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ARTICLE INFO ABSTRACT

Keywords: The fate of polymeric materials depends on the chemical structure of the polymer and on environmental con-
Bi0d38ra‘_iable polymers ditions. To mitigate environmental issues associated with plastic mismanagement at the end of life, great
FDegradatt“’: attention has been addressed to compostable and biodegradable polymers. Some of these polymers, even if
ragmentation

biodegradable, are found in the form of microplastics in the environment. In this work, the degradation behavior
of five biodegradable polymers, poly(butylene succinate), PBS, poly(butylene succinate-co-butylene adipate),
PBSA, poly(e-caprolactone), PCL, polyhydroxy butyrate, PHB, and poly (lactic acid), PLA, was evaluated using ad
hoc set mesocosms simulating their presence in marine environment at different water depths for 363 days.
Higher mass loss during aging was recorded for PCL and PHB. Cracks, grooves and holes were detected on all the
samples at the end of the test. Exposure into seawater induces hydrolytic degradation of the polyesters confirmed
by Fourier transform infrared and NMR spectroscopies. The identification of the polymer phase in the sand
suggests the occurrence of fragmentation phenomena of some samples, particularly PCL, during ageing.
Remarkably, not all biodegradable polyesters are biodegraded in the sea, thus their mismanagement at the end of
life is likely to induce progressive accumulation in the environment.

Marine environment
Plastic pollution

1. Introduction impacting inland and coastal ecosystems [5,6]. Indeed, they are a source

of secondary microplastics, as larger plastic wastes are broken down and

Plastics are widely used in almost all major manufacturing sectors
due to their versatility and good performance. In fact, properties such as
low cost, lightness, stability and good mechanical performance have
made these materials unique and irreplaceable [1]. Global plastic pro-
duction has grown rapidly over the past two decades up to ca. 400
million tons (Mt) per year in 2023, 8.4 % of which derive from recycled
plastics and 0.7 % from bio-based plastics [2]. Due to the mismanage-
ment of plastic waste, part of them ends up in the environment.
Consequently, between 10 and 20 Mt of plastics end up in the oceans
each year and it was estimated [3] that the amount of plastics might
exceed the world fish stocks by 2050 [4]. As a consequence, plastic
waste is presently wide diffused on land and in aquatic environments,
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fragmented through a combination of photochemical, biological, me-
chanical and chemical degradation, depending on the environmental
conditions to which they are exposed [7,8]. In fact, exposure of plastic
waste to various environmental factors, such as UV radiation, wind,
waves, sea water and bacteria, can lead to cracking, surface erosion,
abrasion and disintegration into mesoplastics (approximately 5-20
mm), large microplastics (~1-5 mm), small microplastics (~20-999
pm) and nanoplastics (<1 pm) [9,10]. These particles appear to be
ubiquitous and have a great impact on the environment [11]. Conse-
quently, their ingestion by marine organisms can take place and can
cause damage to the stomach and negatively affect digestion. Moreover,
through the passage from one trophic level to the next, microplastics can
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cause contamination of the food chain [11-14]. Microplastics have
already been found in various human foods, beverages and in drinking
water [15]. In response to this problem, EU strategies have been set to
reduce the release of plastics into the oceans, such as promoting recy-
cling, reuse of plastics and the use of biodegradable plastics [16].
Biodegradable plastics include bio-based plastics synthesized from
renewable resources, such as poly (lactic acid), PLA, and poly(hydrox-
yalkanoate)s, PHA, or plastics made from fossil resources, including poly
(e-caprolactone), PCL, or both as in the case of some aliphatic polyesters,
such as poly(butylene succinate), PBS, and poly(butylene succinate--
co-butylene adipate), PBSA. Degradation mechanisms of these polymers
depend on the chemical structure of the polymer backbone and envi-
ronmental conditions, they could undergo hydrolysis, oxidation or
follow other degradation pathways. These mechanisms can lead to the
formation of polar oligomers, which are finally mineralized by micro-
organisms forming carbon dioxide, methane, water and biomass [17,
18]. In recent years, a growing attention has been addressed to com-
postable and biodegradable polymers in order to reduce plastic pollu-
tion. In fact, the use of biodegradable plastics instead of conventional
ones, in organic waste and agriculture, is likely to reduce the effects
associated with plastic usage and improper waste disposal [19]. Given
the increased usage of biodegradable polymers in various items and
considering their potential release into the environment, it is necessary
to understand their fate under a range of environmental conditions.
Understanding their degradation during their experimental aging tests
in simulating marine environments could support their applicability to
reduce marine plastic pollution in case these materials end-up in the
marine environment unintentionally. Several studies have examined
degradation or toxicity behavior of different biodegradable polymers,
focusing mainly on terrestrial ecosystems where in addition to an
apparent degradation of the polymeric films, during burial tests, the
release of microplastics was also reported [20]. In addition, the identi-
fication of biodegradation occurring at the interfaces during soil burial
tests suggests that biodegradable plastics do not generate persistent
microplastics, because as erosion increases the surface area, this in turn
increases the rate of biodegradation [21].

The study of the biodegradation of biodegradable plastics in marine
environments has increased during the last 10 years since some of these
polymers have been found in the form of microplastics in various marine
environments, such as fragments of PCL found in the Mediterranean Sea
[22].

Different studies on degradation of biodegradable polymer in marine
environment at real, mesocosm or lab scale have been conducted to
evaluate their fate, and to develop standard test methods to support the
determination of degradation of polymers in marine environments.
Several paper reports the identification and the isolation of microbial
communities involved in the biodegradation of biodegradable polymers
in seawater [16,23,24]. Microbial decomposition study of PHA, PLA and
polysaccharide esters performed exposing polymeric films at diverse
deep-sea sites indicate that some biodegradable plastics can be degraded
by the action of microorganisms on the deep-sea floor, but with much
less efficiency than in coastal area [25]. Moreover, the effects of PLA and
PP fragments obtained by commercial products and their leachates on
seven marine species showed toxic effects on some consumer species,
especially on the later life stages of A. franciscana, but no toxicity for
decomposers or primary producers [26]. Degradation of plastic bags was
followed in different simulated marine zones such as supralittoral,
eulittoral, sublittoral benthic, deep-sea benthic, pelagic, buried in the
sediments. Results highlighted total disintegration of Mater-Bi in <9
months when buried in wet sand, and a rate of 69 % of biodegradation
when located at the sediment/sea water interface [27]. Feijoo et al.
(2025) investigated biotic and abiotic degradation of conventional
(Polyamide PA, Polypropylene PP and Polyethylene PE) and biode-
gradable polymers (PLA and PHBV) subjected to a real-scale marine
environment for one year, revealing that only PHBV showed significant
biodegradation, while PLA and conventional polymers (PP, PA, PE)
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remained unaltered [28]. The findings highlighted the need for careful
interpretation of marine biodegradability labels and the potential in-
fluence of specific environmental factors on material degradation ca-
pabilities. The degradation behavior of some biodegradable polyesters
buried in sandy beaches indicated that some of the analyzed materials
might remain as beach litter if released into the environment as a
consequence of an uncontrolled disposal [29]. A slowly biodegradation
rate of different biodegradable polyesters exposed to marine environ-
ment along the coast of Korea was evaluated, with the following trend
poly(butylene succinate-co-carbonate) > poly(butylene adipate-co-fur-
anoate) > poly(butylene succinate) > poly(butylene adipate-co-ter-
ephthalate) > poly(L-lactic acid) [30]. Recently gaps of the standard test
methods developed to determine the biodegradation of polymers in
marine habitats, such as ISO 18830, ISO 19679, ISO 22404, ASTM
D5988, and the ISO 23977 [31-35] have been reported as well as sug-
gestion for the refinement of the proposed test method to improve
reliability and reproducibility [36]. In such scenario, the degradation
behavior of five biodegradable polymers PBS, PBSA, PCL, polyhydroxy
butyrate, PHB and PLA was investigated in ad hoc mesocosms, mimiking
the conditions in which the polymers can be found in the marine envi-
ronment at different depths of the water column with the aim to effec-
tively address the potential marine pollution risks posed by
biodegradable polymers. The fate of the selected biodegradable poly-
esters in the marine environment was assessed by evaluating the
physico-chemical and morphological properties of the tested materials.

2. Materials and methods
2.1. Materials

PBS (grade FZ91PM, Mn of 48:103 g/mol and Mw 150-103 g/mol
[371) and PBSA (grade FD92PM, Mn 54-103 g/mol and Mw 134-103
g/mol [38]), were kindly supplied by PTT MCC Biochem Company
Limited, Bangkok, Thailand; PCL (CAPA 6506, Mw = 50,000 g/mol),
was purchased from Solvay; PHB, (Biomer T19, Mw = 223-103 g/mol,
Mw/Mn = 1.23), was supplied by Biomer (Germany) and PLA (Ingeo
4032D; <2 mol % of D stereoisomer, Mw = 183-103 g/mol), was pur-
chased from Nature Works. All the polymers were dried in oven at 40 °C
under vacuum for 24 h before usage.

2.2. Film preparations

Films were obtained by compression molding using a Dr Collin
P200E heating press (Ebersberg, Germany). The materials were heated
at specified temperature (120 °C PBS and PBSA, 100 °C PCL, 180 °C PHB
and 175 °C PLA) and subjected to a pressure gradient. Initially, they
were held at zero pressure for 5 min, then the pressure was raised to
50 bar for 2 min, followed by 100 bar for an additional 3 min, and
finally, to 200 bar for 1 min. Then, the films were quickly cooled to room
temperature using cold water. The resulting films were characterized by
a thickness of ~300 pm.

2.3. Degradation tests

Mesocosms were used to model some marine environments at lab
scale [39,40]. Three mesocosms were used for each polymer type in
order to improve reproducibility of the experiments [41]. In Fig. 1 the
three different exposure conditions at which the biodegradable poly-
mers were exposed are shown.

The mesocosms were represented by 60 L glass tanks filled with 50 L
of seawater and containing 10 kg of calcareous sand on the bottom, to
produce a gravel of ca. 10 cm height. A Micra 400 centrifugal pump (400
L/h, SICCE, Italy) promoted the circulation of the seawater into a lateral
filtration compartment (15 L) filled with perlon wool and ceramic rings.
A SHG Activce Drops bacterial activator (Super High Group, Ovada,
Italy) was added to each tank at the start of the experiment, according to
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Fig. 1. Left draw and right picture of the experiment set up indicating the three different exposure conditions at which the biodegradable polymers were exposed 1) 5

cm subsurface, 2) over the gravel, 3) buried in sand.

the manufacturer’s instructions, to prime the biological filtration and to
promote the maturation of a natural environment. Polymeric films with
dimensions of 13 cm x 6 cm were enclosed in nylon nets and positioned
into three different exposure conditions: 1) 5 cm subsurface; 2) over the
gravel; 3) buried in the sand.

The films were kept one year in the mesocosms and sampled at 113,
147, 224, 303, 363 days to study the behavior of biodegradable poly-
mers in the marine environment, and also, to carry out analyses on the
pieces of film.

2.4. Analytical techniques

At each sampling, films were characterized with different ap-
proaches to determine the degradation behavior of the polymers.

2.4.1. Gravimetric determination

The degradation of the tested polymers was monitored by gravi-
metric methods determining the weight loss (WL) of the samples,
averaged over three samples of each polymer type and for each sampling
time, using Eq. (1):

WL(%) = 100 (Wt /Wty) @

where Wty is the weight of the sample after a certain exposition time and
Wty is the weight before the exposition.

The average degradation rate (R) under the three exposure condi-
tions for the tested polymers was calculated using the Eq. (2):

R(mg+day —1+xcm—2) = Am/ (txA) 2)

where Am is the degraded mass (mg), t is the time interval (day) and A is
the surface area (cm?).

2.4.2. Thermal properties

Thermal properties of the samples were analysed by differential
scanning calorimeter (DSC) and thermogravimetric analyser (TGA). DSC
measurements were performed on film samples using a Mettler DSC
822e calorimeter, Mettler-Toledo, Inc. (Columbus, OH, USA), equipped
with a liquid nitrogen accessory for fast cooling. The calorimeter was
calibrated in temperature and energy using indium. Dry nitrogen was
used as purge gas at a rate of 30 mL/min during the measurement. About
5 mg of the samples were sealed in standard aluminum 40 pL pans. The
measurements on PBS, PBSA, PHB and PLA were carried out heating
samples from —70 to 150 °C at 10 °C/min while measurements on PCL
were carried out from —90 to 80 °C at 10 °C/min. DSC curves were
analyzed using the STARe Software 8.1, Mettler-Toledo GmbH (Co-
lumbus, OH, USA). The crystallinity of the samples was calculated by
dividing the sample melting enthalpy by the melting enthalpy of the
fully crystalline polymer that was 93.6 J/g for PLA [42], 139.5 J/g for
PCL [43], 142.0 J/g for PBSA [44], 145.0 J/g for PHB [45] and 195.0
J/g for PBS [46].

TGA measurements were carried out using a Perkin Elmer Pyris 1

analyzer. About 5 mg of each sample were placed in a platinum open pan
and heated from 50 to 700 °C at 10 °C/min. High purity nitrogen was
fluxed through the furnace at a flow rate of 40 mL/min. The temperature
at the maximum weight-loss rate (Tq) of each sample was determined.

2.4.3. Chemical analyses

The effect of degradation experiments on polymers was evaluated by
Fourier transformed infrared (FTIR) and 'H Nuclear Magnetic Reso-
nance (NMR) spectroscopy. FTIR spectra of the samples were recorded
at room temperature by means of a Perkin Elmer Spectrum 100 FTIR
spectrometer, equipped with an attenuated total reflectance accessory
(ATR), in the range 4000-650 em~ L All spectra were recorded at a
resolution of 4 cm™?, 16 scans were averaged for each sample. 'H NMR
spectra were recorded on a Bruker Avance 400 spectrometer on samples
dissolved in CDCl; (approximate concentration: 5mg/mlL; internal
standard: CDClg signal at 7.26 ppm).

2.4.4. Surface morphology

Morphological analysis was performed using a FEI Quanta 200 FEG
scanning electron microscope, SEM, (Eindhoven, The Netherlands) in
high vacuum mode, equipped with a secondary electron detector. SEM
analysis was carried out on film surfaces to evaluate the degradation
phenomena occurring during the test. Before the analysis, samples were
mounted on aluminum stubs and coated with an Au/Pd alloy using a
sputtering device, Emitech K575X (Laughton, UK).

2.4.5. Release in sediments

In order to detect the presence of released fragments in the sand 600
g of sand in which the films were buried were collected and treated with
600 ml of chloroform, stirred for 24 h at room temperature. The solvent
was recovered and concentrated to 2 ml using a rotary evaporator. The
remaining solution was casted on KBr disks and analyzed by using a
Nicolet iN10 MX Infrared Microscope (Thermo-Fisher Scientific, Madi-
son, WI) equipped with a liquid nitrogen cooled in order to individuate
traces of the buried polymer. All spectra were recorded at a resolution of
4 em™! in transmission in the range 4000-650 em™L,

3. Results and discussion

In Fig. 1 the three different exposure conditions at which the
biodegradable polymers were exposed are shown. During aging, a bio-
film grown on polyester films surface in all the tested conditions. The
polyester films were washed with distilled water and dried under vac-
uum at room temperature for 4 h before characterization. Isolation and
identification of bacterial strains which colonized the tested materials
was evaluated in a previous paper [41].

3.1. Gravimetric determination

The WL curves of the different films during degradation experiments
as function of time are reported in Fig. 2. The investigated polymers
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Fig. 2. Weight loss % (WL) versus time of the tested polymers in the three exposure conditions: i.e. 5 cm subsurface, over the gravel and buried in sand a) PBS; b)

PBSA; c) PHB; d) PCL; e) PLA.

exhibited different WL and degradation behavior depending on their
chemical composition and exposure in the mesocosm. PBS showed a
very low WL in all the experimental conditions: after 363 days of
permanence on 5 cm subsurface the materials lost about 13.4 % of the
initial weight; a WL of 15.7 % was recorded in sample placed over the
gravel and a WL of 10.3 % was obtained for samples buried in sand
(Fig. 2a). PBSA presented a greater WL %, about 40.8 % of reduction of
the initial weight, after 363 days of burial in sand, while PBSA films
placed over the gravel and on 5 cm subsurface presented a WL of 19.1 %
and 14.8 %, respectively (Fig. 2b). PBSA films presented a similar weight
loss behavior across the three exposure conditions; there is a slow
degradation during 224 days of exposition, then the weight loss
decreased more rapidly for the buried samples. PHB exhibited a very
high weight loss when aged over the gravel and 5 cm subsurface with
value after 363 days of exposure equal to 92.5 % and 98.2 %, respec-
tively. Lowest WL %, 67.7 %, was obtained after 363 days of burial PHB
films in sand (Fig. 2c). Also PCL samples presented high weight loss

during aging, WL 85.6 % was obtained for the samples placed over the
gravel, WL 73.1 % was measured after 363 days of film exposure to 5 cm
subsurface and WL 62.8 % was obtained after 363 days of burial in sand
(Fig. 2d). Finally, PLA showed a very low weight loss in all conditions
(Fig. 2e). In the first 147 days the weight remains almost unchanged
with a weight loss below 4 %. After 363 days the loss was 12.5 % for the
samples placed over the gravel, 12.1 % for the sample placed at 5 cm
subsurface and 11.0 % for sample buried in sand.

The mean degradation rates, R, were determined experimentally in
the three exposure conditions (Table 1). The values obtained, expressed
in mg per day per unit area (mg day' ¢cm), show a clear variability
between the different materials and the experimental conditions. The
polymer that showed the highest degradation rate was PHB, with val-
uesranging from 0.0539 to 0.0806 mg day'cm2 .PCL (0.0277-0.0307)
and PBSA (0.0104-0.0233) followed, while PBS and PLA were posi-
tioned significantly lower, with values lower than 0.0103 mg day'cm™.
These experimental results are comparable with those reported in the
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Table 1
Average degradation rates, R, (mg day~! ecm~2) of the 5 polymers under the 3
exposure conditions.

Sample R (mng day ! em™2)
Buried in sand Over the gravel 5 cm subsurface
PBS 0.00587 0.01024 0.00775
PBSA 0.02327 0.01192 0.01048
PHB 0.05393 0.06942 0.08062
PCL 0.02788 0.03075 0.02766
PLA 0.00868 0.00902 0.00899

meta-analysis conducted by Dilkes-Hoffman et al. (2019), who collected
quantitative data on the biodegradation of polyhydroxyalkanoates
(PHAs) in the marine environment [47]. According to the authors, the
average degradation rates of PHAs, with particular attention to PHB, are
between 0.04 and 0.09 mg day'cm2, depending on the experimental
conditions and sample morphology. The data obtained for PHB in the
present study fall within this range, confirming its strong biodegrad-
ability in the marine environment. In contrast, the other polymers
analyzed, in particular PLA and PBS, show degradation rates much
lower than those of PHB and do not fall into the domain of materials
commonly considered PHAs. It is important to note that a limitation of
this calculation is that the degradation rate is calculated assuming that
degradation occurs in a constant (linear) manner over time. This does
not necessarily reflect the real behavior: in many cases, polymer
degradation follows a non-linear pattern, for example with an initial lag
phase or an acceleration in the final phase (e.g. due to fragmentation or
biofilm). The use of a linear average may underestimate or overestimate
the actual time required for complete degradation.

It is to be highlighted that the degradation of these materials was
assessed through the weight loss of the samples, used as an indirect in-
dicator of the material degradation. This methodological choice allows
to estimate the material degradation and the potential release of
microplastics into the environment, but does not allow to draw con-
clusions on biodegradation extent, i.e. on the mineralization of organic
carbon into CO: by the microbial community.

Several works in the literature have addressed this distinction. The
study by Nakayama et al. (2019) demonstrated that some polyesters, in
particular PCL, can indeed biodegrade in the marine environment, but
only under well-defined and monitored conditions, through BOD
(biochemical oxygen demand) tests with natural inoculum [48]. How-
ever, many other materials show extremely slow or negligible degra-
dation rates in similar conditions. In a complementary manner,
Lépez-Ibanez and Beiras (2022) developed a rapid protocol to assess
mineralization in realistic marine sediments, highlighting that many
materials certified as "biodegradable" in compost do not degrade at all in
the marine environment, although they may undergo fragmentation
phenomena [49]. This discrepancy is fundamental for the interpretation
of data based on mass loss alone. As also highlighted by Chinaglia et al.
(2018), fragmentation and surface erosion of materials do not neces-
sarily coincide with microbiologically active biodegradation [50]. In
fact, polymers can undergo physical disintegration processes, often
accelerated by environmental conditions such as solar radiation, me-
chanical action of waves or biofouling, which reduce the mass of the
sample without effective carbon assimilation by microorganisms. In the
specific case of biodegradable polyesters, this fragmentation can lead to
the release of microplastics that, can persist in the environment for a
long time and contribute to marine or terrestrial contamination. The
study by Dilkes-Hoffman et al. (2019) estimated, through a
meta-analysis, that the complete degradation of PHA objects in the
marine environment can take years, suggesting that even biodegradable
materials can constitute a source of microplastics if managed inade-
quately [47]. Weight loss can therefore be considered a useful indicator
to describe degradation phenomena and potential release of
microplastics.
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3.2. Thermal analyses

The influence of degradation on thermal transitions, as well as on the
thermal stability of the samples, was analyzed by using DSC and TGA.

As reported in Fig. 3, the melting temperatures (Ty,) remain un-
changed during the exposure period for all the samples analyzed and in
all conditions. All polymers, except PHB and PBS, present a similar
thermal behavior with an increase of the crystallinity index (X.) of about
6-10 %. PLA samples, in all the tested conditions, present an increase of
X, during the first 100 days of aging, along with an increase in the glass
transition temperature, Tg, as reported in Fig. 4. Such an increase could
be associated to the degradation of the amorphous regions and micro-
structural rearrangements in the films that induce a rise in crystallinity.
In the subsequent days, no significant differences in X, were observed for
PLA samples aged at 5 cm subsurface. A further increase of X, was
observed after 1 year of exposure in PLA sample aged over the gravel
while a slight decrease was detected in samples buried in sediments, at
the same time of testing. This reduction in the degree of crystallinity was
already reported in literature [51,52], and ascribed to water diffusion
within the polymer chains. An increase of X, was noted in PCL and PBSA
samples in all the exposure conditions, while no significant differences
in X, were measured in PBS samples. X, value of PHB samples, inde-
pendently from the aging conditions reach a minimum after 147 days of
testing this could be attributed to an extended degradation involving
amorphous and crystalline regions [29].

DSC curves of PLA during the exposition period in water surface,
reported in Fig. 4, showed that after the first 100 days of exposure an
increase of glass transition temperature (Tg) and a progressive broad-
ening of the cold crystallization peak as a function of exposure time
occur. It is interesting to note the development of a double melting peak
during the exposition time. The double melting can be explained with
the lamellar thickness model, which theorizes the existence of two kinds
of crystal lamellae with different thicknesses [53,54]. Melting of thinner
lamellae will be associated with lower temperature endotherms, while
melting of thicker lamellae will be associated with higher temperature
endotherms. In absence of changes in the chemical structure, as it was
seen by FTIR analysis which will be discussed in Section 3.3, this thermal
behavior can be explained by a physical aging process [29,55].

The thermal degradation temperature (Tq) of the samples analyzed
by TGA was little affected by the different exposure conditions. TGA
curves reported in Fig. 5, showed that the thermal degradation of all
analysed materials occurred in a single-step process. After 1 year of
aging, all the samples, except PBS, show a slight shift to lower temper-
atures of the weight loss, suggesting a worsening of thermal stability of
the samples after aging with an anticipation of degradation compared to
the unaged samples. This behavior is more evident for PHB, PCL and PLA
(Fig. 5c-e), while PBS and PBSA the typical thermal degradation after
aging (Fig. 5a-b). The lower thermal stability of aged PHB, PCL and PLA
could be explained considering that the degradation (hydrolysis and/or
microbial attack) results in the formation of polymer chains with lower
molecular weight affecting their thermal behavior [28]. Moreover, in
the case of PHB, a hydrolytic scission mechanism caused by water
adsorption is reported in the literature, which accelerates the hydrolysis
leading to a faster degradation of the polymer, reducing its thermal
stability [56,57]. The same behavior was observed for the samples in all
the exposure conditions (Figure S2).

3.3. Chemical analyses

The chemical modifications of the polymeric samples during expo-
sure to the three different conditions, simulating their presence across
the water column in marine environment, were monitored by FTIR-ATR
and NMR spectroscopies.

Polyesters are sensitive to hydrolysis reactions of ester bonds in the
polymer backbone which lead to the formation of alcohol and carboxylic
acid groups [58].
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N vibration, as a result of a progressive hydrolysis of the ester bonds during
exo —Unaged 113 days —147 days aging [29]. This behavior suggests that the effect of remaining to 5 cm
— 224 days 303 days — 363 days subsurface resulted in structural changes in PBS and PBSA [60].

|1ﬁ

40 60 80 100 120 140 160 180
Temperature (°C)

Fig. 4. DSC thermograms of PLA during exposition time at 5 cm subsurface;
DSC of all the films exposed to the other three conditions are available in
Figure S1 of the supporting material.

FTIR spectra of PBS and PBSA films showed three absorption bands
of C=O0 stretching modes centered at 1736 cm™!, associated with free
amorphous region, 1720 cm ™! and 1713 em™! due to the formation of
crystalline structure [59].

During exposure to 5 cm subsurface (Figs. 6a, b) is evident a pro-
gressive decrease of the C=0 and -C-O—C- bands (at 1713 cm™! and
1164 cm™! respectively) and an increase in the OH group stretching

Different mechanisms of scission of the PBS and PBSA chain have been
proposed in the literature: among these, the extraction of a-hydrogen
which leads to the formation of carboxyl and aldehyde groups via hy-
droperoxides, the Norrish I of chain scission which leads to carboxyl,
aldehyde and ethereal, the oxidation of the terminal hydroxyl groups
leading to carboxyl groups and the extraction of f-hydrogen resulting in
the formation of unsaturated compounds [61-63]. The aging of PBS and
PBSA in all exposure conditions results in the hydrolysis of the ester
bonds in the main chains. PHB spectra (Fig. 6¢) presented an increase in
the absorption band in the range 3000-3500 cm ?, related to the O—H
stretching. The band at 3437 cm™ increased with exposure time in all
conditions due to an increase in the OH groups as consequence of the
formation of carboxylic acid and unsaturated groups, representing an
indication of PHB degradation [64]. In the C—H stretching region
(2800-3200 cm™), six bands of semicrystalline PHB were identified:
3007 cm™!, 2997 cm™?, 2976 cm™!, 2935 cm™, 2873 cm™! and 2850 cm™
[65]. A gradual increase in the intensity of these bands was observed
with increasing exposure time suggesting the development of PHB
crystalline structure and the reorganization of crystal phase due to the
degradation of the material. The appearance of a band at 2920 cm ™! was
highlighted after exposure period, more intense in the films over the
gravel and buried in the sediment. This band is associated with the
aliphatic stretching of C—H and may be due to a scission of the chain in
the crystalline and amorphous regions [66]. Weak intramolecular in-
teractions such as hydrogen bonding C-H:--O=C between two helical
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Fig. 5. TGA thermograms of the films before and after 1 year of exposition at 5 cm subsurface; a) PBS, B) PBSA, C) PHB, D) PCL, E) PLA.

structures in PHB were also reported [67]. At 1720 cm™ is visible the
absorption band due to C=0 stretching vibration of PHB in the crys-
talline phase together with a broad band at 1740 cm™ arising from the
C=O0 stretching of amorphous PHB. The increase in the band at 1740
em™}, during exposure, could suggest the formation of intermolecular
hydrogen bonding between PHB chains in the amorphous phase [67].
Moreover, the presence of OH and amide I (1650 em™) and 1I (1520
cm ™) groups further suggest the occurrence of biodegradation process
on plastic surfaces with accumulation of nitrogen groups [68].

As shown in Fig. 6d the PCL characteristic bands are recorded at
2943 cm™! and 2865 cm ™! related to the asymmetric and symmetric
stretching of CHj respectively, 1720 cm ™! associated with the stretching
of carbonyl groups, 1294 cm ™! ascribed to C—O and C—C stretching,
1239 cm™! and 1169 cm ™! related to the asymmetric and symmetric
stretching of C—O-C. After exposure period, the peak intensity de-
creases, thus showing degradation up to the molecular level [69]. The
increase in the intensity of the bands associated with the absorption of
hydroxyl (between 3600 and 3300 cm ™! and between 710 and 600
em ™), combined with the reduction in the intensity of the band at 1720
cm ! associated with the ester groups, visible in the PCL spectra during
the exposure period (Fig. 6d), suggests the formation of hydroxyl

terminal groups following the scission of macromolecular chains typical
of hydrolytic degradation [70], confirming the effective process of
degradation of PCL.

The PLA spectra (Fig. 6e) during degradation in all conditions do not
show any significant changes in the C=0 and OH absorption bands, that
indicates the no significant change in the chemical structure. This result
is in line with the absence of degradation observed during all the
experimental periods.

The results are the same in all conditions. FTIR spectra of the films
exposed to water bottom and buried in sediment are available in
Figure S3 of the supporting material.

'H NMR analysis was carried out on the materials showing the
highest weight loss: PHB, PCL and PBSA. In the 'H spectrum of PHB
before and after exposure to water surface, see Fig. 7, it was possible to
identify, besides the main PHB signals [71] at 1.28 ppm (-CHj),
2.48-2.62 (—CHz-) and 5.26 ppm (-CH(CH3)-), also the signals attrib-
uted to chain end groups. In particular, the signal of -CH(CH3)-OH of
hydroxyl end groups is identified at 4.17 — 4.21 ppm, while the signals of
unsaturated (propenyl) end groups, generated by chain scissions, are
observed at 5.80 and 6.95 ppm [72].

Although the presence of overlapping signals, due to trace
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Fig. 6. FTIR spectra of analysed films during exposure to 5 cm subsurface at different degradation time: a) PBS; b) PBSA; ¢) PHB; d) PCL; e) PLA.

impurities, hinders a reliable determination of molecular weight by peak
integration, the relative intensity of terminal groups increases by about
75 % in the degraded PHB sample, indicating a substantial decrease in
molecular weight.

On the contrary, for PCL and PBSA, the spectra of samples before and
after exposure to the marine environment do not show significant dif-
ferences (Figure S4). For PCL, the main signals are identified at 1.38
pPpm (-C(0)OCH,CHCH,CH,CH,-), 1.64 ppm (-C(0O)
OCHggchggchz—), 2.30 ppm (—C(O)OCchHchchzgg—) and
4.05 ppm ((-C(O)OCH>CH,CH>CH,CH,-) [73]. The signal attributed to
the -CH,OH of hydroxyl chain ends is observed at 3.64 ppm [74]and its
relative intensity is almost unchanged after exposure. Likewise, for
PBSA, the main signals attributed to the -CH,CH,0- (1.72 ppm) and
—CH,CH>0- (4.13 ppm) of butylene units, along with the CHy of succinic
units (2.64 ppm) and adipic units (1.67, 2.34 ppm) are readily identified
[75]. Methylenes of hydroxyl chain ends are observed at 3.68 ppm and
also in this case their relative intensity is unchanged. Moreover, there is
no evidence of a preferential degradation of adipate segments, as
sometimes observed [76] as the succinate/adipate ratio was mot

modified after marine exposure.

In the case of PCL and PBSA, then, NMR data did not show a strong
evidence of molecular weight degradation, in apparent contrast with
FTIR data discussed above. However, it must be considered that ATR-
FTIR analyses are focused on the surface of samples, while for NMR
analyses whole films were sampled and dissolved. This difference can
explain the fact that FTIR did show some sign of hydrolysis: these effects
can be essentially concentrated at the surface, while are not so strong if
mediated over the entire thickness of the sample.

3.3.1. Surface morphology

SEM micrographs of the samples after 363 days of degradation in the
different exposure conditions, reported in Fig. 8, allowed the detection
of the degradation phenomena occurring on film surfaces. The forma-
tion of numerous heterogeneous pinholes, cracks and grooves were
observed on the PBS, PBSA and PCL surface suggesting the occurrence of
degradation (Figs. 8a, b, d). Degradation phenomena were clearly
observable on PHB film surface after 363 days of burial in sand (Fig. 8c)
where holes with a diameter of about 100 pm and grooves are visible.
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PCL film surface, after 363 days of exposure to surface water, bottom
surface and burial in sand (Figs. 8d) presented several spherulites with
an average diameter of about 10 pm and 20 pm this last in the case of the
sample exposed to water bottom. PLA film surfaces were slightly
affected by exposure to the three conditions, especially films exposed to
5 cm subsurface and over the gravel (Fig. 8e), thus confirming that
limited degradation phenomena occur and affect surface morphology
and integrity.

3.3.2. Release in sediments

In order to verify the presence of degradation products of tested
polymers in the sediment present in the mesocosms, knowing the solu-
bility od these polymers in chloroform, extractions of sediment with
chloroform were performed and the recovered solutions were analysed
with FTIR spectroscopy. For each sample three replicates were extracted
and analysed. FTIR spectroscopy allows to identify the presence of traces
of PBS and PBSA (1 positive over three replicates) and PCL (3 positives
over three replicates). PLA and PHB were not found in sediments. FTIR
spectra of PBS and PBSA extracted from sediment are reported in Fig. 9a,
b. Spectra presented the typical absorption bands of PBS and PBSA: 1719

1 c=0 stretching vibrations; 1151 cm~L, C—O stretching mode;
1046 cm_l, O(CHy)40 vibration; 955 cm_l, C-O symmetric stretching
mode [77]. PCL was extracted form the sediments in all replicates as
highlighted by FTIR spectrum reported in Fig. 9c, where the charac-
teristic absorption bands of PCL were detectable: 1726 cm™! (C=0
stretching), 1190 cm ! (OC—O stretching) and 1294 em! (C—O0 and

C—C stretching in crystalline phase) [78].

These results allowed to conclude that during aging small fragments
of PBS, PBSA and PCL are released in sediment confirming the hypoth-
esis of breakup caused by environmental factors induced by the expo-
sure conditions.

4. Conclusions

The degradation of biodegradable polyesters such as PBS, PBSA,
PHB, PCL and PLA was studied for 363 days in simulated marine envi-
ronment under three different conditions (in the water surface, over the
gravel and buried in the sand). After 363 days of exposure in the marine
environment, the polymers show variable weight losses, depending on
polymer nature and the exposure conditions. Indeed, the mass loss rate
is significantly stronger and faster for PCL and PHB while the mass loss
rate for PBA, PBSA and PLA is very slow during time. The degradation
appears almost complete for PCL and PHB but for the PBS, PBSA and PLA
the weight loss does not exceed 20 % after one year of exposure in all the
tested conditions, except for PBSA buried in the sand which lose 40 % of
its initial weight at the end of the test.

The surface morphologies of the films during aging confirm the
occurring of the degradation in all the tested conditions. Numerous
cracks, grooves and holes were observed on the PBS, PBSA, PCL and PHB
films after one year of exposure while at the initial stage, the film was
smooth and did not show any specific observation. On the contrary, PLA
films show very little change on its surface after the same exposure time.
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Fig. 8. SEM micrographs of the films exposed at 5 cm subsurface, over the gravel and buried in sand at t0 and after 363 days for: a) PBS; b) PBSA; c) PHB; d) PCL; e)
PLA. 100 um scale bare indicates the dimension of larger SEM micrographs while scale bar of 20 um is for smaller SEM micrographs in the upper right.

During the exposure period, PLA was mainly subjected to physical aging,
as confirmed by DSC and FTIR analyses. FTIR, highlighted chemical
changes in all the samples, except in PLA. Exposure to the marine
environment induces hydrolytic degradation confirmed by a progressive
decrease, during the year of the experiment, of the absorption bands
ascribed to the stretching vibration of the C=0 and an increase of the
absorption bands ascribed to OH vibration. NMR spectra further
confirmed a change in signals attributable to terminal groups, probably
produced by chain scission reactions through hydrolysis of ester groups.

The FTIR analysis of materials extracted from sediment confirmed
the hypothesis of fragmentation phenomena of the films samples during
ageing. In fact, traces of some polymers, in particular of PCL, into the
sediment were found, a sign of the fragmentation and migration of small
pieces of the samples in the sediment.

10

In conclusion, the tested polyesters showed different degradation
kinetics and mechanisms during aging. In any case, the comparison of
the degradation behavior among the biodegradable polyesters allowed
to conclude that not all the biodegradable polyesters biodegrade in
marine environment thus their mismanagement at the end of life could
induce accumulation of plastic in the environment.
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