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Chapter 1 ®)
An Experimental Comparison Between ez
FTIR and Raman Microspectroscopy

Applied to the Morphological Analysis

of Microplastics in Drinking Water

Luca Maurizi, Lucian Iordachescu, Inga V. Kirstein, Asbjgrn H. Nielsen,
and Jes Vollertsen

1.1 Introduction

One of the most widely used analytical techniques for microplastic (MP) chem-
ical analysis and quantification is Fourier-Transform InfraRed micro-spectroscopy
(WFTIR). In particular, those equipped with a Focal Plane Array (FPA) detector, can
take extensive chemical images of plane surfaces in a relatively short time, even if
complex analytes such as fibers are present [1].

Raman micro-spectroscopy (WRaman) is another spectroscopic technique, which
is being increasingly used in the MP science field. It is able to obtain a far finer spatial
resolution in the xy plane than WFTIR [2], therefore it is generally utilized for the
smallest particle fraction down to about 0.4 wm, depending on the chosen analytical
parameters. On the contrary, WFTIR is the preferred technique for particles above
5 pm [2]. pRaman-based methods normally employ a so-called “point and shoot”
approach, where the instrument’s laser is automatically driven onto each identified
particle, which is distinguished from the visible image’s background by contrast [3].

The present contribution aims to compare these two techniques by presenting
preliminary MP morphological data from a field study conducted at a Danish drinking
water plant.
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1.2 Experimental

1.2.1 Sampling

The investigated plant (anonymous) produces drinking water from groundwater by
means of aeration and sand filtration with no further chemical treatment, given the
low concentration of pollutants in the Danish groundwater sources. The groundwater
source lies 92 m in depth, so a network of pumps and pipes transfers the water from
the source to the distribution network.

1 wm pore size, sintered steel filters (Mesh Masters, The Netherlands) were
employed to filter the drinking water at the facility. Filtering devices and holders
were custom-made. The sampling devices consisted of four separate flow lines in
stainless steel along which the filter holders which could be mounted in series. The
inlets of the two devices were connected to the water network by means of a flexible
steel pipe. The sampling took place from the 28th of September to the 1st of October
2021 (approximately from 9 am to 2 pm on each day) at both the plant’s inlet and
outlet. About 1 m® of drinking water was filtered for each field sample. The exact
sampled volume was checked by means of the flowmeters mounted at the outlets of
the two devices’ flow lines. 30 field samples were obtained in total and subsequently
analysed first with wRaman and then with wFTIR.

1.2.2 Methods

1.2.2.1 Preparation of Samples

The filters were conserved in clean Petri dishes in a flow bench until use. Each filter
was incubated in 5% SDS (Sodium Dodecylsulphate, VWR, Germany) at 50 °C for
24 h in a thermal bath (Thermo Fisher Scientific, Germany) inside a clean beaker,
then the particle—enriched SDS solution was filtered through the same filter in a
glass filtering system connected to a vacuum pump. The glass components in direct
contact with the filter were thoroughly rinsed with 50% ethanol (Ethanol for HPLC,
Th. Geyer GmbH, Germany), then the filter was removed, put in a new beaker, and
covered with a layer of 50% ethanol. The beaker was covered with aluminum foil to
prevent external contamination and ultra-sonicated for 10 min.

A new glass filtering unit was equipped with the same filter and the particle—
enriched 50% ethanol solution was filtered through it. The system’s glass funnel was
again rinsed with 50% ethanol, the filter removed, put in a clean beaker, covered with
a layer of either clean >99.5% ethanol (WRaman samples) or 50% ethanol (WFTIR
samples), and ultra-sonicated for 10 min to detach the particles from the filter.

Finally, the filter was scratched with a clean spatula and rinsed with a small amount
of clean ethanol to manually recover the particles and transfer them into the ethanolic
solution.
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The particle-enriched ethanol solution was poured into a clean 10 mL glass vial.
The vial was finally put in an evaporator and kept under gentle nitrogen flow in a
water bath at 55 °C until exhaustion of the entire volume. The dried samples were
kept in the fridge until use.

The WFTIR samples were reconstituted with 2.0 mL of clean 50% ethanol, of
which 1000 wL were deposed. The deposition was performed with a glass pipette on
13 mm diameter ZnSe (Zinc Selenide) windows (Crystran Ltd., UK). The samples
were dried at 55 °C on a heating plate overnight, which produced an active area of
about 10 mm diameter, prior to the wFTIR analysis.

The pwRaman samples were instead reconstituted with 1.0 mL of clean >99.5%
ethanol. 25.0 wL were deposed in triplicate through a home-made metallic deposition
funnel. The deposition was performed with a glass pipette on 10 x 10 mm Si (Silicon)
substrates (SmartMembranes GmbH, Germany). The samples were dried at 55 °C on
a heating plate overnight, which produced an active area of about 2 mm in diameter.

1.2.2.2 Analytical Techniques

The nFTIR analysis was conducted by means of a Focal Plane Array (FPA)-based
Fourier Transformation Infrared Spectroscopy (FTIR). A Cary 620 FTIR microscope
coupled with a Cary 670 IR spectroscope (Agilent Technologies, USA) was used to
scan the entire area of the enriched ZnSe transmission windows. The microscope
was equipped with a 25 x Cassegrain objective producing 3.3 pm pixel resolution
on a 128 x 128 mercury cadmium telluride (MCT) FPA detector. All scans were
carried out in transmission mode with a spectral range of 3750-850 cm ™! at 8 cm™!
resolution applying 30 co-added scans in transmission mode. A background tile was
collected before each sample’s scan, using the same parameters but co-adding 120
scans instead of 30. A chemical image of the sample’s active area was obtained,
where each pixel contained an IR background corrected spectrum.

The wRaman analysis was performed in Dark Field with a Renishaw InVia
(Renishaw plc UK, Wottonunder-Edge, UK) with the following analysis parame-
ters: laser wavelength 532 nm, grating density 1800 1I/mm, montage objective 50 x
long-distance, analysis objective 100x long-distance, 50% laser power, 0.4 s acqui-
sition time, 10 accumulations. The objects in the active area were distinguished
according to the intensity threshold set at the beginning of the visible image analysis
and filtered by setting “Length” and “Width” above 1 pwm.

1.2.2.3 Data Post-processing

Chemical images from the pFTIR analysis were analysed with the software siMPle
[4]. It can automatically detect the particles in a sample and extrapolate their morpho-
logical parameters. Each pixel containing an IR spectrum was compared with the
software’s library, which led to an estimation of Pearson coefficients for each compar-
ison. Both the original spectrum and the first derivative were compared with the
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library’s references. Moreover, spectral matches from the software were manually
checked to further assess their reliability.

For the pRaman analysis, the experimental data were analysed with the machine’s
software. Renishaw’s Polymer library was used for spectral recognition, while
morphological data were obtained prior to the signal acquisition.

1.3 Results and Discussion
1.3.1 Results

The MPs identified with WFTIR were grouped into five length ranges (5-50 pm,
50-100 wm, 100-200 pwm, 200-500 wm, and 500+ pm) and their mean frequency
was calculated over the five investigated days for both the plant’s inlet and outlet
(Figs. 1.1 and 1.2). The MPs longer than 50 wm represented the most frequent
items encountered in the samples, accounting for 85% in total. In particular, the
200-500 pm (32%) and the 500 + pwm (51%) length ranges proved to be the most
populated length fractions in the investigated days. Interestingly, the 5-50 pm length
range accounted for 15% of the inlet samples MPs, whilst it was not represented
anymore in the outlet samples. Indeed, in the latter case, the 500+ um MPs dominated
the distribution (74%), followed by the 200-500 pwm length range (24%).

These findings are quite different from what was found by wRaman. Figure 1.3
graphically illustrates a comparison between the two employed techniques, by aver-
aging the total number of MPs found at the plant’s inlet and outlet. For readability

Inlet

Length range (um)
m5-50
m50-100
™ 100 -200

200 - 500
= 500+

Fig. 1.1 MPs length ranges frequency over days 1-5 at the plant’s inlet
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Outlet

|

Length range (um)
m5-50
® 50-100
= 100 -200
200 - 500
m 500+

Fig. 1.2 MPs length ranges frequency over days 1-5 at the plant’s outlet

purposes, the MPs were divided into two length ranges, below and above 50 pm.
pwRaman showed a dominance of MPs below 50 jum, which accounted for 99.8% of
the total identified MPs. On the contrary, according to the WFTIR analysis, 88.2% of
MPs belonged to the 50+ pm length range.

1.3.2 Discussion

WFTIR and wRaman proved to perform differently during the morphological analysis
of the samples, with the WFTIR being scarcely able to locate and analyse the MPs
below 50 pm. On the other hand, the pRaman dataset was characterized by a far
lower number of MPs above 50 pm. The first reason for this finding can be the curser
spatial resolution of the uRaman, which is usually addressed as the main advantage
of the technique over WFTIR [5]. Therefore, the tRaman dataset is mostly populated
by the smaller particles since they are likely the most abundant in the samples [6].
The second reason is given by the different sample deposition methods employed:
for pRaman, 25 WL out of 1 mL were deposed (2.5% of the total volume), while
for wFTIR 1000 L out of 2000 L (50% of the total volume). This means that the
probability to depose larger particles was higher in the wFTIR protocol, given their
scarce frequency in comparison with the smaller size fractions.
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100.0
90.0
80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0

Frequency (%)

1-50 pm 50+ pum
H pFTIR 11.8 88.2
M pRaman 99.8 0.2

Fig. 1.3 Comparison between WFTIR and uRaman with regard to the MPs length data

1.4 Conclusions

The present contribution aimed to compare the analytical performances and the
outcomes provided by the most widely employed spectroscopic techniques for the
MPs analysis, the pFTIR and the pRaman. By comparing the data obtained from
the two techniques, it was possible to assess that the <50 pm length range MPs were
the most abundant in the uRaman dataset. On the contrary, the WwFTIR could mostly
identify MPs above 50 wm. Besides the results strictly relating to the investigated
drinking water plant, we would like to stress the complementarity of the WFTIR and
pRaman. As a further development of this work, the data from the two techniques
will be compared in terms of MPs abundance over time and MP removal efficiency
of the plant.
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Chapter 2 )
Small Microplastics (5-100 pwm), St
Additives, and Plasticizers in Mytilus
Galloprovincialis, A Potential

Bioindicator for Microplastics Pollution

Fabiana Corami, Beatrice Rosso, Davide Asnicar, Maria Gabriella Marin,
Carmen Losasso, Andrea Gambaro, and Carlo Barbante

2.1 Introduction

As the definition reported by ECHA [1], microplastics (MPs) can hold within addi-
tives and plasticizers; they are part of microlitter together with natural and non-plastic
synthetic fibers [2]. MPs were reported to be ingested by different organisms, from
invertebrates to mammals [3-5]. Organisms ingest these particles according to their
mouthparts’ size; thus, invertebrates ingest MPs, additives, plasticizers, and other
microlitter components less than 100 pm in size (i.e., SMPs and APFs). Through
the invertebrates at the base of the trophic web, SMPs and APFs can reach other
organisms, especially those at higher levels of the trophic web, with the chance of
giving rise to bioaccumulation and biomagnification. Also, once entering the trophic
web, these particles can pose a significant risk to human health. Coastal environments
and transitional environments are areas of high-ecological diversity and substantial
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productivity. Since these areas may also be a sink and source for MPs and other
pollutants, they are among the critical habitats for monitoring, for which a sentinel
organism, commonly found in large areas with biological traits that make it suitable
for the purpose, can be employed. Mussels are usually considered optimal sentinels
for this kind of study, being common in temperate coastal seas all around the globe,
sessile, which can provide location-specific information and a link to the human food
chain since they are very popular as seafood.

In this study, the preliminary results of the abundance of SMPs (5-100 pm),
additives, and plasticizers in specimens of Mytilus galloprovincialis will be presented
and discussed.

2.2 Experimental

2.2.1 Sampling Sites

Specimens of Mytilus galloprovincialis were collected in 19 different sites in the
Venice Lagoon (Fig. 2.1). The sites are located in the three basins into which the
Venice Lagoon is divided, as described in Table 2.1.

Specimens were collected from bricole or dolphins, which are nautical structures
used to indicate waterways (canals) in the lagoons of Venice, also used for mooring
vessels.

2.2.2 Methods

2.2.2.1 Preparation of Samples

Specimens were collected and stored at 4 °C until their arrival at the University of
Padua laboratory. Once there, specimens were frozen and then transported to the
Institute of Polar Sciences (CNR-ISP) laboratory at Venezia-Mestre, where they
stayed frozen till the pseudo-digestion. Shells were measured with a digital caliper
to assess their size class; then, the organisms were left thawed in a plastic-free clean
room (Fig. 2.2), where the pseudo-digestion of organisms took place. The individuals
were weighed and then put in decontaminated glass vessels. The pseudo-digestion
was performed according to the pre-treatment method developed by Corami et al. [3].
The pseudo-digestion developed is a soft pre-treatment method to avoid further denat-
uration/degradation of plastic polymers, additives, and plasticizers. After the pseudo-
digestion, the slurry was filtered on alumina oxide filters (Whatman ANODISC®
(Anopore Inorganic Membrane), Whatman, Merck Darmstadt Germany, 0.2 pm,
47 mm) using a glass vacuum filtration system (VWR International, Milan, Italy)
and a Laboport® pump. Filters were rinsed before the filtration using methanol,
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Fig. 2.1 Map of the 19 sites where specimens of M. galloprovincialis were sampled

ethanol, and ultrapure water (Elga Lab water, High Wycombe UK). After filtering
the slurry, filters were purified with isopropyl alcohol, methanol, and ethanol. Reagent
and procedural blanks were filtered accordingly.

2.2.2.2 Analytical Techniques

Analyses were carried out using a Micro-FTIR Nicolet™ iN10™ (Thermofisher
Thermo Fisher Scientific, Madison, WI, USA). By employing the software section
PARTICLE WIZARDS, particles were analyzed, employing a liquid-nitrogen-cooled
MCT detector (mercury cadmium telluride detector) in transmittance mode with a
spectral range of 4000—-1200 cm™!, 100-jum step size scanning (spatial resolution),
100-100 wm aperture, and 64 co-added scans at a spectral resolution of 4 cm™!.
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Table 2.1 List of the 19 sites

and their basins where Site Basin
specimens of M. Palude della Rosa-A North
galloprovincialis were Palude Maggiore-B North
sampled Sant’Erasmo outer-C North
Sant’Erasmo inner-D North
Venezia-F North
Campalto-E Central
Fusina outer-G Central
Fusina inner-H Central
Sacca Sessola-I Central
Valle Tezze-J Central
Rivola-K Central
Valle di Bon-L Central
Ottagono San Pietro-M Central
Settemorti-N South
Pellestrina-O South
Ca’ Roman-P South
Valle della Dolce-Q South
Aleghero-R South
Chiuse di Brenta-S South

Quantification was performed via microscopic counting [2, 3]. Collected spectra
were compared to spectra in different reference libraries by a similarity algorithm.
When operating with this software section, the optimal range of match percentage is
>65%; thus, only particles with a match percentage >65% were considered optimally
identified and then quantified.

2.3 Results and Discussion

Preliminary results are presented. Different abundance and polymer distribution were
observed (Fig. 2.3).

PA 6 (polyamide 6 or nylon) was the prevalent polymer; however, other poly-
mers such as fluorinated polymers (TFE, PTFE) and olefin fiber were observed. The
average length of these pparticles was 55 wm, although few particles of PA 6 had a
length above >100 pm and an aspect ratio >3, which means these particles can be
considered fibers.

In addition to abundance, which is high, it is also appropriate to consider the
weight of SMPs per gram (e.g., the weight of PA 6 in specimens from Campalto was
around 10 pg per gram of M. galloprovincialis).
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Fig. 2.2 A plastic-free clean room where the pre-treatment procedure was performed

Differences were also observed in the distribution and abundance of additives and
plasticizers. Some of these compounds have specific uses, i.e., vulcanizing agents
that can be proxies of plastic polymers.
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Fig. 2.3 Abundance and distribution of SMPs (5-100 pum) in some of the sites investigated

2.4 Conclusions

These preliminary data will allow an in-depth understanding of the sources and
pathways of plastic polymers in the lagoon and its catchment area. The differences
observed in abundance, polymer distribution, and weight of SMPs in specimens of M.
galloprovincialis can help drawing a map of plastic pollution in the Venice Lagoon.
Besides, knowing the distribution of additives, plasticizers, and other micro-litter
components will add further details to this map of plastic contamination. Further-
more, these data may be helpful in evaluating the environmental risk assessment and
health assessment for humans as potential seafood consumers.
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Chapter 3 ®)
Step-By-Step Evaluation of Matrix Effect oo
and Sample Recovery During

Pretreatment of Wastewater Samples

for the Quali-Quantitation

of Microplastics by Py-GC-MS

Jeanette Lykkemark, Marco Mattonai, Alvise Vianello, Jes Vollertsen,
and Francesca Modugno

Sample pretreatment strategies for quali-quantitative analysis of microplastics (MPs)
in environmental samples usually entail several separation, digestion, and purifica-
tion steps, in which plastics particles are isolated from both the inorganic and organic
components of the matrix. The aim of such pretreatments is to increase the method
sensitivity and reduce the interference of the matrix on the analysis. However, limited
information is available on the recovery of plastics during such pretreatments, and on
the entity of matrix effects generated by matrix components. A more in-depth knowl-
edge of these aspects could provide valuable insights to further optimize pretreatment
strategies.

We describe a systematic investigation of the effects of a sequence of widely used
pretreatment steps for quantitative MPs analysis in wastewater samples by analytical
pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS). The goal was to
evaluate the effect of sample pretreatment in the Py-GC-MS quantification of MPs.

A set of replicate samples from a wastewater treatment plant were subjected
to an increasing number of modular different pretreatment steps, and the cumula-
tive effects of these steps on Py-GC-MS recovery and sensibility were evaluated on
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Fig. 3.1 a Flowchart of the analytical methodology followed in this study and b PS-d8 recoveries
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deuterated polystyrene (PS-d8), which was used as internal standard. Samples prepa-
ration consisted of six-steps including (1) washing with surfactants, (2) enzymatic
digestion of proteins, (3) enzymatic digestion of cellulose, (4) Fenton oxidation, and
(5, 6) single and double density separation. After each step, a fraction of the samples
was analysed by Py-GC-MS, while the others were brought forward to the next step
(Fig. 3.1a). Aliquots of the samples were spiked with different amounts of PS-d8,
allowing us to build in-matrix calibration curves at each step of the pretreatment.
This allowed us to estimate polymer recoveries and matrix effects throughout the
sample treatment process.

The results showed a loss in polymer amount as the number of pretreatment steps
increased (Fig. 3.1b). Recoveries as low as 40% were determined for the samples
which underwent all pretreatment steps. All in-matrix calibration curves provided
good 12 values. Sensitivity and response linearity at each pretreatment step were
only marginally affected by the presence of the environmental matrix, suggesting
that minimal matrix effect was present.

Multi-step pretreatment strategies can lead to loss in polymer amount, with the risk
of analytes falling below the instrumental detection limits. In-matrix calibration could
be a promising strategy when dealing with samples with very low polymer amounts,
in which an extensive sample pretreatment could cause significant sample loss. Future
studies should be aimed at investigating polymer recovery and the effectiveness of
in-matrix calibration when dealing with other environmental matrices, such as soil,
seawater, and biota.
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Chapter 4 ®)
Challenges for Restricting Microplastics oo
in the EU: Urgent Need

for Recommendations from Scientists

on the Restriction Proposal

Esther Kentin

Abstract The European Union (EU) initiated the process of restricting microplastics
in 2017, but no restriction has been approved yet. Scientific evidence on microplastics
has been rapidly increasing, raising questions about whether the proposed restriction
is based on the latest evidence. This chapter discusses two key issues: the definition
of microplastics and the exemption for biodegradable microplastics. Does the restric-
tion proposal reflect current scientific consensus? The chapter emphasizes the need
for scientists to engage with policymakers and provide bold recommendations. The
restriction proposal is currently under review by the European Parliament and the
Council, presenting an opportunity to address the remaining questions and concerns.

4.1 Introduction

The process of restricting of microplastics in the EU started in 2017 with a request
of the European Commission (EC) to compile a restriction dossier under the Euro-
pean Chemicals regulation (REACH) [1]. The procedure under REACH foresaw an
adoption in 2020, but unfortunately no restriction has been approved yet. Our envi-
ronment is persistently being polluted by microplastics, with emissions seemingly
on the rise. As part of the process, the restriction proposal has been deliberated on
in several consultation rounds, and the Committee for Risk Assessment (RAC) and
the Committee for Socio-economic Analysis (SEAC) have provided opinions and
suggestions for revision. Enforcement authorities of the EU Member States have
also given input via the Forum for Exchange of Information on Enforcement (the
Forum). While the restriction process is slowly moving forward, scientific evidence
is building up. A quick—therefore incomplete—search in Web of Science showed
a large increase in relevant articles between 2010 and 2020, from four to 1,646. In
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2021, there were a further 2,614 articles. The restriction dossier compiled by the
European Chemicals Agency (ECHA) was finalized in August 2019, meaning that
it does not cover the many more recent studies and results. The documents prepared
by RAC and SEAC also do not contain studies from after 2019. This raises the ques-
tion of whether the proposed restriction can be considered to be based on the latest
scientific evidence.

I will discuss two issues in particular: (1) the definition of microplastics; and (2)
the exemption for biodegradable microplastics [2]. The definition of microplastics
with a lower size limit of 100 nm is defended by SEAC based on practical and
technical considerations, such as analytical difficulties, while RAC concludes that
the revised definition may lead to circumvention of the restriction via substitution
of microplastics with nanoplastics. The second issue relates to the derogation of
biodegradable polymers. RAC considers the ‘all compartments’ testing method is
most appropriate, but points out that none of the proposed testing methods would
fully address all uncertainties. ‘Biodegradable microplastics’ may be less degrad-
able in certain environments and therefore not always be eliminated as a source of
microplastic pollution.

Can current scientific evidence justify the lower size limit of 100 nm and the
exemption for biodegradable microplastics?

4.2 The Restriction Procedure Under REACH

Under REACH, chemicals are regulated with the adage ‘no data, no market’. To bring
a chemical onto the market, a manufacturer or importer is required to register and
supply a chemical safety sheet to the European Chemicals Agency (ECHA). If there
is reason to do so, the chemical can be further evaluated, authorised under conditions,
or restricted, meaning it can be prohibited totally, or for certain uses. Under Article
68(1) of REACH, restriction is triggered where there is ‘unacceptable risk to human
health or the environment’.

The restriction procedure under REACH starts with the compilation of a restric-
tion dossier. This can be done by one or more EU Member States, but also by ECHA
at the request of the EC, as happened for microplastics. The restriction dossier
has a strict format: in short, it should contain identification of the problem, the
uses of the chemical, information on its risks, an impact assessment, stakeholder
information, assumptions and uncertainties, a justification for EU regulation and, of
course, a proposal for restriction. The restriction dossier on microplastics is distinc-
tive in several ways. First, the dossier deals with substances—polymers—that were
excluded from registration and thus evaluation under REACH in the first place.
When REACH was negotiated, most polymers were considered ‘polymers of low
concern’ and regulatory requirements were reduced [3]. Second, the grouping of
so many substances under the definition microplastics is unprecedented. Third, the
classification of microplastics as a non-threshold substance is based on persistence
and bioaccumulation. Fourth, while compiling the restriction dossier, there has been
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an enormous increase in scientific research, although many gaps and uncertainties
remain. The restriction dossier states that further information should be collected for
possible additional measures.

4.2.1 Definition of Microplastics: The Lower Size Limit

The first proposal defined the size of microplastics as follows: (i) all dimensions 1 nm
<X < 5mm, or (ii), for fibres, a length of 3 nm < x < 15 mm and length to diameter
ratio of >3. This definition was partly derived from other regulatory initiatives, such
as the US Microbead-Free Waters Act and the French prohibition of microplastics
in cosmetic products. Furthermore, in scientific literature microplastics were mostly
characterized as particles smaller than 5 mm.

After consultations with stakeholders, ECHA revised the lower size limit to
100 nm (or 0.1 pm as described in the proposed restriction) and 300 nm for fibres,
therefore leaving out nanoplastics. This revision was motivated by ‘obvious analytical
constraints and challenges’ and ‘based on practical and legal certainty’. With growing
attention and research on nanoplastics, some researchers suggest that nanoplastics
should be excluded from the definition of microplastics, introducing a lower size limit
[4, 5]. While this might be useful for research and certain aspects of regulation, such
as identification and monitoring, excluding nanoplastics from the restriction proposal
raises the question of whether this will undermine the purpose of the restriction.

RAC proposes to fully remove the lower size limit to explicitly include nanoplas-
tics, as nanoplastics may have greater potential than microplastics for adverse effects
and bioaccumulation. RAC points to existing use of nanoplastics in cosmetic prod-
ucts and the danger of substitution to circumvent the restriction. A lower limit would
make it possible for industry to replace microplastics with nanoplastics. This is not
unrealistic, as nanomaterials are already frequently used in cosmetic products. Under
the Cosmetic regulation, a manufacturer is required to label nanomaterials in ingre-
dients lists. While nanomaterials, including nanoplastics, may also be used in other
products, such as coatings for textiles, their use is relatively unknown as no other
labelling requirements apply.

Conversely, SEAC concludes alower size limit of 1 nm should be applied, however
with a temporary lower size limit of 100 nm ‘in order to ensure that the proposed
restriction is implementable, enforceable and monitorable’, because ‘the reliable
characterisation or identification of microplastics is not self-evident’. These techno-
logical barriers should be removed, and ideally as soon as is possible. Furthermore,
SEAC considers that use of the generic term ‘microplastics’ is unfortunate, and that
physical and chemical criteria should have been used instead.

Given that these opinions were issued in 2020, are they still reliable? Monikh et al.
[6] conclude that, on the basis of progress that has been made, nanoplastics should
be included in the restriction proposals [6]. Enforcement may be difficult, like with
regulation of nanomaterials in general, but is not impossible. Nonetheless, can it be
effective and economical?
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4.2.2 The Exemption for Biodegradable Plastics

As the restriction proposal is based on the property of persistence of plastics,
biodegradable microplastics are excluded. In the Single Use Plastic directive (SUP)
of 2019 there is no exception for biodegradable plastics. Having learned from the
debacle of oxo-degradable plastics, the SUP rules also apply to biodegradable plastic
products. An evaluation report foreseen in 2027 might include an assessment of
biodegradability standards to be included, ensuring ‘full decomposition into carbon
dioxide (CO,), biomass and water within a timescale short enough for the plastics
not to be harmful to marine life and not to lead to an accumulation of plastics in the
environment’. The approach of the restriction proposal is different: it does not refer to
harmfulness, but includes a tiered approach using criteria as ‘ready biodegradation’,
‘inherent biodegradation’, and ‘bio(degradation) relative to a reference material’,
demonstrating half-life in the environment of 60 or 180 days, under relevant envi-
ronmental conditions. Criteria refer to OECD and EN ISO standards, and tests have
to be conducted by accredited laboratories.

After lengthy consideration of whether ‘biodegradable’ materials could still
contribute to concerns with microplastics, RAC proposed modified criteria to reduce
uncertainties related to biodegradability.

In 2020, SAPEA published a report on the biodegradability of plastics, and
the Group of Chief Scientific Advisors then published a scientific opinion on this
issue. An important conclusion is that biodegradability should be considered as a
‘system property’ rather than a material property [7]. The example of microplastics
in cosmetics highlights the challenges: biodegradable microplastics should degrade
rapidly in a range of open environments, as they may be present in sewage sludge,
but can also be released directly into freshwater or marine environments. There-
fore, a multi-tier test scheme is needed. The Group of Chief Scientific Advisors
followed the report and recommends defining biodegradability as a system property
[8]. Furthermore, the Group endorses limiting the use of biodegradable plastics for
specific applications for which reduction, reuse and recycling are not feasible. This
view diverts from the approach in the current restriction proposal which includes a
general exemption for biodegradable microplastics, without specifying use or appli-
cation. Additionally, it takes into account the waste hierarchy approach, embedded
in the EU regulation on waste, and the principle of prevention and precautionary
principle, the underlying principles of EU environmental policy. Do the current tests
in the restriction proposal follow the recommendations made by SAPEA and the
Group of Scientific Advisors? Do the standards included in the exemption make up
for the system property approach? Is there new scientific evidence that should be
considered?
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4.3 Discussion

In my opinion scientists could be more proactive, or even assertive, to discuss these
concerns and to inform policymakers. Research may could be directed in this direc-
tion, in particular since we face a serious and irreversible environmental problem.
During the conference many new studies were presented but only few presenta-
tions addressed possible policies and regulatory options to reduce the emission of
microplastics. The identified questions remain. Does the restriction proposal reflect
current scientific consensus? Will the restriction minimise the releases of intention-
ally added microplastics to the environment as envisaged by ECHA? I addressed
only two issues in the restriction proposal: the lower size limit and the exemption
for biodegradable microplastics, but there are more concerns to be addressed. The
restriction proposal has entered the next phase is now being sent for adoption to
the European Parliament and the Council. Both organs can make amendments while
the Commission may also make modifications during this process. There is still
time to raise and resolve the above questions. I urge scientists to act and make bold
recommendations to policymakers in Europe and its Member States.
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Chapter 5 ®)
What Kind of International Legally Guca i
Binding Instrument on Plastic Pollution

Do We Need?

Federica Tommasi and Laura Mancini

5.1 Introduction

For the international challenge on the plastic issue, this will be perhaps, remembered
as the hottest spring and the turning point.

Last March the UNEP Assembly [1] finally decided on a historic legally binding
intervention on plastic. We finally have the perception that the challenge is not
only global, but that solution is approaching. In 2021, the amendments to the Basel
Convention on plastics became effective. The very recent COPs of the Stockholm,
Basel and Rotterdam Conventions (as we write), has also put plastic at the center
again, as an emerging pollutant and with its impact everywhere, not only starting from
aquatic environments. After years in which the growing alarm about MPs Pollution
has produced an ever-growing literature on environmental sectors and human health,
finally all international bodies seem to converge to tackle the problem (EU, G7,
OECD, UNEP, WEF, WHO, FAO).

But what will be the premises, the foundations, the indispensable elements but
above all the method, which are the elements that cannot be missing, to be able to
say that the effort made becomes a success?

Surely we need a simple, clear, gradual, and shared agreement that on a global
level starts from the existing regulatory framework, confirming what already binds
the international community, expanding its audience. More than big unattainable
resolutions, this phase of initiating the work of the delegate group requires clear
input and method.

Such a far-reaching agreement must be shared, understandable also for the soci-
eties and stakeholders who must accept it, because it has great implications, not only
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economic, but also sociological and cultural. Will we be able to take up this chal-
lenge, inevitably linked to the others we have faced recently, such as the pandemic
and climate challenges?

We have only one possible destiny: success with the reversal of the trend in
consumption and lifestyles linked to the abuse of plastic materials. Defeat is actually
our present day that we need to change.

5.2 The Way Forward a New Treaty on Global Plastic
Pollution

A 2022 full of steps forward on Marine Litter and Plastic Pollution Initiatives, Laws
and new Agreements. United Nations General Assembly recognizes as a Human
Right a clean, healthy, and sustainable Environment for all mankind [2].

The UN General Assembly (UNGA) passed on 28 July 2022 a Resolution (A/
76/L.75) recognizing the right to a clean, healthy, and sustainable environment as
a human right. The UNGA calls upon Parties and other stakeholders to “scale up
efforts” to ensure a clean, healthy, and sustainable environment for all.

Quoting that the right to a clean, healthy, and sustainable environment is “related
to other rights and existing international law,” and affirming that its promotion
“requires the full implementation” of the Multilateral Environmental Agreements
(MEAs) “under the principles of international environmental law.” These general
principles paved the road ahead also tackling the plastic pollution globally with a
new dedicated international Treaty (Fig. 5.1).

This result has been achieved during the session known as UNEA 5.2 convened
in Nairobi, Kenya from 28 February-2 March 2022, a year after the virtual fifth
Assembly. The UNEA is composed of the 193 UN Member States, during its closing
session, governments adopted a resolution titled, ‘End Plastic Pollution: Towards an
internationally legally binding instrument.” By Resolution UNEP/EA.5/Res.14 the
Assembly agrees to set up an Intergovernmental Negotiating Committee (INC) to
draft a Legally Binding Agreement by 2024. The agreement is expected to address
the full lifecycle of plastics, including production, design, and disposal, as well as
the design of reusable and recyclable products and materials. This represents a great
point of arrival, and a challenge for the future, after years marked by a growing global
commitment on the Plastic pollution front. Both at the level of world organizations
and of global commitments, the issue of Plastic Pollution was now on the agenda of
international tables (G7 Germany on 2022, G20 with the Osaka Blue Ocean Vision,
The G7 with the Ocean Plastics Charter) [3, 4].

Also in the past years the Plastic Pollution and the Marine Litter Pollution are
addressed also in the work of: Basel Convention on the Control of Transboundary
Movements of Hazardous Wastes and Their Disposal (Basel Convention), Strategic
Approach to International Chemicals Management (SAICM), International Maritime
Organization (IMO), World Health Organization (WHO), World Trade Organization
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(3]

(WTO), Various Regional Seas Programmes and Conventions around the world.
Therefore a great transversal commitment of global institutions for what has been
defined as one of the contaminations characterizing the new era of the Anthropocene.

But if at an institutional level the course now seems to have been set, how ready
is civil society to accept a new treaty? We must consider that it will also have an
impact on its lifestyles and consumption, regardless of the economic issues that this
type of transition implies with a lower and sustainable consumption of plastic.

For sure quite enough if we look at the results of the survey of Dilkes-Hoffman
[5] carried out among Australian citizens who were asked to indicate which, amid
the various proposals, was the most serious environmental problem. Also surpris-
ingly, it has been answered at the top of the list: “Pollution in the ocean” even
before more urgent and dangerous issues as, water pollution, air pollution, climate
change and global warming. This, like other published surveys, demonstrates the
great interest, concern and perception of the impact of plastic pollution in developed
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societies worldwide. The road seems paved on both sides: at the level of international
organizations, and on the side of civil society [6].

Returning to the UNEA Resolution n.5/14 and its proposed Agreement, how to
address the full lifecycle of plastics, from production to disposal? How to reach the
“end of plastic pollution”?

Before to explain that crucial point and the roadmap ahead, let try to summarize
what are the pillars that must be contained in this agreement. An excellent reasoned
synthesis of the approach necessary in managing plastic pollution is undoubtedly
reported in the article by Nils Simon in Science [7], which cites three fundamental
pillars on which to base the approach of life cycle of plastics.

The three pillars are these: Reduce, Reuse, Remove to curb and try to solve the
plastic pollution problem.

“Reduce” means, in a nutshell, the greater effort we can spend in using less virgin
plastic material starting from the S.U.P. products, to curb the production from fossil
fuels, and to be able to lower GHG emissions, due to its side effects on Climate
Change [8].

“Reuse” means a full and proactive implementation of the principles of the “Cir-
cular Economy” with the greater attention in greening the output materials, and the
related production processes [9].

“Remove” represents the more purely sociological issue, among the others,
because we too have to spend all our efforts to remove the plastic pollution actu-
ally present in the environment. This means implementing citizen science, cleaning
campaigns and strengthening all aspects of knowledge and involvement of consumer
citizens to exploit their positive attitude in solving an environmental and health
problem, closely linked to their lifestyles and consumption.

If these are the pillars, on which we can build our efforts to end plastic pollu-
tion, how do we achieve these results in a general and global agreement? On which
obviously, in a general and shared way, all member states must agree.

In understanding how this process will develop, first of all, we have to resume the
rules in doing that effort: an Intergovernmental Negotiating Committee (INC) will
write the new Agreement; and an Ad-hoc Open Ended Working Group (AH-OEWG)
has decided the “Rules of Procedure” and “Meeting Schedule” of INC, as prescribed
in the Res.5/14, establishing the framework for negotiations and the details matters,
within the ambitious deadline of the end of 2024.

Such a stringent deadline, previously unthinkable, for other agreements already
signed, testifies to the fact that for the framework we want to give to this new
Agreement, we want to draw inspiration from recent and past experiences. “Mina-
mata Convention” [10] has been see as a good general Roadmap to develop a new
International Legally Binding Instrument (ILBI) on Plastic Pollution.

Indeed precisely this recent Convention deals with the issue of Mercury pollution,
managing, with progressive prohibitions, both the production processes, in which
Mercury is used, and the products that contain it. In this regard, this Convention also
provides for the negotiation methods with which to manage the economic instruments
and the progressive phasing-out of products containing mercury.
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This convention represents the best skeleton on which to mend the new treaty
for plastic pollution which precisely requires the combination of the progressive ban
of the most polluting materials and products, and the related economic instruments
necessary to achieve these objectives.

From one side for its procedures to apply in negotiations, and on the other for its
model in approaching the new plastic pollution treaty with controls and scheduled
phasing-out on various plastic products (Reduce: Goal 1).

In addition, in the first meetings of the Ad-hoc Open Ended Working Group it
emerged that also Paris Agreement too has been suggested, to replicate somehow,
its NDCs Nationally Determined Contributions (biggest polluters put in place the
biggest actions). In the debate, also outside the OEWG held in June, raised the
proposal of a sort of a “Cap and trade” Principle both for virgin and/or waste streams
reinforced by a taxation on virgin plastic production (Reuse: Goal 2) e.g. at the
OECD Workshop: “FFGP—Economic, Regulatory or Technical Barriers to Sustain-
able Design from a Chemicals Perspective—How Can Policy Makers Help?” hold
in May of 2022.

In other word therefore, the best solution is to give a proper global response that
has to address both virgin plastic production and waste production in a double fast
track, addressing global plastic pollution with a comprehensive life cycle approach
[11].

5.3 Conclusions

We need to take action, anyway, at any cost, with the utmost willingness to negotiate
globally, for such an ambitious goal, in such a short time, paving a way with an “open
and incremental and implementable Legally Binding Instrument”.

Because if for the “common man” the plastic problem seems to be limited only to
the issue of packaging containment, the real future, managing the plastic pollution,
will be represented by everything else made by plastic materials—also plastic items
with legacy chemicals content—you are able to imagine, to be managed till the
remote future.

Resolution 5/14 demonstrates that inaction is not an option and that the wrong
actions are those of today: the sustainable future, even for an intelligent and versatile
material such as plastic, must be thought of today, with a global negotiation, because
this problem is global.

Such a close deadline (2024 is a written challenge for next year!) also demonstrates
that the problem is urgent and globally perceived as such.
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Chapter 6

Detection and Characterization of Micro- | o
and Nanoplastic Pollutants: A Case

Study of the Adriatic Sea

Maria Rapi, Annamaria Vujanovi¢, Teresa Cecchi, and Davide Poletto

Abstract This study investigates the detection of microplastic in the Adriatic Sea,
considering various plastic waste-generating activities from neighboring countries as
asource of pollution. Seven water samples were collected from three locations around
the Venice Lagoon in Italy and four around the island of Krk in Croatia. Microplas-
tics, categorised as fibres, films, and fragments, were quantified, and their features
(dimensions, colour) were analysed via optical microscopy. The mean size, under-
size (D10, D50, and D90), and concentration of nanoparticles were also estimated
using Nanoparticle Tracking Analysis. The Flame Atomic Absorption Spectrometry
(FAAS) also scutinized the presence of certain heavy metals in the water bodies after
the digestion step. This scientific investigation reveals the highest concentrations of
microplastics and nanoparticles in the Canal Grande at the city centre near the Rialto
Bridge, one of the most iconic and massively visited locations in Venice. Finally,
the levels of heavy metals in the seawater were below the detection limit of FAAS.
This study paves the way for assessing the impact of these pollutants on aquatic
ecosystems and on human health.
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6.1 Introduction

In the EU, 150,000-500,000 tons of plastic waste enter the oceans every year with
75,000 and 300,000 tons of microplastics released into the environment. Microplas-
tics (MPs) are defined as plastic particles resulting from the disintegration of plastics,
with dimensions smaller than 5 mm, which are not detectable to the naked eye [1].
Relating to the direct release into the environment or degradation of plastic waste,
MPs can be categorized as primary and secondary microplastics. Laboratory research
suggests that the plastic pollution of the oceans, seas and lakes has induced harm
to aquatic life. MPs have been discovered in biota, such as marine algae, crabs and
whales, or comestible salts [2]. Also, more than 701 marine species have ingested
these microplastics [3]. Fish and small organisms can accidentally eat the plastic
particles, leading to reduced fertility, decreased energy and altering juvenile develop-
ment of invertebrates. Furthermore, the plastic pollution of marine environments has
raised significant concerns relating to human health due to the chemical components
of plastic being linked to serious diseases, including cancer.

Water pollution is also a result of naturally occurring contaminants caused by
agriculture, and household and industrial waste that can contaminate MPs through
sorption processes. Among these, heavy metals are the most dangerous contaminants
due to their toxicity and accumulation in organic organisms. They are able to bio-
accumulate in the food chain, thus influencing ecosystems and, ultimately, human
health.

This negative impact on the environment is widely recognized as being unaccept-
able at a biological, ecological and socio-economic level [4]. Consequently, aquatic
ecosystems have been threatened by an exponential increase in plastic debris; its
impact is not entirely understood as an overall systemic crisis of our oceans, driven
by habitat degradation, loss of biodiversity, climatic transformation and alteration
and disruption of major sea streams [5].

This study investigates the occurrence and characterization of microplastic
contamination in the Adriatic Sea, where different plastic waste generating activ-
ities from neighbouring countries are considered as a pollution source. According
to the applied protocol, water samples have been collected in two rounds from three
locations around Venice Lagoon in Italy and four locations around the Island of Krk
in Croatia. Microplastics, perceptually categorized as fibres, films, and fragments,
were quantified for each water sample; their morphological features (dimensions,
colour) were studied using optical microscopy. The mean size, undersize (D10, D50
and D90) and concentration of nanoparticles were also estimated using a Nanopar-
ticle Tracking Analysis technique. Furthermore, heavy metals have been quantified
in the bodies of water after the digestion step by flame atomization using an atomic
absorption spectrometry analytical tool.
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Table 6.1 Water samples and sampling areas

Sample code Location GPS coordinates
Latitude (°) | Longitude (°)

Venice Port Inlet | Venice, Italy 45.431508 | 12.406952
Rialto Bridge Venice, Italy 45.438350 | 12.336311
Saint Mark’s Basin | Venice, near St Mark’s Square, Italy 45.431962 | 12.340953
Stara Baska Island of Krk-Stara Baska-beach Zala, Croatia | 44.948901 | 14.699455
Krk Krk, Croatia 45.012987 | 14.561584
Melska Island of Krk-Melska, Croatia 45.100624 | 14.661386
Omisalj Omisalj, Croatia 45.244462 | 14.554328

6.2 Experimental

6.2.1 Water Sampling and Storage

Three bulk water samples were collected from Venice, Italy, and four others from
Croatia (Table 6.1) on 7th December 2021 (for nanoparticles and heavy metals anal-
yses) and 15th June 2022 (for microplastics determination) (30 cm under surface)
using stainless steel jerry cans.

According to our sampling protocol, the containers were rinsed at least 4 times
with seawater at each sampling location and allowed to settle for 5 min between
each rinse. The water samples were kept at a cold temperature (8 °C £ 2 °C) during
transportation to the laboratory. The samples were stored in refrigerators at the same
temperature and processed two days after being received.

6.2.2 Methods

6.2.2.1 Laboratory Preparation

During water processing in the laboratory, some precautions were taken, including
wearing a cotton laboratory coat and nitrile gloves. Prior to the commencement of
work, the basic laboratory glassware, Petri dishes, mesh sieves, filtration system,
as well as work surfaces were cleaned with 70% ethanol, then rinsed 3 times with
filtered ultrapure water and covered with aluminium foil.

In order to avoid contamination from particles or experimental reagents, airborne
contamination was monitored according to the procedure of Wang et al. [6] and three
blank samples (negative controls) were performed simultaneously in each analytical
experiment. Upon completion of the work, the filter papers were examined for the
presence of microplastics (MPs) using an optical microscope (BX 51 M, Olympus,
USA).
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All working solutions (ultrapure water, ethanol, oxidizing agent) were pre-filtered
before use to exclude microplastic contamination from the chemicals by glass
microfiber filter papers, 47 mm, 0.45 pm.

6.2.2.2 Laboratory Processing for Microplastic Determination

The water samples were processed in triplicate in compliance with reported protocol
[7], with a few modifications.

In this way, 1L of water was filtered with a 32 pwm stainless-steel sieve (Test
sieve, ISO 3310-1, Germany). The retained solid particles on the stainless-steel
sieve were rinsed with filtered ultrapure water and carefully transferred into glass
beakers. Subsequently, the resulting mixture was submitted to a digestion step to
destroy the organic matter at room temperature using a 30 ml mixture of 30% (w/
v) solution of hydrogen peroxide (H,O;) (Chimreactiv SRL, Bucharest, Romania),
an environmentally benign oxidant, until no foam was observed. The non-toxicity of
the reduction product (water) is noteworthy from an environmental standpoint. The
involvement of the hydroxyl radical (HO-) contributed to the organic matter oxida-
tion due to its strong oxidation capacity (standard potential 2.80 V versus standard
hydrogen electrode [8, 9]). The use of hydrogen peroxide avoided the hydrolysis and
degradation of microplastics made of polyesters and polyamides that would occur
using NaOH and HCI [10]. Subsequently, the resulting mixture was subjected to
vacuum filtration (UniVACUUPUMP 1, Lab Logistics Group GmbH, Meckenheim,
Germany) equipped with a suction filtration unit (funnel 250 mL, filter holder NS40/
35, filter flask 1000 mL/2000 mL, filter plate 47 mm, porosity 2 and clamp), and
glass microfiber filters, binder free with pore sizes of 1.6 pm GF/A (Whatman,
China). Filters were stored in labelled Petri dishes, dried at room temperature, and
kept in desiccators until the optical microscope investigation. The concentration of
microplastics (n/L), their category according to size class (0-100 pm, 101-500 pm;
501-1000 wm, 1001-2000 pwm, 2001-3000 pum and 3001-4000 .m), and their colour
and shape (sphere, film fragment, and fibre) were recorded. Filtered distilled water
was processed as blank, in triplicate, in the same way as the water samples.

6.2.2.3 Nanoparticle Measuring

Nanoparticle tracking analysis (NTA) for water samples was carried out using a
Nanosight NS300, NTA 3.4 Build 3.4.4 version (Malvern Instruments, UK), with
the permission of INOE2000. The mean size, undersize (D10, D50 and D90) and
concentration of particles/mL from water are expressed as the mean of five repeti-
tions = standard errors. Prior to measurement, 2 mL of original water samples were
filtered by 200 nm syringe filter paper (ChromafilR Xtra PES-20/25, Germany). As
reference, a standard latex NTA4089 (Malvern United Kingdom) with a size dimen-
sion of 200 nm (initial concentration of 3.41 x 10° £ 3.63 x 10® particles/mL)
was employed as received and diluted with a sterile solution of NaCl (Zentiva SA,
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Bucharest, Romania) to a final concentration of 3.42 x 108 4 2.78 x 107 particles/
mL.

6.2.2.4 Heavy Metals

Quantitative analysis for Cu, Mn, Zn and Fe ions were performed via Flame Atomic
Absorption Spectroscopy (FAAS) (ContrAA 800, Analytik Jena AG, Germany) on
digested samples. A blank (control) was processed as water samples. The heavy
metals were quantified in the following conditions: a mixture of acetylene-air, read
time of 3 s, the washing time between samples of 8 s, and the delay time of 8 s.

Calibration lines were prepared using at least 5 working standards in concentration
ranges of 0-2.5 mg/L for Cu, and 0-3 mg/L for Mn, Zn, and Fe (Scharlab SL,
Sentmenat, Spain). The LODs of the Cu, Mn, Zn and Fe ions were: 0.0703, 0.1885,
0.1009 and 0.3416 mg/L, respectively.

6.3 Results

6.3.1 Microplastics

The material on each glass microfibre filter was analysed in terms of MPs
concentration, category, colour, and shape, detailed in Fig. 6.1a—d.

6.3.2 Nanoparticles

Table 6.2 illustrated the profile of concentration of nanoparticles, mean size and D10,
D50 and D90 measured by the NTA technique. D10, D50 and D90 are the points
in the size determinations where 10%, 50% (median) and 90% of the sample are
found [11], and the agglomeration after filtration can not ruled out. A particle size
distribution profile was obtained for each visible particle, which is separately tracked.

6.3.3 Heavy Metals

The concentrations of Cu, Mn, Zn and Fe ions, in ppm, for digested water samples,
indicated that the investigated trace metals are below the detection limit of FAAS.
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Fig. 6.1 Identification of MPs collected after processing of retained solid particles. a Concentration,
b Category, ¢ Colour, and d Morphology

Table 6.2 NTA parameters for analysed water samples

Water Mean (nm) D10 (nm) D50 (nm) D90 (nm) Concentration
sample (particles/mL)
Venice 221.74£59.2 |87.9+23.1 1323 4+33.6 4249+ 117.6 |[3.64 x 107 +
Port Inlet 1.06 x 107
Rialto 30.5+18.8 28.7+17.8 30.8 +19.0 32.9+20.2 1.83 x 10° +
Bridge 1.64 x 10°
Saint 126.4 +£9.8 87.6 +2.6 1282 +£123 | 153.1 £ 13.6 1.82 x 107 +
Mark’s 2.60 x 10°
Basin
Stara 163.5+357 [96.9 +16.7 146.2 +34.7 |295.3 +65.1 439 x 10° +
Baska 2.49 x 10°
Krk 85.8 +21.6 74.5 £ 189 88.6 +23.0 98.9 +25.5 9.79 x 10° +
2.50 x 107
Melska | 136.0 £ 4.4 85.7+3.5 125.6 £ 14.1 |241.0 +35.0 1.87 x 107 +
3.61 x 10°
Omisalj |272.7£26.0 |136.4+10.8 |263.7+30.3 |431.0+51.2 1.25 x 107 +
2.17 x 10°
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6.4 Discussion

Optical microscopy with the acquisition and image analysis software, and magni-
fication ranging from 50x up to 1000x is used as the first step in the identification
of microplastics. It can allow us to distinguish microplastics from other compounds
such as fats, mineral particles and cellulose fibres [12]. In this study, three criteria
were established for the recognition of MPs as follows: MPs must not have visible
cellular or organic structures; fibres should be equally thick throughout their entire
length; and particles should present a homogeneous colour throughout [13].

Figure 6.1a shows the relative number of MPs per L in the following trend: Saint
Mark’s Basin (3.6 £ 1.1) > Omisalj (2.3 &= 0.5) > Rialto Bridge (1.6 & 1.1) > Venice
Port Inlet (1 & 0) > Krk (1.3 & 0.5) > Stara Baska (0.3 4 0.5) > Melska (0). Our
results are consistent with data reported in the literature which show the average
microplastic abundances in seawater as 9.5 &£ 3.7 particles/L [14]. No microplastics
were detected on the control samples.

Relative size fraction plotted in Fig. 6.1b shows that the lowest microplastics with
diameters up to 100 pwm are found in Saint Mark’s Basin (12.5%), while the most
microplastics in the 30014000 pwm size class were detected for Rialto Bridge site
(40%).

The dominant colours of MPs were transparent, black, and blue (Fig. 6.1c), while
the morphology evaluation of MPs showed that the fibres are more predominant than
other shapes (Fig. 6.1d).

In terms of nanoparticles, interference from co-existing colloids is the weakness
of the NTA technique [15]: actually, they may be nanoplastics but could also be other
organic and inorganic nanomaterials. The mean size of the nanoparticles follows the
trend: OmiSalj > Venice Port Inlet > Stara Baska > Melska > St. Mark’s Basin > Krk
> Rialto Bridge (Table 6.2).

However, the concentration of nanoparticles found in one millilitre of water
sample was situated in the range of 1.83 x 10° & 1.64 x 10° particles/mL to 3.64 x
107 £ 1.06 x 107 particles/mL and revealed the following trend: Venice Port Inlet
> Melska > St. Mark’s Basin > OmiSalj > Krk > Stara Baska > Rialto Bridge (Table
6.2).

In aquatic systems, the heavy metals are toxic to organisms above distinct
threshold concentrations, but many of them (e.g. Cu and Zn) are fundamental for
metabolism at lower concentrations [16]. The quantitative analysis for detection of
trace elements in water samples revealed that the resultant spectral peaks are situated
under the detection limit of FAAS.



36 M. Répd et al.

6.5 Conclusions

The results of this scouting scientific investigation show the presence of microplastic
particles in all sampling locations except the Melska site; the low volume of sampled
water calls for further investigation. The highest concentrations were observed in the
Canal Grande in the city centre near Saint Mark’s Basin, which is one of the most
iconic and widely visited locations in Venice.
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Margherita Barchiesi, Camilla Di Marcantonio, Agostina Chiavola,
Maria Rosaria Boni, Alessandro Frugis, Valentina Gioia,
and Marco Lazzazzara

7.1 Introduction

Drinking water is the result of a chain of treatments aimed at purifying the water
source from normed pollutants. However, thanks to the increasing analytical power
of the available techniques, more pollutants of concern are being discovered both in
the water source and in drinking water. In order to keep the drinking water as safe as
possible, such pollutants need to be identified in terms of associated risk and fate in
the drinking water treatment plants (DWTPs).

Microplastics (MPs) belong to those pollutants referred to as “of emerging
concern”. MPs are broadly defined by the scientific community as plastic particles
with main dimensions bigger than 100 nm (or 1 wm) and lower than 5 mm [1].

This broad definition coupled with the MPs physical and chemical characteris-
tics results in a challenging task for regulators worldwide for the establishment of
acceptable limits and also of standardized analytical protocols.

p-Raman is among the most used techniques for the analysis of particles as low
as 1 pwm; however, many are the aspects to be taken into consideration for a reli-
able and meaningful analysis using this technique. Furthermore, when developing
an analytical method, it has to be considered the different aims and goals of a water
company, which is responsible for monitoring and managing the water cycle, and
of the researchers interested in pure investigation. In the present work, the practical
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struggles of MPs analysis by p-Raman are considered, underlining the main issues
and proposing solutions to overcome such troubles. It focuses on the activities run
in the laboratory, specifically MPs pre-treatments, separation, identification, quan-
tification and characterization (IQC). Firstly, the main steps and issues to carry in
the p.-Raman analysis are presented and described; then, the results obtained and the
possible solutions are reported.

7.2 Experimental

7.2.1 Materials and Methods

Drinking water for MPs analysis was sourced from private house taps, municipal
water towers and DWTPs. Samples were collected in glass containers (volumetric
flasks) with volume of 250-1000 mL.

Hydrochloric acid (HCl), acetic acid (AA) and ethanol were of analytical grade
and supplied by Carlo Erba, EDTA powder was purchased from VWR.

Silicon filters with porosity of 1-5 pm were used for vacuum filtration, in all glass
set-ups. All filtration procedures were run under a laminar hood.

p-Raman DXR3 by Thermo Fisher coupled with Ominc Spectra and Omnic Atlps
softwares were used for the characterization and identification of MPs.

7.2.2 Pre-treatments

Pre-treatments phase is crucial to a proper IQC. Indeed, without pre-treatments the
time needed for the analysis increases, as the particles aggregation and the filter
crowding can occur.

Dealing with drinking water, pre-treatments are mostly needed to reduce the pres-
ence of Calcium and Magnesium carbonates. At pH of 3, most carbonates salts are
supposed to dissolve, being the carbonates mostly present in the form of carbonic
acid. Therefore, HC1 was used to reach a pH of 3 or lower, whereas trials were also
run with acetic acid (AA) reaching a pH of 4.

Another option to dissolve salts is the use of a chelating agent. In the present case,
EDTA was selected: it was first dissolved in MilliQ water and then used in an amount
equimolar to the carbonates supposedly present in the water analysed.

The experimental conditions tested are shown in Table 7.1
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Table 7.1 Experimental

I, Chemical | Value/Dosage Time
conditions for pre-treatment
evaluation HCI pH 1-4 Few minutes—12 h
AA pH4 Few minutes—12 h
EDTA Equimolar to carbonates | Few minutes—12 h

7.2.3 Filtration

Filtration was the chosen method for MPs separation. The vacuum filtration system
was all glass made, except for the rubber gasket. The silicon filter was squared with a
length of 10 mm, whereas the gasket internal diameter was of 9 mm. This introduced
a first challenge: optimal positioning of the gasket to avoid water dragging and loss
of particles. Issues related to filtration are:

time needed;
formation of bubbles due to the high concentration of carbonic acid, its equilibrium
with dissolved CO, and the local difference in pressure at the pores. The formation
of bubbles causes a non-homogeneous distribution of the particles on the filters
that strongly hinders the reliability of the ICQ phase;

e the choice of an appropriate operative volume to avoid a too crowded filter.

7.24 10C

The Identification Quantification and Characterization phase begins with the image
acquisition. Indeed, to automate the process as much as possible, to guarantee a
lower relevance of the operator and to lower the time requirements for the analysis,
the particles to be analysed are selected on the filter through image analysis, selecting
a threshold either by an algorithm or by the operator. The first choice to make was
the magnification to use: this affects the resolution of the image, the stability of the
focus, the opportunity to use the autofocus, the time of the image acquisition. It
has to be noted the relevance of the use of proper focus distance to obtain quality
spectra. The presence of particles of significantly different dimension from average
is to be avoided as they can both confuse the image analysis algorithm and anyway
end up out of focus. Another aspect often overseen is the possible movement of the
filter on stage as that of the particles on the filter; these aspects gain relevance with
the decrease of the particle size analysed and might define the lowest particle size
analytical limit, as the stitching error for the tiles (pictures taken by the microscope)
that composes the mosaic of the whole image to be analysed.

Once the image is acquired and the coordinates of the particle of interest defined,
the laser is directed on those. The parameters of relevance are: laser wavelength,
laser power, time of acquisition and repetition of acquisitions. It is well known that
the main issue of the Raman technique is the high risk of fluorescence, which can
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be slightly decreased by the use of different lasers. However, the time requirements
linked to this option, make it not suitable for routine MPs analysis. Therefore, one
wavelength has to be chosen, and the other parameters decided as best.

The acquired spectra are then compared to reference libraries, and the outcome
of the identification depends both on the library used (the reference spectra present
in terms of pure polymers, blends, pristine and aged MPs) and on the comparison
method used. The method “correlation” is the mostly used in literature, with an
identification threshold of 60-70%.

7.2.5 QA/QC

Due to MPs ubiquity, it is of utmost relevance to carry on negative controls to check
for contamination. It is also of utmost relevance to carry on “positive controls” as
recovery rates with reference material. If the numbers reported as results for MPs
content are corrected by blanks results, the way and reasoning behind it should be
carefully described, considering the full MPs spectrum: size, polymer, shape.

Blanks were evaluated with ultrapure water type 1 from Arius VF pro by Sartorius.
Recovery rates were initially evaluated thanks to the reference material provided by
Quasimeme and using green Polyethylene microspheres acquired from Cospheric
with size >75 pm.

7.3 Results and Discussion

7.3.1 Pre-treatments

The tested pre-treatments to analyse particles >30 wm (using hence a 10x magnifi-
cation) showed all comparable results. The pre-treatment choice is hence dictated by
practical observations. The use of AA was hindered by the sporadic formation of a
film on the 1 wm filter due to the interaction between AA and substances present in
water or possibly with the ethanol used to speed up the filtration. The use of AA is
hence still deemed of potential interest, but was discarded due to practical aspect to
be yet clarified. EDTA also showed a similar effect as HCI in reducing the particles
on the filter; however, it might also interact with the ethanol used to speed up the
filtration, precipitating on the filter therefore loosing efficiency. The beneficial effect
on the particles present on the filters thanks to the use of HCl at a pH of 3 for 15 min
is shown in Fig. 7.1.

Regarding the choice of pre-treatments for MPs <20 pwm, preliminary trials
showed better efficiencies based on duplicates for HCl compared to EDTA, with
the latter showing about 25% particles more than the former. The particles were
counted by the automatic algorithm implemented in the image analysis software of
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Fig. 7.1 Effect of pre-treatments by HCI

the DXR3, with a 50% magnification, on 25 windows of size 4*FOV (Field of View),
chosen randomly on the filter by an algorithm designed on the software R studio. The
choice of the windows is dictated by the time available for the analysis. However,
these data might be hindered by the high presence of small particles that were later
on discovered being released from the glassware.

Therefore, also for lower particles size, the pre-treatment of choice is HCI,
although trials are ongoing to test the effect of such pretreatment on the MPs of
smaller size range.

7.3.2 Filtration

Regarding the filtration phase, the time was significantly reduced by filtering a small
amount of ethanol before the sample. This procedure was instead not required when
using filters with nominal porosity of 5 wm.

The presence of bubbles was reduced by mixing or gently shaking the sample
before filtration, allowing the extra gas produced during the pre-treatments to be
released. Bubbles were instead not formed when using the 5 pum filters. The optimal
volume to be filtrated on one filter in the present case was observed to be not exceeding
500 mL, to avoid filter overcrowding.

7.3.3 10C

It was noted how the automatic algorithm implemented in the software got confused
in the presence of a clean filter of 1pum (mostly when using the 10x magnification),
or in the presence of relatively large particles. Therefore, it was decided to use
an operator selected threshold, based on two factors: the position of the inflection
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Fig. 7.2 a Stitching error, b relative movement of particle. 50x magnification

point of the image intensity histogram (image intensity is the parameter used by
the algorithm for thresholding) and the image intensity value that allows the non-
selection of background filter points. The comparison of particle numbers was in
this case highly hindered, but it allowed for a consistent analysis methodology. The
algorithm performance is instead consistent in the case of Spum filters, thanks to the
higher contrast between particles and background.

The relative movement of the particles on the filter and the stitching error linked
to the filter stage minimum step size, did not allow for the automatic analysis of MPs
under 5 wm. This obstacle can be overcome by using a very precise motorized stage
(Fig. 7.2). The analysis was anyway possible with an “point and shoot” approach,
where the point of interest was chosen one by one manually by the operator. However,
this procedure may be considered acceptable for research purposes, not for routine
goals.

An acceptable focus must be set on average for all the particles analysed. The use
of autofocus is not recommended due to its sensibility to the presence of slightly out
of size particles and the time required to acquire the image.

The parameters for proper spectra acquisition are to be set as average for routine
goals, whereas the chance of using optimizing tools based on the Signal to Noise
ratio can be of high advantage for research purposes. The performance of an average
set of parameters compared to optimal ones for each particle is still to be assessed.

7.3.4 QA/QC

Blank results showed random presence of Polyethylene and Polypropylene particles,
in an amount comparable to that of the preliminary results obtained with drinking
water; therefore, for the presentation of the results to come, it was decided not to
apply blank correction.

Regarding recovery rates, the results initially obtained with material acquired by
Quasimeme were not considered satisfying, being the recovery rates lower than 60%;
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therefore, a rinsing stage after filtration was included. More trials with Cospheric
microspheres are ongoing.

7.4 Conclusions

MPs analysis by p-Raman proved to be challenging due to the many sources of
errors and uncertainties that must be necessarily addressed in establishing the optimal
protocol. Some errors might be reduced by carefully improving the practical aspects
of the analysis; however, it is of utmost relevance to quantify the uncertainties of the
number given as a result of the analysis, coupled with a complete description of the
protocol used. In this context, it is highly recommended to take as a reference the
proposed check index by Cowger et al. [2].

Considering the issues reported in this report, for routine monitoring, a set of three
different protocols have been conceived and are going to be developed:

(1) 10X magnification, screening routine (>30 pwm).
(2) 20X magnification, specialistic (10-30 pm).
(3) 50X magnification, highly specialistic (5-10 pm).

For practical reasons, the use of 5 wm silicon filters appears more convenient
considering the need of an automated analysis for routine monitoring, as the use of
HCI pre-treatments. Next research activities will include the evaluation of the effect
of the chosen pretreatment on MPs integrity for smaller size ranges, and the screening
of DWTPs with the developed method.

References

1. Novotna K, Cermakova L, Pivokonska L, Cajthaml T, Pivokonsky M (2019) Microplastics in
drinking water treatment—current knowledge and research needs. Sci Total Environ 667:730-
740. https://doi.org/10.1016/j.scitotenv.2019.02.43 1

2. Cowger W et al (2020) Reporting guidelines to increase the reproducibility and comparability
of research on microplastics 74(9)


https://doi.org/10.1016/j.scitotenv.2019.02.431

Chapter 8 )
Stability of Microplastics: Detection Gzt
of Potentially Harmful Compounds
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Accelerated Aging Studies
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Valter Castelvetro, and Francesca Modugno

8.1 Introduction

Microplastics (MPs) have now been detected in all the main environmental compart-
ments, and the associated environmental and health hazards have been the focus of
intense social, scientific, and media attention [ 1-3]. Plastic debris should be consid-
ered by no means as chemically stable persistent pollutants, but rather as reactive
materials. Indeed, synthetic polymers exposed to the environment undergo chemical
and physical degradation processes leading not only to mechanical but also molecular
fragmentation [4—6]. In this work we tested different analytical approaches based on
pyrolysis, gas chromatography, and mass spectrometry to evaluate the potentially
harmful molecular fragments generated by MPs during accelerated ageing.

In this study samples of micronized reference polymers (high-density and low-
density polyethylene, polypropylene, and polystyrene) were photoaged in SolarBox
and treated with specifically optimized extraction protocols to characterize the
degraded soluble fractions produced during irradiation. The analyses were performed
both on the solvent-soluble fraction of the polymers and the volatile organic
compounds produced and released by the reference MPs [7].

Accelerated photo-oxidative aging of the same four reference MPs was also
performed directly in artificial seawater to evaluate the production of water-soluble
chemical species [8].

Together with the evaluation of the production of soluble species from reference
polymers, a selection of environmental micro- and macro-plastics were also analyzed
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to characterize and quantified the emission of volatile organic compounds (VOCs)
[9].

All the analysis were performed by combining different analytical approaches
based on mass spectrometry: analytical pyrolysis coupled with gas chromatography
and mass spectrometry (Py-GC-MS) was used to study the polymers and solvent
extracts, GC/MS was applied for the study of the water-soluble low molecular weight
species after extraction, and selected ion flow tube mass spectrometry (SIFT-MS)
was applied for the study of the VOCs.

The combination of artificial ageing and extraction procedures, together with
the multi-analytical approach, provided an initial but comprehensive picture of the
chemical nature of degradation products released by different polymers present as
microplastics in the environment, significantly contributing to our understanding of
the fate of this kind of pollutants.

8.2 Experimental

8.2.1 Reference Materials and Environmental Samples

The artificial ageing studies were performed using micronized polypropylene (PP),
polystyrene (PS), low-density polyethylene (LDPE) and high-density polyethylene
(HDPE), with particle size in the 857-509 pm range. The complete features of the
reference microplastics are reported in [7].

The study of the VOCs emission was performed on 39 macro- and microplastic
samples collected as sieve fractions (2 mm) from sand samples collected in a marine
beach in northern Tuscany (Marina di Vecchiano, Pisa, Italy). Detailed information
on the samples is available in [9].

8.2.2 Artificial Ageing of Reference Microplastics

8.2.2.1 Artificial Ageing for the Study of the Solvent-Soluble Fraction

Micronized PP, PS, PET, LDPE and HDPE were artificially aged for four weeks using
a solar-box system (CO.FO.ME.GRA. Srl, Milan, Italy) equipped with a Xenon-
arc lamp and outdoor filter. The conditions for the aging were: temperature 40 °C,
irradiance 750 W/m?, relative humidity around 60% [7].
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8.2.2.2 Artificial Ageing for the Study of the Water-Soluble Fraction

Five mL of artificial seawater were added to quartz tubes, each containing 1.5 mg
of the reference polymer. The quartz tubes with the polymers in artificial seawater
were placed in the SolarBox equipped with a Xenon lamp and outdoor UV filter,
operating at T & 40 °C and 750 W/m? irradiance, and aged for two weeks [8].

8.2.3 Pyrolysis-Gas Chromatography-Mass Spectrometry
Conditions (Py-GC-MS)

The analyses were performed using a multi-shot pyrolyzer EGA/PY-3030D (Frontier
Lab, Japan) coupled with an 8890 gas chromatograph, combined with a 5977B mass
selective single quadrupole mass spectrometer detector (Agilent Technologies, US).
The complete conditions used for the studies are reported in [7].

8.2.4 Gas Chromatography-Mass Spectrometry (GC-MS)

The GC-MS instrumentation consisted of a 6890 N gas chromatograph coupled with
a 5975 mass selective detector single-quadrupole mass spectrometer. The complete
instrumental conditions and the semi-quantitative parameters are reported in [8].

8.2.5 Selected Ion Flow Tube-Mass Spectrometry (SIFT-MS)

The environmental samples were sealed in 22 mL gas-tight glass vials and kept
at 60 °C for 20 min equilibration time before the analysis. The analyses were
performed using a Voice 200ultra instrument (SYFT Technologies, New Zealand).
The reagent ions used for ionizing the analytes were H;O", NO*, and O,*. The
complete instrumental conditions are reported in [9].

8.2.6 Infrared Spectroscopy Analysis

Infrared spectra in the mid-IR region (700-4000 cm™) were recorded with a Perkin
Elmer Spectrum Autoimage System microscope equipped with an Attenuated Total
Reflectance (ATR) module with germanium crystal; each spectrum is the result of
64 scans accumulation at 4 cm™! spectral resolution. The lateral spatial resolution
corresponds to the contact area with the germanium crystal tip (30—-40 micron) [9].
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8.3 Results and Discussion

8.3.1 Evaluation of the Solvent-Soluble Fraction
of Microplastics

To study the formation of solvent-soluble chemical species during the artificial ageing
of microplastics we performed a Soxhlet extraction using dichloromethane for poly-
olefins and methanol for polystyrene. These solvents were chosen to avoid disso-
lution of the polymeric bulk. With this approach we selectively removed from the
polymer only the low molecular weight fraction. Both the solvent extracts and the
insoluble residues were then analyzed by Py-GC-MS. For solvent extracts, in situ
derivatization was also performed by adding hexamethyldisilazane (HMDS) to the
sample immediately before analysis, to improve the chromatographic performances
towards compounds with polar functional groups. Figure 8.1 reports the flowchart
of the procedure for the investigation of the polymer degradation products generated
upon accelerated photo-oxidative aging.

This study highlighted that the stability towards the ageing of polyolefins was
related to their structure, in particular on the occurrence of tertiary carbon atoms
in the polymeric chain, with consequent higher stability of the radicals resulting
from the dehydrogenation. For this reason, LDPE was more prone to the degrada-
tion in respect to HDPE, while PP after the ageing was more degraded then the two
polyethylenes. The oxidation products of HDPE and LDPE were mainly character-
ized by the presence of long chain alcohols, aldehydes, ketones, carboxylic acids,
and hydroxy acids (chain lengths up to 35 carbon atoms). The soluble fraction of
PP was mainly characterized by the presence of short chain mono- and dicarboxylic
acids.

PS was significantly degraded by artificial photo-oxidative aging. In detail
the methanol soluble fraction was characterized by the presence of alcohols and
carboxylic acid, the most abundant being benzoic and 1,4-benzenedicarboxylic acids.

Reference polymers
HDPE, LDPE, PS, PP

Artificial aging

IE-"GAC-;Q'”:/IS 40 °C, 750 W/m?

y-GL- RH 60%

Solvent extracts Soxhlet extraction Insoluble residues
Py(HMDS)-GC-MS DCM for HDPE, LDPE, PP Py GCMS

SEC MeOH for PS Y

Fig. 8.1 Sample treatment for Py-GC-MS analysis of artificially aged plastic particles [7]
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Additional SEC analysis highlighted the presence of chemical species with molecular
weights in the range 500-10,200 Da [7].

8.3.2 Evaluation of the Water-Soluble Fraction
of Microplastics

To study the formation of water-soluble oxidation products during photo-oxidative
artificial ageing the micronized polymers were directly aged in synthetic sea water.
After two weeks of ageing, the mix was filtered in order to remove the insoluble
residues. The water extract was subsequently extracted with hexane, and diethyl ether
after acidification with hydrochloric acid. The two extracts were combined in order to
analyze them in a single chromatographic run, evaporated to dryness under nitrogen
stream, and subjected to silanization with N,O-bistrimethylsilyltrifluoroacetamide
(BSTFA) before GC-MS analysis. Figure 8.2 reports the flowchart of the procedure
for the investigation of the water-soluble polymer degradation products generated
upon accelerated photo-oxidative aging in artificial sea water.

The extract of LDPE was characterized by the presence of linear hydroxy acids
in the C,—Cj; range, and a broader range of Cs—C,, monocarboxylic and C3—C;
dicarboxylic acids. The total mass of soluble species from LDPE was 7.5 ppm. The
extract of PP was characterized by the presence of branched dicarboxylic acids in
the C4—C,4 range and branched monocarboxylic acids up to Cy4, with 2,4-dimethyl-
hexanedioic acid as the most distinctive and abundant. A total of 3.0 ppm of leached
oxidation products was calculated for PP.

The extract of PS was characterized by benzoic acid, phenylacetic acid, 4-
hydroxybenzaldehyde, hydroxy-benzoic acids, as main degradation products, along
with several variously oxidized styrene dimers and trimers. A total of 35.6 ppm of

Artificial aging
Artificial sea water
40 °C, 750 W/m?

Reference polymers

HDPE, LDPE, PS, PP Hexane extraction (H)

Acidification (HCl) ~ Derivatization | Ge ms analysis
(D+H)

Diethylether extraction (D)

Fig. 8.2 Sample treatment for GC_MS analysis of chemical species leached from plastic particles
[8]
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Fig. 8.3 Amounts of all the main categories of compounds detected in the leachates of polyolefins
and polystyrene [8]

leached oxidation products was calculated for PS. Figure 8.3 reports the amounts of
all the main categories of compounds detected in the leachates of polyolefins and
polystyrene.

8.3.3 Study of the VOCs Emission from Environmental
Microplastics

The environmental plastic debris were preliminary characterized by infrared spec-
troscopy in order to identify the type of polymer: 54% of the samples were identified
by infrared spectroscopy as low-density polyethylene, 38% as polypropylene, and
8% as polyethylene terephthalate. The SIFT-MS acquisitions were performed using
[H3071*, [NOJ*, and [O,]* as reagent ions. The experimental flowchart for the VOCs
analysis is reported in Fig. 8.4.

The VOC profiles of polyolefins plastic debris were characterized by the presence
of the ions characteristic of aldehydes, alcohols and carboxylic acids with chain
lengths up to 12 carbon atoms. The VOCs emitted by PET were mainly compounds
with benzene, styrene, styrene oxide, and benzaldehyde. PCA analysis showed the
possibility to discriminate the type of polymer only at high degree of oxidation
(Fig. 8.4). Finally, the PCA results, together with the quantitative results showed
that the samples from the winter berm, characterized by longer accumulation time
in respect to the foreshore and the summer berm, were those characterized higher
oxidation degrees, and thus by richer VOC profiles.
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Fig. 8.4 Experimental flowchart for the SIFT-MS analysis of VOCs [9]

8.4 Conclusions

Microplastics are dynamic systems that undergo physical-chemical changes during
natural weathering, and release different classes of oxidation products in the
environment.

Artificial ageing of microplastics is crucial to simulate their behaviour in the
environment and to evaluate the real long-term impact of these pollutants into the
ecosystem. Selective Py-GC-MS and GC-MS analysis of degradation products asso-
ciated to MPs contribute to a complete understanding of the risk associated to this
type of pollutants.
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Chapter 9 ®)
Plastic Recycling and Microplastic oo
Emissions

Michael SiiB}, Christian Marschik, and Jorg Fischer

9.1 Introduction

Plastic waste and its detrimental impact on the environment is an increasing concern
of human society. Furthermore, the growing demand of plastic products leads to arise
of needed raw materials such as crude oil, ascending CO, footprint and more waste.
Currently, most of the plastic waste worldwide is going to be discarded. Hence, the
linear economy of plastics is overpronounced. However, plastics recycling, a way to
enter the circular economy of plastics, enables a more sustainable future for plastic
products and reduces the CO, footprint of the plastic industry. In 2020 the worldwide
and European (EU27 4+ NO + CH + UK) plastic production was around 367 and
55 Mt, respectively [1]. In Europe (EU + NO + CH + UK) 29.5 Mt of plastic post-
consumer waste was collected and 34.6, 23.4 and 42% were recycled, landfilled, and
sent to energy recovery, respectively [1]. These numbers suggest the possibility to
increase recycling rates and consequently reduce the need of virgin material for new
plastic products. Despite all the associated benefits due to recycling, the recycling
process also emits waste- and or side streams.

During the mechanical recycling of post-consumer plastic waste, the collected
material is often pre-treated by shredding, sorting, and washing with water. Hence,
process water accrues, which can to a certain extent be kept in the process,
however, might be contaminated and released. One source of contamination could
be microplastics (MPs) which are formed due to friction and temperature during
processing. These MP particles with dimensions smaller than 5 mm according to the
Environment Agency Austria [2] potentially could be emitted to the environment.

M. SiiB (X)) - C. Marschik
Competence Center CHASE GmbH, Linz, Austria
e-mail: michael.suess @chasecenter.at

J. Fischer
Institute of Polymeric Materials and Testing, Johannes Kepler University Linz, Linz, Austria

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 55
M. Cocca et al. (eds.), Proceedings of the 3rd International Conference on Microplastic

Pollution in the Mediterranean Sea, Springer Water,
https://doi.org/10.1007/978-3-031-34455-8_9


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-34455-8_9&domain=pdf
mailto:michael.suess@chasecenter.at
https://doi.org/10.1007/978-3-031-34455-8_9

56 M. SiiB3 et al.

However, to the best of our knowledge the occurrence of MPs during a recycling
process is scarcely investigated. Suzuki et al. investigated the MP generation during
mechanical recycling of electronic plastic waste (EPW), polyethylene terephthalate
(PET) bottle waste, and household plastic waste [3]. In this study 5.8, 0.13 and 0.014
to 5.8 t/year, respectively, of microplastic were estimated to be discharged.

Therefore, in this ongoing study the occurrence of MP during the pre-treatment
of post-consumer polypropylene (PP) is investigated to generally identify sources of
MP during the washing and shed more light on possible microplastic emissions. In
addition, a cost effective and easier way to quantify MP is evaluated, followed by
spectroscopical classification with Raman spectroscopy.

9.2 Experimental

9.2.1 Materials

Washed post-consumer PP flakes were used as a sample for evaluating the applica-
bility and accuracy of measuring the Total Suspended Solids (TSS) for microplastic
analysis as well as for washing trials.

9.2.2 Methods

In the first part, the applicability in terms of MP analysis and its accuracy of measuring
the TSS, washed and shredded post-consumer polypropylene flakes were cryogeni-
cally milled. Weighted samples were transferred into a 1 L volumetric flask and
filled up with deionized water. Subsequently filtration was conducted on microp-
orous silicon membrane with a pore diameter of 10 wm and an effective filter area
of 13 mm.

In the second part, it is verified if MP are emitted by pre-treated polypropylene
flakes. For this purpose 0.8 kg of 4-8 mm sized flakes were washed in an industrial
washing machine (Miele Professional PW818) to simulate an industrial cleaning
process. The effect of temperature was started to be investigated and fleet ratio and
PP loading will be additionally examined. The washing water of the unloaded washer
is considered as reference.

After washing, an aliquot sample of the effluent was filtered, dried and conse-
quently spectroscopically analysed.



9 Plastic Recycling and Microplastic Emissions 57
9.2.2.1 Analytical Techniques

Filtered samples were dried at 50 °C in a drying oven (Heraeus Type T50 0.7)
and the weight was measured using a scale (Satorius QUINTIX224). Scanning for
possible MP particles was conducted using a Raman Spectroscope. Raman Imaging
was conducted at 5 um increments with a wavelength of 532 nm, laser power of 15
mW and an integration time of 0.25 s.

9.3 Results and Discussion

9.3.1 Results

Results of the first part, the evaluation of applicability and accuracy of the TSS
measurements to quantify MP contamination during washing of post-consumer PP
is shown in Fig. 9.1. Atleast triplicates were measured, and the error bars indicate the
determined maximum and minimum weight of a sample. As shown at a weight frac-
tion >5.5 mg the evaluation did not underestimate the value with three measurements.
This will be further investigated.

After quantification of the samples Raman spectroscopy was conducted to classify
MP residue on the filter. In Fig. 9.2, a microscopic image of a sample is depicted,
showing an about 1 x 1 mm window indicated in red. The generated spectra within
this window are showing PP and the used silicon filter (component 2). Based on these
spectra a Raman Image is created.

6.0 T

5.5
5.0
4.5
4.0
35
3.0 I
25
2.0
15
1.0
0.5
0.0
-0.5

Weight of sample [mg]

Weight range [mg]
<1.0 1.0-5.5 >5.5

Fig. 9.1 Weight of three pre-defined weight-fractions for microplastic
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Fig. 9.2 Left: Microscopic image; middle: Raman spectra (Component 1, 3 and 4 representing PP;
Component 2 representing silicon filter) and right: Raman image (overlaying of Raman spectra) of
dried filter

As the evaluation of applicability and accuracy of the TSS measurements and
subsequent spectroscopic analysis is in an advanced stage, especially the TSS evalu-
ation, first washing trials (the second part of this study) with post-consumer PP were
conducted.

The washing trial, depicted in Fig. 9.3, is showing the MP generation in depen-
dence of the temperature. As of now two different temperatures were tested, 20 and
90 °C as low- and high temperature, respectively.
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Fig. 9.3 Washing trials of 2 different temperatures (20 and 90 °C)
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9.3.2 Discussion

Presented results for TSS measurements (first part of the study) show an underes-
timation of sample weight at weight fractions of <1.0 and 1.0-5.5 mg which are
—0.85 and —0.42 mg, respectively. The effect gets more pronounced as sample-
weight-fraction decline. The underestimate potentially causes undervalued release
of MP, however in comparison to a potential overestimate the possible overvalue are
significantly lower. This gathered knowledge enables a more accurate prediction of
emitted MP. The measurement of TSS is possible to a certain extent e.g., treating
post-consumer waste might need an additional step to remove organics adhering to
the surface. Furthermore, Raman spectroscopy of MP after filtration was tested and
showed a moderate expenditure of time and distinctive classification between the
used PP and silicon filter.

The first washing trial, depicted in Fig. 9.3, at a temperature of 20 °C shows an
overlapping standard deviation between the reference (empty washer) and washing
PP and hence no distinctive differentiation in terms of MP generation is possible.
Since Raman analysis is not completed at this point it is supposed that the weight of
the reference is based on particles from the washer or piping. It is also assumed that
when washing PP at 20 °C no significant amount of MP is released, and the measured
weight is based on particles originating from the washer or piping. However, at
a maximum temperature of 90 °C a significant difference between the reference
and washing PP can be seen. Considering the standard deviation, a minimum of
23.2 mg and maximum of 59.7 mg of potentially MP could be release by washing
post-consumer PP waste at 90 °C. To enhance the accuracy in terms of minimizing
the standard deviation the whole washing water should be filtered and analysed.
Analysing an aliquot sample might not be sufficient, since the low density of PP
does not enable a complete homogenisation of the whole washing effluent. Further
factors such as fleet ratio of PP and washing water need to be tested, verifying the
effect on MP emissions. At this point, it needs to be emphasised that the total amount
of emitted MP possibly changes but not the result that PP MP is emitted.

9.4 Conclusions

Presented results are revealing the generation of MP emissions during washing of
post-consumer PP flakes. Deploying the measurement of TSS to quantify MP emis-
sions in washing effluents are possible to a certain extend. In addition, it is an easy and
cost-effective possibility. Quantification needs to be enhanced in terms of analysing
the whole washing water instead of an aliquot sample. Further trials need to be
conducted to verify if other factors such as fleet ratio of PP and washing water
influence MP emissions.
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Chapter 10 )
Additives, Plasticizers, and Small Guca i
Microplastics (5-100 pm) in Wet and Dry
Depositions from an Urban Area

of Venice, Italy

Beatrice Rosso, Carlo Barbante, Andrea Gambaro, and Fabiana Corami

10.1 Introduction

The atmosphere is considered one of the most important pathways for the transport
of microplastics (MPs) from urban areas to far and remote places [1, 2].

Atmospheric depositions consist of dry and wet depositions, and they may be a
positive driver in atmospheric pathways of emerging pollutants. Dry and Wet deposi-
tions are primary factors influencing the fallout flux as they contribute to scavenging
processes for aerosol particles, including MPs.

However, deposition of individual rain/snowfall events has not been widely
studied in scientific literature, and it is essential to investigate the atmospheric path-
ways and sources of MPs. The concentration of airborne microplastics is most likely
associated with anthropogenic activities, population density, industrialization levels,
and meteorological conditions such as rainfall, snowfall, and wind. Due to their
smaller sizes, the smallest particles (SMPs 5-100 wm) in the air are overlooked
in scientific literature, and they could be transported over long distances through
atmospheric currents and be inhaled by biota and humans [3-5].

Plastic objects are a mix of plastic polymers, additives, and plasticizers; when
plastic objects get fragmented, additives and plasticizers can be released into the
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environment. Besides, these compounds can be transported through different envi-
ronmental compartments contributing to potential toxic effects on different organisms
[6].

The different experimental methods and techniques used can affect the comparison
and integration of results from different studies presented on MPs. Standardized oper-
ating protocols have not yet been established for sample collection and subsequent
analysis for their quantification and chemical identification of SMPs, plasticizers,
and additives in the atmospheric compartment [3]. Further, there is an urgent need
for data on the exposure risk of wet and dry depositions that involve SMPs fluxes in
terrestrial and aquatic ecosystems [3].

SMPs, additives, plasticizers, and natural and non-plastic synthetic fibers (APFs)
were investigated in wet and dry depositions from an urban area of Mestre (Venice-
Italy). A pre-treatment method was developed for the quantification and chemical
identification of SMPs and APFs using a Micro-FTIR to avoid further degradation/
denaturation of these compounds [7]. From the results, the abundance SMPs and
AFPs observed in a wet deposition is higher than in dry periods due to the scavenging
effect of rain. Different sources from the urban area could affect the abundance and
distribution of SMPs and APFs. Different additives and plasticizers investigated
could be a good proxy of SMPs’ presence in the environment, for instance, road dust
resuspension.

10.2 Experimental

10.2.1 Sampling and Study Area

The research was performed in Mestre city, near Venice, in the north of Italy. The
sampling site is located on the roof of the scientific campus of the Ca’ Foscari
University of Venice.

The dry deposition was collected at the end of the 2 weeks from December 2020 to
March 2021; wet depositions samples were collected after each rainfall event. A wet-
dry automatic collector (Wet&Dry Sampler FASO05AB, MTX, Padova, Italy) was
equipped with two metal vessels and a rain sensor to collect wet or dry depositions in
concomitance with the precipitation, respectively. Wet depositions were recovered in
a previously decontaminated Erlenmeyer flask with Ultrapure Water (UW; Elga Lab
Water, Veolia, High Wycombe, UK) and a 50% Ethanol (205 Superpurity Solvent
>99.9%, Romil, Cambridge UK)/Methanol (absolute, for HPLC, >99.8%, Sigma
Aldrich, Merck, Darmstadt Germany) solution (volume ratio 1:1:1 respectively).
Dry depositions were carefully recovered in a previously decontaminated Erlenmeyer
flask with 300 ml of ethanol/methanol solution and 300 ml of UW. All flasks were
then stored at 4 °C until the pre-treatment.
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10.2.2 Methods

10.2.2.1 Preparation of Samples

Each flush was pretreated using soft digestion with hydrogen peroxide 30%,
microwave-digestion (Ethosl-Milestone), and stirring on a multipurpose orbital
shaker. Then, the filtrations of each sample were performed according to Corami et al.
[7]. The filtration was performed under a fume hood in a plastic-free Clean Room
ISO 7, using a glass vacuum filtration system (VWR International, Milan, Italy)
and aluminum oxide filters (0.2 wum ANODISC (Anopore Inorganic Membrane),
Whatman, Merck Darmstadt Germany). Specifically, a solution of ethanol-methanol
and ethanol was added initially to cleanse the filter; then the aliquot of wet and dry
depositions samples was flushed several times alternatively with a mixture of ethanol-
methanol and ethanol. Finally, ethanol and UW were employed to rinse the filters.
Reagent and procedural blanks were filtered accordingly. All filters were stored at
room temperature for 72 h in Clean Room in previously decontaminated glass Petri
dishes. Extraction of each sample was run in duplicate.

10.2.3 QA/QC

For the SMPs and APFs sampling, two glass jars were placed inside the automatic
sampler. Then, all samples were carefully covered with aluminum foils and trans-
ported to the cleanroom (ISO 7) to be processed. Decontamination and pre-treatment
procedures were performed at CNR-ISP Venice in a plastic-free cleanroom ISO
7. This cleanroom is entirely free of plastic materials, even in the air pre-filters,
and it consists of a controlled-atmosphere laboratory where atmospheric pressure,
humidity, temperature, and particle pollution are controlled. Operators wore cotton
lab coats and nitrile gloves to prevent plastic contamination. All Samples were pre-
treated (extraction and purification) and filtered in batches on aluminum oxide filters
(ANODISC filters, 0.2 wm, 47 mm, Whatman™; Merck, Darmstadt, Germany). The
pre-treatment procedures and filtration were performed under a decontaminated steel
fume hood. Glassware and steelware were previously washed with a 1% Citranox®
solution, rinsed with ultrapure water, and decontaminated with acetone, methanol,
and ethanol. Reagents and procedural blanks were performed for each batch. After
filtration, all filters were stored in decontaminated glass Petri dishes covered with
aluminum foil.



64 B. Rosso et al.
10.2.3.1 Analytical Techniques

A Micro-FTIR Nicolet™ iN™ 10 infrared microscope (Thermo Fisher Scientific,
Madison, WI, USA), equipped with an ultra-fast motorized stage and liquid-nitrogen-
cooled MCT detector (mercury cadmium telluride detector), was employed for the
analysis. The settings were: transmittance mode, a spectral range of 40001200 cm ™!,
100-pwm step size scanning (spatial resolution), 100-100 wm aperture, and 64 co-
added scans at a spectral resolution of 4 cm™!.

Microscopic counting was performed according to Corami et al. [7]. In this work,
at least 20 known-sized areas (i.e., count fields) were randomly chosen with no
overlapping on the surface of the filter and a significant number of particles (250—
350 particles per count field) were analyzed using the PARTICLES WIZARD of
the Omnic™ Picta™ software. The identification match percentage was >65%;
when operating with this software section, the optimal range of match percentage
is between 65 and 75%. Moreover, particle sizes (length and width) were collected
using the Imaging of PARTICLE WIZARDS.

10.3 Results and Discussion

The pre-treatment method optimized in this study allows for concurrent extraction of
all SMPs and APFs particles and does not contribute to these particles’ further degra-
dation/denaturation. Many pre-treatment methods employ strong oxidizing agents or
strong acids, which can modify particle sizes and contribute to discoloration, degrada-
tion, and loss of several polymers, especially nylon, using high temperatures. These
methods can contribute to the loss of polymers considering their glass transition
temperature. Different particles and fibers are observed with the microscope part of
micro-FTIR (Fig. 10.1). However, most of the fibers found were Cellulose or rayon,
hence the chemical identification of the fibers and particles in real environmental
samples is important to discriminate.

The first results of SMPs and APFs presented in the wet and dry depositions are
simultaneously quantified (microscopic count) and identified via Micro-FTIR. The
most common plastic typologies found in one of the wet and dry depositions samples
are shown (Fig. 10.2).

The most abundant polymers were PE HD (Polyethylene high density), PA
(Nylon), PARA (Polyphtalamide), and acrylic polymers. Between wet and dry
samples, there is a correlation between the different sampling periods. Generally,
dry depositions had a lower concentration of SMPs compared to respective wet
depositions. Also, different APFs were identified in each sample; the most abundant
were cosmetics, surfactant agents and additives, and vulcanizing agents used for tires,
probably generated by the wear of tires on the highways and roads and resuspended
by traffic vehicles.
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Fig. 10.1 One of the count field analyzed via micro-FTIR from a wet sample
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10.4 Conclusions

SMPs and APFs have been detected and quantified in dry and wet deposition in an
urban center area of Venice. Development of the pre-treatment procedure was carried
out with a strict QA/QC procedure control to avoid any potential plastic contami-
nation. Due to the lack of data on SMPs and APFs in atmospheric compartments in
the existing scientific literature, these preliminary results are important to evaluate
potential impacts on biota and human health.
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Chapter 11 )
Detection of Microplastics in Marine Gzt
Sediments: Results from Three Italian

Coasts

Valentina Balestra®, Federica Trunfio, Cassandra Caione,
Evgenia Tsymbaliuk, Paola Marini®, and Rossana Bellopede

11.1 Introduction

The presence and dangerousness of microplastics (MPs) in marine environments are
globally recognized [1-5]. Their definition in literature and normative is not clear:
despite in scientific literature MPs refer to dimension minor then 5 mm, the recent
technical report ISO/TR 21960 [6] defines as MP any solid plastic particle insoluble
in water with a dimension between 1 pwm and 1 mm, while particles between 1 and
5 mm are defined macroplastics.

The MP criticalities are related especially to their small size [2]. Evidence of MP
dangerousness for human health have been highlighted for particles smaller than
20 wm, penetrating organs and cell membranes [7].

The main sources of sea water MP pollution are linked to water from treatment
plants, rivers contamination, and ships/boats that surf rivers and seas for commercial
or trade purposes. The abundance of plastic debris on the beaches could be associated
to coastal urban centres and their economic activities, plastic debris displacement
related to marine currents [8]. MPs small dimension make them easily transportable,
also to long distances, therefore, MP contamination in marine environment could be
related to the atmospheric transport too [9, 10].

The content of MPs in marine and beach sediments is very variable, ranging from
few hundred of MPs/kg to 12,000 MPs/kg [6].
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Despite plastic has been recognized universally as global contaminant since 2011
[11], methods to determine plastic occurrence reach an increase in scientific produc-
tion only from 2016. However, at the moment, a standardized procedure for MP
sampling, treatment and identification does not exist.

Technical report ISO/TR 21960:2020 [6] gives an overview concerning MP
pollution knowledge and recognized methodologies for sampling, analysis and
identification of plastic contaminants.

On a regulatory level, the European Union and the Framework Directive on the
Strategy for the Marine Environment [12] (Directive 2008/56/EC) promotes the
adoption of complex strategies for prevention, protection and conservation of the
marine environment related to pressures and environmental impacts of anthropogenic
activities.

Recently, international working groups were born, such as “PRIORITY—Plas-
tics Monitoring Detection Remediation Recovery” COST Action [13] (CA20101),
focused on developing, implementing, and consolidating strategies to tackle the
global challenges of micro- and nano-plastics in the environment.

The aim of this work is to investigate and discuss the results of MP pollution
monitoring (particles below 5 mm) in sediments of three Italian beaches, in order to
test a reliable method to detect MP in sediments. A focus on MPs definitions and
classification was made, as well as records on sampling and treatment procedures.

11.2 Experimental

This research deals with the separation and identification of MP particles present in
beach sand sampled in three different Italian coasts (Fig. 11.1): Imperia (Liguria),
Metaponto (Basilicata) and Villa San Giovanni (Calabria).

11.2.1 Materials

In Fig. 11.1 the three examined Italian beaches are shown. The three beaches are
related to very different economic activities. For each site at least 400 g of sediment
were collected from different sampling areas, chosen at different distances from the
sea.

11.2.2 Methods

All samples were dried at 40 °C to constant weight and sieved. For each particle size
class, a subsample of 40-50 g was then processed through organic matter removal
and sink-float separation (see Table 11.1). Only for Ligurian samples a separation by
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Fig. 11.1 Location of the three Italian sampled sites (in green colour)

means of CaCl, solution (density 1.35 g/cm?) was tested. In Table 11.1 sediments
characteristics and different treatments used are reported too.

11.2.2.1 Organic Matter Removal

The removing of the organic substance can be performed before or after the sink-float
separation. Organic matter removal can be done directly on sediments [14—16] or
on the dried filter [17, 18], and are generally performed with 15% [15, 19] or 30%
solution [14-16]. For Liguria beach filters, a 30% H,0O; solution was used. Being
the 30% H,0, solution too aggressive on the surface of the polymers, a 15% H,0,
solution was tested on Basilicata beach filters. Results have been not satisfactory
because of the high amount of organic matter, therefore, a 15% H,0O, solution 1:1
with sediment on Calabrian beach samples was tested.
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Table 11.1 Sediment characteristics and treatments used for sample analysis of the three examined

Italian sites

Region Beaches No. of samples | Grain size | Organic matter | Sink float
distribution | removal separation
Liguria Beach 1 * |2 D804 mm | 0.5 ml 30% NaCl (density
Beach 2 2 D20 H»O, on filter 1.22 g/cm3)

0.35 mm (8 min for mixing
and 12 h of
reaction time)

Basilicata | Beach 1 4 D80 0.5 mm | 0.5 ml 15% NaCl (density

D20 0.1 mm | H,O» on filter 1.22 g/cm3)

>30 min of time | (8 min for mixing
of reaction and 12 h of
reaction time)
Calabria** | Beach 1* 12 D80 1:1 15% H,0, NaCl (density
Beach 2 12 0.88 mm on whole 1.22 glem?)
D20 sample, 15 min | (15 min for
0.37 mm for mixing and | mixing and 24 h
24 h of reaction | of reaction time)
time

* Lower number of visitors
** For each beach 6 samples were collected backshore and 6 foreshore

11.2.2.2 Sink-Float Separation and Filtration

Concerning the sink-float separation, the NaCl is the method more used in literature.
This technique was improved for Calabria samples, mixing the sample in solution,
placing it on a magnetic stirrer for 15 min, covered by an aluminium foil and letting
it settle for 24 h (as suggested in [17]). From previous works, the mixing time can
vary from a few seconds to 2 h [6], while the settling time can vary from 2 min to
24 h [17,20].

The use of CaCl, solution is less used then NaCl one [21], due to the high viscosity
of the solution that can obstacle the settle of organic matter. However, the high density
solution can separate an higher MP amount.

After the sink-float separation, the floated material of each sample was collected
from the surface of the liquid by means of a glass pipette, and filtered by a vacuum
pump through a Whatman glass microfibre filter (porosity 1.2 pm, diameter 47 mm).

11.2.2.3 MP Identification Under Microscope

MPs were identified using a UV light Alonefire SV10 (365 nm, 5 W) under a
Leitz ORTHOLUX II POL-MK microscope with DeltaPix Invenio 12EIIIl camera
(Fig. 11.2, left).

To improve MP identification under UV light, the Nile Red dye was tested
(Fig. 11.2, right).
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Fig. 11.2 Microplastics under microscope, using the UV light (left) and using the UV light with
Nile Red dye

11.2.2.4 MP Identification with Image Analysis

Images of filters taken under UV light can be a useful instrument to identify and count
MPs after a proper sample treatment and separation. Photographs of the Calabrian
beach filters were taken with a smartphone (64 MP camera, resolution 9238 x 6928,
focal aperture f/1.8) to test an automated counting software. Photos were taken with
alx zoom, brightness level of —4.0, 2 s timer and 1:1 format.

11.3 Results and Discussion

11.3.1 Organic Matter Removal

The number of MPs/kg resulting from Table 11.1 should be different due to the
diverse sample treatments (see Table 11.2). The 30% H,O, solution used on filter of
Ligurian beaches was too aggressive on the surface of plastics particles, especially
with fibres, according to previous works [22, 23].

The use of 15% H,0, solution on Basilicata beach filters was not satisfac-
tory because of the high amount of organic matter in the samples, which has not
completely dissolved on the filters. Finally, the 15% H,O; solution used on Calabrian
beach sediments directly turned out to be the best solution.

Using CaCl, solution for MP separation, a high amount of MPs was found in the
examined samples. Despite this kind of solution could be an obstacle for the settling
of organic matter, it could be used to improve the methods.
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Table 11.2 Microplastics abundance per kg, proportion related to grain size classes and shape in

the three examined beaches
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Region Beach MPs/kg MPs/kg (CaCly MP MP shape
(NaCl sink-float) abundance in
sink-float) grain size
Liguria Beach 1* | 5340 6350 Both in 99% microfibers
Beach 2 8600 4380 1-5 mm and
in <0.2 mm
Basilicata | Beach 1 3200 n.d. Most 45% microfibers,
abundant in | 40%
finest grain | microfragments,
size 12% microfilm,
3% microfoam
Calabria Beach 1* | 960 n.d. >1 and 98% microfibers
Beach 2 910 <0.5 mm in
the same
proportion

* . .
Lower number of visitors

11.3.2 Microplastic Abundance and Characterisation

In the Table 11.2, the main results obtained for the three analysed beaches are

reported.

The values reported for Calabrian beaches are better specified in Table 11.3 refer-
ring to sampling performed in two different time both backshore and foreshore areas
of the two beaches.

The fibers analysed by micro-FTIR were confirmed as plastic, and were mainly
polyvinil alcohol and polyacrilamide.

Table 11.3 Calabria beaches

MP concentration in

foreshore and backshore in
two different period of the

year

Calabria June 2021—MPs/kg | September
2021—MPs/kg

Beach 1000 610
1—Foreshore

Beach 1090 1120
1—Backshore

Beach 810 730
2—Foreshore

Beach 780 1330
2—Backshore
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11.4 Conclusions

Approaching to MP investigation the correct use of terminology and definitions
is essential to define the frame of the scientific research. To this purpose, a contrast
between the scientific literature and standards has been underlined. COST project [13]
and working groups are ongoing to solve this problem. In this work, the complexity
of collecting and analysing real samples, the MP proper counting and recognition in
the sample were discussed. For beach sediments, the grain size classification with
further treatment for each class size is recommended.

Differences in MP concentration between foreshore and back shore were identi-
fied. Generally, as confirmed in literature, the backshore contained an higher number
of MPs then foreshore, even if the sea movement, topologic and climatic condition
can affect MP concentration.

Investigations on environmental samples confirm fibre pollution in beach sedi-
ments, not only of synthetic fibres but of artificial and natural ones. Fibre-shape and
fluorescent particles represent the predominant component of MP pollution in beach
sediments.

The following consideration concerning the adopted methodologies can be made:

— the grain size classification is very important to better investigate the samples;

— despite the number of MPs seems to increase in the finest class size, what is
asserted by Alomar et al. in 2016 [24], which does not recognize any correlation
between the abundance of microparticles and the size of the sediments, can be
confirmed (Table 11.2);

— on the base of experimental results, organic matter removal with 15% H,0,
solution on the whole sample should be made before the sink—float separation;

— NaCl solution for sink-float separation is preferred, however, a part of MPs could
be not counted. CaCl, solution could further tested to improve the separation.
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Chapter 12 )
Plastic Litter in SE Spain Beaches: oo
Characterization and Metal Content

Joana Patricio Rodrigues, José Roberto Rivera-Hernandez,
Patricia Bernardez, Teresa Rocha-Santos, Armando Costa Duarte,
and Juan Santos-Echeandia

Abstract Metal concentrations have been quantified in plastic pieces collected from
four beaches located in the Mediterranean coast of Spain with different characteristics
(i.e. anthropogenic pressures). Several sections of the beach were sampled (i.e. coast-
line, middle beach and upper dunes). After an acidic extraction, metal(oid)s levels in
the samples were measured for by ICP-MS. In addition to the metal content, plastics
have been classified according to their characteristics such as polymer type, color
or state of degradation. These characteristics have shown to influence the adsorption
capacity of metal(oid)s by plastics. Some preliminary results have shown that aged
and dark colored plastics accumulate higher metal(oid)s levels probably associated to
plastic surface modification. The most anthropized beaches (i.e. mining or industry)
showed, in general, higher levels of metal(oid)s such as Fe, Pb and Zn. This work
shows that metal content in plastics can give an idea about the pollution degree of
the area where these plastic pieces have been collected. Therefore, this study is a
contribution to the potential use of plastics as pollution monitors.
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12.1 Introduction

Plastic usage in land is considered a major concern for marine pollution, contributing
to more than 80% of the marine litter as a result of released plastic debris [1, 2]. Liter-
ature on studies reporting the presence of metals in plastics grew in the recent years.
Metals were firstly related to plastics with their inclusion as additives (i.e. catalysts,
fillers, plasticizers) from their production to confer them resistance properties [3,
4]. However, in the last decades, research studies revealed that metal(oid)s can be
present in polymers after being adsorbed from water [5—9]. Features of polymers
may be indicative of the associated metal(oid)s, as they interfere in their uptake
capacity [10]. Furthermore, properties of polymers can be naturally (degradation in
the environment) or artificially (oxidized plastics) modified, conferring them a new
more reactive surface [11]. Frequently, high metal(oid)s load is found in beached
plastics [12, 13]. These coastal regions receive and accumulate plastic debris from
macro to micro and nanoplastics both from land and sea origin. As matter of fact,
these marine areas are suitable for polymer surface degradation as physical (erosion
and wave action) and chemical (direct UV exposure) helped by their deposition,
remaining in the sand [14]. Moreover, industrial activity is highly present in coastal
areas, reuniting the ideal conditions for interaction of polymers and metals.

Color is a feature associated to specific metal addition over polymer produc-
tion (e.g. copper (Cu) to blue color, and also chromium (Cr) to green color) [15].
Moreover, color of environmental plastics is frequently responsible for visual identi-
fication of aged polymers. Due to structural differences among polymers, the specific
functional groups of each polymer are responsible for affinity towards certain metal
and metalloid ions [10]. Furthermore, affinity can be altered or magnified through
degradation from environmental exposure as well, which is driven by other physico-
chemical parameters. Coatings on polymer surfaces, as biofilms and mineral silts,
and association with organic matter, form complexes which allow the uptake of
metal(oid)s. For those reasons, it is expected to find a higher load of metal(oid)s in
sampled plastics from marine environments, especially concerning more degraded
pieces. The influence of the deposition area of plastics and associated metal content
is also worth of investigation, as conditions differentiate.

The monitoring and control of plastics are included in environmental protec-
tion agencies, as in the European Water Framework Directive (2000/60/CE) and
Marine Strategy Framework Directive (2008/56/CE), along with the reduction of
metal concentrations in the environment. As far as we know, no studies were reported
in literature concerning comprehensive metal(oid)s content characterization from
local plastics collected in the SE Spain beaches selected for this study, highlighting
the important contribution of this work.

The present study is aimed to determine the metal(oid)s content in plastics sampled
from marine areas to investigate their role on estimation of local contamination degree
and their potential use for metal pollution monitoring. To achieve this, metal(oid)s
quantification was related to influence of: (1) anthropogenic pressure and beach
zone considering different sampling areas, (2) plastic features as color, polymer and
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time residence on environment related to degradation. In this way, the present work
will contribute for establishing important and uniform conclusions concerning the
environmental risk of (micro)plastics.

12.2 Materials and Methods

12.2.1 Study Area

The selected marine areas for this study are located in the Mediterranean Coast,
Murcia region, SE Spain. Portman and Calblanque are located in the Mediterranean
Sea, and Islas Menores and Beal integrate the Mar Menor lagoon (Fig. 12.1). Those
beaches were chosen mainly for their differences concerning anthropogenic pressure
but also for other characteristics as geology, area, and related activities. Among the
beaches with low human disturbance are included Calblanque, which takes part of
a regional natural park, and Islas Menores, representing a remote area for mostly
tourism summer season. On the contrary, Portman and Beal are recognized for being
former areas for mining exploration, included in the Sierra Minera de Cartagena-La
Union in the past (cessation of activity in 1990).

Fig. 12.1 Map illustrating the sampling area for this study, where is located Portman, Calblanque,
Islas Menores, and Beal beaches in SE coast of Spain
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12.2.2 Plastics Collection

Sampling took place between March—May of 2018 with manual collection of plastic
pieces (less than 10 cm size) detected by naked eye, as described elsewhere [13] and
following the Guideline for Monitoring Marine Litter on the Beaches from OSPAR
Maritime Area [16]. The collection of plastic items was divided by 3 zones: Costal
Line along 100 m (representing recent plastics deposited from the sea) to collect
superficial plastics; Middle beach using density squares (50 x 50 cm area) placed
randomly in the sand (x3) to collect all visible superficial sand layer plastics at
maximum 1 cm depth sand; Upper zones with random collection of visible plastics
over the higher beach area reenforcing a higher diversity in the plastics collected. All
plastic samples were manipulated with metal free plastic material to avoid contami-
nation. Additionally, new commercial plastics composed by different polymers were
also included in this study for further metal(oid)s determination and comparison to
environmental samples.

12.2.3 Screening and Classification of Plastics

Later at the laboratory, all collected samples were firstly cleaned with a brush before
further manipulation, to eliminate residual organic matter and sediment particles, as
much as possible, and rinsed with deionized water. All sampled plastic pieces were
screened and classified to be grouped according to the following criteria: degradation
appearance, beach and zone, polymer type (later confirmed by ATR-FTIR analysis)
and color. Color, age, and polymer were features selected as they may influence
adsorption capacity of polymers towards metal(oid)s in water. Each sample was
photographed (CANON SX 410 IS with).

12.2.4 Polymer and Degradation Status Identification

Plastic pieces were cut to be analyzed by Attenuated Total Reflection Fourier-
transform Infrared Spectroscopy (ATR-FTIR) (Spectrum 400 FT-IR/FT-NIR Spec-
trometer and horizontal ATR PIKE Miracle with a Perkin Elmer diamond/Zn Se
crystal plate) to identify the main structural polymer (as PE, PP, PVC or PUR) of
each sample. The methodology was described in the work of Santos-Echeandia et al.
[13].

In addition, to confirm the degradation status of the observed plastics, previ-
ously characterized by naked eye, FTIR technique was applied, following Santos-
Echeandia et al. [13]. Plastic samples were then classified by degradation status level
(1-4) from less degraded to highly degraded.
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12.2.5 Determination of Trace Metals by ICP-MS

Trace element content in the plastic samples was measured by Inductively Coupled
Plasma Mass Spectroscopy (ICP-MS) using an Agilent 8900 Triple Quad with Inte-
grated Sample Introduction System (ISIS). The following elements were monitored:
magnesium (Mg), Cr, manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni), Cu, zinc
(Zn), arsenic (As), strontium (Sr), cadmiun (Cd), lead (Pb). Preliminary digestion
of the plastic samples (200 mg) with acidic extraction was performed, as aqua regia
with 3:1 HCI (20%) + HNOj3 (20%) (8 ml:2 ml) using Suprapur acids and ultrapure
water. For the ICP-MS analysis, a dilution factor of 4 was applied for the samples,
obtaining final sample solutions at 5% acidic mixture. The patterns for the calibra-
tion curves were prepared from ICP-MS mix stock solution and aqua regia stock
solution (5%). The detection limits of the ICP-MS for trace elements were between
0.001 and 0.500 wg/g and the analytical precisions (RSD, n = 3) for REE and other
trace elements were <10%. The analyses of the standards were in agreement with the
recommended values and patterns as quality controls were analyzed when necessary
to validation of the method.

12.3 Results and Discussion

12.3.1 Plastic Items

In total, 216 plastic items were considered for this study, with 201 representing
beached sampled plastics, and extra 15 new commercial plastics from different uses
and different polymers (Table 12.1). Portman beach had the highest number of plas-
tics collected, particularly in the middle beach zone, followed by Calblanque. The
location of both beaches in the open sea of Mediterranean coast could explain a high
input of plastic debris. On the other hand, Islas Menores and Beal, in Mar Menor
lagoon, presented a lower number of plastic items, which were mainly concentrated
in the upper dunes. Beal and Islas Menores are mainly seasonal activity recreation
beaches, which may explain the low plastic waste in low seasons, combined with
regular cleaning of these two beaches all year long.

Concerning the number of plastic items by polymer, the following sequence was
identified: PE > PP > PS > PUR > PVC (Fig. 12.2). This observation is in line with
PE and PP being the two most globally produced polymers and, therefore, the most
abundant in environment. White, blue, and colorless plastics were the predominant
colors in the plastic items (14-19%), while orange, red, purple, grey, and black
(2-5%) plastics were less available (Fig. 12.3).
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Table 12.1 Number of . .
plastic items collected by Origin Zone Number of items
beach and zone and the Portman Coastline 14
number of new Middle beach 42
commercial plastics Upper dunes 27
considered for the study Calblanque Coastline 3
Middle beach 35
Upper dunes 15
Islas Menores Coastline 3
Middle beach 2
Upper dunes 21
Beal Coastline 13
Middle beach 2
Upper dunes 24
New commercial 15
Total 216
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Fig. 12.2 Percentage of sampled plastics (%) according to polymer type

12.3.2 Metal Content in Plastics

Maximum metal(oid)s concentrations on the environmental plastic samples were
sequenced as follows: Fe > Mg > Mn >Zn > Pb > Sr > As > Cu > Cr > Cd > Ni
> Co (Table 12.2). Overall, Co was the metal presenting the lowest concentrations
among the samples, while Fe was found with the highest values. High content of Fe
on environmental polymers from beach sediment is in agreement with Mar§i¢-Luci¢
et al. [17]. Pb represent the hazardous substance with the highest content estimated
in the sampled plastics, despite its restriction laws in European plastic manufacturing
[18]. This can be worrying, however, the high load of Pb could be justified by the
presence of this element (used as additive) in legacy plastics found in environment
[19]. Moreover, PVC polymer, known to have Pb in its composition [10], as observed
in this study, was just represented in 0.5% of the collected samples. As matter of fact,
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Fig. 12.3 Percentage of sampled plastic items (%) by color

Pb was quantified with low levels in the new commercial plastics used in this study.
These findings may suggest that the presence of the metal Pb in the environmental
plastics is due to their uptake from environment, as this metal was found in all the

samples.

Table 12.2 Metal(oid)s concentrations (pg/g) range (minimum-maximum) for selected elements
determined in the beached plastics collected, and maximum levels determined in the new commercial
plastics considered for this study

Element Determined min—max values in Determined max values in new commercial
sampled plastics (g/g) plastics (pg/g)

Fe 1.09 * 10'=1.11 * 10° 1.27 * 10!

Mg 8.89-1.46 * 10* 1.22 % 10!

Mn 6.11 ¥ 107'=7.29 * 103 1.56

Zn 1.14-5.67 * 10° 4.08 * 10!

Pb 1.24 % 1071-4.06 * 103 5.00 * 107!

Sr 2.00 * 107'-1.33 * 103 5.33 % 107!

As BDL-6.75 * 102 1.51 * 107!

Cu BDL-5.25 * 10? 4,07 * 107!

Cr BDL-2.78 * 10! 4.06 * 107!

cd BDL-2.07 * 10! 3.00 * 1073

Ni 2.00 * 1073-1.09 * 10! 9.43 * 107!

Co BDL-1.09 * 10! BDL
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Fig. 12.4 Box plots representing the metal(oid)s content (pg/g) determined in all the plastic items
by beach. Levels of metal(oid)s determined in the new commercial plastics were also included here

12.3.3 Metal Content by Plastic Classification Criteria

12.3.3.1 Beach

Substantial low levels of meta(oid)ls were determined in the new commer-
cial microplastics (MPs), comparing to environmentally exposed plastics. Total
metal(oid)s content in the selected beaches resulted as follows: Beal > Portman
> Islas Menores > Calblanque (Fig. 12.4), with the highest metal(oid)s quantifica-
tion identified in the most anthropogenic influenced marine areas. Overall, Beal had
the highest metal(oid)s content in the sampled plastics, while Islas Menores had
samples with the lowest metal(oid)s levels determined. Nevertheless, at Portman
the two highest contaminated samples were found, as represented by the two high
outlier values for metal(oid)s concentrations. Moreover, the outliers observed for
Calblanque, which was a low contaminated beach in this study, evidence the high
diversity of (micro)plastics and associated elements they carry.

12.3.3.2 Zone

For most of the metal(oid)s identified in the plastic samples, their highest content
was observed in the coastline region of beaches (data not shown), representing the
recently deposited plastics in the sediment from sea. This observation might be
explained due to high adsorption interactions between metal(oid)s and polymers
occurring in water. On the other hand, in the upper regions of the beach, degradation
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Fig. 12.5 Box plots showing the metal(oid)s load (jrg/g) determined in the plastic samples by
polymer type

action is more severe due to erosion (mechanical) and UV exposure (chemical), thus,
some metal(oid)s can be dissociated from the plastics. Also, the upper plastics could
be deposited in the sediment directly from land, avoiding contact with water where
interaction with metal(oid)s essentially occurs.

12.3.3.3 Polymer

PVC and PUR based plastics contained only high levels for the determined elements
in this study (Fig. 12.5), despite only 0.5 and 1%, respectively, of the plastic samples
corresponded to these polymers. This observation is in line with other works [20], who
reported high association of PVC polymer with metals, namely Pb, as reported before.
This can be justified either with intentional addition of Pb and other elements to PVC
or to its natural adsorption capacity, which could be improved due to degradation
and chemical transformation, as formation of new functional groups able to bind
available metal ions in water.

12.3.3.4 Color

In general, dark colored (brown and black) plastics concentrated the highest levels of
metal(oid)s (Fig. 12.6), except for Cr with highest levels in red (Fig. 12.7), and also
brown, plastic colors. This is in agreement with Turner and Filella [ 19] who attributed
Cr content to brown-, red-, yellow- and orange-colored plastics. However, a few peak
values in metal(oid)s concentrations were observed in individual colorless and white/
yellow-colored plastics, suggesting that the abrasion of these plastics favor metal
binding. Those visual characteristics may represent aged plastics which suffered from
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higher weathering, grinded down the original color [21], enhancing sorption capacity
of polymers towards surrounding pollutants in water. Furthermore, intentional high
metal load in plastics for other reason than uptake from environment is highlighted by
the high metal(oid)s content in black plastics, probably coming from wasted electric
and electronic equipment [22, 23], despite only 5% of the plastics collected were
black. Therefore, one would expect darker plastic showing high variety of elements.
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Fig. 12.6 Box plots illustrating the total metal(oid)s concentrations (jrg/g) for all the plastic items
by color

Color
e - Black
T . E Blue
. Brown
1.00- E Colorless
. E Green
E Grey
E Orange
0.10- e B3 pink
- Purple
Bl Red
$ White
0,04 . E Yellow

Log Cr (ug/g)

Black Blue Brown Colorless Green Grey Orange Pink Purple Red White Yellow
Color

Fig. 12.7 Box plots illustrating the Cr concentrations (jLg/g) considering all the plastic items by
color



12 Plastic Litter in SE Spain Beaches: Characterization and Metal Content 85

g -

2

c

2 e+

® Degradation

€

=X
2

8 =

S 1oe0s B3

E ‘ 4

B

o

s

o

=]

-,

2 3 4
Degradation status
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12.3.3.5 Degradation Status

From our analysis, higher metal(oid)s content was found in the most degraded (stage
3 and 4) beached plastics (Fig. 12.8). This suggest that the found elements were
acquired from adsorption on environment, since weathering can remove initial addi-
tive plastics, apart from surface modification. Therefore, those observations illustrate
the strong adsorption capacity of aged plastics and support degradation as a key role
for uptake and storage of metal(oid)s from water, more than other characteristics or
due to additives.

12.4 Conclusions

Considering all the environmental plastic samples collected from SE Spanish beaches
and all the elements quantified on them, the maximum levels determined were
sequenced as follows: Fe > Mg >Mn >Zn > Pb > Sr > As > Cu > Cr > Cd > Ni > Co.
The major conclusions regarding our classification criteria of the items collected
(by beach, zone, polymer, color and degradation status) concerning meta(oid)s
concentrations is related with plastics: (1) from beaches with high anthropogenic
influence (2) recently deposited in the coastal line (3) composed by PUR and PS
polymers (4) darker and colorless (degraded)—indicators of aged polymers with
longer time residence in environment (5) with moderated to severe degradation
degree—suffering from more chemical and physical changes as oxidation, enhancing
adsorption capacity of plastics towards metals.

In addition, laboratory studies are frequently performed resorting to non-realistic
and higher concentrations of metal(oid)s, even concerning exposure to organisms to
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investigate the effects of plastic vectorization. Considering the trace levels of metals
and metalloids existing in seawater, real concentrations should be primarily applied,
to guarantee the relevance of a study on ecological risk assessment. Therefore, the
present work is of major importance to help other researchers in the planning of their
experiments under the metal(oid)s-plastics interaction investigation. Moreover, the
high variety of elements and the diversity of plastics found in this study may reflect
the capacity of plastics to storage (potentially adsorbed) metal(oid)s and transport
them over long-distances. From our results, marine deposited plastics are suggested
to reflect the local metal(oid)s content of the sampled areas, thus, this work supports
plastics as potential monitors of metal environmental pollution.
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Chapter 13 )
Groundwater: An Endangered Invisible oo
Resource. Microplastic Pollution

in Underground Karst Systems,

from Surface Watercourses to Cave

Waters

Valentina Balestra @, Bartolomeo Vigna®, and Rossana Bellopede

13.1 Introduction

Microplastic (MP) pollution has been found in environments worldwide, including
remote areas [e.g. 1, 2, 3]. MPs have a dimension less than 5 mm and are a global
problem because they are easily transportable even at long distances, tend to adsorb
and transport hazardous substances such as heavy metals, pesticides, persistent
organic pollutants (POPs) and antibiotics [e.g. 4, 5-8], and pose a serious threat
to living beings, ecosystem, and human health [e.g. 9, 10].

Despite groundwater in karst aquifers constitutes a quarter of the global drinking
water sources [11], MP pollution in karst areas and underground environments is
still poorly known. This fact can be related to the invisibility of subterranean karst
systems and their hard access, making them difficult to study. Being open systems,
karst aquifers are vulnerable to contamination by surface pollution: MP presence
in groundwater can be due to human activities, wastewater, surface waters and soil
pollution, atmospheric deposition and litter. The subsoil characteristics play a funda-
mental role in the MP transport to groundwater: MPs deposited on the ground can
be transported vertically in the subsoil throughout the soil pores and rock fractures
[12, 13]. Precipitations facilitate the MP infiltration into the subsoil [14], as well as
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transport them over long distances [15]. The hydrogeology of the study area, the flow
regime of streams and their seasonal variation must be taken into account too.

Karst environments have an important role in natural ecosystems and karst aquifer
are a fundamental drinking water reserve, therefore, investigations and monitoring
are required for understanding the system dynamics and identify potential sources
of contamination. In this work, we conducted preliminary investigations on MP
pollution in different water samples from a karst area of NW Italy, considering
connected surface and underground (cave) waters.

13.2 Experimental

13.2.1 Materials

Bossea cave (Frabosa Soprana, Piedmont, Italy, 836 m a.s.1.), the oldest Italian show
cave, was firstly explored in the first half of the nineteenth century and opened to
the public in 1874. Today, it receives about 13,000 tourist/year (2021). The cavity
has a single entrance and an ascending structure, developing for about 2800 m,
with a vertical drop of about 200 m. It represents the final part of the karst system
developing in the Maudagna-Corsaglia watershed. The cave is fed by a system with
primary (precipitations infiltrating directly into the aquifer) and secondary supply
(superficial water streams losses), such as Rio Roccia bianca, the main secondary
supply contributing to the Bossea karst system recharge [16]. Infiltration waters feed
an important collector which cross the Bossea cave for more than 1.5 km and directly
gushes out in the Corsaglia River with a set of springs [17]. A series of tests using two
different dyes, previously carried out in Rio Roccia bianca, highlighted that water
coming from Rio Roccia bianca arrive in the collector of Bossea cave in short time
and with high concentration [16]. Different discontinuities are present in the cave,
characterized by low flow circulation [17, 18].

Spot sampling were carried out in Rio Roccia bianca superficial tributary (one
sample), in the Bossea cave waters (four samples), and in the Corsaglia stream, where
the waters of the underground collector emerge (one sample). In the Bossea cave, two
samples were collected in the speleological traits (Sifone and Polla delle anatre), as
reference samples of unpolluted waters, and two in the touristic area (Uovo and Sala
frane). In Sifone, in the final part of the cave, the water comes out from a siphoning
tract and are collected in a lake. Polla delle anatre is a small pool of water flowing out
of a fracture in the rock, entering in the inner collector [18]. Along the tourist path,
in Uovo, water flows between different gours, slowing down, while, in the initial part
of the cave, in Sala frane, the collector waters flow quickly before leaving the cave.
Groundwater and superficial water samples were collected into 1 L glass vessels, in
September 2021, under low-flow conditions, transported to the laboratory in coolers,
and kept refrigerated at 6 °C until analysis.
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13.2.2 Methods

MP samples were analysed according to the previously published method for cave
sediments [see 19 for details], adapted to the liquid matrix. Glass filters were replaced
to silver ones to determine MP typology using the infrared (IR) spectroscopy. MPs
were detected by exploiting their fluorescence under ultraviolet (UV) light, given by
Fluorescent Whitening Agents (FWAs), commonly used additives in plastic produc-
tion [20, 21]. All researchers used nitrile gloves and cotton coats. For every step, all
surfaces and materials were cleaned with ethanol and distilled water to avoid external
contaminations. Plastic equipment was replaced with glass or metal one.

13.2.2.1 Preparation of Samples

Water samples were filtered through a 0.8 wm pore size silver filter (GVS Life
Sciences, Membrane Disk 47 mm). Filters, positioned on glass petri dishes and
covered with aluminium foil, were dried in an oven at 40 °C for 2 h. The organic
matter removal was carried out on dried filters through the application of 2 ml of
15% hydrogen peroxide solution, left to react for 30 min at room temperature and,
finally, dried again for 1 h at 50 °C.

13.2.2.2 Analytical Techniques

Filters were observed with and without an UV flashlight (Alonefire SV10 365 nm
UV flashlight 5W) under a Leitz ORTHOLUX II POL-MK microscope equipped
with a DeltaPix Invenio 12EIIl 12 Mpx Camera, with a 2.5x, 4x, 10 x or higher
magnifications. Images of natural, artificial and synthetic fibres under microscope
[e.g. 22, 23, 24] were used to compare particles observed under microscope, espe-
cially transparent fibres. The UV flashlight was positioned with an inclination of 45
°C. Visual identification was used to count MPs, according to strict selection criteria
described in previous research [25-27]. A cut off of the particles smaller than 0.1 mm
was made as suggested in European Commission [28]. Particles that could not be
identified as MPs were not take into consideration. The counted MPs were described
using the Standardised size and colour sorting system (SCS) [25].

Finally, a 10% of MPs of each filter were analysed using a micro-Fourier
Transform Infrared Spectroscope (micro-FTIR) Shimadzu AIM-9000 microscope
equipped with a Shimadzu IRTracer-100 spectrophotometer. Spectra were compared
with the Shimadzu standard library.
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13.3 Results and Discussion

13.3.1 Results

MPs were found in all water samples: 54 items/L in Sifone, 16 items/L in Sala frane,
12 items/L in Polla delle anatre, 30 items/L in Uovo, 23 items/L in Rio Roccia
bianca and 29 items/L in Corsaglia River. Fibres represented the majority of the MPs
present in the karst system (95.1%), followed by fragments (4.3%) and beads (0.6%).
Mini-MPs accounted for 82.9% of the total MPs found in water karst system. The
highest MP abundance was fluorescent under UV light (84.8%). Of the fluorescent
particles, 46% were transparent, 16.5% red, 10.8% blue, 7.2% beige, and 26.7% other
colours. Non-fluorescent MPs were mainly black (68%) or blue (20%). Polyethylene
(51.4%) and polyvinyl alcohol (31.4%) are the main types of MPs found in the
karst system waters, followed by polyester (8.9%), ethylene vinyl alcohol (2.9%),
polyvinyl chloride (2.9%) and acrylic adhesive (2.9%).

13.3.2 Discussion

At the moment, a standardized method for assessing MPs do not exist. Using different
methodology makes it difficult to compare the results. However, some considerations
on MP amount in karst environment can be equally done. The only work detecting
MP pollution in springs and wells in a karst water area has documented a maximum
value of 15.2 MPs/L, under low-flow conditions [11], a fairly low value compared to
those found in the Bossea karst system. Instead, concerning MP characteristics, the
data about MPs in cave waters are similar to those described in Balestra and Bellopede
[19] for Bossea cave sediments. Five sediment samples were collected along different
part of the tourist path and one in the not-tourist area of the Bossea cave. Comparisons
between the mean values obtained from sediment and water samples analysis inside
Bossea cave are reported in Figs. 13.1, 13.2. The major part of MPs in Bossea cave
waters are fluorescent, fibre-shape, and have a dimension between 0.99 and 0.1 mm,
as in cave sediments (Fig. 13.1). The most of the fluorescent particles in Bossea cave
waters are transparent, as in cave sediments, and the other main colours are similar
too, with except of red particles, greater in water (Fig. 13.2). The non-fluorescent
MPs were mainly black and blue, confirming the data found in Bossea cave sediments
(Fig. 13.2). However, percentages of these data are different, as the colour of the less
abundant MPs (Fig. 13.2). It could be related to different kind of biodeterioration, or
to the diverse density of certainly MPs, more easily transportable in liquid medium.
MPs in groundwater of Bossea karst system could be related to outside pollution,
linked to the air transport of particles, soil contamination, winter activities related
to the ski resorts and pollution from the near countries and could be transported
especially by the main secondary supplies such as Rio Roccia bianca. The waters in
the touristic part of the cave could be enriched with pollutants too, brought inside by
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Fig. 13.1 Comparison of size, shape and fluorescence between microplastics found in Bossea cave
waters and sediments
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Fig. 13.2 Comparison of colours between fluorescent and non-fluorescent microplastics found in
Bossea cave waters and sediments

tourists [19], which could be transported in different part of the cave and outside, in
the Corsaglia River.

13.4 Conclusions

This study documented the presence of microplastics in karst systems, from surface
watercourses to water in cave. Microplastics with a dimension less than 1 mm and
fibre shape dominate the samples, and polyethylene is the main types of microplastics
found in the karst system waters. Fractured aquifers may be vulnerable to microplastic
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pollution, contaminating waters and nearby environments, therefore, MP detection
is essential to understand the pollution amount and define strategies for conservation.
Moreover, karst aquifers are open systems, susceptible to pollutant contamination
from surface, therefore, the above-ground areas should be monitored and protected
too. Greater endeavours should be done to karst areas protection, implementing
pollutants monitoring and sustainably managing important resources as water.
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Abstract Microplastics’ sorption capability has been studied over the last decade
to better understand the potential impacts that they have on the ecosystems and
human health. However, the role of plastic aging, in which the polymer’s physical
and chemical properties are changed due to exposure to environmental agents, such
as weathering, has been overlooked. Consequently, there is a need to explore the role
of the aging processes in the interaction of microplastics with other pollutants, and
the potential risk of an enhanced capacity of microplastics carrying co-occurring
pollutants between environmental compartments and ecosystems. Thus, the main
goal of this study was to evaluate the changes in the sorption capacity after aging
microplastics of LDPE — low-density polyethylene, PET — poly(ethylene terephtha-
late), and uPVC — unplasticized poly(vinyl chloride). Through sorption experiments,
virgin and aged (by ozone exposure or 3 months of rooftop weathering) microplastic
particles of the three polymers were exposed to ten organic contaminants (pesti-
cides or pharmaceutical substances) at trace concentrations, including both priority
substances and contaminants of emerging concern. The results show increased sorp-
tion of these contaminants on the aged microplastic particles, which is dependent on
the affinity between each polymer and organic contaminant, and the effectiveness of
the aging treatment. A better understanding of the interaction between these different
pollutants was reached due to the analysis of the sorption experiments results when
accounting for modifications of the chemical structure, surface morphology and/or
crystallinity of the microplastic particles identified after the aging processes. This
study supports the hypothesis that microplastics can be transport vectors for other
pollutants and demonstrates the major role of the aging degree in the sorption process.
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Thus, it provides further evidence of the pressing need to study microplastics in more
realistic conditions, in which they undergo aging and interact with other pollutants.

14.1 Introduction

Microplastics are considered as contaminants of emerging concern [1] since large
quantities started to be frequently and in a widespread manner found in several
environmental compartments and ecosystems [2]. In order to better understand
the behavior and impacts of microplastics, their sorption capacities started to be
studied, but the role of plastic aging on the sorption processes has been over-
looked [3]. Polymer degradation, by abiotic and/or biotic pathways, is usually a slow
process under natural environmental conditions, which creates physical and chem-
ical modifications, such as crazing, cracking, the introduction of oxygen-containing
surface groups, and discoloration [4]. These modifications are expected to change the
behavior of microplastics over time, influencing their interaction with co-occurring
contaminants and biota [5, 6]. Consequently, there is a need to explore the role of
the aging processes in the interaction of microplastics with other pollutants, and the
subsequent potential risk of an enhanced sorption capacity and a trojan horse vector
effect [7].

Although several pesticides and pharmaceutical substances are already consid-
ered priority substances under the European Union (EU) environmental legislation,
new substances continue to be developed and pose new threats to the environment.
These substances, yet to have Environmental Quality Standards [8], are classified as
contaminants of emerging concern. Therefore, research is necessary on the interac-
tion of these substances with microplastics to identify affinities between the different
polymers and substances and the potential threats of this combo in the environment
[9].

Thus, the goals of this study were to (i) assess the modifications on the chem-
ical structure, surface morphology and crystallinity of microplastic particles of 3
polymers after different aging treatments; (ii) evaluate the changes in the sorption
capacity after aging and link those with the modifications detected, and (iii) iden-
tify affinities between 10 organic contaminants (4 pesticides and 6 pharmaceutical
substances) with microplastic particles of the selected polymers.
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14.2 Experimental

14.2.1 Materials

Microplastic particles (MPPs) of LDPE — low-density polyethylene (average particle
diameter of 509 &+ 221 wm), PET — poly(ethylene terephthalate) (161 £ 79 pm) and
uPVC - unplasticized poly(vinyl chloride) (159 £ 43 pm) were purchased from
Goodfellow (UK).

Ten organic contaminants were selected for the study, including both priority
substances and contaminants of emerging concern, at trace concentrations: (i) pesti-
cides — alachlor, clofibric acid, diuron, pentachlorophenol; and (ii) pharmaceu-
tical substances — citalopram, diclofenac, florfenicol, tramadol, trimethoprim, and
venlafaxine. These substances were purchased from Sigma-Aldrich (Germany) or
Supelco (Germany) in powder form.

14.2.2 Methods

The MPPs were first aged by ozone exposure or rooftop weathering, being char-
acterized before and after aging. Then, sorption batch experiments were conducted
with both virgin and aged samples of MPPs. Finally, the solutions were filtered to
remove the MPPs from suspension and the pesticides and pharmaceutical substances
in solution were quantified by liquid chromatography.

14.2.2.1 Aging Treatments

For the ozone gas MPP aging, the virgin MPPs of each polymer received a 150
Nem?® min~! flow rate of 50 gO03 Nm™~ for 1 h [10]. For the rooftop (RT) weathering
experiment, the virgin MPPs of each polymer were exposed to real conditions of
weathering regarding air humidity and temperature, sunlight, and precipitation (under
atemperate climate, during the period of the year with the maximum hours of sunlight
per day and higher UV index, in the city of Porto, Portugal). Two types of weathering
samples were obtained after 3 months (13 weeks): RT1 — the MPPs underwent
aging due to natural solar exposure and temperature variations; RT2 — same as RT1
but filtered rainwater collected was additionally added to these samples of MPPs,
following the precipitation pattern [10].

14.2.2.2 Sorption Experiments

Two series of sorption batch experiments were performed to study the MPP sorption
capacities and affinity to the organic contaminants [11]: (i) sorption kinetics of a mix
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of the 10 organic contaminants on virgin MPPs; (ii) sorption with the same mix of
the 10 organic contaminants but using aged MPPs to study this effect.

For this, 250 mg of MPPs (LDPE, PET, or uPVC) and 25 mL of the solution with
the 10 organic contaminants (pH ca. 5.8, ca. 100 g L™! of each substance) were
added to 50 mL bottles. The bottles were shaken at 150 strokes per minute and kept
at 25 °C for the duration of the experiment. All samples with MPPs were run in trip-
licates and had control bottles without the MPPs. After that, the samples underwent
vacuum filtration (pore size of 1.2 wm) to remove the MPPs from suspension. The
filtered samples were stored in HPLC vials at —18 °C until analyzed.

For the kinetics experiments, the following time intervals were used: 2, 4, 8, 16,
24 and 30 h. For the other type of experiments, the samples were shaken for 24 h.

14.2.2.3 Analytical Techniques

The MPPs were characterized using a particle size analyzer, Attenuated Total Reflec-
tion — Fourier transform infrared (ATR-FTIR) spectroscopy, Scanning Electron
Microscopy (SEM), and X-ray diffraction (XRD) analysis [10].

The organic substances were quantified using an ultra-high-performance
liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS) analytical
method [11].

14.2.2.4 Data Analysis

Carbonyl Index (CI) was estimated by Eq. 14.1 for LDPE and uPVC [10]. The
ATR-FTIR spectra were used to obtain the transmittance, which was converted to
absorbance (A), of the carbonyl group and methylene group peaks maximum height.
CI was not calculated for PET, since this polymer has a characteristic infrared absorp-
tion peak at 1714 cm™! due to C = O stretching of the carboxylic acid group, disabling
the possible detection of the growth of the carbonyl group peak height as aging
modifies the polymer. The average and standard deviation were calculated for all the
results.

Acarbonl roup(1712—1722
Ccl = yl group( )

(14.1)
Amethy]ene group(2848 for LDPE or 2844 for uPVC)

The XRD diffractograms were analyzed using the HighScore 4.8 software, in this
way determining the crystalline and amorphous areas and, consequently, the degree
of crystallinity [10].

The sorption capacity g (Lg g~ 1y was calculated by Eq. 14.2, where C ool is the
concentration of each organic substance (g L™!) in the control bottle liquid phase,
Cample 1s the concentration of each organic substance (g L " ina sample bottle
liquid phase, V is the volume (L) of the solution added to each bottle, and m is the
mass (g) of MPPs added to the bottle.
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_ (Ccomrol - Csample)
m

q 1% (14.2)

14.3 Results and Discussion

Of the 3 polymers selected, LDPE was the most impacted by the aging treatments
studied Fig. 1a. Both the ozone treatment and rooftop weathering lead to modifica-
tions in the chemical structure of the polymer. The most substantial modification was
the formation of carbonyl species (C = O), enabling to quantify the degree of aging
with the estimation of the CI increase from 0.004 £ 0.001 (virgin) to 0.100 &£ 0.002
(ozone), 0.243 £ 0.011 (RT1) and 0.246 & 0.006 (RT2) [10]. While being more diffi-
cult to assess the aging degree of PET using ATR-FTIR data, it was possible to detect
abroader 1714 cm ™! peak base for the ozone samples (Fig. 1b). The weathering treat-
ments were the most effective in introducing changes in the chemical structure of
uPVC, as suggested by the highest increase in carbonyl species Fig. 1c. The uPVC CI
increased from 0.73 &£ 0.15 (virgin) to 0.85 & 0.06 (ozone), 4.82 + 0.27 (RT1) and
3.37 £0.12 (RT2) [10]. Another noteworthy modification identified is the formation
of hydroxyl species (O—H) for the weathering samples of the 3 polymers, although
much more subtle. Overall, LDPE was shown to be more susceptible, than PET and
uPVC, to crystallinity changes under the aging treatments conducted and for the
exposure times tested, particularly after weathering.

The SEM analysis of the surface morphology of LDPE, PET and uPVC revealed
that most of the aging treatments lead to no major morphological changes. The most
relevant modifications detected occurred for LDPE after weathering, as shown by
the observation of randomly distributed cracks on the surface of LDPE weathered
samples, that were more pronounced for the RT2 samples, which were in contact
with rainwater [10].

The sorption kinetics of the mixture of the 10 organic contaminants were studied
for each polymer virgin MPPs, allowing to define an adequate contact time for the
rest of the sorption experiments. These first experiments show that only alachlor
(for LDPE) and pentachlorophenol (for the 3 polymers but mainly for LDPE) were
discernibly sorbed on virgin MPPs. An apparent equilibrium was reached between
16 and 24 h. Thus, 24 h was considered enough to reach equilibrium, under the
conditions tested.

Following this, the effect of aging on the sorption capacities of the polymers was
studied (Fig. 14.2). The results revealed higher sorption of several organic substances
on aged MPPs, when compared to virgin MPPs, i.e. the sorption capacity increased
from one or two sorbed substances (maximum 3 g g~! per sorbate) up to nine after
aging (maximum 10 pg g~! per sorbate). As predicted, considering the character-
ization of the aged samples, LDPE sorption capacities were the most impacted by
aging. The weathering exposure led to the highest increases in the sorption capacities
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Fig. 14.1 Microplastic particles (MPPs) ATR-FTIR spectra, Carbonyl Index (CI) and degree of
crystallinity: a LDPE, b PET, and ¢ uPVC

of LDPE and uPVC, but ozone exposure proved to be more effective for PET due to
pentachlorophenol sorption on the ozone-aged MPPs of this polymer.

The increase in the amount of the oxygen-containing functional groups through
aging is known for affecting the surface hydrophobic properties of the plastics and
allowing additional interactions [12]. Thus, the previously identified modifications
can be linked to the increment of the sorption capacity for certain substances. For
instance, the overall higher sorption capacity observed for uPVC RT1 samples over
RT2 samples matches the higher CI obtained for RT1 over RT2. Likewise, the
similar CI obtained for RT1 and RT2 samples of LDPE matches the similar sorption
capacities between these two samples.

Despite the fact that RT1 and RT2 samples of LDPE show similar sorption capaci-
ties for most substances and similar modifications in their chemical structure, they are
different regarding their surface morphology, i.e. RT2 is more aged in that regard. This
suggests that the affinity and consequent sorption of most of the studied substances
on LDPE MPPs were mainly governed by the surface chemical structure.

Even after aging, pentachlorophenol remains the most sorbed substance for all
LDPE samples and ozone-aged PET. Another noteworthy affinity encountered was
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Fig. 14.2 Microplastic particles (MPPs) sorption capacity for organic contaminants. *
Pentachlorophenol concentration in solution after 24 h was below the method detection limit for
LDPE RT1 and RT2 samples, and therefore g was calculated admitting a null concentration for
those samples

the trimethoprim sorption on the PET RT2 samples, which might be related to the
formation of hydroxyl species during aging. No affinity was found, even after aging,
between tramadol and venlafaxine for LDPE and PET, and between clofibric acid
and uPVC.

14.4 Conclusions

This study demonstrates the major role of the aging degree of MPPs in the sorption
process, with impact on the interaction between most of the studied organic contam-
inants and the MPPs of LDPE, PET and uPVC. The differences between the sorption
capacities of each polymer before and after aging can be linked to the chemical and
physical modifications identified, providing essential information on the behavior of
microplastics in the environment, particularly when predicting their affinity with a
diversity of co-occurring contaminants. For LDPE and uPVC, the CI can be a valu-
able indicator in a preliminary estimation of the global sorption capacities of aged
MPPs, although it is not valid for every single substance.
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15.1 Introduction

Microplastics research is a comparatively young discipline that only gained
momentum at the beginning of the twenty-first century. Research on clastic sedi-
ment, on the other hand, has been conducted for almost a hundred years [1-3] and
provides valuable insights to guide future microplastic studies. Comparing publi-
cation numbers in the Web of Science also highlights the head start that sediment
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research (sediment* transport: 62,617 publication) has over microplastic research
(microplastic* transport: 1352 publications). Based on the hypothesis that publica-
tions equal knowledge, we have analyzed the comparability of microplastics with
natural sediments regarding their particle properties, transport processes, sampling
techniques and ecotoxicology in an interdisciplinary review paper [4]. The paper
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identifies seven research goals that should be focused on in the future to enhance our
knowledge on microplastics in the freshwater environment. This extended abstract
presents the core message from the review paper, but for a detailed insight, please
refer to the original paper [4].

15.2 Particle Properties

15.2.1 Background

Describing the physical nature of microplastic particles continues to present many
difficulties [5, 6]. Currently, size, density or polymer type and shape of particles are
predominantly used to describe microplastics. However, a closer look shows that this
is not as straightforward as one might assumed (Table 15.1).

One of the most common definitions of microplastic is "a particle smaller than
5 mm". However, the details of how this particle size is determined are generally
not discussed. Officially, this upper size limit for microplastics refers to the longest
particle side [8]. In practice, particles can be defined by their three main dimensions

Table 15.1 Comparison of microplastic and sediment particle properties. Microplastic characteris-
tics based on Waldschliger et al. [4], size classes for clastic sediment based on the Udden-Wentworth
scale [7]

Characteristics Microplastics Clastic sediment

Size 0.005-5 mm Clay: < 0.004 mm
Silt: 0.004-0.063 mm
Sand: 0.063-2 mm
Gravel: 2-63 mm

Density 0.02-2.3 g/em® 2.65 g/em?
Shape Pellets, fragments, foams, foils, fibers Granular
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(long axis, L; intermediate axis, I; short axis, S), which complicates the determination
of the particle size of irregular, three-dimensional microplastic particles. Lower size
limits are often related to the measurement technique, but do not indicate the longest
particle side, e.g., using nets to collect water samples will influence the lower detec-
tion limit of the mean particle size. The same holds true for analytical methods used:
while a sieve-based particle size is defined by the mean axis, sedimentation analyses
depend on both the longest and the mean (e.g., largest projected surface area) or on
all dimensions [9]. Manual size measurements are highly subjective, while imaging
techniques capture only two of the three particle sides and therefore do not provide
a comprehensive picture either [5, 10]. In sediment research, these particle-based
descriptions are rarely used; instead, mass-based values (Dsg, Dgg) are applied [11,
12]. This is much more straightforward for clastic sediments, since they are mainly
considered as particle mixtures of equal density. Particle size distributions based on
sieve analyses have not been used for microplastics because the different particle
densities complicate a mass-based analysis and the general interest has so far been
on individual particles or particle counts [13].

Determining the density of microplastics is also not straightforward, as the parti-
cles can exhibit three different densities: (1) the initial polymer density, (2) the
environmental density, which includes biofouling, aggregation with environmental
substances [14] and fragmentation/degradation [15] and 3) the density determined
in the lab after cleaning off the biofouling and the environmental substances [16].
Although this has also been observed for natural sediments, the influence on density
and especially transport processes does not seem to be as pronounced there, as the
original density of sediments (~2.65 g/cm? [17]) is considerably heavier than the
density of water, so that a change in density has less impact [18]. Which density
is most useful for describing microplastics will need to be discussed in the future.
However, we must be aware that determining the polymer type of a particles alone
does not determine the particle density.

Over the past 20 years, several shape categories for microplastics have evolved:
pellets, fragments, fibres, foams and films [5]. These categories can be used to iden-
tify the origin of particles by dividing them into primary (pellets) and secondary
(fragments, fibres, foams and films) microplastics, but they also pose some prob-
lems: Since these categories are not based on geometric standards, it is difficult to
compare different studies [19]. One study might label a particle as foam, another
as a fragment. Moreover, these shape categories are not practical for modelling the
transport behaviour of these particles, as they are not parameterized and thus cannot
be implemented into models. With this problem in mind, a look at sediment research
may be helpful. Sediments are described using either geometric standards (e.g., ellip-
soid, cylinder) [20] or shape descriptors that use the three main dimensions of the
particles and their ratio (e.g., Corey shape factor) or at least a standardized matrix to
categorize shape (e.g., flatness, roundness) [10, 21]. Whether these shape descriptors
can also be used for microplastics remains to be investigated in detail, but measuring
the three principal dimensions seems to be a first step to improve the comparability
of different studies [22, 23].
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15.2.2 Research Goals and Tasks

Based on the presented shortcomings that currently still exist in the description of
microplastic particles, the following research objective was defined.

RG1: To improve and standardize descriptions of microplastic particles

Achieving this goal will improve the comparability of individual studies and allow
us to understand the effects of particle properties on transport and particle ecotoxi-
cology. To reach this goal, four main tasks need to be accomplished: The determi-
nation of particle size and main dimensions of non-spherical microplastics needs to
be improved, e.g., by using shape descriptors developed for clastic sediments. The
suitability of the currently used shape categories (pellets, fragments, films, fibres)
needs to be evaluated and, if necessary, new shape categories need to be developed.
The impact of different shapes and the deformability of microplastic particles on
their transport behaviour needs to be studied in more detail, and the implications
of the density of microplastics being close to that of water and its changes in the
environment need to be evaluated.

15.3 Transport Processes

15.3.1 Background

Historically, transport modelling has often considered microplastics as artificial sedi-
ment by applying transport descriptions originally developed for natural sediments
to microplastics [24]. This transfer from sediment research, which in contrast to
microplastics research has been conducted for many decades (e.g., [1, 2]), may
provide important insights for our understanding of microplastics. However, it needs
to be examined whether this transfer leads to appropriate results (Fig. 15.1).

In the fluvial environment, microplastics can either be transported downstream or
deposit due to sedimentation. Transport can occur as surface, suspended or bed load,
with surface load being a new transport mode compared to clastic sediment. The
diversity of particle properties leads to greater difficulty in describing the vertical
distribution of microplastics in the water column — which has been studied theoret-
ically [25] and with few field studies [26-28], but not with systematic studies on
the influence of different environmental conditions on the vertical distribution. An
important factor affecting the vertical distribution are the settling and rising veloci-
ties, which have often been calculated in the past based on sedimentological theory.
However, it became clear that these calculations are not suitable for microplastics
due to their asymmetric shapes [29-31]. Important influences on vertical velocities
that are not yet fully understood include biofouling, degradation/fragmentation, and
particle aggregation with natural substances—all processes that occur for natural
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Fig. 15.1 Transport processes of microplastics in the fluvial environment

sediment too, but that are not as important due to the higher particle densities of
sediments in comparison to microplastics. As for downstream transport, resuspen-
sion thresholds are highly important, which are also not well described by using
calculations from sediment transport (e.g. Shields Diagram) [32]. The resuspension is
additionally influenced by the burial and bioturbation of microplastics, which points
to another topic that remains understudied in the microplastic context: the influence
of flora (e.g. entrapment in vegetation) and fauna (e.g. ingestion and excretion) on
transport behaviour [33, 34]. These shortcomings in our current understanding of
microplastic transport are also relevant to numerical fate modelling. While zero to
threedimensional models are available at various scales, appropriate parameteriza-
tions for various processes (e.g., particle properties, settling/rising velocities, resus-
pension thresholds, aggregation, biofouling, fragmentation and beaching) are still
lacking.

15.3.2 Research Goals and Tasks

We have identified four transport-related research objectives that need to be
addressed. Achieving these goals will enable better implementation of time-
dependent changes in numerical models (RG 2) and improve our understanding
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of microplastic transport under different influences (RG 2, 3, 4, 5), as well as the
reliability of environmental monitoring (RG 3).

RG2: To understand and quantify time variable particle property changes
and interactions with other environmental substances and their impact on
microplastic transport

RG3: To evaluate the vertical distribution of aquatic microplastic and their
transport in the water column

RG4: To evaluate differences in the erosion and deposition behaviour between
microplastics and sediments

RGS: To understand and quantify the impact of biota on microplastic
transport

To address these research goals, several tasks need to be performed. This includes
investigating time-dependent changes in particle properties, particularly due to
biofouling, degradation/fragmentation, and aggregation, as well as parameterizing
their influence on transport behaviour. Based on the concepts of sediment trans-
port, the distribution of the total microplastic transport as surface, suspended, and
bedload transport needs to be quantified, and the mechanisms of bedload trans-
port of microplastics described. The influence of particle properties (e.g., shape,
surface properties) on the onset of motion needs to parameterized and the resuspen-
sion of aggregated particles, both for microplastics-microplastics and microplastics-
sediment mixtures needs to be determined. Finally, vegetation-induced sedimentation
of microplastics needs to be compared to that of natural sediments, and the effects
of biota on resuspension thresholds and bedload transport need to be quantified.

15.4 Monitoring Methods

15.4.1 Background

While the initial focus was primarily on the marine environment, the fluvial environ-
ment appears to be as heavily polluted as the oceans and may well be considered a
temporary sink of microplastics [35, 36]. Despite this, the Water Framework Direc-
tive (WFD) adopted by the European Union in 2000 to assess the ecological status
of watercourses does not include pollution limits or monitoring requirements for
microplastics. This may be due to the lack of studies on microplastic concentrations
in rivers prior to 2010 [35], as, in comparison, the 2008 Marine Strategy Framework
Directive already lists plastic as a hazard and calls for a reduction in emissions to
the oceans. It is therefore probably only a matter of time before microplastics are
included in the monitoring framework of the WFD.

However, representative monitoring would hardly be possible at present due to the
lack of a sound sampling concept. Representative sampling in the fluvial environment
remains difficult due to dynamic flow characteristics, spatial and temporal limitations
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in sampling, neglect of the influence of hydrology, consideration of only one environ-
mental compartment (e.g., surface water or sediment), and size- or shape-selective
sampling [4]. As a result, it is difficult to estimate the concentration throughout the
water column [25, 37].

Regarding sampling methods for the benthic environment, we often rely on tech-
niques from sediment sampling, such as Ponar or Van Veen grabs, coring, trap-
ping and drilling [38—40]. In the aquatic phase, one has to differentiate between
surface samples, samples of suspended particles in the water column or samples
of the bedload transport. For surface sampling, we cannot refer to sediment tech-
niques. However, for sampling suspended transport, sediment traps [41-44] and Van
Dorn samplers [45] can be transferred to microplastic sampling. For more advanced
sampling as well as identification techniques, the reader is hereby referred to the
original paper [4] due to space limitations in this abstract.

15.4.2 Research Goals and Tasks

With respect to field monitoring techniques, we have identified a research objective
that will provide representative descriptions of the occurrence and types of microplas-
tics in the fluvial environment and improve the comparability of results from different
studies:

RG6: To improve and standardize sampling methods

To achieve this goal, we need to develop refined sampling techniques and parame-
ters for sample collection, preparation and analysis, taking into account the transport
mechanisms of microplastics. Furthermore, the application of sediment sampling
methods such as flow-integrated sampling or the development of innovative tech-
niques such as remote sensing, hyperspectral imaging, acoustics or laser diffraction
methods for microplastics research must be explored.

15.5 Ecotoxicology

15.5.1 Background

In terms of ecotoxicology, the main difference between microplastics and clastic
sediments is probably their composition: while sediments are inert, microplastics
may contain toxic chemical contaminants (e.g., additives and by-products of their
degradation) [46], which can leach in the aquatic environment or after ingestion
[47]. In contrast to the chemical toxicity, toxicity due to their physical properties
and the comparison to the ecotoxicity of natural substances has only recently been
studied [48-50]. Additionally, the influence of particle shape and diameter on their
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ecotoxicity has not yet been sufficiently explored. For a more detailed analysis of the
current state of knowledge on this topic, the reader is referred to the original review

paper [4].

15.5.2 Research Goals and Tasks

In addition to the potential harm due to chemical contamination of microplastics,
the physical impact of these particles needs to be studies in comparison to the effect
of naturally occurring particles such as sediment. This led to the following research
goal:

RGT7: To study the drivers of microplastic toxicity in comparison with sediment
particles

Investigating these factors will improve our knowledge of the relative importance of
the polymers themselves, the plastic-associated chemicals, and the physical nature of
the particles to their ecotoxicity compared to other particles in the environment. To
achieve this goal, experimental design and toxicity tests must be improved by using
natural particles similar to the microplastics under study as reference materials.

15.6 Conclusions

Itis often assumed that the paradigms used in sediment research are also applicable to
describe the transport of microplastics, as they can be considered as a type of artificial
sediment that behaves similarly in the aquatic environment. However, microplastic
particles are diverse and characterized by highly variable densities, particle sizes, and
shapes, which distinguishes them from natural sediments. Therefore, our descriptions
of microplastic particles need to be improved and standardized to gain insight into
how particle properties affect the transport of microplastics in the environment and
to improve the comparability of different studies. Particle description methods from
sedimentology, such as the use of shape descriptors, should be further evaluated for
microplastics research. In addition to the high variability of microplastic particles,
environmental changes in particle properties, such as biofouling, aggregation or frag-
mentation, complicate the understanding of their behaviour and particle description.
These processes, which have received little attention in the sediment field, could be
significant for microplastic transport and require further research.

The classification of sediment transport into suspended sediment and bedload
transport has already been applied to microplastics research and extended to include
a third class, surface transport. For bedload transport, there are still many unan-
swered research questions, such as the flow conditions that lead to particle move-
ment near the bottom, the amounts transported, and the interactions of particles
with the sediment bed. Shifts between these transport modes, usually estimated
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from particle size and density of natural sediments, are still poorly understood for
microplastics and require the development of metrics that relate particle proper-
ties and hydrology to transport mode. Particle properties and transport processes
are important aspects to consider when developing representative monitoring strate-
gies for defining microplastic concentrations. Detailed knowledge about environ-
mental concentrations is essential to validate transport models, to use environmen-
tally relevant concentrations and particle properties in toxicological assessments and
to develop targeted mitigation strategies. In the future, ecotoxicology should not only
focus on the chemical effects of microplastics, but also on particle-related effects,
which must be evaluated in comparison to naturally occurring particles.

To conclude, even after 20 years, microplastics research remains a comparatively
young research field that has many open questions to answer, but can certainly learn
from other disciplines and thus accelerate progress significantly
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Chapter 16 ®)
Environmental Impact of Innovative oo
Microplastics Filtration System

for Washing Machines & Marinas

Hakim El Khiar, Kostja Klabjan, Jan Puhar, and Annamaria Vujanovi¢

16.1 Introduction

The Mediterranean coastal zone is a densely populated, high activity region, where
its topography and lack of efficient waste management in many countries have led to
the accumulation of plastic debris in the Mediterranean Sea. Published studies report
that plastic dominates in the marine litter [ 1], where 83% of plastic items in samples
collected are microplastics [2].

Studies show that 36% of global microplastic pollution comes from washing
clothes [3] while over 9% comes from ship-based losses [4]. CleraOne is a sustain-
able wastewater treatment company whose chemicals-free water recycling system
enables the reuse of wastewater and stops the discharge of microplastics. Its inno-
vative membrane allows a high-water permeation and flow while maintaining low
pressure, with membrane pores only 0.01 microns in size. The purified effluent water
is organoleptically cleaner than tap water and can be reused in all washing processes
for industrial purposes. Instead of common linearly aligned filters with higher energy
and spatial footprints, the proposed system provides a synergistic, automated inno-
vation that enables the removal of microparticles ranging in size from 5 mm to 0.10
microns. The water recycling system can be retrofitted to reuse wastewater in all
laundry systems, vessels washers, and cruise systems. CleraOne’s device shows to
retain 99% of microplastic and enables 70% wastewater reuse.

As the main source of the world’s microplastic pollution, laundry operations are
key hotspots for analysis in this field, and the need for commercial laundries to
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increase their sustainability has been clearly stated [5]. Thus far, the environmental
benefits of CleraOne’s groundbreaking filtration system have not been analysed in
full. In this work, environmental impacts are quantified using the Life Cycle Assess-
ment (LCA) methodology, which is performed using OpenLCA software [6] with
the integrated database Ecoinvent 3.6 [7].

16.2 Case Study Framework

The analysis in this study considers the wastewater treatment for an average commer-
cial laundry’s full operational year. To consider an average laundry operation and its
wastewater treatment, it is assumed that a commercial washing machine uses 34.7
thousand gallons [8] or 157.9 m® of water per year which requires treatment. To quan-
tify the benefits of using CleraOne’s filtration system over other similar practices,
a reverse osmosis treatment process is assumed, as this is the methodology applied
in CleraOne’s device as well as an increasingly popular choice in household as well
as commercial laundry systems. All relevant material and energy inputs required for
treatment by reverse osmosis are applied to the LCA.

Reverse osmosis water filter systems are generally comprised of several parts,
including (a) a carbon polishing filter, (b) a granular activated carbon filter, (c) a
sediment pre-filter, and (d) an ultrafine reverse osmosis membrane. It is recommended
by most reverse osmosis system providers that all filter parts except the membrane
are replaced once per 6,000 gallons (or 27.3 m?) of discharged fresh water [9]. The
membrane itself lasts much longer and its replacement is therefore excluded from
this study.

The material inputs considered in this LCA study are based on the reverse osmosis
system filters which require frequent replacement. Firstly, the carbon polishing filter
is made from activated carbon and is sold at an average weight of 1.13 kg per unit
[10]. The granular activated carbon filter utilizes carbon granules and has an average
weight of 2.27 kg per unit [ 10]. Finally, the sediment pre-filter utilizes polypropylene
film and weighs on average 0.17 kg per unit [10]. By considering filter replacement
frequency at one of each filter unit per 6,000 gallons, the mass amounts of newly
produced filter material in a full year of laundry operations were calculated and used
as input data for the environmental assessment.

Additionally, reverse osmosis wastewater treatment requires energy input in the
form of electricity, where an average of about 6.5 kWh per m? of produced freshwater
[11] is used. The majority of the energy at over 84% is required during the high-
pressure water pumping phase, with the remaining energy mainly used for final water
product transfer and supply, initial water supply, and pre-treatment [12]. To consider
electricity, the Slovenian electricity mix, which derives around a third of its energy
from lignite, a third from nuclear power, and a third from hydropower [13], was used
in this study. Table 16.1 presents inventory data for the LCA study case, comprised
of material and energy input amounts for the functional unit of 157.9 m? of treated
water during a full operating year.
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Table 16.1 Inventory data
with material and energy
inputs for the reverse osmosis  Activated carbon 6.55 kg

Parameter Amount Unit

treatment process Carbon granules 13.15 kg
Polypropylene film 0.98 kg
Electricity 1026.55 kWh

The reverse osmosis treatment process’ ability to remove microplastics from
wastewater is additionally considered. In this case it is assumed that a commer-
cial laundry machine utilizes on average 0.03 m? of freshwater per 1 kg of laundry
[14]. Due to lack of data on average laundry load microplastic release, the problem
is simplified by considering average microplastic release during polyester shirt
washing. According to a study on microfiber release from polyesters, on average
0.01% of a shirt’s mass is released during each wash [15]. By considering the
weight of an average medium size shirt at 0.138 kg, the total amount of microplastic
discharged into the environment without wastewater treatment would amount to
3.8 kg during the operational year. By utilizing either reverse osmosis treatment or
CleraOne’s treatment device, around 99% of microplastic is retained and prevented
from release into water and soil.

16.3 Results and Discussion

Results for the full LCA of one laundry operational year using the reverse osmosis
wastewater treatment method are presented in this section. All considered impact
categories reflect the impact produced throughout the life cycle of a product or
service, in the quantity required to reach the functional unit. The potential for
abiotic depletion represents the lack of resources such as minerals and clay, while
abiotic depletion of fossil fuels includes fuels such as coal. Acidification expresses
the impact of total emissions of acid gases such as sulphur oxides and nitrogen
oxides, which can acidify and negatively impact rivers, lakes and soil. Eutrophica-
tion expresses the excessive growth of algae due to the release of nutrients containing
phosphorus and nitrogen into water, causing biomass growth. Human toxicity poten-
tial and ecotoxicity potentials for fresh and marine wasters and soil are determined
by chemically specific characteristic factors that quantify the impact of chemical
emissions on human health and the environment by assessing exposure and impact.
Global warming potential (GWP), also referred to as greenhouse gas footprint, repre-
sents climate change over a 100-year period as total greenhouse gas emissions to
the air. Ozone depletion represents the relative impact of total emissions of strato-
spheric ozone-depleting gases, and photochemical oxidation reflects total emissions
of volatile organic compounds and nitrogen oxides that form smog, or photochemical
ozone. All considered impact categories are measured in the units as shown in Table
16.2.
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Table 16.2 Impact category results

Parameter Amount Amount Amount Amount Unit
(electricity) | (activated | (carbon (polypropylene)
carbon) granules)

Abiotic depletion | 7.39-10~* 7.55-10° |5.78-10° |5.82:107 kg Sb eq

(minerals)

Abiotic depletion | 3,354.58 663.53 1,107.44 | 78.06 MJ

(fossil fuels)

Acidification 8.28 0.33 0.14 1.05-1072 kg SO, eq

Eutrophication 2.65 0.12 0.02 3.35-1073 kg PO43~ eq

Freshwater 446.94 21.80 1.04 3.03 kg 1,4-DB

ecotoxicity eq

Global warming 386.10 50.84 32.79 2.79 kg CO; eq

Human toxicity 300.62 22.78 5.21 1.12 kg 1,4-DB
eq

Marine ecotoxicity | 1,230,629 75,014 8,159 2,105 kg 1,4-DB
eq

Ozone layer 2.68-107° 1.21-10°%  [1.43.10° [9.70-10°8 kg

depletion CFC-11 eq

Photochemical 0.32 1471072 |6.13-10° | 5.45.10™ kg CoHy eq

oxidation

Terrestrial 0.64 0.06 1.86-102 |4.26.1073 kg 1,4-DB

ecotoxicity eq

Impact category results are presented graphically in Fig. 16.1. The dominant
impact of electricity among the considered processes is notable, as it contributes
a share of over 80% in the majority of all impact categories. The exceptions are
abiotic depletion of fossil fuels and ozone layer depletion, which are more intensely
impacted by the production of carbon granules and the related exhaustion of fossil
resources. In general, activated carbon is found to have the second most harmful
impact to the environment among the processes, followed by carbon granules and
finally by polypropylene.

As noted by the LCA results, the impacts are divided between two process phases:
electricity required to power the device, and filters requiring replacement after a
certain number of washes. By utilizing CleraOne’s device which automatically cleans
and removes dry micropollutants from its membrane, the need for filter replacement
would be excised and environmental burdens would be significantly lowered.

Results comparing the reverse osmosis wastewater treatment method with
CleraOne’s device regarding GWP are presented in Fig. 16.2. The figure additionally
shows a scenario where the laundry water is not treated at all, which would result in
dangerous amounts of microplastic being discharged into the environment. It should
be noted that due to a lack of regulation on microplastic pollution in most coun-
tries, this exists as a potentially realistic scenario. By treating wastewater, the reverse
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Fig. 16.1 Impact category results for the reverse osmosis method

osmosis process and the CleraOne device are shown to retain 99% of microplas-
tics. The difference among the two processes is clearly shown in the third scenario’s
reduced GWP, as the CleraOne device does not require frequent replacement of
carbon and polypropylene-based filters.

16.4 Conclusions

This study on microplastic filtration systems presents the environmental benefits
gained by utilization of CleraOne’s innovative wastewater treatment device, requiring
no filter replacements and operating with lower energy consumption and conse-
quently a lower environmental burdens. While electricity consumption is shown to
be the main contributor to the assessed environmental impact categories, it should
be noted that this factor is dependent on the electricity source used, thus the impacts
of wastewater treatment could be further mitigated by opting for electricity derived
from renewable sources.

A limitation of this study is its lack of consideration of microplastic pollution
within the LCA, which has been a major scientific challenge as this relatively recent
pollution issue has not been sufficiently characterized by traditional LCA databases
and impact assessment methods [16]. In future work, it is imperative that the specific
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Fig. 16.2 Microplastic release and GWP results for different scenarios during the laundry operating
year

impacts and harms of released microplastic to both the environment and human
health is quantified and included in LCA studies, which would contribute to a holistic
assessment of the wastewater treatment process. Microplastic pollution characteri-
zation could be achieved similarly to examples shown in recent studies, where the
amount of released microparticles was converted into pellet-equivalent point metrics
on a 100-year life cycle basis [17]. Alternatively, different types of micropollutants
could be converted into the impact metric of freshwater ecotoxicity potential, based
on their fragmentation rate and toxicity [18].

Despite current shortcomings in the field of quantifying microplastic pollution on
a life cycle level, global awareness is growing on the harmful effects of microplastic
and on the imperative need for energy-efficient treatment systems. As shown in this
work, the innovative CleraOne microplastic filtration system is a viable alternative
to current practice, presenting an important step towards providing clean water in a
sustainable way.
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Chapter 17 )
Towards a Microplastic-Free Ocean: oo
Green Photocatalysis for Mitigation

of Micro- and Nanoplastic Marine

Pollution

Erika Iveth Cedillo-Gonzalez and Cristina Siligardi

17.1 Introduction

Microplastics (MPs) are plastic debris with sizes between 0.3 pm and 5 mm [1], are
present in all kinds of aquatic ecosystems and marine biota consumes them leading
to dangerous health issues and even death. Due to their high area to volume ratio and
their surface chemical properties, MPs adsorb persistent organic pollutants (POP’s)
if they are surrounded by contaminated environments [2]. Therefore, MPs can further
damage the health of marine biota because they can act as POPs’ vectors [2]. MPs’
distribution and transfer among the four major environmental compartments (air,
water, soil, and biota) [3] is probably the main reason of why MPs have been already
found in humans [4, 5], making crucial to develop remediation technologies to fight
MPs pollution. Since all the MPs present in aquatic ecosystems were first produced
in upstream processes, a promising approach to fight them is the reduction through
management before they enter aquatic ecosystems. A feasible approach to accom-
plish this goal is to eliminate MPs present in contaminated wastewater effluents
before their discharge into waterbodies, as wastewater treatment plants (WWTPs)
are a source of MPs to aquatic and terrestrial environments [2].

Photocatalysis is a water treatment process that can be adapted as tertiary treatment
into WWTPs. This technology is based on the interaction of a photocatalyst with a
pollutant adsorbed on its surface and light. If the photocatalyst is bombarded with
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photons with energy equal or higher than its band gap (E > E,), the electrons (e™)
on the valance band are transferred into the conduction band, leaving behind positive
hole (h*) (Eq. 17.1). Holes react with water or hydroxyl groups adsorbed in the surface
of the photocatalyst, generating hydroxyl radicals (O H") (Eq. 17.2). Electrons react
with adsorbed oxygen to form hydroperoxyl/superoxide anion radicals (H O,/0; )
(Eq. 17.3). All those species are called reactive oxygen species (ROS) and promote
mineralization of the organic pollutants adsorbed in the surface of the photocatalyst
(Eq. 17.4).

Photocatalyst +hv — h™ + e~ (17.1)
h™ + H,0(or OH™) — OH’ (17.2)
e +0,— HO,/0; (17.3)
Pollutant + ROS — CO, + H,O (17.4)

By photocatalysis, MPs can be mineralized to CO, and H,O or, be degraded into
less toxic substances. However, MPs are a very particular kind of pollutants, with
characteristics that make degradation challenging.

Here, we report the visible light photocatalysis of different MPs: polyethylene
(PE), polystyrene (PS) and polyethylene terephthalate (PET) of different sizes.
Experiments were conducted at several pH and temperature values using visible-
light photocatalysts (N-TiO,, C,N-TiO,, C,N-TiO,/SiO,) synthetized by a green
synthesis route using renewable raw materials as doping source. Furthermore, to
evaluate the real use of this technology in WWTPs, experiments were performed in
aqueous medium.

17.2 Experimental

17.2.1 Photocatalysts Synthesis and Characterization

N-TiO, and C,N-TiO, photocatalysts were prepared by the synthesis reported by
Zheng et al. [6], using proteins from the extrapallial fluid (EPF, [Proteins] = 10 ppm)
of Mytilus Edulis mussels as renewable source of N and C. For C,N-TiO,/SiO; photo-
catalyst, tetraethyl orthosilicate, isopropyl alcohol, distilled water and concentrated
nitric acid were added to the synthesis. The crystalline composition of the samples
was determined by X-ray diffraction (XRD), using a Siemens D5000 diffractometer.
Carbon and nitrogen doping was determined by elemental analysis by a CHNS/O
Analyzer 2400 Perkin Elmer Series II instrument. The band gap (E,) values were
calculated from their diffuse reflectance spectra (DRS) using the Kubelka—Munk
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theory. Measures were carried out on a Jasco V-670 UV-Vis/NIR spectrophotometer
equipped with an ILN-725 integration sphere. The surface area was estimated by
nitrogen adsorption using a Micromeritics TriStar II Plus 3.01 surface area analyzer.
Microstructural observation was carried out by Field Emission Scanning Electron
Microscopy, using a FEI Nova NanoSEM 450 Field Emission SEM.

17.2.2 Film Preparation

Glass substrates were coated with a 10 wt/v % aqueous dispersion of N-TiO, using
a CGV USB Dip-coater with an immersion and emersion rate of 100 mm/min.

17.2.3 Microplastics Obtainment and Characterization

Primary PS MPs and nanoplastics (NPs, particle size < 0.3 um) were prepared by the
surfactant-free emulsion polymerization synthesis reported in Ref. [7]. The reaction
was conducted for 10 min or 20 h to obtain PS NPs or MPs, respectively. Primary
PE MPs were obtained from a commercial scrub using the extraction methodology
of Napper et al. [8]. Secondary PET MPs were obtained by grinding a PET food
container with a coffee grinder and sieving to get MPs with sizes <500 pwm. The
particle size of all MPs and NPs was estimated by SEM, using an Environmental SEM
FEI-Quanta 200. Polymer type was analysed by Fourier-transformed infrared spec-
troscopy (FTIR) using a BRUKER Alpha II spectrometer equipped with a diamond
ATR accessory.

17.2.4 Photocatalytic Experiments

17.2.4.1 Photocatalysis of Primary PS NPs and MPs

A batch-type reactor was filled with 50 mL of a 1.8 wt. % aqueous dispersion of the
NPs or 50 mL of a 0.01 wt. % aqueous dispersion of the MPs. The N-TiO, films
were placed inside the dispersion. The reaction was performed in a chamber equipped
with a 50 W IP65 LED Artlite visible lamp (400 — 800 nm). The experiments were
performed for 300 min at Ty, and 300 rpm. The photolysis tests were carried out
at the same conditions, but using a N-TiO,-free glass substrate. Degradation was
followed by turbidimetry (Lovibond TB 250 WL turbidimeter).
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17.2.4.2 Photocatalysis of Primary PE MPs and Secondary PET MPs

The effect of three different temperature and pH values on the PE MPs degradation
was evaluated using the Design of Experiments (DoE) approach. Experiments were
conducted in a batch-type reactor, using 50 mL of a 0.4 wt/vol % PE MPs dispersion
and C,N-TiO, powders. A reaction chamber equipped with a temperature bath (£2
°C) and a 50 W IP65 LED Artlite visible lamp set at 57.2 4= 0.3 W/m? was used (50
h). Photocatalytic degradation of PET MPs was done for 120 h using the same
procedure but at T;,om and two pH values (6 and 8). MPs degradation was followed
by gravimetry.

17.3 Results and Discussion

17.3.1 Photocatalysis of Primary PS NPs and MPs

In the photocatalytic degradation process, adsorption of the pollutant on the surface
of the photocatalyst is critical for degradation. A challenge in the photocatalytic
degradation of MPs is to deal with their almost null adsorption on the photocata-
lyst’s surface due to their large particle size compared with the sizes of common
nanoparticle photocatalysts. Thus, the purpose of this part of the research was to
determine whether a photocatalyst in the form of films (the most preferred form for
photocatalysts to be used in tertiary treatments in WWTPs) is able to degrade PS
MPs and NPs in aqueous media.

Table 17.1 presents the properties of the N-TiO, photocatalyst, which were found
to be suitable for performing visible light photocatalysis of aquatic pollutants. It
was found that this sample is mainly composed of anatase TiO,, although traces of
brookite TiO, were also detected. The sample is composed by agglomerated particles
of 3 wm of diameter, which are in turn formed by small particles of ~10 nm. Nitrogen
adsorption revealed a high value of surface area and the presence of mesoporosity.
Finally, the incorporation of N (from the mussel’s proteins) promoted a E, value
suitable for visible light absorption.

Figure 17.1a, b show the SEM micrographs of the PS MPs and NPs, respectively.
PS NPs have sizes of 278.6 &= 9.1 nm while PS MPs present sizes of 1.04 &= 0.03 pm.
Figure 17.1c shows that both materials are composed of PS, as its characteristic
absorption bands are present in both FTIR spectra. Figure 17.1d presents the results
of the photocatalytic experiments. For both sizes, photolysis resulted in a limited
reduction of the concentration of PS plastic. The trends of the red and green curves
of Fig. 17.1d indicate that if the reaction time is increased, further reductions of the
concentration of PS are hard to achieve by photolysis. On the other hand, the black
and blue curves of Fig. 17.1d show that photocatalytic oxidation (PCO) thanks to
the presence of the N-TiO; film in the reaction media promotes a greater reduction
of the PS concentration. This reduction was attributed to the formation of ROS and
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Table 17.1 Properties of the N-TiO, photocatalyst

Property N-TiO2 C,N-TiO, C,N-TiO,/SiO2

Crystalline composition | Anatase TiO; (main), | Anatase TiO, (main), | Anatase TiO»
brookite TiO; rutile TiO,

Particle size, nm Agglomerates of Agglomerates of Agglomerates of
3 wm, formed by 3 wm, formed by 3 wm, formed by
particles of 10 nm particles of 10 nm particles of 20 nm

Surface area, m?/g 193 219 313

Type of porosity Mesoporous Mesoporous Mesoporous

Eg, eV (wavelength of 3.0 (414) 2.9 (388) 2.24 (553)

absorption, nm)

Nitrogen content, wt. % | 0.16 0.41 0.36

Carbon content, wt. % — 1.31 3.27

the interaction of such species with the PS particles. Interestingly, it was found that
the particle size of the PS debris has not an influence on degradation. For both MPs
and NPs, the presence of N-TiO, increases in a similar degree the removal of PS
(removal increases 3.7-times for MPs and 3.4-times for NPs). These results confirm
the hypothesis that the interaction of photocatalytic nanoparticles with MPs pollutants
is achallenge that should be solved to apply this technology for the removal of marine
MPs pollution.

17.3.2 Photocatalysis of Primary PE MPs and Secondary
PET MPs

Table 17.1 presents the properties of the C,N-TiO, and C,N-TiO,/SiO, photocata-
lysts. Both materials are mainly composed of anatase TiO,, although traces of rutile
were detected in the C,N-TiO, sample. SEM analysis demonstrated that both mate-
rials present the same microstructure, composed by agglomerated particles of few pm
of diameter, which are in turn formed by nanoparticles. Nitrogen adsorption revealed
the presence of mesoporosity in both materials, although C,N-TiO,/SiO, presents
the highest surface area due to the presence of SiO,. The presence of nitrogen and
carbon in both samples increases their ability to absorb visible light.

Photolysis of PE MPs (not showed here) did not promote changes in the MPs
concentration, indicating that the experimental conditions do not promote degra-
dation [9]. Figure 17.2 presents the photocatalytic tests of PE MPs using powdered
C,N-TiO, at different temperature and pH values [9]. Most of the reaction conditions
do not promote degradation of PE MPs, even if the photocatalyst is present in the
reaction system. Only at pH 3 and 0 °C, the mass loss achieved 71.77 £ 1.88% [9].
This behaviour was related to both temperature and pH. Cold temperature promotes
the fragmentation of the original PE MPs (700-1000 wm) into smaller particles.
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This size reduction allowed a better interaction between the plastic and the C,N-
TiO, powders [9]. On the other side, pH increases the concentration of H* ions in
the reaction media, favouring the photodegradation mechanism generally proposed
for PE plastic [9].

Figure 17.3 shows the degradation of secondary PET MPs by powdered C,N-TiO,/
Si0;. MPs of < 500 wm were used to avoid the use of unrealistic extremely low
temperatures (useful for MPs fragmentation) for photocatalytic tertiary treatments at
WWTPs. To increase the extension of degradation of the plastic, the photocatalyst
with the best characteristic was employed. It was found that secondary PET MPs
are a very hard-to-degrade plastic. Indeed, after 120 h of photocatalytic reaction at
mild-acidic and mild-alkaline reaction conditions, the highest mass loss achieved
was 16%. This result can be attributed to the antioxidants additives that may be
contained in original PET plastic.
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Fig. 17.2 Photocatalysis of PE MPs at different experimental conditions. Reprinted from Journal
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Fig. 17.3 Photocatalytic degradation of PET MPs by C,N-TiO,/SiO, photocatalyst
17.4 Conclusions

MPs and NPs are complex aquatic pollutants that can be degraded by photocatal-
ysis. The properties of the photocatalyst, the MPs and the photocatalytic reaction
conditions should be carefully designed in order to achieve degradation efficiency
that allow the application of this technology to reduce marine MPs pollution.
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Determination of Optimal Conditions Gzt
for Biodegradation of Polystyrene

by Bacteria Bacillus Cereus

and Pseudomonas Alcaligenes

Martina Miloloza, Marika Puskari¢, Sime Uki¢, and Dajana Ku¢i¢ Grgi¢

18.1 Introduction

Plastics are extremely versatile due to their excellent properties, which contribute
to their widespread production and consumption [1]. The most commonly used
for packaging are polypropylene, polyethylene, poly(vinyl chloride), polyurethane,
polyethylene terephthalate, and polystyrene (PS). In 2015, 6,300 million tonnes of
plastic waste was produced, of which 9% was recycled, 12% was incinerated, and
79% was disposed of in landfills or the environment [1]. However, due to their
ubiquitous distribution in marine and freshwater ecosystems, plastics have gradually
become a global environmental threat [2]. Natural environmental conditions within
these ecosystems, particularly ocean current dynamics, solar radiation, abrasion, and
interactions with ships and organisms, cause plastic objects to slowly degrade and
fragment into smaller particles called microplastics (MP) [2]. This term is used to
describe plastic particles whose longest dimension is less than 5 mm [1, 2]. Adverse
effects of MP after ingestion have been observed in aquatic organisms only under
laboratory conditions, and usually at very high exposure concentrations that exceed
current environmental concentrations by several orders of magnitude [3]. Because
of its potentially harmful effects, MP must be removed from the environment [1].
The combination of physical, chemical and biological processes has proven to be the
most successful method for removal of MP. Biodegradation is a natural process in
which organic matter is used by microorganisms (bacteria, molds, and/or yeasts) as a
substrate source, being converted into smaller compounds, water, CO,, and mineral
salts [1]. Nowadays, experimental designs based on response surface methodology
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are used with purpose to determine the interactions between the independent factors
and the dependent variable, and finally to determinate the optimal process conditions
[4].

In this work, preliminary experiments were conducted according to the Taguchi
design with the aim of determining significant factors, and the main experiment
according to the full factorial design to determine the optimal conditions for
biodegradation of PS by bacteria Bacillus cereus and Pseudomonas alcaligenes.

18.2 Experimental

18.2.1 Materials

18.2.1.1 Microplastics

PS particles, in the size range 100-300, 300-500 and 500-700 pm, were obtained
by grinding everyday polymer product, such as plastic spoons.

18.2.1.2 Bacteria

Bacillus cereus and Pseudomonas alcaligenes were isolated from activated sludge
(municipal wastewater treatment Vrgorac, Croatia) and sediment (river Kupa,
Croatia), respectively, and used for the biodegradation experiments. These bacteria
are stored at Department of Industrial Ecology of Faculty of Chemical Engineering
and Technology, University of Zagreb, Croatia.

18.2.2 Methods

18.2.2.1 Microplastics Preparation

MP was obtained by grinding plastic accessories in cryo-mill (Retsch, Haan,
Germany) accompanied with liquid nitrogen and then dried on the air during 24/48 h
at room temperature. Obtained particles were sieved on stainless steel screens (W. S.
Tyler RX-86-1 Sieve shaker, USA) to isolate particles in above mentioned size ranges.
Before the experiments, MP particles were sterilized in 100-mL flasks containing
70% ethanol during 10 min on rotary shaker (Heidolph unimax 1010, Heidolph
incubator 1000, Germany) at 160 rpm. Particles were separated from the ethanol by
vacuum membrane filtration and additionally washed with sterile deionised water.
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18.2.2.2 Bacterial Cultivation

Bacteria were cultivated on nutrient agar at 37 °C during 24 h. Cultures were pre-
cultured in mineral media for 24 h prior to the experiment to adapt to conditions with
mineral media [5]. Optical densities (OD) of bacterial suspensions were measured at
A = 600 nm by spectrophotometer (Hach, USA) and CFU was monitored by decimal
plate method [6].

18.2.2.3 Biodegradation Experiments

Two sets of biodegradation experiments were performed: the preliminary experiment
designed by Taguchi and the main experiment designed by full factorial plan.

Biodegradation of PS particles were investigated by bacteria B. cereus and P.
alcaligenes. Experiments were performed in Erlenmeyer flasks with a working
volume of 100 mL for 30 days in a rotary shaker. The flasks contained mineral
media [5], bacterial suspension and MP-PS. Control flasks without MP-PS were set
in the purpose of monitoring bacterial growth.

According to Taguchi design of experiments, 7 factors at 2 levels (Table 18.1)
were investigated. Experiments were marked as P1-1-8 and P2-1-8 for B. cereus and
P. alcaligenes, respectively.

Table 18.2 shows a combination of the 3 factors at 3 levels (full factorial design).
Constant parameters were: pH = 7.0 & 0.3, T = 25.0 = 0.1 °C, without glucose
addition (ygLu), except that OD = 0.3 and ymp = 500 mg/L for experiment with
B. cereus and P. alcaligenes, respectively. The experiments were labelled as P1-1-27
and P2-1-27 for MP-PS biodegradation by B. cereus and P. alcaligenes, respectively.

Analysis of the most important process parameters as well as optimal process
conditions for biodegradation of PS by B. cereus and P. alcaligenes were deter-
mined using CFU as response parameter. The most statistically significant factors
and optimal process conditions were determined by analysis of variance effects

Table 18.1 Taguchi Lg Orthogonal Array for PS biodegradation by B. cereus and P. alcaligenes

Experiment |pH-value |7 (°C) | Size of ywmp (mg/ | Agitation |OD |ygrLu (mg/
©) MP (um) | L) speed (9 |D)
(rpm)
P1-1; P2-1 8 15 500-700 | 1000 100 0.5 0
P1-2;P2-2 |6 15 100-300 50 100 0.1 0
P1-3;P2-3 |8 15 100-300 50 200 0.1 |100
P1-4;P2-4 |6 15 100-300 | 1000 200 0.5 |100
P1-5;P2-5 |6 25 500-700 50 100 0.1 |100
P1-6; P2-6 |8 25 100-300 | 1000 100 0.1 |100
P1-7;P2-7 |6 25 500-700 | 1000 200 0.1 0
P1-8; P2-8 |8 25 100-300 50 200 0.5 0
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Table 18.2 Full factorial design for PS biodegradation by B. cereus and P. alcaligenes

Bacillus cereus

Pseudomonas alcaligenes

Experiment/ | ymp (mg/ | Size of MP | Agitation speed | OD | Size of MP | Agitation speed
Factor L) (rvm) (rpm) () | (um) (rpm)
P1-1;P2-1 | 1000 300-500 100 0.1 300-500 200
P1-2; P2-2 50 300-500 200 0.5 300-500 100
P1-3; P2-3 | 1000 100-300 150 0.3 100-300 200
P1-4; P2-4 50 100-300 100 0.1 100-300 100
P1-5; P2-5 500 300-500 100 0.1 300-500 150
P1-6; P2-6 50 500-700 150 0.3 | 500-700 100
P1-7; P2-7 50 500-700 100 0.1 500-700 100
P1-8; P2-8 500 100-300 100 0.1 100-300 150
P1-9; P2-9 500 500-700 100 0.1 500-700 150
P1-10; 1000 100-300 200 0.5 100-300 200
P2-10

P1-11; 1000 100-300 100 0.1 100-300 200
P2-11

P1-12; 50 100-300 150 0.3 100-300 100
P2-12

P1-13; 500 300-500 200 0.5 | 300-500 150
P2-13

P1-14; 500 300-500 150 0.3 | 300-500 150
P2-14

P1-15; 1000 500-700 150 0.3 | 500-700 200
P2-15

P1-16; 50 500-700 200 0.5 | 500-700 100
P2-16

P1-17, 50 100-300 200 0.5 100-300 100
P2-17

P1-18; 1000 500-700 200 0.5 | 500-700 200
P2-18

P1-19; 1000 500-700 100 0.1 500-700 200
P2-19

P1-20; 500 500-700 150 0.3 | 500-700 150
P2-20

P1-21; 500 500-700 200 0.5 | 500-700 150
P2-21

P1-22; 1000 300-500 200 0.5 | 300-500 200
P2-22

P1-23; 1000 300-500 150 0.3 | 300-500 200
P2-23

(continued)
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Table 18.2 (continued)

Bacillus cereus Pseudomonas alcaligenes
Experiment/ | ymp (mg/ | Size of MP | Agitation speed | OD | Size of MP | Agitation speed
Factor L) (um) (rpm) | (m) (rpm)
P1-24; 50 300-500 100 0.1 300-500 100
P2-24
P1-25; 50 300-500 150 0.3 300-500 100
P2-25
P1-26; 500 100-300 150 0.3 100-300 150
P2-26
P1-27; 500 100-300 200 0.5 100-300 150
P2-27

(ANOVA) using Design-Expert 10.0, StatEase, USA. Statistical significance of the
factors effects was considered at a 95% confidence level.

18.2.2.4 Analytical Techniques

During the experiments, CFU, total carbon (TC), total organic carbon (TOC), inor-
ganic carbon (IC) (TOC-VCSH, Shimadzu) were determinate. At the end of the exper-
iments, MP-PS was separated from the aqueous phase by membrane filtration and
particles were analysed by FTIR-ATR (Spectrum One, PerkinElmer) spectroscopy
in order to confirm the biodegradation.

18.3 Results and Discussion

18.3.1 Results

The main purpose of the preliminary experiment was to determine the key factors
(listed in Table 18.3) affecting the biodegradation process of PS particles by B. cereus
and P. alcaligenes.

According to the key factors, the optimal conditions, shown in Table 18.4, for
biodegradation of PS were investigated by full factorial design.

During the main experiment, changes of CFU, TOC and IC values were monitored
as it is shown in Fig. 18.1 and Table 18.5.

At the end of the experiment, PS particles were analysed by FTIR-ATR
spectroscopy, which is shown in Fig. 18.2.
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Table 18.3 Significant factors for PS biodegradation by B. cereus and P. alcaligenes obtained by

Taguchi design

Factor Sum of squares ‘ DF ‘ F value p-value Contribution (%)
Bacillus cereus

YMP 0.07 1 128.82 0.002 5.03

Size of MP 0.68 1 1243.26 0.000 48.52

Agitation speed 0.58 1 1058.59 0.000 41.31
Pseudomonas alcaligenes

OD 0.49 1 12.22 0.040 13.91

Size of MP 0.51 1 12.72 0.038 14.48

Agitation speed 1.88 1 46.93 0.006 53.42

Table 18.4 Optimal conditions for PS biodegradation by B. cereus and P. alcaligenes obtained by

full factorial design
Bacillus cereus Pseudomonas alcaligenes
Factors | ymp (mg/L) |size of MP | agitation OD (-) |size of MP | agitation
(jom) speed (rpm) (pm) speed (rpm)
Value 66.20 413.29 100.45 0.35 334.73 161.08
a b
9.00 #PS < control 9.00 *PS Ccontrol o
8.50 8.50
' ' *> 3 $ T
~ 8.00 ~ 8.00 o ©
*
5750 . . & 750 °
700 ° ° . . o 700
6.50 ° ¢ o 650
6.00 + 6.00 +
0 3 6 9 12 15 18 21 24 27 30 0 3 6 9 12 15 18 21 24 27 30
t/d t/d

Fig. 18.1 Changes of log CFU of B. cereus a in P1-24 and P. alcaligenes b in P2-23 during 30 days
of biodegradation of PS

Table 18.5 Changes of TOC and IC for blank probe (BP) and sample (PS) during 30 days of
biodegradation of PS by B. cereus (P1-24) and P. alcaligenes (P2-23) by full factorial design

Bacillus cereus Pseudomonas alcaligenes

t/d | TOC TOC (PS)/ | IC (BP)/ | IC (PS)/ | TOC TOC (PS)/ | IC (BP)/ | IC (PS)/
(BP)/(mg/ | (mg/L) (mg/L) | (mg/L) | (BP)/(mg/ | (mg/L) (mg/L) | (mg/L)
L) L)

0 |2.51 2.51 0.76 0.76 0.62 0.62 0.22 0.22

3 |2.10 242 0.10 0.87 431 5.52 0.31 1.04

7 1412 4.99 0.30 0.88 6.84 7.74 0.95 291

14 13.90 4.22 0.19 0.37 8.02 10.03 2.11 4.71

21 |3.37 4.67 0.23 0.44 6.71 7.80 1.25 2.07

30 | 3.61 4.64 0.25 0.40 6.98 8.78 1.48 3.23
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Fig. 18.2 FTIR-ATR spectroscopy of PS particles before (PS control) and after (PS sample)
biodegradation by B. cereus a in P1-24 and P. alcaligenes b in P2-23

18.3.2 Discussion

Significant factors for biodegradation of PS by B. cereus were yp, size of MP, and
agitation speed (Table 18.3); the largest contribution was shown for the size of PS
particles. This is not surprising as smaller size and higher surface area contribute to
bacterial colonization on MP particles [7]. The agitation speed of the rotary shaker
maintains the concentration of dissolved oxygen, which is essential for biochemical
reactions [8]. According to the oxygen demand, B. cereus is a facultative anaerobe,
which means that it can grow under anoxic conditions [9]. In addition, this rod-shaped
bacterium forms endospores that make it more resistant to extreme environmental
conditions [9]. The above factors were also important for PS biodegradation by Gram
negative P. alcaligenes, but the third factor was OD. The higher OD indicates higher
CFU, which consequently increases the efficiency of biodegradation. According to
the mentioned significant factors, the main experiment was conducted and optimal
conditions for PS biodegradation by B. cereus can be achieved at low PS concentra-
tion, average PS particle size and at 100 rpm (Table 18.4). On the other hand, the
average PS particle size at higher stirring speed (P. alcaligenes is an obligate aerobe,
which means it grows in an oxygen-rich environment [10]) and an average value of
OD were the most suitable conditions for P. alcaligenes growth (Table 18.4). During
the main experiment, CFU and TOC values were monitored in the purpose of better
understanding of the process. Namely, changes of CFU and TOC had the same trend;
values increased during 7 and 14 day in samples with B. cerues and P. alcaligenes,
respectively (Fig. 18.1 and Table 18.5). In the blank probe, TOC values were also
elevated, indicating bacterial cells lysis [11]. However, an increase in TOC in the
sample (PS) may indicate the release of additives from the surface of particles. The
increase in TOC in the sample correlates with an increase in IC values, indicating
that biodegradation of PS has occurred [11]. According to the higher values of CFU
and TOC, P. alcaligenes had the higher potential of PS biodegradation. At the end
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of the experiment, the particles were analysed by FTIR spectroscopy. The character-
istic peaks for PS are 3024 cm~!, 2847 cm™!, 1601 cm™', 1492 cm™!, 1451 cm™ !,
1027 cm™! and 694 cm™! [12]. The intensity of the peaks for the sample PS was
much lower compared to the control PS, as it can be seen in Fig. 18.2, which confirms
the biodegradation of PS.

18.4 Conclusions

Overall, agitation speed, size and concentration of MP and OD had significant impact
on biodegradation process. According to this research, Pseudomonas alcaligenes
showed higher capability for PS biodegradation in comparison to B. cereus.

Acknowledgements The authors would like to acknowledge the financial support of the Croa-
tian Science Foundation through project entitled Advanced Water Treatment Technologies for
Microplastics Removal (AdWaTMiR) (IP-2019-04-9661).

References

1. MiloloZa M (2022) Biotreatment strategies for the removal of microplastics from freshwater
systems. A review. Environ Chem Lett 20:1377-1402
2. LiJ (2018) Microplastics in freshwater systems: a review on occurrence, environmental effects,
and methods for microplastics detection. Water Res 137:362-374
3. Issac MN (2021) Effect of microplastics in water and aquatic systems. Environ Sci Pollut Res
28:19544-19562
4. Morgan E (1989) Practical exploratory experimental designs. Chemom Intell Lab Syst 5:283—
301
5. Kyaw BM (2012) Biodegradation of low density polyethene (LDPE) by Pseudomonas Species.
Ind J Microbiol 52:411-419
6. Black JG (2012) Microbiology—principles and explorations. Wiley, Hoboken
7. Ali SS (2021) Plastic wastes biodegradation: mechanisms, challenges and future prospects. Sci
Total Environ 780:146590
8. Schmidt-Rohr K (2020) Oxygen is the high-energy molecule powering complex multicellular
life: fundamental corrections to traditional bioenergetics. ACS Omega 5:2221-2233
9. El-Arabi TF (2013) Characteristics of Bacillus cereus. In: JG Morris, E Morris (eds) Foodborne
infections and intoxications. Elsevier, Amsterdam, pp 401-407
10. Suzuki M (2013) Genome sequence of a strain of the human pathogenic bacterium Pseu-
domonas alcaligenes that caused bloodstream infection. Genome Announc 1:¢00919-e1013
11. Kuci¢ Grgi¢ D (2021) Bioremediation of MP-polluted waters using bacteria Bacillus licheni-
Sformis, Lysinibacillus massiliensis, and mixed culture of Bacillus sp. and Delftia acidovorans.
Chem Biochem Eng Q 35:205-224
12. Jung MR (2008) Validation of ATR FT-IR to identify polymers of plastic marine debris,
including those ingested by marine organisms. Mar Pollut Bull 127:704-716



Chapter 19

Microplastics in Drinking Water: Italian ez
National Working Group and Analytical
Methods

Lorenzo Martellone, Eleonora Brancaleone, Daniela Mattei,

Valentina Fuscoletti, Luca Lucentini, Gabriele Favero, Gerardo Califano,
Anna Luisa Salvatore, Tania Tellini, Giuseppe Bortone,

and Gruppo Nazionale di Lavoro Microplastiche

19.1 Introduction

Microplastics are “emerging” heterogeneous contaminants with a complex toxico-
logical profile. Extremely widespread in different water bodies, microplastics have
been studied for some time due to the possible effects on human and animal health.
Drinking waters could be a potential source of microplastics due to the possible
surface and ground waters contamination [1]. According to Directive (EU) 2020/
2184 [2] on the quality of water intended for human consumption, the European
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Commission will adopt a methodology to measure microplastics with the aim of
including them on the watch list, in order to respond at the growing concerns related
to drinking water in a dynamic and flexible way. On this basis, the Joint Research
Centre (JRC) launched a scientific project finalized to harmonize experience and
knowledge about microplastic analysis in drinking water, requiring support from
the national technical-scientific representatives. So, the Italian National Institute
of Health (ISS), with the coordination of the Italian Ministry of Health, defined a
National Working Group which includes experts from the National Research Council
(CNR), from the national network of local environmental Authorities (the National
System for Environmental Protection, SNPA, consisting of the Italian Institute for
environmental protection and research ISPRA and the various ARPA, local envi-
ronmental protection agencies), Universities and Water Suppliers (Utilitalia). This
group was designed to work on: (i) JRC and EC support on national expertise about
microplastic monitoring in drinking water (ii) development of a national analytical
method for microplastics in drinking water to be presented to JRC.

The recruitment phase took place on March 2022, with a “call to action” [3]
by the Italian National Institute of Health and following discussions with inter-
ested stakeholders. The inclusion criteria were: (i) experience in microplastic anal-
ysis regardless the matrix type (SNPA, Universities, CNR), (ii) proven expertise on
emerging contaminants and involvement in the issue (Water Suppliers). Therefore,
after collecting applications and checking inclusion criteria, with the agreement of
the Ministry of Health, the group was formed. The group, apart from representatives
of ISS and Ministry of Health, consist of 41 members: 18 from SNPA: ISPRA and
ARPA, 12 from Water Suppliers and 11 from Universities and CNR. Once the group
was assembled, the first meeting was organized in June 2022.

19.2 Proceedings of the First Meeting

The first meeting of Italian National Working Group for microplastics in Drinking
Water took place on June 16th, 2022.

During the first meeting, participants were invited to introduce themselves
giving an overview on the overall experience in microplastic analysis, including
sampling techniques, pre-treatment methods and instrumental analysis. The infor-
mation requested from group members were based on a JRC survey, published online
in early 2022. As some members of the working group collaborate, they present
themselves as a working team (23 in total).

Representatives of ISS and Ministry of Health explained the purposes of the
project and advances in the Italian transposition of Directive (EU) 2020/2184 on
the quality of water intended for human consumption. SNPA coordinator explained
issues in microplastics analysis that various members of ARPA had in the past years
while Utilitalia coordinator illustrated the state of knowledge and expertise on the
topic by water suppliers.
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ISS focused on the new mechanism of “watch list” for emerging contaminants
and the problems related to microplastic definition.

The “watch list”, described as a complex but useful tool, includes substances and
compounds that are likely to be present in water intended for human consumption
and could pose a potential risk to human health; the “watch list” is periodically
updated with the inclusion of new compounds. Microplastics will be added in the
“watch list” if inclusion criteria (analytical method development and risk analysis
results) are met. To that end, the European Commission shall make use, in particular,
of scientific research of the World Health Organization (WHO).

The problem of microplastic definition, also explained by ISS in this section of
the meeting, emerged from the particularity of these contaminants and was reaf-
firmed citing the opinions of European Chemicals Agency (ECHA) committees in
the context of a proposed restriction of microplastics intentionally added in a wide
range of products [4, 5]. Have also been mentioned, as being directly related to the
problem of plastic pollution, Directive (EU) 2019/904 (“Single Use Plastic” Direc-
tive) [6] and the Italian legislative act for microplastics “microbeads” ban in cosmetics
[7]. The Utilitalia representative confirmed the complex nature of microplastic anal-
ysis but also reported that water suppliers, thanks to pre-existing internal working
groups, have been working on a common analytical method for several months. Util-
italia representative also underlined the need for a routine analytical method, i.e., a
method that is scientifically valid but also easily suitable for water suppliers during
drinking water quality analysis.

The conference ended with a panel discussion regarding scientific priorities,
common objectives and planning of group activities in the coming months.

19.3 Results and Discussion

This first meeting of the Italian National Working Group showed how, despite there
is a diversified knowledge among the different institutions, the magnitude of the
problem has been well understood by all the members, even if some of them, espe-
cially water suppliers, have approached it only recently. From the contributions
presented by Italian National Working Group members, it can be observed that there
are heterogeneous analytical strategies but with common elements; experts, despite
belonging to different organizations with different roles and objectives, are exten-
sively working on the water matrix (Fig. 19.1), particularly on surface water, drinking
water and sea water. Issues of common interest are also wastewater, for the possi-
bility of massive contamination from civic and industrial sources and groundwater,
as hypothetically less contaminated from microplastics.

Moreover experts, especially groups belonging to public institutions, are
expanding their research lines also to other types of matrices such as biota or
sediments.



144 L. Martellone et al.

NUMEROSITY

m SNPA: ISPRA and ARPA
MATRICES o Water Suppliers

m Universities/CNR

Fig. 19.1 Distribution of studies related to the presence of microplastics in the different matrices
analyzed among the various authorities and institutions belonging to the working group

Drinking water is obviously the most frequently studied matrix by water suppliers,
but many of them are extending their research to surface water and groundwater, as
waters intended for drinking water production and possible source of microplastics.

On the contrary, national, and local environmental Authorities focused more on
sea water as part of monitoring related to marine strategy [8]; ARPA and ISPRA were
also involved in sediment and biota analysis, surface water and groundwater. Only
a small percentage of ARPA and ISPRA researchers were studying drinking water
when they were recruited, even though interest in the development of an analytical
method for drinking water was rapidly growing among them.

Universities and CNR are mostly involved than ARPA and ISPRA in drinking
water analysis, with also a focus on surface water, other matrices (sediments, biota)
and wastewater. Only a small percentage focused on sea water and groundwater.

These choices, as a direct consequence, affects the development of sampling
techniques and analytical methods; in fact, clusters of sampling methods can be
identified from the survey according to the type of water sampled. Manta net appears
to be the most suitable sampling method for seawater samples; all the group members
who approached the issue of marine pollution originating from microplastics refers
to Manta net as their standard sampling method.

Indeed, for other sample types, the situation appears different and more varied: in
these cases, other sampling methods, such as glass bottles or “in situ-filtration meth-
ods” i.e., systems connected to sieves/filters, have been developed. These systems
allow filtration of large volumes of water without sample loss but significant increases
in costs and sampling time [9].
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For drinking water, the most common solutions appear to be sampling with bottles
for water suppliers while Universities and CNR are also interested in trying alternative
solutions as “in situ-filtration methods”. This status describes the different objectives
and roles of the organization involved. Water suppliers need a simple, quick sampling
method and bottle sampling from taps, despite low volumes of water collectable, are
obviously preferred. On the contrary, researchers from universities and CNR are
interested in more complex methods for representativeness (high volumes of water
filtered) and lowering-contamination (closed systems) reasons. It should also be
stated that, for a decent numbers of working group members, differences between
sampling methods are not well understood and/or sampling is not directly performed
by them.

The survey trend also shows that working group members are developing analyt-
ical protocols for microplastics with or without a pre-treatment phase. An untreated
sample, especially full of organic matter samples (surface water, wastewater) could
be problematic in terms of signal-to-noise ratio and goodness of results but not
requires effectiveness and plastic-degradation studies and could globally speed up
the entire analytical procedure. On the other hand, with dedicate pre-treatment proto-
cols, results could be significantly better, but operations and the development of the
procedure could be also time-consuming. In this respect, it is noted that groups have
chosen the method by pre-treating protocols, opted for (i) digestion with, for example,
acids or hydrogen peroxide or (ii) digestion followed by an extraction step.

As seen in sampling phase, the water type influences the choice of analytical
criteria, so pre-treatment methods depend on what kind of water working group
members analysed.

Sea water samples, mainly retrieved by manta net sampling and conducted by
ARPA members, are usually dried, sieved and submitted to digestion protocols
(hydrogen peroxide, with or without heating). For groups who experienced drinking
water analysis, a pre-treatment step with light digestion (acids or peroxides) without
temperature programs and followed by a filtration on a substrate is very common.
The most popular substrates for drinking water filtration are silicon square filters,
which have proven to be optimal for Raman and Fourier Transform Infrared (FTIR)
microscopy analysis; alumina round filters have also been used with good results
in Raman and FTIR microscopy analysis. Silicon filters have a small surface area
that simplifies particle-based analysis in microscopy coupled to vibrational spec-
troscopy techniques but require a low volume of water to be filtered in order to
reduce overlapping of particles and matrix interference.

On the contrary, surface water samples followed the direction of the distinctive
research group: analysis of surface water carried out by ARPA members followed the
marine strategy protocols (manta trawl—drying—sieving—digestion) while analysis
of surface water carried out by water suppliers are usually carried out in a similar
way of drinking water (bottle sampling—Ilight digestion—filtration on substrate);
only few authors carried out density separation (with or without digestion) using an
hyper-saline solution.

Ultimately, even from an instrumental point of view, there is heterogeneity.
As reported by the survey, the most frequently used analytical techniques for the
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Fig. 19.2 Distribution of selected analyical tecniques in microplastics analysis among the various
authorities and institutions belonging to the working group

characterization of microplastics were Microscopy (optical microscopy and elec-
tron microscopy), FTIR spectroscopy (normal and microscopy-coupled), Raman
microscopy and Gas Chromatography—Mass Spectrometry coupled to Pyrolysis
(Py-GC-MS), as shown in Fig. 19.2.

The employment of spectroscopy (FTIR and Raman) was very common among
working groups regardless of affiliation. Microscopy-only techniques are also
frequently used, especially from ISPRA and ARPA members. On the contrary, Gas
Chromatography—Mass Spectrometry coupled to Pyrolysis, as an emerging tech-
nique in microplastic analysis, is currently used only by a single group affiliated to
university. It is also necessary to consider that about 17% of working teams still do
not have the instrumentation for microplastic analysis in drinking water although
most of them are moving to purchase and/or are waiting for suggestions from other
group members for the purchase. This is explained by the very recent interest of some
ISPRA and ARPA members to drinking water analysis and of some water suppliers
in the topic.

The survey also confirmed that the choice of analytical techniques follows the type
of water investigated. In this context, 3 major clusters can be observed: sea water
samples, surface water samples and drinking water samples. Sea water samples are
usually observed with microscopy (optical or electron microscopy), as they include
large microplastics (>300 pm) retrieved from Manta nets. Some research groups also
confirmed the identity of some polymers with FTIR spectroscopy.

Drinking water samples, as they often originate from water filtered on a substrate,
are usually analysed with microscopy coupled to spectroscopy techniques as FTIR
microscopy and Raman microscopy. Water suppliers usually preferred Raman over
FTIR given its ability to be insensitive to water vibrational signals during the analysis.
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Surface water samples, as seen in pre-treatment phase, followed the direction of the
distinctive research group: ARPA members usually performed microscope analysis
while water suppliers were prone to use FTIR microscopy and Raman microscopy.

From the panel discussion and survey suggestions, scientific priorities, and
common objectives to be pursued emerged. The two major issues appeared to be vari-
ability in results and the relative lack of microplastics certified standard; also blanks
preparation and contamination prevention were discussed. Variability, as suggested
by various group members, could be minimized by using similar analytical tech-
niques with a standard procedure; also certified microplastic standards could be
useful. Some working group researchers in the past experienced proficiency tests
with certified standard and agreed to share information about where to find/how to
fabricate them. In term of contamination prevention, it was stated that is virtually
impossible to prevent every source of contamination and is important to provide
environmental blanks, procedural blanks and reagent blanks in order to avoid results
overestimation.

19.4 Conclusions

As underlined by the results of the first national survey and working group members’
contributions, the starus of microplastic analysis in Italy appears to be heterogeneous
and constantly evolving. Researchers from organizations with different roles and
objectives were already working on an analytical method for microplastics identi-
fication and quantification in drinking water, but without agreement on sampling
method, pre-treatment, or analytical technique. The main difficulty that has emerged
is to align the different targets of public research authorities and agencies and water
suppliers. To overcome this issue, it will be necessary to develop a method that takes
into account the needs of both, and, in particular, that is routinely applicable. Working
group, as well as for method development, will be also useful to share know-how and
data, waiting for more information about health implication of microplastics. In line
with the working group aims, during the next months the participants will contribute
to the drafting of a technical paper (ISTISAN Report) focusing on analytical tech-
niques for the analysis of microplastics, while starting to work on the common
analytical method. The next scheduled appointments are:

— The participation of ISS, SNPA and Utilitalia representatives, coordinators of
the working group, to the three workshops planned by JRC in September 2022.
During these workshops will be shared the results of European JRC survey, about
the state of knowledge on microplastics;

— The next working group meeting, scheduled for November 2022, that will be focus
also on these results.
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Chapter 20 ®)
Ecotoxicological Assessment of Alento oo
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Vincenzo Pasquale, and Sonia Manzo

20.1 Introduction

Human activities often generate contaminants that can compromise the function of
ecosystems. Rivers in particular collected and often transported several kinds of
chemicals and items producing a mixture that can generate adverse impacts on the
biota. Dams are often present to regulate water for irrigation, hydropower generation,
flood control, and drinking purposes. Besides, they are known to trap pollutants that
accumulate within their reservoirs. More attention is paid to microplastics (MPs,
i.e., plastic particles < 5 mm), an emerging contaminant in waterways worldwide,
and how they move along rivers, whether MPs also accumulate behind dams is an
important question for informing estimates of global river inputs to coastal areas [1].
Actually, MPs may also settle in the sediments [2] in the function of their density,
and physical, chemical, and biological factors [3]. They represent potential physical
and chemical threats since their impact is linked not only to mechanical injuries but
also to the leaching of chemicals.

S. Accardo (X)) - S. Schiavo - L. Parrella - A. R. Di Maiolo - S. Manzo
ENEA CR PORTICL P. Le E. Fermi 1, 80055 Portici, NA, Italy
e-mail: sara.accardo001 @studenti.uniparthenope.it

S. Accardo - V. Pasquale
Department of Science and Technology, Parthenope University of Naples, Naples, Italy

M. Paolucci - M. Mercurio
Department of Sciences and Technologies, University of Sannio, Via Port’Arsa, 11, 82100
Benevento, Italy

C. Gramegna
ARPAC—Via Vicinale Santa Maria del Pianto, Centro Polif. TORRE, 80143 Napoli, Italy

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 149
M. Cocca et al. (eds.), Proceedings of the 3rd International Conference on Microplastic

Pollution in the Mediterranean Sea, Springer Water,
https://doi.org/10.1007/978-3-031-34455-8_21


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-34455-8_21&domain=pdf
mailto:sara.accardo001@studenti.uniparthenope.it
https://doi.org/10.1007/978-3-031-34455-8_21

150 S. Accardo et al.

The ecotoxicological assessment of environmental samples allows the evaluation
of the integrated effects of all present contaminants, evidencing joint action of pollu-
tants (additive, synergistic, and antagonistic). It is generally based on a battery of
bioassays with organisms belonging to several species since a species sensitive to all
environmental contaminants does not universally exist [4, 5].

The Alento River catchment (Southern Italy) is located between the Cilento, Vallo
di Diano and Alburni National Park (Campania, southern Apennine). It represents
an interesting case study partly because of the presence of an integrated system of
storage dams devoted to agriculture and tourism and due to the presence of high
biodiversity, covered mainly by shrubs and forests.

In this contribution, a preliminary evaluation of the ecotoxicological status of the
Alento River, with a special focus on MPs occurrence and associated ecological risk,
is presented.

20.2 Materials and Methods

20.2.1 Study Area and Sample Collection

The Alento River catchment is situated in the Campania region, Southern Italy,
and lies within the Cilento area, with a total drainage area of about 411 km? and
a perimeter of approximately 145 km. A sampling campaign of water (FW) and
sediment (S) was conducted in 2020, at five different sites along the river (upstream
to downstream: All, OAll, Al3, Al4bis, and AlS) (Fig. 20.1). Besides, at Al4bis also
fishes were sampled and analyzed for their content in MPs.

0 25 Skm
=

Fig. 20.1 Study area and sampling sites of Alento river
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20.2.2 Ecotoxicological Bioassays

Freshwater samples and sediment elutriates (ISPRA, MLG 67/2011) [6] were tested
using a battery of toxicity tests with model organisms belonging to the three main
trophic levels: Vibrio fischeri (bioluminescence inhibition test ISO 11348-1997) [7],
Selenastrum capricornutum (growth inhibition test, OECD 201 2006) [8], Daphnia
magna (immobilization test, OECD 202 2004) [9] and Thamnocephalus platyurus
(acute immobilization test, ISO 14380:2011) [10].

Data were expressed as effect percentage with respect to the control by using the
Abbott formula. Results were integrated to obtain a Toxicity Battery Index (TBI) as
described in Manzo et al. (2014) [11].

20.2.3 Microplastic Extraction and Identification

Water samples (1L) were filtered using a vacuum pump on Whatman GF/C (Glass
microfiber filter 1.2 wm) filter paper [12].

For sediment samples, the density separation method to extract microplastics was
used [13]. The collected wet sediment samples were oven-dried 40 °C for 24 h and
pre-treated with several variable mesh sizes sieves to reduce the sample volume.
30 g (dw) was added to 200 mL of a saturated NaCl, solution and stirred for 20 min
and then left to settle. After 24 h, the supernatant was filtered and filter papers
were washed several times with deionized water. MPs were counted and categorized
according to color and morphology by Zeiss stereomicroscope. In the case of fish
samples, the MPs extracted from the gut were analyzed using Bruker’s FTIR ALPHA
spectrometer. The acquired spectra were processed using Bruker OPUS ver software
7.2.

The abundance of MPs is expressed as particles/L for waters and in particles /g
for sediments. GIS (13.4, Esri, USA) was used to describe the geographic location.

20.2.4 Ecological Risk Assessment

Probabilistic ERA has been accomplished according to the method proposed
by Solomon et al. (1996) [14] and Hall et al. (1999) [15], comparing expo-
sure concentration distribution with the 5th percentile of the corresponding effect
distribution.

A collection of toxicity data from open literature sources, and an international
electronic database, were performed to define the MPs sensitivity distribution of the
organisms.

The different dose descriptors (i.e., LC10-20-50, EC10-20-50, LOEC) were
converted into chronic NOECs [16]. The 5th percentile, representing the effect
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threshold limit ensuring the protection of 95% of the species from MPs adverse
effects, was estimated from the regression equation. The results were expressed as
the probability that MPs exposure concentration in water and sediment will exceed
the corresponding Sth percentile.

20.3 Results and Discussion

20.3.1 Ecotoxicological Assays

The results related to the ecotoxicological evaluation of water and sediment samples
are reported in Fig. 20.2. Regarding water samples, the highest toxicity level was
evidenced in Al5 (90% effect) followed by OAll (79%). The lowest effect was
instead measured for Al4bis (16%). By considering the worst case approach, which
considers the highest effect obtained in the test battery, apart from the dam, the
sampling sites next to the river mouth seemed to be the most impacted ones. A slight
effect increase starting from the dam sampling point (OAll) was also evidenced by
bioluminescence inhibition test. Besides, in OAlI site, although highlightable for
all samples, the highest biostimulation (22%, D. magna) and also the highest algae
growth inhibition were measured. These effects could be attributed to the release
from the surrounding areas of agrochemical products acting upon photosynthetic
organisms, and to the increased amount of organic substances available as nutrients,
given the enclosed area system. The data integration with TBI approach confirmed
this observation, highlighting a moderate ecotoxicological risk only for OAll (26,3)
(Fig. 20.3c). Regarding the sediments, the highest effect was registered by All sample
followed by AlS, while the lowest values was obtained for OAll with algae slightly
inhibited. In the main, it then seemed that the effects were mainly localized in the
water matrix and then due to a local temporary discharge. However, a deeper analysis
of sediment matrix with a large toxicity test battery should be done to proper evaluate
the long term effects also with contact test with whole sediment.

-1 L L L
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Fig. 20.2 Toxicity (% effect) obtained from the battery test carried out on water (a) and sediment
(b) samples
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Fig. 20.3 For each sampling site, sediment (a) and water (b) the TBI (c) together with the MPs
abundance, morphology and distribution (pie graph) are reported; MP concentrations correspond
to the area of the circles particles/g (d) and particles/L (e). The distribution for colour both for
sediment and freshwater are also reported in table

20.3.2 MPs Identification

MPs were identified at all sites both in water and sediment samples. MPs concen-
tration was in the range of 18—43 particles/L and 0.5-1.6 particles/g (Fig. 20.3). For
waters, Al4bis sample showed the highest MPs number (43 particles/L). Similarly,
in sediment samples, site All, Aldbis and AlS5 showed the largest amount of MPs
with more than one particles/g. Actually, suspended aquatic particulates, including
MPs, are expected to be preferentially deposited in low-dynamic environments. In
addition, the MPs settlement is largely influenced by polymer type, size, and environ-
mental physicochemical characteristics. Moreover, the presence of tributaries could
lead to increased MPs in the final part of the river. However, a clear trend in the MPs
concentration from the dam to downstream cannot be evidenced. In the middle tract
of the river, we can find that accordance between data relative to ecotoxicological
status and MPs occurrence both in water and sediments. It is worth noting that Al3
showed the lowest values for TBI and MPs occurrence.

Fibers were the dominant MPs types both for water and sediment samples followed
by fragments for water samples, and spheres for sediment samples (Fig. 20.3). The
distribution of plastic colors in the river was similar to other published data in fresh-
water environments [17]. Black particles were the most common ones, followed by
transparent and colored MPs (Fig. 20.3). MPs can inherit their colors from their
parent plastic products, but their colors can change due to photodegradation and
residence time in the water.
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In fishes, MPs fragments and fibers were mainly found in the gastrointestinal
tract. Based on the ATR-FTIR analysis, polyethylene, polyethylene terephthalate,
polystyrene, and polypropylene, were the main plastic polymers. For environmental
matrices, these analyses are still ongoing.

20.3.3 Ecological Risk Assessment

The estimated 5th percentile from MPs toxicity data was 14 part/ L and 91 part/ g for
water and sediment, respectively. These values represented the toxicity thresholds
used in the risk estimation. In Fig. 20.4, the regression lines characterizing the distri-
butions of exposure data for MPs in water (a) and sediment (b), concerning the five
sampling points, and respectively the 95th percentile exposure concentrations, were
represented. Moreover, the Sth percentiles of the corresponding toxicity distributions
were reported to estimate the risk posed by the MPs to the aquatic organisms in the
Alento river.

The MPs concentration 95th percentile for water was 97 part/L, and the probability
of exceeding the toxicity threshold (14 part/L) was 35% (Fig. 20.4a). In the case
of sediment, the concentration 95th percentile was 7 part/g, and the probability of
exceeding the toxicity threshold (91 part/g) was 0.14% (Fig. 20.4b).

These data suggested that in Alento river, the ecological risk posed by MPs on
aquatic organisms was not negligible in water, while no risk was assessed for the
sediment matrix. These results represented a preliminary assessment of the MPs
impact on the Alento River and more detailed studies are needed, especially to expand
the set of exposure and toxicity data used in the probabilistic risk assessment.
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Fig. 20.4 The rank percentiles are plotted on a probability scale against the logarithm of concentra-
tions of microplastics measured in water (a) and sediment (b) of Alento river, and the linear regres-
sion to characterize the corresponding exposure distribution is drawn. The 95th percentile exposure
concentration and the probability of exceedance the Sth percentile of the toxicity distribution are
represented
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Compact Holographic Imaging Gzt
and Machine Learning for Microfibers
Quantification in Laundry Wastewater

Teresa Cacace, Marco del Coco, Mariacristina Cocca,
Andouglas Goncalves da Silva Junior, Luiz Marcos Garcia Goncalves,
Pierluigi Carcagni, Melania Paturzo, and Cosimo Distante

21.1 Introduction

Microfiber shedding caused by the washing of synthetic textiles is widely recog-
nized as a major source of primary microplastics in the environment [1]. Recent
studies concentrate on the quantification of microplastics released during a wash,
also evaluating the influence of different washing treatments or textile characteristics
[2-4].

Different methodologies have been employed to detect and identify synthetic
microfibers dispersed in water [4]. Often, the filtered fibers are also inspected visu-
ally by expert users [2, 3, 5]. This procedure is intrinsically time-consuming and
not applicable to continuous monitoring. Moreover, it requires a sample prepara-
tion procedure, implemented in a strictly controlled environment to prevent sample
contamination [6]. Therefore, there is a need to advance instruments and techniques
for fast and automated microparticle identification and counting, while at the same
time implementing secure sample handling procedures.
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In this framework, we propose a compact and low-cost holographic micro-
scope, able to analyze microplastic samples dispersed in water and flowing through
a commercial microchannel. The device implements the architecture for off-axis
Digital Holography (DH), which is a non-destructive and single-shot imaging tech-
nique. It provides label-free imaging, quantitative phase mapping and flexible a-
posteriori numerical refocusing of flowing samples. At the same time, the use of
microfluidics for fluid handling provides the basis for high-throughput and automatic
acquisitions, while reducing the risks of sample contamination.

We employ our device to analyze an aliquot of wastewater from a washing test
of polyester textiles in a commercial washing machine. Moreover, we propose an
ad-hoc data processing procedure to estimate the microplastic concentration, based
on image processing and machine learning techniques.

21.2 Experimental

21.2.1 Data Acquisition

We have recently introduced a compact and portable DH design (Fig. 21.1), which
implements off-axis DH, an imaging technique based on the recording of the inter-
ference between the light scattered by the sample (object wave) and a clean reference
wave. The resulting hologram is recorded by a digital sensor and then numerically
processed to yield amplitude images and quantitative phase maps of the sample, and
information on the size, shape, and tridimensional position of the recorded objects.
The samples do not require any pre-treatment or staining and are not damaged during
the image acquisition. Moreover, off-axis DH relies on single-shot measurements,
enabling dynamic image acquisition of flowing samples for high-throughput analysis.

The microscope design implements a wavefront division interferometric configu-
ration [7, 8] to acquire the robustness against vibrations necessary for in-situ measure-
ments. For the light source, we use a compact and low-cost DPSS laser (Thorlabs,
CPS532), which emits a collimated beam at A = 532 nm. Then, a neutral filter reduces
the light intensity on the camera, avoiding pixel over-exposure. The light impinges
orthogonally on the sample flowing through a commercial microfluidic straight-
channel chip (PMMA, 1.0 x 0.2 x 58.0 mm) and is then collected by a compact
microscope objective (Newport, 10x). Afterwards, a commercial grating (Thorlabs,
300In/mm) collects the section of light which passes through the microfluidic plat-
form, immediately adjacent to the channel and free from the object signal. The light
is tilted by the grating and then collected on the camera (See3CAM_CUS5M). In this
way, we reproduce the off-axis configuration by recording the interference between
the object wave and the tilted reference wave. Moreover, the integration of the optical
components in a single monolithic block greatly reduces the influence of vibrations
on the system. Note that it is possible to change the microfluidic chip when needed,
to avoid cross-contamination between samples.
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Fig. 21.1 Compact holographic microscope. All optical components are integrated into a single
monolithic block to limit the effect of external vibrations

The proposed holographic microscope has been recently used for the imaging
of flowing microplastics, demonstrating the reconstruction of amplitude images and
phase maps and the numerical refocusing of out-of-focus objects [8]. Here, we use
it to study a sample of wastewater obtained from the washing process of synthetic
fabric performed at real scale. The washing test is performed using a Bosch washing
machine serie 4 varioperfect WLG24225i, at 40 °C, for 107 min and 1200 rpm, using
a commercial liquid detergent, in the recommended doses, and a washing load of
2-2.5 kg made of 100% polyester t-shirts. The wastewater coming directly from the
drainpipe of the washing machine subjected to a multi-step filtration procedure. For
this study, we have selected an aliquot of wastewater collected after passing through
a nylon net filter with a 20 wm pore size (Merck millipore). Moreover, in order to
increase the density of microplastics and speed up the analysis process, a rotary
evaporator is employed to halve the sample volume by evaporation under reduced
pressure. Note that, while the water pre-treatment procedure has been adopted to
restrict the scope of the work and speed up the data acquisition process, there is no
impediment to the use of untreated wastewater. The only limitation is the size of the
microfluidic channel, which should be adjusted to prevent clogging.

The samples are kept in flow in the microchannel using a pressure-driven pump.
We have acquired video recordings of the flowing samples, using FHD resolution
(1920 x 1080 pixels, pixel size = 2.2um) and a framerate of 10 fps. The width of the
channel (1 mm) is recorded entirely by using a low magnification of about 4x. The
collected videos are numerically processed frame-by-frame, according to a standard
procedure for hologram demodulation. The latter is based on linear filtering in the
Fourier domain, and it retrieves from each frame an amplitude image and the corre-
sponding quantitative phase map [8]. Moreover, optical aberrations are removed by
numerical subtraction of a reference hologram, which is obtained as the mean over the
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whole video. Finally, the processed frames are recombined to produce two separate
video sequences, one of amplitude (equivalent to bright-field) images and another of
phase maps. Those are then subjected to data processing for object detection, patch
extraction and classification, as described in the following sections.

21.2.2 Data Processing Pipeline

The processing pipeline exploits image processing techniques as well as unsuper-
vised and supervised machine learning approaches. The image processing regards the
object detection and does not require any preliminary step. On the other hand, patch
embedding and classification require a training phase (respectively unsupervised and
supervised) making the data collection and annotation mandatory.

The complete pipeline, including the data collection, annotation and training
phases, is represented in Fig. 21.2. The first row shows the flow of the main pipeline
where the phase video sequence is provided, frame by frame, to the object detec-
tion module. The detected objects are then processed by the embedding module that
exploits the trained model in order to return a 32-dimensional vector representative
of the patch given as input. Such a vector is then sent to the classification module
that returns the predicted class.

Both embedding and classification modules require a trained model, respectively
Latent model and SVM model. The generation of the latent model is based on an
unsupervised approach that requires a sample set of patch representative of both
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Fig. 21.2 Data processing pipeline: the upper part of the image shows the main pipeline, the lower
part shows the training phases
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the classes, but no specific annotation. On the other hand, in order to compute the
SVM model, a well-annotated set of samples is mandatory. Thus, the training phase
starts by randomly splitting the detected objects into two subsets: the first one is
used as it is for the training of the latent model; the other is manually annotated as
“microplastics/non-microplastic” by a human operator, processed by the embedding
module to generate the pair patch-embedding/class and finally employed for the
SVM model training.

Object detection is based on the Mixture Gaussian Model [9] foreground detector.
The algorithm discriminates between foreground and background pixels by means
of a continuously updated model based on a mixture of gaussians representative of a
non-stationary background. The pixels that do not fit the model are considered to be
foreground. This kind of approach is particularly suitable for the proposed application
where the background is subject to slight fluctuation due to residual vibrations during
the recording.

Once the foreground pixels have been detected, connected components labelling
is used to group them into objects, which are finally defined by a bounding box. Over-
lapping bounding boxes are merged together to avoid object fragmentation caused
by misdetection.

Embedding module exploits the idea of a latent space generated by an autoencoder
neural network [10]. The key idea is that high dimensional data (e.g. the patch
image) has often a lower dimension embedding which is sufficient to represent all the
informative content of the original data. Such an embedding led the extracted dataset
of patch in a Latent space, a lower dimensional manifold of the high dimensional
images where we expect all the instances of the dataset to lie in proximity. The
desired embedding is obtained by means of an autoencoder neural network, a kind of
symmetrical (encoder/decoder) neural network where the output is the image itself
as represented in Fig. 21.3. The training aims at the optimization of the network
weight so that the image provided in output is as close as possible to the input one.
This optimization intuitively led to a latent space embedding all the information
necessary for the image reconstruction and then a space that is highly representative
of the input. Once the network is trained, the encoder side will be used to accomplish
the embedding processing.

Classification module is based on a Support Vector Machine SVM classifier [11].
The main idea behind the algorithm is to find the hyperplane that optimally separates
the training sample depending on their classes. More precisely a support vector
classifier has been employed.
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21.3 Results and Discussion

The data processing has been performed on a video sequence of 4240 frames, from
which the object detector has retrieved a dataset of 5560 patches. Among them, 2608
patches have been annotated with a specific class (577 microplastic and 1758 non-
microplastic) and exploited to train the classification model. The other unannotated
2952 patches have been exploited for the unsupervised learning required by the
autoencoder training. This choice guarantees that the embedding generated with the
annotated patches is performed over unseen samples.

The autoencoder employed in the embedding module has been trained, as stated
before, over the 2952 unannotated patches. In order to increase the generalization
capabilities and to contrast the scarcity of the “microplastic” objects, a data augmen-
tation has been performed by means random rotation and translation of the given
patches over a total of 15 epoch performed with a batch size of 64 elements.

In order to return a measure of the classification accuracy, we worked on the
classification step in an leave-one-out fashion. Given the embedding of the annotated
patches and their annotations (labels) the classifier has been iteratively trained on n-1
samples (where n is the total number of samples) and tested on the sample kept aside.
Such a procedure has been repeated for different values of the SVM hyperparameter
in order to find the optimum value.

The best accuracy led to the following results:

[330 147]

[268 1490]

[0.692, 0.308]

[0.152, 0.848]

That led to an overall accuracy of 77%, a non-negligible result considering the 1
to 10 class unbalancing in the employed training set.

21.4 Conclusions

We have presented a compact and low-cost holographic microscope, using it to
detect microplastic samples dispersed in laundry wastewater from a commercial
washing machine. The combination of dynamic image acquisition and microfluidics
for sample handling provides the basis for high-throughput and automatic acquisi-
tions. We have recorded holographic videos of the flowing sample. They have been
numerically processed frame-by-frame to retrieve amplitude images and quantitative
phase maps of the sample.

Moreover, we have proposed an ad-hoc data processing procedure to estimate
the microplastic concentration, based on image processing and machine learning
techniques. The pipeline consists of an object detector dedicated to the identifica-
tion of the mobile objects in video sequences, a deep learning module devoted to
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projecting the detected objects into a low dimensional space and finally a classifica-
tion step responsible for the classification in one of the two categories “microplastic”/
“non-microplastic” that enables the microplastic density estimation in a given water
sample. Behind the scenes, the development of the mentioned approach required
specific data annotation and training phases. Despite the data unbalancing, we
obtained an object classification accuracy of 77%.
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Chapter 22
Microplastic in Drinking Water: A Pilot e
Study

Eleonora Brancaleone, Daniela Mattei, Valentina Fuscoletti, Luca Lucentini,
Gabriele Favero, Alessandro Frugis, Valentina Gioia, and Marco Lazzazzara

22.1 Introduction

In recent years, microplastic pollution has become increasingly important in the eyes
of public opinion. For years, plastics have been used in various production contexts,
such as health, food or technology, thanks to both their chemical-physical properties
and their “shelf-life’, which makes them almost indispensable products in everyday
life.

While these properties have made the use of plastics advantageous in various
fields, they also have a negative impact on the environment and, consequently, perhaps
on animal and human health.

A relevant example is the impact that these materials seem to have on the avail-
ability and quality of water resources, affecting all productive sectors, in particular
primary production and food production, sanitation, human and animal safety use.

This impact represents a real water emergency also because microplastics are
ubiquitous emerging contaminants with a still unclear toxicological profile. In fact,
despite the media interest on the subject, there is no complete and exhaustive picture
of the toxicity of microplastics on humans.

Therefore, based on the provisions of the Directive (EU) 2020/2184, it is funda-
mental to develop monitoring and prevention strategies centred on site-specific risk
analysis in accordance with the provisions of the Water Safety Plans, to guarantee
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the monitoring of water resources and, therefore, prevent this state of emergency
caused by parameters that are not currently provided for by law [1, 2].

Therefore, the prospect of being able to develop a monitoring strategy for these
contaminants is important to reduce potential exposure and prevent possible health
effects.

The European Commission has set itself the goal of regulating the monitoring of
these emerging contaminants by 2024, identifying a method for their determination
and characterisation, to enable their inclusion in the Watch List and reduce potential
exposure to these substances through water.

Therefore, the prospect of being able to develop microplastic monitoring and
prevention strategies is important to assess potential exposure and prevent and/or
reduce any confirmed risk of potential exposure to this type of contaminant.

22.2 Experimental

Water samples from different sample points along the drinking water chain were
analyzed. Analyses were carried out on raw and treated water samples and, subse-
quently, on drinking water sampled from the drinking fountain, the home tap and
dispense water boxes to assess the actual consumer exposure to these contaminants
from different points of supply.

22.2.1 Materials

In order to be able to assess possible consumer exposure to these contaminants,
the quality of drinking water sampled at various points in the drinking water supply
chain was monitored by Raman Spectroscopy analysis. In this context, for optimizing
efficiency and analysis time, the drinking water samples under investigation are
pretreated with Hydrochloric Acid (by Carlo Erba) to reduce the high background
noise due to inorganic substances and other solids and, therefore, facilitate analysis
by -Raman. They are, then, filtered through a special filtration system, supplied by
Thermo Fisher Scientific, consisting of a porous septum in which the silicon filter
is placed (pore size 1 pm and 10 x 10 mm of laser dicing) and closed by a black
gasket to prevent sample leakage and a flushing apparatus; filtration volume varied
between 250-500 mL.

Counting and identification of particles was performed with a p-Raman Spectro-
scope (Thermo Fisher Scientific) equipped with three objectives, specifically 10x,
20x and 50x and a 532 nm Raman laser (0,1-10 mW; 2 cm™! spectral resolution)
with adjustable laser power investigating microplastic size range upper 20 pm.
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22.2.2 Methods

The Raman effect is based on inelastic light scattering of sample chemical bonds;
due to vibrations in the chemical bonds, this interaction causes a specific energy shift
in parts of the back scattered light which results in a specific Raman spectrum.

Raman scattering can be differentiated as Stokes and Anti-Stokes scattering,
which both contain information about the sample and its molecular composition.
In addition, elastic scattering, called Rayleigh scattering, can also appear and it has
the same energy as the incident radiation, but it does not contain any information
about the molecules and cannot be used for chemical sample analysis in a confocal
Raman microscope.

Therefore, Raman spectrum is the fingerprint of a sample, from which qualitative
and quantitative information can be obtained.

The confocal Raman imaging technique combines Raman spectroscopy with a
confocal microscope, capturing the information of a complete Raman spectrum in
each pixel of the image. In this way, the spatial distribution of the particles of interest
within the sample is detected and photographed.

For analysis with Raman imaging, a confocal Raman microscope scans the sample
point by point and line by line, and a full Raman spectrum is acquired at each pixel
of the image (hyperspectral imaging). Spectra, containing chemical information, are
analyzed with Omnic Spectra Atlus software to generate an image that visualizes
the spatial distribution of the particles of interest. This equipment provided easy and
quick localization, counting and morphological characterization (size, area, length,
width) of the particles presented on the filter.

After particle localization and morphological characterization, automated Raman
analysis was performed: spectrum was collected on the center of each particle;
parameters were selected to obtain a good compromise between spectra quality
and time needed for analysis. The chemical identification of particles was realized
using commercial Raman libraries (e.g. HR FT-Raman Polymer Library, Polymers &
Additives_Packaging) and a homemade library.

22.2.2.1 Preparation of Samples

To reduce background noise, all samples were pretreated, at room temperature, with
HCI (pH = 3) and then each one was filtered through the vacuum filtration system.
Recovery of any microplastic adhered to the sampler or flussex was performed using
Milli-Q water. Once the vacuum was broken, the filter was placed under j.-Raman’s
microscope for subsequent analysis.
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22.2.2.2 Analytical Techniques

In order to enhance and optimize the contrast between the substrate and particles for
their qualitative-quantitative identification, it was decided to work in the dark field at
tenfold magnification to get an overall picture of the sample under examination; in
this way, it is possible to clearly distinguish the particles under examination from the
dark background given by the silicon filter, thus ensuring that any loss of particles
of interest is avoided.

Therefore, after placing the filter being analyzed under the p-Raman’s micro-
scope, a single microscope image is acquired to have a total mapping of the parti-
cles present over the entire filter area and obtain the information of interest for the
determination and characterization of microplastics in drinking water samples.

Image analysis allows the evaluation of particle number, size and morphology in
the size range of interest, specifically above 20 pm. The spectrum of each particle
was compared to reference libraries, appropriately chosen for the identification of
microplastics: the latter grouped a wide range of the most common polymers and
commercial materials.

The library match was further extended with additional spectra obtained from
materials either specifically used for this type of analysis or commonly found in
the laboratory that were plastics. Library matches with a match greater than 70%
were accepted; conversely, library matches with a match between 60 and 70% were
analyzed and interpreted individually by overlaying the spectra.

22.3 Results and Discussion

In total, 30 samples of water for human consumption taken at different points in
the drinking water chain were analyzed. Five different drinking water matrices were
analyzed, specifically, 14 samples of groundwater, both pre and post treatment of the
drinking water purifier, 8 samples of drinking water taken from dispenser boxes and
a final batch of samples taken from a drinking fountain and domestic tap. All results
were normalized to the 1 L volume of the sample.

22.3.1 Results

The batch of groundwater samples consisted of 4 samples taken at the inlet of the
drinking water treatment plant (Groundwater-I) and 10 post treatment (Groundwater-
O): on average, the incoming water contained 5 & 1.5 particles/L, as shown in
Fig. 22.1. Polymer identification revealed the following 15% of the particles were
PET, 10% PTFE while the remaining 75% is attributed to other suspended particles
not identifiable as polymeric materials but due to inorganic compounds or other
solids (Fig. 22.2).
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The situation is different for water samples taken at the drinking water outlet: on
average, these samples contain less than 1 particle/L of these contaminants as many
samples are free of microplastics, i.e. no particles attributable to plastic material were
identified.

In these samples, the polymer most commonly present is polypropylene (25%),
while the percentage of PET and PTFE input is reduced by the plant; all microplastics
identified and analyzed had a size range between 30 and 90 pm.

A similar situation to that of the incoming samples to the drinking water plant was
found in the fountain water samples: an average of 5 £ 1.5 particles/L were identified,
consisting of 20% PET and 5% pure LDPE. It should be noted that microplastics were
not identified in all the samples analyzed and, for example, the presence of PET may
be due to contamination during the sampling phase; in fact, several aliquots were free
of these contaminants. In addition, these particles had a different size distribution:
while the PET particles were found to have a size range of 30-90 pm, the LDPE
particles were found to have a size range of more than 100 um.

Very different concentrations of microplastics were found in the 12 waters
analyzed from the dispenser box and tap.

In fact, these samples have a lower content of microplastics: specifically, the water
from the dispenser box is completely free of these pollutants, showing, in terms of
particle number/L, a better filter profile than the laboratory blanc. Conversely, water
taken from the tap at home had an average value of 2 particles/L, in this specific case
PET, although it must be considered that not all samples were contaminated and the
microplastics found can be attributed, again, to contamination during the sampling
phase and the release of tap filters made of plastic material.

22.3.2 Discussion

In this study a total of 30 samples of water for human consumption of different types
and origins were analyzed for their microplastic content by means of p-Raman
spectroscopy.

A significant difference was observed between the number of microplastic parti-
cles identified in the different drinking water samples. The number of plastic parti-
cles found in water samples did not appear to be high; indeed, many samples were
not contaminated. This is because different types of water and their origin play an
important role in the presence of these contaminants in drinking water. Tap water, for
example, is obtained from different sources of raw water, e.g. from groundwater or
surface water. The latter may be contaminated with varying amounts of microplas-
tics (MPs): groundwater, due to the filtering action of the soil, may contain less MPs
than groundwater. Conversely, raw water from surface water may have a higher MPs
content because it is directly exposed to the environment. Added to this is the fact
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that, before being supplied as tap water, groundwater is treated through different
stages, depending on its initial conditions, such as coagulation/flocculation, sedi-
mentation, filtration, and disinfection. Furthermore, it must be considered that the
removal efficiency also depends on the size of the MPs analyzed. In addition to MPs
reduction, drinking water treatment steps can also increase the number of MPs: poly-
meric membranes used during filtration processes may leach MPs acting as a source
of contamination. Finally, in addition to treatment processes, it must be considered
that drinking water is usually delivered through a pipe system consisting of different
materials, including plastic, which could lead to (re)contamination [3].

To confirm this, it can be observed that the chemical composition of these polymers
is similar; the polymers identified in the various matrices are PET, PTFE, PP or PE,
the most common plastics and present in plants and piping systems. To this should
be added that a high risk of contamination may also derive from the sampling phase,
in fact, PET was identified in four out of five matrices and is assumed to be due to
the glass bottle caps used to sample.

22.4 Conclusions

The assessment of microplastics in drinking water is a multi-step process, from
sampling to quantification of microplastics, with each step requiring time and atten-
tion to possible sources of contamination. The high variability of the chemical
composition and morphology of microplastics is a crucial point for monitoring
these contaminants to make a possible assessment of consumer exposure through
drinking water. The present study offers a reproducible and effective method for the
determination and characterization of microplastics in water for human consump-
tion using w-Raman Spectroscopy. The rapid analysis of samples makes it possible to
assess probable consumer intake by examining drinking water supplied from various
points in the supply chain and, if necessary, try to identify the possible source of
contamination.

Therefore, w-Raman Spectroscopy can be successfully used for the detection
and analysis of microplastics (>20 wm) in water for human consumption: the high
resolution of p-Raman Spectroscopy is required to detect the presence of particles
of interest below a certain size range.

In conclusion, this pilot study could be a suitable routine method for monitoring
microplastics in drinking water and ensure consumer health protection.
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Giorgio Massaro, and Giuseppe Andrea de Lucia

23.1 Introduction

The pollution of the seas caused by the dispersion of plastic litter is one of the most
serious environmental emergencies worldwide. Different sampling methodologies
have been used to document microplastics presence (<5 mm in size, MPs) in sea
water. Current approaches include the use of marine organisms as bioindicators
and the detection of plastic-associated contaminants in their tissues, knowing that
microplastic can function as vector of contaminants in various organisms.

Between such contaminants, phthalate esters (PAEs) are plastic additives
commonly blended with plastic polymers in high relative mass amounts (up to 60%
of the total plastic product weight) [1], used to enhance the longevity of plastic mate-
rials. Since they are not covalently bound to the plastic polymers, they can easily leach
into the environments and become ubiquitous and bioavailable to different marine
organisms due to their lipophilicity. However, once absorbed by an organism, they
do not bioaccumulate, instead are rapidly metabolized. Indeed, laboratory and field
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studies indicate that phthalates do not biomagnify in aquatic food-webs and that
higher molecular weight phthalates show evidence of trophic dilution in aquatic
food-webs, which indicate that metabolic transformation is a key mitigating factor
[2].

Phthalates occurrence has already been reported in zooplankton [3], marine inver-
tebrates [4] and marine mammals [5]. At the same time, a possible correlation
between MPs exposure and PAEs presence was proposed in different marine organ-
isms [4, 5]. Consequently, the presence of phthalates was proposed as marker to eval-
uate MPs contamination of marine environments. Thus, phthalates may be considered
a short range indicator of the interaction between marine organisms and plastic litter
and allow to appreciate the effectiveness of potential mitigation measures in the short
term.

However, on this topic there is a lack of data, mostly due to analytical difficulties.
Indeed, background contamination and the ubiquity of plasticizers in both laboratory
and natural environments may interfere during sample collection and analyses [6, 7].

Recently, a procedure involving solid phase microextraction (SPME) coupled with
liquid chromatography mass spectrometry (LC/MS) analysis has been proposed as a
non-lethal alternative (bioSPME-LC-MS/MS) in order to quantify phthalate esters
in marine organisms, offering at the same time an improved control of the back-
ground contamination compared to the classical extraction procedure [6]. For the
best of our knowledge, there is no data regarding rates of direct transfer of PAEs into
cnidarian tissues based on microplastic exposure. Jellyfishes were reported as target
organisms for marine litter, being able to internalise both macro- and microplastics
[8]. Experiments show that scleractinian corals can ingest microplastics suspended in
the water [9]. Octocorals and sea anemones are benthic soft-cnidarians with a world-
wide distribution that share different physical traits, have similar ecological roles
[10] but have tended to be overlooked [11]. Still, octocorals offer different services
that underpin ecosystem biodiversity [10]. Sea anemones, as opportunistic feeders,
may be particularly affected by microplastics consumption, which makes them an
excellent potential target to monitor microplastics contamination [12]. However,
studies on plastic debris consumption by anthozoans are still scarce. Therefore, at
the Genoa Aquarium facilities we investigated the capacity of a soft coral (Coelo-
gorgia palmosa, Milne-Edwards & Haime, 1857) to interact with MPs at different
microplastics experimental concentrations. Then, we measured the presence and the
bioconcentration factor (BCF) of 8 common PAEs in different soft coral species
raised in the same microcosm environment, using the bioSPME-LC-MS/MS proce-
dure. BCF are used to evaluate the inclination of aquatic organisms to accumulate
chemicals from their ambient environment [13].

Main goal of this work is to investigate the possible use of PAEs as a marker to
evaluate microplastic contamination in the marine environments. So, we propose the
application of the bioSPME-LC-MS/MS technique using cnidarians as bioindicators
of PAEs presence. In order to test the validity and sensibility of such methodology,
we aim to test it at very different environmental conditions, both in the field and in
laboratory and with different soft-benthic cnidarian species.
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Indeed, knowing that, on-field, there are different MPs concentrations and PAEs
levels are extremely variable in terms of space, time and plastic conditions, we
aim also to evaluate the role of MPs in transferring PAEs into marine organisms at
environmentally detected concentrations. To this end, a study on the assessment of
sea anemones of the species Anemonia viridis (Forsskal, 1775) and Actinia equina
(Linnaeus, 1758) as target organisms for monitoring the PAEs presence is taking
place in the waters around the Sinis Peninsula (Gulf of Oristano, Sardinia). MPs and
PAEs presence in both the species will be assessed in an area where the abundance and
distribution of microplastics and phthalates have already been quantified in seawater
[14].

23.2 Experimental

At the Genoa Aquarium facilities, Coelogorgia palmosa was chosen to explore the
interaction mechanisms between microplastics and octocorals. The determination
of the phthalate concentration levels in coral tissue was performed by employing
bioSPME-LC-MS/MS [6] on the soft corals Coelogorgia palmosa, Sinularia sp.,
Sarcophyton glaucum, and Lobophytum sp.

For the “on site” counterpart of the work, specimens of Anemonia viridis and
Actinia equina were randomly collected in 4 different sites around the Sinis Penin-
sula. Analyses are currently taking place for the evaluation of microplastics and
phthalate presence in such organisms through, respectively, MPs visual and poly-
meric inspection and bioSPME-LC-MS/MS analyses for phthalates characteriza-
tion.

23.2.1 Materials

13 Coelogorgia palmosa fragments were collected from 6 random colonies raised
in the aquarium tanks. After the acclimation period, each fragment was transferred
into an individual interaction chamber for 48 h (Fig. 23.1). Each interaction chamber
was equipped with an air pump, to allow the MPs circulation [15] and allocated in
a water bath aquarium’s tank to maintain the temperature of 25 °C. Fragments were
randomly assigned to 2 treatments: T1 (MPs concentration, 0.01 g/L) and T2 (MPs
concentration, 0.07 g/L) with fluorescent PE microbeads (0.98 g cm-3), size range
of 180 to 212 wm (Cospheric).

For each treatment, one chamber without the coral (blank) was set up to evaluate
the loss of microplastic in the system. Moreover, 3 chambers, each one with a coral
fragment but without PE, were used as controls to check the coral health status under
experimental conditions [15].

For the study in the field, 40 specimens of sea anemones (20 Actinia equina
and 20 Anemonia viridis) were randomly collected in 4 sites located around the
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Fig. 23.1 Interaction
chambers system laying in
water-bath inside the
aquarium water tank

Sinis Peninsula (Western Mediterranean Sea), where both the species could be found
simultaneously.

23.2.2 Methods

At the end of the experiment, coral fragments were removed from their chambers and
rinsed with salt water to count the number of microbeads adhered under a stereomi-
croscope (Paralux) integrated with a UV light kit NIGHTSEA). Then, each coral
fragment was placed in a Petri dish for the tissues digestion in sodium hypochlo-
rite [15]. Microbeads were considered as ‘adhered” when they were found attached
to the coral surface (Fig. 23.2a), while they were considered as ‘ingested’ when
found inside the polyps’ mouths (Fig. 23.2b) or observed in the Petri dishes after
the complete dissolution of each fragment [16]. Sea anemones samples were treated
with H,O, digestion coupled with visual sorting at stereoscopic microscope (Carl
Zeiss Microimaging GmbH) equipped with image analysis system (AxioCam ERc5s
and Zen, 2014 Blue edition software) for microplastics extraction.

Determination of dimethyl phthalate (DMP) diethyl phthalate (DEP) dibutyl
phthalate (DBP) butyl benzyl phthalate (BBzP), di-(2-ethy hexyl) phthalates (DEHP),
mono-butyl phthalate (MBP), mono-benzyl phthalate (MBzP), mono-(2-ethy hexyl)
phthalate (MEHP) concentration in coral tissues was performed by submitting 5
replicates for each coral species to the bioSPME-LC-MS/MS analysis. The same
procedure will be soon performed for the PAEs determination in sea anemones
samples.
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Fig. 23.2 Microplastic interactions with Coelogorgia palmosa: a a PE bead inside the polyp’s
mouth, b beads trapped inside a polyp: the white arrow shows a polyp tentacle interacting with a
bead, ¢ adhered polyethylene beads on the coral surface next to a polyp mouth, d PE beads trapped
by coral mucus: the white arrow shows abnormal mucus coming from a coral polyp (Modified from

(16D

23.3 Results and Discussion

23.3.1 Results

Results listed here are preliminary results that mainly described the laboratory already
performed part of this study. The on field and Mediterranean related work is still in
progress and will be soon finalised.

At the end of the lab experiment, all Coleogorgia palmosa fragments showed
microbeads stuck to their surface (Fig. 23.2¢) and trapped by the produced mucus
(Fig. 23.2d). Moreover, microplastics presence in coral polyps and sea anemones
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was highlighted in both the lab treatments and in nature respectively. This prove the
presence of interactions between microplastics and these organisms.

PAEs are absorbed by soft corals tissues, and bioSPME-LC-MS/MS method is
able to detect them in such samples under controlled conditions.

23.3.1.1 Microplastic Interactions

The highest adhesion value of PE beads per coral fragment was observed in T2,
with an average value 9 times higher than that in T1. Differences in microplastic
adhesion between different PE concentrations were not statistically significant (U =
10,z = 0.584, p = 0.686). By contrast, both T1 and T2 showed a statistically signif-
icant strong positive correlation between abnormal mucus presence and adhered
microplastic number (Kendall’s tau-b correlation test, tb = 0.550, p = 0.016).
Coleogorgia palmosa in T2 reported the highest values of ingested PE beads per
coral fragment but no statistically significant differences in microplastic ingestion
between the treatments were detected (U = 4.5, z = —1.433, p = 0.190) [16].

23.3.1.2 Phthalates Detection

PAEs were detected in all the collected soft coral samples (Fig. 23.3a). Water in the
aquarium tanks revealed an average concentration of 135 ng/L for the sum of phtha-
lates, with DEHP as the most represented phthalate with an average concentration
of 86 ng/L. Soft corals showed an average of total phthalates of 19.2 ng/g. The most
represented phthalates were the medium/long chain phthalates DBP, DEHP and short
chain phthalate DMP (Fig. 23.3b) [17].

BCF of long chain phthalates resulted as equal to four order of magnitude lower
than the predicted BCFs, whereas the short chain phthalates showed experimental
BCF from equal to four order of magnitude greater than predicted, with some
differences among the surveyed species [17].
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Fig. 23.3 a Box plot reporting the phthalates distribution among all the surveyed soft coral species.
b Box plot reporting the concentration of total phthalates for the different soft coral species. For both
the box plots: Line in box = median of sampled concentrations; Box = 25th to 75th percentiles: bars
= min and max values excluding outliers, Chemosphere, 297: 134247. Reprinted with permission
from Elsevier

23.3.2 Discussion

Plastic debris in the environment contains plasticizers, like phthalates, that can be
released during plastic aging or during certain conditions, such as those encoun-
tered during the digestion process. Recently, it has been proposed to use the measure
of PAEs concentration in marine organisms as an assessment index of their expo-
sure to microplastics. The bioSPME-LC-MS/MS technique may be a useful tool
to test such idea, using a common methodology in different environmental situa-
tions and allowing to compare same results in completely different situations. This
may potentially make possible to assess the efficiency of phthalates as marker of
microplastic pollution in diverse marine environments through bioindicators, such
as soft corals and sea anemones. Our results at laboratory conditions highlighted
that soft corals interact with microplastics at different concentrations both through
ingestion and adhesion patterns, as already observed in scleractinian corals [9, 15].
Moreover, all the collected soft coral samples presented PAEs in their tissues. The
results indicate that the short chain phthalates DMP and DEP display higher levels
of accumulation in the soft coral tissue than expected, while the larger phthalates
BBzP and DEHP display lower levels of accumulation. Observation that lowest
molecular weight phthalates display BCFs greater than predicted and that higher
molecular weight phthalates are below those expected was reported in previous lab
and field studies involving other aquatic organisms [18]. This, together with evidence
of trophic dilution of the high molecular weight phthalates, is generally considered a
proof of metabolic transformation [17]. Since at environmental microplastic concen-
trations, it is possible to miss or underestimate an organism response resulting from
MPs interaction [19], when we set our experimental concentrations, we adopted a
higher microplastic concentration range with respect to the environmental one [16].

Therefore, it will be fundamental to verify with the results of the Mediterranean
sea anemones samples, the potential of PAEs as marker for the microplastic pollution
conditions in seawaters, by comparing the possible microplastic interaction with the
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organisms, the PAEs presence and the combined interpretation of both in the different
environments and different soft benthic cnidarian organisms.

This work has already highlighted the presence of interactions between MPs and
sea anemones. Analyses on possible absorption of phthalates by sea anemones by
using the same bioSPME-LC-MS/MS methodology are still in progress.

23.4 Conclusions

This study reports that soft corals are able to interact with microplastics through inges-
tion and adhesion patterns and show their capacity to bioconcentrate metabolized
phthalates.

The investigation on Anemonia viridis and Actinia equina collected on site, will
give information not only on the interaction of such organisms with MPs and phtha-
lates at environmental concentrations, but even on the possible use the bioSPME-
LC-MS/MS on them. Furthermore, we will investigate the possibility to use them
as bioindicators for monitoring the PAEs presence and to explore the potential use
of these plasticizers as a marker of microplastic contamination by comparing results
coming from different marine environments.
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24.1 Introduction

Microplastics represent a rising threat to marine biota [1, 2]. In the last decades,
plastic production has grown exponentially, reaching an annual global production
of nearly 370 million tons in 2019 [3]. The combination of their chemical-physical
properties, such as strength, malleability, corrosion resistance, isolation, and low
production cost, has led to the wide use of plastic items, that are eventually discarded
and often mismanaged [4]. Hence, the amount of plastic that enters the ocean and
marine waters has increased dramatically and special attention is being posed on the
impacts of microplastics (MPs) on marine animals.

MPs are plastic particles smaller than 5 mm in size, whose presence has been
widely documented in the gastrointestinal tract of several marine species [1, 4]. MPs
distribution is uneven and it is influenced by several factors, including distance from
potential sources and main currents, that are the major drivers of distribution in the
oceans [5]. Given the ubiquity of MPs and the fundamental importance of the fishing
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industry as a source of sustenance for human beings [2, 3], microplastic ingestion by
fish deserves appropriate attention and, thus, it continues to attract the interest of the
scientific community [4]. To address this global issue, it is necessary to understand to
what extent microplastics are affecting marine life, also using bioindicator species,
in order to plan actions aimed at reducing the amount of microlitter that reaches
the marine environment [6, 8]. Despite previous studies suggesting that the feeding
behavior of different fish species may affect the occurrence and the diversity of
ingested microplastic types [4], little is known about the selection mechanisms that
determine the pathways of microplastics through the food webs.

For this purpose, this study aims at shedding light on the mechanisms that influence
microplastic ingestion in two commercial fish species both displaying a pelagic
feeding behavior [6], namely the Atlantic chub mackerel Scomber colias, and the
Atlantic horse mackerel Trachurus trachurus, from Anzio Coast waters, Tyrrhenian
Sea, Western Mediterranean.

S. colias geographic distribution comprehends the North Atlantic Ocean and
Mediterranean Sea, from O to 200 m in depth, whereas T. trachurus ranges from
Norway to South Africa, including Mediterranean Sea, and it is more common from
100 to 200 m in depth [5, 6].

24.2 Experimental

Fish were caught using gillnets set in front of the Anzio Coast (Tyrrhenian Sea,
Western Mediterranean) in spring 2021. A total of 124 samples (55 S. colias and
69 T. trachurus) were collected at landing and immediately stored at —20 °C until
laboratory analysis.

A subsample of 25 S. colias (mean % sd total length, TL = 30.3 £ 2.5 cm) and
25 T. trachurus (TL = 25.6 £ 2.2 cm) was used for microplastic analysis following
the guidelines provided by Matiddi et al. [9]. Briefly, gastrointestinal tracts under-
went alkaline digestion (10% KOH) to degrade the organic matter. Then, solutions
were filtered on glass microfiber membranes (Whatman GF/D™; pore size: 2.7 jum)
and subsequently observed under a dissecting microscope. Microplastics were char-
acterized by shape and the polymer composition of all items was confirmed using
a Nicolet iN5 Fourier Transform Infrared Micro-Spectrometry (WFT-IR, Thermo
Fisher Scientific, Madison, WI, USA). The remaining 30 S. colias (TL = 29.3 +
2.6 cm) and 44 T. trachurus (TL = 24.4 & 1.9 cm) were used for prey identification:
stomachs were dissected, and preys were identified to the lowest possible taxonomic
level, counted under a dissecting microscope, and weighed with a precision of 0.01 g.
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24.2.1 Quality Assurance and Quality Control

All the precautions suggested by Matiddi et al. [9], were adopted during every
analytical step to reduce secondary contamination. One blank control was processed
together with every batch of 5 samples in order to check for possible contamination.
Since blank controls only revealed the presence of microfibers made of natural poly-
mers (cellulosic-made or wool), no results adjustment techniques were adopted for
presenting data on synthetic fibers and the other MP types.

24.2.2 Data and Statistical Analysis

Frequency of occurrence (FO %) was computed as follow:
FO% = (No. of individuals with ingested MPs x No. of individuals examinedfl) * 100

Differences in FO were tested using Generalized Linear Models (GLMs) assuming
a binomial error structure and logit link function. The significance level was set at p
<0.05.

24.3 Results and Discussion

MP ingestion was detected with an overall frequency of occurrence of 46.0% and
no significant differences between the two examined species (48.0% in S. colias
and 44.0% in T. trachurus; p-value > 0.05). The 23 individuals with ingested MPs
contained a total of 33 items (mean £ sd = 0.66 £ 0.93): 17 synthetic fibers, 12
fragments, 2 foams, 1 film and 1 filament. Pie charts representing the diversity of
MP types ingested by the two species are available in Fig. 24.1. Excluding fibers
and filaments (FO = 32.0% and 28.0% in T. trachurus and S. colias, respectively),
statistical analyses revealed a significant higher frequency of the other MP types in
S. colias (FO = 32.0%) than T. trachurus (FO = 8.0%) (p-value < 0.05).

Stomach content analysis for prey identification revealed that S. colias in our
sample fed mostly on Thaliaceans and Crustacea, with a small percentage of
Mollusca, as shown in Fig. 24.2. Among crustaceans, Chlorotocus crassicornis
exhibited the most relevant contribution (Table 24.1). Differently, the T. trachurus
samples showed a diet based more on Crustacea, Teleostei, and Mollusca, with a
prevalence of Mysidia. Detailed data on the diet composition of the two species are
available in Fig. 24.2 and Table 24.1.
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S. colias - Ingested MP composition T. trachurus - Ingested MP composition
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Fig. 24.1 Pie charts for microplastic categories ingested by Scomber colias and Trachurus

trachurus sampled in 2021 out off Anzio coast (Tyrrhenian Sea, Western Mediterranean)
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Fig. 24.2 Pie charts for diet composition of S. colias and T. trachurus. Sampled in 2021 out off
Anzio coast (Tyrrhenian Sea, Western Mediterranean)

The integration of data on MP ingestion and diet composition provided some inter-
esting suggestions. Indeed, the benthopelagic diet of T. trachurus and the pelagic-
feeder behavior of S. colias resulted consistent with literature data [6, 7]. Our prelimi-
nary data seemed to suggest that 7. trachurus makes an active selection of fast-moving
preys (mostly mysids and teleosts) and ingests almost only threadlike microplastics,
such as fibers and filaments. These types of MPs tend to sink due to biofouling and
water mixing and, therefore, they are expected to be found in the bentho-pelagic
zone. In contrast, the high frequency of thaliaceans in S. colias revealed a more
planktivorous behavior, which is associated to the ingestion of a wider variety of
microplastic types (including also films, fragments and foams). Foams, fragments,
and films tend to float closer to the surface, and even after sinking, they have the
tendency to refloat because of their bigger volume (and consequently higher rising
velocity) compared to fibers and filaments [10]. Therefore, those floating MPs are
predictable to be found in a pelagic feeder, like S. colias. In this view, our results
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Table 24.1 List of the

species found in the stomach Prey $. colias T trachurus
contents of S. colias (30 Mollusca
individuals) and T. trachurus Cephalopoda ind 2 1
(44 individuals) sampled in -
2021 off Anzio coast Gastropoda ind - !
(Tyrrhenian Sea, Western Turritellinella tricarinata - 1
Mediterranean) Crustacea
Chlorotocus crassicornis 18 -
Crustacea ind 2 3
Decapoda ind 8 -
Mysida ind - 52
Penaeideae ind 1 -
Teleostei
Teleostei ind ‘ - ‘ 5
Nematoda
Nematoda ind ‘ - ‘ 1
Thaliacea
Thaliacea ind ‘ ~300 ‘ -

seemed to suggest that the microplastic ingestion patterns observed in the two exam-
ined species could be linked to the existing differences between their prey searching
modalities and feeding depth.

24.4 Conclusions

The wide distribution of plastic makes interaction with marine biota likely to happen,
leading to harmful consequences on marine life [10]. Microplastic ingestion has been
widely reported in several fish species [8, 11], and previous studies suggested that the
occurrence and the diversity of ingested microplastic types may be affected by the
feeding behavior of different fish species [1]. In this study we combined microplastic
analysis and diet composition analysis of two pelagic species, the Atlantic chub mack-
erel Scomber colias and the Atlantic horse mackerel Trachurus trachurus, aiming
at clarifying the possible correlation between their feeding habits and microplastic
ingestion.

According to our results, the microplastic ingestion patterns observed in the two
species do not occur randomly, rather it could be related to existing differences
between prey searching modalities and feeding depth, which make S. colias and T.
trachurus exposed to different types and amount of MPs. Moreover, microplastic
pollution is a constantly evolving research topic, as well as an urgent issue, that
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requires future studies to better profile the interaction dynamics between MPs
pollution and marine organisms.

References

1. Valente T, Scacco U, Matiddi M (2020) Macro-litter ingestion in deep-water habitats: is an
underestimation occurring? Environ Res 186:109556

2. Galloway TS, Cole M, Lewis C (2017) Interactions of microplastic debris throughout the
marine ecosystem. Nat Ecol Evol 1(5)

3. FAO-FIGIS (2005) A world overview of species of interest to fisheries. Chapter: Trachurus
trachurus. Retrieved on 05 May 2005, from www.fao.org/figis/servlet/species?fid=2306.3p.
FIGIS Species Fact Sheets. Species Identification and Data Programme-SIDP, FAO-FIGIS

4. Bergmann M, Gutow L, Klages M (2015) Marine anthropogenic litter. Springer Nature

5. Sanchez-Herndndez LJ, Ramirez-Romero P, Rodriguez-Gonzilez F, Ramos-Sdnchez VH,
Montes RAM, Rubio HR, Jonathan (2021) Seasonal evidences of microplastics in environ-
mental matrices of a tourist dominated urban estuary in Gulf of Mexico, Mexico. Chemosphere
277:130261

6. C JRC, European Commission, Joint Research Centre (2013) MSFD technical subgroup on
marine litter (TSG-ML). Guidance on Monitoring of Marine Litter in European Seas

7. Dhimmer VR (2017) Microplastics in gastrointestinal tracts of Trachurus trachurus and
Scomber colias from the Portuguese Coastal waters. Doctoral dissertation

8. GESAMP (2019) Guidelines for the monitoring and assessment of plastic litter and microplas-
tics in the ocean. In: Kershaw PJ, Turra A, Galgani F (eds) (IMO/FAO/UNESOIOC/UNIDO/
WMO/TAEA/UN/UNEP/UNDP/ISA joint group of experts on the scientific aspects of marine
environmental protection). Rep. Stud, vol 99. GESAMP No., pp 8-12

9. Matiddi M, Pham CK, Anastasopoulou A, Andresmaa E, Avio CG, Bianchi J, Chaieb O,
Palazzo L, Darmon G, de Lucia GA, Deudero S, Sozbilen D, Eriksson J, Fischer E, Gémez
M, Herrera A, Hattia E, Kaberi H, Kaska Y, Kiihn S, Lips I, Miaud C, Gambaiani (2021)
Monitoring micro-litter ingestion in marine fish: a harmonized protocol for MSFD and RSCs
areas. INDICIT II Project. https://indicit-europa.eu/cms/wp-content/uploads/2021/06/Monito
ringmicrolitter-ingestion-in-marine-fish-1.pdf

10. Klink D, Peytavin A, Lebreton L (2022) Size dependent transport of floating plastics modeled
in the global ocean. Front Mar Sci 9:1-9. https://doi.org/10.5281/zenodo.6301282

11. Clara L et al (2020) Microplastic ingestion and diet composition of planktivorous fish. Limnol
Oceanogr Lett 5(1):103—-112


http://www.fao.org/figis/servlet/species?fid=2306.3p
https://indicit-europa.eu/cms/wp-content/uploads/2021/06/Monitoringmicrolitter-ingestion-in-marine-fish-1.pdf
https://indicit-europa.eu/cms/wp-content/uploads/2021/06/Monitoringmicrolitter-ingestion-in-marine-fish-1.pdf
https://doi.org/10.5281/zenodo.6301282

Chapter 25 ®)
May Mesopelagic Fishes Play oo
an Important Role as Vector

of Microplastics Across

the Mediterranean Trophic Web? A Case

of Study in the Strait of Messina

Federica Laface, Cristina Peda, Matteo Nannini, Giuseppe Cangemi,
Valentina Sciutteri, Pietro Battaglia, and Teresa Romeo

25.1 Introduction

Currently, the issue of Microplastics (MPs) pollution has become of global concern.
MPs are defined as particles < 5 mm [1] and can be manufactured as industrial
microbeads and scrubbers (primary MPs) or originate from the fragmentation of
larger plastics (secondary MPs) free in the marine environment resulting from abiotic
and/or biotic factors [2]. MPs, ubiquitous in marine environment worldwide, can
enter the trophic web through direct or secondary ingestion by marine fauna [3].
MPs ingestion represents a serious threat to marine organisms, causing physical/
mechanical damage and chemical damage [4].

Although many studies have documented the MPs ingestion [4], the research
challenge focused now on assessing the transfer of MPs across marine trophic levels.
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MPs ingestion has also been reported in deep environment and specifically in
mesopelagic fish from several oceanic and Mediterranean areas [5-12].

However, the role of mesopelagic fish in the MPs’ transfer across the marine
trophic web is still poorly explored. They play an important ecological role in the food
web, performing diel vertical migrations and contributing to the connection between
epipelagic waters to deep-sea ecosystems [12, 13]. Indeed, they are involved in the
energy transfer from zooplankton to higher trophic levels, representing an important
food source for medium and large pelagic predators [14, 15].

In this view, the present paper investigates: (i) the MPs ingestion in five
mesopelagic fish belonging to the families Myctophidae (Electrona risso, Hygophum
benoiti, Myctophum punctatum) and Sternoptychidae (Argyropelecus hemigymnus
and Maurolicus muelleri) from the Strait of Messina; (ii) the potential transfer of
MPs to intermediate and large predators, across the pelagic trophic web, mediated
by mesopelagic food resources.

25.2 Experimental

An integrated approach based on the study of both MPs ingestion by mesopelagic
species and their trophic relationships in the study area was applied to assess MPs
transfer in the trophic web.

25.2.1 Sample Collection

Sample collection was carried out along the shore of the Sicilian coast of the Strait
of Messina (central Mediterranean Sea) in 2020-2021. This area is characterized by
peculiar hydrodynamic system, which periodically allows the stranding of deep-sea
fauna [16]. Three Myctophidae (E. risso, H. benoiti and M. punctatum) and two
Sternoptychidae (A. hemigymnus and M. muelleri) were selected for this study. For
each species, the gastrointestinal tracts (GITs) were removed and grouped into size
classes (E. risso: <20 mm, 20-40 mm, >40 mm; H. benoiti: <25 mm, 25-40 mm,
>40 mm; M. punctatum: 30-50 mm, >50 mm; A. hemigymnus: <20 mm, 20-30 mm,
>30 mm; M. muelleri: <20 mm; 2040 mm; >40 mm). The GITs were weighed and
placed into glass beakers for the analysis.
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25.2.2 Isolating Microplastics

25.2.2.1 Chemical Digestion

MPs were extracted from GITs using the chemical digestion protocol of Schirinzi
et al. [17], which involves two digestion steps. During the first step, each size group
was treated with a potassium hydroxide solution (10% KOH, ratio 1:3 (w/v)) and
incubated in a stove at 60 °C/6 h. The digested solutions were vacuum filtered through
a glass fibre membrane (pore size 1.6 pm). During a second digestion step, a 20%
HNOj; solution was added on the clogged filters for 60 min at room temperature to
remove most of the organic and inorganic material.

25.2.2.2 Polymer Identification

Filters were examined under a stereomicroscope Zeiss Discovery V.8. coupled with
Axiocam 208 camera. All isolated particles were counted, measured (length and
width in mm) and photographed. Polymer nature was identified by Fourier transform
infrared (FT-IR) spectroscopy technique using the Agilent Cary 630 spectrometer
supplied with specific polymer libraries and the level of certainty to match the sample
spectrum with reference spectra was set up to >70% [17, 18]. The average number
of plastic items found in the GITs was calculated on the total number of individuals
(N. plastic items/N. all examined individuals).

25.2.2.3 Microplastics Transfer Across the Trophic Web

To assess the potential transfer of MPs from mesopelagic fish to pelagic predators,
we collected the available information on the feeding habits of intermediate and top
predators from the study area. We selected the studies where mesopelagic species
represent an important food resource for predators of the Strait of Messina [14,
15, 19] and also used unpublished data to improve information on trophic relation-
ship between pelagic resources. Overall, we considered the top predators Thunnus
thynnus and Xiphias gladius as well as the intermediate predators Chauliodus sloani
(Stomiidae), Trachurus picturatus (Carangidae), Lepidopus caudatus (Trichiuridae)
and Ommastrephid squids (Ommastrephidae).

Since the values of prey abundance of mesopelagic fish in stomach of these
predators, we hypothesized a MPs transfer scheme across the trophic web.
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25.3 Results and Discussion

A total of 1101 GITs of mesopelagic fish were examined. Table 25.1 shows the mean
size (SL mm) per size group of each species.

Overall, 41 plastic particles (0.04 items/specimens) were detected in mesopelagic
GITs (Table 25.1), mainly belonging to small MPs (61%) and large MPs (34%),
although mesoplastics (5%) were also found.

The most abundant polymers identified by FI-IR analysis were polyvinylchloride
(PVC; 12%), nylon (polyamide, PA; 10%), polytetrafluoroethylene (PTFE; 10%) and
polyethylene (PE; 7%). Other polymers were polypropylene (PP; 5%), rubber (5%),
polystyrene (PS; 2%) and polyurethane (PUR; 2%). The highest ratio between the
ingested MPs items and the number of examined individuals was found in H. benoiti
(0.06 plastic items/individual). This agrees with the findings of Romeo et al. [12],
although this last study was only based on visual inspection of stomach contents of

Table 25.1 Number of individuals and mean size (SL mm) per size group of each mesopelagic
species investigated. Abundance of plastic ingestion by each size class pool of mesopelagic species
from the Strait of Messina

Family/species | Size group |N. Mean SL + N. N plastic items/total
(SL mm) specimens | Standard deviation | MPs | examined individuals
MYCTOPHIDAE
Electrona risso | <20 mm 180 15.6 £2.8 3 0.02
20-40 mm 63 284 +6.2 6 0.10
>40 mm 10 43.1+£24 0 0.00
Total 253 199 +£82 9 0.04
Hygophum <25 mm 107 230+ 1.7 2 0.02
benoiti 25-40mm | 128 332435 10 |0.08
>40 mm 104 453 +£3.0 9 0.09
Total 339 337+93 21 0.06
Myctophum 30-50 mm 26 44.6 4.3 2 0.08
punctatum >50 mm 96 584432 2 002
Total 122 555+ 6.6 4 0.03
STERNOPTYCHIDAE
Argyropelecus | <20 mm 105 158 £2.9 0 0.00
hemigymnus 20-30 mm | 117 27.6+22 4 0.03
>30 mm 107 29.5+34 3 0.03
Total 329 250+7.0 7 0.02
Maurolicus 20-40 mm 36 275+4.1 0 0.00
muelleri >40 mm 2 44.6 £23 0 [000
Total 58 339+09.1 0 0.00
Total 1101 303+ 13.2 41 0.04
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lanternfish. In addition, the greatest polymeric variability of MPs was also observed
in H. benoiti. The variation in ingestion rates of MPs by investigated species maybe
related to their different feeding and migrating behavior. Moreover, these species
hunt using vision, so they may mistake plastics for prey by intentionally ingesting
MPs [10, 12].

The assessment of MPs transfers throughout the trophic web of the Strait of
Messina, mediated by mesopelagic food resources, is summarized in Fig. 25.1 that
defined the trophic relationships between mesopelagic fish and their predators in
the study area. Bluefin tuna directly prey upon mesopelagic fishes in the Strait of
Messina, exploiting upwelling phenomena to forage on myctophids and sternop-
tychids, but also feeds on important intermediate predators such as C. sloani, T.
picturatus and ommastrephid squids. Therefore, it can partially collect MPs through
direct ingestion of mesopelagic fish. Instead, swordfish may only indirectly accu-
mulate MPs of mesopelagic fish origin by preying upon ommastrephid squids and
L. caudatus. In Fig. 25.1, the green lines indicate the trophic relationships between
mesopelagic species and intermediate predators, while the red lines the relationships
between top predators and both intermediate predators and mesopelagic organisms.
Although the ingestion rate of MPs by mesopelagic fish was low, the analysis of
the complex trophic relationships in the study area and the amounts of mesopelagic
specimens ingested by predators suggest that the concentration of MPs transferred
across trophic levels can reach important orders of magnitude at the higher levels.

25.4 Conclusions

The present research provides preliminary results on the potential transfer of MPs
in trophic web of the Strait of Messina mediated by mesopelagic fish resources and
underlines the importance of these species in the MPs transfer across the food web.
Further studies are needed to better understand how long MPs stay in the GITs
and how quickly they are evacuated. An important perspective will be to assess the
implications for human consumption related to the potential effects of contaminants
the transfer from litter to edible fish tissue.
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Fig. 25.1 Microplastics transfer across the trophic web in the Strait of Messina mediated by
mesopelagic food resources
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Chapter 26

Microplastic Fiber Content in Mullus e
barbatus from the Tyrrhenian Sea:

Preliminary Results

Serena Santonicola, Michela Volgare, Emilia Di Pace, Mariacristina Cocca,
Gennaro Raimo, and Giampaolo Colavita

26.1 Introduction

Marine litter ingestion in Mediterranean fish species has gained more interest in the
last few years, due to the possible link with their commercial and economic value
as fishery resources [1, 2]. The Mediterranean Sea is a semi-enclosed, highly popu-
lated basin, exposed to heavy coastal pressures that increase marine debris including
marine plastics [3, 4]. In this context, new emerging debris have been consid-
ered, represented by synthetic of petrochemical origin microfibers (i.e. polyester,
polyamide, polypropylene, etc.) and natural fibers (i.e. cotton, wool), coming from
the textile industry or urban centers wastewaters [1, 5]. Microfiber ingestion was
reported both for pelagic and demersal fish species from the Mediterranean Sea [1,
6-8]. Benthic fish may be more exposed to fibers than pelagic fish due to the fact
that one of the most common types of fibers consist of nylon, mostly used in fishing
gear, which has negative or neutral buoyancy and settles in the sediment [9, 10].
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The occurrence of fibrous microplastics and natural microfibers in commercially
important fish species may pose a potential risk to human health [11, 12], consid-
ering that microplastics were found also in the edible tissues of fish species that are
commonly used for human consumption [13, 14].

In the light of this information, aim of the study was to assess microfiber ingestion
in Mullus barbatus (Linnaeus, 1758), commonly called the red mullet, a commercial
benthic fish species widely spread in the Mediterranean Sea, where it inhabits sandy
and muddy bottoms. Red mullets swallow sediment together with the prey, after
identifying them with their barbels, and expelling then the sediment through their
gills. Considering their feeding behaviour, that may increase the risk of accidently
ingesting plastic, and the reduced mobility, they have been proposed as a sentinel
species for different pollutants, including microplastics [1, 3, 10, 15].

26.2 Experimental

26.2.1 Materials

Sodium Chloride, Hydrogen Peroxide solution 30%, and Potassium hydroxide were
purchased from Carlo Erba (Val De Reuil, France). Cellulose nitrate (pore size
8 wm) and cellulose acetate (pore size 0.45 wm) filters were provided by Sarto-
rius Stedim Biotech (Gottingen, Germany). The filtrating system was supplied by
Advantec (Dublin, CA 94,568, USA).

26.2.2 Methods

Red mullets (n = 20) from the Tyrrhenian Sea (Western Mediterranean Sea), collected
at fish markets, were transported to the laboratories in coolers with ice packs, and
then stored in a freezer at —20 °C until analyses. Fish were thawed, washed with
filtered distilled water, measured, and weighted (Table 26.1).

Then, tissue samples were prepared in a previously cleaned laboratory with
limited access to prevent microplastic contamination. For the correction of potential
procedural contamination, one blank control without any tissue was carried out for
every sample group (5-6 individuals) processed on the same day. Gastrointestinal
samples were dissected and transferred individually into a glass Erlenmeyer flask

Table 26.1 Mean weight and
length of Mullus barbatus
samples

Mean weight (g) £ | Mean length (cm) £+
SD SD

Red mullet (N.20) | 58.5 £29.6 13.78 £2.35
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and submerged with a 10% KOH solution, approximately triple the volume of the
tissue. The samples were incubated overnight at 45 °C to digest the organic material.
Density separation was performed to isolate microplastics by the use of saturated
sodium chloride solution (1.2 g/mL NaCl). The overlying water was vacuum filtered
using cellulose nitrate filters (pore size 8 jum), then the filters with retained materials
were placed into clean Petri dishes, and to adequately digest all tissue residues, a
15% H,0; solution was added to the membranes and allowed to dry in oven (45 °C,
overnight), before the microscopical observation.

During this first phase, only the microfibers on the filter were identified, and
counted. The fibers were carefully observed under a light microscope (LEICA
M205C, magnification of 0.78-16x), and classified according to their morpholog-
ical features: cross-section shape, patterns, breakages and alterations of the fiber
body, shape and appearance of the ends, according to Rodriguez-Romeu et al. [3]
and Santonicola et al. [16] (Figs. 26.1, 26.2).

Fig. 26.1 Optical
micrograph of a natural fiber
recovered from filter surface:
description of some
morphological features

Fig. 26.2 Optical
micrograph of a synthetic
fiber recovered from filter
surface: description of some
morphological features
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26.3 Results and Discussion

26.3.1 Results

A total of 274 microfibres were recorded. The procedural blanks contained 8.28
(mean value) microfibers/filter. The percentage of fish with microfibres was 55% of
which 90% ingested more than one microfiber. On average, red mullet contained
7.44 microfibers/individual. Visual characterization of fibers by typologies allowed
classification of 65% of the items as natural microfibres. The most common colours
were blue (43%), transparent (22%), and black (19%) (Fig. 26.3).

26.3.2 Discussion

Seafloor habitats are considered the ultimate sink for plastics in the marine envi-
ronment [10]. Thus, higher loads of microplastics would be expected in sediments
than in the water column and consequently in species feeding on the seafloor. A
study conducted on the different seabed located in the Tyrrhenian Sea confirmed
high quantity of plastic debris on seafloor [4]. Wastewater from washing machines
is considered the main source of microfibers in sediments, taking to account the
proximity of the Tyrrhenian Sea to populated areas [5].

Microfibers are the major abundant shape found in M. barbatus from different
Mediterranean areas [1, 6, 8]. Half of the red mullets analysed in the present
study presented microfibers (synthetic and natural fibres) in their digestive tract.
M. barbatus that ingested microplastics vary between different studies, as reported
for the Turkish (42%), Greek (32%) and Spanish (19%) Mediterranean coasts
and for Adriatic Sea (64%) [1, 6, 8, 10, 15]. These differences may also depend
on the methodology used in each case. Lower values are found when comparing
microplastics (1.75 items/ind.) found by Bellas et al. [10] versus the average number
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of microfibers per individual in our study. This comparison, however, must be
considered with caution because the authors do not report on non-synthetic fibres
[3].

Different studies, in fact, did not include natural fibers despite they may represent a
consistent fraction of total fibers in some Mediterranean marine environments [3, 7].
According to Rodriguez-Romeu et al. [3], our results show that 65% of the fibres in
the gastrointestinal tract of M. barbatus are natural. The faster degradation of natural
fiber compared to the synthetic one makes it easier to release toxic compounds
and organic pollutant adsorbed to the surface. The potential risks of transfer these
chemicals to the edible parts of fish are of great concern for human health and may
have serious economic consequences for fishing activity [9].

As regarding colours of microfibers, our findings were similar to other studies [4,
10, 17]. The occurrence of microfibers with intense blue colour could be related to
their abundance in sea water [18]. Transparent microfibers may be ingested because
similar to prey, as well as young specimens could be more exposed to black fibers
due to the fact that are similar to their food. However, the mean fish length (Table
26.1) suggested that the analysed samples of red mullet are adult specimens [19].
Therefore, the occurrence of numerous black fibers, confirmed as in this species the
accidental microplastics ingestion, when fish detecting preys with their barbells, is
an important source of exposure [4, 10, 11].

26.4 Conclusion

Human activities play an important role in the microplastic distribution in marine
environments. The high occurrence of microfibers in marine species might reflect
a wide distribution of textile fibers along densely populated coastlines. Preliminary
results confirmed the microfiber ingestion by red mullet from the Tyrrhenian Sea,
Western Mediterranean Sea.

Recently, microplastics have been found also in the edible tissues of fish
species that are commonly used for human consumption, but little is known about
microfibers. This risk needs to be deeply assessed through further investigation on
commercial fish species, considering both natural and synthetic microfibers and the
adsorbed contaminants. In this context, the adopted visual approach may be useful
to differentiate synthetic and natural fibers, representing a fast and easy method to
gain information about the fibrous microplastics in complex matrices.

Acknowledgements This study was supported by the research project “Slstemi di Rilevamento
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Chapter 27 )
Temporal Variability of Microplastics oo
and Their Attached Community Along

the Campania Coast

Vincenzo Donnarumma, Fabio D’Agostino, Roberta Piredda,
and Raffaella Casotti

27.1 Introduction

Coastal marine ecosystems are continuously exposed to anthropogenic impacts such
as densely urbanized areas, tourism, recreational and commercial fishing activities
among others. This constant exposure of coastal areas to human activities increases
the risk of mismanaged waste entering the marine environment, especially plastic
[1]. As microplastics (MPs) are now widely recognized as marine pollutants, it is
fundamental to define common methodologies to quantify their presence in all the
environmental matrices, seawater among these. Despite the well-known subtropical
ocean gyres acting as accumulation areas for floating plastic debris, the spatial distri-
bution of these particles in the Mediterranean Sea is also affected by the variability
of the surface circulation which hampers the formation of stable retention zones
[2]. In addition, temporal variability has also been often recorded, even within same
seasons. However, the potential influence of the nearshore dynamics in the spatio-
temporal understanding of floating plastic and its potential effects on the retention of
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plastics is a current knowledge gap. Hence sampling campaign data and marine circu-
lation data are fundamental in the microplastic pollution study [3]. Similar trends of
variability are linked to the community of microbes colonizing the surface of MPs,
the so called “Plastisphere” [4]. When a piece of plastic enters the ocean, microbes
colonize it within hours, and from there on different factors contribute on shaping
the community.

Geographic location and environmental parameters appear to be the primary influ-
ences shaping Plastisphere communities, but studies using environmentally collected
samples are rare [5]. Studies show that ocean-basin scale [6], coastal areas [7] and
riverine environments [8] differences exist. These researches demonstrate that there
is a clear need to consider variability along spatial and temporal gradients, consid-
ering the movement of plastics from lakes to rivers onward to the sea, as well as
the original nature of the polymer, to better understand dynamic variation in the
structure, diversity and ecological roles of plastisphere microbial communities with
marine plastic pollutants.

Very few info on MPs in the Gulf of Naples is available, for example a tech-
nical report from CNR-ISMAR from a sampling cruise in summer 2017, indicates
0.26 MPs m~* at Punta Campanella and 3.56 close to the city of Portici, our st.1
[9]. Floating MP concentrations, distribution, and characteristics of the associated
microbial plastisphere were investigated with the aim of assessing their space and
time distribution, identifying possible accumulation areas, assessing putative differ-
ences between polymers in terms of attached bacteria, trying to identify common
members of the microbial plastisphere, to be interpreted as obligate plastic-associated
organisms. This research is part of the PhD thesis of Vincenzo Donnarumma (Open
University-Stazione Zoologica “Anton Dohrn” [10]).

27.2 Sampling Technique and Storage

MPs were collected in January and July 2018 (MP18A and MP18B, respectively),
August and September 2019 (MP19A and MP19B, respectively) and January 2020
(MP20A) at three stations in the Gulf of Naples. The three sampling sites were,
respectively, in front of the small town of Portici (st. 1, 0.5 nm from the coast), in
the middle of the bay at the Long Term Ecological Research station “MareChiara”
(st. 2, 2 NM away from the coast) and at the Marine Protected Area of Gaiola (st.3,
0.5 nm from the coast). MPs were collected using a 0.6 x 0.16 m manta net with
a 333-pm mesh size (Oceomic, Spain). In the center of the opening of the manta
net, a flowmeter was placed to estimate the volume of water sampled. The net was
towed usually for 30 min at an average speed of 2 knots or less. Once removed, the
cod-end content was sieved through two sieves of 5000 and 300 wm in sequence in
order to isolate the material in the desired size range. In order to characterize the
plastisphere community, the largest plastic pieces within 300 and 5000 pwm of plastic
were removed with sterile forceps, rinsed with 0.22 um filter-sterilized seawater
and cut into three sub-pieces for DNA extraction and chemical composition analysis



27 Temporal Variability of Microplastics and Their Attached Community ... 207

by Fourier-Transform Infrared Spectroscopy (FT-IR), respectively. The remaining
pieces in the smaller sieve, together with all organic and inorganic material, including
zooplankton and other organisms retained, were then poured into a glass container,
fixed with 70% ethanol and stored at 4 °C for subsequent analysis. All the equipment
was cleaned, and all items were stored in clean covered (during work) or sealed (for
storage) Petri dishes. Plastic for downstream DNA analysis were immediately placed
in 1.5 ml Eppendorf tubes filled with Puregene lysis buffer (Qiagen, Valencia, CA)
and frozen at —20 °C. Finally, plastic samples for FT-IR were placed in individual
1.5 ml Eppendorf tubes. The sampled area and the water volume filtered during each
trawl were calculated using the frame dimensions and the tow distance (derived from

the flowmeter readings). MP concentrations were expressed as particles m=3.

27.2.1 Microplastics Counting and Classification

Once in the lab, the samples were poured into a Petri dish and analysed with the use
of a stereomicroscope (Leica CLS 150 XE, using a 20-80 x zoom) for the count
and classification of microplastic particles. MP particles were distributed into six
categories according to their visual features, four of them belonging to secondary
microplastics and two to primary ones. The most abundant were usually secondary
microplastics divided into fragments, films, foams and filaments. As for primary
microplastics there were two types: pellets and granules.

27.2.2 DNA Extraction, Sequencing and Bioinformatic
Analyses

DNA was extracted from either single plastic pieces using a modified bead-
beating approach in combination with the Puregene Tissue DNA extraction kit
(Qiagen, Valencia, CA). DNA was quantified with Nanodrop spectrophotometer.
The extracted DNA was sent to the CGBM Sequencing Facility of the Dalhousie
University, Canada, for 2 x 300 paired-end (PE) Illumina MiSeq sequencing
using the primers 515F-Y (5-GTGYCAGCMGCCGCGGTAA) and 926R (5'-
CCGYCAATTYMTTTRAGTTT) of the 16S rDNA gene [9]. The raw data in fastq
format were preprocessed by the Bioinforma service at SZN using the pipeline imple-
mented in QIIME 2. To enable comparison between samples, the cleaned dataset
was randomly subsampled to the smallest number of sequences in one sample, using
the function ‘rarefy’ in vegan R package. Bray—Curtis Dissimilarity matrix was
computed (vegdistin vegan) and used for subsequent ordination analyses. Non-metric
multidimensional scaling (NMDS) was performed using the metaNMDS function in
vegan. Venn diagrams were obtained using the Venny open-source online website.
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27.3 Results and Discussions: Microplastics Characteristics

MP concentrations ranged around one order of magnitude, from 1.12 to 12.08 MP
m~3. Highest concentrations found were during summer 2019 (both August and
September). The lowest during the two winter period times (January 2018 and
2020, Table 27.1). Throughout the years monitored, MPs ranging between 1000
and 5000 pm, called large MPs, accounted for 79.7% of total MPs. Small MPs
(ranging among 300-1000 wm) accounted for 16.2% of total MPs. The other MPs
were all less than 333 wm, our minimum size limit of the mesh size of the manta-net
used. This confirm a high efficiency of the device used, since less than 4% of the MPs
were smaller than the manta net size. Three out of five times large MPs accounted for
more than 80% contribution of MP most common size fraction, and the only times
that this did not happen is when the highest MP concentrations were found (August
and September 2019).

Fragments were the most common type of MPs found, averaging 63.4% of the
total MP found, followed by films (25.2%), filaments (6.9%) and foams (4.4%). The
remaining 0.2% accounted for the so-called primary MPs, clearly not affecting the
Gulf of Naples, in granules or pellets. Some exceptions were found when in January
2020, very similar values were found comparing fragments and films. In the same
season—but different year, 2018—was found a high contribution of films. As for MP
colour during two samplings in 2018, coloured MPs dominated, both in January and
July. A true shift of this trend was found from the year 2019. Indeed before, coloured
MPs were more abundant, but from that year on, transparent MPs dominated. On
the contrary, white has always been the least found colour, even though, noteworthy
is the peak found in st.3 in September 2019. Data showed here are in agreement
with a rising concern regarding the variability that comes with the assessment of
MP pollution when it finds different environmental conditions in particular areas,
highlighting the limits of single-spot surveys and the need of continuous samplings,
especially in coastal areas.

Table 27.1 MP

concentration related to the Stl St2 St3

different stations of the Gulf Jan-18 1.12 1.78 1.27

of Naples (st.1, 2 and 3) at the  j,1_18 4.66 1.60 _

different samplings. Data are

in MP m=3 Aug-19 9.46 8.39 1.29
Sep-19 12.08 9.89 5.32
Jan-20 1.13 1.42 1.78
Average 5.69 4.61 241
Dev.st 4.94 4.16 1.95
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27.3.1 Results and Discussions: Plastisphere

75 MPs pieces were retrieved for parallel plastisphere characterization in the Gulf
of Naples. 49 Polypropylene (PE), 13 Polypropylene (PP), 5 Polystyrene (PS), 2
Ethylene vinyl acetate (EVA), 2 Poly(Ethylene:Propylene:Diene) (PEPD), 2 Waxes
(WAX), 1 Polyurethane (PU), 1 Cellophane. 97.3% of the polymers recognized
in this work were positively buoyant (PE, PP, expanded PS, EVA, PEPD, Wax)
while only PU and Cellophane were negatively buoyant. PE was the only polymer
found in all samples. In order to better characterize the prokaryotes composing the
microbial plastisphere, 74 MPs were used to extract DNA and perform 16S rRNA
sequencing. Non-metric multidimensional scaling (NMDS) based on Bray—Curtis
dissimilarities was performed in order to highlight patterns in gradients related to
community assessments. The NMDS revealed that the global pattern of prokaryotic
diversity was not explained by a spatial trend but rather by a temporal one, since
dates clustered together all stations from the same sampling date (Fig. 27.1).

In order to investigate the confirm the high variability in terms of spatial param-
eters, were analysed OTUs displayed in Venn diagrams. No OTUs were shared
between the years, and the highest percentages of the Venn diagrams were all related
to exclusive OTUs. The only shared OTUs higher than 0 (0.9%) were among the
years 2019 and 2020 (Fig. 27.2a). As PE was the only polymer shared among all
the seasons retrieved, the PE core microbiome was analyzed for shared and unique
OTUs throughout the years. Similar results for PE are showed in Fig. 27.2b, with
only 6 OTUs shared between 2019 and 2020. Molecular results presented showed
that there is a clear signal related to the temporal variability linked to the attached
community structure in the Gulf of Napoli. This is likely related to the origin of
the samples collected, as they were sampled from the environment, and not, as the
majority of studies of plastisphere, from incubation experiments.
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(a) MPI8 MP19 (b) PE_18 PE_19

MP20 PE 20

Fig. 27.2 Venn diagrams showing shared and exclusive OTUs among different polymer associated
communities (a) and PE (b) at the different sampling dates. Numbers shown are actual OTUs and
percentage of dataset contribution

27.4 Conclusions

In conclusion, the data presented highlight the importance of repeated sampling to
assess MP pollution and its attached community in coastal areas because of complex
circulation and multiple terrestrial discharges. Variability in the Gulf of Naples is
very high, both in terms of total concentrations and community composition of
attached microbes. The plastisphere community data presented here underlined again
the importance of temporal variability and environmental parameters shaping the
microbial community, as reported by other studies [6, 11]. Further studies should
be aimed at functional measurements of microbial activity of MPs, so to better
understand their role as new habitats and also their potential threat to the environment
and the final consumers [12].
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Chapter 28 ®)
The Vertical Distribution of Riverine ez
Microplastics: The Role of Turbulence

Hadeel Al-Zawaidah, Bart Vermeulen, and Kryss Waldschliger

28.1 Introduction

Owning to plastics high durability and resistance to degradation [1] alongside the high
production rates [1-3], plastic pollution and its impacts have reached every aquatic
and terrestrial environment [4-7]. In the water and sediments of aquatic systems,
sampling campaigns confirmed and documented a plethora of microplastic (<5 mm)
(e.g., [8-12]). Estimates suggest that the total amount of plastics immitted to the world
oceans is approximately 4.8—12.7 MT [7], of which a high percentage is thought to
reach the ocean through rivers [13, 14]. Hence, rivers are seen as a primary pathway
for microplastics to marine environments. Recent observations further suggest that
rivers represent a sink for plastic litter where it may be retained for prolonged periods
before being released into the ocean [15]. Rivers can also act as a hosting environ-
ment for larger plastic litter (>5 mm) fragmenting into secondary microplastics.
Once in rivers, microplastics can lead to a variety of ecological, economic, and
hazardous impacts [16, 17]. Understanding the fate and transport of microplastics in
riverine systems is, therefore, a crucial step toward establishing effective protocols
to mitigate against these emerging pollutants. Accurate estimates of microplastics
abundance and transport in rivers remain far from reach [18], however. Despite the
abundance of water surface and sediments sampling campaigns (e.g., [19-21]), the
record of microplastics occurrence along the water column is still in its infancy [22].
In fact, microplastics vertical distribution within the water column and the associated
governing processes remain poorly understood [22, 23].

The general practice in estimating microplastics in rivers is through adopting
a predefined distribution along the water column, hereafter a concentration depth
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profile, which is mainly linked to microplastics density. With the wide range of
density covered by the plastic polymers (i.e., being positively, negatively, and
neutrally buoyant) [24], plastic density assumptions vary among studies. As a result,
microplastics were assumed to be either transported below the surface as bedload
and suspended load [23, 25], surface load [13, 26], or neutral wash load regard-
less of the particle and flow field characteristics [27, 28]. On the contrary, the limited
documentation of microplastics depth profiles supports microplastics transport along
various levels of the water column [29-31]. Even further, the limited water column
sampling campaigns landed on different conclusions, including but not limited to
(1) the dominance of the surface load mode of transport with a limited suspension
due to turbulence [32], (ii) a correlation between microplastic depth profile and flow
conditions [31] and (iii) a correlation between microplastics density and depth profile
[29].

These observations accompanied by the lack of understanding of other microplas-
tics characteristics (i.e., size and shape) on their concentration depth profile, stress
the need for further investigation to develop new models, where the governing
mechanisms are taken into consideration [23]. In response, a process-based model
based on the physical processes influencing microplastics concentration depth profile
has been proposed [33]. The proposed model is developed from the Rouse model,
hence employing principles previously adopted in sedimentological studies [34].
The concentration depth profile of microplastics is assumed to be governed by the
interaction between gravity forces and turbulent mixing. Despite the extensive vali-
dation for sediments [34—37], model validation for microplastics remains missing.
The primary parameters for the turbulent mixing process are the eddy viscosity and
the material diffusivity [38, 39]. Their ratio (i.e., Prandtl-Schmidt number [40]), is a
primary input for the Rouse model, yet it remains unknown for microplastics. Further,
the Rouse model’s capacity of representing real-life scenarios is challenged by its
one-dimensional nature, reflecting simplified scenarios of turbulence. Examination
of the impact of turbulence on the vertical distribution is, therefore, essential for the
validation of the proposed Rouse model and the assessment of its potential and limi-
tations. With this research project we aim to (i) better understand the concentration
depth profile of microplastics within turbulence, (ii) validate and calibrate the Rouse
model for microplastics, and (iii) explore the potential of computational numerical
modelling for complex scenarios.

28.2 Methods

The project involves employing a combination of physical and numerical modelling.
The physical modelling will allow for generating the necessary datasets, which will
support a better understanding of the impact of turbulence on the vertical distribu-
tions and will help testing the Rouse model performance. The numerical modelling
will allow for exploring extended scenarios of complex turbulence while potentially
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providing a prediction tool for the wide range of combinations of flow conditions
and particle characteristics.

28.2.1 Physical Modelling

28.2.1.1 Experimental Setup

The FC 300 flume (5 m long with a cross-section of 450 mm x 300 mm) at the
laboratory of water and sediments dynamics at Wageningen University is employed
for the experimental setup. The flume allows for continuous and separate circu-
lation of solid and liquid phases with an adjustable channel slope. The effective
section is set within the middle 3 m of the flume length to minimise the inlet/outlet
impacts. The experiment includes three series, mimicking three different flow condi-
tions. Using the sediment circulation system, homogeneous microplastic particles are
circulated (particles of the same size, shape, and density). For each run, microplastics
supply rate is gradually increased, up to a point where the depth distribution (i.e.,
microplastics concentration) can be obtained. However, the upper limit of the supply
rate is constrained by the limit for interparticle interactions [41], as such processes
are unlikely in the light of microplastics concentration reported in rivers (see [42]).
Three repetitions are carried out of each experimental run to assess the results’ repro-
ducibility. Once hydrodynamic equilibrium conditions are established (i.e., uniform
flow) measurements are recorded using a particle image velocimetry setup (PIV)
(Fig. 28.1).

In comparison to traditional approaches (e.g., acoustics devices and suction
sampling), PIV systems represent a non-intrusive technique with no interference or
alteration of the flow within the flume [43, 44]. The setup targets tracking two phases.

Synchronizer

i Seeded microplastics
and air bubbles

Computer

Fig. 28.1 Experimental setup of the physical modelling
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Information about microplastic concentration depth profile and rate of transport are
gathered by tracking microplastics (i.e., the solid phase), employing a Lagrangian
analysis of the collected images. The tracer phase refers to the water flow monitored
through a tracer (air bubbles in the case of this setup), which is analysed employing
a Eulerian analysis to infer the flow characteristics (i.e., the instantaneous and mean
of the three components of the flow velocity). The turbulent shear stresses and strain
rates needed to determine the eddy viscosity are obtained from the Eulerian analysis,
while the concentration depth profiles and microplastics diffusivity are determined
by the Lagrangian analysis. Finally, the ratio between the eddy viscosity and particle
diffusivity (i.e., Prandtl-Schmidt number) is obtained.

The image analysis is carried out employing the open source PIVview software
[45]. As the images are collected instantaneously, a pre-processing of the collected
images is needed to disintegrate the two phases prior to analysis. Different methods
are adopted in literature to separate the tracer from the solid phase (e.g., spot size [43],
grey level [46], and colour/fluorescence [47]. The spot size approach is deemed
suitable for the setup as it reduces the complexity of the needed PIV setup.

28.2.1.2 Material

For plastic litter (including microplastics and macroplastics), the shape, size and
density of the objects are key factors determining their transport in rivers [48]. A
systematic variation of microplastics characteristics (i.e., shape, size, and density)
is conducted to assess the impact of each property individually. Nevertheless, the
selection of a representative set of microplastics, mimicking riverine microplastic,
remains challenging due to the diversity of the material properties. Previous research
on microplastics in riverine systems is, therefore, used to guide the selection of the
microplastics for the experiment. The work of Liu et al. [22] and Kumar et al. [49]
offers an insight into the dominant shapes and polymer types (i.e., density) of
microplastics based on sampling campaigns in rivers worldwide. Inferring the domi-
nant sizes of microplastics in rivers is hindered by the variation in sampling methods
among studies (e.g., the net mesh size). Therefore, the commonly used size range
incorporating microplastics is considered (i.e., 5 mm—1 wm) [50]. The targeted
microplastics in the present study are summarised in Table 28.1.

In comparison to density, where the property is linked to a discrete numeric value,
the size and shape properties are connected and linked to multiple identification chal-
lenges [51-53]. An alternative to the commonly used categorization of microplastics
has been proposed by Melkebeke et al. [54], employing descriptive shape factors. In
the present study, shape factors (namely Corey shape factor, sphericity, circularity,
elongation, flatness and aspect ratio) are reported and examined for the microplastics
in the experimental setup.
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Table 28.1 Microplastics for the experimental set-up (selected based on Liu et al. [22], Duis and
Coors [55] and Kumar et al. [49])

Polymer Density (g Shapes
cm™3)
Polyethylene (PE) 0.89-0.98 Fibres, fragments, films, foams, pellets, and
Expanded polystyrene 0.01-0.04 micro-beads
(Styrofoam) (EPS)
Polystyrene (PS) 1.04-1.1
Polypropyleen (PP) 0.83-0.92
PEST (Polyester)/ 1.24-2.3

Poly(ethersulfone) (PES)

Polyethylene terephthalate 0.96-1.45
(PET)

Polyvinyl acetate (PVA) 1.2-1.3
Polyvinylchloride (PVC) 1.16-1.58

28.2.2 Numerical Modelling

Due to feasibility and technical limitations of the physical modelling, the range
of particles and flow characteristics is limited. Reynolds-averaged Euler-Lagrange
formulations, previously explored for sediment transport, are planned for the numer-
ical modelling exercise. The open-source coupled CFD-DEM scheme CFDEM-EIM
software is adopted, where previous applications in sedimentological studies can
offer guidance [56, 57]. In the present research, the intergranular interaction is not
included considering microplastic concentrations in rivers. Yet, the discrete element
method built within the software offers room for model adaptation to higher concen-
trations, where inter-particle interactions might be relevant. Datasets obtained from
the physical model feed into the model validation, where the model capacity to
regenerate lab observations can be tested. Once the model is validated, it can be used
to explore combinations of flow conditions and particle characteristics beyond the
laboratory experiment.

An additional step is to assess the performance of the Rouse model proposed
by Cowger et al. [33] for the concentration depth profile of microplastics against
observed concentration depth profiles at the lab and the model output.

28.3 Anticipated Outcomes

The anticipated project results will be useful to amend the limitations of water column
sampling campaigns and could help understand the driving factors causing the varia-
tions between the findings of the documented water column observations. The unique
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gathered dataset can be used to parameterise the influence of turbulence on microplas-
tics transport and vertical distribution. Further, the numerical model can produce a
prediction tool for microplastics occurrence and concentration in rivers. Ultimately,
the result translates into a better quantification of microplastics occurrence in rivers,
which could lead to (i) more efficient and accurate sampling practices, (ii) better
estimation of the exposure dose along the water column for toxicology studies, and
(iii) targeted and efficient mitigation measures for microplastics in rivers.
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29.1 Introduction

Plastic are materials that are an integral part of our lives. It is estimated that the
massive production of this material was around 6,300 million tonnes in 2015 and
that around 8—14 million tonnes enter the ocean each year. In response to this problem,
EU strategies have been put in place to reduce the release of plastics into the oceans,
such as promoting recycling, reuse of plastics and the use of biodegradable plastics
[1]. The most common plastics found in the aquatic environments are commonly
used polymers such as high-density polyethylene (HDPE), low-density polyethy-
lene (LDPE), polyvinyl chloride (PVC), polystyrene (PS), polypropylene (PP) and
polyethylene terephthalate (PET) [2]. In the recent years, a growing attention has
addressed to compostable and biodegradable polymers, in order to reduce plastic
pollution. Regarding these latter, very few data on their biodegradability and toxicity
in the marine environment are available as well as on their impact on marine inverte-
brates [1, 3]. In this scenario, there is an increasing attention towards biodegradation
and photocatalysis studies of these polymers to understand their fate in marine envi-
ronment and to develop eco-friendly green technologies to remove plastics litter [4,
5]. In this study, we investigated the behaviour and degradation of five biodegrad-
able polymers (BPs): Poly(butylene succinate) (PBS); Poly(butylene succinate-co-
adipate) (PBSA); Polycaprolactone (PCL); Polyhydroxy butyrate (PHB); Polylactic
acid (PLA) in marine environment.

29.2 Experimental

29.2.1 Materials

Sample films of poly lactic acid (PLA), polycaprolactone (PCL), polyhydroxybu-
tyrate (PHB), polybutylene succinate (PBS) and polybutylene succinate adipate
(PBSA) were produced and placed in nets made of non-biodegradable material to
perform the experiment. Mesocomes were used, which reproduce the natural condi-
tions of the marine environment in the laboratory and three mesocosms are used for
each polymer to create three replicates. Bacterial activators were also added to the
mesocosms in order to reproduce an environment as close as possible to the natural
marine environment.

29.2.2 Methods

The plastic films were placed in three different exposure conditions: (i) in the water
column; (ii) placed on the bottom; (iii) buried into the sediment. The films were main-
tained for one year in the mesocosms and five film sampling sessions were carried
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out during the year to study the evolution of plastics in the marine environment. At
each session, the weight of the films was recorded and a sample of the film was taken

in order to see, firstly, the loss of mass during exposure, and secondly, to carry out
analyses on the pieces of film.

29.2.3 Analytical Technique

The degradation of the selected polymers was monitored by gravimetric methods,
Fourier transform infrared spectroscopy (FTIR), 'H Nuclear Magnetic Resonance
(NMR) spectroscopy, thermal analyses and scanning electron microscopy (SEM).
The samples were analyzed on different days of exposure to different conditions.

29.3 Results and Discussion
29.3.1 Results

The polymers placed on the bottom, PLA, PBS and PBSA show a very low weight
loss value, about 12.5%, 15.7% and 19.4%, respectively. PHB and PCL show higher
values, about 92.5% and 85.6%, respectively (Fig. 29.1).

SEM micrographs of the samples after 363 days of degradation at different condi-
tions (Fig. 29.2) were acquired in order to analyse the degradation phenomena on
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Fig. 29.1 Graph of the evolution of the mass loss (in %) over time of the polymers exposed on the
bottom
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Fig. 29.2 SEM photography of PHB samples exposed in water column at t0 (a) and after 363 days
(c) and PLA exposed on the bottom at tO (b) and after 363 days (d)

the film surface. The PLA surface was slightly affected by exposure to the marine
environment (Fig. 29.2b, d), whereas degradation phenomena were observed on the
PHB surface (Fig. 29.2a, ¢). The formation of numerous heterogeneous pinholes,
cracks and grooves was observed on the PHB surface suggesting the occurrence of
degradation. PCL, PBS and PBSA are still being analyzed.

The chemical changes of the film samples during exposure to different conditions
of the marine environment were monitored by FTIR-ATR and NMR spectroscopy.

Polyesters are sensitive to hydrolysis, so the broadening or change of the FTIR
absorption band attributed to the stretching of —OH groups was monitored since this
group suggests the presence of carboxylic acid and alcohol.

The PHB spectra during degradation are characterized by a progressive decrease
of the C=0 stretching absorption band at 1719 cm~! and an increase of the OH group
stretching vibration band in the range 3000-3500 cm™~' (Fig. 29.3).

Furthermore, an increased intensity of signals attributed to chain end groups
of PHB can be observed in 'H NMR spectra of PHB samples exposed to marine
environment, with respect to pristine PHB (Fig. 29.4).

The influence of degradation on thermal transitions (T, T, and Ty,) as well as on
the thermal stability of the samples was analyzed. A shift to higher temperature of
the glass transition before and after 363 days of degradation as well as an increase
in AH;, was recorded for all the samples. No effect was observed on the melting
temperature.

All the samples present a similar thermal behavior during aging, and it is more
evident for PHB samples (Fig. 29.5).
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Fig. 29.5 Graph of Differential Scanning Calorimetry (DSC) analyses of PHB exposed in the water
column at t0 and after 363 days

29.3.2 Discussion

After 363 days of exposure in the mesocosms, the polymers show different weight
losses depending on polymer nature and the exposure conditions. Indeed, the mass
loss is significantly stronger and faster for PCL and PHB while the mass loss rate for
PBA, PBSA and PLA is very slow over time. The degradation is almost complete
for PCL and PHB but for the three other polymers, we do not exceed 20% of mass
loss after one year exposed in the mesocosms.

SEM photographs confirm the results regarding the degradation of the polymer
films. Numerous cracks, grooves and holes are observed on the PHB film after one
year of exposure while at the initial stage, the film was smooth and did not show any
specific observation. Inversely, we can clearly observe that the PLA film shows very
little change on its surface after the same exposure time.

FTIR-ATR analysis showed a change in the PHB polymer. Exposure to a marine
environment caused a progressive decrease of the C=0 group over the year. Inversely,
an increase of the OH group could be observed. The PHB polymer did not remain
insensitive to environmental exposure. These changes in the functional groups also
induced the degradation of the polymer over time. NMR spectra further confirmed a
change in signals attributable to terminal groups, probably produced by chain scission
reactions through hydrolysis of ester groups.
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29.4 Conclusions

The comparison reported in this work on the effects of exposure to 3 different condi-
tions (in the water column, on the bottom and in the sediments) and the degradation
of different biodegradable polymers leads to the conclusion that the biodegradable
materials analysed are likely to degrade, under the experimental conditions used, at
different rates. Although some biodegradable polymers (PLA, PBS and PBSA) show
little degradation after one year of exposure, all sample analyses show degradation
signals.
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Abstract Experimental studies in recent years highlight the presence of an increas-
ingly high quantity of microplastics worldwide. The “resin pellets” represent a signif-
icant share among the first generation microplastics in the millimeter range (from 1
to 5 mm). They disperse in the environment, even unintentionally, during transport,
storage and processing and recent studies show that their content varies from 3% to
about 30% of all microplastics surveyed on beaches. A three-years experiment was
carried out on a simulated beach and in marine water in Santa Teresa Bay (Gulf of La
Spezia, Italy). In detail, special cages have been installed on the underwater obser-
vatory, LabMARE coastal station, placed at ten meters deep. The submarine station
is equipped with a sensor for monitoring environmental parameters, recording data
every 10 min. The experiment, aimed at investigating the behavior of plastic items
and HDPE, PP, PLA and PBAT pellets, began on March 3, 2020. Here, the compar-
ison between the properties of the raw pellets and those placed in the two different
environments after six months, is discussed. Through chemical, spectroscopic and
thermal analyses (GPC, SEM, FTIR-ATR, DSC, TGA) of granules, variations in
color, surface morphology, chemical composition, thermal properties and molecular
weight, and polydispersity of materials are analysed to show the different influences
of environmental conditions.
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30.1 Introduction

Recent studies establish that plastic waste accounts for more than 75% of the total
marine litter [1], and place the emphasis on the micrometric size fraction which is
increasing in the coastal and in the marine environment debris findings [2-5].

However, in all the microplastics surveyed on the beaches, resin pellets represent
a percentage ranging from 3% [6] up to 30% [7, 8] and are present in many seas.

Resin pellets are considered as the first generation microplastics and due to their
loss during transport, storage and processing, they can enter the environment without
limiting restrictions. Polyethylene (PE) and Polypropylene (PP) represent a large
portion of plastic debris in the environment [9]. For this reason, the “International
Pellet Watch” takes PE resin pellets as passive samples of POP pollution [10]. Many
experiments and theoretical models are focused on the sorption of hydrophobic
contaminants in microplastics collected in the marine environment [11-14].

Moreover, the use of biopolymers is increasing especially for commonly used
single-use products and for packaging. European Bioplastic indicates that in 2021
bioplastics constitute the 1% of the 367 million tons of plastic produced globally,
with a forecast growth trend of over 5 million tons in 2026 [15]. Among these,
biodegradable plastics (including PLA, PHA, starch blends and others) account for
over 64% of the global bioplastics production capacities in 2021, with 19.2% for
polybutylene adipate-co-terephthalate (PBAT) and 18.9% for polylactic acid (PLA).

However, the objects and fragments stranded or recovered in the sea do not tell
us the time they spent in the sea, their trip, their history before arriving there. These
factors are important to evaluate the real effects due to the permanence of these
materials in the marine environment even if it is not always easy to determine them.
Therefore, most studies concerning microplastics aging and degradation are labora-
tory experiments carried out keeping the materials in artificial sea water [16] or in
collected sea water [17, 18]. The simulated environment can only attempt to repro-
duce the physical and chemical characteristics of the real environment and length-
ening the time of the experiment can help to minimize the differences in exposure to
light and heat related to weather and seasonality.

Here, an experiment lasting three-years was carried out on a simulated beach
(sandbox) and in a genuine marine environment in Santa Teresa Bay (Gulf of La
Spezia, Italy) [19]. The experiment aimed at investigating the behaviour of plastic
items and HDPE, PP, PLA and PBAT pellets in both environments. The experiment
began on March 2020. The comparison between the properties of the raw pellets
and those placed in the two different environments after six months is discussed in
this work. The different influences of the environmental conditions are investigated
by GPC, SEM, FTIR-ATR, DSC, TGA analyses of the granules, change in colour,
surface morphology, chemical composition, thermal properties, molecular weight
and polydispersity of the materials.
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30.2 Experimental

Special cages (Fig. 30.1) were installed on the underwater observatory, LabMARE
coastal station at 44° 4’ 55.08" N-9° 52’ 50.46" E placed at a depth of ten meters
and about 60 m from the shore line [20]. The submarine station is equipped with a
sensor for monitoring environmental parameters (SBE37SM, supplied by Sea-Bird
Scientific), recording data every 10 min.

At the same time the same materials were placed in a sandbox (Fig. 30.2, located
in Sarzana), containing sand taken from the Gulf of La Spezia, in order to carry out
a comparative study on a “simulated beach”.

Fig. 30.1 Particular of the
cages installed on the
underwater observatory
before the deployment

Fig. 30.2 Particular of the
sandbox
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30.2.1 Materials

Four types of polymer pellets were used: high density polyethylene-HDPE, Auser
Polimeri (Italy), polypropylene-PP, PoliEko (Slovenia), polylactic acid-PLA, Ingeo
2002D®, NatureWorks (US), and polybutylene adipate-co-terephthalate-PBAT,
Ecoflex® F Blend C1200, BASF (Germany) and used as received.

30.2.2 Methods

30.2.2.1 Preparation of Samples

Pellets were put in two special stainless steel 318 cylindrical cages (about 40 cm
x 30 cm) each containing three “baskets” (about 15 cm x 10 cm) installed on the
structure of the underwater observatory (Fig. 30.1).

The sampling of the material under investigation was carried out pulling the
station out of the sea. The materials were washed with seawater and with fresh water
in laboratory before the analysis.

30.2.2.2 Analytical Techniques

Attenuated total reflectance (ATR) spectra were registered using a Fourier Trans-
form—InfraRed Jasco 6200, equipped with a PIKE MIRacle accessory, 64 scans
from 4000 to 650 cm~! for each sample after the collection of background data. Ther-
mogravimetric analysis (TGA) was performed with an SII TG/DTA 7200 EXSTAR
Seiko analyser, under heating from 30 to 700 °C, at 10 °C/min rate and air flux
at 200 mL/min, samples weight 5-10 mg. Differential scanning calorimetry (DSC)
analysis was performed using a Seiko SII ExtarDSC7020 calorimeter with a different
thermal programme for each type of polymer, samples weight 5-10 mg. GPC
measurements were carried out on PLA e PBAT polymers by using an HPLC Agilent
1260 Infinity, with injection system at threeway valve and stationary phase at styrene—
divinylbenzene resin, operating pressure of 80 bar, eluent CHCl; at 0.3 mL/min and
detector at refractometer, and solutions of 3 mg/mL of samples in CHCIl; (HPLC
grade), two times filtered with an Agilent filter (2 wm porosity). SEM images were
recorded with a FEI Quanta 450 ESEM FEG scanning electron microscope (CISUP
Laboratories, University of Pisa). The specimens were analysed on the external
surface without any specific manipulations.
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30.3 Results and Discussion

30.3.1 Results

The analysis of the temperatures reached at sea and in the sandbox was considered an
important factor to understand if their variability could influence the characteristics
of the aged samples (Table 30.1) [19].

The collected data show a difference in the thermal excursion during the day
between seawater and sandbox with a larger standard deviation calculated for
sandbox temperatures data. This might suggest that materials in the sandbox could
result much more thermally stressed.

Furthermore, the presence of algal and benthic fouling on the surface of the cages
(Fig. 30.3) could have decreased the percentage of incident sunlight on samples in the
sea and therefore have affected the oxidative degradation process, which is strongly
influenced by the amount of incident ultraviolet radiation.

The visual observation of the pellets allows to notice a yellowing up to an amber
colour for the samples in seawater and for PBAT also in the sandbox. SEM images
show an increase in surface roughness.

Concerning thermal TGA analysis, the Topsee Of the samples decreases after aging
with more evidence for sandbox samples and for the PBAT (Table 30.2). No particular
change in thermal transitions are observed by DSC analysis.

Table 30.1 Environmental parameters measured in LabMARE from march to august 2020 and in
the sandbox located in Pisa from march to august 2021 [19]

Average temperatures (°C) Standard deviation® (°C) Thin Trnax
O °C)

Parameters measured in LabMARE
March 2020 13.70 0.32 12.93 14.32
April 2020 15.07 0.78 13.69 17.33
May 2020 18.20 0.72 16.93 20.16
June 2020 20.88 0.85 18.97 23.19
July 2020 21.25 0.59 19.75 23.35
August 2020 23.68 2.20 22.12 25.24
Parameters measured in sand box
March 2021 12.88 7.15 1.95 36.16
April 2021 14.98 6.45 0.123 36.21
May 2021 18.64 6.05 8.28 42.08
June 2021 25.64 7.48 11.79 45.60
July 2021 27.69 6.82 17.84 48.69
August 2021 29.06 7.19 18.81 51.63

4Calculated on all measures recorded in the month
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Fig. 30.3 Surface of the
cages after 6 months in sea

C. De Monte et al.

Table 30.2 T of sandbox

e sea samples from TGA Tonset (°C)
analysis Raw pellets Pellet from sea Pellets from
Sandbox
HPDE 255.5 249.1 242.1
PP 261.5 261.4 255.0
PLA 323.1 320.2 315.0
PBAT 369.9 359.3 357.2

Absorption bands can be found in the ATR spectra in the region around 1100 cm™".
In sandbox samples an increase in absorption bands due to double bonds and oxida-
tion in the region 1700-1500 cm™' is observed in all the cases with the exception of
PLA. Peaks are also observed in the OH stretching region of both sea and sandbox

samples.

The GPC analyses of PLA and PBAT allow to observe a strong reduction of the
number average molecular weight for the PBAT sample sampled from the sandbox
(from 21.5 KDa and 2.2 PDI to 12.6 KDa and 2.8 PDI).

30.3.2 Discussion

The increase in roughness, the changes in colour and the decrease in the thermal
stability of the materials indicate the establishment of structural changes.
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The appearance of the bands of the double bonds C=C and C=O0 can be related to
phenomena of greater extent of photooxidation in the sandbox compared to the sea,
while the appearance of the typical peaks due of —OH stretching can be referred to
hydrolysis of the chains. The peaks at 1100 cm™' are bands of contamination, due
to residual sand.

The greater solar radiation and the higher temperature that characterize the envi-
ronment of the sandbox are proved to be the factors with the greater influence on the
aging of the materials than conditions in deep sea water.

30.4 Conclusions

The first results here reported are obtained over a period of six months from a long-
term (3 years) in situ experiment on exposing microplastics (pre-production resin
pellets) to sunlight and open sea and simulated sand conditions. The project aims to
study the change of some of the chemical and physical characteristics of the struc-
ture of polymeric compounds during the aging in marine environments. Traditional
plastics (HDPE and PP) and bioplastics (PLA and PBAT) are compared in a real,
free and uncontrolled marine environment.

After 6 months of experiment (from March to September 2020) the materials
immersed in the sea result to be subjected to less thermal stress than the corresponding
ones in sandbox, because of the lower solar radiation and reduced thermal excursion.

Changes in the chemical-physical properties of the materials suggest a material
aging and the beginning of a degradation process but with an evolution time that is
still long and to be established.
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Chapter 31

Quantification of Polyethylene in Mussel oo
Hemolymph and Its Limited Additive

Effect on Immune Function Induced

by Bezafibrate

Concepcion Martinez-Gomez, Marta Llorca, Tatiana Oporto,
Silvia Rapuano, Maria del Mar Garcia-Pimentel, and Marinella Farré

Abstract Bioaccumulation of waterborne pharmaceutical residuals may be influ-
enced by the presence of microplastics in the surrounding water and therefore, this
study investigated whether in vivo co-exposure to weathered polyethylene microplas-
tics (PE) (nominal 1 mg/L) and bezafibrate (BZ) (500 ng/L) add-on effects on immune
function in comparison to exposure to BZ alone, as it has been observed for other
emergent contaminants. Mytilus galloprovincialis was used as model organism and
the co-exposure study was carried out for 3 weeks. Pyrolysis—gas chromatography
mass spectrometry (Py-GC/MS) technique was used for quantifying PE concentra-
tion in hemolymph. Lysosomal membrane stability (LMS) and phagocytosis effi-
ciency of hemocytes, extracellular lysozyme activity and production of oxyradicals
were determined as endpoints of immune function after 10 and 20 days. PE concen-
tration in hemolymph of mussels treated with PE and PE+BZ were similar and had a
high variability (hundreds of nanograms per milliliters) but values were one order of
magnitude higher than mussels treated only with BZ, representing the first quantita-
tive estimation of microplastic concentration that can be reached in this tissue under
in vivo exposure conditions. However, still It remains to be determined what fraction
of plastic particles were present in the plasma and what fraction carried by hemo-
cytes. Mussels exposed to BZ and co-exposed to BZ+PE had significantly higher
phagocytic rate than control mussels after 10 days, but this induction was transitory
as phagocytosis efficiency was rather similar between treatments and control after 20
days. Lysosomal destabilization was found only after 20 days of exposure to BZ and
BZ+PE, but not after exposure to PE. Overall, results obtained in this in vivo study
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showed that the BZ+PE co-exposure did not exert synergic immunotoxic impact on
mussels and that effects of BZ on immune function prevailed over the effects caused
by the PE microparticles itself.

31.1 Introduction

The pharmaceuticals are introduced into surface waters and oceans due to incom-
plete removal of pharmaceuticals in wastewater treatment plants. Their occurrence
in marine organisms raises concerns regarding toxic effects and development of
drug-resistant genes [1, 2]. To date, pharmaceuticals detected in marine organisms
and seafood include anti-inflammatories, antibiotics, oral contraceptives, and blood
lipid regulators. Notably, drugs of the fibrate class are used as blood lipid regulators
to treat hypertriglyceridemia. Fibrates act by stimulating nuclear receptors called
peroxisome proliferator-activated receptors (PPARs). PPARs play an essential role
in the general transcriptional control of numerous cellular processes, including lipid
metabolism, glucose homeostasis, cell cycling, cell differentiation, inflammation,
and extracellular matrix remodeling. Bezafibrate (BZ) is a lipid regulator that can
be present as a contaminant in surface water in concentrations of ng/L [1, 3]. Some
studies have revealed possible toxic effects in aquatic species caused by exposure to
fibrates, ranging from general toxicity to endocrine disrupting effects and immune
function [4-6].

The abundance of microplastics (MPs) in surface waters, sediments, and biota
from the Mediterranean region are among the highest levels reported worldwide
[7]. Therefore, bioaccumulation of waterborne pharmaceutical residuals can be
influenced by the presence of microplastics in the surrounding water. The marine
mussel Mytilus sp. presents some ecological and physiological characteristics that
make it a good model for studying chemical contamination and contamination by
microplastics, as well as an excellent model to investigate the effects of such contam-
inants on immune function [8]. The present study investigated whether in vivo co-
exposure to weathered polyethylene microplastics and bezafibrate caused add-on
effects on immune function in mussels (Mytilus galloprovincialis) exposed solely to
bezafibrate, as it has been observed for other contaminants.
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31.2 Experimental

31.2.1 Materials

Marine mussel Mytilus galloprovincialis [4-5 cm] were acquired from a Mediter-
ranean myticulture farm located in Benalmadena (Malaga, Spain) (February 2021)
and immediately transferred to the laboratory (Murcia, Spain), where they were accli-
matized in a 500 L tank with aerated filtered natural seawater (FSW) (37 PSU and
19-20 °C) until their use.

Polyethylene (PE) microparticles used in this study are produced for indus-
trial purposes (commercially named MPP-635XF) and were acquired from Micro
Powders, Inc. (USA). They have a crystalline (heterogeneous) form, a density of
0.96 g cm? at 25 °C and mean size of 4-6 j)Lm. MPs were suspended in filtered seawater
(37 PSU) and stored in closed quartz glass Erlenmeyer flasks for four weeks. During
this period, flasks were exposed to natural sunlight (July, 14 h sunlight/day) and
outdoor ambient temperatures (ranging from 18 to 36 °C). Afterward, the MPs were
filtered, rinsed twice with FSW, and filtered to recover. Bezafibrate (CAS Number
41859-67-0) was purchased from Sigma-Aldrich. A stock solution of 101.8 mg L~!
in methanol was prepared and stored in the dark at 4 °C until use.

31.2.2 Methods

Five days before the experiments, mussels were translocated to 15L to continue
the acclimatization period. The volume of FSW per mussel in the aquariums was
adjusted to a ratio 1:4. Bivalves were exposed by triplicate for 10 and 21 days to four
treatments:

Control seawater (Filtered SW)

PE = Polyethylene microparticles in FSW (1 mg L~!)

BZ = Bezafibrate in FSW (500 ng L")

PE + BZ = Polyethylene microparticles (1 mg L~!) + Bezafibrate (500 ng L")
in FSW

In the case of PE + BZ treatment, PE microparticles were previously incubated
with BZ in 200 mL of FSW using a glass bottle (24 h at 15 °C) to allow poten-
tial adsorption of BZ on the PE plastic surface. After incubation, the suspension was
added to the volume of FSW in the aquarium to get a final concentration of 1 mg L™!.
Aquarium water changes were performed 3 times a week, while PE load manage-
ment and BZ dosage in the aquariums were performed every day and before feeding
(Tetraselmis suecicalTisochrysis lutea; adjusted to 1% of mussels dry weight).
Bivalve mortality was checked daily. On days 0, 10, and 21, hemolymph samples
were collected from mussels to measure immune parameters and concentrations of
PE in the hemolymph.
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31.2.2.1 Preparation of Samples

Hemolymph samples were obtained of a least 12 mussels for each treatment (four
samples by triplicated). Hemolymph was withdrawn from the anterior adductor
muscle. Individual primary cell culture samples (n = 12) were prepared for lysosomal
membrane stability and phagocytosis analysis following the procedure described
in [9]. Additionally, three hemolymph pooled samples (n = 4) by treatment were
prepared to analyze extracellular lysozyme activity, extracellular reactive oxygen
species (ROS) production, and PE concentration. Aliquots (250 wL) of pooled hemo-
cyte suspension were diluted in an equal volume of TBS for ROS analysis. Aliquots of
serum of hemocytes (centrifugation hemolymph pooled samples at 3000 g for 10 min
at 4 °C) were used for lysozyme activity analysis. We measured PE concentration in
pellets obtained from pooled hemocyte suspensions after centrifugation.

31.2.2.2 Analytical Techniques

Lysosomal membrane stability (LMS) was measured by the neutral red retention
assay (NRR) following the procedure described by [9]. Lysosomal enzyme release
by mussel hemocytes was evaluated by measuring lysozyme activity spectrophoto-
metrically at 450 nM in the extracellular medium as described by [4]. The decrease
in absorbance was continuously recorded at 450 nm for 5 min at room temperature.
The results were expressed as Units of lysozyme -mg protein~!. Phagocytic effi-
ciency (PhE) was measured using fluorescent microscopy (x400; Olympus BX43),
following the methodology described by [9]. PhE was expressed as a percentage of
cells that have internalized at least 3 fluorescent particles after counting at least 300
cells for each sample. The extracellular production of oxyradical by hemocytes was
measured by the reduction of cytochrome c following the procedure described in [4].
Samples were read at 550 nm for 20 min using a TECAN SpectraFluor, and results
were expressed as changes in optic density per mg protein.

Size exclusion liquid chromatography coupled to high-resolution mass spectrom-
etry equipped with an Atmospheric pressure photoionization source (SEC-APPI-
HRMS), working in negative conditions, was used to quantify PE concentration in
the hemolymph. The separation of the polymer was based on toluene as a carrier
liquid and separated in a polymeric size exclusion (APC) column. The acquisition
was made in full scan mode working from 500 to 3,000 Da at a resolution of 17,500
FHWM. The quantification of PE was carried out by comparison with the calibration
curve standard of a polymer of 1000 Da compared to samples. The quantification
was based on equivalents of concentration.
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31.3 Results and Discussion

31.3.1 Results

The control mussels had a low PE concentration at the start of the experiment (0.170
+ 0.087 ng mL~"). However, control mussels, after 10 and 20 days, had values of PE
concentration in hemolymph within the same order of magnitude as mussels exposed
to 10 mg L ™! of PE (confidence interval for the mean 95% = 506.4-772.9 ng mL™!).
Low residual concentrations were found in mussels exposed only to BZ after 10 and
20 days (CI for the mean 95% = 13.1-69.0 ng mL~!). Overall, a significant increase
in PE concentrations over time exposure was not observed in any treatment except
the Control SW (Fig. 31.1).

Moderate effects on lysosomal membrane stability were only observed in mussels
exposed during 20 days to BZ and co-exposed to BZ 4 PE. The effects of co-exposure
BZ + PE on LMS were more pronounced than the effects of exposure to PE, but
significant differences were not proven (Fig. 31.2). Stimulation of phagocytosis was
found in all treatments after 10 and 20 days of exposure, but it was significantly
higher in mussels exposed to PE than in the rest of the treatments. Nevertheless,
stimulation of phagocytosis was higher in mussels co-exposed to PE 4+ BZ than in
mussels exposed only to BZ (Fig. 31.1). In control samples, lysozyme activity in the
extracellular medium ranged from 33 to 85 U g prot.~!. Overall, any treatment-
related pattern was observed, although values close to zero activity were found after
20 days in mussels exposed to PE. Extracellular ROS production was similar in
individual exposures (PE; BZ) and co-exposure conditions (PE + BZ) (Fig. 31.2).
However, significantly higher ROS production was measured after 20 days than at
time O in Control SW treatment.

31.3.2 Discussion

Interpretation of immune responses after exposure and co-exposure conditions of
PE and BZ of this study are limited given that chemical analysis pointed to a PE
contamination in control treatments along the experimental exposure, and a signifi-
cant increase of phagocytosis activity and extracellular ROS production in Control
SW treatment after 20 days. One possible explanation could be a human error caused
by the dosage of PE in the control aquariums. Another potential explanation could
be the aerial crossed-contamination between adjacent aquariums caused by handling
during cleaning tasks, and by the aerosols produced during the air bubbling in the
aquariums. However, low PE concentration found in control mussels at the begin-
ning of the experiment and small residual concentration in mussels exposed only
to BZ after 10 and 20 days give robustness to the quantification methodology and
allow specific comparisons. This is the first quantitative estimation of microplastic
concentration that can be reached in this tissue under in vivo exposure conditions.
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Fig. 31.1 Polyethylene concentration in mussel hemolymph (Mytilus galloprovincialis) exposed
to control seawater (Control SW), waterborne polyethylene microparticles (PE) (1 mg L™!, nominal
concentration), PE and bezafibrate (BZ) (1 mg PE L' 4+ 500 ng L~! BZ) and BZ (500 ng L)
during 10 and 20 days

However, it remains to be determined what fraction of plastic particles was present
in the plasma and what fraction carried by hemocytes.

Previous studies have proven that in vitro exposure to BZ stimulates phagocy-
tosis in hemocytes of the freshwater mussel Elliptio complanata and marine mussel
Mpytilus galloprovincialis [10, 11], which is in agreement with our results. Further-
more, marine mussels in vivo injected with BZ showed a concentration-dependent
lysosomal destabilization and extracellular lysozyme release [11]. In this sense, our
results pointed to a cumulative effect of BZ on the lysosomal membrane over time,
requiring an exposure of 500 ng/L for at least 20 days to observe moderate cellular
stress on lysosomal destabilization (NRRT > 50 min). Co-exposure of mussels to PE
+ BZ stimulated phagocytosis response and decreased LMS in hemocytes to a greater
extent than single exposure to BZ, suggesting some add-on effects on immune func-
tion, which were however not statistically proven. One possible explanation for the
pattern observed could be non-linear bioaccumulation of BZ in mussels, as suggested
by [11], and higher bioaccumulation of BZ in co-exposed mussels as a consequence
of BZ sorption on PE particle’s surface. In any case, chemical bioaccumulation data
of this drug in mussels (currently ongoing process) are needed to fully elucidate the
behaviour and kinetics of accumulation. However, longer exposure times would be
necessary to fully understand if co-exposure to weathered polyethylene microplastics
and bezafibrate caused add-on effects on immune function compared to exposure to
bezafibrate alone.



31 Quantification of Polyethylene in Mussel Hemolymph and Its Limited ... 243

180~ MO days &0 * M0 days
I 10 gays | 10 days
I D20 days I 1 020 gays
150

a0

= .

1

. —
)

| B

NRRT time (min)
g B
L 1
o
g
i Y *
'_}f_.
Phagoeytic efficiency (%)
3 w e
T T 9
=%
e

L [0y o : i I i
ContiolSW  Palysthylens B Palyeth Control SW Palyeth
+
Bozafbrate Buzafbrate

= WO days
§. o 10 days 0.25+ WO days
@ D20 days B10days
£ _l_ 5 20 days
) I g 0.20
£ 11 |
o 60 8§ 0154 i
g i n:g

) 1 3 ) )
5 a0 38 oo , [

3
! g . ' m
i ‘ d ol D ‘ [ [
[} - | |
ol k L 0.00— i_'J i B -
& % . b

e P . Poly y

+ +
Bezafibrate Bozafibrate

Fig. 31.2 Effect on immune function responses in mussel hemolymph (Mytilus galloprovincialis)
exposed to control seawater (Control SW), waterborne polyethylene microparticles (PE) (1 mg L™,
nominal concentration), PE, and bezafibrate (BZ) (1 mg PE L~ +500 ng L~! BZ) and BZ (500 ng
L~") during 10 and 20 days. Lysosomal membrane stability quantifies as neutral red retention time
(NRRT). Data are the Mean =+ Standard Error of three experiments (n = 4) by triplicate * = p-value
< 0.05 (significant difference against respective control). BAC = Background Assessment Criteria;
EAC = Environmental Assessment Criteria

31.4 Conclusions

The occurrence of PE in mussel hemolymph is a direct consequence of its presence
in the surrounding waters. Overall, this in vivo short-term exposure study showed
that co-exposure to BZ 4 PE does not significantly alter the immune function of
mussels in comparison to exposure to bezafibrate alone, and that the effects of BZ
on immune function outweighed the effects induced by the PE microparticles them-
selves. However, results point that in vivo, at longer exposure times, the additive
effects of BZ + PE on hemocyte parameters could be significant, and further research
is necessary.
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Chapter 32 )
Mechanical Recycling oo
of Polyethylene-Rich Plastic Fraction
Recovered from Marine Environment

to Mitigate Plastic and Microplastic

Pollution
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Gennaro Gentile, Gianluigi Tealdo, Maria Emanuela Errico,

and Mariacristina Cocca

32.1 Introduction

Macro- meso- and microplastic pollution in the environment has become a global
concern due to their impact on the marine ecosystem. Plastic production has increased
substantially over the years and about 280 million tons are produced per year [1].
Plastics are widely used because of their properties and versatility, making them
suitable materials for numerous applications [2]. Improper disposal of plastic waste
has resulted in large quantities of these materials entering marine ecosystems [3] and
the resulting impacts are becoming increasingly apparent. About 14 million tons of
plastic end up in the ocean every year. Plastic waste is esteemed to represent 40-80%
of the total amount of marine litter [4]. Polyethylene (PE) and polypropylene (PP)
represent the most common polymeric fraction found in oceans [3]. When plastic
ends up in the ocean, it breaks down into smaller and smaller fragments over time
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due to environmental factors such as abrasion or exposure to sunlight, leading to
the formation of microplastics: particles smaller than 5 mm [5, 6]. These particles
appear to be ubiquitous, even in remote marine environments [7], and have significant
impacts on ecosystems. For example, they can be ingested by marine organisms [8],
hindering digestion and damaging the stomach [7]. They can also move from one
trophic level to the next, leading to food chain contamination [9, 10]. Recovery and
recycling of these materials play a fundamental role to mitigate marine plastic pollu-
tion and to remove from the environment a source of secondary microplastics. A rote
to mitigate macro and microplastic pollution in marine environment consist into use,
marine plastic debris as secondary raw materials to design recycled plastic materials.
The mechanical recycling of marine plastic waste also poses a greater challenge than
recycling land-based waste because marine waste contain a considerable amount of
sand, salt, shells, algae and marine plants, that could hinder plastic recyclability [11].
In this work, polyethylene-rich plastic fraction (PE-rf) recovered from marine envi-
ronment has been characterized through spectroscopic, thermal, and morphological
analyses. A mechanical recycling approach was applied to realize recycled materials,
using recycled polyethylene (R-PE) and different amount of PE-rf ranging from 100
to 40%. The effect of composition of recycled materials on the morphology, thermal
and mechanical properties was analysed, demonstrating that the approach allows the
valorization of the polyethylene-rich plastic fraction of marine litter.

32.2 Materials and Methods

32.2.1 Materials

A sample of PE-rf, recovered from marine environment, was kindly supplied by
IREOS S.p.A. (Genova, Italy) and subjected to a sorting method. The material was
mainly composed of small plastic pieces of various size and whole objects.

A recycled PE (R-PE) was used in this work to improve the mechanical properties
of PE-rf.

32.2.2 Processing of PE-rf-Based Materials

PE-rf was subjected to cryogenic grinding in a Retsch mill (Retsch GmbH, Haan,
Germany), using a sieve with 1 mm openings to obtain a fine powder. Ground PE-rf
was melt-processed in a twin-screw extruder (Thermo Haake MiniLab) at 190 °C
operating in continuous mode for 5 min. Firstly, a composition with 100% of PE-rf
was made. A composition with 50% of PE-1f and 50% of R-PE was mixed by means
of the extrusion process. In order to investigate the feasibility of a cold approach,
another composition, with 40% of PE-rf and 60% of R-PE, was made by cold mixing.
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After the mixing step, the materials were molded with compression moulding with
0.5 mm frame at 190 °C.

32.2.3 Techniques

Infrared spectra were recorded using a Spectrum 100 FTIR spectrometer
(PerkinElmer, Waltham, MA, USA), equipped with an attenuated total reflectance
accessory (ATR). The scanned wavenumber range was 4000400 cm~!. All spectra
were recorded with a resolution of 4 cm™', and 4 scans were averaged for each
sample.

Thermogravimetric analysis (TGA) was performed on a Pyris 1 TGA analyzer
(PerkinElmer, Waltham, MA, USA) using air as purge gas and a linear heating ramp
from 30 to 800 °C at 10 °C/min.

Differential scanning calorimetric analysis (DSC) was carried out on a TA-Q2000
system equipped with an RCS-90 cooling unit (TA Instruments, New Castle, DE,
USA). Samples were heated from 20 to 200 °C; cooled from 200 to 20 °C; and
heating from 20 to 200 °C using an heating/cooling rate of 10 °C/min.

Tensile tests were performed on dumb-bell specimens (0.5 mm thickness) at a
cross-head speed of 5 mm/min by using an Instron 5564 testing machine (ITW Inc.
Glenview, IL, USA). Young’s modulus (E), peak stress (omax), and elongation at
break (eg) were calculated as average values over at least 6 tested samples.

Scanning electron microscopy (SEM) was carried out on a Thermo Scientific
Phenom Pure Desktop. Before SEM observations, cryofractured surfaces were
sputter-coated with an Au/Pd alloy by means of an Emitech K575X sputtering device.

32.3 Results and Discussion

32.3.1 Preliminary Analysis of PE-rf Composition

Several PE-rf fragments were randomly selected and analyzed by means of infrared
spectroscopy (FTIR). FTIR analysis was carried out according to the procedure
described in Sect. 32.2.3. FTIR analysis qualitatively revealed the large presence of
PE fragments and, in a lower amount, polypropylene (PP).

Melting temperature and thermal stability of the materials were determined using
DSC and TGA.
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Table 32.1 Results of

mechanical testing: elastic Sample E (MPa) Omax (MP2) | er (%)
modulus (E), tensile strength ~ PE-rf 1363 £ 51 | 11.03 + 0.54 | 3.21 £ 0.08
E"m)ax)s elongation at break PE-rf/R-PE 50/50 | 435+ 69 | 11.50 + 1.20 | 30.83 + 23.19
€
R PE-tf/R-PE 40/60 | 307 +21 |7.59 + 1.46 | 34.05 + 13.80
a b c

Elastic Modulus (MPs) Stress Mux (MPs) Strain uf Break (%)

Fig. 32.1 Results of mechanical testing: a elastic modulus (E), b tensile strength (omax),
¢ elongation at break (er)

32.3.2 Mechanical Testing

Preliminary tensile tests of molded PE-rf showed (Table 32.1) a high elastic modulus
compatible with the values usually exhibited by HDPE. However, high modulus is
accompanied by low strength and very low elongation at break, around 3%. This
behavior can be attributed to the presence of rigid impurities in PE-rf that hinder the
deformation of the polymer matrix and lead to fragile behavior. The use of ductile
R-PE as matrix has led to a significant increase in the strain at the expense of elastic
modulus (Fig. 32.1). The effect on mechanical properties is due to the presence of
chemically compatible filler which don’t stiffen the composite.

32.3.3 Morphological Analysis

Morphological analysis of the fracture surfaces allowed to highlight the pres-
ence of inclusions in the morphology of the films produced (Fig. 32.2), due to
non-homogeneity of PE-rf. The inclusions are however well dispersed in the matrix.

32.4 Conclusions

A recycling approach of a polyethylene rich fraction recovered from marine envi-
ronment was presented in this work. The starting material was ground and several
compositions with recycled polyethylene were prepared by extrusion process and
compression moulding. Tensile tests results show that the use of a ductile polymer
such as R-PE as matrix greatly influenced the strain at break at the expense of the
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b c

Fig. 32.2 Micrographs of cryofractured surfaces: a PE-rf, b PE-rf/R-PE 50/50, ¢ PE-rf/R-PE 40/

60

elastic modulus. Morphological analysis highlighted the presence of inclusions due to
non-homogeneity of PE-rf which, however, are well dispersed in the matrix and don’t
cause stiffening of the composite. The effect of composition on the mechanical prop-
erties demonstrated that the approach allows the valorization of the polyethylene-rich
plastic fraction of marine litter.
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Chapter 33 )
Does Calibration with Pristine PET oo
Allow the Identification

and Quantification of Aged PET

Microplastic Particles by DSC?

Xhoen Gjashta, Benedikt C. Bulla, Sven Schirrmeister, and Kathrin Harre

33.1 Introduction

The microplastic (MP) pollution is rystalliz as one of the most challenging prob-
lems of the twenty-first century [1]. Due to inadequate waste management, plastic
waste enters the natural environment, where it can remain for a long period of
time [2]. During this time, the plastic waste is exposed to a variety of environ-
mental stresses [3], which contribute to its degradation and thus to the formation of
secondary MPs. Primary MPs originating from cosmetic beads or clothing fibers,
enter the natural environment mostly through wastewater treatment. Once the MP
particles enter water bodies, they move passively through rivers, seas, and oceans
by complex physical flows [4]. Monitoring MP waste in water bodies and sediment
can be challenging, due to the small MP particle sizes (<5 mm) [5]. Differential
scanning calorimetry (DSC) is an analytical method for identifying and quantifying
MP in environmental samples using the thermodynamic fingerprint of polymers
[6-8]. A sample undergoes heating and cooling cycles at controlled rates, while its
thermal rystall is monitored. The identification is based on matching of the thermal
transitions of the respective polymer. The amount of an identified semicrystalline
polymer in a sample can be calculated by dividing the value of the melting (or rystal-
lization) enthalpy with the value of the specific melting (or rystallization) enthalpy
of the polymer in the second heating (or cooling) cycle. Usually, pristine polymer
material is used for the calibration to calculate the MP quantity [9]. MP detected in
environmental samples has most likely been exposed to environmental stresses and
has therefore aged naturally to some degree. The changes in material properties like

X. Gjashta - B. C. Bulla - S. Schirrmeister - K. Harre (<)
University of Applied Sciences, Friedrich-List-Platz 1, 01069 Dresden, Germany
e-mail: kathrin.harre @htw-dresden.de

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 251
M. Cocca et al. (eds.), Proceedings of the 3rd International Conference on Microplastic

Pollution in the Mediterranean Sea, Springer Water,
https://doi.org/10.1007/978-3-031-34455-8_34


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-34455-8_34&domain=pdf
mailto:kathrin.harre@htw-dresden.de
https://doi.org/10.1007/978-3-031-34455-8_34

252 X. Gjashta et al.

chain conformation, molecular weight, molecular weight distribution or crystallinity
can cause deviations between the calculated and the true values. In this study we
analyse synthetically altered polyethylene terephthalate (PET) particles and fibers
and compare their thermal properties with the pristine material. PET is one of the
most common polymer wastes in the environment, as it is used to manufacture a
range of short-lived consumer products from single-use bottles for beverages and
other food products to synthetic fibers for clothing [10]. PET has heteroatoms in the
main chain, allowing it to have higher thermal stability than polymers with a carbon
backbone [10]. The most relevant pathways for PET degradation are photooxidative
and hydrolytic degradation, which can lead to a reduction of molecular weight and
an increase in carboxylic acid end group content. [11]. In this study, synthetically
altered PET polymers were prepared by accelerated hydrolysis at 90 °C by heating
a PET polymer suspension in aqueous NaOH. While accelerated photooxidation of
PET under artificial UV irradiation in the laboratory is a widely accepted approach to
produce synthetic altered polymers, accelerated hydrolysis can be a rapid and cost-
effective degradation method to produce partially altered PET polymers relevant to
various environmental studies [12]. The specific enthalpies of the partially altered
PET polymers were compared with the pristine material to verify the acceptability
of the calibration with pristine polymer material.

33.2 Experimental

33.2.1 Materials

PET fibers (PES hm 1,7/6) were purchased from STW (Schwarzwilder Textil-Werke)
and recycled PET pallets from Kruschitz Plastics & Recycling. The PET particles
were beforehand ground in a FRITSCH-cryogenic grinder (analysette 3 SPARTAN
pulverisette 0), at 1-1,5 mm amplitude using a tungsten carbide grinding ball, while
adding liquid nitrogen. The polydisperse grinded PET particles were subsequently
dried at 60 °C until mass constancy. The particles were then sieved using a FRITSCH-
sieve shaker (analysette 3 SPARTAN pulverisette 0) with an amplitude of 1 mm. The
PET particle size fraction 100-200 wm was used for the experiments. Sodium was
purchased from Merck Millipore.

33.2.2 Methods

In this study PET particles and PET fibers were also subjected to alkaline hydrolysis
at different hydrolysis time. For each exposure, 200 mg of PET polymer were placed
in a round bottomed flask containing 25 ml of aqueous NaOH (10 wt-%). The flask
was equipped with a reflux condenser and preheated to 90 °C with an oil bath. The
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Table 33.1 Overview of the experimental matrix

PET Sample | Hydrolysis | mg mj my
polymer duration in | Amount of Amount of Polymer Mass
h polymer polymer after Reduction Rate in
pre-hydrolysis in | hydrolysis in mg | w%
mg
PET fiber | FO,5 0,5 200,8 182,3 9,2
F1 1 200,8 145 27,8
F1,5 L5 200,6 1279 36,2
F2,5 25 201 126,3 37,2
F3 3 200,4 80,6 59,8
F6 6 200,4 10,9 94,6
F24 24 200 0,9 99,6
PET PO,5 0,5 201,2 143,6 28,6
particle | p| 1 201,3 161,4 19.8
P15 1,5 200 132,8 33,6
P25 25 200,8 121,2 39,6
P3 3 200,5 93,8 53,2
P6 6 200,1 46,1 77,0
P24 24 200,5 2,7 98,7

temperature was kept constant during the hydrolysis reaction. PET polymers were
exposed to accelerated hydrolysis for 1; 1,5; 2,5; 3; 6 and 24 h. After the reaction,
the flasks were transferred to an ice water bath to quench the hydrolysis reaction. A
full overview of the experimental matrix is given in Table 33.1.

33.2.2.1 Preparation of Samples

After cooling, the suspension was centrifugated using a Hettich Centrifuge (Universal
16A) at 4000 rpm for five minutes. The aqueous supernatant was then decanted.
The PET polymer was mixed with 25 ml of deionized water, the suspension was
centrifuged again, and the aqueous supernatant was decanted afterwards. This process
was repeated three times. The samples were then dried at 60 °C until a constant mass
was reached. The partially altered PET polymer samples were stored in glass bottles
until analysis.

33.2.2.2 Analytical Techniques

The thermal properties of the samples were haracterized using a NETZSCH DSC
(Polyma DSC 214) under Argon atmosphere. The DSC instrument was calibrated
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for a temperature range of -50 °C to 300 °C with an indium standard. About 0,5 mg
of the sample was placed in a closed aluminium DSC crucible positioned in the
temperature-controlled DSC cell. Another empty crucible without sample was used
as a reference. The sample was run through the calibrated temperature programme
consisting of five different cycles [9]. The sample was first heated with 20 Kmin~!
to 300 °C (1), followed by the isothermal stage (II), keeping a constant temperature
of 300 °C for 3 min. The sample was then cooled with -20 Kmin~! down to -50 °C
(III), followed by the second isothermal stage of 3 min (IV). Finally, the sample
was heated again at 20 Kmin™! up to 300 °C (V). By monitoring the heat flow as a
function of temperature, the phase transitions of the sample could be haracterized.
The crystallization and melting peak were integrated using the NETZSCH Proteus
Software (Version 8.0.2) to determine the specific enthalpies of the sample. The
specific enthalpies are calculated as the quotient of the integrated enthalpy and the
mass of the polymer sample weight into the DSC crucible. The 2nd heating curve
was used to determine the specific melting enthalpy of the samples. An advanced
method for determination of MP content uses the crystallization enthalpy and the
melting enthalpy following a multiple regression [8]. The first heating and cooling
cycles under controlled temperature rates allow the thermal history of the polymer
to be erased. For each sample five different measurements were run on the DSC.

33.3 Results and Discussion

33.3.1 Results

Polymer Mass Reduction Rate. Six different samples of each PET fibers and
PET particles were subjected to alkaline hydrolysis under the same conditions. The
amounts of the altered PET polymer products were weighted, and the polymer mass
reduction rates were calculated (Fig. 33.1). In the first three hours of hydrolysis, an
almost linear correlation between the mass reduction rate and the hydrolysis time,
is observed for both PET fibers and particles, which flattens out thereafter. 99,6%
and 98,7% of PET fibers and particles respectively have been degraded after 24 h
of hydrolysis. Due to the low amount of generated altered product, the 24 h hydrol-
ysed PET polymer samples were not subjected to further analysis. Comparing these
outcomes to the results of Sarno et al., a discrepancy between the values can be
observed. Sarno et al. report a degradation of the PET fibers of 90% after 3 h of
hydrolysis, as in our study a mass reduction of 90% is found after 6 h of hydrolysis.
As the PET alkaline hydrolysis is strongly dependent from the polymer character-
istics, these different results indicate that our PET fibers have a higher crystallinity,
and that their specific surface area is lower.

Specific Melting and Crystallisation Enthalpies. The specific melting and crys-
tallisation enthalpies were determined for each altered sample of both PET polymers
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Fig. 33.1 The Polymer Mass Reduction Rate for PET Fiber (black) and PET Particle (red)

by a quintuple measurement. The values of the specific enthalpies are compared to
those of the pristine material and are shown in Figs. 33.2, 33.3.

The specific enthalpies of most samples of the two PET polymers subjected to
alkaline hydrolysis show no significant difference in their values, as they are all within
the scatter range. Some single, samples, for example PET fibers partially degraded
for 1,5 h until 3 h show specific melting enthalpies slightly higher than of pristine
materials. To the contrary, the specific crystallization enthalpies for these samples,
are slightly lower than the pristine material. By using the advanced multivariate
regression model to calculate the MP content of a sample, the opposite discrepancies
of the specific enthalpies can be eliminated [8]. These results indicate that the aged
PET polymers can be characterised and quantified by DSC, which was calibrated
with pristine PET polymer, without an underestimation of the MP particle content.
The overestimation of the MP content will depend on the differences of the specific
enthalpies, as far as indicated by our hydrolysis samples, as well as on the calibration
method and the tolerance of the method.

From the values of the specific enthalpies, it can be deduced that the PET particles
tested have a higher crystallinity than the PET fibers.
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33.3.2 Discussion

The hydrolytic degradation of PET is the reverse reaction of the esterification of PET
leading to the formation of its constitutive components terephthalic acid (TA) and
ethylene glycol (EG) [11, 12]. An increase of hydroxyl and carboxyl end-groups
in the polymer chains has been reported [10]. Hydrolytic degradation of PET is
an autocatalytic degradation, when carboxyl end-groups are formed. [10]. Water is
assumed to diffuse in the amorphous part of the polymer, which is strongly dependent
on the morphology, crystallinity, and temperature [13]. A high degree of crystallinity
hinders the reaction because the crystalline phase is inaccessible to water [10]. This
is in accordance with the mass reduction rates, as the PET particles, which have a
higher degree of crystallinity than the PET fibers, show a slower degradation rate.
For example, 77% of the PET particles are degraded after 6 h of hydrolysis, while
the mass reduction rate for the PET fibers, is at almost 95%.

Sarno etal. [12] report that even though the PET fibers were significantly modified
physically after 3 h of alkaline hydrolysis, the FTIR spectra was almost identical
to that of the pristine material. It has been suggested that the degraded products
fragment from the main fiber and/or quickly dissolve in the surrounding aqueous
media. A chemical degradation attacks the outer layer of the polymer particle [13],
thus leaving the rest of the polymer matrix partially or incompletely degraded. Our
results of the specific enthalpies for most of the aged PET polymer samples support
these findings, as there was no significant difference in values from pristine material.
A degradation of the amorphous part of the PET polymers by hydrolysis causes
an increase of the crystallinity, thus allowing the values of the specific enthalpies
to be higher. This is the case for the PET fibers subjected to hydrolysis for 1,5 h
up to 3 h, which show significant higher specific melting enthalpies. As for the
PET particles the insignificant differences of the specific enthalpies suggest that the
hydrolysis was concentrated on the outer layer of particles, or it was inhibited from
the characteristics of the polymer for example the lower specific surface area and/or
the higher crystallinity. The reduction in mass is due to the formed degraded products,
that might have dissolved in the surrounding aqueous media. As hydrolysis can lead
to areduction of the molecular weight, a shift in the melting temperature of the aged
polymer would be expected [14, 15]. This thesis is not supported by the results of
this study.

Sarno et al. report similarities between the physical and chemical properties of
PET fibers degraded by alkaline hydrolysis and those exposed to UV light. However,
a comparison to natural aged PET polymers is necessary, as it is suggested, that
natural aging on MP can lead to other degradation states of polymers, since more
complex degradation pathways take place [1]. The better understanding of natural
aging and its effect on the thermal properties of polymers, is an objective of present
research.
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33.4 Conclusions

The results of this study suggest that the DSC method can be an effective analysing
method to identify and quantify PET MP in environmental samples, if hydrolysis is
the dominant altering mechanism. Partially degraded PET MP particles and fibers,
that have been attacked and degraded mostly on their outer polymer layer can be
analysed by DSC, which has been calibrated with pristine polymer material. But a
general recommendation for a correlation between synthetic degradation and natural
aging of PET polymers needs further investigation. The influence of different altering
methods on the degree of degradation needs to be better understood. When analysing
environmental samples for MP, the most likely occurring natural stress mechanisms
should be taken into consideration. The authors recommend studying the influence
of further altering methods on the thermal properties of PET.
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Chapter 34 )
Mitigation Effect of Detergent e
on Microfiber Release

Nello Russo, Hector Alonso Fernandez, Maurizio Avella,
and Mariacristina Cocca

Abstract In this study a mitigation approach based on the usage of a specifically
formulated detergent is reported and a straightforward method for the evaluation of
microfiber reduction is demonstrated. The effect of the liquid detergent in reducing
the release of microfibers from synthetic fabrics during washing tests was evaluated.

34.1 Introduction

Microplastic released from textile fibers during the wash processes belong to
emerging polluant among the different form of microplastics distributed in the envi-
ronnement [ 1]. Several works investigated the role of additives (detergent, softener),
washing temperature and washing time, different textiles parameters and the effects
of water-volume on microfibres release [2—4]. Moreover, attempts have been made
to reduce the detachment of microplastics during washing process using innova-
tive finishing treatments [5—7] and to capture microplastics before their entrance in
wastewater using innovative filtration systems [8—10].

In this study a mitigation approach based on the usage of a specifically formulated
detergent with BASF ingredients is reported and a straightforward method for the
evaluation of microfiber reduction is demonstrated. The effect of the liquid detergent
in reducing the release of microfibers from synthetic fabrics during washing tests was
evaluated. Washing tests of polyester fabrics were performed in absence/presence
of two different detergents, a commercial product and a specifically formulated
detergent, using low and high washing loads.
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Results indicate that the use of a specifically formulated detergent strongly reduces
the amount of microfiber released from polyesters fabrics during both washings
performed using low and high washing load. In detail, the amount of microfiber
released during low washing load tests for taffeta pass from 0.269 £ 0.019 g/kg in
the washing with commercial detergent to 0.040 £ 0.004 g/kg in the tests performed
using the specifically formulated detergent. The amount of microfiber released in
the washings performed using the specifically formulated detergent was close to that
released during washing performed with only water confirming the mitigation effect
induced by the usage of this specific liquid laundry detergent. The findings pave the
way to a potential reduction of microplastic release as consequence of the usage of
appropiate formulation for laundry product.

34.2 Experimental
34.2.1 Materials

For the washing tests two types of fabrics were supplied by Inditex in panels of
about 89 x 75 cm (1 pcs): Taffetta with a continous and texturized warp yarn types
and Jersey Black with a staple carded yarn (Fig. 34.1). Moreover, two kinds of
detergent, one commercial (DET A) and the other one specifically formulated to
limit the microplastics release (DET B), were provided by Inditex for the washing
tests. Nylon filters were purchased from Merck Millipore.

v

Fig. 34.1 Taffetta (left) and Jersey Black (right) supplied by Inditex
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34.2.2 Methods

Washing tests were performed using a household washing machine Bosch Series
4 varioperfect WLG24225i, at 40 °C and 1000 rpm, the washing conditions of the
program for mixed fabric using low (1 pcs) and high (1 kg) washing loads. An
additional wash without fabrics was also run and the water was collected together
with the previous washing water. Each test was carried out in triplicates (Fig. 34.2).

The water involved in each washing test was collected in tanks and filtered by
means of a peristaltic pump (SP 311/60 Velp Scientifica) through nylon filters with
20 wm pore size. The amount of microplastics released during washing tests was
gravimetrically determined. The filters used during filtering process were weighed
before and after washing tests. Filter surfaces after filtration process were analysed
under visible light microscope (Fig. 34.3).

Fig. 34.3 Taffetta (left) and Jersey Black (right) microfibers seen under visible light microscope
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Fig. 34.4 Amount of microfibers released per kg of washed fabric: a Taffetta using low washing
load; b Jersey Black (right) using low washing load; ¢ Taffetta using high washing load and d Jersey
Black using high washing load

34.3 Results and Discussion

In Fig. 34.4 the amount of microfibers released per kg of tested fabrics are reported.
Looking at he bar charts for Taffetta and Jersey Black, it is possible to show that
the use of detergent B strongly reduces the release of microplastics for both fabric
types and used washing load. The reduction in the amount of released microfibers
obtained in washing tests of Taffetta with detergent B was 85% in the case of low
washing load (1 pcs), Fig. 34.4a, and 57% in the case of high washing load (1 kg),
Fig. 34.4c. The reduction in the amount of released microfibers obtained in washing
tests of Jersey black with detergent B was 28% in the case of low washing load (1
pcs), Fig. 34.4b, and 29% in the case of high washing load (1 kg), Fig. 34.4d.

34.4 Conclusions

Washing tests were performed on two kinds of fabric with two types of detergent
and using two different washing loads. Detergent B resulted the most effective on
microplastics release. This detergent represents the first product designed to reduce
microfibers shedding from textiles.



34

Mitigation Effect of Detergent on Microfiber Release 263

Acknowledgements This work was supported by BASF for the development of the detergent
formulation.

References:

10.

. Polluting Textiles The Problem with Microfibres Edited By Judith S. Weis, Francesca De Falco,

Mariacristina Cocca. Routledge 2022

De Falco F, Gullo MP, Gentile G, Di Pace E, Cocca M, Gelabert L, Brouta-Agnésa M, Rovira
A, Escudero R, Villalba R, Mossotti R, Montarsolo A, Gavignano S, Tonin C, Avella M (2018)
Evaluation of microplastic release caused by textile washing processes of synthetic fabrics.
Environ Pollut 236:916-925. https://doi.org/10.1016/j.envpol.2017.10.057

. De Falco F, Pace E, Cocca M, Avella M (2019) The contribution of washing processes of

synthetic clothes to microplastic pollution. Sci Rep 9:6633. https://doi.org/10.1038/s41598-
019-43023-x

Volgare M, De Falco F, Avolio R et al (2021) Washing load influences the microplastic release
from polyester fabrics by affecting wettability and mechanical stress. Sci Rep 11:19479. https:/
/doi.org/10.1038/s41598-021-98836-6

. De Falco F, Gentile G, Avolio R, Errico ME, Di Pace E, Ambrogi V, Avella M, Cocca M (2018)

Pectin based finishing to mitigate the impact of microplastics released by polyamide fabrics.
Carbohydr Polym 198:175-180. https://doi.org/10.1016/j.carbpol.2018.06.062

De Falco F, Cocca M, Guarino V, Gentile G, Ambrogi V, Ambrosio L, Avella M (2019)
Novel finishing treatments of polyamide fabrics by electrofluidodynamic process to reduce
microplastic release during washings. Polym Degrad Stab 165:110-116. https://doi.org/10.
1016/j.polymdegradstab.2019.05.001

De Falco F, Guarino V, Gentile G, Cocca M, Ambrogi V, Ambrosio L, Avella M (2019) Design
of functional textile coatings via non-conventional electrofluidodynamic processes. J Colloid
Interface Sci 541:367-375. https://doi.org/10.1016/j.jcis.2019.01.086

De Falco F, Di Pace E, Avella M, Gentile G, Errico ME, Krzan A, ElKhiar H, Zupan M, Cocca
M (2021) Development and performance evaluation of a filtration system for washing machines
to reduce microfiber release in wastewater. Water Air Soil Pollut 232:406. https://biblioproxy.
cnr.it:2481/10.1007/s11270-021-05342-6

Mcllwraith HK, Lin J, Erdle LM, Mallos N, Diamond LM, Rochman CM (2019) Capturing
microfibers—marketed technologies reduce microfiber emissions from washing machines. Mar
Pollut Bull 139:40-45. https://doi.org/10.1016/j.marpolbul.2018.12.012.

Brodin M, Norin H, Hanning A-C, Persson C (2018) Filters for washing machines—mitigation
of microplastic pollution. The Swedish Environmental Protection Agency. https://www.naturv
ardsverket.se/Documents/publ-kompl/1003-09-Report-Filters-for-washing-machines.pdf


https://doi.org/10.1016/j.envpol.2017.10.057
https://doi.org/10.1038/s41598-019-43023-x
https://doi.org/10.1038/s41598-019-43023-x
https://doi.org/10.1038/s41598-021-98836-6
https://doi.org/10.1016/j.carbpol.2018.06.062
https://doi.org/10.1016/j.polymdegradstab.2019.05.001
https://doi.org/10.1016/j.polymdegradstab.2019.05.001
https://doi.org/10.1016/j.jcis.2019.01.086
https://biblioproxy.cnr.it:2481/10.1007/s11270-021-05342-6
https://biblioproxy.cnr.it:2481/10.1007/s11270-021-05342-6
https://doi.org/10.1016/j.marpolbul.2018.12.012
https://www.naturvardsverket.se/Documents/publ-kompl/1003-09-Report-Filters-for-washing-machines.pdf
https://www.naturvardsverket.se/Documents/publ-kompl/1003-09-Report-Filters-for-washing-machines.pdf

	Contents
	1 An Experimental Comparison Between FTIR and Raman Microspectroscopy Applied to the Morphological Analysis of Microplastics in Drinking Water
	1.1 Introduction
	1.2 Experimental
	1.2.1 Sampling
	1.2.2 Methods

	1.3 Results and Discussion
	1.3.1 Results
	1.3.2 Discussion

	1.4 Conclusions
	References

	2 Small Microplastics (5–100 µm), Additives, and Plasticizers in Mytilus Galloprovincialis, A Potential Bioindicator for Microplastics Pollution
	2.1 Introduction
	2.2 Experimental
	2.2.1 Sampling Sites
	2.2.2 Methods

	2.3 Results and Discussion
	2.4 Conclusions
	References

	3 Step-By-Step Evaluation of Matrix Effect and Sample Recovery During Pretreatment of Wastewater Samples for the Quali-Quantitation of Microplastics by Py-GC-MS
	4 Challenges for Restricting Microplastics in the EU: Urgent Need for Recommendations from Scientists on the Restriction Proposal
	4.1 Introduction
	4.2 The Restriction Procedure Under REACH
	4.2.1 Definition of Microplastics: The Lower Size Limit
	4.2.2 The Exemption for Biodegradable Plastics

	4.3 Discussion
	References

	5 What Kind of International Legally Binding Instrument on Plastic Pollution Do We Need?
	5.1 Introduction
	5.2 The Way Forward a New Treaty on Global Plastic Pollution
	5.3 Conclusions
	References

	6 Detection and Characterization of Micro- and Nanoplastic Pollutants: A Case Study of the Adriatic Sea
	6.1 Introduction
	6.2 Experimental
	6.2.1 Water Sampling and Storage
	6.2.2 Methods

	6.3 Results
	6.3.1 Microplastics
	6.3.2 Nanoparticles
	6.3.3 Heavy Metals

	6.4 Discussion
	6.5 Conclusions
	References

	7 Microplastics Determination with μ-Raman: Potential and Practical Aspects
	7.1 Introduction
	7.2 Experimental
	7.2.1 Materials and Methods
	7.2.2 Pre-treatments
	7.2.3 Filtration
	7.2.4 IQC
	7.2.5 QA/QC

	7.3 Results and Discussion
	7.3.1 Pre-treatments
	7.3.2 Filtration
	7.3.3 IQC
	7.3.4 QA/QC

	7.4 Conclusions
	References

	8 Stability of Microplastics: Detection of Potentially Harmful Compounds Produced by Microplastics During Accelerated Aging Studies
	8.1 Introduction
	8.2 Experimental
	8.2.1 Reference Materials and Environmental Samples
	8.2.2 Artificial Ageing of Reference Microplastics
	8.2.3 Pyrolysis-Gas Chromatography-Mass Spectrometry Conditions (Py-GC-MS)
	8.2.4 Gas Chromatography-Mass Spectrometry (GC–MS)
	8.2.5 Selected Ion Flow Tube-Mass Spectrometry (SIFT-MS)
	8.2.6 Infrared Spectroscopy Analysis

	8.3 Results and Discussion
	8.3.1 Evaluation of the Solvent-Soluble Fraction of Microplastics
	8.3.2 Evaluation of the Water-Soluble Fraction of Microplastics
	8.3.3 Study of the VOCs Emission from Environmental Microplastics

	8.4 Conclusions
	References

	9 Plastic Recycling and Microplastic Emissions
	9.1 Introduction
	9.2 Experimental
	9.2.1 Materials
	9.2.2 Methods

	9.3 Results and Discussion
	9.3.1 Results
	9.3.2 Discussion

	9.4 Conclusions
	References

	10 Additives, Plasticizers, and Small Microplastics (5–100 µm) in Wet and Dry Depositions from an Urban Area of Venice, Italy
	10.1 Introduction
	10.2 Experimental
	10.2.1 Sampling and Study Area
	10.2.2 Methods
	10.2.3 QA/QC

	10.3 Results and Discussion
	10.4 Conclusions
	References

	11 Detection of Microplastics in Marine Sediments: Results from Three Italian Coasts
	11.1 Introduction
	11.2 Experimental
	11.2.1 Materials
	11.2.2 Methods

	11.3 Results and Discussion
	11.3.1 Organic Matter Removal
	11.3.2 Microplastic Abundance and Characterisation

	11.4 Conclusions
	References

	12 Plastic Litter in SE Spain Beaches: Characterization and Metal Content
	12.1 Introduction
	12.2 Materials and Methods
	12.2.1 Study Area
	12.2.2 Plastics Collection
	12.2.3 Screening and Classification of Plastics
	12.2.4 Polymer and Degradation Status Identification
	12.2.5 Determination of Trace Metals by ICP-MS

	12.3 Results and Discussion
	12.3.1 Plastic Items
	12.3.2 Metal Content in Plastics
	12.3.3 Metal Content by Plastic Classification Criteria

	12.4 Conclusions
	References

	13 Groundwater: An Endangered Invisible Resource. Microplastic Pollution in Underground Karst Systems, from Surface Watercourses to Cave Waters
	13.1 Introduction
	13.2 Experimental
	13.2.1 Materials
	13.2.2 Methods

	13.3 Results and Discussion
	13.3.1 Results
	13.3.2 Discussion

	13.4 Conclusions
	References

	14 Evaluation of the Role of Plastic Aging on the Sorption of Pesticides and Pharmaceutical Substances on Microplastics
	14.1 Introduction
	14.2 Experimental
	14.2.1 Materials
	14.2.2 Methods

	14.3 Results and Discussion
	14.4 Conclusions
	References

	15 Microplastics: What Can We Learn from Clastic Sediments?
	15.1 Introduction
	15.2 Particle Properties
	15.2.1 Background
	15.2.2 Research Goals and Tasks

	15.3 Transport Processes
	15.3.1 Background
	15.3.2 Research Goals and Tasks

	15.4 Monitoring Methods
	15.4.1 Background
	15.4.2 Research Goals and Tasks

	15.5 Ecotoxicology
	15.5.1 Background
	15.5.2 Research Goals and Tasks

	15.6 Conclusions
	References

	16 Environmental Impact of Innovative Microplastics Filtration System for Washing Machines & Marinas
	16.1 Introduction
	16.2 Case Study Framework
	16.3 Results and Discussion
	16.4 Conclusions
	References

	17 Towards a Microplastic-Free Ocean: Green Photocatalysis for Mitigation of Micro- and Nanoplastic Marine Pollution
	17.1 Introduction
	17.2 Experimental
	17.2.1 Photocatalysts Synthesis and Characterization
	17.2.2 Film Preparation
	17.2.3 Microplastics Obtainment and Characterization
	17.2.4 Photocatalytic Experiments

	17.3 Results and Discussion
	17.3.1 Photocatalysis of Primary PS NPs and MPs
	17.3.2 Photocatalysis of Primary PE MPs and Secondary PET MPs

	17.4 Conclusions
	References

	18 Determination of Optimal Conditions for Biodegradation of Polystyrene by Bacteria Bacillus Cereus and Pseudomonas Alcaligenes
	18.1 Introduction
	18.2 Experimental
	18.2.1 Materials
	18.2.2 Methods

	18.3 Results and Discussion
	18.3.1 Results
	18.3.2 Discussion

	18.4 Conclusions
	References

	19 Microplastics in Drinking Water: Italian National Working Group and Analytical Methods
	19.1 Introduction
	19.2 Proceedings of the First Meeting
	19.3 Results and Discussion
	19.4 Conclusions
	References

	20 Ecotoxicological Assessment of Alento River Catchment a Focus on Microplastic Impact
	20.1 Introduction
	20.2 Materials and Methods
	20.2.1 Study Area and Sample Collection
	20.2.2 Ecotoxicological Bioassays
	20.2.3 Microplastic Extraction and Identification
	20.2.4 Ecological Risk Assessment

	20.3 Results and Discussion
	20.3.1 Ecotoxicological Assays
	20.3.2 MPs Identification
	20.3.3 Ecological Risk Assessment

	References

	21 Compact Holographic Imaging and Machine Learning for Microfibers Quantification in Laundry Wastewater
	21.1 Introduction
	21.2 Experimental
	21.2.1 Data Acquisition
	21.2.2 Data Processing Pipeline

	21.3 Results and Discussion
	21.4 Conclusions
	References

	22 Microplastic in Drinking Water: A Pilot Study
	22.1 Introduction
	22.2 Experimental
	22.2.1 Materials
	22.2.2 Methods

	22.3 Results and Discussion
	22.3.1 Results
	22.3.2 Discussion

	22.4 Conclusions
	References

	23 Microplastics and Associated Plasticizers: Presence and Detection in Cnidarians Used as Possible Bioindicators for Microplastic Contamination in Marine Environments
	23.1 Introduction
	23.2 Experimental
	23.2.1 Materials
	23.2.2 Methods

	23.3 Results and Discussion
	23.3.1 Results
	23.3.2 Discussion

	23.4 Conclusions
	References

	24 Random or not? Comparing Microplastic Ingestion and Preys in Scomber colias and Trachurus trachurus
	24.1 Introduction
	24.2 Experimental
	24.2.1 Quality Assurance and Quality Control
	24.2.2 Data and Statistical Analysis

	24.3 Results and Discussion
	24.4 Conclusions
	References

	25 May Mesopelagic Fishes Play an Important Role as Vector of Microplastics Across the Mediterranean Trophic Web? A Case of Study in the Strait of Messina
	25.1 Introduction
	25.2 Experimental
	25.2.1 Sample Collection
	25.2.2 Isolating Microplastics

	25.3 Results and Discussion
	25.4 Conclusions
	References

	26 Microplastic Fiber Content in Mullus barbatus from the Tyrrhenian Sea: Preliminary Results
	26.1 Introduction
	26.2 Experimental
	26.2.1 Materials
	26.2.2 Methods

	26.3 Results and Discussion
	26.3.1 Results
	26.3.2 Discussion

	26.4 Conclusion
	References

	27 Temporal Variability of Microplastics and Their Attached Community Along the Campania Coast
	27.1 Introduction
	27.2 Sampling Technique and Storage
	27.2.1 Microplastics Counting and Classification
	27.2.2 DNA Extraction, Sequencing and Bioinformatic Analyses

	27.3 Results and Discussions: Microplastics Characteristics
	27.3.1 Results and Discussions: Plastisphere

	27.4 Conclusions
	References

	28 The Vertical Distribution of Riverine Microplastics: The Role of Turbulence
	28.1 Introduction
	28.2 Methods
	28.2.1 Physical Modelling
	28.2.2 Numerical Modelling

	28.3 Anticipated Outcomes
	References

	29 Degradation of Biodegradable Plastic in Marine Environment
	29.1 Introduction
	29.2 Experimental
	29.2.1 Materials
	29.2.2 Methods
	29.2.3 Analytical Technique

	29.3 Results and Discussion
	29.3.1 Results
	29.3.2 Discussion

	29.4 Conclusions
	References

	30 Resin Pellets Aging and Degradation Investigation from Long Term in Situ Experiment: First Results
	30.1 Introduction
	30.2 Experimental
	30.2.1 Materials
	30.2.2 Methods

	30.3 Results and Discussion
	30.3.1 Results
	30.3.2 Discussion

	30.4 Conclusions
	References

	31 Quantification of Polyethylene in Mussel Hemolymph and Its Limited Additive Effect on Immune Function Induced by Bezafibrate
	31.1 Introduction
	31.2 Experimental
	31.2.1 Materials
	31.2.2 Methods

	31.3 Results and Discussion
	31.3.1 Results
	31.3.2 Discussion

	31.4 Conclusions
	References

	32 Mechanical Recycling of Polyethylene-Rich Plastic Fraction Recovered from Marine Environment to Mitigate Plastic and Microplastic Pollution
	32.1 Introduction
	32.2 Materials and Methods
	32.2.1 Materials
	32.2.2 Processing of PE-rf-Based Materials
	32.2.3 Techniques

	32.3 Results and Discussion
	32.3.1 Preliminary Analysis of PE-rf Composition
	32.3.2 Mechanical Testing
	32.3.3 Morphological Analysis

	32.4 Conclusions
	References

	33 Does Calibration with Pristine PET Allow the Identification and Quantification of Aged PET Microplastic Particles by DSC?
	33.1 Introduction
	33.2 Experimental
	33.2.1 Materials
	33.2.2 Methods

	33.3 Results and Discussion
	33.3.1 Results
	33.3.2 Discussion

	33.4 Conclusions
	References

	34 Mitigation Effect of Detergent on Microfiber Release
	34.1 Introduction
	34.2 Experimental
	34.2.1 Materials
	34.2.2 Methods

	34.3 Results and Discussion
	34.4 Conclusions
	References:


