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Abstract: The biodegradation of bioplastics is a topic of interest worldwide. This work aims to
measure the biodegradability of five polylactic acid (PLA)-based bioplastics under aerobic, ther-
mophilic laboratory conditions and correlate their weight loss with their CO, generation over a
3-month period, as both are considered indexes of biodegradation. The experimental design was
based on the simulation of composting conditions by placing the bioplastic samples mixed with
compost in sealed glass vessels that were regularly opened. The results showed significant variability
in biodegradation, as dry weight losses ranged from 15.1-99.7%, while CO, generation ranged from
9.2-14.9 g C—CO,/kg dry mixture (bioplastic + inoculum) depending on the sample. Moreover,
no significant correlation between the weight losses and the gross CO, production was calculated
(p = 0.656), indicating the importance of carefully selecting the methods to assess biodegradation
potential. This lack of correlation also reveals that different pathways are likely involved during the
biodegradation of bioplastics and that the weight loss alone cannot indicate the conversion of solid C
to CO;. This work proposes the need to develop an optimal degradation index for bioplastics that
would provide a better understanding of their biodegradability in composting reactors. This index
should combine dry weight loss and CO, generation to assess the biodegradation of bioplastics with
high confidence.

Keywords: bioplastics; bio-based plastics; biodegradable plastics; polylactic acid (PLA); C-CO,
generation; aerobic conditions; thermophilic conditions

1. Introduction

The current lifestyle and population growth have led to an increasing trend of plastic
waste generation worldwide that is projected to triple between 2019 and 2060, exceeding
one billion metric tonnes (Mg) [1]. The plastic packaging sector is the main contributor
to plastic waste generation, accounting for approximately 40% [2,3]. Estimations show
that the global plastic recycling rate does not exceed 10%, while more than 20% of total
plastic waste generation is mismanaged [4]. Landfilling plastic waste is the most common
end-of-life (EoL) management option worldwide, accounting for 50% of total plastic waste
management [4]. The current plastic waste management practices have led to the leakage
of 22 million Mg of plastic waste in the marine and terrestrial environment in 2019 [5].
In addition, plastics production was responsible for more than 3% of global greenhouse
carbon (GHG) emissions in 2019, resulting in the generation of ca. 1.6 billion Mg of GHG
emissions [5].

These environmental issues have driven attention toward innovations and alternative
solutions in the plastics sector. A solution is provided by a new category of plastics called
“bioplastics”. Bioplastics belong to a large family of plastics with different properties [6]
and several applications in the packaging, agriculture, automotive and medical sectors [7].
Specifically, the origin of raw materials (i.e., bio-based) and biodegradability status are
the main properties that characterize a plastic material as bioplastic [8]. Bioplastics can
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be either produced from biomass such as corn, sugarcane or cellulose and are defined as
bio-based, or degraded by microorganisms that are available in the environment into H,O,
CO,, CH4 and compost and are defined as biodegradable [6]. Although there are bioplastics
that are both bio-based and biodegradable, these two properties should not be considered
equal [6]. For example, there are biodegradable plastics that are petroleum-based, such as
polycaprolactone (PCL) or polybutylene succinate/adipate (PBS/A) [8].

The main driver for moving towards bioplastics as an alternative to conventional
plastics (i.e., petrochemical-based and non-biodegradable) is their contribution to resource
recovery through their biodegradability potential at the EoL stage and/or fossil fuel conser-
vation, providing a potential for carbon neutrality [6]. In 2022, bioplastics production was
estimated at 2.22 million Mg [9], representing nearly 1% of total plastic production which is
very low participation in the plastics market [7]. However, the transition towards a more
circular economy and the current sustainability goals set by governments at the national
and international level forecast that bioplastics production capacity is going to be increased
by ca. 2.8 times over the period 2022-2027 [9].

Research has been conducted to investigate the biodegradation potential of bioplastics
under laboratory-controlled conditions [10,11] or in the natural environment [11].

Still, the EoL fate of bioplastics and particularly of biodegradable plastics, needs more
research attention before wider adoption at the commercial level. The biodegradability rate
of bioplastics is not a fixed characteristic; it depends on the physico-chemical structure of
the polymer and the environmental conditions [6,11,12], such as temperature, pH, moisture,
amounts of oxygen and microbial activity in soil and/or in a composting facility [13].
Therefore, this variability arising from a number of influential factors and a variety of
sources indicates the uncertainty generated for result reproducibility during the evaluation
of the biodegradation rate [13]. A combination of biodegradation indexes under controlled
and constant monitoring might be crucially needed to understand and properly assess the
mechanism of bioplastic biodegradation on the environment [13].

The transition towards sustainable management of biodegradable plastics remains
challenging as their biodegradability rate is highly variable among different biodegradable
plastic items, while their ability to biodegrade needs optimization in terms of time and
completion [12,14]. A wider adoption of biodegradable plastics without addressing the
challenges regarding their variable biodegradability potential may induce new problems in
the plastic waste management system, including microplastic pollution, contamination of
plastic waste recycling streams and promoting plastic littering behavior [8].

Polylactic acid (PLA) is one of the most popular bioplastic polymers due to its techno-
logical advances in manufacturing and functional features [15]. PLA is both bio-based and
biodegradable and represented one-fifth of the global production capacity of bioplastics in
2022 [9]. Several studies investigated the biodegradation of PLA biodegradability [16-18],
focusing on laboratory simulation testing [19] under aerobic composting conditions [20],
thermophilic composting conditions [21] and thermophilic anaerobic conditions [22]. Re-
producing laboratory testing is necessary to obtain reliable insights into the biodegradation
of bioplastics under specified conditions. The goal of this work was to assess the biodegrad-
ability of different PLA-based plastic products used in the food sector following laboratory
testing under aerobic, thermophilic conditions. To the best of our knowledge, this is the
first experimental work that assesses the biodegradation of PLA products of various forms
(i.e., flexible and rigid) through quantification of CO, generation and weight loss under
thermophilic aerobic degradation, with the ultimate goal to correlate those two indexes.
This attempt to correlate these two parameters (weight loss and CO, generation) could
lead to the proposal of an optimal degradation index for bioplastics that could provide
a better understanding of their biodegradation behavior in composting reactors. This, in
turn, would enable us to assess the biodegradability potential of biodegradable plastics
with higher confidence.
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2. Materials and Methods
2.1. Bioplastic Samples and Compost

Different bioplastic products were examined in this experiment, including cutlery
and plastic bags. Specifically, around 200 g of plastic plates (18 cm diameter x 1.5 mm
thickness) and 300 g of plastic knives (16.5 cm x 1.5 cm) manufactured from PLA were
collected from a local supermarket in Xanthi—Greece. In addition, around 200 g of PLA-
based green bags (23 cm x 35 cm x ~ 15-20 um), labeled as compostable, that had been
collected from a pet shop in Thessalonica (manufactured in Italy) were used. Moreover,
200 g of PLA-based white compostable bags (27 cm x 45 cm X =2 15-20 um) were collected
from a local bakery shop in Drama (Greece). Finally, around 150 g of a novel bioplastic
flexible material (10 cm x 10 cm x 120 um) made from a PLA mixture (termed bioflex here)
was also used. This latter product had been manufactured at the Aristotle University of
Thessaloniki, Greece. This specific plastic had been nicknamed “bioflex” by the members of
the Greek university that manufactured it, but it is not associated with Bioflex™ packaging
(https:/ /www.bioflexpackaging.com, access date: 1 June 2023). Moreover, the precise
composition of the bioflex plastic used in this work was unavailable. Still, it was mentioned
that it mainly comprises PLA and small amounts of polyester. For the experimental testing
of the composting of those five (5) PLA-based plastics, a cow-manure-derived compost was
used as inoculum. Specifically, around 5 kg of a high-quality cow-manure-derived compost
mixed with straw, collected from a nearby cow manure composting facility, was used to
inoculate all bioplastics in the experiments.

2.2. Sample Preparation and Experimental Procedure

Every single plastic product mentioned in Section 2.1 was manually cut into several
pieces that each weighed from around 4 to 7 g prior to placement into 1 L glass vessels
(also referred to as respirometer). Specifically, the knife (each weighed 7.2 g) was cut in
half, and both pieces were placed into each vessel. Each plate was cut into three pieces
with dimensions 9 X 9 cm each, and each weighed 4 g. The bakery bag was cut into
three 13 x 8 cm pieces that each weighed 5 g. The green bag was cut into three 10 x 8 cm
pieces that each weighed 5 g. The bioflex plastic was cut into 10 x 10 cm pieces that each
weighed 4.5 g. The aforementioned weights of all bioplastic pieces were recorded on a
precision balance (KERN® Model GJ, Kern and Sohn®, Balingen, Germany). Three samples
from each bioplastic product were prepared (i.e., 15 bioplastic samples in total) to provide
3 replications per bioplastic product (n = 3) during the experiment. The wet weight of
the compost added in each respirometer to inoculate the bioplastic was between 90-100 g
(wet weight). The amounts were chosen so that the ratio of wet compost to wet bioplastic
was around 20:1 in all cases. Each PLA sample and the compost were placed in the 1
L glass vessels (respirometers) provided by WTW®; these vessels are typically used to
measure soil respiration, often in combination with WTW-OxiTop® (Xylem Analytics®,
Weilheim, Germany) pressure measurement heads. However, the OxiTop® heads were
not used here since degradation activity was measured via CO; generation only and not
via Op consumption, as those pressure heads are sensitive at temperatures above 55 °C.
Every bioplastic piece was placed between a metallic flexible screen closed with metallic
staplers perimetrically. The “sandwiched” bioplastic was mixed with the above-mentioned
amount of compost and placed in each vessel. In total, 15 vessels were filled with mixtures
of compost and bioplastic pieces, while 2 vessels were used as blank samples and were
filled only with compost. Blank samples enabled both to examine the compost’s behavior
without the effect of the bioplastic sample and to compare the absorption of CO, emissions
from the compost samples with that of the mixture of compost + bioplastic. In addition,
2 completely empty vessels containing no material were used to quantify the capture of
atmospheric CO; by the alkaline traps over the 90-day period. This latter amount was
subtracted from the CO, produced from all PLA and compost samples to calculate the
gross CO; generation per vessel. In all vessels, except the empty ones, around 50 mL
of a Baumann nutrient solution was added to bring the moisture content of the contents
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(compost + PLA) to an optimal value of around 50-55% w/w (on a wet basis) and to provide
nutrients. Plastic 50 mL beakers, filled with 40 mL of 3 M KOH solution that served as
the alkaline traps, were placed on an elevated floor within the vessel. All vessels were
sealed with 8 metallic clippers. A red plastic plug was put on top of every plastic cap to
completely seal the vessels from the atmosphere. The experiment was held under aerobic,
thermophilic conditions by placing the vessels in an oven at 58 °C. The vessels were briefly
opened every 2 days to let air enter the vessel for a couple of minutes to ensure aerobic
conditions throughout the experiment. Every 15-20 days, around 10-20 mL of purified
water was added onto the substrate to maintain optimal moisture content and to prevent
drying of the substrate. Every 30 days (until the end of the experiment at 90 days), the
screened PLA sample was removed from the vessel, washed with tap water to remove any
compost on the surface and dried at the same 58 °C for 1 day. Then, the dried sample was
weighed. The net dry weight of each PLA sample was then calculated after subtracting
the weight of the metallic screen and the staples from the total dry weight. The weight
of the screen and the staples for each PLA sample, which had been weighed at the start
of the experiment, was considered to remain stable over the experiment. After 1 day of
drying, the dried plastic pieces were reinserted into the vessels with the same compost,
and 10 mL of the Baumann solution was added to moisten the mixture. The CO; generated
every 30 days was measured after titration of the alkaline trap using 0.2 N H,SOy solution
(see Section 2.4), and a new alkaline trap would be added to each vessel at the end of every
30 days. That new trap was then used to record the CO; for the next 30 days. The duration
of the whole experiment lasted three months (90 days).

2.3. Moisture Content and Volatile Solids Determination

To determine the initial moisture content [23], the bioplastic samples and the compost
were placed into a drying oven for 3 days at 75 °C and moisture was calculated via weight
difference and expressed on a wet weight basis. The volatile solids (organic matter) content
was quantified via the loss on ignition at 550 °C for 1.5 h following standard methods [23].

2.4. COy Determination via Titration

At the end of every 30 days of the experimental procedure, acid-base titration using the
solution of H,SO, was held to measure CO, emissions during the biodegradation process.
Ten (10) mL from the alkaline trap contained in each vessel were removed and mixed with
around 50 mL of deionized water into a conical flask. The conical flask was placed on the
electric stirrer, and the temperature and pH were monitored using a thermometer and pH
meter (WTW™ InoLab, Xylem Analytics, Weilheim, Germany). The pH of the solution was
carefully brought down to 8.3 using a 1 N or 0.2 N H,SO4 solution. After reaching a pH of
8.3, using a burette, a 0.2 N H,SO;, solution was used to carefully drop the pH from 8.3 to
4.3 and this volume of the acid was recorded. The method used here to determine CO, is
described in detail in [24].

The mathematical formula that was used for the determination of CO, emissions
during biodegradation produced by the nutrient substrate is

Vs
M) X Nacig X AW X Virap — (M) X Nacig X AW, X Vtrapbl

Vblank

o M
where, C-CO; (t) is the cumulative C-CO; at each sampling time t, expressed as Total
Carbon (TC) in g/dry kg mixture; V4333 is the volume of the H,SO;, solution needed
to reduce pH from 8.3 to 4.3 (mL) in the sample; (V43-83)p1 is the volume of the H,SO4
solution needed to reduce pH from 8.3 to 4.3 in a blank flask (mL) that does not contain
any sample and is ran simultaneously with the other samples; N,q is the normality of the
H,SO4 solution (0.2 N); AW is the atomic weight of C (12); Vsample is the volume received
from the trap placed in the vessel with the sample (PLA + compost) for the titration (mL),
typically 10 mL; Vpjapnk is the volume received from the trap in the control (blank/empty)
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vessel for the titration (mL); Virap is the volume of the alkaline trap contained in the sealed
flask with the sample (at the time of sampling, typically ranging from 0.045-0.055 L; Vi;app)
is the volume of the alkaline trap contained in the sealed blank flask (L) at the time of
sampling, also ranging from 0.045-0.055 L; and my is the total dry weight of the combined
substrate (i.e., mixture of PLA and compost) placed in the vessel, namely the sum of the
dry weights of the PLA and the compost that served as inoculant (in kg) or of the compost
contained only in the vessels (that did not contain PLA plastics).

3. Results and Discussion
3.1. Moisture Content and Total Solids of Biomaterials

Table 1 shows the initial characterization, i.e., moisture content and volatile solids, of
the 5 PLA-based samples and the compost before the experimental procedure of biodegra-
dation. The PLA plates had the highest volatile solids content (99.5% d.w.), while the
minimum value was found in the compost (48.2% d.w.). These values are in agreement
with typical values found in PLA products (i.e., 88-99% d.w. [25,26]), while the volatile
solids content of the compost may vary considerably and can reach up to 85% d.w. [27,28]
depending on the source of the organic waste. The organic matter content of the compost
used here is indicative of a stable compost. The moisture contents of all materials were
below 10% w.w. for all materials, with the highest moisture content being that of the
compost, namely around 7% w.w. All bioplastics (except the plate) were practically dry,
having very low moisture content.

Table 1. Moisture (% w.w. 1) and volatile solids content (% d.w. 2) of the five PLA-based products
and the compost at the initiation of the experiment.

Substrates Moisture Content (% w.w. 1) Volatile Solids (% d.w. 2)
Plate 5.6 (+1.8) 99.5 (£0.1)
Green bag 1.5 (£0.9) 98.3 (£0.1)
Bioflex 0.4 (£0.1) 94.8 (+0.1)
Knife 0.4 (+0.1) 90.5 (+1.1)
Bakery bag 0.4 (+0.1) 79.3 (£0.1)
Compost 7.1 (£0.2) 48.2 (£0.3)

! on a wet weight basis, 2 on a dry weight basis. Values in brackets are the standard errors of the mean.

3.2. Weight Loss of PLA-Based Products during Biodegradation

Figure 1 depicts the dry weight loss of PLA-based products after the three-month
laboratory aerobic degradation. In fact, there is a significant variation of dry weight losses
among all materials used here. The maximum dry weight loss was observed for the
knife product (99.7%), and the minimum was observed for the bakery bag (15.1%). This
high range is in line with scientific evidence that also reported highly variable rates of
weight loss of PLA samples during thermophilic degradation. For example, a review study
has provided evidence on the biodegradation of PLA-based samples under thermophilic
conditions simulating a composting environment, reporting a range of 60-100% of weight
loss within a period of 28-90 days [12]. In addition, some studies have reported that
under thermophilic conditions for more than 30 days, the weight loss of PLA films can
exceed 90% [29,30], while the weight loss for rigid PLA items is very low. A study that
measured the weight loss of PLA cutleries, which can be considered relatively thick plastic
products, under thermophilic aerobic conditions found that weight loss did not exceed
5% [29]. The physical characteristics (e.g., thickness [29]) and the environmental conditions
(e.g., temperature and degradation phase duration) should be considered in the assessment
of the biodegradability of bioplastics [12,29]. For example, it has been reported that the
weight loss of PLA may not exceed 10% within a period of 3 months under mesophilic
conditions [29]. Therefore, thermophilic conditions are more beneficial in terms of a higher
biodegradation rate. The differences in the weight losses of PLA-based samples can be
attributed to differences in their chemical structure [31], crystallinity, molecular weight,
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surface area, crosslinks [13] and the fact that the biodegradation process of PLA depends
on a variety of microorganisms and enzymes [11,16,20]. The physical aging and additives
content [32] have also been reported as influential factors on the biodegradation rate. Still,
clear indications of the reason for this significant difference cannot be provided due to
limited evidence on the composition and polymeric structure of the samples.
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|

Plate Green bag Bioflex Knife Bakery bag

Figure 1. Dry weight loss (%) of all PLA-based products used in this work after a three-month
thermophilic aerobic period. Error bars are standard errors of the means based on n = 3.

Figure 2 depicts the variation of dry weight loss of PLA-based products as a function of
time. A complete loss of weight was recorded after 90 days for the knife samples indicating
an almost complete degradation. On the contrary, the bakery bag samples lost around
0.75 g of their dry weight, corresponding to 151% weight loss. After 30 days of thermophilic
degradation, the knife samples showed a steeper weight loss compared to all other PLA
products. The weight loss for the bakery bags during the first 30 days was negligible.
Bioflex and the green bags showed a relatively steady rate of dry weight loss throughout
the 90 days.

Figure 3 depicts the gross cumulative C-CO; generation by the five PLA-based prod-
ucts mixed with compost and compost alone. The CO, generation for the sole compost
sample was 9 g C-CO,/dry kg of compost. All mixtures of PLA products (except the
plate) had higher CO, generation per kg of mixture, indicating that most PLA samples
did biodegrade and were partly converted to CO,. The maximum cumulative C-CO,
generation was found for the green bag (15.9 g C-CO, /dry kg mixture). The corresponding
minimum value was found for plate samples (9.2 g C—CO, /kg mixture), similar to compost.
In fact, four PLA + compost mixtures generated more CO, (per dry kg) than compost
alone, indicating that they do biodegrade and convert their solid C to CO,. Comparative
evidence on CO; generation by PLA samples from other researchers is very limited since
most researchers used to select weight loss as an indicator of PLA biodegradation, as can
be seen in recent review studies [11,12]. Even this limited evidence is old (before the last
10 years) [12] and does not represent updated evidence on PLA biodegradation.
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Generation of C-CO, (g C/dry kg mixture)
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Figure 2. Dry weight change of the five PLA-based products versus time during the three-month
thermophilic aerobic degradation period (error bars are the standard error of the means based on
triplicate measurements).

—o—Plate
=&==Green bag
—a—Bioflex
=>&=Knife
==Bakery bag

=@-Compost

Time (d)

Figure 3. Total C-CO, cumulative production by the mixtures of the five PLA-based products with
the compost during the three-month thermophilic aerobic degradation. The C-CO, production is
expressed per dry kg of the initial substrate (PLA + compost or compost alone) placed in the vessel
on day 0.
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Figure 3 shows that none of the PLA mixtures induced C-CO, production lower than
the sole compost. However, only the plate samples mixed with compost had similar values
to the sole compost. This indicates that the added compost did, in fact, work successfully
as an inoculum for the PLA samples. Efforts to calculate the net CO; generation per dry kg
of PLA only, i.e., after subtracting the contribution of CO, of the compost from the total
CO; of the mixture, were not successful as slightly negative values would be calculated in
most cases. As a result, all C-CO; generation reported in Figure 3 is expressed as the mass
of C-CO; per dry kg of mixture (i.e., PLA + compost or compost alone).

The relationship between dry weight loss and CO, generation was further investigated,
as this was the primary objective of this work. That is, the research questions were “To
what extent does dry weight loss mineralize to CO,?” Or “Does weight loss lead to other
intermediate metabolic products and not necessarily to CO,?”. Based on the above research
questions, Figure 4 is a scatterplot of the dry weight loss versus the cumulative generation
of the C-CO,, after 90 days.

o
Knife
Plate-....
2 =0.0553 (non-significant) -
Bioflex
Bakery bag
4 6 8 10 12 14 16

Total C-CO, generation after 90 days of composting (g C/dry kg mixture)

Figure 4. Correlation between dry weight loss (%) and cumulative C—-CO; generation (in g/dry
kg of initial mixture) after 90 days of thermophilic composting. The regression equation shown is
non-significant.

Figure 4 shows that there is no correlation between dry weight loss and overall
CO, generation, as might have been expected. For example, the knife sample had the
highest weight loss (100%), as it practically disappeared, but did not have the highest CO,
generation (12.9 g C—CO,/kg mixture). At the same time, the bakery bag had a similar
CO; generation (around 12.7 g C—CO, / kg mixture) to the knife but the lowest dry weight
loss (15.1%). That is, although the gross C—CO; generation from these two polymers was
similar, there was a huge difference in the corresponding weight losses.

The highest C-CO, generated after 90 days was 14.9 g C—-CO;/kg mixture and was
recorded from the green bag; however, the green bag’s weight loss was only 50% which was
a moderate weight loss value compared to the weight losses of the knife and the plate. The
lowest C-CO, generation (9.2 g C—CO,/kg mixture) was recorded for the plate samples,
which observed a rather high weight loss (67%).
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A linear regression model was fitted to the data, with C-CO, generation being the
independent variable (predictor) and dry weight loss (in %) the dependent variable. Results
showed that the resulting linear regression model was not statistically significant at a = 0.05
as the p-value of that model (i.e., of the CO, variable) was 0.656 (i.e., higher than o). The
above proves that no correlation exists between CO, and weight loss (as is visually evident
in Figure 4). Therefore, the depicted regression line in Figure 4 is non-significant, so the
regression equation shown has no descriptive or predictive abilities.

This discrepancy between dry weight loss and C—CO, generation can indicate that
(a) biodegradation does occur to intermediate metabolic products, such as volatile organic
compounds or soluble products, but not down to CO;; (b) degradation mechanisms that are
not induced by microbes may occur, such as simple depolymerization and solubilization
due to thermophilic temperatures. These mechanisms can contribute to weight loss but do
not lead to mineralization of organic C to CO;; (c) a different structure and mechanical prop-
erties (e.g., polymer length, crystallinity, tensile strength) of the PLA used to manufacture
the five products used here.

The degradation rate of PLA may depend on the PLA isomer ratio as well as the shape
and size of the material [33]. Different mechanisms are involved in PLA degradation, includ-
ing hydrolytic, oxidative, thermal, microbial, enzymatic, chemical and photodegradation
processes [33]. The PLA biodegradation mechanism during composting is a combination of
microbial and enzymatic degradation that primarily includes the scission of the main and
side chains [33]. The mechanism of microbial degradation takes place after the hydrolysis
of high-molecular-weight PLA that breaks down the ester bonds, where microorganisms
adhere and colonize the surface of PLA and excrete extracellular depolymerase to break
down PLA. Then, lactic acid oligomers, dimers and monomers are produced; these are low-
molecular-weight compounds that can infiltrate into microbial cell membranes leading to
the release of PLA-degrading enzymes by bacterial cells that adhere to PLA surfaces. PLA-
degrading enzymes, absorbed or localized to the surface of PLA, lead to the mineralization
of PLA to CO, [33].

The above lack of correlation between weight loss and CO; generation indicates that
the existing criteria to assess bioplastic biodegradability should be revised. Our findings
are also supported by a recent study [34] that reported that “it is unavoidable to associate mass
loss measurements with mineralization kinetics to attest the complete conversion of the polymer
organic carbon into CO,” (p. 16). By this statement, authors highlight that dry weight loss
during biodegradation does not necessarily indicate that this loss is entirely assimilated
by microorganisms and is therefore converted into CO,; however, many studies still use
only dry weight loss as a biodegradation indicator [34]. According to [13], although the
measurement of CO; is considered a good indicator to assess a material’s biodegradability
potential, it is still not recommended to be used alone [13]. CO, measurements need to
be combined with other degradation index methods (e.g., dry weight loss) to gain better
insights into the mechanisms of biodegradation [13].

According to [35,36], plastic is rendered compostable if, within six months, 90% of
the material is assimilated by microorganisms and is then converted to CO,, This is an
assessment of biodegradability, which indirectly implies that 90% dry weight loss is a
prerequisite. An additional requirement (disintegration potential) is that within 3 months,
90% of the material should consist of fragments less than 2 mm. According to the former
requirement, the dry weight alone could be a measure of biodegradability as long as that
weight lost is converted to CO,. In that sense, a positive correlation between dry mass
loss and CO, generation must exist to use only dry mass loss as a biodegradation index.
Our work has demonstrated that this is not always the case, as a correlation, of any type,
between CO, generation and dry mass loss was not calculated here. Regardless, suppose
the 90% dry mass loss after 6 months is considered alone as an indicator for compostable
plastic. In that case, only the “knife” sample can be considered compostable, as it practically
lost 100% of its dry weight after 3 months. The plate lost around 70% of its dry mass after
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3 months, but according to the trend of weight loss (Figure 2), it would not be expected to
reach the 90% threshold value after 6 months to be rendered compostable.

The high variations of aerobic biodegradability among the PLA products used here
indicate that the determination of plastic products as biodegradable, even if produced from
the same biopolymer (i.e., PLA), is not sufficient to acknowledge the required conditions for
their complete degradation. That is, biodegradation criteria should be more clearly defined
compared to the existing criteria since simple weight loss as a sole biodegradation indicator
might be misleading [37] since it may not indicate mineralization to CO,. In fact, dry
weight loss and CO; production measurements have been reported as two different testing
methods for the assessment of biodegradation of bioplastics under aerobic conditions [38].
The concurrent use of both monitoring methodologies for the assessment of biodegrad-
ability has been recommended [34,38]. Regulatory interventions to improve standards
and labeling biodegradable plastics are necessary for sustainability [39]. In relation to
this, specific actions should be undertaken, which would include the determination of
biodegradability under a wide range of testing environments and conditions, as well as the
assessment of feedstock and chemicals as influential factors on biodegradation rates [40].

The results of this work demonstrate that biodegradation of PLA is generally feasible
under thermophilic conditions, as has been often demonstrated in the literature. These
conditions are more often encountered in dedicated industrial composting facilities than
in simple home composting [8], as in the latter, thermophilic temperatures hardly appear.
However, 100% degradation of PLA samples in dedicated facilities is not a guarantee [29];
this might be attributed not only to the biodegradation performance of PLA-based products
but also to the design of composting facilities that handle these materials. As PLA is poor
in nutrients, it has to be mixed with organic materials during composting [38]. Therefore
the addition of compost in PLA-based samples during their biodegradation is essential. On
the one hand, the role of compost as an accelerator of the process, serving as both a nutrient
source and an inoculum, is beneficial. On the other hand, mixing compost with PLA may
lead to the release of microplastics into the environment since evidence has shown that
microplastic fragments from PLA samples are released after 2 months of composting [29]
and after a burying time of 90 days [30].

The results of this work also indicate that a new index of biodegradation should be
developed that could combine both dry weight loss and CO, generation. That is, neither of
the two can stand as biodegradability indexes on their own, as these two parameters were
found in this work not to correlate. For example, an ad-hoc index that would be calculated
from the mathematical product of those two parameters could be further investigated as
a novel index to assess the biodegradability of bioplastics in future work. Moreover, it
would be ideal to close the C balance by performing measurements of solid C losses of the
bioplastics during the process and comparing those to the C-CO, generated. However, this
is not easy to do, as the contribution of the inoculum to the overall CO, generation needs
to be accurately assessed.

4. Conclusions

This study provided insights into the biodegradation rate of PLA products under
thermophilic aerobic conditions. The biodegradation of PLA-based products is efficient
under thermophilic conditions indicating that it requires dedicated industrial composting
facilities instead of home composting as the latter rarely reach thermophilic conditions.
The dry weight losses considerably differed among the five PLA-based products used here
and ranged from 15.1% to 99.7% after 90 days despite the identical experimental conditions
and the fact that all five bioplastics were PLA based. This indicates that the physical
characteristics and the raw materials used to manufacture PLA-based products can play a
critical role in their biodegradation after they become wastes. The gross production of CO,
also showed significant variation among the samples (9.2-14.9 g C-CO, /dry kg mixture),
but there was no statistically significant positive correlation between CO, generation and
dry weight loss. This lack of correlation was proven by the fact that the resulting linear
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regression model was not statistically significant at o« = 0.05 (p-value = 0.656) and indicated
that biodegradation of bioplastics might follow different pathways depending on the
mechanical properties of the bioplastic products. That is, weight loss may not indicate the
conversion of solid C to CO,.

Before the full-scale use of biodegradable plastics at a commercial level, as an alterna-
tive solution to conventional plastics, due to potential benefits arising from their End of Life
(EoL) fate, it is important to understand and evaluate their biodegradability under several
environmental conditions considering their structural and chemical characteristics as well
as to properly choose biodegradability assessment methods. An optimized biodegrada-
tion index that would mathematically combine both dry weight loss and CO, generation
could constitute a novel quality assurance measure to precisely assess the biodegradability
potential of biodegradable plastics.
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