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ARTICLE INFO ABSTRACT

Keywords: Biodegradable polymers are proposed as a potential solution to environmental problems related to plastic
Biodegradable polymers pollution. Potential benefits have been suggested in applications such as agricultural mulching and fishing gear,
Mul?h films where there can be considerable difficulty recovering products from the environment at the end of their service
}E;s_}ggif;ars life. Biodegradation is a complex process influenced by both the properties of the material and the receiving
EGA-MS environment in which it needs to biodegrade. Assessing the degradation process necessitates the chemical

composition (i.e. polymer and additives) of biodegradable products to be characterised by reliable analytical
methods. Pyrolysis coupled to Gas Chromatography and Mass Spectrometry (Py-GC-MS) and Evolved Gas
Analysis coupled to Mass Spectrometry (EGA-MS) are emerging techniques to characterise plastic materials,
providing a greater sensitivity and resolution when compared to more widely used spectroscopic techniques
(FTIR and Raman). In this work, we have applied a systematic approach combining EGA-MS and multi-shot Py-
GC-MS for the thermoanalytical investigation of 5 biodegradable polymers and 5 biodegradable-labelled com-
mercial products. We identified thermal degradation profiles, main m/z ions and pyrolysis markers for the
polymers PBAT, PBS, PBHV and two types of PLA. We applied the obtained information to investigate the
composition of 4 mulch films and 1 fishing net. EGA-MS was fundamental to optimise single or multi shot py-
rolysis acquisition, allowing an optimal Py-GC-MS separation and identification of the pyrolysis products. PLA
and PBAT were detected in three mulch films, with the addition of starch in a film labelled as Mater-Bi and in one
of unknown composition. Online silylation was crucial for detecting polysaccharides in a composite film con-
taining hemp fibres. The presence of butylene, succinate, adipate and terephthalate units was highlighted ana-
lysing a fishing net made of a newly developed PBSAT resin. Finally, Py-GC-MS was effective in identifying the
presence of additives such as 1,6-diisocyanato-hexane (chain extender) and di(3-butenyl) ester of sebacic acid
derived from the plasticizer dibutyl sebacate.

1. Introduction

In recent years, biobased and biodegradable polymers have been
explored as materials for a wide range of applications from biomedical
to everyday use, and looked at as a potential solution to the increasing
problem of plastic pollution in the environment [1-3]. The concept of
“biodegradable polymers” was introduced in the literature in the 1970s,
although research on biodegradable polyesters such as

polyhydroxyalkanoates (PHAs) and poly(lactic acid) (PLA) dates back to
the 1920s and 30s [4]. Since then, a wide range of biodegradable
polymers have been developed and produced, including also poly
(butylene succinate) (PBS) and poly(butylene adipate-co-butylene tere-
phthalate) (PBAT).

PHAs are a class of biobased polyesters synthesized by bacteria,
which includes the copolymer poly(3-hydroxybutyrate-co-3-hydrox-
yvalerate) (PHBV), characterized by good physical properties like
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hardness, stability and flexibility [5].

The most studied biodegradable polymer is PLA, a thermoplastic
aliphatic polyester with lactic acid as building block, produced from
renewable resources [1]. Due to its chiral carbon, lactic acid has two
isomers, enantiomeric D- and L- lactic acid units, which give three ste-
reoisomeric lactide monomers: L-, D- and meso-lactide. The homopoly-
mer made only of L-lactide is the semicrystalline poly(L-lactic acid)
(PLLA) [6].

PBS is synthesized by polycondensation of succinic acid and 1,4-
butanediol [7,8], whereas PBAT is a copolymer obtained by poly-
condensation between 1,4-butanediol, adipic acid, and terephthalic
acid. PBAT is often used in blends with PLA and starch [9,10], a natural
polysaccharide easily modified in a thermoplastic polymer and that can
be blended with synthetic polymers to obtain materials like Mater-Bi
[11,12].

These biodegradable polymers are often utilised in the packaging
products, consumer goods, agriculture and horticulture sectors [13] and
they could particularly bring advantages for products that are difficult to
remove from the environment after use and that could result in forma-
tion of macro, micro or nanoplastics (e.g. agricultural mulch films,
fishing gear) [14]. Agricultural mulches provide substantial benefits to
crops like weed inhibition, protection from insects, increased soil tem-
perature and minimising nutrients loss [15,16]. Biodegradable mulch
films were introduced as an alternative to conventional polyethylene
films, whose retrieval, recycling and landfilling was complicated and led
to the generation of significant environmental pollution [17]. However,
there is a lack of knowledge on the potential for environmental impacts
associated with biodegradable mulch films, coupled with concerns on
the effectiveness of the current international standards [14,18]. The
most common synthetic polymers used in fishing gear are polyamides,
which are very persistent in marine environment and once lost, these
intact nets can result in ghost fishing, continuing to trap and kill marine
life [19,20]. To mitigate the impact of abandoned or lost fishing nets on
marine ecosystems, biodegradable polymers are object of attention and
tests for this specific application [19,21,22].

In general, the polymer biodegradation process starts with a first step
where the polymeric chains break down in lower molecular weight
molecules (e.g. oligomers and monomers) that can be metabolized by
microorganisms in a second step, ending up as biomass, carbon dioxide,
methane and water [9,14]. However, different degradation mechanisms
are involved, such as enzymatic or non-enzymatic hydrolysis, oxidation,
photodegradation, deterioration and fragmentation [23,24]. Factors of
influence include polymer characteristics like molecular weight, me-
chanical properties, chemical bond structure, glass transition tempera-
ture, crystallinity etc. [24-28]. The biodegradation process is also
deeply influenced by the specific conditions of the environment that
receives such material [14]. Exposure conditions include biotic and
abiotic factors including enzymes, pH, temperature, moisture etc. [26,
28,29].

The complexity of biodegradation mechanisms and the variety of
factors of influence call for the development of reliable analytical
methods to investigate and characterise biodegradable polymers and
their lifecycle, and to follow their degradation in the environment. The
first step comprises the comprehensive characterisation of the polymer
matrices to establish the structural properties and features that influence
the application and degradation of the material itself [30], including the
presence of additives that could accelerate or hinder biodegradation
[25,26]. Usually, the chemical structure of polymers is analysed by
spectroscopic techniques like Fourier Transform Infrared spectroscopy
(FTIR), which is widely used in degradation studies [31-34]. Recently,
mass spectrometry has also been gaining significant attention and
application, owing to its higher sensitivity and resolution [35], partic-
ularly when coupled with pyrolysis and gas chromatography [36,37].
Pyrolysis-Gas Chromatography-Mass Spectrometry (Py-GC-MS) is a
destructive thermoanalytical techniques that has proved very effective
for the identification of chemical components in polymeric materials
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(and other complex organic matrices), detecting minute changes in their
structure, without any complicated sample pre-treatment [5,38].
Compared to other thermal techniques like thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC), Py-GC-MS allows
identification of thermal degradation products and therefore makes it
possible reconstructing the structure and composition of the material
analysed [39]. To this end, previous studies have applied Py-GC-MS to
characterise biodegradable polymers including PLA [40-46], PHBV [5,
47,48], PBS [45,49] and PBAT [50,51], PLA-labelled shampoo bottles
[52], PLA cups and PLA/PBAT compostable plastic bags [53]. However,
a systematic and thoroughly thermoanalytical investigation of biode-
gradable polymers with consistent Py-GC-MS methodology has yet to be
conducted. Evolved Gas Analysis coupled with Mass Spectrometry
(EGA-MS) and Py-GC-MS were already successfully applied to create a
database of textile fibres of natural, artificial and synthetic origin, along
with characteristic m/z ions and pyrolytic markers [54]. References exist
of EGA and Py-GC-MS profiles of several polymers, but a complete
database of biodegradable materials (e.g. PBAT), including possible
mixtures, is lacking [55].

In this work, we apply EGA-MS and Py-GC-MS to analyse five
different biodegradable polymers in the virgin pellet form (PLA, PBAT,
PBS and PHBV) and five biodegradable commercial products (four
mulch films and one fishing net). We aim to (1) identify thermal
degradation profiles for each polymer along with main m/z ions and use
this information to (2) select optimal temperatures to use in single or
multi-shot pyrolysis; (3) identify pyrolytic markers for each polymer and
(4) apply them to discriminate the chemical composition of five com-
mercial products. It is anticipated that the data collected will inform
further studies on the environmental fate of biodegradable polymers.

2. Materials and methods
2.1. Materials

The following polymers were purchased from NaturePlast® (France):
poly(butylene adipate-co-butylene terephthalate) (PBE 006, M, =
58,100 g/mol, Myw= 137,400 g/mol, coded as PBAT); poly(butylene
succinate) (M, = 89,800 g/mol, M= 188,100 g/mol, coded as PBS);
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHI 003, coded as
PHBV); amorphous poly(lactic acid) (PLE 005-A, M, = 144,800 g/mol,
Mw= 263,600 g/mol, coded as PLA-A); poly(L-lactic acid) (PLE 005, M,
=79,900 g/mol, My= 156,300 g/mol, coded as PLA-C). Hemp fibres
were provided by East Yorkshire Hemp (UK). Four biodegradable mulch
films were obtained from four different manufacturers and for ano-
nymity were coded as MF1, MF2, MF3 and MF4. According to infor-
mation supplied by the manufacturers, MF1 is a film made of PLA and
PBAT, MF2 of Mater-Bi, and MF4 is a non-woven fabric mat made of PLA
(95%) and hemp (5%) fibres. No information on the chemical compo-
sition of MF3 was provided. A biodegradable fishing net (coded as FG)
made of poly(butylene succinate-co-adipate-co-terephthalate), PBSAT,
was also examined (Table 1).

Table 1
Set of samples analysed.

Sample Type of Material composition accordingly to the

code product manufacturer

PBAT pellet poly(butylene adipate-co-butylene terephthalate)
PBS pellet poly(butylene succinate)

PHBV powder poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
PLA-A pellet amorphous poly(lactic acid)

PLA-C pellet poly(L-lactic acid)

Hemp fibres cellulose

MF1 mulch film PLA/PBAT

MF2 mulch film Mater-Bi

MF3 mulch film unknown

MF4 mulch mat PLA fibres with 5% hemp fibres

FG fishing net PBSAT
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2.2. Methods

2.2.1. Evolved Gas Analysis — Mass Spectrometry (EGA-MS)

The instrumentation consisted of a Multi-Shot Pyrolyzer EGA/Py-
3030D microfurnace (Frontier Laboratories Ltd. Fukushima, JP)
coupled to a 6890 N Gas Chromatograph (Agilent Technologies, Palo
Alto, USA). The injection port was connected to the mass spectrometer
through a deactivated and uncoated stainless-steel transfer tube
(UADTM-2.5 N, 0.15 mm i.d. x 2.5 m length, Frontier Lab). The gases
evolved over the temperature range were transferred to the mass spec-
trometer, ionised, and analysed as a function of time. The detector was
an Agilent 5973 Mass Selective Detector (Palo Alto, USA) single quad-
rupole mass spectrometer operating in electron ionisation mode (EI) at
70 eV in positive mode, scanning in the 35-600 m/z range. The ion
source and quadrupole analyser temperatures were 230 °C and 150 °C,
respectively.

70-90 pg of each sample were weighted in a clean stainless-steel cup
and inserted into the microfurnace. The microfurnace was heated from
50 °C to 700 °C at 10 °C min~'. The interface temperature was kept
100 °C higher than the furnace temperature up to 300 °C. The injection
port operated at 280 °C with a 20:1 split ratio. The chromatographic
oven was kept at 300 °C during the whole analysis. The analyses were
performed in constant flow mode at 1.0 mL min~! (He, purity 99.995%).
The data were collected and processed by MassHunter software (version
10.0, Agilent Technologies).

Each sample was analysed in triplicate to evaluate the reproduc-
ibility of the method in terms of relative standard deviation (RSD) of
peak temperature (Tp) and peak area (Ap). The Tp was calculated as the
temperature corresponding to the maximum of the Total Ion Thermo-
gram (TIT), while the Ap was obtained by dividing the area integrated
from the TIT by the sample weight. The reproducibility of Tp and Ap
resulted less than 2% and 8%, respectively.

2.2.2. Single and multi-shot pyrolysis — Gas Chromatography — Mass
Spectrometry (Py-GC-MS)

The Py-GC-MS instrumentation consisted of a Multi-Shot Pyrolyzer
EGA/Py-3030D micro-furnace (Frontier Laboratories Ltd. Fukushima,
JP) coupled to an 8890 Gas Chromatograph and a 5977 Mass Selective
Detector single quadrupole mass spectrometer (Agilent Technologies,
Palo Alto, USA). The GC was equipped with a deactivated silica pre-
column (2 m x 0.32 mm i.d., Agilent J&W, USA) and an HP-5MS fused
silica capillary column (stationary phase 5% diphenyl-95% dimethyl-
polysiloxane, 30 m x 0.25 mm i.d., 0.25 um, Hewlett Packard, USA).

The pyrolysis temperatures were chosen accordingly to EGA-MS re-
sults. If the thermogram showed only one thermal region, the sample
was flash pyrolyzed at 600 °C, as reported in the literature for the
analysis of synthetic polymers [55]. Conversely, if the thermogram
featured multiple peaks, multi-shot Py-GC-MS was performed at a
slightly higher temperature than the offset temperature of each band to
fully characterise the pyrolysis products evolved in the whole thermal
region. Thus, MF1, MF2 and MF3 samples were subjected to multi-shot
Py-GC-MS, while all the other samples were pyrolyzed in single shot
mode. Hemp and MF4 samples were analysed in single shot mode at
550 °C by using hexamethyldisilazane (HMDS) for the thermally assisted
in-situ derivatisation of polar pyrolysis products as reported below (see
Section 2.2.2.1). The specific pyrolysis conditions adopted for the
analysis of each commercial product are summarized in Table 2.

For single shot analysis, around 80 pg of each sample were placed
into a clean stainless-steel cup and inserted in the microfurnace through
an AS-1020E Auto-Shot sampler (Frontier Laboratories Ltd., Fukushima,
JP). Instead, 100-120 pg were weighted for the multi-shot analysis.

The injection port operated at 280 °C, with 30:1 split ratio, and the
interface temperature was 280 °C. The pyrolysis products were eluted in
constant flow mode at 1.0 mL min~! (carrier gas He, purity 99.995%);
the chromatographic program was: 40 °C isotherm for 6 min, 20 °C
min~! up to 310 °C, 310 °C isotherm for 40 min. The detector operated
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Table 2
Pyrolysis conditions adopted for the Py-GC-MS analysis of the commercial
products.

Sample Pyrolysis mode Pyrolysis temperatures
. T; =470°C
MF1 multi-shot Ty = 600 °C
. T =340 °C
MF2 multi-shot T, = 500 °C
T; =340 °C
MF3 multi-shot Ty =500 °C
T3 = 600 °C
MF4 single shot with HMDS T =550 °C
FG single shot T =600 °C

in electron ionisation mode (EI) at 70 eV in positive mode, scanning in
the 35-550 m/z range. The ion source and quadrupole analyser tem-
peratures were 230 °C and 150 °C, respectively. The collected data were
processed by MassHunter Workstation (version 10.0, Agilent Technol-
ogies) and the NIST Mass Spectral Search Program (version 2.4).

Each pure reference sample was analysed in triplicate to evaluate the
reproducibility of the method as the relative standard deviation (RSD) of
normalised areas for selected peaks. The normalised areas were calcu-
lated by dividing the areas integrated from the Total lon Chromatogram
(TIC) by the sample weight. The peaks were selected based on their
intensity and chromatographic resolution. The chosen peaks were: ter-
ephthalic acid di(3-butenyl) ester for PBAT, succinic acid 3-butenyl-4-
hydroxylbutyl ester for PBS, propene for PHBV, and acetaldehyde for
PLA-A and PLA-C. The reproducibility was better than 10% for all the
samples.

2.2.2.1. Py(HMDS)-GC-MS. The MF4 sample and the hemp reference
fibres were analysed by Py-GC-MS at 550 °C in presence of 4 pL of
hexamethyldisilazane (HMDS, purity>99%, Sigma-Aldrich, USA),
exploiting in situ thermally assisted silylation to achieve superior
chromatographic resolution of the polar products generated in the py-
rolysis of cellulose, with the aim of enhancing the detection capability of
hemp fibres in the commercial products. The instrumentation was the
same one described in the previous section.

Around 100 pg of each sample were weighted for the analysis. The
injection port operated at 280 °C, with 10:1 split ratio, and the interface
temperature was 280 °C. The pyrolysis products were eluted in constant
flow mode at 1.0 mL min~! (carrier gas He, purity 99.995%); the
chromatographic program was: 35 °C isotherm for 10 min, 10 °C min~!
up to 300 °C, 300 °C isotherm for 2 min, 20 °C min~! up to 310 °C,
310 °C isotherm for 30 min. A solvent delay was applied in the first 15
min of the chromatographic run. The detector operated in electron
ionisation mode (EI) at 70 eV in positive mode, scanning in the 50-600
m/z range. The ion source and quadrupole analyser temperatures were
230 °C and 150 °C, respectively. The collected data were processed by
MassHunter Workstation (version 10.0, Agilent Technologies) and the
NIST Mass Spectral Search Program (version 2.4).

3. Results and discussion

The following paragraphs will present the results obtained by EGA-
MS and Py-GC-MS of pure biodegradable polymers first, and subse-
quently those of commercial mulch film and fishing gear samples.

3.1. Analysis of biodegradable polymers of reference

3.1.1. EGA-MS

The TITs and associated average mass spectra obtained for each type
of virgin polymer and commercial product are shown in Table S1 in the
Supplementary data. Starting with the virgin polymers, all TITs
exhibited one main peak. The thermogram of PBAT shows a Tp = 398 °C
and the average mass spectrum features signals at:
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e m/z 44, associated with carbon dioxide, probably generated through
decarboxylation reactions;

m/z 54 and 55, associated with butylene;

m/z 84 and 129, associated with adipic acid;

m/z 105 and 149, associated with terephthalic acid;

m/z 183 and 203, associated with 3-butenyl esters of adipic and
terephthalic acids, respectively.

The Extract Ion Thermograms (EITs) of ions at m/z 55, 129 and 149
(Fig. 1) highlight the greater thermal stability of terephthalic acid
compared to adipic acid. In fact, the EITs of ions at m/z 55 (associated
with butylene) and 129 (associated with adipic acid) present a Tp of
392 °C and 396 °C, respectively, and evolve at temperatures around the
Tp of the TIT peak. Instead, the EIT of ions at m/z 149 deriving from
terephthalic acid shows a maximum at 421 °C, resulting in a broadening
of the main peak of the TIT profile at temperature higher than 400 °C.
This difference in the thermal behaviour of the two moieties is probably
related to a stabilization induced in polyethylene glycol (PEG) polymer
structure by the presence of aromatic rings.

The EGA profile of PBS features a peak at 393 °C. The average mass
spectrum is dominated by signals at m/z 71, 101, associated with suc-
cinic acid, and 173, associated with the fragmentation of 3-butenyl ester
of succinic acid. Like PBAT, two intense signals at m/z 54 and 55 can be
observed and attributed to mass spectral features of butylene.

For PHBV, the thermal decomposition occurs in the range
250-330 °C, with a Tp = 285 °C. The average mass spectrum is domi-
nated by the m/z signals at 39, 41, 45, 57, 68, 69 and 86 that can be
related to the mass spectra of Z and E isomers of 2-butenoic acid, both
dehydrated forms of 3-hydroxybutyric acid (HB) [55]. In fact, poly
(3-hydroxybutyric acid) (PHB) generally decomposes through
cis-elimination of the ester groups to form 2-butenoic acid and its olig-
omers [56-58]. No m/z signals related to pyrolysis products of poly
(3-hydroxyvaleric acid) (PHV) were detected, possibly indicating a
lower percentage in the sample of 3HV monomers compared to 3HB
ones.

The expected different stability of semicrystalline (PLA-C) and
amorphous PLA (PLA-A) is reflected in their respective thermal
decomposition temperatures, equal to 367 °C and 296 °C respectively,
differing by 60 °C in favour of the most thermally stable PLA-C. Fully
amorphous PLA is obtained by cooling PLA to the glassy state without
crystallization [59], and its structure with random and entangled chains
is less resistant to thermal degradation than the organised and oriented
chains of semicrystalline PLA. Regarding the corresponding average
mass spectra, for PLA-A, the main ions are m/z 43, 45, 56 and 144,
characteristic of the meso and D,L-lactides [55]. These lactide isomers
are formed through intramolecular transesterification [40]. In the
spectrum of PLA-C, the same main ions were detected, along with
several other signals at m/z 72, 100 and 128, which can be related to

100 —

Relative Abundance (%)
1%
o
|
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PLA oligomers [41].

As expected, the TIT of hemp fibres features a peak at ~ 361 °C and
the associated average mass spectrum shows intense signals at m/z 44,
60, 69 and 73 related to the formation of anhydrosugars [54].

The analysed biodegradable polymers are all characterized by peak
temperatures comprised in the range 200-400 °C, whereas the more
common nonbiodegradable synthetic polymers like polyolefins, poly-
styrene, polyethylene terephthalate or polyamides, have all peak tem-
peratures in the range 400-500 °C. This indicates a lower thermal
stability of biodegradable polymers compared to conventional ones.

The results obtained from the analysis of the reference biodegradable
polymers are summarized in Table 3, indicating the main m/z ions
identified.

3.1.2. Py-GC-MS

Pyrograms of the analysed materials are reported in Figs. S1-S6 in the
Supplementary data, along with the peak identification in Tables S2-S7.
The main pyrolysis products of PBAT are 1,3-butadiene (3.5 min) and
the di(3-butenyl) esters of adipic (16.9 min) and terephthalic (18.3 min)
acids. The 3-butenyl ester of adipic acid and the corresponding decar-
boxylated form (pentanoic acid, 3-butenyl ester) are also detected at

Table 3
Characteristic m/z ions and pyrolysis markers of PBAT, PBS, PHBV, PLA-A, and
PLA-C.

Polymer  m/zions Pyrolysis markers

129 (adipic acid)

benzoic acid, 3-butenyl ester
adipic acid, 3-butenyl ester
PBAT 183 (adipic acid, di(3-butenyl) 1,§-§1ox§cycl?dodecane—7,12-d10ne
adipic acid, di(3-butenyl) ester
ester) terephthalic acid, di(3-butenyl) ester
203 (terephthalic acid, di(3- P g Y
butenyl) ester)

149 (terephthalic acid)

succinic acid, di(3-butenyl) ester
succinic acid, 3-butenyl-4-
hydroxybutylester

succinic acid, di(4-hydroxybuthyl)
ester

101 (succinic acid)

PEBS 173 (succinic acid, di(3-
butenyl) ester) 1,6,11,16-tetraoxacycloicosane-
2,5,12,15-tetraone
dibut-3-enyl’-butane-1,4-diyl
disuccinate
. . (Z)-2-butenoic acid

PHBV 69, 86 (2-butenoic acid) (E)-2-butenoic acid
3,6-dimethyl-1,4-dioxane-2,5-dion

PLA 43, 56 (lactides) (meso form)

3,6-dimethyl-1,4-dioxane-2,5-dion
(DL form)

T
100 200 300

T T 1
400 500 600

Temperature (°C)

Fig. 1. TIT (black) and EITs of ions at m/z 55 (butylene, green), 129 (adipic acid, red), and 149 (terephthalic acid, blue) for PBAT reference sample.
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15.7 and 12.5 min, respectively. The peak at 16.0 min is related to 1,6-
dioxacyclododecane-7,12-dione, a lactone generated from the cycliza-
tion of adipic acid and 1,4-butanediol [60]. The pyrogram features many
aromatic species such as benzene (6.1 min), benzoic acid (13.6 min),
3-butenyl ester of benzoic acid (14.7 min), biphenyl (14.9 min), and
benzophenone (16.4 min) produced from the pyrolysis of the tereph-
thalic moiety. The presence of aromatic species is confirmed by the
signals at m/z 77, 105, and 122 in the average mass spectrum obtained
from the TIT (Fig. S1). Additionally, 1,6-diisocyanato-hexane is identi-
fied at 14.7 min. This is often used as a chain extender during the
polycondensation of PBAT [61-63].

The most intense peak featured in the Py-GC-MS chromatogram of
PBS is related to the di(3-butenyl) ester of succinic acid (15.6 min). As
for PBAT, the peak related to 1,3-butadiene is very intense, in agreement
with the high relative abundance of ions at m/z 54 and 55 in the EGA
profile. Many other derivatives of succinic acid are detected, like the 3-
butenyl-4-hydroxybutyl (17.3 min) and di(4-hydroxybutyl) (19.6 min)
esters, 1,6,11,16-tetraoxacycloicosane-2,5,12,15-tetraone (20.7 min),
and dibut-3-enyl’-butane-1,4-diyl disuccinate (20.9 min).

The pyrolytic profile of PHBV (Fig. S1) shows the peaks at 10.2 and
11.1 min, both corresponding to 2-butenoic acid as its Z and E isomers,
respectively. Some studies [5,47,48] also identified 2-pentenoic acid, a
dehydrated product of 3HV, after the peaks of 2-butenoic acid. However,
this compound is not detected in our pyrograms, accordingly with the
EGA results.

Fig. S1 shows the pyrograms of the two forms of virgin PLA: PLA-A
and PLA-C. The two materials present the same pyrolytic products, re-
ported in Table S2. The thermal degradation of PLA involves a complex
mechanism and different reactions, that lead to the formation of various
compounds, and can be influenced by factors like crystallization and
molecular weight distribution [64]. The peaks at 13.1 and 13.4 min
correspond to the lactide isomers in the meso and D,L structures,
respectively. These lactides can undergo cis-elimination and fragmen-
tation reactions, generating acrylic acid (12.6 min) and acetaldehyde
(3.5 min), respectively [40,42,44]. Ketones like 2-butanone (5.0 min)
and 2,3-pentanedione (7.0 min) are also detected, possibly deriving
from further fragmentation reactions. Some studies [41,43,45] identi-
fied in PLA pyrograms also larger cyclic oligomers, but our pyrograms
presented no peaks after the retention time 13.4 min of the two lactide
forms. This is probably due to the higher temperature of pyrolysis
applied in this study compared to the literature one, leading to frag-
mentation of PLA oligomers.

The pyrograms of PLA-C and PLA-A differ in terms of the relative
abundance of the signals corresponding to acetaldehyde and the two
lactide enantiomeric forms. In PLA-C, the acetaldehyde peak is the most
intense and the two peaks of the lactide forms are much smaller,
whereas the opposite occurs for PLA-A. This could be explained
considering the different structures of the two polymers. The greater
mobility of the chains in the amorphous structure could facilitate
intramolecular transesterification, leading to the formation of lactides.
In the more rigid semicrystalline structure of PLA-C, radical and non-
radical reactions could be energetically more favoured, producing a
greater quantity of acetaldehyde. The ratio between the two lactide
forms (meso-lactide/D,L-lactide) could potentially be used as a proxy to
assess the biodegradation of PLA [41]. In fact, microorganisms have a
preference for the L-lactide rather than the D one, causing a decrease of
the intensity of the D,L-lactide peak in comparison to the meso-lactide
one, following Py-GC-MS analysis [43].

The results obtained from EGA-MS and Py-GC-MS analyses of the
biodegradable polymers of reference are summarized in Table 3.
Recently, Okoffo et al. analysed PLA, PBAT, PBS and PHBV by reactive
Py-GC-MS adding tetramethylammonium hydroxide for thermally
assisted hydrolysis and methylation (TMAH) [51]. They selected and
applied pyrolysis markers to detect these polymers in environmental
samples. However, since their markers were all results of methylation, it
is not possible to directly compare them with those resulting from our
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solvent and reagent-free analyses.
3.2. Analysis of commercial products

3.2.1. EGA-MS

The thermograms of the commercial products were significantly
more complex than those of the reference materials, presenting one or
more peaks. The thermogram of MF1 (PLA/PBAT) presents two broad
thermal regions: the first one with Tp = 398 °C, in accordance with the
PBAT reference sample, and the second one with T3 = 547 °C. The
detection of ions at m/z 55, 129 and 203 allowed to assign the gases
evolved in the first thermal region to the pyrolysis products of PBAT,
whereas the average mass spectrum of the second thermal region fea-
tures ions typical of aromatic species, such as m/z 78, 105 and 182. No
m/z ions characteristic of PLA were detected in the average mass spec-
trum of MF1, probably due to its low relative abundance in the blend.
PLA/PBAT blends are often used in mulch films for their excellent per-
formance in improving crop production under different environmental
conditions [65]. These two polymers are combined to overcome each
other limitations. PBAT has high production costs, sensitivity to UV, low
tensile strength and high melt index, characteristics that limit its pro-
cessability and application as mulch film [66]. PLA is characterized by
brittleness, low flexibility, low toughness and low thermal stability
during processing [10,16]. By blending the two polymers, the final
material shows better mechanical and thermal properties resulting in a
better candidate for mulching applications [10,67].

The presence of two peaks in the TIT of MF1 could be related to the
multiphase behaviour of the blend [10,68]. Kim et al. performed TGA
analyses in inert atmosphere on a PLA/PBAT mulch film and also re-
ported multiple thermal decomposition zones: 280-430 °C, 430-620 °C,
and 620-780 °C [68]. The first two zones are compatible with those
observed in our EGA analysis.

The TIT of MF2 (Mater-Bi) presents two peaks with different relative
abundances. The first peak, at lower intensity, shows a maximum at T
= 324 °C and features in the associated average mass spectrum ions at
m/z 60, 69, 73 and 98, typical of cellulose. The second thermal region is
characterized by an intense peak with T2 = 404 °C, showing in the
associated average mass spectrum the typical m/z ions of PBAT (m/z 55,
129, 149, 203).

Novamont developed starch-based biodegradable materials under
the Mater-Bi trademark, combining thermoplastic starch with synthetic
polymers [11]. In the scientific literature, Mater-Bi mulch films are re-
ported either as blends of starch/polycaprolactone, or of starch/PBAT
[9,17,69]. Regarding our mulch film sample, EGA results suggest a
composition of starch/PBAT. By incorporating the hydrophobic and
mechanical properties of PBAT in the hydrophilic starch, the applica-
bility of the material is improved [10,16].

The thermogram of MF3, a sample of unknown composition, pre-
sents a major thermal region with T = 400 °C, and two smaller ones
featuring Tp =326 °C and T3 = 550 °C. The first small peak has an
average mass spectrum with m/z 43, 44, 56 and 69 as most abundant
ions, suggesting the presence of PLA and cellulose in the sample. The
average mass spectrum associated to the main peak at 400 °C shows
several main signals related to PBAT like m/z 39, 55, 77, 105, 129, 149
and 203. This principal peak exhibits analogous mass spectral charac-
teristics to the peak at 404 °C of MF2, suggesting that MF3 could have a
similar polymer composition, i.e. Mater-Bi. The third peak at 550 °C
presents m/z 78, 105 and 149 as main ions in its average mass spectrum,
corresponding to the same aromatic species abundant in sample MF1.
The average mass spectra of the three thermal regions of observed in the
TIT of sample MF3 are shown in Fig. 2.

The MF4 sample (PLA/hemp) displays a very broad peak with a
maximum at 348 °C. The associated average mass spectrum shows very
intense signals at m/z 43 and 56, corresponding to the lactide meso and
D,L forms. The presence of PLA is also confirmed by the less abundant
signals at m/z 72, 100, and 128 related to lactic acid oligomers.
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Unfortunately, the technique failed to detect hemp fibres, due to their
low concentration in the sample.

The EGA profile of FG (PBSAT) presents a thermal region with Tp
= 390 °C and a shoulder at temperatures higher than 400 °C. PBSAT was
developed by combining PBS and PBAT into a single-structure copol-
ymer at the molecular level [20]. This resin is an aliphatic-aromatic
co-polyester synthesized using 1,4-butanediol, succinic acid, adipic
acid and dimethyl terephthalate [70]. The ions at m/z 42, 55, 71, 101
and 173 account for butylene succinate in the sample, while the signals
at m/z 129 and 203 confirm the presence of butylene adipate-co-ter-
ephthalate. The low intensity of m/z 129 and 203 ions is possibly

adipate-co-terephthalate moiety in the blend.

3.3. Py-GC-MS

The commercial materials were analysed by multi-shot Py-GC-MS in
conditions selected on the basis of the information on thermal features of
the materials obtained from the EGA profiles.

For MF1, a first shot Py-GC-MS was performed at 470 °C and a sec-
ond at 600 °C. Comparing the average mass spectra of the two thermal
regions observed by EGA-MS with the mass spectra of the main chro-
matographic peaks observed in the TIC chromatograms of the first and

correlated  to  the low  percentage of the butylene second pyrolysis shots (Fig. 3), it is possible to outline a correspondence
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Fig. 3. a) Average mass spectrum of the first thermal region of MF1; b) first shot of MF1 (the markers of PBAT are labelled with orange dots, while those of PLA are
highlighted in green); c) average mass spectrum of the second thermal region of MF1; d) second shot of MF1.
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in terms of main ions and compounds identified. The average mass
spectrum of the EGA-MS thermal region with Tp = 398 °C features ions
at m/z 55 and 84 (Fig. 3a), that are also present in the mass spectra of
cyclopentanone and 1,6-dioxacyclododecane-7,12-dione, typical pyrol-
ysis products of PBAT, found at 8.8 min and 18.1 min in the first-shot
Py-GC-MS chromatogram, respectively (Fig. 3b). Moreover, the iso-
mers of lactide are also detected in the first-shot Py-GC-MS chromato-
gram, at a retention time of 13.1 min for the meso form, and at 13.4 min
for the D,L form (Fig. 3b). In addition, the detection of a possible product
of co-pyrolysis of PBAT and PLA like 1,6-dioxacyclohexadecane-7,16-
dione (18.1 min) confirms the composition of the mulch film MF1 as
made of a PBAT and PLA blend. The identification of sebacic acid di(3-
butenyl) ester at 18.7 min and of 1,6-diisocyanato-hexane at 14.7 min
could be due to the presence of additives. In detail, di(3-butenyl) ester of
sebacic acid could be a pyrolysis product derived from dibutyl sebacate,
a known plasticizer added to polymeric blends to improve processability
[71,72]. 1,6-diisocyanato-hexane could be a chain extender used in the
synthesis of PBAT as previously reported in the list of organic additives
extracted from a PBAT mulch film [62].

The Py-GC-MS chromatogram of the second shot features peaks
corresponding to toluene, diphenylmethane, fluorene and triphenyl-
methane (Fig. 3d). The detection of aromatic species helps clarifying the
origin of the intense signals at m/z 78 and 105 observed in the average
mass spectrum related to the thermal region with T3 = 547 °C observed
in the EGA-MS thermogram (Fig. 3c). The detected species might be
ascribed to reactions of hydrogenation, dehydration or benzylation of
the intermediate pyrolytic products of PBAT [68]. Rizzarelli et al.
already reported the presence of benzophenone in the pyrolysis products
of polymer blends containing PBAT, ascribing its formation to the
degradation of unidentified additives [50].

Double shot pyrolysis of MF2 was conducted at 340 °C and 500 °C.
The pyrogram of the first shot at 340 °C features a peak corresponding to
the lactone 1,6-dioxacyclododecane-7,12-dione (16.0 min, pyrogram in
Fig. S3a), pyrolytic marker of PBAT. In addition, several pyrolysis
products of unknown structure featuring m/z ions at 129 (23.0 min) and
149 (16.3 and 26.6 min) in their mass spectra were detected. Since 129
and 149 ions are associated with adipic and terephthalic acids, these
unknown species could be co-pyrolysis products of PBAT and PLA. This
hypothesis is consistent with the absence of such unknown peaks from
any pyrogram of virgin material.

The second shot at 500 °C produced a chromatogram with more
information about the chemical composition of MF2 with respect to the
first shot (Fig. S3). Several compounds derived from PBAT are observ-
able, the most relatively abundant being cyclopentanone and esters of
adipic, phthalic and terephthalic acids. In addition, pyrolytic products
characteristic of starch are also present, like pyruvic aldehyde (4.1 min),
3-buten-1-ol (5.5 min) and levoglucosan (15.8 min); as well as the D,L-
lactide form at 13.4 min, indicating the presence of PLA. Therefore,
three polymers were identified in MF2: PBAT and starch, in agreement
with EGA-MS results, but also PLA that has never been documented in
Mater-Bi products [9,17,69].

Regarding MF3, three thermal degradation zones were identified by
EGA-MS (Fig. 2 and discussion therein); accordingly, 340, 500 and
600 °C were chosen as temperatures for the multi-shot pyrolysis
experiment. The first shot pyrogram (Fig. S4a) highlights a product
typical of PBAT, namely the lactone 1,6-dioxacyclododecane-7,12-
dione, along with additives such as hexadecyl esters of tetradecanoic
(24.2 min) and hexadecenoic (26.3 min) acids. The latter are wax esters
possibly derived from the raw material used to produce cellulose [73].
The chromatogram of the second shot at 500 °C displays more peaks
than that at 340 °C (a full list is provided in Table S5), leading to the
identification of further PBAT pyrolytic products (cyclopentanone,
3-butenyl ester of adipic acid, monobut-3-enyl ester of phthalic acid, di
(3-butenyl) ester of terephthalic acid), in addition to starch-derived
compounds (pyruvic aldehyde, 1,4:3,6-dianhydro-a-D-glucopyranose)
and PLA markers (3,6-dimethyl-1,4-dioxane-2,5-dion, meso and D,L
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forms). The pyrogram corresponding to the experiment performed at
600 °C shows peaks related to known PBAT markers such as benzene,
biphenyl, 1,6-dioxacyclododecane-7,12-dione and benzophenone.

The pyrolytic products identified for MF3 are very similar to those
obtained for MF2, suggesting a similar polymeric composition for the
two mulch films, based on PBAT, starch and PLA. In this respect, Py-GC-
MS proved to be an effective technique to identify the chemical
composition of unknown commercial biodegradable products, even in
the presence of mixtures. Klein et al. applied reactive Py-GC-MS (using
TMAH to perform thermally assisted hydrolysis and methylation) to
analyse the composition of PLA-labelled shampoo bottles, actually
detecting the possible presence of pyrolysis products of different
biodegradable polymers, i.e. PLA, PBS, PBSA and PBAT [52]. They
performed a single shot at 600 °C and a separate thermal desorption shot
at 280 °C. Differently, Capolupo et al. analysed compostable bags by
single shot Py-GC-MS at 500 °C, detecting PLA and possibly PBAT [53].
In this respect, our combined approach using EGA-MS and multi-shot
Py-GC-MS brings particular advantages in the analysis of polymer
blends, allowing a better separation and more confident identification of
the thermal decomposition products characteristic of specific polymers.

As expected, the single shot Py(HMDS)-GC-MS chromatogram of
hemp fibres features peaks related to derivatised alcohols and acids,
such as furfuryl alcohol (TMS), p-coumaric alcohol (2TMS), hex-
adecenoic and octanoic acids (TMS). The peak at 28.6 min is related to
levoglucosan (3TMS), the pyrolysis marker of cellulosic fibres [74]. The
pyrogram obtained from sample MF4 in the same conditions is domi-
nated by signals related to the pyrolysis products of PLA such as lactic
acid (TMS) at 19.9 min and the two lactide forms at 21.4 and 22.1 min,
in agreement with EGA-MS results. However, the Extract Ion Chro-
matogram (EIC) of m/z 333 (Fig. 4), corresponding to the main fragment
ion of levoglucosan (3TMS), allowed us to detect hemp fibres in the
sample, confirming the higher sensitivity of Py-GC-MS compared to
EGA-MS. The incorporation of natural fibres as reinforcement materials
in polymer composites is indeed an increasing trend, owing to their
low-cost, biodegradability, flexibility during processing, etc. [75]. Hemp
fibres are often added to PLA composites to improve the mechanical
strength, but the low percentage (5%) declared for MF4 is too low to
generate any significant improvement in this regard [76]. An alternative
explanation takes into account the addition of a natural fibre as hemp to
enhance the biodegradation properties of the material.

For FG, the EGA-MS profile highlighted the presence of only one
thermal degradation peak thus single shot Py-GC-MS at 600 °C was
carried out. The pyrogram of sample FG (Fig. 5) shows peaks mainly
related to the butylene succinate moiety such as succinic anhydride
(12.3 min), di(3-butenyl) ester of succinic acid (15.6 min), 3-butenyl-4-
hydroxybutyl ester of succinic acid (17.3 min), 1,6,11,16-tetraoxacy-
cloicosane-2,5,12,15-tetraone (20.7 min) and dibut-3-enyl’-butane-
1,4-diyl disuccinate (20.9 min). Moreover, 1,6-dioxacyclododecane-
7,12-dione (16.0 min), di(3-butenyl) ester of adipic acid (16.9 min)
and di(3-butenyl) ester of terephthalic acid (18.3 min) account for the
presence of butylene adipate-co-terephthalate moiety. The most intense
ions of the spectra of the compounds separately detected by Py-GC-MS
were observed in the average mass spectra of the EGA-MS curve.

4. Conclusions

A selection of the most environmentally relevant biodegradable
polymers was analysed by EGA-MS and Py-GC-MS, gathering data on
their thermal degradation profiles, main m/z ions in the EGA-MS mass
spectra, and Py-GC-MS pyrolysis markers. Previous studies have ana-
lysed biodegradable polymers, but this study represents the first
comprehensive thermoanalytical investigation of such materials by
combining both EGA-MS and multi-shot Py-GC-MS. EGA-MS showed
that the thermal degradation profiles of PBAT, PBS, PHBV, PLA-C and
PLA-A present one principal thermal region. The same reference poly-
mers were analysed by flash (single shot) Py-GC-MS to fully characterize



F. De Falco et al.

Journal of Analytical and Applied Pyrolysis 171 (2023) 105937

B
o
8
~ 3
E 2
_ S 8 2
% b
S 2 B =
£ ¢ g @
_ 100 =1 E <
& ® 3 8
2 8
3 = g El
c o 9 [
© 5 o
el >
5 kA
3 50
<<
4
2
£
o
[
o« - U G —
0 . . . :
15 20 25 30 35

Retention Time (min)

Fig. 4. Normalized EICs of ions at m/z 56, corresponding to lactides, m/z 147, corresponding to lactic acid (TMS), and m/z 333, corresponding to levoglucosan
(3TMS), in the Py-GC-MS chromatogram of sample MF4. Identification table is reported in Table S6 in the Supplementary data.

_ 100 H

g

[

2 .

©

e

S .

S | :

< .

E f‘U | . |

& al

g ,;JLM,JU‘\;\,,,,,,,L,, B W S VA1 S Y
0 5 10 15 20 25 30

Retention Time (min)

Fig. 5. Py-GC-MS chromatogram of FG sample. The markers of the butylene succinate moiety are labelled with grey dots, while those of the butylene adipate-co-
terephthalate moiety are highlighted in red. Identification table is reported in Table S7 in the Supplementary data.

the related pyrolysis products. Interestingly, the EGA-MS analysis of
PBAT could discriminate the different thermal stabilities of its mono-
mers, identifying the main m/z ions of each moiety. Py-GC-MS analyses
of both PLA (PLA-A, PLA-C) and PHBV samples identified pyrolysis
markers directly related to their monomers, 3HB and lactide. The
different relative intensities of the PLA pyrolysis products acetaldehyde,
3,6-dimethyl-1,4-dioxane-2,5-dion meso and D,L forms, allowed also to
differentiate the thermal degradation reactions occurring for the
amorphous PLA-A and the semicrystalline PLA-C. PBAT and PBS also
have pyrolysis products generated from specific reactions and frag-
mentations of their repeating units. Therefore, the products listed in
Table 2 are intrinsically related to the polymer chain composition and
thus represent promising potential markers to trace the presence and
degradation of these biodegradable polymers in the environment.
Regarding the commercial products studied, preliminary EGA-MS ana-
lyses proved fundamental for the identification of the temperatures to be
used in the following multi-shot Py-GC-MS analyses. In fact, three mulch
films (MF1, MF2 and MF3) featured more than one thermal degradation
zone, so double or multi shot pyrolysis was performed. The pyrolysis
markers previously identified proved effective for the characterisation of
the polymer composition of the commercial mulch films. The main
polymer detected was PBAT, accompanied by starch and PLA. A possible
co-pyrolysis product, 1,6-dioxacyclohexadecane-7,16-dione, was also
identified in the PLA/PBAT blend (MF1). Both the mulch film nominally
made of Mater-Bi (MF2) and that of unknown composition (MF3) were
found to be composed by PBAT, PLA and starch. Silylation through the
addition of HMDS in Py-GC-MS was key for the detection of cellulose
pyrolysis products in the composite mulch mat made of PLA and hemp
fibres (MF4). The presence of butylene, succinate, adipate and tere-
phthalate units was also confirmed for the fishing net made of a newly
developed PBSAT resin. Finally, Py-GC-MS could also identify the
presence of additives in the materials analysed, such as 1,6-diisocya-
nato-hexane (chain extender) and di(3-butenyl) ester of sebacic acid
(derived from the plasticizer dibutyl sebacate). Further experiments and
analyses will be performed to apply and validate the pyrolysis markers
to detect biodegradable polymers in the environment and understand

their biodegradation mechanism.
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