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A R T I C L E  I N F O   

Keywords: 
Foams 
Extrusion 
Environmental degradation 
Porosity 

A B S T R A C T   

We investigated how the compostability of polymeric foam samples is influenced by the D-lactide content of poly 
(lactic acid) and the presence and dosage of an expandable microspheres-type foaming agent. Our results show 
that the poly(lactic acid)-based foam sheet with higher D-lactide content decomposed faster (49 days) than the 
foam sheet with lower D-lactide content (63 days), when 8 wt% foaming agent was applied. As the degradation 
time is shorter for amorphous PLA due to the water diffusion through amorphous PLA. Furthermore, we found 
that in a poly(lactic acid)-based syntactic foam structures, thermally expandable microspheres decreased the rate 
of degradation, because not only matrix hydration should take place, but other mechanism like the hydration of 
the expandable microsphere and the polymer matrix interface as well. However, even the medium-density foams 
degraded before day 70.   

1. Introduction 

Today, plastics and products made from them (e.g., packaging) are 
used extensively. The total plastics production was 367 Mt. and the 
share of polymer materials used for packaging reached 40.5% of total 
plastic raw material consumption in 2020 [1]. The use of such plastic 
products (e.g., various packaging materials, foil and sheet products, 
foamed storage boxes) has been increased by the coronavirus pandemic 
(COVID-19) [2,3]. As the current consumption system is linear (take- 
make-waste perspective [4], such products with a short life cycle have a 
high environmental impact [5,6]. One possible solution to this problem 
is to implement a circular economy model [7]. A special type of polymer 
feedstock, biodegradable polymers, represents an important opportu-
nity to contribute to a circular economy (biological cycles [8]). Biode-
gradable polymers are also, at best, annually renewable energy sources 
and biodegradable feedstocks [9–11]. Among the group of biodegrad-
able polymers are polyhydroxyalkanoates (PHAs), poly(butylene adi-
pate-co-terephthalate) (PBAT), polybutylene succinate (PBS), and poly 
(lactic acid) (PLA) [12–14]. PLA is one of the most important bio-
polymers because, among other things, it is economical to produce, can 
be processed with current polymer processing technologies, and can be 

industrially composted [15] and recycled if necessary, i.e., it can be used 
to achieve circularity at both technological and biological levels [7]. 
Poly(lactic acid) is typically used in medical technology, pharmaceuti-
cals, packaging, agriculture, and 3D printing [16–19]. Foaming of PLA is 
an important aspect and a promising possibility. Chemical and physical 
foaming of neat PLA has its limits, although modified PLA can be suc-
cessfully foamed up to volume expansion ratio around 4 [20,21]. 

One of the very advantageous properties of poly(lactic acid) for the 
circular economy is that it can not only be produced from renewable 
resources (sugar cane, sugar beet, maize, potatoes, wheat) [22] but can 
also be biodegraded at elevated temperatures in a biotic environment 
[23]. The primary degradation mechanism of PLA is hydrolytic degra-
dation, which occurs in two steps. First, random chain scrambling occurs 
at the ester groups, causing a loss of molecular weight. This phenome-
non is accelerated by increased relative humidity, temperature, and pH 
[24,25]. Microorganisms are not yet involved in the primary degrada-
tion phase. As the average molecular weight decreases, microorganisms 
can digest the lower molecular weight lactide oligomers. The oligomers 
broken down by the microorganisms produce carbon dioxide and water. 
Degradation is accelerated in a compost media at elevated humidity and 
temperature (55–70 ◦C) [26]. The two-step degradation process of PLA 
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is an advantage over other single-step degradable biopolymers, as PLA is 
suitable for the proper storage of products and meets the regulatory 
requirements for food contact packaging [26]. One way to qualify for 
industrial compostability is composting under laboratory conditions. 
The ISO 20200:2015 standard provides a method for this. Gorrasi and 
Pantani [27] investigated the effect of the morphology of PLA films (150 
μm) on the first stage of the degradability process, i.e., hydrolytic 
degradation. For their work, they selected three types of PLA (Ingeo 
4060D (12% D-lactide), 2002D (4% D-lactide), and 4032D (2% D-lac-
tide)), which differ mainly in their D-lactide content, which greatly in-
fluences the crystallization kinetics and thus the morphology of the 
resulting polymer. They carried out degradability studies out at 58 ◦C. 
Ingeo 4060D PLA with the highest D-lactide content showed the fastest 
weight loss. Samples with lower D-lactide content (4% and 2%), amor-
phous or partially crystalline, showed similar but slower weight loss 
trends. The degradation process was also quantified by differential 
scanning calorimetry (DSC) and gel permeation chromatography (GPC). 
GPC confirmed chain rotation due to hydrolysis, whereby the molecular 
weight decreases over time. The DSC analysis (second heating curve) 
showed that the Tg of the samples decreased as the degradation process 
progressed. This phenomenon can be attributed to the increased mo-
lecular mobility caused by the chain shifting during hydrolysis. Sarasa 
et al. [28] investigated PLA-based products with different geometries. 
They sought to determine whether the product’s geometry affected de-
gradability and the rate of degradation. For this purpose, they produced 
various extruded and injection molded products, including chemically 
foamed PLA products. The degradability test was performed according 
to EN 14806 and ISO 20200:2004. Their results concluded that pores in 
foamed PLA might facilitate moisture exchange, thereby increasing 
biodegradation, which may promote microbial activity. Zimmermann 
et al. [29] also found similar results for poly(lactic acid) foamed with a 
chemical foaming agent. The foaming agent was a 2 wt% mixture of 
exothermic azodicarbonamide, endothermic sodium bicarbonate, and 
citric acid. 

The research published so far has typically focused on the com-
postability of unfoamed poly(lactic acid) with thin or thick walls, with 
little information on the compostability of foamed biopolymers and no 
studies on the degradability of foam structures with expandable mi-
crospheres. Therefore, our research aimed to investigate the compost-
ability of foam structures produced with the use of poly(lactic acid) as a 
feedstock. We chose a thermally expandable microsphere (EMS) foam-
ing agent, and investigated the effect of the D-lactide content of poly 
(lactic acid) and the density of the foam structure, i.e., EMS content, on 
the degradability of the biopolymer-based foam structure. 

2. Materials and methods 

2.1. Materials 

From the raw materials used for extrusion foaming, two types of poly 
(lactic acid) were selected. Ingeo™ 2003D (4.3% D-lactide content) 
semi-crystalline and 4060D (12.0% D-lactide content) amorphous PLA 
types manufactured by NatureWorks LLC (USA) [30]. The number 
average molecular weight of Ingeo 2003D was 100,422 g/mol, its 
weight average molecular weight was 180,477 g/mol, and its poly-
dispersity index was 1.79. Ingeo 4060D had a number average molecular 
weight of 116,894 g/mol, a weight average molecular weight of 
191,063 g/mol, and a polydispersity index of 1.63 [31]. The various PLA 
grades have a density of 1.24 g/cm3 [32–35]. The expandable micro-
sphere foaming agent used was Tracel G 6800 MS (Tramaco GmbH). The 
processing temperature of the PLA is decisive for the selection of the 
foaming agent, which ranges from 165 to 190 ◦C, with a recommended 
maximum processing temperature of 230 ◦C [36,37]. The shell structure 
of the expandable microspheres contains methyl methacrylate (16%), 
the polymeric carrier material is ethylene-vinyl acetate (36.8%) [31]. 

2.2. Preparation of specimens 

Different samples of foamed material were prepared for the investi-
gation of compostability parameters. From PLA with 12.0% D-lactide 
content, 0, 2, 4, and 8 wt% EMS foam sheets were prepared, and from 
PLA with 4.3% D-lactide content, 0 and 8 wt% EMS foam sheets were 
prepared. An example of sample nomenclature in the case of a 12.0% D- 
lactide PLA and 8 wt% EMS is the following: 12.0%PLA_8wt%EMS. 
Before processing, the different PLA materials were dried in a Faithful 
WGLL-125 BE hot air oven at 80 ◦C for 6 h. The unfoamed and foamed 
sheets were manufactured on a flat film production line with a sheet 
production die. The material flow exiting the coat-hanger die was fed to 
a tempered roller with a polished surface driven by a pair of pneumatic 
rollers (Labtech Scientific 25-30C single screw extruder with LRC300 
flat film line). The temperature profile was 155/160/175/190/190/ 
190/190 ◦C. The coat-hanger die had an adjustable gap size set to the 
maximum, 4 mm. The width of the tool was 300 mm. The rotation speed 
of the screw was chosen to be 80 rpm to allow a sufficiently high pres-
sure to build up in the die. The single screw was a conventional three- 
zone screw that has D = 25 mm, L/D = 30. The temperature of the 
tempered, polished cylinder was chosen to be 40 ◦C, which is below the 
glass transition temperature of PLA, thus aiding the stabilization of the 
foam structure. The speed of the tempered, polished cylinder was 0.4 m/ 
min, and pulling speed was 0.8 m/min, draw ratio was 2. No winding 
was used. 

2.3. Testing methods 

2.3.1. Measurement of density 
The density of the extruded samples was determined from the 

buoyant force according to Eq. (1) in distilled water at room tempera-
ture (23 ± 2 ◦C), where ρ [g/cm3] is sample density, msa [g] is the mass 
of the sample measured in air, msl [g] is the mass of the sample measured 
in distilled water and ρl [g/cm3] is the density of distilled water at the 
given temperature. The analytical balance used for measuring mass is an 
OHAUS Explorer, with a weighing capacity of 110 g and an accuracy of 
0.1 mg. 

ρ =
msa*ρl

(msa − msl)

[
g
/

cm3] (1) 

Cell size and cell-population density was calculated based on the 
SEM images. Cell size was measured using ImageJ and defined as the 
diameter, at least 200 cells were measured. Cell-population density was 
calculated according to Eq. (2) [38], where n is the number of cells 
counted in the recorded image, A [cm2] is the cross-section area of the 
sample, M [− ] is the magnification factor, and Vf [− ] is the void fraction. 
The void fraction was calculated according to Eq. (3), where Vf [− ] is the 
void fraction, ρfoam is the density of the foamed polymer, and ρpolymer is 
the density of the non-foamed polymer [38]. 

Nc =

(
n*M2

A

)
3
2 •

1
1 − Vf

(2)  

Vf = 1 −
ρfoam

ρpolymer
(3)  

2.3.2. Testing compostability 
The compostability of PLA-based sheets was tested according to ISO 

20200:2015 [39]. The composting medium was 40% sawdust, 30% al-
falfa, 10% mature compost, 10% corn starch, 5% sucrose, 4% corn germ 
oil, 1% urea, and 55% distilled water with 45% dry matter content. 
Composting was carried out at 58 ◦C in a UT20 drying cabinet. The 
composting reactor was a 300 mm × 200 mm × 100 mm polypropylene 
box (with 5 mm diameter ventilation holes on both sides). The width and 
length of the test sheets were 25 × 25 mm. The compost was mixed and 
the distilled water was replenished according to the standard. 
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According to ISO 20200:2015, a sample is considered degraded when 
residues pass through a 2 mm sieve. If pieces of the sample remain after 
sieving, the material is not considered degraded. In this case, the 
degradation rate can be calculated according to Eq. (4). 

D =
mi − mr

mi
[− ] (4)  

where D [%] is the degree of disintegration, mi [mg] is the initial mass of 
the test material, and mr [mg] is the mass of the test material remaining 
after sieving [39]. 

2.3.3. Thermogravimetric analysis 
The thermal decomposition characteristics of the foaming agents 

were investigated by thermogravimetric analysis. The thermogravim-
eter was a Q500 (TA Instruments, New Castle, DE, USA). The mass of the 
sample tested was 1–6 mg, the temperature range was 50–600 ◦C, and 
the heating rate was 10 ◦C/min. The measurement atmosphere and 
protecting gas of the balance was nitrogen. The volume flow rate of 
nitrogen was 40 ml/min (protective gas) and 60 ml/min (measurement 
atmosphere). Thermal decomposition was characterized with the initial 
degradation as the temperature corresponding to 5% weight reduction 
(T5% [◦C]), the temperature corresponding to 50% weight reduction 
(T50% [◦C]), and the temperature of the maximum of the weight change 
rate (TdTGmax [◦C]). 

2.3.4. Differential scanning calorimetry 
The DSC tests of the foam structures performed out with a TA In-

struments Q2000 automatic sampler, with a heating-cooling-heating 
measurement program. The weight of the samples ranged from 3 to 6 
mg. A heating-cooling-heating cycle was applied. The temperature range 
during the test was 0 to 200 ◦C. Both heating and cooling rates were 
5 ◦C/min. The tests were performed in nitrogen gas with a 50 ml/min 
volume flow rate. The degree of crystallinity (χc) was calculated ac-
cording to Eq. (5), where ΔHm is the enthalpy change during crystalli-
zation. The degree of crystallinity from production (χcf) was calculated 
according to Eq. (6), where ΔHm is the enthalpy change associated with 
crystalline melting and ΔHcc is the enthalpy change during cold crys-
tallization. α is the weight percent of EMS, PLA100% is the theoretical 
enthalpy of crystallization of 100% crystalline PLA, which is 93 J/g 
[40–42]. 

χc =
ΔHm

PLA100%(1 − α/100)
• 100 [%] (5)  

χcf =
ΔHm − |ΔHcc|

PLA100%(1 − α/100)
• 100 [%] (6)  

2.3.5. Optical, scanning electron microscopy and visual inspection 
The changes on the surface of the samples and the appearance of 

possible microcracks were studied with a Keyence VHX-500 optical 
microscope, whereas the matrix and foamed structure of the reference 
samples was characterized with the use of scanning electron microscope 
(JEOL JSM-6380LA, Jeol Ltd., Japan with an acceleration voltage of 10 
kV) images of the cryogenic fracture surface of the reference samples. 
The degradation process of the samples was recorded with a camera. 

3. Results 

Compostability is of paramount importance for biopolymers, and this 
is also true for biopolymer-based foam structures. 

3.1. The effect of D-lactide content on the compostability of poly(lactic 
acid)-based foam structures 

The effect of D-lactide content on the compostability of poly(lactic 
acid)-based foam structures was studied in PLA matrix materials that 

differ mainly in their D-lactide content [27,31]. The cell size distribution 
of the produced foams are homogeneous and because of the EMS 
foaming technique the cell-population density is increasing with higher 
foaming agent content (Supplementary A.1). During the composting 
study, the extent of decomposition was documented with photographs 
every 7 days, and DSC and TGA analysis were performed. The sample 
was considered to be degraded according to the standard when the size 
of the remaining fragments due to fragmentation is less than 2 mm. The 
number of days required for degradation is presented in Fig. 1, the 
density of the samples is according to Supplementary A.2. The degra-
dation of the samples is shown in Fig. 2. During composting, the PLA 
matrix successfully decomposed in the case of PLA with 4.3% D-lactide 
content as well as in the case of PLA with 12.0% D-lactide content. The 
microsphere shell material (methyl methacrylate) is not degradable; 
therefore, it remains, which is still a problem at present. The polymeric 
carrier of the microsphere (ethylene-vinyl acetate) is also thought to 
remain, as it is present in the polymer matrix in the form of droplets of 
around 0.5–1.0 μm on scanning electron micrograph (Fig. 3 and in 
Supplementary A.3.). The droplet size in case of 12.0%PLA with 2wt% 
EMS is 0.49 ± 0.08 μm, with 4wt%EMS is 0.74 ± 0.24 μm and with 8wt 
%EMS is 0.99 ± 0.20 μm. The morphological properties of the samples 
were assessed by DSC and the degradation of the samples by TGA. Two 
types of PLA were investigated: Ingeo 2003D PLA (D-lactide content 
4.3%), which tends to crystallize, and Ingeo 4060D PLA (D-lactide 
content 12.0%) with a tendency not to crystallize. The results show that 
the reference PLA sheet with higher D-lactide content (12.0%PLA_ref) 
degraded faster, in 21 days, while the PLA sample with lower D-lactide 
content (4.3%PLA_ref) degraded in 28 days. These results correlate with 
data in the literature, because D-lactide content has an effect on crys-
tallization kinetics and crystallization kinetics greatly influences the 
morphology of the resulting polymer matrix. The difference between the 
number of days required for decomposition can be attributed to the 
crystalline fraction of PLA with 4.3% D-lactide content and PLA with 
12.0% D-lactide content, because water diffusion through amorphous 
PLA results in higher hydrolysis in the polymer [43,44]. 

The extent of degradation was characterized by TGA (Fig. 4) and 
especially the temperature of initial degradation corresponding to 5% 
weight loss recorded during TGA (Fig. 5 a). Fig. 4 shows a general ten-
dency. In the reference samples, the first TGA weight loss is related to 
the degradation of PLA. This weight loss step has a dTGmax temperature 
around 350 ◦C for both PLA with 4.3% and 12.0% D-lactide content. As a 
function of composting time, this first weight loss step shifts towards 
lower temperatures. Lower thermal stability indicates a PLA matrix with 
lower molecular weight [45]. The degradation of the polymer matrix, 
which was present in the highest proportion in the reference sample, was 
characterized by the temperature of the maximum of the derivative of 
mass loss (Fig. 5 b, Supplementary A.5). The faster degradation of PLA 
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with higher D-lactide content is shown by the rate of decrease of tem-
peratures and TdTGmax associated with T5%. The decrease in T5% and 
TdTGmax can be explained with the fact that the polymer chains are 
broken by hydrolytic degradation during composting, and the length of 
the polymer chains is reduced. Lower temperatures are sufficient to 
decompose shorter polymer chains. However, the rate of hydrolysis also 
depends on the properties of PLA, such as crystallinity and initial mo-
lecular weight [46]. According to the literature, degradation time is 
shorter for low-molecular-weight, more hydrophilic and more amor-
phous polymers. At the initial stage of composting, the absorption of 
water molecules causes the ester bonds to randomly cleave, resulting in 
shortening of the polymer chains. When the molecular weight decreases 
to about 10,000 Da due to hydrolysis, the microorganisms start to 
degrade the PLA fragments. In addition, during composting, the 

amorphous or less ordered parts are degraded first [44]. In the case of 
samples without a foaming agent, residual material content increases as 
a function of composting time. It is presumably a residue from the 
composting medium that cannot be removed completely from the 
sample before the measurement. Based on our results, Tracel G 6800 MS 
has a residual mass of 15.91% at 600 ◦C (Supplementary A.4), so for 
samples containing the foaming agent, these two residual masses add up 
to give the total residual mass. 

The morphological properties of the extruded foam samples were 
investigated by DSC (Supplementary A.6). Sheet reference samples 
produced from PLA with 4.3% and 12.0% D-lactide contents were 
amorphous right after foaming (day 0.). However, PLA samples with 
4.3% D-lactide content cold crystallized during the DSC test. Cold crys-
tallization enthalpy for 4.3%PLA_ref was 26.1 J/g and for 4.3%PLA_8wt 

Fig. 2. Decomposition of sheet samples as a function of composting time.  

a) b) c)

Fig. 3. SEM images of reference PLA (12.0% D-lactide) sheet samples containing a) 2 wt%, b) 4 wt%, c) 8 wt% expandable microsphere foaming agent (day 0).  
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Table 1 
The crystalline fraction of PLA samples with 4.3% D-lactide content calculated from DSC results as a function of composting time.   

Crystalline fraction from 2nd heat up [%] 

Composting time (days) 0 7 14 21 28 35 42 49 56 63 

4.3%PLA_ref 28.5 35.2 44.0 31.3 – – – – – – 
12.0%PLA_ref 0.0 0.0 0.0 – – – – – – – 
4.3%PLA_8wt%EMS 29.3 33.7 40.0 34.1 20.1 6.9 1.8 0.0 0.8 – 
12.0%PLA_8wt%EMS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 – – –  
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%EMS was 25.2 J/g. After 7 days of composting, the PLA with 4.3% D- 
lactide content crystallized; therefore ΔHcc decreased to 0 J/g both in 
the case of the 4.3%PLA_ref sample and 4.3%PLA_8wt%EMS. The 
increased crystalline fraction after 7 days of composting causes a dif-
ference in the number of days required for disintegration, because the 
degradation time is shorter for amorphous PLA due to the water diffu-
sion thorugh amorphous PLA [44]. 

The crystalline fraction of the samples from the second heating cycle 
was also evaluated (Table 1). From day 0 until day 21, the percentage of 
the crystalline fraction did not change much and was around 30%. While 
the 4.3% PLA_ref sample was already decomposed on day 28, the foam 
sheet sample containing 8 wt% EMS was only decomposed on day 63. In 
the case of the 4.3% PLA_8wt% EMS foam sheet, a slow decrease of the 
crystalline fraction was observed after day 21. This is due to chain 

scission caused by hydrolytic degradation. As a result of chain scission, 
the polymer chains become shorter, therefore the crystals they can form 
are imperfect. Due to the shorter chains, the number of chain ends in-
creases, the chain ends are not able to participate in the arrangement 
and folding of the chains, thus inhibiting the formation of large and 
complete crystals. Furthermore, as degradation progressed, the resulting 
monomers and oligomers also decreased the crystallity of PLA [47]. 

3.2. The effect of thermally expandable microsphere content on the 
compostability of poly(lactic acid)-based foam structures 

The number of days required for degradation is given in Fig. 1. Based 
on the results the decomposition time increases with increasing ther-
mally expandable microsphere content. The decomposition process was 
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followed using TGA (Fig. 6) and the initial decomposition value (T5%) 
determined from the TGA shows a decreasing trend as a function of 
composting time until the moment before complete decomposition 
(Fig. 7 a and b). The rate of decrease is highest for the unfoamed 
reference PLA sheets. At TdTGmax (Fig. 7 c and d, Supplementary A.7) and 
at T50% (Supplementary A.8), the rate of decrease is also highest for the 
reference PLA sheets. If the PLA also contains thermally expandable 
microspheres, the decrease in TdTGmax is less. Furthermore, there is a 
point where both values start to increase. This is because during 
degradation, as the PLA content decreases, the shell material of the 
foaming agent, methyl methacrylate (MMA), starts to dominate at 
TdTGmax. 

PLA with 4.3% D-lactide content (4.3%PLA_ref) cold crystallized 
during the DSC test (Fig. 8 and Supplementary A.9 a) on day 0. From day 
21, ΔHcc became 0 J/g because the samples with 4.3% D-lactide content 
formed a crystalline fraction during the first composting week. The PLA 
reference sample with 12.0% D-lactide content, did not crystalize either 
during the DSC test or during composting. Foamed PLA samples con-
taining 12.0% D-lactide also remained amorphous (Supplementary A.9 
b). Until day 21, the crystalline fraction of both non-foamed and foamed 
sheet samples produced with PLA containing 4.3% D-lactide increased 
(Fig. 9). After 21 days, the 4.3%PLA_ref sample decomposed. In the case 
of the 4.3%PLA foamed with 8 wt% EMS, the decrease in χc was a long 
and steep process. The crystalline fraction of 4,3%PLA_8wt%EMS 
reached 0% on day 49 and decomposition took place on day 63. In 
polylactic acid–based foams, the thermally expandable microspheres 
cause a decrease in the rate of degradation. Diffusion in polymers is 
commonly described by the Fickian diffusion model, although syntactic 
foam above 40 ◦C cannot be modeled by Fick’s law [48]. Therefore not 

only matrix hydration takes place, but other mechanisms, such as the 
hydration of the expandable microsphere and polymer matrix interface 
as well [48]. 

In summary, in a poly(lactic acid)-based system, a thermally 
expandable microsphere-type foaming agent causes a decrease in the 
rate of degradability. This is because the syntactic foam structure is less 
permeable to moisture and microorganisms [28,49]. 

4. Conclusions 

We investigated the compostability of foam structures produced with 
an EMS foaming agent from poly(lactic acid)s of different D-lactide 
contents, and also. Examined the effect of foaming agent content on the 
degradability of biopolymer-based foam structures. The results suggest 
that PLA with higher D-lactide content has a faster degradation process, 
as the rate of hydrolysis depends on the basic properties of PLA, such as 
its crystallinity and initial molecular weight. This is because, during 
composting, the polymer chains are broken by hydrolytic degradation, 
and the length of the polymer chains is reduced. Shorter polymer chains 
are degraded at lower temperatures. The effect of EMS on the com-
postability of extruded PLA foam sheets was examined and the results 
indicated that the foaming agent caused a decrease in the rate of 
degradation. Still, the smallest, medium-density foams (0.401 ± 0.007 
g/cm3) also degraded before day 70. Thanks to the latest developments, 
microspheres that are bio-based [50] and preferably biodegradable will 
be available. In this way, the results can be applied to such new types of 
environmentally friendly foaming agents. 
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