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Abstract

The European Interreg Italy—France 2014-2020 Maritime Project SPlasH! (Stop to Plastics in H,O!) focused on the study of
microplastics (MPs) in the marine port environment to evaluate their presence, abundance, and mechanisms of diffusion to the open
sea. In the framework of this project, a worldwide review of 74 studies was carried out, providing an overview of MP investigation
techniques, focusing on sampling strategies, laboratory methodologies, and identification of MPs collected in seawater, and specifically
evaluating their applicability to the marine port environment. Nets were the most commonly used device for MP surface sampling, but
their use can be difficult in narrow spaces within the port basins, and they must be coupled to discrete sampling devices to cover all port
basins. In the laboratory, density separation (NaCl, ZnCl,, Nal, sodium lauryl sulfate (SLS)), filtration (polycarbonate, polyamide,
glass, cellulose, ANOPORE inorganic membrane filters), sieving, visual sorting, and digestion methods (acidic, enzymatic, alkaline,
oxidative) were used to separate MPs from seawater. Digestion becomes essential with water samples with great inorganic and organic
loads as deriving from a port. Although many studies are based only on visual MP identification under a microscope, analytical
identification techniques unequivocally determine the particle nature and the identity of the plastic polymers and are necessary to
validate the visual sorting of MPs. Fourier-transform infrared spectroscopy (FTIR) is the most used analytical identification technique.
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Introduction

Plastic is a synthetic organic compound, derived from polymer-
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as carbon, silicon, hydrogen, oxygen, and chloride, which can
be extracted from oil, coal, or natural gas (Ivar do Sul and Costa
2014). Plastic represents one of the main wastes in seas and
oceans (de Lucia et al. 2014). This is due to the widespread
use of plastic, which started around six decades ago (Thompson
et al. 2004; Barnes et al. 2009), and it has grown continuously,
with a global production of more than 348 million tons in 2017.
Asia (50.1%) and China in particular (29.4%) are the largest
producers of plastics, followed by Europe (18.5%) and coun-
tries that are part of the North American Free Trade Agreement
(NAFTA, 17.7%) (PlasticsEurope 2018).

Plastic released into the marine environment can have land-
based origins (e.g., household or personal care products that reach
the sea mainly through waste treatment) or marine-based origins
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(e.g., nylon nets used for fishing) (de Lucia et al. 2014; Duis and
Coors 2016). Due to different physical mechanisms of transport,
in particular, currents and tides, plastics are widespread in all
marine environments, from the poles to the equator (Derraik
2002; Ivar do Sul and Costa 2014; Lusher et al. 2015;
Cincinelli et al. 2017).

The wide plastic diffusion in the marine environment be-
comes even more important considering plastics with small
dimensions (from 1 pm to 5 mm are called microplastics
(MPs); Gago et al. 2018). MPs tend to accumulate on the sur-
face of the water column, but they are also transported vertically
to the bottom through different mechanisms (Wang et al. 2016).
Indeed, during their permanence in seawater, the density of the
plastic particles can increase, for example, due to biofouling
(Cozar et al. 2014; Wang et al. 2016). Moreover, turbulence
generated by strong wind events can determine the mixing of
the sea surface layer and, consequently, the redistribution of
plastics within this layer (Collignon et al. 2012). In addition,
MPs can concentrate different contaminants on their surface,
such as persistent organic pollutants (POPs), and tend to be
easily ingested by aquatic organisms, thus entering the food
chain carrying contaminants with them. For this reason, they
endanger marine organisms and possibly affect human health
since MPs have been found in different foodstuffs, including
seafood (Karbalaei et al. 2018; Rist et al. 2018).

Many efforts are spent in MP study and MPs are part of the
national and international laws. For example, the Honolulu
Strategy was developed by the United Nations Environment
Programme (UNEP) and the National Oceanic and
Atmospheric Administration (NOAA), and it provides ap-
proaches to minimize plastic waste and to reduce marine debris
(Xanthos and Walker 2017). Several initiatives across the world
have banned plastic bags and microbeads such as the Canadian
Environmental Protection Act (Schnurr et al. 2018). At the
European level, the Marine Strategy Framework Directive
(MSFD/2008/56/EC) of the European Commission (EC) estab-
lishes a framework for community action in the field of marine
environmental policy. It sets the achievement of the Good
Environmental Status (GES) by 2020 as the main target, which
shall be assessed based on 11 descriptors (European
Commission 2008; Gago et al. 2016). MPs fall within descrip-
tor number 10, concerning Marine Litter and are a parameter
that needs to be monitored following two criteria: criterion
“D10C2 - Primary: The composition, amount and spatial dis-
tribution of micro-litter on the coastline, in the surface layer of
the water column, and in seabed sediment, are at levels that do
not cause harm to the coastal and marine environment”; crite-
rion “D10C3 - Secondary: The amount of litter and micro-litter
ingested by marine animals is at a level that does not adversely
affect the health of the species concerned” (European
Commission 2017). In 2018, the first European strategy on
plastics was adopted, establishing a ban of non-reusable and
non-recyclable plastic packaging by 2030 (Schnurr et al. 2018).

Despite the great attention placed on the study of MPs, a
standard methodology for the MP study in terms of abundance,
distribution, and effects on organisms is lacking. Thus, it is
difficult to make comparisons between different areas and stud-
ies. In this context, the European Commission set up a Technical
Group on Marine Litter (TGML) under the MSFD Common
Implementation Strategy. One of the documents developed by
this organization is the Guidance on Monitoring of Marine
Litter in European Seas, which provides the member states of
the European Union with recommendations to follow the same
strategies on MP investigation in a marine environment
(Galgani et al. 2013). Other two research groups that dealt with
finding common indications for the study and monitoring of
MPs in the marine environment are the Joint Group of Experts
on the Scientific Aspects of Marine Environmental Protection
(GESAMP) and JPI-Oceans that published recently two guides
for MP study in the ocean (Gago et al. 2018; GESAMP 2019).

The European Interreg Italy—France 2014-2020 Maritime
Project SPlasH! (Stop to Plastics in H,O!; http://interreg-
maritime.eu/web/splash) has entered the European panorama
of MP study and focused on the MPs investigation inside the
marine port environment. This study aimed to analyze common
MP sampling strategies, laboratory methodologies, and
identification techniques to identify different methods that
have been specifically used for seawater analyses all over the
world and find the appropriate devises and methodologies for
applications inside ports.

The following literature review was carried out from
July 2018 to January 2019 using databases, such as Science
Direct and Google Scholar and selecting only research studies
on MPs in seawater. The term “microplastics” was used for the
first time in 2004 (Thompson et al. 2004; Hidalgo-Ruz et al.
2012), which why the research articles found do not date back
prior to this year. A total of 74 research articles were found
(complete reference list in Online Resource 1): most publica-
tions are from 2018, with 81% of all literature published in the
last 5 years (Fig. 1), and most studies were in the Northern
Hemisphere instead of the Southern Hemisphere, as already
noted by Gago et al. (2018) (Fig. 2).

Microplastic sampling

MP sampling strategies can be distinguished in bulk and
volume-reduced samplings (Hidalgo-Ruz et al. 2012). Bulk
sampling consists of collecting the entire volume of seawater
without reducing it during this process, while the extraction of
MPs occurs in a laboratory. Volume-reduced sampling means
that each sample is taken, reducing its volume during the
sampling process and preserving only the portions of the sam-
ples that are useful for further processing in a laboratory. This
strategy provides for the extraction of MPs from seawater
samples filtered with nets during the sampling process.

@ Springer
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Fig. 1 Evolution in the published
studies on microplastics in
seawater from 2004 to 2018
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MPs in seawater are sampled using different kinds of de-
vices. Based on the device used, it is possible to collect dif-
ferent layers of the water column, from the surface layer (from
0 to 1 m depth; Song et al. 2015) to the bottom layer (Lima
et al. 2014). Sampling devices can be divided into three cate-
gories: non-discrete sampling devices (nets and pumping sys-
tems), discrete sampling devices (Niskin bottles, rosette, inte-
grating water sampler [IWS], bucket, bottle, and steel sam-
pler), and sampling devices of the surface microlayer (sieves
and rotating drum sampler).

Non-discrete sampling devices
Nets

Nets have been designed for collecting plankton, but they
recently started being used for MP sampling. In general, nets

5 10 15 20 25
Number of studies

allow for sampling large volumes of water, from the surface to
the bottom layer (Lima et al. 2014; Kang et al. 2015). Nets are
the most used devices for MP sampling and their application
occurs in 56 out of 74 analyzed studies (76%) (Fig. 3a). In
these 56 studies, different kinds of nets were used, including a
neuston net, plankton net, manta net, continuous net, and man-
ual net (Fig. 3b). General information about the characteristics
of the nets used in the analyzed studies is shown in Table 1.
Nets are deployed from the ship using structures (spinnaker,
A-frame, etc.) that allow for displaying nets away from the ship
to avoid bow wave and turbulence generated from the ship wake
(Palatinus et al. 2015; Green et al. 2018). Nets are usually
equipped with a flow meter for measuring the amount of water
that has been filtered during the trawl (Norén 2007). If a flow
meter is not present, the amount of filtered water can be calcu-
lated with the net opening size and the length of the transect,
which in turn can be calculated as the distance between the
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Fig.2 Distribution of areas where the studies analyzed in the present review are conducted and numbers of studies (from 1 to > 10) for each area showed

by the colored circles
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Fig. 3 (a) Number of reviewed a

studies expressed in percentage
(%) in which different sampling
devices are used. (b) Number of

the reviewed studies expressed in 80
percentage (%) in which different
types of net are used; maximum

percentage shown in the y-axis is %i

equal to 50 instead of 100 to be
able to appreciate the difference
between each histogram
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starting and ending points (Eriksen et al. 2018). Nets may have a
rectangular or circular opening (Gajst et al. 2016; Figueiredo and
Vianna 2018; Tuncer et al. 2018) with different dimensions
(Table 1). The net aperture is composed of a rigid frame that
maintains a continuous rectangular or circular net opening at
the surface, while at the end there is a collecting jar where the
sample is concentrated. Two wings, made of a mixture of resins,
may be welded at the side of the aperture to keep the net floating
on the surface or at a specific depth. Nets are usually built with
plastic material (e.g., polyvinyl chloride (PVC)).

Nets are 1.5-4.5 m long (Gajst et al. 2016; Maes et al. 2017)
and they have variable mesh sizes (205000 pum; Khalik et al.
2018; Syakti et al. 2018) (Table 1). A 333-pm net mesh is most
commonly used in the considered literature (Table 2). The use of
these mesh sizes causes underestimation of the real number of
MPs because the loss of the smaller sizes occurs. However, nets
with smaller mesh sizes (e.g., 80 pm) are difficult to use because

—

Plankton nets Bongo nets Manta nets Continuous nets Manual nets

they can get clogged up, compromising the sampling process
(Loder and Gerdts 2015), in particular in a port environment
where suspended particles can be very concentrated. For this
reason, it is also recommended to avoid collecting samples dur-
ing phytoplankton blooms (Loder and Gerdts 2015). To over-
come the underestimation of MP abundance, with a net, it is
possible to combine a device (e.g., discrete sampling device) that
allows for the specific evaluation of the small fraction of MPs
(Sedlak et al. 2017). Otherwise, it is necessary to consider the
underestimation due to the lack of information for smaller parti-
cles. Nets can be towed horizontally (Collignon et al. 2014),
within the superficial layer or at greater depths, vertically from
the bottom to the surface to sample the entire water column
(Gorokhova 2015; Baini et al. 2018), or obliquely. In the case
of horizontal sampling seawater, nets were towed along the hor-
izontal transect within the surface layer for specific periods (3—
240 min; Frias et al. 2014; Pan et al. 2019) at a known speed (1—

@ Springer
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Table 1 Characteristics of devices used for MP sampling in the studies analyzed in the present study
Nets
Net mesh size (pm) Area (m?) of the Length of Towing time Towing speed References (complete reference list in
rectangular/diameter net (m) (minutes) (knots) Online Resource 1)
(m) of the circular
opening of net
Neuston nets
64-350 0.1-12 m? 1-4 3-30 1.5-4 [11, [5], [22], [25], [27], [28], [34],
(351, [511, [52], [53], [591. [72]
Neuston DiSalvo nets
300 0.3 m’ [22]
Neuston net designed by Syakti et al. (2018)
5000; 1000; 500; 300; 100 0.4 m* 1 [63]
Plankton nets
50-500 0.2-0.6 m 1.5-2.5 3-30 1-5 [71, [10], [11], [13], [25], [29], [31],
[331, [39], [41], [47], [67]
Plankton WP2 nets
90-200 0.2-0.6 m 2.6 3-20 1.5-4 [2], [4], [14], [27], [30], [32]
Bongo nets
150-500 0.2-0.6 m 15 2-5 3-5 [6], [9], [31], [60]
Manta nets
300-500 0.1-0.61 m? 2-4.5 5-240 1-5 [4], [8], [15], [17], [22], [23], [24], [26],
[31], [32], [36], [43], [48], [49], [51],
[55]. [56]. [61], [65]. [68], [69]. [70]
High-speed Manta net
333 0.1 m? 4.5 60 [44]
Suitcase Manta net
333 0.1 m? 1-3 [54]
AVANI trawl
335 0.1 m? 4 60 5 [22]
Longhurst Hardy Plankton Recorder (LHPR)
335 30 4 [27]
Manual nets
20-80 0.2-03 m 0.6 [36], [38], [47], [56]
Others
Device Volume (L)
Continuous Plankton Recorder (CPR) coupled with a 280 wm mesh screen [66]
Niskin Bottle 10 3]
30 [3]
Bucket [31, [16], [42]
Multi Water Sampler SlimLine 12 [3]

Jar/Bottle/Becker/Steel Sampler
Integrated Water Sampler (IWS)
Pumping systems

Manta Ray

Rosette Sampler System
Rotating Drum Sampler
PLastic EXplorer (PLEX)

[51, [19], [30], [31], [36]. [50], [64], [73]
[64]

[12], [18], [21], [37], [40], [43], [45],
[46], [71]

[20]
[16], [37]
[46]
[74]
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Table 2 Net mesh sizes used for sampling microplastics in the studies
analyzed in the present review. Different net mesh sizes can be used
during the same research. To simplify the table, references are here
indicated with a number and the corresponding complete list is
presented in the Online Resource 1

Netmesh Number of
size research
(um) studies

References [Online Resource 1]

20 1 [38]

50 3 [33], [36]. [56]

64 1 [25]

80 2 [7.47]

90 1 [30]

100 1 [63]

120 1 [10]

135 1 [67]

150 2 [6,11]

180 1 [27]

200 9 [2], [41, 131, [14], [25], [31], [32]. [53]. [39]

280 1 [27]

300 8 [1], [22], [23], [281, [29], [31], [41], [63]

308 1 [48]

330 7 [4], [24], [36], [49], [55], [56], [65]

333 12 [8], [9]. [15], [32], [43], [44], [51], [54].
[611, [68], [69]. [72]

335 5 [5], [22], [26], [27], [51]

350 3 [341, 1351, [52]

355 1 [39]

400 1 31]

450 1 [47]

500 5 [13], [17], [31], [60], [63]

1000 1 [63]

5000 1 [63]

5 knots; Eriksen et al. 2018; Green et al. 2018; Syakti et al.
2018). The speed of the vessels must be calibrated to avoid
turbulence, which may influence the flow rate through the net
opening and, consequently, the quality of the collected samples.

After sampling, nets need to be rinsed from the outside,
preferably with decontaminated water (e.g., Milli-Q water),
to avoid sampling contamination. Hence, all sampled MP par-
ticles are gathered in the collecting jar. Then, the collecting jar
is rinsed repeatedly using decontaminated water (e.g., Milli-Q
water) and emptied into another jar. Each sample collected
with a net is preserved in a jar until laboratory analysis. The
net, once cleaned, can be used for the next sampling.

Pumping systems
Pumping systems are sampling devices that are less common-

ly used than nets. They occurred in 16% of the analyzed stud-
ies (Fig. 3a, Table 1). These systems can consist of different

kinds of pumps (Lusher et al. 2014; Setéld et al. 2016; Zobkov
etal. 2019) and allow for sampling a large volume of seawater.
Seawater intake systems of the vessel can be used for this
purpose (Morgana et al. 2018). Pumps can be lowered from
the vessel using a winch sideways or towards the stern of the
ship (Ng and Obbard 2006; Setdlé et al. 2016). There is no
standardization for sampling time with pumping systems and
they can work for several hours straight along the same tran-
sect (Lenz et al. 2015) or for a few minutes or hours in differ-
ent sampling stations (Desforges et al. 2014; Zobkov et al.
2019). Pumping systems allow for sampling the sub-
superficial layer of the water column from surface to 6-m
depth or down to a depth of 100 m (Zhao et al. 2015;
Morgana et al. 2018; Zobkov et al. 2019). When sampling is
performed continuously, the vessel speed must be kept at 1-12
knots (Enders et al. 2015; Setild et al. 2016). The dimension
of the sampled MP depends on the filters/sieves of the
pumping systems, which allow for selecting plastic of the size
of interest. First, there is a filter with a 5-mm mesh size used to
remove bigger plastic particles, then a second filter or a series
of sieves with a different mesh size that divides MPs into size
classes (Desforges et al. 2014; Cai et al. 2018).

At the end of the sampling, MPs can be directly
analyzed on filters, whereas sieves need to be rinsed
with decontaminated water (e.g., Milli-Q water) and
MPs collected in a glass jar and preserved until labora-
tory analysis. Pumping systems can be equipped with a
flow meter to determine the rate of filtered water, which
can be used to calculate MP abundance and/or mass for
volume unit (Cincinelli et al. 2017).

Discrete sampling devices

Discrete sampling devices are used to sample water at specific
depths. They were employed in only 19% of the analyzed
studies (Fig. 3a, Table 1). Discrete sampling devices such as
Niskin bottle (Bagaev et al. 2018), rosette (Dai et al. 2018;
Kanhai et al. 2018), IWS (Tamminga et al. 2018) are common
in water sampling for different purposes, such as analysis of
total suspended solids. For this reason, they are widely known
in the literature. Moreover, buckets, bottles, and steel samplers
are also used (Dubaish and Liebezeit 2013; Khalik et al. 2018;
Zhu et al. 2019). These devices are lowered manually or
through a winch from the vessel down to the sampling depth
(Bagaev et al. 2018).

At the end of sampling with discrete devices, the sample is
transferred to a jar and the inside of the device is rinsed with
decontaminated water (e.g., microfiltered water) to collect MP
particles that remain attached. The sample is preserved until
laboratory analysis. In another way, discrete samples can be
filtered (Dai et al. 2018) or sieved (Kanhai et al. 2018) directly
on board.
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Sampling devices for the surface microlayer

Sampling devices for the sea surface microlayer can collect
seawater within the first micrometers of the water column, and
only 4% of the analyzed studies used them (Fig. 3a, Table 1).
They are stainless-steel sieves with 2-mm mesh size and a
rotating drum sampler that are placed on the surface of the
water (Ng and Obbard 2006; Song et al. 2015).

During sampling, the sieve is placed in contact with the
seawater surface, which is retained within the mesh of the
sieve due to surface tension and is collected in a stainless-
steel plate. This procedure is repeated for a specific amount
of time, e.g., 100 times (Song et al. 2015). Water collected in
the plate is then transferred to a jar and preserved until labo-
ratory analysis. A rotating drum sampler is placed on the sea-
water surface at the beginning of sampling. It consists of a
glass cylinder that rotates while partially submerged, and it
has a hydrophilic clean surface, which, using capillary force,
can collect samples from the surface microlayer (from 1 to
1000 um depths; Ng and Obbard 2006; Hidalgo-Ruz et al.
2012).

MP sample preservation methods

Once the sampling process ends, different sample preservation
methods can be used. To preserve the biological component of
samples for laboratory analysis, preservation methods mainly
involve the use of 4% formalin, which is added to the sample
before it is sealed for transfer to the laboratory (van der Hal
et al. 2017; Figueiredo and Vianna 2018). If MPs are the only
parameters of interest in a study, ethanol or sample refrigera-
tion can be used as a preservative (Castillo et al. 2016; VirSek
et al. 2016).

Laboratory methodologies for MP analysis

MP samples must undergo one or more separation processes
to isolate the MP from seawater. The MP can be directly
identified and classified, without separation processes, only
when it remains already collected on a filter after sampling.
Separation methods can be classified into the following: den-
sity separation, filtration, and sieving (Fig. 4; Hidalgo-Ruz
et al. 2012). Visual sorting of samples can be performed prior
to filtration or sieving to remove MPs with sizes larger than
5 mm, which are visible with the naked eye (Maes et al. 2017),
or it can also be performed after sieving by removing the MPs
retained on the sieve (Fig. 4) (Virsek et al. 2016) (Figure 4).
Moreover, different kinds of sample digestion (acidic, enzy-
matic, alkaline, and oxidative) can be performed to separate
MPs from biological matter (Miller et al. 2017).

@ Springer

Density separation

Density separation removes MPs from the rest of the sample,
exploiting the floating properties of MPs in different solutions
which need to be denser than MPs. Supernatant-containing
MPs are collected and filtered (Barrows et al. 2017) (Fig. 4).
MPs on filters are finally identified and classified. Sodium chlo-
ride (NaCl) solutions are the most used (Galgani et al. 2013).
Other density separation methods can be applied to obtain a
denser solution and to float even the densest MPs, and they
involve the use of zinc chloride (ZnCl,) (Syakti et al. 2018),
sodium iodide (Nal) solution (Saliu et al. 2018), or surfactants
such as sodium lauryl sulfate (SLS) (Lenz et al. 2015).

Filtration

Gravity filtration or vacuum filtration can be performed.
Different kinds of filters can be used to separate MPs from
seawater, including polycarbonate (Norén 2007), polyamide
(Enders et al. 2015), nylon (Tang et al. 2018), glass fiber (Pan
et al. 2019), cellulose acetate (Castro et al. 2016), mixed cel-
lulose ester (Desforges et al. 2014), cellulose nitrate (Dubaish
and Liebezeit 2013), and Anopore inorganic membrane
(Anodisc) filters (Saliu et al. 2018). Filter diameters of
45 mm (Norén 2007) and 47 mm (Zhu et al. 2019) are the
most frequently used. The pore sizes of the filters used for MP
samples range from 0.2 pm (Syakti et al. 2018) to 300 um
(Setéld et al. 2016). Gridded filters with clearly defined grid
lines are used to facilitate MP quantification (MERI 2017).

Samples can be directly filtered (no pre-treatment is neces-
sary with bulk seawater samples) or they can undergo previous
treatments step like sieving, which help retain MP particles
(Fig. 4). Then, decontaminated water (e.g., micro-filtered wa-
ter) is used to remove MPs from the sieve (Lusher et al. 2014).
In some cases, MP particles retained by the sieve are directly
subjected to visual analysis, while MPs contained in the flow
passing through the sieve are filtered (Erni-Cassola et al. 2017)
(Fig. 4). Otherwise, the original MP sample can be left to settle
to obtain the deposition of the inorganic and biological material
on the bottom. Then, the supernatant is filtered, whereas the
precipitate is sieved (Castro et al. 2016) (Fig. 4).

In the final phase of the filtration procedure, filters can be
rinsed with pure water, such as ultrapure water, to avoid the
formation of salt crystals on the dry filters (Palatinus et al.
2015). Filters are preserved in previously cleaned glass Petri
dishes, and remaining solutions can be removed by an oven or
a drier (4070 °C; Hall et al. 2015) or at room temperature
(Barrows et al. 2017). The temperature must be carefully cho-
sen since some plastics melt at temperatures lower than 70 °C;
however, most of the plastics melt at temperatures higher than
100 °C (Sigma Aldrich 2019). Dried filters are weighed to
determine the MP mass (Song et al. 2015) or they can undergo
a digestion procedure (Abayomi et al. 2017).
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Fig. 4 Scheme of different steps LABORATORY METHODOLOGIES
of laboratory methodologies
applied to separate microplastics FILTRATION
; ; — DENSITY SEPARATION I:
from seawater in the studle§ SIEVING
analyzed in the present review
— FILTRATION
DENSITY SEPARATION —— FILTRATION
SAMPLING —| —
FILTRATION IDENTIFICATION
RETAINED
VISUAL SORTING
— SIEVING
FLOW-THROUGH FILTRATION
FILTRATION
L— VISUAL SORTING
SIEVING

Note: Digestion procedure can be performed at each step

Sieving

Sieving allows for the separation of MPs from seawater using
one or more metal sieves. It can be performed with only one
sieve or with a series of sieves. The number of sieves used, and
their mesh sizes depend on the sieving goal, such as selection of
a specific MP size range, removal of a specific fraction of MPs
(e.g., plastic particles with sizes greater than 5 mm), or partition
of the MPs into size classes (Masura et al. 2015).

Sieving can be carried out directly on the vessel (Desforges
et al. 2014) or in the laboratory, and it can be performed on the
MP sample once it has been separated from seawater through
different methods, such as visual sorting, density separation,
or digestion methods (Lima et al. 2014; Masura et al. 2015;
Suaria et al. 2016; Kroon et al. 2018) (Fig. 4).

To start a sieving procedure, MP samples are poured onto a
sieve or a series of sieves and then rinsed with decontaminated
water (e.g., Milli-Q water). When the sieving process is con-
cluded, the sieve is rinsed accurately with pre-filtered water to
collect all MP particles (Maes et al. 2017). MPs on each sieve
can be placed or rinsed into Petri dishes or glass jars (Dubaish
and Liebezeit 2013; Desforges et al. 2014) or they can be fil-
tered using rinse water (Lusher et al. 2014) (Fig. 4). MPs
retained by the sieve undergo visual sorting, whereas those that
flow through the sieve can undergo filtration (Kang et al. 2015;
Erni-Cassola et al. 2017) (Fig. 4). MPs placed on filters or into
Petri dishes and glass jars can be dried in an oven or a drier (50—
65 °C or at room temperature; Collignon et al. 2012; Palatinus
et al. 2015) and then weighted.

Digestion methods

Digestion methods are separation techniques that isolate the MP
from the organic matter (Miller et al. 2017). In fact, digestion

methods are used to degrade the organic part of the sample,
whereas MPs are not removed. There are different types of di-
gestion, including acidic (Zobkov et al. 2019), enzymatic (Saliu
et al. 2018), alkaline (Zhu et al. 2019), and oxidative (Pan et al.
2019), and they can also be used in combination (Tamminga
et al. 2018). The use of different digestion methods allows for
the degradation of a wider range of compounds. Digestion pro-
cesses take place after MP separation from seawater, and they are
usually coupled with density separation (Masura et al. 2015).

Substances that are commonly used during the digestion
procedure are hydrogen peroxide (H,0,), with different vol-
umes (30% volumes most used; Dai et al. 2018), H,O, com-
bined with a catalyst such as ferrous sulfate (FeSO,) (Masura
et al. 2015), hydrochloric acid (HCI) (Zobkov et al. 2019),
hydrofluoric acid (HF) (Dubaish and Liebezeit 2013), sodium
hydroxide (NaOH) (Cole et al. 2014) and/or potassium hydrox-
ide (KOH) (Beer et al. 2018), sodium hypochlorite (NaClO)
(Beer et al. 2018), and different enzymes, of which the most
common is proteinase K (Saliu et al. 2018). Substances used for
digestion of organic matter can be used in combination, such as
30% H,0,, followed by treatment of the sample with 40% HF
(Dubaish and Liebezeit 2013). To remove organic matter, wet
peroxide oxidation (WPO) can also be used (Sutton et al. 2016).
After sample digestion, MP samples can undergo other separa-
tion processes (e.g., filtration) or they can be identified and
classified. Acid digestion using a strong acid, such as HCI or
HEF, can compromise the structural integrity of the MP (Miller
et al. 2017), therefore their use is not recommended.

MP identification techniques

MP identification techniques can be divided into visual and
analytical techniques. Visual identification provides for MP
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classification and identification with the naked eye or using a
microscope. Analytical techniques (spectroscopy, gas-chro-
matography, etc.) require the use of different laboratory equip-
ment generally used in analytical chemistry. These techniques
allow for the identification of MP polymer.

Visual identification techniques

When studies on MPs started, visual identification techniques
are primarily used to identify and classify MPs. They consist
of the observation of MPs preserved on a filter (Song et al.
2015) or in Petri dishes (Palatinus et al. 2015) or jars (Reisser
et al. 2013) using the naked eye or a microscope. For this
purpose, different microscopes can be used, including fluores-
cence (Cai etal. 2018), dissection (Sagawa et al. 2018), optical
(Bagaev et al. 2018), electron (Leslie et al. 2011), stereo
(Zobkov et al. 2019), binocular (de Lucia et al. 2014), inverted
(Gorokhova 2015), and vertical (Setild et al. 2016) micro-
scopes. Microscope magnification used for MP identification
varies from x 4.5 (MERI 2017) to x 400 (Norén 2007).

A scanning electron microscope (SEM) can also be used.
Due to its high resolution, it allows for the most precise MP
identification, even if it is not possible to distinguish color
(Sagawa et al. 2018). Microscopes may be equipped with a
camera, and therefore, MPs can also be photographed and sub-
sequently analyzed (Sun et al. 2018). To facilitate visual analy-
sis, especially under the microscope, samples that undergo fil-
tration are generally placed on gridded filters (MERI 2017).

Three criteria have been established for MP recognition,
which allows for discerning MPs from other materials, in par-
ticular, biological matter, as follows: MP particles must not
have visible cellular or organic structures; fibers should be
equally thick throughout their entire length; and particles
should exhibit clear and homogeneous color throughout
(Norén 2007; Hidalgo-Ruz et al. 2012; MERI 2017). If these
criteria are followed, particles can be defined as plastic
(Hidalgo-Ruz et al. 2012).

Furthermore, a melting test and hot needle test can be per-
formed to assess if the observed particles are effectively made
of plastic (Enders et al. 2015; Tunger et al. 2018). These tests
consist of burning particles and the burned particle is defined as
plastic if it melts or wrinkles (MERI 2017). Specifically, the hot
needle test requires the use of a needle previously heated to high
temperatures (Gorokhova 2015). These tests compromise or
cause the loss of the analyzed particle, and for this reason, they
are performed only on particles of uncertain nature.

Analytical identification techniques
The application of analytical techniques comes after visual
sorting, and it requires different instruments to determine if

particles are made of plastic and for MP polymer identifica-
tion. The most common instrument used is Fourier-transform
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infrared (FTIR) spectroscopy (Table 3); MPs can be analyzed
individually or on a filter depending on their dimensions (Ng
and Obbard 2006; Gallagher et al. 2016). For spectroscopy
techniques, instruments can be coupled with a microscope
for identification of MPs of very small dimensions (<
1 mm). These include micro-FTIR (Frias et al. 2014; Sun
et al. 2018), micro-attenuated total reflection FTIR (ATR-
FTIR) (Palatinus et al. 2015), focal plane array (FPA)
detector-based micro-Fourier-transform infrared (FPA-micro-
FTIR), and micro-Raman (Enders et al. 2015; Erni-Cassola
et al. 2017) (Table 3). If analytical identification techniques
that exploit the thermal stability properties of MPs are applied,
destruction of the sample occurs, as when using differential
scanning calorimetry (DSC) (Tunger et al. 2018).

All analytical techniques result in a spectrum related to
each analyzed particle. To identify which polymer the parti-
cles are made of, each spectrum is compared with a reference.
Therefore, these techniques allow for unequivocally determin-
ing if particles are made of plastic. To facilitate MP identifi-
cation, it is possible to use artificial colors, and Nile Red is the
fluorescent color most commonly used (Desforges et al. 2014;
Tamminga et al. 2018).

Table 3  Analytical identification techniques of microplastics used in
the studies analyzed in the present review. To simplify the table,
references are here indicated with a number and the corresponding
complete list is presented in the Online Resource 1

Microplastics analytical Number References (Online
identification techniques of studies  Resource 1)
Fourier-transform infrared 12 [11, [4], [9], [13], [29],
spectroscopy (FTIR) [34], [35], [37], [43],
[51], [52], [58]
Micro-Fourier transform 15 [9], [12], [16], [25],
infrared spectroscopy [271, [31], [32], [36],
(Micro-FTIR) [37], [46], [56], [60],
[65][66], [73]
Attenuated total reflection 15 [71, [8], [10], [11], [33],
Fourier transform infrared [38], [39], [45], [53],
spectroscopy (ATR-FTIR) [59], [62], [63], [67],
[68], [70]
Micro-attenuated total 4 [53], [55], [57], [70]
reflection Fourier transform
infrared spectroscopy
(Micro ATR-FTIR)
Fourier Transform 1 [1]
Near-Infrared spectroscopy
(FT-NIR)
Raman spectroscopy 2 [7], [42]
Micro-Raman spectroscopy 6 [21], [23], [40], [49],
[71], [74]
Semi-automated 1 [26]
micro-Raman spectroscopy
Near Infrared Spectroscopy 1 [28]
(NIR)
Differential scanning 1 [68]
calorimetry (DSC)
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Analytical techniques are time-consuming because MPs
are analyzed one by one, and they are expensive (Frere et al.
2016). For these reasons, for 17 studies analyzed, only part of
the MP was analyzed with analytical techniques; this subset
must be representative of all MPs collected during sampling,
extending the result of the analytical identification to the bulk
sample. Some examples of MP particles analyzed to deter-
mine their polymeric composition are shown in Fig. 5.

How to report MP results
MP classification

MP classification is based on different morphological character-
istics, such as the type (plastic fragments, pellets, filaments, plas-
tic films, foamed plastics, granules, and styrofoam), shape (cy-
lindrical, disks, flat, ovoid, spheruloids, rounded, subrounded,
subangular, angular, irregular, elongated, degraded, rough, and
broken edges), color (transparent, crystalline, white, clear-white-
cream, red, orange, blue, opaque, black, gray, brown, green, pink,
tan, yellow), size, and type of polymer (Galgani et al. 2013).

Different studies used MP classification methods that are
slightly different from each other and for this reason, the re-
sults of these studies are not comparable.

Abundance and concentration of MPs

Results from MP studies can be reported as abundance or
concentration of MP in seawater (Table 4). MP abundance is

expressed as surface units (number of MP km ™2, number of
MP m %) when MPs are collected from the surface layer of the
water column. Moreover, MP abundance can be reported as
units of volume. The number of MP m > is the most used, but
the number of MP L™ is also used (Table 4). MP concentra-
tion can also be estimated from its dry weight and then report-
ed as unit area or units of volume (g or mg of MP km 2, g or
mg of MP m_3) (Suaria et al. 2016; Baini et al. 2018; Erni-
Cassola et al. 2017; Syakti et al. 2018).

How to avoid sample contamination

Studies on MP content in seawater are particularly affected by
air contamination of the sample. Potential sources of contam-
ination during sampling include clothes, all equipment that
come into contact which sampling devices such as the paint
of the vessel, all kinds of plastic material on the vessel, and
devices used to move samples from collecting jars to storage
jars (Bagaev et al. 2018; Baini et al. 2018). To avoid contam-
ination as much as possible, it is strongly recommended to
wear non-plastic clothes, such as a cotton lab coat and nitrile
or latex gloves (Kanhai et al. 2018; Morgana et al. 2018).
Alternatively, it is possible to wear clothes and gloves of a
color that can easily be recognized or to record materials and
colors of the equipment in a way to remove them during visual
sorting of the sampled MP (Bagaev et al. 2018).

In the same way, it is preferred that sampling and lab instru-
ments be made of non-plastic materials, such as glass (Bimali
Koongolla et al. 2018). If plastic items are used, they should be

g NS -

Low-D ersity Polyethylene (PE-LD)
size=3.973 mm

Polypropylene (PP)
size=2219mm

Polyvinyl C hloride-Phenolic (PVC-P)

size=0.757 mm

Low-D ensity Polyethylene (PE-LD)-
sze=0.844 mm

Polystyrene (PS)

size = 2003 mm

Nylon
size= 1683 mm

Fig. 5 Example of microplastic particles and their polymer type and their size (Galgani et al. 2013)
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Table4 Microplastics (MP) reporting units in the reviewed studies. The
number of studies is equal to 78 instead of the 74 reviewed because some
studies did not specify the microplastics reporting unit and others used
more than one type of unit. To simplify the table, references are here
indicated with a number and the corresponding complete list is presented
in Online Resource 1

Microplastics reporting Number of References (Online Resource
unit studies 1)
(n="178)

Number of microplastics 16
per square kilometer

(1], [4], [3), [22], [24], [28],
[32], [42], [44], [49], [51],

(MP km?) [61], [64], [68], [69], [70]

Number of microplastics 4 [14], [15], [52], [59]
per square meter (MP
m )

Number of microplastics 40 [21,[4], [6], [7], [9], [10], [11],
per cubic meter (MP [12], [13], [17], [18], [21],
m>) [25], [27], [28], [30], [34],

[25], [36]. [37], [41], [42],
[43], [45], [47], [53], [54],
[59], [60], [62], [63], [64],
[65], [66], [67], [68], [69],
[711, [72], [74]

Number of microplastics 12
per liter (MP LY

(3], [5], [16], [19], [31], [33],
[38], [50], [56], [57], [64],
[73]

Grams of microplastics per 2 [41, [59]
square kilometers (g MP
km 2)

Grams of microplastics per 1 [7]
cubic meter (g MP m>)

Milligrams of microplastics 2
per cubic meter (mg MP
m73)

Milligrams of microplastics 1 [24]
per square kilometers
(mg MP km ?)

[59], [62]

disposable (Eri-Cassola et al. 2017). Otherwise, it is necessary
to check possible contamination from the item, analyzing the
amount of pre-filtered and preferably distilled water that was
used to pre-wash it (Kanhai et al. 2018). Pre-washing of sam-
pling devices and lab equipment is mandatory, using distilled/
pre-filtered water (Zhu et al. 2019), acetone (Beer et al. 2018),
70% ethanol (Kroon et al. 2018), or an acid (Cole et al. 2014).
Prior to sampling, checking for possible contamination from the
sieves and filters of the sampling device and water used to pre-
rinsed them can be useful (Sutton et al. 2016). To avoid con-
tamination from liquids used during the laboratory procedures,
pre-filtration is necessary (Qu et al. 2018).

Minimizing air exposure, both during sampling and in the
laboratory, is a minimum preventive measure (Zhu et al.
2019); analysis of the MP content of the seawater sample
should always occur under a laminar flow hood (Tamminga
et al. 2018). In addition, it is possible to investigate possible
contamination in the laboratory by analyzing a sample of air
sucked through a filter (Zhao et al. 2015). A good habit that is
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extremely useful for assessing sample contamination is plac-
ing a blank filter in a Petri dish close to the area where sam-
pling and laboratory protocols occur, which must be left open
during the entire process. Subsequently, the blank filter must
go through the same analysis steps of the sample to compare
them and eventually remove MPs found in the blank from the
sample results (Lusher et al. 2014; Barrows et al. 2017).
Another type of blank is the analysis of negative control
(e.g., distilled water): the eventual MP content must be com-
pared with the results from the analysis of the samples (Song
et al. 2015; Cai et al. 2018).

Discussion and conclusions

Sampling strategies, laboratory analyses, and identification
techniques of MPs are numerous, and there is a lack of proce-
dure standardization although a great effort has been underway
in this direction in recent years (Gago et al. 2018; GESAMP
2019). The use of different methods makes it difficult to com-
pare different study results. Moreover, sampling and laboratory
analyses of MPs are performed with devices and equipment
that are already used to investigate other parameters, and there-
fore in some cases, they are not appropriate for the study of
microplastics. For example, because some sampling devices
are made of plastic material, water samples can be contaminat-
ed by them, and a control sample is always necessary. After
reviewing 74 papers, the authors present the following sugges-
tions regarding different aspects of researching MPs in seawa-
ter samples from a port environment.

Sampling devices

A sampling device determines the lower limit in size of the
MP collected. A mesh size that is too small (e.g., 10 um) is
hard to apply and can easily get clogged, mostly in a marine
environment where suspended particles can be very concen-
trated such as ports, or during phytoplankton blooms.

Nets Nets are strongly recommended for MP sampling, espe-
cially from surface seawater in large basin or channels. Mesh
sizes of 200, 330, and 333 pum are the most commonly used,
but, if employed alone, the study lacks the evaluation of MPs
smaller than the net mesh size. Despite this, nets are very
useful devices because of the following characteristics: fast
collection of MPs from a large amount of water in a wide area;
not very expensive; no electricity needed; no highly special-
ized expertise required. However, because of net length and
the fact that net must be kept away from the boat, the horizon-
tal use of a net for MP sampling within a port basin can be
difficult due to limited spaces, presence of piers, naval traffic,
and presence of obstacles (ships, anchors, moorings, and
ropes) that typically characterize port basins. Net towing can
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therefore be suitable only in long channels present in ports. In
the same way, the vertical use of net can be hindered by the
low depths that often characterize water column inside port
and the presence of obstacles (debris, moorings, etc.) in the
water column near piers.

Pumping systems Pumping systems can be coupled with a
sieve which directly separate MPs from a larger amount of
water. They can be easily used in a port environment because
they do not have a large clutter and, therefore, allow sampling
in restricted areas, such as between piers and vessels.
However, they are more expensive, electricity-consuming,
and difficult to clean in between sampling.

Discrete sampling devices Discrete sampling devices allow
sampling even in restricted areas and are therefore suitable
for sampling in ports; moreover, they are easier to apply than
pumping systems because they are not expensive, not electric-
ity-consuming, and easy to check for contamination.
However, these are only able to collect MPs without any
pre-selection in terms of size, thus the results depend only
on the laboratory methodologies used (e.g., mesh size of
sieves or pore size of filters).

Surface microlayer sampling devices Both the sieve and rotat-
ing drum sampler must be used with calm sea to obtain samples
of good quality. Since MPs can be found at different depths,
from the surface down to the bottom (Dai et al. 2018), the sole
sampling of the surface microlayer provides an underestimation
of the MPs in a study area. In addition, given the small area that
can be sampled using these devices, the operations must be
repeated numerous times to obtain a sufficiently representative
area coverage of the study area. However, these devices allow
sampling in even restricted areas and can therefore be useful in
port areas with numerous obstructions.

All these considerations are in accordance with the
“Guidelines for the monitoring and assessment of plastic litter
in the ocean”, which do not recommend any device, relating the
choice to the characteristics of the sampling area, the instrumen-
tation availability, and the aim of the study (GESAMP 2019).
However, if the purpose of the research is the characterization of
the MP occurrence in a specific area such as port, we would
recommend using more than just one sampling device. For ex-
ample, MPs from surface seawater may be collected using a
net along channel (if present inside the port), while surface water
between piers may be collected with a pumping system or a
Niskin bottle; those last devices can also be used in parallel with
nets to avoid the loss of MPs smaller than the mesh size.

Laboratory procedures and contamination control

The use of hyper-saturated NaCl saline solution is the most
convenient density separation method, due to its low cost and

easy availability compared with the other solutions. Solutions
of Nal or ZnCl, are not recommended since they are danger-
ous to handle and very expensive.

Filtration is the most reasonable procedure to separate MPs
from seawater, and almost every study applies it. In fact, com-
paring filtering with sieving, the first can be applied with a small-
er pore than a sieve, collecting a wider size range of MPs. In
addition, filtering is less subject to contamination because filters
are disposable, while sieves need to be carefully rinsed in be-
tween different samples. However, the presence of a blank filter,
which must be left open close to the working area and whose use
is very common in between the reviewed studies (e.g., Baini et al.
2018; Kanhai et al. 2018), is strictly recommended and should be
assessed as mandatory during the sample filtering procedure.
This type of blank seems to be more useful than using a proce-
dural control of filtered distilled water, as air contamination is
likely to happen. It is necessary to choose the materials for the
filter prior to beginning the study, which depends on the type of
analysis performed. In fact, if an analytical identification tech-
nique is used, it is mandatory to avoid the use of a filter made of
plastic material, which may interfere with the analysis. Digestion
of organic matter is a crucial step in the analysis of MPs in water
samples taken in the port environment, as very often they are
very charged with organic matter that would make it difficult to
recognize MPs and disturb polymer analysis.

MP identification

About analytical identification, the visual sorting technique
cannot be performed alone, since it is subject to the interpreta-
tion of the operator who conducts the analysis and may lead to
the underestimation of MPs due to difficulty in observing the
smallest ones (<1 mm) with the naked eye and MPs with
micrometric dimensions with the microscope (Hidalgo-Ruz
et al. 2012). To reduce the risk of underestimation, the visual
sorting of a sample must be performed by more than one trained
operator (Gajst et al. 2016). Analytical techniques are the only
techniques that can assess whether particles are made of plastics
and demonstrate how a large part of particles visually defined as
plastic is actually made of other materials (e.g., organic matter,
cotton fibers, and glass) (Frére et al. 2016). However, analytical
techniques are expensive and time-consuming; therefore, in
most cases, they are not performed for all sampled MP particles.
It is mandatory to carry out analytical analysis on at least a
subset of samples to validate results obtained by visual analysis,
and since MPs are very tiny, it is recommended that a micro-
scope be coupled with instruments such as Raman and FTIR to
perform a high-quality analysis.

Result reporting

Finally, it is not to be underestimated how MP concentrations
are reported. In fact, data presenting different units of
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measurement cannot be compared. Already in 2013, the first
“Guidance on monitoring of marine litter in European Seas”
(Galgani et al. 2013) pointed out MP m > as a useful unit of
measurement, and we completely agree with this solution,
which should be part of a standard protocol. In addition, we
believe that data on seawater surface samples should be pre-
sented using MP m ~ since the MP m > unit allows for com-
paring results with other studies or matrices, but the MP m >
unit is more useful to realistically characterize a wide but thin
area, such as the seawater surface.

Since a standard protocol for MP investigation in seawater
does not exist yet, this study can be a useful tool for taking
advantage of both successes and failures of the previous stud-
ies; in addition, the authors suggest the use of this review for
choosing the best techniques to sample and analyze MPs in
such a particular environment as ports.
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