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Abstract

Several bio-based and biodegradable polymers have been lately introduced on the market as potential substitutes for con-
ventional plastics in order to decrease the environmental impacts related to plastics manufacturing and especially end of
life disposal. The most applied route for the management of these types of bioplastics once they enter the waste stream is
co-treatment with biowaste in anaerobic digestion and/or composting plants that may lead to their recycling as digestate
and/or compost. Several studies however, have reported the incomplete biodegradation of these materials at lab-scale and/
or in conventional treatment plants and the significant content of small inert particles, including microplastics, in the final
products. This could represent an obstacle to the agricultural use of the produced digestate and/or compost. It is therefore
necessary to study all the possible options for the recycling of these types of materials based on the specific characteristics
of the polymers that constitute them. In this study, four different types of bio-based biodegradable plastics were charac-
terized by chemical-physical analysis. In particular, the main properties investigated included the content of volatile and
non-volatile phases, crystallinity, main elemental composition, content of different phases by spectroscopic investigation
using Fourier Transform InfraRed spectra and of metals and metalloids of potential environmental concern. The results
of the thermogravimetry analysis indicated that all of the recycling/recovery options considered (compost production via
biodegradation, chemical recycling and energy recovery) could be potentially applicable for the examined bioplastics, since
they showed to contain polymers that volatilize below 550 °C. The highest volatile matter contents were measured for PLA
cups and starch-based films, while the highest ash contents were found for the other two types of rigid bioplastics, which
also showed the highest concentrations of elements of potential environmental concern, that were anyhow quite limited,
and reduced higher heating values estimated by elemental analysis compared to PLA or starch-based films. In addition, the
rigid bioplastics tested exhibited a higher degree of crystallinity, which could be associated to a lower biodegradability. With
regard to chemical recycling processes, the results of the chemical-physical investigations indicated that pyrolysis could be
a technically viable process to apply for the treatment of all of the bioplastic samples examined. Thus, PLA, which is manu-
factured through lactic acid condensation, chemical recycling by rapid depolymerization through pyrolysis was evaluated
applying a numerical model implemented in Aspen plus®. Results indicated that the best yields in terms of lactide recovery
could be obtained at an temperature of 400 °C and 10 s residence time and that other valuable products may be obtained
potentially by fractional condensation.
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Statement of Novelty

To evaluate different opportunities for the recovery and/or
recycling of a waste material, it is essential to characterize
its main properties. In this study, a systematic analysis of
the chemical-physical properties of the most widely used
types of bio-based and biodegradable plastics that have been
recently introduced on the market and have already become a
new type of waste that needs to be managed, was conducted.
Indeed, to study the potential recycling opportunities of
these types of polymers through biodegradation or chemical
recycling processes, only partial characterization data can be
found in the literature. Regarding PLA-based bioplastics, a
numerical model to simulate their treatment by pyrolysis to
recover lactate was implemented. This allowed to carry out
a first assessment from a circular economy perspective on
whether chemical recycling of this type of bioplastic would
be technically feasible and potentially beneficial.

Introduction

According to Plastics Europe, in 2020, global plastics pro-
duction reached 367 million tons [1]. Eurostat, reports that
about 15.4 million tons of plastic packaging was gener-
ated in the EU in 2019, of which 6.3 million tons (41%)
were recycled and 5.6 million (36%) tons recovered as
energy [2]. There is no indication on the remaining amount
that can be assumed to have been landfilled. A report of
the European Community indicates that 27% of plastic
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packaging was disposed of in landfills in 2018 [3]. The
effects of plastic pollution are however increasingly vis-
ible. The lack of control over production and disposal and
of coherent recycling policies have favored the uncon-
trolled dumping of these materials and their accumula-
tion on land and in water bodies, such as rivers and seas
[4-7]. Tt is estimated that 2 to 5% of the produced plastics
ends up in oceans, causing adverse effects to coastal and
marine ecosystems. Microplastics are a particular concern,
as they can be ingested by wildlife, potentially causing
physical harm, affecting fertility and acting as a vector for
toxins [8]. To address this problem, the European Com-
mission published in January 2018 a strategy for managing
plastics in a circular economy perspective. The strategy
identifies several criticalities, including the low reuse and
recycling rates of plastic waste, the greenhouse gas emis-
sions associated with plastics production and incineration,
and the presence of plastic waste (including microplastics)
in oceans [9]. Key objectives identified in this European
strategy include [9]: (1) the reusability or possibility of
recycling plastics effectively (by 2030); (2) replacement
or phasing out of substances that hinder the recycling pro-
cesses of plastics; (3) development and use of innovative
materials and alternative raw materials for plastics produc-
tion that present greater environmental sustainability than
the non-renewable alternatives. With specific regard to this
latter objective, bioplastic materials presenting compara-
ble technical characteristics to conventional plastics have
been lately started to be employed in the manufacturing of
single use items, such as packaging materials, disposable
tableware and shopping bags.
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The European Bioplastics Agency classifies bioplastics
into three categories: biodegradable and produced from
renewable resources, biodegradable and produced from
non-renewable resources, and non-biodegradable but pro-
duced from renewable resources [10]. Currently, 44.5% of
bioplastics production is related to non-biodegradable bio-
plastics of biogenic origin, while biodegradable polymers
of biogenic or fossil origin amount to 55.5%. In the pursuit
of increasing environmental sustainability and achieving
the goals identified in the European plastics strategy, biode-
gradable plastics from renewable sources are of particular
interest since their production and end-of-life management
should both lead to reduced environmental impacts com-
pared to conventional plastics. In fact, instead of using fossil
resources such as oil for their production, a theoretically car-
bon neutral source such as biomass is used; in addition, end
of life management should be significantly improved owing
to their biodegradation [10]. Focusing on the biodegradable
and produced from renewable resources category, the fol-
lowing types of bioplastics that are commonly employed
to manufacture single-use items can be cited: starch-based
materials [11], polylactic acid or polylactide (PLA) [12],
polyhydroxyalkanoates (PHA), polyhydroxybutyrates (PHB)
[13], polybutylene succinate (PBS) [14] and polybutylene
adipate terephthalate (PBAT) [15].

The global production of bioplastics is expected to reach
2.4 million tons by 2024, and this highlights the need to
find an effective way to manage these materials once they
enter the waste flow. According to the European bioplas-
tics association, over 60% of global bioplastics are of the
biodegradable type and the forecast predicts that they will
reach 70% in 2026 [16]. Biodegradable bioplastics present
the advantage of being able to be theoretically treated in
waste management processes such as composting and
anaerobic digestion plants [10]. As defined in the standards
UNI EN 13,432:2002 for packaging items [17] and UNI EN
14,495:2007 for other materials [18], biodegradability is the
breakdown of an organic chemical compound by microor-
ganisms in the presence of oxygen to carbon dioxide, water
and mineral salts or any other elements present and new
biomass (aerobic degradation), or in the absence of oxygen
to carbon dioxide, methane, mineral salts and new biomass
(anaerobic degradation). A plastic material is considered
aerobically biodegradable if at least 90% of its C content
is converted to CO, during a composting test carried out
for a maximum period 6 months at 58 +2 °C [17], follow-
ing the method reported in ISO 14855-1:2012 [19], and
anaerobically biodegradable if the biodegradation % based
on biogas production is higher than 50% [17]. In this latter
case, the test is performed at 35 °C for a maximum of 90
d, following 1SO 14853:2016 [20]. In addition, to establish
if a bioplastic material can be classified as recoverable by
composting and biodegradation, two other properties besides

biodegradability are defined and evaluated: disintegration
and compost quality [17, 18]. Disintegration is the physi-
cal decomposition of a material into small fragments [21]
and is usually investigated using the standardized methods
EN 14806:2005 [22] and ISO 20200:2004 [23]. Specifi-
cally, after being exposed to composting for a maximum
of 12 weeks, no more than 10% of the weight of the initial
sample should be retained by a 2 mm sieve [17]. Finally,
compost quality evaluations are aimed at establishing that
materials defined as organically recoverable do not com-
promise the quality of the compost that can be obtained by
treating the material under controlled conditions. Besides
the content of metals and of other constituents of potential
environmental concern, also the presence of microplastics
(MPs) is an aspect that has been lately also started to be
investigated in relation to compost quality [24]. The pres-
ence of microplastics has been found to determine several
effects on organic matter humification and fungal commu-
nity succession during the composting process, specifically,
the addition of any type of MP showed to decrease the matu-
rity and polymerization of compost, while polyethylene (PE)
and PHA microplastics were found to increase the risk of the
presence of phytopathogenic fungi in compost [25]. A recent
review found that estimated microplastic contents reported
for compost, digestate and food waste vary widely [26]. It
also highlighted that several studies indicate potential nega-
tive effects of MPs in soil-plant systems, such as increased
water repellence and porosity, decreased soil bulk density,
delayed or reduced seed germination, reductions in plant
growth or uptake into plant tissues, changes in soil microbes,
oxidative stress and other effects on soil macrofauna, besides
ingestion and bioaccumulation in some livestock species.
The study concludes however that the existing data are not
sufficient to fully evaluate the risks of microplastics in agri-
cultural soils [26]. It should be however considered that MPs
from biodegradable bioplastics present a different behaviour
from MPs from conventional plastics, as they may subse-
quently degrade in the soil [27].

According to Italian legislation, biodegradable bioplas-
tic materials should be collected with the organic fraction
of municipal solid waste (OFMSW) that be treated in both
aerobic and anaerobic plants receiving organic waste [28].
To provide compost and/or digestate that is safe for use, it is
necessary to ensure the biodegradation and stabilization of
the organic waste, together with a low content of potential
pollutants [29]. Therefore, current research is evaluating the
biodegradation of bioplastics and investigating the processes
that occur in the biowaste treatment plants in order to under-
stand the fate of bioplastics and the quality of the generated
products to be used in agriculture. Recent publications report
critical issues associated with the mechanical pre-treatments
applied in biowaste treatment plants: when size separation is
employed, most bioplastics end up in the processing residues
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[30], similarly to traditional plastics [31]. Furthermore, this
has a drag effect on the organic waste, leading to a signifi-
cant increase in the amount of residues that need to be man-
aged [30].

In some cases, composting and anaerobic digestion were
reported not to ensure the complete degradation of bio-
plastics [27, 32, 33] due to conditions occurring during the
full-scale process that are different from those adopted in
the standardized methods for establishing biodegradabil-
ity at laboratory scale [34]. Furthermore, for some types of
bioplastics such as PLA, contrasting results on degradation
were reported in the literature. A maximum degradation of
75% was recorded during the composting process performed
under thermophilic conditions (58 +2 °C) for 90 days, fol-
lowing EN 14806 and ISO 20200:200 [35]. In addition, the
thickness of some rigid PLA items were found to slow down
the composting process, requiring to modify plant manage-
ment settings in order to ensure biodegradability [36]. With
regard to the anaerobic biodegradation of PLA, some studies
reported it not to be optimal [37, 38], while an overall deg-
radation of 70% under thermophilic conditions for 60 days,
higher than that found for starch based bio-plastics, was
reported instead by [27]. It should be anyhow mentioned
that this latter study also reported that based on experimental
kinetic studies complete degradation of the residual bioplas-
tic after waste treatment was much slower for PLA compared
to starch-based bioplastics (248-500 days vs. 174—183 days,
respectively) [27]. Among the factors influencing biodegra-
dation, crystallinity should also be mentioned. Especially
in the case of PLA, it was found that hydrolytic compounds
were two orders of magnitude lower in the case of semicrys-
talline phases compared to amorphous ones; consequently,
during anaerobic digestion at 35 °C, semicrystalline PLA
was found not to produce a statistically significant amount
of biogas, while amorphous PLA generated a small amount
of biogas [39].

Incomplete biodegradation of some polymers results in
reduced energy efficiency in the case of biomethane pro-
duction by anaerobic digestion, and a deteriorating qual-
ity of the end-products (compost and digestate) related to
their substantial (bio)plastic contents [38, 40]. Alternatively,
processes applied to manage conventional plastics such as
combustion and co-incineration for energy recovery, or oth-
ers such as e.g. pyrolysis, gasification that allow the recovery
of liquid and gaseous hydrocarbons to use as fuels or raw
materials for the production of further products, could be
employed instead also to treat bioplastics [41].

Among the latter types of processes mentioned above
that can be defined as chemical recycling strategies [42],
pyrolysis consists in the thermal degradation of the organic
matrix in the absence of oxygen [43]. Several studies showed
that, depending on different parameters such as temperature,
residence time, inert material used, etc., interesting products
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such as gas, oil and char can be obtained. These products
also include the bioplastic precursors fed to the considered
processes, such as lactic acid and lactide in the case of PLA,
and this implements circularity and can reduce environmen-
tal impacts [37, 44]. For example, 97% of PLA is made-up
of volatile substances [45], which would make it suitable for
thermal degradation processes such as pyrolysis that leads
to the production of a bio-oil from which precursor products
for the reformulation of new bioplastics, such as those previ-
ously mentioned, can be recovered.

In order to identify the most suitable options to manage
bioplastic items at their end of life prioritizing the recovery
of materials, but also ensuring their environmental compat-
ibility, it is necessary evaluate their main properties. To the
best of our knowledge, only partial characterization data
that can be employed for this assessment can be found in
the literature for some of the items that have been recently
introduced on the market.

In this study, four types of items classified as bio-based
biodegradable plastics according to standard UNI EN
13,432: 2002, differing by polymer type and shape (i.e.:
starch-based plates and film bags, bioplastic B-plates and
PLA cups), were characterized to determine their main
chemical-physical properties. Specifically, the investigations
performed included proximate analysis via thermogravim-
etry, crystallinity, main elemental composition, contents of
different phases by spectroscopic investigation using Fou-
rier Transform InfraRed (FTIR) spectra and of metals and
metalloids of potential environmental concern. The obtained
results were evaluated in view of establishing the potential
suitability of recycling/recovery routes and also compared
with the respective properties of conventional plastics, i.e.:
polyethylene (PE), high-density polyethylene (HDPE) and
low-density polyethylene (LDPE), reported in previous stud-
ies or specifically analyzed. With regard to PLA, a chemical
recycling process was assessed, i.e. rapid depolymerization
through pyrolysis aimed at obtaining the lactide precur-
sor, by means of a numerical model implemented in Aspen
plus®.

Materials and Methods

Four different types of commonly marketed single-use bio-
plastic items were characterized in this study: PLA cups;
B-bioplastic plates; Mater-Bi® (starch-based) plates; Mater-
Bi® shopping bags (Table 1). It was decided to characterize
in particular rigid types of biodegradable bio-plastics since,
as discussed in Sect. "Introduction”, previous studies indi-
cated that these materials may present a lower degradability,
especially in full scale plants. For Mater-Bi, film materials
were also tested as a comparison.
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Table 1 Classification of the samples

Bioplastics sample Type Texture  Abbreviation
PLA cups PLA-based Rigid BR-1
B-Bioplastic plates Commercial Rigid BR-2
vegetable-
based
Mater-Bi® based plates ~ Starch-based Rigid BR-3

Mater-Bi® based bags Starch-based Film BF-1

Before characterization, all the samples were ground with
a knife mill (Retsch GM200) to obtain a sample size present-
ing a diameter (¢) below 850 um. The effects of grinding
varied depending on the sample: while plates (BR-2 and
BR-3) and film bags (BF1) yielded a homogeneous product
in terms of shape and size (Fig. 1 a, b and ¢), the cups (BR-1)
were found to show a predominance of one dimension over
the others due to the fibrous nature of the material (Fig. 1
d). For all the types of bioplastics tested, the analyses were
performed on samples with a particle size between 500 and
850 pm.

The investigation of the chemical-physical characteristics
was performed employing the following techniques: thermo-
gravimetric (TGA) and Differential Scanning Calorimetry
(DSC) analysis; elemental composition (CHNS(O)); spec-
troscopic investigation using FTIR spectra; content of metals
and metalloids in the solid matrix by microwave acid diges-
tion of the samples coupled by Inductively Coupled Plasma
Optical Spectroscopy (ICP-OES) analysis.

Rapid depolymerization through pyrolysis was evaluated
for PLA by means of a numerical model implemented in
Aspen plus®.

Analytical Methods

The thermo-gravimetric analysis was carried out accord-
ing to the ASTM E914 standard [46] using the instrument
TGA701 (LECO Corp) and evaluating the results according
to the following standards: UNI EN ISO 18122:2016 (for

the ash content) [47] and ISO 18123:2015 (for the volatile
matter content) [48]. The thermogravimetric analysis was
performed using the following temperature ramp: 1) a first
heating step from room temperature to 105 °C with a rate of
6 °C/minute in order to remove the moisture present in the
sample; 2) a second heating step from 105 to 550 °C with a
rate of rate of 10 °C/minute in order to remove the volatile
fraction present in the sample; 3) a third heating step from
550 to 815 °C with a rate of 10 °C/minute in order to remove
the fixed carbon present in the sample; 4) final cooling.

Crystallinity (x) was analysed according to ISO
11357-1:2023 by differential scanning calorimetry [49]. A
DSC1 STAR System Instrument (Mettler-Toledo GmbH,
Giellen, Germany) was used. Energy and temperature cali-
brations were carried out using an indium standard. All the
samples were analyzed using the following 3 step procedure:
1) a first heating step from 25 to 190 °C (heating rate of
10 °C/min;, 2) a cooling step from 190 to 25 °C (cooling rate
of 10 °C/min) and a second heating step from 25 to 190 °C
(heating rate of 10 °C/min) under a constant nitrogen flow
of 50 mL/min to prevent any oxidative degradation of the
samples. The mass of the DSC bulk samples ranged between
3 and 6 mg. The following formula was used to calculate the
degree of crystallinity in accordance with [50, 51].

AHm

Crystallinity(y) = AH—()
m(oo

x 100 (D)

where AHm is the melting enthalpy measured for the sam-
ple (in J/g) and AHm(o0) is the melting enthalpy (in J/g)
reported for a purely crystalline sample of the same polymer;
in this study, the AHm(oo) values reported in [52, 53] were
considered.

The CHNS(O) analysis was performed with Elemental
Macro's Vario MACRO-cube analyzer, using the “coal50”
standard, with flash burning of the samples with a tem-
perature column of 1150 °C (FLASH 2000 — Organic Ele-
mental Analyzer). Elements such as C, H, N and S were
determined following the ISO 16948:2015 standard [54]
and the instrument’s calibration was performed employing

Fig. 1 Effect of grinding on the samples in terms of shape and size
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Fig.2 Layout of the pyrolysis
reactor and of the fractiona-
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a sulfanilamide standard. The oxygen content was obtained
by difference, as commonly performed in previous studies
(e.g. [55]).

FTIR analysis is a spectroscopic technique exploiting
electromagnetic radiations with a wavelength ranging
from 2,500 to 22,000 nm. It provides rapid analytical data,
which if properly processed, provide chemical informa-
tion concerning the samples with regard to their manufac-
turing processes, differences or similarities in chemical
composition, appearance and physical characteristics. The
spectroscopic investigation was performed using Fourier
Transform InfraRed (FT-IR) spectra collected with a
PerkinElmer SPECTRUM 100 spectrometer. The wave-
number range investigated was of 450—4,000 cm~! and the
resolution was of 2 cm™!.

The higher heating value (HHV) of each sample was
calculated using the empirical correlation of Milne et al.
reported in Eq. (2) using the experimental data on the
elemental composition of the samples [56]:

[
M]] | 3382C+ 142.8(H ~ 9) o

HHV | ==
[ Kg 1000

The content of metals in the solid matrix was analyzed
by microwave acid digestion followed by ICP-OES analy-
sis of the resulting digestate solutions. Specifically, fol-
lowing the UNI EN 13657:2004 standard [57], 0.5 g of
dried sample was placed in contact with a solution of aqua
regia (a mixture of HNO; and HCI, in a 1:3 ratio) and
subjected to the microwave power program established by
the standard employing an Ethos Easy Microwave Acid
Digestion System (Milestone). After cooling, the result-
ing solution was filtered to d < 0.45 pm and diluted with
ultrapure water in order to determine the metal content
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using an Agilent 5800 ICP-OES. All the analyses were
performed in triplicate.

Pyrolysis Modeling

The simplified model for the chemical recycling of PLA was
implemented in Aspen plus® V10 software [58] considering
that, as reported in the literature, the following five reactions
would occur, namely: cis-elimination, ester exchange, chain
scission and unzipping, Zn-catalyzed reaction and two other
secondary reactions for the formation of non-condensable
gases [59-62]. For the development of the following model,
the absence of char and presence of only condensable tar and
of non-condensable gas at the reactor outlet was assumed on
the basis of the high volatile content and negligible fixed car-
bon and ash contents resulting from the thermo-gravimetric
analysis. Furthermore, the absence of solid particles within
the vapour was hypothesized. It was also assumed that the
PLA structure is a short-chain molecule i.e.,C30H4, 05,
to overcome some criticalities of the software to process
high molecular weight compounds. The reactor tempera-
ture was hypothesized to increase linearly along the reactor
axis. In addition, a simplified model was chosen for the heat
exchange banks, which simply required the heat exchange
surface. The absence of a pressure drop among the heat
exchangers was considered. As a final assumption, liquid-
in-chamber flash separation and a combustion chamber effi-
ciency of the residual gas mix of 60% were considered [63,
64]. For the thermo-kinetic model, as described in [61, 64],
7 reactions and 15 species were accounted for. The reactions
and the kinetic parameters adopted in the model are reported
in Table 2.

Since several side reactions were neglected, some
products generally found in the bio-oils of PLA pyroly-
sis in experimental studies were not considered. Figure 2
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Tgble. 2 Reaction s.cheme and Reaction (n.) Reactions A (1/s) E, (kJ/mol)
kinetic parameters implemented
in the thermo-kinetic model 1 PLA— 2,5L-lactide + 2,5D-lactide + H,0 300.000 31.150
[64] 2 2 PLA— 2,5L-lattide +5 C3H,0, +H,0 100.000 32224

3 PLA— 10 C,H,0 + 10 CO +H,0 100.000 32.205

4 2 PLA— 5C,H,0 + 5 C;H,0 + 5 CO, 100.000 33.916

5 PLA— 5SL-lattide 100.000 31,527

6 PLA—3C,H,+0,50,+ C3Hy, +5CO,+2 250.000 31.766

C,H,0 + 4 C;H,0,
7 Mesolactide— 0,75 H, + 3 CO + 0,5 CO, + 0,25  1.000.000 30.811

C,H,,+ 0,5 C3Hy

describes the flowsheet of the process aimed at maximizing
the yield of PLA precursors, namely lactide (in its various
stereoforms), by fast pyrolysis. The process was simulated
in ASPEN PLUS V10 using the POLYNRTL method for
calculating the thermodynamic properties of components
and mixtures that implements Van Krevelen's method for
estimating polymer properties and is also suitable for the
stage-separation of hydrocarbons at the outlet of the reactor
[63].

A PLA flow rate compatible with a lab-scale set-up, i.e.
1 kg/h, was considered in the simulation. The process starts
by feeding the PLA with nitrogen into a plug flow reactor
(PFR) in which the reactions reported in Table 2 take place
at an average temperature of 400 °C in the center of the reac-
tor. As mentioned before, at the outlet of the reactor there are
only vapors, which are sent to a first heat exchange bank to
decrease the temperature to about 220 °C, so that the lactides,
namely L-lactide and D-lactide, presenting respectively a boil-
ing temperature of 250 and 285 °C, can be separated. A flash
separator is then considered to simulate the separation between
liquid and vapor. The vapors leaving the head then enter a
second exchanger, which like the first exchanger, has a heat
exchange surface area of 0.024 square meters. The outlet gas
flow then enters a second flash separator to again separate the
liquid phase from the vapor, and the remaining vapors, which
mainly contain CO, acetaldehyde, acrylic acid, CO,, ethylene,
propane, propene and butane, enter a third column also cooled
by water. It should be noted that in reality cooling is simply

performed by exchange with the external environment and the
temperature will reach 16 °C, lower than the boiling tempera-
ture of acetaldehyde, which is why this compound is found
also in liquid form after the third flash separator. At the head of
this separator, non-condensable constituents such as CO, CO,,
ethylene, propane, propene and butane and some acetaldehyde,
are released. These non-condensable gases can be recirculated
to the reactor simulating the combustion chamber, along with
air. The flue gases generated by the reactions shown in Table 2
can be used to generate the heat required to meet the thermal
demand of the process, making the system autothermal. The
operating conditions of the modeled pyrolysis process were:
reactant residence time of 10 s, reactor at a constant tempera-
ture of 400 °C and vapor specific flow rate of 0.026 m/s, result-
ing in a vapor residence time in the reactor of 2 s.

Results and Discussion
Thermogravimetric and DSC Analysis

The results of the TGA analysis performed on the bioplastics
samples considered in this study are reported in Table 3. A
good homogeneity of the composition of each type of prod-
uct examined can be noted, as attested by the small value of
the standard deviation calculated for the results of the ana-
lytical replicas. The volatile matter content varied between
64.45 (BR-3) and 97.35% (BR-1), while a low moisture

Table 3 Results of the thermo-

; . . Samples Moisture (%w.b.) Volatile matter (%w.b.) Ash (%w.b.) Fixed carbon (%w.b.)
gravimetric analysis, reported
in % on a weight basis (% w.b.), BR-1? 2.52 (0.31) 97.35 (0.36) 0.08 (0.06) 0.05 (0.10)
of the tested types of bioplastics . 1o 1.19 (0.19) 81.23 (0.17) 17.03 (0.04)  0.55 (0.03)
compared to plastics of fossil .
origin [65-68] BR-3 0.61 (0.15) 64.45 (0.02) 33.13(0.04)  1.81(0.15)
BF-1° 1.98 (0.02) 92.42 (0.21) 0.25 (0.03) 5.35(0.21)
PE [65, 67] 0.02-0.2 99.6-99.85 0.15-0.2 -
HDPE [66, 68]  0.01-0.40 99.38-99.77 0.22 -
LDPE [66,68]  0.03-0.19 99.65-99.85 0.12-0.15 -

“The standard deviation value for each parameter and sample is reported in brackets
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BR-2

BR-1

BR-3

Fig. 3 Pictures of the residues from the TGA test

content (varying between 0.61% for BR-3 and 2.52% for
BR-1) was found for all of the tested samples. The ash con-
tent values showed significant variations in relation to both
the biopolymer type (PLA, Mater-Bi® or B-bioplastic) and
the consistency and type of item examined (cups, plates or
shopping bags). This can also be appreciated through the
visual survey of the residues of each sample at the end of
the TGA test (Fig. 3). BR-1 exhibited a nearly negligible
ash content that was lower than that of all the other types
of bioplastics examined. As previously mentioned, Mater-
bi® was the only biopolymer tested for two different types
of items: shopping bags (BF-1) and plates (BR-3). A much
lower ash content was found for the shopping bags (BF-1:
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0.25%) compared to the same type of biopolymer in rigid
form (BR-3: 33.13%). For the same type of item (plates), a
lower ash content was found for BR-2 (17.03%) compared
to BR-3.

Compared to the bioplastic materials analysed in this
study, the proximate analysis data reported for the types of
fossil-derived plastics typically employed to produce items
employed for the same purposes, showed to be characterized
(Table 3) by a lower moisture content (below 0.4%), a higher
volatile matter content (greater than 99.38%) and a very low
ash content (less than 0.22%).

Figure 4 shows the percent mass loss as a function of
temperature measured for the different types of bioplastic
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Fig.4 Thermogravimetric analysis—Mass-loss profile versus temperature for BR-1, BR2, BR-3 and BF-1 samples
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samples tested. The trends confirm the results of previous
studies. In fact, a single stage of decomposition was detected
for BR-1 [69]. This characteristic is peculiar to PLA, while
for other biopolymers, such as BF-1, the trend of mass loss
has been reported to be characterized by two stages, as high-
lighted by two slopes [70]. All of the bioplastics samples
tested consisted mainly of a volatile fraction (from a mini-
mum of 64 to a maximum of 97%) and presented a very low
moisture content (from a minimum of 0.61% to a maximum
of 2.52%). The high values of volatile fraction are signifi-
cant in terms of both bio-treatment and chemical recycling,
indicating for example pyrolysis as a potentially viable pro-
cess for bioplastics recovery. In fact, the volatile fraction
showed to contain polymers that volatilize in a temperature
range between 105 and 550 °C, characteristic to pyrolysis
processes.

In addition, DSC analysis was performed to evaluate the
crystallinity of the samples. Results are shown in Table 4.
For BR-2, it was not possible to define the degree of crystal-
linity because the polymer constituting the item is not well
defined, therefore the melting enthalpy of the purely crystal-
line polymer to employ in Eq. (1) could not be established.

Analyzing the results, it can be observed that the BF-1
sample tested presented a much lower crystallinity value in
comparison to the rigid bioplastic items. This result could
indicate that these latter samples (BR-1 in particular) may
present a lower biodegradability in comparison to BF-1,
since as discussed in Sect. "Introduction", it is reported in

Table 4 DSC analysis results

the literature that bioplastics with a semicrystalline structure
are more difficult to biodegrade than films [39].

Elemental Composition

The results of the CHNS(O) analysis performed on the
bioplastics samples considered in this study are reported
in Table 4. Also the results of this analysis indicated the
homogeneity of the composition of each type of investigated
bioplastics, in relation to the limited value of the standard
deviation calculated for the replicas and provided further
evidence on the differences between the types of bioplastic
items tested. The carbon and oxygen contents were the main
elements that differed mostly among the biopolymer samples
and in comparison to fossil-derived plastics considered as
terms of comparison [65-68]. The carbon content (C) varied
between 37.14 and 59.53%, highlighting that the materials
produced with PLA (BR-1) and those marketed as films for
shopping bags (BF-1) have a higher amount of carbon and,
as already seen, also a lower ash content. The oxygen con-
tent varied between 26.43 and 43.17%, confirming also for
this element a higher content in BR-1 and BF-1. The Hydro-
gen content, the highest of which was found for sample BF-1
(5.12%), showed to be positively correlated to the Higher
Heating Value (HHV) of the sample. Nitrogen was present
in small amounts, below 0.03%, similarly to sulfur, below
0.06%, except for sample BF-1 in which a value of 0.48%
was found.

Compared to the bioplastic samples analyzed in this
study, the conventional plastics (PE, HDPE, LDPE), exhib-
ited (see Table 5) higher carbon values, varying between
82.77 and 85.81%, with differences ranging from a minimum

Samples AH,, X (%)
/) of 23.24% (HDPE vs. BF-1) to a maximum of 48.67% (PE
vs. BR-3) [65, 66]. They also presented higher hydrogen
BR-1 29.03 309 contents, with values varying between 13.86 and 16.92%,
BR-2 25.00 nd with differences ranging from a minimum of 8.74% (PE vs.
BR-3 813167 BR 1) 1o a maximum of 13.67% (HDPE vs. BR-3), compara-
BF-1 124 0.73 ble sulfur concentrations in HDPE and LDPE to those found
Table 5 Results of the Samples C%wt) H@®wt) N(%wt) S(%wt) O (%wt) HHV® (Mlke)
elemental composition of the
tested bioplastics compared to BR-1¢ 52.74 (0.37) 4.04(0.13)  0.03(0.02) 0.02(0.01) 43.17 15.89
plastics of fossil origin [65-68] BR-2° 4556 (0.65) 3.64(0.16)  0.04 (0.01) 0.06 (0.04) 33.67 14.58
BR-3¢ 37.14(026) 3.25(0.11)  0.03(0.01) 0.03(0.02) 26.43 12.48
BF-1° 59.53(1.92) 5.12(0.28)  0.03(0.01) 0.48 (0.36) 34.81 21.28
PE [65, 67] 85.53-85.81 13.86-14.22 0-0.12 0.06 0-0.25 49.40
HDPE [66, 68] 82.77-86.99 12.12-16.92 0-0.27 0.07-0.29 0-0.56 52.40
LDPE [66, 68] 83.00-85.60 13.40-16.75 0-0.26 0-0.25 0-0.74 52.23

4Calculated by difference

bCalculated using the following equation [56]: HHV (MJ/kg)=0.001%[338.2*C(%)+ 1442.8 (H(%)-

O(%)/8]

“The standard deviation value for each parameter and sample is reported in brackets
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in BF-1, while similar ones in PE to those in the remain-
ing types of bioplastics tested. The conventional plastics
examined exhibited also an approximately 40% higher heat-
ing value than that of the tested bioplastics, which can be
attributed to the lower carbon and hydrogen content and the
higher oxygen and ash contents (Table 3) present in the com-
ponents of biological origin. However, the calorific value
of the BF-1 sample was significant, considering that its net
calorific value (NCV) would lead to its classification as class
2 solid recovered fuel [71] (> 20 MJ/kg), unlike BR-1 (NCV
class 3, > 15 MJ/kg) and BR-2 and BR-3 (NCV class 4,
> 10 MJ/kg) which showed to present a reduced heating
value and hence worst NCV classification. As a reference,
the analyzed conventional plastics exhibited a NCV class of
1 (=25 MJ/kg).

Spectroscopic Investigation by FTIR

The results of the spectroscopic investigation performed
on the biopolymer samples considered in this study are
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Fig.5 FTIR Spectra performed on the bioplastics samples
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reported in Fig. 5. Comparing the spectra obtained for all
of the tested samples to what reported in previous stud-
ies [34, 36], the evident peaks retrieved at 2,950 cm™!
and 1,447 cm™', can be associated to C—H stretching,
the intense peak at 1,715-1,730 cm~! to C=0 stretching,
while the broad fingerprint band at 1,400 and 950 cm™!
to the overlapping of several absorption spectra. In addi-
tion, a large band in the 3,500 cm™! region representing
amine (N-H) and in particular hydroxy (O—H) compounds
typical of starch [36], was found to be particularly evident
for sample BF-1, while significantly lower for the other
types of bioplastics analyzed. Small peaks around 2,000
and 1,900 cm™' related to C-H bending only for samples
BR-1 and BF-1.

Compared to the conventional types of plastics exam-
ined, i.e. fossil-derived plastics: Polystyrene (PS) cups—a,
and plates—b, and PE film—c), it can be seen (Fig. 6) that
the main differences in the FTIR spectra are the presence
of C=0 groups not evident in conventional plastics, while
a lower intensity of peaks related to C-H bending.
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Fig.6 Comparison between the FTIR Spectra resulting for bioplastics and for PS (cups—a, and plates—b) and PE (film—c)

Contents of Main and Trace Elements

In this study, the contents of the following elements were
analyzed in the types of biopolymers tested: Al, As, Bo,
Ba, Be, Ca, Cd, Co, Cr, Cu, Fe, Hg, K, Mn, Mg, Mo, Na,
Ni, Pb, Sn, Se, Si, V, Zn. In Fig. 7, for each sample, the
detected concentration values for only the chemical elements
that were above the instrument’s detection limits are shown.
For all the samples, the concentrations of As, Be, Cd, Co,
Hg, Pb, Sn, Se were below the respective detection limit,
while others were undetectable only in specific samples, i.e.:
Ba (BR-1), Cu (BR-1, BR-3), Mn (BR-1, BF-1), Mo (Br-3,
BF-1) and V (BR-1, BF-1).

The results obtained highlight generally a good homo-
geneity of the composition of each type of investigated
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bioplastics, as attested also for this analysis by the limited
value of the standard deviation calculated for the results of
the analytical replicas. The results confirmed the non-haz-
ardousness of these materials with reference to the maxi-
mum contents established for environment and human health
protection in the EU’s CLP Directive [72].

Examining the results, it can be observed that BR-2 and
BR-3, the starch-based rigid plastics (plates) tested, pre-
sented the most chemical elements with the highest con-
centrations (see Fig. 7). In addition, BR-1, the PLA-based
rigid plastics analyzed, was found to present the highest
number of chemical elements investigated with the lowest
concentrations, although for some metals BR-3 and BR-4
(starch-based Mater-Bi®) were also found to exhibit the
lowest concentrations (see Fig. 7). In particular, the type of
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14 1685. 323 378.0 6.8 1944
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Fig. 7 Concentrations of major and trace elements above the respective detection limits in the tested bioplastics samples
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bioplastics that presented the highest contents of most of the
tested elements was BR-2 (Figs. 7), for which an unspeci-
fied formulation is reported (commercial vegetables-based).

Compared to conventional plastics (see Table 5), referring
to the data available in the literature for PE, HDPE, LDPE
and considering the following metals: Pb, Cr, Cd, As, Cu,
Zn, Mn, Se and Ba, it can be seen that bioplastics showed
concentration values of the investigated elements below the
detection limit for Pb (< 6.2 mg/kg), Cd (< 0.6 mg/kg), As
(<3.8 mg/kg) and Se (LOD < 3.8 mg/kg); however it should
be noted that in this latter case the detection limit was quite
comparable to the concentrations of this element reported
in the literature for conventional plastics. Cu, as well as Mn
and Cr, were detected in both bioplastics and conventional
plastics. In particular, Cu in conventional plastics was found
to be between one and three orders of magnitude higher than
in bioplastics, depending on the type of plastics considered.
Cr was generally found in higher concentrations in conven-
tional plastics except for BR-2, for which a Cr concentration
higher than that reported for LDPE, but lower than that of
the other two types of plastics, was retrieved. Mn, detected
only in samples BR-2 and BR-3, showed a lower concentra-
tion but of the same order of magnitude as the plastics taken
as reference. For Zn and Ba, the concentrations reported for
conventional plastics were generally higher than those meas-
ured in the bioplastics samples tested, with the exception of
BR-2 for which higher concentrations were found.

In addition, the concentrations of the elements of poten-
tial environmental concern found in the biopolymer samples
were compared to the limit values established by the Italian
legislation for the production of high-quality compost [75]
(see Table 6). This comparison was performed in order to
assess whether the bioplastics treated by biostabilization to
produce compost may potentially exert a negative effect on
compost characteristics related to its content of regulated
metals and/or metalloids, thus limiting its utilization. As
can be note in Table 6, all regulated metal and metalloid
concentration values retrieved in the bioplastic samples were
found to be well below the established national limit values,

apart for Hg and Cr(VI). It should be noted however that in
the case of Hg, the instrument’s detection limit was higher
than the compost criteria; while for Cr, the total Cr content
was measured and it was compared to the CrVI limit. Hence
for these two elements, further analyses employing a more
sensitive method or characterizing the oxidation state of the
element should be performed, respectively. It should also
be considered that bioplastics will be present in the waste
matrix sent to biostabilization in limited amounts, not above
10%, as indicated in [38]. Therefore, considering the concen-
trations of metals and metalloids present in the as-received
bioplastics, it is highly unlikely that this contribution would
result in an increase in the metal and metalloid contents of
the produced compost such that the limit values established
in the compost regulation would be exceeded (Table 7).

PLA pyrolysis Modelling

The main products expected as a result of the pyrolysis of
PLA are L-lactide, D-lactide, meso-lactide, lactic acid, acet-
aldehyde, CO, CO, and other non-condensable gases such
as ethylene, propane, propylene, butane and trace hydrogen
[62] and [76]. Analysing the results obtained from the Aspen
simulation in terms of yields as a function of temperature,
which are also confirmed by TGA data reported in the lit-
erature [45, 62], it can be seen (Fig. 8) that before 260 °C
the other reactions do not take place and only drying of the
processed material occurs. PLA pyrolysis reactions are acti-
vated around 260 °C, and the peak reaction rate is reached
between 350 and 380 °C. Around 300 °C, meso-lactide (not
shown in the figure) is the fastest-forming product, but as
the temperature increases, it contributes to the formation of
L-lactide and D-lactide. Between 350 and 380 °C there is
a rapid increase in L-lactide and D-lactide; around 400 °C
their production stabilizes. Simulations also showed that at
360 °C lactic acid begins to form and its content increases
with increasing temperature. The simulated mass fraction
of PLA (Fig. 8) seems to approximate well the trend result-
ing from the TGA results reported in the literature [45, 62].

Table 6 Results of major and

Metal Concentration (mg/kg)
trace element contents of the

tested bioplastics compared to Pb Cr Cd As Cu Zn Mn Se Ba
plastics of fossil origin [73, 74]
Bioplastics
BR-1 <6.2 6.6 <06 <38 05 8 <06 <38 <06
BR-2 <6.2 15.3 <06 <38 29 194 3 <3.8 4750
BR-3 <6.2 1.0 <06 <38 03 8 6 <38 452
BF-1 <6.2 24 <06 <38 62 16 <06 <38 4.1
Plastics [73, 74]
PE 13.4-458 18.6-87 24 5.0 20-23.5 45597 8.0 5.6 77.6
HDPE 16.2 20.9 10.5 11.6  99.0 98.4 6.8 3.0 136.6
LDPE 6.3 9.7 73 112 28.6 22.5 6.1 4.2 65.8
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Table7 Concentr a‘io‘TS of Concentrations (mg/kg d.m.)
the elements of potential
environmental concern in the Cu Zn Pb Cd Ni Hg Cr(VD) Tl
tested bioplastics samples
compared to the limits for high- Compost [75]
quality compost established by <230 <500 <140 <15 <100 <15 <05 <2%
the Italian legislation [75] Bioplastics
BR-1 <0.6 8.0 <6.2 <0.6 5.5 <3.8 6.6 -
BR-2 2.9 194.4 <6.2 <0.6 323 <3.8 153 -
BR-3 <0.6 8.4 <6.2 <0.6 1.1 <3.8 0.9
BF-1 6.2 15.5 <6.2 <0.6 1.5 <3.8 2.4

*For compost containing algae
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Figure 9a shows the simulated trend of the heat power
required by the reactor that increases significantly in the
range between 350 and 380 °C. Figure 9b exhibits the simu-
lated yield to power ratio (g/W) as a function of tempera-
ture. In this trend, it is evident how the increase in this ratio
corresponds to an increase in the formation of PLA pre-
cursors (L-lactide and D-lactide). If we focus on the two
PLA precursors, we have that the ratio trend increases up
to a temperature of 400 °C where there is a yield/power
of 0.145 g/W. After this peak, the yield vs. power input
decreases almost linearly, emphasizing that 400 °C is the
optimal temperature to sustain the process. Therefore, to
obtain 0.145 g of L-lactide, 1 W of power is theoretically
required. This behaviour is identical for both lactides, with
the only difference being that L-Lactide has a higher yield
for the same power requirement than D-Lactide. Further-
more, following the yield/power trends, the increase in yield
is greater than the increase in power input up to 400 °C.
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Fig. 9 a Trend of simulated reactor power input; b Variation of simulated yield to power ratio
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Above this temperature, the heat power demand increases
more than the precursor output. This allows us to establish
that the optimal maximum temperature for the production of
these precursors by pyrolysis is 400 °C, in agreement with
what reported in the literature [60].

In the simulation, an attempt was made to obtain the
highest possible purity of PLA precursors in the three oils
resulting from the fractional condensation of the pyrolytic
process. The graphs shown in Fig. 10 summarize the results
obtained both in terms of the mass fractions in the oils and in
terms of the yields with respect to the initial matrix. Consid-
ering the optimum temperature of 400 °C and simulating a
first cooling column at 220 °C (blue bars), mainly D-lactide
and L-lactide could be obtained, with a yield of 18% and
21%, respectively, compatible with their higher boiling tem-
peratures compared to those required for condensation.

These two compounds are usually used together, in dif-
ferent proportions, for PLA production [77]. Their purity
would be significant, based on the values found for the mass
fraction of 44% for D-lactide and 52% for L-lactide, and
further considering that acrylic acid and acetaldehyde, which
are not PLA precursors, would be present in the marginal
amounts of 1.4% and 0.1%, respectively. This marginal
presence is justified by the boiling temperatures of acrylic
acid and acetaldehyde, which are below 200, and 141 and
20.2 °C, respectively. A second condensation was simulated
at a temperature of 105 °C. At this temperature, the con-
densation of L-lactide is completed (Fig. 10, mass fraction,
red bar), but there would be also a noteworthy condensa-
tion of acrylic acid, which, together with other compounds

POST CONDENSATION OIL MASS FRACTION(%)

(acetaldehyde, acrylic acid, acrolein and water), would
result in a substantial reduction of the purity of the PLA
precursors (D-lactide and L-lactide) that condense in this
second stage. Finally, a third cooling column was simulated
at a temperature of 20 °C. Among the condensed products
(Fig. 10, yellow bars), the following compounds were found
in an appreciable content: acrylic acid, water, acetaldehyde,
acrolein, and a negligible fraction of L-lactide. The main
compounds obtained from the simulation and discussed here
are in agreement with those identified in a previous study
[78]. Adding the values resulting from the simulation for the
lactide stereoisomers after the first, second, and third con-
densation step, it can be observed that the expected lactide
yield would be of 48.7%. This value is comparable to those
reported in studies by other authors [44, 76]. Based on these
results, it can be estimated that for every kg of PLA-based
bioplastics waste, 0.45 kg of new PLA-based bioplastics
could be generated through chemical recycling, assuming
a 94% yield of the lactide to PLA conversion process [79].
The developed model also estimated the composition of
the gas (non-condensable products) leaving the third con-
densation column (Fig. 11). This gas is composed not only
of carbon monoxide and carbon dioxide, but also of hydro-
carbons (such as ethylene, propylene, propylene, and butane)
that can contribute significantly to meeting the energy
requirements for the operation of the pyrolysis reactor.
These non-condensable high-calorific gases were evalu-
ated for their possible use, via recirculation, as a substitute
for the required fuel (e.g., methane gas) to be provided as
an energy source. For this purpose, the energy required to

POST CONDENSATION OIL MASS YIELD(%)
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Fig. 10 Mass fraction and mass yield of oil post-condensates
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Fig. 11 Results for non-condensable gases

operate the reactor in the simulated modes was compared
with the heat output that could be generated using the gas
produced by the pyrolysis process. The calorific value of
non-condensable gases can be determined from information
available in the literature [80]; the lower calorific value of
the mixture (LHV ,,.) can be calculated using Eq. (3) below:

gne

LHV,. = ) x; % LHV; = 25.1MJ /kg 3)

Where x; and LHV; are the mass fraction and the low heat
value of the generic gaseous component (i), respectively.

This energy content was compared to the energy required
for the simulated pyrolysis process, considering the volume
of the pyrolysis reactor and energy losses (assumed to be
40%) due to thermal losses. From the ratio of the difference
between the power that can be generated from the gas result-
ing from the pyrolysis reaction and the power required for
the pyrolytic process, considering an operating temperature
of 400 °C, and the power required by the process itself, a
power surplus of about 105% would be necessary.

Conclusions

In this study, the chemical-physical properties of four
types of items classified as bio-based biodegradable plas-
tics, differing by polymer type and shape, i.e.: starch-based
plates and film bags, bioplastic B-plates and PLA cups,
were examined. The aim of this characterization was to
obtain more insight on the properties of these materials
in view of establishing the potential suitability of recy-
cling/recovery routes, such as compost production via

biodegradation, chemical recycling and thermal treatment
with energy recovery, once they enter the waste stream.
In fact, although bio-based biodegradable plastics waste
should be collected and managed with the organic waste
fraction, which is generally treated by aerobic and/or
anaerobic biodegradation, some issues regarding its treat-
ability in full scale-plants, in particular of rigid items, have
been highlighted. Specifically, incomplete biodegradation
or diversion into the processing scraps flow during the ini-
tial size separation of the feed waste, have been reported.
In this study, we hence focused on some of the proper-
ties of these materials that could indicate the suitability of
other treatments besides biodegradation, and for this rea-
son, also compared the results obtained to those reported
in the literature for analogous items made of conventional
plastics.

The results of the characterization phase indicated that
the types of analyzed bioplastics exhibited an organic matter
content above 64%, a fixed carbon one below 5.4%, and a
total carbon content above 37%. The highest volatile matter
contents were measured for the PLA cups and starch-based
films, while the highest ash contents were found for the other
two types of rigid bioplastics examined. The results of the
thermogravimetry analysis hence do not rule out any of the
considered management strategies for the examined bio-
plastics, since they showed to contain polymers that volatil-
ize below 550 °C. The rigid bioplastics however, exhibited
a higher degree of crystallinity, a property that has been
reported in previous studies to be associated to a lower bio-
degradability of bioplastic materials. Recovery as compost
should be anyhow specifically investigated though biodeg-
radation tests, carried out under the conditions characteristic
of full-scale plant operation.

The concentrations of elements of potential environmen-
tal concern measured in the tested samples showed to be
quite limited, generally lower than the ones reported for
conventional plastics, and possibly indicating that the com-
post produced from organic waste containing the materials
would continue to comply with the limits for agronomic use.
It should be highlighted anyhow that the bioplastic items
presenting the highest ash contents, especially the one for
which the polymer composition is not provided, presented
the highest contents of elements of potential environmen-
tal concern, indicating the importance of monitoring this
parameter in all of the different types of bioplastic items
recently introduced on the market. In addition, the possible
presence of residual elements that are often associated to
plastics and microplastics in the products of biological sta-
bilization processes, needs still to be assessed. In this con-
text, FTIR analysis could be a useful tool to investigate the
general nature of the solid particles eventually found in the
compost product to assess their potential biodegradability
and final behaviour in the soil.
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With regard to chemical recycling processes, the results
of the thermogravimetric analysis indicated that pyroly-
sis could be a technically viable process to apply for the
treatment of all of the bioplastic samples examined. It was
hence decided to evaluate a chemical recycling process
for PLA-based bioplastics by modeling the rapid pyroly-
sis process and the pyrolysis oil separation step by frac-
tional condensation. This last step was specifically studied
since it is particularly critical for cost-effective separa-
tion of high-purity chemical species. As observed from
the numerical results obtained, the best efficiencies in
terms of recovery of lactides, PLA precursors, should be
obtained at the pyrolysis temperature of 400 °C. In addi-
tion, the first condensation oil, which has a high lactide
purity (over 96%), would be separated from the condensa-
tion oil. This would be an important achievement in view
of the production of second-generation PLA, which would
offer important environmental benefits in terms of savings
in land use and carbon dioxide emissions. In addition to
lactide, significant amounts of acrylic acid, which could
be used in the paint, adhesives and water treatment indus-
tries, and modest amounts of acetaldehyde, often used in
the chemical industry, were found in the oils that could be
potentially obtained.

Finally, should further investigations indicate some
critical issues for the recycling of the tested bioplastics
items by biodegradation or, in the case of PLA, by chemi-
cal recycling, the analyses performed in this study indi-
cated that thermal treatment with energy recovery could
be potentially feasible. For some samples tested, i.e. the
starch-based and vegetable-based rigid items, however, the
estimated HHV values were lower than 15 MJ/kg.

Acknowledgements Sara Franceschin is fully acknowledged for the
preliminary contribution to this study carried out during her Master
thesis.

Author Contributions FL: conceptualization, data curation, methodol-
ogy, supervision, writing—original draft, writing—review & editing.
GC, LB: methodology, validation, formal analysis, data curation, Writ-
ing—original draft, writing—review & editing. SC, VM: methodol-
ogy, validation, supervision, writing—original draft, writing—review
& editing. AF, PM, MM, DS: investigation, methodology, data cura-
tion, validation writing—original draft, writing—review & editing. All
authors read and approved the final manuscript.

Funding Open access funding provided by Universita degli Studi di
Roma Tor Vergata within the CRUI-CARE Agreement. The authors
declare that no funds, grants, or other support were received during the
preparation of this manuscript.

Data availability Data sharing not applicable to this article as no data-
sets were generated or analysed during the current study.

@ Springer

Declarations

Conflict of interest The authors declare that they have no known com-
peting financial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Plastic Europe: EU plastics production and demand—first esti-
mates for 2020 (2020). https://plasticseurope.org/media/eu-plast
ics-production-and-demand-first-estimates-for-2020-2/

2. Eurostat: Packaging waste by waste management operations.
https://ec.europa.eu/eurostat/databrowser/view/ENV_WASPA
C__custom_4062940/default/table?lang=en.

3. Bourguignon, D.: Plastics in a circular economy (2018). http://
www.eprs.ep.parl.union.eu

4. Eriksen, M., et al.: Plastic pollution in the World’s Oceans:
More than 5 Trillion plastic pieces weighing over 250,000 Tons
Afloat at sea. PLoS One (2014). https://doi.org/10.1371/journ
al.pone.0111913

5. Chae, Y., An, Y.J.: Effects of micro- and nanoplastics on aquatic
ecosystems: Current research trends and perspectives. Mar. Pol-
lut. Bull. 124(2), 624-632 (2017). https://doi.org/10.1016/j.
marpolbul.2017.01.070

6. Lebreton, L.C.M., van der Zwet, J., Damsteeg, J.W., Slat, B.,
Andrady, A., Reisser, J.: River plastic emissions to the world’s
oceans. Nat. Commun. (2017). https://doi.org/10.1038/ncomm
s15611

7. Giarrizzo, T., et al.: Amazonia: the new frontier for plastic pol-
lution. Front. Ecol. Environ. 17(6), 309-310 (2019). https://doi.
org/10.1002/fee.2071

8. Bourguignon, D.: Plastics in a circular economy Members'
Research Service. PE 625.163—September 2018. European
Parliamentary Research Service (EPRS)

9. European Commission: A European Strategy for Plastics in a
Circular Economy (2018)

10. Bioplastics, E.: FACT SHEET. http://www.european-biopl
astics.org/news/publications/

11. LoRe, G., Morreale, M., Scaffaro, R., LaMantia, F.P.: Biodeg-
radation paths of Mater-Bi®/kenaf biodegradable composites.
J. Appl. Polym. Sci. 129(6), 3198-3208 (2013). https://doi.org/
10.1002/app.39027

12. Hottle, T.A., Bilec, M.M., Landis, A.E.: Sustainability assess-
ments of bio-based polymers. Polymer Degrad Stabil 98(9),
1898-1907 (2013). https://doi.org/10.1016/j.polymdegradstab.
2013.06.016

13. Carlos, J., Cerezal, S., Hernandez Gutiérrez, ed. L. E.: Environ-
mental security, geological hazards and management. Universi-
dad de La laguna, Tenerife (2013)

14. Luzi, F., et al.: Production and characterization of PLA_PBS
biodegradable blends reinforced with cellulose nanocrystals


http://creativecommons.org/licenses/by/4.0/
https://plasticseurope.org/media/eu-plastics-production-and-demand-first-estimates-for-2020-2/
https://plasticseurope.org/media/eu-plastics-production-and-demand-first-estimates-for-2020-2/
https://ec.europa.eu/eurostat/databrowser/view/ENV_WASPAC__custom_4062940/default/table?lang=en
https://ec.europa.eu/eurostat/databrowser/view/ENV_WASPAC__custom_4062940/default/table?lang=en
http://www.eprs.ep.parl.union.eu
http://www.eprs.ep.parl.union.eu
https://doi.org/10.1371/journal.pone.0111913
https://doi.org/10.1371/journal.pone.0111913
https://doi.org/10.1016/j.marpolbul.2017.01.070
https://doi.org/10.1016/j.marpolbul.2017.01.070
https://doi.org/10.1038/ncomms15611
https://doi.org/10.1038/ncomms15611
https://doi.org/10.1002/fee.2071
https://doi.org/10.1002/fee.2071
http://www.european-bioplastics.org/news/publications/
http://www.european-bioplastics.org/news/publications/
https://doi.org/10.1002/app.39027
https://doi.org/10.1002/app.39027
https://doi.org/10.1016/j.polymdegradstab.2013.06.016
https://doi.org/10.1016/j.polymdegradstab.2013.06.016

Waste and Biomass Valorization (2024) 15:1653-1670

1669

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

extracted from hemp fibres. Ind. Crops Prod. 93, 276-289
(2016). https://doi.org/10.1016/j.indcrop.2016.01.045

Byun, Y., Kim, Y.T.: Bioplastics for Food Packaging: Chemistry
and Physics. Innovations in Food Packaging (Second Edition),
pp. 353-368 (2014)

European Bioplastics Association: Global bioplastics produc-
tion will more than triple within the next five years. https://
www.european-bioplastics.org/

UNI EN 13432:2002: Requirements for packaging recoverable
by composting and biodegradation, in Italian (2002)

UNI EN 14995:2007: Plastics materials—evaluation of com-
postability—test scheme and specifications, in Italian (2007)

. ISO 14855-1:2012: Determination of the ultimate aerobic bio-

degradability of plastic materials under controlled composting
conditions—method by analysis of evolved carbon dioxide—
part 1: general method

ISO 14853: 2016: Plastics—determination of the ultimate
anaerobic biodegradation of plastic materials in an aqueous
system—method by measurement of biogas production
Balaguer, M.P., Aliaga, C., Fito, C., Hortal, M.: Compostability
assessment of nano-reinforced poly(lactic acid) films. Waste
Manage. 48, 143—155 (2016). https://doi.org/10.1016/j.wasman.
2015.10.030

EN 14806:2005: Packaging—preliminary evaluation of the dis-
integration of packaging materials under simulated composting
conditions in a laboratory scale test

1SO 20200:2004: Plastics—determination of the degree of dis-
integration of plastic materials under simulated composting
conditions in a laboratory-scale test

O’Connor, J., Mickan, B., Siddique, K.H.M., Rinklebe, J.,
Kirkham, M.B., Bolan, N.S.: Physical, chemical, and microbial
contaminants in food waste management for soil application: a
review. Environ. Pollut. 300, 118860 (2022). https://doi.org/10.
1016/j.envpol.2022.118860

Zhou, Y., Sun, Y., Liu, J., Ren, X., Zhang, Z., Wang, Q.: Effects
of microplastics on humification and fungal community during
cow manure composting. Sci. Total Environ. (2022). https://doi.
org/10.1016/j.scitotenv.2021.150029

Porterfield, K.K., Hobson, S.A., Neher, D.A., Niles, M.T., Roy,
E.D.: Microplastics in composts, digestates, and food wastes: a
review. J. Environ. Qual. 52, 225-240 (2023). https://doi.org/
10.1002/jeq2.2045

Papa, G., Cucina, M., Echchouki, K., de Nisi, P., Adani, F.:
Anaerobic digestion of organic waste allows recovering energy
and enhancing the subsequent bioplastic degradation in soil.
Resour.. Conserv. Recycl. (2023). https://doi.org/10.1016/].
resconrec.2022.106694

Italian Legislative decree 152 of April 3rd 2006: Norms con-
cerning the environment. Off. Bull. n.88 of 14-04-2006—ordi-
nary supplement n. 96, in Italian (2006)

Vazquez, M.A., Soto, M.: The efficiency of home composting
programmes and compost quality. Waste Manage. 64, 39-50
(2017). https://doi.org/10.1016/j.wasman.2017.03.022
Arcelli, P.: The compostable polymer supply chain 2020 data
and outlook, in Italian (2021). http://www.assobioplastiche.
org/assets/documenti/news/news2021/La_filiera_dei_polimeri_
compostabili-Dati_2020-11_giu_2021.pdf

CIC and COREPLA: CIC-COREPLA 2020 study: tripling of
compostable bioplastics in organic collection, in Italian (2020).
https://www.compost.it/wp-content/uploads/2020/07/CS-4-Stu-
dio-CIC-COREPLA-2020_-raddoppiano-le-bioplastiche-compo
stabili-nella-raccolta-dell%E2%80%99organico-5.pdf

Mohee, R., Unmar, G.D., Mudhoo, A., Khadoo, P.: Biodegrada-
bility of biodegradable/degradable plastic materials under aero-
bic and anaerobic conditions. Waste Manage. 28(9), 1624-1629
(2008). https://doi.org/10.1016/j.wasman.2007.07.003

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Ruggero, F., Gori, R., Lubello, C.: Methodologies to assess
biodegradation of bioplastics during aerobic composting and
anaerobic digestion: a review. Waste Manage. Res. 37(10),
959-975 (2019). https://doi.org/10.1177/0734242X19854127
Cucina, M., Carlet, L., de Nisi, P., Somensi, C.A., Giordano,
A., Adani, F.: Degradation of biodegradable bioplastics under
thermophilic anaerobic digestion: a full-scale approach. J. Clean
Prod. (2022). https://doi.org/10.1016/j.jclepro.2022.133232
Sarasa, J., Gracia, J.M., Javierre, C.: Study of the biodisinte-
gration of a bioplastic material waste. Biores. Technol. 100,
3764-3768 (2009). https://doi.org/10.1016/j.biortech.2008.11.
049

Ruggero, F., et al.: Degradation of film and rigid bioplastics dur-
ing the thermophilic phase and the maturation phase of simulated
composting. J. Polym. Environ. 29(9), 3015-3028 (2021). https://
doi.org/10.1007/s10924-021-02098-2

Bandini, F., Frache, A., Ferrarini, A., Taskin, E., Cocconcelli,
P.S., Puglisi, E.: Fate of biodegradable polymers under industrial
conditions for anaerobic digestion and aerobic composting of food
waste. J. Polym. Environ. 28(9), 2539-2550 (2020). https://doi.
org/10.1007/s10924-020-01791-y

Cucina, M., de Nisi, P., Trombino, L., Tambone, F., Adani, F.:
Degradation of bioplastics in organic waste by mesophilic anaero-
bic digestion, composting and soil incubation. Waste Manage.
134, 67-77 (2021). https://doi.org/10.1016/j.wasman.2021.08.016
Kolstad, J.J., Vink, E.T.H., de Wilde, B., Debeer, L.: Assessment
of anaerobic degradation of Ingeo™ polylactides under acceler-
ated landfill conditions. Polym. Degrad. Stab. 97(7), 1131-1141
(2012). https://doi.org/10.1016/j.polymdegradstab.2012.04.003
Folino, A., Karageorgiou, A., Calabro, P.S., Komilis, D.: Biodeg-
radation of wasted bioplastics in natural and industrial environ-
ments: a review. Sustainability (Switzerland) (2020). https://doi.
org/10.3390/su12156030

Kijo-Kleczkowska, A., Gnatowski, A.: Recycling of plastic waste,
with particular emphasis on thermal methods—review. Energies
15, 2114 (2022). https://doi.org/10.3390/en15062114
McKeown, P., Jones, M.D.: The chemical recycling of PLA: a
review. Sust. Chem. 1(1), 1-22 (2020). https://doi.org/10.3390/
suschem1010001

Basu, P.: Biomass gasification and pyrolysis: practical design and
theory. Academic Press, Elsevier (2010). https://doi.org/10.1016/
C2009-0-20099-7

Saeaung, K., Phusunti, N., Phetwarotai, W., Assabumrungrat, S.,
Cheirsilp, B.: Catalytic pyrolysis of petroleum-based and biode-
gradable plastic waste to obtain high-value chemicals. Waste Man-
age. 127, 101-111 (2021). https://doi.org/10.1016/j.wasman.2021.
04.024

Palmay, P., Mora, M., Barzallo, D., Bruno, J.C.: Determination of
thermodynamic parameters of polylactic acid by thermogravim-
etry under pyrolysis conditions. Appl. Sci. (Switzerland) (2021).
https://doi.org/10.3390/app112110192

ASTM E914: Standard practice for evaluating temperature scale
for thermogravimetry (R 1993) (E1-1993)

UNI EN ISO 18122:2016: Solid biofuels—determination of ash
content”

ISO 18123:2015 standard: Solid biofuels—determination of the
content of volatile matter

ISO 11357-1:2023 standard: Plastics—differential scanning calo-
rimetry (DSC)—part 1: general principles

Fehri, S., Cinelli, P., Coltelli, M.-B., Anguillesi, 1., Lazzeri, A.:
Thermal properties of plasticized poly (Lactic Acid) (PLA) con-
taining nucleating agent. Int. J. Chem. Eng. Appl. 7(2), 85-88
(2016). https://doi.org/10.7763/IJICEA.2016.V7.548

Stagnaro, P., Luciano, G., Utzeri, R., Stagnaro, P., Luciano, G.,
Utzeri, R.: Differential scanning calorimetry and thermogravimet-
ric analysis in the thermal characterization of polymeric materials,

@ Springer


https://doi.org/10.1016/j.indcrop.2016.01.045
https://www.european-bioplastics.org/
https://www.european-bioplastics.org/
https://doi.org/10.1016/j.wasman.2015.10.030
https://doi.org/10.1016/j.wasman.2015.10.030
https://doi.org/10.1016/j.envpol.2022.118860
https://doi.org/10.1016/j.envpol.2022.118860
https://doi.org/10.1016/j.scitotenv.2021.150029
https://doi.org/10.1016/j.scitotenv.2021.150029
https://doi.org/10.1002/jeq2.2045
https://doi.org/10.1002/jeq2.2045
https://doi.org/10.1016/j.resconrec.2022.106694
https://doi.org/10.1016/j.resconrec.2022.106694
https://doi.org/10.1016/j.wasman.2017.03.022
http://www.assobioplastiche.org/assets/documenti/news/news2021/La_filiera_dei_polimeri_compostabili-Dati_2020-11_giu_2021.pdf
http://www.assobioplastiche.org/assets/documenti/news/news2021/La_filiera_dei_polimeri_compostabili-Dati_2020-11_giu_2021.pdf
http://www.assobioplastiche.org/assets/documenti/news/news2021/La_filiera_dei_polimeri_compostabili-Dati_2020-11_giu_2021.pdf
https://www.compost.it/wp-content/uploads/2020/07/CS-4-Studio-CIC-COREPLA-2020_-raddoppiano-le-bioplastiche-compostabili-nella-raccolta-dell%E2%80%99organico-5.pdf
https://www.compost.it/wp-content/uploads/2020/07/CS-4-Studio-CIC-COREPLA-2020_-raddoppiano-le-bioplastiche-compostabili-nella-raccolta-dell%E2%80%99organico-5.pdf
https://www.compost.it/wp-content/uploads/2020/07/CS-4-Studio-CIC-COREPLA-2020_-raddoppiano-le-bioplastiche-compostabili-nella-raccolta-dell%E2%80%99organico-5.pdf
https://doi.org/10.1016/j.wasman.2007.07.003
https://doi.org/10.1177/0734242X19854127
https://doi.org/10.1016/j.jclepro.2022.133232
https://doi.org/10.1016/j.biortech.2008.11.049
https://doi.org/10.1016/j.biortech.2008.11.049
https://doi.org/10.1007/s10924-021-02098-2
https://doi.org/10.1007/s10924-021-02098-2
https://doi.org/10.1007/s10924-020-01791-y
https://doi.org/10.1007/s10924-020-01791-y
https://doi.org/10.1016/j.wasman.2021.08.016
https://doi.org/10.1016/j.polymdegradstab.2012.04.003
https://doi.org/10.3390/su12156030
https://doi.org/10.3390/su12156030
https://doi.org/10.3390/en15062114
https://doi.org/10.3390/suschem1010001
https://doi.org/10.3390/suschem1010001
https://doi.org/10.1016/C2009-0-20099-7
https://doi.org/10.1016/C2009-0-20099-7
https://doi.org/10.1016/j.wasman.2021.04.024
https://doi.org/10.1016/j.wasman.2021.04.024
https://doi.org/10.3390/app112110192
https://doi.org/10.7763/IJCEA.2016.V7.548

1670

Waste and Biomass Valorization (2024) 15:1653-1670

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

in Italian. https://moodle2.units.it/pluginfile.php/283832/mod_
resource/content/1/Appunti-%20DSC-TGA.pdf

Jost, V.: Packaging related properties of commercially available
biopolymers—an overview of the status quo. Express Polym. Lett.
12(5), 429435 (2018). https://doi.org/10.3144/expresspolymlett.
2018.36

Cadenato, A., et al.: Calorimetric studies of PP/Mater-Bi blends
aged in soil. J. Appl. Polym. Sci. 100(5), 3446-3453 (2006).
https://doi.org/10.1002/app.22084

ISO 16948:2015: Solid biofuels—determination of total content
of carbon, hydrogen and nitrogen

Anuar Sharuddin, S.D., Abnisa, F., Wan Daud, W.M.A., Aroua,
M.K.: Energy recovery from pyrolysis of plastic waste: study on
non-recycled plastics (NRP) data as the real measure of plastic
waste. Energy Convers. Manage. (2017). https://doi.org/10.1016/j.
enconman.2017.06.046

Xu, Y., Hu, X, Li, W., Shi, Y.: Preparation and characterization of
bio-oil from biomass. Prog. Biomass Bioen. Prod. (2011). https://
doi.org/10.5772/16466

UNI EN 13657:2004 standard: Characterization of wastes—-
Digestion for subsequent determination of the water-soluble por-
tion of elements in aqua regia

Aspen Plus ®: Aspen Plus User Guide (1981). http://www.aspen
tech.com

Mcneill, I.C., Leiper, H.A.: Degradation studies of some polyes-
ters and polycarbonates-2. polylactide: degradation under isother-
mal conditions, thermal degradation mechanism and photolysis
of the polymer. Polym. Degrad. Stabil. 11(4), 309-326 (1985).
https://doi.org/10.1016/0141-3910(85)90035-7

Huang, G., et al.: Thermal degradation of poly(lactide-co-propyl-
ene carbonate) measured by TG/FTIR and Py-GC/MS. Polym.
Degrad. Stab. 117, 16-21 (2015). https://doi.org/10.1016/j.polym
degradstab.2015.03.020

Kopinke, F., Remmler, M., Mackenzie, K., Milder, M.: Thermal
decomposition of biodegradable polyesters-11. Poly(lactic acid).
Polym. Degrad. Stab. 53, 329-342 (1996). https://doi.org/10.
1016/0141-3910(96)00102-4

Chrysafi, 1., Ainali, N.M., Bikiaris, D.N.: Thermal degradation
mechanism and decomposition kinetic studies of poly(Lactic
acid) and its copolymers with poly(hexylene succinate). Polymers
(Basel) (2021). https://doi.org/10.3390/polym13091365
Somoza-Tornos, A., Gonzalez-Garay, A., Pozo, C., Graells, M.,
Espuiia, A., Guillén-Gosalbez, G.: Realizing the potential high
benefits of circular economy in the chemical industry: ethylene
monomer recovery via polyethylene pyrolysis. ACS Sustain.
Chem. Eng. 8(9), 3561-3572 (2020). https://doi.org/10.1021/
acssuschemeng.9b04835

Das, P., Tiwari, P.: Thermal degradation kinetics of plastics and
model selection. Thermochim Acta 654, 191-202 (2017). https://
doi.org/10.1016/j.tca.2017.06.001

Saebea, D., Ruengrit, P., Arpornwichanop, A., Patcharavorachot,
Y.: Gasification of plastic waste for synthesis gas production.
Energy Rep. 6, 202-207 (2020). https://doi.org/10.1016/j.egyr.
2019.08.043

Dubdub, I., Al-Yaari, M.: Pyrolysis of mixed plastic waste: I.
kinetic study. Materials 13(21), 1-15 (2020). https://doi.org/10.
3390/mal3214912

Baloch, H.A., et al.: Co-liquefaction of synthetic polyethylene
and polyethylene bags with sugarcane bagasse under supercritical

@ Springer

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

conditions: a comparative study. Renew Energy 162, 2397-2407
(2020). https://doi.org/10.1016/j.renene.2020.10.008

Anuar Sharuddin, S.D., Abnisa, F., Wan Daud, W.M.A., Aroua,
M.K.: Energy recovery from pyrolysis of plastic waste: Study on
non-recycled plastics (NRP) data as the real measure of plastic
waste. Energy Convers. Manage. 148, 925-934 (2017). https://
doi.org/10.1016/j.enconman.2017.06.046

Navarro, M. V., Lépez, J.M., Veses, A., Callén, M.S., Garcia, T.:
Kinetic study for the co-pyrolysis of lignocellulosic biomass and
plastics using the distributed activation energy model. Energy
165, 731-742 (2018). https://doi.org/10.1016/j.energy.2018.09.
133

Ruggero, F., Carretti, E., Gori, R., Lotti, T., Lubello, C.: Monitor-
ing of degradation of starch-based biopolymer film under differ-
ent composting conditions, using TGA, FTIR and SEM analysis.
Chemosph 246, 125770 (2020). https://doi.org/10.1016/j.chemo
sphere.2019.125770

ISO 21640: Solid recovered fuels—specifications and classes
(2021)

Regulation (EC) No 1272/2008: on the Classification, Labeling
and Packaging of substances and mixtures. CLP introduces the
United Nations globally harmonized system (UN GHS) for clas-
sification and labeling of chemicals into Europe

Alam, O., Yang, L., Yanchun, X.: Determination of the selected
heavy metal and metalloid contents in various types of plastic
bags. J. Environ. Health Sci. Eng. 17(1), 161-170 (2019). https://
doi.org/10.1007/s40201-019-00337-2

Huerta-Pujol, O., Soliva, M., Gir6, F., Lépez, M.: Heavy metal
content in rubbish bags used for separate collection of biowaste.
Waste Manage. 30(8-9), 1450-1456 (2010). https://doi.org/10.
1016/j.wasman.2010.03.023

Italian Legislative decree n. 75 of April 29th 2010: Reorganization
and revision of the regulations on fertilizers, in accordance with
article 13 of the law of July 7th 2009 n.88. Ufficial Bulletin, n.121
of 26-05-2010—ordinary supplement n. 106L, in Italian

Undri, A., Rosi, L., Frediani, M., Frediani, P.: Conversion of
poly(lactic acid) to lactide via microwave assisted pyrolysis. J.
Anal. Appl. Pyrolysis 110(1), 55-65 (2014). https://doi.org/10.
1016/j.jaap.2014.08.003

Murariu, M., Dubois, P.: PLA composites: from production to
properties. Adv. Drug Deliv. Rev. 107, 17-46 (2016). https://doi.
org/10.1016/j.addr.2016.04.003

Zhang, F., et al.: Pyrolysis of 3D printed polylactic acid waste:
a kinetic study via TG-FTIR/GC-MS analysis. J. Anal. Appl.
Pyrolysis (2022). https://doi.org/10.1016/j.jaap.2022.105631
Jacobsen, S., Fritz, H.-G., Degée, P., Dubois, P., Jérd, R.: New
developments on the ring opening polymerisation of polylactide.
Ind. Crops Product 11, 265-275 (2000). https://doi.org/10.1016/
S0926-6690(99)00053-9

The Engineering Toolbox: Fuel gases-Heating values (2005).
https://www.engineeringtoolbox.com/heating-values-fuel-gases-
d_823.html

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://moodle2.units.it/pluginfile.php/283832/mod_resource/content/1/Appunti-%20DSC-TGA.pdf
https://moodle2.units.it/pluginfile.php/283832/mod_resource/content/1/Appunti-%20DSC-TGA.pdf
https://doi.org/10.3144/expresspolymlett.2018.36
https://doi.org/10.3144/expresspolymlett.2018.36
https://doi.org/10.1002/app.22084
https://doi.org/10.1016/j.enconman.2017.06.046
https://doi.org/10.1016/j.enconman.2017.06.046
https://doi.org/10.5772/16466
https://doi.org/10.5772/16466
http://www.aspentech.com
http://www.aspentech.com
https://doi.org/10.1016/0141-3910(85)90035-7
https://doi.org/10.1016/j.polymdegradstab.2015.03.020
https://doi.org/10.1016/j.polymdegradstab.2015.03.020
https://doi.org/10.1016/0141-3910(96)00102-4
https://doi.org/10.1016/0141-3910(96)00102-4
https://doi.org/10.3390/polym13091365
https://doi.org/10.1021/acssuschemeng.9b04835
https://doi.org/10.1021/acssuschemeng.9b04835
https://doi.org/10.1016/j.tca.2017.06.001
https://doi.org/10.1016/j.tca.2017.06.001
https://doi.org/10.1016/j.egyr.2019.08.043
https://doi.org/10.1016/j.egyr.2019.08.043
https://doi.org/10.3390/ma13214912
https://doi.org/10.3390/ma13214912
https://doi.org/10.1016/j.renene.2020.10.008
https://doi.org/10.1016/j.enconman.2017.06.046
https://doi.org/10.1016/j.enconman.2017.06.046
https://doi.org/10.1016/j.energy.2018.09.133
https://doi.org/10.1016/j.energy.2018.09.133
https://doi.org/10.1016/j.chemosphere.2019.125770
https://doi.org/10.1016/j.chemosphere.2019.125770
https://doi.org/10.1007/s40201-019-00337-2
https://doi.org/10.1007/s40201-019-00337-2
https://doi.org/10.1016/j.wasman.2010.03.023
https://doi.org/10.1016/j.wasman.2010.03.023
https://doi.org/10.1016/j.jaap.2014.08.003
https://doi.org/10.1016/j.jaap.2014.08.003
https://doi.org/10.1016/j.addr.2016.04.003
https://doi.org/10.1016/j.addr.2016.04.003
https://doi.org/10.1016/j.jaap.2022.105631
https://doi.org/10.1016/S0926-6690(99)00053-9
https://doi.org/10.1016/S0926-6690(99)00053-9
https://www.engineeringtoolbox.com/heating-values-fuel-gases-d_823.html
https://www.engineeringtoolbox.com/heating-values-fuel-gases-d_823.html

	Chemical-Physical Characterization of Bio-Based Biodegradable Plastics in View of Identifying Suitable RecyclingRecovery Strategies and Numerical Modeling of PLA Pyrolysis
	Abstract
	Graphical Abstract

	Statement of Novelty
	Introduction
	Materials and Methods
	Analytical Methods
	Pyrolysis Modeling

	Results and Discussion
	Thermogravimetric and DSC Analysis
	Elemental Composition
	Spectroscopic Investigation by FTIR
	Contents of Main and Trace Elements
	PLA pyrolysis Modelling

	Conclusions
	Acknowledgements 
	References




