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Abstract

This master thesis was conducted in collaboration with the Biochemical Engineering &
Environmental Biotechnology lab of the Technical University of Crete within an Erasmus+
mobility (February-September 2022, most of experimental activity) and the Circular Economy
lab of the Politecnico of Torino (data analysis and some experimental activity).

Bioplastics are biodegradable and/or biobased polymers that are attracting increasing interest in
the marketplace and in the literature as sustainable alternatives to conventional fossil-based
plastics. Bioplastics undergo the same degradation mechanisms as conventional plastics, and their
degradation depends on their physico-chemical properties as well as on the exposure
environment. Biopolymers are often biodegradable only under specific and controlled conditions,
therefore their behavior in the marine environment is still unclear and raises concerns in the
scientific community. The aim of this work is the study of the degradation of two common and,
so-called “biodegradable”, bioplastics, namely polylactic acid (PLA) and thermoplastic starch
(TPS), in the coastal and pelagic zones of the marine environment. Accelerated weathering
(indoor conditions) and natural light (outdoor conditions) were simulated in the BEEB lab of the
Technical University of Crete. Pellets degradation over a 5-months period was studied. Weight
and size variations of pellets were monitored; Scanning Electron Microscope (SEM) for surface
topography changes, and spectroscopy, such as X-ray fluorescence (XRF) and Fourier Transform
Infrared (ATR-FTIR) for elemental composition and chemical bonds variations, were used.
Microplastics (MPs) formation was described and quantified using fluorescence microscope and
Nile Red, Dynamic Light Scattering (DLS), and Nanoparticle Tracking Analysis (NTA).
Degradation (visible as surface cracks, topography changes, weight and size differences, surface
bonds and elemental variations) was much more evident in pelagic pellets (in seawater) than in
coastal ones (on sand). Weight reduction for PLA in indoor conditions was 7.6% in the coastal
zone and 33.2% in the pelagic one. Weight reduction for TPS in indoor conditions was negligible
in the coastal zone and 16.8% in the pelagic one. An increase in the concentration of Si, S, and
Cl was observed on the pellets surface, especially for the pelagic ones. Due to the TPS porous
structure, these concentrations were up to two orders of magnitude higher than PLA (from 10* to
10* mg/kg). Biofilm formation for TPS in the outdoor pelagic environment likely enhanced
elements uptake. The Carbonyl Index (CI) increased from 0.30 to 0.85 and 0.47 for PLA indoor
and outdoor coastal, respectively; while decreased from 5.60 to 3.40 and 4.90 for TPS indoor and
outdoor coastal, respectively. MPs formation (mainly in the form of fibers) was similar for the
pelagic zone under indoor and outdoor conditions (from 10* MPs/ml of the pure seawater to 10°)
and its increase over the time was two orders of magnitude higher than in the coastal zone. To
conclude, degradation effects and microplastics generation were more visible for pelagic zone
with respect to coastal zone, likely due to hydrolysis effect. Photo-oxidation, along with its
degradation effects, was more powerful for indoor conditions (concentrated UV light) compared
to outdoor conditions.
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1. Introduction

Despite the decline in production in the first months of 2020 due to the Covid-19
pandemic, the plastics industry has already recovered, even stronger than before (Plastics
Europe, 2021), confirming itself as indispensable for the economy and for the everyday
life.

While globally it continues to grow very fast, except for the pandemic period, virgin
plastic production is slowly decreasing during the past years in EU27+3. However, with
55Mt of plastic produced in 2020, 29.5Mt of post-consumer plastic collected and a
recycling rate of less than 35% (Plastics Europe, 2021), the fate of the plastic waste is
nowadays of utmost concern due to its persistence and impact on several ecosystems
(Webb et al., 2012).

The packaging sector, followed by the construction sector and the automotive industry,
represents the largest end-use markets with a share of 45.5% in the EU27+3 sector plastic
demand (Plastics Europe, 2021). Thus, PE and PP, which are among the most used
plastics for packaging purposes, lead the market (Plastics Europe, 2021). Packaging
sector is by its nature devoted to design products that have a short life into the economy
and become trash after a very short period if compared with the persistence of these
plastics into the environment (Gewert et al., 2015). Thus, the high rates of plastic
production and its accumulation into the environment, along with its very low
degradability, led the topic and its threats, especially on the marine environment and
human health (European Commission, n.d.) , to be discussed at European level. Indeed,
many EU directives, in the frame of the EU plastics strategy, aim nowadays to face plastic
pollution and marine litter, accelerating the transition towards a circular plastics
economy. They mainly aim to act on the replacement of the most widespread single-use
items with more sustainable options (Single-use plastics Directive, 2019/904, (European
Commission, n.d.-b), and on the unsustainable consumption of plastic carrier bags (The
Plastic Bags Directive 2015/720, European Commission 2022).

Since the most widespread plastics are made from fossil fuels, that not only accumulate
into every environment but also contribute to increased greenhouse gas emissions
(European Commission, 2022a), the topic of alternative bio-based, biodegradable and
compostable plastics is rising interest over the years, reaching also a place in the policy
framework of the European Green Deal and new circular economy action plan (European
Commission, 2022a). Indeed, plastic durability is no longer seen as a virtue in many
sectors.

While bioplastics, that are entirely or partially made from biological resources, instead of
fossil material, are not necessarily biodegradable, biodegradable and compostable plastics
are supposed to biodegrade (European Commission, 2022a). However, the degradation
often occurs under controlled and specific conditions, such as enzymatic biodegradation
in industrial composting (Martin et al., 2014). Thus, being the degradation a property that
is influenced by many physical and chemical factors (Kliem et al., 2020), the fate of
bioplastics left into uncontrolled environments, both terrestrial and aquatic, is still
uncertain and under discussion. Filling the knowledge gap on this topic in the near term
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is strategic since these alternative plastics already constitute an important part of the
plastic economy and will see a further grow in the next years being important contributors
into the European Union climate goals (European Bioplastics, 2021c). Life cycle
assessments and toxicological studies of the bioplastic items, empathizing material
sources and in particular the fate and effect at their end-of-life in several environments,
are important to ensure the effectiveness and efficacy of these materials or assess all their
potential threats (Martin et al., 2014), such as microplastic formation or heavy metal
absorption and transport.

Microplastics are pieces of plastics, smaller than 5 mm and in various shape, that are
raising concerns over the years due to their growing volume found in the sea, in food and
drinking water (European Commission, 2022b). Currently there is not a specific and
comprehensive European law on microplastics related issues. However, in the framework
of the European Green Deal and the new circular economy action plan, the European
Commission claimed its purpose of facing the unintentional release of microplastics in
the environment and closing the scientific knowledge gaps concerning microplastics risk
and presence in different environments (European Commission, 2022b).

The experiments presented in this thesis fit in the over-mentioned problems and aimed at
filling the scientific knowledge gaps for bioplastics degradation and microplastics
formation, specifically in the marine environment. In particular, the alteration of the
physicochemical properties of two bioplastics, polylactic acid (PLA) and a biodegradable
thermoplastic starch (TPS), due to exposure to UV radiation in the coastal and in the
pelagic zone of the marine environment, has been monitored. Since in the recent years
the biopolymers, such as PLA and TPS, entered into the market as alternative solutions
to fossil-based plastics production and plastic waste problems, their investigation is
fundamental to fill the lack of scientific knowledge regarding their fate and MPs
formation in non-controlled conditions such as the marine environment (Deroiné et al.,
2014). Thus, two different marine compartments have been simulated. The coastal zone
has been simulated placing plastic pellets over beach sand. For the simulation of the
pelagic zone, the plastic pellets have been immersed in aquariums filled with real
seawater. The objective is to assess, by analyzing samples every two weeks, the changes
in the pellets physico-chemical properties, and the MPs/NPs formation of the two
different plastics in the two environments and under two different weathering conditions:
natural light weathering in a greenhouse and accelerated weathering due to the exposure
to UV lamps.

The experiments lasted 5 months (March — July 2022) and were performed in the
laboratory of Biochemical Engineering & Environmental Biotechnology (BEEB) at the
Technical University of Crete (Greece), in collaboration with the Circular Economy lab
of the Politecnico di Torino, in the context of the Erasmus+ exchange.
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2. Plastic degradation in the marine
environment: general overview

Since plastic waste is responsible for the 80% of the marine litter, consisting in particular
of single-use plastic items, carrier plastic bags and fishing gear (European Commission,
2022d), the study of the degradation mechanisms and the fate of plastic in such an
important environment is fundamental. Indeed, the final destination of plastics that are
not landfilled, incinerated, or recycled is usually the ocean. This chapter analyzes the
current state of research on plastic degradation in the marine environment.
Conventional plastics, that are fossil based, have a great stability and durability that allow
them to be useful in a wide range of applications. Due to these properties, they do not
usually degrade fast in the environment in where they are released (Catarci Carteny &
Blust, 2021).
Natural degradation of plastic in the environment is a mix of mechanisms that usually
requires decades and can be divided in four main mechanisms that are:

e photodegradation

e thermo-oxidation

e hydrolysis

e biodegradation
The exposure to sunlight and ultraviolet light lead to the fragmentation of the polymer
and to a decrease of the molecular weight in a way that microorganisms can metabolize
them. The pace of these processes depends on the plastics type and on the exposure
environment. For example, the plastic physical and chemical properties (mobility, degree
of crystallinity, molecular weight, hydrophobicity and functional group presence)
influence the decomposition time and conditions (Atiwesh et al., 2021). Also, usually in
seawater a polymer degrades in a slower way than if exposed to the air due to lower
temperatures and oxygen content (Webb et al., 2012). That’s why the study of plastic
degradation and its mechanism in the marine environment is of utmost importance.

2.1. The approach

The bibliography research to assess the state of the art of the plastic degradation in the
marine environment has been performed in January 2022 and updated in October 2022,
using Scopus database searching within “Article title, Abstract, Keywords” the following
words: ‘Plastic’ or ‘Polymer’ or ‘Plastic waste’, ‘Marine environment’ or ‘Seawater’,
‘Degradation’. Further selection has been made selecting Article and Reviews as
Document type, English Language, and a time period between the year 2071 and 2022.
Over a list of 284 documents sorted on Relevance, 138 documents have been selected and
transferred into an excel sheet containing Authors, Title, Year, Source title, Citation
number, DOI, abstract, and Author Keywords.
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A scheme is showed in Figure 2.1.

[ Scopus database

Article title,
Abstract,

Keywords: Document type

‘Plastic’ or
‘Polymer’ or
‘Plastic waste’,

o Article and
Marine

Reviews

Years of

publication

From 2011 to
2022

environment’ or
‘Seawater’,
‘Degradation’

H/_/

[ 284 documents sorted on Relevance ]

Degradation

megchanism [ S Seawater type
1 138 documents selected !

Plastic type Bl MPs/NPs

Figure 2.1. Scheme of the bibliographic research.

Reading the abstracts, the document type, a secondary keyword (or my keyword)
regarding the main focus of the document, the plastic types analyzed, and the type of

seawater used (natural or artificial), have been added. A frame of the Excel file is visible

in Figure 2.2.

by ntType Keywords type.
Wang G.-X., Seawater-Degradable 2021 Advanced 25 101002/ https-iwww.sc Polymers shape human life but they also have been identified as pollutants in the oceans Review
Huang D, Ji  Polymers—Fighting the Science advs.202 gpus.comfinwa due to thelr long lifetime and low degradability. Recently, various ressarchers have : biodegradable overview;
J.H,, Valker  Marine Plastic Pollution 001121  rirecord uri?ei studied the impact of (micro)plastics on marine life, biodiversity, and patential toxicity. polyesters:
C., Wurm FR. d=2-52 0-8509 Even If the consequences are still heavily discussed, prevention of unnecessary waste is marine plastic
67983218doj=  desired. Especially, newly designed polymers that degrade in seawater are discussed as pollution;
10.1002%2fad potential alternatives poly in certain
¥5.202001121  polymers that degrade in viva (used for biomedical during dable polymers
SparineriD=40 often exhibit too slow degradation rates in seawater. To date, no comprehensive
&md5=Tda235 summary for the degradation performance of polymers in seawater has been reported,
dd96bdi414d  nor are the studies for seawater-degradation following uniform standards. This review
concepts, and other factors affecting the degradation process
o in seawaler of several biodegradable polymers or polymer blends, As most of such
materials cannot degrade or degrade oo siowly, strategies and innovative routes for the
preparation of seawater-degradable polymers with rapid degradation in natural
environments are reviewed. It is believed that this selection will help to further
understand and drive the development of seawater-degradable polymers. © 2020 The
Authors. Published by Wiley-VCH GmbH
Tang €€, Toxtralsufaceand 2018  Marine 17 10.1016/ hitpsliwwwsc Virgin polyvinyl chloride (PVC) particles were exposed to heat, ultraviolet B (UVB)and  Arile  Environmental  photo/thermal- PVC
Chen Hol,  chemical properties of Pollution marpold opus.cominwa solar radiation either in artficial seawaler of in air for different periods of time. The degradation;  cxidation;
Brim| Ppolyviny! chioride Bulletin ul.2018.0 rditecorduri?al surface and chemical properties of fresh and degraded particle surfaces were Marine debris,
P,LeseC.L. paricles degraded ina 5062  d=2-s20-B504 determined via image analysis using scanning electron micrographs, a Marine plastics;
simulated environment B4606518daj=  Brunauer-Emmett-Teller (BET) specific surface area analyzer and Infrared spectroscopy. Surface
10.1016%2fm Thermal and UVE degradation resulted in unique PVC morphologies. In addition, the morphology:
arpolbul 2018, increased presences of funclional groups were evident as dehydrochlorination and Thermal
05.0624panina oxidation during the degradation process, which altered the chemical properties of PVC degradation;
D=408mdS=( In contrast, under solar exposure with or without seawaler, unevenness o the surface Uttraviolet B
Ad6I900571£20 was noted that seems to originate from degradation of the PVC surface; in addition, no (UVB) radiation
386021201 new functional groups were found. This suggests that the chemical properties of PVC degradation
eb29a8 are stable over extended periods in the marine environment. © 2018 Elsevier Lid
Tang C.-C., Morphology and 2019 Marine 17 101016/ hipsiwww.sc The morphology and chemical properties of polypropylene pellets degraded in the Article.
ChenH-l,  chemical properties of Pollution marpolb opus comiinwa terresirial and marine environments reveal their interaction batween marine pollutant and degradation;  oxidation;
Brimblecomba polypropylene pellets Bulletin 11.2019.1 ritecord uri?el biota and help us understand the fate of p . © 2019 Elsevier L Marine debris;
P,Lee C.-L.  degraded in simulated 10626  g=2.52 0-B507 (PP) pellets exposed to solar radiation, ultraviolét B (UVB) radiation and heat in four 0to
terresirial and maring = stimulated treaiments: dry-alr, seawater-air, seawater-darkness, and dry-darkness for degradation;
environments: 10,101 0.5-1.5 years to investigate morphology and chemical change under various Surface
arpolbul 2019, environmental conditions. Scanning eleciron microscopy and infrared speciroscopy were cracking;
amployed lo the virgin graded pollets. The degraded PP pellsts Thermal
dD=408mdb=f under solar and UVB irradiation revealed 35% and 12% cracks, respectively. Moreover, degradation

5762bbGaba8 carbonyl and hydroxyl groups formed on the surface gradually extanded 10 the interior.

1
8393a3c

However, under photo-irradiation, PP peliets floating in seawater showed less
dearadation than those in a drv environment. The formation of biofilm mav retard the

Figure 2.2. Frame of the Excel file with the bibliographic research.

In the following, the results of the bibliographical analysis will be shown and discussed.
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2.2. Research articles & review papers

Looking at the number of documents over the years it is evident that the study of plastic
degradation in marine environments has attracted an increasing interest. Looking at
Figure 2.3 it is visible that both scientific articles and reviews have increased over the
years. In particular, the high increase in 2020 and 2021 of review papers can be due to
the pandemic situation that forced people outside the laboratories. Since the research has
been made until October 2022, there are less documents for the year 2022.

35

30

H Reviews
25

m Articles
20
15

10

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Year of publication

Figure 2.3. Type of documents over the years.

Being these experiments located in the landscape of this hot topic, it is evident how
research is important to provide innovation and speed up the gaps closure.

2.3. Plastic types

A look at the different plastic types analyzed in the scientific literature over the years can
highlight the market trends and the materials that are arising more interest or concern in
the research landscape. PE, PET and PP are among the most common plastics (Figure
2.4) used mainly for food packaging and thus have been and currently are highly
investigated (Figure 2.5).
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PP : Food packaging, wrappers, microwave containers, pipes,
automotive parts, bank notes, ...

PE-LD, LLD : Reusable bags, trays and containers, agricultural film,
food packaging film, ...

PE-HD, MD : Toys, milk and shampoo bottles, pipes, houseware, ...

: Window frames, floor and wall covering, pipes, cable insulation,
garden hoses, inflatable pools, ...

PET : Bottles for water, soft drinks, juices, cleaners, ...
PUR : Building insulation, pillows and mattresses, insulating foams, ...

PS : Food packaging, building insulation, electrical and electronic
equipment, eyeglasses frames, ...

Other plastics : phenolic resins, epoxide resins, melamine resins, urea
resins, ...

Other thermoplastics : Hub caps (ABS); optical fibers; eyeglasses
lenses, roofing sheets; touch screens; cable coating in
telecommunications; and many others in aerospace, medical implants,
surgical devices, membranes, valves and seals, protective coatings, ...

PLASTIC TYPES 2020
Other plastics

%
PP

PS

PUR
8%

Other
thermoplastics
1%

PE-HD,MD
13%

Source: Plastic Europe, Plastics - The Facts 2021

PE-LD,LLD
17%

Figure 2.4. Percentage of the different plastic types in the global market and main sectors of
application (Plastics Europe, 2021).

From the Figure 2.5, it is also visible that bioplastics began to be highly investigated in

the last years along with their increased affirmation on the market as alternative materials
to common plastics to face plastic pollution environmental problems. Under the label
‘bioplastics’, plastics that are biodegradable, or plastics produced from biological
materials (in this case that can or cannot be biodegradable) are considered (Atiwesh et

al., 2021).
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Figure 2.5. Plastic type investigated over the years.
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2.3.1. Bioplastics

Being produced from non-renewable resources, with prices very dependent on oil prices
and leading to huge amounts of waste accumulation due to its short use lifespan (Deroiné
et al., 2014), common plastics, along with their unique and precious characteristics, have
several drawbacks. Developed as alternatives of fossil-based plastics, bioplastics
represent a wide range of biodegradable or renewable feedstock-based polymers, with a
degradability that, like the other polymeric materials, depends on the surrounding
environment and physico-chemical characteristics and can range from days to years
(Atiwesh et al., 2021).

During recent years, despite the slow decrease in plastic production (Plastics Europe,
2021), bioplastics have followed a continuously growing trend (Figure 2.6). However,
bioplastics still represent less than 1% of the total annual production (307Mt in 2020,
55Mt at European level) (Plastics Europe, 2021; European Bioplastics, 2021). This trend
is expected to grow in the future, with a bioplastics production around 2.42 Mt in 2021
to around 8 Mt in 2026, overcoming the 2% share in the global plastic production (Plastics
Europe, 2021; European Bioplastics, 2021).

While polylactic acid (PLA) is expected to continue to grow thanks to investments in its
production (led by Asia that is the main bioplastics producer), the main drivers of the
growth are biodegradable bioplastics such as biodegradable PBAT (polybutylene adipate
terephthalate) and PBS (polybutylene succinate). However, also the production of bio-
based non-biodegradable bioplastics, such as bio-PE (polyethylene) and bio-PP
(polypropylene), will increase (European Bioplastics, 2021c). Currently, 64% of the
bioplastics production accounts for biodegradable plastics (PLA, PHA, starch blends) and
it is expected to reach 70% by 2026, reaching 5.3 Mt produced. At the same time, the
share of bio-based non-biodegradable plastics will decrease, despite a production growth
(European Bioplastics, 2021c¢).

The growth in bioplastics production goes with the increasing possibility of their
applications to several markets, such as (European Bioplastics, 2021a):

o Packaging

o Consumer goods

o Fibers

o Agriculture and horticulture

e Automotive and transport

o Coating and adhesives

o Construction

o Consumer electronics and electrics
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Figure 2.6. Global production capacities of bioplastics 2021 and 2026 (European Bioplastics,
2021c).

In Figure 2.7, the share for the different market segments is reported.

There are many factors that are responsible for the success of bioplastics on the market.
Being promoted as materials that can face climate change and that can enhance the
independence from fossil fuels, bioplastics have a high consumer acceptance. On a more
technological point of view, bioplastics often have the same properties as conventional
plastics with an additional possibility for waste management that is composting and a
source that is renewable and easily available. For all these reasons, bioplastics are
nowadays often seen as environmentally friendly substitutes to conventional fossil-based
polymers.

However, there is still a lack of knowledge about the effects of bioplastic pollution in
some environments, such as in the marine ecosystems. Indeed, most bioplastics can only
degrade under specific controlled conditions; for some of them the decomposition process
leads to a release of greenhouse gasses contributing to a change in the ecosystem
equilibriums (Atiwesh et al., 2021) and some studies highlight that they can accumulate
heavy metal, toxic compounds, antibiotic resistance and metal resistance genes (Di
Cesare et al., 2021). Life cycle assessment, the study of degradation mechanisms and
toxicological analysis play an important role in order to have a comprehensive idea of the
similarities and differences between conventional polymers and bioplastics and their
impacts on the environment and human health.
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Figure 2.7. Global production capacities of bioplastics in 2021.

Polylactic acid (PLA)

Polylactic Acid (PLA) is a thermoplastic that can be produced using the conventional
melting technologies for fossil-based polymers, but using a plant-based feedstock, such
as corn, sugar cane, tapioca or potato starch (Atiwesh et al., 2021).

It has broad application possibilities (packaging, plastic bags, fibers, bottles) due to its
high melting point and mechanical strength, along with its high degree of transparency
that make it be comparable with traditional fossil-based polymers (Martinez Villadiego
et al., 2022). Its production as a short-life and disposable product has therefore increased
over the years, along with its competitiveness of the price on the market, despite the still
quite high production prices (Prieto, 2016; Sin et al., 2012). It is thus receiving attention
also from the research community. However, there is still a knowledge gap on how it
concerns its behaviour in marine environments (Webb et al., 2012). Like Webb et al.,
2013, have assessed, PLA does seem to have a low degradation rate in the water Webb et
al., 2012).

Thermoplastic starch (TPS)

The Thermoplastic starch (TPS) is a biodegradable bioplastic that, like PLA, can be
obtained using conventional technologies, from plant resources, water and/or other
plasticizers (e.g., glycerol, and glucose) and sometimes compounds containing nitrogen
(Atiwesh et al., 2021).

Starch-based thermoplastics are cheap materials usually used almost only for packaging,
due to their high sensitivity to moisture (they have high hydrophilicity), and low thermal
stability (Martinez Villadiego et al., 2022).
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2.4. Microplastics and nanoplastics

Oceans and seas are polluted by plastics that can have very different shapes (fragments,
pellets, fibers, beads, films,...) and present a wide range of sizes from large (such as
macroplastics (>25 mm), and mesoplastics (5-25 mm)) to very small brittles
(microplastics (1-5 mm) and nanoplastics (1-1000 nm)) (Bhatt et al., 2021; Sangkham et
al., 2022). The dimension of what is called micro or nanoplastics can differ according to
different definitions, so there is not a univocal characterization. Table 2.1 reports the most
widespread plastics characterization according to the size.

Table 2.1. Plastics characterization according to the size (Sangkham et al., 2022).

Plastic name Diameter Shape
Nanoplastics (NPs) 1-1000nm, <20 pm Fragments, pellets,
Microplastics (MPs) 1um-5mm

] beads, granules,
Mesoplastics (MSPs) 5-25mm
Macroplastics (MCPs) >25mm foam, fibers, films

As highlighted in Table 2.2, microplastics can be manufactured to be of microscopic size
for commercial products, such as pharmaceuticals, cosmetics, textiles (primary MPs), or
can result from the fragmentation and degradation of larger plastics due to environmental
exposure (secondary MPs) (National Geographic Society, 2022).

Table 2.2. Primary and secondary microplastics origin (National Geographic Society, 2022).

Primary MPs Secondary MPs

Manufactured for indirect or direct use as Produced from the breakdown, cracking,

raw materials for consumer polymer goods: | and/or degradation of larger plastic

fragments:
- facial cleansers, cosmetics, scrubs,
microbeads, - physical, chemical, and/or biological
- toothpaste, exfoliants, and abrasives action

- washing synthetic clothes and rubbers

- tea bags

The effects of these plastics on the living systems are linked with their pervasivity,
abundance, size, shape, and physico-chemical properties. Bigger-size plastics can have
consequences on movement, feeding and breathing. Smaller-size plastics can reach the
digestive system causing gastrointestinal and secretion blockage. That’s why the
assessment of the microplastics size distribution can be crucial to understand their
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behavior and potential hazard in the different environments (Yang et al., 2022). The
proven presence of toxic chemicals (such as polychlorinated biphenyls (PCBs), organic
pesticides, organic pesticides, dyes, heavy metals) on the plastic particles found in the
ocean increases the risk that can occur after their ingestion (Webb et al., 2012). The
bioaccumulation and biomagnification of these compounds, in addition to damaging
marine flora and fauna (listed in Table 2.3), can also enhance the risk to human health
(Bhatt et al., 2021). The toxic chemicals that can be found on oceanic plastics are linked
with several health issues, such as chronic inflammations, neurological problems, growth
of abnormalities, hormonal imbalances, different types of cancer, arthritis, diabetes,
obesity (Table 2.4) (Bhatt et al., 2021; Schirinzi et al., 2017; Webb et al., 2012). In this
context, also microplastics produced from biodegradable plastics (BMPs) cannot go
unnoticed. Indeed, BMPs can act as contaminants carriers until their complete
degradation, leading to the same environmental threats as conventional MPs (Bao et al.,
2022).

Table 2.3. Toxicity of MPs/NPs on animals (Pizzino et al., 2017; Sangkham et al., 2022).

Toxicity of MPs/NPs on animals

- Effects on cell viability (number of live,|- Cytotoxicity
healthy cells)

Alterations in the expression of some
- Oxidative stress (imbalance between| genes, and other DNA damages,
production and accumulation of oxygen

reactive species). .
- Metabolism changes

- Histological abnormalities ..
- Neurotoxicity

- Decreased immune response ) o
- Effects on reproductive activity

- Inflammation
- Tumors
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Table 2.4. Exposure routes (Sangkham et al., 2022).

Exposure routes

>
Ingestion (oral intake) Qé Inhalation \—  |Dermal contact Jm
& S

-> through food, water, beverages, ) ) - through textiles, cosmetics,
-> through indoor/outdoor air
drug capsule, salt skincare products, toothpaste
- High risk of biphenyl exposure |- Short and long-term acute and[- Skin discomfort and deeper
chronic respiratory problems absorption

- Serious health risk for long-term
exposure - Inflammation - Irritation

Human body’s systems affected by MPs/NPs exposure

Digestive and urinary tract system

% Circulatory and immunological system

Brain and nervous system E‘

Embryos and placental barrier
= %
%‘
Respiratory system {7

'@@@ Additional studies are needed to fill the knowledge gap about all the exposure routes and the
)

different effects of MPs/NPs on human health in different concentrations and environments

Recently, the problem of micro/nano-plastics contamination of marine environments has
arisen with increasing concern. The increasing importance of MPs/NPs presence and fate
is reflected in the amount of their investigation in the literature, as highlighted in Figure
2.8.
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Figure 2.8. Microplastics and nanoplastics investigation over the years.
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This trend is visible also in the investigation of plastics negative effects on marine biota
and human health, the contaminants interaction and transport (Figure 2.9).
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Number of documents
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Figure 2.9. Investigation of plastic toxicity in the marine environment over the years.

2.5. Secondary keyword attribution

To highlight which topics are mainly investigated in the literature of the plastics
degradation in the marine environment a secondary keyword (or My keyword) has been
associated with the documents.

The selected keywords are:

e weathering: it refers to degradation led by abiotic factors, such as sunlight, air,
heat, moisture, wind (Pickett, 2018).

e biodegradation: it is the conversion of a polymer firstly into its monomers, and
then into carbon dioxide, water, and methane (mineralization) performed by
microorganisms (Bahl et al., 2021).

e photo/thermal oxidation: it is the degradation of a polymeric material due to the
action of light or heat and oxygen (Gardette et al., 2013).

e hydrolysis: it occurs when water breaks down the chemical bonds of a polymer
(Gewert et al., 2015). Main point of hydrolysis: diffusion of water toward the
polymer interior, scission of ester linkages, reduction of chains into soluble
fragments resulting in lower molar mass. Temperature, pH, molecular weight,
crystallinity are the main driving factors (Gorrasi & Pantani, 2018).

e mechanisms overview: it refers to the description of the different degradation
pathways that a polymer can undergo in different environments and conditions,
and their effects on it and its properties.
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A keyword has been associated with a total of 92 documents out of the initial 112. The
results are shown in Figure 2.10. The documents without a keyword are mainly focused
on plastics characterization and detection into different environments, while the review
papers mainly focus on the effects of the different mechanisms on the degradation
(mechanisms overview).
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Number of documents
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Figure 2.10. Investigated aspects over the years.

The experiments conducted for this thesis are mostly focused on the investigation of the
photo-oxidation effects on the degradation of bioplastics.

2.5.1. UV weathering and Schwarzchild’s law

Ultraviolet radiation is usually considered one of the most important drives of
degradation. UV light can break molecular bonds that generate free radicals, leading to
the formation of hydroxyl acids and carbonyl acids. This can also lead to the scission of
molecular chains, and thus morphological changes of the material. Since the breaking of
bonds is due to photons with an energy higher than the bond, the rate of degradation of a
material increases with the level of UV irradiation (Yang et al., 2022).

Accelerating the degradation of plastics, by the photodegradation effect of UV light
(reciprocity law experiments), can be useful in the research on weathering and durability
of materials. However, since the accelerated condition obtained through lab experiments
does not match with the solar spectrum, these kinds of experiments experience sometimes
a lack of acceptance by the scientific community (J. W. Martin et al., 2003).
Specifically, reciprocity law experiments consist in experiments where the photoresponse
of the material analyzed is a function of the irradiance to which is exposed (Eq 2.1):

I -t = constant,
(2. 1)
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where / is the radiant intensity and ¢ is the exposure time.

Divergences from this law are called reciprocity law failures and often occur for very
high or very low values of irradiance (J. W. Martin et al., 2003).

The Schwarzchild’s law in Eq. 2.2 is a generalization of the reciprocity law, that accounts
also for low intensity experiments:

[ - tP = constant,

(2.2)

Where p is the Schwarzchild coefficient, and it is different according to the material
studied and the irradiance values.

The Schwarzschild’s law has been seen to model adequately the photoresponse (weight
loss, color and properties changes, MPs generation) as functions of the irradiance for a
large variety of materials during degradation experiments. The law is obeyed when a
linear relationship between the logarithm of the photoresponse chosen and the logarithm
of light intensity is found (Figure 2.11) (Yang et al., 2022).
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Figure 2.11. Example of photoresponse obeying to the Schwarzchild's law.

2.6. Natural or artificial seawater

Another important aspect to evaluate is the type of seawater that has been used to perform
the experiments. Artificial seawater is purer, containing salts and minerals, while natural
seawater can contain several contaminants depending on the area of collection and, if not
sterilized, microorganism and algae that can grow fast under certain conditions.

The experiments conducted in literature have been reviewed according to the seawater
type used. Results are shown in Figure 2.12.
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Figure 2.12. Type of seawater (real or artificial) used for research during the years.

Dealing with natural seawater is important when the fate of plastic waste must be
explored, since the main ending of plastics not recycled or landfilled or thermovalorized
is the sea. Thus, the experiments conducted in this work will be collocated in the real
seawater context. However, having real seawater conditions in a laboratory context is
challenging, concerning especially the temperature control and the sea waves simulation.

2.7. Novelty of the research

Literature research was conducted using Scopus to evaluate the state of the art in the study
of the degradation of bioplastics (specifically PLA and starch-based) in the marine
environment. Scopus database was used. The documents containing within “Article title,
Abstract, Keywords” the following words, have been selected: ‘bioplastic’ or
‘biopolymer’ or ‘biodegradable, ‘marine environment’ or ‘seawater’, ‘degradation’ or
‘weathering’ or ‘ageing’. Further selection has been made selecting Article and Reviews
as Document type, English Language, and a time period between the year 2071/ and 2022.
Over a list of 197 documents, only 31 research papers were found concerning PLA and/or
TPS, and only 22 research articles were found to be compliant with the same plastic types
and aim of the experiments: the study of degradation of bioplastics (PLA or starch-based)
in the marine environments. The results are summarized in Table 2.5.

The study of these two bioplastics became in the last years a landscape of increasing
interest as visible from the years of publication. PLA was more investigated than TPS,
and only two papers studied the two plastics together. Janik et al., 2018 studied the two
polymers separately, while Guzman-Sielicka et al., 2013 as blended-polymers.
Simulating coastal and pelagic zone, the effect of hydrolysis can be evaluated. While
simulating indoor and outdoor conditions, the effect of photodegradation can be analyzed.
No articles were found examining both pelagic and coastal zone of the marine
environment in both natural and accelerated weathering. Pinto et al., 2022 and Al-Salem
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et al., 2020 were the only one that studied UV degradation, but natural degradation was
not investigated.

Table 2.5. Table Summary for novelty of the research.

Elemental
Accelerated MPs/NPs | Days of | Type of [Sediments \e
Authors PLA TPS degradation formation [exposure|seawater| or sand ci‘:ﬂ::gﬁ“
Cheng et al. 2022 X real
Pinto et al. 2022 X with UV (photo- artificial X
degradation)
[Al-Salem 2022 X 82 days
Phosri et al. 2022 X real X
[Pokora et al. 2022 X
. with temperature
Miksch et al. 2022 X (thermal-oxidation) real
. with temperature e
Li et al. 2022 X (thermal-oxidation) 468 days | artificial
Canado et al. 2022 X
Mroczkowska et al. 2021 X X
[Eich et al. 2021 X X
with enzymes
Rheinberger et al. X enzymatic artificia
heinberg 1. 2021 ( t ficial
degradation)
INiu et al 2021 X
gg;rm Carteny & Blust < 180 days
Jacquin et al. 2021 X 134 days
[Delacuvellerie et al. 2021 X 82 days real X
Beltran-Sanahuja et al. 2020 X X
Al-Salem 2020 x with UV (photo- x
degradation)
Janik et al. 2018 X X real
Pauli et al. 2017 X real
Pelegrini et al. 2016 X 600 days | artificial
(Guzman-Sielicka et al. 2013 X X
[Accinelli at al. 2012 X real X
Total [ 16 | 8 ] [0 1 [ [ 6 | 2

No articles had investigated the formation of micro-/nano-plastics and only two
(Mroczkowska et al., 2021; Pinto et al., 2022) investigated the elements uptake and thus
the possibility of these plastics to became contaminants carriers. In this context, the use
of real seawater and real sand is important because they contain pollutants and toxic
elements.

Thus, up to date, this work is the only one giving a 360° vision on the degradation of PLA
and TPS in the marine environment with several different techniques. It is the first one
simulating both pelagic (with real seawater) and coastal (with real sand) zones, in natural
and accelerated weathering, being able to evaluate the effect of photo-degradation and
hydrolysis. It is also the first one analyzing the secondary MPs generated from the
exposure to the different environments.

3. Materials & methods

In the following paragraphs the experimental setup (schematized in Figure 3.1) will be
clarified, along with all the materials and instruments used.
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Figure 3.1. Experimental setup scheme.

In Sections 3.1 and 3.2 the setups of the two different environments will be described,
followed by the description of the materials and instruments used (Section 3.3). Also, a
detailed description of the methods used at every sampling day and along all the
experimental period is reported (Sections 3.4 and 3.5).

3.1. Coastal zone set up

To simulate the coastal zone metallic cups were filled with 10g of Cretan beach sand,
sieved with Imm-pores sieve and dried in the oven for 1 day to remove humidity. Each
cup contained 20 pellets of one plastic type. Half of the cups were placed in the
greenhouse, and the other half cups were placed in closed chambers and irradiated with
UV lamps (Figure 3.1). One cup per plastic type and per environment (4 cups in total per
sampling day) was removed for further analysis every two weeks.

Figure 3.2. Coastal setup: metallic cups filled with sand and plastic pellets.

All the 20 pellets were weighted prior to their addition on the surface of the sand in each
cup. The cup number and the initial weight were reported in an Excel file. Every two
weeks one cup per plastic type and environment was removed from the exposition
environment and the contained sand and pellets were analyzed. Pellets diameter and
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weight were monitored. Fourier transform infrared (FTIR), X-ray fluorescence (XRF)
and scanning electron microscope (SEM) were used to analyze the pellets surface
composition and changes. Microplastics (MPs) presence and concentration within the
sand were assessed through Fluorescence microscope and Dynamic Light Scattering
(DLS), after density separation. The day 0 of the experiments was 25" February 2022.

3.1.1. Outdoor conditions

Cups were positioned in a greenhouse, located in the Technical University of Crete
campus. A data logger (HOBO) was placed near the samples to monitor temperature and
radiation with an hourly time interval.

3.1.2. Indoor conditions: accelerated weathering

UV lamps were used for accelerated weathering in boxes insulated with aluminum foil
(Figure 3 3). For the first two months of the experiments, UVB lamps were used, before
their substitution with more powerful UVC lamps (after around 70 days from the
beginning of the experiments).

Figure 3 3. Indoor experimental setup.

3.2. Pelagic zone set up

The pelagic zone was simulated using 4 aquariums, one per plastic type and environment.
Pellets were weighted one by one to obtain weight averages and around 250 pellets were
placed in each aquarium. Approximately 10.25 g of PLA and 7 g of TPS per aquarium
were used. Twenty liters of natural seawater for each aquarium was collected from Agios
Onoufrios bay and was further filtered and sterilized. The sterilization process was
performed with an autoclave at 121°C and 100bar. Oxygen in the aquariums was provided
through an air-pump, to maintain real seawater oxygen concentration, and to provide
movement in the aquariums. Every few days the water level was checked, and deionized
water was added if needed to keep a stable total volume. Every two weeks, 20 pellets per
environment were removed and were analyzed: pellets diameter and weight were
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assessed, biofilm quantification, X-ray fluorescence analysis (XRF), Fourier transform
infrared (FTIR) and scanning electron microscope (SEM) were performed.

Temperature and radiation were continuously monitored with data loggers. Every two
weeks water pH, salinity, conductivity, Dissolved Oxygen, Redox Potential (ORP),
Nitrogen, Nitrate, Ammonia, Phosphorous contents were measured. Secondary MPs were
detected using Fluorescence microscope, Dynamic Light Scattering (DLS), and
Nanoparticle Tracking Analysis (NTA), and cells were quantified with flow cytometry.
The day 0 of the experiments is Wednesday 9th March 2022. As for the coastal zone, an
aquarium per plastic type was placed under UV lamps and in the greenhouse (Figure 3.4).

Figure 3.4. Pelagic zone setup (outdoor and indoor conditions).
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3.3. Instruments and materials

In Table 3.1 and Table 3.2, the instruments and materials used for the experiments are
summarized. A large amount of Falcon tubes, Eppendorf tubes, slimed pipets, glass
bottles, aluminum foil were used but was not reported.

Table 3.1. Coastal zone instruments and materials.

COASTAL ZONE

Objective

Technique

Model

Additional
materials

Experimental setup

Metallic cups

Sand

Plastic pellets (PLA
by Plastika Kritis
and TPS by
BIOTEC)

UV weathering

Exposure to UV lamps

Sylvania F36 T8 BLB lamps
Geyer HTSUVC36 254 nm

Boxes covered in
aluminum foil

Temperature and radiation
monitoring

Recording with data logger

HOBO data logger

Pellets’ weight

Precision weighting balance

Kern PNJ precision balance

Pellets’ cleaning

Immersion in ethanol

Honeywell Ethanol
denaturated with MEK, IPA
and Bitrex, absolute, >98%
(GC grade)

Pellets’ drying

Drying in incubator

Pellets’ size Graphic image analysis Imagel Ruler

f}l(li;)lr:e)escence spectroscopy Rigaku NEX DE
Pellets §!emental Infrared spectroscopy (FTIR) | Thermo Scientific’s iS50
composition S - oot .

canning electron microscopy
(SEM) FEI Inspect S50 SEM
. Honeywell Fluka Calcium
MPs/NP; tion fi ¢ .
S/INT's separation trom Density separation with CaCl, | Chloride Desiccant, ACS dH,0
sand
Reagent, 96.0%
Nile Red,

MPs/NPs concentration

Fluorescence microscopy

Leica DMLB + ebq 1000
isolated

Invitrogen, Thermo
Fisher diluted in
Acetone

MPs/NPs size distribution

Spectroscopy: Dynamic light
scattering (DLS)

Sald-7500nano Shimadzu
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Table 3.2. Pelagic zone instruments and materials.

PELAGIC ZONE

Objective

Technique

Model

Additional
materials

Experimental setup

Glass aquariums
Seawater

Plastic pellets (PLA
by Plastika Kritis
and TPS by
BIOTEC)

Air pumps (Seta air
275R plus)

UV weathering

Exposure to UV lamps

Sylvania F36 T8 BLB lamps
Geyer HTSUVC36 254 nm

Boxes covered in
aluminum foil

Temperature and radiation
monitoring

Recording with data logger

HOBO data logger

Pellets’ weight

Precision weighting balance

Kern PNJ precision balance

Pellets’ drying

Drying in incubator

Pellets’ size

Graphic image analysis

Image)J

Ruler

Biofilm quantification

Spectrophotometry

UVmini-1240 Shimadzu

Sigma, Crystal
Violet Solution, 1%
aqueous solution

Water analysis

Probe measurements for
Conductivity, Dissolved
Oxygen, pH, redox potential

Hach DR2800 portable
spectrophotometer

Spectrophotometry for
Nitrogen, Phosphate,
Ammonia, Nitrates

Hach cuvette tests (LCK138,
LCK349, LCK304, LCK339)

Cells quantification

Flow cytometry

Beckman Coulter CytoFLEX

Thiazole

Green: by Biotium
,Thiazole Green
(SYBR® Green I),
10,000X in DMSO

Pellets’ elemental composition

Fluorescence spectroscopy
(XRF)

Rigaku NEX DE

infrared spectroscopy (FTIR)

Rigaku NEX DE

Scanning electron microscopy
(SEM)

Thermo Scientific’s iS50

MPs/NPs concentration

Fluorescence microscopy

Leica DMLB + ebq 1000
isolated

Nanoparticle tracking analysis
(NTA)

NanoSight NS300

Whatman, Glass
Microfiber Filters
GF/A, diameter 47
mm, pore size 1.6
pum

MPs/NPs size distribution

Spectroscopy: Dynamic light
scattering (DLS)

Sald-7500nano Shimadzu

3.3.1. Plastic pellets

The fate of plastic pellets in the different environments and conditions was studied using
virgin plastic pellets (Figure 3.5). Polylactic acid (PLA) and thermoplastic starch (TPS)
were used, being nowadays polymers of great interest that have entered the bioplastics
market as good alternatives to replace fossil-based polymers and with a production that
has increased and is projected to increase even more over the years (Zaaba & Ismail,
2019).
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Figure 3.5. PLA and TPS virgin pellets.

Polylactic acid (PLA)

The PLA pellets used in the experiments were purchased from Plastika Kritis. They have
a density of about 1.25 kg/m? and an average diameter of 3 mm.

Thermoplastic starch (TPS)

The TPS pellets used (BIOPLAST GF 106/02) in the experiments are produced by
BIOTEC. They are plasticizer-free and GMO-free thermoplastic containing natural
potato starch. Their density is 1.25 kg/m?, they have a cylindrical shape with a height of
about 3 mm.

3.3.2. Calcium Chloride solution for density separation

The separation of micro-/nanoplastics from the sand was performed with a density
separation method using Calcium chloride. Calcium chloride is a salt with chemical
formula CaCls. that appears as a white crystalline solid at room temperature. It is highly
soluble in water and when it is dissolved in water the temperature of the solution rises,
because of its very high enthalpy change.

3.3.3. Fluorescence  microscopy for MPs/NPs detection and

quantification

A fluorescence microscope is an optical microscope equipped with ultraviolet light. It
eases the procedure of distinguishing the nature of what is being observed using the
fluorescent response of materials.
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Figure 3.6. Fluorescence microscope.

For this experiment the seawater (from the pelagic experiment) and the calcium chloride
solution after density separation (for the coastal experiment) were dyed with Nile Red.
Nile Red is a dye that has been seen to selectively bond to plastics, helping in their
identification and quantification (Sancataldo, 2020). Plastic surfaces can adsorb the dye
making the fragments fluorescent when irradiated with blue light (Maes et al., 2017). The
fluorescence microscope DMLB by Leica and the power supply ebq 1000 have been used
(Figure 3.6).

3.3.4. Dynamic light scattering (DLS) to measure MPs/NPs size

distribution

Dynamic light scattering (DLS) is a technique that can be used to determine the particle
size distribution of particles or polymers in a liquid. SALD-7500nano by Shimadzu was
used for this purpose (Figure 3.7). This instrument can detect changes in particle size and
particle size distribution at one-second intervals of particles in a range from 7 nm to 800
um (Shimadzu, n.d.).

Figure 3.7. SALD-7500nano by Shimadzu for Dynamic Light Scattering.
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3.3.5. Nanoparticle Tracking Analysis (NTA) for MPs/NPs

concentration and size distribution

Nanoparticle tracking analysis (NTA) is a technology for the analysis of particles in
liquids to retrieve particle size distribution and concentration for particles with size up to
2000 nanometers. It uses the particles properties of light scattering and Brownian motion
(Malvern Panalytical, n.d.). In this experiment the instrument Malvern Panalytical
NanoSight NS300 was used (Figure 3.8). The seawater samples were filtered with filters
with a pore size of 1.6 pm before being used for NTA analysis to avoid clogging the thin
tubes of the instrument. This is the reason why the high density CaCl, solution was not
used for NTA.

Figure 3.8. Malvern Panalytical NanoSight NS300 for Nanoparticle Tracking Analysis.

3.3.6. Energy Dispersive X-ray Fluorescence (EDXRF) spectroscopy for

pellets elemental composition

The analysis with Energy Dispersive X-ray Fluorescence (EDXRF) spectroscopy
provides a non-destructive method to determine the elemental composition of a material
in solid, liquid or powder. It can measure a wide range of atomic elements, starting from
Sodium to Uranium. Smaller atoms, having too little energy, cannot be detected directly
with this technique. Using this method, it is possible to detect what kind of elements, such
as heavy metals, have been adsorbed by the plastic pellets during their degradation
(Applied Rigaku technologies, n.d.). For this experiment the instrument NEX DE by
Rigaku was used (Figure 3.9).
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Figure 3.9. Rigaku NEX DE (picture by Applied Rigaku technologies, n.d.).

3.3.7. Attenuated Total Reflectance — Fourier Transform Infrared

Spectroscopy (ATR-FTIR) for Carbonyl Index evaluation

Changes in the chemical structure of the surface of the polymers can be examined using
Attenuated Total Reflectance - Fourier-Transform Infrared Spectroscopy (ATR-FTIR).
The instrument used in our case is Thermo Scientific’s Nicolet iS50 (Figure 3.10),
equipped with the diamond crystal ATR module. Spectrum acquisition is done with the
OMNIC software, provided from Thermo Scientific.

Figure 3.10. Thermo Scientific’s Nicolet iS50 (picture from Thermo Scientific, n.d. ).

3.3.8. Scanning electron microscope (SEM): morphological and

elemental characterization

Scanning electron microscopy is a very powerful tool to produces images of the surface
of a sample, using a concentrated electrons beam. Information about the
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surface topography and elemental composition can be retrieved. The instrument Inspect
S50 by FEI was used (Figure 3.11).

Figure 3.11. Scanning electron microscope (FEI Inspect S50).

3.3.9. Flow Cytometry (FCM) for cells quantification

Flow cytometry (FCM) is a technique used for the qualitative and quantitative
measurement of biological and physical properties of cells and other particles in liquid
solutions, with rapid analysis based on scattering of light and emission of fluorescence
occurring when a laser beam hits the cells moving in the pipes of the instrument (Manohar
et al., 2021). The instrument used was CytoFLEX by Beckman Coulter (Figure 3.12).

Figure 3.12. Flow cytometer CytoFLEX by Beckam Coulter.

Sheath, a high-density liquid, was used to separate the cells so that they go through the
system one by one. Sybr Green dye was used to ease the procedure of cells recognition.
The 488nm blue laser was used, and the forward scattering (FSC, related to the size of
the particle) and the side scattering (SSC, related to the complexity of the cell) were
considered. The seawater samples were filtered with filters with a pore size of 20 pm to
avoid tubes blockages.
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3.3.10. Spectrophotometry and Crystal violet for biofilm quantification

The crystal violet test was performed to determine the extent of biofilm on the plastic
pellets. The pellets were dyed with crystal violet dye and the optical density (OD) of the
cleaning solution was measured using a spectrophotometer (Ebert et al., 2021). This is an
instrument that can measure the intensity of light absorbed by the analyzed solution. The
spectrophotometer UVmini-1240 by Shimadzu was used in this experiment (Figure 3.13).

Figure 3.13. Spectrophotometer UVmini-1240 by Shimadzu.

3.4. Coastal zone analysis methods

Every two weeks one cup (containing the sand and the pellets) per environment and per
plastic type (4 in total) was removed. The analysis of the sand and the pellets was
performed separately and in parallel. In the following a description of the methodology
(schematized in Figure 3.14) is provided.
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Figure 3.14. Coastal zone experiment methods.
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3.4.1. Pellets

The pellets were immersed in ethanol and then let dry before the weighting process in
order to remove the sand particles that remain attached to the surface. A small part of
sand is thus lost during this process. However, the pellets and the sand were mixed to
spread the possible secondary MPs within the sand to reduce the losses at a minimum
level. The losses were more abundant for the PLA that exhibits an attractive effect
towards sand.

The pellets were placed in an incubator at 37°C overnight. When they were dry, their
weight can be assessed, and pictures were taken to monitor dimension changes. In every
picture a ruler was placed next to the pellets to set the scale in ImageJ. With ImageJ mean,
min, max and standard deviation of the pellets area and Feret diameter were calculated,
and these data was used to highlight possible size changes over the months. Since the
procedure highly depends on the precision of the user, light condition and pellet color,
only macroscopic changes can be monitored.

Moreover, some pellets undergo X-ray fluorescence (XRF) analysis to assess the
elemental composition of their surface (with particular focus on Chlorine, Sulfur, Silicon,
Iron, Nickel and Phosphorous). This allows monitoring of possible element adsorption,
leaching or changing on the pellet surface. For every sample the analysis was repeated
three times. Fourier Transform Infrared spectroscopy was used to highlight plastic blends
and the effect of the degradation process. Virgin pellets and the pellets of the last sampling
day were also analyzed with Scanning Electron Microscopy (SEM) to obtain images of
the degradation effects and the elemental composition of their surface.

3.4.2. Sand

Once the pellets were removed from the cup, a density separation process was performed
to separate the MPs/NPs on the liquid surface and ease the process of analysis. Thus, in
the first phases of the experiment several solutions were tested in order to find the
appropriate one. The solution must allow the plastic to float on the liquid phase and to
create a clear separation with the sand, in order to obtain trustable results regarding the
concentration of the particles.

Selection of the proper solution for the density separation

Since some PLA pellets were sometimes observed to flow on the seawater surface, the
Ist trial concerned an oversaturated solution of NaCl (concentration). 30ml of solution
with 30g of sand were added in glass bottles and mixed, before letting them settle down.
However, secondary PLA particles did not float on the solution but remained over the
sand.
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The second trial was performed with a solution of ZnCl, (~1.5 g/mL), according to
literature results (Rodrigues et al., 2020). 15 mL of ZnCl: solution were mixed with 10 g
of sand for one hour and then left to settle overnight. The density separation was clear,
and the plastic particles floated on the surface. Also, MPs were well detectable using
Fluorescence microscope with supernatant droplets.

However, with a zinc chloride solution many problems arise:

- Zinc is a heavy metal and thus must be carefully handled, also for its disposal.

- Chemical reactions occur inside the sand and lead to the formation of bubbles that
were trapped into the sand layer, lowering the level of supernatant.

- ZnCls is more expensive than other compounds

- Since zinc is corrosive, it was dangerous to use this solution with some of the
instrumentations before further (time consuming) filtration steps.

The 3%, and last, trial was performed according to Duong et al., 2022 with an
oversaturated solution of CaClz (~1.44 g/mL). The bottles with the solution were mixed
on the shaker and then let settled. The formation of separated layers was achieved. The
procedure for density separation and supernatant collection for microscope analysis was
preliminary performed with control bottles containing known concentrations of
polystyrene (PS) beads of known size (500 and 200nm with 10% and 10* concentration).
After the shaking and the settling of the sand, the supernatant (where MPs are expected
to accumulate) of each bottle was taken. A part of the sample was dyed with Nile Red to
highlight the presence of MPs under the fluorescence microscope. The samples were left
in the dark with the dye for at least three hours. Longer time of incubation (compared to
literature values of 20 minutes) leads to better results. Droplets of 1yl were analyzed
under the microscope. PS beads under the microscope appeared magenta and were
recognizable thanks to their round shape.

The use of Fluorescence microscope for MPs detection was repeated at every sampling
day for every sample (3 droplets of 1uL) to assess and monitor over the time the
concentration of secondary MPs. Also, during the microscope analysis pictures of the
MPs were taken to estimate a preliminary particle size distribution with Imagel.

The supernatant was then used for Dynamic Light Scattering (DLS) to estimate the
particle size distribution and monitor it over the weeks. For both plastic types, the
refractive index was set to 1.45 and only results with a correlation higher of 0.900 were
considered. Calcium Chloride solution was used as blank. All the data was collected and
elaborated in Excel files to ease the procedure of comparing and analyzing the data.
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3.5. Pelagic zone analysis methods

Starting from the 21 March 2022, every two weeks seawater samples and 20 pellets from
each aquarium were taken for analysis. The scheme of the methods used is reported in
Figure 3.15.
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Figure 3.15. Pelagic zone experiment methods.

3.5.1. Pellets

Once removed from the aquarium three of the twenty pellets were collected for biofilm
quantification procedure. The followed protocol, from Lobelle & Cunliffe, 2011, was
followed:

- drying of pellets under the laminar flow wood

- dyeing with a drop of Crystal Violet

- 45 minutes drying

- pellets washing (three times with DI H>0)

- 45 minutes drying

- placing the three pellets into a 2 mL Eppendorf tube with 1 mL ethanol (95% v/v)
and on the shaker for 10 minutes

- transferring the solution to a cuvette and to the spectrophotometer

- measuring optical density (OD) at 595 nm.
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The remaining pellets should be cleaned from possible biofilm presence. Pellets were
added in Eppendorf Tubes with pure ethanol. The solution with the pellets was put on a
shaker overnight before. Next, the pellets were removed and dry in the incubator (37°C)
for one week. Indeed, pellets (especially TPS) tend to absorb water inside their structure
and weighting them one week after the sampling day leads to a weight reduction of 3%
for TPS (Figure 3.16).

0766g  0.765¢g

0.571 o] 0.555 g

PLA TPS
mAfter 1day mAfter 1 week

Figure 3.16. Weight difference: comparison between 1 day and 1 week after the sampling day.

At this point, all the pellets (including those treated with Crystal violet) were weighted
and pictures were taken to monitor dimension changes (using ImagelJ) following the same
procedure as coastal zone. As for coastal zone, some of the pellets undergo XRF analysis,
FTIR, and SEM to assess the elemental composition of their surface, plastic bonds and
surface changes respectively.

3.5.2. Water

During the sampling day in each aquarium the following water properties were monitored
with the use of a multimeter and specific probes:

- Temperature

- Conductivity

- Redox potential (ORP)

- Dissolved Oxygen (DO)
- pH

These properties were expected to be as close as possible to the seawater properties
(except for temperature) and their monitoring was important to check if some phenomena
in the water are occurring. Nitrogen, Phosphate, Ammonia and Nitrates concentrations
were also monitored over the weeks, using standard protocols for cuvette tests (LCK 138,
LCK 349, LCK 304, LCK 339).
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If during the sampling days differences in concentrations were visible, proper solutions
can be prepared to restore the initial concentrations. This was the case of Nitrogen that a
decrease was noticed during the months and a solution of potassium nitrate (KNOs3,
43g/L) was added accordingly.

A part of the collected seawater was dyed with Nile Red and left 3 hours before the
analysis with the Fluorescence microscope to detect microplastics. For each aquarium 3
drops of 1ul were analyzed. Each sample was also analyzed with DLS to determine the
particle size distribution, as for coastal zone. In this case, seawater was used as blank.
Few milliliters of seawater are filtered with 1.6 um filters and NTA was performed to
determine the particle size distribution and concentration of NPs. Another part of the
Sample was filtered with a 20micromiters Nylon net and was dye with Sybr Green (2ml
of samples with 10 pl of dye for 20 minutes) and the flow cytometer was used for
qualitative and quantitative cells determination, using the 488nm blue laser.

3.6. Sensitivity analysis

3.6.1. Pellets weight standard deviation and scale error.

Since for the pelagic zone all the pellets where immersed in the same aquariums and the
variability in pellets weight was quite high, problems arise during the weight variation
assessment. That’s why the standard deviation in the weight of 20 pellets was assessed
for 35 samples for each plastic (0.800 £ 0.02 g for PLA and 0.566 + 0.02 g for TPS).
Based on this, a percentage threshold below which the variation could be considered
meaningful was set. The threshold was 5.3% for PLA and 6.9% for TPS.

For the coastal zone, the variability of pellets weight was overcome thanks to the weight
assessment of the pellets in each cup before the beginning of the experiment. Thus,
coastal pellets weight assessment was mainly affected by the accuracy of the scale
(0.01g), thus weight losses smaller than 1.2% for PLA and 1.8% for TPS have been
considered as no meaningful changes occurred.

3.6.2. Regression analysis and R? for Schwarzcild’s law

To see if data obeyed to the Schwarzchild’s law (linear dose-response fit), regression
analysis was used. Regression analysis is a statistical tool for estimating the relationships
between a dependent variable (response) and an independent variables (dose) (Gallo,
2015). The goodness of fit to the law was evaluated with the coefficient of determination
R?, that determines the proportion of the variance in the response that can be explained
by the dose (CFI Team, 2022). R? can be calculated as (Eq 3.1):

RZ _ SSregression

SStotal

(3.1)
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Where SSregression 1S the sum of squares due to regression that measures how well the
model represents the data analyzed, and SSioar is total sum of squares measures that
measures the variation in the data (CFI Team, 2022).

3.6.3. Pearson coefficient correlation

Correlation is a statistical method for measuring the strength of the linear relationship

between two variables through the correlation coefficient that can vary between 1 and -1
(QuestionPro, 2022).

Correlation between two variables can be a positive correlation (if one variable increases,
also the other variable increases), a negative correlation (if one variable decreases, also
the other variable decreases), or no correlation (QuestionPro, 2022).

To analyze the results, the Pearson correlation coefficient (r) was used (Eq. 3.2):

= NExy-Ex)Ey)
VINEx2=(E 0)2][NEy2-(»)?]

(3.2)

Where N is the sample size, and x and y are the sample points (QuestionPro, 2022).
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4. Results and discussion

4.1. Degradation of the plastic pellets

4.1.1. Weight, size, and macroscopic changes

During the exposure period, lasted around 5 months (around 140 days), plastic pellets
underwent to some macroscopic changes that differed according to the plastic type and
the exposure environment and condition.
In Table 4.1 and Table 4.2 the light intensity that the pellets received during the
experiments is summarized.

Table 4.1. Light intensity recorded by Hobo data loggers for coastal zone.

COASTAL ZONE
Sampling # Days of exposure Sun[li(g\l;}i;gle}sity uv [lli(g\};;}i/i;?]lsny
0 0 0.00E+00 0.00E+00
1 19 3.36E+04 3.75E+02
2 31 8.45E+04 5.61E+02
3 45 1.67E+05 7.69E+02
4 59 2.64E+05 9.72E+02
5 73 3.47E+05 2.54E+03
6 87 4.59E+05 3.15E+03
7 101 5.71E+05 3.73E+03
8 115 6.75E+05 4.43E+03
9 129 7.81E+05 5.09E+03
10 143 8.85E+05 5.71E+03

Table 4.2. Light intensity recorded by Hobo data loggers pelagic zone.

PELAGIC ZONE
Sampling # Days of exposure Sun[lli?\};ﬁ;ﬁfgmy uv [llig\l;;}i/?;i?my
0 0 0.00E+00 0.00E+00
1 12 1.50E+04 1.41E+02
2 26 4.53E+04 2.86E+02
3 40 8.22E+04 3.27E+02
4 54 1.29E+05 3.82E+02
5 68 1.82E+05 5.75E+02
6 82 2.30E+05 1.29E+03
7 96 2.78E+05 2.00E+03
8 110 3.51E+05 2.68E+03
9 124 4.08E+05 3.27E+03
10 138 4.73E+05 3.87E+03

The cumulative light intensity of indoor conditions is lower than outdoor ones, also if
only the 4% of the sunlight (UV fraction) is considered. However, sunlight UV fraction
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is mostly UV A, that is less powerful than UVB and UVC. UV light of indoor conditions
is constituted by UVB light, for one half of the experiment, and UVC light that is the
most detrimental for polymers. Therefore, even with lower cumulative radiation, the
degradation effects are higher. Also, light intensity for coastal zone is higher than for
pelagic zone due to the water absorbance.

To have a more clear and effective data representation the days of exposure were usually
used as x-coordinate instead of light radiation that is different for each zone and condition.
In the following, visual differences are highlighted, followed by weight and size changes,
the microscopic effect of degradation on the surface, and variations in the surface
elemental composition.

Pellets degradation timeline

Looking at Figure 4.1 and Figure 4.2 for PLA OUTDOOR coastal there were no changes
visible with bare eyes, the INDOOR pellets started to turn yellow and to glue with the
sand, with no possibility of removal during the cleaning procedure (the presence of the
sand likely affected the weight measurements).

: 5 @ 0 ~ PLA INDOOR
3O 5O ) - D : (coastal)
Virgin 30 days 70 days 100days  130days 145 days
. © & _¢@ e ' PLAOUTDOOR
/ / (coastal)

Figure 4.1. Timeline of PLA pellets exposed in the coastal zone.

For the TPS pellets for the coastal experiments, the only macroscopic characteristic that
changes during the exposure period was the color (different shadows of yellow, Fig.).

; ‘ TPS INDOOR
) : (coastal)

Virgin 30 days 70 days 100 days 130 days 145 days

TPS OUTDOOR
(coastal)

Figure 4.2. Timeline of TPS pellets exposed in the coastal zone.

Concerning the pelagic zone, TPS OUTDOOR pellets were the ones that highlights the
most of macroscopic changes (Figure 4.3). Indeed, algal biofilm started to visibly grow
on the pellets surface after few weeks from the start of the experiments (Figure 4.4).
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No big differences were detectable for TPS INDOOR and PLA OUTDOOR, while for
PLA INDOOR a change of the color (from transparent to white, Figure 4.5) and a size
reduction were visible.

TPS
. INDOOR
(pelagic)
Virgin 25 days 55days 80 days 110days 125days 140 days

L A TPS
& - L] & & - OUTDOOR
‘ (pelagic)

Figure 4.3. Timeline of TPS pellets exposed in the pelagic zone. Pellets were cleaned and dried
before pictures.

@

Figure 4.4. Differences between virgin TPS pellets, exposed and cleaned pellets, and pellets
with biofilm after 90 days exposure (outdoor pelagic).

S PLA
(pelagic)
Virgin 25 days 55 days 80days 110days  125days 140 days
- PLA
D ) > 5 ~ -~ OUTDOOR
’ £ ~ 7, N .
(pelagic)

Figure 4.5. Timeline of PLA pellets exposed in the pelagic zone.

Thus, PLA indoor in both exposure conditions had more visible changes (sand adhesion,
color change and size reduction). For outdoor conditions changes were almost only
detectable for TPS pelagic due to biofilm formation.

Pellets weight variations

The weight differences over the exposure period can highlight signs of degradation. Also,
if degradation cannot be justified by weight data alone (Kliem et al., 2020), macroscopic
weight decrease is likely linked with pellets weathering. Coastal pellets weight
assessment was mainly affected by the accuracy of the scale, thus variations smaller than
1.2% for PLA and 1.8% for TPS cannot be considered as meaningful changes.
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Regarding pellets in coastal environment significative weight differences were visible
only for PLA INDOOR (Figure 4.6), with a weight reduction up to 7.6% for the last
sampling day. However, due to the impossibility to remove some sand particles from the
surface, this reduction could be more accentuated. Also, analyzing size differences with
ImageJ, no macroscopic changes were highlighted. However, for PLA INDOOR the
presence of sand particles could have affected the results.

mPLA IND! I
” LA INDOOR (coastal) 7.6%
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5 4% 34%  32%  -32%
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A% 1.2% relevant threshold 0.7%
0% 02% 04% -0.1% 0%
0% | — — - —
1% 0.3%
0 19 31 45 59 73 87 101 115 129 143

Days of exposure

Figure 4.6. PLA INDOOR coastal weight reduction.

Using the weight variations of coastal pellets as photoresponse in the Schwarzchild’s law
a clear linear dose-response was not visible. However, two different trends were visible
for PLA INDOOR corresponding to the two different types of lamps (UVB before and
UVC after, Figure 4.7). Weight variations after lamps change had a goodness of fit to the
law of R?=0.70.

Log UV light intensity
2.00 2.50 3.00 3.50 4.00
-0.080
-0.090
R2=10.08 o o o ° °

-0.100 °

Log weight
S
3

-0.120
R*=0.70
-0.130

-0.140

Figure 4.7. Schwarzchild’s law for PLA INDOOR coastal.

Regarding pelagic zone, weight losses were detectable for each plastic type with different
magnitudes (Figure 4.8). Pellets weight variation for indoor conditions was higher than
for outdoor one, with more effect on PLA than TPS. PLA INDOOR manifested a weight
reduction up to 33.2% (visible also with bare eye), while TPS INDOOR up to 16.8%.
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Due to the errors in weight assessment linked with the variability of the pellets size, the
standard deviation obtained from the weighting procedure of the pellets was used and a
significant threshold of 5.3% for PLA and 6.9% for TPS was retrieved.
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Figure 4.8. Weight variation for pelagic pellets.

Also, the size reduction confirmed the trend (Figure 4.9), that was more appreciable for
PLA INDOOR than TPS INDOOR. However, TPS OUTDOOR shows a size increase,
that could be due to biofilm accumulation on the surface, water intrusion and change of
the structure (the water intrusion occurs also for INDOOR conditions, but the effect of
external degradation is higher than the size increase).
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Figure 4.9. Timeline of pellets size variations,

Erosion of plastics in water can follow two different pathways: bulk erosion and surface
erosion. Bulk erosion is the predominant degradation mechanism when water diffusion
into the polymer structure is faster than its degradation, leading to homogeneous
degradation of the sample. When plastic degradation is faster than water diffusion, surface
erosion occurs: the polymer is eroded starting from the surface towards the interior
(Gorrasi & Pantani, 2018).

Surface erosion could be the main mechanism for PLA due to its less porous structure,
and for the indoor condition, due to the aggressiveness of the UV light. On the other hand,
bulk erosion could be the main mechanism for TPS in outdoor conditions because it is
more porous.

In Table 4.3 and Table 4.4 the main macroscopic variations are summarized.
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Table 4.3. Macroscopic variations for PLA pellets.

PLA
COASTAL PELAGIC
INDOOR OUTDOOR INDOOR OUTDOOR
Weight loss X X
Size X
(reduction)
Surface  visible X X
changes (sand glued) (size reduction,
color change)

Table 4.4. Macroscopic variations for TPS pellets.

TPS
COASTAL PELAGIC
INDOOR OUTDOOR INDOOR OUTDOOR

Weight loss X
Size X X

(reduction) (increase)
Surface  visible X X
changes (color change) (biofilm

formation)

Briefly:

- For outdoor conditions in the coastal zone there were no macroscopic signs of
degradation over 5 months of experiments.

- For outdoor conditions in the pelagic zone there were no macroscopic signs of
degradation over 5 months of experiments.

- Indoor conditions led to changes for all plastic types and all environments (with
less effect on TPS coastal).

4.1.2. Surface topography and elemental composition

Scanning Electron Microscope

Scanning Electron Microscope allowed to look at the microscopic sign of degradation,
otherwise not visible with bare eyes. In Figure 4.10 the surface of virgin PLA and TPS
pellets were photographed. From the pictures, the different surface morphologies are
visible: PLA surface appears smoother and with a higher crystallinity, while TPS appears
more porous and fibrous (as visible in the detail of Figure 4.11 with 1600%
magnification).
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Virgin PLA| Virgin TPS
20% mag| det WD vac mode | ————— 3 mm ———— HV mag| det WD vac mode | ———— 3 mm ———
20.00 kV |42 x| ETD|11.5 mm|High vacuum 15.00 kV| 42 x| ETD | 10.2 mm | High vacuum

Figure 4.10. Virgin pellets of PLA and TPS.

WD vac mode
x| ETD| 9.8 mm | High vacuum

Figure 4.11. Virgin TPS detail.

The spectrum obtained with SEM from the analysis of the virgin pellets surface appears
as the one in Figure 4.12, with peaks of C and O that are the main polymeric components,
and a peak in correspondence with the gold (Au), used to make pellets conductive. Also,
if probably on the pellets surface other elements can be present in small concentrations,
the signal of the carbon covers the weak signals of the other compounds.

Figure 4.12. Spectrum of a virgin pellet.
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From the pictures of the pellets at their last sampling day (Figure 4.13 and Figure 4.14),
the signs of degradation of the surface can be analyzed.

PLAINDOOR coastal PLA OUTDOOR coastal

HV  |mag| det| WD vac mode | ——— 3mm ——888 ™ HV  |mag| det | WD vac mode 2mm
15.00 kV| 42 x |ETD [10.0 mm |High vacuum 15.00 kV| 48 x | ETD | 8.6 mm |High vacuum

Figure 4.13. SEM pictures for PLA coastal in INDOOR and OUTDOOR conditions.

TPS INDOOR coastal TPS OUTDOOR coastal

mag| det | WD R R e 111111 Ke—) HV | mag| det WD vac mode | —————3 mm
15.00 kV| 43 x| ETD | 9.8 mm | High vacuum 15.00 kV| 42 x| ETD [10.0 mm | High vacuum

Figure 4.14. SEM pictures for TPS coastal in INDOOR and OUTDOOR conditions.

Strong differences between INDOOR and OUTDOOR conditions were visible, according
with the macroscopic changes summarized in Table 4.3 and Table 4.4.

As observed during the pellets cleaning procedure, for PLA INDOOR pellets, sand
particles remained sticked to the pellet forming a sort of glue, that is also visible in the
detail highlighted in Figure 4.15.

PLA INDOOR presented different degradation effects for the part in contact with sand
(upper part in Figure 4.13, more damaged, lot of cracks), compared with the free surface
(more homogeneous). A spot analysis (Figure 4.15) on what is supposed to be a sand
particle allowed to confirm this hypothesis.
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det | WD
x| ETD |10.4 mm|High 090 180 270 3.60 450 5.40 630 720 8.10 900  kev

Figure 4.15. Detail of PLA INDOOR coastal pellet surface.

Looking at the pellets surface closer, completely different degradation effects for the
different conditions can be observed (Figure 4.16 and Figure 4.17).

mag | det WD vac mode f— P — det WD vac mode
200 x| ETD |10.0 mm|High vacuum 15.00 kV[200 x| ETD |10.1 mm|High vacuum

Figure 4.17. TPS INDOOR and OUTDOOR coastal surface.
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Despite the cleaning procedure with ethanol, several extraneous bodies were visible on
the pellets surface. Using TPS OUTDOOR as reference surface, a spot analysis (EDS)
was done in several points to assess the nature of these particles (Figure 4.18).

HY | mag | det| WD
15.00 kV[800 x| ETD | 10.0 mm |High vacuum
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Figure 4.19. Spectra of the particles in A and B.
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Figure 4.20. Spectra of the particles in C and D.
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Figure 4.21. Spectrum of the particles in E.

Spectra (Figure 4.19, Figure 4.20, and Figure 4.21) highlighted that these objects were
mainly salts and microscopic sand particles. In Table 4.5 the elements present in the
various spots are summarized.

Table 4.5. Elemental composition of TPS coastal outdoor (last sampling day).
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Also, analyzing the elemental concentration with XRF on the part of the pellets covered
by sand (Table 4.6) highlighted the sand composition, that is compliant with SEM EDS
results.

Table 4.6. Elemental concentration in mg/kg for PLA indoor coastal pellets covered by sand
(with XRF).

Al

Si

S

Cl

Ca

Fe

Ni

2270

64800

194

119

28100

702

53.2

The presence of S, Si, Fe, Cl (also visible with XRF) was assessed. However, Nickel was
never detected but the high content of C could have covered the signal.

To better understand the black spots present on TPS INDOOR coastal surface, two
magnifications were done (800x and 3000x, Figure 4.22).
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vac mode det| WD | vacmode |——————40pm
15.00 kV[800 x| ETD [ 9.7 mm |High vacuum 5 ETD |10.0 mm|High vacuum

Figure 4.22. TPS coastal indoor. Detail to highlight differences between the surface and the
blackish spots.

The black spots visible in TPS INDOOR could be due to different degradation occurred
in the part where the surface was in contact with the sand. The porosity of the surface
seems to decrease a lot in the black area (the surface seems to have been compacted).
This is the area where surface cracks were more visible.

Looking at the pelagic zone (Figure 4.23 and Figure 4.24), the situation appears quite
different. Indeed, differences from virgin pellets are visible for all plastic types and

condition of exposure, according to the macroscopic changes summarized in Table 4.3
and Table 4.4.

PLA INDOOR pelagic

HV mag| det WD vac mode | ————— 3 mm
15.00 kV| 42 x| ETD | 10.0 mm|High vacuum

PLA OUTDOOR pelagic

HV mag| det WD vac mode 2mm
15.00 kV| 48 x | ETD | 10.0 mm | High vacuum

Figure 4.23. SEM pictures for PLA pelagic in INDOOR and OUTDOOR conditions.

56



TPS INDOOR pelagic TPS OUTDOOR pelagic
HV mag| det WD vac mode | ———— 3 mm ——— HV mag| det WD vac mode | —— 3 mm ———
15.00 kV| 42 x| ETD [10.0 mm|High vacuum 15.00 kV| 42 x |ETD |10.0 mm[High vacuum

Figure 4.24. SEM pictures for TPS pelagic in INDOOR and OUTDOOR conditions.

For the INDOOR conditions, pellets surface presented a high level of degradation,
consisting in cracks and fractures, especially for PLA (Figure 4.25). Pellets in
OUTDOOR conditions presented surface inhomogeneities. The surface seemed to be
partly covered by biofilm (Figure 4.26).

WD vac mode | vac mode
15.00 kV|200 x| ETD | 9.7 mm |High vacuum 15.00 kV[200 x| ETD | 10.0 mm | High vacuum

Figure 4.25. PLA INDOOR and OUTDOOR pelagic. Different surface degradation with same
magnification (200x).
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det | WD vac mode | — L0 V111 Re— HV mag | det WD vac mode | ———— 500 ym ——

15.00 kV|200 x| ETD | 9.9 mm |High vacuum 15.00 kV|250 x| ETD [10.0 mm | High vacuum

Figure 4.26. TPS INDOOR and OUTDOOR pelagic. Different surface degradation with same
magnification (200x).

Looking closer to impurities on the surface of TPS OUTDOOR pelagic, salt crystals were
detected (Figure 4.27). Moreover, some fiber-shaped particles (Figure 4.27 in yellow
circles) with the same shape and size as the MPs visible with Fluorescence microscope
were observable on the surface.

Q . o
i TR
T

si

Figure 4.27. TPS OUTDOOR pelagic detail and spectrum.

From an enlargement of the image of PLA INDOOR (Figure 4.28), the spectra of the
fragments present on the surface confirmed that it was plastic dethatching. Also, on the
polymer surface ruts in the form of fibers (that was the predominant shape in which MPs
are visible under the Fluorescence Microscope) were visible.
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HV mag | det WD vac mode | —. 0. ] 1111 Re—
15.00 kV 400 x| ETD | 9.9 mm | High vacuum 0.90 180 270 3.60 4.50 5.40 630 7.20 8.10 900  kev
Figure 4.28. PLA INDOOR pelagic surface detail.

Looking closer to an inhomogeneity on PLA OUTDOOR surface the detail of Figure 4.28
was visible. This can be biofilm containing some salts, leftover of seawater evaporation.

0 0 0 a 0.90 1.80 2.70 3.60 450 5.40 6.30 7.20 8.10 9.00  keV

Figure 4.29. PLA OUTDOOR pelagic detail.
Briefly:

- Coastal pellets presented less signs of degradation than pelagic pellets (this is
compliant with the observed macroscopic and properties changes). Hydrolysis
plays an important role as is accelerates bonds breaking and degradation.

- Pelagic degradation was more homogeneous than coastal one: in water pellets
were free to move in water.

- Indoor conditions had a degradation effect higher than outdoor ones. Indoor
pellets are exposed 24/7 to concentrated UV light, and this greatly affects the
results.
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- On some pellets ruts and particles, shaped as MPs visible under the microscope
and with the same size, were detectable.

- Some salts/sand particles were detected on the pellets surface for both pelagic and
coastal pellets. They become new pellets components and can act as contaminant
carriers through the ecosystems.

X-ray Fluorescence spectroscopy

From the XRF analysis 6 elements have been selected to be analyzed: Silicon (Si), Sulfur
(S), Iron (Fe), Phosphorous (P), Nickel (Ni), and Chlorine (Cl).
Virgin pellets were analyzed, and their elements concentration is reported in Table 4.7.

Table 4.7. XRF for virgin pellets.

mg/kg Si P S Cl Fe Ni
PLA 0 0 91.74835 | 87.7+111.4 | 100.2 438 27.1 +4
TPS 0 1874962 | 86.2+91.8 | 60.3+104.5 | 117.0+11.5 | 32.9+1.9

Pellets surface of both PLA and TPS presented a low concentration of Iron and Nickel.
TPS seem to contain also Phosphorous. For both plastic type, Sulfur and Chlorine
concentrations presented high variability due to the inhomogeneity of the samples and
the spot analysis of XRF.

The increase of elements concentration on the pellets surface can be linked with the
deposition of these elements on the pellet surface or their absorption inside the pellets.
Generally, for pellets immersed in water a more enhanced increasing concentration over
exposure time was visible, like we can see in Figure 4.30 with the example of Sulfur (they
have completely different orders of magnitude for concentration). Especially TPS
exhibited the major increase, likely due to its more porous and less crystalline structure
(visible also with SEM), compared with PLA. Indeed, the bigger water uptake inside TPS
structure can explain these trends: water enters in the polymer along with the elements,
but during water evaporation the elements remain trapped inside the pores.

The higher elements increase by TPS OUTDOOR with respect to INDOOR (as visible in
Figure 4.31) can be linked with the biofilm presence and differences in the degradation
mechanisms occurring under natural outdoor conditions and UVC lights.
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Figure 4.30. Sulfur concentration variation over the time for coastal and pelagic zone.

The concentrations of Silicon, Sulfur, and Chlorine in seawater have not been assessed
experimentally. However, in literature, seawater analyses highlight their presence. Being
Silicon, Sulfur, and Chlorine seawater components, the increase of these elements
concentration in TPS in the aquariums can be justified. Iron and Nickel concentration
increase for TPS OUTDOOR in pelagic zone can be explained by the presence of this
elements in seawater (Sppm for Iron and 26ppm for Nickel from ICP-MS analysis).
Regarding coastal zone, due to the non-homogeneity of the system the variability was
very high (Figure 4.32). Silicon was expected to increase because of sand contact. The
same thing can be said for Sulfur and Chlorine. However, the Si uptake for pelagic pellets
was orders of magnitude higher than coastal pellets.
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Figure 4.31. Fe concentration variation over the time for TPS INDOOR and OUTDOOR.
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Figure 4.32. Si concentration variation over the time.
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Phosphorous (Figure 4.33) is a constituent for TPS, but not for PLA (no P was detected
for virgin pellets nether over the exposure time).

Concentration of P (coastal pellets) Concentration of P (pelagic pellets)

600

Concentration [mg/kg]
8
3

TPS INDOOR
—TPS OUTDOOR

Concentration [mg/kg]
3
g

0 31 73 .14 101 15 129 143 0 2% 40 54 68 8 % 10 124 138
Days of exposure Days of exposure

Figure 4.33. P concentration variation over the time.

Briefly:
- Virgin PLA does not contain P and Si. Virgin TPS does not contain Si.

- Elements concentration (Si, S, Cl) for pelagic pellets increased orders of
magnitude more than costal ones.

- TPS pellets have an aptitude to absorb water and they tend to have a rapid increase
of elemental concentrations, acting as carrier for toxic compounds.

- The presence of impurity was way higher on coastal surface than on pelagic one
(with SEM), but pelagic pellets elemental concentration with XRF was orders of
magnitude higher than coastal, we can suppose that they have been sorbed.

Fourier transform infrared spectroscopy with Attenuated total reflectance (ATR-FTIR)

Virgin pellets can be characterized and the variation of chemical bonds over the time can
be monitored with ATR-FTIR. In Figure 4.34 the spectra of virgin PLA and virgin TPS
is showed. In Figure 4.34 the wavenumbers appear on the x axis, with cm™ as the unit
and the absorbance (it can also be transmittance) on the y axis (dimensionless parameter).
Each peak corresponds to a specific chemical bond. To associate the peaks to the bonds,
tables are available for the conversion. In Table 4.8 and Table 4.9 some peaks were
characterized. Deviations from these spectra mean that some changes occurred on the
pellets surface. In the 2400-2000 cm! region and in the 500 cm™! and below region, there
are many tiny peaks. This is noise and instrument artefacts, that must be ignored.

62



]

b o

2"

4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 00 400
Wavenumbers [cm ]

Figure 4.34. ATR-FTIR virgin PLA and TPS spectra and main peaks.

Table 4.8. Main PLA peaks. Wavenumbers and their corresponding assignment for PLA virgin
pellets IR spectrum (Chaplin, 2013, Nasir & Othman, 2022; Smith, 2021).

PLA
Wavenumbers [cm™'] Assignments Wavenumbers [cm™'] Assignments
3297 C-H or N-H stretch 1566
3088 C-H stretching 1453 CH;
2918 CH, 1359 CH
2850 CH, 1180 C-0-C
2632 1070 S=0 or C=OH
1750 CH; 872 Amorphous phase
1636 C=0 756 Crystalline phase

Table 4.9. Main TPS peaks. Wavenumbers and their corresponding assignment for PLA virgin
pellets IR spectrum (del Rosario Salazar-Sanchez et al., 2019; Umamaheswari & Murali,

2013).
TPS

Wavenumbers [cm™] Assignments Wavenumbers [cm™] Assignments
2917 CH, 1017 C-O bond
1711 C=0 727 C-H bending
1409 S-O stretching 575
1267 C=0 495
1103 C-O strecthing

To monitor and describe the degradation of the mechanical properties of polymers with a
single number, the carbonyl index (CI), that describes the hydrolyzation of carbonyl
groups (C=0) can be useful. There are several ways to define it. The CI is environmental
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and exposure conditions dependent and thus can vary a lot for the same plastic exposed
in different environments. Thus, the comparisons with the literature results are not
meaningful since there are not standardized values (Almond et al., 2020). What was more
important for this work was to show another way to justify the pellets physico-chemical
properties changes (and thus degradation) over the time. Indeed, the CI changes over the
time means that surface chemical bonds are modified.

According to a previous study on PLA /PBAT plastic (Wang et al., 2023), the following
Carbonyl Index (Eq. 4.1) was used:

I1710
Cl =—,
I1452

(4.1)

where I is the value of the absorbance at 1710 cm! and 1452 cm™!, respectively.
The CI of some of the sampling days for the coastal zone are presented in Figure 4.35 and

Figure 4.36.

PLA INDOOR coastal PLA OUTDOOR coastal

--I-

08
0'4 .
— e

W Virgin M 75days M 90 days M 145 days W Virgin M 75days M 90 days M 145 days

Carbonyl Index
o o o o
N = » oo
Carbonyl Index
o o
N »

o
o

Figure 4.35. Carbonyl Index for PLA coastal.
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Figure 4.36. Carbonyl Index for TPS coastal.

Differences in CI were bigger for indoor conditions than outdoor ones, and for PLA more
than TPS. The CI for PLA increases, while for TPS decreases. PLA INDOOR increased
from 0.30 to 0.85, while PLA OUTDOOR from 0.30 to 0.47. For TPS INDOOR a
reduction from 5.60 to 3.39 was visible and for TPS OUTDOOR from 5.60 to 4.90. Figure
4.37 and Figure 4.38 highlight the differences occurred in the whole spectrum for the

64



pellets exposed in the coastal zone for indoor conditions (where the changes were more
relevant). For PLA the main changes occurred in the regions 2800-3350 cm™! linked with
C-H stretching, and 1550-1650 ¢cm™! corresponding to C=O bonds (carbonyl band). For
TPS the main changes occurred in the regions around 3300 cm’! linked with O-H
stretching (hydroxyl band), and 2917 cm™! corresponding to CH, bonds.

4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 | 1600 | 1400 1200 1000 800 600 400
Wavenumbers [cm 1]

Figure 4.37. Spectra of PLA INDOOR coastal.

0.8

0.06

0.02
MAJL

055

4000 3800 3600 3400 3200 (3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 400
Wavenumbers [cm

Figure 4.38. Spectra of TPS INDOOR coastal.

The CI of some of the sampling days for the pelagic zone are presented in Figure 4.39
and Figure 4.40. Again, differences in CI were higher for indoor conditions than outdoor
ones. Also, CI increase for PLA was lower for pelagic zone than for coastal one. PLA
INDOOR moved from 0.30 to 0.44, while PLA OUTDOOR from 0.30 to 0.39. While CI
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decrease for TPS was higher for pelagic zone than coastal one. For TPS INDOOR a
reduction from 5.60 to 3.2 was visible and for TPS OUTDOOR from 5.60 to 4.74.
Figure 4.41. Figure 4.42, and Figure 4.43 highlight the differences along the sampling
days in the whole spectrum for the pelagic zone. The main changes occurred in the same
regions as for coastal zone. Bigger changes were visible for PLA INDOOR (Figure 4.41)
with respect to PLA OUTDOOR (Figure 4.42). Changes were also visible for TPS in the
region around 1000-1200cm™! corresponding to C-O-C bonds (Figure 4.43). The changes
in these regions of the spectrum are consistent with literature studies on conventional
plastics, as these bonds are more susceptible to oxidation, independently from the plastic
type (Benitez et al., 2013; Sandt et al., 2021; Skariyachan et al., 2016).
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Figure 4.39. Carbonyl Index for PLA pelagic.
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Figure 4.40. Carbonyl Index for TPS pelagic.
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Figure 4.42. Spectra of PLA OUTDOOR pelagic.

67



4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 | 1600 1400 1200  100g 800 600 400
Wavenumbers [cm " ]

Figure 4.43. Spectra of TPS INDOOR pelagic.

4.2. Seawater properties and biological presence

Biofilm formation

The term biofilm refers to an ensemble of complex communities of bacteria, algae, fungi
and protozoa (Mampel et al., 2006). During the exposure period, in the aquarium of the
TPS OUTDOOR, the grow of algal biofilm was visible with bare eyes, while the other
aquariums didn’t show such behavior. Crystal Violet test is a widespread method used
for bacterial biofilm quantification. Thus, the algae biofilm development on TPS pellets
couldn’t be monitored. The biofilm quantification obtained from Crystal Violet test,
presented in Figure 4.44, showed that a certain amount of biofilm was present on every
pellet type and exposure condition, also on the pellets exposed to UVC lamps (the same
lamps used for sterilization purposes).
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Figure 4.44. Optical density from Crystal Violet test for biofilm quantification of pelagic pellets.
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Due to these results, the possibility that Crystal Violet test does not work properly with
bioplastics arose. However, Crystal Violet test performed on virgin pellets (4 test for each
plastic type) led to OD values one or two orders of magnitude lower than the first analyzed
sample (at 40 days), and up to 3 orders of magnitude for the other sampling dates.
However, it is not excluded that surface property changes due to degradation could have
trapped some dye (or some elements could have bonded with it) leading to misleading
results in the biofilm quantification. Indeed, despite the simplicity, time efficiency, and
cheapness of the Crystal Violet test, the increase in biofilm detected by the test cannot be
directly correlated with the amount of all bacterial cells in the biofilm, even according to
Banihashemi & Gil (2022). Indeed, dead cells and some polysaccharide blends could be
stained and influence the optical density values (Banihashemi & Gil, 2022).

Water parameters

Nitrogen, Nitrate, Ammonia and Phosphorous concentration in seawater were monitored
every two weeks. In Figure 4.45 Total Nitrogen and Nitrate concentrations are reported.
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Figure 4.45. Total nitrogen (on the right) and Nitrate (on the left) concentration in seawater.

Nitrogen decreased over the time (until Nitrogen was added to the aquariums), while
Nitrate increased over the time. No correlation between Nitrogen and Nitrate was found.
Despite the visible presence of biofilm for outdoor conditions, no differences in the
Nitrate trends were found. Thus, biofilm did not seem to have a significative role in this
increase. The increase could be due to the not sterile environment and to the contact with
oxygen. pH, Dissolved Oxygen (DO), Redox Potential (ORP), Conductivity, and
Temperature were monitored. pH slowly decreased over the time up to 11% for TPS
indoor. DO decrease showed a negative correlation with temperature increase (-0.8) and
areduction around 32-34% for all plastics and conditions, except for TPS outdoor (-14%).
ORP decreased over the exposure time, with a reduction around 63-74% for all plastics
and conditions, except for TPS outdoor (-24%). Higher Conductivity variations occurred
for indoor conditions (26-27%) with respect to outdoor ones (13%). Temperature in
indoor conditions rose from 12 in March to 32°C in July, and from 18/19 to 42/43°C for
outdoor ones.
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Flow cytometry

To quantify the presence of cells inside the seawater of the aquariums flow cytometry
was used. Particles detected as cells were the ones that were not background (assessed
using a seawater blank) and that were stained by the SYBR green dye, with an intensity
higher 10% Particles with lower intensity can be broken cells, plastics, or other
compounds. Fig shows that the cells concentration over the time was quite low and did
not differ a lot from the blank concentration. Since the aim was to be as close as possible
to seawater conditions, these results confirmed that cells concentration was more or less
stable over the time (Figure 4.46 and Figure 4.47).
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Figure 4.46. Cells concentration over sampling days.
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Figure 4.47. Flow cytometer results at the beginning and at the end of the experiments for PLA
OUTDOOR.

No correlation was visible between Crystal Violet Optical Density values and cells
concentration. However, they seem to be very rarely correlated since Extracellular
Polymeric Substances (EPS) produced by microorganisms depends on many factors,
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including the type of bacterium producing them. Thus, if the cells in the biofilm are not
major EPS producers, a correlation with the Crystal Violet OD is not detectable. Also,
since a portion of the samples was discarded due to the 20 um filtration (necessary to
avoid clogging the flow cytometer), while Crystal Violet OD is measured directly on the
surface of the pellets, searching for possible correlations can be misleading. No
correlations were found between Nitrogen/nitrate and cells concentration (also removing
samples after nutrients addition).

4.3. MPs/NPs formation

Secondary micro and nano-plastics result from plastic chain breaking due to the
weathering process (Bao et al., 2022). Their presence was quantified using Fluorescence
Microscope for both pelagic and coastal zone. The particle size distributions of the
particles present in the samples was assessed with Dynamic Light Scattering (DLS).
Moreover, for pelagic samples, Nanoparticle Tracking Analysis (NTA) was used to assess
concentration, mean diameters and particle size distribution of the particle in the sample
smaller than 1.6 micron.

Fluorescence Microscope

Due to the physico-chemical properties of plastics, the presence of other particles, and
limitations of the instruments used, the MPs and NPs detection and quantification was
challenging. Differences in detection difficulties raised for coastal zone more than
pelagic, due to the use of Calcium Chloride solution. Fluorescence Microscope was the
most reliable technique. Indeed, the Nile Red dye allows to be sure that only plastics are
measured. Using or not the dye resulted in completely different appearance during test
performed with polystyrene (PS) beads under the fluorescence microscope. Also, to be
sure that there was no overestimation due to Nile Red presence, a solution with water and
Nile Red was tested, leading to the conclusion that when the dye is not attached to a
plastic its shape and color are different (red squashed droplets instead of magenta fibers).
The efficiency of the method was tested using PS beads of 500nm with different
concentrations and in different solutions (deionized water, seawater, and CaCl, solution).
Results are summarized in Table 4.10.

Table 4.10. Fluorescence microscope efficiency tested with beads.

Concentration [particles/ml]

Beads’ real .
concentration dH,0 Seawater CaCl, solution
1E+08 2.7E+07 2.3E+07 2.1E+04
1E+06 2.4E+05 3.4E+04 4.9E+02

71



The concentration estimation in seawater differs by one or two orders of magnitude from
the original one. While for CaCl, solution the detection capacity is very low (4 orders of
magnitude less). It was noticed that where the differences were higher the presence of
many aggregates impeded the exact enumeration. Also, the fact that beads are very small
(around two orders of magnitude less than MPs from samples) made even more difficult
their detection. Moreover, PS beads density is around 1 g/cm? (against 1.3 g/cm? for PLA
and TPS). This density allows a good mixing and homogeneity with water, explaining the
good detection. However, due to the big density difference with seawater and even more
with calcium chloride solution, the beads likely remain on the liquid surface impeding a
good homogeneity of the droplets analyzed. Due to the higher density of PLA and TPS
this last point could be relevant, and a test performed with PS beads could underestimate
the efficiency of the method. The presence of fluorescence helps the recognition of the
polymer, improving the efficacy of the analysis. Plastics mainly appears in the form of
fibers and in a magenta color as visible in Figure 4.48.

Figure 4.48. Microplastics under the microscope.

The MPs concentration at every sampling day is reported in Figure 4.49 and Figure 4.50
for the different plastic types and zones.
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Figure 4.49. MPs concentration with Fluorescence Microscope for coastal zone.
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Figure 4.50. MPs concentration with Fluorescence Microscope for pelagic zone.

Despite the different exposure conditions (UV and sunlight) each plastic type for each
zone followed the same trend. While pelagic MPs concentration showed a slight increase
and a sudden increase towards the end of the experiment, coastal zone one exhibited a
peak in the middle of the experiment, followed by a decreased. Also, the increase of MPs
concentration for pelagic samples was two orders of magnitude higher than blank
solution, while maximum one order of magnitude for coastal. While for coastal zone
indoor PLA and TPS followed the same trend, for outdoor conditions the maximum peak
in concentration for PLA was delayed for 15 days.

Secondary MPs concentration of the pelagic zone used as photoresponse obeyed to
Schwarzchild’s law, as visible in Figure 4.51. The correlation was good for outdoor
conditions and for the first part of the indoor experiment (UVB lamp), while it was less
accurate for the last part, where also the standard deviations (Figure 4.50) were higher.
Coastal zone MPs did not obey to Schwarzchild’s law.

Schwarzchild's law

R*=0.36.§
R*=0.83

Log MPs concentration
~
o
o

25 27 2.9 3.1 33 35 37 3.9 4.1 43 45
Log light intensity

® PLA OUTDOOR (pelagic) ~ ® TPS OUTDOOR (pelagic)

Figure 4.51. Schwarzchild’s law applied to pelagic outdoor samples.
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Figure 4.52. Schwarzchild’s law applied to pelagic indoor samples.

For the coastal zone, the size of some MPs (of the second sampling day) under the
Fluorescence microscope was retrieved by taking pictures and measuring the length with
ImageJ. Results are shown in Figure 4.53. The mean size of PLA plastic fibers was 28
um, while 38 um for TPS, with higher variability for TPS outdoor.

= PLAINDOOR = PLA OUTDOOR = TPS INDOOR = TPS OUTDOOR

[ )
N A O ® O
o o © o o

MPs lenght [um]
8

Figure 4.53. Box plot of the mean MPs length for coastal samples at 31 days of exposure.

Dynamic Light Scattering

Beads (500 nm and 200 nm size) were tested with deionized water, seawater and CaCl,
solution. The peaks for deionized water and seawater were compliant with the size of the
beads. However, the intensities were slightly different between deionized and seawater.
Probably, the seawater blank hid some of the intensity of the beads. Nevertheless, no
results were detectable with the Calcium Chloride solution. This was probably due to the
high-density difference, the small size of beads and their aggregation. Indeed, while
inserting a certain concentration of beads in the solution, an immediate rise of an
aggregate of beads was visible.

Despite the appropriate refractive index (RI) for these plastic types was used, there could
be particles other than plastics that have the same RI, and DLS is not able to differentiate
MPs from other particles that scatter light (Fu et al., 2020). Since DLS does not provide
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concentration values, it is difficult to compare the results with the other techniques to
countercheck. Despite the mixing, plastics sedimentation for pelagic zone and flotation
for coastal zone, along with aggregation for both compartments, could significantly affect
the reliability of what the instrument measures.

In Table 4.11 and Table 4.12 the mean diameters of the samples retrieved from DLS are
reported. As visible, the analysis with Calcium Chloride solution was more challenging
due to the signals covered by the solution itself and indeed many values were below the
detection level (BDL). Coastal zone values didn’t have a linear tend over the time, but
fluctuations in the values occurred. Pelagic zone pellets (except for PLS indoor) showed
a decreasing diameter value over the time.

Table 4.11. Mean diameter values from DLS analysis for coastal zone.

COASTAL ZONE COASTAL ZONE
PLA INDOOR TPS INDODOR PLA OUTDOOR TPS OUTDOOR

azzfsf; MUMBER [um] | VOLUME [pm] | NUMBER [um] | YOLUME [um] E[::zf; NUMBER [pm] [ VOLUME [pm] | NUMBER [pm] | VOLUME [um]
31 0.02 1.98 0.88 3,39 3 0.07 8.02 0.26 2.04
45 BOL BDL 232.60 240,51 45 279.57 303.05 1.14 3.91
59 BOL BDL 0.38 3.96 59 BDL BOL 2.95 4.11
73 BOL BDL BOL BOL 73 BDL BOL BDL BOL
101 BOL BDL BOL BOL 101 BOL BOL BDL BODL
115 0.14 11.15 0.07 7.93 115 0.90 15.08 1.27 19.50
129 323.94 343.82 302.62 32B.75 128 299.34 325.68 BDL BOL
143 BOL BDL 241.83 262.72 143 BODL BOL 267 .63 279.99

Table 4.12. Mean diameter values from DLS analysis for pelagic zone.

PELAGIC ZONE PELAGIC ZONE
PLA INDOOR TPS INDOOR PLA OUTDOOR TPS OUTDOOR

Days of | \iMBER [um] | VOLUME [um] [ NUMBER [um] | VOLUME fum] Days of | NUMBER [umj | VOLUME [um] | NUMBER [um] | VOLUME [um]
exposure exposure

26 BOL BDL BOL BOL 26 54.50 181.03 171.83 198.92

40 212.85 220.69 216.58 227.57 40 154.38 179.67 134.92 165.10

54 BOL BDL BDL 3.69 54 BOL BOL BDL BDL

68 0.20 0.20 22.10 22.10 68 BDL BOL BDL BDL

82 BOL BOL 2.96 64.31 82 BDL BOL 0.31 13.56

96 0.39 0.65 BDL BOL 96 0.62 0.71 0.44 55.64

110 396.85 639.64 BDL BOL 110 0.08 0.36 BDL BOL

124 1.02 1.18 0.98 1.02 124 0.36 0.59 0.08 0.35

138 BDL BDL 1.06 2.04 138 BDL BOL 0.10 212

Nanoparticle Tracking Analysis (only for pelagic)

NTA analysis gives back particle concentration and diameter (particle size distribution).
A test with beads in dH>O was performed and the results had the same order of magnitude
of the real concentration. A seawater blank was tested and a concentration of 1.7-107
particles/mL was obtained. This value was subtracted to all the sample analyzed. The
results are shown in Figure 4.54. Particles concentration was one or two orders of
magnitude higher than concentration for Fluorescence microscope. PLA samples had the
biggest final variation in the concentration values: 400% for PLA INDOOR and 800%
for PLA OUTDOOR, against the 250% increase for TPS. A higher concentration
variation was observed for TPS instead of PLA for Fluorescence microscope.
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Figure 4.54. Particles concentration over the time for pelagic zone (NTA results).

Particles concentration had an increasing trend over the time and an oscillating behavior.
The fluctuations can be linked to the degradation process of the different layers of the
plastic pellets. However, it is challenging to confirm that all the particles observed are
nanoplastics. The use of fluorescence could help this process, but our instrument did not
allow this measurement.

The particles seen could be cells or can be due to contamination. However, contamination
was low in the closed box for indoor conditions. Also, microplastics contamination was
not influent in the experiments. Cells concentration (and the part that was not cells)
retrieved with flow cytometry and OD results from Crystal Violet test were not correlated
with NTA results. Also, a low particles concentration was found in the range of 0.5-5 pum,
that is the range of bacterial cell size. And since from flow cytometry results cells
concentration was stable over the time, the cells were already removed when the seawater
particles concentration was removed from the data.

No correlation between Fluorescence microscope and NTA (only 0.74 for PLA OUT)
was observed. Fluorescence microscope could detect particles with size higher than
1000nm, and if the observed particles are NPs generated from these secondary MPs there
could be a delay in the generation.

No linear response-dose for the Schwarzchild’s law was found.

Regarding the mean diameter (Figure 4.55), an oscillating behavior was visible, always
around the mean pure seawater diameter (245nm). TPS NPs presents more fluctuations
with respect to PLA, maybe due to its less homogeneous structure.
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Figure 4.55. Particles diameter over the time for pelagic zone (NTA results).
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No correlation between NTA diameter and DLS diameter was found, considering all
results together. However, correlations between the two diameters (NTA and DLS) were
found for single plastics: negative for PLA indoor (-0.94) , and positive for TPS indoor
(0.95), highlighting the quite random behavior of bioplastics degradation in the marine
environment

Advantages and limitation of the different techniques used for MPs/NPs detection and
quantification

In Table 4.13 a summary of advantages and limitations in the use of the different
techniques for MPs/NPs detection and quantification is presented.

Table 4.13. Advantages and limitation of the different techniques used for MPs/NPs detection
and quantification. Table readapted from Fu et al., 2020.

Technique Anal.y tlc Advantages Limitations
capabilities
Fluorescence . L(.)W detec.tl.or} limit Sample preparation with dyes
: . Concentration High sensitivity .
microscope with R required
: Size distribution | Fluorescence assures MPs . .
Nile Red . Time consuming
detection
Large particles can obscure the
Quick and easy presence of smaller particles
Lo Reliable estimation of the No possibility to discriminate
Dynamic Light e . T . .
Scattering Size distribution | particle size distribution betwegn different ma'ter1.a15
More accurate in detecting large | Not suitable for gravitationally
aggregates settling or floating or aggregating
particles
Provides particle concentration The path of some partlicles might
. . s . be out of the camera view and
Concentration and size of individual particles
. DR . . . : . cannot be measured
Nanoparticle Size distribution | Direct visual information with
. . . . . Set-up parameters need to be
Tracking Analysis | Video of particles [ the video adiusted
motion Accurate in detecting small Juste .
aooreaates Not suitable for particles that are
£efee too disperse or too close in size
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4.4. Sensitivity analysis

The results discussed in the previous sections were used to perform a sensitivity analysis
using the Pearson correlation coefficient, introduced in Section 3.6. The results are shown
in Figures 4.56, 4.57, 4.58, and 4.59, one for each plastic type and condition.

The fact that there are not many correlations highlights that bioplastics degradation
(specifically hydrolysis and photo-oxidation) and MPs formation in the marine
environments are complex phenomena difficult to explain and predict. As seen
previously, the days of exposure (or light intensity) are negative correlated with the
weight variation for PLA indoor coastal in Figure 4.56. The correlations between DLS
diameter and the elements (such as Fe, Si, Ni,...) is not meaningful, while the correlations
among the elements could be interesting since they highlight a link among elements
presence. For example, Iron can be found when there are also Nickel and Sulfur. In Figure
4.57, PLA outdoor coastal, shows an increase of S and Si, that are also correlated among
them, over the time. This is less clear for PLA indoor since the presence of macroscopic
sand particles on the pellets leads to a highly heterogeneous surface.

TPS indoor coastal (Figure 4.56) presents a good correlation between MPs concentration
and weight variation. Again, elements (P, S, Si) are correlated among them, and they
increase over the time. Regarding TPS outdoor coastal (Figure 4.57), an elemental
correlation like the TPS indoor one is visible. Also, a correlation between DLS diameter
and the time is highlighted.
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Figure 4.56. Pearson correlation coefficient for PLA and TPS indoor coastal.
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Figure 4.57. Pearson correlation coefficient for PLA and TPS outdoor coastal.

As highlighted from the results presented in the previous sections, the pellets degradation
over the time was more visible for pelagic zone and this is also reflected in the correlations
that the different variables have with the time (or light intensity).

For PLA indoor seawater (Figure 4.58) weight variation and size (Feret diameter) are
negatively correlated with the time, while MPs concentration is positively correlated
since it increases over time. Also, elements concentration is correlated with time and
among them. Optical density from Crystal Violet test shows a good correlation with time.
Also, MPs and elements concentrations increase over the time, and there is a strong
correlation among the elements (especially for Si) in case of PLA outdoor seawater
(Figure 4.59).

Like for PLA indoor, for TPS indoor seawater weight variation and Feret diameter are
negative correlated with the time. DLS diameter is negatively correlated with exposure
time. This negative correlation is also visible in case of TPS outdoor (Figure 4.59). Also,
TPS outdoor shows correlations between the time of exposure and both MPs and elements
concentration, and again, correlations among the elements themselves.

Briefly, due to the complexity of the phenomena occurring in the degradation of
bioplastics, correlations are usually difficult to de detected. However, in most cases,
elemental concentrations are correlated with time and among them since the elemental
uptake increases over time and the particles are usually sand and salts. Negative
correlations between weight variation (or size) and exposure time are more enhanced in
the pelagic zone than in the coastal zone, as seen in the results section.
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Figure 4.59. Pearson correlation coefficient for PLA and TPS outdoor pelagic.
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6. Conclusions

The interest in biopolymers as sustainable alternatives to conventional fossil-based
plastics is growing over the years in the market and in the research field. However, since
bioplastics can often degrade quickly only under specific conditions and since the end-
of-life of plastic waste is not always well managed, the fate on these plastics in the marine
environment is arising concerns. Research is thus important to fill the lack of knowledge
in the field of biopolymers degradation and bio-microplastics formation in the marine
environments.

In this work, the degradation, mainly by photo-oxidation and hydrolysis, of bioplastic
pellets (PLA and TPS) in the marine environment was studied in a 5-months experiments.
The coastal zone (pellets over the beach sand) and the pelagic zone (pellets into aquariums
filled with seawater) were simulated both in natural weathering in a greenhouse and
accelerated weathering with UV lamps.

Pellets degradation was analyzed every two weeks by visual inspection, measuring
weight and size, evaluating pellets topography (with SEM), chemical bonds (with ATR-
FTIR) and elemental concentration (with XRF) changes along all the exposure periods.
Secondary microplastics (MPs) and nanoplastics (NPs) concentration and size
distribution were assessed every two weeks with Fluorescence microscope and Nile Red
dye, Dynamic Light Scattering, and, only for pelagic zone, Nanoparticle Tracking
Analysis.

During the 5 months of exposure, the color of TPS changed in different shadows of
yellow in all the environments and conditions, except for TPS outdoor where a vivid
green biofilm appeared over the time. PLA indoor coastal became yellowish and
conglomerated with sand particles. Also, PLA indoor pelagic became from transparent to
white.

Statistically significant weight reduction occurred only for PLA indoor in coastal zone
(up to -7.6%), and for all the plastics in the pelagic zone. This effect was more pronounced
in indoor conditions (up to -33.2% for PLA indoor and -16.8% for TPS indoor). Pellets
exposed to pelagic indoor conditions also exhibited a size reduction. While the size
increase of TPS outdoor pelagic pellets could be explained by water intrusion and biofilm
formation.

Coastal pellets presented less signs of degradation than pelagic pellets, probably due to
the hydrolysis effect. Also, pelagic degradation is more homogeneous than coastal one:
pellets were free to move in water. Because of UV light, the indoor conditions showed a
higher degradation than outdoor ones. Ruts and particles, shaped as the MPs visible under
the Fluorescence microscope and with the same size, were detected on some pellets with
SEM.

Some salts/sand particles were detectable on the pellets surface for both pelagic and
coastal pellets. They become new pellets components and can act as contaminant carriers
through the ecosystems. The elemental concentration (Ni, Si, S, CI, Fe, P) on the surface
of the pellets was assessed with XRF. TPS pellets showed an aptitude to absorb water
with a consequent rapid increase of elemental concentrations. Pelagic TPS outdoor
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showed the higher concentration increase since biofilm can enhance the elements
trapping.

The FTIR spectra of degraded pellets exhibited significant changes in the carbonyl and
hydroxyl bonds region. Also, the variation of chemicals bond, quantified as Carbonyl
Index (CI), was evaluated. For coastal zone, the CI increased from 0.30 to 0.85 and 0.47
for PLA indoor and outdoor pellets, respectively; while decreased from 5.60 to 3.40 and
4.90 for TPS indoor and outdoor pellets, respectively. For pelagic zone, the CI increased
from 0.30 to 0.44 and 0.39 for PLA indoor and outdoor, respectively; while CI decreased
from 5.60 to 3.20 and 4.74 for TPS indoor and outdoor, respectively.

MPs detection and quantification were challenging due to density separation procedure
and the plastics aggregation, flotation or sedimentation. While Fluorescence microscope
assures that plastics are measured thanks to Nile Red dye, NTA and DLS, despite the use
of blank solutions, cannot guarantee that what the instruments are measuring is plastic or
other particles. The use of fluorescence could overcome this problem. Secondary MPs
formation (mainly in the form of fibers) was similar for the pelagic zone under indoor
and outdoor conditions (from 10* MPs/ml of the pure seawater to 10°) and its increase
over the time was two orders of magnitude higher than in the coastal zone. NPs formation
(with NTA) increased over the time but without a linear trend. While MPs concentration
obeyed to Schwarzschild law for the pelagic zone, no linear dose-response was found for
NPs. Due to faster degradation rates and different properties with respect to conventional
plastics, the bioplastics behavior in the generation of micro-/nano-plastics could be more
challenging to explain.

Briefly, the degradation mechanisms and the variations in the physico-chemical
properties depend on the plastic type and on the environmental and exposure conditions.
PLA pellets underwent more degradation effects than TPS. Also, the effects were more
visible in the pelagic zone (hydrolysis effect) with respect to coastal zone and for indoor
conditions (photodegradation effect) compared to outdoor ones. The potential of PLA and
TPS to produce MPs is huge, posing a threat to the environment before they are fully
degraded. Further research is needed to better understand all the mechanisms and rates of
bioplastics degradation and microplastics formation in the different marine environments,
along with their effects on the ecosystems and human health.
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