.62◦ (see diffractograms b, c and
d in Figure 8) and in the nanocomposites leads to an increase in the d001 basal spacing [52].
This shift to lower 2θ angle has been ascribed to the strong interaction between carboxyl
groups of the PLA and hydroxyl groups of the organic modifier of C30B as was already
mentioned in the FTIR analysis, suggesting that some PLA chains were able to be inserted
inside the galleries of the OMMT, increasing the basal distance between the layers with a
formation of bionanocomposites characterized by intercalated structures as was demon-
strated in a previous work [21]. Moreover, the intensity of the peak at 2θ = 4.82◦ increased
with increasing content of C30B in the formulation. There is another peak centered at
around 2θ = 5.3◦, ascribed to a clay gallery collapsing and/or the d002 reflection [52], that
appears as a shoulder in PLA 1% C30B bionanocomposite film and becomes a peak with
a higher intensity in bionanocomposites with higher content of C30B (PLA 2% C30B and
PLA 3% C30B), which indicates there are some OMMT that are partially exfoliated.

In the case of the bionanocomposite foams, the amorphous halo disappeared, showing
a clear more crystalline diffraction pattern (see diffractograms f, g, h, and i in Figure 8).
There are two peaks centered at 2θ = 16.6◦ and at 2θ = 18.3◦, characteristic of the crys-
talline forms of PLA [53], which correspond to the (203) lattice plane [51]. Moreover, the
bionanocomposites processed into foams showed a higher shift of the peak centered at
2θ = 4.82◦ in pristine C30B to even lower 2θ angles than in the case of bionanocomposite
films and also with a higher intensity, showing a greater effect of nanoclay on the bio-
nanocomposite structures when they are processed into foams. The large displacements of
these peaks has been already observed by Lee and Hanna (2009), who developed C30B-
loaded starch/PLA bionanocomposite foams and ascribed this behavior as indicative of
intercalation of a small amount of polymeric chains into the gallery spacing between the
silicate platelets [54]. In the present work, the peaks that appeared at around 2θ = 5.3◦

in bionancomposite films mainly disappeared in bionanocomposite foams, suggesting
that the exfoliation was achieved. It seems that scCO2 produced a plasticizing effect into
the bionanocomposites matrices, increasing the polymer chains’ mobility, improving the
dispersion of C30B into the polymeric matrix, and allowing higher interaction between PLA
and C30B. Additionally, there is a small peak at around 2θ = 29◦, which had been related
to the formation of α-form PLA crystals and related to the processing conditions [55],
that can be ascribed to the plasticization effect of CO2 into the PLA matrix, promoting a
nucleation effect.
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Figure 8. X-ray diffraction patterns of (a) Cloisite 30B, PLA film samples: (b) PLA neat, (c) PLA
1%C30B, (d) PLA 2%C30B, (e) PLA 3%C30B and PLA foam samples (f) PLAf neat, (g) PLAf 1%C30B,
(h) PLAf 2%C30B, and (i) PLAf 3%C30B.

3.6. Thermal Properties

DSC results obtained during the first heating process are shown in Figure 9. The
neat PLA film samples showed the glass transition temperature around 60 ◦C, the cold
crystallization temperature at ~116 ◦C, and the melting peak at around 150 ◦C. Additionally,
a small but clear exotherm peak took place just before melting endotherm ascribed to the
increased polymer chains’ mobility, in which the polymer crystallizes and melts upon
heating. This behavior has been ascribed to the transition of the disorder (α’) to order
(α) PLA crystals, and it is indicative that a large part of the polymeric matrix is in an
amorphous state [37]. In fact, from the visual appearance of the films it can be seen that the
PLA and PLA-C30B-based bionanocomposite films were completely transparent (Figure 2).
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A slight decrease in the glass transition temperature and the cold crystallization
temperature of PLA film nanocomposites was observed. The small changes occurring
in the Tg value in bionanocomposite based on PLA with C30B nanoclay are associated
with the peak of the enthalpy relaxation of the amorphous zones of the polymer [56]. A
somewhat larger shift to lower values of the cold crystallization temperature (Tcc) was
observed, which could be due to a nucleation effect of the C30B crystals in the PLA matrix.

Regarding the foams, in all samples the cold crystallization temperature did not take
place, suggesting that the material completely crystallized during the supercritical CO2
process. Only in the PLA 3% C30B sample it was observed a significant increase in Tm
with respect to the neat PLA foam. It is worth noting that the exotherm area immediately
prior to the melting process disappeared with the addition of the C30B nanoparticles. On
the other side, PLA 1% C30B and PLA 3% C30B bionanocomposite films melted, showing
two peaks suggesting the presence of lamellar populations of crystals with two different
crystalline phases. Whereas, in PLA 2% C30B bionanocomposite film there was only one
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melting peak, suggesting that C30B is well-dispersed into the PLA matrix, able to produce a
homogeneous polymeric material. Meanwhile, the neat PLA foam showed only the melting
peak around 150 ◦C, suggesting that PLA completely crystallized during the foaming
process. A very similar pattern was shown by the PLA 1% C30B sample, while the PLA 2%
C30B and PLA 3% C30B bionanocomposites showed two clearly defined melting peaks,
one centered at around 150 ◦C and the other one centered at around 160 ◦C, that can be
ascribed to the as-formed PLA crystals during film forming process and re-crystallized
PLA crystals formed during the foaming process, respectively.

TGA curves and TGA parameters are shown in Figure 10 and Table 3, respectively.
TGA parameters showed the degradation temperature (Td, 5%) at around 334 ◦C and
the maximum degradation temperatures (Tmax) around 365 ◦C; these result is in good
accordance with those previously reported in the bibliography [21,46]. In general, PLA-
C30B-based bionanocomposites mainly maintained the Td, 5%, while the Tmax was slightly
shifted to higher values in bionanocomposites. Different behavior was observed for the
thermal parameters of all PLA-based bionanocomposite foams, which showed a clear
improvement of the thermal stability of the bionanocomposite with respect to neat PLA.
In fact, the Td, 5% degradation temperature of PLA-C30B-based bionanocomposite foams
were considerably higher than that of neat PLA foam, around 25 ◦C, due to the good
dispersion of C30B nanoclay into the bionanocomposite foams as a consequence of the CO2
presence, which plasticized the system and improved the dispersion.
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Table 3. TGA parameters of PLA bionanocomposite films and foams.

Sample Td, 5% (◦C) Tmax (◦C)

films
PLA neat 333.9 363.9

PLA1% C30B 332.1 366.4
PLA2% C30B 331.7 365.1
PLA3% C30B 330.0 365.3

foams
PLAf neat 306.4 356.7

PLAf 1% C30B 330.5 364.2
PLAf 2% C30B 332.9 366.1
PLAf 3% C30B 332.3 365.3
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3.7. Mechanical Properties

Food packaging materials are required to maintain their integrity to resist the stress
that occurs during transport, handling, and storage. Thus, the determination of mechanical
properties is of fundamental importance in materials intended for food packaging. In
the present work, the mechanical behavior of bionanocomposite PLA foams as a function
of C30B loading was evaluated and tensile test results are reported in Figure 11. The
production of foamed material produced a more flexible material than the film counterpart.
In this sense, the elongation at break of PLA foam increased with respect to the neat PLA
film, which showed an elongation at break of 12 ± 2% [21], due to the already mentioned
plasticization effect of CO2 during the supercritical foaming process. Meanwhile, the
Young modulus and tensile strength were reduced with respect to the PLA film as a
result of foaming because of the less solid matrix available to support the load and as
frequently occurred in plasticized materials [57]. The PLA foam showed comparable values
to those observed for PS foams [58]. The C30B-loaded PLA foams clearly showed increased
elongation at break, but also increased Young modulus as well as tensile strength with
respect to neat PLA foam. This result is due to the good dispersion of the nanoclays into the
PLA polymeric matrix achieved during the foaming process, in which the well dispersed
nanoclays are exfoliated within the polymeric matrix and are able to enhance the interfacial
adhesion of the bionancomposites. Thus, bionanocomposite foams showed improved
overall mechanical properties.

3.8. Water Absorption Analysis

This study proposed materials based on PLA and C30B nanoclays as a promising
application for the food-packaging sector. Among other factors, the material behavior
against the humidity and/or contact with water is a key factor for materials intended
to be in contact with food. Hence, the analysis of their water absorption capacity and a
comparison with the counterpart films was necessary. The evolution of the water uptake of
the PLA and bionanocomposite PLA films and foams was evaluated during an immersion
time of 84 days at a controlled temperature of 23 ± 1 ◦C. Firstly, in Figure 12 are plotted the
curves of weight gain (wt. %) due to the water absorption versus the immersion time of
the PLA film and the PLA-C30B bionanocomposites films. Graphically one can observe
that during the first two days, all the films showed a significant increase in mass. Then the
weight increment by water absorption continues slower as is common in polymer-based
materials [59]. The lowest values are obtained for the neat PLA film in which after three
months the mass remained increased by ~1.2%. Although PLA-C30B bionanocomposites’
curves apparently do not become completely asymptotic, the water uptake seems to trend
toward saturation mass, which is not reached after 84 days of immersion. However, after
day 70 all the mass increment curves are very close to its saturation value. The incorporation
of the C30B particles in the PLA film induces a more hydrophilic behavior, showing all
the bionanocomposites higher values compared to neat PLA, approaching a 2% mass
increment. This is in total agreement with the micrograph discussed above where a rough
surface and the apparition of some cavities spread throughout were observed for the
PLA-C30B samples.

The supercritical fluid foaming to which PLA and PLA-C30B bionanocomposites
were subjected has a clear effect on the hydrophilicity. The water absorption curves of the
PLA and bionanocomposite foams are plotted in Figure 13. In a single glance one can see
that values reached are extremely high compared to the film samples. The formation of a
porous 3D-structure by the foaming process supposes an easy path for the water molecules’
diffusion. This is evidenced in the weight gained by water absorption, which is increased
for neat PLA to approximately 150%. Regarding the presence of C30B nanoclay in the
foams, a small content of 1 wt.% (PLAf 1% C30B) does not appear to have significant effects
on performance against the immersion in water with respect to neat PLA foam. However,
when the content of nanoclay was increased, the saturation mass rapidly grew to 300%
and 425% for the 2% and 3% of C30B, respectively. This is obviously in total concordance
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with the increment in the cell density due to the mentioned nucleation effect of the C30B
particles in the foam’s production. That is, the clay content increases the hydrophobicity
of the material while the foaming process increases the contact area between the water
and the material wall (through the pores/cavities). Therefore, the weight gain due to
water absorption of the foams depends on the amount of C30B added, as well as on the
distribution and size of the cells obtained.
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3.9. Disintegration under Composting Conditions

PLA film, PLA foam, and their C30B loaded bionanocomposites were disintegrated
under standard composting conditions at laboratory scale and their visual appearance
during the disintegrability test are shown in Figure 14A, while the mass lost during the
disintegrability test as a function of time is shown in Figure 14B.
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PLA degradation under composting conditions takes place in two main and consecu-
tive steps: (i) the hydrolytic and (ii) enzymatic degradation processes. From the results, it
can be seen that the disintegration phenomenon starts firstly in films. The disintegration
of the polymeric matrix under composting conditions starts in the polymeric amorphous
phase [60] and this is why films started the disintegration phenomenon previous than
the foams. In fact, although the mass loss of films started at around 11 days, the films
showed clear signs of disintegration early. In this sense, in only one day the films changed
their color and became white, ascribed to the changes in the polymer matrices refraction
index due to water absorption and/or presence of products formed during the hydrolytic
degradation process [39]. Then, at 7 days the materials became breakable, while the mass
loss started at 11 days and at 18 days became opaquer with a clear brown tonality. The
foams started the weight loss at 18 days of disintegration due to their more crystalline
nature, as was already mentioned in the DSC analysis (Figure 9). In fact, from the water
absorption assay it is possible to see that the foams started the water absorption between
10 and 14 days (Figure 13); once the water enters into the structure of the foams, it is
able to start the hydrolysis process required for their disintegration in shorter polymeric
chains. Nevertheless, once the disintegration phenomenon started rapidly, it led to a higher
disintegration rate than in the films. This behavior can be ascribed to the foam structure
that possesses higher exposed surface in contact with water and further hydrolyzes faster
the polymeric chains into smaller ones to be then enzymatically degraded by microor-
ganisms present in the compost medium. The neat PLA film disintegrated faster than
its corresponding bionanocomposites due to the reinforcing effect provided by the C30B
nanoclays that delayed the composting disintegration of the PLA matrix, as frequently
occurs in biodegradable polymers reinforced with nanoclays [60]. A similar tendency was
observed for PLA- and PLA-C30B-based foams, but the PLAf 2% C30B formulation showed
a somewhat slower disintegration rate, which is directly related with the high ordered
crystals formed during the foaming process as was mentioned in the DSC analysis (as seen
in Figure 9B).

4. Conclusions

In this work, the foam processing conditions of C30B-loaded PLA-based composites by
means of CO2 supercritical technology were studied. It was possible to successfully obtain
PLA bionanocomposite foams by a simple method of foaming using supercritical CO2 from
films prepared by a melt-blending approach. The effect of the nanoclays’ incorporation on
the morphological, structural, thermal, mechanical, and water absorption properties of the
bionanocomposite foams as well as on their disintegrability under standard composting
conditions was studied in order to understand the interaction of the nanoclay with the
polymer and scCO2 during the fabrication process. Thus, the main novelty of this work is
to show easy scalability in the fabrication of biodegradable foams because of the industrial
nature of the used processing technologies.

This work was focused on the achievement of an optimum combination of indus-
trial scalable processing conditions to increase cell density to maximize the mechanical
performance of the obtained end bionanocomposite foams. It was observed that in the
supercritical foaming process, the reduction in the molecular weight of the samples was
less evident than the observed one in the extrusion process.

On the other hand, through SEM analysis, it was observed that PLA foams loaded with
the organomodified clay nanoparticles caused nucleation sites which produced smaller cells
than the observed ones in the neat PLA foam. The selected foaming processing conditions
have a significant effect on the degree of dispersion and exfoliation of the nanoclays into
the polymeric matrix. During the foaming process, heterogeneous nucleation played an
important role when the organoclay content was higher than 2 wt.%. The cell density
increased from 4.9 × 1011 cell/cm3 to 8.2 × 1011 cell/cm3. With increasing C30B content,
cell size decreased to 21.6 µm and wall thickness increased to 486 nm. Measurements of
the FTIR spectra showed that the incorporation of the nanoclays did not lead to a change



Polymers 2022, 14, 4394 23 of 25

in the structure of the functional groups of PLA, but showed positive interaction between
carbonyl groups of PLA and hydroxyl groups of modified C30B. Meanwhile, from XRD
analysis it was observed that exfoliated structures can be obtained in bionanocomposites
due to the plasticizing effect of scCO2 during the foaming process that even improves the
dispersion of the nanoparticles and promotes exfoliation. This good dispersion producing
the thermal stabilities of the nanocomposite foams was enhanced as compared to the neat
PLA foams. The water uptake assay showed that the PLA- as well as PLA-C30B-loaded
foams practically did not absorb water during the first week. Finally, all foams were
completely disintegrated under composting conditions in less than one month and showed
higher disintegration rates than the films of PLA and PLA-C30B bionanocomposites.

The results suggest that PLA bionanocomposite foams obtained by batch supercritical
foaming represent a sustainable option to replace non-biodegradable expanded polystyrene
and they are a promising option to be used in applications such as controlled release in
food packaging.

Author Contributions: S.F.: writing original draft, formal analysis, methodology, investigation, data
curation and editing; M.P.A.: conceptualization, formal analysis, data curation, writing—review
and editing, resources, funding acquisition; Á.A.: formal analysis, data curation, writing—review
and editing. A.T.: supervision, formal analysis; A.R.: methodology, investigation; J.R.: supervision,
writing—review and editing, experimental support, and funding; M.J.G.: conceptualization, project
administration, supervision, funding acquisition. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Commission for Scientific and Technological
Research (ANID) through the Project Fondecyt Regular 12011301 and by the Spanish Ministry of
Science and Innovation (MICINN) through the PID-AEI project (grant number PID2021-123753NA-
C32) funded by MCIN/AEI/10.13039/501100011033 and by ERDF “A way of making Europe” by
the “European Union”. Ph.D. student Simón Faba gratefully acknowledges ANID for its financial
support from the National Doctoral Scholarship with the grant number 21200851 as well as with the
research mobility fellow (number 75210123). Ph.D. Ángel Agüero acknowledges the Margarita Salas
postdoctoral grant from the Ministerio de Universidades, Spain, funded by the European Union-Next
Generation EU.

Acknowledgments: The authors thank the staff of the Laboratory of Membrane Separation Processes
(LabProSeM), University of Santiago de Chile (USACH) for their assistance with equipment and the
CO2 supercritical system.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ghoshal, G. Chapter 10—Recent Trends in Active, Smart, and Intelligent Packaging for Food Products. In Handbook of Food

Bioengineering; Grumezescu, A.M., Holban, A.M.B.T.-F.P.P., Eds.; Academic Press: Cambridge, MA, USA, 2018; pp. 343–374.
ISBN 978-0-12-811516-9.

2. Arrieta, M.P.; Samper, M.D.; Aldas, M.; López, J. On the Use of PLA-PHB Blends for Sustainable Food Packaging Applications.
Materials 2017, 10, 1008. [CrossRef]

3. Gonçalves de Moura, I.G.; de Sá, A.V.; Abreu, A.S.; Lemos, M.; Machado, A.V. 7—Bioplastics from agro-wastes for food
packaging applications. In Food Packaging; Grumezescu, A.M., Ed.; Academic Press: Cambridge, MA, USA, 2017; pp. 223–263.
ISBN 978-0-12-804302-8.

4. Jabeen, N.; Majid, I.; Nayik, G.A. Bioplastics and food packaging: A review. Cogent Food Agric. 2015, 1, 1117749. [CrossRef]
5. Drumright, R.E.; Gruber, P.R.; Henton, D.E. Polylactic Acid Technology. Adv. Mater. 2000, 12, 1841–1846. [CrossRef]
6. García-Arroyo, P.; Arrieta, M.P.; Garcia-Garcia, D.; Cuervo-Rodríguez, R.; Fombuena, V.; Mancheño, M.J.; Segura, J.L. Plasticized

poly (lactic acid) reinforced with antioxidant covalent organic frameworks (COFs) as novel nanofillers designed for non-migrating
active packaging applications. Polymer 2020, 196, 122466. [CrossRef]

7. Chauvet, M.; Sauceau, M.; Baillon, F.; Fages, J. Foaming PLA with Thermoplastic Starch by Extrusion Assisted by Supercritical
CO2, International Society for the Advancement of Supercritical Fluids (ISASF). In Proceedings of the 16th European Meeting on
Supercritical Fluids (EMSF 2017), Lisbonne, Portugal, 25–28 April 2017.

8. Nofar, M.; Park, C.B. Poly (lactic acid) foaming. Prog. Polym. Sci. 2014, 39, 1721–1741. [CrossRef]
9. Milovanovic, S.; Markovic, D.; Mrakovic, A.; Kuska, R.; Zizovic, I.; Frerich, S.; Ivanovic, J. Supercritical CO2—assisted production

of PLA and PLGA foams for controlled thymol release. Mater. Sci. Eng. C 2019, 99, 394–404. [CrossRef]

http://doi.org/10.3390/ma10091008
http://doi.org/10.1080/23311932.2015.1117749
http://doi.org/10.1002/1521-4095(200012)12:23&lt;1841::AID-ADMA1841&gt;3.0.CO;2-E
http://doi.org/10.1016/j.polymer.2020.122466
http://doi.org/10.1016/j.progpolymsci.2014.04.001
http://doi.org/10.1016/j.msec.2019.01.106


Polymers 2022, 14, 4394 24 of 25

10. Zimmermann, M.V.G.; da Silva, M.P.; Zattera, A.J.; Santana, R.M.C. Poly(lactic acid) foams reinforced with cellulose micro and
nanofibers and foamed by chemical blowing agents. J. Cell. Plast. 2018, 54, 577–596. [CrossRef]

11. Standau, T.; Zhao, C.; Murillo Castellón, S.; Bonten, C.; Altstädt, V. Chemical Modification and Foam Processing of Polylactide
(PLA). Polymers 2019, 11, 306. [CrossRef]

12. Villamil Jiménez, J.A.; Le Moigne, N.; Bénézet, J.C.; Sauceau, M.; Sescousse, R.; Fages, J. Foaming of PLA composites by
supercritical fluid-assisted processes: A review. Molecules 2020, 25, 3408. [CrossRef]

13. Rojas, A.; Torres, A.; Galotto, M.J.; Guarda, A.; Julio, R. Supercritical impregnation for food applications: A review of the effect of
the operational variables on the active compound loading. Crit. Rev. Food Sci. Nutr. 2019, 60, 1290–1301. [CrossRef]

14. Wang, J.; Chai, J.; Wang, G.; Zhao, J.; Zhang, D.; Li, B.; Zhao, H.; Zhao, G. Strong and thermally insulating polylactic acid/glass
fiber composite foam fabricated by supercritical carbon dioxide foaming. Int. J. Biol. Macromol. 2019, 138, 144–155. [CrossRef]

15. Morlin, B.; Litauszki, K.; Petrény, R.; Kmetty, Á.; Mészáros, L. Characterization of polylactic acid-based nanocomposite foams
with supercritical CO2. Meas. J. Int. Meas. Confed. 2021, 178, 109385. [CrossRef]

16. Nofar, M. Effects of nano-/micro-sized additives and the corresponding induced crystallinity on the extrusion foaming behavior
of PLA using supercritical CO2. Mater. Des. 2016, 101, 24–34. [CrossRef]

17. Lee, S.T. Polymeric Foams: Innovations in Processes, Technologies, and Products; Taylor & Francis: Boca Raton, FL, USA, 2017;
ISBN 9781498738897.

18. Iannace, S.; Park, C.B. Biofoams- Science and Applications of bio-Based Cellular and Porous Materials, 1st ed.; Taylor & Francis: Boca
Raton, FL, USA, 2016; ISBN 9781466561809.

19. Arrieta, M.P.; Fortunati, E.; Burgos, N.; Peltzer, M.A.; López, J.; Peponi, L. Chapter 7—Nanocellulose-Based Polymeric Blends for
Food Packaging Applications; Puglia, D., Fortunati, E., Kenny, J., Eds.; William Andrew Publishing: New York, NY, USA, 2016;
pp. 205–252. ISBN 978-0-323-44248-0.

20. Molinaro, S.; Cruz Romero, M.; Boaro, M.; Sensidoni, A.; Lagazio, C.; Morris, M.; Kerry, J. Effect of nanoclay-type and PLA optical
purity on the characteristics of PLA-based nanocomposite films. J. Food Eng. 2013, 117, 113–123. [CrossRef]

21. Villegas, C.; Arrieta, M.P.; Rojas, A.; Torres, A.; Faba, S.; Toledo, M.J.; Gutierrez, M.A.; Zavalla, E.; Romero, J.; Galotto, M.J.; et al.
PLA/organoclay bionanocomposites impregnated with thymol and cinnamaldehyde by supercritical impregnation for active
and sustainable food packaging. Compos. Part B Eng. 2019, 176, 107336. [CrossRef]

22. Yeh, S.-K.; Liu, Y.-C.; Chu, C.-C.; Chang, K.-C.; Wang, S.-F. Mechanical Properties of Microcellular and Nanocellular Thermoplastic
Polyurethane Nanocomposite Foams Created Using Supercritical Carbon Dioxide. Ind. Eng. Chem. Res. 2017, 56, 8499–8507.
[CrossRef]

23. Fujimoto, Y.; Sinha Ray, S.; Okamoto, M.; Ogami, A.; Yamada, K.; Ueda, K. Well-controlled biodegradable nanocomposite foams:
From microcellular to nanocellular. Macromol. Rapid Commun. 2003, 24, 457–461. [CrossRef]

24. Chen, L.; Rende, D.; Schadler, L.S.; Ozisik, R. Polymer nanocomposite foams. J. Mater. Chem. A 2013, 1, 3837–3850. [CrossRef]
25. Qiu, Y.; Lv, Q.; Wu, D.; Xie, W.; Peng, S.; Lan, R.; Xie, H. Cyclic tensile properties of the polylactide nanocomposite foams

containing cellulose nanocrystals. Cellulose 2018, 25, 1795–1807. [CrossRef]
26. Borkotoky, S.S.; Dhar, P.; Katiyar, V. Biodegradable poly (lactic acid)/Cellulose nanocrystals (CNCs) composite microcellular foam:

Effect of nanofillers on foam cellular morphology, thermal and wettability behavior. Int. J. Biol. Macromol. 2018, 106, 433–446.
[CrossRef]

27. Zafar, M.T.; Kumar, S.; Singla, R.K.; Maiti, S.N.; Ghosh, A.K. Surface Treated Jute Fiber Induced Foam Microstructure Development
in Poly(lactic acid)/Jute Fiber Biocomposites and their Biodegradation Behavior. Fibers Polym. 2018, 19, 648–659. [CrossRef]

28. Rizvi, R.; Cochrane, B.; Naguib, H.; Lee, P.C. Fabrication and characterization of melt-blended polylactide-chitin composites and
their foams. J. Cell. Plast. 2011, 47, 283–300. [CrossRef]

29. Wang, L.; Wang, D.; Zhou, Y.; Zhang, Y.; Li, Q.; Shen, C. Fabrication of open-porous PCL/PLA tissue engineering scaffolds and
the relationship of foaming process, morphology, and mechanical behavior. Polym. Adv. Technol. 2019, 30, 2539–2548. [CrossRef]

30. Chai, J.; Wang, G.; Zhao, J.; Zhang, A.; Shi, Z.; Wei, C.; Zhao, G. Microcellular PLA/PMMA foam fabricated by CO2 foaming with
outstanding shape-memory performance. J. CO2 Util. 2021, 49, 101553. [CrossRef]

31. Li, B.; Zhao, G.; Wang, G.; Zhang, L.; Gong, J.; Shi, Z. Biodegradable PLA/PBS open-cell foam fabricated by supercritical CO2
foaming for selective oil-adsorption. Sep. Purif. Technol. 2021, 257, 117949. [CrossRef]

32. Jeong, E.J.; Park, C.K.; Kim, S.H. Fabrication of microcellular polylactide/modified silica nanocomposite foams. J. Appl. Polym.
Sci. 2019, 137, 48616. [CrossRef]

33. Arrieta, M.P.; Fortunati, E.; Dominici, F.; Rayón, E.; López, J.; Kenny, J.M. PLA-PHB/cellulose based films: Mechanical, barrier
and disintegration properties. Polym. Degrad. Stab. 2014, 107, 139–149. [CrossRef]

34. Cuadri, A.A.; Martín-Alfonso, J.E. Thermal, thermo-oxidative and thermomechanical degradation of PLA: A comparative study
based on rheological, chemical and thermal properties. Polym. Degrad. Stab. 2018, 150, 37–45. [CrossRef]

35. Determination of the Degree of Disintegration of Plastic Materials under Simulated Composting Conditions in a Laboratory-Scale Test; ISO:
Geneva, Switzerland, 2016; No. 20200:2015.

36. Gil-Castell, O.; Badia, J.D.; Ingles-Mascaros, S.; Teruel-Juanes, R.; Serra, A.; Ribes-Greus, A. Polylactide-based self-reinforced
composites biodegradation: Individual and combined influence of temperature, water and compost. Polym. Degrad. Stab. 2018,
158, 40–51. [CrossRef]

http://doi.org/10.1177/0021955X17720155
http://doi.org/10.3390/polym11020306
http://doi.org/10.3390/molecules25153408
http://doi.org/10.1080/10408398.2019.1567459
http://doi.org/10.1016/j.ijbiomac.2019.07.071
http://doi.org/10.1016/j.measurement.2021.109385
http://doi.org/10.1016/j.matdes.2016.03.147
http://doi.org/10.1016/j.jfoodeng.2013.01.021
http://doi.org/10.1016/j.compositesb.2019.107336
http://doi.org/10.1021/acs.iecr.7b00942
http://doi.org/10.1002/marc.200390068
http://doi.org/10.1039/c2ta00086e
http://doi.org/10.1007/s10570-018-1703-9
http://doi.org/10.1016/j.ijbiomac.2017.08.036
http://doi.org/10.1007/s12221-018-7428-4
http://doi.org/10.1177/0021955X11402549
http://doi.org/10.1002/pat.4701
http://doi.org/10.1016/j.jcou.2021.101553
http://doi.org/10.1016/j.seppur.2020.117949
http://doi.org/10.1002/app.48616
http://doi.org/10.1016/j.polymdegradstab.2014.05.010
http://doi.org/10.1016/j.polymdegradstab.2018.02.011
http://doi.org/10.1016/j.polymdegradstab.2018.10.017


Polymers 2022, 14, 4394 25 of 25

37. Arrieta, M.P.; Perdiguero, M.; Fiori, S.; Kenny, J.M.; Peponi, L. Biodegradable electrospun PLA-PHB fibers plasticized with
oligomeric lactic acid. Polym. Degrad. Stab. 2020, 179, 109226. [CrossRef]

38. Fortunati, E.; Armentano, I.; Iannoni, A.; Barbale, M.; Zaccheo, S.; Scavone, M.; Visai, L.; Kenny, J.M. New multifunctional
poly(lactide acid) composites: Mechanical, antibacterial, and degradation properties. J. Appl. Polym. Sci. 2012, 124, 87–98.
[CrossRef]

39. Arrieta, M.P.; López, J.; Rayón, E.; Jiménez, A. Disintegrability under composting conditions of plasticized PLA–PHB blends.
Polym. Degrad. Stab. 2014, 108, 307–318. [CrossRef]

40. Iturrondobeitia, M.; Okariz, A.; Guraya, T.; Zaldua, A.M.; Ibarretxe, J. Influence of the processing parameters and composition on
the thermal stability of PLA/nanoclay bio-nanocomposites. J. Appl. Polym. Sci. 2014, 131, 9120–9127. [CrossRef]

41. Zhou, Q.; Xanthos, M. Nanosize and microsize clay effects on the kinetics of the thermal degradation of polylactides.
Polym. Degrad. Stab. 2009, 94, 327–338. [CrossRef]

42. Matuana, L.M.; Diaz, C.A. Study of cell nucleation in microcellular poly (lactic acid) foamed with supercritical CO2 through a
continuous-extrusion process. Ind. Eng. Chem. Res. 2010, 49, 2186–2193. [CrossRef]

43. Rojas, A.; Torres, A.; López de Dicastillo, C.; Velásquez, E.; Villegas, C.; Faba, S.; Rivera, P.; Guarda, A.; Romero, J.; Galotto,
M.J. Foaming with scCO2 and Impregnation with Cinnamaldehyde of PLA Nanocomposites for Food Packaging. Processes
2022, 10, 376. [CrossRef]

44. Tsivintzelis, I.; Sanxaridou, G.; Pavlidou, E.; Panayiotou, C. Foaming of Polymers with Supercritical Fluids: A Thermodynamic
Investigation. J. Supercrit. Fluids 2016, 110, 240–250. [CrossRef]

45. Okolieocha, C.; Raps, D.; Subramaniam, K.; Altstädt, V. Microcellular to nanocellular polymer foams: Progress (2004–2015) and
future directions—A review. Eur. Polym. J. 2015, 73, 500–519. [CrossRef]

46. Velásquez, E.; Rojas, A.; Piña, C.; Galotto, M.J.; de Dicastillo, C.L. Development of bilayer biodegradable composites containing
cellulose nanocrystals with antioxidant properties. Polymers 2019, 11, 1945. [CrossRef]

47. Moliner, C.; Finocchio, E.; Arato, E.; Ramis, G.; Lagazzo, A. Influence of the degradation medium on water uptake, morphology,
and chemical structure of Poly (Lactic Acid)-Sisal bio-composites. Materials 2020, 13, 3974. [CrossRef]

48. Alexandre, M.; Dubois, P. Polymer-layered silicate nanocomposites: Preparation, properties and uses of a new class of materials.
Mater. Sci. Eng. R Rep. 2000, 28, 1–63. [CrossRef]

49. Zhou, C.; Li, H.; Zhang, W.; Li, J.; Huang, S.; Meng, Y.; De Claville Christiansen, J.; Yu, D.; Wu, Z.; Jiang, S. Thermal strain-induced
cold crystallization of amorphous poly (lactic acid). Cryst. Eng. Commun. 2016, 18, 3237–3246. [CrossRef]

50. Hedayati, F.; Moshiri-Gomchi, N.; Assaran-Ghomi, M.; Sabahi, S.; Bahri-Laleh, N.; Mehdipour-Ataei, S.; Mokhtari-Aliabad, J.;
Mirmohammadi, S.A. Preparation and properties of enhanced nanocomposites based on PLA/PC blends reinforced with silica
nanoparticles. Polym. Adv. Technol. 2020, 31, 566–573. [CrossRef]

51. Najafi, N.; Heuzey, M.C.; Carreau, P.J. Polylactide (PLA)-clay nanocomposites prepared by melt compounding in the presence of
a chain extender. Compos. Sci. Technol. 2012, 72, 608–615. [CrossRef]

52. Pluta, M.; Paul, M.A.; Alexandre, M.; Dubois, P. Plasticized polylactide/clay nanocomposites. I. The role of filler content and its
surface organo-modification on the physico-chemical properties. J. Polym. Sci. Part B Polym. Phys. 2006, 44, 299–311. [CrossRef]

53. Barkoula, N.M.; Alcock, B.; Cabrera, N.O.; Peijs, T. Flame-Retardancy Properties of Intumescent Ammonium Poly (Phosphate)
and Mineral Filler Magnesium Hydroxide in Combination with Graphene. Polym. Polym. Compos. 2008, 16, 101–113. [CrossRef]

54. Xiao, H.W.; Li, P.; Ren, X.; Jiang, T.; Yeh, J.-T. Isothermal crystallization kinetics and crystal structure of poly(lactic acid): Effect of
triphenyl phosphate and talc. J. Appl. Polym. Sci. 2010, 118, 3558–3569. [CrossRef]

55. Scarfato, P.; Di Maio, L.; Milana, M.R.; Giamberardini, S.; Denaro, M.; Incarnato, L. Performance properties, lactic acid specific
migration and swelling by simulant of biodegradable poly (lactic acid)/nanoclay multilayer films for food packaging. Food Addit.
Contam. -Part A Chem. Anal. Control. Expo. Risk Assess. 2017, 34, 1730–1742. [CrossRef] [PubMed]

56. Yang, Z.; Peng, H.; Wang, W.; Liu, T. Crystallization behavior of poly (ε-caprolactone)/layered double hydroxide nanocomposites.
J. Appl. Polym. Sci. 2010, 116, 2658–2667. [CrossRef]

57. Tang, N.; Lei, D.; Huang, D.; Xiao, R. Mechanical performance of polystyrene foam (EPS): Experimental and numerical analysis.
Polym. Test. 2019, 73, 359–365. [CrossRef]

58. Agüero, Á.; Lascano, D.; Garcia-Sanoguera, D.; Fenollar, O.; Torres-Giner, S. Valorization of linen processing by-products for the
development of injection-molded green composite pieces of polylactide with improved performance. Sustainability 2020, 12, 652.
[CrossRef]

59. Kale, G.; Auras, R.; Singh, S.P. Degradation of commercial biodegradable packages under real composting and ambient exposure
conditions. J. Polym. Environ. 2006, 14, 317–334. [CrossRef]

60. Sessini, V.; Arrieta, M.P.; Raquez, J.-M.; Dubois, P.; Kenny, J.M.; Peponi, L. Thermal and composting degradation of
EVA/Thermoplastic starch blends and their nanocomposites. Polym. Degrad. Stab. 2019, 159, 184–198. [CrossRef]

http://doi.org/10.1016/j.polymdegradstab.2020.109226
http://doi.org/10.1002/app.35039
http://doi.org/10.1016/j.polymdegradstab.2014.01.034
http://doi.org/10.1002/app.40747
http://doi.org/10.1016/j.polymdegradstab.2008.12.009
http://doi.org/10.1021/ie9011694
http://doi.org/10.3390/pr10020376
http://doi.org/10.1016/j.supflu.2015.11.025
http://doi.org/10.1016/j.eurpolymj.2015.11.001
http://doi.org/10.3390/polym11121945
http://doi.org/10.3390/ma13183974
http://doi.org/10.1016/S0927-796X(00)00012-7
http://doi.org/10.1039/C6CE00464D
http://doi.org/10.1002/pat.4797
http://doi.org/10.1016/j.compscitech.2012.01.005
http://doi.org/10.1002/polb.20694
http://doi.org/10.1002/pc
http://doi.org/10.1002/app.32728
http://doi.org/10.1080/19440049.2017.1321786
http://www.ncbi.nlm.nih.gov/pubmed/28434378
http://doi.org/10.1002/app.31787
http://doi.org/10.1016/j.polymertesting.2018.12.001
http://doi.org/10.3390/su12020652
http://doi.org/10.1007/s10924-006-0015-6
http://doi.org/10.1016/j.polymdegradstab.2018.11.025

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of PLA Films and Bionanocomposites 
	Supercritical Foaming of PLA Composites 
	Film and Foam Characterization 
	Viscosity Molecular Weight 
	Morphological Analysis 
	Fourier Transform Infrared (FTIR)—Attenuated Total Reflectance (ATR) Spectroscopy 
	X-ray Diffraction (XRD) 
	Thermal Properties 
	Mechanical Properties 
	Water Absorption Analysis 
	Disintegration under Standard Composting Conditions 

	Statistical Analysis 

	Results 
	Processing of PLA Bionanocomposite Films and Foams 
	Viscosity Molecular Weight 
	Morphological Results 
	FTIR Spectra Results 
	X-ray Diffraction (XRD) 
	Thermal Properties 
	Mechanical Properties 
	Water Absorption Analysis 
	Disintegration under Composting Conditions 

	Conclusions 
	References

