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Marine pollution from debris is a major issue nowadays, since every year large amounts
of litter enter into the sea. Under the Horizon 2020 framework and within the Cleaning
Litter by developing and Applying Innovative Methods in European Seas (CLAIM) project,
innovative devices were designed, developed, tested and applied in laboratory and
in the field. These consisted of a system named CLEAN TRASH for the prevention
of macrolitter in river estuaries before entering the Sea and a filtering system for
microplastics (MPs), to be placed at waste water treatment plants (WWTP). Laboratory
experiments showed that macrolitters were blocked by 90% by the CLEAN TRASH
system, while during the sea testing period at the Kifissos river estuary, a significant
source of terrestrial based litter for the Saronikos Gulf, a total amount of 1,175 kg of
litter was collected in 38 days before entering the sea, of which the 708 kg (60%) were
plastic debris of various sizes and another 164 kg (14%) of styrofoam parts. The lab
scale prototype of the filtering system for MPs had an efficiency of about 95%. The
upscaled device was tested at the Megara WWTP and was able to withhold a significant
amount of MPs. The theoretical contribution of such devices toward the reduction of
plastic pollution in the Saronikos Gulf area and the Natura conservation areas therein,
was also studied with the use of a 3-D coupled Hydrodynamic-Lagrangian litter tracking
model. In all experiments performed, the installation of the above devices for a period
of 2 years, resulted in a microplastics reduction by about 87% and a macroplastics
reduction ranging from 13 to 43%, depending on the sources.

Keywords: marine pollution, macroplastics, microplastics, Lagrangian plastic dispersion model, CLEAN TRASH,
prefiltering system, waste water treatment plant
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INTRODUCTION

Each year millions of tons of plastic debris enter the sea
(Jambeck et al., 2015). These are either macroplastics, (i.e.,
particles with a diameter larger than 5 mm), although in the
5–25 mm range, they are also categorized as mesoplastics,
or microplastics (MPs) that are smaller than 5 mm. The
first usually originate from sources like rivers, streams and
areas close to shore with intense anthropogenic activity (e.g.,
tourism). MPs are either primary, i.e., industrially manufactured
in small sizes (microbeads in personal care products, industrial
scrubbers, plastic powders, etc.) that enter the sea from Waste
Water Treatment Plants (WWTPs), or secondary that result
from the fragmentation of larger plastic particles (textiles,
paint, tires, etc.), once they are released into the environment
(Talvitie et al., 2017a).

The scale of plastic pollution at sea, by becoming part of
the Earth’s fossil record, is a marker of the Anthropocene,
as characterized the current geological era. The rapidly
increasing volume of plastic pollution is putting the health
of all the world’s oceans and seas at risk (UNEP – Un
Environment Programme, 2021), since plastics in the marine
environment are considered a threat to living organisms
by being mistaken for food (Talvitie et al., 2017a; Sun
et al., 2018; Mahara et al., 2021), or simply consumed
together with plankton (i.e., filter feeding organisms) (Alava,
2020; Mahara et al., 2021). Studies investigate the trophic
transfer of smaller MPs up the food chain from smaller
consumers to top predators (Alava, 2020; Hamilton et al., 2021),
including humans (Smith et al., 2018), with unknown effects
in human health.

Possible actions to prevent sea pollution from plastics, could
include methods like an international ban on the intentional
use of plastics, the ban of single use plastic products and of
MPs from cosmetics, raising public awareness regarding the
benefit of reducing plastic pollution from sources like beaches
and harbors, and blocking plastics before they enter the sea. This
last measure must be twofold since, for the reduction of both
kinds of plastic, barriers must be installed at rivers and streams
for the macroplastics and at the WWTPs for MPs.

For the reduction of larger plastics (macroplastics), a
number of technologies have been developed. Most of these
include innovative devices placed at rivers and streams
that stop macroplastics and other debris. Some examples
are the Interceptor from the Ocean Cleanup foundation
(The Ocean Cleanup, 2021), installed in Indonesia, Malaysia
and the Dominican Republic, the Bubble Barrier (Waternet,
2021), deployed in a number of the Amsterdam City canals,
Mr. Trash Wheel (Trash, 2021), installed at the Jones Fall
River in Baltimore, the River Cleaning system (Home—
Rivercleaning, 2021), the Allseas river plastics removal project
(Allseas Group S. A., 2021) installed at the Port of Antwerp
in Belgium and in rivers and ports in Netherlands, the
Seabin project (Seabin, 2021), the EPS Marine Sea Surface
Cleaning Boats (Marine, 2021), the Urban Rivers Trashbot
(Trash robot —Urban Rivers, 2021) and the SeaVax Project
(Oceansplasticleanup, 2021).

Among these innovative approaches, for blocking
macroplastics before entering the sea, is the CLAIM’s
Litter Entrapping Autonomous Network Tactical Recovery
Accumulation System Hellas or CLEAN TRASH which has been
designed and manufactured under the CLAIM project (Cleaning
Litter by Developing and Applying Innovative Methods in
European Seas) and installed at Kifissos river in Athens, Greece.

Passing on to the reduction of MPs at sea through their
treatment at key entrance points (i.e., WWTPs), it has been
shown that conventional wastewater treatment may substantially
reduce MPs from the wastewater and most of the MPs
(particularly the larger sized classes) are already removed during
the pre-treatment phases (Carr et al., 2016; Murphy et al.,
2016; Talvitie et al., 2017b), and by up to 98% through
tertiary treatment. Although their removal efficiency is high,
conventional WWTPs may actually be a significant source of
MPs given the large volumes of effluents that are discharged,
carrying high concentrations of MP (Mason et al., 2016;
Murphy et al., 2016; Mintenig et al., 2017; Talvitie et al.,
2017a,b). Although in the past several years there have been
continuous increases in the required level of quality of the
final effluents of wastewater treatment, the technologies to
improve the quality of the final effluent are not specifically
designed to remove MPs (Mason et al., 2016; Talvitie et al.,
2017b). However, a few studies suggest that by utilizing a
variety of advanced final-stage treatment technologies, the
reduction of the MPs from effluents can be further improved
(Carr et al., 2016; Mintenig et al., 2017; Talvitie et al., 2017b;
Ziajahromi et al., 2017).

Plastic microbeads, fragments and fibers pass directly from
household waste into waste water systems and are too small to
be retained by the standard filters used at WWTPs. Therefore,
to reduce existing quantities of MPs released in the marine
environment, there is a need for innovative methods, one
of which is now under development in the framework of
CLAIM project. Nanotechnology has potential application in
various sectors of wastewater treatment and management,
and is often more effective than conventional filters (e.g.,
Hillie and Hlophe, 2007). Heterogeneous photocatalysis is
one such alternative water treatment method suitable for
controlling environmental pollution (e.g., Theron et al., 2010).
A photocatalytic device that degrades MPs in water under
natural or artificial sunlight fabricated by KTH Royal Institute
of Technology in Stockholm as well as the SME DEVENTUS
using green nanotechnology-based coatings encourage polymer
degradation (Uheida et al., 2021). However, to optimize the
efficiency of the photocatalytic reactor—given the large volumes
of effluents that are discharged, a prototype prefiltering system
was developed to be placed toward the end of the purification
process of WWTPs and prior the photocatalytic device to
retain MPs as small as 30 µm which escape from WWTPs
and feed them back to the photocatalytic reactor with a
back wash operation.

Last, the effect of a possible permanent installation of these
technologies in both Kifissos river (CLEAN TRASH system) and
the Megara WWTP (prefiltering device), as well as in all the other
rivers and WWTPs flowing into the seas around the Metropolitan
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area of Athens, were studied using a Lagrangian numerical model
(Tsiaras et al., 2021).

CLEAN TRASH SYSTEM

Background and Site Deployment
Selection
The CLEAN TRASH system aims to retain macroplastics
(>5 mm) at river mouths, before they enter the sea. It is designed
in order to incorporate a unique containment system which
minimizes storage requirements of collected macroplastics while
automatically regulating its position in the water, in combination
with a tactical arrangement of customized floating barriers.

For the needs of the project, the rivers of the Attica Region
(Figure 1), where the city of Athens (Greece) is located, were
studied. The aim was to select the best available options by
considering a number of factors such as location, water flow,
depth in the river mouth area and expected litter quantities.

To this end, outflows of the larger rivers in the area, the
Kifissos, the Erasinos and the Rafina rivers were compared, using
model derived river daily mean outputs (Lindström et al., 2010)
for the years 1980–2010 (Figure 2). The Kifissos river has an
average outflow of 3.2 m3/s, with a minimum of 0.48 m3/s during
August and with the maximum values (13.49 m3/s) appearing
during winter months and some events during spring. The other
two rivers have significantly lower and non-permanent water
outflows. Therefore, the Kifissos river was selected thanks to its
permanent outflow, which can bring considerable quantities of
litter during rain periods, while the other rivers in the Attica
Region are characterized by long periods of dryness, potentially
putting the project tests at risk.

Following the river selection and in order to examine the
prevailing weather conditions in the estuary area, outputs from
the Poseidon operational forecast system (Poseidon System,
2021) for the 2000–2010 period, were used. Northerly and
northerly-west winds prevail during all seasons (Figure 3),
with the maximum velocities appearing mainly during
the summer period.

The seasonally average significant wave height at the model
grid point corresponding to the river output was calculated to
be 0.12 m (Figure 4), without taking under consideration the
existence of the wave breaker located at the southern part of
the river mouth. Maximum wave height in the area (0.2 m) is
presented between Winter and Spring.

Toward predicting a possible displacement of the boom due
to the existence of strong currents, the average surface currents
speed and direction in the area was calculated (Figure 5). The
overall circulation is anticyclonic and the yearly average current
speed is estimated at ∼0.035 m/sec. More thoroughly, an initial
westerly current during winter becomes northerly during spring
and summer and changes during autumn to a southerly current,
all of considerably low speeds.

Toward avoiding possible damage or even destruction from
large objects being driven into the system, due to flooding
phenomena and the resulting increased flow and currents speed
during heavy rainfall and storms, the system had to be installed

away from the boxed river bank (Figure 6). But issues like
navigation hazards, disturbance of rowing teams and other
shoreline activities prevented the immersion of the system further
from the river mouth and thus it was placed just before the wave
breaker construction.

Development Stages and Technical
Standards
The idea behind the design of the CLEAN TRASH system, is
to utilize strategically placed, customized floating boom barriers
and a debris processing containment with autonomous height
regulation, to collect visible floating pieces and monitor the
process, before or as they enter the sea. Also the system will
be equipped with a continuous visual monitoring system to
gather information.

To this end, custom designed river booms were devised to
control litter both on the surface and subsurface within the
water column, by guiding and collecting the recovered material
within the containment cage (Figure 7). The purpose of floating
barriers is to direct, contain and process materials and was
updated to address the geomorphology and man-made alters of
the installation location, the current of the river and the projected
amount of litter at the installation location.

A cage design was developed to contain corralled trash as
small as 5 mm in size, and also to compress and increase the
efficiency/capacity of storage within the containment system.
Hence independent floatation systems were designed to allow the
system to maintain proper performance in a variety of water flow
scenarios, while collecting varying volumes of litter/debris.

Testing: Lab
Initially a 1:2 scale model of the system was constructed for lab
scale testing. System checks included high current speed trials (2–
4 m/s) in order to check stability and changes in performance.
Subsequently, tests were performed on the effectiveness of the
scaled prototype (Figure 8). These included the ability of the
floating barrier to guide and contain debris, the effectiveness of
the collection cage in containing debris and, lastly, the capability
of the cage to compress the collected litter.

It was found that the floating barrier performed satisfactorily
in terms of buoyancy (the ability to stay afloat and to
maintain adequate freeboard), roll response (the rotation of
the boom from rest due to wave, wind, or current forces)
and heave response (the ability of the boom to react to
the vertical motion of the water surface). The materials
used for testing consisted of polypropylene, foam, ethafoam,
styrofoam and wood, all of various shapes and sizes and with
a density ranging from 50 kg/m3 for styrofoam and 920 to
960 kg/m3 for the rest of the materials. The collection cage,
by gathering more than 90% of the litter thrown in the
test tank, during two consecutive 3-h tests, was considered
efficient. Moreover, no “splashing” or “submerging” phenomena
were observed and the expected operational performance
was considered satisfactory. Lastly, the operational necessity
for a fast and safe removal of the cage from the base
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FIGURE 1 | The Saronikos Gulf Area with the Macro and Micro Plastic Point Sources from Rivers and WWTPs.

FIGURE 2 | Modelled Average Daily (A) and Yearly (B) (1980–2010) Water Release of the 3 Major Rivers of Attica.

system was satisfied, since this proved to be effortlessly
and rapidly done.

Testing: Field
The normal scale prototype for use and installation in the Kifissos
river was constructed and tested in open-water, prior to its
scheduled installation (Figure 9). Some basic elements of the cage
design are its steel construction, a removable door in order to

seal the storage compartments which, when full, are lifted above
sea level, and the external ballast tanks for adjusting the systems
gradient in the water.

An electric system using power from renewable energy (solar
panels) was also installed to support various elements such
as the marine beacon for navigation safety, the night vision
onboard cameras used for the system’s remote monitoring,
and lastly, the control of the ballast tanks, which is handled
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FIGURE 3 | Seasonal [Winter: (A), Spring: (B), Summer: (C), Autumn: (D)] Wind Conditions near the Kifissos River Mouth (denoted by the blue square).

FIGURE 4 | Average Monthly Significant Wave Height at the Kifissos River Mouth Sea Area.

by four 12 volt pumps each connected to a ballast tank, for
lifting the cage to the desired height. This procedure brings
each empty storage unit to the sea surface level, which has

been identified by two position sensors. Lastly, the floating
barriers were constructed out of PVC-coated polyester fabric,
were designed at a height of 920 mm with a total length of
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FIGURE 5 | Seasonal [Winter: (A), Spring: (B), Summer: (C), Autumn: (D)] Current Speed and Direction at the Depth of 1 m near the Kifissos River Mouth.

FIGURE 6 | Aerial Snapshots of the Kifissos River Estuary Surrounding Area (A), including the position of the Wave Breaker and the adjacent Marinas and a close up
(B) to the River Mouth (Google Earth, 2021).

100 m, and were equipped with marine lights for the necessary
system visibility.

On Site Installation
The system was installed at the Kifissos river on the 11th
February 2019 and was scheduled to operate continuously until
the end of March, so that it would collect and contain the
marine litter exiting from the river on a 24/7 basis. Remote
monitoring (Figure 10), through a smartphone application,
enables (remotely) the raising of each full chamber of the
cage until all chambers are raised. Then, after thorough
count and categorization, the emptying of the collected
debris is scheduled.

The operational period was shorter than initially scheduled
since the system was removed on 19/3/2019. During this period,
the internal cage was discharged twice and litter was emptied
and categorized by material and size (Table 1). So, in the first
discharge that took place on 22/2/2019, a total of 525 kg of
litter was collected, filling 27% of the total cage capacity. Debris
consisted of organic materials like woods, reeds, and grasses
etc. (17%), various debris like aluminum cans, glass bottles,
cartboards etc. (15%) and plastics (69%) in the form of bottles,
Styrofoam and other plastic objects (Figure 11).

The second cage removal took place on 19/3/2019 and
yielded a total 650 kg of debris, filling 80% of the cage. The
litter composition was comparable with that from the first
cage emptying and, this time, plastic objects corresponded to
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FIGURE 7 | Initial diagram of the System (A), displaying the Cage removal (B) and the positioning of the floating barriers (C) for best litter guidance when adding
water flow (D).

FIGURE 8 | Lab Tests of the 1:2 Scale Prototype with the addition of (A) Water Flow, (B) Floating Barriers and litter, (C,D) removable Cage.
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FIGURE 9 | Sea trials including safe anchoring (A) and buoyancy tests (B) of the full scale System.

FIGURE 10 | CLEAN TRASH System Test of Remote Monitoring (A) and Switch between System Partitions (B–D), after Installation at the Kifissos River Mouth.

TABLE 1 | Collected debris during the two cage removals.

Removal #1 Removal #2

Date: February 22nd, 2019 March 19th, 2019

Total Weight: 525 kg 650 kg

Plastic Bottles 138 kg (26.2 %) 128 kg (19.7 %)

Plastic (other) 154 kg (29.3 %) 291 kg (44.7 %)

Styrofoam 68 kg (12.9 %) 96 kg (14.8 %)

Organic Materials 87 kg (16.5 %) 88 kg (13.6 %)

Other Debris 78 kg (15.1 %) 47 kg (7.2 %)

79% of the total debris weight. Organic material and other
various objects constituted 14 and 7%, respectively of the
total litter weight.

Over a period of 37 days, the CLEAN TRASH system managed
to collect a total of 1,175 kg of debris, of which 75% (875 kg)
was macroplastics. Daily visual observations of the system did

not reveal any litter escapes from the boom to the sea. Although
it is hard to know what percentage of the litter, eventually
escaped the system and ended up at sea, reports from the
officers of the neighboring marina pointed out that, during the
installation period, the surrounding waters were significantly less
polluted. Therefore, in practice, the operation of the system can
be marked as successful.

PREFILTERING SYSTEM

Marine pollution by MPs (plastic particles with a diameter
smaller than 5 mm) has been recognized as an emerging issue.
Wastewater treatment plants (WWTPs) have been identified
as important sources of the release of plastics into aquatic
environments which may lead to further contamination.
Although WWTPs treat and remove the arriving solid waste, they
are not designed to also remove MPs (Gies et al., 2018).
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FIGURE 11 | Trash Collected by the CLEAN TRASH System after a Major Flooding Event, as opposed to the Clean Sea Area (A) and the Clean River Estuary (B) in
the Background.

FIGURE 12 | The lab scale prototype (A) and the PVC filter vessel (B) and a 3D nozzle fabricated for sand particles retention (C).

To this end, a photocatalytic nanocoating device has been
developed, aiming at mineralizing MPs. Mineralization time
is proportional to the size of the litter. Therefore, in order
to enhance the efficiency of the photocatalytic device, bigger
particles must be blocked since they would require more time
to be dissolved. For this, a low cost, automated and self-cleaning
filtering system for MP litter was designed for installation before
the photocatalytic nanocoating device, in order to supply it with
accumulated liquid litter of appropriate size.

Methodology Used for Microplastics
Removal in Waste Water Treatment
Plants
A wide variety of technologies have been tested for the removal
of MPs removal at WWTPs. During the treatment at Finnish
WWTPs (Talvitie et al., 2017b), 99.9% reduction was achieved

with the use of membrane bioreactors, 97% with rapid sand
filters, 95% through dissolved air flotation and 40 to 98% with the
use of disk filters. On the downside, membrane bioreactors are
expensive and require high operation/maintenance technology.
Thus, for the needs of the project, sand filters were selected due
to their high efficiency. These are commonly used for BOD5,
COD, TSS, NO3 and PO4 removal in WWTP as tertiary treatment
(Eltawab et al., 2019) with very satisfactory results.

Lab Scale Prototype: Material and
Design
The prototype was fully automated and consisted of a sand filter
made of PVC and two cartridge filters, one installed at the inlet of
the pre-filtering device to prevent large particles from entering
the filter, and the second at the outlet having a sieve with a
certified diameter of 30 µm. A PVC pipe of 8160 was used to
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FIGURE 13 | The lab scale prototype process diagram of the cleaning automated filtering device (pre-filtering system).

fabricate the filter vessel (Figure 12). For sand retention in the
filter, a nozzle with 1 inch diameter, 20 cm height and intervals of
0.2 mm was fabricated (Figure 12) using 3D printing. The sand
used as a filter media had a particle size of 0.4–0.6 mm to ensure
the theoretical filtration capacity at the 30 microns.

The height of about 20 cm provided adequate “separation
surfaces” between the sand and the nozzle. The separation
surfaces are needed for the normal operation as well as for the
backwashing operations. The filter vessel was designed in such a
way as to leave a 7 cm filler of sand on the sides and 15 cm from
the top as the influent enters to the filter from the top.

The maximum effluent requirements for the cleaning filtration
device were assumed to be 0.5 m3/day or about 20 L/h. After
various lab tests, the fabrication of a cylindrical filter with a
8160 PVC tube and a total height of 40 cm was made. This
filter vessel gave enough space so that the filling material could
rise up during the backwash and no material would escape
to the rinsing outlet. The lab scale prototype was designed to
filter 50 L/hr of liquid litter as opposed to the 20 L/hr that the
photocatalytic nanocoating device requires (Figure 13). The pilot
scale prototype received minor modifications in order to be able
to work under higher pressure, which mainly included changes in
materials and dimensions.

Lab Scale Efficiency Test
Polystyrene foam pieces were ground into powder using a
sanding machine. Their size was tested and certified by HCMR.
From 109 g of ground MPs, only 30 g were at the scale of 50 µm
particles and were used for the experiment. Foam pieces were

first ground and passed through a sieve before adding water.
Polyelectrolyte was used for water surface tension reduction,
allowing the mixing of the MPs powder. Subsequently, the
solution was passed through the sand filter. For this experiment,
4 L of water was used and 30 gr of MPs powder was added in
the water solution.

After the filtration, the MPs were retained on a paper filter and
left to oven dry for 3 days. Then the mass of MPs was calculated by
subtracting the mass of the filter paper from the total mass (filter
paper and MPs). Lab analysis showed that 1.3 g were retained on
the filter paper. The remaining 28.7 g were captured inside the
sand filter media. The prefiltering system efficiency was estimated
at 95.67% for MPs at the scale of 50 µm and was calculated by the
mathematical type:

Sand filter efficiency =
MPs captured in the sandfilter media

Water Solution MPs
× 100%

Lab Scale Field Test
HCMR and Waste et Water SARL (responsible for the
implementation of filtering devices in the WWTPs) performed
a first sampling of MPs at Megara WWTP in Attica, Greece
(Figure 1) in December 2018 aiming to identify the MP types in
this particular WWTP and estimate the quantities that end up in
the sea along with the wastewater treatment plant effluent. The
WWTP at Megara was designed for 41.000 p.e. (2,500 m3/day)
and currently the load is 1,870 m3/day. The wastewater is treated
both mechanically and biologically and the effluent water is
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discharged into the sea (Saronikos Gulf, Greece) after it is
disinfected in a meander.

Three cartridge filters were used in line with a filtration range
of 1,500, 70, and 30 µm. The filter arrangement consisted of two
parallel storm drains (70 µm + 30 µm in line) with a common
wastewater supply, pre-filtered by the filter of 1,500 µm. The
70 and 30 µm cartridge filters were constructed from stainless
steel and are certified for the nominal permissible cross section
of the solids. A total of 5,300 L of waste has passed through
the sampling system. From the first storm drain, 4,000 L of
wastewater treatment plant effluent has been filtered and their
cartridges (70 and 30 µm), were sent for analysis.

The first sampling proved that the 70 and 30 µm cartridge
filters can easily filter 4,000 L of effluent in 3 h (flow capacity
1.33 m3/hr), without a rise in pressure. Pressure and flow capacity
measurements (flow meter and manometers) showed that, with a
pressure rise above 0.2 bar, the flow capacity doesn’t drop more
than 30%. From the second storm drain, 1,300 L of effluent were
filtered. Analysis of the retained solids, from the 70 and 30 µm
cartridges and from the common first filter of 1,500 µm revealed
80 particles in the filter of 70 µm. The black particle fragment
was found to be 68.75%, the red particle was 8.75%, the blue
particle was 15%, and the transparent and green were 3.75%,
respectively. The separation of the MPs based on their color does
not aim at their characterization, instead it is used solely for
categorization purposes.

The cartridges were carried to the lab in their original holders.
The effluent retained in the original filter holder, as well as
any material recovered from the sieves were vacuum filtered
GF/C filters (pore size 1.2 µm) under a glove bag. Then the
filters were put in Petri dishes covered with aluminum foil and
dried at 60◦C for 24 h. Examination for MPs was conducted
under a stereomicroscope (Olympus, SZE and SZX7) together
with a digital camera (Luminera) and the INFINITY ANALYZE
software (Lumenera, 2021). During the whole process of the
analysis, five procedural blank filters were left open in Petri
dishes in order to check for airborne contamination. The number
and type of particles (fragments and filaments) identified are
presented in Table 2. The color of the filaments is also shown as it
gives a hint relatively to the filaments found in the blank samples.

NUMERICAL MODELS

The application of the CLEAN TRASH and the Prefiltering
systems in the rivers and WWTPs around the metropolitan city of
Athens, was studied with the use of a numerical model, consisting
of a three dimensional hydrodynamic model, online coupled to
a Lagrangian Individual Based Model (IBM) that describes the
pathways and fate of both micro- and macroplastics from major
land-based sources (rivers, coastal cities) (Tsiaras et al., 2021).
The coupled model has been implemented on the Mediterranean
basin-scale (∼5 Km horizontal resolution) (see Tsiaras et al.,
2021) and for the purpose of the present study it was downscaled
with a finer resolution (∼400 m) in Saronikos Gulf.

The hydrodynamic model is based on the Princeton Ocean
Model (POM; Blumberg and Mellor, 1983), a primitive equation,

free-surface, sigma coordinate 3-D circulation model. In the
current application, fields of ocean currents and the horizontal
and vertical mixing coefficients that POM provides, are used for
the plastics movement.

The Lagrangian IBM plastic dispersion model is built upon
a previous work on the prediction of floating pollutants
(Pollani et al., 2001) and takes into account most of the
important processes (advection from currents, stokes drift,
vertical and horizontal mixing, biofouling/sinking, wind drag,
beaching). Different types and size classes of macro- (5–20 mm,
20–200 mm, > 200 mm bottle/bag/foam) and MPs (50, 200, 350,
500, 1,000, 2,000 µm) are considered in the model. Biofouling
induced sinking is explicitly described, as a possible mechanism
of MPs removal from the surface, due to the buoyancy loss
resulting from the attachment of heavier biofilm. The wind
drag that is practically effective only for macroplastics > 20 cm
(bottles, foam) is assumed to depend on the particle surface
above water, following Yoon et al. (2010). Random movement
in the horizontal depends on the horizontal diffusion obtained
from the hydrodynamic model, while random movement in the
vertical is assumed to depend on the vertical turbulent diffusion
obtained from the hydrodynamic model and mixing induced
from waves which decays exponentially with depth. Bottles are
assumed to randomly lose their buoyancy and sink (i.e., when
filled with water), while plastic bags are also assumed to
gradually lose their buoyancy from the attachment of micro-
and macrofouling communities after a 2–3 month period
(Holmström, 1975). Plastics are divided into Super Individuals
(SIs) (Scheffer et al., 1995) for computational efficiency. Briefly,
each SI includes particles with the same properties such as
kind (micro or macro plastic), size class, weight and position
(longitude, latitude).

Model Setup
The study area consists of the gulfs which surround the city of
Athens and the neighboring suburbs (Figure 1). This includes
the Saronic Gulf (south) and the largest part of the Petalion
Gulf (east). The domain resolution is 1/240◦ × 1/240◦ in the
horizontal and the water column is divided in 24 sigma-levels.
The atmospheric forcing, also used to evaluate the particles
wind drag, is obtained from the POSEIDON operational weather
forecast (Papadopoulos and Katsafados, 2009), while the waves
forcing (stokes drift and vertical mixing) is obtained off-
line from Copernicus marine service (Ravdas et al., 2018;
Marine.copernicus.eu., 2021). A uniform background initial
concentration was adopted for each type/size class, based on
a Mediterranean basin average from available in situ data (see
Tsiaras et al., 2021). The simulation performed covers the years
2011 and 2012 and follows a 3 year spin-up simulation. The
fine model open boundary conditions for the hydrodynamics
(temperature, salinity, currents) and plastics concentration are
obtained from the Mediterranean basin-scale model simulation
over the same period.

Sources
As previously discussed, the major sources of MPs are the
WWTPs and rivers or storm drains. Input of MPs from
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TABLE 2 | Number of particles found on the filters from Megara WWTP and procedural blanks.

Total particles Fragments Filaments total Filaments’ colors

Black Red Blue Transparent Green

Filter 1.5 mm 52 9 43 55 7 12 3 3

Filter 70 µm 80 80 55 7 12 3 3

Procedural blank 24 24 13 11

FIGURE 14 | Average Sea Surface Height (m) and Current Velocity (cm/s).

WWTs was estimated, using municipal wastewater
discharge (UNEP/MAP, 2011), taking into account of the
removal efficiency, depending on the type of treatment.
A uniform concentration of influent (untreated) water was
adopted based on available data for the Mediterranean (Uddin
et al., 2020). Larger particles (>300 µm) were assumed to be
totally removed, when some type of treatment is applied, being
discharged into the sea only from untreated wastewater.

River originated MPs were not considered in the present study,
given that the vast majority of MPs comes from the wastewater
discharge from the extended Athens city Metropolitan area
with more than 3 M population (Worldpopulationreview,
2021). Respectively and although macroplastics originate from
rivers and coastal areas with increased anthropogenic activity,
such as beaches and harbors, two different experiments were
performed. In the first experiment, both rivers and coastal areas
were considered as sources, while in the second experiment,
macroplastics originated only from rivers. This way the effect of
a possible installation of the CLEAN TRASH system in all local
rivers was clearer.

For the river originated macroplastics estimation, the data
from the two CLEAN TRASH system cleanups were used in
both setups. These were combined in a water quality model
(Lindström et al., 2010) for the estimation of the outflow of
Kifissos, aiming at estimating the amount of plastics that enter

the sea from the main rivers in the area. Thus, from 11 February
to 19 March 2019 (37 days), a total of 875 kg of macroplastics
were collected and removed from the CLEAN TRASH system
collection cage. For the same period, river model estimates a total
of 1.563 × 107 m3 of water output, resulting to 5.6 × 10−2 g/m3

of plastic. This value was used as a reference for a total of
19 rivers in the field (Figure 1). The adopted source inputs
of macroplastics from coastal areas were distributed along the
coastline following a function of population density, as in the
basin-scale model implementation (Tsiaras et al., 2021). The
total amount of macroplastics from coastal population was tuned
in order to obtain a best fit with available in situ data in the
Mediterranean (see Tsiaras et al., 2021).

Efficiency tests on both the CLEAN TRASH system and the
prefiltering device, yielded values of more than 90 and 95.67%
respectively. Therefore plastics outflow from both rivers and
WWTPs were considered to be reduced by that percentage, when
applying the cleaning devices.

Results
Starting with the hydrodynamic circulation, the Petalion Gulf
is characterized by a southward current during the entire year
(not shown). Inside Saronikos Gulf, an anticyclonic circulation
prevails, creating a general southwestern movement pattern
(Figure 14). This is opposed to a cyclone created in the
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FIGURE 15 | Macro (A–F) and MPs (G–I) concentration in the reference (left column), cleaning scenario (middle column) simulation and fractional change
(scenario/reference-1, right column. In panels (A–C), sources are rivers and coastal areas, in panels (D–F), sources are only rivers. NATURA conservation areas are
enclosed in green line.

area adjacent to the main sources of plastics, the Kifissos
river and the WWTP of the Metropolitan area of Athens
(Psitalia), acting as a possible pollutants concentration area.
The southwestern part of the bay is a more enclosed area,
with weak currents. The overall simulated circulation is in
reasonable agreement with the circulation inferred from in situ
measurements (Kontoyiannis, 2010).

As can be seen in Figures 15A,D,G, Saronikos Gulf is
considerably more plastic polluted compared with the Petalion
Gulf, since the major sources of plastics are located in Saronikos
and specific local circulation patterns contribute to a plastics
concentration increase. This is more apparent in the northern
and southwestern part of the Gulf.

In the scenario with beaches acting as sources (Figure 15A),
the coastal area around the prefecture of Athens, both in
Saronikos and Petalion Gulfs, becomes considerably more
polluted, although the strong dominating southward current of
Petalion Gulf, sustains a more plastic free environment.

The application of the CLAIM cleaning devices in all
sources for a period of 2 years (Figures 15B,E,H), brought

a significant reduction in the concentration of plastics. In
the scenario where macroplastics originate from both rivers
and beaches, the application of the CLEAN TRASH device
in all rivers, brought a 13% reduction in their concentration
in the sea. This reduction was evenly spread across the
field and emphasized to the role of coastal activities in
plastic pollution.

When considering rivers as the exclusive sources of
macroplastics, the application of the CLEAN TRASH device
resulted in their reduction by 43.5% on average. This was
especially apparent in Saronikos Gulf, where in some areas,
macroplastics were decreased by up to 95%. These areas included
the former high accumulation areas (northern and southwestern
part of Saronikos bay).

In both experiments (beaches/no beaches), MPs were
significantly reduced throughout the field on average by 87%.
The stronger decrease of MPs is probably attributed to their
faster removal from surface waters due to biofouling induced
sinking, while macroplastics that are mostly floating, have a
longer residence time.
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A focus in areas of specific interest like the characterized
as NATURA conservation areas (Emodnet-humanactivities.eu.,
2021), shows the significance of the cleaning methods developed
in the CLAIM project. These areas are habitats to many protected
species such as seabirds and play a significant role in the
preservation of the biodiversity (Coll et al., 2010). Both kinds
of plastics are often mistaken for food by most species (Steen
et al., 2016). Consumed MPs are transferred into the trophic
chain through the predation of the initial consumers (Smith et al.,
2018; Alava, 2020) and macroplastics consumption may even lead
to the consumers death (Gregory, 2009).

In these NATURA areas, macroplastics were reduced by
12 and 39.3%, with and without beaches acting as sources,
respectively, and MPs by 87.3% in both scenarios. A comparison
between the three major NATURA areas in the field (in Saronikos
and in the Northern and central Petalion Gulfs), shows that the
most benefited area is the one in Saronikos Gulf, in terms of
macro plastics reduction (Figures 15C,F). MPs were significantly
reduced in all three NATURA areas (Figure 15I).

The northeastern Saronikos Gulf is an area of high touristic
interest and also benefits from the reduction of both kinds of
plastics, especially that of MPs. Across the coasts of the Saronikos
Gulf, mainly in the southwestern part, but in other spots as well,
numerous fish farms are in operation. In most of these areas, MPs
can be significantly reduced with the use of the prefiltering and
photocatalytic systems in WWTPs. Contrary to the above, some
of these areas by acting as macroplastics concentration areas,
are not as much benefited from the application of the CLEAN
TRASH system in the surrounding rivers.

DISCUSSION

During the CLAIM project, a series of technologies were
developed for the prevention of sea pollution from plastics.
Among these were the CLEAN TRASH system with a mission
to block macroplastics before they enter the sea and a prefiltering
system for the reduction of larger MPs so that only the smaller
ones can proceed to a photodegradation system.

The CLEAN Trash system was designed with the aim of being
placed at river mouths and blocking all incoming litter, including
plastics. Therefore, it consists of a set of floating barriers for
the restriction of the litter spread and their direction toward a
containment cage. The main challenges behind the design of the
floating barriers were the extreme tolerance to heavy, sharp, fast
moving, floating objects and their positioning in such a way that
most litter are diverted to the collection cage.

The collection cage was designed with a focus on large
capacity, through successive compartments and with autonomy
and sustainability, through solar power driven equipment. Also,
the developed system was remotely monitored and operated
through a custom built application for safety and cost reduction
reasons. The system installation was considered successful since
the surrounding sea area condition after heavy rain events,
seemed to justify the experimental 90% efficiency. In 37 days it
collected a total of 875 kg of macroplastics and 300 kg of other
litter that otherwise would end up at sea. Collected macroplastics
could be separated by type of plastic and then be recycled. Pieces

of wood, canes and other organic materials could be grinded
into fuel pellets.

The system’s efficiency in real conditions may be limited by
a number of factors, mainly connected to the prevailing weather
conditions. Strong winds and high waves, large volume of river
water outflow and bulky litter carried away, may not only limit
the efficiency, but put the entire system in danger. Therefore there
is a need for system constant online monitoring.

The necessity of reducing MPs before they exit at sea, lead
to the development of a photodegradation and mineralization
device which, however, requires a prefiltering system for the
retainment of the largest particles retainment. In the prefiltering
system, the sand filtering technique was adopted for cost
reduction reasons, giving an efficiency of 96.67% in lab scale
tests. The need for upscale and filtering of significant quantities
of water, lead to the adaptation of successive cartridge filtering
devices with decreasing hole size to up to 30 µm. Analysis of the
retained solids showed a retention of various kind of MPs.

Numerical models were used for the study of the effects of
such systems when installed at all rivers and WWTPs around a
highly populated Metropolitan city like Athens, Greece. Results
showed that when using the efficiency rates that were exported
from lab scale experiments and applying them to the devices for a
period of just 2 years, there is a significant reduction of the plastics
concentration at sea. Macroplastics reduction ranged from 13 to
43.5% depending on the source selection and MPs were reduced
by 87%. In some areas with increased importance, either for the
conservation of marine life or touristic and aquaculture activities,
the reduction (especially of MPs) is even more significant.

Conclusively, the cleaning devices developed for the needs
of the CLAIM project proved in the lab and during field tests
that they can significantly contribute toward a plastic free sea,
especially when these are applied for a significant period of time
to as many sources as possible. This theory was also tested from a
numerical model, for a 2 year period of systems application.

The next step would be their further development and
testing in order to achieve higher efficiency rates and solve any
design failures that may arise during long-term application. The
evolution of both systems to an industrial level will assist at
installing them at as many plastic pollution sources as possible.
As advocate to this effort, numerical models can act as a powerful
tool to provide a view of the current situation and an insight on
highly polluted areas, together with a quality assessment of the
effects of the CLAIM cleaning systems.
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